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The methods used for the synthesis of vicinal diaryl-substituted pyrrole, pyrroline and pyrrolidine derivatives are reviewed. The report which
contains 461 references also summarizes the bioactivity data of some of these compounds.
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Carmen Maiereanu and Mircea Darabantu*

N OCH
2
-DOABO

N,X

N Cl
N,X

(R
1
)
n2 8

3
4

5
6

7

1

DOABO-CH
2
OH

R1 = H, Cl, MeO 
        DOABO-CH2O
X = C, N
n = 0 - 3

N
OO

CH2OH

  substitution as chiral or
meso form: H, Ph, 2-Py etc. N

OO

O

N

N
OO

O

N

 meso form 

   

chiral form

R1 = H,  
DOABO-CH2O
R2 = H, Ph 
n = 0 - 3 
X = C, N 

 i)   Base (KH, n-BuLi)

N
OO

O

N

R2 R2 R2 R2 R2 R2

chiral form

N,X N,X N,X

(Williamson)

ii) (R1)n

 (R1)n  (R1)n  (R1)n

a-(3,7-Dioxa-r-1-azabicyclo[3.3.0]oct-c-5-ylmethoxy)-diazines. Part 2: Functionalisation via directed
ortho-metallation and cross-coupling reactions

pp 7339–7354
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1. Introduction

Five-membered heterocycle derivatives with two aryl groups
on adjacent positions include several classes of natural and
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.05.024
unnatural compounds that exhibit a variety of biological
and biomedical properties.1–10 Some excellent reviews con-
cerning these properties have been published11 but, to the
best of our knowledge, no review has been devoted so far
Keywords: Pyrroles; Pyrrolines; Pyrrolidines; Synthesis; Bioactivity; Natural products.
Abbreviations: Ac, acetyl; Ar, aryl; Bn, benzyl; Bt, benzotriazol-1-yl; COX-1, cyclooxygenase-1; COX-2, cyclooxygenase-2; DBU, 1,8-diazabicyclo[5.4.0]undec-7-
ene; DMF, dimethylformamide; DMPA, N,N-dimethylaminopyridine; DMSO, dimethylsulfoxide; DNA, deoxyribonucleic acid; DOPA, 3,4-dihydroxyphenylala-
nine; GSK-3b, glycogen synthase-3b; HIV-1, human immunodeficiency virus type 1; HMG-CoA, hydroxymethylglutaryl-coenzyme A; HMPA, hexamethylphos-
phoric triamide; LHMDS, lithium hexamethyldisilazane; LTB4, leukotriene-B4; MDR, multidrug resistance; Me, methyl; NBS, N-bromosuccinimide; PKC, protein
kinase C; SEM, 2-(trimethylsilyl)ethoxymethyl; TBAF, tetrabutylammonium fluoride; TBS, tert-butyldimethylsilyl; TIPS, triisopropylsilyl; TMEDA, N,N,N0,N0-
tetramethylethylenediamine; TOSMIC, tosylmethyl isocyanide; Ts, p-toluenesulfonyl.
* Corresponding author. Tel.: +39 050 2219214; fax: +39 050 2219260; e-mail: rossi@dcci.unipi.it

mailto:rossi@dcci.unipi.it
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to exhaustively summarizing and commenting on the proce-
dures used for the synthesis of single classes of these diaryl-
substituted heterocycles.

This review has the aim of covering the literature up to the end
of September 2005 on the use of classical or improved
methods and the design and development of new procedures
for preparing pyrrole, pyrroline and pyrrolidine derivatives
with two aryl groups on adjacent positions. It also aims to
critically complete the picture of the studies summarized in
several available reviews on the synthesis of substituted pyr-
roles12 and to summarize several data concerning the
biological properties of thesevicinal diaryl-substituted hetero-
cycles. In fact, these substances include unnatural compounds
and a wide variety of substances isolated from natural sources
(e.g., lamellarins,1 lukianols,13 ningalins,14 storniamides,15 ar-
cyriarubins,16 polycitones17–19 and polycitrins17) that exhibit
remarkable biological properties such as hypolipidemic,20,21

antimicrobial,22,23 anti-inflammatory24 and antitumour activ-
ity25,26 and are able to inhibit retroviral reverse transcriptases
[i.e., human immunodeficiency virus type 1 (HIV-1)],27 cellu-
lar DNA polymerases27 and protein kinases.28–31 Further-
more, some of these compounds are useful intermediates in
the synthesis of biologically important naturally occurring
alkaloids32–47 and unnatural heterocycle derivatives.48

The topics that are covered in the review include (i) the
description of the structures and properties of biologically ac-
tive natural and unnatural pyrrole derivatives with two aryl
groups on adjacent positions; (ii) a critical summary of the
methods reported in the literature for the synthesis of
1,2-, 2,3- and 3,4-diaryl-1H-pyrroles, 1,2,3- (1,4,5-), 1,2,5-,
1,3,4-, 2,3,4- (3,4,5-) and 2,3,5-triaryl-1H-pyrroles, 1,2,3,5-
and 2,3,4,5-tetraaryl-1H-pyrroles, 1,2,3,4,5-pentaaryl-1H-
pyrroles and 2,3,3-triaryl-3H-pyrroles; (iii) a survey of the
literature data on the biological properties and the methods
used to prepare 1-, 2- and 3-pyrrolines, pyrrolin-2-ones, 2,3-
dihydropyrrole-2,3-diones, pyrrolidines, 2-pyrrolidinones, 3-
hydroxy-3-pyrrolin-2-ones and pyrrolidine-2,4-diones with
two aryl groups on adjacent positions; (iv) a description of
the structures and biological properties of naturally occurring
symmetrical and unsymmetrical 2,3-diarylmaleimides (3,4-
diaryl-pyrrolidine-2,5-diones); and (v) a critical summary
of the methods designed and developed for preparing sym-
metrical and unsymmetrical 2,3-diarylmaleimides and 2,3-
diarylsuccinimides (3,4-diarylpyrrolidine-2,5-diones).

This review does not cover the biological properties and
themethodsused topreparevicinaldiaryl-substitutednitrogen
five-membered heterocycles fused with other rings such as
indoles, indolizines, indolo[2,3-a]carbazoles, [1]pyrano[3,4-b]-
pyrroles, 5,6-dihydropyrrolo[2,1-a]isoquinolines and pyr-
rolo[2,1-a]isoquinolines with two aryl groups on adjacent
positions. These topics will, however, occasionallybe tackled.

2. Pyrrole derivatives with two aryl groups on
adjacent positions

2.1. Biologically active natural and unnatural pyrrole
derivatives with two aryl groups on adjacent positions

Pyrrole derivatives with two aryl groups on adjacent posi-
tions include important classes of marine natural products,
some of which display remarkable biological and pharmaco-
logical properties. Thus, lamellarins O (1),1,49 P (2),1,49 Q
(3)1,50 and R (4)1 are 3,4-diarylpyrrole-2-carboxylic acid
esters, which belong to a large group of DOPA-[1-amino-
3-(30,40-dihydroxyphenyl)propionic acid]-derived pyrrole
alkaloids first isolated from the prosobranch mollusc Lamel-
laria sp.12,51 and later obtained from the ascidian Didemnum
sp.,1,52–57 the Australian sponge Dendrilla cactus,1,49,50

and an unidentified ascidian collected from the Arabian
sea.58

N
COOMe
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HO
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Virtually all of the lamellarins have been found to be cyto-
toxic to a wide range of cancer cell lines and the most potent
of these compounds, i.e., lamellarins D (5), K (6) and M (7),
have been shown to exhibit cytotoxicity values in the mid-
to-high nanomolar range (38–110 nM).59 Interestingly,
lamellarins are also single-digit micromolar inhibitors of
P-glycoprotein (P-gp) responsible for the multidrug resis-
tance (MDR) effect and even at noncytotoxic concentra-
tions they reverse MDR by inhibiting P-gp-mediated drug
efflux.32,59 Lamellarin D (5) is also a potent inhibitor of
human topoisomerase I60 and lamellarin H (8) is a potent in-
hibitor of both Molluscum contagiosum virus topoisomerase
and HIV-1 integrase.61 On the other hand, lamellarins O (1)
and P (2) demonstrated antibiotic activity49 and lamellarin D
(5) caused inhibition of cell division.51

Other marine natural products possessing a 3,4-di(hetero)-
aryl-substituted pyrrole ring as a common structural subunit
include halitulin (9), which is a strongly cytotoxic pyrrole
alkaloid isolated from the sponge Haliclona tulearensis,26

lukianols A (10) and B (11), which have been found in an un-
identified encrusting tunicate collected in the lagoon of the
Palmyra atoll,13 polycitones A (12) and B (13),18 which
have been isolated from the Indo-Pacific ascidian Polycitor
sp.,17,18 storniamides A (14), B (15), C (16) and D (17),
which are alkaloids isolated from marine sponges of the
genus Clona,15 dictyodendrins A (18) and B (19), which
are the first telomerase inhibitory marine natural products
isolated from the Japanese marine sponge Dictyodendrilla
verongiformis,62 and ningalins A (20) and B (21), 3,4-diaryl-
pyrrole derivatives bearing a 2-carboxylate group, which
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have been isolated from the ascidian of the genus Didemnum
collected in Western Australia near Ningaloo Reef.14
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O
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R3

14 : R1 = OH; R2 = R3 = H
15 : R1 = R3 = OH; R2 = H
16 : R1 = H; R2 = R3 = OH
17 : R1 = R2 = R3 = H

Interestingly, halitulin (9), which incorporates the 3,4-bis(70,80-
dihydroxyquinolin-50-yl)-1H-pyrrole unit as key motif, was
found to be cytotoxic against several tumour cell lines
(e.g., P-388, A-549, HT-29 and MEL-28) with IC50 values
in the 12–25 ng/mL range.26

N

HO

Y

NH

SO3Na

OH

OH

HO

OH

18 : Y = CHCOOEt
19 : Y = CO

Such properties, coupled with the unique structure of this
marine alkaloid, prompted a patent filing63 claiming 3,4-
bis(70,80-dihydroxyquinolin-5-yl)-1H-pyrroles as antitumour
agents. On the other hand, lukianol A (10) was shown to
exhibit cytotoxic activity against a cell line derived from hu-
man epidermatoid carcinoma (KB)13 and afforded excellent
cytotoxicity in the murine L1210 lymphoid leukaemia cell
line and some human leukaemia cells with ED50 values less
than 20 mM, which compared well with the clinical antineo-
plastic standards.64 Storniamides A–D (14–17) showed anti-
biotic activity against several Gram-positive bacteria15 and
permethyl storniamide A (22), which lacks inherent cyto-
toxic properties, was shown to potently reverse MDR, resen-
sitizing a resistant human colon cancer cell line (HCT
116–VM46) to vinblastine and doxorubicin.32 Polycitone A
(12) was found to be a potent inhibitor of retroviral transcrip-
tases and cellular DNA polymerases,27 while its penta-
O-methyl derivative was found to inhibit the growth of
SV40 transformed fibroblast cells at concentrations of
10 mg mL�1.17 Ningalin A (20), similar to lamellarin O (1),
was found to lack cytotoxic activity, but proved to effectively
reverse MDR.31 Recently, compound 23, which is a synthetic
analogue of ningalins, was shown to be a potent MDR rever-
sal agent that hypersensitizes P-gp-resistant tumour cell lines
to front-line conventional therapeutic agents.65
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HO OH
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O
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In this regard, it is worth mentioning that some literature
data indicate that exhaustive O-methylation of the lateral
hydroxyl groups of marine alkaloids consisting of a pyrrole
core surrounded by a periphery of polyoxygenated phenyl
rings significantly reduces the cytotoxicity of these com-
pounds, but leaves the capacity of MDR reversal virtually
unchanged.32,36,66 Moreover, for the storniamide A core
structure 24, it has been demonstrated that this chemical
modification goes hand in hand with a complete loss of the
DNA-cleaving capacity of the alkaloid.66
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OMe
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MeO OMe
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MeO OMe

Several synthetic pyrrole derivatives with two (hetero)aryl
groups on adjacent positions have also been shown to pos-
sess interesting biological and/or biomedical properties.
Thus, 3-(4-pyridyl)-2-(4-fluorophenyl)-5-(4-methylsulfinyl-
phenyl)-1H-pyrrole (25) was reported to be a potent, orally
bioactive inhibitor of p38 mitogen-activated protein (MAP)
kinase,67 a family of serine/protein kinases that participate
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in signal transduction pathways controlling intracellular
events, also involved in immunological and inflammatory
disorders,68–71a,72 including rheumatoid arthritis, inflamma-
tory bowel disease, septic shock and osteoporosis, and that
have recently been implicated in other disease states in-
cluding Alzheimer’s disease,71b,c cancer,71d,e asthma73 and
cardiovascular disease.71f 4,5-Diaryl-1H-pyrrole 26 is a hy-
droxymethylglutaryl-CoA (HMG-CoA) reductase inhibitor
fivefold more potent than the fungal metabolite compactin
(mevastatin) (27) in vitro74 and atorvastatin (28) is another
hypolipidemic agent (CI-981)20,21 currently marketed in the
United States as LIPITOR. This last chiral 4,5-diarylpyrrole,
in addition to its effect on lipoprotein profile, reduces tri-
glycerides to a greater extent than other HMG-CoA reduc-
tase inhibitors.21

The pyridyl diaryl-1H-pyrrole 2975 has been reported to
be a glucagon receptor antagonist, i.e., a substance able to
block glucose production, and compounds 30a–c76 have
also demonstrated good sugar-lowering activity. Thus, all
these pyrrole derivatives might be used in a therapeutic
approach to the treatment of diabetes.77,78

Compounds 31 (BM-212)22 and 3223 have been described as
antimicrobial agents. On the other hand, permethyl storni-
amide A (22),32 and compounds 34,32 33,36 3536 and 36,36

like lamellarin D (5),79 have been shown to be modulators
of P-gp-mediated MDR.

Finally, 1,2-diaryl-1H-pyrroles 37,80 38,80 3981 and 4081 and
2,3-diaryl-1H-pyrroles 4182,83 and 4283 have been identified
as cyclooxygenase-2 (COX-2)-selective inhibitors.84
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Interestingly, a correlation was found between the energy of
the highest-occupied molecular orbital (EHOMO) of anti-
inflammatory 1,2-diaryl-1H-pyrroles and their COX-2 inhi-
bition.85 No correlation was, however, observed between
EHOMO and the inhibition efficiency of COX-1, the constitu-
tively expressed enzyme, protective to organisms.85 This
result suggests that the inhibition of the two isomeric forms
follows different molecular mechanisms.

N
Me

R

MeO2S

37 : R = H
38 : R = CF3

COOH

N
Me

R2
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39 : R1 = SO2Me; R2 = F
40 : R1 = F; R2 = SO2Me

N
H
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H
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F

42

Cl

Cl

2.2. Synthesis of pyrrole derivatives with two aryl
groups on adjacent positions

2.2.1. Synthesis of 1,2-diaryl-1H-pyrroles. Several ap-
proaches have been described in the literature to the syn-
thesis of 1,2-diaryl-1H-pyrroles. Thus, a low yielding
procedure86 involving the base-catalyzed condensation of
a 2-(N-arylamino)-2-arylacetonitrile 43 with acrolein (44)
was used to prepare 2-(20-chlorophenyl)-1-phenyl-1H-pyr-
role (45) (Scheme 1).87

Several other 1,2-diaryl-1H-pyrrole derivatives have been
cleanly and more conveniently prepared in modest to high
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yields by Paal–Knorr condensation of 1,4-dicarbonyl com-
pounds with appropriate arylamines.23,80,81,88–90 The requi-
site 1,4-dicarbonyl compounds have often been obtained
by the Stetter reaction,91 which typically involves the reac-
tion of aryl aldehydes with a,b-unsaturated ketones under
cyanide or thiazolium salt catalysis. This approach was used
for the efficient synthesis of a series of 1,2-diaryl-1H-pyr-
roles 50 having an alkyl group at position 5, which have
been shown to be potent (IC50¼15–100 nM) and selective
inhibitors of COX-2 (Scheme 2).81

In particular, pyrroles 50 were prepared by condensation of
arylamines 49 with 1,4-diketones 48 obtained by Stetter re-
action of aryl aldehydes 46 with a,b-unsaturated ketones 47.

Recently, ethyl 1,2-diaryl-1H-pyrrole carboxylates 52a and
52b have been analogously prepared by reaction of 3-ethoxy-
carbonyl-4-oxo-4-phenylbutanal (51) with anilines 49a
and 49b, respectively, in ethanol in the presence of acetic
acid.90 The key synthon 51 was obtained by a three-step
procedure starting from b-ketoester 53.90

R2
NH2

49a : R2 = H
49b : R2 = 4-SO2Me

O

COOEt

CHO

51

N

R2

52a : R2 = H
52b : R2 = 4-SO2Me

EtOOC O

COOEt

53

On the other hand, a Paal–Knorr-type reaction of 1,4-keto-
acetal 54 with anilines 55a–f in toluene in the presence of
p-toluenesulfonic acid was used to synthesize some 1-(4-flu-
orophenyl)-2-aryl-1H-pyrroles 56a–f in 50–70% yield.81

Cl

N
H

CN

+ CHO

1) MeOH, 1 M KOH, pH 9, rt
2) - MeOH, – unchanged 44

3) ∆

N
Cl

43 44

45

Scheme 1. Synthesis of 1,2-diaryl-1H-pyrrole 45.
In 2005, the 5-alkyl-1,2-diaryl-1H-pyrroles 50a (R¼H) and
50b (R¼OMe) and the 1-aryl-2,5-diphenyl-1H-pyrroles
57a,b have been prepared by Banik and co-workers using
a modification of the Paal–Knorr reaction in which an aryl-
amine is reacted with a 1,4-diketone in CH2Cl2 at room tem-
perature in the presence of 5 mol % bismuth nitrate.92
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This modification, which requires very mild experimental
conditions, has been shown to be much superior to the strong
Lewis acid- or other strong acid-mediated syntheses of pyr-
roles in terms of the yields of the products. Moreover, unlike
many other procedures, it does not require an extra energy
source, like microwave irradiation or ultrasound.

In 2004, 1,2-diaryl-1H-pyrroles 61a–d, which contain amino
and cyano groups, have been synthesized in 39–46% yield by
the reaction of the corresponding phenacylmalononitrile
derivatives 60a–d with aniline (49a) in absolute ethanol in
the presence of catalytic amounts of concd HCl (Scheme
3).93 Compounds 60a–d have been prepared by treatment
of phenacyl bromides 58a–d with malononitrile (59) in
ethanol in the presence of 1 M NaOH.93,94 The pyrrole deriva-
tives 61a and 61b have been used as precursors to two
new pyrrolo[2,3-b]pyridines 62a and 62b, respectively,
which are potent inhibitors of tumour necrosis factor.93
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Scheme 3. Synthesis of compounds 61a–d and 62a,b.
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O
46 47

48

NH2
R2 (49)

toluene, p-TsOH
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R1 = SMe, SO2Me, F
R2 = 4-F, 4-SO2Me, H, 4-CF3, 4-Me, 4-Ac, 3,4-diF
R3 = Me, Et
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Scheme 2. Synthesis of 5-substituted 1,2-diaryl-1H-pyrroles 50.
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The synthesis of a great number of pyrroles of general for-
mula 66, which is similar to compounds 61 contain amino
and cyano groups, had been previously performed in 88–
98% yield by the reaction of tetracyanoethane (63) with
the Schiff bases 64 in ethanol, aqueous ethanol or DMSO.
The reaction produces tricyanodihydropyrroles 65 as inter-
mediates, which lose hydrogen cyanide on heating in
benzene, CHCl3 or DMF to give the required pyrroles
(Scheme 4).95,96

CN

CNNC

NC
+ Ar2-CH=N-Ar1

EtOH, aq EtOH

or DMSO N
Ar2

CN

Ar1
H2N

CNNC

PhH, CHCl3
or DMF, ∆ N

Ar2

Ar1
H2N

NC

63 64 65

66

[Ar1 = Ph, 4-HOC6H4, 4-ClC6H4, 2-pyridyl; Ar2 = Ph, 2-HOC6H4, 2-furyl]

CN

Scheme 4. Synthesis of compounds 66.

In 1995, a two-step procedure involving the S-methylation
of N-allyl-N-phenylthiobenzamide (68), followed by treat-
ment of the resulting thioamidate salt with LHMDS was
developed to prepare 1,2-diphenyl-1H-pyrrole (67a).97
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This compound was subsequently prepared in 86% yield
by CuI-assisted cycloisomerization of the readily available
imine 69.98 This procedure, which entirely satisfies the atom
economy requisite, was also applied to the preparation of
other 1,2-disubstituted and some 1,2,5-trisubstituted 1H-
pyrroles.98

In 1998, Nishio reported that 1,2-diaryl-1H-pyrroles 67a–c
could be obtained in modest yields (35–48%) by reaction
of the corresponding 4-ketoamides 70a–c with an equimolar
amount of Lawesson’s reagent 71 in toluene at reflux tem-
perature under argon.99

More recently, 3-methyl-1,2-diphenyl-1H-pyrrole (72a)
and other polysubstituted 1H-pyrroles have been prepared
in 50–91% yield by hydrogenolysis of the aldol products
formed by reaction between a-(N-benzyl or N-Cbz)amino
aldehydes and lithium enolates of various ketones.100

On the other hand, four tetrasubstituted 2-aryl-1-phenyl-1H-
pyrroles of general formula 75 and some pentasubstituted
pyrrole derivatives have been synthesized in low to modest
yield via a CuCl-mediated one-pot reaction of acyl halides
with the azazirconacyclopentene prepared from the imino-
silacyl complex 73 and 4-octyne (74) (Scheme 5).101

Cp2Zr N
Ph

SiPh2t-Bu

Cl

+ n-Pr n-Pr

73 74

1) LiEt3BH, Et2O, THF
2) CuCl, ArCOCl
3) HF

(26 - 62%)

N

n-Pr
n-Pr

Ar

Ph75

[Ar = Ph, 4-MeC6H4, 4-MeOC6H4, 4-ClC6H4]

Scheme 5. One-pot synthesis of compounds 75.

Interestingly, a catalytic amount of CuCl was found to be ef-
fective for this reaction.101 Moreover, it was observed that,
when the crude reaction mixture was treated with silica gel
instead of HF, compounds 76a and 76b could be obtained
in 50 and 55% yield, respectively.101

N

n-Pr
n-Pr

Ar

Ph
t-BuPh2Si

76a : Ar = Ph
76b : Ar = 4-MeC6H4

Wang and Zhu prepared the 1,2-diaryl-3-fluoro-1H-pyrroles
82a and 82b by Rh2(OAc)4-catalyzed intramolecular NH
insertion of a-diazo-b-ketoester 79 and vinyldiazomethane
81.102 In particular, compound 82a was synthesized in 94%
yield by intramolecular NH insertion of vinyldiazomethane
79, obtained, in good yield, by diazo transfer of compound
78 with tosyl azide and triethylamine. Compound 78
was, in turn, obtained from b-ketoester 77 and aldimine
64a (Ar1¼4-MeC6H4; Ar2¼4-ClC6H4) (Scheme 6).102 Com-
pound 82b was obtained by a Wittig reaction of the a-diazo-
b-ketoester 79 with triphenylphosphoranylideneacetonitrile
80 to give the vinyldiazomethane 81 and a subsequent
Rh(II)-catalyzed NH insertion (Scheme 6). Other polyfunc-
tionalized 1,2-di(hetero)aryl-1H-pyrroles were obtained by
similar reaction sequences from 77 and suitably substituted
aldimines 64.102

In 2004, Agarwal and Knölker103 reported a novel procedure
for pyrrole annulation via silver(I)-promoted oxidative
cyclization of homopropargylamines 84. This procedure,
in which compounds 84 are easily prepared by addition of
a propargyl Grignard reagent to the appropriate Schiff
bases, has been used for the synthesis in high yields of
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Scheme 6. Synthesis of compounds 82a–b.
1,2-diarylpyrroles 85 starting from the Grignard reagent 83
and aldimines 64 (Scheme 7).103

BrMg
SiMe3 +

N

HAr2

Ar1

1) BF3•Et2O, THF, - 23 °C
2) 64, Et2O, – 23 °C

(78 - 80%)

Ar1

N
H

Ar2

SiMe3

83 64

84

AgOAc (1.1 equiv)
CH2Cl2, rt

N
Ar1

Ar2

85

Scheme 7. Synthesis of 1,2-diaryl-1H-pyrroles 85 from compounds 64
and 83.

Previously, Barluenga and co-workers104 had developed
an efficient approach to 3-functionalized pyrroles 91 via
propargylation/cycloamination of propargylazadienes 89
obtained in multigram quantities by metalation of azadienes
86105 with n-butyllithium, followed by C-alkylation with
propargyl bromide 87 (R4¼H) or 2-butynyl p-toluene-
sulfonate (88) (R4¼Me) (Scheme 8). Interestingly, the
primary cycloamination products 90 could not be isolated
in pure form because of their easy hydrolysis when sub-
jected to purification by column chromatography.104 Their
imine function could, however, be acylated or reduced
in situ.104
NHR3

NHR1

R2

86

1) BuLi
2) BrCH2-C≡C-R4 (87)

or
TsOCH2C≡C-R4 (88)

NHR3

R2

NHR1

R4

89

PhMe, 25 - 60 °C
or

EtOH, 120 °C
(sealed tube)

N
R1

R2

R3HN

R4

90

aq HCl, rt
(79 - 96% from 89)

N
R1

R2

R3O

R4

91

[R1 = Ph, 4-MeC6H4; R2 = Ph; R3 = Ph, 4-MeC6H4; R4 = H, Me]

Scheme 8. Synthesis of 1,2-diaryl-1H-pyrroles 91.

Some interesting procedures for the synthesis of a series of
1,2-diaryl-1H-pyrroles, which are based on the strong elec-
tron-withdrawing ability and nucleofugicity of the benzo-
triazolyl (Bt) group of benzotriazole derivatives, were
developed by Katritzky and co-workers.106–109 Despite the
fact that these procedures are lengthy and do not fulfil the
atom economy requisite, they were shown to be quite versa-
tile and allowed the preparation of compounds not easily and
conveniently available by other synthetic approaches.

In particular, in 1995, Katritzky and co-workers reported that
1-(3-morpholinoprop-2-enyl)benzotriazole (95), which can
be prepared in quantity by a two-step procedure involving
treatment of acrolein (44) with 2 equiv of benzotriazole
(92) and 1 equiv of morpholine (92) and subsequent elimina-
tion of one benzotriazole moiety from 94 on treatment with
NaH, is a valuable precursor of 1,2-diaryl-1H-pyrroles 85.106

In fact, reaction of 95 with butyllithium, followed by addi-
tion of diarylimines 64 and brief heating in the presence of
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a catalytic amount of sulfuric acid, provided the required
pyrroles in 60–68% total yield via 96 (Scheme 9).106

2 Bt-H + CHO

92 44

+ HN O

93

Bt Bt

N

O94

PhMe, ∆
(73 %)

NaH, THF

Bt

N

O95

1) BuLi, THF, - 78 °C

2) Ar2CH=N-Ar1 (64)

Bt

N

O

N
Ar2

Li

Ar1

96

1) H3O+, ∆

2) aq NaHCO3 N
Ar1

Ar2

85

[Bt = ; Ar1 = Ph, 4-BrC6H4; Ar2 = 4-MeOC6H4, 4-BrC6H4]
N

N
N

Scheme 9. Synthesis of 1,2-diaryl-1H-pyrroles 85 from compounds 44, 92
and 93.

In the same year, the same group expanded the synthetic ap-
plications of the benzotriazole derivatives and described that
1,2-diaryl-1H-pyrroles 85 can also be prepared regioselec-
tively and in satisfactory yields by an approach involving
treatment of 3-(benzotriazol-1-yl)-1-ethoxyprop-1-ene (97)
with butyllithium at �78 �C, followed by addition of di-
arylimines 64 and heating of the resulting compounds 98
in the presence of ZnBr2 (Scheme 10).107

1) BuLi, THF, - 78 °C
2) Ar2-CH=N-Ar1 (64)

ZnBr2 (2 equiv)
THF, ∆

N
Ar1

Ar2

85

Bt OEt

97

Bt
98

NAr2
Ar1

Li

OEt

Scheme 10. Synthesis of 1,2-diaryl-1H-pyrroles 85 from compounds 64
and 97.

Compound 97, which was the C3 fragment in this [3+2]
pyrrole synthesis, was prepared in 95% yield by reaction
of 3-(benzotriazol-1-yl)-3-ethoxyprop-1-ene (99) with
1 equiv of ZnBr2 in THF at room temperature.107

OEt
Bt H

99

More recently, the synthesis of numerous compounds of gen-
eral formula 85 and 1,2-diaryl-3-methyl-1H-pyrroles 72a,b
has been accomplished by a two-step procedure from imines
64 and N-allylbenzotriazole (100) and 2-(buten-3-yl)benzo-
triazole (102), respectively, via Pd(II)-catalyzed intramolec-
ular oxidative cyclization (Scheme 11).108 In particular,
1,2-diaryl-1H-pyrroles 85a–l were prepared by oxidative
cyclization of compounds 101 obtained by lithiation of
100 followed by treatment with imines 64. On the other
hand, 1,2-diaryl-3-methyl-1H-pyrroles 72a,b were synthe-
sized by intramolecular oxidative cyclization of compounds
103 prepared by lithiation of 2-(buten-3-yl)benzotriazole
(102) and subsequent reaction with aldimines 64. Interest-
ingly, the yields of compounds 85a–l were found to depend
dramatically on the nature of the substituents in both the
aromatic rings of imines 64. In fact, a halogen in the para-
or meta-position of these rings facilitated significantly the
reaction, and the presence of electron-donor substituents,
e.g., MeO, caused the opposite effect. On the contrary, the
electron-donating or electron-withdrawing properties of a
heterocyclic moiety did not have a significant effect on the
yield of the resulting pyrrole derivatives.108

It should be noted that the benzotriazole synthetic method-
ology had also been previously used for the synthesis of
the tetrasubstituted 1,2-diaryl-1H-pyrroles 109a and 109b
from the acetylene dicarboxylates 108 and the 1,3-diaryl-
2-(benzotriazol-1-yl)aziridines 106a and 106b, respectively,
presumably via formation of azomethines 107a,b (Scheme
12).109

Compounds 106a,b were obtained in high yield by the reac-
tion of 1-chloromethylbenzotriazole (104) with LHMDS in
THF/HMPA at �20 �C, followed by treatment with imines
105.109

2.2.2. Synthesis of 2,3-(4,5-)diaryl-1H-pyrroles. In 1978,
2,3-diphenyl-1H-pyrrole (112a) was prepared in 78% yield
by the Trofimov reaction between oxime 110 and acetylene
(111) under atmospheric pressure at 100 �C in DMSO in the
presence of KOH.110–112 When the initial pressure of 111
was 10–14 atm, however, the reaction furnished 2,3-di-
phenyl-1-vinyl-1H-pyrrole (112b) in 73% yield.110,111

Ph
Ph

N
OH

110

H H

111

N

Ph

Ph
R

112a : R = H
112b : R = CH2=CH

Ph NH2

113

Ph N

114

Ph

H

N

Ph

Ph
115

More recently, 112a has been synthesized in 65% overall
yield via photochemical rearrangement of N-cyclopropyl-
imine 114, followed by oxidation during the workup of the
resulting crude 1-pyrroline 115.112 Imine 114 was obtained
by reaction of commercially available trans-2-phenylcyclo-
propylamine (113) with benzaldehyde in refluxing toluene
with occasional addition of molecular sieves.112
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Bt

100 Bt

NAr2
Ar1

H

101

1) BuLi, THF, - 78 °C
2) Ar2-CH=N-Ar1 (64)

Pd(OAc)2 (0.5 mol%)
PPh3 (1.8 mol%)
CuCl2 (2 equiv)

K2CO3 (2 equiv), THF, ∆
(21 - 79%)

N
Ar1

Ar2

85a-l

1) BuLi, THF, - 78 °C
2) MeI

Bt

102

Me

1) BuLi, THF, - 78 °C
2) 64

Bt

NAr2
Ar1

H

103

Pd(OAc)2 (0.5 mol %)
PPh3 (1.8 mol %)

CuCl2 (2 equiv)
K2CO3 (2 equiv), THF, ∆

(24 - 26%)

N
Ar1

Ar2

72a : Ar1 = Ar2 = Ph (26%)
72b : Ar1 = Ph ; Ar2 = 3-thienyl (24%)

Me

Me

 Ph                      
4-FC6H4

Ph
Ph
Ph

4-ClC6H4
4-MeC6H4

4-MeOC6H4
2-furyl

3-thienyl
3-pyridyl
3-pyridyl

Ph                      
Ph

2-ClC6H4
3-ClC6H4
4-ClC6H4

Ph
Ph
Ph
Ph
Ph
Ph

4-ClC6H4

85

a

b

c

d

e

f

g

h

i

j

k

l

Ar1 Ar2

Scheme 11. Synthesis of 1,2-diaryl-1H-pyrroles 85 and 1,2-diaryl-3-methyl-1H-pyrroles 72 from N-allylbenzotriazole 100.
2-Phenyl-3-(pyridin-4-yl)-1H-pyrrole (119a) and 2-phenyl-
3-(pyridin-2-yl)-1H-pyrrole (119b) had been previously
synthesized in 64 and 36% yield, respectively, by [3+2]
cycloaddition reactions of S-methyl N-(benzotriazol-1-
ylmethyl)thioimidate (116) with the vinylpyridines 117a
and 117b, followed by spontaneous elimination of benzo-
triazole and the thioalkoxy group (Scheme 13).113

On the other hand, 1,2-diphenyl-1H-pyrrole (112a), 2,3-
bis(4-methoxyphenyl)-1H-pyrrole (122a) and 2,3-di(2-pyri-
din-2-yl)-1H-pyrrole (122b) were conveniently prepared in
67, 75 and 58% yield, respectively, by a Wittig/aza-Wittig
reaction of the required 1,2-diketones with 1-aza-1,3-

1) LiHMDS, HMPA, THF, - 78 °C
2) Ar-CH=N-Ph (105)

N
Ph

Ar

104

106a : Ar = Ph (85%)
106b : Ar = 4-ClC6H4 (90%)

Bt-CH2Cl

N
Ph

Ar Bt

∆

Ar N Bt
Ph

Ar N Bt
Ph

107a,b

(108)

COOR
ROOC

109a : Ar = Ph; R = Et (86%)
109b : Ar = 4-ClC6H4; R = Me (81%)

COORROOC

Scheme 12. Synthesis of compounds 109a and 109b.
bis(triphenylphosphoranylidene)propane (121). This com-
pound was synthesized in situ by treatment of 1-{[(triphe-
nylphosphoranylidene)amino]methyl}-benzotriazole (120)
with methylidenetriphenylphosphorane, followed by reac-
tion with butyllithium.114a,b

N
N

N

N
PPh3

120

(Ph)3P
N

PPh3

121

N
H

Ar

Ar
122a : Ar = 4-MeOC6H4
122b : Ar = pyridin-2-yl

NCH2Bt
Ph

MeS

116

NaH

N
N

(117a) (117b)

N
MeS

Ph

Bt

N

N
MeS

Ph

Bt

N

118a 118b

NPh
H

N

- MeS–

- BtH
  (64 %)

- MeS–

- BtH
  (36 %)

NPh
H

N

119a 119b

Scheme 13. Synthesis of compounds 119a and 119b.
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The synthesis of disubstituted 2,3-diaryl-1H-pyrroles differ-
ent from 112a, 119a,b and 122a,b has not been explored. On
the contrary, since 1972, the development of efficient and/or
simple protocols for the preparation of trisubstituted 2,3-
diaryl-1H-pyrroles has received great attention. Specifically,
2,3-diphenyl-4-(methoxycarbonyl)-1H-pyrrole (125) was
synthesized in 23% yield by an elegant approach based
on van Leusen’s chemistry, which involves treatment of
a-tosylbenzyl isocyanide (123)115 with the a,b-unsaturated
ester 124 in Et2O/DMSO in the presence of 1.2 equiv of
NaH.116

SO2

Me

NCPh

123

CH CHPh COOMe

124 N

Ph

Ph
H

COOMe

125

On the other hand, some 1,2,3-trisubstituted-1H-pyrroles
that included 1-methyl- and 1-benzyl-2,3-diaryl-1H-pyrrole
were synthesized in satisfactory yields by a method involving
the reaction of arylchlorocarbenes with 1-azabuta-1,3-di-
enes.117,118 In particular, arylchlorocarbenes 127, generated
by photolysis or thermolysis of arylchlorodiazirines 126,
were reacted with 1-azabuta-1,3-dienes 128 to give pyrroles
129 via, presumably, the dihydropyrrole derivatives (Scheme
14).117 3,4-Diaryl-1H-pyrroles 129 were prepared in 40–
65% total yield via thermolysis of 126 and in 30–50%
total yield via photolysis of these three-membered hetero-
cycles.117

N
NAr1

Cl
hν or ∆ Ar1

Cl

Ar2 N R (128)
N

RCl Ar1

Ar2

N

Ar1

Ar2

R
129a : R = Me; Ar1 = Ph; Ar2 = 2-pyridyl
129b : R = Me; Ar1 = Ph; Ar2 = 2-thienyl

126 127

Scheme 14. Synthesis of compounds 129.
The 2-aryl-3-heteroaryl-1-methyl-1H-pyrroles 129a,b were,
however, obtained only in 14–15% yield by flash photolysis
of the corresponding heteroarylchlorodiazirines in the pres-
ence of the required 1-azabuta-1,3-dienes.118

In 2002, the trisubstituted 2,3-diaryl-1H-pyrrole 132a and
the tetrasubstituted 2,3-diaryl-1H-pyrrole 132b were synthe-
sized in 43 and 57%, respectively, by reaction of N-vinylic
phosphazenes 130a and 130b with a-bromoketone 131 in
toluene at 110 �C in the presence of Et3N.119 This procedure
was also used for the synthesis of three disubstituted 1H-
pyrroles in satisfactory yields.119

N

R

Ph3P

COOMe

130a : R = H
130b : R = COOMe

Ph Br

Ph O

131

N

Ph

Ph
H

COOMe

R

132a : R = H
132b : R = COOMe

Sometimes, Pd-catalyzed cross-coupling reactions involving
organometallic compounds and halopyrroles have also been
used to access 2,3- (4,5-)diaryl-1H-pyrrole derivatives.
Thus, Pd-catalyzed Suzuki-type reactions have been used
for the synthesis of the trisubstituted 4,5-diaryl-1H-pyrroles
135 and 139 from dibromopyrrole 133 and bromopyrrole
137, respectively (Scheme 15).120 Interestingly, the cross-
coupling reaction between 133 and phenylboronic acid
(134) provided 135 along with a significant amount of the
monoarylated pyrrole 136.120 This last compound most
likely derived from a Suzuki-type reaction involving 2-
bromo-5-ethoxycarbonyl-1H-pyrrole formed by selective
dehalogenation of 133 during the Pd-catalyzed cross-
coupling reaction.

On the other hand, the Pd-catalyzed reaction between 137
and arylboronic acid 138 furnished cleanly the diaryl-1H-
pyrrole derivative 139 in 74% yield.

In 2004, a 4,5-diaryl-1H-pyrrole 2-carboxylic acid ethyl
ester 141 was prepared via regioselective halogenation/Pd-
catalyzed cross-coupling reactions in the course of a study
concerning the total synthesis of lamellarin G trimethyl ether
(140) (Scheme 16).121
N

Br

Br
H

COOEt

133

+   Ph-B(OH)2
Pd(PPh3)4, aq Na2CO3

DMF, 140 °C, 14 h

134

N

Ph

Ph
H

COOEt

+

NPh
H

COOEt

135 (47%)

136 (22%)

N

Ph

Br
H

COOEt

137

+   4-MeOC6H4-B(OH)2
Pd(PPh3)4, aq Na2CO3

DMF, 110 °C, 12 h

138

N

Ph

H

COOEt

139

MeO

Scheme 15. Synthesis of compounds 135, 136 and 139.
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N

Br

H

COOEt

142

(Boc)2O, DMAP
MeCN, 1 h

(93%)
N

Br

Boc

COOEt

143

B(OH)2

MeO

MeO

(144)

Pd(PPh3)4, aq Na2CO3
DMF, 110 °C, 15 h

(70%)

N
H

COOEt

145

MeO

NBS, DMF
0 °C to rt, 16 h

(100%)
N
H

COOEt

146

MeO

B(OH)2

OH

MeO

MeO

(147)

Pd(PPh3)4, aq Na2CO3
DMF, 110 °C, 15 h

(54%)

141

OMe OMe

Br

Scheme 16. Synthesis of compound 141.
O N

O

OMe
MeO

OMe

OMe

OMe

OMe

140

N
H

OMe
MeO

COOEt
MeO

MeO
OH

141

Specifically, the bromopyrrole ester 142, prepared in three
steps from pyrrole,121 was protected as the corresponding
tert-butyl carbamate to give 143 in 93% yield. It was neces-
sary to perform this reaction prior to a Pd-catalyzed Suzuki-
type reaction, since it had been previously found that the
nitrogen of 142 must be protected to avoid extensive dehalo-
genation during the cross-coupling reaction.121 In fact, the
Suzuki-type reaction of 143 with 2–3 equiv of boronic
acid 144 proceeded cleanly to give 145 in 70% yield. Treat-
ment of this compound with an equimolar amount of N-
bromosuccinimide led cleanly to the 5-bromo derivative
146, which was finally coupled with boronic acid 147 under
standard Suzuki-coupling conditions to give 141 in 54%
yield (Scheme 16).121

Several 2-aryl-3-(4-pyridyl)-5-(N-substituted)piperidyl-1H-
pyrroles have been synthesized by reaction of the corres-
ponding 1,4-dicarbonyl compounds with ammonium acetate
in acetic acid at 110 �C.122 More recently, these trisubsti-
tuted pyrrole derivatives have been evaluated as inhibitors
of Eimeria tenella cGMP-dependent protein kinase and in
vivo anticoccial assays and, among these substances, com-
pounds 148a and 148b have been shown to be the most potent
and have demonstrated a broad spectrum of activity.123

Previously, in the context of a study concerning the develop-
ment of novel potent inhibitors of HMG-CoA reductase,
a Paal–Knorr condensation had been used to prepare the
trisubstituted pyrroles 149a–c, free of the corresponding
regioisomers.124,125

N
H

N

N R

F
148a : R = Me
148b : R = Et

N
H

F
149a : Ar = 4-pyridyl
149b : Ar = 2-pyridyl
149c : Ar = 4-pyridyl-N-oxide
149d : Ar = 4-FC6H4

Ar
Some compounds of general formula 149 were alternatively
obtained by hydroxylation of 4-fluorophenyl ketones 150,
followed by cyclocondensation of the resulting benzoins
151 with ethyl isobutyrylacetate in the presence of ammo-
nium acetate in refluxing acetic acid (Scheme 17).125

Compound 149d was so prepared in % yield from 151a
(Ar¼4-F–C6H4).

N
H

F

Ar

F

Ar
O

1) NaN(SiMe3)2, THF

2) Me3SiCl
3) m-ClC6H4CO2OH, H3O+ F

Ar
O

OH
150

151

1) i-PrCOCH2COOEt, AcOH, reflux
2) 80 % H2SO4

149

Scheme 17. Synthesis of compounds 149.

When unsymmetrical benzoins were, however, used, both
5- and 4-(fluorophenyl)-1H-pyrroles 152a and 152b were
formed in an approximate ratio of 9:1.125

N

Ar2

Ar1

H
152a : Ar1 = 4-FC6H4; Ar2 = 4-pyridyl, 2-
pyridyl, 4-pyridyl-N-oxide
152b : Ar1 = 4-pyridyl, 2-pyridyl, 4-pyridyl-N-
oxide; Ar2 = 4-FC6H4

To the best of our knowledge, only four methods have been
reported in the literature for the synthesis of tetrasubstituted
2,3-diaryl-1H-pyrroles.119,126–128 The first method, which
was used for the preparation of 132b, has been previously
discussed. The second method was developed in 1996 by
Sato and co-workers126 in the context of the one-pot syn-
thesis of substituted pyrroles 154, which included the tetra-
substituted 2,3-diaryl-1H-pyrrole 154a. This convenient
method allowed the preparation of the required compounds
in good-to-excellent yields from the titanium–acetylene
complexes 153.126
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Ti(O-iPr)2

R1 R2

153

N
R4

R3

R2

R1

154

N
Pr

Ph

Ph
Me3Si

154a

The third method was subsequently designed and developed
by Dieter and Yu, who synthesized some polysubstituted
pyrroles 158 by conjugate addition of N-protected a-amino-
alkylcuprates derived from amines 155 to alkynyl ketones
156, followed by amine deprotection and cyclization of the
resulting adducts 157 (Scheme 18).127

N
Boc

R1R 1) sec-BuLi, THF, - 78 °C
    (-)-sparteine or TMEDA
2) CuCN•2LiCl, - 55 °C
3) R2-≡-CO-R3 (156)155

N
Boc

R1R
O

R2 R3

PhOH, Me3SiCl
CH2Cl2 N

R2

R1
R3

R

157

158

Scheme 18. Synthesis of polysubstituted pyrroles 158.

This protocol, which exhibits a broad scope, was also used to
prepare in 50% yield a mixture of the tetrasubstituted pyrrole
158a and the trisubstituted pyrrole 159 in which 158a was
the major component.127

N
Me

Ph

Ph
Me

158a

N

Ph
Me

Ph 159

In 2004, Pandey and Rao developed the fourth method for
the synthesis of tetrasubstituted 2,3-diaryl-1H-pyrroles.128

These authors prepared efficiently and economically com-
pound 163b, which was used as a key intermediate for the
synthesis of the HMG-CoA reductase inhibitor atorvastatin
(28).128 A key step of this method was the 1,3-dipolar cyclo-
addition reaction of mesoionic münchnone (1,3-oxazolium-
5-olate) 162, derived from cyclodehydration of 160, with
N-1,3-diphenyl-2-propynamide (161). This reaction fur-
nished in 80% yield a mixture of the regioisomers 163a
and 164 in a 1:1 ratio, which were easily separated by crys-
tallization. Regioisomerically pure 163a could be easily de-
benzylated using sodium in liquid ammonia in the presence
of t-BuOH at �78 �C to give 163b in 83% yield.128

On the contrary, the development of methods useful for the
synthesis of pentasubstituted 2,3-(4,5-)diaryl-1H-pyrroles
has received little attention. In 1991, two of these

N
R

Ph

Ph

HN

R
COOEt

O

O

165a : R = Me
165b : R = Et
165c : R = i-Pr

+ Ph
Ph

OH

O

166

ZnCl2, EtOH
reflux

COOEt

O
O

167a : R = Me
167b : R = Et
167c : R = i-Pr

Scheme 19. Synthesis of pentasubstituted pyrroles 167a–c.
compounds containing an ester group at position 4, i.e.,
167a and 167b, were synthesized in 75 and 36% yield, re-
spectively, by ZnCl2-catalyzed condensation of benzoin
(166) with enamines 165a and 165b (Scheme 19).129

F
N CH2Ph

COOH

O
160

Ph
O

HN Ph

161

O

N

O

F 162

N
R

CONHPh
Ph

F
163a : R = CH2Ph
163b : R = H

N

Ph

F
Ph

164

PhHN

O

Ph

These last compounds were prepared from (2-aminoethyl)-
1,3-dioxolane130 and the requisite b-ketoesters. The proce-
dure used to prepare 167a and 167b, however, proved to
be ineffective for the synthesis of the more sterically hin-
dered pyrrole 167c, which was obtained from 165c in 4%
yield (Scheme 19).129

Four additional pentasubstituted 2,3-diaryl-1H-pyrroles
containing an ester or an amide group at position 4, i.e., com-
pounds 170a–d, were regioselectively synthesized by [3+2]
cycloaddition of the readily available amidoacid 168 with
acetylenes 169a–d (Scheme 20).129 Compounds 167a–c
and 170a–d were then elaborated at their position 1 to give
derivatives able to inhibit the enzyme HMG-CoA reduc-
tase.129

N

F

HOOC O

OO

+ Ar R
Ac2O, 90 °C
(43 - 85%)

N

Ar
R

O
O

F

168 169a-d 170a-d

a

b

c

d

Ar

Ph
Ph
Ph

4-CNC6H4

R

COOEt
COOBn

CONHPh
COOEt

Scheme 20. Synthesis of pentasubstituted pyrroles 170a–d.

More recently, the pentasubstituted 2,3-diaryl-1H-pyrrole
176 has been prepared in 70% yield using a highly efficient
method for the synthesis of fully substituted five-membered
heterocycles from tungsten carbene complexes.131 Specifi-
cally, complex 171 was first reacted with 1-lithium-1-alkyne
172 at �78 �C and the resulting compound 173 was then
treated with sulfonylimine 174. The iodine oxidation of
the resulting crude reaction product gave dihydropyrrole
175, which was then treated with trifluoroacetic acid to pro-
duce pyrrole 176 (Scheme 21).131
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(OC)5W
OMe

+ Li Ph
THF, - 78 °C

(OC)5W
OMe

Ph Li

171 172

173

1) Ph-CH=N-SO2Ph (174), - 78 °C
2) I2, Et3N
3) MeOH

N

MeOOC
Ph

MeO

Ph
H

SO2Ph
175

CF3COOH
– 78 °C to rt N

MeOOC
Ph

SO2Ph

176

Ph

Scheme 21. Synthesis of compound 176.

2.2.3. Synthesis of 3,4-diaryl-1H-pyrroles. 3,4-Diaryl-1H-
pyrrole moieties appear frequently in naturally occurring
compounds, such as lamellarins,12 lukianols,13 ningalins,14

storniamides15 and their congeners, that elicit important
biological responses. The biological activities of 3,4-diaryl-
1H-pyrrole derivatives have made them popular synthetic
targets and numerous methods for the synthesis of these
heterocycle derivatives have been developed.

Several years ago, compounds 180a–d were prepared in
45, 57, 41 and 2.5% overall yield by reaction of dimethyl
N-acetyliminodiacetate (178) with benzyls 177a–d in the
presence of sodium methoxide, followed by hydrolysis and
decarboxylation of the resulting pyrrole dicarboxylic acid
esters 179a–d (Scheme 22).132a Notable is that two 2,5-di-
amidopyrroles synthesized from diester 179a have recently
been shown to function as effective receptors for oxo-
anions.132b

Ar
Ar

O

O

177a-d

+MeOOC N COOMe
COMe

MeONa, ∆

N

Ar
Ar

H

COOMe
MeOOC

178 179a-d

1) 2 N NaOH

2) H3O+

3) HOCH2CH2NH2, ∆
N

Ar
Ar

H

180a-d

a

b

c

d

Ar
Ph

4-MeOC6H4
4-MeC6H4
2-MeC6H4

Scheme 22. Synthesis of 3,4-diaryl-1H-pyrroles 180a–d.

Compound 180a was also subsequently prepared by the re-
action of b-nitrostyrene (181a) with aqueous TiCl3.133,134

Although THF was used as the solvent in the original litera-
ture, in 1988 it was reported that replacement of THF with
dioxane increases the yield of 180a from 25 to 50%.134

This modified procedure was used to prepare several other
3,4-diaryl-1H-pyrroles in 19–50% yield from the corre-
sponding b-nitrostyrenes.

3,4-Diaryl-1H-pyrroles 184a–c were prepared in low to
modest yields from the a-nitrostyrenes 181a–c and ethyl iso-
cyanoacetate (182) by the Barton–Zard pyrrole synthesis
and treatment of the resulting pyrrole carboxylic methyl
esters 183a–c with KOH in refluxing ethylene glycol
(Scheme 23).134–136

Ar1

NO2

Ar2

181a-c

+ NC COOEt
THF, DBU

rt, 14 h N

Ar1 Ar2

H
MeOOC

183a-c182

KOH, ethylene glycol

reflux, 2 h
(33 - 48% overall yield) N

Ar1
Ar2

H184a-c

a

b

c

Ar1

3-NO2C6H4
2-ClC6H4

4-MeOC6H4

Ar2

Ph
4-MeC6H4
4-MeC6H4

Scheme 23. Synthesis of unsymmetrical 3,4-diaryl-1H-pyrroles 184a–c.

The synthesis of lycogalic acid A dimethyl ester (186), also
named lycogarubin C, which is a metabolite isolated from
the fruit bodies of the myxomycete Lycogala epidendrum,137

was accomplished by a one-pot reaction involving the oxida-
tive coupling of two molecules of methyl 3-(indol-3-yl)-
pyruvate (185) and the Paal–Knorr condensation of the
resulting crude 1,4-diketone with ammonium hydroxide
(Scheme 24).138

N
H

COOMe

OH

185

1) MeONa, MeOH

2) I2 (0.5 equiv)
3) NH4OH, reflux

(42%)

N
H

N N
H H

MeOOC COOMe

186

Scheme 24. Synthesis of lycogalic acid A dimethyl ester (186).

The first total synthesis of ningalin A (20),139 a biomimetic
synthesis of some 3,4-diaryl-1-pyrrole-2,5-dicarboxylic
acids140 and the preparation of compounds 187,35 188141

and 189142 were analogously performed by oxidative dimeri-
zation of the required arylpyruvic acids, followed by con-
densation of the resulting 1,4-dicarbonyl compounds with
the suitable 2-arylethylamines. The pyrrole derivatives
187, 188 and 189, prepared in 53, 62 and 56% yield, respec-
tively, were then used as precursors to lamellarin L (190),35

lamellarin G trimethyl ether (140)141 and storniamide A
nonamethyl ether (22),142 respectively.

More recently, pentacyclic lamellarins L (190) and U (191)
have been synthesized in the solid phase on the basis of a ret-
rosynthetic analysis (Scheme 25) in which an intramolecular
[3+2] cycloaddition of a 3,4-dihydroisoquinolinium salt
over a triple C–C bond was a key step.143,144

In 2002, Smith and co-workers145 performed an efficient
one-pot synthesis of symmetrical and unsymmetrical 3,4-di-
aryl-1H-pyrroles of general formula 180 and 184, which
consisted of the reaction between symmetrical and unsym-
metrical (E)-1,2-diarylethenes 192 and 193, respectively,
with a molar excess of tosylmethyl isocyanide (TOSMIC)
(194)146 in DMSO at 25–80 �C in the presence of 2 equiv
of t-BuONa.
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Scheme 25. Retrosynthetic analysis for the preparation of compounds 190 and 191.
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COOH
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O
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OMe
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190 : R = H
191 : R = Me

OMeHO

The protocol was particularly efficient (yields >65%) when
electron-poor aryl groups were present in the alkene.145

In recent years, 3,4-diaryl-1H-pyrroles, which include pre-
cursors to natural products and their congeners, have also
been frequently prepared by Pd-catalyzed cross-coupling
reactions of 3,4-(pseudo)halo-1H-pyrroles. Thus, ethyl
3,4-diphenyl-5-methyl-1H-pyrrole-2-carboxylate (195b) was
synthesized in 95% yield by the reaction of dibromopyrrole
195a with phenylboronic acid in DMF in the presence of
aqueous Na2CO3 and 3.5 mol % Pd(PPh3)4.147

Ar1
Ar1

192

Ar1
Ar2

193

S NC

N
H

R

Me

R

COOEt

194 195a : R = Br
195b : R = Ph

O

O

Similarly, compound 199, which was employed as a precur-
sor to the tetra-O-methyl ether derivative 200 of the strongly
cytotoxic marine alkaloid halitulin (9), was prepared by a
Suzuki reaction of the bromoquinoline derivative 198 with
the organoboron derivative 197, obtained by treatment of
3,4-diiodopyrrole (196a) with pinacolborane in the presence
of a catalytic quantity of PdCl2(dppf) (Scheme 26).148

In 2003, Steglich and co-workers149 used a very similar re-
action sequence in a total synthesis of halitulin (9). More-
over, Alvarez and co-workers144f very recently performed
a total synthesis of lamellarin D (5) in which the two aryl
groups of this marine alkaloid were introduced on the pyr-
role ring by a sequential and regioselective bromination/
Suzuki cross-coupling procedure.

A methodology involving Stille- and Suzuki-type reactions
has been used in the key steps of convergent syntheses of
N

X
X

TIPS
196a : X = I

pinacolborane (6 equiv)
PdCl2(dppf) (14 mol %)
Et3N (10 equiv), dioxane

85 °C
N

B
B

TIPS

O

O

O
O

197

Het–Br (198) (1.4 equiv)
Pd(PPh3)4 (10 mol %)
2 M Na2CO3 (10 equiv)

PhMe, MeOH, 65 °C

N
H

Het
Het

N

Het
Het

N
199

200

TIPS = Si(i-Pr)3

Het =
N

OMe
OMe

Scheme 26. Synthesis of compounds 199 and 200 via Pd-catalyzed reactions.
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the marine natural products lamellarin O (1), lamellarin Q
(3) and lukianol A (10).150 The pivotal dibromopyrrole
196b required for these syntheses was prepared from 1-tri-
isopropylsilyl-1H-pyrrole (201) using procedures developed
by Muchowski and co-workers.151

N

Br
Br

TIPS
196b

N
TIPS

201

A different strategy was used to prepare the unsymmetrical
3,4-diaryl-1H-pyrroles 208 and 209, which are configura-
tionally stable structural hybrids of the powerful antimitotic
agents combretastatin A-4152 and colchicine.153 In fact,
the Stille- and Suzuki-type reactions used to prepare the
naturally occurring compounds 1, 3 and 10 proved to be
unsuitable for providing access to unsymmetrical 3,4-di-
aryl-1H-pyrroles.150 Thus, dibromopyrrole 202 was regio-
selectively converted into the organozinc derivative 203,
which underwent a Negishi cross-coupling reaction with
aryl iodide 204 to give the monoarylated bromopyrrole
205. This last compound was then subjected to halogen/
metal exchange followed by transmetalation and the result-
ing organozinc derivative 206 was cross coupled with iodide
207 to give the target pyrrole 208 after desilylation.150 The
unsymmetrical 3,4-diaryl-1H-pyrrole 209 was next prepared
from 202 via a similar reaction sequence (Scheme 27).150

In 2004, Marfil, Albericio and Álvarez used Pd-catalyzed
Negishi- and Suzuki-type reactions for a solid-phase synthe-
sis of lamellarins O (1) and Q (3) in which a 4-iodophenoxy
resin and compound 203 were key reagents.154
Compound 215a, used by Banwell and co-workers as an
intermediate in the synthesis of lukianol A (10),151 was em-
ployed by Fürstner in the first total synthesis of 10 and lamel-
larin O-dimethyl ether (215b).155 In this synthesis, chalcone
210 was employed as the starting material, isoxazole 212 was
used a surrogate of the labile keto–enamine 213 and the
pyrrole ring of the required alkaloids was regio- and chemo-
selectively formed by a Ti-mediated oxo–amide coupling re-
action of keto–enamide 214 bearing three different carbonyl
groups (Scheme 28).155 Isoxazole 212 was prepared by the
reaction of hydroxylamine with the crude 1,3-keto-aldehyde
obtained by the BF3-mediated rearrangement of (E)-2,3-
epoxy-1,3-bis(4-methoxyphenyl)propanone (211).

Ar1 Ar1

O

H2O2, NaOH
EtOH, H2O, 0 °C to rt

(98%)

Ar1 Ar1

O
O

1) BF3•Et2O, reflux

2) NH2OH•HCl, pyridine
    EtOH, reflux

(67%)

N O

Ar1

Ar1

210 211

212

H2, Pd/C, THF

(94%)

Ar1 Ar1

O
NH2

ClCOCOOMe
pyridine, THF

(73%)
213

Ar1 Ar1

O
NH

COOMeO
214

TiCl3 /C8K (1:2)
DMF, reflux

(52%)
N

Ar1

COOMe

R

Ar1

215a : R = H

N

Ar1

COOMe
Ar1

O

OMe

215b

[Ar1 = 4-MeOC6H4]

Scheme 28. Synthesis of compounds 215a and 215b.
N

Br
Br

TIPS

COOMe
1) PhLi, THF, -78 °C

2) ZnCl2, -78 °C to rt N

Br
ZnCl

TIPS

COOMe
3,4,5(MeO)3C6H2–I (204)

Pd(PPh3)4 (5 mol %)
THF, rt

(69% from 202)

N

Br

TIPS

COOMe

MeO OMe

OMe

202 203

205

1) BuLi, THF, -78 °C
2) ZnCl2, THF, -78 °C to rt

N

ClZn

TIPS

COOMe

MeO OMe

OMe

206

1) 4-MeO, 3-(t-BuMe2SiO)C6H3–I (207)
     Pd(PPh3)4 (5 mol %), THF, rt
2) TBAF (2.2 equiv), THF, rt

(68% from 205)

N
H

COOMe

MeO OMe

OMeMeO

HO

208

N
TIPS

MeO OMe

OMeMeO

HO

209

MeOOC

Scheme 27. Synthesis of the unsymmetrical 3,4-disubstituted-1H-pyrrole derivatives 208 and 209.
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Compound 215c, which is an analogue of 215a, had been
previously synthesized in 87% yield by ring transformation
of a thiazolium salt 216.156

N
H

COOMe
C6H5

C6H5

215c

N+
S

C6H5

C6H5

COOMe

X-

216

In 1998, the 3,4-diphenyl-1H-pyrrole derivatives 221a–c were
prepared by treatment of 3-dimethylamino-1,2-diphenyl-
prop-2-enone (219) with POCl3 in CH2Cl2, followed by
condensation of the resulting chloropropeniminium salt
with glycinates 220a–c in DMF in the presence of NaH
(Scheme 29).157

Ph
Ph

O

217

+ Me2N–CH(OMe)2
DMF, ∆
(94%)

Ph
Ph

O

NMe2
218

219

1) POCl3, CH2Cl2
2) RNH–CH2COOEt (220a-c) N

COOEt
Ph

Ph

R

221a : R = Me (60%)
221b : R = H (17%)
221c : R = Bn (22%)

Scheme 29. Synthesis of compounds 221a–c.

Compound 219 was readily obtained by the reaction of
ketone 217 with N,N-dimethylformamide dimethylacetal
(218) in refluxing DMF.157

The synthetic methodology used for the synthesis of 221a–c
was subsequently employed to prepare the Fürstner inter-
mediate 215a158 and ningalin B (21).159

In 2002, the Steglich group performed the total synthesis of
the marine alkaloid polycitones A (12) and B (13) employ-
ing an elegant approach that included the synthesis of
compound 222 by a Paal–Knorr reaction of the appropriate
1,4-diketone with ammonia.160

Very recently, compound 222 has been prepared from the vi-
namidinium salt 224 using two different approaches.161 In
the first of these, 224, prepared from arylacetic acid 223,
was reacted with aminoketone 225 under base-mediated
conditions to give 226 in 77% yield (Scheme 30). This pyr-
role derivative was then acylated with carboxylic acid 227
and compound 228, obtained in 97% yield, was converted
in high yield into the iodo derivative 229.

N
H

OMe

MeO

222
O

O

MeO

OMe

This compound was then subjected to standard Suzuki cross-
coupling conditions with arylboronic acid 138 to furnish the
Steglich synthon 222 in 21% yield (Scheme 30).161 Never-
theless, when the Pd-catalyzed reaction of 229 with 138
was performed under microwave irradiation, compound
222 was obtained in 64% yield.161
The second method for the synthesis of 222 was based on the
conversion of 224 into 2-carbethoxy-4-(4-methoxyphenyl)-
1H-pyrrole (230) and the subsequent preparation of the
tetrasubstituted pyrrole 231 by the application of a series of
reactions analogous to those reported in Scheme 30 for the
preparation of 222 from 226.160 This method furnished
222 in 33% total yield from 224.

N
H

COOEt

230

MeO

N
H

OMe

MeO

231
O

MeO
COOH O

NH2

MeO OMe

232

H2N CH
COOMe

COOMe
233

•HCl

In 2001, the procedure, pioneered by the Gupton group to
prepare the Fürstner intermediate 215a utilizing a vinylogous
iminium salt derivative prepared from the vinylogous amide
232,158 was modified by Kim and co-workers who synthe-
sized 215a through a cyclocondensation reaction of 232
with dimethyl aminomalonate hydrochloride (233) in acetic
acid.162 This modified procedure was also employed to pre-
pare 2-carbomethoxy-3,4-diaryl-1H-pyrroles 183d and 183e
from the corresponding a-aryl ketones in 47 and 39% overall
yield, respectively.162 More recently, a large variety of un-
symmetrical 3,4-diaryl-1H-pyrroles of general formula 183
have been regioselectively prepared in 51–60% yield, re-
gardless of the electron-withdrawing or electron-releasing
substituents in each aromatic ring, by [2+3] cycloaddition
of ethyl isocyanoacetate (182) to a,b-unsaturated nitriles
234 in the presence of t-BuOH.163

NC

Ar2

Ar1

234

N
H

183d : Ar1 = Ar2 = 3,5-(MeO)2C6H3 
183e :  Ar1 = 3,5-(MeO)2C6H3; Ar2 = 4-MeOC6H4

Ar1
Ar2

MeOOC

Ar1 COOH
POCl3, DMF, ∆

then H2O, Na2PF6
Me2

+N NMe2

Ar1PF6
-

223 224

Ar1 NH2〈pTsOH
O

(225)

NaH, DMF, ∆
(77%)

N
H

Ar1

O

Ar1

226

Ar1COOH (227)
CF3COOH, (CF3CO)2O

CH2Cl2
(97%)

N
H

Ar1

O

Ar1

228

Ar1

O

I2, NaOH, DMF
(91%) N

H

Ar1

O

Ar1

229

Ar1

O

I

Ar1–B(OH)2 (138)
Pd(PPh3)4, PhMe
K2CO3, EtOH, ∆

(21%)

222 [Ar1 = 4-MeOC6H4]

Scheme 30. Synthesis of compound 222 from arylacetic acid 223.
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This methodology, which represents a valuable complement
to other procedures for the regioselective synthesis of
unsymmetrical 3,4-diaryl-1H-pyrroles,131,150,162 was em-
ployed to prepare 215a, which is a key intermediate for
the synthesis of the marine natural products lukianol A
(10), lamellarin O (1) and lamellarin Q (3), and to perform
a high yield total synthesis of ningalin B (21).163

Several procedures have also been devised for the synthe-
sis of tetrasubstituted 3,4-diaryl-1H-pyrroles. In 2001, the
pyrrole derivative 239 was synthesized in 50% yield by
a Pd-catalyzed reaction of iodobenzene (238) with amino-
allene 237, which was available via reaction of the a-(N-
carbamoyl)alkylcuprate, derived from the N-protected
amine 235, with the propargyl mesylate 236 (Scheme 31).165

Me
N
Boc

Ph
1) sec-BuLi, TMEDA or (-)-spartein, THF, -78 °C

2) CuCN•2LiCl, THF
3) Ph-≡-CH(OMs)Me (236), -78 °C to 25 °C
4) Me3SiOTf, CH2Cl2, -30 °C to 25 °C235

Me
N
H

Ph

Me
237

PhI (238), Pd(PPh3)4

K2CO3, DMF, 80 °C
(50%)

N
Me

Ph
Ph

Me 239

Scheme 31. Synthesis of compound 239.

Presumably, formation of 239 involved initial formation of
the corresponding 3-pyrroline, followed by Pd-promoted
dehydrogenation.164

In 1999, permethyl storniamide A (22) and the marine natu-
ral products ningalin A (20), lamellarin O (1) and lukianol A
(10) were synthesized using a concise approach32 in which
the 3,4-diaryl-1H-pyrrole derivatives 243a–c, employed as
precursors to these substances, were obtained by a hetero-
aromatic azadiene Diels–Alder reaction of compounds 240
with tetrazine 241,165,166 followed by a reductive ring-
contraction reaction of the resulting 1,2-diazines 242a–c
(Scheme 32).

A similar strategy has recently been used by the Boger group
for a concise and effective total synthesis of ningalins B
(21)36 and D.167

In 2000, the synthesis of the tetrasubstituted pyrrole deriva-
tive 248 was achieved in high yield starting from N,N-di-
methyl-2-methoxycarbonyl-3,4-bis(trimethylsilyl)-1H-pyr-
role-1-sulfonamide (244) through stepwise and repeated
iodination and Pd-catalyzed Suzuki-type reactions (Scheme
33).168 Iodopyrroles 245 and 247, which were used as inter-
mediates in this synthesis, were prepared by ipso-iodination
of compounds 244 and 246, respectively. Interestingly, the
preferred position for iodination of 244 proved to be the
4-position. Compound 248 was then used in a formal total
synthesis of lukianol A (10).168

In the same year, a similar protocol was used to prepare the
unsymmetrical 3,4-diaryl-1H-pyrrole derivative 249.169

N

249

OMe

SO2NMe2

Finally, very recently, it has been reported that treatment of
the dithiocarboxylates 250a,b with alkyl glycinates 251a,b
followed by alkylation of the resulting b-oxothioamides
Ar1 Ar1 +
NN

N N
MeOOC COOMe

PhMe, ∆
– N2 N N

MeOOC COOMe

Ar1 Ar1

Zn, AcOH
rt N

H

COOMe

Ar1 Ar1

MeOOC

240 241 242

(for 243a)

(for 243b)

(for 243c)

19

1

10

22

243a (60% from 240a)
243b (47% from 240b)
243c (62% from 240c)

a

b

c

Ar1

2-(MOMO)-3,4(MeO)2C6H2
4-BnOC6H4

3,4,5-(MeO)3C6H2

Scheme 32. Synthesis of compounds 1, 10, 19 and 22 via a heteroaromatic azadiene Diels–Alder reaction.

N
COOMe

Me3Si

244

SiMe3

SO2NMe2

I2, CF3COOAg
THF, rt
(100%)

N
COOMe

I

245

SiMe3

SO2NMe2

138, Pd(PPh3)4

2 M Na2CO3, MeOH
PhMe, 90 – 100 °C

(98%)

N
COOMe

Ar1

246

SiMe3

SO2NMe2

I2, CF3COOAg
THF, rt
(78%)

N
COOMe

Ar1

247

I

SO2NMe2

138, Pd(PPh3)4
2 M Na2CO3, MeOH
PhMe, 90 – 100 °C

(95%)

N
COOMe

Ar1

248

Ar1

SO2NMe2

[Ar1 = 4-MeOC6H4]

Scheme 33. Synthesis of compound 248.
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O

S SMeR1

R1

250a : R1 = H
250b : R1 = OMe

+ H2N
OR2•HCl

O

251a : R2 = Et
251b : R2 = Me

Et3N, EtOH, rt
O

S N
H

R1

R1

COOR2

252a : R1 = H; R2 = Et (98%)
252b : R1 = OMe; R2 = Me (95%)

K2CO3, Me2CO, ∆
then MeI, 0 °C

SMeHN

R2OOC

O

R1

R1

253a : R1 = H; R2 = Et (90%)
253b : R1 = OMe; R2 = Me (87%)

POCl3, DMF
25  to 80 °C

N
H

SMe

R1

R1

R2OOC

254a : R1 = H; R2 = Et (78%)
254b : R1 = OMe; R2 = Me (73%)

Scheme 34. Synthesis of compounds 254a and 254b.
252a,b gives ketene N,S-acetals 253a,b, which are able to
undergo smooth cyclization to afford the tetrasubstituted 3,4-
diaryl-1H-pyrroles 254a,b in good yields under Vilsmeier–
Haack conditions (Scheme 34).170

Compound 254b, prepared in this way, has then been con-
verted into the Fürstner intermediate 215a by reductive
removal of the alkylsulfamyl group using Raney Ni.170

2.2.4. Synthesis of 1,2,3- (1,4,5-), 1,2,4-, 1,2,5-, 1,3,4-,
2,3,4- (3,4,5-) and 2,3,5-triaryl-1H-pyrroles, 1,2,3,5- and
2,3,4,5-tetraaryl-1H-pyrroles, 1,2,3,4,5-pentaaryl-1H-
pyrroles and 2,3,3-triaryl-3H-pyrroles. 1,2,3-Triphenyl-
1H-pyrroles of general formula 256 have been synthesized
in 20–70% yield by condensation of aniline (49a), benzoin
(166) and carbonyl compounds 255.171 Methyl 1,2,3-tri-
phenyl-4-carboxylate (257a) had been previously prepared
in 70% yield by condensation of desylaniline (258) and
methyl propiolate (259) in the presence of sodium acetate.172

N
Ph

R2
Ph

Ph

R2 R1
O

255 R1

256 : R1 = H, Me, Ph
         R2 = H, Me, Ph

N

Ar3
R1

Ar1
Ar2

257a : Ar1 = Ar2 = Ar3 = Ph; R1 = COOMe
257b : Ar1 = Ar2 = Ar3 = Ph; R1 = H
257c : Ar1 = 4-MeOC6H4; Ar2 = Ar3 = Ph; R1 = H
257d : Ar1 = Ar2 = Ph; Ar3 = 2-MeC6H4; R1 = H
257e : Ar1 = Ar2 = Ph; Ar3 = 3-MeC6H4; R1 = H
257f : Ar1 = Ar2 = Ph; Ar3 = 4-MeC6H4; R1 = H
257g : Ar1 = Ar2 = Ph; Ar3 = 4-ClC6H4; R1 = H

Ph
H
N

O

258

Ph
Ph

H COOMe
259

(OC)5Cr
OEt

Ph
260

Ph N
Ar1

261 : Ar1 = Ph
262 : Ar1 = 4-MeOC6H4
Danks and Velo-Rego have reported that thermolysis of the
chromium carbene complex 260 with 1-azadienes 261 and
262 provides 1,2,3-triphenyl-1H-pyrrole (257b) and the
1,2,3-triaryl-1H-pyrrole 257c in 50 and 60% yield, respec-
tively.173 Compound 257b could also be obtained by hydro-
lysis of 257a, followed by decarboxylation in quinoline with
a copper chromite catalyst.172

Moreover, this pyrrole derivative 257b could be efficiently
synthesized by sequential lithiation and alkylation of 1-ben-
zylbenzotriazole (263) with 2-bromoacetaldehyde diethyl-
acetal (264) and N-benzylideneaniline (64, Ar1¼Ar2¼Ph),
followed by treatment with formic acid in ethanol (Scheme
35).174 This last versatile procedure was also used to prepare
compounds 257d–g in good yields.174

Bt Ph

1) BuLi, THF, – 78 °C
2) BrCH2–CH(OEt)2 (264)

3) BuLi, THF, – 78 °C
4) Ar1–CH=N–Ar2 (64a : Ar1 = Ar2 = Ph)
5) HCOOH, EtOH

(68%)

263 N

Ph

Ph
Ph

257b

Scheme 35. Synthesis of 1,2,3-triphenyl-1H-pyrrole (257b) from 1-benzyl-
benzotriazole (263).

To the best of our knowledge, no data have been reported in
the literature on the synthesis of 1,2,4-triaryl-1H-pyrroles.
On the contrary, although 1,2,5-triaryl-1H-pyrrole deriva-
tives do not include substances with significant biological
activities, great attention has been given in the literature to
the design and development of efficient procedures for the
synthesis of this class of heterocycles.175–181 In 1980, di-
methyl 1,2,5-triphenyl-1H-pyrrole-3,4-dicarboxylate (269)
was prepared in 80% yield by treatment of dimethyl acetyl-
enedicarboxylate (108, R¼Me) with 5-imino-2,3,4-triphenyl-
1,3-oxazolinium tetrafluoroborate (268) at 110 �C for
12 h.175 This last compound was readily available by the re-
action of cyanohydrin 265 with aniline (49a), followed by
acylation of the resulting aminonitrile 266 with benzoyl
chloride and reaction of the open-chain analogue 267 of
the resulting Reissert analogues with fluoroboric acid in
glacial acetic acid.175
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Ph
OH

CN

265

N
Ph R

CNPh

266 : R = H
267 : R = COPh

N

OH2N

Ph
Ph

Ph

BF4

268

ROOC COOR

108 : R = Me
N

MeOOC

Ph
Ph

COOMe

Ph

269

Subsequently, Cooney and McEwen prepared several 1,2,5-
triaryl-1H-pyrroles of general formula 272 in 65–100%
yield by addition of the conjugate bases 270 of open-chain
analogues of Reissert analogues to vinyltriphenylphospho-
nium bromide (271).176

In 1999, pyrroles 272 were prepared by a simple and conve-
nient one-pot process, which favourably compares with the
method of Cooney and McEwen,176 and consists of the reac-
tion of CH2Cl2 solutions of ketimines 273 with 2 equiv of
Et3N and 2 equiv of TiCl4 at 0–25 �C.178 The compounds
272 were obtained in 63–90% yield.

Ar1 N Ar3

CN

Ar2

O
270

PPh3

271

N
Ar2

Ar1
Ar1

272

Ar1

N
Ar2

273

Br

On the other hand, the Paal–Knorr condensation of aniline
(49a) with 1,4-diketone 276 in the presence of acetic acid
under azeotropic conditions was used to synthesize 1-
phenyl-2,5-di(2-thienyl)-1H-pyrrole (277).177 Compound
276 was obtained by a Stetter reaction of 2-thiophenecarb-
aldehyde (274) with the Mannich base 275.177

S
C

H

O

274

S

275

NMe2

O

S
O

O
S

NH2 N
Ph

S

S

276

277
49a

Recently, 1,2,5-triphenyl-1H-pyrrole (272a) has been con-
veniently prepared by a microwave-mediated one-pot reac-
tion of ene–dione 278 or yne–dione 279 with anilinium
formate (280) and Pd/C in PEG-200 (Scheme 36).179 This
interesting procedure, which conveniently combines a reduc-
tion reaction with an amination–cyclization step, was also
used to prepare several other polyaryl-1H-pyrrole deriva-
tives.179

More recently, tetrasubstituted 1,2,5-triaryl-1H-pyrroles
285a,b have been synthesized by oxidation of the corre-
sponding 2-pyrrolines 284a,b with DDQ in refluxing tolu-
ene.180 These pyrrolines were obtained in high yields by
a two-step sequence involving a Rh(II)-catalyzed cyclo-
propanation reaction of styrene (282) either with a-nitro- or
a-cyano-a-diazoketones 281 or in situ-generated phenyl-
iodonium ylides derived from compounds 281 (X¼H2),
followed by reaction of the obtained 1-nitro- or 1-cyano-1-
cyclopropyl ketones 283a,b with aniline.180

Y
Ph

X

O

Ph

Ph

Y

COPh
281 : Y = NO2, CN;
         X = N2, H2

282 283a : Y = NO2
283b : Y = CN

N
Ph

Ph
Ph

Y

284a : Y = NO2
284b : Y = CN

N
Ph

Ph
Ph

Y

285a : Y = NO2
285b : Y = CN

Tetrasubstituted 2-aryl-4-ethoxy-1,5-diphenyl-1H-pyrroles
289 had previously been synthesized in excellent yields
by thermolysis of (Z)-[2-(acylamino)ethenyl]ketene imines
288, prepared in 63–95% yield by reaction of the carbene
complexes 286 with 2 equiv of aryl isocyanides 287.181

LnM
O

Et

Ph

N

ArO

Ph R1 NC

O
Et

Ph

N

ArO

PhN
R1

N
Ph

Ph
Ar

OEt

286 : MLn = Cr(CO)5, W(CO)5 287

288 : R1 = c-C6H11; t-Bu
         Ar = Ph; 4-NO2C6H4; 4-MeOC6H4

289 : Ar = Ph; 4-NO2C6H4; 4-MeOC6H4

Despite the numerous known syntheses of substituted
pyrroles, it is surprising that only one protocol has been

Ph
Ph

O

O

O

PhPh

O
or

278 279

PhNH3   HCOO    (280)
Pd / C (5%), PEG-200
MW, 0.5 – 1 min

(60 - 61%)

N
Ph

Ph
Ph

272 : Ar1 = Ar2 = Ph

Scheme 36. Synthesis of pyrrole 272a from compounds 278 or 279.
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described so far for the synthesis of 1,3,4-triaryl-1H-pyr-
roles.182 Specifically, some symmetrical pyrroles of general
formula 292 have been synthesized in 65–89% yield by irra-
diation with a high-pressure Hg lamp of CH2Cl2 solutions
of the corresponding 1,3,4-triaryl-2,5-dihydropyrroles 291,
prepared efficiently by McMurry coupling of dicarbonyl
compounds 290 with TiCl4/Zn.182

On the other hand, a classical method involving the reaction
of a benzoin 293 with a benzyl methyl ketone 294 and anhy-
drous ammonium acetate in refluxing acetic acid has been
used to prepare various 2-methyl-3,4,5-triaryl-1H-pyrroles
295.76 It should be noted that three of the heterocycles pre-
pared showed a significant inhibition of post-prandial hyper-
glycemia in normal rats post-sucrose loaded.76

Very recently, the 3,4,5-triaryl-1H-pyrrole derivative 300
has been synthesized in 58.8% yield by a regioselective
Pd-catalyzed Suzuki cross-coupling reaction of the tri-
bromopyrrole derivative 296 with 1.2 equiv of arylboronic
acid 297 and a subsequent cross-coupling at positions C-3
and C-4 of the resulting 5-aryl-3,4-dibromopyrrole carb-
oxylate 299 with 4 equiv of boronic acid 298.183

Ar1 N
Ar1

O O

R

N

Ar1

Ar1

R

N

Ar1

Ar1

R
290 291 292

OH

O

X

X

O

Me

R3
R2

R1

N
H

Me

R3

R2

R1

X

X

293 294

295

N
HBr

COOEt
Br

Br

N
H

COOEt
Br

Br

t-Bu

N
H

COOEt

t-Bu

Me

Me

296

297 : Ar = 4-t-BuC6H4
298 : Ar = 4-MeC6H4

299

300

Ar−B(OH)2
Recently, much attention has been directed to the prepara-
tion of 2,3,5-triaryl-1H-pyrroles.67,75,184–190 Thus, de Laszlo
and co-workers have utilized a Paal–Knorr condensation of
1,4-dicarbonyl compounds with ammonium acetate in re-
fluxing acetic acid for the preparation of several 3-(4-pyri-
dyl)-2,5-diaryl-1H-pyrroles 301 that include compound 25,
which is a potent orally bioactive inhibitor of p38 kinase.67

On the other hand, several 2-(4-pyridyl)-3,5-diaryl-1H-pyr-
roles 304, which include a potent selective antagonist of glu-
cagon, have been prepared in low yields in a one-pot reaction
involving condensation of a silyl acyloin 302 with aceto-
phenones (303) or, alternatively, in satisfactory yields via
a Paal–Knorr condensation of 1,4-dicarbonyl compounds
with ammonium acetate.75

3,5-Diphenyl-2-(2-pyridyl)-1H-pyrroles 308a and 308b
have been synthesized by McNeill and co-workers in 69
and 52% yield, respectively, by condensation of amine 305
with 1,3-diones 306 and 307 in xylenes at 170 �C in the pres-
ence of 0.1 equiv of p-toluenesulfonic acid and molecular
sieves.184

N
HAr1

Ar2

N

301

Ar1

O

OTBDMS

N

302

Me Ar2

O

N
H

Ar2

304

Ar1

N

303

N
NH2 Ph Ph

O O

R
305 306 : R = H

307 : R = Me

N
H

Ph

308a : R = H
308b : R = Me

Ph

N

R

In 2001, the 2,3,5-triphenyl-1H-pyrroles 311a and 311b
were prepared in good yields by the samarium(II) iodide-
mediated reaction of a-iminoketone 309 with a molar excess
of ketones 310a and 310b, respectively.185 Moreover, simi-
lar samarium(II) iodide-mediated reactions were used to
prepare efficiently some 2,3-diaryl-1H-pyrroles and the
pentasubstituted pyrrole 312.185

The year before, in continuation of their concentrated and
fruitful activity on the synthetic applications of benzotri-
azole reagents,106–110,113,114,174 Katritzky and co-workers
had reported that a variety of tri- and tetrasubstituted 1H-
pyrroles of general formula 316 and 317, respectively, which
include the 2,3,5-triphenyl-1H-pyrrole derivative 317a,
could be synthesized in moderate to good yields by a one-
pot procedure involving the conversion of a thioamide 313
into the benzotriazole derivative 314, followed by treatment
with t-BuOH in THF and subsequent reaction with an acti-
vated olefin 315 in the presence of an additional 3 equiv of
t-BuOH.186

In 2001, a variety of 2,3,5-triaryl-1H-pyrroles of general
formula 324 were prepared in good yields by the Müller
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group187 using a very interesting and convenient one-pot,
three-step, four-component process.191 This process, which
used the electron-poor aryl halide 319, the propargyl alcohol
318, a (hetero)aryl aldehyde 321 and a primary amine 323
as starting materials, involved a Sonogashira coupling–
isomerization–Stetter reaction–Paal–Knorr condensation
sequence. Scheme 37 illustrates the retrosynthetic concept
of this four-component synthesis.

N(Het)Ar
C6H5

NC

R324

Paal-Knor

condensation Ph

O
(Het)Ar O

NC

+  R–NH2

Stetter
1,4-addition

322 323

Ph

O

NC
320

+  (Het)Ar–CHO

321

Sonogashira coupling / 

isomerization sequence

NC

Br

+

OH

Ph

H

319

318

Scheme 37. Retrosynthetic analysis for the preparation of compound 324.

More recently, some 2-aryl-3,5-diphenyl-1H-pyrroles 326
have been concisely and efficiently prepared by a coupling
reaction of 1,3-diketone 306 with oximes 325, which was
promoted by low valent titanium prepared from TiCl4 and
Zn powder in anhydrous THF.189 Some 1,2-diaryl-3,5-di-
phenyl-1H-pyrroles 327 have been similarly synthesized in
good yields from 306 and imines 64.189

Ph
N

O

Ph

Ph
R1

O

NPh
Ph

Ph
R1

NPh
Ph

Ph
Ph

309 310a : R1 = H
310b : R1 = Me

311a : R1 = H
311b : R1 = Me

312

R1 NH2

S

313

R1 N
H

R3

S Bt

R2
X

314

315 : X = COOEt, CN

N
HR1

X
R2

316 : X = COOEt, CN

N
HR1

X
R2

R3

317

317a : X = CN; R1 = R2 = R3 = Ph
N
HPh

Ar

Ph

326

Ar N
OH

325

NPh
Ar2

Ph

327Ar1

Recently, Bharadwaj and Scheidt have disclosed a novel
three-component approach to the synthesis of 1-alkyl-
2,3,5-triphenyl-1H-pyrroles and 1-aryl-2,3,5-triphenyl-1H-
pyrroles 330, which is based on the combination of a new
variant of the Stetter reaction with a Paal–Knorr condensa-
tion (Scheme 38).188

Ph SiMe3

O

328

+
Ar1 Ar1

O

210 : Ar1 = Ph

DBU, i-PrOH, THF
cat (20 mol %)

Ph Ph

O

329

Ph O NH2
R2 (49)

p-TsOH, 4 Å MS
NPh

Ph
Ph

cat =
N

SHO

Br

R2

330 : R2 = Cl ; Br ; HO ; NH2

Scheme 38. Synthesis of compounds 330.

The procedure involves a thiazolium-catalyzed reaction
of acylsilane 328 with the a,b-unsaturated ketone 210
(Ar1¼Ph) in the presence of DBU, which is followed by
treatment in situ of the resulting 1,4-dicarbonyl compound
329 with an arylamine 49 in the presence of p-toluene-
sulfonic acid and molecular sieves.

On the other hand, Dhawan and Arndtsen have recently as-
sembled the pyrrole ring of 2,3,5-triaryl-1H-pyrrole deriva-
tives 334 by Pd-catalyzed multicomponent coupling of
imine 331, acyl chloride 332 and alkynes 333 (Scheme
39).190,191 This process has been used to prepare a pyrrole
derivative that is a member of a class of multicyclic pyr-
roles190 which are of utility as potential therapeutics and
retinoic acid regulators.192

NTol
Tol

Y

Tol H

N
Bn

331

+
Tol Cl

O

332

Ph

Y
+

333 : Y = H, COOMe, SO2Tol

cat (5 mol %)
P(o-Tol)3 (15 mol %)
MeCN, THF, 65 °C

(56 - 95%)

Bn

Ph

334 : Y = H, COOMe, SO2Tol

N
Pd

O

R2 H
R1

R3

Clcat =

2

Scheme 39. Pd-catalyzed synthesis of compounds 334.
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A modification of the Paal–Knorr reaction involving the use
of iodine as the catalyst has recently been employed to syn-
thesize 1,2,3,5-tetraphenyl-1H-pyrrole (336).193a

This compound had previously been prepared in 73% yield
by a one-pot annulation reaction involving treatment of the
propargylic dithioacetal 335 with 0.6 equiv of Bu2CuLi in
THF at �78 �C followed by reaction with imine 64a
(Scheme 40).193b Compound 336 had also been synthesized
in 70% yield by condensation of aniline (49a) with benzoin
(166) under catalysis by traces of formic acid and treatment
of the resulting 2-anilino-2-phenylacetophenone (337) with
acetophenone (303; Ar2¼Ph).171 On the other hand, reaction
of 337 with ketone 338 under acidic catalysis furnished
1,2,3,4,5-pentaphenyl-1H-pyrrole (339) in 20% yield.171

Ph N
H

Ph

OPh

Ph
Ph

O

NPh
Ph

Ph

339
Ph

Ph

338337

Ph
Ph

SS 1) Bu2CuLi, THF, – 78 °C

2)
3) H+

CH NAr1 Ar2
NPh

Ph

Ph

336
Ph

335

(64 : Ar1 = Ar2 = Ph)

Scheme 40. Synthesis of compound 336 from dithioacetal 335.

In 1999, symmetrical 2,3,4,5-tetraaryl-1H-pyrroles 343,
which include compounds able to prevent Fe2+-induced lipid
peroxidation on microsomes, were synthesized in moderate
to high yields from the methylheteroarenes 340 and aromatic
nitriles 341 according to a two-step reaction sequence in
which the second step involved treatment of imine–
enamines 342 with Pb(OAc)4 (Scheme 41).194

N
HAr

Het
Ar

343 : Het = 2-pyrazinyl, 2-pyridyl, 4-pyridyl;
         Ar = Ph, 2-MeOC6H4, 3-MeOC6H4, 4-MeOC6H4
                 2-pyridyl, 4-pyridyl, 2-furyl, 2-thienyl

Het–Me
340

1) LDA, TMEDA, THF, – 40 °C
2) ArCN (341)
3) H2O

Het
Ar

NH 342

Het
Ar

NH2

Pb(OAc)4, MeCN
CHCl3, – 40 to 20 °C

Het

Scheme 41. Two-step synthesis of compounds 343.

Finally, several 2,3,3-triaryl-3H-pyrroles 345a,b have
recently been prepared in good-to-excellent yields by samar-
ium(II) iodide-mediated reductive cyclization of 1,1-diaryl-
2,2-dicyanoethylenes 344a,b with aromatic nitriles 341
under neutral and mild conditions (Scheme 42).195

Ph

Ar1 R

CN

344a : R = CN
344b : R = COOEt

+   Ar–CN

341

SmI2 (2.2 equiv), THF
reflux

(71 – 90%) NAr

Ar1

NH2

R

Ph

345a : R = CN
345b : R = COOEt

Scheme 42. SmI2-mediated synthesis of compounds 345a,b.
3. Synthesis of 1-, 2- and 3-pyrrolines with two aryl
groups on adjacent positions

Three isomeric groups are possible for the dihydro deriva-
tives of pyrrole: 1-pyrrolines (3,4-dihydro-2H-pyrroles),
2-pyrrolines (2,3-dihydro-1H-pyrroles) and 3-pyrrolines
(2,5-dihydro-1H-pyrroles). All of these compounds have
been used as intermediates in the synthesis of biologically
and/or medically active compounds,196 but, among these
three groups of heterocycles, the 1-pyrrolines are the most
interesting. In fact, the latter moieties are present in im-
portant biologically active compounds such as hemes,197

chlorophylls197 and alkaloids.198 Moreover, 1-pyrrolines
have been used as templates for new drugs.199 Thus, several
methods have been developed for the synthesis of these
heterocycles from acyclic, alicyclic or heterocyclic com-
pounds.200 Nevertheless, the preparation of vicinal diaryl-
substituted derivatives of 1-, 2- or 3-pyrrolines has received
little attention so far. Here, we summarize the literature data
on this subject.

Several years ago, Demoen and Janssen reported that some
2-aryl-3,3-diphenyl-1-pyrrolines 348 can be prepared in
satisfactory yields by the reaction of g-bromonitrile 346
with aryl Grignard reagents 347 in a boiling mixture of
Et2O and xylene.201

In 1993, Pal and co-workers synthesized 2,3-diaryl-1-pyrro-
lines 115 and 352 in high yields by a two-step sequence202

in which the first step involved alkylation of ketones 349a
and 349b, respectively, via formation of their zinc enolates
prior to a Michael reaction with nitroethylene (350). In the
second step, the nitroketones 351a and 351b were reacted
with a catalytic amount of Raney Ni in ethanol at 50 psi
H2, which resulted in the formation of the required 1-pyrro-
lines.202

Br Ph
Ph CN

346

ArMgBr

347

N
Ar

Ph
Ph

348 : Ar = Ph, 3-MeC6H4, 2-ClC6H4

Ar1 O

Ar2

349a : Ar1 = Ar2 = Ph
349b : Ar1 = 2-pyridyl; Ar2 = 4-FC6H4

NO2

350

Ar1 O

Ar2

351a : Ar1 = Ar2 = Ph
351b : Ar1 = 2-pyridyl; Ar2 = 4-FC6H4

NO2

NN

F

352

As mentioned in Section 2.2.2, compound 115 has also been
prepared from trans-2-phenylcyclopropylamine (113) via
photochemical rearrangement of the corresponding N-cyclo-
propylimine 114.112
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On the other hand, some 2-pyrrolines with two aryl groups
on adjacent positions have been synthesized by 1,3-dipolar
cycloaddition of münchnones with alkenes.203,204 Thus,
the tetraphenyl-2-pyrroline 355a was prepared from münch-
none 353a and trans-2-stilbene (354)203 and pyrroline 355b
was regioselectively synthesized from münchnone 353b and
alkene 356a.204 Compound 355c was similarly obtained
from 353c and 356b.204

N

OO

Ar1
Ar2

353a : Ar1 = Ar2 = Ph
353b : Ar1 = Ph; Ar 2 = 4-MeOC6H4
353c : Ar1 = Ph; Ar2 = 4-NO2C6H4

Ph
Ph

354

N

Ph

Ar2

Y

X
H

Ar1

355a : Ar1 = Ar2 = X = Ph; Y = H
355b : Ar1 = Ph; Ar2 = 4-MeOC6H4;
           X = CN; Y = COOMe
355c : Ar1 = Ph; Ar2 = 4-NO2C6H4; 
           X = Y = CN

Ph

H Y

X

356a : X = CN; Y = COOMe
356b : X = Y = CN

As mentioned in Section 2.2.4, 2-pyrrolines 284a and 284b
could be obtained by treatment of aniline with the activated
cyclopropanes 283a and 283b, respectively.180 A number of
1,5-diaryl-2-pyrrolines 359 were similarly prepared in high
yields from the 1-nitrocyclopropyl derivatives 357 and aro-
matic primary amines 358.180

In Section 2.2.4, it was also reported that some symmetrical
1,3,4-triaryl-3-pyrrolines can be efficiently prepared by
McMurry coupling of N,N-(diarylmethyl)arylamines with
TiCl4/Zn.182

NO2

Ar1

COR
357

Ar2–NH2

358

N

NO2

R

Ar2
Ar1

359

Some interesting methods for the synthesis of aryl-
substituted 3-pyrrolines are based on the use of amino-
allenes. Thus, 3-aryl-3-pyrrolines have been synthesized
by a Pd-catalyzed cyclization reaction of a-aminoallenes
with aryl iodides in DMF in the presence of K2CO3 and
Bu4NCl.164 This useful reaction has been used to prepare
3-pyrroline 360 from a-aminoallene 237 and iodobenzene
(238) in 55% yield.164

Moreover, a diastereomeric mixture of the 2,3-diphenyl-3-
pyrroline 362 has recently been obtained in 88% yield by
an AgNO3-catalyzed reaction of aminoallene 361 in acetone
at room temperature.205 This cyclization reaction could also
be performed in dioxane at 100 �C in the presence of
1.5 equiv of Et3N and 1 mol % Ru3(CO)12 but 362 was
obtained only in 56% yield.205

Finally, the 3-pyrroline derivative 366 has been synthesized
in 94% yield by the reaction of lithiated methoxyallene
363 with diimine 364, followed by an AgNO3-catalyzed
cyclization of the resulting allenyl amine 365 (Scheme
43).206

OMe

Li
2 +

NNPh Ph
363 364

1) – 40 to – 20 °C
2) H2O

HNNHPh Ph

OMe OMe

365

AgNO3 (0.27 equiv)
Me2CO, rt

N

NPh

Ph OMe

OMe
366

Scheme 43. Synthesis of compound 366.

4. Synthesis of 3-pyrrolin-2-ones and 2,3-dihydro-1H-
pyrrole-2,3-diones with two aryl groups on adjacent

positions

3-Pyrrolin-2-ones (1,5-dihydro-2H-pyrrol-2-ones) are impor-
tant structural units of the structurally related indolocarbazole

N
Ph

H PhI

237 238

N

Ph
Ph

360

N
H Ph

Ph

361

NPh

362

Ph
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alkaloids (+)-staurosporine (367)207 and (+)-K252a (368),208

which are strong kinase inhibitors widely used as molec-
ular tools.

On the other hand, 3,4-diaryl- and 1,3,4-triaryl-3-pyrrolin-2-
ones, 369a,b and 370, have been shown to be a prospective
new type of COX-2 selective inhibitors.209,210 Moreover,
the a,b-unsaturated g-butyrolactam moiety can be utilized
as a Michael acceptor for a variety of nucleophiles.211 There-
fore, the synthesis of 3-pyrrolin-2-ones is currently receiving
considerable attention212 and several interesting methods
have been reported to prepare 3- and 4-pyrrolin-2-ones
with two aryl groups on adjacent positions.213–225 One of
the methods developed for the synthesis of 3-pyrrolin-2-
ones is based on a formal [2+3] cycloaddition reaction of
diphenylcyclopropenone (371)226 with imines213 or di-
imines.214,215 In fact, some years ago, it was found that the
reaction of 371 with acyclic enaminones 372a,b and amino-
ester 373 in refluxing toluene leads to the formation of the
5-functionalized 3,4-diphenyl-3-pyrrolin-2-ones 374a–c in
good yields.213

The cyclic enaminone 375, however, proved to be much
less reactive towards 371 than compounds 372 and
373 and the 2:1 product 376 was the principal cyclo-
adduct.213,226

1-Aryl-5-(N-aryl)iminomethyl-2,3-diphenyl-2-pyrrolin-4-
ones 378 have been reported to be the major products
of the reaction of 371 with 1,4-diaryl-1,4-diazabuta-
dienes 377 in refluxing toluene.214 Nevertheless, it has
recently been established that the structure of these
compounds corresponds to the tautomers 379 in the E-
configuration, which are more stable than compounds
378 having extended conjugation and hydrogen bond-
ing.215

4,5-Diphenyl-3-pyrrolin-2-ones 383a,b have been prepared
in good yields by a one-pot procedure that involved the reac-
tion of alkynes 380a,b with Ti(O-i-Pr)4, imine 381 and
carbon dioxide at atmospheric pressure (Scheme 44).216

This method, in which an azatitanacyclopentene complex
382a,b is obtained as an intermediate, has also been used
to synthesize regioselectively other substituted 3-pyrrolin-
2-ones.216

R Ph
Ti(O-i-Pr)4
2 i-PrMgX
-70 to -20 °C

Ti
(O-i-Pr)2

R Ph N
Pr

-50 to -20 °C
380a,b

(381)

144a,b

382a,b

CO2 (1 atm)
-20 °C to rt

383a : R = SiMe3 (65%)
383b : R = Pr  (50%)

N

R Ph

O

Pr

Ph(i-Pr)2Ti
N

R Ph

Pr

Ph

Ph

Scheme 44. Synthesis of compounds 383a,b.
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In 1995, Rudler and co-workers demonstrated that the N-
ylide complexes 385, obtained upon diphenylacetylene
(380b) insertion into the carbene complexes 384a,b, are
able to react with cyclopentadiene in refluxing benzene to
give 3,4-diphenyl-3-pyrrolin-2-ones 386a,b in 65–71%
yield.217

(CO)5Cr
R1

N
R2

R3

384a : R1 = R2 = R3 = Me
384b : R1 = Ph; R2 = R3 = Me

380b

PhPh

NO
R2 R3

Ph

R1

Cr(CO)3

385

N

Ph Ph

O
R1

H

R2

386a : R1 = R2 = Me
386b : R1 = Ph; R2 = Me

More recently, these authors have reported that aminocar-
bene complexes 387a–c are able to react with 380b, X–H
species (X¼PhS, PhSe) and, finally, with pyridine to give
3,4,5-triphenyl-3-pyrrolin-2-ones 388a–c via N-ylide com-
plexes of general formula 385.218

A series of 1,5-diaryl-3-arylamino-3-carboxymethyl-3-pyr-
rolin-2-ones 390 had been previously obtained by the reac-
tion of a-ketoglutaric acid (389) with Schiff bases 64.219

Compounds 390a–e were then converted into 1,5-diaryl-
3-hydroxy-4-carboxymethyl-3-pyrrolin-2-ones 391a–e by
hydrolysis with hydrochloric acid.219

N
R2(CO)5Cr

R1

387a : R1 = Ph; R2 = H
387b : R1 = Me; R2 = H
387c : R1 = Ph; R2 = Me

N

Ph Ph

O
Ph

H

X

R1

388a : R1 = H; X = PhS
388b : R1 = Me; X = PhS
388c : R1 = H; X = PhSe

3,4-Diheteroaryl-3-pyrrolin-2-one 394, which was a key
intermediate in a stereocontrolled synthesis of the indolo-
carbazole (+)-K252a (368), was synthesized in 92% yield
by DBU-catalyzed cyclization of compound 393 in the
presence of molecular sieves.39 This last substance could
be obtained in 93% yield by regioselective oxidation of
amide 392 with 2 equiv of DDQ in aqueous THF.39

Miller and co-workers220 prepared the solid phase pyrroli-
none 398a and other 3-carboxy-3-pyrrolin-2-ones by using
a protocol in which the polymer-bound malonamides 395
were oxidized to the corresponding ketones 396 by treat-
ment with CrO2(O-t-Bu)2 and these last compounds were
cyclized in the presence of LDA or LHMDS to afford
the carboxypyrrolinones 397. Trifluoroacetic acid treatment
then released the required compounds 398 in 43–80% over-
all yield.
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O
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MeO2S

O
N

Ar2

O

399

NO

Ar1

Ar2

OH

SO2Me

400

NO

Ar1

Ar2

SO2Me

401

Ar1

Ar1

4-IC6H4
Ph
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In 2000, several 1,3,4-triaryl-3-pyrrolin-2-ones 401, which
included some novel selective COX-2-inhibitors, were syn-
thesized by a high-yielding aldol-type cyclization of amides
399 with DBU in acetonitrile at 0 �C, followed by dehydra-
tion of the resulting lactam alcohols 400 with p-toluene-
sulfonic acid in refluxing benzene.210

In 2002, Trost and co-workers elaborated regioselectively
the readily available glyoxamide 402 to the corresponding
1-acetyl-3,4-(1-indol-3-yl)-3-pyrrolin-2-one derivative 404
via 403 (Scheme 45)221 according to a strategy already
used in the literature for the synthesis of the staurosporine
aglycon.227

More recently, mixtures of 1,2-diaryl-3- and -4-pyrrolin-
2-ones 407a,b and 408a,b have unexpectedly been ob-
tained by the reaction of 3-aroylpropionamides 405a,b
with a large excess of refluxing acetyl chloride, followed
by alkaline hydrolysis of compounds 406a,b.222 The pure
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N
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403402

1) DDQ, H2O, THF
2) NaBH4

1) Ac2O, DMPA
2) TiCl3, aq Me2CO

O
OH

Scheme 45. Synthesis of compound 404.
3-pyrrolin-2-ones 407a,b could be, however, obtained in
high yield by recrystallization of the pyrroline mixtures.222

N
Ar2

OAr1N
Ar2

OAr1

407a,b 408a,b

N
Ar2

OAcAr1

406a,b

Ar1
H
N

Ar2

O

405a,b

O

Ar1 Ar2

a

b

Ph Ph
4-MeC6H4 Ph

On the other hand, Pal and co-workers have found that cycli-
zation of N-aryl-N,N-di(2-oxo-2-arylethyl)amines 409 by
treatment with 1.5 equiv of K2CO3 in aqueous ethanol in
the presence of atmospheric oxygen at 75 �C for 3 h provides
1,3,4-triaryl-3-pyrrolin-2-ones 410 in good-to-excellent
yields.223

N
Ar3

O

410

Ar1 Ar2

Ar1

N
Ar3

Ar2

409

O

O

A convergent assembly of 3,4-diaryl-3-pyrrolin-2-ones 416
has recently been performed by combining a Ugi four-com-
ponent reaction of isocyanide 411,228 amine 412, a-keto-
aldehyde 413 and phosphonic acid diethyl ester 414 to
give 415, with a subsequent Horner–Wadsworth–Emmons
ring-closing reaction (Scheme 46).224 This strategy also
allowed the preparation of several other 3-pyrrolin-2-one
derivatives in low to high yields.224

Recently, the synthesis of 2,3-dihydro-1H-pyrrole-2,3-
diones with two aryl groups on adjacent positions has also
received attention.229–231

Thus, a series of 1-aryl-4-cyano-5-phenyl-1H-pyrrole-2,3-
diones 422 and 1-aryl-4-methoxycarbonyl-5-phenyl-1H-
pyrrole-2,3-diones 423 have been synthesized in 75–94%
yield by the reaction of oxalyl chloride (421) with 3-phenyl-
3-arylaminopropenenitriles 419 and ethyl 3-phenyl-3-aryl-
aminoprop-2-enoates 420, respectively. These last compounds
were available from arylamines 49 and benzoylaceto-
nitrile (417) and methyl benzoylacetate (418), respectively
(Scheme 47).229

On the other hand, 4-benzoyl-1,5-diphenyl-2,3-dihydro-1H-
pyrrole-2,3-dione (425) has been prepared by reaction of the
imine of dibenzoylmethane (424) with aniline and oxalyl
chloride.230

N O

NC
NH2

OMe
OMe

O CHO
HOOC P(OEt)2

O

N
H

Cl , rt

MeOH

+ + +

N
H

N
O

O O
PO(OEt)2

MeO OMe

415

411 412 413 414

MeO

MeO

H
N

O
416  (20%)

Horner-Wadsworth-Emmons
reaction

Scheme 46. Synthesis of compound 416 via a four-component reaction.
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Finally, other red-coloured 4-aroyl-1,5-diaryl-2,3-dihydro-
1H-pyrrole-2,3-diones 428 have been obtained by treatment
of the 4-aroyl-5-aryl-2,3-dihydro-1H-furan-2,3-dione 426
with Schiff bases 427 at 60–70 �C.231

5. Synthesis of pyrrolidines, 2-pyrrolidinones,
3-hydroxy-3-pyrrolin-2-ones and pyrrolidine-2,4-diones

with two aryl groups on adjacent positions

Substituted pyrrolidines and pyrrolidinone derivatives are
widespread structural features of natural and designed bio-
logically active molecules.232 In addition, these heterocycles
can be used for pharmaceutical purposes233 and ligands of
transition metal catalysts.234 Consequently, the efficient
preparation of these heterocycles has received significant
attention.

The numerous methods for the synthesis of 2-pyrrolidinones
(g-lactam) derivatives include intramolecular acylation of
g-amino-functionalized carboxylic acids or esters,235 one-
carbon ring expansion of b-lactams,236 intramolecular
C–H insertion reactions237 and Pd-catalyzed intramolecular
allylations.238

Several strategies have also been developed for the synthesis
of pyrrolidines,239–250 some of which have been used to pre-
pare vicinal diaryl-substituted pyrrolidine derivatives. Thus,
compounds 430a and 430b have been synthesized in 34 and
70% yield, respectively, by [3+2] cycloaddition of stilbene
(354) with the non-stabilized azomethine ylides generated
by the reaction of b-aminoalcohol N-oxides 429a and
429b with LDA at 0 �C.249 Pyrrolidines 430a and 430b
could then be converted into 3,4-diphenyl-trans-pyrrolidine
(431) in high yield.249

NH2
Ph

O
R1+

N
H

Ph

R1H

419 : R1 = CN
420 : R1 = COOMe

417 : R1 = CN
418 : R1 = COOMe

49

AcOH, 80 °C

(COCl)2 (421)
Et2O, 5 °C to rt N O

OR1

C6H5

422 : R1 = CN; R2 = H, 3-F, 4-F, 3,4-F2, 2,3,4-F3
423 : R1 = COOMe; R2 = H, 3-F, 4-F, 3,4-F2, 2,3,4-F3

R2 R2

R2

Scheme 47. Synthesis of compounds 422 and 423.
OY
N
O

429a : Y = H
429b : Y = t-Bu

OY
N

PhPh

430a : Y = H
430b : Y = t-Bu

H
N

PhPh

431

On the other hand, it has been found that the [3+2] cyclo-
addition reaction of the 2-azaallyllithium 432 with styrene
(282) provides 2,2,3-triphenylpyrrolidine (433a) in 85%
yield.251 Other [3+2] cycloaddition reactions involving
the 2-azaallyllithium derivatives 432 and 434 have been use-
fully employed to prepare other 2,2-diphenyl-3-arylpyrroli-
dines 433240 and some 3,4-diaryl-2,5-diphenylpyrrolidines
435,252 respectively.

N Ph

PhLi
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Ph
Ph
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H

Ar Ar
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OMe
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X Y

Ph COOMe

OMe 439

X Y
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N2 OR

O

436a : R = Me
436b : R = Et

Li

The cycloaddition reaction of dipolarophiles 438 with azo-
methine ylide 437, generated by the ruthenium porphyrin-
catalyzed reaction of a-diazoester 436a with imine 427a,
has recently been used for the synthesis of 1-(4-methoxy-
phenyl)-2-phenylpyrrolidine derivatives 439 in satisfactory
yields.253 It has also been reported that the Cu(I)-catalyzed
combination of a-diazoester 436b and an imine generates
a transient azomethine ylide,254 which is able to undergo dia-
stereoselective cycloaddition with various activated dipolaro-
philes to afford in a convergent manner highly substituted
pyrrolidines which include 1,2-diphenyl derivatives.254

An azaallyl cycloaddition strategy has also been used to
prepare compound 440, which is a key intermediate for the
synthesis of the LTB4 inhibitor BIRZ-227 (441).255

N
H

N

OMe

440

O

NCl
N

N
OMe

441

On the other hand, 1,2-diarylpyrrolidines 443a–d have
been obtained by treatment of N-[3,3-bis(phenylthio)pro-
pyl]anilides 442a–d with the titanium(II) species Cp2Ti-
[P(OEt)3]2.256
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Recently, a 10:1 mixture of the 1,2-diarylpyrrolidine 446 and
the 1,2,4-triarylpyrrolidine 447 have been obtained in 72%
yield by a Pd-catalyzed reaction of the N-arylamine 444
with the bromo derivative 445 (Scheme 48).257

Ph

N
H

MeO

444

Br

MeO

445

+

NPh

OMe

OMe

446

NMe Ph

OMe

MeO

447

+

Pd2(dba)3 (1 mol%)
dppb (2 mol%)

t-BuONa, PhMe, 60 °C
(72%)

Scheme 48. Pd-catalyzed synthesis of a mixture of compounds 446 and 447.

Similar Pd-catalyzed tandem N-arylation–carboamination
reactions of g-(N-arylamino)alkenes with aryl bromides
have allowed access to a variety of N-arylpyrrolidines with
good levels of diastereoselectivity and satisfactory
yields.257,258 Unfortunately, in most cases, the reactions fur-
nished mixtures of regioisomers.

Very recently, polysubstituted pyrrolidines 451 that include
some 1,2-diaryl derivatives have been obtained by a-deproto-
nation of a-aminonitriles 448 and 1,4-addition of the resulting
stabilized carbanions to a,b-unsaturated carbonyl compounds
449 and reductive cyclization of the resulting d-keto-a-
aminonitriles 450.259 On the other hand, some 1,2-diaryl- and
1,2,5-triarylpyrrolidines 454, in which the major diastereo-
mer bears a cis relationship between the substituents at the
2- and 5-positions, have been synthesized in high yields by
the reaction of aldimines, generated in situ from anilines 49
and aromatic aldehydes 452, with 1,1-cyclopropanediesters
453 in the presence of a catalytic amount of Yb(OTf)3.260

Worthy of mention also is a new catalytic procedure for the
synthesis of 1,2-diphenylpyrrolidine (443a) via Csp

3 –H bond
direct arylation of N-phenylpyrrolidine (455) with iodo-
benzene in t-BuOH at 150 �C for 18 h in the presence of 1.2
equiv of Cs2CO3 and 5 mol % of Ru(H2)2(H)2(PCy3)2.261

Compound 443a has been found to be the major product
of this reaction which, however, also produces significant
amounts of pyrrolidines 456 and 457.261

Attention has also been turned in the literature to the devel-
opment of efficient and convenient methods for the synthesis
of 2-pyrrolidinones with two aryl groups on adjacent posi-
tions.233a,262–268

Ar H

O

452

COOMe
COOMe

R3

453 : R3 = H, alkenyl, aryl

NAr1 R3

Ar2

454 : R3 = H, alkenyl, aryl

MeOOC
COOMe

Thus, racemic trans-4,5-diphenyl-2-pyrrolidinone (459) has
been obtained in 93% yield by LDA-induced ring enlarge-
ment of azetidinone 458262 and 1,4-diphenyl-5-aryl-2-pyrro-
lidinones 462a–c have been prepared in high yields by
deprotonation of the 1,2,4-triazole derivative 460 with
2 equiv of butyllithium followed by reaction with aldimines
64 (Ar1¼Ph) and acidic treatment of the resulting com-
pounds 461a–c.263 Recently, racemic 459 has been resolved
via the preparation of diastereomers with N-phthalyl-L-ala-
nine chloride or D-alanine chloride and the absolute con-
figuration of one of its enantiomers has been determined
by X-ray crystallographic analysis.267
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The racemic trans-4,5-diaryl-2-pyrrolidinone 465, used as
a key intermediate in the synthesis of the leukotriene-B4

inhibitor BIRZ-227, has been synthesized on a multigram
scale in 52% yield by a one-pot procedure in which the
Schiff base 463 was reacted with ethyl 4-methoxycinnamate
(464) in the presence of 0.5 equiv of aqueous 50% NaOH
and 5 mol % BnEt3NCl and the resulting adduct was hydro-
lyzed in acidic conditions and then neutralized.233a,264

Stereoisomeric mixtures of several 3,4-diaryl-2-pyrrolidi-
nones 469, which include compound 469a, have been
synthesized by a Michael reaction of the nitroethene deriva-
tives 466 with the esters 467.263

Ar2 NO2

466

N
N

Ph Ph
463

COOEt

MeO

464

N
H

O
N

MeO

465

N O
H
469

469a : Ar1 = Ar2 = 3-indolyl

Ar2 Ar1

Ar1 COOMe

467

Ar2 Ar1

COOMeO2N

468

Hydrogenation over Raney Ni of the resulting methyl
4-nitrobutanoates 468 and subsequent lactonization in re-
fluxing toluene in the presence of a small amount of NaH pro-
vided the required compounds 469 in low to moderate yields,
which were then processed to give staurosporine deriva-
tives.265 It should be noted that compounds of the basic
structure 469a are known to be biologically active, but often
the reported activity is low, probably because mixtures of
diastereomers were synthesized and tested.269 Nevertheless,
these mixtures are part of patent claims.270

Recently, 3,4-diaryl-5-phenyl-2-pyrrolidinones 471 have
been prepared in low to modest yields by the 5-endo-trig-
cyclization reaction of the lithium derivatives obtained by
treatment of the substituted acrylamides 470 with LDA in
THF at 0 �C.266

Ph N
t-Bu

O

Ar2Ar1

470

N O
t-Bu

471

Ar1
Ar2

Ph

More recently, a variety of cis-1-arylsulfonyl-4,5-diaryl-2-
pyrrolidinones 474 have been obtained in good yields and
modes-to-good diastereomeric purities by annulation of
the enals 472 and electrophilic imines 473 in t-BuOH at
60 �C in the presence of 15 mol % 1,3-bis(2,4,6-trimethyl-
phenyl)-2-chloroimidazolium chloride (ImesCl) and
10 mol % DBU (Scheme 49).269
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H

NSAr
O O

473

+

IMesCl (15 mol%)
DBU (10 mol%)
t-BuOH, 60 °C

(61 – 73%)
N O
SO2Ar

Ar2

474

Ar1

Ar2

Scheme 49. Synthesis of compounds 474.
Some data are also available from the literature on the
synthesis of 3-hydroxy-3-pyrrolin-2-ones (pyrrolidine-2,3-
diones) and pyrrolidin-2,4-diones (4-hydroxy-3-pyrrolin-2-
ones) with two aryl groups on adjacent positions. Thus,
some 4-acyl-5-phenyl-1-(2-heteroaryl)-3-hydroxy-3-pyrro-
lin-2-ones 477 have been prepared in high yield by brief
heating of mixtures of equimolar amounts of a-ketoesters
475, benzaldehyde and a heteroarylamine 476 in glacial
acetic acid.271,272 Interestingly, some of these heterocyclic
derivatives have been shown to have moderate antimicrobial
activity.272

475 476

N O
Het

Ph
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O

R
OH

R COOMe

O O
Het–NH2

On the other hand, 1,5-diphenylpyrrolidin-2,4-dione (479)
has been prepared by refluxing ethyl 2-(phenylamino)phenyl-
acetate (478) with acetyl chloride and treatment of the
resulting N-acetyl derivative with Na in toluene at 120–
130 �C followed by acidification at 0 �C.273
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481b : R = 4-ClC6H4 ; R
1= Me 

It is also worthy of mention that compounds 481a and 481b,
obtained by condensation of 479 with the carbonyl com-
pounds 480a and 480b, respectively, in an acidic medium
under reflux, displayed activity against Staphylococcus
aureus strains.274

6. 2,3-Diarylmaleimides (3,4-diaryl-3-pyrroline-2,5-
diones) and 2,3-diarylsuccinimides (3,4-diarylpyrroli-

dine-2,5-diones)

6.1. Biologically active natural and unnatural 2,3-
diarylmaleimides

Natural and unnatural 2,3-diarylmaleimides 482 represent
a class of compounds, which exhibit diverse biological activ-
ities. One of these interesting heterocycles is Ro-31-8220
(483), which is a synthetic analogue of naturally occurring
(+)-staurosporine (367), an alkaloid isolated from the bacte-
rium Streptomyces staurosporeus.207 In fact, 483 is able to
induce apoptosis independent of its ability to inhibit protein
kinase C (PKC),28 a family of serine–threonine specific ki-
nases thought to be an essential element in the signal trans-
duction of a variety of hormones, cytokines and growth
factors275 and which is implicated in a wide range of physio-
logical processes including growth differentiation.276
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The bis-indolylmaleimide GF-109203X (484a) like 367 is
a potent PKC inhibitor,29,277 which displays high selectivity
as compared to five different protein kinases. Moreover, it is
able to inhibit the necrotic cell death induced by oxidative
stress in a variety of primary-cultured cells.29

Compounds 484b–d are also PKC inhibitors.278–280 and
484d, which is orally adsorbed in rats, may represent an
attractive lead in the development of even more potent inhib-
itors.279

N OO

N N
R2

484a : R1 = R2 = H; X = NMe2
484b : R1 = R2 = H; X =

484c : R1 = R2 = H; X = NH2
484d : R1 = H; R2 = Me; X = NH2
484e : R1 = R2 = Me; X = NH2
484f : R1 = Me; R2 = H; X = NH2

X

R1

N Me

On the other hand, the maleimides 484b and 484c are also
able to inhibit PDK1, a key kinase from the insulin signalling
pathway,29 and 484e has been shown to be a potent inhibitor
of H2O2-induced necrotic death of human leukaemia HL60
cells.280

Ro-31-8425 (485) and the corresponding N,N0-dimethyl
derivative 486 are two conformationally restricted PKC
inhibitors.281,282 Compound 485 can also inhibit superoxide
generation in human neutrophils activated by both receptor
and post-receptor stimuli and 486 can antagonize phorbol
ester-induced paw edema in mice.282

Some 2-phenyl-3-indolylmaleimides 487 have also been
shown to be PKC inhibitors, but their activity proved to be
lower than that of the 2,3-bis-indolylmaleimides 488.283

The novel indolylindazolylmaleimides 489a and 489b have
recently been identified as low-nanomolar inhibitors of
PKC-b,30 which is an enzyme induced in response to hyper-
glycemia in cardiac, aortic, renal and retinal tissues.

Interestingly, these substances have demonstrated excellent
selectivity over other PKC isozymes and glycogen syn-
thase-3b (GSK-3b),30 a serine–threonine protein kinase in-
volved in signalling from the insulin receptor.284 On the
other hand, 487a and some 3-aryl-[1,7-aza-annulated-
indol-3-yl]maleimides 490 have been reported as potent
GSK-3 inhibitors.285–287
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Moreover, some compounds 490, which show a high degree
of selectivity against both serine–threonine and tyrosine ki-
nases, have been shown to be highly efficacious oral agents
for reduction of blood glucose in the ZDF rat model of non-
insulin dependent diabetes mellitus.287

The 2,3-diarylmaleimide moiety is also present in a number
of naturally occurring compounds, some of which are en-
dowed with relevant biological activities. Thus didemni-
mides A (491a), B (491b), C (491c) and D (491d) are
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members of a class of indole–maleimide–imidazole tricyclic
compounds isolated from the Caribbean mangrove ascidian
Didemnum conchyliatum that are predator deterrents.288

Compounds 491a and 491b have also been found together
with didemnimide E (492) in the crude extracts of the
ascidian Didemnum granulatum collected in Brazil.289

Interestingly, these extracts showed activity in a screen for
G2 cell cycle checkpoint inhibitors and this activity was
demonstrated to be due to granulatimide (493) and iso-
granulatimide (494) present in the extracts.289

Arcyriarubins A (495a), B (495b) and C (495c), which
represent the simplest members of natural bis-indolyl-
maleimides,290 are a family of pigments produced by
slime moulds (Myxomycetes). These substances are structur-
ally related to the aglycon of (+)-staurosporine (367),207 the
potent antitumour agent rebeccamycin (496) isolated from
Nocardia aerocoligenes,291 SF-2370 (497)292 and other
biologically active metabolites from Streptomycetes.

H
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495c : R1 = R2 = OH
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Recently, arcyriarubin C (495c) has been isolated together
with dihydroarcyriarubin C (498) and arcyriaflavin C
(499a) from the fruit bodies of Arcyria ferruginea.293 More-
over, arcyriaflavin C, which has been found to exhibit a cell
cycle inhibition effect at G1 and G2/M stage at 10 and
100 ng/mL, respectively, has been isolated from Tubifera
cassaparyi, together with arcyriaflavin B (499b).293
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499a : R1 = R2 = OH
499b : R1 = OH; R2 = H

Arcyriaflavins are also the main pigments of Arcyria denu-
data.291b,294 Some of their derivatives have shown anti-
microbial activity against Bacillus cereus,25 antitumour
activity against P388 leukaemia cells,25 and have been
demonstrated to be able to inhibit tyrosine and serine
kinases.25,295,296 On the other hand, some N-glucosyl deriv-
atives of arcyriarubin A have demonstrated potent antiproli-
ferative activities.297
N OO

OH

HO Br

Br

ORBr

Br

500a : R = H
500b : R = Me

Finally, two 2,3-maleimides, polycitrin A (500a) and polyci-
trin B (500b), have been isolated from the ascidian Polycitor
sp., together with polycitone A (12).17 This last compound
was shown to be a potent inhibitor of the HIV-1 RT DNA
polymerase activity, but polycitrin A exhibited a significantly
lower activity.27

6.2. Synthesis of symmetrical and unsymmetrical 2,3-
diarylmaleimides and 2,3-diarylsuccinimides

The bis-indolylmaleimides are valuable intermediates in the
synthesis of the aglycones of indolocarbazole alkaloids such
as staurosporine and rebeccamycin. Thus several methods
have been developed for the preparation of these heterocycle
derivatives.

A convenient synthesis of symmetrical and unsymmetrical
bis-indolylmaleimides involves the reaction of indolyl
Grignard reagents with dihalomaleimides. This method
was investigated in 1980 by Steglich and co-workers who
prepared compound 503a in 60% yield by reaction of indolyl-
magnesium iodide (501a) with N-methyl-2,3-dibromo-
maleimide (502a) in benzene at 25 �C in the presence of
a small amount of HMPA.16 The method was then used by
Kaneko,298 the Weinreb group299 and Xie and Lown300 for
the synthesis of 503b from 501b and 502b and of 503c
from 501c and 502c.

A few years later, Steglich reported that the outcome of the
reaction between 501c and 502a is strongly dependent on the
solvent and that, in toluene, the reaction gives the bis-indolyl
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503a : R1 = H; R2 = Me
503b : R1 = Cl; R2 = CH2OBn
503c : R1 = H; R2 = Bn
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501a : R1 = H; X = I
501b : R1 = Cl; X = I
501c : R1 = H; X = Br
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502c : R2 = Bn
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compound 503a in 70% yield, whereas, in THF, the mono-
substitution product 504a is obtained in 74% yield.301 This
last compound, after protection of the indole NH group
with a Boc residue, was coupled with 502a in refluxing
THF to give the unsymmetrical substituted bis-indolylmalei-
mide 505a in 85% yield.301 A similar procedure was then
followed to prepare 505b, which was used as a precursor
to arcyriarubin B (495b).301

Subsequently, the Danishefsky group employed a similar pro-
tocol to prepare compound 506a, which was used as a key
intermediate in a total synthesis of rebeccamycin (496),302

and the unsymmetrical bis-indolylmaleimide 506b, which
was employed as an intermediate in the first total synthesis
of naturally occurring (+)-staurosporine (367) and its
enantiomer.40
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507c : R = Bn(SEM = Me3SiCH2CH2-O-CH2)

In 1995, Faul and co-workers reported that even 2,3-
dichloro-N-methylmaleimide (507a) can be converted
into the bis-indolylmaleimide 503a by a coupling reaction
with 2.2 equiv of the Grignard reagent 501c in THF and
toluene.303 They also found that the formation of 503a was
reduced and the amount of compound 504b increased as
the ratio of THF to toluene increased and observed that the
formation of 503a became favoured when the solvent was
changed from THF to Et2O.303 Moreover, they developed
a direct method to prepare arcyriarubin A (495a) in 72%
yield, which involved treatment of 2,3-dichloromaleimide
(507b) with 5 equiv of 501c in a 5:1:1 mixture of toluene,
Et2O and THF, respectively, at 90 �C for 24 h.303

Bis-indolylmaleimides, prepared as mentioned above or by
analogous protocols from 2,3-dibromo-N-methylmaleimide
(502a) or N-benzyl-2,3-dichloromaleimide (507c) and indo-
lylmagnesium halides or indolyllithium, have been em-
ployed in practical syntheses of natural products which
include arcyroxin A (508),41 arcyriaflavins A (499a), B
(499b) and D (509),42 the dechlororebeccamycin aglycon304

and macrocyclic bis-indolylmaleimides in which the indole
nitrogens are linked with a tether.305

On the other hand, the bis-(7-azaindolyl)maleimide 512a
has recently been prepared according to a strategy that in-
volves a monocoupling reaction of 502a with 2 equiv of
the 7-azaindolic Grignard reagent 510b in toluene and
CH2Cl2, protection of the NH indolic group of the resulting
3-(7-azaindolyl)-2-bromo-N-methylmaleimide (511a) and
a coupling reaction of the resulting compound 511b with
2 equiv of the lithium derivative prepared by treatment of
7-azaindole (510a) with a molar excess of LHMDS.305 Com-
pound 512a was then converted easily into 512b by reaction
with 2 equiv of TBAF in refluxing methanol.305

A similar efficient protocol based on the use of 2,3-dibromo-
N-methylmaleimide (502a) has been employed to prepare
a series of 3-[1-methyl-2,5-dioxo-4-(1H-pyrrolo[2,3-b]pyri-
din-3-yl)-2,5-dihydro-1H-pyrrol-3-yl]indole-1-carboxylic
acid tert-butyl esters 513.306 Compounds 512 and 513 have
then been used to prepare substances containing an indolo-
carbazole framework, which could be useful for the pre-
paration of glycosylated derivatives susceptible to target
topoisomerase I and/or certain protein kinases.306
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More recently, 1-methyl-3,4-bis(1H-pyrrolo[2,3-b]pyridin-
3-yl)pyrrole-2,5-dione (512b) has been synthesized in 41%
yield by a Stille reaction of 507a with 3 equiv of 3-trimethyl-
stannylpyrrolo[2,3-b]pyridine-1-carboxylic acid tert-butyl
ester 514 in toluene at 95 �C in the presence of 4.7 equiv
of LiCl and 4.7 mol % PdCl2(PPh3)2.307 On the other hand,
the unsymmetrical 2,3-disubstituted maleimide 516 has
been prepared in 80% yield by a Suzuki reaction of 511b
with 3-methoxynaphthalene-2-boronic acid (515) in dioxane
and water at 100 �C in the presence of 2 equiv of K2CO3,
10 mol % Pd(OAc)2 and 20 mol % PPh3.308
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Very recently, Suzuki-type reactions between 2,3-diiodoma-
leimides and various organoboron derivatives have been used
as key steps in the synthesis of substituted bis(fur-2-yl)-,
bis(fur-3-yl)- and bis(thien-2-yl)maleimides with potential
antidiabetic properties.309 A Suzuki reaction had previously
been employed to prepare the unsymmetrical 2,3-(3-indo-
lyl)maleimide 519 from the triflate 517 and the boronic
acid 518 in 55% yield.310 This reaction was performed in di-
oxane at 15–25 �C in the presence of 3 equiv of CsF, 3 equiv
of CsBr and a catalytic amount of Pd2(dba)3$CHCl3.
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O
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O
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N O
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O

Me

Me
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In 1993, Hill and co-workers synthesized symmetrical and
unsymmetrical bis-indolylmaleimides 524 by a mild and
flexible method that involved the conversion of indoles
520 into indolyl-3-glyoxylyl chlorides 521 and the reaction
of these compounds with appropriately substituted indolyl-
3-acetimidates 522 in the presence of a molar excess of
Et3N, followed by hydrolysis of the resulting hydroxypyrro-
line derivatives 523 (Scheme 50).311
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Scheme 50. Synthesis of compounds 524.
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More recently, a similar method has been employed to
prepare in low yields a new class of N-(azacycloalkyl)bis-
indolylmaleimides 525, which are able to produce selective
inhibition of PKCb.312

Previously, symmetrical and unsymmetrical bis-indolyl-
maleimides 524 have alternatively been synthesized by the
reaction of readily available indole-3-acetamides 526 with
methyl indolyl-3-glyoxylates 527 in THF in the presence
of t-BuOH.313
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This protocol, which provides the required compounds in
84–100% yield, has subsequently been applied extensively
for the preparation of substances that include natural
products such as didemnimides A (491a) and B (491b),314

rebeccamycin (496),43 congeners of isogranulatimide,45

arylpyrrolo[3,4-c]carbazoles and indolo[2,3-a]pyrrolo[3,4-
c]carbazoles 528, which are selective G1 blockers of the
cell cycle,315 N-(azacycloalkyl)bis-indolylmaleimides 525,
which are selective inhibitors of PKCb,316 indolocarbazole
529, which was shown to be a potent kinase inhibitor,317

acyclic 3-(7-azaindolyl)-4-(hetero)arylmaleimides 530,
which include potent and selective inhibitors of GSK-3b,318

3-(hetero)aryl-4-[1,7-aza-annulatedindol-3-yl]maleimides
531, some of which exhibit potent GSK-3 inhibitory
activity,286,287 unsymmetrical indolopyrrolocarbazoles
mono-N-substituted with a pentacycle, (532),319 and novel
indolylindazolylmaleimides 533, which include potent
inhibitors of PKC-b.30
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On the other hand, some 2-aryl-3-phenylmaleimides 535
have been prepared by acid-catalyzed hydrolysis of the di-
arylmaleimidine derivatives 534, which were easily obtained
by isomerization of a-aryl-b-cyano-N-phenylcinnamidines
536 by warm alcoholic alkali.320 The latter compounds
could be synthesized in 22–68% yield by a base-catalyzed
reaction of arylacetonitriles 537 with 3-(a-cyanobenzyli-
dene)-1-phenyl-1,2,3-triazene (538), the product of thermo-
lysis of 5-azido-1,4-diphenyl-1,2,3-triazole (539).320
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H
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O
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N
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N N
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2,3-Diarylmaleimides 482 have occasionally been prepared
from the corresponding maleic anhydrides by the standard
method of heating at high temperature in the presence of
ammonia or an ammonia source321 or by a procedure also
applicable to maleimides containing a sensitive functionality
such as an ester or a nitrile group,322 which involves treat-
ment with a mixture of methanol and hexamethyldisilazane
(HMDS) at room temperature.323 On the other hand, at least
in principle, the procedure used to synthesize some N-alkyl-
and N-aryl-succinimides (pyrrolidine-2,5-diones) and
-maleimides by a Lewis acid-promoted reaction of HMDS
and primary amines with succinic anhydrides and maleic
anydrides,324 respectively, in refluxing benzene325 might
also be employed for preparing N-substituted 2,3-diarylsuc-
cinimides 543 and N-substituted 2,3-diarylmaleimides 541.

Established protocols to prepare the latter compounds re-
quire heating of maleic anhydrides 540 with primary amines
in phenol and Hünig base,324 in ethanol141 or DMF326 or the
N-alkylation of the potassium salts of 2,3-diarylmaleimides
482.327 Alternatively, maleimides 482 and 541 have been
obtained by oxidation of the corresponding 2,3-diarylsucci-
nimides 542 and 543, respectively, with 1 equiv of DDQ in
CH2Cl2 or benzene at room temperature.44,33
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Ar Ar1
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In 1998, the unsymmetrical N-cyanomethyl-2,3-diheteroaryl-
maleimide 547 was synthesized by treatment of 2-methoxy-
thiophene (544) with oxalyl chloride and aminoacetonitrile
and reaction of the resulting compound 545 with the carboxy-
lic acid chloride 546 (Scheme 51).328
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Scheme 51. Synthesis of compound 547.

More recently, a variety of symmetrical and unsymmetrical
N-substituted 2,3-diarylmaleimides have been prepared in
59–71% yield by intramolecular ring closure of phenacyl
amides 548 with DBU in acetonitrile under an oxygen atmo-
sphere.224

Ar1
N

Ar

O R
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Ar
Ar1

R
548 549

Interestingly, this procedure furnished 3,4-diarylpyrrolidin-
2-ones 549 in good-to-excellent yields when K2CO3 was
used in place of DBU.328

Finally, in 2004, N-methyl-2,3-diarylmaleimides 552 have
been conveniently prepared from arylacetonitriles 550
through the diaryl-substituted fumaronitriles 551 by a two-
step effective method illustrated in Scheme 52.329

N OO

550 551

Me
CN

X 1) I2 (1.0 equiv), Et2O

2) MeONa (2.1 equiv), MeOH, – 78 to 0 °C
3) 3% aq HCl

CN

CN
X

X

1) MeONa (3.0 equiv), MeOH, 25 – 50 °C
2) t-BuOK (2.0 equiv), MeI (2.5 equiv), DMF

X
X

552(X = H, 4-Br, 3-CF3, 4-OMe)

Scheme 52. Synthesis of compounds 552.

7. Conclusions and perspectives

The vicinal diaryl-substituted pyrrole, pyrroline and pyrroli-
dine derivatives include natural and unnatural compounds
with notable biological and pharmacological properties.
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These classes of heterocyclic derivatives have stimulated
great interest from synthetic and medicinal chemists. We
believe that this interest will be secured for some time yet,
owing to the continued attention being paid to these and sim-
ilar heterocycle derivatives in medicinal chemistry and drug
development and the progresses in synthetic methodology
obtained in recent years. With regard to this last aspect,
it is worth mentioning the considerable recent interest, par-
ticularly in terms of synthetic and atom efficiency, in the
development and application of selective methods to form
C–C bonds via C–H activation of (hetero)arenes, in which
only one component of the transition metal-catalyzed
reaction needs to possess a reactive functional group.330
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154. Marfil, M.; Albericio, F.; Álvarez, M. Tetrahedron 2004, 60,
8659–8668.

155. Fürstner, A.; Weintritt, H.; Hupperts, A. J. Org. Chem. 1995,
60, 6637–6641.

156. Rolfs, A.; Liebscher, J. Angew. Chem., Int. Ed. Engl. 1993, 32,
712–714.

157. Gupton, J. T.; Krumpe, K. E.; Burnham, B. S.; Dwornik,
K. A.; Petrich, S. A.; Du, K. X.; Bruce, M. A.; Vu, P.;
Vargas, M.; Keertikar, K.; Hosein, K.; Jones, C. R.;
Sikorski, J. A. Tetrahedron 1998, 54, 5075–5088.

158. Gupton, J. T.; Krumpe, K. E.; Burnham, B. S.; Webb, T. M.;
Shuford, J. S.; Sikorski, J. A. Tetrahedron 1999, 55, 14515–
14522.

159. Gupton, J. T.; Clough, S.; Miller, R.; Lukens, J.; Henry, C.;
Kanters, R. P. F.; Sikorski, J. Tetrahedron 2003, 59, 207–
215.

160. Kreipl, A. T.; Reid, C.; Steglich, W. Org. Lett. 2002, 4, 3287–
3288.

161. Gupton, J. T.; Miller, R. B.; Krumpe, K. E.; Clough, S. C.;
Banner, E. J.; Kanters, R. P. F.; Du, K. X.; Keertikar, K. M.;
Lauerman, N. E.; Solano, J. M.; Adams, B. R.; Callahan,
D. W.; Little, B. A.; Scharf, A. B.; Sikorski, J. A.
Tetrahedron 2005, 61, 1845–1854.

162. Kim, S.; Son, S.; Kang, H. Bull. Korean Chem. Soc. 2001, 22,
1403–1406.

163. Bullington, J. L.; Wolff, R. R.; Jackson, P. J. J. Org. Chem.
2002, 67, 9439–9442.

164. Dieter, R. K.; Yu, H. Org. Lett. 2001, 3, 3855–3858.
165. Boger, D. L. Chemtracts: Org. Chem. 1996, 9, 149–189.
166. Boger, D. L. Chem. Rev. 1986, 86, 781–793.
167. Hamasaki, A.; Zimpleman, J. M.; Hwang, I.; Boger, D. L.

J. Am. Chem. Soc. 2005, 127, 10767–10770.
168. Liu, J.-H.; Yang, Q.-C.; Mak, T. C. W.; Wong, H. N. C. J. Org.

Chem. 2000, 65, 3587–3595.
169. Liu, J.-H.; Chan, H.-W.; Wong, H. N. C. J. Org. Chem. 2000,

65, 3274–3283.
170. Mathew, P.; Asokan, C. V. Tetrahedron Lett. 2005, 46, 475–478.
171. Roth, H. J.; George, H.; Assadi, F.; Rimek, H. J. Angew.

Chem., Int. Ed. Engl. 1968, 7, 946.
172. James, D. S.; Fanta, P. E. J. Org. Chem. 1962, 27, 3346–3348.
173. Danks, T. N.; Velo-Rego, D. Tetrahedron Lett. 1994, 35,

9443–9444.
174. Katritzky, A. R.; Wang, Z.; Li, J.; Levell, J. R. J. Heterocycl.
Chem. 1997, 34, 1379–1381.

175. McEwen, W. E.; Grossi, A. V.; MacDonald, R. J.; Stamegna,
A. P. J. Org. Chem. 1980, 45, 1301–1308.

176. Cooney, J. V.; McEwen, W. E. J. Org. Chem. 1981, 46, 2570–
2573.

177. Ogura, K.; Yanai, H.; Miokawa, M.; Akazome, M.
Tetrahedron Lett. 1999, 40, 8887–8891.

178. Periasamy, M.; Srinivas, G.; Bharathi, P. J. Org. Chem. 1999,
64, 4204–4205.

179. Rao, H. S. P.; Jothilingam, S.; Scheeren, H. W. Tetrahedron
2004, 60, 1625–1630.

180. Wurz, R. P.; Charette, A. B. Org. Lett. 2005, 7, 2313–2316.
181. Aumann, R.; Jasper, B.; Goddard, R.; Krüger, C. Chem. Ber.
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Abstract—The potentially important dietary antioxidant, quercetin 3-O-b-D-glucoside, has been 13C-labelled at C-2 of the flavonoid unit by
synthesis in 15% yield over five steps from [13C]carbon dioxide. The route is appropriate for radiochemical synthesis. Formation of the
protected 3-glucosylated flavonol appears to result from [1,7]-sigmatropic rearrangement with migration of a benzyl group followed by
cyclisation. A free 5-OH results even when a phosphazene superbase is used.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The flavonol quercetin1 1 is a polyphenolic plant secondary
metabolite (Fig. 1), and its O-glycosides are found in high
concentrations in onions, broccoli, apples, red wine and
tea.2 Epidemiological studies have linked the consumption
of diets rich in the polyphenolic compounds produced by
plants with a range of health benefits. Quercetin in particular
reduces the risk of lung cancer.3 It has been argued that these
health benefits arise from the ability of the various polyphe-
nolics to act as biological antioxidants, scavenging reactive
oxygen species within the body. Indeed, quercetin is a more
effective antioxidant than vitamin E in vitro, reacting 4.5
times more rapidly with oxygen-centred radicals, and
quenching more than three oxygen-centred radicals per
flavonol molecule.4,5 However, while a compound’s ability
to scavenge radicals is a useful predictor of whether it will
act as a food antioxidant, preventing rancidity, it is not suf-
ficient evidence for a role as a biological antioxidant, reduc-
ing oxidative damage within the body. Vital to this latter role
is the compound’s bioavailability.6,7 In a similar vein, a huge
range of biological activities have been demonstrated for

HO
O

O
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HO
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OH
1

Figure 1. Quecetin.

* Corresponding author. Tel.: +44 141 3304398; fax: +44 141 3304888;
e-mail: richh@chem.gla.ac.uk
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quercetin in vitro, but most studies have not even considered
whether quercetin, consumed as its glycoside derivatives in
the quantities found in the diet, can reach cells in sufficient
concentration to elicit the effects observed in vitro.7,8

In order to understand the absorption, metabolism, distribu-
tion and excretion of a compound, it is necessary to identify
accurately and quantify the compound and all its metabolites
in the various parts of the body. In a recent study,9,10 we pre-
pared [2-14C]quercetin 40-glucoside, following our route to
[2-13C]quercetin 40-glucoside,11 and used it in a feeding
study in rats. This was followed by analysis with reversed-
phase HPLC with on-line radioactivity detection and
ion-trap mass spectrometry capable of performing data de-
pendent MS–MS studies.12 Radioactivity allowed the loca-
tion and quantification of quercetin-40-glucoside-derived
material in different tissues (93.6% of ingested radioactivity
recovered). The HPLC then separated the metabolites, the
radioactivity allowing identification and quantification of
those derived from quercetin-40-glucoside, and MS–MS
allowing structural determination so that the HPLC peak
assignment was unambiguous. The ion-trap method allowed
almost all contributors to HPLC peaks to be identified. In
this way we identified 17 different metabolites of the parent
flavonol glycoside.9

The differential absorption of dietary flavonol glycosides
and aglycones is currently attracting a good deal of attention.
The parent flavonol, the type of sugar attached, and the
position of glycosylation all appear to affect absorption.
Indeed, some experiments indicate that lactase phlorizin
hydrolase (LPH) hydrolyses quercetin-3-glucoside prior to
absorption,13,14 but that quercetin-40-glucoside is actively
transported by the intestinal sodium-dependent glucose

mailto:richh@chem.gla.ac.uk
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transporter (SGLT1).15 Other experiments, however, seem to
show that these two glucosides interact similarly with
SGLT16 and/or LPH,17 but that other polyphenols and their
glycosides do not. Our synthesis of [2-13C]quercetin-40-O-
b-D-glucoside had provided a general route that should be
applicable to all flavon-3-ols glycosylated on the B-ring,
but did not allow the preparation of 3-O-glycosides. The lat-
ter are important not only as dietary components themselves,
but also as synthetic precursors of dietary anthocyanins18

(which are invariably glycosylated at the 3-position to
enhance stability) and 3-O-glucuronides,19 considered to
be important metabolites. Here we report the synthesis of
[2-13C]quercetin 3-O-b-D-glucoside in a way that should
be easy to adapt to 14C-labelling and provides a paradigm
for the labelling of other flavonol 3-glycosides:20,21 the label
is introduced from carbon dioxide generated from barium
carbonate (barium [14C]carbonate is one of the cheapest
sources of carbon-14), and labelling within the flavonoid
unit avoids any possibility of loss of radioactivity by ex-
change under physiological conditions. Labelling using
chemical synthesis, rather than biosynthesis,22 ensures the
production of a single compound labelled at a specific site
with a controlled amount of the isotope used.

2. Results and discussion

Retrosynthetic analysis of [2-13C]quercetin 3-O-b-D-gluco-
side 2 (Scheme 1) revealed that the key intermediates in
the synthesis would be a glycosylated acetophenone 3 with
one free phenolic hydroxy group and a labelled carboxylic
acid 4, which would be easily prepared by reaction of an
aryllithium 5 with [13C]carbon dioxide. Initially we decided
on O-benzyl protection, as hydrogenolysis of these groups is
known not to affect the flavonoid core or glycosidic links.

In our first approach to glycosylated acetophenone 14
(Scheme 2), fully benzylated quercetin 6 was fragmented
to give acetophenone 7 as we had previously reported.11

Hydrogenation removed all protection, yielding tetraol 8.
Unfortunately attempts to selectively benzylate the phenox-
ides generated from acetophenone 8 under basic conditions
led to a range of products including C-benzylated adducts.
This is not surprising as the aromatic C–H’s that appear at
dH 5.82 ppm in the 1H NMR spectrum were 95% exchanged
for deuterium when acetophenone 8 was heated overnight in
D4-methanol (C–D appears as a 1:1:1 triplet, J 96 Hz, at
95.91 ppm in the 13C NMR spectrum).

An alternative approach was then investigated. The readily
available flavone, chrysin 9, was benzylated and the result-
ing flavone 10 fragmented to give acetophenone 11.
Although direct dibenzylation of 2,4,6-trihydroxyacetophe-
none is possible,23 we found that reaction under a variety of
conditions gave rise to C-benzylated and mono-O-benzyl-
ated by-products that were difficult to remove. The a-
hydroxy group was then introduced through Rubottom
oxidation24,25 of the silyl enol ether derived from aceto-
phenone 11, the phenolic hydroxy group being transiently
protected as a TMS ether. The a-hydroxy group of the result-
ing acetophenone 12 was then glucosylated regioselectively,
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without affecting the phenolic hydroxy, and with good b-
selectivity using Schmidt’s imidate26,27 13. Pure b-anomer
14 was obtained following a single recrystallisation and the
stereochemistry was confirmed by the presence of a doublet
of J 7.6 Hz at 4.34 ppm in the 1H NMR spectrum.

The carboxylic acid coupling partner to acetophenone 14
was synthesised from catechol 15 (Scheme 3). Bromination
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Scheme 3. Synthesis of [13C]quercetin 3-O-b-D-glucoside.
and double allylation gave aryl bromide 16, which was
lithiated and reacted with 13CO2, freshly generated from bar-
ium [13C]carbonate using the procedure and apparatus de-
scribed by Kratzel and Billek,28 to give carboxylic acid 17
(this and all later steps were tested unlabelled first). Aceto-
phenone 14 and carboxylic acid 17 were then coupled using
a water-soluble coupling agent, 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide, EDCI. Cyclisation of the resulting
ester 18 proceeded with loss of the 5-benzyl group, and
palladium-catalysed removal of the allyl protecting groups
then gave a triol 19 that could be purified. A mixed protect-
ing group strategy was employed because purification had
proved too problematic when only benzyl groups were
employed, and lithiation–carboxylation of 3,4-dibenzyl-
oxy-1-iodobenzene had proceeded in only 24% yield, prob-
ably due to poor solubility of the lithiated species. Global
debenzylation of triol 19 completed the synthesis of
[2-13C]quercetin 3-O-b-D-glucoside 2 in 15% overall yield
from barium [13C]carbonate.

The debenzylation to produce a flavonoid with a free 5-OH
by cyclisation–dehydration of ester 18 appeared mechanisti-
cally interesting and was examined briefly. A similar debenzy-
lation had occurred in our earlier synthesis of labelled
quercetin-40-glucoside.11 Benzoate 20 derived from aceto-
phenone 11 was used as a model substrate (Scheme 4). One
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Scheme 4. Phosphazene superbase-induced rearrangement.
possibility was that nucleophilic attack by bromide had re-
moved the benzyl group, but when the neutral phosphazene
P1 superbase29,30 was used instead of K2CO3 and tetrabutyl-
ammonium bromide, ester 20 also cyclised to give mono-
benzylated chrysin 21. This excludes the involvement of
bromide, but raises the possibility that mono-debenzylation
occurred after formation of dibenzylated chrysin as a result
of nucleophilic attack by hydroxide generated from water
produced in the reaction. However, dibenzylated chrysin 10
was isolated unchanged after treatment under the cyclisation
conditions with 1 equiv of water added. Thus, debenzylation
must have occurred prior to cyclisation.

A plausible mechanism for the debenzylation–cyclisation of
esters 22 is shown in Scheme 5. Such reactions are known to
begin with Baker–Venkataraman rearrangement31 to give
1,3-diketones 27, which will exist predominantly in their
enol form in non-polar solvents. The hydrogen bonding in
keto-enol 27 with Ar¼Ph and R¼H, which was isolated
from fragmentation of dibenzylated chrysin 10, is evident
from its crystal structure (Fig. 2), and its 1H NMR spectrum
in CDCl3 shows an enolic proton at 15.64 ppm and a chelated
phenolic proton at 13.68 ppm. Cyclic alkoxides 23 are inter-
mediates in the Baker–Venkataraman rearrangement and
open to give the tautomeric enolates 24–26, which are in equi-
librium with each other and diketones 27 (depending on the
strength of the base employed). Protonation of the cyclic
alkoxides 23 to give cyclic hemiacetals 28, which would be
intermediates in the formation of fully benzylated flavonoids,
is less favourable since no intramolecular hydrogen bonding
is possible. We suggest that [1,7]-sigmatropic rearrange-
ment32 of ketones 26 involving migration of a benzyl group,
generates phenoxides 29 (such a rearrangement is symmetry
allowed if helical geometry allows antarafacial transfer of the
benzyl group). The resulting phenoxides 29 would cyclise
easily to give enolates 30 as the a,b-unsaturated ketone is
made more reactive by hydrogen bonding. Bois et al.33 and
Rama Rao et al.34 have previously noted the importance of
a free ortho-hydroxy group in accelerating cyclisations of
this sort. Elimination of benzyloxide would then give flavo-
noids 31. It is noteworthy that benzyl esters were produced
as side products under most conditions employed to cyclise
aryl esters 22 (RsH) to give flavon-3-ol derivatives 31,
and these are presumably formed by transesterification of
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Figure 2. Crystal structure of keto-enol 27 (Ar¼Ph, R¼H).
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Scheme 5. Proposed mechanism of rearrangement–cyclisation.
the starting aryl esters 22 with benzyloxide produced during
the reaction.

3. Conclusion

In summary, we have provided a useful method for the iso-
topic labelling of the important dietary flavonoid, quercetin
3-O-b-D-glucoside, and the route should be easy to adapt for
the synthesis of other flavonoid 3-O-glycosides. We have
also briefly explored the unexpected debenzylation reaction
that occurs in the flavonoid-forming step, and propose
a [1,7]-sigmatropic rearrangement to account for this.

4. Experimental

1H and 13C NMR spectra were obtained on a Bruker
DPX/400 spectrometer operating at 400 and 100 MHz, re-
spectively. All coupling constants are measured in Hertz.
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DEPT was used to assign the signals in the 13C NMR spectra
as C, CH, CH2 or CH3. The entire labelling sequence was
first checked with unlabelled material (data not presented),
and the 13C NMR spectra of unlabelled material were used
to identify coupling in the 13C NMR spectra of labelled ma-
terial. Mass spectra (MS) were recorded on a Jeol JMS700
(MStation) spectrometer. Infra-red (IR) spectra were ob-
tained on a Perkin–Elmer 983 spectrophotometer. A Golden
GateTM attachment that uses a type IIa diamond as a single
reflection element was used in some cases so that the IR
spectrum of the compound (solid or liquid) could be directly
detected without any sample preparation. Column chromato-
graphy was carried out on silica gel, 70–230 mesh, or neutral
alumina (Brockmann grade III). Tetrahydrofuran and diethyl
ether were dried over sodium and benzophenone, and di-
chloromethane was dried over calcium hydride. Crystallo-
graphic data (excluding structure factors) for the structure
in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication
number CCDC 297713. Copies of the data can be obtained,
free of charge, on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK [fax: +44-(0)1223-336033 or
e-mail: deposit@ccdc.cam.ac.uk].

4.1. [2-13C]Quercetin 3-O-b-D-glucoside 2

Twenty percent palladium hydroxide on carbon (184 mg) was
added to a stirring suspension of partly benzyl protected fla-
vonol 19 (597 mg, 652 mmol) in 1:1 EtOAc–MeOH (10 mL)
under an atmosphere of hydrogen. The suspension was stirred
for 6 h at rt. The suspension was filtered through a plug of
Celite eluting with MeOH. The filtrate was concentrated un-
der vacuum and the resulting solid was recrystallised from
MeOH–water (1:1) to give the quercetin 3-glucoside 2 as
a green solid (174 mg, 57%), mp 224–226 �C. [a]D

22 –12.9
(c 1.0, MeOH). nmax(Golden Gate)/cm�1: 3170 (OH), 1653
(C]O), 1602 (C]O). dH (400 MHz; CD3OD): 3.10–3.66
(6H, m, H-200, 300, 400, 500 and 600), 5.14 (1H, d, J 7.4 Hz,
H-100), 6.08 (1H, d, J 2.1 Hz, H-6 or H-8), 6.27 (1H, d, J
2.1 Hz, H-6 or H-8), 6.76 (1H, d, J 8.4 Hz, H-50), 7.47 (1H,
ddd, J 2.1, 3.8 and 8.4 Hz, H-60), 7.61 (1H, dd, J 2.1 and
3.9 Hz, H-20). dC (100 MHz, MeOD-d4): 62.53 (CH2),
71.17 (CH), 75.70 (CH), 78.07 (CH), 78.32 (CH), 94.71
(CH, d, J 3 Hz), 99.86 (CH), 104.35 (CH), 105.64 (C),
115.97 (CH, d, J 5 Hz), 117.57 (CH, d, J 2 Hz), 122.94
(CH, d, J 68 Hz), 123.36 (C), 135.58 (C, d, J 89 Hz),
145.83 (C, d, J 6 Hz), 149.81 (C), 158.64 (C), 158.99 (13C-la-
bel), 162.95 (C), 165.92 (C), 179.43 (C, d, J 6 Hz). m/z (FAB):
466 [(M+H)+, 44%], 304 (84), 74 (100). HRMS: 466.1069.
12C20

13CH21O12 requires (M+H)+ 466.1063. HPLC Gradient
reverse phase HPLC (Phenomonex Max RP C12 250�
4.6 mm�5 mm), solvent A 1% aqueous formic acid–Solvent
B acetonitrile, 1.0 mL/min 5–40% B gradient over 60 min,
t¼26.64 min, showed 95% purity by peak area measurement
(Absorbance wavelengths 200–600 nm, photodiode array
detector). Spectral data in good agreement with literature
for unlabelled compound.19

4.2. 3,5,7,30,40-Pentabenzyloxyflavone 6 and 2-hydroxy-
u,4,6-tribenzyloxyacetophenone 7

The syntheses of these compounds have already been re-
ported.11
4.3. 1-(20,40,60-Trihydroxyphenyl)-2-hydroxyethanone 8

Twenty percent palladium hydroxide on carbon (400 mg)
was added to a suspension of phenol 7 (4.00 g, 8.8 mmol)
in methanol–ethyl acetate (1:1, 20 mL) under an atmosphere
of hydrogen. The suspension was then stirred overnight. The
resulting solution was filtered through a pad of Celite, which
was subsequently washed with methanol (30 mL). The solu-
tion concentrated under vacuum and the resulting solid
recrystallised from ethanol to yield phenol 8 as an amor-
phous solid (1.36 g, 84%), mp decomp >225 �C. Lit.:
224 �C.35 Rf [silica, EtOAc–hexane (7:3)] 0.19. nmax(nujol)/
cm�1: 3380 (OH), 3299 (OH), 3153 (OH), 1650 (C]O).
dH (400 MHz: DMSO-d6): 4.60 (2H, s, CH2), 4.73 (1H,
broad s, CH2OH), 5.82 (2H, s, H-30, H-50), 10.4 (1H,
broad s, OH), 12.1 (2H, broad s, OH). dC (100 MHz:
DMSO-d6): 68.27 (CH2), 94.91 (CH), 102.30 (C), 164.40
(C), 165.35 (C), 203.85 (C). m/z (EI) 184 (M+�, 18%), 153
(100), 69 (10). HRMS: 184.0372 C8H8O5 requires (M+),
184.0371. Microanalysis: C, 52.32; H, 4.62%. C8H8O5

requires C, 52.17; H, 4.35%.

4.4. 5,7-Dibenzyloxyflavone 10

Benzyl bromide (46.8 mL, 394 mmol, 4.0 equiv) and
K2CO3 (54.3 g, 394 mmol, 4.0 equiv) were added to a stir-
ring solution of chyrsin (25.00 g, 98.5 mmol) in DMF
(150 mL). The resulting suspension was stirred at 70 �C
for 4 d under a nitrogen atmosphere. After cooling, the so-
lution was acidified to pH 1 with 1 M HCl and extracted
into EtOAc (250 mL). The solution was allowed to stir
for 10 min before the resulting precipitate was filtered off
and washed with 50 mL of EtOAc to give flavone 10 as
an off white solid pure enough for the next step (35.15 g,
82%). A sample was recrystallised from EtOAc–CHCl3
for characterisation purposes, mp 165–167 �C. Rf [silica,
EtOAc–hexane (7:3)] 0.52. dH (400 MHz: CHCl3): 5.05
(2H, s, OCH2), 5.16 (2H, s, OCH2), 6.44 (1H, d, J
1.7 Hz, H-6), 6.59 (1H, d, J 1.7 Hz, H-8), 6.61 (1H, s,
H-3), 7.19–7.81 (15H, m, Ar-H). dC (100 MHz: CHCl3):
70.29 (CH2), 70.48 (CH2), 94.06 (CH), 98.18 (CH),
108.91 (CH), 109.70 (C), 125.75 (CH), 126.38 (CH),
127.44 (CH), 128.25 (CH), 128.40 (CH), 128.58 (CH),
128.74 (CH), 130.00 (CH), 131.35 (C), 135.35 (C),
136.29 (C), 159.49 (C), 159.56 (C), 160. 41 (C), 162.77
(C), 177.05 (C). m/z (EI): 434 (M+�, 10%), 91 (100).
HRMS: 434.1518. C29H22O4 requires (M+) 434.1515.
Microanalysis: C, 80.16; H, 5.13%. C29H22O4 requires C,
80.17; H, 5.10%.

4.5. 2,4-Dibenzyloxy-6-hydroxyacetophenone 11

Diethylene glycol (170 mL) was added slowly to a stirring
mixture of flavone 10 (39.6 g, 91.4 mmol) in pyridine
(150 mL) and 18 M KOH (150 mL). The solution was
heated at 120 �C for 4 h. After cooling, the solution was
acidified to pH 1 with 4 M HCl and the precipitate filtered
off. The solid was washed with water then extracted into
EtOAc (300 mL). The organics were washed with saturated
NaHCO3 solution (3�400 mL) then dried over magnesium
sulfate and concentrated under vacuum. The resulting solid
was recrystallised from MeOH to give acetophenone 11

mailto:deposit@ccdc.cam.ac.uk
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as off white prisms (23.4 g, 74%), mp 108–109 �C.
Lit.:110–111 �C.36 Rf [silica, EtOAc–hexane (7:3)] 0.73.
nmax(nujol)/cm�1: 1615 (C]O). dH (400 MHz: CDCl3):
2.54 (3H, s, CH3), 5.049 (2H, s, ArOCH2), 5.053 (2H, s,
ArOCH2), 6.09 (1H, d, J 2.4 Hz, H-3), 6.15 (1H, d, J
2.4 Hz, H-5), 7.32–7.40 (10H, m, Ar-H), 14.02 (1H, s, OH).
dC (100 MHz: CDCl3): 33.26 (CH3), 70.19 (CH2), 71.05
(CH2), 92.29 (CH), 94.69 (CH), 106.28 (C), 127.59 (CH),
127.93 (CH), 128.30 (CH), 128.37 (CH), 128.41 (C),
128.66 (CH), 128.69 (CH), 135.56 (C), 135.81 (C), 161.90
(C), 165.03 (C), 167.51 (C), 203.13 (C). m/z (EI): 348
(M+�, 15%), 306 (7), 91 (100). HRMS: 348.1361.
C22H20O4 requires (M+), 348.1361. Microanalysis: C,
75.90; H, 5.75%. C22H20O4 requires C 75.86, H 5.75%.
1H NMR agrees with literature.37,38

4.6. 1-(20,40-Dibenzyloxy-60-hydroxyphenyl)-2-hydroxy-
ethanone 12

A solution of ketone 11 (10.0 g, 28.7 mmol) in dry THF
(30 mL) was added to a solution of LDA (2.1 equiv) in dry
THF (100 mL), under N2, at 0 �C over 10 min. The solution
was stirred at 0 �C for 30 min after which point chlorotrime-
thylsilane (9.0 mL, 71.8 mmol, 2.5 equiv) was added slowly,
the solution was then stirred for a further 30 min at 0 �C.
After this time, the reaction mixture was quenched with
aqueous NaHCO3 (100 mL) and extracted into ether
(300 mL). The aqueous layer was re-extracted with ether
(200 mL). The combined organic layers were washed with
H2O (2�300 mL) and dried over sodium sulfate and concen-
trated under vacuum. The whole washing process was per-
formed as quickly as possible to minimise the risk of
hydrolysing the silyl enol ether. The crude silyl enol ether
was dissolved in CH2Cl2 (100 mL) and NaHCO3 (3.61 g,
43.0 mmol, 1.5 equiv) was added. The solution was cooled
0 �C and mCPBA (70–75%, 7.45 g, 43.0 mmol, 1.5 equiv)
was added slowly. The reaction mixture was allowed to
stir at 0 �C for 1.5 h. After this time, the yellow cloudy
solution was diluted with CH2Cl2 (200 mL) and washed
with saturated NaHCO3 (2�300 mL) and H2O
(2�300 mL) and concentrated under vacuum. The product
was dissolved in 4:1 THF–H2O (150 mL) and 2.5 g of
para-toluenesulfonic acid was added, the solution was
then stirred at rt for 30 min. The product was extracted
into Et2O (400 mL), washed with saturated NaHCO3

(2�300 mL) and H2O (2�300 mL), dried over magnesium
sulfate and concentrated under vacuum. The crude product
was recrystallised from EtOAc–hexanes (3:7) to give ketone
12 as an amorphous solid (7.61 g, 73%), mp 105–107 �C.
nmax(nujol)/cm�1: 3451 (OH), 1636 cm�1 (C]O). dH

(400 MHz: CDCl3): 3.71 (1H, t, J 4.8 Hz, OH), 4.62 (2H,
d, J 4.8 Hz, CH2OH), 5.04 (2H, s, OCH2), 5.06 (2H, s,
OCH2), 6.10 (1H, d, J 2.2 Hz, H-30), 6.19 (1H, d, J 2.2 Hz,
H-50), 7.32–7.42 (10H, m, Ar-H), 13.2 (1H, s, Ar-OH). dC

(100 MHz: CDCl3): 68.83 (CH2), 70.40 (CH2), 71.31
(CH2), 92.45 (CH), 94.92 (CH), 103.63 (C), 127.60 (CH),
128.14 (CH), 128.42 (CH), 128.72 (CH), 128.75 (CH),
128.88 (CH), 134.89 (C), 135.57 (C), 162.212 (C), 166.02
(C), 167.23 (C), 201.90 (C). m/z (CI): 365 [(M+H)+,
100%], 347 (25), 333 (22), 307 (20), 91 (70). HRMS:
365.1389. C22H21O5 requires (M+H)+ 365.1386. Micro-
analysis: C, 72.38; H, 5.66%. C22H20O5 requires C,
72.51%; H, 5.53%.
4.7. 1-(20,40-Dibenzyloxy-60-hydroxyphenyl)-2-(200,300,400,
600-tetra-O-benzyl-b-D-glucopyranosyloxy)ethanone 14

Boron trifluoride diethyl etherate (0.33 mL, 2.6 mmol,
0.3 equiv) was added dropwise to a solution of phenol 12
(3.14 g, 8.6 mmol) and O-(2,3,4,6-tetra-O-benzyl-b-D-glu-
copyranosyl)trichloroacetimidate 13 (6.50 g, 9.5 mmol,
1.1 equiv, prepared) in dry CH2Cl2 (40 mL) at �78 �C, un-
der an atmosphere of nitrogen. The solution was stirred for
1 h at �78 �C and then quenched with aqueous NaHCO3

(75 mL). The solution was diluted with CH2Cl2 (250 mL)
and washed with brine (2�300 mL), dried over magnesium
sulfate and concentrated under vacuum. The solid was
recrystallised from EtOAc–pet. ether to give glucoside 14
as an amorphous solid (4.98 g, 66%), mp 118–119 �C. Rf

(silica, ether) 0.68. nmax(nujol)/cm�1: 1633 (C]O), 1604
(Ar), 1583 (Ar). dH (400 MHz: CDCl3): 3.29–3.72 (6H, m,
H-200, 300, 400, 500, 600), 4.34 (1H, d, J 7.6 Hz, H-100), 4.48
(1H, d, J 12.4 Hz, ArOCHAHB), 4.52 (1H, d, J 10.8 Hz,
ArOCHCHD), 4.56 (1H, d, J 12.0 Hz, ArOCHAHB), 4.74
(1H, d, J 18.4 Hz, ArOCHEHF), 4.75 (1H, d, J 12.0 Hz,
ArOCHGHH), 4.77 (1H, d, J 11.2 Hz, ArOCHIHJ), 4.81
(1H, d, J 10.8 Hz, ArOCHCHD), 4.96 (1H, d, J 10.8 Hz,
ArOCHIHJ), 4.97 (1H, d, J 18.4 Hz, ArOCHEHF), 4.99
(2H, s, ArOCH2), 5.12 (2H, s, ArOCH2), 5.14 (1H, d, J
10.8 Hz, ArOCHGHH), 6.08 (1H, d, J 2.2 Hz, H-50), 6.20
(1H, d, J 2.1 Hz, H-30), 7.15–7.40 (30H, m, Ar-H), 13.7
(1H, s, Ar-OH). dC (100 MHz: CDCl3): 68.76 (CH2), 70.33
(CH2), 71.22 (CH2), 73.48 (CH2), 74.23 (CH2), 74.71
(CH2), 74.84 (CH), 75.06 (CH2), 75.66 (CH2), 77.62 (CH),
81.90 (CH), 84.45 (CH), 92.25 (CH), 95.04 (CH), 103.15
(CH), 104.54 (C), 127.52 (CH), 127.53 (CH), 127.58 (CH),
127.61 (CH), 127.71 (CH), 127.75 (CH), 127.85 (CH),
127.04 (CH), 128.18 (CH), 128.28 (CH), 128.33 (CH),
128.37 (CH), 128.56 (CH), 128.71 (CH), 128.75 (CH),
135.14 (C), 136.26 (C), 138.10 (C), 138.19 (C), 138.48 (C),
138.66 (C), 161.59 (C), 165.33 (C), 167.46 (C), 199.39 (C).
m/z (FAB): 909.6 [(M+Na)+, 100%], 439.3 (30), 91.5
(82%). HRMS: 909.3611. C56H54O10Na requires (M+Na)+,
909.3614. Microanalysis: C, 75.91; H, 6.12%. C56H54O10 re-
quires C, 75.83%; H, 6.14%. [a]19

D �5.0 (c 140 mg mL�1,
CHCl3).

4.8. 1-Bromo-3,4-diallyloxybenzene 16

Commercially available catechol 15 (20.0 g, 182 mmol,
1 equiv) was dissolved in a mixture of chloroform–diethyl
ether (2:1, 150 mL) that was cooled to 0 �C and stirred under
argon. Bromine (9.3 mL, 182 mmol, 1 equiv) dissolved in
chloroform (200 mL) was added dropwise to the catechol
solution over a period of 2 h, the resulting solution was
then stirred for another 30 min. The reaction mixture was
quenched by adding saturated sodium thiosulfate
(400 mL). The organic layer was collected, and the aqueous
layer was extracted with EtOAc (300 mL). Both organic
fractions were combined, dried (MgSO4) and concentrated
to give 3-bromocatechol as an intermediate. The intermedi-
ate was dissolved into DMF (300 mL), and the solution was
put under argon. K2CO3 (55.0 g, 400 mmol, 2.2 equiv) and
allyl bromide (35.0 mL, 400 mmol, 2.2 equiv) were added
and the resulting suspension was stirred for 20 h at rt. The
reaction mixture was then acidified to pH 1 with 1 M HCl.
The solution was then extracted with diethyl ether
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(300 mL) and the aqueous layer was re-extracted with di-
ethyl ether (150 mL). The combined organic layers were
washed with H2O (2�100 mL), 1 M KOH (200 mL) and
brine (100 mL), before the ether layer was dried (MgSO4)
and concentrated. Flash chromatography (silica) eluting
with cyclohexane–EtOAc (30:1) gave 1-bromo-3,4-diallyl-
oxybenzene 16 as a yellow oil (32.6 g, 68%). Rf [silica,
pet. ether–EtOAc (8:1)] 0.83. nmax(nujol)/cm�1: 1586 (Ar),
1495 cm�1 (Ar). dH (400 MHz; CDCl3): 4.50–4.54 (4H,
m, 2�OCH2), 5.22–5.27 (2H, m, 2�CHAHB]CH), 5.38–
5.42 (2H, m, 2�CHAHB]CH), 5.98–6.05 (2H, m,
2�CHAHB]CH), 6.71 (1H, d, J 8.4 Hz, H-5), 6.96 (1H,
dd, J 2.3 and 8.0 Hz, H-6), 6.97 (1H, d, J 2.3 Hz, H-2). dC

(100 MHz, CDCl3): 69.53 (CH2), 69.65 (CH2), 112.62
(C), 114.93 (CH), 116.81 (CH), 117.34 (CH2), 117.49
(CH2), 123.08 (CH), 132.74 (CH), 133.01 (CH), 147.38
(C), 148.93 (C). m/z (EI): 270 [M+� (81Br), 22%], 268
[M+� (79Br), 22], 229 [M+�(81Br)-�C3H5, 22], 227
[M+�(79Br)-�C3H5, 22], 41 (+C3H5, 100). HRMS: 270.0079
and 268.0096. C12H13O2

81Br requires M+, 270.0079,
C12H13O2

79Br requires M+, 268.0099. Microanalysis: C,
53.95; H, 4.99%. C12H13O2Br requires C, 53.55; H,
4.89%.

4.9. 3,4-Diallyloxy[carboxy-13C]benzoic acid 17

Carboxylation of the aryl bromide 16 was carried out using
the apparatus described by Kratzel and Billek28 and a varia-
tion of their method. n-Butyllithium (4.7 mL, 2.1 M in hex-
ane, 9.9 mmol, 2.0 equiv) was added to a stirred solution of
3,4-diallyloxy-1-bromobenzene 16 (2.69 g, 10.0 mmol,
2 equiv) in dry THF (20 mL) at �78 �C under nitrogen.
After 3 min, the reaction mixture was cooled to �198 �C.
When the solution was frozen the whole system was put
under vacuum. The system was sealed from vacuum and
[13C]carbon dioxide was generated by adding an excess of
concentrated sulfuric acid (10 mL) dropwise onto powdered
[13C] barium carbonate (0.99 g, 5.0 mmol, 1 equiv) in a sep-
arate reaction vessel in the same system. The carbon dioxide
evolved condensed onto the frozen THF solution of aryl-
lithium. After 20 min the THF solution was allowed to
warm up to –78 �C and the reaction mixture was stirred
for 40 min. The entire system was filled with nitrogen and
reaction mixture was quenched by the addition of HCl
(1M, 10 mL). The solution was extracted into EtOAc
(2�100 mL) and the combined organic extracts were
washed with brine (2�200 mL). The combined organic
layers were extracted with 2 M NaOH (2�250 mL). The re-
sulting aqueous layer was acidified with 1 M HCl and then
extracted into EtOAc (2�200 mL). The combined extracts
were dried over MgSO4 and concentrated to give acid 17
as a powder (956 mg, 81%). Rf [silica, pet. ether–EtOAc
(1:1)] 0.56. nmax(Golden Gate)/cm�1: 1638 (C]O), 1581
(Ar). dH (400 MHz: CDCl3): 4.66–4.70 (4H, m, 2�OCH2),
5.30–5.34 (2H, m, 2�CHAHB]CH), 5.42–5.48 (2H,
2�CHAHB]CH), 6.04–6.15 (2H, m, 2�CHAHB]CH),
6.95 (1H, dd, J 0.9 and 8.5 Hz, H-5), 7.62 (1H, dd 2.0 and
4.3 Hz, H-2), 7.74 (1H, ddd 2.0, 4.1 and 8.5 Hz, H-6). dC

(100 MHz: CDCl3): 69.63 (CH2), 69.84 (CH2), 112.34
(CH, d, J 5.6 Hz), 114.86 (CH, d, J 3.2 Hz), 118.08 (CH2),
118.18 (CH2), 121.72 (C, d, J 74.8 Hz, C-1), 124.63 (CH,
d, J 2.6 Hz), 132.53 (CH), 132.85 (CH), 147.90 (C, d,
J 5.3 Hz), 153.22 (C), 171.89 (13C-label). m/z (EI): 235
(M+�, 78%), 194 (M+�-�C3H5, 32), 41 (+C3H5, 100%).
HRMS: 235.0926, 12C12

13CH14O4 requires 235.0926.

4.10. 1-[20-(300,400-Dialloxy[carbonyl-13C]benzoyloxy)-40,
60-dibenzyloxyphenol]-2-(2000,3000,4000,6000-tetra-O-benzyl-
b-D-glucopyranosyloxy)ethanone 18

EDCI (0.76 g, 4.0 mmol, 1.6 equiv) was added to a solution
of the labelled benzoic acid 17 (0.64 g, 2.7 mmol, 1.1 equiv),
phenol 14 (2.19 g, 2.47 mmol, 1 equiv) and DMAP (0.30 g,
2.5 mmol, 1 equiv) in dry DCM (25 mL) under an atmo-
sphere of nitrogen. The solution was stirred for 24 h at rt,
then diluted with DCM (100 mL) and washed with water
(2�100 mL) and brine (2�100 mL), dried over MgSO4

and concentrated to give the crude ester as an oil. Flash col-
umn chromatography (silica) eluting with hexane–EtOAc
(4:1) gave labelled ester 18 as yellow oil (1.81 g, 66%). Rf

[silica, pet. ether–EtOAc (4:1)] 0.52. nmax(Golden Gate)/
cm�1: 1688 (C]O), 1607 cm�1 (Ar). dH (400 MHz:
CDCl3): 3.18 (1H, dt, J 2.4 and 9.6 Hz, H-5000), 3.40–3.63
(5H, m, H-2000, 3000, 4000, and 6000), 4.30 (1H, d, J 7.4 Hz,
H-1000), 4.44 (1H, d, J 12.2 Hz, OCH2Ph), 4.49 (1H, d, J
10.9 Hz, OCH2Ph), 4.52–4.59 (6H, m, 2�OCH2CHCH2,
2�OCHHPh), 4.66 (1H, d, J 17.0 Hz, OCH2CO), 4.70 (1H,
d, J 11.0 Hz, OCH2Ph), 4.78 (1H, d, J 10.8 Hz, OCH2Ph),
4.81 (1H, d, J 17.2 Hz, OCH2CO), 4.88 (1H, d, J 10.9 Hz,
OCH2Ph), 4.93 (1H, d, J 11.1 Hz, OCH2Ph), 4.97 (2H, s,
OCH2Ph), 5.02 (2H, s OCH2Ph), 5.24–5.30 (2H, m,
2�CHAHB]CH), 5.38–5.42 (2H, m, 2�CHAHB]CH),
6.00–6.09 (2H, m, 2�CHAHB]CH), 6.46 (1H, d, J 2.2 Hz,
H-50), 6.53 (1H, d, J 2.1 Hz, H-30), 6.82 (1H, dd, J 1.0 and
8.6 Hz, H-500), 7.13–7.40 (30 H, m, ArH), 7.61 (1H, dd, J
2.0 and 4.4 Hz, H-200), 7.74 (1H, ddd, J 2.0, 4.2 and 8.5 Hz,
H-600). dC (100 MHz: CDCl3): 68.64 (CH2), 69.52 (CH2),
69.72 (CH2), 70.40 (CH2), 70.99 (CH2), 73.37 (CH2), 74.25
(CH2), 74.38 (CH2), 74.74 (CH), 74.86 (CH2), 75.58
(CH2), 77.51 (CH), 81.84 (CH), 84.42 (CH), 98.20 (CH),
101.75 (CH), 103.40 (CH), 112.42 (CH, d, J 5.7 Hz, C-500),
114.84 (CH, d, J 3.1 Hz, C-200), 114.91 (C), 117.95 (CH2),
118.02 (CH2), 121.39 (C, d, J 79.7 Hz, C-100), 124.71 (CH,
d, J 2.3 Hz, C-600), 127.28 (CH), 127.47 (CH), 127.48
(CH), 127.57 (CH), 127.62 (CH), 127.70 (CH), 127.83
(CH), 127.87 (CH), 128.08 (CH), 128.26 (CH), 128.29
(CH), 128.32 (CH), 128.38 (CH), 128.66 (CH), 128.71
(CH), 132.52 (CH), 132.81 (CH), 135.65 (C), 135.85 (C),
138.17 (C), 138.25 (C), 138.66 (C), 138.69 (C), 148.02 (C,
d, J 6.0 Hz, C-300), 150.66 (C, d, J 7.3 Hz, C-20), 153.13
(C), 158.41 (C), 161.64 (C), 164.48 (C]O, 13C-label),
197.16 (C]O). m/z (FAB): 1126.6 [(M+Na)+, 10%], 218
(46), 93 (100). HRMS: 1126.4438, 12C68

13CH66O13Na
requires (M+Na)+, 1126.4435.

4.11. 3-(200,300,400,600-tetra-O-Benzyl-b-D-glucopyrano-
syloxy)-7-benzyloxy-30,40,5-trihydroxy[2-13C]flavonol 19

The labelled ester 18 (1.58 g, 1.43 mmol, 1 equiv) was
stirred in toluene (20 mL) under argon. K2CO3 (0.79 g,
5.7 mmol, 4 equiv) was added followed by tetrabutylammo-
nium bromide (0.69 g, 2.2 mmol, 1.5 equiv) and the mixture
was heated at 70 �C for 23 h. After the mixture was cooled
down, toluene was evaporated in vacuo. The solid was
dissolved in DCM (100 mL) and washed with water
(2�100 mL) and brine (2�100 mL) and concentrated. The



7264 S. T. Caldwell et al. / Tetrahedron 62 (2006) 7257–7265
crude mono-deprotected labelled flavonol was dissolved in
DCM (10 mL) and the solution degassed with argon for
20 min. Pd(PPh3)4 (50 mg, 0.043 mmol, 3 mol%) and barbi-
turic acid (1.34 g, 8.58 mmol, 6 equiv) were added and the
solution was stirred for 2 h at rt under argon. After this
time, the solvent was removed in vacuo and the resulting
solid was dissolved into EtOAc (100 mL). The organic solu-
tion was washed with satd NaHCO3 (3�300 mL), dried
(MgSO4) and concentrated to give a brown/black oil.
Column chromatography (silica, hexane–EtOAc, 2:1) gave
flavonol 19 as a pale yellow oil (637 mg, 48%), Rf [SiO2,
pet. ether–EtOAc (4:1)] 0.26. nmax(Golden Gate)/cm�1:
1652 (C]O), 1593 cm�1 (C]O). dH (400 MHz: CDCl3):
3.42–3.44 (1H, m, H-500), 3.58–3.80 (5H, m, H-200, 300, 400

and 600), 4.28 (1H, d, J 12.1 Hz, OCH2Ph), 4.34 (1H, d, J
12.0 Hz, OCH2Ph), 4.50 (1H, d, J 10.9 Hz, OCH2Ph), 4.75
(1H, d, J 12.5 Hz, OCH2Ph), 4.78 (1H, d, J 11.1 Hz,
OCH2Ph), 4.79 (1H, d, J 10.9 Hz, OCH2Ph), 4.96 (1H, d,
J 11.1 Hz, OCH2Ph), 5.06 (1H, d, J 13.1 Hz, OCH2Ph),
5.08 (2H, s, OCH2Ph), 5.58 (1H, d, J 7.0 Hz, H-100), 6.41
(1H, d, J 2.0 Hz, H-6 or H-8), 6.45 (1H, d, J 2.0 Hz, H-6
or H-8), 6.84 (1H, d, J 8.5 Hz, H-50), 7.10–7.42 (25H, m,
Ar-H), 7.52 (1H, ddd, J 8.5, 3.8, and 2.0 Hz, H-60), 7.91
(1H, dd, J 2.0 and 3.8 Hz, H-20), 12.51 (1H, s, OH). m/z
(FAB): 916.7 [(M+H)+, 3%]. 808.6 [(M+H)+�HOCH2Ph,
1], 393.3 [(M+H)+�C34H35O5, 4], 364.3 [(M+H)+-
C35H36O6, 3], 91.5 (+C7H7, 100). HRMS: 938.3224,
12C55

13CH50O12Na requires (M+Na)+, 938.3234.

4.12. 2-Benzoyloxy-4,6-dibenzyloxyacetophenone 20

Benzoyl chloride (4.00 mL, 34.9 mmol, 2.4 equiv) was added
to a solution of acetophenone 11 in pyridine (20 mL). The
solution was stirred at rt under an atmosphere of nitrogen
overnight. The solution was then extracted into EtOAc and
washed with 1 M HCl (3�250 mL), dried over magnesium
sulfate and concentrated under vacuum. The resulting solid
was then recrystallised from Et2O–hexane (1:1) to give ester
20 as an amorphous solid (4.45 g, 72%), mp 105–106 �C. Rf

[silica, EtOAc–hexane (7:3)] 0.67. nmax(nujol)/cm�1: 1730
(C]O of ester), 1693 (C]O). dH (400 MHz: CDCl3): 2.47
(3H, s, CH3), 5.03 (2H, s, ArOCH2), 5.08 (2H, s, ArOCH2),
6.48 (1H, d, J 2.2 Hz, H-5), 6.54 (1H, d, J 2.2 Hz, H-3),
7.24–7.39 (10H, m, Ar-H), 7.47–7.51 (2H, m, H-30,50),
7.60–7.64 (1H, m, H-40), 8.13–8.15 (2H, m, H-20,60). dC

(100 MHz: CDCl3): 32.03 (CH3), 70.43 (CH2), 70.94
(CH2), 98.52 (CH), 101.38 (CH), 117.90 (C), 127.42
(CH),127.59 (CH), 128.24 (CH), 128.30 (CH), 128.54
(CH), 128.68 (CH), 129.147 (C), 130.26 (CH), 133.63
(CH), 135.79 (C), 135.93 (C), 149.72 (C), 158.17 (C),
158.21 (C), 165.00 (C), 199.21 (C). m/z (EI): 452 (M+�,
5%), 347 (10), 91 (100). HRMS: 452.1623. C29H24O5 re-
quires M+, 452.1624. Microanalysis: C, 76.84; H, 5.41%.
C29H24O5 requires C 76.98, H 5.35%.

4.13. 7-Benzyloxy-5-hydroxyflavone 21

tert-Butylimino-tri(pyrrolidino)phosphorane29 (0.57 mL,
1.9 mmol, 4.0 equiv) was added to a solution of ester 20 in
dry 1,4-dioxane (2 mL). The reaction mixture was heated
at 100 �C under N2 for 24 h. After cooling, the reaction
mixture was extracted into EtOAc (50 mL) and washed
with H2O (3�200 mL). The organic layer was dried over
magnesium sulfate and concentrated under vacuum. The
crude product was recrystallised from iPrOH to give flavone
21 as an amorphous solid (92 mg, 61%), mp 177–178 �C. Rf

(silica, Et2O) 0.76. dH (400 MHz: CDCl3): 5.05 (2H, s,
OCH2), 6.36 (1H, d, J 2.2 Hz, H-6), 6.48 (1H, d, J 2.2 Hz,
H-8), 6.57 (1H, s, H-3), 7.25–7.49 (8H, m, Ar-H), 7.77–
7.80 (2H, m, H-2,60), 12.65 (1H, broad s, OH). dC

(100 MHz: CDCl3): 70.39 (CH2), 93.45 (CH), 98.90 (CH),
105.81 (CH), 126. 23 (CH), 127.45 (CH), 128. 34 (CH),
128.71 (CH), 129.03 (CH), 131.20 (C), 131.81 (CH),
135.68 (C), 157.68 (C), 162.12 (C), 163. 95 (C), 164.59
(C), 182.41 (C), m/z (EI): 344 (M+�, 70%), 91 (100).
HRMS: 344.1045. C22H16O4 requires M+, 344.1049. Found:
C, 76.76; H, 4.67%. C22H16O4 requires C, 76.73; H 4.68%.
Literature NMR spectroscopy data which was run in DMSO-
d6 is in close agreement.39

4.14. 1-(40,60-Dibenzyloxy-20-hydroxyphenyl)-3-hydroxy-
3-phenylpropenone 27

Diethylene glycol (50 mL) was added slowly to a stirring
mixture of flavone 10 (12.64 g, 29.0 mmol) in pyridine
(50 mL) and 18 M KOH (50 mL). The solution was heated
at 100 �C for 2 h. After cooling, the solution was acidified
to pH 1 with 1 M HCl and extracted into EtOAc (2�
300mL). The organics were washed with H2O (3�
400 mL) and 1M HCl (2�400 mL). The EtOAc layer was
dried over magnesium sulfate and concentrated under vac-
uum. The resulting solid was recrystallised from MeOH to
give dibenzoylmethane 27 as yellow needles (3.91 g,
39%), mp 131–133 �C.). Rf [silica, EtOAc–hexane (7:3)]
0.73. nmax(nujol)/cm�1: 3170 (OH), 1610 (C]O), 1571
(C]C). dH (400 MHz: CDCl3): Keto-enol form: 5.01 (2H,
s, OCH2), 5.07 (2H, s, OCH2), 6.18 (1H, d, J 2.3 Hz,
H-30), 6.21 (1H, d, J 2.3 Hz, H-50), 7.10–7.68 (16 H, m,
Ar-H, C]CHCO), 13.68 (1H, s, Ar-OH), 15.64 (1H, s,
OH). dC (100 MHz: CDCl3): Keto-enol form: 70.18 (CH2),
71.38 (CH2), 92.54 (CH), 95.22 (CH), 97.93 (CH), 104.45
(C), 126.48 (CH), 127.64 (CH), 128.31 (CH), 128.36
(CH), 128.68 (CH), 128.72 (CH), 128.92 (CH), 129.15
(CH), 131.51 (CH), 133.90 (C), 135.60 (C), 135.86 (C),
161.07 (C), 164.52 (C), 167.36 (C), 175.76 (C), 193.43
(C). m/z (EI): 452.1 (M+�, 5%), 434.1 (40), 345.1 (5),
91.1 (100). HRMS: 452.1630. C29H24O5 requires M+,
452.1624. Microanalysis: C, 76.84; H, 5.39%. C29H24O5

requires C 76.98, H 5.35%.
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Abstract—Two strategies for the formal total synthesis of (�)-cephalotaxine, based on pyridinium salt photochemistry, are described. The
routes begin with photocyclization reaction of 1,2-cyclopenta-fused pyridinium perchlorate. This process efficiently and regioselectively pro-
duces a tricyclic aziridine, which undergoes sequential aziridine ring opening and enzymatic desymmetrization to generate enantio-enriched
intermediates that contain the spirocyclic D,E-ring system found in cephalotaxine. These substances serve as precursors to late stage key
intermediates used by Mori, Tietze, and Yoshida in earlier syntheses of (�)-cephalotaxine.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

(�)-Cephalotaxine is the parent member of the harringto-
nine alkaloid family. These natural products occur in about
eight known species of the genus Cephalotaxus, evergreen
plum yews that are indigenous to Southeast Asia.1

(�)-Cephalotaxine was isolated from yew plants by Paudler
and his co-workers in 19632 and its structure was determined
in 1969.3 This natural product has become an interesting
synthetic target,4a–q not only because of its unique penta-
cyclic ring skeleton, containing a 1-azaspiro[4.4]-nonane
moiety fused to a benzazepine system, but also as a result
of the observed antileukemic and antitumor activities of
several of its C-3 2-alkylhydroxysuccinate derivatives,
including harringtonine 2, deoxyharringtonine 3, homo-
harringtonine 4, and isoharringtonine 5 (Scheme 1).5 The
cancer chemotherapeutic effectiveness of homoharring-
tonine 4 has been evaluated in phase II–III clinical trials,6

and this substance has been investigated in the treatment
of chloroquine-resistant malaria.7

Extensive studies have been carried out in our laboratory
to both develop and demonstrate the preparative utility of
pyridinium salt photochemistry in sequences targeted at a
variety of biomedically interesting natural and nonnatural
products.8 Recently, we reported the results of an

Keywords: Pyridinium salt photochemistry; (�)-Cephalotaxine formal
synthesis.
* Corresponding author. Tel.: +1 505 277 6390; fax: +1 505 277 6202;

e-mail: mariano@unm.edu
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.05.045
exploratory study of the photochemistry of a 1,2-cyclo-
penta-fused pyridinium perchlorate 6 (Scheme 2).9 Specifi-
cally, we observed that irradiation of a basic aqueous
solution of this substance promotes a remarkably regioselec-
tive photocyclization reaction that results in efficient forma-
tion of a single tricyclic-allylic alcohol 8. The degree of
structural, functional, and stereochemical complexity intro-
duced in this ‘green’ chemical process is remarkable. More-
over, transformation of 8 to the corresponding spirocyclic
amido diester 9 by acid promoted, regiocontrolled aziridine
ring opening followed by enzymatic desymmetrization was
used to produce the enantiomerically pure monoalcohol 10
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CO
HO

COOMe
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harringtonine (2)
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HO

COOMe
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R=
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HO
H
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Scheme 1.
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(Scheme 2) that contains a structurally interesting [4.4]-
spirocyclic framework.

N+ hv
aq. KOH

NH

+

6 7

5 3

NH

5 3

H2O

OH
8

1. HOAc
2. Ac2O, Pyr.

NAc
AcO OAc

EEACE NAc
AcO OH

9 10

Scheme 2.

The unique structural and stereochemical features of spiro-
cyclic amide 10 along with the efficiency of its construction
should make this substance and its relatives ideal synthons in
routes for the preparation of a number of natural product
targets. The aim of the effort described below was to demon-
strate how the photochemistry of 1,2-cyclopenta-fused pyri-
dinium perchlorate 6 can be readily adapted to routes that
rapidly generate two key intermediates in the syntheses of
(�)-cephalotaxine.

2. Results and discussion

2.1. Retrosynthetic analyses

Two retrosynthetic plans for formal total syntheses of
(�)-cephalotaxine, designed on the basis of pyridinium
salt photochemistry, are outlined in Scheme 3. A key inter-
mediate in both sequences is pentacyclic alkene 11, a sub-
stance used by Mori and Isono in the first nonracemic total
synthesis of this natural product.4i We envisaged that in
one approach 11 would be derive from the known spirocyclic
amido-allylic alcohol 12, which has already been converted
to 11 in the seminal synthesis of (�)-cephalotaxine reported
by Mori and Isono.4i We assumed that 12 would be easily
prepared from an aminomonoalcohol 14, formed by an
enzymatic hydrolytic desymmetrization process10 on
a meso-diester derived by application of the pyridinium
salt photocyclization/aziridine ring opening sequence
(Scheme 2).

In more recent approaches to the synthesis (�)-cephalo-
taxine, Tietze4j and Yoshida4l have utilized Heck coupling
reactions of haloarylethyl tethered spirocyclic intermediates
O

O
N

H

(-)-cephalotaxine

Mori's Intermediate (11)

Yoshida Tietze Intermediate (13)

Mori Intermediate (12)

N
HO

MeO

MeO

N

X

NP
OHAcO

14

NClO4

6

O

O

Scheme 3.
13 to form the late stage intermediate 11 in Mori’s synthesis
of (�)-cephalotaxine. We visualized that these synthons
would arise by appropriate manipulation of the monoalcohol
14.

2.2. One formal total synthesis of (L)-cephalotaxine

The sequence developed for formal total synthesis of
(�)-cephalotaxine that targets construction of the Mori spi-
rocyclic allylic alcohol 12 is initiated by the known photo-
cyclization reaction of the the cyclopenta-fused pyridinium
salt 6 (Scheme 4). Irradiation of an aqueous basic solution of
this substance gives tricyclic aziridine 8, which is directly
transformed to N-Boc-protected spirocyclic monoalcohol
15 by treatment with acetic acid, to promote regioselective
aziridine ring opening, followed by protection of the liber-
ated secondary amine through the action of Boc2O and
Et3N. This three-step sequence serves as an exceptionally
convenient method to access the racemic structurally and
functionally complex intermediate 15 in a 50% overall yield.
Acetylation of 15 with Ac2O and pyridine followed by de-
protection of the Boc group with TFAyields the meso amino-
diester 16 (81%, two steps). Importantly, this diester serves
as an active substrate for EEACE9 catalyzed hydrolysis
(pH¼6.9, 0.5 M NaH2PO4) that affords a modestly unstable
aminomonoalcohol intermediate 18, which without purifica-
tion is reacted with (3,4-dimethoxyphenyl)acetyl chloride
(17) to furnish amidomonoalcohol 19 in a 80% two-step
yield. The enantiomeric purity of 18 is determined by its
conversion to an N-Boc derivative followed by reaction

N+ hv
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NH

OH
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AcO OH

1. HOAc
2. Boc2O

50%, 3 steps

ClO4

6 8 15

NH
AcO OAc
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2. 17
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with both (R)- and (S)-Mosher acetyl chloride and 1H NMR
analysis of the derived esters.11 The % ee determined in this
manner are in the range of 80–90% ee depending on the
time/percent conversion of the enzymatic reaction.

The transformation of spirocyclic monoalcohol 19 to the
Mori intermediate 11, on first thought seemed simple since
all that is required is reductive removal of the unblocked
hydroxyl group. Among a number of radical reduction ap-
proaches explored for this purpose (e.g., O-phenoxythio-
carbonate reduction), Barton12 type oxalate reduction was
superior. Accordingly, treatment of 19 with methyl(chloro-
carbonyl)formate followed by free radical reduction of the
intermediate mixed oxalate ester by using AIBN/n-Bu3SnH
in refluxing toluene leads to the generation of the desired de-
hydroxylated product 20 in a 10% yield along with the rear-
ranged homoallylic alcohol 21 as the major product (65%).
As expected, treatment of 20 with lithium aluminum hydride
gives 12 (95%) (Scheme 5), which has physical and spectro-
scopic properties that match those reported by Mori and
Isono.4i In addition, 21 is also transformed to Mori inter-
mediate through a fivestep sequence (55% overall yield)
involving alcohol liberation and oxidation, a,b-unsaturated
enone formation, and reduction, and amide reduction
(Scheme 5).

N
AcO OH

MeO

MeO

19

O

1. MeOCOCOCl
2. AIBN, n-Bu3SnH

N
AcO

MeO

MeO

O

N
AcO

MeO

MeO

O

+

20 (10%) 21 (65%)

LiAlH4

N
HO

MeO

MeO

1. NaOMe
2. Swern
3. DBU
4. Al(iPrO)3, iPrOH
5. LiAlH4
(56%, 5 steps)

12

Scheme 5.

2.3. Another formal total synthesis of (L)-cephalotaxine

The second approach developed for the synthesis of
(�)-cephalotaxine links with the iodoarylethyl spirocyclic
alkene 13, which served as a key intermediate in Yoshida
and his co-workers’ synthesis of this target. The sequence
begins with monoalcohol 109 (Scheme 6), a substance we
prepared earlier in nonracemic form by using a sequential-
photocyclization/aziridine ring opening/enzymatic desym-
metrization sequence (Scheme 2). Free radical reduction
(AIBN, n-Bu3SnH, toluene, reflux) of the mixed oxalate
arising by treatment of 10 with methyl(chlorocarbonyl)for-
mate gives the homoallylic ester 22 (90%). Hydrogenation of
22 with 10% Pd/C in ethanol generates the saturated amide,
which upon reaction in refluxing 6 N HCl affords the HCl
salt of spirocyclic aminoalcohol 23. Without purification,
this substance is reacted with the iodoarylethyl 4-nitrobenz-
enesulfonate 244i to generate the spirocyclic aminoalcohol
25. A brief exploration for optimal conditions resulted in
an optimized 40% yield for the three-step sequence. In order
to complete the synthesis of Yoshida spirocyclic alkene 13
all that is needed was dehydration of aminoalcohol 25. How-
ever, we found that this was a difficult task when we
observed that several typical time-tested methods (POCl3/
Py, Burgess salts, CS2/MeI, and MeOCOCOCl/Pyr) failed
to give satisfactory results.

N
AcO OH

Ac 1. MeOCOCOCl
2. AIBN, n-Bu3SnH

   (85%, 2 steps)

N
AcO

Ac 1. H2, Pd/C

2. 6N HCl

N
HO

H 24 N
HO

O

O I

CH2CH2ONsO

O I

(40%, 3 steps)

10 22

23 25

Scheme 6.

As a result of low yields of the N-alkylation reaction of spi-
rocyclic amine 23 and dehydration reaction of alcohol 25,
the synthetic plan was modified by employing the amido-
alcohol 27 as an intermediate (Scheme 7). As anticipated,
23 derived by successive hydrogenation of 22 and amide hy-
drolysis, reacts with iodoarylacetyl chloride 26 to give spiro-
cyclic amidoalcohol 27 in a dramatically improved 80%
three-step yield. Formation of the tosylate derivative 28 by
reaction of 27 with p-TsCl and pyridine (85%) is followed
by smooth DBU13 catalyzed elimination to afford the unsat-
urated amide 29 in an 80% yield. Finally, low temperature
(�40 �C) aluminum hydride reduction14 of 29 (60%) gives
13, the late stage intermediate in Yoshida’s formal synthesis
of (�)-cephalotaxine along with about 20% of a product (13,
X¼H) missing the iodide group. Importantly, the physical
and spectroscopic properties of 13, prepared by the current
methodology, match those reported by Yoshida and his
co-workers.4l
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3. Conclusions

The results described above add further to the growing body
of observations that suggest that pyridinium salt photo-
chemistry can serve as an important methodology in syn-
thetic organic chemistry. Despite the well recognized
limitations (e.g., scale up) of photochemical reactions, the
ability to construct structurally, stereochemically, and func-
tionally complex substances by irradiation of pyridinium
salts stands as a unique feature of this chemistry that is
unmatched by any ground state processes. As with all inter-
esting excited state reactions of organic compounds, this
environmentally friendly process will become an important
component of the synthetic arsenal, especially if/when the
cost of photon production becomes low.

4. Experimental

4.1. General

All reactions were run under a nitrogen atmosphere. Unless
otherwise noted, all reagents were obtained from commer-
cial sources and used without further purification. All com-
pounds were isolated as oils and shown to be >90% pure
by 1H NMR/or 13C NMR, unless otherwise noted. 1H
NMR and 13C NMR spectra were recorded on CDCl3 solu-
tion unless otherwise specified and chemical shifts are
reported in parts per million (ppm) relative to residual
CHCl3 at 7.24 ppm (for 1H NMR at 250 or 500 MHz) and
77.0 ppm (for 13C NMR at 62.9 MHz). 13C NMR resonance
assignments were aided by the use of DEPT technique to
determine the number of attached hydrogens.

4.1.1. N-Boc-1-acetoxy-6-azaspiro[4.4]non-2-en-4-ol
(15). A solution of fused pyridinium salt 6 (2.14 g,
0.01 mol) in water (500 mL) containing KOH (0.60 g,
0.01 mol) was irradiated in a circular reactor with light emit-
ted from 2537 Å lamps for 24 h (70% conversion). Concen-
tration of the photolysate in vacuo provided a residue, which
was triturated with chloroform. Concentration of the tri-
turate in vacuo to yield the known9 bicyclic alcohol 8, which
was used without purification in the next step.

A solution of 8 in CH2Cl2 (100 mL) and HOAc (5 mL) was
stirred at room temperature for 12 h. Triethylamine (7 mL)
and di-tert-butyl dicarbonate (3.4 g, 15.6 mmol) were then
added and then the mixture was stirred for 12 h at room tem-
perature, diluted sequentially with 5% aq KHSO4 (10 mL)
and CHCl3 (200 mL), washed sequentially with 5% aq
KHSO4 and satd aq NaHCO3, dried, and concentrated
in vacuo to give a residue, which was subjected to column
chromatography (silica gel, 30% acetone/hexane) to provide
15 (1.04 g, 50%, three steps). 1H NMR (1:1 mixture of two
rotamers) 1.45 (s, 9H), 1.46 (s, 9H), 1.60–1.65 (m, 2H),
1.75–1.83 (m, 3H), 1.95–2.05 (m, 1H), 2.17 (s, 6H), 2.21–
2.36 (m, 2H), 3.30–3.54 (m, 5H), 3.71 (br s, 1H), 5.11 (s,
1H), 5.35 (s, 1H), 5.76 (s, 2H), 5.91 (d, J¼5.6 Hz, 2H),
6.13 (s, 1H), 6.32 (s, 1H); 13C NMR (1:1 mixture of two
rotamers) 20.2 (2), 21.9, 22.3, 26.0, 27.3, 27.6 (2), 46.9,
47.0, 75.5, 76.0, 77.6, 77.7, 77.8, 77.9, 78.9, 79.0, 129.7
(2), 135.3, 135.2, 152.7, 153.0, 169.9 (2); HRMS (ES) m/z
320.1452 (M+Na), calcd for C15H23NO5Na 320.1474.
4.1.2. 1,4-Diacetoxy-6-azaspiro[4.4]non-2-ene (16). A
solution of Boc-protected amidomonoalcohol 15 (3.0 g,
0.01 mol) in CH2Cl2 (100 mL), DMAP (300 mg), Ac2O
(5 mL), and pyridine (10 mL) was stirred at room tem-
perature for 12 h, poured into satd NaHCO3 solution, and
extracted with CHCl3. The chloroform extracts were dried
and concentrated in vacuo to provide the crude diacetate,
which was subjected to column chromatography (silica gel,
30% acetone/hexane) to give pure diacetate (3.1 g, 90%). 1H
NMR (1:0.8 mixture of rotamers) 1.48 (s, 16.2H), 1.65–1.74
(m, 3.6H), 2.00 (t, J¼7.0 Hz, 2H), 2.10 (s, 10.8H), 2.14
(t, J¼7.0 Hz, 1.6H), 3.31 (t, J¼7.0 Hz, 2H), 3.40
(t, J¼7.0 Hz, 1.6H), 5.89 (s, 1.6H), 5.90 (s, 2H), 6.14 (s,
1.6H), 6.34 (s, 2H); 13C NMR (1:0.8 mixture of rotamers)
20.9 (4), 22.5, 23.1, 27.7, 28.4 (2), 29.1, 47.2, 47.6, 75.3,
76.2, 78.6 (2), 79.2 (2), 79.6, 80.6, 132.3 (2), 132.4 (2),
153.0, 153.6, 170.0 (4) ; HRMS (ES) m/z 362.1535
(M+Na), calcd for C17H25NO6Na 362.1580.

A solution of the diacetate (1.5 g, 4.4 mmol) in CH2Cl2
(10 mL) and TFA (3.5 mL) was stirred overnight at room
temperature, diluted with satd aq NaHCO3, and extracted
with CHCl3. The extracts were dried and concentrated
in vacuo to provide a residue, which was subjected to column
chromatography (silica gel, 10% MeOH/ethyl acetate) to
yield 16 (0.9 g, 85%). 1H NMR 1.71–1.80 (m, 4H), 2.10
(s, 6H), 2.98 (t, J¼6.8 Hz, 2H), 5.37 (s, 2H), 6.07 (s, 2H);
13C NMR 20.8 (2), 24.8, 26.8, 45.9, 74.6, 82.1 (2), 134.0
(2), 170.2 (2); HRMS (ES) m/z 240.1233 (M+1), calcd for
C12H18NO4 240.1236.

4.1.3. (1S,4R,5S)-N-(3,4-Dimethoxyphenylacetyl)-1-ace-
toxy-6-azaspiro[4.4]non-2-en-4-ol (19). A solution of
50 mg of sodium azide, 500 units of lypholized electric eel
acetyl cholinesterase (EEACE) and amine-diacetate 16
(4.0 g, 16.7 mmol) in 100 mL of 0.58 M sodium dihydrogen
phosphate buffer (pH¼6.9) at room temperature was gently
stirred for 0.5–1 h and extracted with CHCl3. The extracts
were dried and concentrated in vacuo to yield the recovered
16 (3.0 g). The aqueous layer was concentrated in vacuo to
provide a residue, which was dissolved in methanol and fil-
tered. The filtrate was concentrated in vacuo to yield the
monoalcohol 18, which was used without further purification
in the next step. 1H NMR (D2O) 1.96–2.06 (m, 3H), 2.26 (s,
3H), 2.18–2.21 (m, 1H), 3.32 (t, J¼6.5 Hz, 2H), 4.58 (s, 1H),
5.56 (s, 1H), 6.13 (d, J¼6.0 Hz, 1H), 6.28 (d, J¼5.5 Hz, 1H);
13C NMR (D2O) 20.1, 21.9, 25.1, 45.0, 76.5, 77.5, 78.9,
130.9, 136.9, 173.1; HRMS (ES) m/z 198.1127 (M+1), calcd
for C10H16NO3 198.1130. The % ee of the monoalcohol
(80–90%, depending on reaction time) was determined by
conversion to the N-Boc derivative, followed by reaction
with (R)- and (S)-Mosher acetyl chloride.

To a solution of the crude monoalcohol in CH3CN (30 mL)
at �40 �C were added sequentially Et3N (2 mL) and a solu-
tion of 3,4-dimethoxyphenylacetyl chloride (17) (0.7 g,
3.24 mmol) in CH3CN (10 mL). The mixture was stirred at
�40 �C for 70 min, diluted with water, and extracted with
CHCl3. The extracts were dried and concentrated in vacuo
to yield a residue, which was subjected to column chromato-
graphy (silica gel, 33% acetone/hexane) to provide 19
(0.94 g, 80%); [a]D

23 +7.4 (c 0.41, CHCl3). 1H NMR 1.70–
1.81 (m, 1H), 1.85–1.92 (m, 2H), 2.07 (s, 3H), 2.17–2.22
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(m, 1H), 3.40–3.44 (m, 1H), 3.47–3.52 (m, 1H), 3.56 and
3.61 (abq, J¼15.0 Hz, 2H), 3.86 (s, 3H), 3.87 (s, 3H), 5.48
(d, J¼1.0 Hz, 1H), 5.79 (d, J¼6.0 Hz, 1H), 5.91 (dd,
J¼2.0, 6.3 Hz, 1H), 6.42 (d, J¼1.5 Hz, 1H), 6.77 (d,
J¼8.0 Hz, 1H), 6.80 (d, J¼8.0 Hz, 1H), 6.82 (s, 1H); 13C
NMR 20.9, 23.7, 26.5, 42.7, 48.5, 55.8 (2), 76.2, 78.5,
79.2, 111.1, 112.2, 121.1, 127.1, 130.6, 136.2, 147.7,
148.9, 170.3 (2); HRMS (ES) m/z 376.1757 (M+1), calcd
for C20H26NO6 376.1760.

4.1.4. (1S,5S)-N-(3,4-Dimethoxyphenylacetyl)-1-acetoxy-
6-azaspiro[4.4]non-2-ene (20) and (4S,5S)-N-(3,4-di-
methoxyphenylacetyl)-5-acetoxy-6-azaspiro[4.4]non-1-
ene (21). To a solution of monoalcohol 19 (1.1 g, 2.9 mmol)
in CH2Cl2 (30 mL) containing DMAP (1.1 g, 9.0 mmol) at
0 �C, was added methyl chlorooxoacetate (0.7 mL). The
mixture was stirred at room temperature for 4 h, diluted
with CHCl3 and water, and separated. The CHCl3 layer
was washed with aq NH4Cl, dried, and concentrated in vacuo
to afford the mixed oxalate ester, which was used without
further purification in the next step. 1H NMR 1.74–1.86
(m, 2H), 2.05 (t, J¼6.8 Hz, 2H), 2.09 (s, 3H), 3.42 (dd,
J¼2.0, 6.5 Hz, 2H), 3.63 (s, 2H), 3.86 (s, 3H), 3.88 (s,
3H), 3.91 (s, 3H), 5.96 (dd, J¼6.0, 12.3 Hz, 2H), 6.45 (s,
1H), 6.58 (s, 1H), 6.78 (d, J¼8.0 Hz, 1H), 6.81 (s, 1H),
6.82 (d, J¼8.0 Hz, 1H); 13C NMR 20.8, 23.7, 27.4, 42.5,
47.8, 53.5, 55.7 (2), 77.4, 78.0, 81.5, 111.1, 112.1, 121.2,
126.9, 130.8, 133.8, 147.7, 148.9, 156.9, 157.9, 169.9,
170.5; HRMS (ES) m/z 462.1765 (M+1), calcd for
C23H28NO9 462.1764.

To a solution of the crude oxalate in toluene (10 mL) were
added AIBN (0.3 g, 1.8 mmol) and n-Bu3SnH (3 mL,
11.3 mmol). The mixture was stirred at 100 �C for 2 h,
cooled to room temperature, diluted with CHCl3, washed
with satd aq NaHCO3, dried, and concentrated in vacuum
to afford a residue, which was subjected to column chroma-
tography (silica gel, 30% acetone/hexane) to afford 20
(0.11 g, 10%), 21 (0.68 g, 65%), and recovered starting
material 19 (0.3 g).

Compound 20: [a]D
23 +90.2 (c 0.1, CHCl3); 1H NMR 1.62 (dt,

J¼6.0, 13.0 Hz, 1H), 1.78 (dt, J¼7.0, 13.0 Hz, 2H), 2.20 (s,
3H), 2.22 (ddd, J¼7.5, 5.5, 4.5 Hz, 2H), 3.27 (dd, J¼1.5,
16.3 Hz, 1H), 3.42 (abq, J¼7.5 Hz, 1H), 3.51 (abq,
J¼6.0 Hz, 1H), 3.59 (abq, J¼15.0 Hz, 2H), 3.86 (s, 3H),
3.87 (s, 3H), 5.66 (dd, J¼1.5, 6.0 Hz, 1H), 5.95 (dd, J¼2.0,
6.5 Hz, 1H), 6.49 (s, 1H), 6.77 (d, J¼9.5 Hz, 1H), 6.80 (s,
1H), 6.82 (d, J¼9.5 Hz, 1H); 13C NMR 21.1, 23.7, 35.2,
42.8, 44.0, 48.3, 55.8, 72.7, 81.9, 111.1, 111.9, 121.1,
127.3, 129.2, 133.2, 147.7, 148.9, 169.6, 170.5; HRMS
(ES) m/z 360.1823 (M+1), calcd for C20H26NO5 360.1811.

Compound 21: [a]D
23 +94.9 (c 0.28, CHCl3); 1H NMR 1.61–

1.65 (m, 1H), 1.81 (abq, J¼7.5 Hz, 2H), 2.06 (s, 3H), 2.21–
2.27 (m, 2H), 3.10 (dd, J¼8.0, 17.0 Hz, 1H), 3.44–3.47 (m,
1H), 3.50–3.57 (m, 1H), 3.57 (abq, J¼15.0 Hz, 2H), 3.85
(s, 3H), 3.87 (s, 3H), 5.52 (d, J¼4.0 Hz, 1H), 5.75–5.77
(m, 1H), 5.88–5.90 (m, 1H), 6.76 (d, J¼8.5 Hz, 1H), 6.80
(s, 1H), 6.81 (d, J¼8.5 Hz, 1H); 13C NMR 21.1, 23.7, 32.8,
38.1, 42.9, 48.1, 55.8, 76.7, 77.6, 111.1, 111.9, 121.1,
127.3, 128.1, 134.1, 147.7, 148.9, 169.6, 170.4; HRMS
(ES) m/z (M+1), 360.1810 calcd for C20H26NO5 360.1811.
4.1.5. (1S,5S)-N-[2-(3,4-Dimethoxyphenylethyl)]-6-aza-
spiro[4.4]non-2-en-1-ol (12) from 20. To a solution of 20
(0.10 g, 0.3 mmol) in THF (10 mL) was added LiAlH4

(1 mL, 1 M solution, 1 mmol). The mixture was stirred at
reflux for 3 h, cooled, sequentially diluted by addition of
a solution of 0.5 mL water in 10 mL THF followed by
0.6 mL 10% aq NaOH, and filtered. The filtrate was concen-
trated in vacuo to afford a residue, which was subjected to
column chromatography (silica gel, 10% CHCl3/MeOH) to
afford 12 (0.09 g, 95%), [a]D

23 +44.4 (c 0.03, CHCl3) [lit.4i

86.4 (c 1.02, CHCl3)] whose spectroscopic properties
matched with those previously reported.4i 1H NMR 1.56–
1.61 (m, 1H), 1.80–1.86 (m, 2H), 2.02 (d, J¼17.0 Hz, 1H),
2.23 (ddd, J¼8.0, 12.0, 12.0 Hz, 1H), 2.39 (d, J¼17.0 Hz,
1H), 2.40–2.45 (m, 1H), 2.64–2.74 (m, 4H), 3.11 (dd,
J¼3.5, 9.0 Hz, 1H), 3.83 (s, 3H), 3.84 (s, 3H), 4.63 (s,
1H), 5.70 (dd, J¼2.0, 6.0 Hz, 1H), 5.82 (d, J¼5.5 Hz, 1H),
6.70 (s, 1H), 6.71 (d, J¼8.0 Hz, 1H), 6.75 (d, J¼8.0 Hz,
1H); 13C NMR 20.7, 32.4, 35.4, 36.5, 51.4, 51.8, 55.8,
55.8, 75.3, 78.0, 111.1, 112.0, 120.4, 132.2, 132.9, 133.0,
147.3, 148.7; HRMS (ES) m/z 304.1906 (M+1), calcd for
C18H26NO3 304.1913.

4.1.6. Spirocyclic cyclopentenol 12 from 21. A solution of
21 (0.36 g, 1.0 mmol) and NaOMe (0.10 g, 19 mmol) in
MeOH (10 mL) was stirred at room temperature for 2 h,
diluted with water and extracted with CHCl3, The extracts
were washed with satd aq NaCl, dried and concentrated in
vacuo to yield the crude homoallylic alcohol (0.32 g).
[a]D

23 +99.4 (c 0.264, CHCl3); 1H NMR 1.68–1.72 (m, 1H),
1.78–1.81 (m, 1H), 1.91–2.17 (m, 2H), 2.53 (dd, J¼2.0,
19.3 Hz, 1H), 2.73 (dd, J¼5.5, 20.5 Hz, 1H), 3.53 (abq,
J¼7.5 Hz, 1H), 3.64 (abq, J¼18.0 Hz, 2H), 3.86 (s, 6H),
3.96–3.99 (m, 1H), 4.4 (d, J¼11.5 Hz, 1H), 5.60 (d,
J¼6.0 Hz, 1H), 5.82 (d, J¼5.5 Hz, 1H), 6.78 (d, J¼8.5 Hz,
1H), 6.81 (s, 1H), 6.81 (d, J¼8.0 Hz, 1H); 13C NMR 23.0,
36.6, 41.8, 42.4, 49.0, 55.7 (2), 77.8, 79.3, 111.1, 111.8,
121.0, 126.7, 128.0, 133.2, 147.8, 148.9, 173.1; HRMS
(ES) m/z 318.1702 (M+1), calcd for C18H24NO4 318.1705.

To a solution of oxalyl chloride (1 mL, 2 M solution,
2 mmol) and DMSO (0.31 g, 4 mmol) in CH2Cl2 (15 mL)
at �78 �C was added a solution of the crude homoallylic
alcohol (0.32 g, 1 mmol) in CH2Cl2 (20 mL) slowly. The
mixture was stirred at �78 �C for 2 h, and diluted with
Et3N (5 mL). After stirring for 1 h, the mixture was diluted
with satd aq NH4Cl, and extracted with CHCl3. The extracts
were washed with satd aq NaCl, dried, and concentrated
in vacuo to afford the crude unsaturated enone, which was
used without purification in the next step. 1H NMR 1.75–
1.78 (m, 1H), 1.95–2.05 (m, 3H), 2.74 and 3.28 (abq,
J¼23.0 Hz, 2H), 3.51–3.52 (m, 2H), 3.53 (abq, J¼7.0 Hz,
2H), 3.81 (s, 3H), 3.85 (s, 3H), 5.85 (dt, J¼2.0, 7.0 Hz,
1H), 6.23 (dt, J¼2.0, 7.0 Hz, 1H), 6.68 (d, J¼7.5 Hz, 1H),
6.69 (s, 1H), 6.76 (d, J¼7.5 Hz, 1H); 13C NMR 24.6, 35.7,
41.0, 41.4, 48.1, 55.8 (2), 71.8, 111.2, 111.6, 120.9, 126.6,
129.8, 132.5, 147.8, 149.0, 168.9, 213.6; HRMS (ES) m/z
316.1553 (M+1), calcd for C18H22NO4 316.1549.

A solution of the crude nonconjugated enone and DBU
(2.5 mL) in CH3CN (10 mL) was stirred at room tempera-
ture for 12 h, diluted with satd aq NaHCO3, and extracted
with CHCl3. The extracts were dried and concentrated
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in vacuo to yield a residue, which was subjected to column
chromatography (silica gel, 1:1 acetone/hexane) to give
the crude conjugated enone as a colorless oil (0.19 g, 60%,
three steps). [a]D

23 �27.4 (c 0.13, CHCl3); 1H NMR 1.74–
1.76 (m, 1H), 1.97–2.00 (m, 2H), 2.08–2.17 (m, 1H), 2.54
and 3.13 (abq, J¼23.0 Hz, 2H), 3.50–3.53 (m, 1H), 3.55
(abq, J¼9.0 Hz, 2H), 3.59–3.65 (m, 1H), 3.85 (s, 3H), 3.90
(s, 3H), 6.27 (dt, J¼2.0, 6.0 Hz, 1H), 6.75 (d, J¼8.0 Hz,
1H), 6.80 (d, J¼8.0 Hz, 1H), 6.82 (s, 1H), 7.72 (m, 1H);
13C NMR 24.5, 38.0, 41.4, 42.1, 48.4, 55.7, 55.8, 68.4,
111.1, 111.7, 120.9, 126.7, 132.3, 147.7, 148.9, 159.2,
168.8, 206.9; HRMS (ES) m/z 316.1551 (M+1), calcd for
C18H22NO4 316.1549.

To a solution of the conjugated enone (0.15 g, 0.48 mmol) in
iPrOH (5 mL) was added Al(iPrO)3 (4.7 g, 18.3 mmol). The
solvent was removed by distillation at 80 �C and the residue
was stirred at 130 �C for 2 h, cooled, and poured into
100 mL of dilute HCl at 0 �C. The mixture was stirred for
30 min and extracted with CHCl3. The extracts were dried
and concentrated in vacuo to yield the crude allylic alcohol,
which was used without purification in the next step. 1H
NMR 1.49–1.58 (m, 1H), 1.70–1.83 (m, 1H), 1.93 (dt,
J¼6.0, 12.5 Hz, 1H), 2.04 (d, J¼6.5 Hz, 1H), 2.12 (dd,
J¼2.0, 16.0 Hz, 1H), 2.46–2.51 (m, 1H), 3.23 (dd, J¼2.0,
16.0 Hz, 1H), 3.50 (t, J¼6.8 Hz, 2H), 3.57 (abq, J¼
18.0 Hz, 2H), 3.86 (s, 3H), 3.86 (s, 3H), 5.56 (br s, 1H),
5.67 (d, J¼6.0 Hz, 1H), 5.85 (d, J¼5.5 Hz, 1H), 6.76 (d,
J¼8.0 Hz, 1H), 6.80 (d, J¼8.0 Hz, 1H), 6.82 (s, 1H); 13C
NMR 23.7, 34.1, 43.0, 43.1, 48.9, 55.8 (2), 74.4, 78.9,
111.1, 111.9, 121.0, 127.3, 131.6, 133.0, 147.7, 148.9,
169.5; HRMS (ES) m/z 318.1707 (M+1), calcd for
C18H24NO4 318.1705.

To a solution of the crude allylic alcohol (0.1 g, 0.28 mmol)
in anhydrous THF (5 mL) was added LiAlH4 (1 mL,
1 mmol). The mixture was stirred at reflux for 1 h, cooled,
diluted with ether, and then slowly diluted with a solution
of 0.5 mL water in 10 mL THF followed by 0.6 mL 10%
aq NaOH, and filtered. The filtrate was concentrated in vacuo
to afford a residue, which was subjected to column chroma-
tography (silica gel, 10% CHCl3/MeOH) to afford 12
(0.09 g, 92%).

4.1.7. (4S,5S)-N-Acetyl-4-acetoxy-6-azaspiro[4.4]non-
1-ene (22). To a solution of the known9 alcohol 10 (2.4 g,
10 mmol, 80% ee) in CH2Cl2 (50 mL) containing DMAP
(2.5 g, 20 mmol) was added methyl chlorooxoacetate
(2 mL) at 0 �C. The reaction mixture was stirred at 25 �C
for 2 h, diluted with chloroform and water, and separated.
The combined organic layers were washed with satd aq
NH4Cl, dried, and concentrated in vacuo giving the oxalate
ester, which was used without further purification.

A solution of the crude oxalate, AIBN (0.6 g, 3.6 mmol), and
n-Bu3SnH (12 mL, 45 mmol) in 20 mL toluene was stirred at
100 �C for 1 h, cooled, diluted with chloroform, and washed
with satd aq NaHCO3. The organic layer was dried and con-
centrated in vacuo to afford the residue, which was subjected
to silica gel column chromatography (30% acetone/hexane)
to afford the unsaturated amido-ester 22 [1.34 g, 85% based
on recovered 0.64 g (25%) starting material]. [a]D

22 +111.6
(c 0.7, CHCl3); 1H NMR (4:1 mixture of two rotamers)
major rotamer 1.66 (dt, J¼8.5, 13.0 Hz, 1H), 1.88 (dd,
J¼7.5, 8.0 Hz, 1H), 2.04 (s, 3H), 2.06 (s, 3H), 2.21–2.30
(m, 3H), 3.05–3.09 (m, 1H), 3.47–3.53 (m, 2H), 5.55 (dt,
J¼6.0, 2.0 Hz, 1H), 5.75 (dt, J¼6.0, 2.5 Hz, 1H), 5.83 (dd,
J¼5.5, 8.0 Hz, 1H); 13C NMR (major rotamer) 20.9, 23.4,
23.9, 32.7, 37.7, 48.7, 76.0, 77.6, 127.5, 134.2, 168.9,
170.2; HRMS (ES) m/z 246.1106 (M+Na), calcd for
C12H17NO3Na 246.1105.

4.1.8. 2-Iodo-4,5-methylenedioxyphenylacetyl chloride
(26). To a solution of CrO3 (6 g, 0.06 mol) and concd
H2SO4 (4 mL) in 20 mL water was added 2-(3,4-methylene-
dioxy-6-iodophenyl)ethanol4c (6.0 g, 0.021 mol) in 80 mL
acetone and the mixture was stirred at room temperature
for 5 h. Then 10 mL iPrOH was added and the solution
was stirred for an additional 1 h and filtered through Celite.
The filtrate was concentrated in vacuo, diluted with 50 mL
3 N NaOH, washed with chloroform, and acidified to pH
1–2 by the addition of concd HCl. The formed solid was fil-
tered and dried to give 3.9 g (60%) of 2-(3,4-methylene-
dioxy-6-iodophenyl)acetic acid. 1H NMR (CD3COCD3)
3.75 (s, 2H), 6.04 (s, 2H), 6.97 (s, 1H), 7.29 (s, 1H); 13C
NMR 46.0, 89.4, 102.9, 111.7, 118.9, 132.8, 148.6, 149.5,
171.8.

A solution of (3,4-methylenedioxy-6-iodophenyl)acetic acid
(1.37 g, 0.0045 mol) in 10 mL SOCl2 containing two drops
of DMF was stirred at room temperature for 4 h and concen-
trated in vacuo to give the crude 2-(3,4-methylenedioxy-6-
iodophenyl)acetyl chloride (26) (1.46, 100%).

4.1.9. (1S,5R)-N-(2-Iodo-4,5-methylenedioxyphenylace-
tyl)-6-azaspiro[4.4]nonan-1-ol (27). A solution of 22
(2.23 g, 10 mmol) in EtOH (30 mL) containing 10% Pd/C
(2.0 g) and H2 (1 atm) was stirred under an atmosphere of
hydrogen at 25 �C for 12 h, and filtered through a Celite
pad. The filtrate was concentrated in vacuo to yield a crude
amido-ester (2.24 g, ca. 100%, >95% purity), which was
used without purification. [a]D

22 +48.4 (c 0.79, CHCl3). 1H
NMR 1.45–1.55 (m, 2H), 1.62–1.66 (m, 2H), 1.76–1.94
(m, 3H), 2.03 (s, 6H), 2.22–2.31 (m, 2H), 2.59–2.64 (m,
1H), 3.43 (dd, J¼16.0, 7.0 Hz, 2H), 5.88 (t, J¼7.5 Hz,
1H); 13C NMR 20.1, 21.1, 23.2, 24.5, 30.0, 34.4, 34.9,
49.2, 71.8, 76.5, 168.9, 170.3; HRMS (ES) m/z 248.1255
(M+Na), calcd for C12H19NO3Na 248.1263.

A solution of amido-ester (2.24 g, 10 mmol) in 6 N HCl
(20 mL) was stirred at 100 �C for 3 h, cooled, and concen-
trated in vacuo to afford the spirocyclic aminoalcohol 23
as its HCl salt (1.69 g, 95%, >95% purity), which was
used without purification. 1H NMR (D2O) 1.53–1.69 (m,
2H), 1.75–1.95 (m, 4H), 1.97–2.10 (m, 4H), 3.32 (m, 2H),
4.04 (2d, J¼5.0 Hz, 1H); 13C NMR (D2O) 22.3, 26.0,
34.5, 36.0, 36.5, 48.0, 78.0, 78.3.

To a solution of aminoalcohol 23 (0.89 g, 5 mmol) and Et3N
(10 mL) in CH3CN (30 mL) at �40 �C was slowly added
a solution of 2-(3,4-methylenedioxy-6-iodophenyl)acetyl
chloride (26) (1.46 g, 4.5 mmol) in CH3CN (10 mL). The
mixture was stirred at�40 �C for 70 min, diluted with water,
and extracted with chloroform. The combined extracts were
dried and concentrated in vacuo to give a residue, which
was subjected to silica gel column chromatography (33%



7272 Z. Zhao, P. S. Mariano / Tetrahedron 62 (2006) 7266–7273
acetone/hexane) to provide arylacetamide 27 (1.54 g, 80%
based on 26). [a]D

22 +14.2 (c 0.65, CHCl3). 1H NMR 1.45–
1.51 (m, 2H), 1.77–1.80 (m, 1H), 1.89–1.94 (m, 6H),
2.69–2.76 (m, 1H), 3.63–3.64 (m, 1H), 3.70 (abq,
J¼16.5 Hz, 2H), 3.77 (dt, J¼10.0, 5.0 Hz, 1H), 4.44 (dd,
J¼3.5, 10.5 Hz, 1H), 5.94 (d, J¼1.5 Hz, 2H), 6.80 (s, 1H),
7.23 (s, 1H); 13C NMR 21.2, 23.1, 34.5, 35.3, 41.2, 47.5,
49.4, 74.2, 81.7, 89.0, 101.5, 110.3, 118.3, 131.5, 147.3,
148.4, 171.4; HRMS (ES) 430.0507 (M+1), calcd for
C17H21NO4I 430.0515.

4.1.10. (1S,5R)-N-(2-Iodo-4,5-methylenedioxyphenylace-
tyl)-6-azaspiro[4.4]nonan-1-yl-p-toluenesulfonate (28).
To a solution of amidoalcohol 27 (0.75 g, 1.75 mmol) and
pyridine (1 mL) in CH2Cl2 (10 mL) at 0 �C was added p-
toluenesulfonyl chloride (0.67 g, 3.5 mmol). The mixture
was stirred at 0 �C for 4 h and at 25 �C for 12 h, diluted with
15% aq NaOH, and extracted with chloroform. The extracts
were washed with satd aq NaCl, dried, and concentrated in
vacuo to yield a residue, which was subjected to silica gel
column chromatography (30% acetone/hexane) to give the
tosylate 28 (0.71 g, 85% based on recovered 0.11 g starting
material). [a]D

22 +16.4 (c 0.37, CHCl3). 1H NMR 1.29–1.39
(m, 1H), 1.46–1.50 (m, 1H), 1.63–1.65 (m, 1H), 1.86–2.06
(m, 4H), 2.12–2.21 (m, 2H), 2.43 (s, 3H), 2.87–2.90 (m,
1H), 3.59–3.65 (m, 2H), 3.68 (abq, J¼16.5 Hz, 2H), 4.52
(t, J¼7.0 Hz, 1H), 5.93 (d, J¼8.0 Hz, 2H), 6.83 (s, 1H),
7.22 (s, 1H), 7.30 (d, J¼8.0 Hz, 2H), 7.76 (d, J¼8.5 Hz,
2H); 13C NMR 21.5, 21.7, 22.7, 32.5, 34.4, 41.6, 47.8,
49.2, 71.2, 88.0, 89.0, 101.5, 110.7, 118.1, 127.5 (2), 129.6
(2), 132.3, 134.5, 144.3, 147.2, 148.4, 168.7; HRMS (ES)
584.0592 (M+1), calcd for C24H27NO6I 584.0604.

4.1.11. (5S)-N-(2-Iodo-4,5-methylenedioxyphenylacetyl)-
6-azaspiro[4.4]non-1-ene (29). A solution of tosylate 28
(0.59 g, 1 mmol) and DBU (5 mL) in DMF (10 mL) was
stirred at 120 �C for 12 h, cooled, diluted with EtOAc,
washed with satd aq NaCl, and concentrated in vacuo, giving
a residue, which was subjected to silica gel column chroma-
tography (20% acetone/hexane) to give amidoalkene 29
(0.25 g, 80% based on recovered 0.15 g starting material).
[a]D

22 �57.6 (c 0.18, CHCl3). 1H NMR (2.5:1 mixture of
two rotamers) major rotamer 1.75–1.79 (m, 1H), 1.83–1.95
(m, 4H), 2.25–2.32 (m, 1H), 2.39–2.45 (m, 1H), 2.60–2.69
(m, 1H), 3.51–3.65 (m, 4H), 5.54 (t, J¼3.0 Hz, 1H), 5.81
(t, J¼3.0 Hz, 1H), 5.92 (d, J¼5.5 Hz, 2H), 6.77 (s, 1H),
7.21 (s, 1H); 13C NMR (major rotamer) 23.6, 31.7, 34.5,
39.7, 47.6, 48.4, 76.0, 88.9, 101.5, 110.6, 118.2, 131.5,
132.3, 133.7, 147.2, 148.4, 167.8; HRMS (ES) 412.0404
(M+1), calcd for C17H19NO3I 412.0410.

4.1.12. (5S)-N-[2-(2-Iodo-4,5-methylenedioxyphenyl-
ethyl)]-6-azaspiro[4.4]non-1-ene (13). To a solution of
amidoalkene 29 (0.041 g, 0.1 mmol) in THF (3 mL) at
�40 �C was added a solution of AlH3 in THF (0.2 mL,
0.67 M, 0.134 mmol). The solution was stirred at �40 �C
for 15 min, diluted with satd aq Na2SO4, and filtered. The fil-
trate was dried and concentrated in vacuo, giving a residue,
which was subjected to silica gel column chromatography
(EtOAc then 10:1 EtOAc/MeOH containing 1% Et3N) to
yield aminoalkene 13 (24 mg, 60%) whose spectroscopic
properties (except for its optical rotation, which was not
reported in Ref. 4l) matched with those reported earlier.4l
[a]D
22 �32.0 (c 0.08, CHCl3). 1H NMR 1.49–1.66 (m, 1H),

1.75–1.96 (m, 5H), 2.30 (m, 2H), 2.38–2.49 (m, 2H),
2.78–2.84 (m, 3H), 2.97–3.01 (m, 1H), 5.56–5.57 (m,
J¼1 Hz, 1H), 5.80–5.81 (m, 1H), 5.93 (s, 2H), 6.74 (s,
1H), 7.20 (s, 1H); 13C NMR 21.4, 29.7, 31.5, 38.2, 40.9,
50.0, 51.3, 77.7, 87.8, 101.4, 109.6, 118.5, 132.1, 134.7,
136.8, 146.7, 148.4; HRMS (ES) 398.0610 (M+1), calcd
for C17H21NO2I 398.0617.
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The role of terminal tyrosine residues in the formation
of tripeptide nanotubes: a crystallographic insight
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Abstract—Terminally protected acyclic tripeptides containing tyrosine residues at both termini self-assemble into nanotubes in crystals
through various non-covalent interactions including intermolecular hydrogen bonds. The nanotube has an average internal diameter of
5 Å (0.5 nm) and the tubular ensemble is developed through the hydrogen-bonded phenolic-OH side chains of tyrosine (Tyr) residues
[Org. Lett. 2004, 6, 4463]. We have synthesized and studied several tripeptides 3–6 to probe the role of tyrosine residues in nanotube structure
formation. These peptides either have only one Tyr residue at N- or C-termini or they have one or two terminally located phenylalanine (Phe)
residues. These tripeptides failed to form any kind of nanotubular structure in the solid state. Single crystal X-ray diffraction studies of these
peptides 3–6 clearly demonstrate that substitution of any one of the terminal Tyr residues in the Boc-Tyr-X-Tyr-OMe (X¼Val or Ile) sequence
disrupts the formation of the nanotubular structure indicating that the presence of two terminally located Tyr residues is vital for nanotube
formation.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Organic nanotubular architectures1 have applications in the
field of materials science, nanotechnology, and artificial
ion channel2 systems. Peptide nanotubular systems find use-
ful applications in biology and medical sciences. They can
be used as glucose transporter3 or as transmembrane ion
channels2 or even as potential antibiotics against drug resis-
tant bacteria.4 Ghadiri and co-workers have compellingly
demonstrated that 24- and 30-membered ring forming cyclo
a-peptides with an even number of alternating D and L amino
acid residues stack in an antiparallel b-sheet-like arrange-
ment to form a hydrogen-bonded nanotubular structure.5 In-
terestingly, related cyclic peptides consisting exclusively of
b-amino acid residues,6 or with an alternating arrangement
of a- and b-amino acids,7 or of vinylogous d-amino acids8

can also form nanotubular structures. Many successful
attempts have previously been made to create nanotubular
structures using various self-assembling organic compounds
including cyclic oligoureas,9 cyclodextrin based polyionic
amino acids,10 7-deaza-2-deoxy xanthosine dihydrate,11

and others.12 While the self-association of cyclic peptides
or peptide derivatives into hollow nanotubes has been
studied in detail, the formation of acyclic peptide based

Keywords: Acyclic peptides; Tyrosine; Nanotube; Self-assembly.
* Corresponding author. Tel.: +91 33 2473 4971; fax: +91 33 2473 2805;

e-mail: bcab@mahendra.iacs.res.in
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.05.042
nanotubes has been paid relatively less attention, there being
only a few examples.13 A recent study demonstrates the
formation of nanotubes using self-assembly of a dipeptide
D-Phe–D-Phe and insertion of platinum nanoparticles inside
the tubes.13c Other studies of acyclic peptide based nanotube
formation include the self-assembly of a truncated variants
of Alzheimer’s Ab-peptide residue 16–22 (CH3CO-
KLVFFAE-NH2) into a nanotubular structure in aqueous
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Figure 1. Schematic presentation of tripeptides 1, 2, 3, 4, 5, and 6.

mailto:bcab@mahendra.iacs.res.in


7275S. Ray et al. / Tetrahedron 62 (2006) 7274–7283
solution13d and the self-association of surfactant-like pep-
tides with variable glycine tails into nanotubes of diameter
30–50 nm at neutral pH.13e

In our previous communication, we demonstrated that pep-
tides 1 and 2, each containing two terminal Tyr residues
are able to form nanotubes in crystals. In this paper, we
are addressing the question whether any change of the
terminal Tyr residue can retain (or not) the nanotubular
structure in crystals. Keeping this in mind, several tripepti-
des 3–6 (Boc-Tyr(1)-Val(2)-Phe(3)-OMe 3, Boc-Tyr(1)-
Val(2)-Leu(3)-OMe 4, Boc-Ile(1)-Val(2)-Tyr(3)-OMe 5,
and Boc-Phe(1)-Val(2)-Phe(3)-OMe 6) (Fig. 1) with only
one terminally positioned tyrosine or no Tyr residue, have
been synthesized, purified, characterized, and their self-
assembling behavior in crystals have been studied in detail
to probe whether any of these peptides are able to form nano-
tubular structures in the solid state.

2. Results and discussion

Single crystals suitable for X-ray diffraction of tripeptides
1–6 were obtained from methanol–water solution by slow
evaporation. Tripeptides 1 and 2 contain tyrosine residues
at both termini and adopt b-sheet-like conformation in the
crystal state. The individual peptide subunits are stacked
one over another, maintaining proper registry, and form an
open ended tube having an average internal diameter of
5.0 Å (0.5 nm) including van der Waals’ contacts along the
crystallographic b axis. The top view of the supramolecular
cylindrical ensembles of peptide 2 in ball and stick models
(Fig. 2a) and space-filling models (Fig. 2b) show that the in-
terior of the peptide supramolecular channel is hydrophilic
(due to the presence of hydrogen-bonded CONH moieties
and phenolic-OH groups of Tyr residues), while the exterior
is hydrophobic as it is occupied by the valine and isoleucine
side chains and the N-terminally protecting Boc groups.13f
Tripeptide 3 contains a tyrosine residue at the N-terminus
whereas there is a phenylalanine residue at the C-terminus.
For peptide 3 there are two molecules in the asymmetric
unit and they are held together by van der Waals’ forces.
The ORTEP diagram of this peptide is given in Figure 3a.
Backbone torsion angles of each conformer (A and B) of
peptide 3 are mostly in the extended region of the Rama-
chandran diagram14 (Table 1). Each conformer then self-
assembles by three intermolecular hydrogen bonds to form
a columnar structure (for conformer A, N3A–H3A/O2A
2.13 Å, 2.92 Å, 149�, N9A–H9A/O8A 1.99 Å, 2.79 Å,
150�, and N6A–H6A/O5A 2.01 Å, 2.87 Å, 165� and for
conformer B, N3B–H3B/O2B 2.17 Å, 2.93 Å, 146�,
N9B–H9B/O8B 2.05 Å, 2.92 Å, 175�, and N6B–H6B/
O5B 2.06 Å, 2.93 Å, 170�) (Table 2) along the crystallo-
graphic b direction (Fig. 4a). This columnar structure on
further aggregation using van der Waals’ interactions along
the crystallographic a axis formed a complex quaternary
b-sheet structure (Fig. 4b).

Tripeptide 4 contains a tyrosine residue at the N-terminus
whereas tripeptide 5 possesses a tyrosine residue at the C-
terminus with a centrally located Val residue in each case.
The molecular conformation of tripeptide 4 in the crystal
state is illustrated in Figure 3b. Most of the torsion angles
(f1 �137.0(3), j1 118.4(3), f2 �120.0(3), j2 111.4(3),
and f3 �122.8(3)) of the constituent amino acids residues
of the tripeptide 4 fall within the parallel b-sheet region of
the Ramachandran plot14 (Table 1). Hence, the tripeptide 4
adopts an extended backbone conformation, which self-
assembles through three intermolecular hydrogen bonds
(N3–H3/O2 2.27, 3.01 Å, 144�, N9–H9/O8 2.13 Å,
2.99 Å, 173�, and N6–H6/O5 2.13 Å, 2.99 Å, 172�) (Table
2) along the crystallographic c axis to form a columnar struc-
ture (Fig. 5a). These columnar structures of tripeptide 4 are
further self-assembled into higher order supramolecular
b-sheet structures through intermolecular hydrogen bonds
(O48–H48/O16 1.97 Å, 2.78 Å, 168�) along the
Figure 2. (a) Top view of the development of intermolecularly hydrogen-bonded nanotubular structure along the crystallographic b axis exhibiting internal
tubular diameter of about 5.0 Å in ball and stick model. The tubular structure is composed of the acyclic peptide 2 subunit with extended backbone conformation
(which adopts a b-strand like structure). (b) Space-filling model of the nanotubular ensemble obtained from a higher order self-assembly of the peptide 2.
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Figure 3. ORTEP diagrams with atomic numbering scheme for the (a) peptide 3, (b) peptide 4, (c) peptide 5, and (d) peptide 6. Thermal ellipsoids are shown at
30% probability level. Only nitrogen and oxygen atoms are labeled due to clarity.
crystallographic a direction and via van der Waals’ interac-
tions along the crystallographic b axis (Fig. 5b).

From the backbone torsion angles (f1 �116.6(8), j1

110.6(7), f2 �124.5(7), j2 119.8(7), and f3 �102.9(8)), it
is clear that tripeptide 5 also adopts an extended backbone
in its molecular structure. The molecular conformation of
tripeptide 5 in the crystal state is illustrated in Figure 3c.
Each subunit of tripeptide 5 self-assembles to form a colum-
nar structure using three intermolecular hydrogen bonds
(N3–H3/O2 2.08 Å, 2.94 Å, 173�, N9–H9/O8 2.05 Å,
2.91 Å, 173�, and N6–H6/O5 2.17 Å, 3.02 Å, 168�) (Table
2) along the crystallographic b axis (Fig. 6a). These colum-
nar structures of tripeptide 5 are further self-assembled into
higher order supramolecular structures using intermolecular
hydrogen bonds (O27–H27/O27 2.08 Å, 2.85 Å, 157� with
symmetry element 1�x, �1/2+y, �z) involving the pheno-
lic-OH groups of the Tyr residue, along the crystallographic
a direction (Fig. 6b). Although tripeptides 4 and 5 contain
one tyrosine residue at the C and N terminus, respectively,
they are unable to form any nanotubular structure like pep-
tides 1 and 2.

The molecular conformation of the tripeptide 6 (Fig. 3d) was
also established by a single crystal X-ray diffraction studies.
Most of the f and j values (f1 �103.5(6), j1 97.8(6), f2

�102.1(7), j2 97.8(7), and f3�117.4(7)) with the exception
of j3 at 33.4(8) of the constituent amino acid residues of
tripeptide 6 fall within the parallel b-sheet region of the
Ramachandran plot and the peptide adopts an extended
backbone structure. The individual peptide subunits self-
assembles through intermolecular hydrogen bonds (N3–
H3/O2 2.12 Å, 2.95 Å, 162�, N9–H9/O8 2.16 Å,
2.87 Å, 140�, and N6–H6/O5 2.12 Å, 2.97 Å, 167�) (Table
2) maintaining the proper registry to form a supramolecular
columnar structure along the crystallographic b axis
(Fig. 7a). Figure 7b clearly shows that peptide 6 also fails
to form a nanotubular structure, instead it forms a complex
sheet-like structure using van der Waals’ interaction along
the crystallographic a axis. Crystal data for peptides 3, 4,
5, and 6 are listed in Table 3.

3. Conclusion

This study clearly demonstrates that there is a definite role
of both terminally located Tyr residues for the formation of
nanotubular structures. Any change in the terminally
located Tyr residue by Phe or any other residues com-
pletely disrupts the crystal packing arrangement, which is
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Table 1. Selected torsion angles (�) of peptides 3, 4, 5, and 6

Peptide 3
Molecule A
O1A–C2A–N3A–C4A �167.4(3) (u0) N6A–C7A–C8A–N9A 104.4(4) (j2)
C2A–N3A–C4A–C5A �128.6(4) (f1) C7A–C8A–N9A–C10A �177.8(3) (u2)
N3A–C4A–C5A–N6A 115.0(4) (j1) C8A–N9A–C10A–C11A 48.6(4) (f3)
C4A–C5A–N6A–C7A 177.0(3) (u1) N9A–C10A–C11A–O12A 45.2(4) (j3)
C5A–N6A–C7A–C8A �104.0(4) (f2)

Molecule B
O1B–C2B–N3B–C4B �164.3(3) (u0) N6B–C7B–C8B–N9B 108.0(4) (j2)
C2B–N3B–C4B–C5B �133.2(4) (f1) C7B–C8B–N9B–C10B 178.3(4) (u2)
N3B–C4B–C5B–N6B 122.8(4) (j1) C8B–N9B–C10B–C11B �87.8(5) (f3)
C4B–C5B–N6B–C7B 167.6(3) (u1) N9B–C10B–C11B–O12B 146.1(5) (j3)
C5B–N6B–C7B–C8B �115.7(4) (f2)

Peptide 4
O1–C2–N3–C4 17.5(5) (u0) N6–C7–C8–N9 111.4(3) (j2)
C2–N3–C4–C5 �137.0(3) (f1) C7–C8–N9–C10 �174.4(3) (u2)
N3–C4–C5–N6 118.4(3) (j1) C8–N9–C10–C15 �122.8(3) (f3)
C4–C5–N6–C7 175.7(3) (u1) N9–C10–C15–O16 �26.9(5) (j3)
C5–N6–C7–C8 �120.0(3) (f2)

Peptide 5
O1–C2–N3–C4 174.1(7) (u0) N6–C7–C8–N9 119.8(7) (j2)
C2–N3–C4–C5 �116.6(8) (f1) C7–C8–N9–C10 179.7(7) (u2)
N3–C4–C5–N6 110.6(7) (j1) C8–N9–C10–C11 �102.9(8) (f3)
C4–C5–N6–C7 �168.1(7) (u1) N9–C10–C11–O12 61.8(9) (j3)
C5–N6–C7–C8 �124.5(7) (f2)

Peptide 6
O1–C2–N3–C4 173.6(5) (u0) N6–C7–C8–N9 97.8(7) (j2)
C2–N3–C4–C5 �103.5(6) (f1) C7–C8–N9–C10 175.8(6) (u2)
N3–C4–C5–N6 97.8(6) (j1) C8–N9–C10–C11 �117.4(7) (f3)
C4–C5–N6–C7 �169.0(5) (u1) N9–C10–C11–O12 33.4(8) (j3)
C5–N6–C7–C8 �102.1(7) (f2)
necessary for nanotubular architecture formation. So, the
presence of both the Tyr residues is essential for nanotub-
ular structure formation as the phenolic-OH groups from
these two terminally located Tyr residues are responsible
for the construction of polar nanochannel-like structures.
This study not only sheds some light on the future design
and construction of acyclic peptide based nanotubular
structure but also implies the active involvement of impor-
tant functional residues in the formation and stability of the
nanotubular structure.
Table 2. Intermolecular hydrogen bonding parameters of peptides 3, 4, 5, and 6

Peptides D–H/A H/A/Å D/A/Å D–H/A/� Symmetry

Peptide 3
Molecule A N3A–H3A/O2A 2.13 2.92 149 x, �1+y, z

N6A–H6A/O5A 2.01 2.87 165 x, 1+y, z
N9A–H9A/O8A 1.99 2.79 150 x, �1+y, z

Molecule B N3B–H3B/O2B 2.17 2.93 146 x, 1+y, z
N6B–H6B/O5B 2.06 2.93 170 x, �1+y, z
N9B–H9B/O8B 2.05 2.92 175 x, 1+y, z
O47B–H47C/O11A 1.91 2.71 160 2�x, y, 2�z

Peptide 4
N3–H3/O2 2.27 3.01 144 �1+x, y, z
N6–H6/O5 2.13 2.99 172 1+x, y, z
N9–H9/O8 2.13 2.99 173 �1+x, y, z
O48–H48/O16 1.97 2.78 168 1+x, y, �1+z

Peptide 5
N3–H3/O2 2.08 2.94 173 x, 1+y, z
N6–H6/O5 2.17 3.02 168 x, �1+y, z
N9–H9/O8 2.05 2.91 173 x, 1+y, z
O27–H27/O27 2.08 2.85 157 1�x, �1/2+y, �z

Peptide 6
N3–H3/O2 2.12 2.95 162 x, �1+y, z
N6–H6/O5 2.12 2.97 167 x, 1+y, z
N9–H9/O8 2.16 2.87 140 x, �1+y, z
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4. Experimental

4.1. General

The tripeptides 1, 2, 3, 4, 5, and 6 employed in this report
have been synthesized by the conventional solution phase
methodology.15 The Boc group was used for N-terminal pro-
tection and the C-terminus was protected as a methyl ester.
Couplings were mediated by di-cyclohexylcarbodiimide/
1-hydroxybenzotriazole (DCC/HOBt). The final compounds
were fully characterized by IR spectroscopy, 1H NMR spec-
troscopy, and mass spectrometry.

4.2. Synthesis of peptide

4.2.1. Boc-Tyr(1)-OH 7. See Ref. 13f.

4.2.2. Boc-Tyr(1)-Val(2)-OMe 8. See Ref. 13f.

4.2.3. Boc-Tyr(1)-Val(2)-OH 9. See Ref. 13f.

4.2.4. Boc-Tyr(1)-Val(2)-Tyr(3)-OMe 1. See Ref. 13f.

4.2.5. Boc-Tyr(1)-Ile(2)-OMe 10. See Ref. 13f.

4.2.6. Boc-Tyr(1)-Ile(2)-OH 11. See Ref. 13f.

Figure 4. (a) Columnar packing of peptide 3 along crystallographic b direc-
tion and (b) packing diagram of the peptide 3 showing the formation of
intermolecular hydrogen-bonded sheet-like structure along crystallographic
a axis.
4.2.7. Boc-Tyr(1)-Ile(2)-Tyr(3)-OMe 2. See Ref. 13f.

4.2.8. Boc-Tyr(1)-Val(2)-Phe(3)-OMe 3. Boc-Tyr(1)-
Val(2)-OH 9 (1.9 g, 5 mmol) in DMF (10 mL) was cooled
in an ice-water bath. H-Phe-OMe was isolated from the cor-
responding methyl ester hydrochloride (2.15 g, 10 mmol) by
neutralization, subsequent extraction with ethyl acetate and
concentration to 10 mL, and it was added to the reaction
mixture, followed immediately by DCC (1.03 g, 5 mmol)
and HOBt (0.675 g, 5 mmol). The reaction mixture was
stirred for three days. The reaction mixture was then taken
in ethyl acetate (60 mL) and the DCU was filtered off. The
organic layer was washed with 2 M HCl (3�50 mL), brine
(2�50 mL), 1 M sodium carbonate (3�50 mL), and brine
(2�50 mL) and then dried over anhydrous sodium sulfate
and evaporated in vacuo to yield peptide 3 as a white solid.
Purification was done by silica gel column (100–200 mesh)
using 3:1 ethyl acetate/toluene as eluent.

Yield¼2.16 g (4 mmol, 80%); Rf¼0.66 (25% toluene/ethyl
acetate); mp 70–72 �C; IR (KBr): 3324, 3293, 1714, 1691,
1647, 1521 cm�1; [a]D

20 �20.3 (c 0.5, CH3OH); 1H NMR
(300 MHz, CDCl3) d 7.10 (ring Hs of Tyr(1), 2H, d,
J¼6.6 Hz); 7.02 (ring Hs of Tyr(1), 2H, d, J¼8.3 Hz);
6.74–6.71 (ring Hs of Phe(3), 5H, m); 6.45 (Phe(3) NH,
1H, d, J¼9 Hz); 6.29 (Val(2) NH, 1H, d, J¼6 Hz); 4.98
(Tyr(1) NH, 1H, d, J¼6 Hz); 4.82 (CaH of Phe(3), 1H, m);

Figure 5. (a) Crystallographic view of a single molecule of peptide 4 along c
axis. Nitrogen atoms are blue, oxygen atoms are red, carbon atoms are
green, and hydrogen atoms are gray. Hydrogen bonds are shown as dotted
lines. (b) Packing diagram of the peptide 4 showing the formation of inter-
molecular hydrogen-bonded complex sheet-like structure along crystallo-
graphic a axis.
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Figure 6. (a) Packing diagram of peptide 5 along crystallographic b direction and (b) the crystallographic view of peptide 5 along the axis parallel to the crys-
tallographic a axis exhibits that the peptide has failed to form any nanotubular structure, instead it forms quaternary sheet-like structure. Nitrogen atoms are blue,
oxygen atoms are red, carbon atoms are green, and hydrogen atoms are gray. Hydrogen bonds are shown as dotted lines.
4.27 (CaH of Val(2), 1H, m); 4.16 (CaH of Tyr(1), 1H, m);
3.70 (–OCH3, 3H, s); 3.11 (CbHs of Tyr(1), 2H, m); 2.97
(CbHs of Phe(3), 2H, m); 2.05 (CbH of Val(2), 1H, m);
1.41 (Boc–CH3s, 9H, s); 0.88–0.77 (CgHs of Val(2), 6H,
m); (found: C, 64.2; H, 7.1; N, 7.65. C29H39N3O7 (541)
requires C, 64.32; H, 7.21; N, 7.76%); ESI-MS m/z (%):
542.3 (100) (M+H)+, 543.3 (35) (M+2H)+, Mcalcd¼541.

4.2.9. Boc-Tyr(1)-Val(2)-Leu(3)-OMe 4. Boc-Tyr(1)-
Val(2)-OH 9 (1.9 g, 5 mmol) in DMF (10 mL) was cooled
in an ice-water bath. H-Leu-OMe was isolated from the cor-
responding methyl ester hydrochloride (1.81 g, 10 mmol) by
neutralization, subsequent extraction with ethyl acetate and
concentration to 10 mL, and it was added to the reaction
mixture, followed immediately by DCC (1.03 g, 5 mmol)
and HOBt (0.675 g, 5 mmol). The reaction mixture was
stirred for three days. The reaction mixture was then taken
in ethyl acetate (60 mL) and the DCU was filtered off. The
organic layer was washed with 2 M HCl (3�50 mL), brine
(2�50 mL), 1 M sodium carbonate (3�50 mL), and brine
(2�50 mL) and then dried over anhydrous sodium sulfate
and evaporated in vacuo to yield peptide 4 as a white solid.
Purification was done by silica gel column (100–200 mesh)
using 3:1 ethyl acetate/toluene as eluent.

Yield¼2.03 g (4 mmol, 80%); Rf¼0.58 (25% toluene/ethyl
acetate); mp 76–78 �C; IR (KBr): 3322, 1691, 1648,
1517 cm�1; [a]D

20 �24.3 (c 0.5, CH3OH); 1H NMR
(300 MHz, CDCl3) d 7.02 (ring Hs of Tyr(1), 2H, d,
J¼8.4 Hz), 6.75 (ring Hs of Tyr(1), 2H, d, J¼8.1 Hz); 6.6
(Leu(3) NH, 1H, d, J¼8.7 Hz); 6.45 (Val(2) NH, 1H, d,
J¼7.5 Hz); 5.0 (Tyr(1) NH, 1H, d, J¼6 Hz); 4.56 (CaH of
Leu(3), 1H, m); 4.29 (CaH of Val(2), 1H, m); 4.22 (CaH
of Tyr(1), 1H, m); 3.72 (–OCH3, 3H, s); 3.00 (CbHs of
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Figure 7. (a) Packing diagram of the peptide 6 showing the formation of intermolecular hydrogen-bonded structure along crystallographic b axis and (b) higher
order packing of peptide 6, showing the formation of complex sheet-like structure along a axis.
Tyr(1), 2H, m); 2.17–2.03 (CbH of Val(2), 1H, m); 1.67–1.58
(CbHs and CgH of Leu(3), 3H, m); 1.41 (Boc–CH3s, 9H, s);
0.94–0.86 (CgHs of Val(2) and CdHs of Leu(3), 12H, m);
(found: C, 61.2; H, 7.8; N, 8.2. C26H41N3O7 (507) requires
C, 61.54; H, 8.08; N, 8.28%); ESI-MS m/z (%): 508.4
(100) (M+H)+, Mcalcd¼507.
4.2.10. Boc-Ile(1)-OH 12.16 A solution of isoleucine
(1.31 g, 10 mmol) in a mixture of dioxane (20 mL), water
(10 mL), and 1 M NaOH (10 mL) was stirred and cooled
in an ice-water bath. Di-tert-butylpyrocarbonate (2.2 g,
11 mmol) was added and stirring was continued at room
temperature for 6 h. Then the solution was concentrated
Table 3. Crystal and data collection parameters of peptides 3, 4, 5, and 6

Peptide 3 Peptide 4 Peptide 5 Peptide 6

Empirical formula C29H38N3O7$0.5H2O C26H41N3O7 C26H41N3O7 C29H39N3O6

Mol. wt. 1097.25 507.62 507.56 525.63
Data collection X-Calibur CCD Image Plate Image Plate Image Plate
Radiation, temperature Cu Ka, 100 Mo Ka, 293 Mo Ka, 293 Mo Ka, 293
Crystallizing solvent Methanol–water Methanol–water Methanol–water Methanol–water
Crystal system Monoclinic Triclinic Monoclinic Monoclinic
Space group P2 P1 P21 P21

a (Å) 22.2063(12) 5.021(7) 16.289(18) 15.327(17)
b (Å) 4.9902(2) 10.435(12) 4.979(7) 5.096(7)
c (Å) 29.0502(12) 14.009(15) 18.931(19) 20.73(2)
a (�) (90) 80.26(1) (90) (90)
b (�) 108.288(4) 87.91(1) 103.57(1) 109.30(1)
g (�) (90) 80.23(1) (90) (90)
U (Å3) 3056.6(3) 713(3) 1492(3) 1528(3)
Z 4 1 2 2
Density (calcd, mg/mm3) 1.192 1.184 1.129 1.142
Unique data 9049 4586 4571 4833
Observed reflections (I>2s(I)) 5466 3875 3588 2562
R 0.0465 0.0557 0.1148 0.1018
wR2 0.1050 0.1587 0.1931 0.1923
Max, residual e/Å3 0.264, �0.264 0.193, �0.181 0.245, �0.269 0.283, �0.296
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in vacuo to about 15–20 mL, cooled in an ice-water
bath, covered with a layer of ethyl acetate (about 30 mL),
and acidified with a dilute solution of KHSO4 to pH 2–3
(Congo red). The aqueous phase was extracted with ethyl
acetate and this operation was done repeatedly. The ethyl
acetate extracts were pooled, washed with water and dried
over anhydrous Na2SO4, and evaporated in vacuo to obtain
12 as a solid material.

Yield¼2.2 g (9.5 mmol, 95%). Elemental Analysis Calcd
for C11H21NO4 (231): C, 57.14; H, 9.09; N, 6.06.
Found: C, 56.9; H, 8.9; N, 5.9%. Mp 65–67 �C, lit. mp
66–69 �C.

4.2.11. Boc-Ile(1)-Val(2)-OMe 13. Boc-Ile-OH 12 (1.84 g,
8 mmol) was dissolved in dichloromethane (DCM) (10 mL)
in an ice-water bath. H-Val-OMe was isolated from the cor-
responding methyl ester hydrochloride (2.68 g, 10 mmol) by
neutralization, subsequent extraction with ethyl acetate and
concentration to 10 mL, and it was added to the reaction
mixture, followed immediately by di-cyclohexylcarbodi-
imide (DCC) (1.64 g, 8 mmol). The reaction mixture was
allowed to come to room temperature and stirred for 24 h.
DCM was evaporated, residue was taken in ethyl acetate
(60 mL), and dicyclohexylurea (DCU) was filtered off.
The organic layer was washed with 2 M HCl (3�50 mL),
brine (2�50 mL), 1 M sodium carbonate (3�50 mL), and
brine (2�50 mL) and then dried over anhydrous sodium
sulfate, and evaporated in vacuo to yield 13 as a solid
compound.

Yield¼2.4 g (7 mmol, 87%); Rf¼0.65 (ethyl acetate);
mp 78–82 �C; [a]D

20 �38.8 (c 0.69, CH3OH); 1H NMR
(300 MHz, CDCl3) d 6.35 (Val(2) NH, 1H, d, J¼7.5 Hz);
5.03 (Ile(1) NH, 1H, d, J¼6.6 Hz); 4.54 (CaH of Val(2),
1H, m); 3.94 (CaH of Ile(1), 1H, m); 3.73 (–OCH3, 3H, s);
2.15 (CbH of Val(2), 1H, m); 1.86 (CbH of Ile(1), 1H, m);
1.67–1.62 (CgHs of Ile(1), 2H, m); 1.42 (Boc–CH3s, 9H,
s); 0.94–0.89 (CgHs of Val(2), CgHs and CdHs of Ile(1),
12H, m); (found: C, 59.0; H, 8.21; N, 8.03. C17H32N2O5

(344) requires C, 59.30; H, 9.30; N, 8.14%).

4.2.12. Boc-Ile(1)-Val(2)-OH 14. Boc-Ile(1)-Val(2)-OMe
13 (2.23 g, 6.5 mmol), MeOH (20 mL), and 2 M NaOH
(10 mL) were added and the progress of saponification
was monitored by thin layer chromatography (TLC). The
reaction mixture was stirred. After 10 h methanol was re-
moved under vacuo, the residue was taken in 50 mL of water
and washed with diethyl ether (2�50 mL). Then the pH of
the aqueous layer was adjusted to 2 using 1 M HCl and it
was extracted with ethyl acetate (3�50 mL). The extracts
were pooled, dried over anhydrous sodium sulfate, and evap-
orated in vacuo to yield 14 as a waxy solid.

Yield¼1.8 g (5.5 mmol, 84%); 1H NMR (300 MHz,
(CD3)2SO) d 12.46 (–COOH, 1H, b); 7.70 (Val(2) NH, 1H,
d, J¼6 Hz); 6.69 (Ile(1) NH, 1H, d, J¼9 Hz); 4.08
(CaH of Val(2), 1H, m); 3.79 (CaH of Ile(1), 1H, m);
2.44 (CbH of Val(2), 1H, m); 1.97 (CbH of Ile(1), 1H, m);
1.60 (CgHs of Ile(1), 2H, m); 1.3 (Boc–CH3s, 9H, s); 1.03–
0.96 and 0.82–0.70 (CgHs and CdHs of Ile(1) and CgHs of
Val(2), 12H, m); (found: C, 58.01; H, 9.13; N, 8.34.
C16H30N2O5 (330) requires C, 58.18; H, 9.09; N, 8.48%).
4.2.13. Boc-Ile(1)-Val(2)-Tyr(3)-OMe 5. Boc-Ile(1)-
Val(2)-OH 14 (1.65 g, 5 mmol) in DMF (10 mL) was cooled
in an ice-water bath. H-Tyr-OMe was isolated from the cor-
responding methyl ester hydrochloride (2.31 g, 10 mmol) by
neutralization, subsequent extraction with ethyl acetate and
concentration to 10 mL, and it was added to the reaction
mixture, followed immediately by DCC (1.03 g, 5 mmol)
and HOBt (0.675 g, 5 mmol). The reaction mixture was
stirred for three days. The reaction mixture was then taken
in ethyl acetate (60 mL) and the DCU was filtered off. The
organic layer was washed with 2 M HCl (3�50 mL), brine
(2�50 mL), 1 M sodium carbonate (3�50 mL), and brine
(2�50 mL) and then dried over anhydrous sodium sulfate
and evaporated in vacuo to yield peptide 5 as a white solid.
Purification was done by silica gel column (100–200 mesh)
using 3:1 ethyl acetate/toluene as eluent.

Yield¼2.23 g (4.4 mmol, 89%); Rf¼0.64 (25% toluene/
ethyl acetate); mp 110–112 �C; IR (KBr): 3488, 3313,
1739, 1692, 1645, 1522 cm�1; [a]D

20 �35 (c 0.5, CH3OH);
1H NMR (300 MHz, CDCl3) d 6.92 (ring Hs of Tyr(3), 2H,
d, J¼9 Hz), 6.74 (ring Hs of Tyr(3), 2H, d, J¼8.4 Hz);
6.60 (Tyr(3) NH, 1H, d, J¼8.7 Hz); 6.45 (Val(2) NH, 1H,
d, J¼8.1 Hz); 5.01 (Ile(1) NH, 1H, d, J¼9 Hz); 4.82
(CaH of Tyr(3), 1H, m); 4.23 (CaH of Val(2), 1H, m); 3.94
(CaH of Ile(1), 1H, m); 3.72 (–OCH3, 3H, s); 3.10–2.94
(CbHs of Tyr(3), 2H, m); 2.12–2.05 (CbH of Val(2), 1H,
m); 1.95–1.90 (CbH of Ile(1), 1H, m); 1.44 (Boc–CH3s,
9H, s); 1.28 (CgHs of Ile(1), 2H, m); 0.91–0.87 (CgHs of
Val(2) and CgHs and CdHs of Ile(1), 12H, m); (found: C,
61.34; H, 8.10; N, 8.06. C26H41N3O7 (507) requires C,
61.53; H, 8.09; N, 8.28%); ESI-MS m/z (%): 508.4 (100)
(M+H)+, 509.4 (30) (M+2H)+, Mcalcd¼507.

4.2.14. Boc-Phe(1)-OH 15. See Ref. 17.

4.2.15. Boc-Phe(1)-Val(2)-OMe 16. Boc-Phe-OH (2.65 g,
10 mmol) was dissolved in dichloromethane (DCM) (10 mL)
in an ice-water bath. H-Val-OMe was isolated from the cor-
responding methyl ester hydrochloride (3.34 g, 20 mmol) by
neutralization, subsequent extraction with ethyl acetate and
concentration to 10 mL, and it was added to the reaction
mixture, followed immediately by di-cyclohexylcarbodi-
imide (DCC) (2.06 g, 10 mmol). The reaction mixture was
allowed to come to room temperature and stirred for 24 h.
DCM was evaporated, residue was taken in ethyl acetate
(60 mL), and dicyclohexylurea (DCU) was filtered off.
The organic layer was washed with 2 M HCl (3�50 mL),
brine (2�50 mL), 1 M sodium carbonate (3�50 mL), and
brine (2�50 mL) and then dried over anhydrous sodium
sulfate, and evaporated in vacuo to yield 16 as a white
solid.

Yield¼3.5 g (9.2 mmol, 92%); Rf¼0.76 (ethyl acetate); mp
58–60 �C; 1H NMR (300 MHz, CDCl3) d 7.32–7.19 (ring
Hs of Phe(1), 5H, m); 6.36 (Val(2) NH, 1H, d,
J¼8.4 Hz); 5.01 (Phe(1) NH, 1H, d, J¼8.1 Hz); 4.45
(CaH of Val(2), 1H, m); 4.35 (CaH of Phe(1), 1H, m);
3.69 (–OCH3, 3H, s); 3.07 (CbHs of Phe(1), 2H, d,
J¼6 Hz); 2.13–2.04 (CbH of Val(2), 1H, m); 1.42 (Boc–
CH3s, 9H, s); 0.88–0.83 (CgHs of Val(2), 6H, m); (found:
C, 63.2; H, 7.6; N, 7.03. C20H30N2O5 (378) requires C,
63.49; H, 7.94; N, 7.4%).



7282 S. Ray et al. / Tetrahedron 62 (2006) 7274–7283
4.2.16. Boc-Phe(1)-Val(2)-OH 17. Boc-Phe(1)-Val(2)-OMe
16 (2.3 g, 6 mmol), MeOH (20 mL), and 2 M NaOH
(10 mL) were added. The reaction mixture was stirred and
the progress of saponification was monitored by thin layer
chromatography (TLC). After 10 h methanol was removed
under vacuo, the residue was taken in 50 mL of water,
washed with diethyl ether (2�50 mL). Then the pH of the
aqueous layer was adjusted to 2 using 1 M HCl and it was
extracted with ethyl acetate (3�50 mL). The extracts were
pooled, dried over anhydrous sodium sulfate, and evaporated
in vacuo to yield 17 as a white solid sample.

Yield¼1.89 g (5.2 mmol, 86.5%); mp 56–58 �C; 1H NMR
(300 MHz, (CD3)2SO) d 12.57 (–COOH, 1H, b); 7.86
(Val(2) NH, 1H, d, J¼8.6 Hz); 7.27–7.19 (ring Hs of
Phe(1), 5H, m); 6.95 (Phe(1) NH, 1H, d, J¼8.7 Hz); 4.22
(CaH of Val(2), 1H, m); 4.01 (CaH of Phe(1), 1H, m);
2.99–2.93 (CbHs of Phe(1), 2H, m); 2.77–2.69 (CbH of
Val(2), 1H, m); 1.29 (Boc–CH3s, 9H, s); 1.15–0.81 (CgHs
of Val, 6H, m); (found: C, 62.45; H, 7.54; N, 7.52.
C19H28N2O5 (364) requires C, 62.63; H, 7.69; N, 7.69%).

4.2.17. Boc-Phe(1)-Val(2)-Phe(3)-OMe 6. Boc-Phe(1)-
Val(2)-OH 17 (1.82 g, 5 mmol) in DMF (10 mL) was cooled
in an ice-water bath. H-Phe-OMe was isolated from the cor-
responding methyl ester hydrochloride (2.15 g, 10 mmol) by
neutralization, subsequent extraction with ethyl acetate and
concentration to 10 mL, and it was added to the reaction
mixture, followed immediately by DCC (1.03 g, 5 mmol)
and HOBt (0.675 g, 5 mmol). The reaction mixture was
stirred for three days. The reaction mixture was taken in
ethyl acetate (60 mL) and the DCU was filtered off. The
organic layer was washed with 2 M HCl (3�50 mL), brine
(2�50 mL), 1 M sodium carbonate (3�50 mL), and brine
(2�50 mL) and then dried over anhydrous sodium sul-
fate and evaporated in vacuo to yield peptide 6 as a white
solid. Purification was done by silica gel column (100–
200 mesh) using 3:1 ethyl acetate/toluene as eluent.

Yield¼2.3 g (4.4 mmol, 87%); Rf¼0.70 (25% toluene/ethyl
acetate); mp 76–78 �C; IR (KBr): 3329, 3295, 1741, 1691,
1649, 1530 cm�1, [a]D

20 �29.4 (c 0.5, CH3OH); 1H NMR
(300 MHz, CDCl3) d 7.33–7.08 (ring Hs of Phe(1) and
Phe(3), 10H, m); 6.47 (Phe(3) NH, 1H, d, J¼8.4 Hz); 6.23
(Val(2) NH, 1H, d, J¼7.5 Hz); 4.93 (Phe(1) NH, 1H, d,
J¼8.1 Hz); 4.80 (CaH of Phe(3), 1H, m); 4.35 (CaH of
Val(2), 1H, m); 4.16 (CaH of Phe(1), 1H, m); 3.7 (–OCH3,
3H, s); 3.15–3.02 (CbHs of Phe(1) and Phe(3), 4H, m);
2.10–2.00 (CbH of Val(2), 1H, m); 1.40 (Boc–CH3s, 9H,
s); 0.81 (CgHs of Val(2), 6H, m); (found: C, 61.92; H,
7.31; N, 7.92. C29H39N3O6 (525) requires C, 66.28; H,
7.42; N, 8.00%); ESI-MS m/z (%): 526.3 (100) (M+H)+,
1073.6 (50) (2M+H)+, Mcalcd¼525.

4.3. Single crystal X-ray diffraction study

Single crystals suitable for X-ray diffraction studies for tri-
peptides 3–6 were grown from methanol–water solution by
slow evaporation. Diffraction data were measured for tripep-
tide 3 with Cu Ka radiation at 100 K using the Oxford Instru-
ments X-Calibur CCD system and for 4, 5, and 6 with Mo
Ka radiation at 293 K using the MAR research Image Plate
System. A crystal of peptide 3 was positioned at 50 mm from
the CCD and 330 frames were measured with a counting
time of 10 s. Data analysis was carried out with the Crysalis
program.18 For peptides 4, 5, and 6, the crystals were posi-
tioned at 70 mm from the Image Plate and 100 frames
were measured at 2� intervals with a counting time of 2–
5 min for various peptides. Data analyses were carried out
with the XDS program.19 The structures were solved using
direct methods with the Shelx9720 program. All non-hydro-
gen atoms of all peptides were refined with anisotropic ther-
mal parameters. The hydrogen atoms were included in
geometric positions and given thermal parameters equiva-
lent to 1.2 times those of the atom to which they were
attached. The structures were refined on F2 using Shelx97.
Crystallographic data for the peptides 3–6 have been depos-
ited at the Cambridge Crystallographic Data Centre (CCDC
264909–264911 and 298754).

4.4. 1H NMR experiments

All NMR studies were carried out on a Brüker DPX
300 MHz spectrometer at 300 K. Peptide concentrations
were in the range of 1–10 mmol in CDCl3 and (CD3)2SO.

4.5. Mass spectrometry

Mass spectra were recorded on a Hewlett Packard Series
1100MSD mass spectrometer by positive mode electrospray
ionization.
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Abstract—Non-peptide mimetics based on an anthranilamide ‘scaffold’ possessing fragments that mimic Lys2, Tyr13 and Arg17 in u-cono-
toxin GVIA have been prepared. Compounds were assayed for binding to the voltage-gated calcium channels Cav2.2 (‘N-type’) and Cav2.1
(‘P/Q-type’) in rat brain. The primary synthetic target, 2-(6-amino-hexanoylamino)-5-(3-guanidino-propoxy)-N-[4-(4-hydroxyphenoxy)-
phenyl]-benzamide (2a), exhibited low mM binding to Cav2.2 and was more than 30-fold selective for Cav2.2 over Cav2.1.
Crown Copyright � 2006 Published by Elsevier Ltd. All rights reserved.
1. Introduction

u-Conotoxins are pharmacologically active toxins derived
from the venom of cone snails.1 u-Conotoxin GVIA (GVIA)
is produced by Conus geographus, while u-conotoxin
MVIIA (MVIIA) is produced by Conus magus. Both of these
polypeptides potently block the neuronal voltage-gated N-
type calcium channel (Cav2.2), which in humans is a target
for the relief of neuropathic pain. Indeed, u-conotoxin
MVIIA (Prialt�, Ziconotide�, SNX-111) was approved late
in 2004 for the treatment of severe chronic pain and shows
efficacy in cases where morphine-based analgesics are less
effective.2

Such therapeutic promise has driven the search for other
inhibitors of Cav2.2. Another u-conopeptide, u-conotoxin
CVID (AM336), has recently3 been taken into phase II clin-
ical trials by AMRAD and reportedly has a better therapeutic
index than Elan’s MVIIA. However, being polypeptides,
these agents suffer drawbacks in that they are relatively ex-
pensive to manufacture and possess poor pharmacokinetic
properties. Indeed, both MVIIA and CVID of necessity are
administered intrathecally.

Keywords: u-Conotoxin; Mimetic; Cav2.2 (‘N-type’) calcium channel
blocker.
* Corresponding author. Tel.: +61 3 9345 2108; fax: +61 3 9345 2211;

e-mail: jbaell@wehi.edu.au
0040–4020/$ - see front matter Crown Copyright � 2006 Published by Elsev
doi:10.1016/j.tet.2006.05.041
Pain management is one of the largest pharmaceutical mar-
kets in theworld and is expected4 to increase at a compounded
annual growth rate (CAGR) of 10% to reach $29.8 billion
(US) in 2008. It is therefore not surprising that intensive
screening events have focused on the discovery of small
molecule Cav2.2 inhibitors that might be orally active. This
has culminated in NeuroMed’s NMED-160, which is an
orally available blocker of Cav2.2 channels that is now in
Phase II clinical trials for a variety of pain conditions.5

Our interest is in the rational design of small molecule mi-
metics of peptide and protein binding epitopes. GVIA and
MVIIA are structurally defined and their binding epitopes
have been extensively mapped, making them attractive tar-
gets for mimetic design.1,6

We recently reported7 the synthesis and biological activity of
the benzothiazole derivative 1a (Fig. 1), which was designed
to mimic the side chains of K2, Y13 and R17 in GVIA and
bound Cav2.2 channels with a Ki of 1.8 mM. This simple 3-
residue mimetic was also selective for Cav2.2 over Cav2.1
(‘P/Q-type calcium channels’) and this was seen as therapeu-
tically desirable in order to minimise off-target side effects.8

The key to designing these mimetics is the application of
interactive de novo design since no commercially available
software could adequately address the challenge posed by
the large, discontinuous and disparate u-conotoxin binding
epitope.
ier Ltd. All rights reserved.

mailto:jbaell@wehi.edu.au


7285J. B. Baell et al. / Tetrahedron 62 (2006) 7284–7292
Since the side chain termini targeted for the mimicry of
GVIA are not spatially well defined in solution, our approach
is to concentrate on the design of scaffolds that mimic the tar-
geted a–b bond vectors as these are conformationally better
resolved. In order to investigate whether other scaffolds
could be developed besides those based on a benzothiazole
template, we have designed the anthranilamide derivative
2a (Fig. 2). A solid-state structure of the anthranilamide scaf-
fold confirmed that it could serve as a suitable K2–Y13–R17
mimetic of GVIA. We have previously reported this crystal
structure along with preliminary synthetic and functional
activity details for this mimetic.9 Herein, we characterise
the full synthesis of 2a and its analogue 2b, using a different
and more efficient synthetic route to that which we have
previously outlined, and report binding data for these
compounds to Cav2.2 and Cav2.1.

2. Results

2.1. Mimetic synthesis

Mimetics were synthesised from key intermediate 3, as
shown in Scheme 1. Firstly, the phenolic group was alkylated

Figure 1. The structure of the type-III mimetic of u-conotoxin GVIA based
on an N0-benzylated benzamidobenzothiazole core (1a), along with the
structure of an analogue (1b), both recently reported by us.7 Annotations
indicate the GVIA residue mimicked, and emboldened bonds are those
that mimic the corresponding a–b bond vectors in GVIA.

Figure 2. The structure of the type-III mimetic of u-conotoxin GVIA based
on an N0-aryl-N00-acyl anthranilamide core (2a), along with the structure of
an analogue (2b), reported herein. Annotations indicate the GVIA residue
mimicked, and emboldened bonds are those that mimic the corresponding
a–b bond vectors in GVIA.
with N-(3-bromopropyl)phthalimide and potassium carbon-
ate in DMF at 65 �C for 4 h to give 4a in 74% yield. The nitro
group of 4a was then reduced, after dissolution in hot 60%
ethanolic THF, by portionwise addition of sodium dithionite
and water at 80 �C, to give aniline 4b in 93% yield. This
aniline was then acylated with Cbz-protected 6-aminohexa-
noic acid using a typical HOBT/HBTU coupling protocol,
to give 5a in 90% yield. The phthalimide group was cleaved
using sodium borohydride in aqueous isopropanol10 fol-
lowed by treatment with acetic acid at 60 �C for 48 h to
give the free amine 5b in 55% yield. In turn, this amine
was converted into a protected guanidyl group by treatment
with N,N0-bis(benzyloxycarbonyl)-1H-pyrazole-1-carbox-
amidine and triethylamine in methanolic DCM, to give 5c
in 44% yield. Finally, this was fully deprotected by catalytic
hydrogenation in trifluoroethanol to afford 2a as a colourless
solid in 64% yield.

Analogue 2b was obtained from a sample of precursor 5b
that was deprotected by catalytic hydrogenation in metha-
nolic ethanol, to give 2b in 31% yield.

Intermediate 3 was not our initial choice of mimetic precur-
sor. Instead, the aryl fluoride 8 in Scheme 2 was targeted on
the basis that previous preliminary studies showed that the
labile fluorine atom could be displaced by N-Boc-protected
3-aminopropanol as its alkoxide in DME. The aryl fluoride
8 was readily made by coupling our previously reported7

aniline 6 with 5-fluoro-2-nitrobenzoic acid (7). In an initial
side project on R17 guanidine isosteres, we investigated the
use of pyridin-2-ylethanol and sodium hydride in DME to
see if we could displace the labile fluoride to give a compound
such as 9. However, only occasionally did 9 result, and even
then only in small yields, and the predominant product in-
stead was repeatedly 3. With large amounts of 3 at our dis-
posal, we realised that alkylation of the phenolic group in 3
using readily available 3-aminopropylbromide, N-protected
as the phthalimide, should provide a facile route to our other
target mimetics 2a and 2b. As described above for Scheme 1,
this indeed proved to be the case.

Although labile aryl fluoride atoms are reported to readily
furnish phenols through alkaline hydrolysis,11,12 model reac-
tions led us to suggest that a mechanism involving base-cat-
alysed beta-elimination of initially formed intended product
9 is involved in the production of 3, facilitated by the acidic
nature of the pyrid-2yl-methylene proton and the excellent
leaving group ability of the para-nitrophenoxide anion, as
shown in Scheme 3. The model reactions involved addition
of 2,4-dinitrofluorobenzene to pyridin-2-ylethanol/NaH in
DME, whereupon the only pyridine-containing species pro-
duced was 2-vinylpyridine. On the other hand, addition of
the alkoxide to the model aryl fluoride, conditions under
which excess strong base would not exist, gave the model
product as intended. Our proposed mechanism is also sup-
ported by the published use of S-pyrid-2-ylethyl groups as
surrogates for thiols, which are unmasked through a base-
catalysed beta-elimination mechanism analogous to that
postulated here.13

Other unexpected behaviour was encountered for this scaf-
fold when we synthesised mimetics with a greater degree
of orthogonal protection than that exhibited in 5c. Thus,
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Scheme 1. Synthesis of mimetic 2a and its analogue 2b from key precursor 3. Reagents and conditions: (a) N0-(3-bromopropyl)phthalimide, K2CO3, DMF,
65 �C; (b) Na2S2O4, EtOH, H2O, reflux; (c) CbzN(CH2)5CO2H, HBTU, HOBt, Et3N, DMF, rt; (d) (i) NaBH4, i-PrOH, H2O, DCM, rt; (ii) CH3CO2H, reflux;
(e) N,N0-bis(benzyloxycarbonyl)-1H-pyrazole-1-carboxamidine, DCM, rt; (f) H2, Pd/C, MeOH/EtOH, rt; (g) H2, Pd/C, trifluoroethanol, rt.
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Scheme 3. Proposed base-induced (B) beta-elimination in 9 to account for the observed production of 3 under anhydrous conditions (see Scheme 2) where the
intended product was 9.
5b was readily converted to 10 by reaction with N,N0-
bis(tert-butyloxycarbonyl)-1H-pyrazole-1-carboxamidine in
DCM as shown in Scheme 4. However, when we attempted
simultaneous bis-BOC and benzyl ether deprotection, using
the TFA/thioanisole method of Kiso et al.,14 only the cleaved
compound 11 was isolated after work up and purification.
2.2. Mimetic binding affinity for Cav2.2 and Cav2.1

Mimetics 2a and 2b were assayed for binding to Cav2.2 using
125I-GVIA as a ligand. The K2–Y13–R17 mimetic 2a bound
with a Ki of 3.5 mM while the K2–Y13–R17K mimetic 2b
bound with a Ki of 13 mM. These same mimetics were
5b
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Scheme 4. Synthesis of orthogonally protected mimetic 10 and its subsequent decomposition to 11 during attempted deprotection. Reagents and conditions:
(a) N,N0-bis(tert-butyloxycarbonyl)-1H-pyrazole-1-carboxamidine, DCM, rt; (b) TFA/thioanisole, DCM, rt.
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assayed for binding to Cav2.1 using 125I-MVIIC as a ligand.
The K2–Y13–R17 mimetic 2a bound with a Ki of 111 mM
while the K2–Y13–R17K mimetic 2b bound with a Ki of
176 mM (Table 1).

3. Discussion

The relatively potent, low micromolar binding affinity for
the K2–Y13–R17 mimetic 2a to Cav2.2 (N-type calcium)
channels is impressive and is made more remarkable by
the selectivity of this compound for these channels over
Cav2.1 (P/Q-type calcium) channels. This compound ap-
pears to be highly optimisable since the K2 and R17 mimetic
side chains contain significant flexibility and are suited to
conformational constraint. It is not proven that 2a mimics
the three targeted residues in GVIA exactly in binding to
Cav2.2 as designed, but this is a reasonable assumption since
molecular modelling has shown9 that this scaffold is a good
structural mimic of K2, Y13 and R17 in GVIA. This is more
clearly shown in Figure 3, where the solid-state conforma-
tion of the scaffold9 is superimposed on the NMR-derived

Table 1. Binding potencies (mM) for mimetics 2a and 2b to Cav2.2 (N-type)
and Cav2.1 (P/Q-type) calcium channels (95% confidence intervals shown
in parentheses)

Compound Ki (Cav2.2) Ki (Cav2.1)

2a 3.5 (2.5–4.8) 111 (70–180)
2b 13.1 (9.5–18.0) 176 (140–220)
solution conformation of GVIA, which is represented by
its peptide backbone conformation as a yellow tube. All
residues in GVIA have been removed apart from the side
chains of the targeted residues. This makes it quite clear how
the anthranilamide scaffold can mimic the a–b bond vectors
of the targeted residues, K2, Y13 and R17, in GVIA and
how, if suitably functionalised, it would be a structural
K2–Y13–R17 GVIA mimetic.

We have previously reported7 another K2–Y13–R17 mi-
metic using a benzothiazole-based scaffold (1a) and for
this system, undertook more extensive testing of truncated
analogues to show that each of the three mimetic side chains
contributed to the low micromolar affinity for Cav2.2. For
the current anthranilamide system, we have only investi-
gated the variant 2b, which contains a lysine-like side chain
instead of an arginine-like side chain as the R17 side chain
mimetic. However, the drop in potency that we see parallels
the drop in potency that accompanies the analogous change
in the benzothiazole-based mimetic system (1a to 1b), and
we propose that the mimetic side chains in 2a all interact
favourably with the ion channel as they do for 1a and
moreover, that both compounds are true GVIA mimetics.

Interactive de novo design can be the most efficient way to
develop type-III mimetics of binding epitopes.1,6,7,9,15,16

Here, synthetic and conformational knowledge is applied
by the medicinal chemist interactively with a modelling
package to design a suitable mimetic scaffold that is syn-
thetically tractable, conformationally appropriate, not too
Figure 3. Three-dimensional picture of the anthranilamide scaffold ‘core’ superimposed on the NMR solution structure of u-conotoxin GVIA. The peptide
backbone is shown as a mustard yellow translucent tube. Only residues Lys2, Tyr13 and Arg17 of GVIA are shown, these in cyan with their respective
Ca–Cb bonds being coloured purple. The scaffold is coloured by atom type with only the NH hydrogens being displayed for the sake of clarity. The mimetic
Ca–Cb bonds are coloured yellow. It can be seen that the purple GVIA bonds match closely with their yellow counterparts in the mimetic. The conformation of
the scaffold used is that determined by X-ray crystallographic analysis, as previously described.9
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drug-unlike and highly analogable. Occasional structural re-
laxation with reference to known crystallographic substruc-
ture conformation is used in the process. Although this
procedure is inherently suited to automation and computa-
tional approaches have been developed,17 in our hands we
find our approach to be the most successful and efficient.
Binding epitopes targeted by interactive de novo design
may vary from continuous and contiguous, to discontinuous
and discontiguous1,6,7,9,15,16 and so although we have tar-
geted mimetics of pharmacologically active toxins, our
approach may be suitable for other polypeptide–protein or
protein–protein interactions. We are currently applying this
technique with considerable success to the design of mi-
metics of the alpha-helical binding domain of pro-apoptotic
BH3-only proteins in their complex with anti-apoptotic
Bcl-2 homologues.18 In the current work, we target a pharma-
cophore that is both discontinuous and discontiguous. In a
sense, the disparate nature of the pharmacophore allows for
more choice in the scaffold construction, and we have now
shown how two, quite distinct scaffolds can act as GVIA mi-
metics in targeting the same three residues. This gives some
additional versatility to the process where one scaffold may
be interchanged for another with better ADMET properties.

One important factor in the success of our approach is the
choice of neither more nor less than three residues to target.
Less than three is unlikely to register activity, more than
three is likely to render initial design and synthesis overly
complex. In this regard, we found it quite surprising that mi-
metic 2a is as potent as it is. Rudimentary thermodynamic
considerations suggest that the side chains in this type of
mimetic might contribute significantly more to the binding
process than they do in GVIA itself.1,7,15

4. Conclusion

Non-peptide mimetics of u-conotoxin GVIA have been pre-
pared based on an anthranilamide scaffold that projects side
chain mimetics of lysine, tyrosine and arginine in a similar
respective manner to the projection of K2, Y13 and R17 in
GVIA. In so doing, mimetic 2a exhibits a Ki to Cav2.2 of
3.5 mM and is over 30-fold more selective for this channel
than Cav2.1 channels. We have selected 2a for further opti-
misation and assessment of functional antagonism of the
Cav2.2 channel.

5. Experimental

All commercially obtained chemicals and reagents were
used as received. Melting points were recorded on a Reichert
hot stage melting point apparatus. 1H and 13C nuclear mag-
netic resonance (NMR) spectra were recorded on a Varian
Mercury 300 MHz spectrometer using the solvents speci-
fied; exchangeable NH and OH protons are only assigned
where specified. 19F-decoupled 1H and 13C NMR spectra
were run on Bruker DPX 300 MHz spectrometer FTIR
were run on Perkin–Elmer 1600 Series FTIR. ATR IR spec-
tra were run on a Bruker IFS 55 FTIR Specac single reflec-
tion ATR system fitted with a single bounce diamond top
plate. HRMS of compounds were recorded on a Bruker Bio-
Apex 47e Fourier Transform mass spectrometer. Low
Resolution MS was recorded on a Micromass Platform II
mass spectrometer. The compounds analysed were dissolved
in organic solvent and ionised using an electrospray ionisa-
tion source. MS data are recorded as positive electrospray
ions unless indicated by (ESI-) where negative ions are
reported. Elemental analyses were conducted by CMAS
Chemical and Micro Analytical Services Pty. Ltd. (P.O.
Box 248, Belmont, Victoria 3216, Australia).

5.1. 2-(6-Aminohexanoylamino)-5-(3-guanidinoprop-
oxy)-N-[4-(4-hydroxyphenoxy)-phenyl]-benzamide (2a)

The fully protected compound (5c) (17.5 mg, 0.017 mmol)
was dissolved in trifluoroethanol (6 mL) and 10% Pd/C
was added. The reaction mixture was stirred under H2 at at-
mospheric pressure for 4 h. The catalyst was then removed
by filtration and washed with MeOH (2�3 mL) and the com-
bined filtrates and washings concentrated to dryness under
reduced pressure. The solid was then triturated with DCM
(2�3 mL), dissolved in water and centrifuged. Freeze-drying
of the supernatant afforded 2a as a white solid (5.8 mg, 64%).
Mp 134–136 �C; 1H NMR (300 MHz, methanol-d4) d ppm:
1.44 (m, 4H), 1.70 (p, J¼7.2 Hz, 2H), 2.10 (p, J¼7.2 Hz,
2H), 2.40 (t, J¼6.0 Hz, 2H), 2.60 (t, J¼6.9 Hz, 2H), 3.44
(t, J¼6.8 Hz, 2H), 4.16 (t, J¼5.9 Hz, 2H), 6.76–6.94 (m,
6H), 7.14 (dd, J¼3.0, 9.0 Hz, 1H), 7.32 (d, J¼2.7 Hz, 1H),
7.58 (dd, J¼2.1, 9.0 Hz, 2H), 7.89 (d, J¼8.7 Hz, 1H); 13C
NMR-APT (75 MHz, methanol-d4; 1 unassigned ArC)
d ppm: 27.5 (CH2), 28.3 (CH2), 30.5 (CH2), 34.3 (CH2),
38.9 (CH2), 40.4 (CH2), 43.2 (CH2), 67.4 (CH2), 116.0
(CH), 118.6 (CH), 119.1 (CH), 119.3 (CH), 122.7 (CH),
124.7 (CH), 127.2 (CH), 130.4 (C), 132.1 (C), 134.7 (C),
150.5 (C), 157.7 (C), 158.3 (C), 159.6 (C), 169.5 (C), 175.5
(C); ATR (neat) cm�1: 3278 (O–H), 2932, 2847 (aliphatic
C–H), 1652, 1600 (C]O), 1497 (C]N); HRMS calcd for
C29H36N6O5 (M+H+) 549.28254, found 549.2828.

5.2. 2-(6-Aminohexanoylamino)-5-(3-aminopropoxy)-
N-[4-(4-hydroxyphenoxy)-phenyl]-benzamide (2b)

The protected compound (5b) (26 mg, 0.036 mmol) was dis-
solved in absolute EtOH (5 mL) and MeOH (2 mL) and
stirred under H2 with 10% Pd/C for 3 h. The mixture was fil-
tered and the filtrate evaporated to dryness. The residue was
triturated with hexanes (4�8 mL) and ether (3�8 mL) and
then dissolved in water and centrifuged. The supernatant
was removed and freeze-dried to give 2b as a green solid
(4.8 mg, 31%). Mp 146–148 �C; 1H NMR-COSY
(300 MHz, methanol-d4) d ppm: 1.46 (p, J¼7.5 Hz, 2H),
1.71 (m, J¼8.2, 7.2 Hz, 4H), 2.20 (p, J¼6.6 Hz, 2H), 2.43
(t, J¼7.4 Hz, 2H), 2.91 (t, J¼7.4 Hz, 2H), 3.19 (t,
J¼7.2 Hz, 2H), 4.22 (t, J¼5.9 Hz, 2H), 6.81–6.96 (m, 6H),
7.14–7.18 (dd, J¼3.0, 9.0 Hz, 1H), 7.37 (d, J¼2.7 Hz, 1H),
7.52 (d, J¼9.0 Hz, 2H), 7.93 (d, J¼9.0 Hz, 1H); 13C NMR
(75 MHz, methanol-d4) d ppm: 26.9 (CH2), 27.7 (CH2),
29.1 (CH2), 29.4 (CH2), 38.6 (CH2), 39.5 (CH2), 41.4
(CH2), 67.7 (CH2), 112.5 (CH), 116.0 (CH), 116.1 (2CH),
117.9 (2CH), 118.2 (CH), 119.3 (2CH), 119.5 (2CH),
130.0 (C), 132.4 (C), 134.9 (C), 151.5 (C), 155.8 (C), 157.4
(C), 158.1 (C), 169.6 (C), 175.0 (C); ATR (neat) cm�1:
3237 (O–H), 2927, 2849 (aliphatic C–H), 1647, 1596
(weak), 1496 (C]O); MS (ESI) (M+H+) 507.3; HRMS calcd
for C28H34N4O5 (M+H+) 507.26075, found 507.2606.
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5.3. N-[4-(4-Benzyloxyphenoxy)-phenyl]-5-hydroxy-2-
nitrobenzamide (3)

2-(2-Hydroxyethyl)pyridine (0.1 mL, 0.89 mmol) was added
to a slurry of NaH (60% in mineral oil, 21.6 mg, 0.54 mmol)
in anhydrous DME (0.25 mL) under N2. After 20 min, a solu-
tion of 8 (36 mg, 0.079 mmol) dissolved in anhydrous DMF
(3 mL) was added dropwise over 25 min at room tempera-
ture. The reaction mixture changed from an orange-yellow
colour to a brown colour overnight (24 h). DME was re-
moved under reduced pressure and the resulting residue dis-
solved in EtOAc (30 mL). The EtOAc solution was washed
with 2 M HCl (2�40 mL). Washings with 2 M NaOH
(2�40 mL) were carried out until the aqueous solution be-
came colourless. The organic layer was then washed with
saturated brine (2�30 mL), dried (MgSO4) and filtered.
The organic solvent was removed under reduced pressure.
Purification by radial chromatography using 100% EtOAc
afforded 3 (28.7 mg, 80%) as a yellow solid after removal
of solvent (a small amount of 9 (8.6 mg, 19%) was also fur-
nished as a brown amorphous solid). 1H NMR (300 MHz,
acetone-d6) d ppm: 5.08 (s, 2H), 6.88–7.05 (m, 8H), 7.35–
7.47 (m, 5), 7.62 (d, J¼9.3 Hz, 2H), 8.09 (d, J¼9.3 Hz,
1H), 10.50 (s, 1H, NH ); 13C NMR (75 MHz, acetone-d6;
1 ArCH remains unassigned) d ppm: 70.30 (CH2), 115.52
(CH), 116.13 (2CH), 118.40 (2CH), 120.31 (2CH), 121.50
(2CH), 127.41 (CH), 127.76 (2CH), 127.94 (CH), 128.59
(2CH), 134.48 (C), 136.49 (C), 137.68 (C), 138.21 (C),
151.05 (C), 154.60 (C), 155.20 (C), 163.08 (C), 164.43 (C);
ATR (neat) cm�1: 3217 s, 3047 m, 2875 w, 1580 m, 1494 s,
1444 m, 1386 w, 1323 s, 1263 m, 1209 s, 1102 w, 1063 m,
878 m, 819 m, 742 m, 695 m cm�1. MS (ESI) m/z 457.3
[M+H]+. HRMS: Found 456.1303 (requires 456.1321 for
C26H20N2O6). Microanalysis: Found (%) C 68.51 H 4.38 N
6.19 (requires (%) C 68.42 H 4.42 N 6.14 for C26H20N2O6).

5.4. N-[4-(4-Benzyloxyphenoxy)-phenyl]-5-[3-(1,3-di-
oxo-1,3-dihydro-isoindol-2-yl)-propoxy]-2-nitrobenz-
amide (4a)

Phenol (3) (0.223 g, 0.489 mmol) and N-(3-bromopropyl)-
phthalimide (0.131 g, 0.489 mmol) were dissolved in DMF
(10 mL) with K2CO3 (0.27 g, 0.19 mmol) and the reaction
mixture heated under nitrogen at 65 �C for 4 h. After allow-
ing to cool to room temperature, the mixture was poured into
iced 2 M HCl (60 mL) with stirring. The beige flocculant was
filtered off and the residue washed with water. This pre-
cipitate was then dissolved in 40:60 EtOAc/THF, dried
(MgSO4), filtered and the solvent removed under reduced
pressure. The crude residue was re-crystallised from EtOAc
to give 4a as a beige coloured powder (0.232 g, 74%). Mp
186–188 �C; 1H NMR (300 MHz, acetone-d6) d ppm: 2.28
(p, J¼6.2 Hz, 2H), 3.94 (t, J¼6.5 Hz, 2H), 4.35 (t, J¼
5.9 Hz, 2H), 5.16 (s, 2H), 6.99–7.15 (m, 9H), 7.34–7.57(m,
5H), 7.75–7.91 (m, 5H+NH), 8.12–8.16 (m, 1H); 13C
NMR-APT (75 MHz, acetone-d6) d ppm: 27.9 (CH2), 35.2
(CH2), 66.7 (CH2), 70.5 (CH2), 114.1 (CH), 115.1 (CH),
115.8 (2CH), 116.2 (2CH), 120.1 (2CH), 121.9 (2CH),
123.2 (2CH), 126.9 (CH), 127.8 (CH), 127.3 (2CH), 128.4
(2CH), 131.7 (C), 132.6 (C), 134.1 (2CH), 135.4 (C), 136.7
(C), 138.6 (2C), 150.5 (C), 154.7 (C), 154.8 (C), 162.6
(2C), 164.5 (C), 168.4 (C); ATR (neat) cm�1: 3274 (aromatic
C–H), 2940, 2875 (aliphatic C–H), 1705 (C]O) 1510, 1208
(NO2); HRMS calcd for C37H29N3O8 (M+Na+) 666.1852,
found 666.1846.

5.5. 2-Amino-N-[4-(4-benzyloxyphenoxy)-phenyl]-5-[3-
(1,3-dioxo-1,3-dihydro-isoindol-2-yl)-propoxy]-benz-
amide (4b)

Nitrobenzene (4a) (0.288 g, 0.448 mmol) was dissolved in
95% EtOH (20 mL) and THF (15 mL) and heated to 80 �C.
Upon dissolution of the solid, Na2S2O4 (0.312 g, 1.8 mmol)
was added, followed by H2O (4 mL). The temperature was
maintained at 80 �C for a further 2 h. The solvent was then
removed under reduced pressure. EtOAc (40 mL) and 2 M
HCl (40 mL) were added to the residue and the aqueous layer
extracted with EtOAc (2�30 mL). The combined organic ex-
tracts were then washed with saturated NaHCO3 (2�40 mL),
saturated brine (2�30 mL) and dried (MgSO4), filtered and
evaporated to dryness to give 4b as a light yellow solid
(0.255 g, 93%). Mp 140–143 �C; 1H NMR (300 MHz,
CDCl3) d ppm: 2.03 (p, J¼6.4 Hz, 2H), 3.87 (t, J¼6.9 Hz,
2H), 3.94 (t, J¼5.7 Hz, 2H), 4.98 (s, 2H), 6.57–6.92, 7.08–
7.09, 7.26–7.38, 7.52–7.55 (m, 16H), 7.60–7.76 (m, 4H);
13C NMR-APT (75 MHz, CDCl3; 1 ArCH and 11 ArC unas-
signed) d ppm: 28.1 (CH2), 35.3 (CH2), 67.7 (CH2), 70.5
(CH2), 115.4 (CH), 115.8 (2CH), 118.4 (2CH), 119.0 (CH),
120.2 (2CH), 122.3 (2CH), 123.2 (2CH), 127.4 (2CH),
127.9 (CH), 128.5 (2CH), 131.9 (C), 132.9 (C), 133.9
(2CH); ATR (neat) cm�1: 3461, 3372 (N–H), 3271 (aromatic
C–H), 2951, 2862 (aliphatic C–H), 1811 (C]O), 1639
(phthalimide C]O); HRMS calcd for C37H31N3O6

(M+H+) 614.2291, found 614.2291.

5.6. (5-{2-[4-(4-Benzyloxyphenoxy)-phenyl-carbomoyl]-
4-[3-(1,3-dioxo-1,3-dihydro-isoindol-2-yl)-propoxy]-phe-
nylcarbomyl}-pentyl)carbamic acid benzyl ester (5a)

Aniline (4b) (0.180 g, 0.29 mmol) and 6-benzyloxy-carbonyl
aminohexanoic acid (0.156 g, 0.58 mmol) were dissolved
in DMF (10 mL). Triethylamine (0.16 mL, 0.11 mol) was
added, followed by HOBt (0.080 g, 0.5 mmol) and HBTU
(0.223 g, 0.5 mmol). The reaction mixture was stirred at
room temperature overnight then poured into 2 M HCl
(50 mL). This aqueous solution was extracted with DCM
(3�30 mL). The combined DCM extracts were washed
with 2 M HCl (30 mL), then with saturated NaHCO3

(2�30 mL) followed by saturated brine (2�30 mL). After
drying (MgSO4) and filtering, the DCM was removed under
reduced pressure to give the crude product as a white precip-
itate. This precipitate was re-crystallised from EtOAc to af-
ford 5a as a white solid (0.228 g, 90%). Mp 157–159 �C;
1H NMR (300 MHz, CDCl3) d ppm: 1.39 (p, J¼6.6 Hz,
2H), 1.52 (p, J¼7.5 Hz, 2H), 1.71 (p, J¼7.5 Hz, 2H), 2.11
(p, J¼6.2 Hz, 2H), 2.35 (t, J¼7.4 Hz, 2H), 3.17 (q,
J¼6.4 Hz, 2H), 3.92 (t, J¼6.8 Hz, 2H), 4.05 (t, J¼5.6 Hz,
2H), 4.84 (s, 2H, 2NH), 5.06 (s, 2H), 5.07 (s, 2H), 6.90–
7.04 (m, 8H), 7.15–7.16 (m, 2H), 7.28–7.49 (m, 9H), 7.56–
7.59 (m, 2 H), 7.67–7.81 (m, 4H); 13C NMR-APT
(75 MHz, CDCl3) d ppm: 25.1 (CH2), 26.3 (CH2), 28.1
(CH2), 29.7 (CH2), 35.3 (CH2), 37.7 (CH2), 40.9 (CH2),
66.6 (CH2), 70.5 (CH2), 77.0 (CH2), 114.9 (CH), 115.9
(2CH), 118.2 (2CH), 119.1 (CH), 120.5 (2CH), 122.4 (2C),
122.5 (2CH), 123.2 (2CH), 123.4 (CH), 127.3 (4CH),
127.4 (CH), 127.9 (CH), 128.4 (2CH), 128.5 (2CH), 131.9
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(C), 132.0 (2C), 133.1 (C), 134.0 (2CH), 136.5 (C), 136.8
(C), 150.3 (C), 153.6 (C), 155.0 (C), 155.4 (C), 166.8 (C),
168.4 (2C), 171.4 (C); ATR (neat) cm�1: 3270, 3058 (amide
N–H), 2936, 2869 (aliphatic C–H), 1711, 1502 (C]O);
HRMS calcd for C51H48N4O9 (M+Na+) 883.3319, found
883.3306.

5.7. (5-{4-(3-Aminopropoxy)-[4-(4-benzyloxyphenoxy)-
phenylcarbonoyl]-phenylcarbamoyl}-pentyl)-carbamic
acid benzyl ester (5b)

The phthalimide protected precursor (5a) (85 mg, 99 mmol)
was dissolved in a solution of 6:1 i-PrOH/H2O (10 mL),
and DCM was added until a homogeneous mixture was ob-
tained. To this was added NaBH4 (0.019 g, 0.5 mmol) was
added and the reaction mixture stirred at room temperature
for 18 h. Acetic acid was added to adjust the pH to 2 and
the reaction heated at 60 �C for 48 h. The solvent was then
evaporated from the reaction mixture. Saturated NaHCO3

(20 mL) was added and the resulting mixture was extracted
with EtOAc (3�20 mL). The combined EtOAc extracts
were washed with water (20 mL), saturated brine
(2�20 mL), dried (MgSO4) and filtered. After the removal
of solvent from the filtrate, the residue was purified by radial
chromatography using a 2:1 CHCl3/MeOH eluent, or by first
flushing through an 80:20 EtOAc/hexanes eluent, then elut-
ing the product 5b (40 mg, 55%) with MeOH. 1H NMR
(300 MHz, methanol-d4) d ppm: 1.39 (p, J¼6.6 Hz, 2H),
1.50 (p, J¼6.6 Hz, 2H), 1.69 (p, J¼6.6 Hz, 2H), 2.19 (p,
J¼6.6 Hz, 2H), 2.39 (t, J¼7.2 Hz, 2H), 3.07 (t, J¼6.9 Hz,
2H), 3.18 (t, J¼7.2 Hz, 2H), 4.21 (t, J¼5.9 Hz, 2H), 5.06
(s, 2H), 5.09 (s, 2H), 6.94–7.05 (m, 6H), 7.13–7.6 (m,
15H); ATR (neat) cm�1: 3463, 3367 (N–H), 3272, 3049
(aromatic C–H), 2946, 2877 (aliphatic C–H), 1710 (C]O);
HRMS calcd for C43H46N4O7 (M+H+) 731.3445, found
731.3444.

5.8. (5-{4-(3-[ N,N0-Bis(benzyloxycarbonyl)-guanidino-
propoxy])-[4-(4-benzyloxyphenoxy)-phenylcarbonoyl]-
phenylcarbamoyl}-pentyl)-carbamic acid benzyl ester
(5c)

Crude amine (5b) (0.106 g, 0.12 mmol) was dissolved in
MeOH (4 mL) with DCM (2 mL) added to aid dissolution.
Triethylamine was then added (0.05 mL, 0.51 mmol),
followed by N,N0-bis(benzyloxycarbonyl)-1H-pyrazole-1-
caboxamidine (38.3 mg, 0.10 mmol). The reaction mixture
was stirred at room temperature for 8 h during which a white
precipitate formed. The precipitate was filtered off and the fil-
trate concentrated to afford more precipitate. The combined
precipitate was dissolved in DCM (15 mL) and washed with
2 M HCl (3�10 mL) followed by water (20 mL) and satu-
rated brine (2�10 mL). The product was purified by radial
chromatography using a 1:4 EtOAc/DCM solvent system
to give 5c as a white amorphous solid (56 mg, 44%) which
solidified only after an extended period under vacuum
(25 �C, 0.1 mmHg). Mp 114–116 �C; 1H NMR (300 MHz,
CDCl3) d ppm: 1.36 (p, J¼8.4 Hz, 2H), 1.51 (p, J¼7.5 Hz,
2H), 1.70 (p, J¼7.5 Hz, 2H), 2.05 (p, J¼6.3 Hz, 2H), 2.35
(p, J¼7.5 Hz, 2H), 3.16 (q, J¼6.4 Hz, 2H), 3.66 (q, J¼
6.0 Hz, 2H), 4.06 (t, J¼5.6 Hz, 2H), 5.05 (s, 2H), 5.06 (s,
2H), 5.06 (s, 2H), 5.09 (s, 2H), 6.90–6.93 (m, 6H), 7.20–
7.45 (m, 25H); 13C NMR-APT (75 MHz, CDCl3) d ppm:
25.0 (CH2), 26.2 (CH2), 28.4 (CH2), 29.6 (CH2), 37.9
(CH2), 39.4 (CH2), 40.8 (CH2), 66.5 (CH2), 67.0 (CH2),
67.3 (CH2), 38.2 (CH2), 70.5 (CH2), 114.1 (CH), 115.9
(2CH), 117.2 (CH), 118.2 (2CH), 120.5 (2CH), 122.8 (2CH),
123.3 (CH), 127.5 (4CH), 127.9 (2CH), 127.9 (2CH), 128.0
(2CH), 128.1 (2CH), 128.3 (2CH), 128.4 (2CH), 128.5 (CH),
128.6 (CH), 128.7 (CH), 128.8 (CH), 132.0 (C), 132.7 (C),
134.3 (C), 136.5 (C), 136.7 (C), 136.9 (2C), 150.3 (C),
153.7 (C), 153.9 (C), 155.1 (C), 155.6 (C), 155.8 (C), 156.4
(C), 163.4 (C), 167.1 (C), 171.6 (C); ATR (neat) cm�1: 3228
(N–H), 3078, 3036 (aromatic C–H), 3743, 3871 (aliphatic
C–H), 1729, 1679 (C]O), 1500 (C]N); HRMS calcd for
C60H60N6O11 (M+Na+) 1063.4218, found 1063.4220.

5.9. 5-Fluoro-2-nitrobenzoic acid (7)

2-Fluorobenzoic acid (1.807 g, 12.9 mmol) was dissolved in
concentrated H2SO4 (100 mL) after which P2O5 (w8 g) was
added. The mixture was then cooled to 0 �C and concentrated
HNO3 (15 mL) was added. After stirring for 3 h at 0 �C, the
reaction mixture was poured into iced water (500 mL) and fil-
tered. The precipitate was dissolved in DCM (30 mL) and the
filtrate was extracted with DCM (3�30 mL). The combined
DCM extracts were washed with water (2�30 mL) and satu-
rated brine (2�40 mL). After drying (MgSO4) and filtering,
DCM was removed under reduced pressure to give 7 as a
white solid (2.280 g, 95%). Mp 136–138 �C (lit.19 138–
139 �C); 1H NMR (300 MHz, CDCl3) d ppm: 7.37 (m, 1H),
7.53 (dd, J¼2.7, 7.8 Hz, 1H), 8.00 (dd, J¼4.5, 9.0 Hz, 1H);
1H (19F-decoupled) NMR (300 MHz, CDCl3) d ppm: 7.37
(dd, J¼1.8, 8.9 Hz, 1H), 7.52 (d, J¼2.7 Hz, 1H), 8.00 (d,
J¼9.0 Hz, 1H); 13C NMR (75 MHz, CDCl3) d ppm: 117.5
(d, J¼25.4 Hz), 119.2 (d, J¼23.1 Hz), 126.7 (d, J¼9.4 Hz),
129.0 (d, J¼8.6 Hz), 144.3 (s), 164 (d, J¼256.7 Hz), 168.4 (s).

5.10. N-[4-(4-Benzyloxyphenoxy)-phenyl]-5-fluoro-2-
nitrobenzamide (8)

4-(4-Benzyloxyphenoxy)-phenylamine (6) (0.889 g,
3 mmol) and 5-fluoro-2-nitrobenzoic acid (7) (0.558 g,
3 mmol) were dissolved in DMF (15 mL). Triethylamine
(1.2 mL, 12 mmol) was added followed by HBTU (1.14 g,
3 mmol). The reaction mixture was stirred for 5 h at room
temperature then poured into 2 M HCl (40 mL). The acidic
mixture was then extracted with EtOAc (3�30 mL). The
combined organic extracts were washed with water
(2�25 mL), saturated brine (2�20 mL), dried (MgSO4)
and filtered. The EtOAc solution was then concentrated to
one-third volume and cooled in ice to afford the coupled
product as a beige coloured precipitate which was filtered
off (0.940 g, 68%). Mp 177–179 �C; 1H (19F-decoupled)
NMR (300 MHz, CDCl3) d ppm: 5.07 (s, 2H), 6.98 (s, 4H),
7.00 (s, 1H), 7.28–7.53 (m, 10H), 8.22 (d, J¼9.0 Hz, 1H);
13C NMR (75 MHz, DMSO-d6) d ppm: 70.52 (CH2), 116.8
(2CH), 117.5 (d, J¼25.7 Hz, CH), 118.5 (d, J¼23.3 Hz,
CH), 119.0 (2CH), 120.8 (2CH), 122.2 (2CH), 128.4 (CH),
128.5 (2CH), 128.6 (CH), 129.2 (2CH), 134.5 (C), 136.4
(C), 137.9 (C), 143.5 (d, J¼3.1 Hz, C), 151.0 (C), 154.6 (C),
155.2 (C), 163.2 (C), 164.9 (d, J¼253.6 Hz, C); ATR (neat)
cm�1: 3250 m, 3070 m, 2940 w, 2870 w, 1650 s, 1550 s,
1490 s, 1340 s, 1210 s, 1010 m, 820 m, 740 w; MS (ESI):
m/z 459.2 [M+H]+. HRMS: Found 481.1177 (requires
481.1176 for [C26H19FN2O5]Na+). Microanalysis: Found
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(%) C 68.07 H 4.12 N 6.08 (requires (%) C 68.12 H 4.18 N
6.11 for C26H19FN2O5).

5.11. N-[4-(4-Benzyloxyphenoxy)-phenyl]-2-nitro-5-
(2-pyridin-2-yl-ethoxy)-benzamide (9)

This was obtained only in low yields from the reaction of 2-
(2-hydroxyethyl)pyridine with 8, as described earlier for the
synthesis of 3. Mp 99–102 �C; 1H NMR (300 MHz, CDCl3)
d ppm: 3.31 (t, J¼6. 5 Hz, 2H), 4.52 (t, J¼6. 5 Hz, 2H), 5.05
(s, 2H), 6.95–7.05 (m, 9H), 7.19–7.52 (m, 8H), 7.67 (dt, J¼
1.8, 7.8 Hz, 1H), 8.14 (d, J¼8.7 Hz, 1H), 8.54 (dd, J¼0.9,
5.7 Hz, 1H); 13C NMR-APT (75 MHz, CDCl3) d ppm: 37.4
(CH2), 68.0 (CH2), 70.5 (CH2), 114.2 (CH), 115.3 (CH),
115.8 (CH), 118.2 (CH), 120.2 (CH), 121.9 (CH), 122.2
(CH), 123.8 (CH), 127.0 (CH), 127.4 (CH), 127.9 (CH),
128.4 (CH), 132.1 (C), 135.1 (C), 136.6 (CH), 136.8 (C),
138.3 (C), 149.1 (CH), 150.4 (C), 154.8 (C), 155.1 (C),
157.1 (C), 162.8 (C), 164.4 (C); ATR (neat) cm�1: 3283,
3065 (aromatic C–H), 2997, 2941 (aliphatic C–H), 1620
(C]O), 1582 (C]N); MS (ESI) (M+H+) 562.5; HRMS
calcd for C33H27N3O6 (M+Na+) 548.17975, found 584.1793.

5.12. (5-{4-(3-[N,N0-Bis(tert-butoxycarbonyl)-guanidino-
propoxy])-[4-(4-benzyloxyphenoxy)-phenylcarbonoyl]-
phenylcarbamoyl}-pentyl)-carbamic acid benzyl ester
(10)

The protected anthranilamide derivative (5b) (55 mg,
0.064 mmol) was stirred with 1-H-pyrazole-1-(N,N0-bis-
(tert-butoxycarbonyl)]-caboxamidine (20 mg, 0.064 mmol)
in DCM (5 mL) overnight. The DCM was then removed
under reduced pressure. Excess guanidylating agent was
removed by triturating with hexanes (3�3 mL). After purifi-
cation of the residue by radial chromatography using a 50:50
EtOAc/hexanes solvent system, 10 was obtained as a white
amorphous solid (24 mg, 39%). Mp 56–59 �C; 1H NMR
(300 MHz, CDCl3) d ppm: 1.43, 1.45 (s, 18H), 1.34 (p,
J¼7.2 Hz, 2H), 1.49 (p, J¼7.2 Hz, 2H), 1.65 (p, J¼7.2 Hz,
2H), 2.02 (p, J¼7.2 Hz, 2H), 2.31 (t, J¼7.5 Hz, 2H), 3.14
(t, J¼6.4 Hz, 2H), 3.58 (t, J¼6.0 Hz, 2H), 4.03 (t, J¼
5.4 Hz, 2H), 5.29 (s, 2H), 5.31 (s, 2H), 6.94–6.97 (m, 6H),
7.10–7.54 (m, 15H); 13C NMR (75 MHz, CDCl3) d ppm:
25.1 (CH2), 26.3 (CH2), 28.1 (3CH3), 28.3 (3CH3), 28.7
(CH2), 29.7 (CH2), 37.9 (CH2), 39.1 (CH2), 40.9 (CH2),
66.5 (CH2), 67.0 (CH2), 70.5 (CH2), 79.4 (C), 83.1 (C), 113.7
(CH), 115.8 (2CH), 117.3 (CH), 118.2 (2CH), 120.4 (2CH),
122.6 (2CH), 122.9 (CH), 123.2 (CH), 127.4 (2CH), 127.7
(2CH), 128.4 (2CH), 128.5 (3CH), 132.1 (C), 132.3 (C),
136.5 (C), 136.8 (C), 150.3 (C), 152.9 (C), 153.9 (2C),
154.9 (C), 155.3 (C), 156.0 (C), 156.2 (C), 163.3 (C), 167.0
(C), 171.4 (C); ATR (neat) cm�1: 3314 (N–H), 2925, 2856
(aliphatic C–H), 1718, 1607 (C]O), 1494 (C]N); HRMS
calcd for C54H64N6O11 (M+H+) 973.4711, found 973.4713.

5.13. 2-(6-Aminohexanoylamino)-5-(3-guanidino-
propoxy)-benzoic acid (11)

To the bis-Boc protected compound (10) (25.6 mg, 26 mmol)
was added thioanisole (0.15 mL, 1.3 mmol) and TFA
(1 mL). The clear, colourless solution turned red upon addi-
tion of TFA. The resulting mixture was stirred at room tem-
perature for 8 h. The solvent was then removed under
reduced pressure and the residue triturated with hexanes
(6�5 mL) followed by ether (4�5 mL) to remove any resi-
dual thioanisole. The crude compound was dissolved in
DCM and purified by flushing through a silica plug with a
50:50 EtOAc/hexanes eluant. The most polar band was
eluted with MeOH to give 11 (5.6 mg, 58%) as a brown
solid. Mp 99–102 �C; 1H NMR (300 MHz, methanol-d4)
d ppm: 1.51 (p, J¼6.3 Hz, 2H), 1.78 (m, 4H), 2.09 (q,
J¼6.3 Hz, 2H), 2.47 (t, J¼7.4 Hz, 2H), 2.97 (t, J¼7.4 Hz,
2H), 3.44 (t, J¼6.8 Hz, 2H), 4.11 (t, J¼5.7 Hz, 2H), 7.09
(d, J¼9.0 Hz, 1H), 7.64 (s, 1H), 8.43 (d, J¼9.0 Hz, 1H);
13C NMR (75 MHz, methanol-d4; 2 ArC remain unassigned)
d ppm: 26.9 (CH2), 27.69 (CH2), 29.09 (CH2), 30.59 (CH2),
39.59 (CH2), 40.59 (CH2), 41.39 (CH2), 67.29 (CH2), 118.3
(CH), 119.7 (C), 120.3 (CH), 123.6 (CH), 131.8 (C), 156.2
(C), 159.7 (C); ATR (neat) cm�1: 3440 (O–H), 3166, 3063
(aromatic C–H), 2952, 2923, 2868 (aliphatic C–H), 1660,
1589 (C]O), 1449 (C]N); HRMS calcd for C17H27N5O4

(M+H+) 366.21423, found 366.2153.

6. Biological methods

Peptide synthesis, radiolabelling of the peptides with 125I and
rat brain preparation were conducted following previously
described procedures.20–22 Radioligand binding assays
were run in triplicate in 96-well plates at room temperature.
Each well of the 96-well plate (Polystyrene, Round bottom,
Nunc�, Denmark) contained compound 2a or 2b (first dilu-
tion 0.6 mM of compound total of seven dilutions, 1:10),
5–10 fmol of radiolabelled peptide (125I-GVIA) and 8 mg of
crude rat membrane (added last). All dilutions were made
in assay buffer (20 mM HEPES, 75 mM NaCl, 0.2 mM
EDTA, 0.2 mM EGTA, 2 mM Leupeptin, 2 mL apoprotinin
(to 30 mL assay buffer), 0.1% BSA, pH 7.4) and the final vol-
ume in each well was 150 mL. The plate was left on a shaker
for 1 h at room temperature before being filtered. Incubation
was terminated by washing the plate with wash buffer
(20 mM HEPES, 125 mM NaCl, pH 7.4) and filtered under
vacuum (Tomtec). The glass fibre filter used (90�120 mm,
double thickness, Wallac, Finland) was soaked in 0.6% poly-
ethyleneimine immediately prior to filtering to reduce non-
specific binding. The filter was put in a Sample Bag (Wallac,
Finland) containing 8 mL BetaPlate Scint (Wallac, Finland)
and the radioactivity bound to the filter was counted using
a 1450 MicroBeta Wallac Jet (Wallac, Finland). The data
were analysed using GraphPad Prism 2.0 (GraphPad Soft-
ware, Inc, San Diego, USA).
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Ceric Ammonium Nitrate (CAN) catalyzes the one-pot synthesis
of polyhydroquinoline via the Hantzsch reaction
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Abstract—A facile and efficient one-pot synthesis of high yields of polyhydroquinoline derivatives at ambient temperature using Ceric
Ammonium Nitrate (CAN) as catalyst via the Hantzsch reaction was reported. The process is simple and environmentally benign and the
catalyst is commercially available and inexpensive.
� 2006 Published by Elsevier Ltd.
1. Introduction

In recent years, much attention has been focused on the syn-
thesis of 1,4-dihydropyridyl compounds, due to their signif-
icant biological activity.1 Cardiovascular agents such as
nifedipine, nicardipine, amlodipine, and other related deriv-
atives are dihydropyridyl compounds, which are effective
for the treatment of hypertension.2 4-Aryl-1,4-dihydropyri-
dines are analogues of NADH coenzymes, which have
been explored for their calcium channel activity and the het-
erocyclic rings are found in a variety of bioactive compounds
such as bronchodilator, antiatherosclerotic, antitumour, va-
sodilator, antidiabetic, geroprotective, and heptaprotective
agents.3 Extensive studies indicate that these compounds ex-
hibit different medical functions, acting as neuroprotectants,
platelet antiaggregators, cerebral antiischemic agents, and
chemosensitizers.4 For these reasons, polyhydroquinoline
compounds not only have attracted the attention of chemists
to synthesize but also represent an interesting research chal-
lenge. Numerous methods have been reported for the syn-
thesis of polyhydroquinoline derivatives, because of the
biological importance associated with these compounds.
The classical method involves the three-component coupling
of an aldehyde with ethyl acetoacetate, and ammonia in ace-
tic acid or in refluxing alcohol.5,6 However, these methods
suffer from several drawbacks such as a long reaction
time, an excess of organic solvent, lower product yields,
and harsh refluxing conditions. Thus, chemists have devel-
oped several alternate and more efficient methods for the
synthesis of polyhydroquinoline derivatives, which include
the use of microwaves,7 ionic liquids,8 refluxing at high

Keywords: CAN; Catalyst; One-pot synthesis; Polyhydroquinoline;
Hantzsch.
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temperature,9 TMSCl–NaI,10 metal triflates,11 and I2.12

However, the use of high temperatures, expensive metal pre-
cursors, catalyst that are harmful to the environment, and
long reaction times limits the use of these methods. Thus,
the development of a simple and efficient method for the
preparation of polyhydroquinoline derivatives is an active
area of research and there is scope for further improvement
involving milder reaction conditions and higher product
yields.

The use of Ceric Ammonium Nitrate (CAN) has recently re-
ceived considerable attention as an inexpensive, nontoxic,
commercially available catalyst for various organic transfor-
mations to afford the corresponding products in excellent
yields. Due to the numerous advantages associated with
this eco-friendly compound, CAN has been explored as
a powerful catalyst for different reactions, such as oxidation,
nitration, 1,3-dipolar cycloaddition, thiocyanation, protec-
tion, esterification, 1,4-addition, and the Biginelli reaction.13

Because polyhydroquinoline derivatives are important bio-
logically active compounds, which have potential medical
applications, improvement and the development of a prepa-
ration of this type of compound using CAN are worthy of
study.

2. Results and discussion

We had the opportunity to further explore the catalytic activ-
ity of CAN in the synthesis of 1,4-dihydropyridines. Herein,
we wish to report on a novel synthesis of 1,4-DHP promoted
by a catalytic amount of CAN under ambient conditions to
give excellent yields. In an initial endeavor, 1 equiv each
of benzaldehyde 1a, 1,3-cyclohexanedione 2, ethyl aceto-
acetate 3a, and ammonium acetate 4 were stirred at ambient
temperature in ethanol. After 4 h, only 56% of the expected
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product 5aa was obtained when after workup and recrystal-
lization of the crude product from ethanol (Eq. 1 and entry 1
of Table 1). To improve the yield and optimize the reaction
conditions, the same reaction was carried out in the presence
of a catalytic amount of 2 mol % of CAN under similar con-
ditions. Surprisingly, a significant improvement was ob-
served and the yield of 5aa was dramatically increased to
93% after stirring; the mixture was stirred for only 2 h (entry
2). With this optimistic result in hand, we further investi-
gated the best reaction conditions by using different amounts
of CAN. An increase in the quantity of CAN from 2 mol %
to 5 mol % not only decreased the reaction time from 2 h to
1.5 h, but also increased the product yield slightly from 93%
to 98% (entry 3). Although the use of 10 mol % of CAN per-
mitted the reaction time to be decreased to 1 h, the yield
unexpectedly decreased to 65% (entry 4). A possible expla-
nation for the low product yield is that the starting material
or the product may have been destroyed during the reaction
when excess amount (10 mol %) of CAN was used in the
exothermic reaction and that 5 mol % CAN was sufficient
to catalyze the reaction effectively.

Based on above observations, we conducted the same reac-
tions using aromatic and heteroaromatic aldehydes 1b–1k,
2, 3a, and 4 in the presence of 5 mol % of CAN under similar

Table 1. Optimizing the reaction conditionsa (1)
conditions. As expected, satisfactory results were observed
and the results are summarized as Eq. 2 and Table 2. Both
aromatic (entries 1–9) and heteroaromatic aldehydes (entries
10 and 11) gave the corresponding products in good yields
(88–98%). Concerning aromatic aldehyde, it appears that
the presence of different or the same substituted groups
does not have a significant effect on the final products.

We next tried to observe the effect of substituents in 1,3-cy-
clohexanedione 2 using 5,5-dimethyl-1,3-cyclohexanedione
6. Both aromatic and heteroaromatic aldehydes 1 reacted
well with 6, 3a, and 4 in the presence of 5 mol % of CAN
to afford 7 in good to high yields under similar conditions
(Table 3). Compared to the results shown in Table 2, the de-
crease in reaction time can be explained by the assumption
that 6 is slightly more reactive than 2 in most cases due to
the presence of the methyl groups in the ring.

Finally, we also examined whether other b-keto compounds
such as 2,4-pentanedione 3b, methyl acetoacetate 3c, and 2-
methoxyethyl acetoacetate 3d also react with these reagents
to produce similar results. Aromatic and heteroaromatic
aldehydes 1 such as benzaldehyde 1a and 2-thiophenecar-
boxaldehyde 1k were reacted with 2, 3b–3d, and 4 in the
presence of 5 mol % of CAN to afford the expected product
O
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CHO

O

NH4OAc

1a 2 3a 5aa4

(1)

Entry CAN (equiv) Time (h) Yield (%)b

1 0 4 56
2 0.02 2 93
3 0.05 1.5 98
4 0.1 1 65

a Benzaldehyde/1,3-cyclohexanedione/ethyl acetoacetate/ammonium acetate ¼ 1:1:1:1.
b Isolated yields.

Table 2. CAN catalyzed the synthesis of polyhydroquinoline derivatives through Hantzsch reaction (2)
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CAN

r.t.
N
H

O

O

OAr

O

NH4OAc

1 2 3a 54

(2)ArCOH

Entry 1 Ar Time Product Yield (%)a Mp (�C)

1 1a Ph 1.5 h 5aa 98 240–241
2 1b p-MeC6H4 1.5 h 5ba 98 241–242
3 1c p-OMeC6H4 2.5 h 5ca 88 193–195
4 1d p-FC6H4 2 h 5da 98 243–244
5 1e p-ClC6H4 4 h 5ea 90 234–235
6 1f p-HOC6H4 2.5 h 5fa 93 220–222
7 1g o-NO2C6H4 50 min 5ga 93 190–191
8 1h m-NO2C6H4 50 min 5ha 98 198–200
9 1i p-NO2C6H4 25 min 5ia 98 204–205
10 1j 2-Furyl 35 min 5ja 90 210–212
11 1k 2-Thienyl 25 min 5ka 90 233–234

a Isolated yields.
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Table 3. CAN catalyzed the synthesis of polyhydroquinoline derivatives through Hantzsch reaction with 5,5-dimethyl-1,3-cyclohexanedione (3)

O

O

O

O
CAN

r.t.
N
H

O

O

OAr

O

NH4OAc

1 6 3a 74

(3)ArCOH

Entry 1 Ar Time Product Yield (%)a Mp (�C)

1 1a Ph 1 h 7aa 92 209–210
2 1c p-MeOC6H4 1.75 h 7ca 98 243–245
3 1e p-ClC6H4 35 min 7ea 88 230–232
4 1f p-HOC6H4 2 h 7fa 93 237–238
5 1k 2-Thienyl 1 h 7ka 85 224–226

a Isolated yields.
8 in medium to high yields (Table 4). It was surprising to find
that the use of 3b only led to medium yields (60–65%) of
products (entries 1 and 4) compared to substrates 3c and
3d (entries 2, 3, 5, and 6). A possible explanation of the dif-
ferences is that 3b (approximate pKa value of 9) is much
more reactive than 3c and 3d (approximate pKa value of
11) so that the other side reactions might have occurred or
side reaction products also could have been formed when
3b was used.

It is important to understand the role of CAN in the reac-
tion. One possibility is that both Ce(IV) and NH4

+ in CAN
can be used as Lewis acids to catalyze the reaction. To
prove this assumption, different Lewis acids such as
CeF4, NH4Cl, and CeCl3$7H2O were used in the same re-
actions (Table 5). Surprisingly, CeF4 and NH4Cl catalyzed
the reaction more efficiently than CeCl3$7H2O. The reac-
tion completed more rapidly and the yields were also higher
when CeF4 and NH4Cl were used (entries 1 and 2). These
results indicate that both cerium (IV) ions and ammonium
ions, which are present in CAN actually can also catalyze
the reaction. Although CeCl3$7H2O can also induce the
reaction, the results were not as good as the two other
reagents.
Table 4. CAN catalyzed the synthesis of polyhydroquinoline derivatives through Hantzsch reaction with different b-keto compounds (4)

O

O

R1

O
CAN

r.t.
N
H

O

R1

OAr

O

NH4OAc

1 2 3b-d 84

(4)ArCOH

Entry 1 3 R1 Time (h) Product Yield (%)a Mp (�C)

1 1a 3b CH3 1 8ab 65 229–230
2 1a 3c OMe 1 8ac 85 222–224
3 1a 3d OCH2CH2OMe 1 8ad 87 150–152
4 1k 3b CH3 5 8kb 60 218–219
5 1k 3c OMe 2 8kc 90 216–217
6 1k 3d OCH2CH2OMe 7 8kd 64 207–209

a Isolated yields.

Table 5. To address the role of CAN in this reactiona (5)

O
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O
catalyst

r.t.

N
H

O

O

O
CHO

O

NH4OAc

1a 2 3a 5aa4

(5)

Entry Catalyst (equiv) Time (h) Yield (%)b

1 CeF4 (0.05) 1.75 90
2 NH4Cl (0.1) 2 85
3 CeCl3$7H2O (0.05) 4 60

a Benzaldehyde/1,3-cyclohexanedione/ethyl acetoacetate/ammonium acetate ¼ 1:1:1:1.
b Isolated yields.
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3. Conclusion

In conclusion, we successfully developed a facile and effi-
cient method for preparing a variety of 4-substituted-1,4-di-
hydropyridines from the reactions of different aromatic or
heteroaromatic aldehydes, b-keto compounds, including
1,3-cyclohexanedione, 5,5-dimethyl-1,3-cyclohexanedione,
or 2,4-pentadione, and alkyl acetoacetate, and ammonium
acetate in the presence of a catalytic amount of CAN at
room temperature. The catalytic activity of CAN is remark-
able and the use of the environmentally benign, com-
mercially available CAN as catalyst in the synthesis of
4-substituted-1,4-dihydropyridines in good yields is also
significant. The advantages such as shorter reaction times,
milder conditions, simplicity of the reaction, good product
yields, and the easy procedures involved in the reaction
make the inexpensive and commercially available CAN
a powerful catalyst for the synthesis of different organic
compound.

4. Experimental

4.1. Material and general

All reactions were performed at room temperature. All
chemicals were purchased from Aldrich Chemical Co. and
the solvent were used directly without further purification.
Analytical thin-layer chromatography was performed with
E. Merck silica gel 60F glass plates. MS or HRMS were
measured by JEOL JMS-D300 or JEOL JMS-HX110 spec-
trometer. 1H and 13C NMR spectra were recorded with
Bruker Aavance EX 400.

4.1.1. Typical experimental procedure for the synthesis
of Hantzsch polyhydroquinoline derivatives 5, 7, and 8.
A typical experimental procedure for the preparation of 5
is described as follows: a 10 mL round-bottomed flask
charged with aldehyde 1 (1.0 mmol), 1,3-cyclohexanedione
2 or 5,5-dimethyl-1,3-cyclohexanedione 6 (1.0 mmol), 2,4-
pentadione or acetoacetate derivatives 3 (1.0 mmol), ammo-
nium acetate 4 (1.0 mmol), and Ceric Ammonium Nitrate
(CAN) (0.05 mmol) followed by 0.5 mL of ethanol. The
mixture was then stirred at room temperature until the reac-
tion was completed (monitored by TLC). The reaction mix-
ture was treated with brine solution, extracted with ethyl
acetate (2�20 mL). After evaporation of the solvent, the
crude yellow product was recrystallized from ethanol to
give a yellow or brown solid.

4.1.1.1. 2-Methyl-5-oxo-4-phenyl-1,4,5,6,7,8-hexahy-
droquinoline-3-carboxylic acid ethyl ester (5aa). 1H
NMR (CDCl3, 400 MHz) d 1.18 (t, 3H, J¼6.8 Hz), 1.80–
2.10 (m, 2H), 2.30–2.44 (m, 7H), 4.05 (q, 2H, J¼6.8 Hz),
5.09 (s, 1H), 6.07 (s, 1H), 7.10 (t, 1H, J¼7.6 Hz), 7.20 (t,
2H, J¼7.6 Hz), 7.30 (d, 2H, J¼7.6 Hz). 13C NMR (CDCl3,
100 MHz) d 14.16, 19.34, 21.01, 27.46, 36.38, 37.00,
59.78, 106.06, 113.46, 125.99, 127.90, 127.98, 143.30,
147.12, 149.58, 167.41, 195.52. MS m/z (relative intensity)
311 (M+, 27), 282 (8), 235 (15), 234 (100), 206 (27).
HRMS calcd for C19H21NO3 (M+) 311.1521; found
311.1526.
4.1.1.2. 2-Methyl-5-oxo-4-(4-methylphenyl)-1,4,5,6,
7,8-hexahydroquinoline-3-carboxylic acid ethyl ester
(5ba). 1H NMR (CDCl3, 400 MHz) d 1.21 (t, 3H, J¼
7.2 Hz), 1.80–2.10 (m, 2H), 2.20–2.51 (m, 10H), 4.07 (q,
2H, J¼7.2 Hz), 5.05 (s, 1H), 7.00 (d, 2H, J¼7.6 Hz), 7.18
(d, 2H, J¼7.6 Hz), 7.36 (s, 1H). 13C NMR (CDCl3,
100 MHz) d 14.15, 18.92, 20.93, 26.93, 35.88, 37.03,
59.66, 105.71, 112.68, 127.69, 128.51, 129.56, 135.28,
143.87, 144.42, 151.42, 167.63, 196.29. MS m/z (relative in-
tensity) 325 (M+, 33), 296 (10), 235 (15), 234 (100), 206
(22). HRMS calcd for C20H23NO3 (M+) 325.1678; found
325.1685.

4.1.1.3. 2-Methyl-5-oxo-4-(4-methoxyphenyl)-1,4,5,6,
7,8-hexahydroquinoline-3-carboxylic acid ethyl ester
(5ca). 1H NMR (CDCl3, 400 MHz) d 1.20 (t, 3H, J¼
6.8 Hz), 1.80–2.10 (m, 2H), 2.30–2.60 (m, 7H), 3.74 (s, 3H),
4.06 (q, 2H, J¼6.8 Hz), 5.04 (s, 1H), 5.95 (s, 1H), 7.10 (d,
2H, J¼8.4 Hz), 7.20 (d, 2H, J¼8.4 Hz). 13C NMR (CDCl3,
100 MHz) d 14.20, 19.36, 21.05, 27.49, 35.52, 37.02,
55.12, 59.77, 106.33, 113.29, 113.72, 128.94, 139.67,
142.92, 149.20, 157.80, 167.47, 195.71. MS m/z (relative in-
tensity) 341 (M+, 52), 312 (20), 268 (16), 235 (15), 234
(100), 206 (33). HRMS calcd for C20H23NO4 (M+)
341.1627; found 341.1623.

4.1.1.4. 2-Methyl-5-oxo-4-(4-fluorophenyl)-1,4,5,6,7,8-
hexahydroquinoline-3-carboxylic acid ethyl ester (5da).
1H NMR (DMSO-d6, 400 MHz) d 1.17 (t, 3H, J¼7.2 Hz),
1.80–2.10 (m, 2H), 2.20–2.70 (m, 7H), 4.06 (q, 2H,
J¼7.2 Hz), 5.07 (s, 1H), 6.03 (s, 1H), 6.85–6.89 (m, 2H),
7.23–7.27 (m, 2H). 13C NMR (DMSO-d6, 100 MHz)
d 14.60, 18.72, 21.26, 26.58, 35.55, 37.15, 59.54, 103.89,
111.52, 114.78, 114.99, 129.54, 129.62, 144.49, 145.57,
151.90, 167.27, 195.16. MS m/z (relative intensity) 329
(M+, 36), 235 (15), 234 (100), 206 (28). HRMS calcd for
C19H20NFO3 (M+) 329.1427; found 329.1425.

4.1.1.5. 2-Methyl-5-oxo-4-(4-chlorophenyl)-1,4,5,6,7,8-
hexahydroquinoline-3-carboxylic acid ethyl ester (5ea).
1H NMR (CDCl3, 400 MHz) d 1.18 (t, 3H, J¼7.2 Hz),
1.80–2.10 (m, 2H), 2.30–2.50 (m, 7H), 4.05 (q, 2H,
J¼7.2 Hz), 5.05 (s, 1H), 6.34 (s, 1H), 7.18 (d, 2H,
J¼8.8 Hz), 7.24 (d, 2H, J¼8.8 Hz). 13C NMR (CDCl3,
100 MHz) d 14.17, 19.33, 20.96, 27.37, 36.07, 36.87,
59.93, 105.77, 112.96, 128.01, 129.40, 131.61, 143.53,
145.63, 150.29, 167.22, 195.92. MS m/z (relative intensity)
345 (M+, 24), 316 (12), 235 (16), 234 (100), 206 (36).
HRMS calcd for C19H20ClNO3 (M+) 345.1132; found
345.1130.

4.1.1.6. 2-Methyl-5-oxo-4-(4-hydroxyphenyl)-1,4,5,6,
7,8-hexahydroquinoline-3-carboxylic acid ethyl ester
(5fa). 1H NMR (Acetone-d6, 400 MHz) d 1.17 (t, 3H, J¼
7.2 Hz), 1.70–2.00 (m, 2H), 2.19–2.23 (m, 1H), 2.34 (s,
3H), 2.50–2.54 (m, 2H), 4.02 (q, 2H, J¼7.2 Hz), 5.05 (s,
1H), 6.63 (d, 2H, J¼8.4 Hz), 7.08 (d, 2H, J¼8.4 Hz). 13C
NMR (Acetone-d6, 100 MHz) d 15.07, 19.12, 22.41,
27.75, 36.57, 38.23, 60.24, 106.30, 113.84, 115.66, 130.14,
140.66, 145.27, 151.47, 156.63, 168.50, 195.72. MS m/z
(relative intensity) 327 (M+, 37), 298 (15), 254 (12), 235
(15), 234 (100), 206 (35). HRMS calcd for C19H21NO4

(M+) 327.1471; found 327.1465.
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4.1.1.7. 2-Methyl-5-oxo-4-(2-nitrophenyl)-1,4,5,6,7,8-
hexahydroquinoline-3-carboxylic acid ethyl ester (5ga).
1H NMR (CDCl3, 400 MHz) d 1.10 (t, 3H, J¼7.2 Hz),
1.70–2.00 (m, 2H), 2.20–2.50 (m, 7H), 4.02–4.09 (m, 2H),
5.87 (s, 1H), 7.22–7.24 (m, 1H), 7.39 (s, 1H), 7.40–7.60
(m, 2H), 7.69 (m, 1H). 13C NMR (CDCl3, 100 MHz)
d 13.82, 18.66, 20.70, 26.68, 32.23, 36.63, 59.67, 104.55,
111.86, 123.49, 126.41, 131.01, 132.49, 141.75, 145.20,
148.12, 152.27, 167.22, 196.11. MS m/z (relative intensity)
356 (M+, 26), 327 (12), 235 (16), 234 (100), 206 (36).
HRMS calcd for C19H20N2O5 (M+) 356.1372; found
356.1380.

4.1.1.8. 2-Methyl-5-oxo-4-(3-nitrophenyl)-1,4,5,6,7,8-
hexahydroquinoline-3-carboxylic acid ethyl ester (5ha).
1H NMR (CDCl3, 400 MHz) d 1.19 (t, 3H, J¼7.2 Hz),
1.80–2.10 (m, 2H), 2.30–2.50 (m, 7H), 4.07 (q, 2H,
J¼7.2 Hz), 5.18 (s, 1H), 6.88 (s, 1H), 7.35–7.40 (m,
1H), 7.72 (d, 2H, J¼8.0 Hz), 7.98 (d, 2H, J¼8.0 Hz),
8.33 (s, 1H). 13C NMR (CDCl3, 100 MHz) d 14.19,
19.30, 21.02, 27.24, 33.01, 36.88, 60.07, 105.77, 112.29,
121.26, 122.89, 128.65, 134.83, 144.63, 148.29, 149.42,
151.03, 167.02, 196.03. MS m/z (relative intensity) 356
(M+, 12), 339 (15), 235 (15), 234 (100), 206 (31).
HRMS calcd for C19H20N2O5 (M+) 356.1372; found
356.1378.

4.1.1.9. 2-Methyl-5-oxo-4-(4-nitrophenyl)-1,4,5,6,7,8-
hexahydroquinoline-3-carboxylic acid ethyl ester (5ia).
1H NMR (CDCl3, 400 MHz) d 1.18 (t, 3H, J¼6.8 Hz),
1.80–2.10 (m, 2H), 2.30–2.60 (m, 7H), 4.03–4.09 (m, 2H),
5.18 (s, 1H), 7.30 (s, 1H), 7.48 (d, 2H, J¼7.6 Hz), 8.10 (d,
2H, J¼7.6 Hz). 13C NMR (CDCl3, 100 MHz) d 14.08,
19.19, 20.94, 27.12, 36.88, 37.13, 60.10, 104.63, 111.89,
123.32, 128.99, 134.83, 144.91, 146.41, 151.62, 154.78,
167.07, 196.23. MS m/z (relative intensity) 356 (M+, 12),
339 (40), 235 (17), 234 (100), 206 (50). HRMS calcd for
C19H20N2O5 (M+) 356.1372; found 356.1365.

4.1.1.10. 2-Methyl-5-oxo-4-(furan-2-yl)-1,4,5,6,7,8-
hexahydroquinoline-3-carboxylic acid ethyl ester (5ja).
1H NMR (CDCl3, 400 MHz) d 1.25 (t, 3H, J¼7.2 Hz),
1.90–2.10 (m, 2H), 2.30–2.60 (m, 7H), 4.12–4.19 (m, 2H),
5.27 (s, 1H), 5.95–5.99 (m, 1H), 6.02–6.10 (m, 1H), 6.20–
6.26 (m, 1H), 7.21 (s, 1H). 13C NMR (CDCl3, 100 MHz)
d 14.27, 19.37, 21.08, 27.56, 30.21, 36.95, 59.88, 103.02,
104.74, 110.10, 140.81, 144.20, 150.56, 157.94, 167.23,
195.56. MS m/z (relative intensity) 301 (M+, 50), 272 (22),
256 (19), 245 (29), 228 (100), 200 (19). HRMS calcd for
C17H19NO4 (M+) 301.1314; found 301.1313.

4.1.1.11. 2-Methyl-5-oxo-4-(thiophene-2-yl)-1,4,5,6,
7,8-hexahydroquinoline-3-carboxylic acid ethyl ester
(5ka). 1H NMR (CDCl3, 400 MHz) d 1.19 (t, 3H, J¼
7.2 Hz), 1.80–2.10 (m, 2H), 2.30–2.50 (m, 7H), 4.07 (q,
2H, J¼7.2 Hz), 5.45 (s, 1H), 6.18 (s, 1H), 6.80–6.90 (m,
2H), 7.13–7.20 (d, 1H, J¼7.6 Hz). 13C NMR (CDCl3,
100 MHz) d 14.27, 19.35, 21.08, 27.42, 31.11, 36.98, 59.96,
105.59, 112.81, 123.15, 123.33, 126.46, 143.73, 149.85,
151.18, 167.15, 195.57. MS m/z (relative intensity) 317
(M+, 100), 288 (67), 244 (68), 234 (55), 206 (45), 161
(24). HRMS calcd for C17H19SNO3 (M+) 317.1086; found
317.1084.
4.1.1.12. 2,7,7-Trimethyl-5-oxo-4-phenyl-1,4,5,6,7,8-
hexahydroquinoline-3-carboxylic acid ethyl ester (7aa).
1H NMR (CDCl3, 400 MHz) d 0.94 (s, 3H), 1.07(s, 3H),
1.20 (t, 3H, J¼7.2 Hz), 2.10–2.40 (m, 7H), 4.06 (q,
2H, J¼7.2 Hz), 5.06 (s, 1H), 6.22 (s, 1H), 7.10 (t, 1H,
J¼7.6 Hz), 7.20 (t, 2H, J¼7.6 Hz), 7.31 (d, 2H, J¼
7.6 Hz). 13C NMR (CDCl3, 100 MHz) d 14.18, 19.22, 27.19,
29.33, 32.50, 36.25, 41.27, 50.66, 59.87, 106.16, 112.56,
125.97, 127.88, 127.99, 143.35, 146.52, 148.58, 167.61,
195.97. MS m/z (relative intensity) 339 (M+, 12), 263 (16),
262 (100), 234 (28). HRMS calcd for C21H25NO3 (M+)
339.1834; found 339.1840.

4.1.1.13. 2,7,7-Trimethyl-5-oxo-4-(4-methoxyphenyl)-
1,4,5,6,7,8-hexahydroquinoline-3-carboxylic acid ethyl
ester (7ca). 1H NMR (CDCl3, 400 MHz) d 0.94 (s, 3H),
1.07 (s, 3H), 1.21 (t, 3H, J¼7.2 Hz), 2.13–2.36 (m, 7H),
3.74 (s, 3H), 4.06 (q, 2H, J¼7.2 Hz), 5.00 (s, 1H), 6.01 (s,
1H), 6.74 (d, 2H, J¼8.4 Hz), 7.22 (d, 2H, J¼8.4 Hz). 13C
NMR (CDCl3, 100 MHz) d 14.21, 19.40, 27.17, 29.40,
32.69, 35.67, 41.12, 50.72, 55.10, 59.77, 106.36, 112.42,
113.23, 128.95, 139.56, 139.56, 143.02, 147.72, 157.75,
167.49, 195.52. MS m/z (relative intensity) 369 (M+, 33),
340 (13), 263 (15), 262 (100), 234 (23). HRMS calcd for
C22H27NO4 (M+) 369.1940; found 369.1931.

4.1.1.14. 2,7,7-Trimethyl-5-oxo-4-(4-chlorophenyl)-
1,4,5,6,7,8-hexahydroquinoline-3-carboxylic acid ethyl
ester (7ea). 1H NMR (CDCl3, 400 MHz) d 0.92 (s, 3H),
1.06 (s, 3H), 1.17 (t, 3H, J¼7.2 Hz), 2.10–2.50 (m, 7H),
4.02–4.10 (m, 2H), 5.04 (s, 1H), 6.13 (s, 1H), 7.15–7.20
(m, 2H), 7.25–7.30 (m, 2H). 13C NMR (CDCl3,
100 MHz) d 14.17, 19.30, 27.04, 29.39, 32.64, 36.20,
40.93, 50.65, 59.87, 105.65, 111.71, 127.95, 129.39,
131.56, 143.71, 145.58, 167.21, 195.56. MS m/z (relative
intensity) 373 (M+, 14), 263 (16), 262 (100), 234 (26).
HRMS calcd for C21H24ClNO3 (M+) 373.1445; found
373.1442.

4.1.1.15. 2,7,7-Trimethyl-5-oxo-4-(4-hydroxyphenyl)-
1,4,5,6,7,8-hexahydroquinoline-3-carboxylic acid ethyl
ester (7fa). 1H NMR (Acetone-d6, 400 MHz) d 0.91 (s,
3H), 1.04 (s, 3H), 1.21 (t, 3H, J¼7.2 Hz), 2.13–2.36 (m,
7H), 3.74 (s, 3H), 4.06 (q, 2H, J¼7.2 Hz), 5.00 (s, 1H),
6.01 (s, 1H), 6.74 (d, 2H, J¼8.4 Hz), 7.22 (d, 2H,
J¼8.4 Hz). 13C NMR (Acetone-d6, 100 MHz) d 15.01,
19.09, 19.16, 27.49, 33.40, 36.70, 41.14, 51.77, 54.98,
60.20, 106.29, 112.65, 115.57, 130.13, 131.38, 140.43,
145.31, 149.71, 156.62, 168.41, 195.36. MS m/z (relative
intensity) 356 (M+, 28), 326 (12), 282 (11), 263 (14), 262
(100), 234 (24). HRMS calcd for C21H25NO4 (M+)
355.1784; found 355.1776.

4.1.1.16. 2,7,7-Trimethyl-5-oxo-4-(thiophene-2-yl)-
1,4,5,6,7,8-hexahydroquinoline-3-carboxylic acid ethyl
ester (7ka). 1H NMR (CDCl3, 400 MHz) d 1.05 (s, 3H),
1.13 (s, 3H), 1.28(t, 3H, J¼7.2 Hz), 2.20–2.55 (m, 7H),
4.17 (q, 2H, J¼7.2 Hz), 5.42 (s, 1H), 6.20 (s, 1H), 6.81–
6.90 (m, 2H), 7.00–7.05 (m, 2H). 13C NMR (CDCl3,
100 MHz) d 14.28, 19.40, 27.25, 29.50, 31.22, 32.69,
41.04, 50.67, 59.96, 105.55, 111.68, 123.05, 123.42,
126.40, 143.87, 148.31, 150.98, 167.17, 195.36. MS m/z
(relative intensity) 345 (M+, 100), 316 (65), 272 (68), 262
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(69), 234 (34). HRMS calcd for C19H23NSO3 (M+)
345.1399; found 345.1397.

4.1.1.17. 2-Methyl-3-acetyl-5-oxo-4-phenyl-1,4,5,6,
7,8-hexahydroquinoline (8ab).14 1H NMR (CDCl3,
400 MHz) d 1.80–2.00 (m, 2H), 2.14 (s, 3H), 2.32–2.43
(m, 7H), 5.13 (s, 1H), 6.22 (s, 1H), 7.14 (t, 1H, J¼7.6 Hz),
7.22–7.32 (m, 4H). 13C NMR (CDCl3, 100 MHz) d 20.14,
20.81, 27.42, 29.50, 36.98, 37.01, 113.10, 113.98, 126.37,
127.89, 128.38, 143.04, 145.91, 149.21, 195.78, 199.60.

4.1.1.18. 2-Methyl-5-oxo-4-phenyl-1,4,5,6,7,8-hexahy-
droquinoline-3-carboxylic acid methyl ester (8ac). 1H
NMR (DMSO-d6, 400 MHz) d 1.60–1.75 (m, 1H), 1.85–
2.00 (m, 1H), 2.20–2.60 (m, 7H), 3.56 (s, 3H), 4.95 (s,
1H), 7.00–7.30 (m, 5H), 9.19 (s, 1H). 13C NMR (DMSO-
d6, 100 MHz) d 18.25, 20.78, 26.12, 35.38, 36.71, 50.66,
103.16, 111.12, 125.68, 127.21, 127.91, 145.24, 147.63,
151.41, 167.39, 194.69. MS m/z (relative intensity) 297
(M+, 16), 221 (15), 220 (100). HRMS calcd for
C18H19NO3 (M+) 297.1365; found 297.1366.

4.1.1.19. 2-Methyl-5-oxo-4-phenyl-1,4,5,6,7,8-hexahy-
droquinoline-3-carboxylic acid (2-methoxyethyl) ester
(8ad). 1H NMR (CDCl3, 400 MHz) d 1.80–2.00 (m, 2H),
2.20–2.50 (m, 7H), 3.31 (s, 3H), 3.52 (t, 2H, J¼4.8 Hz),
4.14–4.18 (m, 2H), 5.11 (s, 1H), 6.66 (s, 1H), 7.08–7.32
(m, 5H). 13C NMR (CDCl3, 100 MHz) d 19.24, 20.99,
27.22, 36.39, 37.01, 58.77, 62.75, 70.44, 105.53, 113.16,
125.97, 127.88, 127.95, 144.03, 147.12, 150.20, 167.35,
195.89. MS m/z (relative intensity) 341 (M+, 12), 265 (12),
264 (100). HRMS calcd for C20H23NO4 (M+) 341.1627;
found 341.1620.

4.1.1.20. 2-Methyl-3-acetyl-5-oxo-4-(thiophene-2-yl)-
1,4,5,6,7,8-hexahydroquinoline (8kb).14 1H NMR
(CDCl3, 400 MHz) d 1.92–2.01 (m, 2H), 2.22 (s, 3H),
2.34–2.48 (m, 7H), 5.39 (s, 1H), 6.80–6.88 (m, 2H), 7.01–
7.03 (m, 1H), 7.23 (s, 1H). 13C NMR (CDCl3, 100 MHz)
d 20.00, 20.92, 27.05, 29.27, 32.06, 36.87, 112.61, 113.31,
123.68, 123.87, 126.67, 144.18, 150.13, 150.62, 195.85,
199.10.

4.1.1.21. 2-Methyl-5-oxo-4-(thiophene-2-yl)-1,4,5,6,
7,8-hexahydroquinoline-3-carboxylic acid methyl ester
(8kc). 1H NMR (CDCl3, 400 MHz) d 1.94–2.01 (m, 2H),
2.30–2.55 (m, 7H), 3.72 (s, 3H), 5.42 (s, 1H), 6.79–6.86 (m,
2H), 6.94 (br, 1H), 7.02–7.06 (m, 1H). 13C NMR (CDCl3,
100 MHz) d 19.14, 21.05, 27.16, 36.97, 51.11, 104.97,
112.42, 123.12, 123.19, 126.53, 144.58, 151.15, 167.68,
196.00. MS m/z (relative intensity) 303 (M+, 90), 288 (25),
244 (57), 220 (100). HRMS calcd for C16H17NSO3 (M+)
303.0929; found 303.0927.

4.1.1.22. 2-Methyl-5-oxo-4-(thiophene-2-yl)-1,4,5,6,
7,8-hexahydroquinoline-3-carboxylic acid (2-methoxy-
ethyl) ester (8kd). 1H NMR (CDCl3, 400 MHz) d 1.93–
2.01 (m, 2H), 2.32–2.46 (m, 7H), 3.33 (s, 3H), 3.58 (t, 2H,
J¼4.8 Hz), 4.22–4.27 (m, 2H), 5.51 (s, 1H), 6.80–6.83 (m,
2H), 7.01–7.07 (m, 2H). 13C NMR (CDCl3, 100 MHz)
d 19.18, 21.05, 27.09, 31.12, 36.99, 58.80, 62.89, 70.47,
104.91, 112.40, 123.09, 123.33, 126.50, 144.69, 150.79,
151.27, 167.14, 195.89. MS m/z (relative intensity) 347
(M+, 100), 288 (65), 264 (48), 244 (70). HRMS calcd for
C18H21NSO4 (M+) 347.1191; found 347.1191.
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Abstract—The enzyme-mediated enantioselective hydrolysis of poly(ethylene glycol) (PEG)-supported carbonates is disclosed. The water-
soluble carbonates were prepared by immobilization of a racemic secondary alcohol (4-benzyloxy-2-butanol) onto low-molecular weight
(av MW 550 and 750) monomethoxy PEG through a carbonate linker. For the screening of the hydrolytic enzymes, the substrate was enan-
tioselectively hydrolyzed by commercially available lipase from porcine pancreas (PPL; Type II, Sigma) to afford the optically active com-
pounds. In this system, the separation of the remaining (S)-substrate and the resulting (R)-alcohol was achieved by an extraction process
without a laborious column chromatography. The (S)-carbonate was easily hydrolyzed with K2CO3 to afford the corresponding (S)-alcohol.
Other MPEG-supported substrates were also hydrolyzed to afford the corresponding optically active alcohols.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Optically active secondary alcohols are versatile intermedi-
ates in organic syntheses. The use of enzymes in the prepa-
ration of such compounds is especially attractive due to its
benign effect on the environment. In particular, the kinetic
resolution of racemic alcohols and esters using hydrolytic
enzymes is one of the practical methods for the preparation
of the optically active compounds, and a significant number
of examples have been reported.1 In the reaction process, the
enantiomers, the remaining substrate and the resulting prod-
uct, could be separated mainly by column chromatography.
However, the tedious and wasteful separation step is the
bottleneck to an easy operation and a sustainable product.
Although, in order to resolve this irritating problem, several
studies of an easy separation have been published,2–9 facile
and efficient procedures are still desired.

On the other hand, organic synthesis based on polymer
supports has made rapid progress, especially in the field of
combinatorial chemistry. Because insoluble polymers (poly-
styrene, silica gel, and so on) are usually used, it is called
‘solid-phase’ chemistry. While the methodology provides
us an easy separation of the products, the heterogeneous

Keywords: Carbonates; Enantioselective hydrolysis; Enzymes; Hydrolase;
Poly(ethylene glycol)-supported substrate.
* Corresponding author. Tel./fax: +81 42 591 7360; e-mail: mkazu@chem.

meisei-u.ac.jp
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.05.020
reaction causes a low reactivity and a difficult analysis of
the polymer-supported intermediate. Although enzymatic
transformation on a polymer support is also of contemporary
interest and can be potentially useful for the easy isolation of
the products, there have been relatively few reports on poly-
mer-supported reactions by enzymes so far.6–12 Recently,
poly(ethylene glycol) (PEG) has been recognized as an inex-
pensive and convenient soluble polymer.13,14 The synthetic
approach using a soluble polymer is termed as ‘liquid-phase’
chemistry and couples the advantages of homogeneous solu-
tion chemistry with those of solid-phase chemistry. We have
noted that a PEG-supported strategy could be suitable for
enzymatic transformation because the broad solubility of
PEG facilitates the analysis of the PEG-supported substrates
and could significantly enhance the reactivity under homo-
geneous conditions. Actually, PEG-supported esters and
amides have been studied as prodrugs, which are hydrolyzed
in vitro or in vivo to gradually release native drugs.15 In this
report, we disclose the first example of the kinetic resolution
of PEG-supported substrates with a carbonate linker by a
hydrolytic enzyme to afford the corresponding optically
active compounds, and the method enables us to achieve
the easy separation of the remaining substrates and the
resulting alcohols by an extraction process without laborious
column chromatography.16

In general, previously reported PEG use during enzymatic
synthesis has been restricted as the reagent for the modifica-
tion of enzymes17 and the additive for improving the enzyme

mailto:mkazu@chem.meisei-u.ac.jp
mailto:mkazu@chem.meisei-u.ac.jp
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activities.18 To the best of our knowledge, there has been
only one report on the PEG-supported substrate used for
enzymatic transformation.19 However, the substrate only
worked as a nucleophile to an acyl–enzyme intermediate,
and the example did not make the most of the advantage
of PEG. We now present a new aspect of PEG use.

2. Results and discussion

2.1. Screening test of enzymes

We used low-molecular weight monomethoxy PEG (MPEG,
av MW 750 and 550) as the matrix.20 It has the desired sol-
ubility profile and the higher loading capacity (MPEG750,
1.3 mmol/g; MPEG550, 1.8 mmol/g), while that of MPEG5000

(av MW 5000), which has been used in many previous
reports, is only 0.2 mmol/g. In addition, the terminal methyl
group becomes a reference for the determination of the load-
ing ratio in the reaction steps.

For the screening test of enzymes, we selected the carbonate
(�)-1a (MPEG750), which was afforded by the coupling of
racemic 4-benzyloxy-2-butanol ((�)-2) with MPEG750–
OH through a carbonate linker. The carbonate is a typical
linker for organic synthesis on a polymer support and can
be easily constructed. In general, carbonate is recognized
as a poor substrate for hydrolase. However, we have already
succeeded in the development of the enzymatic hydrolysis of
cyclic carbonates,21 and realize that carbonate is merely
a kind of ester, which can be hydrolyzed by enzymes.

The substrate (�)-1a was readily synthesized as shown in
Scheme 1. The reaction of (�)-2 with N,N0-carbonyldiimida-
zole in CH2Cl2 proceeded to afford the corresponding (�)-3.
The compound (�)-3 was immobilized on MPEG–OH with
DMAP in DMF at 120 �C to give nearly the pure MPEG750-
supported (�)-1a in 67% yield. In the same way, the
MPEG550-supported (�)-1b and other substrates were also
prepared. The yields of substrates were determined by the
weights with the assumption that the MW was 750 or 550
for MPEG–OH.

In the first screening test, 12 hydrolytic enzymes were used.
The selection of the enzyme was carried out on the basis of
hydrolytic activity without paying attention to the enantio-
selectivity. The assay was performed by checking the pro-
duction of 2 using TLC, and we selected three enzymes. In
the second screening, the enantiomeric excesses (ees) of the
products were determined after purification (Scheme 2). The
ee of 2 was determined by HPLC analysis (CHIRALCEL
OD-H, Daicel Chemical Industries, Ltd), and a similar anal-
ysis of 2 derived from 1a with K2CO3 was also performed
(Scheme 3). These results are shown in Table 1. Although
pig liver esterase (PLE; Amano Enzyme, Inc.) smoothly
catalyzed the hydrolysis of 1a to afford (R)-2, the enantio-
selectivity was quite low (E value¼3).22 Interestingly, the
esterase SNSM-87 (Nagase & Co., Ltd) preferentially
hydrolyzed the opposite enantiomer with moderate enantio-
selectivity to give the alcohol (S)-2, but the conversion was
very low (conv.¼0.08, E value¼11). Finally, lipase from
porcine pancreas (PPL; Type II, Sigma) was found to be the
best enzyme. Under the given reaction conditions, the reac-
tion of (�)-1a with PPL proceeded with a higher enantio-
selectivity (conv.¼0.29, E value¼23) to afford the optically
active (S)-1a (50%, 36% ee) and (R)-2 (28%, 89% ee; [a]D

26

�12.2 (c 0.24, MeOH)). The absolute configurations of
the products were determined by comparing the optical
rotation of 2 with that of an authentic sample ([a]D

27 +19.0
(c 0.95, MeOH)) derived from ethyl (S)-3-hydroxybutanoate
(Scheme 4). Changing the MPEG part to a lower molecular
weight MPEG550 did not negatively affect the reactivity.
The reaction of the MPEG550-supported 1b also proceeded
with a high enantioselectivity (conv.¼0.35, E value¼28).
In the reaction of (�)-1b at 10 �C, the E value was up to 32
and (R)-2 with 93% ee was obtained, although the conversion
apparently decreased. On the other hand, the methyl carbon-
ate (�)-1c (R¼Me) was also hydrolyzed, but the enantio-
selectivity was very low (E value¼1.4). The substrate
(�)-1c is not supported on MPEG and basically insoluble
in water. These facts indicate that the hydrophilic MPEG
matrix could change the physical property of the alcohol 2
and that the substrate would favorably fit into the enzyme
active site.
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O O
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OH
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* *
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Scheme 3.

2.2. Separation of the products

During the reaction process, we succeeded in the establish-
ment of a more facile separation of the remaining substrate
(S)-1a,b and the resulting alcohol (R)-2 due to the suitable
water-solubility of the MPEG-supported substrates. Scheme
5 illustrates this extraction procedure. First, the extraction
Me OBn
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O O

O
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O

N
N

O
N NN N
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r.t.
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MPEG = -(CH2CH2O)nCH3

(±)-1a: MPEG750 (67%)
(±)-1b: MPEG550 (67%)

Scheme 1.
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Table 1. Enantioselective hydrolysis of carbonates (�)-1a

Substrate R Temp (�C) Carbonate 1 Alcohol 2 Conv.e Ef

Yield b(%) ee (%)c Yield (%) ee (%)d

PLE 1a MPEG750 30 4 96(S) 76 7(R) 0.93 3
Esterase SNSM-87 1a MPEG750 30 56 7(R) 11 82(S) 0.08 11
PPL 1a MPEG750 30 50 36(S) 28 89(R) 0.29 23
PPL 1b MPEG550 30 54 47(S) 30 89(R) 0.35 28
PPL 1b MPEG550 10 76 10(S) 21 93(R) 0.10 32
PPL 1c Me 30 65 5(S) 28 12(R) 0.27 1.4

a The reaction was performed using 5 mM of the substrate with an enzyme in 0.1 M phosphate buffer (pH 6.5) for 24 h.
b Determined by its weight on the basis of the weight of the racemic substrate.
c Determined by HPLC analysis after the hydrolysis of the carbonate.
d Determined by HPLC analysis.
e Calculated by ee(carbonate)/[ee(carbonate)+ee(alcohol)].
f Calculated by ln[(1�conv.)(1�ee(carbonate))]/ln[(1�conv.)(1+ee(carbonate))].
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process is performed with hexane after the enzymatic
reaction. In this step, only the alcohol (R)-2 is selectively ex-
tracted into the hexane layer. Second, the substrate (S)-1a,b
is successfully extracted from the aqueous layer with
AcOEt. MPEG–OH, which is removed from (R)-1a,b, still
remains in the aqueous layer. In order to purify these com-
pounds, only a pad of silica gel is needed.

2.3. Application of the enzymatic reaction

We next examined the enzymatic reactions of several sub-
strates supported on MPEG550 under the same conditions
(Scheme 6). These results are summarized in Table 2. As
expected, the hydrolysis of 1-phenylethanol derivative (�)-8a
(R1¼Me, R2¼Ph) enantioselectively proceeded, and the
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conversion was greater than those of 1 (conv.¼0.55, E
value¼29). In this case, the corresponding optically active
compounds, (S)-8a (36%, 95% ee) and (R)-9a (31%,
77% ee), were obtained. While the reaction of (�)-8c (R1¼
vinyl, R2¼CH2CH2OBn) showed a good enantioselectivity
(E value¼16), (�)-8b (R1¼Me, R2¼CH2CH2Ph) was

Table 2. Enantioselective hydrolysis of carbonates (�)-8 with PPLa

Substrate R1 R2 Carbonate (S)-8 Alcohol (R)-9 Conv. E

Yield
(%)b

ee
(%)

Yield
(%)

ee
(%)

8a Me Ph 36 95c 31 77d 0.55 29
8b Me CH2CH2Ph 37 23c 47 27d 0.46 2
8c Vinyl CH2CH2OBn 47 56e 41 80f 0.41 16

a The reaction was performed using 5 mM of (�)-8 with PPL in 0.1 M
phosphate buffer (pH 6.5) for 24 h.

b Determined by its weight on the basis of the weight of the racemic sub-
strate.

c Determined by HPLC analysis after the hydrolysis of the carbonate.
d Determined by HPLC analysis.
e Determined by 1H NMR analysis of the corresponding MTPA ester after

the hydrolysis of the carbonate.
f Determined by 1H NMR analysis of the corresponding MTPA ester.
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hydrolyzed with a very low enantioselectivity. Because the
bulkiness of the substituent of 8c is not much different from
those of 1 and 8b, the interaction between the enzyme and
the oxygen atom in the benzyloxy group should be important
for the enantioselectivity. In all cases, the substrates 8 and
the alcohols 9 were successfully separated by the two step-
extraction procedure as expected.

2.4. What is the real active enzyme?

Although commercially available PPL (Type II, Sigma)
works well in this enzymatic reaction, the crude enzyme con-
tains a number of hydrolases besides the true PPL. The exis-
tence of several active enzymes might affect the reactivity
and enantioselectivity. In addition, the active-site model pro-
posed by Jones for the PPL-catalyzed hydrolysis of a primary
ester does not predict the reaction mode in this case.23 In or-
der to research the accurate result of the reaction for MPEG-
supported substrates, we then investigated the reaction using
the commercially available purified PPL (lipase Type VI-S,
Sigma) and two kinds of major contaminant hydrolases,
a-chymotrypsin (Type II, Sigma) and cholesterol esterase
(Sigma). We selected (�)-8a as the substrate because it
was the most reactive amongst all the examined substrates
(Table 3). It is noteworthy that all enzymes show no or very
low enantioselectivities. These results suggest that the activ-
ity could be due, not to the true PPL, but to another unknown
enzyme. Further detailed investigations are now in progress.

3. Conclusions

In summary, we have demonstrated the first example for the
hydrolase-mediated kinetic resolution of low-molecular
weight MPEG-supported carbonates. We succeeded in the
highly enantioselective hydrolysis of several substrates to
give the substituted methyl (2 and 9a) and vinyl (9c) carbi-
nols, which were optically active. In our method, the separa-
tion of the resulting alcohols from the remaining substrates
was achieved by an extraction process without time- and
solvent-consuming column chromatography. We anticipate
that the use of a soluble polymer as the matrix of the sub-
strates will provide an operationally simple and eco-friendly
protocol.

4. Experimental

4.1. General

1H (300 MHz) and 13C (75 MHz) NMR spectra were mea-
sured on JEOL JNM AL-300, with tetramethylsilane (TMS)

Table 3. Enantioselective hydrolysis of carbonates 8aa

Enzyme Carbonate (S)-8a Alcohol (R)-9a Conv. E

ee (%) ee (%)

Purified PPLb 2.1 30 0.07 2
a-Chymotrypsinc 1.2 21 0.06 1.5
Cholesterol esterased 1.2 0.4 0.77 w1

a The reaction was performed using 5 mM of (�)-8a with the enzyme in
0.1 M phosphate buffer (pH 6.5, 4 mL) for 24 h at 30 �C.

b Using 0.3 mg (81,000 U/mg).
c Using 5 mg (30,000 U/mg).
d Using 1 mg (54 U/mg).
as the internal standard. 1H (500 MHz) NMR spectra were
measured on JEOL a-500. IR spectra were recorded with
a Shimadzu IR Prestige-21 spectrometer. Mass spectra
were obtained with a JEOL EI/FAB mate BU25 instrument
(EI method). The optical rotations were measured with
a Jasco DIP-1000 polarimeter. HPLC data were obtained on
Shimadzu LC-10ADVP, SPD-10AVP, and sic 480II data sta-
tion (System Instruments Inc.). Kieselgel 60 F254 Art.5715
(E. Merck) was used for analytical thin-layer chro-
matography (TLC). Preparative TLC was performed on
a Kieselgel 60 F254 Art.5744 (E. Merck). Flash column
chromatography was performed with Silica Gel 60N
(63–210 mm, Kanto Chemical Co. Inc.). MPEG550–OH
and MPEG750–OH were purchased from Aldrich and the
containing water was removed as the toluene azeotrope
prior to use. Racemic secondary alcohols were prepared
from the suitable starting material in the usual way. All other
chemicals and enzymes were also obtained from commer-
cial sources.

4.2. Preparation of carbonates as the substrate

4.2.1. MPEG750-supported substrate coupled with 4-ben-
zyloxy-2-butanol ((±)-1a). Under an argon atmosphere, to a
solution of N,N0-carbonyldiimidazole (1.98 g, 12.2 mmol) in
CH2Cl2 (10 mL) was added a solution of 4-benzyloxy-2-bu-
tanol ((�)-2, 2.00 g, 11.1 mmol) in CH2Cl2 (10 mL), and the
mixture was stirred overnight at room temperature. After the
mixture was diluted with CH2Cl2, the solution was washed
with brine and dried over Na2SO4. After evaporation under
reduced pressure, 4-(benzyloxy)butan-2-yl 1H-imidazole-
1-carboxylate ((�)-3) was obtained as a colorless oil
(3.17 g, quant). This was used in the following reaction with-
out further purification; IR (neat) 2862, 2359, 1759, 1472,
1393, 1319, 1290, 1242, 1180, 1096, 1003, 743 cm�1; 1H
NMR (300 MHz, CDCl3) d 1.42 (d, J¼6.0 Hz, 3H), 1.94–
2.11 (m, 2H), 3.51–3.59 (m, 2H), 4.44 (d, J¼12.0 Hz,
1H), 4.50 (d, J¼12.0 Hz, 1H), 5.33 (dqd, J1¼5.0 Hz,
J2¼6.0 Hz, J3¼8.0 Hz, 1H), 7.04 (t, J¼0.8 Hz, 1H), 7.19–
7.34 (m, 5H), 7.36 (t, J¼1.3 Hz, 1H), 8.07 (s, 1H); 13C
NMR (75 MHz, CDCl3) d 20.1, 35.8, 65.8, 73.1, 73.9,
117.0, 127.6, 127.7, 128.3, 130.4, 137.0, 137.9, 148.2; MS
m/z (EI, rel intensities) 274 (M+, 6.1%), 168 (100), 162
(93), 107 (42), 91 (100); HRMS m/z (EI) 274.1315 (calcd
for C15H18O3N2: 274.1318, M+).

Under an argon atmosphere, to a solution of N,N-dimethyl-
aminopyridine (DMAP) (445 mg, 3.65 mmol) in DMF
(10 mL) were added a solution of MPEG750–OH (2.74 g,
3.65 mmol) in DMF (20 mL) and (�)-3 (1.00 g, 3.65 mmol)
in DMF (10 mL) at 0 �C. After the mixture was stirred over-
night at 120 �C, it was washed with 2 M HCl in order to
remove DMAP, the resulting imidazole, and the remaining
MPEG–OH. After evaporation under reduced pressure, the
residue was purified by column chromatography on silica
gel (AcOEt/AcOEt/MeOH¼3/1) to give the MPEG750-
supported carbonate (�)-1a as a colorless oil (3.50 g,
67%). The yield was determined by the weight with the as-
sumption that the molecular weight was 750 for MPEG–
OH; IR (neat) 2870, 2359, 1742, 1454, 1350, 1263, 1105,
949, 847 cm�1; 1H NMR (300 MHz, CDCl3) d 1.31 (d,
J¼6.5 Hz, 3H), 1.77–2.03 (m, 2H), 3.38 (s, 3H, CH3O–
PEG), 3.50–3.57 (m, 2H, PEG), 3.55–3.70 (m, ca. 62H,
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PEG), 3.70 (t, J¼4.5 Hz, 2H, PEG), 4.17–4.33 (m, 2H), 4.49
(s, 2H), 4.89–5.01 (m, 1H), 7.26–7.37 (m, 5H).

Other substrates were synthesized by the same procedure.

4.2.2. MPEG550-supported substrate coupled with 4-ben-
zyloxy-2-butanol ((±)-1b). Yield 61% from 4-benzyloxy-2-
butanol (dl-2); IR (neat) 2870, 2359, 1742, 1454, 1350,
1263, 1107, 949, 851 cm�1; 1H NMR (300 MHz, CDCl3)
d 1.31 (d, J¼6.5 Hz, 3H), 1.77–2.04 (m, 2H), 3.38 (s, 3H,
CH3O–PEG), 3.51–3.57 (m, 2H, PEG), 3.57–3.67 (m, ca.
44H, PEG), 3.70 (t, J¼4.5 Hz, 2H, PEG), 4.17–4.33 (m,
2H), 4.49 (s, 2H), 4.89–5.01 (m, 1H), 7.26–7.37 (m, 5H).

4.2.3. MPEG550-supported substrate coupled with 1-phe-
nylethanol ((±)-8a). Yield 53% from 1-phenylethanol ((�)-
9a); IR (neat) 2872, 2359, 1744, 1454, 1348, 1261, 1103,
949, 849 cm�1; 1H NMR (300 MHz, CDCl3) d 1.59 (d,
J¼6.5 Hz, 3H), 1.77–2.03 (m, 2H), 3.38 (s, 3H, CH3O–
PEG), 3.53–3.57 (m, 2H, PEG), 3.60–3.72 (m, ca. 44H,
PEG), 3.70 (t, J¼5.0 Hz, 2H, PEG), 5.72 (q, J¼6.5 Hz,
1H), 7.25–7.40 (m, 5H).

4.2.4. MPEG550-supported substrate coupled with
4-phenyl-2-butanol ((±)-8b). Yield 52% from 4-phenyl-2-
butanol (dl-9b); IR (neat) 2870, 2359, 1740, 1454, 1350,
1267, 1107, 949, 847 cm�1; 1H NMR (300 MHz, CDCl3)
d 1.31 (d, J¼6.0 Hz, 3H), 1.77–2.03 (m, 2H), 3.38 (s, 3H,
CH3O–PEG), 3.50–3.57 (m, 2H, PEG), 3.55–3.70 (m, ca.
46H, PEG), 3.70 (t, J¼4.5 Hz, 2H, PEG), 4.73–4.84 (m,
1H), 7.14–7.31 (m, 5H).

4.2.5. MPEG550-supported substrate coupled with 5-
benzyloxy-1-hepten-3-ol ((±)-8c). Yield 60% from
5-benzyloxy-3-ol (dl-9c); IR (neat) 3113, 2870, 2359,
1744, 1454, 1350, 1261, 1105, 947, 851 cm�1; 1H NMR
(300 MHz, CDCl3) d 3.38 (s, 3H, CH3O–PEG), 3.50–3.60
(m, 2H, PEG), 3.60–3.72 (m, ca. 46H, PEG), 3.70 (t,
J¼5.0 Hz, 2H, PEG), 4.22–4.33 (m, 2H), 4.49 (s, 2H),
5.21 (td, J1¼1.5 Hz, J2¼10.5 Hz, 1H), 5.31 (td, J1¼1.5 Hz,
J2¼17.0 Hz, 1H), 5.81 (ddd, J1¼7.0 Hz, J2¼10.5 Hz,
J3¼17.0 Hz, 1H), 7.25–7.37 (m, 5H).

4.2.6. 4-(Benzyloxy)butan-2-yl methyl carbonate ((±)-1c).
Under an argon atmosphere, to a solution of (�)-2 (400 mg,
2.23 mmol) in CH2Cl2 (20 mL) were added pyridine (1.08
mL, 13.3 mmol) and methyl chlorocarbonate (0.34 mL,
4.44 mmol), and the mixture was stirred overnight at room
temperature. After the addition of methyl chlorocarbonate
(0.68 mL, 8.88 mmol), the mixture was stirred overnight at
room temperature again. The reaction was stopped with
0.1 M phosphate buffer (pH 6.5) and the products were
extracted with CH2Cl2 (�3). The combined organic layer
was washed with 2 M HCl (�2), brine, satd NaHCO3

aqueous solution and brine, and dried over Na2SO4. After
evaporation under reduced pressure, the residue was purified
by flash column chromatography (hexane/AcOEt¼5/1) to
give (�)-1c as a colorless oil (454 mg, 86%); IR (neat)
2955, 2859, 2359, 1746, 1443, 1271, 1096, 941 cm�1;
1H NMR (300 MHz, CDCl3) d 1.45 (d, J¼7.0 Hz, 3H),
3.50–3.75 (m, 8H), 4.33 (q, J¼7.0 Hz, 1H), 4.47 (d,
J¼11.5 Hz, 1H), 4.59 (d, J¼11.5 Hz, 1H), 7.26–7.39 (m,
5H); 13C NMR (75 MHz, CDCl3) d 17.8, 42.5, 45.6, 66.7,
67.0, 71.1, 75.3, 127.8, 127.9, 128.5, 137.4, 170.5; MS m/z
(EI, rel intensities) 238 (M+, 5.5%), 162 (100), 147 (6.8),
131 (30), 105 (100), 91 (100), 77 (100); HRMS m/z (EI)
238.1205 (calcd for C13H18O4: 238.1205, M+).

4.3. First screening of enzymes

In the screening test, we used the following enzymes: Lipase
from porcine pancreas (PPL; Type II, Sigma), Lipase AK,
Lipase PS, Lipase D, Lipase AP, Lipase AY, Newlase F,
PLE (Amano Enzyme, Inc.), Lipase OF (Meito Sangyo
Co., Ltd), Esterase SNSM-87 (Nagase & Co., Ltd), Trypsin,
a-Chymotrypsin (E. Merck). The substrate (�)-1a (200 mg)
and 50 mg of enzyme were incubated in 40 mL of 0.1 M
phosphate buffer (pH 6.5) for 24 h at 30 �C. The products
were extracted with AcOEt (�3) and detected by TLC (hex-
ane/AcOEt¼3/1).

4.4. Typical procedure of enantioselective hydrolysis of
MPEG-supported substrates

To a 200-mL Erlenmeyer flask containing 200 mg (ca.
0.208 mmol; sub. concn, 0.5 mM) of (�)-1a was added
40 mL of 0.1 M phosphate buffer (pH 6.5). To the mixture
was added 50 mg of Lipase from porcine pancreas (PPL;
Type II, Sigma) (994 U/mg, using olive oil at pH 7.7), and
the solution was incubated for 24 h at 30 �C. First, only
the resulting alcohol 2 was extracted with hexane (�3),
and the hexane layer was dried over Na2SO4. After evapora-
tion, the residue was passed through a pad of silica gel with
hexane/AcOEt (3/1) to give the alcohol (R)-2 (10.1 mg,
28%, 89% ee). Second, the remaining carbonate 1a was
re-extracted with AcOEt from the water layer, and the
organic layer was dried over Na2SO4. After evaporation,
the residue was passed through a pad of silica gel (AcOEt/
MeOH¼3/1) to give the carbonate (S)-1a (99.7 mg, 50%,
36% ee). The yields of 1a and 2 were determined by their
weights on the basis of the weight of the substrate (�)-1a.
The carbonate (S)-1a was easily hydrolyzed with K2CO3

in MeOH to afford the corresponding alcohol (S)-2.

4.5. Chemical hydrolysis of (S)-1a

To a solution of (S)-1a (40.3 mg, 0.053 mmol) in MeOH
(6 mL) was added K2CO3 (36.6 mg, 0.265 mmol), and the
mixture was stirred for 1 h at room temperature. After the
reaction was stopped with water, MeOH was evaporated in
vacuo. The products were extracted with AcOEt (�3), and
the combined organic layer was washed with brine and dried
over Na2SO4. After evaporation under reduced pressure,
the residue was purified by flash column chromatography
(hexane/AcOEt¼4/1) to give (S)-2 as a colorless oil
(8.1 mg, 85%).

4.6. Several data of alcohols

4.6.1. 4-Benzyloxy-2-butanol (2). Compound (R)-2, [a]D
26

�12.2 (c 0.24, MeOH) (89% ee); IR (neat) 3416, 2965,
2864, 1494, 1454, 1368, 1206, 1099, 1028, 737, 698 cm�1;
1H NMR (300 MHz, CDCl3) d 1.22 (d, J¼6.0 Hz, 3H),
1.66–1.85 (m, 2H), 2.82 (br s, 1H), 3.60–3.75 (m, 2H),
3.95–4.07 (m, 1H) 4.53 (s, 2H), 7.25–7.39 (m, 5H); 13C
NMR (75 MHz, CDCl3) d 23.3, 38.1, 67.4, 69.0, 73.2,
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127.6, 127.7, 128.4, 137.9; MS m/z (EI, rel intensities) 180
(M+, 14%), 161 (57), 107 (100), 91 (100), 89 (42); HRMS
m/z (EI) 180.1146 (calcd for C11H16O2: 180.1150, M+).
The spectral data were in full agreement with those re-
ported.24 HPLC conditions: column, CHIRALCEL OD-H
(Daicel Chemical Industries, Ltd); eluent, hexane/2-prop-
anol¼90/10; flow rate, 0.5 mL/min; 254 nm; temperature,
25 �C; retention time, 13 (S) and 14 (R) min.

Enantioselective hydrolysis of the other cases was carried
out by the same procedure. In the case of (�)-1c, the re-
maining 1c and the resulting 2 were separated by flash
column chromatography (hexane/AcOEt¼5/1/hexane/
AcOEt¼3/1).

4.6.2. 1-Phenylethanol (9a). Compound (R)-9a, [a]D
21 +24.8

(c 0.85, MeOH) (77% ee), lit.25 [a]D
20 +45 (c 5.15, MeOH)

for the (R)-enantiomer. The spectral data were in full agree-
ment with that of commercial source. The ee of (R)-9a was
determined by GLC analysis. GLC conditions: column, CP-
Cyclodextrin-B-236-M19 (Chrompack), 0.25 mm�50 m;
injection, 160 �C; detection, 160 �C; oven, 140 �C; carrier
gas, He; head pressure, 2.4 kg/cm2; retention time, 8.9 (R)
and 9.2 (S) min.

4.6.3. 4-Phenyl-2-butanol (9b). Compound (R)-9b, [a]D
27

�3.4 (c 0.69, CHCl3) (27% ee), lit.26 [a]D
27 +17.45 (c 2.04,

CHCl3) for the (S)-enantiomer; IR (neat) 3358, 2965,
2926, 2361, 1713, 1603, 1495, 1454, 1373, 1128, 1055,
746 cm�1; 1H NMR (300 MHz, CDCl3) d 1.23 (d, J¼
4.0 Hz, 3H, CH3), 1.72–1.82 (m, 2H), 2.60–2.82 (m, 2H),
3.83 (tq, J1¼J2¼6.0 Hz, 1H), 7.14–7.32 (m, 5H); 13C
NMR (75 MHz, CDCl3) d 23.5, 32.1, 40.8, 67.5, 125.8,
128.4, 142.0; MS m/z (EI, rel intensities) 150 (M+, 25%),
132 (100), 117 (100), 105 (47), 91 (100); HRMS m/z (EI)
150.1042 (calcd for C10H14O: 150.1045, M+). HPLC condi-
tions: column, CHIRALCEL OD-H (Daicel Chemical
Industries, Ltd); eluent, hexane/2-propanol¼90/10; flow
rate, 0.5 mL/min; 254 nm; temperature, 25 �C; retention
time, 15 (R) and 20 (S) min.

4.6.4. 5-Benzyloxy-1-hepten-3-ol (9c). Compound (R)-9c,
[a]D

28 +5.5 (c 0.40, MeOH) (80% ee); IR (neat) 3417,
2862, 2359, 1454, 1366, 1277, 1099, 1028, 993, 922,
737 cm�1; 1H NMR (300 MHz, CDCl3) d 1.67–1.97 (m,
2H), 2.90 (br s, 1H), 3.59–3.76 (m, 2H), 4.30–4.40 (m,
1H), 4.52 (s, 2H), 5.10 (td, J1¼1.5 Hz, J2¼10.5 Hz, 1H),
5.26 (td, J1¼1.5 Hz, J2¼17.0 Hz, 1H), 5.87 (ddd, J1¼
5.5 Hz, J2¼10.5 Hz, J3¼17.0 Hz, 1H), 7.25–7.39 (m, 5H);
13C NMR (75 MHz, CDCl3) d 36.2, 68.1, 71.6, 73.2,
114.3, 127.6, 128.4, 137.8, 140.5; MS m/z (EI, rel intensi-
ties) 192 (M+, 9.3%), 107 (93), 91 (100), 68 (100); HRMS
m/z (EI) 192.1177 (calcd for C12H16O2: 192.1150, M+).
The ee of 9c was determined by 1H NMR analysis of
the corresponding (+)-methoxytrifluoromethylphenylace-
tate (MTPA) ester, which was converted from 9c.

1H NMR of the MTPA ester (500 MHz, CDCl3) d 4.40
(d, J¼6.5 Hz, 1H, OCHHPh) and 4.42 (d, J¼6.5 Hz, 1H,
OCHHPh)(S), 4.48 (s, 2H, OCHHPh)(R). The absolute
configuration was determined by comparing the NMR
signal pattern of the MTPA ester with that of the authentic
sample.
4.7. Preparation of authentic (S)-2

Under an argon atmosphere, to a solution of ethyl (S)-(+)-
3-hydroxybutanoate (4, 1.00 g, 7.57 mmol) in CH2Cl2
(20 mL) were added diisopropylethylamine (5.27 mL,
30.3 mmol) and a solution of chloromethylmethylether
(1.82 g, 22.8 mmol) in CH2Cl2 (5 mL) at 0 �C. The reaction
was stopped with 0.1 M phosphate buffer (pH 6.5) and the
products were extracted with AcOEt (�3). The organic layer
was washed with brine (�2) and dried over Na2SO4. After
evaporation under reduced pressure, the residue was purified
by column chromatography (hexane/AcOEt¼5/1) to give
ethyl (S)-3-(methoxymethoxy)butanoate as a colorless oil
(5, 1.12 g, 84%); IR (neat) 2978, 1738, 1449, 1377, 1300,
1186, 1150, 1103, 1036, 918 cm�1; 1H NMR (300 MHz,
CDCl3) d 1.25 (d, J¼6.0 Hz, 3H), 1.26 (t, J¼7.0 Hz, 3H),
2.41 (dd, J1¼5.5 Hz, J2¼15.0 Hz, 1H), 2.60 (dd, J1¼
7.5 Hz, J2¼15.0 Hz, 1H), 3.36 (s, 3H), 4.08–4.22 (m, 1H),
4.15 (q, J¼7.0 Hz, 2H), 4.66 (d, J¼7.0 Hz, 1H), 4.67 (d,
J¼7.0 Hz, 1H); 13C NMR (75 MHz, CDCl3) d 14.1, 20.5,
42.4, 55.3, 60.3, 70.3, 95.3, 171.2.

Under an argon atmosphere, to a suspension of LiAlH4

(200 mg, 5.26 mmol) in THF (5 mL) was added a solution
of (S)-5 (901 mg, 5.12 mmol) in THF (10 mL) at 0 �C. After
the mixture was stirred for 1 h at room temperature, the re-
action was quenched with water (200 mL), 15% NaOH aque-
ous solution (200 mL), and water (400 mL). After filtration
thorough a Celite pad and evaporation, the residue was puri-
fied by column chromatography (hexane/AcOEt¼1/1/
AcOEt) to give (S)-3-(methoxymethoxy)-1-butanol as a
colorless oil (6, 588 mg, 86%); IR (neat) 3428, 2963,
1449, 1411, 1377, 1261, 1103, 1036, 797 cm�1; 1H NMR
(300 MHz, CDCl3) d 1.22 (d, J¼6.0 Hz, 3H), 1.75 (dt,
J1¼J2¼6.0 Hz, 2H), 2.69 (br s, 1H), 3.39 (s, 3H), 3.68–
3.85 (m, 2H), 3.93 (tq, J1¼J2¼6.0 Hz, 1H), 4.63 (d,
J¼7.0 Hz, 1H), 4.72 (d, J¼7.0 Hz, 1H); 13C NMR
(75 MHz, CDCl3) d 20.2, 39.1, 55.4, 59.9, 72.0, 94.9.

Under an argon atmosphere, to a suspension of NaH (60% in
oil, 337 mg, 8.43 mmol) in THF (5 mL) were added a solu-
tion of (S)-6 (501 mg, 3.74 mmol) in THF (10 mL) and ben-
zyl bromide (0.44 mL, 3.74 mmol) at 0 �C. The mixture was
stirred for 4 h at room temperature and the reaction was
quenched with 0.1 M phosphate buffer (pH 6.5). The prod-
ucts were extracted with AcOEt (�3), and the organic layer
was washed with brine and dried over Na2SO4. After evap-
oration under reduced pressure, the residue was purified by
flash column chromatography (hexane/AcOEt¼10/1/5/1)
to give (S)-1-benzyloxy-3-(methoxymethoxy)butane as
a colorless oil (7, 541 mg, 65%); IR (neat) 2930, 2882,
1452, 1375, 1207, 1103, 1040, 918, 737, 698 cm�1; 1H
NMR (300 MHz, CDCl3) d 1.19 (d, J¼6.0 Hz, 3H), 1.70–
1.89 (m 2H), 3.35 (s, 3H), 3.50–3.64 (m, 2H), 3.87 (tq,
J1¼J2¼6.5 Hz, 1H), 4.50 (s, 3H), 4.60 (d, J¼7.0 Hz, 1H),
4.67 (d, J¼7.0 Hz, 1H), 7.22–7.39 (m, 5H); 13C NMR
(75 MHz, CDCl3) d 20.6, 37.2, 55.3, 66.9, 70.6, 73.0, 95.1,
127.5, 127.7, 128.3, 138.4.

To a solution of (S)-7 (400 mg, 1.79 mmol) in THF (10 mL)
was added 2 M HCl (4 mL). After the mixture was stirred
overnight at room temperature, the reaction mixture was di-
luted with water. The products were extracted with AcOEt
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(�3), and the organic layer was washed with brine and dried
over Na2SO4. After evaporation under reduced pressure,
the residue was purified by flash column chromatography
(hexane/AcOEt¼10/1/4/1) to give the remaining (S)-7
(193 mg, 48%) and (S)-2 as colorless oils (167 mg, 52%);
(S)-2, [a]D

27 +19.0 (c 0.95, MeOH). The spectral data were
in full agreement with those of the (R)-2 obtained by the
enzymatic reaction.
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Abstract—We report the synthesis of fluorescence-labeled probes based on phyllanthurinolactone 1, which is a leaf-closing substance of
Phyllanthus urinaria L. The fluorescence study using biologically active probe 2 and inactive probes (epi-2 and 31) revealed that the target
cell for 1 is a motor cell and suggested that some receptors, which recognize the aglycon of 1 exist on the plasma membrane of the motor cell,
as with leaf-opening substances. Moreover, binding of probe 2 was specific to the plant motor cell contained in the plants belonging to the
genus Phyllanthus. These results showed that the binding of probe 2 with a motor cell is specific to the plant genus and suggested that the
genus-specific receptor for the leaf-closing substance would be involved in nyctinasty.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Most leguminous plants close their leaves in the evening, as
if to sleep, and open them early in the morning according to
the circadian rhythm controlled by a biological clock.1 Nyc-
tinastic leaf-movement is induced by the swelling and
shrinking of motor cells in the pulvini, a small organ located
in the joint of the leaf to the stem. Motor cells play a key role
in plant leaf-movement. The flux of potassium ions across
the plasma membranes of the motor cells is followed by
massive water flux, which results in swelling and shrinking
of these cells.2 We have revealed that nyctinasty is controlled
by a pair of leaf-movement factors: leaf-opening and leaf-
closing substances.3 It is already clarified by using fluores-
cence-labeled leaf-opening substances that the target cell
of the leaf-opening substance is a motor cell.4 On the other
hand, no attempt has been carried out to clarify the target
cell of the leaf-closing substances because the structure of
most leaf-closing substances is too simple3 to develop a
molecular probe, such as a fluorescence-labeled one. This is
because large fluorescence dye would cause serious decrease
in the bioactivity of the synthetic probe.

Phyllanthurinolactone 1 is a glycoside-type leaf-closing sub-
stance of Phyllanthus urinaria L.5 (Fig. 1). The structure of 1
is comparatively large enough for the structure modification

Keywords: Nyctinasty; Leaf-closing substance; Fluorescence; Probe com-
pound; Motor cell; Mitsunobu reaction; Glycosidation.
* Corresponding author. Tel./fax: +81 22 795 6553; e-mail: ueda@mail.

tains.tohoku.ac.jp
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.05.022
that is essential for a synthetic probe. Syntheses of 1 and its
analogs were completed by Mori and Audran6 and our
group.7 The structure–activity relationship studies using
them showed that the stereochemistry in aglycon of natural
product 1 is important for its bioactivity and the structure
modification in the sugar moiety has no effect on the bio-
activity. Recently, we developed the fluorescence-labeled
probe 2 based on the result of structure–activity relationship
studies, and revealed that probe 2 binds to a motor cell spe-
cifically.8 However, in order to prove the existence of a recep-
tor on a motor cell, an appropriate control experiment using
biologically inactive probe compounds such as C-4 epi-2
and unsaturated derivative 31 that cannot bind to the target
cell is essential. In this paper, we carried out the direct obser-
vation of the target cell for 1 using biologically active
and inactive fluorescence-labeled probes and revealed that
the receptor of 1 exists in a motor cell. Additionally, we
found by using the biologically active probe 2 that genus-
specific receptors of leaf-closing substances are involved
in nyctinasty.

Figure 1.

mailto:ueda@mail.tains.tohoku.ac.jp
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2. Results and discussion

2.1. The design and synthetic plan of fluorescence-
labeled probe compounds

Based on the previously obtained result6,7 that the structure
modification of the sugar moiety did not affect the bioactiv-
ity, the big fluorescence dye was introduced into the hydroxy
group at the C60 position of the sugar moiety of 1. Since 1 is
easily hydrolyzed by b-glucosidase, the sugar moiety was
changed from D-glucose into D-galactose.9 Moreover, in
order to increase the resistance against the esterase involved
in a plant body, an amide bond was selected instead of ester
bond connecting the fluorescence dye with 1. The retrosyn-
thesis of 2 is shown in Scheme 1. The fluorescence-labeled
probe 2 could be synthesized from the intermediate 3, which
was bisected into the sugar moiety 4 and aglycon 5. The lac-
tone in aglycon 5 could be constructed by the intramolecular
Horner–Emmons reaction10 of phosphonoacetate 6, which
could be synthesized from the ketoalcohol 7 via Mitsunobu
inversion11 of the C4 stereocenter using phosphonoacetic
acid. The ketoalcohol 7 could be synthesized from D-glu-
cose.
Scheme 1.
2.2. Synthesis of fluorescence-labeled probe compounds

The synthesis of aglycon is shown in Scheme 2.8 Intermedi-
ate 8, prepared according to the previous paper,7 was pro-
tected by the TBS group, and then subjected to elimination
of iodide to afford the enol ether 9. A catalytic amount of
Hg(OCOCF3)2-mediated Ferrier’s carbocyclization12 of 9
and following treatment of the resulting alcohol 10 with
mesyl chloride and triethylamine, that is, a one-pot reaction
involving mesylation and b-elimination, afforded the
cyclohexanone derivative 11 in 70% overall yield in two
steps. Deprotection of the TBS group gave the alcohol 7.
We considered that epimerization of the C4 stereocenter
and introduction of diethyl phosphonoacetate could be car-
ried out simultaneously using the Mitsunobu reaction11

(Table 1). At first, the reaction did not proceed under the
standard Mitsunobu reaction condition (entry 1). Tributyl-
phosphine gave many products (entry 2). The phosphono-
acetate 6 was obtained as a mixture of C4 stereoisomers
(R:S ¼ 5:1) in moderate yield by using excess amount of
Scheme 2. (i) TBSOTf, lutidine, CH2Cl2, 99%; (ii) t-BuOK, THF, 95%; (iii)
cat. Hg(OCOCF3)2, acetone/H2O; (vi) MsCl, Et3N, CH2Cl2, 70% (two
steps); (v) TBAF, AcOH, THF, quant.; (vi) see Table 1; (vii) t-BuOK,
THF, 0 �C, 63%; (viii) DDQ, CH2Cl2/H2O, 71%.
the Mitsunobu reagents (entry 3). However, the purification
of 6 was very difficult because of a large amount of triphe-
nylphosphine oxide, which was produced as a byproduct.
Therefore, we examined phosphines 14 and 15, which are
easily removed by acid treatment (entry 4 and 5).13 Phos-
phine 14 gave lower yield and stereoselectivity (R:S ¼ 3:1).
However, phosphine 15 afforded phosphonoacetate 6 in
moderate yield with higher stereoselectivity (R:S ¼ 10:1)
than triphenylphosphine. Additionally, the phosphine oxide
from 15 was easily removed by simple acid treatment.

Intramolecular Horner–Emmons reaction of the resulting 6
using t-BuOK as the base afforded lactone 12. Finally, de-
protection of the PMB group by DDQ gave the aglycon 5
as a 7:1 diastereomeric mixture.

Next, we examined the conditions of the glycosidation reac-
tion. In our previous synthesis, b-D-galactopyranosyl bro-
mide was used for glycosidation according to the method
reported by Mori and Audran.6 In this method, the desired
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coupling product was obtained in low yield (28% yield) with
a large amount of acetyl aglycon. Therefore, we examined
the use of glycosyl fluoride as a glycosyl donor. The synthe-
sis of b-D-galactopyranosyl fluoride is shown in Scheme 3.
Acetate 16, prepared from D-galactose according to the pro-
cedure in Ref. 14, was treated with hydrazine monohydrate
and fluorination of the resulting hydroxy group with DAST
afforded fluoride 17. Removal of acetates and reduction of
azide were followed by protection of amine with a Boc or
Fmoc group to give the triols 18 and 19. Finally, acetylation
of the triols 18 and 19 yielded the 1-fluorosugars 20 and 21.

Scheme 3. (i) See Ref. 14; (ii) H2NNH2/AcOH, DMF, 0 �C, 74%; (iii)
DAST, CH2Cl2, 92%; (iv) MeONa, MeOH, 0 �C; (v) H2, Pd/C, MeOH;
(vi) (Boc)2O, pyridine or FmocCl, DIPEA, THF, 0 �C; (vii) Ac2O pyridine,
65% (four steps) (R ¼ Boc), 28% (four steps) (R ¼ Fmoc).

Glycosidation using b-D-galactopyranosyl fluoride is sum-
marized in Table 2. In the case of N-Boc protected galacto-
pyranosyl fluoride 20, both Suzuki15 and Mukaiyama
methods16 gave only a trace amount of glycoside 22 (entry
1 and 2). Under these conditions, N-Boc protected sugar
was decomposed and the aglycon 5 was recovered. On the
other hand, glycosidation of N-Fmoc protected galactopyra-
nosyl fluoride 21 via the Suzuki method gave glycoside 23 in
moderate yield (entry 3). Using 1.6 equiv of the sugar 21, the
yield was improved to 52% (entry 4). In this reaction condi-
tion, aglycon 5 was recovered in 15% yield with no produc-
tion of acetyl aglycon.

Table 1. Mitsunobu reaction of alcohol 7

Entry Phosphine
(equiv)

DEAD
(equiv)

13
(equiv)

Temp
(�C)

Yield %
(6+epi-6)

Ratio
(6:epi-6)

1 PPh3 (2.0) 2.0 2.0 rt 0 —
2 PBu3 (2.0) 2.0 2.0 rt Messy —
3 PPh3 (8.0) 8.0 8.0 0 42 5:1
4 14 (2.0) 8.0 8.0 0 16 3:1
5 15 (2.0) 8.0 8.0 0 40 10:1
The synthesis of fluorescence-labeled probe 2 was then
examined (Scheme 4). Acetyl groups of the glycoside
23 were removed with KCN6,17 to give the triol 24 as a 4:1
mixture of C4 stereoisomers. At this stage, further epimeri-
zation occurred. Because the C4 proton in 24 could be easily
abstracted by KCN, the resulting stable furan-type inter-
mediate gave a mixture of 24 and its epimer by protona-
tion. Deprotection of the Fmoc group and introduction
of AMCA-X gave fluorescence-labeled probe 2 as a 4:1
diastereomeric mixture. Diastereomerically pure 2 and its
epimer epi-2 were obtained after purification by HPLC
(COSMOSIL 5C18-AR, 20% CH3CN aq, 260 nm). The de-
sired 2 was confirmed by coupling constants in the 1H NMR
spectra (Scheme 4). The relation between H4 and H6 was de-
termined to be syn by the coupling constants between H4 and
H5ax, H4 and H5eq, H5ax and H6, and H5eq and H6.

Scheme 4. (i) KCN, MeOH, 0 �C, 47%; (ii) piperidine, DMF, 0 �C; (iii)
AMCA-X, SE, DMF, 0 �C, quant. (two steps); (iv) HPLC separation.

To prove the existence of a receptor, it is essential to demon-
strate that biologically inactive probe compounds cannot

Table 2. Glycosidation

Entry 20 or 21
(equiv)

Condition (equiv) 22 or 23 5
(%)

1 20 (2.0) Cp2HfCl2 (3.0), AgClO4 (3.0) 22 (trace) 32
2 20 (2.0) SnCl2 (5.0), AgClO4 (5.0) 22 (trace) 45
3 21 (1.2) Cp2HfCl2 (2.0), AgClO4 (2.0) 23 (26%) 40
4 21 (1.6) Cp2HfCl2 (2.0), AgClO4 (2.0) 23 (52%) 15
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bind to the target cell for active compounds. Structure modi-
fication in the aglycon moiety of 2 reduces its bioactivity.
Thus, we planned synthesis of fluorescence-labeled com-
pound 31, which has the reduced C7–C8 double bond, as
a biologically inactive probe for the control fluorescence
experiment.

Synthesis of 7,8-dihydro analog 27 is shown in Scheme 5.
The hydrogenation of aglycon 5 using the Lindlar catalyst
gave 7,8-dihydro aglycon 25. At this stage, the reduced agly-
con and its C4 epimer were easily separated by silica gel col-
umn chromatography. Glycosidation of 7,8-dihydro aglycon
25 and 2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl bromide
Scheme 5. (i) H2, Lindlar catalyst, AcOEt, 68%; (ii) 26, AgOTf, Ag2CO3, MS4Å, CH2Cl2, 20%; (iii) KCN, MeOH, 31%.
26 was carried out with Ag2CO3 and AgOTf to afford the
glycoside and subsequent deprotection of acetyl groups
yielded 7,8-dihydro phyllanthurinolactone 27.

The 7,8-dihydro analog 27 showed no leaf-closing activity
against P. urinaria L. even at 1�10�4 M. From this result,
we judged that the fluorescence-labeled compound with
7,8-dihydro aglycon could be used as a biologically inactive
probe.

Synthesis of the biologically inactive probe 31 is shown
in Scheme 6. Glycosidation of 7,8-dihydro aglycon 25 and
glucopyranosyl bromide 28 via Koenigs–Knorr reaction
afforded glycoside 29. Acetyl groups of glycoside 29 were
removed with KCN to give triol 30 as a 4:1 mixture of C4
stereoisomers. At this stage, epimerization of the C4 stereo-
center was observed as in the case of 23, which is the inter-
mediate of the biologically active probe 2. Deprotection
of the Fmoc group and introduction of AMCA-X gave fluo-
rescence-labeled probe 31 as a 4:1 diastereomeric mixture.
Diastereomerically pure 31 was obtained after purification
by HPLC (COSMOSIL 5C18-AR, 40% CH3CN aq, 260 nm).

Scheme 6. (i) 28, AgOTf, Ag2CO3, MS4Å, CH2Cl2, 48%; (ii) KCN, MeOH
61%; (iii) piperidine, DMF, 0 �C; (iv) AMCA-X, SE, DMF, 0 �C, 62% (two
steps); (v) HPLC separation.
2.3. Bioassay of fluorescence-labeled probes

With the fluorescence-labeled probes 2, epi-2 and 31 were
now available. Then, we examined their bioactivities. The
young leaves detached from the stem of the plant P. urinaria
with a sharp razor blade were used for bioassay. One leaf was
placed in H2O (ca. 300 ml) using a 5-ml glass tube in the bio-
tron kept at 32 �C and allowed to stand overnight. The
leaves, which opened again in the morning were used for
the bioassay. The test solution was carefully poured into
test tubes with a microsyringe at around 10:00 a.m. The bio-
active fraction was judged by the leaf-closing activity before
the leaf-closing of the plant leaf in the blank solution. Probe
2 was effective for the leaf-closing of P. urinaria at
1�10�5 M, that is, one-hundredth as effective as natural
product 1. On the other hand, epi-2, which is the C4 epimer
of 2, and 7,8-dihydro probe 31 were biologically inactive
(>1�10�4 M).

2.4. Fluorescence study using fluorescence-labeled
probes

We used fluorescence-labeled probes to seek the target cell
for 1. For this purpose, the binding experiment using a plant
section was carried out. The leaf of P. urinaria opening in the
daytime was cut into an appropriate size and fixed in agar.
The agar was sliced perpendicular to the petiole by a micro-
slicer (Dousaka EM Co., Ltd) to a thickness of 30 mm and the
sections containing the pulvini were floated on distilled
water. The sections were immersed in a solution containing
1�10�4 M of the probes (2, epi-2, and 31), and allowed to
stand for staining under shaded condition at room tempera-
ture for 6 h. After staining, the stained section was incubated
for 15 min in equilibrium buffer (Slow Fade� Gold Anti-
fade Reagent, Molecular Probes Inc.) to remove excess fluo-
rescence probes. Then, the stained section was placed on
a slide glass and covered by a cover glass after adding
a drop of antifade reagent (Slow Fade� Gold Antifade Re-
agent, Molecular Probes Inc.). The observation of these
sections was carried out by a fluorescence microscope
(ECLIPSE E800, Nicon Co., Ltd) with an appropriate filter
(B-2A, Nicon Co., Ltd; excitation wavelength 450–
490 nm). At this time, the use of an antifade reagent was es-
sential to prevent photobleaching (fading of fluorescence).
Figure 2 shows photographs of plant pulvini, which contains
a motor cell, under a fluorescence microscope. No stain was
observed in the control section, which was treated with an
aqueous solution containing no fluorescence-labeled probe
(upper center). Red stains seen in the fluorescence images
are due to the porphyrin in the plant tissue. The staining pat-
tern for the fluorescence of the biologically active probe 2
was observed on the surface of the motor cell (upper right).
We also carried out fluorescence studies of the interaction
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Figure 2. Fluorescence study using plant pulvini containing motor cell with fluorescence-labeled probes; upper left: Nomarskii image of plant section, upper
center: fluorescence image of control section, upper right: fluorescence image of a section treated with 2, lower left: fluorescence image of a section treated with
epi-2, lower center: fluorescence image of a section treated with 31, lower right: fluorescence image of a section treated with 2 in the presence of 100 molar
excess of phyllanthurinolactone 1.
between biologically inactive probes (epi-2 and 31) and the
plant motor cell. Stains were not observed in the section
treated with epi-2 and 31 (lower left and lower center).
Thus, it was proved that biologically inactive probe com-
pounds cannot bind to the plant motor cell. Also, binding
of probe 2 was inhibited by the coexistence of 100-fold con-
centration of the natural product 1. When the section was
treated by 1�10�4 M of 2 together with 1�10�2 M of 1,
no staining was observed in the plant section (lower right).
Results of the structure–activity relationship were consistent
with that of binding experiments. Also, it was clearly shown
that the binding of biologically active fluorescence-labeled
probe 2 with a motor cell is due to the specific binding of
the aglycon moiety, which is the active site of this molecule,
and is not a nonspecific binding due to the hydrophobicity of
the fluorescence dye group (AMCA group). These results
strongly suggested that some receptor for 1 exists in the
motor cell, which plays a central role in the plant leaf-
movement,18 as with leaf-opening substances.4 Along with
the previous result,6,7 some properties were revealed in a
receptor molecule of 1, that is, this receptor recognizes the
precise structure of the aglycon moiety, whereas it does not
recognize the sugar moiety at all.

2.5. Specific binding ability of fluorescence-labeled
probe compound to P. urinaria L.

From our previous studies, it was revealed that each nycti-
nastic plant has a different leaf-movement factor whose bio-
activity is specific to the plant genus.19 Recently, we proved
that the leaf-opening substances do not bind with motor cells
of plants belonging to other genus by using the fluorescence-
labeled probes based on the leaf-opening substances of
Cassia mimosoides L.4 and Albizzia julibrissin Durazz.20

Thus, fluorescence-labeled probe 2 is expected to show spe-
cific leaf-closing activity to genus Phyllanthus, and not to be
effective for other plants as well as leaf-opening substances.
We examined the genus-specificity and the bioactivity of
probe 2. Probe 2 did not show leaf-closing activity against
the leaves of C. mimosoides, Mimosa pudica, and Leucaena
leucocephala at 1�10�4 M. From these results, the binding
of probe 2 is expected to be specific to the section of plants
belonging to the genus Phyllanthus and no binding would be
observed in the experiment using the section of other plants.
Then, we used probe 2 for the binding experiment with the
sections of M. pudica, C. mimosoides, and L. leucocephala.
The binding experiments were carried out according to the
same method used in the case of P. urinaria; however, these
sections gave no staining pattern resulting from 2 (Fig. 3).
These results showed that the binding of probe 2 with a motor
cell is specific to the genus Phyllanthus and suggested that
a genus-specific receptor molecule for the leaf-movement
factor, which is located on a motor cell would be involved
in nyctinasty.

3. Conclusion

The binding of probes can be strongly correlated with leaf-
closing activity. Biologically inactive epi-2 and 31 did not
bind to a motor cell at all. Additionally, the staining pattern
resulting from the binding of probe 2 disappeared by the co-
existence of an excess amount of the natural product 1.
These results strongly suggested that some receptors for 1,
which specifically recognize the stereochemistry of aglycon
of 1 would be involved in the leaf-closing movement of
P. urinaria. Moreover, since probe 2 did not show leaf-closing
activity against plants belonging to other genus, it was
revealed that the binding of a leaf-closing substance with a
motor cell is specific to the plant genus as well as the leaf-
opening substance and suggested that the genus-specific
receptor for the leaf-closing substance in a motor cell would
be involved in nyctinasty. In conclusion, we have succeeded
in visualization of the target cell of the leaf-closing substance
in the plant body by using the biologically active probe 2
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Figure 3. Photographs of plant sections in the binding experiments, which show specific binding of probe 2 with the motor cells of Phyllanthus plants (upper:
Nomarski image of the plant section, lower: fluorescent image of the plant section treated with probe 2.
and inactive probes epi-2 and 31, and revealed that the bind-
ing between a leaf-closing substance and its receptor in a
motor cell is genus-specific. Some receptor for 1 would be
involved in the leaf-closing movement in P. urinaria L. To
reveal a receptor protein of 1, the synthesis of photoaffinity
labeling probes based on 1 is now in progress.

4. Experimental

4.1. General procedures

NMR spectra were recorded on a Jeol JNM-A600 spectro-
meter [1H (600 MHz) and 13C (150 MHz)], Jeol JNM-A400
[1H (400 MHz) and 13C (100 MHz)], JNM AL300 [1H
(300 MHz) and 13C (75 MHz)], a Jeol JNM-EX 270 spec-
trometer [1H (270 MHz) and 13C (67.5 MHz)] using TMS
in CDCl3, CD2HOD in CD3OD (1H; 3.33 ppm, 13C;
49.8 ppm), or t-BuOH (1H; 1.23 ppm, 13C; 32.1 ppm) in
D2O as internal standards at various temperatures. The
FABMS and HR-FABMS spectra were recorded on a Jeol
JMS-700 or JMS-SX102 spectrometer, using glycerol or
m-nitrobenzylalcohol as a matrix. The ESI-HRMS spectra
were recorded on a Bruker APEX-III spectrometer. The IR
spectra were recorded on a JASCO FT/IR-410 spectrometer.
The specific rotations were measured by JASCO DIP-360
polarimeter. The HPLC purification was carried out with
a Shimadzu LC-6A pump equipped with SPD-6A detector
using COSMOCIL 5C18-AR column (f20�250 mm) (Na-
kalai Tesque Co., Ltd). The solvents used for HPLC were
available from Kanto Chemical Co., and were filtered
through a Toyo Roshi membrane filter (cellulose acetate of
0.45 mm pore size, 47 mm d.) before use. Silica gel column
chromatography was performed on silica gel 60 K070 (Ka-
tayama Chemical Co., Ltd) or silica gel 60N (Kanto Chemi-
cal Co., Ltd). Reversed-phase open-column chromatography
was performed on Cosmosil 75C18-OPN (Nakalai Tesque
Co., Ltd). TLC was performed on silica gel F254 (0.25 or
0.5 mm, MERCK) or RP-18F254S (0.25 mm, MERCK).

4.1.1. tert-Butyl-[6-methoxy-5-(4-methoxy-benzyloxy)-2-
methylene-tetrahydro-pyran-3-yloxy]-dimethyl-silane 9.
To a solution of 8 (86.9 mg, 213 mmol) in CH2Cl2 (2.4 ml)
was slowly added TBSOTf (72.4 ml, 320 mmol) at 0 �C un-
der Ar atmosphere. After stirring for 30 min at 0 �C, to the
reaction mixture was added H2O (2 ml). The aqueous layer
was extracted with CHCl3. The combined organic layer
was washed with brine, dried over Na2SO4, and concentrated
in vacuo. The residue was purified by silica gel column chro-
matography (hexane/AcOEt ¼ 2:1) to afford a TBS ether
(110 mg, 99%) as a colorless oil: [a]D

21 +75.5 (c 1.00,
MeOH). IR (film) n 2856, 2835, 1612, 1514 cm�1. 1H
NMR (300 MHz, CDCl3, rt) d 7.25 (2H, d, J¼8.6 Hz),
6.90 (2H, d, J¼8.6 Hz), 4.60 (1H, s), 4.55 (2H, s), 3.82
(3H, s), 3.62 (1H, ddd, J¼4.0, 8.5, 11.0 Hz), 3.50 (1H, dd,
J¼2.2, 10.1 Hz), 3.45 (1H, d, J¼2.2 Hz), 3.40 (3H, s),
3.20 (1H, dd, J¼8.5, 10.1 Hz), 1.90 (1H, ddd, J¼3.6, 4.0,
13.2 Hz), 1.65 (1H, ddd, J¼3.0, 11.0, 13.2 Hz), 0.95 (9H,
s), 0.15 (3H, s), 0.12 (3H, s). 13C NMR (75 MHz, CDCl3,
rt) d 159.2, 130.1, 129.1, 113.8, 98.5, 74.6, 73.2, 70.7,
67.6, 55.2, 54.9, 33.3, 25.7, 7.7, �4.1, �4.6. ESI-HRMS
(positive-ion) calcd for C21H35IO5SiNa: (M+Na)+

545.1196; found: 545.1191.

To a solution of the above TBS ether (55.9 mg, 107 mmol) in
THF (1.0 ml) was added t-BuOK (39.3 mg, 321 mmol) at
room temperature under Ar atmosphere. After stirring for
15 h, to the reaction mixture was added 1 N HCl (2 ml).
The aqueous layer was extracted with AcOEt. The combined
organic layer was washed with satd NaHCO3 aq and brine,
dried over Na2SO4, and concentrated in vacuo. The residue
was purified by silica gel column chromatography (hex-
ane/AcOEt ¼ 2:1) to afford 9 (70.8 mg, 99%) as a colorless
oil: [a]D

22 +11.8 (c 0.42, MeOH). IR (film) n 2832, 2858,
2837, 1660, 1612 cm�1. 1H NMR (300 MHz, CDCl3, rt)
d 7.25 (2H, d, J¼8.6 Hz), 6.90 (2H, d, J¼8.6 Hz), 4.68
(1H, s), 4.70 (1H, d, J¼1.5 Hz), 4.62 (1H, d, J¼11.2 Hz),
4.59 (1H, d, J¼11.2 Hz), 4.55 (1H, d, J¼1.5 Hz), 4.59
(1H, d, J¼11.2 Hz), 4.41 (1H, m), 3.82 (3H, s), 3.62 (1H,
s), 3.45 (3H, s), 2.05 (1H, ddd, J¼2.9, 4.0, 13.2 Hz), 1.85
(1H, ddd, J¼2.9, 11.4, 13.2 Hz), 0.95 (9H, s), 0.15 (3H, s),
0.12 (3H, s). 13C NMR (75 MHz, CDCl3, rt) d 159.2,
159.0, 130.0, 129.3, 113.9, 100.4, 94.0, 74.5, 70.9, 64.2,
55.2, 55.0, 34.0, 25.7, 25.6, 25.6, �4.9, �5.0. ESI-HRMS
(positive-ion) calcd for C21H34O5SiNa: (M+Na)+

417.2073; found: 417.2068.
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4.1.2. 2-(tert-Butyl-dimethyl-silanyloxy)-5-hydroxy-4-(4-
methoxy-benzyloxy)-cyclohexanone 10. To a solution of
9 (42.4 mg, 108 mmol) in acetone/H2O (3:1, 600 ml) was
slowly added Hg(OCOCF3)2 (2.3 mg, 5.4 mmol) at 0 �C un-
der Ar atmosphere. After stirring for 9 h at 0 �C, the reaction
mixture was diluted with AcOEt and washed with 10% KI
aq, 20% Na2S2O3 aq, and brine. The organic layer was dried
over Na2SO4, and concentrated in vacuo. The residue was
purified by silica gel column chromatography (hexane/
AcOEt ¼ 1:1) to afford 10 (28.8 mg, 70%) as a colorless
oil: [a]D

19 +27.0 (c 1.00, MeOH). IR (film) n 3422, 2856,
1719 cm�1. 1H NMR (300 MHz, CDCl3, rt) d 7.25 (2H,
d, J¼8.6 Hz), 6.90 (2H, d, J¼8.6 Hz), 4.65 (1H, d,
J¼11.5 Hz), 4.57 (1H, d, J¼11.5 Hz), 4.27 (1H, ddd,
J¼1.0, 4.8, 7.7 Hz), 4.09 (1H, m), 3.90 (3H, s), 2.76 (1H,
dd, J¼4.3, 13.8 Hz), 2.65 (1H, dd, J¼7.0, 13.8 Hz), 2.25
(1H, m), 1.95 (1H, m), 0.95 (9H, s), 0.15 (3H, s), 0.12
(3H, s). 13C NMR (75 MHz, CDCl3, rt) d 129.4, 114.0,
73.6, 71.9, 71.3, 55.3, 43.3, 35.0, 25.7, 25.7, 18.2, �4.8,
�5.3. ESI-HRMS (positive-ion) calcd for C20H32O5SiNa:
(M+Na)+ 403.1917; found: 403.1911.

4.1.3. 6-(tert-Butyl-dimethyl-silanyloxy)-4-(4-methoxy-
benzyloxy)-cyclohex-2-enone 11. To a solution of 10
(5.8 mg, 15.3 mmol) and Et3N (21.3 ml, 153 mmol) in
CH2Cl2 (1.0 ml) was slowly added MsCl (3.3 ml,
42.8 mmol) at 0 �C under Ar atmosphere. After stirring for
1 h at room temperature, the reaction mixture was diluted
with CHCl3 and washed with 1 N H2SO4, satd NaHCO3

aq, and brine. The organic layer was dried over Na2SO4,
and concentrated in vacuo. The residue was purified by silica
gel column chromatography (hexane/AcOEt ¼ 2:1) to afford
11 (5.5 mg, quant.) as a colorless oil: [a]D

19 �127.5 (c 1.00,
MeOH). IR (film) n 3483, 2941, 2116, 1719 cm�1. 1H
NMR (300 MHz, CDCl3, rt) d 7.25 (2H, d, J¼8.6 Hz), 6.90
(2H, dd, J¼2.0, 8.6 Hz), 6.89 (1H, d, J¼10.3 Hz), 5.97
(1H, d, J¼10.3 Hz), 4.65 (1H, d, J¼11.5 Hz), 4.57 (1H, d,
J¼11.5 Hz), 2.25 (2H, m), 0.95 (9H, s), 0.15 (3H, s), 0.12
(3H, s). 13C NMR (75 MHz, CDCl3, rt) d 197.5, 159.4,
147.8, 129.8, 129.4, 128.1, 113.9, 71.2, 71.0, 70.2, 55.2,
37.6, 25.7, �4.7, �5.4. ESI-HRMS (positive-ion) calcd for
C20H30O4SiNa: (M+Na)+ 385.1811; found: 385.1806.

4.1.4. 6-Hydroxy-4-(4-methoxy-benzyloxy)-cyclohex-2-
enone 7. To a solution of 11 (10.1 mg, 27.9 mmol) and
AcOH (4.8 ml, 83.7 mmol) in THF (500 ml) was slowly added
TBAF (1 M in THF, 83.7 ml, 83.7 mmol) at 0 �C under Ar at-
mosphere. After stirring for 46 h at room temperature, the re-
action mixture was diluted with AcOEt and washed with
H2O and brine. The organic layer was dried over Na2SO4,
and concentrated in vacuo. The residue was purified by silica
gel column chromatography (hexane/AcOEt ¼ 1:1) to afford
7 (6.9 mg, quant.) as a colorless oil: [a]D

19 �173.1 (c 1.00,
MeOH). IR (film) n 3449, 2837, 1693, 1612, 1514 cm�1.
1H NMR (300 MHz, CDCl3, rt) d 7.25 (2H, d, J¼8.6 Hz),
6.90 (2H, d, J¼8.6 Hz), 6.89 (1H, dd, J¼5.5, 12.3 Hz),
4.53 (1H, d, J¼11.3 Hz), 4.34 (1H, ddd, J¼2.0, 4.0,
5.1 Hz), 3.90 (3H, s), 2.63 (1H, ddd, J¼2.0, 5.5, 13.5 Hz),
1.98 (1H, ddd, J¼4.0, 12.3, 13.5 Hz). 13C NMR (75 MHz,
CDCl3, rt) d 200.3, 159.4, 146.7, 129.6, 129.4, 127.8,
113.9, 71.5, 69.7, 68.9, 55.2, 35.0. ESI-HRMS (positive-
ion) calcd for C14H16O4Na: (M+Na)+ 271.0946; found:
271.0941.
4.1.5. (Diethoxy-phosphoryl)-acetic acid 5-(4-methoxy-
benzyloxy)-2-oxo-cyclohex-3-enyl ester 6. To a solution
of 7 (67.2 mg, 271 mmol) in benzene (20 ml) were slowly
added DEAD (40% toluene solution, 1.0 ml, 2.17 mmol),
15 (662 mg, 2.17 mmol), and 13 (425 mg, 2.17 mmol) at
0 �C under Ar atmosphere. After stirring for 1.5 h at room
temperature, the reaction mixture was diluted with AcOEt
and washed with 0.5 N HCl, satd NaHCO3 aq, and brine.
The organic layer was dried over Na2SO4, and concentrated
in vacuo. The residue was purified by silica gel column chro-
matography (hexane/AcOEt ¼ 1:5) to afford 6 (46.3 mg,
40%. R:S ¼ 10:1) as a colorless oil: [a]D

20 �6.8 (c 1.00,
CHCl3). IR (film) n 1747, 1703, 1612, 1514, 1250 cm�1.
1H NMR (270 MHz, CDCl3, rt) d 7.28 (2H, d, J¼8.2 Hz),
6.97 (1H, d, J¼10.6 Hz), 6.91 (2H, d, J¼8.2 Hz), 6.06
(1H, d, J¼10.6 Hz), 5.31 (1H, dd, J¼5.0, 13.7 Hz), 4.62
(1H, d, J¼11.5 Hz), 4.56 (1H, d, J¼11.5 Hz), 4.43 (1H,
m), 4.21 (2H, q, J¼6.9 Hz), 4.18 (2H, q, J¼6.9 Hz), 3.82
(3H, s), 3.14 (1H, d, J¼5.0 Hz), 3.06 (1H, d, J¼5.0 Hz),
2.75–2.67 (1H, m), 2.17 (1H, dt, J¼8.6, 11.2 Hz), 1.36
(6H, t, J¼6.9 Hz). 13C NMR (75 MHz, CDCl3, rt) d 192.2,
164.9, 159.4, 151.8, 129.4, 129.0, 127.4, 113.6, 72.3, 72.2,
70.9, 62.9, 55.3, 36.0, 34.0. ESI-HRMS (positive-ion) calcd
for C20H28O8P: (M+H)+ 427.1522; found: 427.1540.

4.1.6. 6-(4-Methoxy-benzyloxy)-7,7a-dihydro-6H-benzo-
furan-2-one 12. To a solution of 6 (4.7 mg, 11.0 mmol) in
THF (500 ml) was added t-BuOK (1.2 mg, 11.0 mmol) at
0 �C under Ar atmosphere. After stirring for 30 min at
0 �C, the reaction mixture was diluted with AcOEt and
washed with 1 N HCl, satd NaHCO3 aq, and brine. The
organic layer was dried over Na2SO4, and concentrated in
vacuo. The residue was purified by silica gel column
chromatography (hexane/AcOEt ¼ 1:5) to afford 12
(1.9 mg, 63%. R:S ¼ 10:1) as a colorless oil: [a]D

24 �1.1
(c 1.00, CHCl3). IR (film) n 1741, 1641, 1612, 1585,
1514 cm�1. 1H NMR (270 MHz, CDCl3, rt) d 7.28 (2H, d,
J¼8.6 Hz), 6.90 (2H, d, J¼8.6 Hz), 6.57 (1H, dd, J¼2.3,
9.9 Hz), 6.34 (1H, d, J¼9.9 Hz), 5.80 (1H, s), 4.82 (1H,
dd, J¼5.0, 13.5 Hz), 4.61 (1H, d, J¼11.5 Hz), 4.55 (1H, d,
J¼11.5 Hz), 4.35–4.31 (1H, m), 3.82 (3H, s), 2.94 (1H, dt,
J¼5.0, 10.9 Hz), 1.71 (1H, dt, J¼10.9, 13.5 Hz). 13C NMR
(75 MHz, CDCl3, rt) d 173.1, 162.8, 159.4, 141.5, 129.4,
129.3, 120.2, 114.0, 111.4, 78.0, 72.5, 70.8, 55.3, 37.0.
ESI-HRMS (positive-ion) calcd for C16H17O4: (M+H)+

273.1127; found: 273.1147.

4.1.7. Aglycon 5. To a solution of 12 (10.1 mg, 37.1 mmol) in
CH2Cl2 (500 ml) were added H2O (25 ml) and DDQ
(12.6 mg, 55.7 mmol) at 0 �C under Ar atmosphere. After
stirring for 4.5 h at 0 �C, to the reaction mixture was added
satd NaHCO3 aq. The aqueous layer was extracted with
AcOEt. The combined organic layer was washed with brine,
dried over Na2SO4, and concentrated in vacuo. The residue
was purified by silica gel column chromatography (hex-
ane/AcOEt ¼ 1:5) to afford 5 (4.0 mg, 71%) as a white pow-
der: [a]D

17 �13.6 (c 0.70, CHCl3). IR (film) n 3441, 1732,
1639, 1105 cm�1. 1H NMR (300 MHz, CDCl3, rt) d 5.76
(1H, s), 6.57 (1H, dd, J¼1.8, 9.9 Hz), 6.36 (1H, d,
J¼9.9 Hz), 5.81 (1H, s), 4.90 (1H, dd, J¼4.4, 13.2 Hz),
4.70–4.58 (1H, m), 3.40–3.50 (1H, br s, OH), 2.93 (1H, td,
J¼5.2, 10.8 Hz), 1.68 (1H, q, J¼11.0 Hz). 13C NMR
(75 MHz, CDCl3, rt) d 173.8, 163.5, 144.1, 119.6, 111.0,
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78.3, 66.5, 39.7. ESI-HRMS (positive-ion) calcd for
C8H8O3Na: (M+Na)+ 175.0371; found: 175.0365.

4.1.8. Acetic acid 4,5-diacetoxy-6-azidomethyl-2-fluoro-
tetrahydro-pyran-3-yl ester 17. To a solution of 16
(378 mg, 1.01 mmol) in DMF (10 ml) was slowly added
H2NNH2/AcOH (1:1, 41 ml) at 0 �C under Ar atmosphere.
After stirring for 1.5 h at 0 �C, the reaction mixture was di-
luted with CHCl3 and washed with 1 N HCl, satd NaHCO3

aq, and brine. The organic layer was dried over Na2SO4,
and concentrated in vacuo to afford a crude mixture of
anomeric galactopyranoses (268 mg) as a colorless oil. To
a solution of the mixture (248 mg) in CH2Cl2 (7.5 ml) was
added DAST (98.2 ml, 750 mmol) at 0 ��C. After stirring
for 30 min at 0 �C, the reaction mixture was diluted with
CHCl3 and washed with H2O. The organic layer was dried
over Na2SO4, and concentrated in vacuo. The residue was
purified by silica gel column chromatography (hexane/
AcOEt ¼ 1:1) to afford 17 (250 mg, 80% in two steps) as
a white powder. a-anomer: [a]D

20 +90.3 (c 1.00, MeOH).
IR (film) n 2941, 2116, 1718 cm�1. 1H NMR (300 MHz,
CDCl3, rt) d 5.80 (1H, dd, J¼2.2, 53.3 Hz), 5.50 (1H, d,
J¼2.5 Hz), 5.35 (1H, dd, J¼2.5, 11.0 Hz), 5.20 (1H, ddd,
J¼2.2, 11.0, 23.4 Hz), 4.30 (1H, dd, J¼5.1, 7.7 Hz), 3.50
(1H, dd, J¼7.7, 12.9 Hz), 3.25 (1H, d, J¼5.1, 12.9 Hz),
2.20 (3H, s), 2.18 (1H, s), 2.00 (3H, s). 13C NMR
(75 MHz, CDCl3, rt) d 171.5, 171.2, 171.1, 106.5, 103.4,
70.6, 70.6, 68.4, 67.9, 67.6, 67.4, 50.6, 20.8, 20.7. ESI-
HRMS (positive-ion) calcd for C12H16FN3O7Na: (M+Na)+

356.0870; found: 356.0864. b-anomer: [a]D
20 +28.6 (c 1.00,

MeOH). IR (film) n 2837, 2108, 1751 cm�1. 1H NMR
(300 MHz, CDCl3, rt) d 5.50 (1H, d, J¼3.3, Hz), 5.33 (1H,
ddd, J¼6.9, 9.9, 10.6 Hz), 5.30 (1H, dd, J¼6.9, 52.5 Hz),
5.06 (1H, dd, J¼3.3, 9.9 Hz), 3.95 (1H, dd, J¼4.8,
7.6 Hz), 3.60 (1H, dd, J¼7.6, 12.8 Hz), 3.32 (1H, d,
J¼4.8, 12.8 Hz), 2.20 (3H, s), 2.10 (3H, s), 2.00 (3H, s).
13C NMR (75 MHz, CDCl3, rt) d 171.2, 171.1, 170.5,
109.1, 106.2, 73.0, 72.9, 70.3, 70.1, 69.2, 68.9, 67.5, 50.5,
20.7, 20.6, 20.6. ESI-HRMS (positive-ion) calcd for
C12H16FN3O7Na: (M+Na)+ 356.0870; found: 356.0864.

4.1.9. (6-Fluoro-3,4,5-trihydroxy-tetrahydro-pyran-2-yl-
methyl)-carbamic acid 9H-fluoren-9-ylmethyl ester 19.
To a solution of 17 (59.0 mg, 177 mmol) in MeOH (1.8 ml)
was slowly added MeONa (31.6 mg, 585 mmol) at 0 �C
under Ar atmosphere. After stirring for 30 min at 0 �C,
Amberlite IR-120B (H+) was added to this solution for
neutralization. After filtration, the filtrate was concentrated
in vacuo to afford a crude mixture. To a solution of the mix-
ture in MeOH (1.5 ml) was added palladium on activated
carbon (17.4 mg). Hydrogen was admitted via a balloon
and the reaction mixture was stirred for 1.5 h and the catalyst
removed by filtration. The filtrate was concentrated in vacuo
to afford a crude mixture. To a solution of the mixture
and diidopropylethylamine (30.8 ml, 177 mmol) in THF
(8.0 ml) was added FmocCl (45.8 mg, 177 mmol) at room
temperature. After stirring for 43 h, the reaction mixture
was concentrated in vacuo. The residue was purified by silica
gel column chromatography (CHCl3/MeOH¼5:1) to afford
19 (22.7 mg, 32% in three steps) as a white powder.
a-anomer: [a]D

23 +88.4 (c 0.10, MeOH). IR (film) n 3436,
1697 cm�1. 1H NMR (300 MHz, DMSO-d6, rt) d 7.85
(2H, d, J¼7.8 Hz), 7.68 (2H, d, J¼7.3 Hz), 7.40 (4H, m),
5.50 (1H, dd, J¼2.2, 55.5 Hz), 4.30 (2H, d, J¼7.0 Hz),
4.21 (1H, t, J¼7.0 Hz), 3.82 (1H, t, J¼6.3 Hz), 3.70–3.50
(2H, m), 3.50 (1H, dd, J¼7.7, 12.9 Hz), 3.20 (2H, m). 13C
NMR (75 MHz, DMSO-d6, rt) d 156.3, 143.9, 140.8,
127.7, 127.1, 125.2, 120.1, 109.7, 106.8, 71.6, 68.9, 68.7,
65.4, 46.7, 41.1. ESI-HRMS (positive-ion) calcd for
C21H22FNO6Na: (M+Na)+ 426.1329; found: 426.1323.
b-anomer: [a]D

22 �43.0 (c 0.10, MeOH). IR (film) n 3165,
1643 cm�1. 1H NMR (300 MHz, DMSO-d6, rt) d 7.85
(2H, d, J¼7.8 Hz), 7.68 (2H, d, J¼7.3 Hz), 7.40 (4H, m),
4.90 (1H, dd, J¼6.9, 54.7 Hz), 4.30 (2H, d, J¼7.0 Hz),
4.21 (1H, t, J¼7.0 Hz), 3.60–3.10 (6H, m). 13C NMR
(75 MHz, DMSO-d6, rt) d 158.5, 145.5, 142.5, 129.5,
128.9, 126.8, 121.7, 113.1, 110.4, 80.0, 74.2, 74.2, 73.1,
73.0, 71.7, 71.4, 69.2, 66.7, 47.7, 41.9. ESI-HRMS (posi-
tive-ion) calcd for C21H22FNO6Na: (M+Na)+ 426.1329:
found: 426.1323.

4.1.10. Acetic acid 4,5-diacetoxy-6-(tert-butoxycarbonyl-
amino-methyl)-2-fluoro-tetrahydro-pyran-3-yl ester 20.
To a solution of 17 (24.0 mg, 72.1 mmol) in MeOH
(700 ml) was slowly added MeONa (12.9 mg, 238 mmol) at
0 �C under Ar atmosphere. After stirring for 30 min at
0 �C, Amberlite IR-120B (H+) was added to this solution
for neutralization. After filtration, the filtrate was concen-
trated in vacuo to afford a crude mixture. To a solution of
the mixture in MeOH (700 ml) was added palladium on acti-
vated carbon (8.7 mg). Hydrogen was admitted via a balloon
and the reaction mixture was stirred for 30 min and the cat-
alyst removed by filtration. The filtrate was concentrated in
vacuo to afford a crude mixture. To a solution of the mixture
and triethylamine (10.1 ml, 71.9 mmol) in MeOH (1.0 ml)
was added Boc2O (16.6 ml, 71.9 mmol) at 0 �C. After stirring
for 2 h at 0 �C, the reaction mixture was concentrated in
vacuo to afford a crude mixture. To a solution of the mixture
in pyridine (1.0 ml) was added Ac2O (0.5 ml) at room tempera-
ture. After stirring for 7 h, the reaction mixture was diluted with
AcOEt and washed with 1 N HCl, satd NaHCO3 aq, and
brine. The organic layer was dried over Na2SO4, and concen-
trated in vacuo. The residue was purified by silica gel column
chromatography (hexane/AcOEt ¼ 1:1) to afford 20
(19.1 mg, 65% in four steps) as a colorless oil: [a]D

18 +51.4
(c 0.40, CHCl3). IR (film) n 2108, 1751, 1371, 1221, 1067,
1020 cm�1. 1H NMR (300 MHz, CDCl3, rt) d 5.78 (1H,
dd, J¼2.2, 53.4 Hz), 5.43 (1H, d, J¼2.7 Hz), 5.36 (1H, dd,
J¼2.7, 11.0 Hz), 5.19 (1H, ddd, J¼2.2, 11.0, 23.5 Hz),
4.20 (1H, t, J¼6.6 Hz), 3.28 (2H, m), 2.19 (3H, s), 2.15
(3H, s), 2.02 (3H, s), 1.45 (9H, s). 13C NMR (75 MHz,
CDCl3, rt) d 170.3, 169.9, 155.6, 104.3 (d, JC–F¼113 Hz),
80.0, 70.1, 67.9, 67.7, 67.4, 67.1, 39.9, 28.3, 20.6. ESI-
HRMS (positive-ion) calcd for C17H26FNO9Na: (M+Na)+

430.1489; found: 430.1484.

4.1.11. Acetic acid 3,5-diacetoxy-2-[(9H-fluoren-9-yl-
methoxycarbonylamino)-methyl]-6-fluoro-tetrahydro-
pyran-4-yl ester 21. To a solution of 19 (22.7 mg, 56.3 mmol)
in pyridine (1.0 ml) was added Ac2O (0.5 ml) at room tem-
perature. After stirring for 7 h, the reaction mixture was di-
luted with AcOEt and washed with 1 N HCl, satd NaHCO3

aq. and brine. The organic layer was dried over Na2SO4, and
concentrated in vacuo. The residue was purified by silica gel
column chromatography (hexane/AcOEt ¼ 1:1) to afford 21
(25.9 mg, 87%) as a colorless oil. a-anomer: [a]D

20 +39.5
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(c 0.10, MeOH). IR (film) n 3366, 2961, 1701 cm�1. 1H
NMR (300 MHz, CDCl3, rt) d 7.78 (2H, d, J¼7.3 Hz),
7.58 (2H, d, J¼7.3 Hz), 7.35 (4H, m), 5.80 (1H, dd,
J¼2.5, 53.9 Hz), 5.50 (1H, d, J¼2.5 Hz), 5.35 (1H, dd,
J¼2.5, 11.0 Hz), 5.18 (1H, ddd, J¼2.5, 11.0, 23.5 Hz),
4.43 (2H, d, J¼7.0 Hz), 4.23 (2H, m), 3.34 (2H, t,
J¼6.6 Hz), 2.20 (3H, s), 2.15 (1H, s), 2.03 (3H, s). 13C
NMR (75 MHz, CDCl3, rt) d 170.3, 169.8, 156.2, 143.7,
141.3, 127.7, 127.1, 125.0, 120.0, 105.7, 102.7, 69.9, 68.1,
67.6, 67.3, 67.0, 47.1, 40.5, 20.6. ESI-HRMS (positive-
ion) calcd for C27H28FNO9Na: (M+Na)+ 552.1646; found:
552.1639. b-anomer: [a]D

17 +7.4 (c 0.49, MeOH). IR (film)
n 3437, 2963, 1637 cm�1. 1H NMR (300 MHz, CDCl3, rt)
d 7.78 (2H, d, J¼7.3 Hz), 7.58 (2H, d, J¼7.3 Hz), 7.35
(4H, m), 5.40–5.13 (4H, m), 4.43 (2H, d, J¼6.6 Hz), 4.21
(1H, t, J¼6.6 Hz), 3.88 (1H, t, J¼6.6 Hz), 3.39 (2H, t,
J¼6.6 Hz), 2.20 (3H, s), 2.15 (1H, s), 2.03 (3H, s).
13C NMR (75 MHz, CDCl3, rt) d 172.0, 171.4, 171.1,
158.8, 145.4, 145.2, 142.6, 128.8, 128.2, 126.3, 126.2,
121.0, 109.9, 107.1, 79.5, 73.2, 73.1, 71.8, 71.7, 70.6,
70.3, 68.4, 67.9, 48.2, 41.2, 20.6, 20.5. ESI-HRMS (posi-
tive-ion) calcd for C27H28FNO9Na: (M+Na)+ 552.1646:
found: 552.1639.

4.1.12. Acetic acid 3,5-diacetoxy-2-[(9H-fluoren-9-yl-
methoxycarbonylamino)-methyl]-6-(2-oxo-2,6,7,7a-tetra-
hydro-benzofuran-6-yloxy)-tetrahydro-pyran-4-yl ester
23. A mixture of 5 (6.6 mg, 43.4 mmol), Cp2HfCl2 (32.9 mg,
86.8 mmol), AgClO4 (18.0 mg, 86.8 mmol) and dried molec-
ular sieves 4Å (5.0 mg) in anhydrous CH2Cl2 (500 ml) was
stirred at 0 �C under Ar atmosphere for 1 h. Then a solution
of 4 (36.0 mg, 68.1 mmol) in anhydrous CH2Cl2 (300 ml) was
added to the stirred mixture. After stirring for 6 h, the reac-
tion mixture was diluted with CHCl3 and filtered through
Celite. The filtrate was washed with brine. The organic layer
was dried over Na2SO4, and concentrated in vacuo. The resi-
due was purified by silica gel column chromatography (tol-
uene/acetone¼ 1:3) to afford 23 (15.0 mg, 52%, R:S ¼ 7:1) as
a colorless oil: [a]D

18 +12.6 (c 0.10, CHCl3). IR (film) n 1747,
1221, 1155, 1070, 760 cm�1. 1H NMR (600 MHz, CDCl3,
rt) d 7.77 (2H, d, J¼7.4 Hz), 7.59 (2H, d, J¼7.4 Hz), 7.41
(2H, t, J¼7.4 Hz), 7.33 (2H, t, J¼7.4 Hz), 6.59 (1H, d,
J¼10.0 Hz), 6.20 (1H, d, J¼10.0 Hz), 5.84 (1H, s), 5.35
(1H, d, J¼2.0 Hz), 5.21 (1H, dd, J¼7.8, 10.0 Hz), 5.12
(1H, t, J¼6.0 Hz), 5.03 (1H, dd, J¼2.0, 10.0 Hz), 4.83
(1H, dd, J¼4.5, 12.0 Hz), 4.62 (1H, d, J¼7.8 Hz), 4.59–
4.54 (1H, br s), 4.44 (2H, d, J¼6.6 Hz), 4.22 (1H, t,
J¼6.6 Hz), 3.78 (1H, t, J¼6.8 Hz), 3.46 (1H, td, J¼6.8,
14.0 Hz), 3.15 (1H, td, J¼6.8, 14.0 Hz), 2.94 (1H, td,
J¼4.5, 12.0 Hz), 2.20 (3H, s), 2.07 (3H, s), 2.02 (3H, s),
1.81 (1H, q, J¼12.0 Hz). 13C NMR (150 MHz, CDCl3, rt)
d 172.9, 171.0, 170.0, 169.3, 162.0, 156.4, 143.7, 141.3,
139.6, 127.8, 127.1, 125.0, 121.1, 120.0, 115.5, 100.8,
77.9, 74.1, 71.7, 70.8, 69.0, 67.8, 67.0, 47.2, 40.4,
38.3, 20.8, 20.6. ESI-HRMS (positive-ion) calcd for
C35H35NO12Na: (M+Na)+ 684.2057; found: 684.2051.

4.1.13. [3,4,5-Trihydroxy-6-(2-oxo-2,6,7,7a-tetrahydro-
benzofuran-6-yloxy)-tetrahydro-pyran-2-ylmethyl]-car-
bamic acid 9H-fluoren-9-ylmethyl ester 24. To a solution
of 23 (1.8 mg, 2.9 mmol) in MeOH (200 ml) was added
KCN (6 mM in MeOH, 200 ml, 1.2 mmol) at 0 �C under Ar
atmosphere. After stirring for 5 h at 0 �C, the reaction
mixture was concentrated in vacuo. The residue was purified
by silica gel column chromatography (CHCl3/MeOH ¼ 1:1)
to afford 24 (0.7 mg, 47%, R:S¼4:1) as a colorless oil:
[a]D

20 �7.1 (c 0.10, MeOH). IR (film) n 3533, 3308, 1719,
1686, 1638, 1535, 1448, 1263, 1078 cm�1. 1H NMR
(300 MHz, CD3OD, rt) d 7.77 (2H, d, J¼7.3 Hz), 7.66
(2H, t, J¼7.3 Hz), 7.37 (2H, t, J¼7.3 Hz), 7.30 (2H, t,
J¼7.3 Hz), 6.63 (1H, dd, J¼2.0, 10.1 Hz), 6.46 (1H, d,
J¼10.1 Hz), 5.83 (1H, s), 4.80 (1H, dd, J¼4.5, 13.4 Hz),
4.57–4.62 (1H, m), 4.44 (1H, dd, J¼6.5, 10.5 Hz), 4.39
(1H, dd, J¼6.5, 10.5 Hz), 4.37 (1H, d, J¼7.0 Hz), 4.38
(2H, dd, J¼6.4, 10.4 Hz), 4.22 (1H, t, J¼6.4 Hz), 3.70
(1H, d, J¼2.2 Hz), 3.63 (1H, s), 3.52–3.44 (4H, m), 2.94
(1H, dt, J¼4.5, 11.4 Hz), 1.64 (1H, dt, J¼10.6, 13.2 Hz).
13C NMR (125 MHz, CD3OD, rt) d 175.8, 165.9, 159.1,
145.4, 145.3, 143.2, 142.7, 128.8, 128.2, 128.1, 121.1,
120.9, 120.9, 111.7, 104.8, 79.9, 75.3, 74.9, 74.8, 72.2,
70.5, 67.6, 49.6, 42.5, 40.1. ESI-HRMS (positive-ion) calcd
for C29H29NO9Na: (M+Na)+ 558.1740; found: 558.1735.

4.1.14. Biologically active fluorescence-labeled probe 2.
To a solution of 24 (1.6 mg, 3.0 mmol) in DMF (300 ml)
was added piperidine (1.0 ml, 10 mmol) at 0 �C under Ar at-
mosphere. After stirring for 4 h at 0 �C, piperidine was re-
moved in vacuo. To the reaction mixture were added DMF
(200 ml) and AMCA-X, SE (1.4 mg, 3.3 mmol) at room tem-
perature under Ar atmosphere. After stirring for 2 h, the re-
action mixture was concentrated in vacuo. The residue was
purified by ODS TLC (RP-18W, H2O/MeOH ¼ 1:1) and
HPLC with COSMOSIL 5C18-AR column (f20.0�
250 mm, H2O/CH3CN ¼ 1:1) to afford 2 (0.9 mg, 48%) and
epi-2 (0.2 mg, 11%). Compound 2: white powder. [a]D

18

+28.0 (c 1.00, MeOH). IR (film) n 3292, 2856, 1734 cm�1.
1H NMR (500 MHz, CD3OD, rt) d 7.48 (1H, d, J¼8.5 Hz),
6.64 (1H, dd, J¼2.5, 8.5 Hz), 6.63 (1H, dd, J¼3.0,
10.0 Hz), 6.50 (1H, d, J¼2.5 Hz), 6.47 (1H, d,
J¼10.0 Hz), 5.80 (1H, s), 5.00 (1H, ddd, J¼2.0, 5.0,
13.0 Hz), 4.69 (1H, m), 4.40 (1H, d, J¼7.5 Hz), 3.73 (1H,
dd, J¼1.0, 3.0 Hz), 3.60 (1H, ddd, J¼1.0, 5.5, 8.0 Hz),
3.54 (2H, s), 3.50 (1H, dd, J¼2.5, 7.0 Hz), 3.46 (1H, dd,
J¼7.5, 10.0 Hz), 3.45 (1H, dd, J¼5.5, 13.5 Hz), 3.36 (1H,
dd, J¼8.0, 13.5 Hz), 3.18 (2H, dt, J¼2.5, 7.0 Hz), 2.98
(1H, ddd, J¼5.0, 6.0, 10.5 Hz), 2.38 (3H, s), 2.22 (2H, t,
J¼7.5 Hz), 1.69 (1H, ddd, J¼10.5, 11.0, 13.0 Hz), 1.64
(2H, m), 1.52 (2H, m), 1.36 (2H, m). 13C NMR (125 MHz,
CD3OD, rt) d 176.7, 175.8, 172.9, 165.9, 164.8, 155.9,
153.9, 152.9, 143.7, 127.4, 121.1, 114.5, 113.2, 111.8,
111.7, 105.0, 100.5, 79.9, 75.7, 74.8, 74.4, 72.2, 70.6,
41.3, 40.3, 40.2, 37.0, 35.2, 30.0, 27.5, 26.6, 15.4. ESI-
HRMS (positive-ion) calcd for C32H39N3O11Na: (M+Na)+

664.2478; found: 664.2478. Compound epi-2: white powder.
[a]D

17 �37.3 (c 0.07, MeOH). IR (film) n 3348, 2926, 1741,
1639, 1601, 1556, 1051 cm�1. 1H NMR (300 MHz,
CD3OD, rt) d 7.49 (1H, d, J¼7.5 Hz), 6.71 (1H, d, J¼
8.0 Hz), 6.65 (1H, dd, J¼2.0, 7.5 Hz), 6.48 (1H, d,
J¼2.0 Hz), 6.45 (1H, dd, J¼4.0, 8.0 Hz), 5.85 (1H, d,
J¼1.5 Hz), 5.38 (1H, ddd, J¼1.5, 5.5, 11.5 Hz), 4.65 (1H,
m), 4.37 (1H, d, J¼6.0 Hz), 3.62 (1H, dd, J¼1.0, 4.0,
6.5 Hz), 3.52 (2H, s), 3.50 (1H, dd, J¼6.5, 8.5 Hz), 3.48
(1H, dd, J¼4.0, 12.0 Hz), 3.45 (1H, dd, J¼3.0, 8.5 Hz),
3.38 (1H, dd, J¼6.5, 12.0 Hz), 3.17 (1H, t, J¼6.0 Hz),
2.82 (1H, ddd, J¼2.0, 5.5, 11.5 Hz), 2.37 (3H, s), 2.22
(2H, t, J¼7.5 Hz), 1.73 (1H, dt, J¼3.0, 11.5 Hz), 1.62 (2H,
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m), 1.51 (2H, m), 1.35 (2H, m). ESI-HRMS (positive-ion)
calcd for C32H39N3O11Na: (M+Na)+ 664.2478: found:
664.2478.

4.1.15. 7,8-Dihydro aglycon 25. To a solution of 5 (6.2 mg,
41.0 mmol) in AcOEt (800 ml) was added Lindlar catalyst
(8.2 mg). Hydrogen was admitted via a balloon and the reac-
tion mixture was stirred for 15 min and the catalyst removed
by filtration. The filtrate was concentrated in vacuo. The resi-
due was purified by silica gel column chromatography
(CHCl3/MeOH ¼ 20:1) to afford 25 (4.3 mg, 68%) as a color-
less oil: [a]D

24 �52.1 (c 0.20, CHCl3). IR (film) n 3422, 1732,
1647, 1005 cm�1. 1H NMR (300 MHz, CDCl3, rt) d 5.76 (1H,
s), 4.73 (1H, dd, J¼5.7, 10.8 Hz), 3.92 (1H, tt, J¼3.0,
10.8 Hz), 2.84–2.83 (1H, m), 2.79–2.71 (1H, m), 2.33 (1H,
ddd, J¼1.8, 5.7, 14.1 Hz), 2.23–2.19 (1H, m), 1.49–1.36
(1H, m), 1.36 (1H, dd, J¼11.4, 14.1 Hz). 13C NMR
(75 MHz, CDCl3, rt) d 173.2, 169.9, 113.4, 79.5, 66.9, 42.1,
34.7, 24.2. ESI-HRMS (positive-ion) calcd for C8H10O3Na:
(M+Na)+ 177.0528; found: 177.0521.

4.1.16. 7,8-Dihydro phyllanthurinolactone 27. A mixture
of 25 (8.6 mg, 56.0 mmol), AgOTf (7.2 mg, 27.9 mmol),
Ag2CO3 (32.3 mg, 117 mmol) and dried molecular sieves
4Å (17.7 mg) in anhydrous CH2Cl2 (200 ml) was stirred at
0 �C under Ar atmosphere for 1 h. Then a solution of 26
(22.7 mg, 55.0 mmol) in anhydrous CH2Cl2 (500 ml) was
added to the stirred mixture. After stirring for 2 h, the reac-
tion mixture was diluted with CHCl3 and filtered through
Celite. The filtrate was washed with satd NaHCO3 aq and
brine. The organic layer was dried over Na2SO4, and concen-
trated in vacuo. The residue was purified by silica gel column
chromatography (hexane/AcOEt ¼ 1:3) to afford a glycoside
(5.4 mg, 20%) as a colorless oil: [a]D

16 �15.3 (c 0.10,
CHCl3). IR (film) n 1751, 1225, 1038 cm�1. 1H NMR
(300 MHz, CDCl3, rt) d 5.79 (1H, s), 5.21 (1H, t,
J¼9.6 Hz), 5.08 (1H, t, J¼9.6 Hz), 4.95 (1H, dd, J¼8.1,
9.6 Hz), 4.74 (1H, dd, J¼6.3, 12.3 Hz), 4.65 (1H, d,
J¼8.1 Hz), 4.27 (1H, dd, J¼4.8, 12.0 Hz), 4.14 (1H, dd,
J¼2.7, 12.0 Hz), 3.88 (1H, tt, J¼3.6, 11.1 Hz), 3.71 (1H,
ddd, J¼2.7, 4.8, 9.6 Hz), 2.93–2.83 (2H, m), 2.36–2.19
(2H, m), 2.15 (3H, s), 2.09 (3H, s), 2.03 (3H, s) 2.01 (3H,
s), 1.53–1.38 (2H, m). 13C NMR (75 MHz, CDCl3, rt)
d 172.9, 170.6, 170.3, 169.3, 169.1, 169.0, 113.7, 99.8,
79.2, 74.5, 72.7, 71.9, 71.3, 68.4, 62.0, 40.3, 31.6, 23.9,
20.7, 20.6. ESI-HRMS (positive-ion) calcd for
C22H28O12Na: (M+Na)+ 507.1478; found: 507.1470.

To a solution of the above glycoside (5.4 mg, 11 mmol) in
MeOH (600 ml) was added KCN (8 mM in MeOH, 100 ml,
800 nmol) at room temperature under Ar atmosphere. After
stirring for 6 h, the reaction mixture was concentrated in
vacuo. The residue was purified by ODS TLC (RP-18W, H2O/
MeOH¼ 1:1) to afford 27 (1.1 mg, 31%) as a colorless oil:
[a]D

18 �26.8 (c 0.05, MeOH). IR (film) n 3393, 1738,
1072 cm�1. 1H NMR (600 MHz, CD3OD, 40 �C) d 5.79
(1H, s), 4.91 (1H, ddd, J¼ 1.2, 6.2, 11.8 Hz), 4.41 (1H, d,
J¼ 7.9 Hz), 4.05 (1H, tt, J¼ 4.0, 11.2 Hz), 3.87 (1H, dd,
J¼ 2.1, 11.8 Hz), 3.66 (1H, dd, J¼5.6, 11.8 Hz), 3.36–2.26
(3H, m), 3.14 (1H, dd, J¼7.9, 9.1 Hz), 2.90–2.84 (2H, m),
2.42–2.34 (2H, m), 1.44–1.38 (1H, m), 1.35 (1H, q,
J¼11.8 Hz). 13C NMR (150 MHz, CD3OD, rt) d 176.0,
173.9, 113.4, 103.2, 81.6, 78.1, 78.0, 75.0, 74.6, 71.6,
62.8, 42.0, 32.7, 24.8. ESI-HRMS (positive-ion) calcd for
C14H20O8Na: (M+Na)+ 339.1056; found: 339.1049.

4.1.17. Acetic acid 3,5-diacetoxy-2-bromo-6-[(9H-fluo-
ren-9-ylmethoxycarbonyl amino)-methyl]-tetrahydro-
pyran-4-yl ester 28. Synthesis of 33, 34, and 28 is shown
in Scheme 7.

Scheme 7. (i) See Ref. 15; (ii) TESOTf, 2,6-lutidine, DMF, 92%; (iii) H2/
Pd–C, CH2Cl2; (iv) FmocCl, NaHCO3, H2O, 1,4-dioxane, 80% (two steps);
(v) TFA, THF, H2O; (vi) Ac2O, pyridine, 80% (two steps); (vii) BiBr3,
TMSBr, CH2Cl2.

4.1.17.1. Synthesis of 33. To a solution of 32 (340 mg,
1.66 mmol) and 2,6-lutidine (1.86 ml, 15.9 mmol) in DMF
(16 ml) was slowly added TESOTf (1.79 ml, 8.00 mmol)
at 0 �C under Ar atmosphere. After stirring for 1 h at 0 �C,
to the reaction mixture was added H2O (2 ml). The aqueous
layer was extracted with AcOEt. The combined organic
layer was washed with brine, dried over Na2SO4, and con-
centrated in vacuo. The residue was purified by silica gel col-
umn chromatography (hexane/AcOEt ¼ 9:1) to afford TES
ether (1.03 g, 92%, a:b ¼ 1:1) as a colorless oil: [a]D

24

+15.3 (c 0.50, CHCl3). IR (film) n 2878, 2102, 1458, 1414,
1283, 1240 cm�1. 1H NMR (300 MHz, CDCl3, rt) d 5.10
(1H, d, J¼2.7 Hz, a), 4.47 (1H, d, J¼6.5 Hz, b), 3.97 (1H,
dd, J¼2.0, 9.4 Hz, a), 3.96–3.91 (1H, m, a), 3.88 (1H, dd,
J¼2.7, 9.4 Hz, b), 3.82 (1H, br s, a), 3.77 (1H, br s, b),
3.63 (1H, dd, J¼6.5, 9.0 Hz, b), 3.49 (1H, dd, J¼7.8,
12.4 Hz, a), 3.46–3.34 (4H, m, b), 3.20 (1H, dd, J¼5.3,
12.4 Hz, a), 1.01–0.92 (72H, m), 0.72–0.62 (48H, m). 13C
NMR (75 MHz, CDCl3, rt) d 103.2, 94.3, 87.3, 84.3, 78.9,
77.2, 73.9, 72.1, 70.9, 70.1, 54.2, 51.6, 7.14, 7.03, 6.99,
6.90, 6.82, 6.78, 6.72, 6.66, 5.29, 5.15, 5.12, 4.97, 4.92,
4.77, 4.67. ESI-HRMS (positive-ion) calcd for C30H67N3O5-

Si4Na: (M+Na)+ 684.4050; found: 684.4052.

To a solution of the above TES ether (63.7 mg, 94.1 mmol) in
CH2Cl2 (2 ml) was added palladium on activated carbon
(31.7 mg). Hydrogen was admitted via a balloon and the re-
action mixture was stirred for 30 min and the catalyst re-
moved by filtration. The filtrate was concentrated in vacuo
to afford a crude mixture. To a solution of the mixture and
10% NaHCO3 aq (118 ml, 141 mmol) in 1,4-dioxane
(1.5 ml) was added FmocCl (36.5 mg, 141 mmol) at 0 �C.
After stirring for 12 h, to the reaction mixture was added
H2O (2 ml). The aqueous layer was extracted with AcOEt.
The combined organic layer was washed with brine, dried
over Na2SO4, and concentrated in vacuo. The residue was
purified by silica gel column chromatography (hexane/
AcOEt ¼ 9:1) to afford 33 (65.8 mg, 81%, a:b ¼ 3:2) as a
colorless oil: [a]D

19 +41.2 (c 0.50, CHCl3). IR (film) n 2955,
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2912, 2878, 1724, 1514, 1458, 1414, 1240, 1140, 1105,
1055 cm�1. 1H NMR (300 MHz, CDCl3, rt) d 7.76 (4H, d,
J¼7.4 Hz), 7.59 (4H, d, J¼7.4 Hz), 7.40 (4H, t, J¼7.4 Hz),
7.30 (4H, t, J¼7.4 Hz), 5.11 (1H, d, J¼2.5 Hz, a), 5.06
(1H, br d, a), 4.45 (1H, d, J¼7.5 Hz, b), 4.41 (1H, dd,
J¼6.9, 10.4 Hz, a), 4.37 (2H, d, J¼6.9 Hz, b), 4.30 (1H,
dd, J¼6.9, 10.4 Hz, a), 4.21 (2H, t, J¼6.9 Hz), 3.98 (1H,
dd, J¼1.8, 9.7 Hz, a), 4.00–3.88 (1H, m, b), 3.90 (1H, dd,
J¼2.5, 9.7 Hz, a), 3.85 (1H, br s, a), 3.75 (1H, br s, b),
3.64 (1H, dd, J¼7.5, 8.7 Hz, b), 3.54–3.47 (2H, m), 3.40
(1H, br d, b), 3.29–3.22 (2H, m), 0.99–0.93 (72H, m),
0.71–0.56 (48H, m). 13C NMR (75 MHz, CDCl3, rt)
d 156.5, 144.0, 141.3, 128.7, 127.0, 125.1, 120.0,
99.2, 94.4, 77.2, 75.7, 74.1, 73.9, 73.8, 70.9, 70.6, 70.2,
66.9, 47.3, 42.5, 7.20, 7.07, 6.99, 6.87, 6.73, 6.61, 5.82,
5.43, 5.34, 5.25, 5.18, 4.78. ESI-HRMS (positive-ion) calcd
for C45H79NO7Si4Na: (M+Na)+ 880.4826; found: 880.4828.

4.1.17.2. Synthesis of 34. To a solution of 33 (65.8 mg,
76.6 mmol) in THF/H2O (2:1, 900 ml) was slowly added
TFA (1.5 ml) at 0 �C. After stirring for 1 h at room tempera-
ture, the reaction mixture was concentrated in vacuo to afford
a crude mixture. To a solution of the mixture in pyridine
(1.0 ml) was added Ac2O (1.0 ml) at room temperature. Af-
ter stirring for 3 h, the reaction mixture was concentrated in
vacuo. The residue was purified by silica gel column chroma-
tography (hexane/AcOEt ¼ 2:1) to afford 34 (36.6 mg, 84%,
a:b ¼ 1:2) as a colorless oil: [a]D

19 +35.7 (c 0.50, CHCl3). IR
(film) n 3382, 3020, 1751, 1526, 1450, 1369, 1221,
1074 cm�1. 1H NMR (300 MHz, CDCl3, rt) d 7.77 (4H, d,
J¼7.2 Hz), 7.58 (4H, d, J¼7.2 Hz), 7.41 (4H, t, J¼7.2 Hz),
7.32 (4H, t, J¼7.2 Hz), 6.37 (1H, br s, a), 5.70 (1H, d,
J¼8.4 Hz, b), 5.48 (1H, br s, a), 5.40 (1H, d, J¼2.7 Hz, b),
5.34 (1H, dd, J¼8.4, 9.8 Hz, b), 5.37–5.31 (2H, m, a), 5.08
(1H, dd, J¼2.7, 9.8 Hz, b), 5.10–5.06 (1H, m, a), 4.40
(2H, d, J¼6.9 Hz, a), 4.38 (2H, dd, J¼6.9 Hz, b), 4.22
(2H, t, J¼6.9 Hz), 3.89 (1H, t, J¼6.8 Hz, b), 3.40–3.27
(4H, m), 2.19 (6H, s), 2.13 (6H, s), 2.05 (6H, s), 2.03 (3H,
s, a), 2.01 (3H, s, b). 13C NMR (75 MHz, CDCl3, rt)
d 170.5, 170.0, 169.9, 169.8, 169.4, 168.9, 156.2, 143.8,
141.3, 127.7, 127.0, 125.0, 120.0, 92.2, 89.6, 77.2, 72.8,
70.8, 69.8, 68.4, 68.0, 67.6, 67.4, 67.0, 66.5, 47.1, 40.5,
20.9, 20.8, 20.6, 20.5. ESI-HRMS (positive-ion) calcd for
C29H31NO11Na: (M+Na)+ 592.1789; found: 592.1790.

4.1.17.3. Synthesis of 28. To a solution of 34 (27.2 mg,
47.8 mmol) in CH2Cl2 (500 ml) were added BiBr3 (0.5 mg,
1.20 mmol) and TMSBr (24.7 ml, 191 mmol) at 0 �C under
Ar atmosphere. After stirring for 1 h at 0 �C, to the reaction
mixture was added satd NaHCO3 aq. The aqueous layer
was extracted with CHCl3. The combined organic layer
was washed with brine, dried over Na2SO4, and concentrated
in vacuo. The residue was purified by silica gel column chro-
matography (hexane/AcOEt ¼ 1:1) to afford 28 (24.8 mg,
88%) as an orange oil: [a]D

19 +137.8 (c 0.50, CHCl3). IR
(film) n 3379, 3067, 2950, 1749, 1526, 1450, 1371, 1223,
1078 cm�1. 1H NMR (300 MHz, CDCl3, rt) d 7.76 (2H, d,
J¼7.4 Hz), 7.57 (2H, d, J¼7.4 Hz), 7.40 (2H, t, J¼7.4 Hz),
7.31 (2H, t, J¼7.4 Hz), 6.70 (1H, d, J¼3.9 Hz), 5.49 (1H,
d, J¼2.8 Hz), 5.40 (1H, dd, J¼2.8, 10.6 Hz), 5.05 (1H,
dd, J¼3.9, 10.6 Hz), 4.46–4.36 (2H, m), 4.33 (1H, t,
J¼6.8 Hz), 4.22 (1H, t, J¼6.9 Hz), 3.46–3.27 (2H, m), 2.16
(3H, s), 2.11 (3H, s), 2.02 (3H, s). 13C NMR (75 MHz,
CDCl3, rt) d 170.2, 170.1, 169.7, 156.2, 143.9, 141.3,
127.7, 127.1, 125.0, 120.0, 88.2, 72.2, 68.1, 67.9, 37.7,
67.0, 47.1, 40.2, 20.7, 20.6. ESI-HRMS (positive-ion) calcd
for C27H28BrNO9Na: (M+Na)+ 612.0840; found: 612.0842.

4.1.18. Acetic acid 4,5-diacetoxy-2-[(9H-fluoren-9-yl-
methoxycarbonylamino)-methyl]-6-(2-oxo-2,4,5,6,7,7a-
hexahydro-benzofuran-6-yloxy)-tetrahydro-pyran-3-yl
ester 29. A mixture of 25 (4.9 mg, 32.0 mmol), AgOTf
(4.1 mg, 16.0 mmol), Ag2CO3 (18.4 mg, 67.0 mmol) and
dried molecular sieves 4Å (15.2 mg) in anhydrous
CH2Cl2 (200 ml) was stirred at 0 �C under Ar atmosphere
for 1 h. Then a solution of 28 (26.5 mg, 44.9 mmol) in anhy-
drous CH2Cl2 (200 ml) was added to the stirred mixture. After
stirring for 1 h, the reaction mixture was diluted with CHCl3
and filtered through Celite. The filtrate was washed with
satd NaHCO3 aq and brine. The organic layer was dried
over Na2SO4, and concentrated in vacuo. The residue was
purified by silica gel column chromatography (hexane/
AcOEt ¼ 1:5) to afford 29 (10.1 mg, 48%) as a colorless
oil: [a]D

20 �2.25 (c 0.20, CHCl3). IR (film) n 2920, 2851,
1720, 1649, 1529, 1450, 1369, 1225 cm�1. 1H NMR
(300 MHz, CDCl3, rt) d 7.75 (2H, d, J¼7.5 Hz), 7.57 (2H,
d, J¼7.5 Hz), 7.39 (2H, t, J¼7.5 Hz), 7.31 (2H, t, J¼
7.5 Hz), 5.76 (1H, s), 5.32 (1H, d, J¼3.0 Hz), 5.15 (1H, t,
J¼8.1 Hz), 5.00 (1H, dd, J¼3.0, 8.1 Hz), 4.69 (1H, dd, J¼
5.9, 11.3 Hz), 4.54 (1H, d, J¼8.1 Hz), 4.40 (2H, d,
J¼6.6 Hz), 4.20 (1H, t, J¼6.6 Hz), 3.84–3.65 (2H, m), 3.47
(1H, td, J¼6.9, 13.7 Hz), 3.09 (1H, td, J¼6.9, 13.7 Hz),
2.89–2.80 (2H, m), 2.32–2.10 (2H, m), 2.18 (3H, s), 2.02
(3H, s), 1.99 (3H, m), 1.45–1.22 (2H, m). 13C NMR
(75 MHz, CDCl3, rt) d 172.9, 171.1, 170.0, 169.2, 169.1,
156.4, 143.7, 141.3, 127.7, 127.1, 125.0, 120.0, 113.6, 100.3,
79.2, 74.3, 71.5, 70.8, 69.1, 67.8, 67.0, 47.1, 40.4, 40.3,
31.4, 23.8, 20.7, 20.6, 20.6. ESI-HRMS (positive-ion) calcd
for C35H37N1O12Na: (M+Na)+ 686.2208; found: 686.2207.

4.1.19. [3,4,5-Trihydroxy-6-(2-oxo-2,4,5,6,7,7a-hexahy-
dro-benzofuran-6-yloxy)-tetrahydro-pyran-2-ylmethyl]-
carbamic acid 9H-fluoren-9-ylmethyl ester 30. To a
solution of 29 (5.1 mg, 7.7 mmol) in MeOH (150 ml) was added
KCN (8 mM in MeOH, 100 ml, 800 nmol) at room tempera-
ture under Ar atmosphere. After stirring for 4.5 h, the reac-
tion mixture was concentrated in vacuo. The residue was
purified by ODS TLC (RP-18W, H2O/MeOH ¼ 1:4) to afford
30 (1.7 mg, 41%) as a colorless oil: [a]D

18 +21.4 (c 0.20,
MeOH). IR (film) n 3358, 2926, 2361, 1705, 1533, 1448,
1261, 1069 cm�1. 1H NMR (600 MHz, CD3OD, rt) d 7.78
(2H, d, J¼7.5 Hz), 7.65 (2H, d, J¼7.5 Hz), 7.38 (2H, t,
J¼7.5 Hz), 7.33 (2H, t, J¼7.5 Hz), 5.78 (1H, s), 4.70 (1H,
dd, J¼6.0, 11.3 Hz), 4.41 (2H, d, J¼6.6 Hz), 4.31 (1H, d,
J¼7.0 Hz), 4.21 (1H, t, J¼6.6 Hz), 3.94 (1H, tt, J¼3.6,
11.2 Hz), 3.69 (1H, d, J¼2.4 Hz), 3.52–3.49 (1H, m),
3.45–3.37 (4H, m), 3.32–3.27 (2H, m), 2.86–2.80 (2H, m),
2.33–2.28 (2H, m), 1.40–1.28 (2H, m). 13C NMR
(150 MHz, CD3OD, rt) d 175.9, 173.7, 159.2, 145.4, 145.3,
142.7, 128.8, 128.2, 126.2, 126.1, 121.4, 120.9, 114.2,
113.4, 112.6, 104.0, 81.5, 75.0, 74.8, 74.7, 72.3, 70.4, 67.7,
49.6, 42.4, 42.0, 32.8, 24.8. ESI-HRMS (positive-ion) calcd
for C29H31N1O9Na: (M+Na)+ 560.1891; found: 560.1892.

4.1.20. Biologically inactive fluorescence-labeled probe
31. To a solution of 30 (3.5 mg, 6.5 mmol) in DMF
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(720 ml) was added piperidine (4.8 ml, 49 mol) at 0 �C under
Ar atmosphere. After stirring for 2 h at 0 �C, piperidine was
removed in vacuo. To the reaction mixture was added
AMCA-X, SE (3.1 mg, 7.2 mmol) at room temperature un-
der Ar atmosphere. After stirring for 2 h, the reaction mix-
ture was concentrated in vacuo. The residue was purified
by ODS TLC (RP-18W, H2O/MeOH ¼ 1:1) and HPLC with
COSMOSIL 5C18-AR column (f20.0�250 mm, H2O/
CH3CN ¼ 6:4) to afford 31 (1.3 mg, 62% in two steps) as
a colorless oil: [a]D

21 +6.6 (c 0.05, MeOH). IR (film)
n 3348, 2924, 1734, 1652, 1558, 1057 cm�1. 1H NMR
(600 MHz, CD3OD, 40 �C) d 7.48 (1H, d, J¼8.8 Hz), 6.65
(1H, dd, J¼2.2, 8.8 Hz), 6.51 (1H, d, J¼2.2 Hz), 5.74 (1H,
s), 4.77 (1H, dd, J¼5.5, 11.1 Hz), 4.33 (1H, d, J¼7.6 Hz),
3.99 (1H, tt, J¼4.0, 11.5 Hz), 3.72 (1H, d, J¼1.4 Hz), 3.58
(1H, dd, J¼5.4, 7.2 Hz), 3.52 (2H, s), 3.49–3.45 (3H, m),
3.35 (1H, dd, J¼7.8, 13.7 Hz), 3.18 (2H, t, J¼7.5 Hz),
2.88–2.84 (2H, m), 2.37 (3H, s), 2.41–2.32 (2H, m), 2.21
(2H, t, J¼7.5 Hz), 1.62 (2H, quintet, J¼7.5 Hz), 1.52 (2H,
quintet, J¼7.5 Hz), 1.42 (1H, dd, J¼5.0, 11.7 Hz), 1.36
(2H, t, J¼7.5 Hz), 1.34 (1H, m). 13C NMR (150 MHz,
CD3OD, 40 �C) d 176.7, 175.9, 173.8, 173.0, 164.8, 155.9,
154.0, 152.9, 127.4, 114.4, 113.4, 113.2, 111.8, 104.1,
100.5, 81.6, 75.4, 74.7, 74.3, 72.3, 70.5, 42.0, 41.3, 40.3,
37.0, 35.2, 32.9, 30.0, 27.5, 26.7, 24.3, 15.4. ESI-HRMS
(positive-ion) calcd for C32H41N3O11Na: (M+Na)+

666.2633; found: 666.2635.

4.1.21. Bioassay. The young leaves detached from the stem
of the plant P. urinaria L., which was grown in the biotron of
Tohoku University, with a sharp razor blade were used for
bioassay. One leaf was placed in H2O (ca. 300 mL) using
a 5-ml glass tube in the greenhouse kept at 32 �C and al-
lowed to stand overnight. The leaves, which opened again
in the morning were used for the bioassay. Each test solution
was carefully poured into test tubes with a microsyringe
around 10:00 a.m. The bioactive fraction was judged by
the leaf-closing activity before the leaf-closing of the
plant leaf in the blank solution containing no sample. Other
nyctinastic plants, M. pudica, C. mimosoides, and
L. leucocephala, used in bioassay were also grown in the
biotron of Tohoku University.

4.1.22. Fluorescence study using a fluorescence micro-
scope. The leaf of P. urinaria L. opening in the morning
was cut in an appropriate size and fixed in agar. The agar
was sliced perpendicular to the petiole by a microslicer
(DSK-1000, Dousaka EM Co., Ltd) to a thickness of
30 mm and the sections containing the pulvini were floated
on distilled water. The sections were immersed in a solution
containing various concentration of fluorescence-labeled
probe compound, and allowed to stand for staining under
shielded condition at room temperature for 6 h. After stain-
ing, the sections were washed by being incubated with equil-
ibration buffer (Slow Fade� Gold Antifade Reagent,
Molecular Probes Inc.) for 15 min. This section was placed
on a slide glass and covered by a cover glass after adding
a drop of antifade reagent (Slow Fade� Gold Antifade Re-
agent, Molecular Probes Inc.). The observation of these sec-
tions was carried out by using ECLIPSE E800 microscope
(Nicon) equipped with VFM fluorescence instrument.
B-2A filter (Nicon Co., Ltd; excitation wavelength
450–490 nm) was used against AMCA. The plant sections
of other nyctinastic plants, M. pudica, C. mimosoides, and
L. leucocephala were prepared and treated with fluores-
cence-labeled probe compound in the same procedure.
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Abstract—The general and efficient synthesis of the title compounds, consisting of the (selective) replacement of chlorine in commercial
a-chlorodiazines and cyanuryl chloride by the 3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-5-ylmethoxy group (Williamson method) is described.
The stereochemistry of this new series of derivatives is analysed in terms of different conformational chirality exhibited in solution (1H
NMR) versus solid state (X-ray diffractometry), meso against chiral forms, respectively. In solid state, the inclusion capacity of some chiral
networks as well as their supramolecular aggregation is pointed out. A good correlation between rotameric behaviour of the c-5-di(s-tri)-
diazinyloxymethyl group in the two states is found.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The 3,7-dioxa-1-azabicyclo[3.3.0]octane heterocyclic satu-
rated system A is readily available by double cyclocondensation
between TRIS� (2-amino-2-hydroxymethyl-1,3-propandiol)
and carbonyl compounds, yielding 5-hydroxymethyl-3,7-
dioxa analogous B of the core alkaloid, namely pyrrolizidine
C (Scheme 1).1–4

A series of various C-substituted compounds, having A as
their basic skeleton, have been shown to have high biological
interest: fertilisers, biocides, pesticides and anticancer
agents.5–14

Although focused mainly on applied research, only few of
the results reported previously validated this class as appro-
priate for further functionalisation.

A method for direct substitution at the carbon ring is still un-
known. Functionality was ensured classically by the a priori
selection of the substituted starting carbonyl compound,
usually an aldehyde (Scheme 1). Thus, only compounds A
bearing a hydroxymethyl group at C-5 were mentioned

Keywords: Diazines; s-Triazines; Oxazolidines; NMR; Chirality; X-ray
diffractometry.
* Corresponding author. Tel.: +40 264 59 38 33; fax: +40 264 59 08 18;

e-mail addresses: darab@chem.ubbcluj.ro; darabantu@cluj.astral.ro
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.05.031
to be suitable for functionalisation at this site by acyla-
tion,3–5,7,8,12,15 thionation16 and, recently, by Dess–Martin
oxidation.13 Depending on the new group linked at C-5,
the reported structures are of pharmaceutical7,8,12,13 and
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lately, of supramolecular interest as O-, N-, O-protected
forms of TRIS�.17

Following on from our developments in the synthesis and
stereochemistry of substituted 3,7-DiOxa-r-1-AzaBi-
cyclo[3.3.0]-c-5-Octanes (hereafter throughout abbreviated
as DOABO, Scheme 1),y,18–20 we recently established
that some compounds of type B (Scheme 1, R¼H, Ph) can
be easily converted into 5-alkoxymethyl derivatives, via
potassium alkoxides, in much milder conditions than those
used earlier by Broadbent in 1976 (Williamson method).7,20

Not only they were efficient nucleophiles against aliphatic
halo compounds, but in a single testing example, against
an a-chloro-p-deficient system such as 2,6-dichloropyra-
zine.20

An extension of this result required a larger series of compe-
tent substrates. Referring to our previous data about the
selective (or exhaustive) nucleophilic replacement of chlo-
rine in certain p-deficient systems,20,26,27 we considered
a-chlorodiazines and cyanuryl chloride as a challenging
choice for investigating more elaborated building blocks
with potential biological and/or supramolecular interest.
Hence, we wish to report here the synthesis and stereochem-
istry of a new class as 3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-
5-ylmethoxydi(s-tri)azines D (Scheme 1).

2. Results and discussion

2.1. Synthesis of a-(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-
5-ylmethoxy)-di(s-tri)azines

The known DOABO derivatives 1a–e19,20 were reacted with
potassium hydride in conditions depicted in Scheme 2.

N
OO

CH2OH

R1 R1
R2 R2

R3 R3
R4 R4

2 8 N
OO

CH2O-K+

2 8

i: 1.05 eq. KH / THF / 40 °C / 1.0 - 1.5 hrs. 

a: R1- R4 = H
b-cis: R1 = R3 = Ph, R2 = R4 = H
b-trans: R1 = R4 = Ph, R2 = R3 = H
c: R1 = Ph, R2 - R4 = H
d-trans + d-cis:

R1,R2 = CH2CH2[CH(t-Bu)]CH2CH2,
R3 = R4 = H
e: R1 = R3 = 2-Py, R2 = R4 = H

1a-e 2a-e

                   

i

N
OO

CH2O

R R

Abbreviations:

R = H: (2H)DOABO-CH2O
R = Ph: (2Ph)DOABO-CH2O

Scheme 2.

y Stereochemical descriptor r (reference) is used in order to simplify discus-
sion arising from the basic stereochemistry of this molecule as cis fused
double oxazolidine system, the lone pair at N-1 being the fiducial substit-
uent.21 This spatial arrangement, together with the absence of pyramidal
inversion at N-1 are already well documented.7,11,18–20,22–25
Chiral 1b-trans, 1c, 1d-trans and 1d-cis were used as race-
mates.

The study of the reaction between potassium alkoxides 2a–e
and a-chlorodiazines was performed using the following
protocol:

(i) For exhaustive substitution of chlorine, 1.05�n equiva-
lents of 2a–e/equivalent of diazine possessing ‘n’ chlo-
rine atoms were used.

(ii) For selective substitution of chlorine, 1 equiv of 2a–e/
equivalent of chlorine to be replaced was used.

All syntheses were systematically TLC monitored.

Series of new compounds 4a–k were prepared starting from
the a-chloropyrazines 3a–c (Scheme 3, Table 1).

N
N

Cl

R1

R1

R1

R1

R1

N
N

O

O
N

O

R2
R3

R4
R5

4a-k
3a-c

3a:  = H 
3b:  = Cl 
3c:  = MeO

i: 2a-e / THF, T(°C), t (hrs.) 

i

2 8

Scheme 3.

Only 2a exhibited a ‘methoxide-like reactivity’ regarding
yields and selectivity (entries 1, 7, 9 and 10). Indeed, in
a competitive experiment, equimolar amounts of 2-chloro-
pyrazine 3a/2a/potassium methoxide gave, in identical
conditions (entry 1), the equimolar ratio between 2-methoxy-
pyrazine and 4a. When 2b-cis, 2b-trans, 2c and 2e having
C-2, (-8) (di)substituted DOABO units with (het)aryl groups
were used as nucleophiles, the yields decreased slightly, 4a
(85%) versus 4b-cis (79%) versus 4b-trans (69%), or
strongly, 4a versus 4c (48%) and 4e (44%). The unfavoura-
ble influence of substitution at C-2, -8 was best illustrated
when the results of the one-pot replacement of the two chlo-
rine atoms in 2,6-dichloropyrazine, 2b-cis versus 2a (entries
8 and 10) were compared. Treatment of 3b with 2.1 equiv of
2b-cis yielded a complex mixture of monochloro derivative
4g, the (2Ph)DOABO–CH2O substituting pyrazinone 4h
(issued most probably from the partial hydrolysis of 4g
during the aqueous work-up) and, in traces only, the desired
product 4i. Using 2a as nucleophile, compound 4k was
obtained in a clean procedure as described in a previous
publication of our laboratory.20

The non-separable mixture of DOABO-spiranic derivatives
1d-trans/1d-cis (96:4) (Scheme 2) afforded the correspond-
ing 4d-trans/4d-cis as 96:4 ratio, respectively, in the crude
product and 75:25 after crystallisation from ligroin.

Next, the a-chloropyrimidines 5a–d produced the series
6a–m (Scheme 4, Table 2).

With 2a as nucleophile, both one-pot exhaustive (entries 2, 4
and 6) and selective substitutions (entries 3, 5 and 7) were
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Table 1. Results in the synthesis of a-(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-5-ylmethoxy)-pyrazines (preparation of compounds 4a–k)

Entry Nucleophile/Compd R1 R2 R3 R4 R5 T (�C) t (h) Yield (%)

1 2a/4a H H H H H 40 16 85
2 2b-cis/4b-cis H Ph H Ph H 60 20 79
3 2b-trans/4b-trans H Ph H H Ph 50 14 69
4 2c/4c H Ph H H H 65 11 48
5 2d-trans/4d-trans H CH2CH2[CH(t-Bu)]CH2CH2 H H 65 2 46a

2d-cis/4d-cis rt 12 16a

6 2e/4e H 2-Py H 2-Py H rt 5 44
35 18

7 2a/4f Cl H H H H rt 6 83b

8 2b-cis/4g Cl Ph H Ph H 65 52 34c

/4h OH Ph H Ph H 17c

/4i (2Ph)DOABO–CH2O Ph H Ph H 6c

9 2a/4j MeO H H H H 65 24 33
10 2a/4k (2H)DOABO–CH2O H H H H 65 3 76d

rt 14

a Isolated as a non-separable mixture of diastereomers 4d-trans/4d-cis 75:25 (bridged N-1 and t-Bu groups as references) as deduced from the 1H NMR
spectrum of the crystallised material.

b Selectivity as 89:11 4f/4k in the 1H NMR spectrum of the crude reaction mixture.
c As partial conversions of 3b into 4g–i.
d Starting directly from 3b without isolation of the intermediate 4f.
performed with good yields. The depicted (regio)selectiv-
ities could be ensured in very mild conditions only. Surpris-
ingly (entry 7), the regioisomer 6h was largely dominant
against the expected 6i as confirmed by the NMR spectra
of the pure isolated 6h, which clearly displayed equal
intensity of signals for two magnetically non-equivalent

N

N

R1R3 R6 R4

R5R2

N

N

5a: R1 = Cl, R2 = R3 = H
5b: R1 = R2 = Cl, R3 = H
5c: R1 = H, R2 = R3 = Cl
5d: R1 - R3 = Cl

i: 2a, 2b-cis / THF, T(°C), t (hrs.)

6a-m5a-d

i

Scheme 4.
DOABO–CH2O groups. Their individual assignment, as
well as for the 6b analogous (entry 2), was performed by
high-resolution 1H NMR experiments, 2D 1H–1H (COSY
and TOWNY),28,29 1H–13C (HSQC30,31 and HMBC32,33),
ROESY34,35 and NOESY.36,37

As in the a-chloropyrazine series, the use of 2b-cis gave
different results (entries 8 and 9): complete replacement
of chlorine in dichloropyrimidines was possible only in
the 2,4-regioisomer (5b/6k) with medium yield. In identi-
cal conditions, starting from 4,6-dichloropyrimidine 5c,
the separable mixture of 6l and 6m was obtained, suggest-
ing that the second substitution of chlorine in 6m was
difficult.

In the a-chloropyridazine series (Scheme 5, Table 3), we
limited our investigation to the reactivity of 2a exclusively.

Compounds 8a–c were prepared, supporting the validity of
our synthetic findings.
Table 2. Results in the synthesis of a-(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-5-ylmethoxy)-pyrimidines (preparation of compounds 6a–m)

Entry Reaction R4 R5 R6 T (�C) t (h) Yield (%)

1 5a/6a (2H)DOABO–CH2O H H 65 4 60
2 5b/6b (2H)DOABO–CH2O (2H)DOABO–CH2O H 40 6 80
3 5b/6c Cl (2H)DOABO–CH2O H �78/rt 24 63 (71a)

/6d (2H)DOABO–CH2O Cl H (23a)
4 5c/6e H (2H)DOABO–CH2O (2H)DOABO–CH2O 45 24 81
5 5c/6f H (2H)DOABO–CH2O Cl �78/rt 19 63 (82b)
6 5d/6g (2H)DOABO–CH2O (2H)DOABO–CH2O (2H)DOABO–CH2O 65 21 58
7 5d/6h (2H)DOABO–CH2O (2H)DOABO–CH2O Cl �78/rt 22 76 (86c)

/6i Cl (2H)DOABO–CH2O (2H)DOABO–CH2O (8c)
/6j Cl (2H)DOABO–CH2O Cl (6c)

8 5b/6k (2Ph)DOABO–CH2O (2Ph)DOABO–CH2O H 65 21 58
9 5c/6l H (2Ph)DOABO–CH2O (2Ph)DOABO–CH2O 65 21 31d

/6m H (2Ph)DOABO–CH2O Cl 23d

a Regioselectivity according to the 1H NMR spectrum of the crude reaction mixture: 6% unreacted 5b.
b 18% 6e according to the 1H NMR spectrum of the crude reaction mixture.
c Regioselectivity according to the 1H NMR spectrum of the crude reaction mixture.
d Partial conversions of 5c.
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Finally, the nucleophilicity of the alkoxides based on 1a and
1b-cis was comparatively explored against a more p-defi-
cient system, cyanuryl chloride. Based on the literature
data reporting the reaction between alcohols and cyanuryl
chloride in neutral or basic conditions,38–41 the chemistry
followed is depicted in Scheme 6. The results are summar-
ised in Table 4.

The target compounds were the trisubstituted s-triazines 10a
and 10b in a one-pot synthesis.

A much greater dependence with respect to the starting 1a or
1b-cis and their deprotonated forms was observed. Thus, 2a
was efficient only in disubstitution of chlorine with poor yield
(9a, entry 1). No intermediate of type monoalkoxy was de-
tected. In contrast, the use of its lithium alkoxide 2f (entry
2) permitted rapidly the optimisation of the synthesis towards
the desired 10a in gentle and clean reproducible conditions.
The mass spectra of 9a and 10a (ESI and FAB+, respectively)
fully confirmed the envisaged structures.

Table 3. Results in the synthesis of a-(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-
5-ylmethoxy)-pyridazines (preparation of compounds 8a–c)

Compd R T (�C) t (h) Yield (%)

8a Cl 40 4 86 (96a)
8b MeO 65 18 51
8c (2H)DOABO–CH2O 40 3 78 (90b)

a Selectivity according to the 1H NMR spectrum of the crude reaction
mixture: 4% 8c.

b Starting directly from 7a without isolation of the intermediate 8a; content
according to the 1H NMR spectrum of the crude reaction mixture: 10% 8a.

N
N

R

Cl

N
N

R

OCH2-(2H)DOABO

7a, b

7a: R = Cl
7b: R = MeO

i: 2a / THF, T(°C), t (hrs.)

8a-c

8a: R = Cl
8b: R = MeO
8c: R = (2H)DOABO-CH2O

i

Scheme 5.
Starting from 1b-cis, its potassium alkoxide 2b-cis rather
than 2g-cis gave this time a slightly higher content of the
trisubstituted product 10b in the crude reaction mixture
(entries 3 and 4). The bias between 9b and 10b was solved
by MS-(FAB+) spectrometry. With the isolated 9a, 10a, 9b
and 10b in our hands, the content of the crude reaction
mixtures (Table 4) based on their 1H NMR spectra was
determined.

2.2. Stereochemistry of a-(3,7-dioxa-r-1-azabicyclo-
[3.3.0]oct-c-5-ylmethoxy)-di(s-tri)azines

2.2.1. Conformational considerations. As pyrrolizidine C
(Scheme 1), the skeleton of its 3,7-dioxa analogous A is het-
erofacial. All its (hetero)atoms are prostereogenic centres.20

Except H-5, the substitution of any of the hydrogen atoms
generates configurational chirality. We earlier described in
detail this stereochemistry.19,20

The basic molecule itself A, a cis fused double oxazolidine
system, as well as its c-C-5-achiral monosubstituted der-
ivatives (e.g., B, R¼H), can exist in a number of flexible
conformations upon pseudorotation occurring at each
oxazolidine ring. Few experimental studies confirmed this
flipping,19,20,23 presumably because determining the frozen
conformation in solution is a quite difficult task, for exam-
ple, in the case of compounds 1a and 1b-cis (Scheme 2).

Our previous results of the ab initio RHF/6-31G* calcula-
tions20 in gas phase and solvation models predicted that

Table 4. Results in the synthesis of 3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-5-
ylmethoxy-s-triazines (preparation of compounds 9a, b, 10a, b)

Entry Starting
material

Nucleophile T (�C) t (h) Results

Compounds Yield
(%)

1 1a 2a 65 36 9a 34
2 2f �78/rt 20 10a 82
3 1b-cis 2b-cis 0 1 10b (51);

9b (10);
1b-cis (39)a

37
65 40

4 2g-cis �60/rt 20 10b (46);
9b (8);
1b-cis (46)a

29
rt 48
65 4

a Contents according to the 1H NMR spectra of the crude reaction mixtures.
N
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Cl Cl
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OO
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Scheme 6.
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the DOABO skeleton could be involved in three different
conformational equilibriums depicted in Scheme 7.

Calculation suggested an oriented flexibility of the bicycle,
ascertained as a single oxazolidine ring inversion/equilib-
rium. It occurs regardless of the configurational nature, achi-
ral or non-chiral, of the structure. The four stereoisomers
were discriminated based on the sense of puckering in the
two oxazolidine rings, syn/anti O-3/O-7, revealed as fused
O-envelope conformers. The lone pair at N-1 was the fidu-
cial substituent for the descriptors syn/anti. The substitution
test shows that the steric relationships between homofacial
protons, aminalic H-2, -8 or aliphatic H-4, -6, are different
in the two types of conformers, enantiotopic in diastereo-
meric meso forms (s,s) or (a,a) but diastereotopic in chiral
forms (a,s) or (s,a).

Next, in order to designate enantiomeric and meso form con-
formations, the two torsion angles in the aminalic part of the
skeleton, C-5–N-1–C-2–O-3 and C-5–N-1–C-8–O-7, were
selected and defined by using the helicity rules descriptors
M and P.

As shown in Scheme 7, the occurrence of the meso (M,P)
conformer can be reasonably ruled out since it was found
much less stable than the alternative meso (P,M) diastereomer
and the chiral conformers (M,M)h(P,P). Only the equilibri-
ums (M,M)$(P,M)$(P,P), consisting of two diastereomeric
inversions and, overall, an enantiomeric interconversion,
are to be considered. However, the magnitude of the cor-
responding DE2 values precluded an a priori assignment of
the frozen conformation in gas phase as well as in solution.20

These results, issued from an apparently restrictive rotation
about the C–O–C bonds only, were proved by our inspection
of some earlier X-ray crystallographically determined struc-
tures in this class.20,24,25
For the present work, we enlarged the analysis to compounds
comprising two, even three identical DOABO units tied
together by an achiral linker L (Schemes 8 and 9).z

Obviously, the linker should be highly symmetric, i.e.,
Cnh, Cnv groups, such as di(tri)methoxy-di(s-tri)azine
fragments. They are statistically achiral, considering the
angular geometry of the –O–CH2– sequence. The last one
can promote a preferred rotamerism, as we will mention
later.
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z In Schemes 8 and 9, the DOABO homomorphic substitution at C-2, -8 was
omitted for the reason of simplicity.
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The stereoisomerism depicted in Schemes 8 and 9 is exacer-
bated although, by neglecting all the DOABO meso-(M,P)
type forms (Scheme 7), the conformational analysis is
simplified.

In this purpose, we applied our previous proposal, namely
local stereochemistry, referring to compounds possessing
only one DOABO unit (Scheme 7) and global stereochemis-
try defining molecules built on two or three DOABO units
(Schemes 8 and 9).20 In this approach, ‘dimeric’ DOABO
derivatives can exist as two global meso forms, I and II,
and four global chiral forms, two racemates III–IV and
V–VI. ‘Trimeric’ DOABO derivatives, the s-triazines 10a,
10b, provide three global meso forms, VII, XII and XIII,
and eight global chiral forms, four racemates, VIII–IX,
X–XI, XIV–XVand XVI–XVII. The common feature is that
each conformer I/VI and VII/XVII can be generated,
step by step, in a single oxazolidine ring inversion/equilib-
rium, following the pathways depicted in Schemes 8 and 9.

2.2.2. Determining the stereochemistry in solution by 1H
DNMR. A stereochemical analysis, focused on compounds
4a, 4k, 6e, 6l, 10a and 10b, was carried out by 1H DNMR at
low temperature (293–173 K) in THF-d8 on 400 MHz time-
scale. The results obtained prompted us to discuss the behav-
iour of the two building heterocyclic systems separately.

2.2.2.1. Conformational analysis of the DOABO coun-
terparts. In Table 5, the main chemical shifts at room tem-
perature (Ti), at coalescence (Tcoales.) and at the lowest
temperature (Tcalcd) are collected. The last one was used
for calculation of the rate constant at coalescence (kc) and
the free enthalpy of activation (DGs) of DOABO ring
inversion. These two parameters were available by applying
the Eyring equations (Eqs. 1 and 2).21,42

kc ¼ 2:22
�
Dn2þ 6J2

�0:5 ½s�1� ð1Þ

DGs ¼ 19:14 Tcð10:32þ log Tcoales:=kcÞ ½J=mol� ð2Þ

The results are listed in Table 6. They refer throughout to
a single oxazolidine ring inversion/equilibrium placed in
different environments, created by the number of DOABO
units (1–3)/compound.

The 1H DNMR behaviour of the simplest compound, 4a, is
shown in Figure 1.

We assigned the spectral shape above the coalescence
point as to refer to the fast conformational interconversion
involving the exchanging sites illustrated in Scheme 7
(Eq. 3):

4a ðM;MÞ$4a ðP;MÞ$4a ðP;PÞ ð3Þ

Both equilibriums were seen as first-order reactions and
equally populated. Consequently, the kc value was approxi-
mated to be the same for the forward and the reverse pro-
cesses. The supporting reason is that the calculated DE2

values, chiral versus meso form (Scheme 7), were small
enough. Since the temperature of coalescence was revealed
to be the same for both the aminalic and aliphatic methylenes
(Fig. 1), we concluded that these two ‘internal clocks’ were
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Table 5. Relevant 1H DNMR data [d (ppm) in THF-d8] of compounds 4a, 4k, 6e, 6l, 10a and 10b

N

N

R2R1

4a: R1 = H, R2 = (2H)DOABO-CH2O
4k: R1 = R2 = (2H)DOABO-CH2O

35

N

N

R

R

6e: R = (2H)DOABO-CH2O
6l:  R = (2Ph)DOABO-CH2O

N

N

N

R

R R
2

5

10a: R = (2H)DOABO-CH2O
10b: R = (2Ph)DOABO-CH2O

N
OO

O
H-cH-c

H-t

H-t H-t

H-t RR
2(')(")

4(')(")
5(')(")

6(')(")

8(')(")

R = H-c, (2H)DOABO-CH2O
R = Ph, (2Ph)DOABO-CH2O

Compd Ti (K) d d d
d

Tcoales. (K) Aminalic methylenesb Aliphatic methylenesc Heteroaromatic

Tcalcd (K)a H-2(8)(0)(00)-c H-2(8)(0)(00)-t H-4(6)(0)(00)-c H-4(6)(0)(00)-t

4a 293 4.42 4.40 3.84 3.81 H-3: 8.20
268 4.41 3.83 H-3: 8.21
253 4.42 4.40 3.84 3.82 H-3: 8.23

4k 293 4.42 4.40 3.84 3.81 H-3, -5: 7.78
263 4.41 3.82 H-3, -5: 7.79
183 4.45 4.38 3.88 3.81 H-3, -5: 7.85

6e 293 4.39 4.38 3.78 3.76 H-5: 6.12
273 4.39 3.77 H-5: 6.15
173 4.45 4.35 3.85 3.76 H-5: 6.35

10a 293 4.40 4.38 3.78 —
273 4.39 3.80 3.78 —
213 4.43 4.37 3.84 3.76 —

6l 293 — 5.59 4.00 3.91 H-5: 5.75
173 — 5.58 3.96 3.96 H-5: 6.12

10b 293 — 5.58 3.98 3.92 —
233 — 5.58 3.96 —
193 — 5.58 3.99 3.94 —

a Temperature at which the parameters Dn and 2J were extracted from the spectrum and used for calculation of parameters kc and DGs (see Table 6).
b Doublets with 2J¼5.2–5.6 Hz and singlets in 6l, 10b above Ti and below Tcoales..
c Doublets with 2J¼8.4–9.0 Hz.
d Protons having ortho relationships with DOABO–CH2O groups.
synchronised. They provided similar DGs values (Table 6,
entry 1).21

Below coalescence, we ascertained the spectral appearance
to depict the (2H)DOABO unit in 4a as frozen meso-(P,M)
conformer (Cs symmetry, Scheme 7) because the homofacial
aminalic (or aliphatic) protons were isochronous, hence
enantiotopic (e.g., H-2-c vs H-8-c, etc.).

In the same way, at room temperature, the DOABO units
in polysubstituted analogues 4k, 6e, 6l, 10a and 10b were
magnetically equivalent and flipping structures (Table 5).
However, upon cooling, only in diazines 4k, 6e and s-tri-
azine 10b did the (2H)DOABO signals expose a single clear
point of coalescence followed by a new relevant splitting as
(AB)/(A2)/(AB) systems. For 4k and 6e only, it was
again possible to double-check the calculation of kc and
DGs, the values arising from the identical evolution of the
aminalic and aliphatic methylenes (Table 6, entries 2 and
3). The calculated energetic barriers of compounds 4a, 4k
and 6e agree with the literature data.43

The 1H DNMR spectra of the s-triazine 10a displayed
two points of coalescence, 293 K (aliphatic methylenes)
Table 6. 1H DNMR data, kc (s�1) and DGs (kJ/mol) values of DOABO oxazolidine ring inversion in compounds 4a, 4k, 6e, 6l, 10a and 10b

Entry Compd Oxazolidine ring inversion data

Aminalic zone: H-2(8)(0)(00)-c versus -t Aliphatic zone: H-4(6)(0)(00)-c versus -t

Tcoales.

(K)
Tcalcd

a

(K)
Dn
(Hz)

2J
(Hz)

kc
b

(s�1)
DGs

(kJ/mol)
Tcoales.

(K)
Tcalcd

a

(K)
Dn
(Hz)

2J
(Hz)

kc
b

(s�1)
DGs

(kJ/mol)

1 4a 268 253 6.8 5.6 68.0 56.0 268 253 9.0 9.0 105.7 55.0
2 4k 263 183 28.8 5.2 139.8 53.3 263 183 29.0 8.6 159.1 53.1
3 6e 273 173 38.1 5.4 179.1 54.9 273 173 37.9 8.7 192.9 54.7
4 10a 273 213 23.0 5.4 117.3 55.8 293 213 29.4 8.9 162.5 59.3
5 6l — — — — — — 173 — — — — —
6 10b — — — — — — 233 193 19.9 9.1 132.8 47.1

a Temperature at which the parameters Dn and 2J were extracted from the spectrum and used for calculations.
b The kc values issued by applying Eq. 1 were multiplied by 2 since the DOABO system is a double oxazolidine structure.21,42
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Pyrazine

H-3 H-5        H-6

(2H)DOABO-CH2O
H-2(8) 5-OCH2 H-4(6)

-c, -t -c, -t

AB
2J=1.54 

AB

A2

A2A2

A2

2J=1.32 

AB
2J=1.21 

AB
2J=1.00 

Figure 1. 1H DNMR spectra of compound 4a (400 MHz, THF-d8).
and 273 K (aminalic methylenes) providing two notably dif-
ferent DGs values (Table 6, entry 4). The DGs value issued
from the analysis of the aliphatic methylenes was more
credible because the difference DT¼Tcoales.�Tcalcd was
greater (80 K) at C-4(6)(0)(00) than at C-2(8)(0)(00) (60 K).42

The higher DGs value of the oxazolidine ring inversion in
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10a should be plausible since, as a trisubstituted structure, it
was the most crowded term in the series of (2H)DOABO–
CH2O group containing 4a, 4k and 6e.

Nevertheless, in the case of a more crowded compound than
10a, (2Ph)DOABO–CH2O groups trisubstituting the s-tri-
azine 10b, the results of the DNMR experiments had to be
compared with those of 6l possessing two meta related
(2Ph)DOABO–CH2O groups. Thus, 6l presented but coales-
cence of the methylenes C-4(6)(0) at the limit of the temper-
ature domain, 173 K (Tables 5 and 6, entry 5) preventing us
to assign its rigid conformation. That is, pyrimidine 6l be-
haved like simpler (2Ph)DOABO–CH2OR (R¼H, Et, Me)
derivatives.19,20 In contrast, the s-triazine 10b reached
coalescence at 233 K (Table 6, entry 6).x The corresponding
DGs value was, however, the smallest in the entire series
under investigation, in agreement with our earlier results
referring to the faster flipping aptitude of the structures
(2Ph)DOABO against (2H)DOABO, for example, 1b-cis
against 1a.20

Just below coalescence, the compounds 4k, 6e, 10a and 10b
were established as frozen double or triple local meso (P,M)
form DOABO conformers building global meso forms of
type I (Scheme 8, 4k and 6e) and of type VII (Scheme 9,
10a, 10b). The isochronous aminalic or aliphatic homofacial
protons, which were found enantiotopic (Table 5), motivate
this conclusion.

2.2.2.2. Rotameric behaviour of the c-5(0)-di(s-tri)-
azinyloxymethyl sequence. In the case of compound 4a
only (Table 6, entry 1), for the calculation we had to use
spectral values Dn and 2J not well below the coalescence21,42

because a subsequent process occurred (Fig. 1). Besides the
broadening of all signals, an unexpected multiplicity of
those of methylenes C-4(6) appeared. The slow rotation of
pyrazine ring about the C-2(pyrazine)–O bond might be re-
sponsible for generating two distinct populations of rotamers
4a XVIII and 4a XIX (Scheme 10).
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Scheme 10.

x The s-triazines 10a and 10b were the two cases in which, at the limit of the
temperature domain, 173 K, the non-equivalence between DOABO units
was displayed but the spectral appearances were not appropriate for
pertinent assignments.
This rotamerism could explain the observed splitting at
C-4(6) as two partially overlapping AB systems. In addition,
the resonance of the pyrazine proton H-3 was significantly
shifted downfield from 8.20 (294 K) to 8.29 ppm (183 K)
presumably because of its statistical coplanarity with one
of the lone pairs of the exocyclic oxygen (rotamer 4a
XIX). We entitled this spatial arrangement s-trans out bisec-
tional rotamer with reference to the orientation of the pyra-
zin-2-yloxymethyl fragment against the bicycle DOABO.

By decreasing the temperature (Table 5), deshielding of the
diazine protons ortho to the CH2O linkage in 4k, 6e and even
in the still flipping 6l was observed as well. If so, the same
nearly coplanar s-trans out bisectional conformation could
expose these protons to the deshielding proximity of one
of the lone pairs of the oxygen atoms in the CH2O connec-
tivity as rotamers of types XX and XXI. Accordingly, at
low temperature, as for 4a, our conclusion designates
diazines 4k, 6e and 6l to be statistically also s-trans out
bisectional rotamers.

2.2.3. Determining the stereochemistry in solid state by
X-ray diffractometry. Compounds 4b-cis, 4c, 4k, 6l and
10b supplied crystals suitable for study by X-ray diffracto-
metry. Their crystallographically determined structures are
depicted in Figures 2–6. The relevant bond angles and
bond lengths are collected in Tables 7 and 8, respectively.

2.2.3.1. Local stereochemistry as frozen conformation
and blocked rotamerism (Scheme 11, Table 7). Inspec-
tion of all ORTEP diagrams showed exclusively the chiral
O-syn-O-anti opposite orientation of the two cis fused oxa-
zolidine rings as O-envelope conformers. Indeed, the corre-
sponding torsion angles are small enough, ranging between
0.19 and 7.2�. The torsion angles in the aminalic zone, used
to assign the conformational chirality of the DOABO skele-
ton (Schemes 7 and 11), are noteworthy, 16.8–28.9� in
O-3(0)(00)-syn rings and 21.3–28.0� in O-7(0)(00)-anti rings.

The torsion angles describing the rotamerism of the c-5(0)(00)-
di(s-tri)azinyloxymethyl motif point to its almost coplanar,
bisectional, s-trans and out arrangement with respect to
the medium plane of the bicycle. The most significant devi-
ations from coplanarity, 13–17�, are observed regarding the
s-trans conformation of the bulky substituents about the
bonds C-9(0)(00)–O-10(0)(00). The rest of deviations are con-
siderably smaller, 0.2–6.0�.

None of the above assignments was mandatory to the
presence of phenyl groups linked in positions pseudo-
equatorial-bisectional at C-2(0)(00) and pseudo-axial-orthogo-
nal at C-8(0)(00).

2.2.3.2. Stereoelectronic effects creating local chirality
(Scheme 11, Table 8). In the O-7(0)(00)-anti oxazolidine
rings, the contraction of the bonds N-1(0)(00)–C-8(0)(00) versus
N-1(0)(00)–C-5(0)(00) (selected as reference), found significant
in all compounds, around 0.030 Å, has been recently
explained by Pavia25 and then by us20 in terms of the hyper-
conjugative interaction (endo-anomeric effect)25 involving
the orbitals lpN-1(0)(00)ax. (donor)/s*C-8(0)(00)–O-7(0)(00)

(acceptor). This stereoelectronic effect is due to their near
antiperiplanar position created by the frozen oxazolidine
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Figure 2. (a) The X-ray crystallographically determined structure of compound 4b-cis; (b) the non-bonding interactions in the elementary cell.
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Figure 3. The X-ray crystallographically determined structure of com-
pound 4c.
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O-anti-envelope conformation. For example, in the case of
compound 4k, we lately estimated the energy of this deloc-
alisation, Edel.¼38.42 kJ/mol (NBO method).20 The corre-
sponding major non-bonding structure XXII suggests the
increased basicity of the O-7(0)(00)-anti atom.

In the O-3(0)(00)-syn oxazolidine rings, a second noticeable
contraction was detected this time regarding the bonds
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C-9

C-9’

O-10’

O-10

C-11
C-11’

N-12(’)

M,M  
M,M 

Figure 4. The X-ray crystallographically determined structure of compound
chiral 4k.
O-3(0)(00)–C-2(0)(00). They were shorter than O-7(0)(00)–C-8(0)(00)

with about 0.17 Å, covering however a larger domain of fluc-
tuation, 0.05–0.050 Å. As above, this contraction originates
in the O-syn-envelope geometry of the ring favouring the
close to antiperiplanar arrangement of the orbitals lpO-
3(0)(00)eq./s*C-2(0)(00)–N-1(0)(00), hence the second as weaker
delocalising interaction (e.g., Edel¼30.93 kJ/mol in 4k20).
The matching minor non-bonding structures XXIII reveal
a decreased basicity of the O-3(0)(00)-syn atom.

We concluded that the chirality of the DOABO skeleton was,
in fact, the major consequence of the cross endo-anomeric
effect, consisting in two and identically oriented delocalisa-
tion in the syn–anti aminalic part of the bicycle. The differ-
ent basicity of the intracyclic oxygen atoms could be of
practical interest, as already outlined in the literature in the
case of the starting material 1b-cis.44,45

2.2.3.3. Global stereochemistry and supramolecular
interactions. In solid state, the essential characteristic of
polysubstituted compounds 4k, 6l and 10b was their crystal-
lisation as global chiral forms. The same sense of chirality is
exposed by the DOABO groups in duplicate (4k, 6l), even in
triplicate (10b) (Figs. 4–6).
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Figure 5. (a) The X-ray crystallographically determined structure of compound 6l; (b) the non-bonding interactions in the network.
The network of 4k consisted in global chiral form units of
type V (Scheme 8) in a high occupation factor, 0.87 and
global meso form units (not depicted, type II, Scheme 8)
in a low occupation factor, 0.13. As shown in Figure 4, 4k
was a non-stoichiometric solvate of dichloromethane. The
solvent, located in the channels of the network, had an occu-
pation factor of 0.96. The dominant incidence of global
chiral against meso form units appeared to us mandatory
to the inclusion aptitude of chiral 4k. Indeed, the alternative
meso 4k structure exhibited strong geometric distortions,
discussed previously by us,20 hence, lower inclusion ability.
Moreover, the entire network was stable only in the presence
of the solvent.

Stronger dichloromethane incorporating capacity mani-
fested the network of the s-triazine 10b (Fig. 6), found as
triple chiral form of type XV (Scheme 9). It was ascertained
to be a stable equimolar adduct with dichloromethane (omit-
ted in Fig. 6 for the reason of simplicity).

Important non-bonding interactions were identified in the
networks of compounds 4b-cis and 6l.
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Figure 6. The X-ray crystallographically determined structure of compound 10b.



7330 C. Berghian et al. / Tetrahedron 62 (2006) 7319–7338
Table 7. Relevant torsion angles (�) of compounds 4b-cis, 4c, 4k, 6l and 10b

Torsion angles Compound

4b-cis 4c chiral 4ka 6l 10b

Oxazolidines O-envelope conformation
O-3(0)(00)-syn rings
C-4–C-5–N-1–C-2 +1.3(2) �1.46(16) �6.8(3) �0.26(13) �4.1(3)
C-40–C-50–N-10–C-20 — — �7.2(3) �0.19(13) +3.8(3)
C-400–C-500–N-100–C-200 — — — — +4.1(3)

O-7(0)(00 )-anti rings
C-6–C-5–N-1–C-8 �1.6(2) +1.17(18) �2.8(3) �4.07(13) �4.5(3)
C-60–C-50–N-10–C-80 — — �3.8(3) �2.54(14) �1.6(3)
C-600–C-500–N-100–C-800 — — — — �0.9(3)

DOABO units conformational chirality
O-3(0)(00 )-syn rings
C-5–N-1–C-2–O-3 +23.3(2) P �24.37(16) M �18.6(3) M +23.80(14) P +28.9(3) P
C-50–N-10–C-20–O-30 — — �16.8(4) M +24.09(14) P +20.9(3) P
C-500–N-100–C-200–O-300 — — — — +22.3(3) P

O-7(0)(00)-anti rings
C-5–N-1–C-8–O-7 +24.0(2) P �26.31(18) M �21.6(4) M +27.60(13) P +28.0(3) P
C-50–N-10–C-80–O-70 — — �21.3(4) M +26.24(13) P +25.7(3) P
C-500–N-100–C-800–O-700 — — — — +24.8(3) P

Coplanarity of the c-5(0)(00)-di(s-tri)azinyloxymethyl sequences
N-1–C-5–C-9–O-10 �176.93(17) +177.68(14) +173.96(19) �177.10(10) �176.0(2)
N-10–C-50–C-90–O-100 — — 174.78(19) �175.54(11) �176.9(2)
N-100–C-500–C-900–O-1000 — — — — �174.2(2)

C-5–C-9–O-10–C-11 �172.91(19) +167.01(15) +178.57(19) �168.55(11) �163.9(3)
C-50–C-90–O-100–C-110 — — +178.2(2) �163.21(11) �173.4(3)
C-500–C-900–O-1000–C-1100 — — — — �179.3(3)

C-9–O-10–C-11–N-12 �3.3(3) �2.5(2) �6.1(3) �4.77(19) �178.0(3)
C-90–O-100–C-110–N-120 — — +3.2(3) �2.82(19) �176.7(3)
C-900–O-1000–C-1100–N-1200 — — — — �0.2(4)

a For the meso form 4k see text and Ref. 20.
The elementary cell of 4b-cis was a tetramer (Fig. 2b), based
on two different types of intermolecular interactions (a)
and (b). The interatomic distances that we associated to
these interactions are: (a) H-6-t(DOABO)/N-4(pyrazine)
2.550(3) Å and N-1(pyrazine)/H-para(C-2-pseudo-equa-
torial-bisectional phenyl ring) 2.636(2) Å. They are smaller
than the corresponding sum of the van der Waals radii
(SvdW N/H) 2.74 Å.46 The interactions (a) close two
Table 8. Relevant bond lengths (Å) of compounds 4b-cis, 4c, 4k, 6l and 10b

Compd N-1–C-5 N-1–C-8 O-7–C-8 O-3–C-2

N-10–C-50 N-10–C-80 O-70–C-80 O-30–C-20

N-100–C-500 N-100–C-800 O-700–C-800 O-300–C-200

Length Contractiona Length Contractionb

O-7(0)(00)-anti ring O-3(0)(00)-syn ring

4b-cis 1.486(3) 1.460(3) �0.026 1.425(3) 1.416(3) �0.009

4c 1.491(2) 1.455(2) �0.036 1.427(2) 1.416(2) �0.011

chiral 1.493(3) 1.448(4) �0.045 1.403(4) 1.398(4) �0.005
4kc 1.480(3) 1.454(4) �0.026 1.405(4) 1.355(5) �0.050

6l 1.4890(17) 1.4579(18) �0.0311 1.4411(18) 1.4227(17) �0.0187
1.4908(17) 1.4648(18) �0.026 1.4391(17) 1.4172(17) �0.0219

10b 1.483(4) 1.462(4) �0.021 1.438(4) 1.421(4) �0.017
1.491(4) 1.465(4) �0.026 1.437(5) 1.420(4) �0.017
1.486(4) 1.464(4) �0.022 1.434(4) 1.427(4) �0.007

a With respect to N-1(0)(00)–C-5(0)(00).
b With respect to O-7(0)(00)–C-8(0)(00).
c For the meso 4k see text and Ref. 20.
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identical cavities A, meanwhile the interactions (b) lock the
central cavity B. Two 4b-cis partners, having an opposite
sense of chirality of the DOABO groups, are the building
blocks of each cavity.

The network of compound 6l was a polymeric structure
(Fig. 5b) in which the non-bonding interactions between
the 6l units are of the same type H-40-c/O-7-anti
2.464(1) Å and H-4-c/O-70-anti 2.449(1) Å (SvdW
O/H 2.60 Å).46 Their magnitude is slightly different since
the two DOABO groups in monomeric 6l are geometrically
not quite identical (Tables 7 and 8). Consequently, two
cavities labelled C and D are observed, comprising each
two 6l units with a reverse sense of the global chirality
one against the other.

3. Conclusions

Twenty-two examples demonstrate the Williamson proce-
dure to be as general as simple methodology starting from
c-5-hydroxymethyl-3,7-dioxa-r-1-azabicyclo[3.3.0]octanes
in reaction with a-chlorodiazines and cyanuryl chloride. The
nucleophilicity of the DOABO–CH2OH reagents in alkox-
ide form depends on the type of substituents at positions
C-2, -8 of the bicycle and the cation against the p-deficiency
of the substrates. A large variety of a-(3,7-dioxa-r-1-azabi-
cyclo[3.3.0]oct-c-5-ylmethoxy)-di(s-tri)azines is available
in good yields and selectivity. The conformation analysis
of some structures by X-ray diffractometry and 1H DNMR
indicates exclusively a chiral against meso form frozen
conformation of the DOABO skeleton in solid state versus
solution, respectively. The cross endo-anomeric effect in
the aminalic O–C–N–C–O DOABO sequence is responsible
for the chiral conformation in solid state. The rotamerism
of the c-5-di(s-tri)azinyloxymethyl group against bicycle is
bisectional and s-trans out oriented both in solution and solid
state. In solid state, an inclusion aptitude of the solvent by
the chiral networks is found as well as non-bonding inter-
action creating specific self-assembly.

The attempt at exploiting these findings in synthesis will be
discussed in part II of our report.

4. Experimental

Melting points are uncorrected; they were carried out on
a ELECTROTHERMAL� 9100 apparatus.

Current NMR spectra were recorded on a Brucker� AM300
(300 MHz 1H, 75 MHz 13C) instrument. The NMR analysis
of the compounds 6b and 6h was also carried out on
a Brucker� DMX500 (500 MHz 1H, 125 MHz 13C) instru-
ment. 1H DNMR analysis of compounds 4a, 4k, 6e, 6l,
10a and 10b was carried out on a Brucker� AM400
(400 MHz 1H, 100 MHz 13C) instrument. TLC was per-
formed by using aluminium sheets with silica gel 60 F254

(Merck�); flash column chromatography was conducted
on silica gel Si 60 (40–63 mm, Merck�). IR spectra were per-
formed on a Perkin–Elmer� Paragom FTIR spectrometer.
Only relevant absorptions are listed [throughout in cm�1:
weak (w), medium (m) or strong (s)]. Mass spectra (MS)
were recorded on an ATI-Unicam Automass� apparatus, fit-
ted (or not) with a GC-mass coupling. Microanalyses were
performed on a Carlo Erba� CHNOS 1160 apparatus. All
syntheses were performed under dry nitrogen atmosphere.
THF was freshly distilled from Na/benzophenone prior to
use. All other solvents and starting materials were of com-
mercial quality.

Crystallographic data (excluding structure factors) for the
structures in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary pub-
lication numbers CCDC: compound 4b-cis CCDC 283623.
Unit cell parameters: a 13.0640(11), b 8.8414(7), c
17.2561(14); space group P1 21/c 1(14). Compound 4c
CCDC 283622. Unit cell parameters: a 5.9105(11),
b 18.196(3), c 14.199(3); space group P2(1)/n. Compound
4k CCDC 199978. Unit cell parameters: a 12.251,
b 11.072, c 15.243; space group P2(1)/n. Compound 6l
CCDC 238894. Unit cell parameters: a 27.3536(3),
b 11.8334, c 23.7369(3); space group C2/c. Compound
10b CCDC 272371. Unit cell parameters: a 8.9574(2),
b 12.2323(2), c 24.6520(4); space group P-1. 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].

The synthesis of compounds 1a–e and 4k we discussed else-
where.19,20

4.1. General procedure for the preparation of
compounds 4a–j, 6a–m and 8a–c

In a 100 mL three-necked round bottom flask, potassium
hydride (1.000 g as 30% oily suspension, 0.300 g 100%,
7.48 mmol) was rapidly introduced and washed with stirring
three times with dry ligroin (optionally pentane, hexane)
(30 mL). THF (50 mL) was then introduced with stirring
to yield a fine grey suspension. Fine powdered c-5-hydroxy-
methyl-3,7-dioxa-1-azabicyclo[3.3.0]-c-5-octanes 1a–e
(7.12 mmol, Scheme 2) was added and the mixture was
heated at 40 �C for 1.0–1.5 h (room temperature in the
case of 1e) until no more hydrogen was formed and a fine
suspension was obtained. For the synthesis attempting at
complete substitution of chlorine [compounds 4a, 4b-cis,
4b-trans, 4c, 4d-trans, 4d-cis, 4e, 4j (Table 1), 6a, 6b, 6e,
6g, 6k, 6l (Table 2), 8b, 8c (Table 3)] the corresponding
a-chlorodiazine (6.78/n mmol, n¼number of chlorine atoms
to be replaced) was rapidly injected as THF (10 mL) solu-
tion, at room temperature (see Tables 1–3 for temperatures
and time reaction). For selective substitution of chlorine,
in the case of compounds 6c, 6f and 6h the reaction mixture
was cooled to�78 �C prior to the addition by injection of the
corresponding stoichiometric amount of a-chloropyrimidine
as THF (10 mL) solution. Then, it was allowed to slowly
reach room temperature. For selective substitution of chlo-
rine in the case of compounds 4f and 8a, stoichiometric
amounts of a-chlorodiazine were used (conditions as tem-
perature and time reaction are given in Tables 1 and 3).
TLC monitoring was performed until the starting materials
were absent or in small traces only. Double visualisation
was required if 2a was the nucleophile (Scheme 2): first
UV 254 nm then I2 bath, for the detection of 1a. During
condensation, the reaction mixture turned coloured and

mailto:deposit@ccdc.cam.ac.uk
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potassium chloride was formed. The reaction was quenched
at room temperature with water (100 mL) and dichloro-
methane (100 mL) with vigorous stirring. After separation,
the organic layer was washed with water (about 3�50 mL)
to pH¼7.5–8.0 then dried over MgSO4. After filtering, the
organic solution was evaporated under vacuum to dryness
to yield the crude product, which was directly crystallised
from an appropriate solvent or purified by flash column chro-
matography to yield the title compounds.

4.1.1. 2-[(3,7-Dioxa-r-1-azabicyclo[3.3.0]oct-c-5-yl)-
methoxy]-pyrazine (4a). Yield 85%. Yellowish crystalline
powder, mp 128–129 �C (pentane) [Found: C, 53.50; H,
6.09; N, 18.55. C10H13N3O3 requires: C, 53.81; H, 5.87;
N, 18.82%]. Rf (75% ligroin/acetone) 0.40. nmax (film
NaCl) 2868 (m), 1524 (s), 1465 (m), 1413 (s), 1361 (m),
1289 (s), 1134 (m), 1032 (s), 1002 (s), 915 (s), 832 (m),
692 (m) cm�1. dH (300 MHz CDCl3) heteroaromatic: 8.19
(1H, d, J¼1.5 Hz, H-3), 8.09 (1H, d, J¼3.0 Hz, H-5), 8.01
(1H, dd, J¼3.0, 1.5 Hz, H-6); DOABO–CH2O: 4.47 (2H,
d, J¼5.7 Hz, H-2, -8-c), 4.41 (2H, d, J¼5.7 Hz, H-2, -8-t),
4.33 (2H, s, 5-OCH2), 3.83 (4H, s, H-4, -6, -c, -t); dC

(75 MHz CDCl3) heteroaromatic: 160.1 (1C, C-2), 140.9
(1C, C-6), 137.5 (1C, C-3), 136.1 (1C, C-5); DOABO–
CH2O: 88.6 (2C, C-2, -8), 74.4 (2C, C-4, -6), 71.9 (1C,
C-5), 69.0 (1C, 5-OCH2). MS (EI, 70 eV); m/z (rel int. %):
223 (6), 178 (14), 163 (13), 114 (100), 98 (17), 86 (9), 68
(26), 58 (11), 42 (18), 41 (59).

4.1.2. 2-[(c-2,c-8-Diphenyl-3,7-dioxa-r-1-azabi-
cyclo[3.3.0]oct-c-5-yl)methoxy]-pyrazine (4b-cis). Yield
79%. Yellowish crystalline powder, mp 134–136 �C (flash
column chromatography, eluent ligroin/AcOEt 3:1 v/v)
[Found: C, 70.17; H, 5.94; N, 10.95. C22H21N3O3 requires
C, 70.38; H, 5.64; N, 11.19%]. Rf (75% ligroin/AcOEt)
0.56. nmax (film KBr) 2877 (s), 1586 (m), 1540 (s), 1418
(s), 1388 (m), 1312 (s), 1135 (s), 1065 (s), 932 (s), 834 (s),
800 (m), 763 (s), 738 (s), 696 (s), 617 (m), 537 (m), 499
(w), 465 (m) cm�1. dH (300 MHz CDCl3) (hetero)aromatic:
8.09 (1H, d, J¼2.6 Hz, H-5), 8.04 (1H, s, H-3), 8.01 (1H, dd,
J¼2.6, 1.3 Hz, H-6), 7.52 (4H, d, J¼6.0 Hz, Ph), 7.36–7.30
(6H, m, Ph); DOABO–CH2O: 5.61 (2H, s, H-2, -8-t), 4.27
(2H, s, 5-OCH2), 4.10 (2H, d, J¼9.0 Hz, H-4, -6-c), 4.00
(2H, d, J¼9.0 Hz, H-4, -6-t); dC (75 MHz CDCl3) (hetero)-
aromatic: 160.1 (1C, C-2), 140.8 (1C, C-6), 139.7 (2C,
Cq., Ph), 137.4 (1C, C-3), 136.1 (1C, C-5), 129.0 (2C, CH,
Ph), 128.7 (4C, CH, Ph), 127.6 (4C, CH, Ph); DOABO–
CH2O: 97.8 (2C, C-2, -8), 73.6 (2C, C-4, -6), 73.3 (1C,
C-5), 70.2 (1C, 5-OCH2). MS (EI, 70 eV); m/z (rel int. %):
(M+) 375 (<1), 269 (30), 173 (100), 155 (33), 128 (21).

4.1.3. 2-[(c-2, t-8-Diphenyl-3,7-dioxa-r-1-azabi-
cyclo[3.3.0]oct-c-5-yl)methoxy]-pyrazine (4b-trans).
Yield 69%. Yellowish crystalline powder, mp 144–145 �C
(pentane) [Found: C, 70.17; H, 5.94; N, 10.95.
C22H21N3O3 requires C, 70.38; H, 5.64; N, 11.19%]. Rf

(75% ligroin/AcOEt) 0.75. nmax (film KBr) 2859 (m), 1579
(m), 1528 (s), 1412 (s), 1309 (s), 1291 (s), 1265 (m), 1090
(s), 1060 (s), 1038 (m), 1028 (w), 839 (m), 760 (s), 731
(s) cm�1. dH (300 MHz CDCl3) (hetero)aromatic: 8.48,
8.40, 8.34 (3H, s, H-3, -5, -6), 7.59–7.52 (2H, m, Ph),
7.48–7.33 (6H, m, Ph), 7.27–7.24 (2H, m, Ph); DOABO–
CH2O: 5.86 (1H, s, H-8-c), 5.49 (1H, s, H-2-t), 4.80 (1H,
d, J¼11.1 Hz, 5-OCH2), 4.76 (1H, d, J¼11.1 Hz,
5-OCH2), 4.52 (1H, d, J¼9.0 Hz, H-4-c), 4.48 (1H, d,
J¼9.0 Hz, H-6-c), 4.15 (2H, d, J¼9.0 Hz, H-4, -6-t); dC

(75 MHz CDCl3) (hetero)aromatic: 160.1 (1C, C-2), 141.0
(1C, C-6), 140.2 (1C, Cq., Ph), 137.5 (1C, C-3), 136.2
(1C, C-5), 134.5 (1C, Cq., Ph), 128.9 (1C, CH, Ph), 128.5
(1C, CH, Ph), 128.4 (2C, CH, Ph), 128.1 (2C, CH, Ph),
127.6 (2C, CH, Ph), 127.5 (2C, CH, Ph); DOABO–CH2O:
94.7, 93.6 (2C, C-2, -8), 75.3, 73.6 (2C, C-4, -6), 72.9 (1C,
C-5), 69.9 (1C, 5-OCH2). MS (EI, 70 eV); m/z (rel int. %):
(M+) 375 (<1), 266 (100), 239 (40), 192 (5), 177 (10), 160
(30), 105 (50), 77 (45), 51 (20).

4.1.4. 2-[(c-2-Phenyl-3,7-dioxa-r-1-azabicyclo[3.3.0]oct-
c-5-yl)methoxy]-pyrazine (4c). Yield 48%. White crystal-
line powder, mp 79–81 �C (flash column chromatography,
eluent ligroin/AcOEt 2:1 v/v) [Found: C, 63.91; H, 6.02;
N, 13.74. C16H17N3O3 requires C, 64.20; H, 5.72; N,
14.04%]. Rf (67% ligroin/AcOEt) 0.58. nmax (film KBr)
3065 (m), 2860 (m), 1834 (w), 1580 (m), 1531 (s), 1471
(m), 1413 (s), 1305 (m), 1174 (m), 1106 (s), 1034 (m),
909 (s), 856 (w) cm�1. dH (300 MHz CDCl3) (hetero)-
aromatic: 8.22 (1H, d, J¼1.3 Hz, H-3), 8.14 (1H, d,
J¼2.6 Hz, H-5), 8.07 (1H, dd, J¼2.6, 1.3 Hz, H-6), 7.52–
7.49 (2H, m, Ph), 7.39–7.34 (3H, m, Ph); DOABO–CH2O:
5.24 (1H, s, H-2-t), 4.57 (1H, d, J¼7.0 Hz, H-8-c), 4.50
(1H, d, J¼10.0 Hz, 5-OCH2), 4.40 (1H, d, J¼8.9 Hz, H-4-
c), 4.37 (1H, d, J¼10.0 Hz, 5-OCH2), 4.30 (1H, d, J¼
7.0 Hz, H-8-t), 4.06 (1H, d, J¼9.0 Hz, H-6-c), 3.83 (1H, d,
J¼8.9 Hz, H-4-t), 3.70 (1H, d, J¼9.0, H-6-t); dC (75 MHz
CDCl3) (hetero)aromatic: 160.2 (1C, C-2), 140.9 (1C, C-
6), 139.5 (1C, Cq., Ph), 137.5 (1C, C-3), 136.2 (1C, C-5),
129.5 (1C, CH, Ph), 128.8 (2C, CH, Ph), 127.8 (2C, CH,
Ph); DOABO–CH2O: 99.2 (1C, C-2), 88.2 (1C, C-8), 75.4
(1C, C-4), 73.6 (1C, C-6), 72.5 (1C, C-5), 69.7 (1C,
5-OCH2). MS (ES+); m/z (rel int. %): (M++1) 300 (39),
223 (2), 204 (100), 194 (36).

4.1.5. 2-{[2-(t-4-tert-Butylspirocyclohexyl)-3,7-dioxa-r-1-
azabicyclo[3.3.0]oct-c-5-yl]methoxy}-pyrazine (4d-trans)
(46%) and 2-{[2-(c-4-tert-butylspirocyclohexyl)-3,7-
dioxa-r-1-azabicyclo[3.3.0]oct-c-5-yl]methoxy}-pyrazine
(4d-cis). Yield 16%. Non-separable two-component mixture
(4d-trans/4d-cis 75:25) as yellow crystalline powder, mp
103–105 �C (ligroin) [Found: C, 65.79; H, 8.19; N, 11.85.
C19H29N3O3 requires: C, 65.68; H, 8.41; N, 12.09%]. Rf

(75% ligroin/acetone) 0.60. nmax (film NaCl) 2940 (s),
2857 (m), 1529 (s), 1465 (m), 1408 (s), 1284 (s), 1080
(w), 1005 (m), 909 (w) cm�1. Diastereomer 4d-trans: dH

(300 MHz CDCl3) heteroaromatic: 8.21 (1H, s, H-3), 8.11
(1H, d, J¼3.0 Hz, H-5), 8.03 (1H, d, J¼2.6 Hz, H-6);
DOABO–CH2O: 4.79 (1H, d, J¼7.5 Hz, H-8-c), 4.42
(1H, d, J¼10.6 Hz, 5-OCH2), 4.29 (1H, d, J¼10.6 Hz,
5-OCH2), 4.15 (1H, d, J¼7.5 Hz, H-8-t), 4.04 (1H, d,
J¼9.2 Hz, H-4-c), 3.86 (1H, d, J¼9.2 Hz, H-4-t), 3.77
(1H, d, J¼8.7 Hz, H-6-c), 3.65 (1H, d, J¼8.7 Hz, H-6-t);
1.97–1.79 (2H, m, spirocyclohexyl), 1.77–1.67 (1H, m,
spirocyclohexyl), 1.60–1.45 (2H, m, spirocyclohexyl),
1.44–1.15 (3H, m, spirocyclohexyl), 1.03–0.89 (1H, m,
spirocyclohexyl), 0.81 [9H, s, C(CH3)3]; dC (75 MHz
CDCl3) heteroaromatic: 160.3 (1C, C-2), 140.8 (1C, C-6),
137.4 (1C, C-3), 136.2 (1C, C-5); DOABO–CH2O: 98.1
(1C, C-2), 82.0 (1C, C-8), 73.8 (1C, C-6), 72.0 (1C, C-5),
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71.6 (1C, C-4), 69.7 (1C, 5-OCH2), 47.5 (1C, CH, spiro-
cyclohexyl), 38.5, 32.7, 32.2, 24.7 (4C, CH2, spirocyclo-
hexyl), 28.0 [3C, C(CH3)3], 24.5 [1C, C(CH3)3].
Diastereomer 4d-cis: dH (300 MHz CDCl3 only distinct
peaks are listed) heteroaromatic: 8.09 (1H, s, H-5), 8.01
(1H, s, H-6); dC (75 MHz CDCl3) heteroaromatic: 136.3
(1C, C-5); DOABO–CH2O: 96.2 (1C, C-2), 68.4 (1C,
5-OCH2), 47.3 (1C, CH, spirocyclohexyl), 37.8 (1C, CH2,
spirocyclohexyl). MS (EI, 70 eV); m/z (rel int. %): (M+)
348 (50), 334 (11), 318 (27), 292 (13), 252 (100), 234
(15), 222 (35), 194 (50), 165 (7), 152 (9), 98 (70).

4.1.6. 2-{[c-2,c-8-Bis(pyridin-2-yl)-3,7-dioxa-r-1-aza-
bicyclo[3.3.0]oct-c-5-yl]methoxy}-pyrazine (4e). Yield
44%. Yellow crystalline powder, mp 89–90 �C (pentane)
[Found: C, 63.44; H, 5.17; N, 18.26. C20H19N5O3 requires
C, 63.65; H, 5.07; N, 18.56%]. Rf (100% acetone) 0.65.
nmax (film KBr) 3058 (m), 2863 (m), 15890 (s), 1534 (s),
1441 (m), 1414 (s), 1298 (s), 1129 (s), 1081 (s), 992 (s),
924 (m), 841 (m), 781 (s), 709 (m), 659 (m), 622 (m), 608
(w) cm�1. dH (300 MHz CDCl3) heteroaromatic: 8.56 (2H,
d, J¼4.2 Hz, H-6, Py), 8.09 (1H, d, J¼1.9 Hz, H-5, pyra-
zine), 8.05 (1H, s, H-3, pyrazine), 8.00 (1H, s, H-6, pyra-
zine), 7.65 (2H, dd as t, J¼7.5, 7.5 Hz, H-4, Py), 7.54 (2H,
d, J¼7.9 Hz, H-3, Py), 7.20 (2H, dd as t, J¼5.7, 6.0 Hz,
H-5, Py); DOABO–CH2O: 5.79 (2H, s, H-2, -8-t), 4.31
(2H, s, 5-OCH2), 4.25 (2H, d, J¼9.0 Hz, H-4, -6-c), 4.07
(2H, d, J¼9.0 Hz, H-4, -6-t); dC (75 MHz CDCl3) hetero-
aromatic: 160.1 (1C, C-2, pyrazine), 159.2 (2C, C-2, Py),
149.6 (2C, C-6, Py), 140.8 (1C, C-6, pyrazine), 137.4 (1C,
C-3, pyrazine), 137.0 (2C, C-4 Py), 136.1 (1C, C-5, pyra-
zine), 123.6 (2C, C-5, Py), 121.7 (2C, C-3, Py); DOABO–
CH2O: 98.4 (2C, C-2, -8), 73.5 (1C, C-5), 73.4 (2C, C-4,
-6), 69.8 (1C, 5-OCH2). MS (EI, 70 eV); m/z (rel int. %):
(M++1) 378 (62), 282 (83), 272 (19), 252 (18), 214 (13),
175 (100), 165 (23), 159 (42), 145 (37).

4.1.7. 2-Chloro-6-[(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-
5-yl)methoxy]-pyrazine (4f). Yield 83%. Pale yellowish
crystalline powder, mp 88–89 �C (flash column chromato-
graphy; eluent ligroin/acetone 3.5:1 v/v) [Found: C, 46.88;
H, 4.51; N, 16.50. C10H12N3O3Cl requires: C, 46.61; H,
4.69; N, 16.31%]. Rf (78% ligroin/acetone) 0.45. nmax (film
NaCl) 2857 (w), 2366 (w), 1563 (m), 1525 (s), 1409 (s),
1364 (m), 1309 (s), 1177 (s), 1093 (w), 1000 (m), 928
(w) cm�1. dH (300 MHz CDCl3) heteroaromatic: 8.13 (1H,
s, H-5), 8.11 (1H, s, H-3); DOABO–CH2O: 4.48 (2H, d,
J¼5.7 Hz, H-2, -8-c), 4.42 (2H, d, J¼5.7 Hz, H-2, -8-t),
4.35 (2H, s, 5-OCH2), 3.83 (4H, s, H-4, -6-c, -t); dC

(75 MHz CDCl3) heteroaromatic: 159.1 (1C, C-6), 145.7
(1C, C-2), 136.3 (1C, C-3), 133.3 (1C, C-5); DOABO–
CH2O: 88.6 (2C, C-2, -8), 74.3 (2C, C-4, -6), 71.8 (1C,
C-5), 69.8 (1C, 5-OCH2). MS (EI, 70 eV); m/z (rel int. %):
(M+) 257 (<1), 212 (6), 197 (10), 192 (4), 169 (4), 128
(6), 114 (100), 98 (20), 86 (10), 68 (24), 58 (9), 41 (52).

4.1.8. 2-Chloro-6-[(c-2,c-8-diphenyl-3,7-dioxa-r-1-aza-
bicyclo[3.3.0]oct-c-5-yl)methoxy]-pyrazine (4g). White
crystalline powder (as 34% conversion of 3b, Table 1, entry
8), mp 128–129 �C (flash column chromatography, eluent
ligroin/AcOEt 2:1 v/v) [Found: C, 64.59; H, 4.60; N,
10.51. C22H20N3O3Cl requires: C, 64.47; H, 4.92; N,
10.25%]. Rf (67% ligroin/AcOEt) 0.35. nmax (film KBr)
3060 (m), 2990 (m), 2878 (s), 1568 (s), 1528 (s), 1435 (s),
1409 (s), 1309 (s), 1209 (s), 1179 (s), 1131 (s), 1091 (s),
1064 (s), 1006 (s), 949 (m), 923 (s), 961 (s), 762 (s), 736
(s), 697 (s), 637 (m) cm�1. dH (300 MHz CDCl3) (hetero)-
aromatic: 8.14 (1H, s, H-5), 7.89 (1H, s, H-3), 7.54–7.52
(4H, m, Ph), 7.40–7.31 (6H, m, Ph); DOABO–CH2O: 5.63
(2H, s, H-2, -8-t), 4.30 (2H, s, 5-OCH2), 4.10 (2H, d,
J¼9.0 Hz, H-4, -6-c), 4.00 (2H, d, J¼9.0 Hz, H-4, -6-t); dC

(75 MHz CDCl3) (hetero)aromatic: 159.0 (1C, C-6), 145.7
(1C, C-2), 139.5 (2C, Cq., Ph), 136.1 (1C, C-3), 133.3
(1C, C-5), 129.0 (2C, CH, Ph), 128.8 (4C, CH, Ph), 127.5
(4C, CH, Ph); DOABO–CH2O: 97.9 (2C, C-2, -8), 73.4
(2C, C-4, -6), 73.2 (1C, C-5), 70.6 (1C, 5-OCH2). MS (EI,
70 eV); m/z (rel int. %): (M+�1) 408 (<1), 267 (22), 266
(100), 160 (10), 105 (28).

4.1.9. 6-[(c-2,c-8-Diphenyl-3,7-dioxa-r-1-azabi-
cyclo[3.3.0]oct-c-5-yl)methoxy]-1H-pyrazin-2-one (4h).
White crystalline powder (as 17% conversion of 3b, Table
1, entry 8), mp 199–201 �C (flash column chromatography,
eluent ligroin/AcOEt 1:1 v/v [Found: C, 67.42; H, 5.63;
N, 10.46. C22H21N3O4 requires: C, 67.51; H, 5.41; N,
10.74%]. Rf (50% ligroin/AcOEt) 0.60. nmax (film KBr)
3062 (m), 2978 (m), 2877 (s), 2442 (s), 1822 (s), 1612 (s),
1537 (s), 1449 (s), 1376 (s), 1315 (s), 1269 (s), 1188 (s),
1135 (s), 1091 (s), 921 (s), 836 (s), 757 (s), 732 (s), 695
(s) cm�1. dH (300 MHz CDCl3) (hetero)aromatic: 7.77
(1H, s, H-5), 7.62 (1H, s, H-3), 7.52–7.50 (4H, m, Ph),
7.36–7.27 (6H, m, Ph), 7.03 (1H, br s, NH); DOABO–
CH2O: 5.60 (2H, s, H-2, -8-t), 4.17 (2H, s, 5-OCH2), 4.08
(2H, d, J¼9.0 Hz, H-4, -6-c), 3.98 (2H, d, J¼9.0 Hz, H-4,
-6-t); dC (75 MHz CDCl3) (hetero)aromatic: 158.1 (1C,
C-2), 157.0 (1C, C-6), 139.6 (2C, Cq., Ph), 129.1 (2C,
CH., Ph), 128.8 (4C, CH., Ph), 127.6 (4C, CH., Ph), 125.3
(1C, C-3), 124.2 (1C, C-5); DOABO–CH2: 97.7 (2C, C-2,
-8), 73.6 (2C, C-4, -6), 73.2 (1C, C-5), 70.5 (1C, 5-OCH2);
MS (EI, 70 eV); m/z (rel int. %): (M+) 391 (<5), 285 (50),
179 (15), 174 (100), 155 (13), 128 (17).

4.1.10. 2,6-Bis[(c-2,c-8-diphenyl-3,7-dioxa-r-1-azabi-
cyclo[3.3.0]oct-c-5-yl)methoxy]-pyrazine (4i). White crys-
talline powder (as 8% conversion of 3b); this compound was
isolated only as a non-separable mixture (38%) with 4h
(62%) during the work-up by flash column chromatography
of the reaction between 3b and 2b-cis (Table 1, entry 8). dH

(300 MHz CDCl3) only distinct peaks are listed as DOABO–
CH2O: 5.63 (4H, s, H-2, -8-t), 4.15 (4H, s, 5-, 50-OCH2), 4.07
(4H, d, J¼9.1 Hz, H-4, -40, -6, -60-c); dC (75 MHz CDCl3)
(hetero)aromatic: 139.7 (4C, Cq., Ph), 125.0 (2C, C-3, -5);
DOABO–CH2O: 73.2 (4C, C-4, -40 -6, -60). MS (EI,
70 eV); m/z (rel int. %): (M+) 670 (<1).

4.1.11. 6-Methoxy-2-[(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-
c-5-yl)methoxy]-pyrazine (4j). Yield 33%. White crystal-
line powder, mp 99–100 �C (flash column chromatography,
eluent ligroin/acetone 3.5:1 v/v) [Found: C, 52.30; H,
6.09; N, 16.76. C11H15N3O4 requires: C, 52.17; H, 5.97;
N, 16.59%]. Rf (78% ligroin/acetone) 0.76. nmax (film
KBr) 3076 (w), 2859 (m), 1590 (m), 1540 (s), 1414 (s),
13223 (s), 1270 (s), 1182 (s), 1034 (s), 941 (s), 843 (s),
720 (w), 679 (s), 623 (w), 489 (m), 458 (w) cm�1. dH

(300 MHz CDCl3) heteroaromatic: 7.78, 7.75 (2H, s, H-3,
-5); DOABO–CH2O: 4.50 (2H, d, J¼5.5 Hz, H-2, -8-c),
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4.44 (2H, d, J¼5.5 Hz, H-2, -8-t), 4.33 (2H, s, 5-OCH2),
3.90 (3H, s, –OCH3), 3.87 (4H, s, H-4, -6-c, -t); dC

(75 MHz CDCl3) heteroaromatic: 159.2, 158.4 (2C, C-2,
-6), 125.8, 124.9 (2C, C-3, -5); DOABO–CH2O: 88.5 (2C,
C-2, -8), 74.6 (2C, C-4, -6), 71.9 (1C, C-5), 69.2 (1C,
5-OCH2), 54.0 (1C, –OCH3). MS (EI, 70 eV); m/z (rel
int. %): (M+) 253 (<1), 127 (100), 97 (18).

4.1.12. 2-[(3,7-Dioxa-r-1-azabicyclo[3.3.0]oct-c-5-yl)-
methoxy]-pyrimidine (6a). Yield 60%. White crystalline
powder, mp 107–109 �C (pentane) [Found: C, 53.59; H,
5.61; N, 19.13. C10H13N3O3 requires: C, 53.80; H, 5.87; N,
18.82%]. Rf (75% ligroin/acetone) 0.40. nmax (film NaCl)
2858 (w), 1569 (s), 1431 (s), 1332 (s), 1300 (m), 1137 (w),
1021 (s), 925 (m), 814 (w), 682 (w) cm�1. dH (300 MHz
CDCl3) heteroaromatic: 8.44 (2H, d, J¼4.9 Hz, H-4, -6),
6.90 (1H, dd as t, J¼4.9, 4.9 Hz, H-5); DOABO–CH2O:
4.45 (2H, d, J¼5.5 Hz, H-2, -8-c), 4.38 (2H, d, J¼5.5 Hz,
H-2, -8-t), 4.35 (2H, s, 5-OCH2), 3.87 (2H, d, J¼9.4 Hz,
H-4, -6-c), 3.84 (2H, d, J¼9.4 Hz, H-4, -6-t); dC (75 MHz
CDCl3) heteroaromatic: 165.2 (1C, C-2), 159.7 (2C, C-4,
-6), 115.8 (1C, C-5); DOABO–CH2O: 88.5 (2C, C-2, -8),
74.7 (2C, C-4, -6), 71.7 (1C, C-5), 70.6 (1C, 5-OCH2). MS
(EI, 70 eV); m/z (rel int. %): (M+�1) 222 (10), 206 (12),
176 (14), 148 (8), 128 (100), 109 (16), 98 (11).

4.1.13. 2,4-Bis[(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-5-
yl)methoxy]-pyrimidine (6b). Yield 80%. White crystalline
powder, mp 136–137 �C (pentane) [Found: C, 52.61; H,
6.01; N, 15.58. C16H22N4O6 requires: C, 52.45; H, 6.05;
N, 15.29%]. Rf (75% ligroin/acetone) 0.20. nmax (film
NaCl) 2590 (w), 2863 (w), 1585 (s), 1449 (m), 1416 (s),
1336 (m), 1274 (m), 1181 (w), 1098 (s), 1021 (m), 928
(m), 749 (w) cm�1. dH (500 MHz benzene-d6) hetero-
aromatic: 8.05 (1H, d, J¼6.0 Hz, H-6), 6.15 (1H, d,
J¼6.0 Hz, H-5); DOABO–CH2O linked at C-2: 4.40 (2H,
s, 5-OCH2), 4.30 (2H, d, J¼5.3 Hz, H-2, -8-c), 4.05 (2H,
d, J¼5.3 Hz, H-2, -8-t), 3.77 (2H, d, J¼8.7 Hz, H-4, -6-c),
3.64 (2H, d, J¼8.7 Hz, H-4, -6-t); DOABO–CH2O linked
at C-4: 4.23 (2H, d, J¼5.3 Hz, H-2, -8-c), 4.21 (2H, s,
5-OCH2), 4.04 (2H, d, J¼5.3 Hz, H-2, -8-t), 3.56 (2H, d,
J¼8.9 Hz, H-4, -6-c), 3.51 (2H, d, J¼8.9 Hz, H-4, -6-t); dC

(125 MHz benzene-d6) heteroaromatic: 171.1 (1C, C-4),
165.5 (1C, C-2), 158.9 (1C, C-6), 102.3 (1C, C-5);
DOABO–CH2O linked at C-2: 88.1 (2C, C-2, -8), 74.3
(2C, C-4, -6), 72.7 (1C, C-5), 70.7 (1C, 5-OCH2);
DOABO–CH2O linked at C-4: 88.2 (2C, C-2, -8), 73.9
(2C, C-4, -6), 71.5 (1C, C-5), 69.2. (1C, 5-OCH2). MS (EI,
70 eV); m/z (rel int. %): 366 (<1), 238 (6), 208 (6), 128
(68), 114 (100), 98 (14), 68 (27), 42 (32), 41 (60).

4.1.14. 2-Chloro-4-[(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-
5-yl)methoxy]-pyrimidine (6c). Yield 63%. White crystal-
line powder, mp 139–140 �C (dichloromethane/pentane 1:2
v/v) [Found: C, 46.80; H, 4.81; N, 16.65. C10H12N3O3Cl
requires: C, 46.61; H, 4.69; N, 16.31%]. Rf (75% ligroin/
acetone) 0.50. nmax (film NaCl) 2857 (w), 1636 (s), 1582
(s), 1545 (m), 1446 (m), 1327 (s), 1230 (m), 1102 (w),
1017 (m) cm�1. dH (300 MHz CDCl3) heteroaromatic:
8.30 (1H, d, J¼5.7 Hz, H-6), 6.67 (1H, d, J¼5.7 Hz, H-5);
DOABO–CH2O: 4.47 (2H, d, J¼5.3 Hz, H-2, -8-c), 4.42
(2H, d, J¼5.3 Hz, H-2, -8-t), 4.40 (2H, s, 5-OCH2), 3.81
(4H, s, H-4, -6, -c, -t); dC (75 MHz CDCl3) heteroaromatic:
170.4 (1C, C-4), 160.6 (1C, C-2), 159.5 (1C, C-6), 107.4
(1C, C-5); DOABO–CH2O: 88.6 (2C, C-2, -8), 74.2 (2C,
C-4, -6), 71.7 (1C, C-5), 69.9 (1C, 5-OCH2). MS (EI,
70 eV); m/z (rel int. %): 257 (<1), 212 (9), 197 (12), 169
(11), 114 (100), 86 (10), 68 (14), 58 (11), 42 (16), 41 (50).

4.1.15. 4-Chloro-2-[(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-
5-yl)methoxy]-pyrimidine (6d). Yield 23%. This com-
pound was identified as side product in the synthesis of the
compound 6c (Table 2). Its identity was established accord-
ing to NMR spectra performed on the crude reaction mixture
together with the residue of the column chromatography
(6c+6d) after isolation of the pure 6c. dH (300 MHz
CDCl3) heteroaromatic: 8.36 (1H, d, J¼5.3 Hz, H-6), 7.00
(1H, d, J¼5.3 Hz, H-5); DOABO–CH2O: 4.49 (2H, d,
J¼5.7 Hz, H-2, -8-c), 4.44 (2H, d, J¼5.7 Hz, H-2, -8-t),
4.40 (2H, s, 5-OCH2), 3.88 (4H, s, H-4, -6, -c, -t); dC

(75 MHz CDCl3) heteroaromatic: 165.0 (1C, C-2), 163.0
(1C, C-4), 160.4 (1C, C-6), 115.9 (1C, C-5); DOABO–
CH2O: 88.6 (2C, C-2, -8), 74.6 (2C, C-4, -6), 71.6 (1C,
C-5), 71.2 (1C, 5-OCH2).

4.1.16. 4,6-Bis[(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-5-
yl)methoxy]-pyrimidine (6e). Yield 81%. White crystalline
powder, mp 146–148 �C (pentane) [Found: C, 52.70; H,
5.88; N, 14.98. C16H22N4O6 requires: C, 52.45; H, 6.05;
N, 15.29%]. Rf (75% ligroin/acetone) 0.35. nmax (film
NaCl) 2950 (w), 2858 (m), 1593 (s), 1563 (s), 1457 (m),
1421 (m), 1341 (m), 1195 (m), 1137 (m), 1095 (m), 1039
(s), 933 (m), 674 (m) cm�1. dH (300 MHz CDCl3) heteroaro-
matic: 8.38 (1H, s, H-2), 6.08 (1H, s, H-5); DOABO–CH2O:
4.49 (4H, d, J¼5.7 Hz, H-2, -20, -8, -80-c), 4.44 (4H, d,
J¼5.7 Hz, H-2, -20, -8, -80-t), 4.38 (4H, s, 5-, 50-OCH2),
3.84 (8H, s, H-4, -40, -6, -60, -c, -t); dC (75 MHz CDCl3) het-
eroaromatic: 171.0 (2C, C-4, -6), 157.8 (1C, C-2), 91.4 (1C,
C-5); DOABO–CH2O: 88.6 (4C, C-2, -20, -8, -80), 74.4 (4C,
C-4, -40, -6, -60), 71.9 (2C, C-5, -50), 69.4 (2C, 5-, 50-OCH2).
MS (EI, 70 eV); m/z (rel int. %): (M++1) 367 (<1), 274 (3),
252 (2), 168 (8), 128 (100), 98 (4).

4.1.17. 4-Chloro-6-[(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-
5-yl)methoxy]-pyrimidine (6f). Yield 63%. White crystal-
line powder, mp 118–119 �C (flash column chromatography,
eluent ligroin/acetone 3:1 v/v) [Found: C, 46.33; H, 5.02; N,
16.59. C10H12N3O3Cl requires: C, 46.61; H, 4.69; N,
16.31%]. Rf (75% ligroin/acetone) 0.60. nmax (film NaCl)
2956 (w), 2884 (s), 1574 (s), 1546 (s), 1454 (s), 1387 (w),
1343 (s), 1314 (m), 1264 (w), 1213 (w), 1140 (m), 1094
(s), 1040 (s), 1007 (s), 981 (m), 868 (w), 749 (s), 678 (w).
dH (300 MHz CDCl3) heteroaromatic: 8.50 (1H, s, H-2),
6.74 (1H, d, J¼0.8 Hz, H-5); DOABO–CH2O: 4.44 (2H, d,
J¼5.7 Hz, H-2, -8-c), 4.38 (2H, d, J¼5.7 Hz, H-2, -8-t),
4.38 (2H, s, 5-OCH2), 3.78 (4H, s, H-4, -6, -c, -t); dC

(75 MHz CDCl3) heteroaromatic: 170.2 (1C, C-6), 161.3
(1C, C-4), 158.5 (1C, C-2), 108.2 (1C, C-5); DOABO–
CH2O: 88.5 (2C, C-2, -8), 74.2 (2C, C-4, -6), 71.7 (1C,
C-5), 69.8 (1C, 5-OCH2). MS (EI, 70 eV); m/z (rel int. %):
(M+�1) 256 (2), 240 (8), 210 (7), 128 (100), 98 (7).

4.1.18. 2,4,6-Tris[(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-5-
yl)methoxy]-pyrimidine (6g). Yield 58%. Yellowish crys-
talline powder, mp 188–189 �C (pentane/dichloromethane,
2:1 v/v) [Found: C, 51.53; H, 6.45; N, 14.11. C22H31N5O9
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requires: C, 51.86; H, 6.13; N, 13.75%]. Rf (50% ligroin/ace-
tone) 0.50. nmax (film NaCl) 2857 (s), 1600 (s), 1405 (m),
1382 (s), 1325 (m), 1192 (w), 1095 (w), 923 (m) cm�1. dH

(300 MHz CDCl3) heteroaromatic: 5.74 (1H, s, H-5);
DOABO–CH2O linked at C-2: 4.50 (2H, d, J¼5.5 Hz, H-2,
-8-c), 4.42 (2H, d, J¼5.5 Hz, H-2, -8-t), 4.325 (2H, s, 5-
OCH2), 3.88 (4H, s, H-4, -6, -c, -t); DOABO–CH2O linked
at C-4, -6: 4.48 (4H, d, J¼5.5 Hz, H-2, -20, -8, -80-c), 4.42
(4H, d, J¼5.3 Hz, H-2, -20, -8, -80-t), 4.331 (4H, s, 5-,
50-OCH2), 3.82 (8H, s, H-4, -40, -6, -60, -c, -t); dC (75 MHz
CDCl3) heteroaromatic: 172.4 (2C, C-4, -6), 164.3 (1C,
C-2), 84.9 (1C, C-5); DOABO–CH2O linked at C-2: 88.3
(2C, C-2, -8), 74.7 (2C, C-4, -6), 71.6 (1C, 5-OCH2), 70.8
(1C, C-5); DOABO–CH2O linked at C-4, -6: 88.6 (4C,
C-2, -20, -8, -80), 74.4 (4C, C-4, -40, -6, -60), 71.8 (2C,
5-, 50-OCH2), 69.4 (2C, C-5, -50). MS (EI, 70 eV); m/z (rel
int. %): 510 (8), 297 (<1), 256 (<1), 197 (4), 158 (4), 128
(100), 98 (4).

4.1.19. 4-Chloro-2,6-bis[(3,7-dioxa-r-1-azabicyclo[3.3.0]-
oct-c-5-yl)methoxy]-pyrimidine (6h). Yield 76%. White
crystalline powder, mp 142–144 �C (flash column chromato-
graphy, eluent ligroin/acetone 2:1 v/v) [Found: C, 48.31; H,
4.99; N, 14.19. C16H21N4O6Cl requires: C, 47.95; H, 5.28;
N, 13.98%]. Rf (66% ligroin/acetone) 0.45. nmax (film
NaCl) 2852 (s), 1635 (w), 1577 (s), 1416 (m), 1325 (m),
1137 (m), 1093 (m), 1023 (m), 917 (w) cm�1. dH

(300 MHz CDCl3) heteroaromatic: 6.43 (1H, s, H-5);
DOABO–CH2O linked at C-2: 4.49 (2H, d, J¼5.5 Hz, H-2,
-8-c), 4.42 (2H, d, J¼5.5 Hz, H-2, -8-t), 4.38 (2H, s,
5-OCH2), 3.87 (4H, s, H-4, -6, -c, -t); DOABO–CH2O linked
at C-6: 4.48 (2H, d, J¼5.5 Hz, H-2, -8-c), 4.41 (2H, d,
J¼5.5 Hz, H-2, -8-t), 4.35 (2H, s, 5-OCH2), 3.81 (4H, s,
H-4, -6, -c, -t); dC (75 MHz CDCl3) heteroaromatic: 171.9
(1C, C-6), 164.4 (1C, C-2), 162.4 (1C, C-4), 101.6 (1C,
C-5); DOABO–CH2O: 88.5 and 88.4 (4C, C-2, -8), 74.5,
74.2 (4C, C-4, -6), 71.7, 71.6 (2C, C-5), 71.2, 70.1 (2C,
5-OCH2). MS (EI, 70 eV); m/z (rel int. %): (M+�1) 400
(5), 365 (5), 128 (100), 98 (7).

4.1.20. 2-Chloro-4,6-bis[(3,7-dioxa-r-1-azabicyclo[3.3.0]-
oct-c-5-yl)methoxy]-pyrimidine (6i). Yield 8%. This com-
pound was identified as side product in the synthesis of the
compound 6h (Table 2). Its identity was established accord-
ing to NMR spectra performed on the crude reaction mixture
together with the residue of the column chromatography
(6i+6h) after isolation of the pure 6h. dH (300 MHz CDCl3
only distinct peaks are listed) heteroaromatic: 5.96 (1H, s,
H-5); DOABO–CH2O: 4.43 (2H, d, J¼5.3 Hz, H-2, -20, -8,
-80, -c, -t), 4.33 (4H, s, 5-, 50-OCH2), 3.77 (4H, s, H-4, -40,
-6, -60, -c, -t); dC (75 MHz CDCl3) heteroaromatic: 171.8.0
(2C, C-4, -6); DOABO–CH2: 88.6 (4C, C-2, -20, -8, -80),
71.6 (2C, C-5, -50).

4.1.21. 2,4-Dichloro-6-[(3,7-dioxa-r-1-azabicyclo[3.3.0]-
oct-c-5-yl)methoxy]-pyrimidine (6j). White crystalline
powder (6% side product in the synthesis of 6h), mp 117–
119 �C (flash column chromatography, eluent ligroin/
acetone 2:1 v/v) [Found: C, 40.89; H, 4.15; N, 14.58.
C10H11N3O3Cl2 requires: C, 41.12; H, 3.80; N, 14.39%].
Rf (66% ligroin/acetone) 0.70. nmax (film NaCl) 2857 (w),
1579 (s), 1528 (s), 1423 (w), 1367 (m), 1272 (m), 1119
(m), 1020 (s), 909 (w), 824 (m), 754 (w), 672 (m) cm�1.
dH (300 MHz CDCl3) heteroaromatic: 6.72 (1H, s, H-5);
DOABO–CH2O: 4.48 (2H, d, J¼5.5 Hz, H-2, -8-c), 4.43
(2H, d, J¼5.5 Hz, H-2, -8-t), 4.43 (2H, s, 5-OCH2), 3.82
(4H, s, H-4, -6, -c, -t); dC (75 MHz CDCl3) heteroaromatic:
171.1 (1C, C-6), 162.1 (1C, C-2), 160.0 (1C, C-4), 106.7
(1C, C-5); DOABO–CH2O: 88.6 (2C, C-2, -8), 74.2 (2C,
C-4, -6), 71.7 (1C, C-5), 70.6 (1C, 5-OCH2). MS (EI,
70 eV); m/z (rel int. %): 292 (3), 128 (100), 98 (10).

4.1.22. 2,4-Bis[(c-2,c-8-diphenyl-3,7-dioxa-r-1-azabi-
cyclo[3.3.0]oct-c-5-yl)methoxy]-pyrimidine (6k). Yield
58%. White crystalline powder, mp 168–170 �C (pentane)
[Found: C, 71.52; H, 5.94; N, 8.07. C40H38N4O6 requires
C, 71.63; H, 5.71; N, 8.35%]. Rf (75% ligroin/AcOEt)
0.30. nmax (film KBr) 2874 (m), 1954 (w), 1591 (s), 1571
(s), 1450 (m), 1414 (m), 1331 (m), 1210 (m), 1098 (s),
1011 (m), 927 (m), 818 (s), 698 (s), 643 (w), 522
(w) cm�1. dH (300 MHz CDCl3) (hetero)aromatic: 8.08
(1H, d, J¼5.8 Hz, H-6), 7.55–7.50 (8H, m, Ph), 7.36–7.28
(12H, m, Ph), 6.15 (1H, d, J¼5.8 Hz, H-5); DOABO–
CH2O linked at C-2: 5.61 (2H, s, H-2, -8-t), 4.26 (2H, s,
5-OCH2), 4.14 (2H, d, J¼9.2 Hz, H-4, -6-c), 4.02 (2H, d,
J¼9.2 Hz, H-4, -6-t); DOABO–CH2O linked at C-4: 5.60
(2H, s, H-2, -8-t), 4.23 (2H, s, 5-OCH2), 4.04 (2H, d,
J¼9.0 Hz, H-4, -6-c), 3.95 (2H, d, J¼9.0 Hz, H-4, -6-t); dC

(75 MHz CDCl3) (hetero)aromatic: 171.0 (1C, C-4), 164.9
(1C, C-2), 158.9 (1C, C-6), 139.7, 139.6 (4C, Cq., Ph),
129.0, 128.9 (4C, CH, Ph), 128.8, 128.7 (8C, CH, Ph),
127.6, 127.5 (8C, CH, Ph), 102.6 (1C, C-5); DOABO–
CH2O: 97.9, 97.6 (4C, C-2, -8), 73.9, 73.5 (4C, C-4, -6),
73.10, 73.07 (2C, C-5), 71.8, 70.2 (2C, 5-OCH2). MS (EI,
70 eV); m/z (rel int. %): 708 (20), 692 (100), 670 (10), 564
(5), 451 (6), 435 (22), 413 (10), 348 (5).

4.1.23. 4,6-Bis[(c-2,c-8-diphenyl-3,7-dioxa-r-1-azabi-
cyclo[3.3.0]oct-c-5-yl)methoxy]-pyrimidine (6l). Yield
31%. White crystalline powder, mp 176–178 �C (flash col-
umn chromatography, eluent ligroin/AcOEt 3:1 v/v) [Found:
C, 71.53; H, 5.93; N, 8.07. C40H38N4O6 requires C, 71.63; H,
5.71; N, 8.35%]. Rf (75% ligroin/AcOEt) 0.59. nmax (film
KBr) 2876 (m), 1595 (s), 1455 (s), 1430 (m), 1314 (w),
1256 (s), 1166 (m), 1089 (m), 989 (w), 921 (m), 838 (s),
752 (m), 694 (m), 470 (m) cm�1. dH (300 MHz CDCl3)
(hetero)aromatic: 8.30 (1H, s, H-2), 7.52–7.49 (8H, m,
Ph), 7.38–7.29 (12H, m, Ph), 5.71 (1H, s, H-5); DOABO–
CH2O: 5.59 (4H, s, H-2, -20, -8, -80-t), 4.23 (4H, s, 5-,
50-OCH2), 4.05 (4H, d, J¼9.0 Hz, H-4, -40, -6, -60-c), 3.95
(4H, d, J¼9.0 Hz, H-4, -40, -6, -60-t); dC (75 MHz CDCl3)
(hetero)aromatic: 170.8 (2C, C-4, -40 -6, -60), 157.8 (1C,
C-2), 139.6 (4C, Cq., Ph), 129.0 (4C, CH, Ph), 128.8
(8C, CH, Ph), 127.6 (8C, CH, Ph); DOABO–CH2O: 97.8
(4C, C-2, -20, -8, -80), 73.6 (4C, C-4, -40, -6, -60), 73.2 (2C,
C-5, -50), 70.7 (2C, 5-, 50-OCH2). MS (EI, 70 eV); m/z (rel
int. %): (M+) 670 (31), 692 (14), 564 (9), 280 (100).

4.1.24. 4-Chloro-6-[(c-2,c-8-diphenyl-3,7-dioxa-r-1-aza-
bicyclo[3.3.0]oct-c-5-yl)methoxy]-pyrimidine (6m). Yield
23%. Yellowish crystalline powder, mp 145–147 �C (flash
column chromatography, eluent ligroin/AcOEt 3:1 v/v)
[Found: C, 64.32; H, 5.14; N, 10.19. C22H20N3O3Cl requires
C, 64.47; H, 4.92; N, 10.25%]. Rf (75% ligroin/AcOEt) 0.80.
nmax (film KBr) 3091 (m), 2874 (m), 1573 (s), 1454 (s), 1334
(m), 1258 (m), 1213 (m), 1088 (s), 1009 (s), 931 (w), 871
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(w), 804 (m), 753 (s), 696 (s), 535 (w) cm�1. dH (300 MHz
CDCl3) (hetero)aromatic: 8.50 (1H, s, H-2), 7.51–7.48
(4H, m, Ph), 7.37–7.28 (6H, m, Ph), 6.53 (1H, s, H-5);
DOABO–CH2O: 5.60 (2H, s, H-2, -8-t), 4.33 (2H, s,
5-OCH2), 4.06 (2H, d, J¼9.0 Hz, H-4, -6-c), 3.96 (2H, d,
J¼9.0 Hz, H-4, -6-t); dC (75 MHz CDCl3) (hetero)aromatic:
170.0 (1C, C-6), 161.3 (1C, C-4), 158.5 (1C, C-2), 139.5
(2C, Cq., Ph), 129.1 (2C, CH, Ph), 128.8 (4C, CH, Ph),
127.5 (4C, CH, Ph), 108.2 (1C, C-5); DOABO–CH2O:
97.8 (2C, C-2, -8), 73.4 (2C, C-4, -6), 73.1 (1C, C-5), 70.8
(1C, 5-OCH2). MS (EI, 70 eV); m/z (rel int. %): (M++1)
410 (4), 386 (<1), 304 (100), 280 (42), 174 (98), 156 (23),
129 (11), 91 (18).

4.1.25. 3-Chloro-6-[(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-
5-yl)methoxy]-pyridazine (8a). Yield 86%. White crystal-
line powder, mp 130–132 �C (pentane) [Found: C, 46.33;
H, 5.03; N, 16.13. C10H12N3O3Cl requires: C, 46.61; H,
4.66; N, 16.31%]. Rf (75% ligroin/acetone) 0.50. nmax (film
NaCl) 2852 (w), 2082 (w), 1643 (s), 1441 (m), 1310 (w),
1101 (m), 1044 (m) cm�1. dH (300 MHz CDCl3) heteroaro-
matic: 7.37 (1H, d, J¼9.0 Hz, H-4), 6.97 (1H, d, J¼9.0 Hz,
H-5); DOABO–CH2O: 4.54 (2H, s, 5-OCH2), 4.50 (2H, d,
J¼5.7 Hz, H-2, -8-c), 4.45 (2H, d, J¼5.7 Hz, H-2, -8-t),
3.86 (4H, s, H-4, -6, -c, -t). dC (75 MHz CDCl3) heteroaro-
matic: 164.4 (1C, C-6), 152.0 (1C, C-3), 131.4 (1C, C-4),
120.4 (1C, C-5); DOABO–CH2O: 88.7 (2C, C-2, -8), 74.3
(2C, C-4, -6), 71.9 (1C, C-5), 70.4 (1C, 5-OCH2). MS (EI,
70 eV); m/z (rel int. %): 257 (<1), 212 (13), 199 (8), 169
(15), 127 (15), 114 (100), 97 (19), 68 (26), 58 (13), 42
(30), 41 (76).

4.1.26. 6-Methoxy-3-[(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-
c-5-yl)methoxy]-pyridazine (8b). Yield 51%. White crys-
talline powder, mp 117–119 �C (dichloromethane/pentane
1:2 v/v) [Found: C, 51.89; H, 6.25; N, 16.91. C11H15N3O4

requires: C, 52.17; H, 5.97; N, 16.59%]. Rf (75% ligroin/ace-
tone) 0.30. nmax (film NaCl) 2360 (w), 1630 (s), 1476 (m),
1384 (s), 1268 (m), 1036 (w) cm�1. dH (300 MHz CDCl3)
heteroaromatic: 6.92 (2H, s, H-4, -5); DOABO–CH2O:
4.51 (2H, d, J¼5.7 Hz, H-2, -8-c), 4.48 (2H, s, 5-OCH2),
4.46 (2H, d, J¼5.7 Hz, H-2, -8-t); 4.01 (3H, s, OCH3),
3.86 (4H, s, H-4, -6, -c, -t); dC (75 MHz CDCl3) heteroaro-
matic: 162.6, 161.9 (2C, C-3, -6), 122.0, 121.6 (2C, C-4, -5);
DOABO–CH2O: 88.8 (2C, C-2, -8), 74.5 (2C, C-4, -6), 72.0
(1C, C-5), 69.7 (1C, 5-OCH2), 55.0 (1C, OCH3). MS (EI,
70 eV); m/z (rel int. %): 253 (<1), 223 (9), 208 (20), 195
(18), 165 (25), 140 (13), 139 (16), 128 (20), 127 (26), 114
(100), 98 (26), 97 (20), 80 (13), 68 (46), 54 (24), 42 (40),
41 (95).

4.1.27. 3,6-Bis[(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-5-
yl)methoxy]-pyridazine (8c). Yield 78%. White crystalline
powder, mp 195–197 �C (dichloromethane/pentane 1:2 v/v)
[Found: C, 52.75; H, 5.85; N, 15.55. C16H22N4O6 requires:
C, 52.45; H, 6.05; N, 15.29%]. Rf (75% ligroin/acetone)
0.30. nmax (film NaCl) 2868 (w), 2361 (w), 1467 (m), 1446
(s), 1267 (s), 1137 (w), 1039 (s), 920 (m) cm�1. dH

(300 MHz CDCl3) heteroaromatic: 7.24 (2H, s, H-4, -5);
DOABO–CH2O: 4.80 (4H, d, J¼5.7 Hz, H-2, -20, -8, -80-c),
4.76 (4H, s, 5-, 50-OCH2), 4.75 (4H, d, J¼5.7 Hz, H-2, -20,
-8, -80-t), 4.16 (8H, s, H-4, -40, -6, -60, -c, -t); dC (75 MHz
CDCl3) heteroaromatic: 162.1 (2C, C-3, -6), 121.9 (2C,
C-4, -5); DOABO-CH2O: 88.7 (4C, C-2, -20, -8, -80), 74.5
(4C, C-4, -40, -6, -60), 71.9 (2C, 5-, 50-OCH2), 69.8 (2C,
C-5, 50). MS (EI, 70 eV); m/z (rel int. %): (M++Na) 389
(14), (M+�1) 365 (4), 168 (4), 128 (100), 98 (5).

4.2. Preparation of compound 9a

To a suspension in THF (50 mL) of 2a (prepared from 1a,
1.450 g, 10.0 mmol and potassium hydride 1.337 g as 30%
KH in mineral oil suspension, 0.401 g 100%, 10.0 mmol,
Scheme 2), cyanuryl chloride (0.571 g, 3.1 mmol) was
added as THF (20 mL) solution. The reaction mixture was
heated at 65 �C for 36 h. with vigorous stirring, until the
starting 1a was absent (TLC monitoring, eluent ligroin/
acetone 2:1 v/v). The reaction was quenched with isopropa-
nol (1 mL) with stirring for additional 30 min. The mineral
compounds were filtered off and washed with excess of
THF. The combined THF solution was evaporated under
vacuum to dryness to provide the crude product as yellow
oil. Purification by flash column chromatography (eluent
ligroin/acetone 2:1 v/v visualisation in I2-bath) afforded
the desired 9a as a yellowish crystalline powder: 0.420 g
(34% yield).

4.2.1. 2-Chloro-4,6-bis[(3,7-dioxa-r-1-azabicyclo[3.3.0]-
oct-c-5-yl)methoxy]-s-triazine (9a). Yield 34%. Yellowish
crystalline powder, mp 91.8–93.4 �C (flash column chroma-
tography, eluent ligroin/acetone 2:1 v/v) [Found: C, 44.91;
H, 5.19; N, 17.63. C15H20N5O6Cl requires: C, 44.84; H,
5.02; N, 17.43%]. Rf 0.75 (66% ligroin/acetone). nmax

(KBr) 2971 (m), 2868 (s), 1731 (s), 1390 (m), 1252 (s),
1138 (m), 1038 (s), 926 (s), 885 (w), 792 (m), 673 (s), 610
(s), 505 (w) cm�1. dH (300 MHz CDCl3) 4.39 (4H, s, H-2,
-20, -8, -80-c), 4.37 (4H, s, H-2, -20, -8, -80-t), 4.06 (4H, s,
5-, 50-OCH2), 3.73 (4H, d, J¼9.0 Hz, H-4, -40, -6, -60-c),
3.68 (4H, d, J¼9.0 Hz, H-4, -40, -6, -60-t); dC (75 MHz
CDCl3) 171.0 (3C, C-2, -4, -6 s-triazine), 88.6 (4C, C-2,
-20, -8, -80), 74.2 (4C, C-4, -40, -6, -60), 71.5 (2C, C-5, -50),
66.9 (2C, 5-, 50-OCH2). MS (EI), m/z (rel int. %) (M++1)
402 (<1), 324 (38), 256 (57), 145 (58), 127 (100).

4.3. Preparation of compound 10a

A solution of c-5-hydroxymethyl-3,7-dioxa-r-1-azabicyclo-
[3.3.0]octane 1a (0.740 g, 5.10 mmol) in THF (25 mL) was
cooled at �78 �C with stirring, then n-BuLi (1.6 M in
hexane, 3.35 mL, 5.35 mmol) was injected to provide a clear
white fine suspension. After 20 min, cyanuryl chloride
(0.320 g, 1.70 mmol) was injected as THF (15 mL) solution.
The reaction mixture was allowed to slowly reach room tem-
perature (20 h) with vigorous stirring then quenched with
water (5 mL). The reaction mixture was evaporated to dry-
ness, then water (50 mL) and dichloromethane (50 mL)
were added with stirring. After separation, the dichloro-
methane solution was washed with water to neutrality and
then dried over MgSO4. After filtering, the organic solution
was concentrated in vacuum to provide the crude product,
which was taken with Et2O to yield the compound 10a as
white crystalline powder: 0.720 g (82% yield).

4.3.1. 2,4,6-Tris[(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-5-
yl)methoxy]-s-triazine (10a). Yield 82%. White crystalline
powder, mp 238.9–239.5 �C (Et2O) [Found: C, 49.44; H,
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5.98; N, 16.44. C21H30N6O9 requires: C, 49.41; H, 5.92; N,
16.46%]. Rf (50% ligroin/acetone) 0.30. nmax (KBr) 3444
(m), 2969 (w), 2858 (s), 1589 (s), 1414 (s), 1334 (s), 1189
(m), 1141 (m), 1096 (s), 1044 (s), 1028 (s), 943 (m), 807
(s), 750 (m), 718 (w), 676 (m), 572 (m) cm�1. dH

(300 MHz CDCl3) 4.49 (6H, d, J¼5.6 Hz, H-2, -20, -200, -8,
-80, -800-c), 4.42 (6H, d, J¼5.6 Hz, H-2, -20, -200, -8, -80,
-800-t), 4.41 (6H, s, 5-, 50-, 500-OCH2), 3.85 (12H, s, H-4,
-40, -400, -6, -60, -600-c, -t); dC (75 MHz CDCl3) 173.3 (3C,
C-2, -4, -6 s-triazine), 88.5 (6C, C-2, -20, -200, -8, -80, -800),
74.3 (6C, C-4, -40, -400, -6, -60, -600), 71.5 (3C, 5-, 50-,
500-OCH2), 71.3 (3C, C-5, -50, -500); MS (ESI), m/z (rel int.
%) (M+�1+Na+) 532 (100), (M+) 511 (40), 384 (10).

4.4. Preparation of compounds 9b and 10b

To a suspension in THF (50 mL) of 2b-cis (prepared from
1b-cis, 1.480 g, 5.0 mmol and potassium hydride 0.668 g
as 30% KH in mineral oil suspension, 0.200 g 100%,
5.0 mmol, Scheme 2), cyanuryl chloride (0.302 g,
1.64 mmol) was rapidly added as THF (30 mL) solution.
The reaction mixture was slowly heated at 65 �C for 40 h
with vigorous stirring, until the starting 1b-cis was present
in traces only (TLC monitoring, eluent ligroin/acetone
3.5:1 v/v, visualisation in UV-254 nm). The reaction was
quenched with water (50 mL) and dichloromethane
(125 mL) with stirring for additional 30 min. After separa-
tion, the aqueous layer was extracted with dichloromethane
(3�25 mL) and the combined dichloromethane solution was
washed with water to neutrality. After drying on MgSO4, the
organic solution was evaporated under vacuum to yield
1.10 g of the crude reaction mixture. Purification by flash
column chromatography (eluent ligroin/acetone 3.5:1 v/v
visualisation in UV-254 nm) afforded the following frac-
tions: 0.137 g recovered 1b-cis; 0.370 g desired 10b as
a white crystalline powder. The column was then completely
eluted with pure acetone to afford 0.310 g mixture 10b
(66%)+9b (34%), according to the 1H NMR spectrum.

4.4.1. 2-Chloro-4,6-bis[(c-2,c-8-diphenyl-3,7-dioxa-r-1-
azabicyclo[3.3.0]oct-c-5-yl)methoxy]-triazine (9b). Yield
8%. dH (300 MHz CDCl3) as detected from the mixture
with 10b: 5.59 (4H, s, H-2, -8-t), 4.31 (4H, s, 5-, 50-
OCH2), 4.06 (4H, d, J¼9.2 Hz, H-4, -40, -6, -60-c), 3.98
(4H, d, J¼9.2 Hz, H-4, -40, -6, -60-t); dC (75 MHz CDCl3),
171.8 (3C, C-2, -4, -6 s-triazine), 139.3 (4C, Cq., Ph),
127.5 (8C, CH, Ph). MS (FAB+), m/z (rel int. %) (M+�1)
704 (20).

4.4.2. 2,4,6-Tris[(c-2,c-8-diphenyl-3,7-dioxa-r-1-aza-
bicyclo[3.3.0]oct-c-5-yl)methoxy]-s-triazine (10b). Yield
37%. White crystalline powder, mp 162.5–164.2 �C (flash
column chromatography, eluent ligroin/acetone 3.5:1 v/v)
[Found: C, 70.61; H, 5.70; N, 8.44. C57H54N6O9 requires:
C, 70.80; H, 5.63; N, 8.69%] Rf (78% ligroin/acetone)
0.40. nmax (KBr) 3063 (w), 2871 (m), 1571 (s), 1417 (s),
1334 (s), 1210 (m), 1131 (s), 1088 (m), 1068 (m), 922
(m), 820 (w), 762 (m), 735 (s), 698 (s) cm�1. dH

(300 MHz CDCl3) 7.51 (12H, m, Ph), 7.32–7.26 (18H, m,
Ph), 5.59 (6H, s, H-2, -20, -200, -8, -80, -800-t), 4.24 (6H, s,
5-, 50-, 500-OCH2), 4.06 (6H, d, J¼9.2 Hz, H-4, -40, -400, -6,
-60 -600-c), 3.98 (6H, d, J¼9.2 Hz, H-4, -40, -400, -6, -60,
-600-t); dC (75 MHz CDCl3) 172.9 (3C, C-2, -4, -6 s-triazine),
139.5 (6C, Cq., Ph), 129.1 (6C, CH, Ph), 128.8 (12C, CH,
Ph), 127.5 (12C, CH, Ph), 97.6 (6C, C-2, -20, -200, -8, -80,
-800), 73.6 (6C, C-4, -40, -400, -6, -60, -600), 72.8 (3C, 5-, 50-,
500-OCH2), 72.2 (3C, C-5, -50, -500); MS (FAB+), m/z (rel
int. %) (M++1) 967.9 (100).
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Abstract—The functionalisation of the title compounds via regioselective Directed ortho-Metallation (DoM) and cross-coupling reactions is
studied. The compatibility of the 3,7-DiOxa-r-1-AzaBicyclo[3.3.0]Oct-c-5-ylmethoxy system (DOABO–CH2O) to typical reaction condi-
tions is established. Its role as Directed ortho-Metallation Group (DoMG) is examined, including competition with classical DoMGs, chlorine
and methoxy. The chelating ability of some functionalised terms such as DOABO–CH2O substituting chiral diarylmethanols and polyaza
analogues of 2,6-terpyridine is discussed as intramolecular steric relationships determining configuration and aptitude to bind selectively
transition metals, respectively.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Advances in the field of Directed ortho-Metallation with
organolithium reagents of azines and diazines have been re-
cently reviewed.1,2 This methodology, the so-called DoM
reaction, allows access to functionalised p-deficient systems
in clean, rapid, selective and high yielding transformations.
In this context, of crucial relevance are the Directed ortho-
Metallation Groups (DoMGs) whose increasing diversity
makes the method overall attractive.

Few examples are known in which the DoMG is a hetero-
cyclic saturated system: 1,3-diox-2-yl (in pyrazine and
pyridine series),3,4 1,3-dioxol-2-yl,5 pyrrolidin-1-yl6 and
piperidin-1-yl7 (in pyridine series). However, their role ap-
peared to us as protecting groups of the carbonyl and amino
functionality linked ortho to the reaction site rather than
connected to a peculiar stereochemistry of the DoMGs of
this type.

Hence, the objective of the present report is based on our
previous acquired knowledge about the synthesis and

Keywords: Diazines; Oxazolidines; Metallation; Cross-coupling; NMR;
Chirality.
* Corresponding author. Tel.: +40 264 59 38 33; fax: +40 264 59 08 18;

e-mail addresses: darabantu@cluj.astral.ro; darab@chem.ubbcluj.ro
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.05.032
stereochemistry of a new series of a-(3,7-dioxa-r-1-azabi-
cyclo[3.3.0]oct-c-5-ylmethoxy)-diazines I (Scheme 1),8–11

aiming at their further functionalisation via DoM reactions.
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7
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3,7-DiOxa-r-1-AzaBicyclo[3.3.0]Oct-c-5-ylmethoxy

DOABO-CH2O

N

R
1
 = H: (2H)DOABO-CH2O

R
1
 = Ph: (2Ph)DOABO-CH2O

N
OO

CH2O

R1 R1

Abbreviations:

Scheme 1.

We have recently reported the synthesis by double
cross-coupling under Stille conditions12,13 of a new class
of polyaza analogues of 2,6-terpyridine possessing the

mailto:darab@chem.ubbcluj.ro
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2,6-disubstituted pyrazine as a central unit linked to various
heteroaromatic systems as subunits.14 Our ongoing efforts
to prepare new aza polydentate architectures prompted
us, as another objective, to test the 3,7-dioxa-r-1-azabi-
cyclo[3.3.0]oct-c-5-ylmethoxy fragments a-substituting
the building-blocks, pyrazines, pyrimidines and pyridazines.

No such chemistry assisted by the DOABO heterocyclic sys-
tem has been reported so far.

2. Results and discussion

2.1. Functionalisation via directed ortho-metallation of
a-(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-5-ylmethoxy)-
diazines

Our study started from the stereochemistry, supported by 1H
DNMR performed in [D8]THF and X-ray diffractometry,8 of
the DOABO group attached at the a-position of a diazine by
a methoxy like unit, e.g., compounds of type A and B
(Scheme 2).
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O
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O
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O
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Scheme 2.
As seen previously,8 the heterofacial cis fused double oxazo-
lidine part of the compounds A (R1¼H) was flipping at room
temperature (conformers II–III–IV) in an overall enantio-
meric inversion. It became rigid on a large domain of low
temperatures (273–173 K) with the potential chelating sites
O-3, N-1 and O-7 orientated as a frozen nonchiral conforma-
tion III. In contrast, the all-cis C-2, C-5 and C-8 trisubstituted
DOABO analogue B (R1¼Ph) was flipping still at 173 K. By
lowering the temperature, the common conformational
feature for structures A and B was the progressive orientation
of the c-5-diazinyloxymethyl moiety in a near coplanar
s-trans out arrangement, bisecting the DOABO skeleton.
Consequently, coplanarity also involved the ortho diazine
proton and the lone pair of the oxygen atom in the CH2O link-
age, as also proved by the crystallographically-determined
structures of type A and B.8 So, the CH2O connection could
coordinate the lithium atom to the lone pair of its oxygen
atom to bring the base into close vicinity of the ortho diazine
hydrogen and to provoke its removal (‘Complex Induced
Proximity Effect’, CIPE,15,16 e.g., conformer V, Scheme 2).
With these premises, we investigated the metallation in three
series, pyrazine, pyrimidine and pyridazine, bearing the
DOABO–CH2O group at the a-position. Whenever avail-
able, a comparison with the behaviour in DoM conditions
of the methoxy group a-substituting diazines was made.

2.1.1. Functionalisation of a-(3,7-dioxa-r-1-azabicyclo-
[3.3.0]oct-c-5-ylmethoxy)-pyrazines. The testing experi-
ments were carried out on compound 1a (Scheme 3, Table 1).

Treatment of 1a with 1.1 equiv of LTMP (lithium-2,2,6,6,-
tetramethylpiperidide) at �78 �C for 60 min as for 2-
methoxypyrazine17,18 followed by quenching with 20%
DCl/D2O (at �78 �C) afforded the starting material in
99% yield. Deuteriation was 84% at C-30 if 2.1 equiv of
LTMP were used. The best result, 98% deuterium incorpora-
tion in the crude product, was obtained with 4 equiv of
LTMP (compound 2a, Table 1). This excess could be ex-
plained by the high chelating ability at �78 �C of the frozen
meso form (P,M) conformation of the (2H)DOABO–CH2O
group of 1a (R1¼R2¼H, III/V, Scheme 2).
Keeping in mind these experimental conditions, the lithiated
compound 1a, upon treatment with various electrophiles, af-
forded the products 2b–g (Table 1, entry 1) with satisfactory

N

N

R1R2

i: 4 eq. LTMP / THF / T1 / t1
ii: 4 eq. electrophile / T1    T2 / t2
iii: hydrolysis / T2
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         1a-e
R1 = (2H)DOABO-CH2O,
        (2Ph)DOABO-CH2O
R2 = H, Cl, MeO,
       (2H)DOABO-CH2O

/2a-h, k, m: R1 = R2

2i, j: R1 = R2 =
= (2H)DOABO-CH2O

2l, n: R1 = R2/

i, ii, iii

Scheme 3.
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Table 1. Results of the functionalisation via directed ortho-metallation of achiral a-(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-5-ylmethoxy)-pyrazines. Preparation
of compounds 2a–n

N
OO

O
H-cH-c

H-t

H-t H-t

H-t RR

2
4 5 6

8

R = H-c: (2H)DOABO-CH2O
R = Ph: (2Ph)DOABO-CH2O

aliphatic

aminalic
Cis face

Trans face

Entry Starting material R1 Products Conditions

R2 E

N

N

R1R2

E

2'

3'5'

6'
N

N

R1R2

E

2'

3' 5'

6'

t1
(h)

T1

(�C)
T2

(�C)
t2
(h)

Compd (%) Compd (%)

1 1a (2H)DOABO–CH2O Da 2a (98)b — 1 �78 �78 —
H Ph–CH–OH 2b (79) — 1 �78 rt 12

Me–CH–OH 2c (41) — 1 �78 �78 4.5
Etc 2d (80) — 1 �78 �78 1.5
I 2e (68) — 1 �78 �78 2
Sn(n-Bu)3

d 2f (73) — 1 �78 �78 2
SPhd 2g (73) — 1 �78 �78 2

2 1b (2Ph)DOABO–CH2O Ph–CH–OH 2h (98) — 1 �78 rt 12
H

3 1c (2H)DOABO–CH2O Da 2i (71)e 0.5 0 — —
(2H)DOABO–CH2O Ph–CH–OH 2j (61) 2 �78 �50 10

4 1d (2H)DOABO–CH2O Ph–CH–OH 2k (52) 2l (26) 1 �78 rt 12
Cl [67]f [33]

5 1e (2H)DOABO–CH2O Ph–CH–OH 2m (29) 2n (41) 1 �78 rt 12
MeO [41] [59]

a DCl 20% g/g (8 equiv) in D2O solution were used.
b In round brackets, yields as isolated compounds after flash column chromatography; for 2a, as deuterium incorporation in quantitatively isolated crude

product (1H NMR monitoring); for 2k–n, as partial yields.
c MeI as electrophile; less than 10% of the intermediate methyl derivative was detected in the crude reaction mixture (1H NMR monitoring).
d ClSn(n-Bu)3 (for 2f) and Ph2S2 (for 2g) as electrophiles.
e Incorporation (50%) of deuterium with respect to the starting 1c.
f In square brackets: contents according to the 1H NMR spectra of the crude reaction mixtures.
to good yields and complete ortho regioselectivity indicating
that the (2H)DOABO–CH2O moiety acted as an effective
DoMG.

The flipping (2Ph)DOABO–CH2O fragment (Scheme 2)
was also an authentic DoMG, as proved by the excellent
result in the synthesis of compound 2h (Table 1, entry 2).

Products 2b, 2c, 2h, 2j, 2k and 2m have on ortho vicinity of
a stereogenic centre versus the heterofacial DOABO skele-
ton. The 1H NMR spectrum of 2b showed the expected dia-
stereotopic positions of the bicycle: C-2 versus C-8 and C-4
versus C-6. However, in the 1H NMR spectrum of 2c these
relevant positions appeared almost undifferentiated. For
this reason, we considered it of interest to continue our study
by using mainly benzaldehyde as the electrophile and the
structure of the chiral diarylmethanols of type 2b closer to
the DOABO–CH2O group intimate stereochemistry.8

The deuteriation of compound 1c, possessing twice the
(2H)DOABO–CH2O environment (Table 1, entry 3) yielded
2i as product, but fast decomposition of the reaction mixture
was observed. Consequently, no reaction of the metallated
compound 1c occurred at 0 �C with benzaldehyde. In turn,
at �78 �C, in contrast with the result observed with 2,6-
dimethoxypyrazine,19,20 the reaction gave the compound
2j in a satisfactory yield. Taking into account that 4 equiv
of LTMP were necessary (vs 2.2 equiv LTMP reported for
2,6-dimethoxypyrazine), we considered that these condi-
tions are also associated with the increased chelating ability
of the double frozen meso form (P,M) of 1c (R1¼H,
R2¼(2H)DOABO–CH2O, III/V, Scheme 2).

Compound 2j was investigated by high resolution NMR in
order to discriminate the two regioisomeric ortho-(C-20)
and para-(C-60) (2H)DOABO–CH2O groups with respect to
the C-30-a-hydroxybenzyl chiral centre. Individual 1H–13C
heteronuclear correlations (HSQC21,22 and HMBC23,24

experiments) and the assignment of the homofacial bicyclic
protons as -c(cis) or -t(trans) with respect to the lone pair
at N-1 in each (2H)DOABO environment (2D 1H–1H
NOESY25,26 experiments) were established. The results are
collected in Table 2 together with those supporting two other
terms of the series, compounds 2b and 2h.

Only the ortho-linked DOABO–CH2O groups exhibited sig-
nificant 1H magnetic nonequivalence as diastereotopicity
(Dd values) between the homofacial aminalic (or aliphatic)
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Table 2. Discriminating 1H NMR assignments in the case of compounds 2b, 2h and 2j

aliphatic

aminalicN

N
OH

R
1R2 2'6'

3'
N

OO

R3
R3

O H-cH-c

H-t

H-t H-t

H-t
2

4 6

8

R3 = H-c: (2H)DOABO-CH2O
R3 = Ph: (2Ph)DOABO-CH2O

2b: R1 = (2H)DOABO-CH2O, R2 = H
2h: R1 = (2Ph)DOABO-CH2O, R2 = H
2j: R1 = R2 = (2H)DOABO-CH2O

a,b

C DR
1

Trans face

Cis face

Compd Position of
DOABO–CH2O
linkage

Solvent d (ppm) Diastereotopicity as Dd values (ppm)
between labelled positions

Positions

Aminalic protons Aliphatic protons 5-CHaHbO

H-2-c H-8-c H-4-c H-6-c H-a On cis face

H-2-t H-8-t H-4-t H-6-t H-b (2)–(8) (4)–(6)

Dd (c-t) Dd (c-t) Dd (c-t) Dd (c-t) Dd (a–b) On trans face

Ring Ring Ring Ring (2)–(8) (4)–(6)

2b C-20 CDCl3 4.36 4.29 3.64 3.28 4.26a +0.07 D0.36
4.31 4.25 3.64 3.38 4.14a +0.06 +0.26

+0.05 +0.04 0.00 �0.10 0.12
C D C D

2h C-20 CDCl3 — — 3.91 3.46 4.17 — D0.45
5.50 5.41 3.81 3.32 4.00 +0.09 +0.49

— — +0.10 +0.14 0.17
C D C D

2j C-20 CDCl3 4.39 4.34 3.69 3.33 4.23 +0.05 D0.36
4.35 4.30 3.69 3.48 4.15 +0.05 +0.21

+0.04 +0.04 0.00 �0.15 0.08
C D C D

[D6]benzene 4.23 4.16 3.52 3.28 3.99 +0.07 D0.24
4.02 3.98 3.52 3.38 3.89 +0.04 +0.14

+0.21 +0.18 0.00 �0.10 0.10
C D C D

C-60 CDCl3 4.46 4.45 3.83 3.82 4.27 +0.01 +0.01
4.40 4.39 3.83 3.82 4.23 +0.01 +0.01

+0.06 +0.06 0.00 0.00 0.04
[D6]benzene 4.28 4.27 3.67 3.65 4.08 +0.01 +0.02

4.05 4.05 3.59 3.58 3.98 0.00 +0.01
+0.23 +0.22 +0.08 +0.07 0.10

a Assigned arbitrarily.
protons. It must be observed that it was more important in
the cis aliphatic part of the bicycle, and, on the whole, even
with respect to the Dd (a–b) value revealed by the exo-
cyclic methylene c-5-OCH-a, H-b. The presence of the
phenyl groups at C-2 and C-8 in 2h strongly increased the
diastereotopicity.

In compound 2j, for the remote para (2H)DOABO–CH2O
group, the discussed diastereotopicity was negligible. There-
fore, besides NOESY experiments, the diastereotopicity
criterion appeared to us as a useful and rapid tool to dis-
criminate regioisomers in this class of compounds.

The study of the ortho (2H)DOABO–CH2O group in
compound 2j by 2D 1H–1H NOESY experiments made it
possible to differentiate the two oxazolidine environments,
labelled arbitrarily C and D. The geminal anisochrony at
C-6 Dd (c-t) (ring D) was significant in comparison with
C-4 (ring C) where no geminal anisochrony was found
even at 500 MHz resolution. The same finding was valid
for 2b but not for 2h. In compounds 2b and 2j, by neglecting
the absence of the geminal anisochrony at C-4, all cis orien-
tated protons were more deshielded than the corresponding
trans ones, except the reverse situation observed at C-6.
Hence, we assigned ring D to be sterically closer to the
anisotropy created by the ortho a-hydroxybenzyl group. The
same discrimination in the case of 2h might be envisaged
cautiously.

For the simplest term 2b, the assignment of a favoured con-
figuration of the C-30-chiral centre, associated to an appro-
priate conformation of the adjacent DOABO skeleton
was attempted by means of ab initio molecular orbital calcu-
lation with full geometry optimisation (level RHF/6-31G*,
Scheme 4).

Three distinct conformers were found, 2b-VI, 2b-VII and
2b-VIII. They were all orthogonal rotamers regarding the
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orientation of the pyrazine ring. The magnitudes of the
total DE values (<3 kJ mol�1) were too small to predict
the most stable spatial arrangement but each of them was
in agreement with two remarks, supported by 1H NMR
data (Table 2).

(i) In conformers 2b-VI and 2b-VIII, the geometry of
the two aromatic rings provided a ‘cage’ with a more
deshielding influence on both faces of the bicycle
faces with respect to oxazolidine C against D, e.g., H-4
versus H-6 and H-2 versus H-8. Comparable NMR
data applied for the ortho (2H)DOABO–CH2O
group in compound 2j were observed (Table 2). This
stereochemistry (P,M,R) and (P,M,S) also facilitated
the development of the expected intramolecular
hydrogen bonds (benzyl)O–H.N-40(pyrazine) and
(benzyl)O–H.O–CH2(DOABO).

(ii) In conformer 2b-VII, the chiral centre was, this time,
closer to oxazolidine unit D. Hence, the geminal aniso-
chrony at C-6 was noticeable; meanwhile almost no
geminal anisochrony was exhibited by the methylene
C-4. Moreover, the conformational chirality P,P of the
DOABO skeleton appeared in relationship with the R
configuration of the chiral centre since they together
made possible two six-membered chelate intramole-
cular hydrogen bonds.

The NMR based stereochemical assignments for compounds
2b, 2j could be extrapolated for all synthesised chiral diaryl-
methanols having an ortho correspondence between the
a-hydroxybenzyl and (2H)DOABO–CH2O groups. Indeed,
they all exhibited only small fluctuations of the DOABO
chemical shifts in comparison with 2b and 2j.

The competition as DoMGs, (2H)DOABO–CH2O against
chlorine and methoxy, respectively, was also investigated
(Table 1).

Starting from 1d (entry 4), no trace of a deuteriated deriva-
tive was detected when the reaction mixture was quenched
with DCl/D2O, after several attempts: 4 equiv of LTMP (lith-
iation at �78 �C for 1, 6 even 14 h). In contrast, upon treat-
ment of the reaction mixture with benzaldehyde at �78 �C,
and slow evolution to room temperature, the regioisomers 2k
and 2l were obtained in good yield with the competitive
regioselectivity similar to 2-chloro-6-methoxypyrazine.18

Thus, the synthesis of compounds 2k and 2l proved the
in situ trapping when benzaldehyde was used as an electro-
phile. The easily separable compounds 2k and 2l were also
easily discriminated based on 1H NMR diastereotopicity cri-
terion: it was around 0.31 ppm on the aliphatic motif of the
DOABO cis face in 2k but negligible in 2l (0.01 ppm).

The competitive metallation of 1e (entry 5) indicated com-
parable powers of orientation of the methoxy versus
(2H)DOABO–CH2O groups. The result was also reliable
with the role played by the 5-OCH2 group in creating
CIPE, similar to an authentic DoMG, methoxy. In order
to discriminate the nonseparable regioisomeric products
2m+2n, the variable diastereotopicity in the aliphatic
(2H)DOABO sequences was crucial. It was 0.38 versus
0.25 ppm (cis vs trans face) in 2m but undetectable in 2n.

The lithiation of chiral 1f (depicted as 1R,2R,5S enantiomer
in Scheme 5), followed by quenching with anisaldehyde
or pivalaldehyde resulted in the absence of diastereoselectiv-
ity, the equimolar nonseparable mixture of diastereomers
3a-R+3a-S or 3b-R+3b-S being isolated in each case
(50:50, 1R,2R,5S,R:1R,2R,5S,S).
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ii: 4 eq. R-CH=O / -78 °C     r.t. / 12 hrs.
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i, ii, iii

Scheme 5.

We explained this lack of diastereoselectivity by the stabili-
sation of the lithiated 1f as s-trans out bisectional rotamer
(II–IV, R1(C-2)¼Ph, R1(C-8)¼H, Scheme 2). Hence, the re-
action site was significantly remote from the DOABO chiral
centres N-1, C-2 and C-5.

2.1.2. Functionalisation of a-(3,7-dioxa-r-1-azabi-
cyclo[3.3.0]oct-c-5-ylmethoxy)-pyrimidines. The DoMG
aptitude of the DOABO–CH2O group substituting a di-
azine ring was also investigated in the pyrimidine series
(Scheme 6).
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The behaviour of 40,60-disubstituted compounds 4a and 4b
was compared.

Starting from 4a, having, at �78 �C, the two (2H)DOABO
units blocked as meso form (P,M) conformers (III, Scheme
2),8 no reaction was observed at this temperature. A slow
progress was detected by TLC monitoring only if the reac-
tion mixture was gently warmed up to room temperature.
The NMR spectrum of the crude reaction mixture indicated
a content of about 66% 5a and 34% 4a.

In the case of 4b, whose (2Ph)DOABO units were still flip-
ping at�78 �C (R1¼Ph, II–III–IV, Scheme 2),8 the reaction
reached completion at this temperature. The smaller yield
(64%) was due to the partial decomposition of the product
5b during isolation by flash column chromatography.

We rationalised these results as correlated with the different
conformational behaviour of the DOABO systems in metal-
lation conditions (4a vs 4b) and to the in situ trapping of the
electrophile in the case of 4a.

2.1.3. Functionalisation of a-(3,7-dioxa-r-1-azabicyclo-
[3.3.0]oct-c-5-ylmethoxy)-pyridazines. In the pyridazine
series, the competitive ortho-metallation assisted by the
(2H)DOABO–CH2O group versus chlorine and methoxy,
respectively, was studied.

Lithium-N,N-tert-butyl-(1-isopropylpentyl)amide (called
‘LB1’, pKa¼38.3 in THF), more hindered and basic than
LDA and LTMP (pKa¼35.7 and 37.3, respectively), was
previously used for the claimed improved regioselective
metallation of 3-chloro-6-methoxypyridazine.27 Therefore,
we tested the deuteriation of the analogous 6a in identical
conditions (2.2 equiv LB1 at �78 �C, reaction time
30 min). The unreacted 6a was recovered in almost quantita-
tive yield. By using 4 equiv LB1, the regioselectivity was
poor (entry 1, compounds 7a, and 7b). The content of the
crude reaction mixture was calculated based on the 1H
NMR spectrum, which displayed well-separated signals in
the aromatic part: H-40 and H-50 at 7.37 6.97 ppm (d,
J¼9.2 Hz), respectively, in 6a; H-50 at 7.37 ppm (s) in 7a;
H-50 at 6.97 ppm (s) in 7b. Then, the global composition
was checked and established in proportional correlation
with the intensity of the singlet located at 3.86 ppm, assigned
to DOABO methylenes C-4, C-6 in all 6a, 7a and 7b envi-
ronments (Scheme 7, Table 3).

Hence, the same metallating reagent, LTMP, as in the pyra-
zine and pyrimidine series, was again used (Table 3).
Compounds 7c and 7d were obtained with good global yield
(entry 1), but with low ortho regioselectivity mandatory to
the (2H)DOABO–CH2O group in competition with chlorine.
It was rather comparable with the already reported competi-
tion of methoxyethoxy versus chloro (ortho to chloro:ortho
to methoxyethoxy as 32:48),28 than methoxy versus chloro
in the pyridazine series (ortho to chloro:ortho to methoxy
as 20:80).27,29 The individual assignment of the regio-
isomers 7c and 7d was unproblematic since the DOABO
group exhibited different 1H NMR diastereotopicity
between homofacial aliphatic protons only in 7c: Dd¼
0.33 ppm (cis face) and 0.26 ppm (trans face). These Dd
values were 0.00 ppm in 7d.

The functionalisation of the pyridazine 6b was seen as the
most illustrative competition between the methoxy against
(2H)DOABO–CH2O group because the sites to be deproto-
nated had ortho relationship (entry 2). The reaction occurred
with complete ortho to methoxy regioselectivity. Identifi-
cation of the product 7e was based on its 2D 1H–1H
NOESY25,26 spectrum supporting the observation that, in the
alicyclic region of the spectrum, poor or no diastereotopicity
was evidenced in [D6]benzene and CDCl3. That is, the chiral
centre was linked farther from the ortho position with
respect to the (2H)DOABO–CH2O group. In this case, the
different steric hindrance against the bulky base LTMP,
promoted by the two chelating oxygen-fragments, MeO
and 5-OCH2 in (2H)DOABO–CH2O, became noteworthy.

We expected to better estimate this effect by the metallation
of the symmetric 30,60-disubstituted pyridazine 6c (entry 3).
Unfortunately, despite dilution (more than 10�2 M in THF)
and progressive increasing of the molar ratio 6c:LTMP
(4/8 equiv), the reaction mixture constantly was a very
fine suspension of 6c, from �78 �C to room temperature.
For the largest excess of the metallating reagent, after col-
umn chromatography, a nonseparable mixture 6c+7f was
isolated.

2.2. Functionalisation of a-(3,7-dioxa-r-1-azabicyclo-
[3.3.0]oct-c-5-ylmethoxy)-a-chlorodiazines by
cross-coupling reactions under Stille conditions

In this section, our preliminary results concerning the syn-
thesis and coordination ability of four polyaza heterocycles
possessing the (2H)DOABO–CH2O group as peripheral
sites is described (Scheme 8, Table 4).

N
N

R1

R2

i: n eq. Base / -78 °C / THF /  t1
ii: n eq. electrophile / -78 °C T / t2
iii: hydrolysis / T

N
N

R1

R2

E
N
N

R1

R2
E

+

6a-c           R1 = R2
7a, c          7b, d, e

R1 = R2                   
7f

/

i, ii, iii

R1 = (2H)DOABO-CH2O            
6a: R2 = Cl
6b: R2 = MeO
6c: R2 = (2H)DOABO-CH2O

Scheme 7.
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Table 3. Results of the functionalisation via directed ortho-metallation of a-(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-5-ylmethoxy)-pyridazines. Preparation of
compounds 7a–f

N
OO

O
H-cH-c

H-t

H-t H-t

H-t H-cH-c

2
4 5 6

8

DOABO-CH2O(2H)

Entry Starting material R1 Products Conditions

R2 E

N
N

R1

R2

E3'

4'
5'

6'

N
N

R1

R2
E3'

4'
5'

6'

n Base t1 (min) T (�C) t2 (h)

Compd Compd

1 6a (2H)DOABO–CH2O Da 7a [15]b 7b [32] 4 LB1
c 60 �78 —

Cl Ph–CH–OH 7c (53)d 7d (31) 4 LTMP 90 rt 14
[63] [37]

2 6b (2H)DOABO–CH2O Ph–CH–OH — 7e (78) 4 LTMP 70 rt 16
MeO

3 6c (2H)DOABO–CH2O Ph–CH–OH 7f [36] 8 LTMP 120 rt 24
(2H)DOABO–CH2O

a DCl 20% g/g (8 equiv) in D2O solution was used.
b In square brackets: contents according to the 1H NMR spectra of the crude reaction mixtures; 53% of starting 6a in the mixture 7a+7b: 64% of starting 6c as

a mixture with 7f.
c Lithium-N,N-tert-butyl-(1-isopropylpentyl)amide.
d In round brackets, yields as isolated compounds after flash column chromatography; for 7c and 7d as partial yields.
Thus, the 2,6-bis(tri-n-butylstannyl)pyrazine 8 was reacted
under Stille conditions as double cross-coupling with the
(2H)DOABO–CH2O fragments a-substituting the a-chloro-
diazines 1d, 4c, 4d and 6a. Their syntheses, together with
that of the starting 8 were previously reported by us.8,14

The target compounds were 2,6-bis(diazinyl)pyrazines 9a–d.

Very clean reactions accompanied the preparation of the
compounds 9a and 9c. In turn, separation of 9b and 9d as
pure analytical samples was more cumbersome than ex-
pected because they were contaminated by side products,
homocoupling 10a and 10b and hetero–homocoupling
derivatives 11a and 11b. As shown in Table 4, the com-
pounds 10a, 10b, 11a and 11b were assigned on the basis
of their well-separated signals in the 1H NMR (aromatic
zone) and MS spectra of the crude reaction mixtures.

With the pure 9a–d in our hands, their coordination ability
against two transition metals, Zn2+ and Eu3+, was examined.
The first results of this exploratory study, carried out by
means of UV spectroscopy, are collected in Table 5.

The measurements were performed in acetonitrile by using
4�10�5 M as initial concentration of the compounds 9a–d.
UV spectra were recorded for each 0.2 equiv of the salt
N

N

Sn(n-Bu)3(n-Bu)3Sn

N

N

NNN N

5 % Pd(PPh3)4
toluene reflux / t

N

N

N
N

N
N

N

N

N N
NN

 8

(R)n (R) n

R R

R

R

R = (2H)DOABO-CH2O
n = 1, 2

             1d, 4c, 4d, 6a

9a-d

10a, b

11a, b

N

Cl
N(R)n2.10 eq. 

Scheme 8.
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Table 4. Results in the cross-coupling reactions of compounds 1d, 4c, 4d and 6a. Preparation of compounds 9a–d

Entry Starting material t (h) Yield (%) Main products Side products

1

N
N

Cl

R
1d

22 65
N

N
N

N

N
N

R R

9.28

8.05

9.04

9a
a

2 N N

ClR

4c

48 60
N N

N

N

N N

RR

9.73

8.90

7.88

(82%)9b
b

N
NN

N

RR

8.83

7.79

10a (6%)

N

N

N N

N

N

NN

R
R

7.92

8.92

9.849.75

11a (12%)

3
N N

ClR

R
4d

27 70
N N

N

N

N N

RR

RR

9.65

7.54

9c

4
N

N

Cl

R
6a

48 22

9.85

8.54

N
N

N

N

R N
N

R

7.21

9d (50%)

N N
R

N N
R

8.617.16

10b (35%)
N

N
N

N

N
N

R

9.899.75

8.62

7.23

N
N

R

11b (15%)

a R¼(2H)DOABO–CH2O.
b Contents issued from the 1H NMR spectra of the crude reaction mixtures.
added as 3�10�4 M solution, the final number of equivalents
of the salt being 2.0 in all cases. Successive high dilutions
were required by the very low solubility of our compounds
in acetonitrile.

The UV data indicated that the terpyrazine 9a was inert
against both cations (entries 1–5).
Compound 9b was an efficient ligand for both Zn2+ and
Eu3+. The consecutive UV spectra showed a relevant batho-
chromic effect as Dlmax.¼26 nm for Zn2+(entry 7 vs 6) and
16 nm for Eu3+ (entry 9 vs 6) until 1 equiv of Mn+ was
added and the saturation was reached (entries 8 and 10).
Two isosbestic points were displayed in each case.
Accordingly, two successive equilibriums including the
Table 5. Relevant UV data about the coordination ability of compounds 9a–d

Entry Ligand L Salt Absorptions as l (nm) (log 3) Isosbestic points
l (nm)

Proposed
stoichiometry L:M

Metal (equiv Mn+)

1 9a 9a only 0.0 242 (4.10); 323 (4.27)
2 +Zn(BF4)2 1.0 242 (4.10); 323 (4.25)
3 2.0 242 (4.11); 324 (4.26) — —
4 +EuCl3�6H2O 1.0 242 (4.11); 323 (4.25)
5 2.0 241 (4.13); 322 (4.25) — —

6 9b 9b only 0.0 209 (4.63); 246 (4.17); 293 (4.18)
7 +Zn(BF4)2 1.0 211 (4.65); 319 (4.23) 1:1
8 2.0 211 (4.67); 319 (4.24) 226 305
9 +EuCl3�6H2O 1.0 210 (4.72); 309 (4.22) 1:1
10 2.0 211 (4.75); 310 (4.26) 230 311

11 9c 9c only 0.0 203 (4.68); 250 (4.25); 298 (4.27)
12 +Zn(BF4)2 1.0 205 (4.66); 335 (4.33); 347 (4.33) 1:1
13 2.0 205 (4.66); 335 (4.33); 345 (4.41) 236 318
14 +EuCl3�6H2O 1.0 203 (4.68); 250 (4.25); 298 (4.24) — —
15 2.0 203 (4.68); 250 (4.24); 298 (4.24)

16 9d 9d only 0.0 209 (4.48); 252 (4.39); 297 (4.24)
17 +Zn(BF4)2 1.0 212 (4.45); 234 (4.41); 257 (4.36)
18 1.6 213 (4.46); 234 (4.40); 263 (4.36); 347 (4.04) 263 280 1:1.5
19 2.0 213 (4.47); 234 (4.45); 265 (4.37); 347 (4.05) 334
20 +EuCl3�6H2O 1.0 209 (4.48); 252 (4.41); 285 (4.26)
21 2.0 209 (4.48); 252 (4.41); 283 (4.26) — —
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Figure 1. UV spectra of compound 9c in the presence of progressive increased concentration of Zn2+ as Zn(BF4)2 (A) and Eu3+ as EuCl3$6H2O (B).
free 9b and its complex [9b]:[Mn+] (1:1 stoichiometry)
were proposed.

Compound 9c, possessing twice the number of (2H)DOABO–
CH2O groups, was a selective ligand (Fig. 1).

The UV monitoring of its behaviour in the presence of
increased amounts of Mn+, indicated only with Zn2+ a strong
bathochromic effect at Dlmax.¼49 nm (entry 12 vs 11) and
two isosbestic points located at 236 and 318 nm. The same
stoichiometry of the complex as above, [9c]:[Zn2+]¼1:1 in
equilibrium with the free 9c, via an intermediate, was plau-
sible. No modification of the UV spectrum was observed in
the presence of Eu3+ (entries 14 and 15).

Finally, the bis(pyridazinyl)pyrazine 9d was not only a
selective ligand but the stoichiometry of its coordination
with Zn2+ showed an increased chelating ability as
[9d]:[Zn2+]¼1:1.5 (entry 18). Consequently, besides the
bathochromic effect at Dlmax.¼50 nm (entries 16–19), three
isosbestic points were found, consistent with the occurrence
of three successive equilibriums.

3. Conclusions

The 3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-5-ylmethoxydi-
azines can be highly functionalised on the diazine site via
directed ortho-metallation reaction. The DOABO–CH2O ar-
chitecture, alone or in competition with chloro or methoxy
groups, acts as a DoMG since the 5-OCH2 moiety creates
CIPE. The latter is favoured by the orientation of the diazi-
nyloxymethyl fragment as bisectional and coplanar s-trans
out rotamer. Although the metallation conditions are very
different from those previously reported for methoxydi-
azines, the results appear quite similar. By appropriate choice
of the electrophile, elaborated chiral diarylmethanols are
prepared. They exhibit stereospecific relationships between
configurational and conformational chirality of the molecule
creating internal six-membered chelate hydrogen bonds.
The DOABO–CH2O group a-substituting diazines is also
compatible with cross-coupling reactions providing aza
analogues of terpyridine with selective coordinating ability
against transition metals.

4. Experimental

4.1. General

Melting points are uncorrected; they were carried out on an
ELECTROTHERMAL� 9100 instrument. Current NMR
spectra were recorded on a Brucker� AM300 (300 MHz
1H, 75 MHz 13C). NMR analysis for the compound 2j
was performed on a Brucker� DMX500 (500 MHz 1H,
125 MHz 13C). TLC was performed by using aluminium
sheets with silica gel 60 F254 (Merck�); flash column chro-
matography was conducted on silica gel Si 60 (40–63 mm,
Merck�). IR spectra were performed on a Perkin–Elmer�

Paragom FTIR spectrometer. Only relevant absorptions
are listed [throughout in cm�1: weak (w), medium (m)
or strong (s)]. Mass spectra (MS) were recorded on an ATI-
Unicam Automass� apparatus, fitted (or not) with a GC-
mass coupling. UV spectra were measured on a VARIAN�

CARY 100 SCANS instrument. Microanalyses were per-
formed on a Carlo Erba� CHNOS 1160 apparatus. All
synthesis was performed under dry nitrogen atmosphere.
THF was freshly distilled from Na/benzophenone prior to
use. All solvents and starting materials were of commercial
quality.

UV spectra were compiled by using SPECFIT/32� and
Varian Carry Winuv� programs.

Molecular orbital calculations for the compound 2b: the
conformational space of these systems has been investigated
by using the ‘Conformer Distribution’ facility (MMFF
force field) from Spartan’o2. [Spartan’o2, Wavefunction,
Inc. Irvine, CA]. The set of conformers thus generated
has been subjected, within the same package, to full geo-
metry optimisation at the RHF/6-31G* ab initio level. The
default convergence criteria (Energy ¼ 0.000001 hartrees,
rms gradient ¼ 0.000450 hartrees/bohr) have been imposed
throughout for all the ab initio computations.
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The syntheses of the starting materials 1a–f, 4a–d and 6a–c
was described elsewhere.8,11

4.2. General procedure for the preparation of com-
pounds 2a–j, 3a, 3b, 5a, 5b and 7a–f by Directed
ortho-Metallation methodology

In 25–50 mL (Note 1) THF and with vigorous stirring,
2,2,6,6-tetramethylpiperidine (HTMP) (0.688 mL, 0.565 g
100%, 0.576 g 98%, 4 mmol) was injected. The solution
was cooled at �10 to �15 �C and then n-BuLi (2.50 mL
as 1.6 M solution in hexane, 4.00 mmol, optionally
1.54 mL as 2.6 M in hexane) was injected. The clear
yellowish solution was stirred at �10 to �15 �C for addi-
tional 15 min and then cooled to �78 �C. The starting
DOABO–CH2O substituting diazine (1.00 mmol) as a THF
solution (2–10 mL, Note 1) was introduced. Specific condi-
tions to perform the reaction are presented in Tables 1 and 3
and Schemes 5 and 6 (Note 2). TLC (UV 254 nm) monitored
all syntheses as follows: 0.2–0.3 mL from the reaction
mixture were rapidly quenched with 2 mL 1:1 v/v mixture
ethyl acetate (optionally ether):water. The sample was
collected from the organic layer after vigorous stirring and
separation. If no reaction occurred at �78 �C or very slow
evolution was observed, the reaction mixture was let to reach
very gently the room temperature.

The reaction mixture was quenched according to one of the
following variants:

A In the case of deuteriated compounds 2a and 7a, 7b, the
reaction was quenched at�78 �C (0 �C in the case of 2i)
with 8 equiv of DCl as 20% g/g solution in D2O. Then it
was allowed to reach the room temperature. The next
work up was made according to variant C.

B In the case of compounds 2c–g, the reaction was
quenched at �78 �C with 10 mL 1:1 v/v THF:EtOH.
Then it was allowed to reach room temperature. The
next work up was made according to variant C.

C For the rest of the compounds, the reaction mixture was
quenched at room temperature with 100 mL 1:1 v/v
dichloromethane:water. After separation, the aqueous
layer was extracted with dichloromethane (2�15 mL)
and then the combined organic solution was washed
with water (�25 mL) to neutrality. After drying on
MgSO4 and filtering, the dichloromethane solution
was evaporated under vacuum to dryness. The obtained
oily residue was analysed by 1H NMR as a crude
reaction mixture. For deuteriated compounds 2a, 2i
and 7a, 7b conclusions were provided at this stage
(Note 3). For the rest of the compounds, the mixtures
were purified by column chromatography to yield the
title compounds (Note 4).
Note 1 THF 25 (50) mL for diazines possessing one

(two, respectively) DOABO fragment(s).
Note 2 After the accumulation time, usually clear

coloured solutions were obtained as follows:
1a, 1e (yellow/reddish-brown), 1b (yellow/
orange), 1c (orange at �78 �C and brown at
0 �C), 1d (reddish orange), 1f (yellow/reddish-
yellow), 4a, 4b (no change), 6a (bright yellow/
reddish violet with LiB1, reddish orange with
LTMP), 6b (red) and 6c (pale reddish).
Note 3 For mono deuteriated compounds 2a and 2i the
magnitude of the corresponding integral is given
in each case as percentages with respect to the
most intense signal. For 7a and 7b, see the text.

Note 4 CARE! After column chromatography, almost
all compounds were preliminarily obtained as
viscous pale yellowish oils. They were then
crystallised from ligroin:ether mixtures (about
1:1 v/v) or pentane. Crystallisations take place
over a long time (1–7 days). All melting points,
elementary analysis, NMR, IR and MS spectra
refer to crystalline isolated structures. The
TLC monitoring of all reactions and separations
by column chromatography evidenced very
weak absorption in UV (254 nm). Concentrated
samples were used.

4.2.1. 3-[2H]-2-[(3,7-Dioxa-r-1-azabicyclo[3.3.0]oct-c-5-
yl)methoxy]-pyrazine (2a). Yield 98%. dH (300 MHz,
CDCl3) heteroaromatic: 8.23 (1H, d, J¼1.1 Hz, H-3,
1.7%), 8.13 (1H, d, J¼3.0 Hz, H-5, 93%), 8.06 (1H, d,
J¼2.8 Hz, H-6, 100%). MS (EI, 70 eV) m/z (rel int. %):
(M++1) 225 (5), 207 (5), 177 (4), 128 (100%), 98 (9).

4.2.2. rac-3-(a-Hydroxybenzyl)-2-[(3,7-dioxa-r-1-aza-
bicyclo[3.3.0]oct-c-5-yl)methoxy]-pyrazine (2b). Yield
79%. Yellowish crystalline powder, mp 84–85 �C (pentane)
(column chromatography, eluent AcOEt:ligroin 20:1 v/v).
[Found: C, 61.79; H, 6.10; N, 12.45. C17H19N3O4 requires:
C, 61.99; H, 5.81; N, 12.76%]. Rf (95% AcOEt:ligroin)
0.40. nmax (film NaCl): 3600 (s), 2863 (w), 2356 (w), 1540
(w), 1419 (s), 1320 (w), 1176 (m), 1093 (w), 1042 (s), 925
(m), 700 (s) cm�1. dH (300 MHz, CDCl3) (hetero)aromatic:
8.07 (1H, d, J¼2.8 Hz, H-5), 7.96 (1H, d, J¼2.8 Hz, H-6),
7.30–7.10 (5H, m, Ph), 5.71 (1H, d, J¼4.7 Hz, CHOH),
5.05 (1H, d, J¼4.7 Hz, OH); DOABO–CH2O: 4.36 (1H, d,
J¼5.7 Hz, H-2-c), 4.31 (1H, d, J¼5.7 Hz, H-2-t), 4.29
(1H, d, J¼6.4 Hz, H-8-c), 4.26 (1H, d, J¼10.9 Hz,
5-OCHaHb), 4.25 (1H, d, J¼6.4 Hz, H-8-t), 4.14 (1H, d,
J¼10.9 Hz, 5-OCHaHb), 3.64 (2H, s, H-4-c, H-4-t), 3.38
(1H, d, J¼9.0 Hz, H-6-t), 3.28 (1H, d, J¼9.0 Hz, H-6-c);
dC (75 MHz, CDCl3) (hetero)aromatic: 156.8 (1C, C-2),
146.2 (1C, C-3), 141.9 (1C, Cq., Ph), 140.3 (1C, C-6),
135.5 (1C, C-5), 128.9 (2C, CH, Ph), 128.5 (1C, CH, Ph),
127.6 (2C, CH, Ph); DOABO–CH2O: 88.4, 88.3 (2C, C-2,
C-8), 74.32, 74.28 (2C, C-4, C-6), 71.9 (1C, CHOH), 71.6
(1C, C-5), 69.3 (1C, 5-OCH2). MS (EI, 70 eV) m/z (rel
int. %): (M+�1) 328 (3), 312 (100), 281.9 (13), 254.8
(10), 211.7 (11), 186.8 (8), 128 (75), 98 (32).

4.2.3. rac-3-(1-Hydroxyeth-1-yl)-2-[(3,7-dioxa-r-1-aza-
bicyclo[3.3.0]oct-c-5-yl)methoxy]-pyrazine (2c). Yield
41%. White crystalline powder, mp 79–80 �C (Et2O:ligroin
1:1 v/v) (column chromatography, eluent AcOEt:ligroin
20:1 v/v). [Found: C, 53.94; H, 6.41; N, 15.39.
C12H17N3O4 requires: C, 53.92; H, 6.41; N, 15.72%]. Rf

(95% AcOEt:ligroin) 0.19. nmax (film KBr): 3414(s), 2853
(s), 1544 (m), 1417 (s), 1342 (s), 1306 (s), 1271 (m), 1175
(s), 1136 (s), 1103 (s), 1064 (s), 1038 (s), 1004 (s), 944
(m), 916 (s), 854 (w), 765 (w), 678 (m), 617 (w) cm�1. dH

(300 MHz, CDCl3) heteroaromatic: 8.05 (1H, d, J¼2.3 Hz,
H-5), 7.97 (1H, d, J¼2.3 Hz, H-6), 4.94 (1H, q, J¼6.4 Hz,
CHOH), 3.83 (1H, br s, OH); DOABO–CH2O: 4.49 (2H,
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d, J¼5.5 Hz, H-2, H-8-c), 4.43 (2H, d, J¼5.5 Hz, H-2,
H-8-t), 4.40 (1H, d, J¼10.7 Hz, 5-OCHaHb), 4.35 (1H, d,
J¼10.7 Hz, 5-OCHaHb), 3.85 (2H, d, J¼9.4 Hz, H-4, H-6,
H-c), 3.82 (2H, d, J¼9.4 Hz, H-4, H-6, H-t), 1.42 (3H, d,
J¼6.4 Hz, CH3); dC (75 MHz, CDCl3) heteroaromatic:
156.8 (1C, C-2), 148.5 (1C, C-3), 139.8 (1C, C-6), 135.8
(1C, C-5); DOABO–CH2O: 88.6 (2C, C-2, C-8), 74.2 (2C,
C-4, C-6), 72.0 (1C, C-5), 69.0 (1C, 5-OCH2), 65.7 (1C,
CHOH), 22.6 (1C, CH3). dH (300 MHz, [D6]bezene)
DOABO–CH2O: 4.27 (1H, d, J¼5.3 Hz, H-2-c), 4.25 (1H,
d, J¼5.3 Hz, H-8-c), 4.19 (1H, d, J¼10.9 Hz, 5-OCHaHb),
4.10 (1H, d, J¼10.9 Hz, 5-OCHaHb), 4.06 (2H, d,
J¼5.5 Hz, H-2, H-8-t), 3.50 (2H, d, J¼9.4 Hz, H-4, H-6-
c), 3.45 (2H, d, J¼9.4 Hz, H-4, H-6-t). MS (EI, 70 eV) m/z
(rel int. %): (M+) 267 (6), 222 (12), 207 (15), 128 (18),
114 (100), 98 (20), 86 (10), 68 (21).

4.2.4. 3-Ethyl-2-[(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-
c-5-yl)methoxy]-pyrazine (2d). Yield 80%. Yellowish
crystalline powder, mp 31–35 �C (pentane), (column chro-
matography, eluent AcOEt:ligroin 20:1 v/v). [Found: C,
57.09; H, 7.15; N, 16.55. C12H17N3O3 requires: C, 57.36;
H, 6.82; N, 16.72%]. Rf (95% AcOEt:ligroin) 0.40. nmax

(film KBr): 2976.1, 2858 (s), 1548 (s), 1418 (s), 1334 (s),
1184 (s), 1147 (s), 1099 (s), 1043 (s), 1020 (w), 1003 (s),
925 (s), 846 (m), 748 (m), 665 (m) cm�1. dH (300 MHz,
CDCl3) heteroaromatic: 7.98 (1H, d, J¼2.6 Hz, H-5), 7.83
(1H, d, J¼2.6 Hz, H-6); DOABO–CH2O: 4.46 (2H, d,
J¼5.5 Hz, H-2, H-8-c), 4.42 (2H, d, J¼5.5 Hz, H-2, H-8-
t), 4.32 (2H, s, 5-OCH2), 3.83 (2H, d, J¼9.0 Hz, H-4, H-6-
c), 3.81 (2H, d, J¼9.0 Hz, H-4, H-6-t), 2.73 (2H, q,
J¼7.5 Hz, CH2CH3), 1.19 (3H, t, J¼7.5 Hz, CH2CH3); dC

(75 MHz, CDCl3) heteroaromatic: 158.0 (1C, C-2), 149.1
(1C, C-3), 138.2 (1C, C-6), 136.6 (1C, C-5); DOABO–
CH2O: 88.8 (2C, C-2, C-8), 74.4 (2C, C-4, C-6), 72.0 (1C,
C-5), 68.9 (1C, 5-OCH2), 26.1 (1C, CH2CH3), 11.6 (1C,
CH2CH3). MS (CI) m/z (rel int. %): (M++14) 256 (5), 251
(<1), 235 (9), 221 (18), 141 (100), 128 (24), 115 (14).

4.2.5. 3-Iodo-2-[(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-5-
yl)methoxy]-pyrazine (2e). Yield 68%. Yellow crystalline
powder, mp 71–72 �C (pentane) (column chromatography,
eluent AcOEt:pentane 4:1 v/v). [Found: C, 34.55; H, 3.45;
N, 11.97. C10H12N3O3I requires: C, 34.40; H, 3.46; N,
12.04%]; Rf (75% AcOEt:pentane) 0.55. nmax (film KBr):
2980 (w), 2872 (s), 1510 (s), 1443 (m), 1404 (s), 1354 (s),
1344 (s), 1330 (s), 1161 (s), 1092 (s), 1041 (s), 1018 (m),
988 (m), 931 (m), 913 (m), 851 (m), 713 (m), 631 (w),
454 (m) cm�1. dH (300 MHz, CDCl3) heteroaromatic: 7.94
(2H, s, H-5, H-6); DOABO–CH2O: 4.56 (2H, d, J¼5.3 Hz,
H-2, H-8-c), 4.46 (2H, d, J¼5.3 Hz, H-2, H-8-t), 4.36 (2H,
s, 5-OCH2), 3.93 (2H, d, J¼9.0 Hz, H-4, H-6-c), 3.89 (2H,
d, J¼9.0 Hz, H-4, H-6-t); dC (75 MHz, CDCl3) heteroaro-
matic: 158.9 (1C, C-2), 139.8 (1C, C-6), 138.4 (1C, C-5),
108.0 (1C, C-3); DOABO–CH2O: 88.9 (2C, C-2, C-8),
74.3 (2C, C-4, C-6), 71.8 (1C, C-5), 70.4 (1C, 5-OCH2).
MS (EI, 70 eV) m/z (rel int. %): (M+) 349 (4), 304 (5), 289
(15), 261 (5), 222 (40), 205 (5), 128 (14), 114 (100), 98
(28), 86 (10), 68 (30).

4.2.6. 3-Tri-n-butylstannyl-2-[(3,7-dioxa-r-1-azabi-
cyclo[3.3.0]oct-c-5-yl)methoxy]-pyrazine (2f). Yield 73%.
Yellow oil (column chromatography, eluent ligroin:AcOEt
2:1). [Found: C, 51.29; H, 7.95; N, 8.25. C22H39N3O3Sn
requires: C, 51.58; H, 7.67; N, 8.20%]. Rf (66% ligroin:
AcOEt) 0.60. nmax (film NaCl): 2955 (s), 2928 (s), 2855
(s), 1559 (w), 1503 (m), 1463 (w), 1389 (s), 1342 (s), 1326
(s), 1294 (m), 1155 (s), 1100 (s), 1088 (s), 1047 (m), 1025
(m), 1002 (m), 931 (m), 865 (w), 843 (w), 749 (w), 693
(w), 601 (w) cm�1. dH (300 MHz, CDCl3) heteroaromatic:
8.26 (1H, d, J¼2.6 Hz, H-5), 7.84 (1H, dd, J¼2.6, 5.1 Hz,
H-6); DOABO–CH2O: 4.47 (2H, d, J¼5.3 Hz, H-2, H-8-c),
4.42 (2H, d, J¼5.3 Hz, H-2, H-8-t), 4.31 (2H, s, 5-OCH2),
3.84 (4H, dd as t, J¼8.7 Hz, H-4, H-6, H-c, H-t), 1.54–
1.44 (6H, m, CH2CH2CH2CH3), 1.32–1.20 (6H, m,
CH2CH2CH2CH3), 1.14–1.07 (6H, m, CH2CH2CH2CH3),
0.82 (9H, t, J¼7.3 Hz, CH2CH2CH2CH3); dC (75 MHz,
CDCl3) heteroaromatic: 164.5 (1C, C-3), 160.8 (1C, C-2),
139.7 (1C, C-6), 138.9 (1C, C-5); DOABO–CH2O: 88.6
(2C, C-2, C-8), 75.0 (2C, C-4, C-6), 71.9 (1C, C-5), 69.6
(1C, 5-OCH2), 29.4 (3C, CH2CH2CH2CH3), 27.7 (3C,
CH2CH2CH2CH3), 14.1 (3C, CH2CH2CH2CH3), 10.4 (3C,
CH2CH2CH2CH3). MS (EI, 70 eV) m/z (rel int. %): (M+)
512 (<1), 456 (M+�C4H9, 100), 329 (5), 229 (5), 215
(16), 177 (15), 128 (36), 114 (30), 98 (75), 86 (<5), 68 (35).

4.2.7. 2-[(3,7-Dioxa-r-1-azabicyclo[3.3.0]oct-c-5-yl)-
methoxy]-3-thiophenylpyrazine (2g). Yield 73%. Yellow
crystalline powder, mp 102–103 �C (ligroin) (column chro-
matography, eluent AcOEt:ligroin 20:1 v/v). [Found: C,
57.91; H, 5.24; N, 12.64. C16H17N3SO3 requires: C, 58.00;
H, 5.17; N, 12.68%]. Rf (95% AcOEt:ligroin) 0.70. nmax

(film KBr): 2871 (m), 1517 (s), 1476 (m), 1440 (w), 1409
(s), 1360 (s), 1175 (s), 1130 (w), 1105 (s), 1059 (m), 1046
(s), 1022 (m), 932 (s), 916 (s), 897 (w), 750 (s), 693 (m),
681 (w), 457 (w). dH (300 MHz, CDCl3) (hetero)aromatic:
7.85 (1H, d, J¼2.6 Hz, H-5), 7.74 (1H, d, J¼2.6 Hz, H-6),
7.53–7.50 (2H, m, Ph), 7.40–7.39 (3H, m, Ph); DOABO–
CH2O: 4.57 (2H, d, J¼5.5 Hz, H-2, H-8-c), 4.47 (2H, d,
J¼5.5 Hz, H-2, H-8-t), 4.43 (2H, s, 5-OCH2), 3.92 (2H, d,
J¼8.9 Hz, H-4, H-6-c), 3.87 (2H, d, J¼8.9 Hz, H-4, H-6-
t); dC (75 MHz, CDCl3) (hetero)aromatic: 155.8 (1C, C-2),
146.8 (1C, C-3), 137.1 (1C, C-6), 136.3 (1C, C-5), 135.5
(2C, CH, Ph), 129.64 (2C, CH, Ph), 129.55 (1C, CH, Ph),
128.7 (1C, Cq., Ph); DOABO–CH2O: 88.9 (2C, C-2, C-8),
74.4 (2C, C-4, C-6), 71.9 (1C, C-5), 69.5 (1C, 5-OCH2).
MS (EI, 70 eV) m/z (rel int. %): (M+) 331 (15), 222 (20),
203 (9), 187 (5), 160 (7), 128 (100), 121 (5), 114 (33), 98
(20), 86 (7), 77 (10), 68 (28).

4.2.8. rac-3-(a-Hydroxybenzyl)-2-[(c-2,c-8-diphenyl-3,7-
dioxa-r-1-azabicyclo[3.3.0]oct-c-5-yl)methoxy]-pyrazine
(2h). Yield 98%. Yellow crystalline powder, mp 88–90 �C
(column chromatography, eluent ligroin:AcOEt 2:1 v/v).
[Found: C, 72.47; H, 5.52; N, 8.81. C29H27N3O4 requires:
C, 72.33; H, 5.65; N, 8.73%]. Rf (67% ligroin:AcOEt)
0.60. nmax (film KBr): 3401 (m), 2875 (m), 1547 (s), 1423
(m), 1211 (m), 831 (s), 739 (s), 696 (s), 634 (w), 534
(w) cm�1. dH (300 MHz, CDCl3) (hetero)aromatic: 8.03
(1H, d, J¼2.4 Hz, H-5), 7.92 (1H, d, J¼2.4 Hz, H-6),
7.43–7.38 (4H, m, Ph), 7.24–7.15 (9H, m, Ph), 7.10–7.08
(2H, m, Ph), 5.55 (1H, d, J¼3.8 Hz, CH–OH), 4.99 (1H, d,
J¼3.8 Hz, OH); DOABO–CH2O: 5.50 (1H, s, H-2-t), 5.41
(1H, s, H-8-t), 4.17 (1H, d, J¼10.2 Hz, 5-OCHaHb), 4.00
(1H, d, J¼10.2 Hz, 5-OCHaHb), 3.91 (1H, d, J¼8.9 Hz,
H-4-c), 3.81 (1H, d, J¼9.4 Hz, H-4-t); 3.46 (1H, d,
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J¼9.2 Hz, H-6-c), 3.32 (1H, d, J¼9.2 Hz, H-6-t); dC

(75 MHz, CDCl3) (hetero)aromatic: 156.7 (1C, C-2),
145.8 (1C, C-3), 141.8 (1C, Cq., Ph), 140.4 (1C, C-6),
139.6 (1C, Cq., Ph), 139.4 (1C, Cq., Ph), 135.2 (1C, C-5),
129.1 (1C, CH, Ph), 129.0 (2C, CH, Ph), 128.9 (1C, CH,
Ph), 128.8 (4C, CH, Ph), 128.6 (1C, CH, Ph), 127.7 (2C,
CH, Ph), 127.6 (2C, CH, Ph), 127.5 (2C, CH, Ph);
DOABO–CH2O: 98.0, 97.2 (2C, C-2, C-8), 73.7 (1C, C-5),
73.3, 72.9 (2C, C-4, C-6), 71.8 (1C, CHOH), 70.5 (1C,
5-OCH2). MS (EI, 70 eV) m/z (rel int. %): (M+�1)
480 (<1), 464 (4), 376 (22), 358 (34), 281 (70), 174 (100),
156 (11).

4.2.9. 3-[2H]-2,6-Bis[(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-
c-5-yl)methoxy]-pyrazine (2i). Yield 71%. dH (300 MHz,
CDCl3) heteroaromatic: 7.79 (1H, s, H-5, 50%). MS (EI,
70 eV) m/z (rel int. %): (M++1) 368 (10), 279 (<1), 212
(<1), 128 (100), 98 (4).

4.2.10. rac-3-(a-Hydroxybenzyl)-2,6-bis[(3,7-dioxa-r-1-
azabicyclo[3.3.0]oct-c-5-yl)methoxy]-pyrazine (2j). Yield
61%. White crystalline powder, mp 172–174 �C (Et2O:
pentane 1:1) (column chromatography, eluent ligroin:
acetone 1:1 v/v). [Found: C, 58.80; H, 5.69; N, 11.86.
C23H28N4O7 requires: C, 58.47; H, 5.97; N, 11.86%]. Rf

(50% ligroin:acetone) 0.75. nmax (film NaCl): 3600 (s),
2852 (s), 1537 (m), 1452 (s), 1413 (s), 1315 (s), 1142 (m),
1039 (m), 925 (m) cm�1. dH (300 MHz, CDCl3) (hetero)-
aromatic: 7.40 (1H, s, H-5), 7.28–7.16 (5H, m, Ph); 5.69
(1H, br s, CHOH), 4.81 (1H, br s, OH); DOABO–CH2O
linked at C-2: 4.39 (1H, d, J¼5.5 Hz, H-2-c), 4.35 (1H,
d, J¼5.5 Hz, H-2-t), 4.34 (1H, d, J¼5.5 Hz, H-8-c),
4.30 (1H, d, J¼5.5 Hz, H-8-t), 4.23 (1H, d, J¼10.6 Hz,
5-OCHaHb), 4.15 (1H, d, J¼10.6 Hz, 5-OCHaHb), 3.69
(2H, s, H-4-c, H-4-t), 3.48 (1H, d, J¼9.4 Hz, H-6-t), 3.33
(1H, d, J¼9.4 Hz, H-6-c); DOABO–CH2O linked at C-6:
4.46 (1H, d, J¼5.3 Hz, H-2-c), 4.45 (1H, d, J¼5.5 Hz,
H-8-c), 4.40 (1H, d, J¼5.3 Hz, H-2-t), 4.39 (1H, d,
J¼5.3 Hz, H-8-t), 4.27 (1H, d, J¼10.6 Hz, 5-OCHaHb),
4.23 (1H, d, J¼10.6 Hz, 5-OCHaHb), 3.83 (2H, s, H-4, H-
c, H-t), 3.82 (2H, s, H-6, H-c, H-t); dC (75 MHz, CDCl3)
(hetero)aromatic: 158.1 (1C, C-6), 154.3 (1C, C-2), 142.7
(1C, Cq., Ph), 136.4 (1C, C-3), 128.8 (2C, CH, Ph), 128.3
(1C, CH, Ph), 127.3 (2C, CH, Ph), 123.2 (1C, C-5),
71.5 (1C, CHOH); DOABO–CH2O linked at C-2: 88.3,
88.2 (2C, C-2, C-8), 74.3 (2C, C-4, C-6), 71.5 (1C, C-5),
69.3 (1C, 5-OCH2); DOABO–CH2O linked at C-6: 88.4
(2C, C-2, C-8), 74.4 (2C, C-4, C-6), 71.8 (1C, C-5), 69.7
(1C, 5-OCH2). dH (500 MHz, [D6]benzene) (hetero)-
aromatic: 7.62 (1H, s, H-5), 7.35 (2H, d, J¼7.2 Hz, ortho-
Ph), 7.09 (2H, m, meta-Ph), 7.02 (1H, m, para-Ph), 5.86
(1H, d, J¼7.2 Hz, CHOH), 4.99 (1H, d, J¼7.2 Hz, OH);
DOABO–CH2O linked at C-2: 4.23 (1H, d, J¼5.5 Hz, H-2-
c), 4.16 (1H, d, J¼5.5 Hz, H-8-c), 4.02 (1H, d, J¼5.5 Hz,
H-2-t), 3.99 (1H, d, J¼10.6 Hz, 5-OCHaHb), 3.98 (1H, d,
J¼5.5 Hz, H-8-t), 3.89 (1H, d, J¼10.6 Hz, 5-OCHaHb),
3.52 (2H, s, H-4-c, H-4-t), 3.38 (1H, d, J¼9.0 Hz, H-6-t),
3.28 (1H, d J¼9.0 Hz, H-6-c); DOABO–CH2O linked
at C-6: 4.28 (1H, d, J¼5.5 Hz, H-2-c), 4.27 (1H, d,
J¼5.5 Hz, H-8-c), 4.08 (1H, d, J¼11.3 Hz, 5-OCHaHb),
4.05 (2H, d, J¼5.5 Hz, H-2, H-8-t), 3.98 (1H, d,
J¼11.3 Hz, 5-OCHaHb), 3.67 (1H, d, J¼9.0 Hz, H-4-c),
3.65 (1H, d J¼9.0 Hz, H-6-c), 3.59 (1H, d, J¼9.0 Hz,
H-4-t), 3.58 (1H, d, J¼9.0 Hz, H-6-t). dC (125 MHz,
[D6]benzene) (hetero)aromatic: 158.0 (1C, C-6), 154.3
(1C, C-2), 143.5 (1C, Cq., Ph), 137.1 (1C, C-3), 128.6
(2C, CH, meta-Ph), 127.9 (1C, CH, para-Ph), 127.4 (2C,
CH, ortho-Ph), 122.6 (1C, C-5), 71.6 (1C, CHOH);
DOABO–CH2O linked at C-2: 87.88 (1C, C-8), 87.82 (1C,
C-2), 73.96 (1C, C-6), 73.90 (1C, C-4), 71.4 (1C, C-5),
69.3 (1C, 5-OCH2); DOABO–CH2O linked at C-6: 88.0
(2C, C-2, C-8), 74.00 (1C, C-4), 73.96 (1C, C-6), 71.6
(1C, C-5), 69.7 (1C, 5-OCH2). MS (EI, 70 eV) m/z (rel int.
%): (M+) 472 (<1), 344 (3), 212 (4), 128 (100), 98 (7).

4.2.11. rac-6-Chloro-3-(a-hydroxybenzyl)-2-[(3,7-dioxa-
r-1-azabicyclo[3.3.0]oct-c-5-yl)methoxy]-pyrazine (2k).
Yield 52%. White crystalline powder, mp 76–78 �C (Et2O:
pentane 1:1 v/v) (column chromatography, eluent ligroin:
AcOEt 1:1 v/v). [Found: C, 55.89; H, 5.25; N, 11.81.
C17H18N3O4Cl requires: C, 56.13; H, 4.99; N, 11.55%]. Rf

(50% ligroin:AcOEt) 0.50. nmax (film NaCl): 3416 (s),
2857 (m), 1540 (m), 1422 (s), 1351 (s), 1173 (m), 1129
(m), 1041 (s), 930 (w), 749 (w), 700 (m) cm�1. dH

(300 MHz, CDCl3) (hetero)aromatic: 8.15 (1H, s, H-5),
7.32–7.20 (5H, m, Ph), 5.76 (1H, br s, CHOH), 4.76 (1H,
br s, OH); DOABO–CH2O: 4.41 (1H, d, J¼5.5 Hz, H-2-c),
4.36 (1H, d, J¼5.5 Hz, H-2-t), 4.33 (1H, d, J¼5.5 Hz,
H-8-c), 4.32 (1H, d, J¼5.5 Hz, H-8-t), 4.30 (1H, d, J¼
10.9 Hz, 5-OCHaHb), 4.21 (1H, d, J¼10.9 Hz, 5-OCHaHb),
3.68 (2H, s, H-4-c, H-4-t), 3.47 (1H, d, J¼9.0 Hz, H-6-t),
3.36 (1H, d, J¼9.0 Hz, H-6-c); dC (75 MHz, CDCl3)
(hetero)aromatic: 155.6 (1C, C-2), 144.7 (1C, C-3), 144.2
(1C, C-6), 141.4 (1C, Cq., Ph), 134.3 (1C, C-5), 129.0 (2C,
CH, Ph), 128.7 (1C, CH, Ph), 127.5 (2C, CH, Ph);
DOABO–CH2O: 88.40, 88.35 (2C, C-2, C-8), 74.11, 74.06
(2C, C-4, C-6), 71.8 (1C, CHOH), 71.5 (1C, C-5), 70.0 (1C,
5-OCH2). dH (300 MHz, [D6]benzene) (hetero)aromatic:
DOABO–CH2O: 4.28 (1H, d, J¼5.5 Hz, H-2-c), 4.17 (1H,
d, J¼5.5 Hz, H-8-c), 4.10 (1H, d, J¼5.5 Hz, H-2-t), 4.06
(1H, d, J¼5.5 Hz, H-8-t), 3.97 (1H, d, J¼10.6 Hz,
5-OCHaHb), 3.88 (1H, d, J¼10.6 Hz, 5-OCHaHb), 3.51
(1H, d, J¼9.0 Hz, H-4-t), 3.48 (1H, d J¼9.0 Hz, H-4-c),
3.35 (1H, d J¼9.0 Hz, H-6-t), 3.18 (1H, d, J¼9.0 Hz, H-6-
c). MS (EI, 70 eV) m/z (rel int. %): (M+�1) 362.6 (3), 346
(100), 318 (6), 178 (6), 128 (93), 98 (65).

4.2.12. rac-2-Chloro-3-(a-hydroxybenzyl)-6-[(3,7-dioxa-
r-1-azabicyclo[3.3.0]oct-c-5-yl)methoxy]-pyrazine (2l).
Yield 26%. White crystalline powder, mp 117–119 �C
(Et2O:pentane 1:1 v/v) (column chromatography, eluent
ligroin:AcOEt 1:1 v/v). [Found: C, 56.44; H, 5.30; N,
11.29. C17H18N3O4Cl requires: C, 56.13; H, 4.99; N,
11.55%]. Rf (50% ligroin:AcOEt) 0.35. nmax (film NaCl):
3419 (s), 2868 (m), 1640 (w), 1566 (w), 1526 (w), 1446
(s), 1328 (s), 1169 (s), 1041 (s), 930 (w), 751 (s), 700
(m) cm�1. dH (300 MHz, CDCl3) (hetero)aromatic: 8.16
(1H, s, H-5), 7.35–7.20 (5H, m, Ph), 5.98 (1H, s, CHOH),
5.05 (1H, br s, OH); DOABO–CH2O: 4.48 (1H, d,
J¼5.7 Hz, H-2-c), 4.47 (1H, d, J¼5.7 Hz, H-8-c), 4.42
(2H, d, J¼5.7 Hz, H-2, H-8-t), 4.35 (1H, s, 5-OCHaHb),
4.33 (1H, s, 5-OCHaHb), 3.84 (2H, s, H-4, H-c, H-t), 3.83
(2H, s, H-6, H-c, H-t); dC (75 MHz, CDCl3) (hetero)aro-
matic: 158.5 (1C, C-6), 146.3 (1C, C-3), 143.1 (1C, C-2),
141.7 (1C, Cq., Ph), 132.1 (1C, C-5), 128.9 (2C, CH, Ph),
128.4 (1C, CH, Ph), 127.4 (2C, CH, Ph); DOABO–CH2O:
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88.6 (2C, C-2, C-8), 74.3 (2C, C-4, C-6), 71.9 (1C,
CHOH), 71.8 (1C, C-5), 70.1 (1C, 5-OCH2). dH (300 MHz,
[D6]benzene) (hetero)aromatic: 7.60 (1H, s, H-5), 7.43
(2H, d, J¼7.2 Hz, Ph), 7.20–7.00 (3H, m, Ph), 6.10 (1H, s,
CHOH), 4.35 (1H, br s, OH); DOABO–CH2O: 4.24 (1H, d,
J¼5.5 Hz, H-2-c), 4.23 (1H, d, J¼5.5 Hz, H-8-c), 4.05 (2H,
d, J¼5.5Hz, H-2, H-8-t), 3.98 (1H, s, J¼10.7 Hz,
5-OCHaHb), 3.89 (1H, d, J¼10.7 Hz, 5-OCHaHb), 3.51
(2H, s, H-4, H-c, H-t), 3.50 (2H, s, H-6, H-c, H-t). MS (EI,
70 eV) m/z (rel int. %): (M+) 363.6 (3), 346 (8), 128 (100),
98 (15).

4.2.13. rac-3-(a-Hydroxybenzyl)-6-methoxy-2-[(3,7-di-
oxa-r-1-azabicyclo[3.3.0]oct-c-5-yl)methoxy]-pyrazine
(2m) and rac-3-(a-hydroxybenzyl)-2-methoxy-6-[(3,7-di-
oxa-r-1-azabicyclo[3.3.0]oct-c-5-yl)methoxy]-pyrazine
(2n). Nonseparable mixture as white crystalline powder, mp
114–119 �C (Et2O) (column chromatography, eluent ligroin:
AcOEt 1:1 v/v). [Found: C, 60.30; H, 5.62; N, 11.80.
C18H21N3O5 requires: C, 60.16; H, 5.89; N, 11.69%]. Rf

(50% ligroin:AcOEt) 0.32. nmax (film KBr): 3224 (m),
2886 (w), 2863 (m), 1583 (m), 1410 (m), 1184 (m), 922
(m), 703 (s), 561 (m), 491 (w) cm�1. Regioisomer 2m
(29%): dH (300 MHz, CDCl3) (hetero)aromatic: 7.77 (1H,
s, H-5), 7.32–7.16 (5H, m, Ph), 5.68 (1H, d, J¼6.4 Hz,
CHOH), 4.78 (1H, d, J¼6.4 Hz, OH); DOABO–CH2O:
4.41 (1H, d, J¼4.5 Hz, H-2-c), 4.37 (1H, d, J¼4.5 Hz,
H-2-t), 4.36 (1H, d, J¼4.5 Hz, H-8-c), 4.29 (1H, d,
J¼4.5 Hz, H-8-t), 4.26 (1H, d, J¼10.6 Hz, 5-OCHaHb),
4.19 (1H, d, J¼10.6 Hz, 5-OCHaHb), 3.88–3.83 (3H, m,
OCH3), 3.73 (1H, d, J¼9.8 Hz, H-4-c), 3.70 (1H, d,
J¼9.8 Hz, H-4-t), 3.45 (1H, d, J¼9.0 Hz, H-6-t), 3.35 (1H,
d, J¼9.0 Hz, H-6-c); dC (75 MHz, CDCl3) (hetero)aromatic:
159.0 (1C, C-6), 154.4 (1C, C-2), 142.9 (1C, Cq., Ph), 135.5
(1C, C-3), 128.8 (2C, CH, Ph), 128.2 (1C, CH, Ph), 127.3
(2C, CH, Ph), 123.2 (1C, C-5); DOABO–CH2O: 88.3, 88.2
(2C, C-2, C-8), 74.3 (2C, C-4, C-6), 71.6 (1C, C-5), 71.5
(1C, CHOH), 69.3 (1C, 5-OCH2), 54.4 (1C, OCH3).
Regioisomer 2n (41%): dH (300 MHz, CDCl3) (hetero)aro-
matic: 7.71 (1H, s, H-3), 7.32–7.16 (5H, m, Ph), 5.82 (1H,
d, J¼7.4 Hz, CHOH), 4.55 (1H, d, J¼7.4 Hz, OH);
DOABO–CH2O: 4.48 (1H, d, J¼4.9 Hz, H-2-c), 4.47 (1H,
d, J¼4.9 Hz, H-8-c), 4.41 (2H, d, J¼4.9 Hz, H-2, H-8-t),
4.31 (1H, d, J¼8.5 Hz, 5-OCHaHb), 4.28 (1H, d,
J¼8.5 Hz, 5-OCHaHb), 3.88–3.83 (3H, OCH3; 4H, H-4,
H-6, H-c, H-t); dC (75 MHz, CDCl3) (hetero)aromatic:
158.1 (1C, C-6), 155.3 (1C, C-2), 142.9 (1C, Cq., Ph),
137.1 (1C, C-5), 128.6 (2C, CH, Ph), 127.8 (1C, CH, Ph),
127.1 (2C, CH, Ph), 122.6 (1C, C-3); DOABO–CH2O:
88.4 (2C, C-2, C-8), 74.5 (2C, C-4, C-6), 71.9 (1C, C-5),
70.8 (1C, CHOH), 69.5 (1C, 5-OCH2), 54.1 (1C, OCH3).
MS (EI, 70 eV) m/z (rel int. %): 342 (9), 312 (4), 217 (5),
128 (100), 98 (10).

4.2.14. 3-[(R*)-4-Methoxy-a-hydroxybenzyl]-2-
{[(1R*,2R*,5S*)-2-phenyl-3,7-dioxa-r-1-azabicy-
clo[3.3.0]oct-c-5-yl]methoxy}-pyrazine (3a-R) and
3-[(S*)-4-methoxy-a-hydroxybenzyl]-2-{[(1R*,2R*,5S*)-
2-phenyl-3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-5-yl]meth-
oxy}-pyrazine (3a-S). Nonseparable equimolar component
mixture (82%) was obtained as yellow crystalline powder,
mp 84–88 �C (column chromatography, eluent ligroin:
AcOEt 2:1 v/v). [Found: C, 66.07; H, 5.76; N, 9.48.
C24H25N3O5 requires: C, 66.19; H, 5.79; N, 9.65%]. Rf

(67% ligroin:AcOEt) 0.20. nmax (film KBr): 3449 (m),
2860 (m), 1611 (s), 1512 (s), 1418 (m), 1349 (w), 1256
(m), 1177 (m), 1028 (m), 911 (m), 853 (s), 754 (s), 701
(s), 615 (w), 571 (m), 494 (w) cm�1. dH (300 MHz,
CDCl3) (hetero)aromatic: 8.17–8.15 (2H, m, H-5), 8.06–
8.04 (2H, m, H-6), 7.50–7.43 (4H, m, Ph), 7.37–7.32 (6H,
m, Ph), 7.18–7.12 (4H, m, Ph), 6.84–6.80 (4H, m, Ph),
5.75 (1H, d, J¼6.4 Hz, CH–OH), 5.71 (1H, d, J¼6.4 Hz,
CH–OH), 5.00 (1H, d, J¼6.4 Hz, OH), 4.94 (1H, d,
J¼6.4 Hz, OH); DOABO–CH2O: 5.21 (1H, s, H-2-t), 5.16
(1H, s, H-2-t), 4.53 (1H, d, J¼7.1 Hz, H-8-c), 4.49 (1H, d,
J¼7.1 Hz, H-8-c), 4.44 (1H, d, J¼10.2 Hz, 5-OCHaHb),
4.41 (1H, d, J¼10.2 Hz, 5-OCHaHb), 4.30 (1H, d,
J¼10.2 Hz, 5-OCHaHb), 4.296 (1H, d, J¼9.0 Hz, H-4-c),
4.25 (1H, d, J¼7.1 Hz, H-8-t), 4.22 (1H, d, J¼10.2 Hz,
5-OCHaHb), 4.16 (1H, d, J¼7.1 Hz, H-8-t), 3.95 (1H, d,
J¼9.0 Hz, H-4-c), 3.75 (2H, br s, H-4-t, H-6-c), 3.75 (3H,
s, –OCH3), 3.74 (3H, s, –OCH3), 3.67 (1H, d, J¼9.0 Hz,
H-6-c), 3.62 (1H, d, J¼9.0 Hz, H-4-t), 3.50 (1H, d,
J¼9.0 Hz, H-6-t), 3.26 (1H, d, J¼9.0 Hz, H-6-t); dC

(75 MHz, CDCl3) (hetero)aromatic: 159.9, 159.8 (2C,
2C-2), 156.8 (2C, Cq., Ph), 146.4, 146.2 (2C, C-3), 140.3,
140.2 (2C, C-6), 139.5, 139.3 (2C, Cq., Ph), 135.4, 135.3
(2C, C-5), 134.1 (2C, Cq., Ph), 129.5, 128.9, 128.88,
128.8, 127.8, 127.78 (14C, CH, Ph), 114.4, 114.3 (4C, CH,
Ph); DOABO–CH2O: 99.2, 99.1 (2C, C-2), 85.1 (2C, C-8),
75.1 (2C, C-6), 73.5, 73.3 (2C, C-4), 72.3, 72.2 (2C, C-5),
71.3, 71.0 (2C, CHOH), 70.1, 69.6 (2C, 5-OCH2), 55.7
(2C, –OCH3). MS (ES+) m/z (rel int. %): 422 (23), 313 (2),
295 (15), 237 (21), 202 (20), 146 (12).

4.2.15. 3-[(1R*)-2,2-Dimethyl-1-hydroxyprop-1-yl]-2-
{[(1R*,2R*,5S* )-2-phenyl-3,7-dioxa-r-1-azabi-
cyclo[3.3.0]oct-c-5-yl]methoxy}-pyrazine (3b-R) and
3-[ (1S*)-2 ,2-dimethyl -1-hydroxyprop-1-y l ] -2-
{[(1R*,2R*,5S*)-2-phenyl-3,7-dioxa-r-1-azabicy-
clo[3.3.0]oct-c-5-yl]methoxy}-pyrazine (3b-S). Yield
68%. Nonseparable equimolar component mixture was ob-
tained as white crystalline powder, mp 140–142 �C (column
chromatography, eluent ligroin:AcOEt 2:1 v/v). [Found: C,
65.61; H, 7.21; N, 11.05. C21H27N3O4 requires: C, 65.45;
H, 7.01; N, 10.91%]. Rf (67% ligroin:AcOEt) 0.48. nmax

(KBr film): 3436 (m), 2956 (m), 2868 (m), 1161 (m), 1585
(w), 1511 (s), 1418 (m), 1315 (w), 1028 (m), 917 (m), 830
(m), 755 (s), 700, (m), 576 (w) cm�1. dH (300 MHz,
CDCl3) (hetero)aromatic: 8.16 (2H, d, J¼2.6 Hz, H-5),
8.03–8.02 (2H, m, H-6), 7.52–7.49 (4H, m, Ph), 7.36–7.34
(6H, m, Ph); DOABO–CH2O: 5.26 (1H, s, H-2-t), 5.25
(1H, s, H-2-t), 4.64 (1H, d, J¼9.7 Hz, CH–OH), 4.61 (1H,
d, J¼9.7 Hz, CH–OH), 4.59 (1H, d, J¼7.1 Hz, H-8-c),
4.58 (1H, d, J¼7.1 Hz, H-8-c), 4.56 (1H, d, J¼10.6 Hz,
5-OCHaHb), 4.48 (1H, d, J¼10.6 Hz, 5-OCHaHb), 4.37
(1H, d, J¼9.0 Hz, H-4-c), 4.35 (1H, d, J¼7.1 Hz, H-8-t),
4.34 (2H, d, J¼10.6 Hz, 5-OCHaHb), 4.33 (1H, d,
J¼7.1 Hz, H-8-t), 4.32 (1H, d, J¼9.0 Hz, H-4-c), 4.06
(1H, d, J¼9.0 Hz, H-6-c), 4.04 (1H, d, J¼9.0 Hz, H-6-c),
3.83 (2H, d, J¼9.0 Hz, H-4-t), 3.73 (1H, d, J¼9.0 Hz, H-
6-t), 3.70 (1H, d, J¼9.0 Hz, H-6-t), 3.58 (1H, d, J¼9.7 Hz,
OH), 3.56 (1H, d, J¼9.7 Hz, OH), 0.905, 0.900 (18H, s,
CH3); dC (75 MHz, CDCl3) (hetero)aromatic: 157.0 (2C,
C-2), 146.8 (2C, C-3), 139.9 (2C, C-6), 139.4 (2C, Cq.,
Ph), 136.1 (2C, C-5), 129.5, 128.8, 127.9, 127.8 (10C, CH,
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Ph); DOABO–CH2O: 99.3, 99.2 (2C, C-2), 85.3 (2C, C-8),
75.5, 75.4 (2C, C-4), 75.0, 74.9 (2C, CHOH), 73.6 (2C,
C-6), 72.5 (2C, C-5), 70.2, 69.9 (2C, 5-OCH2), 37.9 (2C,
Cq., t-Bu), 26.3, 26.2 (6C, CH3). MS (EI, 70 eV) m/z (rel
int. %): (M+) 385 (<1), 328 (23), 222 (30), 204 (100), 190
(83), 105 (13), 98 (60), 91 (20), 68 (54), 57 (26).

4.2.16. rac-5-(a-Hydroxybenzyl)-4,6-bis[(3,7-dioxa-r-1-
azabicyclo[3.3.0]oct-c-5-yl)methoxy]-pyrimidine (5a).
Yield 82% taking into account the recovered starting mate-
rial 4a; total conversion: 71%. White crystalline powder,
mp 121–122 �C (Et2O:pentane 1:1 v/v) (column chromato-
graphy, eluent acetone). [Found: C, 58.71; H, 6.02; N,
11.87. C23H28N4O7 requires: C, 58.47; H, 5.97; N,
11.86%]. Rf (100% acetone) 0.80. nmax (film NaCl): 3431
(s), 2925 (m), 2857 (s), 1574 (s), 1442 (m), 1300 (w),
1101 (s), 1011 (w), 1023 (w), 925 (w) cm�1. dH

(300 MHz, CDCl3) (hetero)aromatic: 8.34 (1H, s, H-2),
7.30–7.23 (5H, m, Ph), 6.05 (1H, s, CHOH), 4.20 (1H, br
s, OH); DOABO–CH2O: 4.42 (4H, d, J¼5.3 Hz, H-2, H-8-
c), 4.41 (2H, d, J¼10.9 Hz, 5-OCHaHb), 4.35 (2H, d,
J¼10.9 Hz, 5-OCHaHb), 4.35 (2H, d, J¼5.3 Hz, H-2-t),
4.34 (2H, d, J¼5.3 Hz, H-8-t), 3.70 (2H, d, J¼9.0 Hz,
H-4-c), 3.66 (2H, d, J¼9.0 Hz, H-4-t), 3.65 (2H, d,
J¼9.4 Hz, H-6-t), 3.61 (2H, d, J¼9.0 Hz, H-6-c); dC

(75 MHz, CDCl3) (hetero)aromatic: 167.4 (2C, C-4, C-6),
156.4 (1C, C-2), 143.2 (1C, Cq., Ph), 128.8 (2C, CH, Ph),
127.7 (1C, CH, Ph), 125.5 (2C, CH, Ph), 107.4 (1C, C-5);
DOABO–CH2O: 88.34, 88.26 (2C, C-2, C-8), 73.8, 73.7
(2C, C-4, C-6), 71.9 (2C, C-5), 69.5 (2C, 5-OCH2); 67.0
(1C, CHOH). MS (EI, 70 eV) m/z (rel int. %): (M+�1)
471 (<1), 455 (50), 328 (8), 128 (100), 98 (5).

4.2.17. rac-5-(a-Hydroxybenzyl)-4,6-bis[(c-2-c-8-
diphenyl-3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-5-yl)-
methoxy]-pyrimidine (5b). Yield 64%. White crystalline
powder, mp 165–167 �C (flash column chromatography,
eluent ligroin:AcOEt 3.5:1 v/v). [Found: C, 72.50; H, 5.90;
N, 7.45. C47H44N4O7 requires: C, 72.66; H, 5.71; N,
7.21%]. Rf (77% ligroin:AcOEt) 0.51. nmax (film KBr):
3580 (w), 2866 (m), 1578 (s), 1442 (s), 1304 (m), 1106
(s), 1064 (m), 945 (w), 916 (m), 718 (w), 699 (m) cm�1.
dH (300 MHz, CDCl3) (hetero)aromatic: 8.31 (1H, s, H-2),
7.51–7.49 (8H, m, Ph), 7.34–7.30 (15H, m, Ph), 7.18 (2H,
d, J¼7.2 Hz, Ph), 5.93 (1H, d, J¼10.8 Hz, CHOH), 3.08
(1H, d, J¼10.8 Hz, OH); DOABO–CH2O: 5.57, (2H, H-8-
t), 5.55 (2H, s, H-2-t), 4.31 (2H, d, J¼10.4 Hz, 5-OCHaHb),
4.25 (2H, d, J¼10.4 Hz, 5-OCHaHb), 3.92 (2H, d, J¼8.9 Hz,
H-6-c), 3.81 (2H, d, J¼8.9 Hz, H-6-t), 3.73 (2H, d,
J¼9.2 Hz, H-4-c), 3.69 (2H, d, J¼9.2 Hz, H-4-t); dC

(75 MHz, CDCl3) (hetero)aromatic: 167.3 (2C, C-4, C-6),
156.5 (1C, C-2), 143.2 (1C, Cq., Ph), 139.34, 139.3 (4C,
Cq., Ph), 129.1, 129.0, 128.8, 127.7, 127.6, 125.5, 125.2
(25C, CH, Ph), 107.2 (1C, C-5); DOABO–CH2O: 97.6,
97.59 (4C, C-2, C-8), 73.3, 73.2 (4C, C-4, C-6), 73.0 (2C,
C-5), 71.0 (2C, 5-OCH2), 66.7 (1C, CHOH). MS (FAB+)
m/z (rel int. %): (M++1) 778 (100), 760 (25).

4.2.18. 6-Chloro-4-[2H]-3-[(3,7-dioxa-r-1-azabicyclo-
[3.3.0]oct-c-5-yl)methoxy]-pyridazine (7a) and 3-chloro-
4-[2H]-6-[(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-5-yl)-
methoxy]-pyridazine (7b). Yield 47%. Regioisomer 7a
(15%): dH (300 MHz, CDCl3) aromatic: 7.37 (1H, s, H-5).
Regioisomer 7b (32%): dH (300 MHz, CDCl3) aromatic:
6.97 (1H, s, H-5). MS (EI, 70 eV) m/z (rel int. %): (M++1)
259.6 (<1), 258 (<1), 257 (4), 196 (3), 157.5 (5), 128
(100), 98 (3).

4.2.19. rac-6-Chloro-4-(a-hydroxybenzyl)-3-[(3,7-dioxa-
r-1-azabicyclo[3.3.0]oct-c-5-yl)methoxy]-pyridazine (7c)
and rac-3-chloro-4-(a-hydroxybenzyl)-6-[(3,7-dioxa-r-1-
azabicyclo[3.3.0]oct-c-5-yl)methoxy]-pyridazine (7d).
Nonseparable component mixture was obtained as white
crystalline powder, mp 154–167 �C (Et2O:pentane 1:1 v/v)
(column chromatography, eluent ligroin:acetone 1.8:1.0
v/v). [Found: C, 55.89; H, 5.21; N, 11.49. C17H18N3O4Cl
requires: C, 56.13; H, 4.99; N, 11.55%]. Rf (65% ligroin:
acetone) 0.75. nmax (film NaCl): 3417 (m), 3379 (s), 2868
(w), 1635 (m), 1586 (w), 1416 and 1414 (s), 1359 (s),
1095 (m), 1044 and 1041 (m), 930 and 928 (w), 754 and
749 (w), 703 (m) cm�1. Regioisomer 7c (53%): dH

(300 MHz, CDCl3) (hetero)aromatic: 7.69 (1H, s, H-5),
7.40–7.31 (3H, m, Ph), 7.28–7.20 (2H, m, Ph), 5.78 (1H, s,
CHOH), 5.05 (1H, br s, OH); DOABO–CH2O: 4.45 (1H, d,
J¼11.3 Hz, 5-OCHaHb), 4.44 (1H, d, J¼5.5 Hz, H-2-c),
4.40 (1H, d, J¼11.3 Hz, 5-OCHaHb), 4.39 (1H, d,
J¼5.5 Hz, H-2-t), 4.38 (1H, d, J¼5.7 Hz, H-8-c), 4.34
(1H, d, J¼5.7 Hz, H-8-t), 3.71 (2H, s, H-4-c, H-4-t), 3.45
(1H, d, J¼9.0 Hz, H-6-t), 3.38 (1H, d, J¼9.0 Hz, H-6-c);
dC (75 MHz, CDCl3) (hetero)aromatic: 161.6 (1C, C-3),
152.6 (1C, C-4), 140.2 (1C, Cq., Ph), 136.2 (1C, C-6),
129.4 (2C, CH, Ph), 128.0 (1C, C-5), 127.7 (1C, CH, Ph),
127.5 (2C, CH, Ph); DOABO–CH2O: 88.4, 88.3 (2C, C-2,
C-8), 74.1, 73.9 (2C, C-4, C-6), 71.7 (1C, C-5), 70.7 (1C,
CHOH), 70.3 (1C, 5-OCH2). Regioisomer 7d (31%): dH

(300 MHz, CDCl3) (hetero)aromatic: 7.47 (1H, s, H-5),
7.40–7.31 (3H, m, Ph), 7.28–7.20 (2H, m, Ph), 5.90 (1H, s,
CHOH), 5.05 (1H, br s, OH); DOABO–CH2O: 4.53 (1H, d,
J¼5.7 Hz, H-2-c), 4.53 (2H, m, 5-OCHaHb), 4.52 (1H, d,
J¼5.7 Hz, H-8-c), 4.46 (2H, d, J¼5.7 Hz, H-2, H-8-t),
3.90 (4H, s, H-4, H-6, H-c, H-t); dC (75 MHz, CDCl3) (het-
ero)aromatic: 165.4 (1C, C-6), 150.5 (1C, C-4), 146.0 (1C,
Cq., Ph), 140.4 (1C, C-3), 129.2 (2C, CH, Ph), 128.0 (2C,
CH, Ph), 127.7 (1C, CH, Ph), 117.3 (1C, C-5); DOABO–
CH2O: 88.7 (2C, C-2, C-8), 74.4, 74.3 (2C, C-4, C-6),
72.1 (1C, CHOH), 71.9 (1C, C-5), 70.3 (1C, 5-OCH2). MS
(EI, 70 eV) m/z (rel int. %): (M+) 363.6 (5), 346 (7), 128
(100), 98 (14).

4.2.20. rac-4-(a-Hydroxybenzyl)-3-methoxy-6-[(3,7-di-
oxa-r-1-azabicyclo[3.3.0]oct-c-5-yl)methoxy]-pyridazine
(7e). Yield 78%. Yellowish crystalline powder, mp 44–46 �C
(pentane) (column chromatography, eluent ligroin:acetone
1.5:1 v/v). [Found: C, 60.40; H, 5.99; N, 11.79.
C18H21N3O5 requires: C, 60.16; H, 5.89; N, 11.69%]; Rf

(60% ligroin:acetone) 0.40. nmax (film NaCl): 3297 (s),
2945 (s), 2866 (s), 1620 (w), 1461 (s), 1412 (s), 1381 (s),
1227 (w), 1133 (w), 1023 (s), 928 (m), 751 (s), 700
(m) cm�1. dH (300 MHz, CDCl3) (hetero)aromatic: 7.28–
7.15 (6H, m, pyridazine, Ph), 5.74 (1H, br s, CHOH), 4.28
(1H, br s, OH); DOABO–CH2O: 4.37 (2H, d, J¼5.7 Hz, H-
2, H-8-c), 4.32 (2H, s, 5-OCHaHb), 4.31 (2H, d, J¼5.7 Hz,
H-2, H-8-t), 3.86 (3H, s, OCH3), 3.76 (4H, s, H-4, H-6,
H-c, H-t); dC (75 MHz, CDCl3) (hetero)aromatic: 162.6
(1C, C-6), 159.9 (1C, C-3), 141.3 (1C, Cq., Ph), 138.5
(1C, C-4), 128.9 (2C, CH, Ph), 128.6 (1C, CH, Ph), 127.4
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(2C, CH, Ph), 117.2 (1C, C-5); DOABO–CH2O: 88.5 (2C, C-
2, C-8), 74.4 (2C, C-4, C-6), 71.9 (1C, 5-OCH2), 70.0 (1C,
CHOH), 69.4 (1C, C-5), 55.0 (1C, OCH3). dH (300 MHz,
[D6]benzene) DOABO–CH2O: 4.46 (1H, d, J¼10.7 Hz,
5-OCHaHb), 4.39 (1H, d, J¼10.7 Hz, 5-OCHaHb), 4.26
(1H, d, J¼5.3 Hz, H-2-c), 4.24 (1H, d, J¼5.3 Hz, H-8-c),
4.054 (1H, d, J¼5.3 Hz, H-2-t), 4.046 (1H, d, J¼5.5 Hz,
H-8-t), 3.66 (1H, d, J¼8.7 Hz, H-4-c), 3.62 (1H, d,
J¼8.7 Hz, H-6-c), 3.57 (1H, d, J¼8.7 Hz, H-4-t), 3.55
(1H, d, J¼8.7 Hz, H-6-t). MS (EI, 70 eV) m/z (rel int. %):
(M+�1) 358 (10), 342 (20), 245 (15), 128 (100), 98 (9).

4.2.21. rac-4-(a-Hydroxybenzyl)-3,6-bis[(3,7-dioxa-r-1-
azabicyclo[3.3.0]octane-c-5-yl)methoxy]-pyridazine (7f).
This compound was only identified in both the NMR spectra
of the crude reaction mixture (together with the starting 6c)
and after unsuccessful attempt of separation by column chro-
matography (as mixture 36% 7f+64% 6c). dH (300 MHz,
CDCl3) (hetero)aromatic, only distinct peaks are listed:
7.35–7.20 (5H, m, Ph), 6.96 (1H, H-5), 5.72 (1H, br s,
CHOH), 4.81 (1H, br s, OH); DOABO–CH2O C-3, C-6:
4.52–4.30 (12H, irresolvable multiplet, H-2, H-8, H-c, H-t,
5-OCH2); DOABO–CH2O linked at C-6: 3.86 (4H, s, H-4,
H-6, H-c, H-t); DOABO–CH2O linked at C-3: 3.68 (2H, s,
H-4-c, H-4-t), 3.43 (1H, d, J¼9.0 Hz, H-6-t), 3.35 (1H, d,
J¼9.0 Hz, H-6-c); dC (75 MHz, CDCl3) (hetero)aromatic:
162.9 (1C, C-3), 162.1 (1C, C-6), 159.4 (1C, C-4), 140.9
(1C, Cq., Ph), 129.2 (2C, CH, Ph), 129.1 (1C, CH, Ph),
127.5 (2C, CH, Ph), 117.9 (1C, C-5), 70.8 (1C, CHOH);
DOABO–CH2O linked at C-3: 88.4, 88.3 (2C, C-2, C-8),
74.3, 74.1 (2C, C-4, C-6), 71.8 (1C, 5-OCH2), 69.7 (1C,
C-5); DOABO–CH2O linked at C-6: 88.7 (2C, C-2, C-8),
74.4 (2C, C-4, C-6), 71.9 (1C, 5-OCH2), 69.8 (1C, C-5).

4.3. General procedure for the preparation of com-
pounds 9a–d by cross-coupling under Stille conditions

In dry toluene (25 mL) and under a dry nitrogen atmosphere,
2,6-bis(tri-n-butylstannyl)pyrazine 8 0.493 g (0.75 mmol)
and chlorodiazine 1d, 4c and 6a 0.405 g (1.575 mmol,
2.10 equiv) (0.630 g, 1.575 mmol, 2.10 equiv in the case
of 4d) were dissolved with stirring. Pd(PPh3)4 0.091 g
(0.079 mmol, 5% with respect to chlorodiazine) was rapidly
added. The solution was heated at reflux for 22–48 h (Table
4) until the TLC monitoring (UV 254 nm) indicated the
starting materials in traces only (compounds 9a–c) or no
more significant evolution of the reaction (in the case of
compound 9d), 8 (ligroin:AcOEt 50:1 v/v), 1d (ligroin:
AcOEt 2:1 v/v), 4c and 6a (ligroin:acetone 3:1 v/v), 4d
(ligroin:acetone 2:1 v/v). A second elution system was
used to detect the desired products 9a–d as shown below.
During all the syntheses, Pd metal precipitated abundantly.
The reaction mixture was filtered hot (100 �C) and the solids
were washed (�50 mL) several times with hot EtOH. The
combined organic filtrate was evaporated under vacuum
and the solid residue was directly crystallised from an appro-
priate solvent or subjected to column chromatography to
yield the title compounds 9a–d.

4.3.1. 2,6-Bis{60-[(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-5-
yl)methoxy]-pyrazin-20-yl}-pyrazine (9a). Yield 65%.
Grey crystalline powder, mp 218 �C (dec, EtOH). [Found:
C, 55.25; H, 5.15; N, 21.55. C24H26N8O6 requires: C,
55.17; H, 5.02; N, 21.45%]. Rf (95% dichloromethane–
ethanol) 0.52. nmax (film KBr): 3401 (m), 2875 (m), 1539
(s), 1402 (s), 1369 (m), 1215 (s), 939 (s), 898 (w), 782
(m), 730 (w) cm�1. dH (300 MHz, CF3CD2OD) heteroaro-
matic: 9.28 (2H, s, H-3, H-5), 9.04 (2H, s, H-30), 8.05 (2H,
s, H-50); DOABO–CH2O: 4.40 (4H, s, 5-OCH2), 4.36 (4H,
d, J¼6.2 Hz, H-2, H-8-c), 4.33 (4H, d, J¼6.2 Hz, H-2,
H-8-t), 3.80 (8H, s, H-4, H-6, H-c, H-t); dC (75 MHz,
CF3CD2OD) heteroaromatic: 157.0 (2C, C-60), 146.4 (2C,
C-20), 143.5 (2C, C-2, C-6), 139.3 (2C, C-3, C-5), 133.1
(2C, C-50), 131.2 (2C, C-30); DOABO–CH2O: 85.1 (4C,
C-2, C-8), 71.2 (4C, C-4, C-6), 69.1 (2C, C-5), 65.1 (2C,
5-OCH2). MS (FAB+) m/z (rel int. %): (M++1) 523 (14),
289 (100), 235 (30), 165 (48).

4.3.2. 2,6-Bis{60-[(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-5-
yl)methoxy]-pyrimidin-40-yl}-pyrazine (9b). Yield 60%.
Yellowish crystalline powder, mp 222–225 �C (flash column
chromatography, AcOEt 100%). [Found: C, 55.10; H, 5.10;
N, 21.50. C24H26N8O6 requires: C, 55.17; H, 5.02; N,
21.45%]; Rf (100% AcOEt) 0.42. nmax (film KBr): 3468
(w), 2864 (m), 1598 (s), 1538 (s), 1427 (s), 1346 (m),
1316 (w), 1096 (s), 753 (m), 680 (w), 569 (w) cm�1. dH

(300 MHz, CDCl3) heteroaromatic: 9.73 (2H, s, H-3, H-5),
8.90 (2H, s, H-20), 7.88 (2H, s, H-50); DOABO–CH2O:
4.57 (4H, d, J¼5.5 Hz, H-2, H-8-c), 4.55 (4H, s, 5-OCH2),
4.50 (4H, d, J¼5.5 Hz, H-2, H-8-t), 3.93 (8H, s, H-4, H-6,
H-c, H-t); dC (75 MHz, CDCl3) heteroaromatic: 170.6 (2C,
C-60), 162.1 (2C, C-40), 158.8 (2C, C-20), 148.1 (2C, C-2,
C-6), 145.2 (2C, C-3, C-5), 105.4 (2C, C-50); DOABO–
CH2O: 88.6 (4C, C-2, C-8), 74.3 (4C, C-4, C-6), 72.0 (2C,
C-5), 69.3 (2C, 5-OCH2). MS (FAB+) m/z (rel int. %):
(M++1) 523 (10), 283 (<1), 136 (35), 128 (100).

4.3.3. 2,6-Bis{20,60-bis[(3,7-dioxa-r-1-azabicyclo[3.3.0]-
oct-c-5-yl)methoxy]-pyrimidin-40-yl}-pyrazine (9c).
Yield 70%. Grey crystalline powder, mp 190 �C (dec).
[Found: C, 53.35; H, 5.37; N, 17.50. C36H44N10O12 requires:
C, 53.46; H, 5.48; N, 17.32%]. Rf (50% acetone–dichloro-
methane) 0.56. nmax (film KBr): 3477 (m), 2954 (m), 2867
(s), 1572 (s), 1440 (w), 1407 (m), 1329 (s), 1118 (m),
1043 (m), 929 (m), 750 (m), 676 (w) cm�1. dH (300 MHz,
CDCl3) heteroaromatic: 9.65 (2H, s, H-3, H-5), 7.54 (2H,
s, H-50); DOABO–CH2O: 4.56 (8H, d, J¼5.3 Hz, H-2,
H-8-c), 4.51 (8H, s, 5-OCH2), 4.49 (4H, d, J¼5.3 Hz, H-2,
H-8-c), 4.47 (4H, d, J¼5.3 Hz, H-2, H-8-t), 3.98 (8H, d,
J¼9.6 Hz, H-4, H-6-c), 3.89 (8H, d, J¼9.6 Hz, H-4, H-6-
t); dC (75 MHz, CDCl3) heteroaromatic: 172.6 (2C, C-60),
165.2 (2C, C-20), 163.6 (2C, C-40), 147.9 (2C, C-2, C-6),
145.2 (2C, C-3, C-5), 100.0 (2C, C-50); DOABO–CH2O:
88.6, 88.4 (8C, C-2, C-8), 74.7, 74.3 (8C, C-4, C-6), 71.9,
71.8 (4C, C-5), 71.0, 69.6 (4C, 5-OCH2). MS (FAB+) m/z
(rel int. %): (M++1) 809.8 (93), 459.9 (53), 391 (100).

4.3.4. 2,6-Bis{60-[(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-5-
yl)methoxy]-pyridazin-30-yl}-pyrazine (9d). Yield 22%.
Yellow crystalline powder, mp 190 �C (dec) (flash column
chromatography, eluent ligroin:acetone:ethanol 2:1:1 v/v/v).
[Found: C, 55.32; H, 4.97; N, 21.30. C24H26N8O6 requires:
C, 55.17; H, 5.02; N, 21.45%]. Rf (ligroin:acetone:
ethanol 50:25:25) 0.48. nmax (film KBr): 3400 (m), 2871
(m), 1593 (m), 1417 (s), 1378 (w), 1310 (s), 1134 (m),
1098 (m), 930 (m), 860 (w), 753 (w) cm�1. dH (300 MHz,
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CDCl3) heteroaromatic: 9.85 (2H, s, H-3, H-5), 8.54 (2H, d,
J¼9.2 Hz, H-40), 7.21 (2H, d, J¼9.2 Hz, H-50); DOABO–
CH2O: 4.73 (4H, s, 5-OCH2), 4.59 (4H, d, J¼5.7 Hz, H-2,
H-8-c), 4.53 (4H, d, J¼5.7 Hz, H-2, H-8-t), 3.96 (8H, s,
H-4, H-6, H-c, H-t); dC (75 MHz, CDCl3) heteroaromatic:
165.4 (2C, C-60), 153.9 (2C, C-30), 147.6 (2C, C-2, C-6),
143.3 (2C, C-3, C-5), 128.3 (2C, C-40), 118.4 (2C, C-50);
DOABO–CH2O: 88.8 (4C, C-2, C-8), 74.4 (4C, C-4, C-6),
72.0 (2C, C-5), 70.4 (2C, 5-OCH2). MS (FAB+) m/z (rel
int. %): (M+Na+) 545 (2), (M++1) 523 (39), 283 (100),
128 (55), 95 (20).

4.3.5. 6,60-Bis[(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-5-yl)-
methoxy]-4,40-bipyrimidine (10a). This compound was
identified as side product in the crude reaction mixture of
the synthesis of the compound 9a in 6% occurrence. dH

(300 MHz, CDCl3) heteroaromatic: 8.83 (2H, s, H-2,
H-20), 7.79 (2H, s, H-5, H-50). MS (FAB+) m/z (rel int. %):
(M++1) 475 (<1), 289 (29).

4.3.6. 6,60-Bis[(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-5-yl)-
methoxy]-3,30-bipyridazine (10b). This compound was
identified as side product in the crude reaction mixture of
the synthesis of the compound 9d in 35% occurrence. dH

(300 MHz, CDCl3) heteroaromatic: 8.61 (2H, d, J¼9.3 Hz,
H-4, H-40), 7.16 (2H, d, J¼9.3 Hz, H-5, H-50). MS (FAB+)
m/z (rel int. %): (M++1) 445 (6).

4.3.7. 6,60-Bis{600-[(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-
5-yl)methoxy]-pyrimidin-400-yl}-2,20-bipyrazine (11a).
This compound was identified as side product in the crude
reaction mixture of the synthesis of the compound 9b in
12% occurrence. dH (300 MHz, CDCl3) heteroaromatic:
9.84 (2H, s, H-3, H-30), 9.75 (2H, s, H-5, H-50), 8.92 (2H,
s, H-200), 7.92 (2H, s, H-500). MS (FAB+) m/z (rel int. %):
(M++1) 630 (<1), 588 (<1), 564 (3).

4.3.8. 6,60-Bis{600-[(3,7-dioxa-r-1-azabicyclo[3.3.0]oct-c-
5-yl)methoxy]-pyridazin-300-yl}-2,20-bipyrazine (11b).
This compound was identified as side product in the crude
reaction mixture of the synthesis of the compound 9d in
15% occurrence. dH (300 MHz, CDCl3) heteroaromatic:
9.89 (2H, s, H-3, H-30), 9.75 (2H, s, H-5, H-50), 8.62 (2H,
d, J¼9.2 Hz, H-400), 7.23 (2H, d, J¼9.2 Hz, H-500). MS
(FAB+) m/z (rel int. %): 585 (<1), 564 (4).
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2001, 57, 4489–4505.
3. Zhang, C. Y.; Tour, J. M. J. Am. Chem. Soc. 1999, 121, 8783–
8790.

4. Lavergne, O.; Lesueur-Ginot, L.; Pla Rodas, F.; Kasprzyk,
P. G.; Pommier, J.; Demarquay, D.; Prévost, G.; Ulibarri, G.;
Rolland, A.; Schiano-Liberatore, A.-M.; Harnett, J.; Pons,
D.; Camara, J.; Bigg, D. C. H. J. Med. Chem. 1998, 41,
5410–5419.

5. Henegar, K. E.; Ashford, S. W.; Baughman, T. A.; Sih, J. C.;
Gu, R.-L. J. Org. Chem. 1997, 62, 6588–6597.

6. Sammakia, T.; Hurley, T. B. J. Org. Chem. 1999, 64, 4652–
4664.

7. Remuzon, P.; Bouzard, D.; Jacquet, J.-P. Heterocycles 1993, 36,
431–434.

8. Part I of our report and the literature cited therein.
9. Darabantu, M.; Maiereanu, C.; Silaghi-Dumitrescu, I.; Toupet,

L.; Condamine, E.; Ramondenc, Y.; Berghian, C.; Plé, G.;
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Abstract—Azedaralide, a potentially advanced intermediate for the total synthesis of various tetranortriterpenes, was constructed utilising the
Fernández-Mateos protocol and assigned both relative and absolute stereochemistries. Both asymmetric aldol and classical chiral resolution
attempts failed to deliver pure enantiomers whereas preparative chiral chromatography resolved racemic azedaralide with ease.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Azedaralide 1, isolated from Melia azedarach (1.7 mg from
1.5 kg root bark) by Nakatani et al.,1 displays antifeedant
and ichthyotoxic properties, and is to date the only d-lactone
degraded limonoid isolated from M. azedarach.1 In addition,
azedaralide 1 appears to have the required connectivity to act
as an advanced intermediate for total syntheses studies of the
tetranortriterpenes (limonoids) andirobin 2 and mexicano-
lide 3 (Fig. 1).2 In this regard two distinctly different ap-
proaches to viable quantities of azedaralide 1 were
investigated, the results of which are described herein.
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2. Results and discussion

Due to the large amount of work already conducted on the
total synthesis of dl-pyroangolensolide3–7 4, the most sim-
plistic, yet logically direct approach to azedaralide 1, that
being exocyclic allylic oxidation was examined in the first
instance. Numerous methods to effect allylic oxidation were
exhaustively investigated, for example, SeO2/t-BuO2H,8

Pd(OAc)2
9 and Hg(OAc)2,10 but in all cases these proce-

dures provided epoxide 5 and/or starting material 4. How-
ever, selenium dioxide or selenious acid in dioxane11

afforded azedaralide 112 in 17% yield along with the cor-
responding aldehyde 6 (28%), resulting from over oxidation
(Fig. 2).

Although access to 1 using the selenium dioxide protocol
was rapid, the disappointing yield and purity indicated
that an alternative strategy was required. Of the procedures
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available for the construction of dl-pyroangolensolide3–7

4, Fernández-Mateos7 maintains an unrivalled sequence
(stereospecific, four steps, 62% overall yield). On closer
inspection of the proposed transition state13 [lk approach,
7 (R¼H)] the allylic methyl group seems not to play a role
in the stereochemical outcome of the reaction, hence, addi-
tional functionality, for example, an ether unit (7, R¼OR0)
should be easily accommodated without transition state
disruption (Fig. 2).

Installation of the oxygen functionality was best achieved
using the El Gaı̈ed (DMAP or imidazole)14 Baylis–Hillman
variants (Scheme 1). Alcohol 8 was then protected as
a t-BDMS ether (i.e., 9) (90%) and methylated (i.e., 10)
(64%). The Fernández-Mateos stereospecific aldol pro-
ceeded without incident, as predicted, giving 11 in 77%
yield, which was routinely acetylated (92%) and cyclised
affording the hydroxylactone 12 (69%). Elimination (72%)
and deprotection (92%) revealed azedaralide 1 [19% overall
yield, eight steps], as confirmed by X-ray crystal structure
analysis of the racemate (Fig. 3).

In an attempt to introduce asymmetry into the racemic
sequence seen in Scheme 1, both asymmetric aldol and
classical chiral resolution type protocols were investigated.
For example, asymmetric aldol reactions with 10 and 3-fur-
aldehyde failed (e.g., DIP-Cl15), and difficulties were also
encountered in converting 10 into the SAMP derivative.16

Classical chiral resolution using covalent chiral auxiliaries
was attempted by converting 11 to the (–)-menthoxy acetate

Figure 3. ORTEP3 view of 1 crystallised as a racemate (30% probability
ellipsoids).
and (+)-Mosher’s ester17 derivatives. Although the dia-
stereomers could be easily seen by NMR analysis separation
was not achieved. Non-covalent methods, for example, treat-
ing the phthalate derivative 13 with a-methylbenzylamine18

(and brucine) did not yield crystals (Fig. 4). Lipases, both
acetylase (lipase PS) and deacetylase (lipase PS)19,20 proto-
cols failed to react with either the alcohol 11 or correspond-
ing acetate.

Preparative chiral chromatography on the other hand com-
pletely resolved the mixture of azedaralide enantiomers.
This task including transpacific transportation required only
days in comparison to months investigating failed asym-
metric and classical protocols described above. The (+)-
enantiomer was then converted to the crystalline sulfonate
14 (Fig. 4) using 1S-(+)-10-camphorsulfonyl chloride,21

which gave the X-ray crystal structure shown in Figure 5.
Considering the predetermined absolute stereochemistry of
the camphorsulfonyl chloride [via the sulfonic acid (R,S)]
the absolute stereochemistry of the (+)-enantiomer, as dem-
onstrated in the X-ray crystal structure, must be R,R. The
(+)-enantiomer has a rotation of +385.0, which is at variance
with that reported rotation (+165)1 for the isolated natural
product. Considering that only 1.7 mg of the isolated natural
product were obtained and that the 1H NMR of the material
revealed impurities,12 we are inclined to accept our optical
rotation value as more accurate.
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Figure 5. ORTEP3 view of 14 (30% probability ellipsoids shown).
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3. Conclusion

In conclusion, capitalising on the ingenious stereospecific
Fernández-Mateos protocol has allowed a direct synthesis
of azedaralide 1 in viable quantities. Furthermore, the cur-
rent sequence (eight steps, 19% overall yield) is a near 70
fold improvement in overall yield on the only tetranortriter-
pene advanced intermediate 15 reported5 so far (15 steps,
0.27% overall yield) (Fig. 6). Chiral chromatography in con-
junction with X-ray crystal structure analysis was paramount
for elucidating and confirming Nakatani’s proposed config-
uration of azedaralide 1.

4. Experimental

4.1. General

1H and 13C NMR spectra were recorded on Bruker AV400
(400.13 MHz; 100.62 MHz), AV300 (300.13 MHz; 75.47
MHz) and DRX (or AV) 500 (500.13 MHz; 125.77 MHz) in-
struments in deuteriochloroform (CDCl3). Coupling con-
stants are given in Hertz and chemical shifts are expressed
as d values in parts per million. High and low resolution
EI mass spectral data were obtained on a KRATOS MS 25
RFA. Electrospray mass spectrometry was performed on
a Finnigan MAT 900 XL-Trap. Microanalyses were per-
formed by the University of Queensland Microanalytical
Service. Melting points were determined on an Electrother-
mal melting point apparatus and are uncorrected. Chiral
chromatography was performed on a Berger Multigram
SFC (Mettler–Toledo) using a Chiralpak AS-H-SFC column
2.1 dia�25 cm long (Chiral Technologies) and a K-2501 UV
detector (Knauer) with an eluent mixture of CO2/MeOH 80/
20 flowing at 25 mL/min. Injection, detection and collection
were controlled by AutoPrep software (PDR-Chiral). IR
spectra were obtained on a Perkin Elmer FTIR Spectrometer,
Spectrum 2000.

4.2. X-ray crystallography

Data for all compounds were collected at 293 K on an
Enraf–Nonius CAD4 diffractometer. Data reduction, direct
methods structure solution and full least squares refinement
(SHELX9722) were performed with the WINGX package.23

Drawings of all molecules were created with ORTEP3.24

Data in CIF format have been deposited with the Cambridge
Crystallographic Data Centre (CCDC deposition numbers
601060 and 601061). Copies of the data can be obtained
free of charge upon request to deposit@ccdc.cam.ac.uk.

4.2.1. Reaction of pyroangolensolide 4 with selenium
dioxide. dl-Pyroangolensolide 4 (500 mg, 2.05 mmol) and
freshly sublimed selenium dioxide (341 mg, 3.07 mmol)

O

O

O

15

BnO

Figure 6.
were heated at reflux in 1,4-dioxane (34 mL) for 20 h. A col-
our change from pale yellow to dark brown was observed
after 5–10 min. On cooling the solvent was removed under
high vacuum and the residue was redissolved in dichloro-
methane and filtered. The filtrate was washed with 2 M
hydrochloric acid, water and brine followed by drying
(Na2SO4) and evaporation in vacuo. The residue was then
reacted under the same conditions as above and after work
up was subjected to column chromatography (2:1 diethyl
ether/petroleum spirit) which afforded two fractions.

Fraction 1 afforded aldehyde 6 (148 mg, 28%) as white crys-
tals. mp 147–149 �C.

1H NMR (400 MHz, CDCl3) d: 1.02 (s, 3H), 1.42–1.51 (m,
1H), 1.56–1.62 (m, 1H), 2.47–2.58 (m, 1H), 2.62–2.75 (m,
1H), 5.14 (s, 1H), 6.43–6.44 (m, 1H), 7.17–7.19 (m, 1H),
7.21 (s, 1H), 7.41–7.42 (m, 1H), 7.46–7.48 (m, 1H); 13C
NMR (100 MHz, CDCl3) d: 16.0, 23.5, 29.1, 36.9, 80.2,
109.9, 115.1, 120.0, 133.1, 141.2, 143.1, 151.4, 158.4,
165.1, 191.7; MS (EI) m/z (%): 258 (M+�, 2), 214 (1), 178
(1), 162 (100), 147 (14), 134 (27), 119 (21), 105 (16), 91
(25). Anal. Calcd for C15H14O4: C, 70.03; H, 5.09. Found:
C, 70.08; H, 5.45%.

Fraction 2 afforded azedaralide 1, which contained an un-
identified impurity (<10%) (92 mg, 17%). Characterisation
data below.

4.2.2. 2-[(tert-Butyldimethylsilyloxy)methyl]-2-cyclo-
hexenone 9. 2-Hydroxymethyl-2-cyclohexenone 8 (5 g,
40.32 mmol) was dissolved in anhydrous dichloromethane
(100 mL) and anhydrous triethylamine (13.25 mL) under
an argon atmosphere. To this was added in one portion,
tert-butyldimethylsilyl chloride (7.17 g, 47.56 mmol) and
the mixture was allowed to stir for 24 h at room temperature.
The reaction mixture was poured into a separatory funnel
containing saturated sodium hydrogen carbonate (25 mL),
and the organic layer partitioned. The aqueous layer was
extracted with dichloromethane (3�30 mL) and the com-
bined organic phases were washed with water, dried
(Na2SO4), evaporated and the residue subjected to column
chromatography (2:1 petroleum spirit/diethyl ether), yield-
ing the titled compound 9 as a pale yellow oil (8.56 g, 90%).

1H NMR (500 MHz, CDCl3) d: 0.05 (s, 6H), 0.90 (s, 9H),
1.98 (p, J¼6.3 Hz, 2H), 2.37–2.41 (m, 4H), 4.33 (AB, 2H),
6.97–6.99 (m, 1H); 13C NMR (75 MHz, CDCl3) d: �5.5,
�3.6, 18.3, 22.9, 25.55, 25.6, 25.9, 38.3, 60.0, 138.3,
143.9, 199.0; Near IR (Neat) n (cm�1) 1671, 1461, 1399;
MS (EI) m/z (%): 240 (M+�, 1), 225 (4), 193 (3), 183 (100),
167 (1), 151 (9), 142 (1), 127 (2), 117 (1), 109 (1), 101 (1),
91 (3); HRMS calcd for C13H24O2Si 240.1545, Found
240.1548.

4.2.3. 2-[(tert-Butyldimethylsilyloxy)methyl]-6-methyl-
2-cyclohexenone 10. To a cold (0 �C) stirring solution of
diisopropylamine (6.16 mL, 43.7 mmol) in anhydrous tetra-
hydrofuran (50 mL) under an argon atmosphere, was added
n-butyl lithium (1 M in hexanes, 31.5 mL, 41.6 mmol) over a
period of 10 min. After a further 45 min, 2-[(tert-butyl-
dimethylsilyloxy)methyl]-2-cyclohexenone 9 (10 g, 41.6
mmol) in tetrahydrofuran (50 mL) was added dropwise via
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cannula. The reaction was stirred at 0 �C for a further
60 min, before dropwise addition of iodomethane (7.8 mL,
125 mmol). Saturated sodium hydrogen carbonate (40 mL)
was added to the cold solution after 30 min, and the suspen-
sion was allowed to warm to room temperature (2 h).
Extraction with petroleum spirit (4�100 mL), followed by
washing with brine, drying (Na2SO4) and evaporation re-
sulted in an oily residue. Column chromatography (5:1
petroleum spirit/diethyl ether) afforded 10 as an orange-
brown oil (6.8 g, 64%).

1H NMR (500 MHz, CDCl3) d: 0.05 (s, 6H), 0.90 (s, 9H),
1.11 (d, J¼6.83 Hz, 3H), 1.66–1.74 (m, 1H), 2.00–2.06
(m, 1H), 2.37–2.41 (m, 2H), 4.29–4.35 (m, 2H), 6.91–6.92
(br m, 1H); 13C NMR (75 MHz, CDCl3) d: �5.4, 1.0,
15.0, 18.4, 25.0, 25.9, 29.7, 31.0, 41.7, 60.2, 137.7, 143.0,
201.6; MS (EI) m/z (%): 254 (M+�, 1), 239 (4), 225 (5),
211 (2), 207 (6), 197 (99), 193 (6), 183 (100), 167 (6), 155
(7), 153 (9), 151 (12), 127 (5), 117 (2), 105 (7), 91 (8);
HRMS calcd for C14H26O2Si 254.1702, Found 254.1699.

4.2.4. 2-[(tert-Butyldimethylsilyloxy)methyl]-6-[(furan-
3-yl)hydroxymethyl]-6-methyl-2-cyclohexenone 11. To a
stirred solution of diisopropylamine (5 mL, 35.7 mmol) in
anhydrous tetrahydrofuran (100 mL) at 0 �C under an argon
atmosphere, was added n-butyl lithium (1.32 M in hexanes,
25.8 mL, 34.1 mmol) dropwise over a period of 5 min. After
25 min at 0 �C, the solution was cooled to �78 �C and a
solution of 2-[(tert-butyldimethylsilyloxy)methyl]-6-methyl-
2-cyclohexenone 10 (5 g, 19.7 mmol) in anhydrous tetra-
hydrofuran (25 mL) was added via cannula (3 min). The re-
action was stirred for 3 h at �78 �C before quenching with
saturated ammonium chloride solution (30 mL) and slow
warming to room temperature (12 h). The organic layer
was partitioned and the aqueous layer extracted with di-
chloromethane (4�50 mL). The combined organic layers
were washed with water and brine, dried (Na2SO4) and evap-
orated. Column chromatography of the residue (5:1 petro-
leum spirit/diethyl ether) afforded the desired product 11 as
a pale yellow oil (5.3 g, 77%).

1H NMR (400 MHz, CDCl3) d: 0.06 (s, 6H), 0.90 (s, 9H),
1.17 (s, 3H), 1.49–1.53 (m, 1H), 1.69–1.75 (m, 1H), 2.37–
2.41 (br m, 2H), 4.25–4.39 (m, 2H), 4.89 (s, 1H), 6.36 (s,
1H), 6.97 (br s, 1H), 7.35 (d, J¼1.5 Hz, 1H), 7.36 (s, 1H);
13C NMR (125 MHz, CDCl3) d: �5.5, 14.5, 18.3, 22.3,
25.9, 31.1, 47.5, 60.1, 71.5, 110.1, 123.9, 136.6, 140.5,
142.5, 144.1, 206.2; Near IR (Neat) n (cm�1) 3444, 1651,
1503, 1461; HRMS ESI calcd for C19H30O4NaSi
373.1811, Found 373.1809.

4.2.5. 2-[(tert-Butyldimethylsilyloxy)methyl]-6-[(furan-
3-yl)acetoxymethyl]-6-methyl-2-cyclohexenone. Acetic
anhydride (8.7 mL) was added dropwise to a cold (0 �C)
solution of 11 (2.5 g, 7.14 mmol) in pyridine (8.7 mL) under
an argon atmosphere. The cold bath was removed and stir-
ring continued at room temperature for 4 h, followed by
addition of iced water (20 mL). On warming to room tem-
perature, the mixture was transferred to a separatory funnel
and extracted with dichloromethane (4�20 mL). The
combined extracts were washed successively with sodium
hydrogen carbonate, water and brine, dried (Na2SO4) and
evaporated. Excess pyridine was removed in vacuo prior to
column chromatography (2:1 petroleum spirit/diethyl ether)
affording the titled compound as a yellow oil (2.59 g, 92%).

1H NMR (500 MHz, CDCl3) d: 0.05 (s, 6H), 0.89 (s, 9H),
1.16 (s, 3H), 1.79–1.91 (m, 2H), 2.05 (s, 3H), 2.39 (br s,
2H), 4.21–4.32 (m, 2H), 6.28 (s, 1H), 6.33 (s, 1H), 6.87
(br s, 1H), 7.28 (s, 1H), 7.30 (s, 1H); 13C NMR (125 MHz,
CDCl3) d: �5.53, �5.49, 18.3, 18.6, 20.9, 22.1, 25.9, 29.2,
48.9, 60.1, 71.6, 110.1, 122.2, 137.0, 140.6, 142.0, 142.5,
169.7, 200.4; HRMS calcd for C21H32O5NaSi 415.1916,
Found 415.1923.

4.2.6. 5-[(tert-Butyldimethylsilyloxy)methyl]-1-(furan-3-
yl)-4a-hydroxy-8a-methyl-4,4a,8,8a-tetrahydro-1H-iso-
chromen-3(7H)-one 12. To a stirred solution of diisopropyl-
amine (8.67 mL, 6.18 mmol) in anhydrous tetrahydrofuran
(15 mL) at 0 �C under an argon atmosphere, was added
n-butyl lithium (1.32 M in hexanes, 4.46 mL) dropwise over
a period of 4 min. After 30 min at 0 �C, the solution was
cooled to �78 �C and a solution of 2-[(tert-butyldimethyl-
silyloxy)methyl]-6-[(furan-3-yl)-acetoxymethyl]-6-methyl-
2-cyclohexenone (2 g, 5.10 mmol) in tetrahydrofuran
(15 mL) was added dropwise. The reaction was stirred
at �78 �C for 5 h, before quenching with saturated ammo-
nium chloride solution (15 mL). After warming to room
temperature (12 h), the mixture was transferred to a separa-
tory funnel, extracted with dichloromethane (4�20 mL) and
washed successively with water and brine. The extracts
were then dried (Na2SO4), evaporated and subjected to col-
umn chromatography (2:1 diethyl ether/petroleum spirit)
affording the titled compound 12 (1.37 g, 69%) as a white,
crystalline solid.

Mp 121–123 �C; 1H NMR (500 MHz, CDCl3) d: 0.10 (s,
3H), 0.12 (s, 3H), 0.90 (s, 9H), 1.01 (s, 3H), 1.31–1.36 (m,
1H), 1.88–1.93 (m, 1H), 2.09–2.16 (m, 2H), 3.02 (AB,
2H), 3.69 (br s, 1H), 4.10 (d, J¼11.6 Hz, 1H), 4.47 (d,
J¼11.6 Hz, 1H), 5.21 (s, 1H), 5.87 (br s, 1H), 6.43 (s, 1H),
7.40 (d, J¼1.6 Hz, 1H), 7.43 (s, 1H); 13C NMR (125 MHz,
CDCl3) d: �5.57, �5.58, 15.0, 18.0, 21.8, 25.8, 27.3, 39.5,
39.9, 66.4, 71.5, 77.7, 109.8, 121.2, 128.5, 137.0, 140.6,
143.0, 170.3; HRMS calcd for C21H32O5NaSi 415.1916,
Found 415.1919.

4.2.7. 5-[(tert-Butyldimethylsilyloxy)methyl]-1-(furan-3-
yl)-8a-methyl-8,8a-dihydro-1H-isochromen-3(7H)-one.
To a solution of 12 (1.00 g, 2.55 mmol) in anhydrous di-
chloromethane (15 mL), was added anhydrous pyridine
(825 mL, 10.2 mmol) under an argon atmosphere. The reac-
tion flask was cooled in an ice-bath, and thionyl chloride
(372 mL, 5.10 mmol) added dropwise. After 20 min, water
(10 mL) was added and the mixture was allowed to warm
to room temperature over 1 h. The reaction mixture was
extracted with dichloromethane (2�30 ml), washed with
saturated sodium hydrogen carbonate and brine then dried
(Na2SO4). Evaporation followed by column chromato-
graphy of the residue (1:1 petroleum spirit/diethyl ether)
gave the titled compound as a white, crystalline solid
(690 mg, 72%).

Mp 93.5–94.5 �C; 1H NMR (500 MHz, CDCl3) d: 0.07 (s,
6H), 0.90 (s, 9H), 1.01 (s, 3H), 1.41–1.50 (m, 2H), 2.28–
2.37 (m, 2H), 4.30 (AB, 2H), 5.11 (s, 1H), 5.79 (s, 1H),
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6.43 (br s, 2H), 7.40 (d, J¼1.5 Hz, 1H), 7.46 (s, 1H); 13C
NMR (125 MHz, CDCl3) d: �5.38, �5.35, 15.9, 18.3,
22.0, 25.9, 29.9, 37.1, 62.4, 80.7, 109.3, 110.1, 120.2,
132.2, 134.7, 141.1, 142.9, 157.3, 165.8; Near IR (Neat)
n (cm�1) 1704, 1635, 1597; HRMS calcd for C21H30O4NaSi
397.1811, Found 397.1817; Anal. Calcd for C21H30O4Si:
C, 67.34; H, 8.07. Found: C, 67.37; H, 8.26%.

4.2.8. 1-(Furan-3-yl)-5-hydroxymethyl-8a-methyl-8,8a-
dihydro-1H-isochromen-3(7H)-one (azedaralide) 1.
Tetrabutylammonium fluoride (1 M in tetrahydrofuran,
2.67 mL, 2.67 mmol) was added dropwise to a 0 �C solu-
tion of 5-[(tert-butyldimethylsilyloxy)methyl]-1-(furan-3-yl)-
8a-methyl-8,8a-dihydro-1H-isochromen-3(7H)-one (500 mg,
1.34 mmol) in anhydrous tetrahydrofuran (25 mL). The solu-
tion was stirred at this temperature for 20 min, before dilution
with ethyl acetate (10 mL) and hydrochloric acid (1 M,
10 mL). The reaction was extracted with ethyl acetate
(3�30 mL). The combined organic phases were washed
with brine (40 mL) and dried (Na2SO4). Evaporation and col-
umn chromatography of the residue (diethyl ether) afforded
azedaralide (1) as a pale yellow, crystalline solid (320 mg,
92%). After chiral chromatography (+)-azedaralide [a]D

+385.0 (c 1.59, MeOH) and (�)-azedaralide [a]D �391.9
(c 1.47, MeOH) at 27 �C.

Mp 108–108.5 �C; 1H NMR (500 MHz, CDCl3) d: 1.02 (s,
3H), 1.41–1.51 (m, 3H), 2.25–2.39 (m, 2H), 4.33 (q,
J¼12.8 Hz, 2H), 5.13 (s, 1H), 5.94 (s, 1H), 6.43 (br s, 1H),
7.41 (t, J¼1.5 Hz, 1H), 7.47 (s, 1H); 13C NMR (125 MHz,
CDCl3) d: 16.0, 22.0, 29.7, 37.1, 62.8, 80.7, 110.0, 110.2,
120.1, 132.5, 136.7, 141.2, 143.0, 157.3, 165.8; MS (EI)
m/z (%): 260 (M+�, 2), 216 (1), 183 (2), 173 (2), 164 (100),
149 (15), 135 (3), 119 (38), 105 (11), 99 (13), 91 (14);
Near IR [(+)-azedaralide] (Neat) n (cm�1) 3429, 1676,
1629, 1591; HRMS calcd for C15H16O4 260.1049, Found
260.1050; Anal. Calcd for C15H16O4: C, 69.22; H, 6.20.
Found: C, 69.37; H, 6.32%.

4.2.9. [(1R,8aR)-1-(furan-3-yl)-8a-methyl-3-oxo-3,7,8,8a-
tetrahydro-1H-isochromen-5-yl]methyl (1S,4R)-7,7-
dimethyl-2-oxobicyclo[2.2.1]heptan-1-yl methane-
sulfonate 14. (+)-Azedaralide (20 mg, 0.077 mmol) was
dissolved in anhydrous tetrahydrofuran (5 mL) under an
atmosphere of argon. Anhydrous triethylamine (25 mL,
0.18 mmol) was added and the reaction vessel cooled in an
ice-bath, prior to dropwise addition of (+)-camphorsulfonyl
chloride (29 mg, 0.12 mmol). The solution was then allowed
to warm slowly to room temperature. After 21 h the solvent
was removed in vacuo, and the residue taken up into di-
chloromethane (10 mL), before washing with hydrochloric
acid (2 M), and water. The organic phase was dried
(Na2SO4), and evaporated. The residue was subjected to
column chromatography (diethyl ether) to yield the desired
sulfonate (32 mg, 88%) as an amorphous solid, which was
recrystallised (ethyl acetate) affording white needles. [a]D

+260.1 (c 1.45, CDCl3) at 27 �C.

Mp 160.5 �C; 1H NMR (400 MHz, CDCl3) d: 0.86 (s, 3H),
1.03 (s, 3H), 1.09 (s, 3H), 1.43–1.50 (m, 3H), 1.60–1.65
(m, 1H), 1.92–2.12 (m, 3H), 2.34–2.44 (m, 4H), 3.01 (d,
1H, J¼15 Hz), 3.57 (dd, 1H, J¼15, 1 Hz), 4.93 (AB, m,
2H), 5.14 (s, 1H), 5.95 (s, 1H), 6.43 (s, 1H), 6.59–6.60 (m,
1H), 7.41–7.42 (m, 1H), 7.47 (s, 1H); 13C NMR
(100 MHz, CDCl3) d: 15.9, 19.7, 19.8, 22.4, 24.9, 26.9,
29.3, 37.2, 42.5, 42.7, 48.0, 48.1, 58.0, 69.4, 80.5, 110.0,
111.3, 119.9, 127.8, 141.2, 142.5, 143.0, 156.0, 165.1,
214.5; MS (EI) m/z (%): 474 (M+�, 2), 410 (1), 378 (1),
294 (1), 260 (9), 242 (3), 215 (15), 178 (3), 164 (85), 146
(46), 118 (100), 109 (34), 91 (29); HRMS calcd for
C25H33O7S 474.1712, Found 474.1712.
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Abstract—Three new microviridins namely, SD1684 (1), SD1634 (2), and SD1652 (3), were isolated from the hydrophilic extract of
Microcystis aeruginosa. The planar structures of compounds 1–3 were determined by homonuclear and inverse-heteronuclear 2D-NMR
techniques as well as by high-resolution mass spectrometry. The absolute configuration of the asymmetric centers was studied using Marfey’s
method for HPLC. Compounds 1–3 contain L-threo-b-hydroxy aspartic acid as a building block of the peptide chain. This is the first example
where microviridins contain non-proteinogenic amino acid in their structure. Compound 2 is a mild serine protease inhibitor.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Microviridins are cyclic peptides produced by strains of
cyanobacteria (Microcystis, Nostoc, and Oscillatoria spp.)
that produce massive water blooms and have the capacity
to synthesize hepatotoxins of the microcystins family.1

They contain either 13 or 14 L-amino acids, nine of which
are conserved: Tyr(1), Glu(3), Trp(4), Asp(5), Ser(6), Pro(7),
Tyr(8), Lys(9), and Thr(11). They consist of a monocyclic
peptide structure with zero to two lactone bridges, which
produce a rigid core structure between positions 2 and 11.
Ten cyclic peptides of this type have thus far been character-
ized from extracts of water-bloom-forming cyanobacteria.
Microviridin A was isolated from Microcystis viridis as
tyrosinase inhibitor.2 Microviridins B and C were isolated
from Microcystis aeruginosa as elastase inhibitors.3 Micro-
viridins D, E, and F were isolated from Oscillatoria
(Planktothrix) agardhii as an elastase and chymotrypsin
inhibitors.4 Microviridins G and H were isolated from
Nostoc minutum as elastase inhibitors.5 Microviridin I was
isolated from O. (P.) agardhii as an elastase, chymotrypsin,
and trypsin inhibitor.6 Microviridin J was isolated from a
cultured M. aeruginosa and possesses potent toxicity to
Daphnia and inhibits serine proteases.7 Here we report the
isolation and structure elucidation of three new micro-
viridins.

Keywords: Natural products; Cyanobacteria; Microcystis aeruginosa; Pro-
tease inhibitors.
* Corresponding author. Tel.: +972 3 6408550; fax: +972 3 6409293;
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A non-toxic strain of the cyanobacterium M. aeruginosa
(strain IL-215) was collected in the summer of 1998, from
a pond in the Dan District sewage treatment plant, the Shof-
dan. The freeze-dried sample of the cyanobacterium was
extracted with 70% MeOH in H2O. The extract was found
to inhibit several serine and amino proteases. The active
extract was flash-chromatographed on an ODS column.
Two fractions eluted from the column, with 60 and 70%
MeOH in H2O, exhibited protease inhibitory activity and
were further purified on a reversed-phase HPLC column.
Seven serine- and amino-protease inhibitors were isolated
from these fractions and their structures were published.8

The fractions eluted from an ODS flash-column with
30%–50% methanol, exhibit serine–protease inhibitory
activity but were insoluble in chloroform/methanol solu-
tions, like the less polar protease inhibitors. Repeated
preparative reversed-phase HPLC afforded seven pure com-
pounds with molecular weights between 1634 and 1715
mass units. The composition of the amino acids of all seven
compounds was found to be identical by amino acid analysis
of the hydrolyzed peptides. The structures of three of these
compounds, microviridins SD1684 (1), SD1634 (2), and
SD1652 (3), were determined by NMR and MS techniques.
The other four compounds exist, in solution, as a complex
mixture of conformers, and their structure could not be
solved by NMR.y An attempt to solve the structure of the
latter four compounds by MS–MS measurements, failed
due to the uninterpretable fragmentation pattern of the cyclic
portion, of either 1–3 or the four unsolved ones. The frag-
mentation pattern of the side chains of all compounds, on
the other hand, was interpretable and consistent with the
proposed structures of 1–3.

Microviridin SD1684 (1) was isolated as a glassy solid
material that exhibited a negative-FAB quasi-molecular
ion at m/z 1683.6 but failed to give a positive-FAB molecular
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y The proton NMR spectrum of each of these compounds was measured in
several deuterated solvents and solvent mixtures at room temperature and
if possible in higher temperatures. All seven compounds that were homo-
genous by HPLC, presented a MALDI-TOF mass spectrum, which indi-
cated that it contains a single component (only one set of MH+, MNa+,
and MK+ ions). Compounds 1–3, which presented a set of two or three
NMR signals for each chemical unit (easily observed on methyl groups
and aromatic protons) gave one sharp set of signals in the solvent that
were used for structure elucidation. For the other four compounds such
a solvent could not be obtained.
ion. Its molecular formula, C76H104N18O26, is based on HR
MALDI-TOF MS measurements. The structure elucidation
of 1 was complicated due to the overlapping of several pro-
tons and carbons in the NMR spectra. The NMR spectra of 1
were examined in several deuterated solvents. The best
resolved spectra were obtained in methanol-d3 and pyri-
dine-d5. Even in these two solvents at 500 MHz, the over-
lapping of too many signals did not allow the unambiguous
assignment of all of the amino acid subunits. To overcome
this problem we measured the 1-D and 2-D NMR spectra
of 1 in CD3OH on an 800 MHz spectrometer. Sixteen
exchangeable protons were observed in the proton NMR
spectrum (dH 10.20–6.50 ppm). Two para-substituted phe-
nol moieties (dH 7.10 d, 2H; 7.06 d, 2H; 6.79 d, 2H, and
6.71 d, 2H, ppm) and five vinylic protons (dH 7.61 d, 7.36
d, 7.12 t, 7.08 s, and 7.04 t, ppm) of the tryptophan moiety
were observed in the aromatic region. Upfield from the aro-
matic region (dH 5.50–3.30 ppm), sixteen methine protons,
six protons of three methylenes next to nitrogen and oxygen,
and one O-methoxyl group, were observed. Protons of six
methylenes located next to a nitrogen and a carbonyl reso-
nate between dH 3.30 and 2.20 ppm. A singlet of acetyl
protons and three doublet methyls along with protons of
eight aliphatic methylenes appear at the high-field end
of the spectrum. In the carbon NMR spectrum, 17 carboxyl-
carbons, a guanidine carbon, two phenol-carbons, and 18
vinyl carbons (13 methines and five quaternary) were
observed at the low field end of the spectrum. Sixteen
methines, two methylenes, and a methyl were detected in
the region between 75 and 45 ppm. Fourteen methylene
and four methyl carbons appear in the aliphatic region of
the 13C NMR spectrum. H–H COSY and TOCSY experi-
ments allowed the assignment of 17 fragments, which
account for 87 of the 104 protons of 1. The fragments are:
two para-substituted phenol moieties of tyrosine, a 1,2-
disubstituted phenyl moiety, a three substituted vinyl imide
moiety, three moieties of a-NH to the b-methylene of
aromatic amino acids, a-NH to the b-methine of an uniden-
tified amino acid, a-NH to the g-methylene of glutamic acid,
a-NH to the b-methylene of aspartic acid, a-NH to the
b-methylene of serine, a-methine to the d-methylene of
proline, a-NH to 3-NH of an 3-N-substituted lysine, a-NH
to d-NH of arginine, two moieties of a-NH to g-methyl of
threonine and a-NH to the b-methyl of alanine. The correla-
tions from the HMQC spectrum (see Table 1) reinforced
these assignments and confirmed the existence of the
O-methyl and N-acetyl moieties, in 1. HMBC correlations
(see Table 1) allowed full assignment of the 14 acid units
of 1: two Tyr, b-hydroxy aspartic acid (Has), 5-O-methyl
glutamic acid, Trp, Asp, Ser, Pro, 3-N-substituted lysine,
Arg, two Thr units, Ala, and an acetyl amide. The amino
acid sequence of microviridin SD1684 (1) was determined
from HMBC correlations of the NH proton of an amino
acid with the carbonyl of an adjacent amino acid (TyrI-
Has, Glu-Trp, Trp-Asp, Asp-Ser, Ser-Pro, TyrII-Lys,
Lys-Arg, Arg-ThrI, ThrI-Ala, Ala-ThrII, and ThrII-Ac) and
OMe with a 5-carbonyl of Glu. These correlations estab-
lished all but three amide connectivities of the cyclopeptide,
the connectivity between Pro-N and TyrII-carbonyl, the con-
nectivity between 3-NH of Lys and 4-carbonyl of Has, and
the connectivity between Has-NH and the Glu 1-carbonyl.
Has 4-carbonyl and TyrII-carbonyl (dC 172.8 ppm), as well
as Pro-carbonyl and Glu 1-carbonyl (dC 174.0 ppm),
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Table 1. NMR data of microviridin SD1684 (1) in CD3OHa

Position dC/N, Mult.b dH, Mult., J (Hz) HMBC correlationsc ROESY correlationsd

TyrI 1 174.9 s TyrI-2,3,30

2 55.9 d 4.65 dt 5.8, 7.5 TyrI-3,30

3 37.7 t 2.98 dd 13.9, 7.5; 3.09, dd, 13.9, 5.8 TyrI-2,5,50

4 128.7 s TyrI-2,3,30,6,60

5,50 131.3 d�2 7.10 d 8.4 TyrI-3,30,5,50

6,60 116.3 d�2 6.71 d 8.4 TyrI-5,50,6,60

7 157.3 s TyrI-5,50,6,60

NH 115.9 d 8.25 d 7.2 Has-3

Has 1 171.3 s Has-2, TyrI-NH
2 56.8 d 5.03 br s
3 73.4 d 4.77 br s Lys-3-NH, TyrI-NH
4 172.8 s Has-3
NH 111.1 d 8.67 br s Glu-2,4, TyrI-2

Glu 1 174.0 s Glu-2,3,30

2 52.2 d 5.29 ddd 8.2, 8.4, 7.8 Glu-3,30,4,40 Has-NH,3
3 30.5 t 1.92 dq 14.8, 7.3; 1.88 dq 14.8, 7.3 Glu-4,40

4 29.5 t 2.33 dt 16.9, 7.2; 2.49 dt 16.9, 7.2 Glu-3,30 Glu-NH, Has-NH
5 175.0 s Glu-3,30,4,40,OMe
OMe 52.1 q 3.57 s
NH 123.8 d 8.32 d 7.8 Glu-4

Trp 1 173.4 s Trp-2,3, Glu-NH
2 55.8 d 4.61 m Trp-5, NH Ser-NH, Glu-NH
3 28.6 t 3.14 dd 14.7, 7.8; 3.09 dd 14.7, 5.4 Trp-2 Trp-NH,5
4 110.5 s Trp-3,5,9,NH(9)
4a 128.5 s Trp-3,5,8,9,NH(9)
5 119.2 d 7.61 d 8.0 Trp-7 Trp-2,3
6 119.7 d 7.12 t 7.5 Trp-8
7 122.3 d 7.04 t 7.5 Trp-5 Trp-NH(9)
8 112.3 d 7.36 d 8.1 Trp-5,6 Trp-NH(9)
8a 138.0 s Trp-5,7,9,NH(9)
9 124.7 d 7.08 br s Trp-3,NH(9)
NH(9) 127.1 d 10.12 br s Trp-7,8
NH 119.2 d 8.02 d 6.5 Trp-2,3, Asp-NH,2

Asp 1 173.1 s Trp-NH, Asp-2,3,30

2 51.8 d 4.68 dt 6.3, 8.0 Asp-3,NH Asp-NH, Trp-NH
3 36.1 t 2.70 dd 17.5, 7.9; 3.07 dd 17.5, 6.3 Asp-2 Asp-NH
4 174.4 s Asp-2,3,30

NH 115.9 d 8.69 d 8.0 Asp-2,3, Ser-2, Trp-NH

Ser 1 171.8 s Ser-3, Asp-NH
2 58.2 d 4.29 br s Asp-NH
3 63.0 t 3.85 br s (2H) Ser-NH, Trp-NH
NH 122.1 d 8.27 m Ser-3, Trp-2

Pro 1 174.0 s Pro-2,3, Ser-NH
2 62.1 d 3.78 br d 8.3 Pro-40 Pro-5, TyrII-2,5,50,6,60

3 32.1 t 1.52 m; 2.05 m Pro-2,50 TyrII-6,60

4 22.6 t 1.62 m; 1.80 m Pro-5 TyrII-6,60

5 48.0 t 3.47 dt 9.6, 7.2; 3.57 m Pro-2,3,30 Pro-2, TyrII-5,50

TyrII 1 172.8 s TyrII-3,30

2 55.4 d 4.62 m TyrII-3 TyrII-NH, Pro-2
3 38.6 t 2.89 dd 13.1, 6.1; 3.00 dd 13.1, 9.1 TyrII-5,50 TyrII-NH
4 127.0 s TyrII-3,30,6,60

5,50 131.5 d�2 7.06 d 8.4 TyrII-3,30,5,50 Pro-2,5
6,60 116.9 d�2 6.79 d 8.4 TyrII-5,50,6,60 Pro-2,3,40

7 158.1 s TyrII-5,50,6,60

NH 118.8 d 8.29 m TyrII-2,3

Lys 1 174.5 s Lys-30, TyrII-NH
2 53.3 d 4.54 m Lys-30 Lys-a-NH
3 29.9 t 1.69 m; 1.79 m Lys-a-NH; Lys-a-NH
4 25.0 t 1.44 m; 1.42 m Lys-a,3-NH; Lys-a,3-NH
5 30.0 t 1.44 m; 1.42 m Lys-a,3-NH; Lys-a,3-NH
6 40.6 t 3.70 br m; 2.81 br m Lys-3-NH; Lys-3-NH
a-NH 127.0 d 8.83 d 7.7 Lys-2,3,30,4,40,5,50, Arg-2
3-NH 118.6 d 8.08 t 6.6 Lys-4,40,5,50,6,60, Has-3

Arg 1 174.7 s Arg-2, Lys-a-NH
2 53.4 d 4.78 q 7.5 Arg-3,4 Lys-a-NH
3 29.7 t 1.80 m (2H) Arg-NH
4 25.9 t 1.48 m; 1.57 m Arg-2,5 Arg-6(NH)
5 42.0 t 3.19 br m; 3.15 br m Arg-4,40 Arg-6(NH)

(continued)
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Table 1. (continued)

Position dC/N, Mult.b dH, Mult., J (Hz) HMBC correlationsc ROESY correlationsd

6(NH) 83.7 d 7.34 t 4.1 Arg-4,5
7 158.5 s Arg-5
8,9 22.0 t; 74.0 d 7.25 br m; 6.55 br m
NH 121.1 d 8.54 br s Arg-3, ThrI-2,3

ThrI 1 172.0 s Arg-NH, ThrI-2
2 58.8 d 4.59 m ThrI-4,NH Arg-NH
3 69.9 d 4.25 dq 4.4, 6.3 ThrI-4 Arg-NH
4 20.4 q 1.17 d 6.3 ThrI-NH
NH 110.9 d 8.07 d 7.9 ThrI-4, Ala-NH

Ala 1 174.8 s Ala-2,3, ThrI-2,NH
2 51.0 d 4.43 dq 6.3, 6.8 Ala-3,NH ThrI-NH
3 17.7 q 1.38 d 6.8 Ala-2,NH Ala-NH
NH 125.4 d 8.19 d 6.3 Ala-3, ThrII-3, ThrI-NH

ThrII 1 172.5 s ThrII-2, Ala-NH
2 60.3 d 4.33 dd 4.7, 8.0 ThrII-4,NH Ala-NH
3 68.5 d 4.17 dq 4.7, 6.3 ThrII-2,4,NH ThrII-NH, Ala-NH
4 19.9 q 1.20 d 6.3 ThrII-NH
NH 117.3 d 8.17 d 8.0 ThrII-3,4, Ac-2

Ac 1 173.9 s Ac-2, ThrII-2,NH
2 22.5 q 2.06 s ThrII-NH

a Carried out on an DMX-800 Bruker instrument.
b Multiplicity and assignment from HMQC experiment.
c Determined from HMBC experiment, nJCH¼8 Hz, recycle time 1 s, the HMBC correlations are reported as correlations of the protons printed in the column

with the carbons in the rows.
d By ROESY experiment, mixing time 400 ms.
resonate at the same chemical shift and thus introduce some
ambiguity to the assignment and correlations of these amino
acids. The connectivity between these amino acids was
established on the basis of NOE correlations from ROESY
experiments. The experiment in methanol-d3 presents an
NOE between Pro H-2 and TyrII H-2, suggesting a cis con-
formation of the Pro amide bond (reinforced by the 13C
chemical shifts difference between positions 3 and 4 of pro-
line,>9 ppm9), between Has H-3 and 3-NH of Lys, confirm-
ing the cyclic structure of the peptide, and between Has NH
and Glu H-2. The ROESY experiment in pyridine-d5 (see
Table 4) presents an additional NOE between Ser H-2 and
Pro H-4 confirming the correlation between Ser-NH and
Pro-carbonyl that was established from the HMBC experi-
ment in methanol-d3. The rest of the amino acid sequence
could also be assembled from the ROESY data (see Table
1). A set of NOE’s between Asp-NH and Trp-NH, Ser-NH
and Trp-H-2 as well as Ser-H2-3 and Trp-NH suggest
that the peptide has a b-turn around the Asp residue. The
1H–15N HSQC experiment allowed the assignment of the
15N signals of the various amino acids of compound 1 other
than that of Pro (see Table 1). All the secondary amide
nitrogen signals resonated in the expected region (dN 105–
120 ppm, relative to ammonia).10 Acid hydrolysis of micro-
viridin SD1684 (1) and derivatization with Marfey’s reagent,11

followed by HPLC analysis, demonstrated the L-stereochem-
istry of all amino acids. The stereochemistry of the Has res-
idue was established by this method as L-threo-b-hydroxy
aspartic acid.

Microviridin SD1634 (2) was isolated as a glassy solid
material that exhibits a negative-FAB quasi-molecular ion
at m/z 1633.9. Its molecular formula, C75H98N18O24, is
based on HR MALDI-TOF MS measurements. This molec-
ular formula corresponds to a loss of a molecule of water and
a molecule of methanol from compound 1. The NMR spectra
of 2 were examined in several deuterated solvents. The best
resolved spectra were obtained in 10:1 methanol-d3/aq TFA
at pH 3.3. When the proton NMR spectrum of 2 is compared
with that of 1 some differences are encountered: (i) the
methoxyl signal is missing in the spectrum of 2; (ii) one of
the two threonine methyl groups is downfield shifted and
a quartet methine proton appears at 5.54 ppm; (iii) there is
a dramatic change in the chemical shifts of the amide protons
that resonate between 8.85 and 8.00 ppm in the spectrum of
1 and between 9.11 and 6.30 ppm in the spectrum of 2. Com-
bining these observations with the mass-spectral data and the
structure of previously known microviridins suggested that
2 contains two lactone bridges that cause conformational
changes in the peptide backbone. The conformational
changes were also reflected in 15N chemical shifts of the
amide nitrogen atoms (see Tables 1 and 2). Analyses of
the NMR spectra and Marfey’s analysis11 revealed that 2
contains the same 13 amino acids (L-Ala, L-Arg, L-Asp,
L-Glu, L-Has, L-Lys, L-Pro, L-Ser, 2�L-Thr, L-Trp, and
2�L-Tyr) and acetate as 1. The assignment of the NMR sig-
nals further suggested that the serine methylene (dH 4.90 m
and 2.77 br d in 2, relative to dH 3.85 br s in 1) and a methine
next to oxygen of one of the two threonine moieties (dH H-3:
5.56 q and H3-4 1.39 d in 2, relative to dH H-3: 4.25 dq and
H3-4 1.17 d in 1) are esterified. Seven of the carbonyl
carbons overlapped in the 13C NMR spectrum (Ser, Lys,
and ThrII, resonate at 172.9 ppm and Asp, Pro, TyrII, and
Ac, at 173.7 ppm) and thus prevented the assignment of
the amino acid sequence solely on the basis of HMBC cor-
relation between the amide NH proton of an amino acid
with the carbonyl of an adjacent amino acid. Based on the
HMBC connectivity two fragments could be assigned (see
Table 2): TyrI-Has-Glu-Trp and Lys-Arg-ThrI-Ala. The
following NOE’s between: Trp-NH and Asp-2 and NH;
Asp-NH and Ser-2; Ser-NH and Pro-4 and 50; Pro-2 and
TyrII-2, 5 and 50; TyrII-NH and Lys-2; Ala-NH and ThrII-2
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Table 2. NMR data of microviridin SD1634 (2) in 10:1 CD3OH/aq TFA pH 3.3a

Position dC/N, Mult.b dH, Mult., J (Hz) HMBC correlationsc ROESY correlationsd

TyrI 1 174.4 s TyrI-3
2 55.7 d 4.58 m TyrI-3 TyrI-3,NH
3 37.4 t 3.09 m TyrI-2,5,50 TyrI-2,NH
4 128.8 s TyrI-3,5,50,6,60

5,50 131.4 d�2 7.11 d 8.3 TyrI-3,5,50

6,60 116.3 d�2 6.73 d 8.3 TyrI-5,50,6,60

7 157.2 s TyrI-5,50

NH 118.6 d 7.67 d 8.0 TyrI-2,3, Has-2,3

Has 1 171.2 s Has-2, TyrI-NH
2 57.2 d 4.74 br d 9.5 Has-NH TyrI-NH, Has-NH
3 72.1 d 4.54 br s Lys-3-NH, TyrI-NH
4 173.3 s Has-3, Lys-3-NH
NH 104.2 d 7.02 d 8.6 Glu-2,3, Has-2

Glu 1 172.0 s Glu-2, Has-NH
2 56.8 d 4.09 m Glu-NH Glu-4,40,NH, Has-NH
3 30.6 t 1.37 m Glu-NH Glu-4,40,NH, Has-NH
4 31.6 t 2.09 m; 1.07 m Glu-2,3; Glu-2,3,NH
5 172.6 s Ser-3,30, Glu-3,30,4
NH 116.8 d 6.54 d 7.5 Glu-2,3,40, Trp-2

Trp 1 174.3 s Trp-2,3, Glu-NH
2 55.5 d 4.79 m Trp-3,30 Trp-3,30,NH, Glu-NH
3 26.6 t 3.23 m; 3.58 dd 4.5, 15.5 Trp-30,NH; Trp-3,9
4 109.8 s Trp-3,30,9,NH(9)
4a 128.8 s Trp-3,30,8,9,NH(9)
5 118.8 d 7.58 d 8.0 Trp-6,7,8
6 120.7 d 7.10 t 7.9 Trp-8
7 122.9 d 7.11 t 7.9 Trp-5
8 113.0 d 7.30 d 7.5 Trp-6 Trp-NH(9)
8a 138.4 s Trp-5,9,NH(9)
9 125.0 d 7.18 s Trp-3,30,NH(9)
NH(9) 129.5 d 10.62 s Trp-8,9
NH 111.3 d 6.90 d 7.5 Trp-2,3, Asp-NH,2

Asp 1 173.7 s Asp-2, Trp-NH
2 51.4 d 4.47 br d 10.0 Asp-3,NH Asp-30,NH, Trp-NH
3 35.4 t 3.04 m; 2.94 m Asp-NH Asp-NH; Asp-2
4 172.1 s Asp-2,3,30, Thr(2)-3
NH 116.9 d 9.11 br s Asp-2,3, Ser-2,30, Trp-NH

Ser 1 172.9 s Ser-2,3,30, Asp-NH
2 55.0 d 4.30 br s Ser-NH, Asp-NH
3 62.5 t 4.90 m; 2.78 br d 11.5 Lys-3-NH; Asp-NH
NH 109.0 d 6.33 d 2.9 Ser-2, Pro-4,50

Pro 1 173.7 s Pro-2, Ser-NH
2 62.2 d 3.38 m Pro-30,4,40, TyrII-2,5,50

3 31.7 t 1.63 m; 1.33 m Pro-2 Pro-2
4 22.6 t 1.33 m; 1.59 m Pro-2 Pro-2,50, Ser-NH; Pro-2,50

5 47.4 t 3.20 m; 3.38 m Pro-4,40, Ser-NH

TyrII 1 173.7 s TyrII-2,3
2 54.1 d 4.35 m TyrII-3,NH TyrII-3,5,50,NH, Pro-2
3 38.6 t 2.84 d 8.2 TyrII-2,5,50,NH TyrII-2,5,50,NH
4 127.5 s TyrII-3,6,60

5,50 131.3 d�2 6.96 d 8.2 TyrII-3,5,50 TyrII-2,3, Pro-2
6,60 116.6 d�2 6.70 d 8.2 TyrII-5,50,6,60

7 157.9 s TyrII-5,50

NH 125.4 d 8.48 d 7.0 TyrII-2,3, Lys-2

Lys 1 172.9 s Lys-2, TyrII-NH
2 55.4 d 3.95 m Lys-a-NH Lys-3,4,a-NH, TyrII-NH
3 32.6 t 1.70 m; 1.57 m Lys-2; Lys-a-NH,4
4 23.0 t 1.18 m; 1.44 m Lys-2,30

5 29.4 t 1.68 m; 1.24 m
6 39.9 t 2.97 m; 3.21 m Lys-3-NH
a-NH 120.9 d 7.54 d 6.5 Lys-2,30, Arg-NH, Asp-2, ThrI-3
3-NH 118.6 d 7.61 t 5.7 Lys-6, Has-3, Ser-3

Arg 1 173.0 s Arg-2, Lys-a-NH
2 53.3 d 4.46 m Arg-NH Arg-3,30,4,40,5,NH
3 28.9 t 1.56 m; 2.11 m Arg-2,NH,6(NH); Arg-2,6(NH)
4 25.9 t 1.56 m; 1.67 m Arg-5 Arg-2,6(NH); Arg-2,5
5 41.9 t 3.17 m Arg-2,40,6(NH)
6(NH) 83.3 d 7.34 t 5.0 Arg-3,30,4,5

(continued)
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Table 2. (continued)

Position dC/N, Mult.b dH, Mult., J (Hz) HMBC correlationsc ROESY correlationsd

7 158.7 s Arg-6(NH)
8,9 22.1 t 7.23 br m
NH’s 74.3 d 6.40 br m
NH 118.8 d 8.74 d 9.0 Arg-2,3, Lys-a-NH, ThrI-2,3

ThrI 1 172.8 s Arg-NH, ThrI-2
2 57.8 d 4.58 br d 11.5 ThrI-4,NH ThrI-NH, Arg-NH
3 73.2 d 5.56 q 6.5 ThrI-4 ThrI-2,4,NH, Arg-NH, Lys-a-NH
4 18.3 q 1.39 d 6.6 ThrI-3 ThrI-3
NH 106.0 d 7.95 d 7.8 ThrI-2,3, Ala-2

Ala 1 175.6 s Ala-2,3, ThrI-NH
2 50.4 d 4.59 q 7.0 Ala-3,NH Ala-NH, ThrI-NH
3 17.6 q 1.45 d 7.0 Ala-2,NH Ala-2,NH
NH 122.7 d 8.26 d 6.5 Ala-2,3, ThrII-2,3

ThrII 1 172.9 s ThrII-2, Ala-NH
2 60.3 d 4.43 dd 4.0, 8.5 ThrII-4,NH ThrII-4,NH, Ala-NH
3 68.3 d 4.24 dq 4.0, 6.5 ThrII-4 ThrII-4,NH, Ala-NH
4 20.0 q 1.24 d 6.4 ThrII-2,3
NH 115.3 d 7.94 d 8.5 ThrII-2,3, Ac-2

Ac 1 173.7 s Ac-2, ThrII-2,NH
2 22.6 q 2.08 s ThrII-2,NH

a Carried out on an ARX-500 Bruker instrument.
b Multiplicity and assignment from HMQC experiment.
c Determined from HMBC experiment, nJCH¼8 Hz, recycle time 1 s, the HMBC correlations are reported as correlations of the protons printed in the column

with the carbons in the rows.
d By ROESY experiment, mixing time 400 ms.
and 3; ThrII-NH and Ac-2, allowed the assignment of the
whole molecule backbone, TyrI-Has-Glu-Trp-Asp-Ser-Pro-
TyrII-Lys-Arg-ThrI-Ala-ThrII-Ac. The amide bond between
Lys-3-NH and Has 4-carbonyl could be assigned on the basis
of an HMBC correlation and NOE between Has-3 and Lys-
3-NH. The ester bond between Ser-3 oxygen and Glu-5 car-
bonyl was assigned on the basis of the HMBC correlation of
Ser-3 and 30 protons with Glu-5 carbonyl. Finally, the ester
bond between ThrI-3 oxygen and Asp-4 carbonyl was
assigned on the basis of the HMBC correlation of ThrI-3
proton with Asp-4 carbonyl. The discussion above led to
the assignment of structure 2 to microviridin SD1634.

Microviridin SD1652 (3) is a glassy solid material that ex-
hibits a negative-FAB quasi-molecular ion at m/z 1651.7.
Its molecular formula, C75H100N18O25, is based on HR
MALDI-TOF MS measurements. This molecular formula
corresponds to the loss of a molecule of methanol from com-
pound 1. The NMR spectra of 3 were examined in several
deuterated solvents. The best resolved spectra were obtained
in DMSO-d6 at 330 K. Examination of the proton NMR
spectrum of 3 (see Table 3) revealed that: (i) the methoxyl
signal is missing in the spectrum of 3; (ii) the two threonine
methyls resonate at a similar chemical shift; (iii) the serine
methyleneoxy protons resonate in a relatively low field
suggesting the involvement of the oxygen in an ester bond.
Combining this data with the mass spectral data suggested
that compound 3 contains only one lactone bridge, most
probably between the Glu carbonyl and the serine methyl-
eneoxy. Analyses of the COSY, TOCSY, HMQC, and
HMBC revealed the structures of the same 13 amino acids
(Ala, Arg, Asp, Glu, Has, Lys, Pro, Ser, 2�Thr, Trp, and
2�Tyr) and acetyl residues while Marfey’s analysis11 re-
vealed that they posses the same absolute stereochemistry
as that of 1 and 2. Four of the amide carbonyl signals were
not assigned because they did not show any correlation in
the HMBC spectrum, probably due to the relatively small
amount of material available. The amide backbone of the
peptide was determined on the basis of HMBC and NOE
correlations. TyrI was connected to Has on the basis of the
HMBC correlation of TyrI-NH and Has-CO. An NOE
between Has-NH and Glu-2 proton connected the two acids.
Glu-NH correlates in the HMBC map with Trp-carbonyl.
The sequence Trp-Asp-Ser-Pro-TyrII was connected on the
basis of an NOE between Trp-NH and Asp-NH, Asp-NH
and Ser-2, Ser-NH and Pro-2, and Pro-5,50 and TyrII-2. An
HMBC correlation between the amide NH proton of an
amino acid and the carbonyl of an adjacent amino acid
established the sequence: TyrII-Lys-Arg-ThrI-Ala. An NOE
between Ala-NH and ThrII-2 and an HMBC correlation
between ThrII-NH and the acetyl carbonyl established the
sequence Ala-ThrII-Ac. An NOE between Has-3 and Lys-
3-NH established the cyclization of the peptide through
the Has and Lys side chains. The lactone bridge between
Glu-5 carbonyl and Ser-methyleneoxy was established by
the HMBC correlation of Ser-30 proton and Glu-5 carbonyl.
On the basis of the arguments discussed above, the structure
3 was assigned to microviridin SD1652.

Compounds 1–3 were isolated through a serine protease
(chymotrypsin and trypsin) inhibition-guided separation.
The final fractions that yielded compounds 1–3, inhibited
both chymotrypsin and trypsin. Pure 1 and 3 were found to
be inactive in the assay, while 2 completely inhibited the pro-
teolytic activity of chymotrypsin and trypsin at a concentra-
tion of 45 mg/mL. The IC50 values were determined only for
compound 2, against the serine proteases trypsin and chymo-
trypsin. Microviridin SD1634 (2) inhibited trypsin activity
with an IC50 value of 13.4 mg/mL (8.2 mM) and chymotryp-
sin with an IC50 value of 25.7 mg/mL (15.7 mM). These IC50
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Table 3. NMR data of microviridin SD1652 (3) in DMSO-d6 at 330 Ka

Position dC/N, Mult.b dH, Mult., J (Hz) HMBC correlationsc ROESY correlationsd

TyrI 1 171.9 s TyrI-2,3
2 54.3 d 4.37 m TyrI-3,30,NH TyrI-3,5,50,NH, Has-NH
3 36.3 t 2.95 dd 7.1, 13.7; 3.00 dd 6.3, 13.8 TyrI-2,5,50 TyrI-2,5,50,NH; TyrI-NH
4 127.3 s TyrI-2,3,6,60

5,50 129.8 d�2 7.01 d 8.1 TyrI-3,30,5,50 TyrI-2,3, Has-2,3,NH
6,60 114.9 d�2 6.64 d 8.2 TyrI-5,50,6,60

7 155.7 s TyrI-5,50,6,60

NH 116.8 d 7.13 d 7.4 TyrI-2,3,30, Has-2,3

Has 1 168.2 s Has-2, TyrI-NH
2 55.5 d 4.73 m Has-NH, TyrI-5,50,NH
3 70.5 d 4.48 br s Has-2 Has-NH, Lys-3-NH, TyrI-5,50NH
4 170.3 se

NH 100.0 d 7.00 d 7.9 Has-2,3, TyrI-2

Glu 1 171.0 s Has-NH
2 55.5 d 3.99 m Has-NH
3 25.6 t 1.87 m; 2.09 m Glu-40 Glu-NH
4 30.7 t 1.47 m; 2.68 m Glu-30 Glu-NH
5 170.6 s Glu-4,40, Ser-30

NH 112.3 d 6.89 d 7.9 Glu-30,4, Ser-3

Trp 1 172.0 s Trp-2,3,30, Glu-NH
2 53.8 d 4.56 m Trp-3,30,NH Trp-3,30,NH
3 26.2 t 3.15 m; 3.17 m Trp-2 Trp-2,9,NH; Trp-2,9,NH
4 109.3 s Trp-3,30,5,9,NH(9)
4a 127.1 s Trp-3,30,5,6,8,9,NH(9)
5 117.9 d 7.45 d 7.9 Trp-7
6 118.3 d 6.95 t 7.5 Trp-8
7 121.0 d 7.06 t 7.7 Trp-5
8 111.6 d 7.30 d 8.1 Trp-5,6 Trp-NH(9)
8a 136.2 s Trp-5,7,9,NH(9)
9 123.1 d 7.17 s Trp-3,30,NH(9) Trp-3,30,NH(9)
NH(9) 131.5 d 10.69 s Trp-8,9
NH 111.5 d 7.50 d 6.8 Trp-2,3,30, Asp-3,30,NH, Ser-3

Asp 1 171.1 se

2 53.0 d 4.31 m Asp-3,30 Asp-3,30

3 34.5 t 2.60 m; 2.67 m Asp-2,NH, Trp-NH
Asp-2,NH, Trp-NH

4 171.5 se

NH 122.6 d 9.12 s Asp-2,3,30, Ser-2,3,NH, Trp-NH

Ser 1 170.6 s Ser-2,30

2 51.1 d 4.72 br s Ser-30,NH Ser-3, Asp-NH
3 63.4 t 4.11 br d 10.7; 4.57 br d 10.7 Ser-2, Asp-NH, Trp-NH, Glu-NH
NH 109.8 d 8.09 d 7.3 Asp-NH, Pro-2,50

Pro 1 171.2 s Ser-NH
2 59.1 d 4.59 m Pro-3,30,5, Ser-NH
3 28.0 t 1.80 m; 1.87 m Pro-50 Pro-2; Pro-2
4 24.8 t 1.85 m; 1.91 m Pro-50; Pro-50

5 46.5 t 3.00 m; 3.68 m TyrII-2; Pro-4,40, TyrII-2, Ser-NH

TyrII 1 170.8 se

2 52.4 d 4.49 m TyrII-3,30 TyrII-3,30, Pro-5,50, Lys-NH
3 35.8 t 2.62 m; 2.76 m TyrII-2,5,50 TyrII-2,NH; TyrII-2,NH
4 127.5 s TyrII-2,3,30,6,60

5,50 129.8 d�2 7.01 d 8.1 TyrII-3,30,5,50 TyrII-3,30

6,60 115.0 d�2 6.65 d 8.2 TyrII-5,50,6,60

7 155.8 s TyrII-5,50,6,60

NH 114.2 d 8.06 d 8.1 TyrII-3,30

Lys 1 170.7 s Lys-2, TyrII-NH
2 51.3 d 4.38 m Lys-a-NH Lys-3,4,40

3 31.9 t 1.56 m Lys-4 Lys-2,a-NH,3-NH
4 21.4 t 0.80 m; 1.17 m Lys-2; Lys-2,a-NH,3-NH
5 28.9 t 1.26 m; 1.17 m Lys-3-NH
6 39.5 t 2.85 m; 3.00 m Lys-3-NH; Lys-3-NH
a-NH 114.6 d 7.48 d 8.0 Lys-3,4,40, Arg-3, TyrII-2
3-NH 121.0 d 8.05 t 6.2 Lys-3,40,50,6,60, Has-2

Arg 1 170.2 s Arg-2, Lys-a-NH
2 51.8 d 4.32 m Arg-NH Arg-3,30,4,40,5,NH
3 29.0 t 1.50 m; 1.71 m Arg-2,4,40,5 Arg-2,NH,6(NH), Lys-a-NH; Arg-2,NH,6(NH)
4 24.7 t 1.48 m; 1.69 m Arg-2,3,30,5 Arg-2,6(NH); Arg-2,NH,6(NH)
5 40.5 t 3.09 m Arg-4 Arg-2,6(NH)

(continued)
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Table 3. (continued)

Position dC/N, Mult.b dH, Mult., J (Hz) HMBC correlationsc ROESY correlationsd

6(NH) 85.0 d 7.33 t 5.5 Arg-3,30,4,40,5
7 156.8 s Arg-6(NH)
8,9 22.0 d 7.10 m
NH’s 74.0 t 6.95 m (2H)
NH 118.6 d 7.69 d 8.0 Arg-2,3,4,40, ThrI-2,3

ThrI 1 169.7 s Arg-NH, ThrI-2
2 58.2 d 4.20 dd 4.2, 8.2 ThrI-4,NH ThrI-NH, Arg-NH
3 66.5 d 3.98 m ThrI-2,4,NH ThrI-4,NH, Arg-NH
4 19.3 q 1.04 d 6.5 ThrI-2 ThrI-3,NH, Ala-3
NH 109.2 d 7.53 d 8.2 ThrI-2,3,4

Ala 1 172.1 s Ala-3, ThrI-NH
2 48.3 d 4.35 m Ala-3,NH Ala-3,NH
3 17.6 q 1.25 d 6.9 Ala-2,NH Ala-2,NH, ThrI-NH
NH 121.5 d 7.83 d 7.0 Ala-2,3, ThrII-2,3

ThrII 1 170.0 s Ala-NH
2 58.4 d 4.21 dd 4.2, 8.1 ThrII-4,NH ThrII-NH, Ala-NH
3 66.5 d 3.98 m ThrII-2,4,NH ThrII-4,NH, Ala-NH
4 19.5 q 1.05 d 6.4 ThrII-2 ThrII-3
NH 115.4 d 7.56 d 8.1 ThrII-2,3, Ac-2

Ac 1 169.6 s Ac-2, ThrII-2,NH
2 22.4 q 1.91 s ThrII-NH

a Carried out on an ARX-500 Bruker instrument.
b Multiplicity and assignment from HMQC experiment.
c Determined from HMBC experiment, nJCH¼8 Hz, recycle time 1 s, the HMBC correlations are reported as correlations of the protons printed in the column

with the carbons in the rows.
d By ROESY experiment, mixing time 400 ms.
e The assignment of these carbon signals may be interchange.
values are mild relative to the standard inhibitors used for
comparison: antipain,12 for trypsin (IC50 0.39 mM) and
nostopeptin BN92013 for chymotrypsin (IC50 0.11 mM).

2. Experimental

2.1. General

High-resolution MS were recorded on a Fisons VG Auto-
SpecQ M 250 instrument and an Applied Biosystems Voyager
System 4312 instrument. UV spectra were recorded on a
Kontron 931 plus spectrophotometer. Optical rotation values
were obtained on a Jasco P-1010 polarimeter at the sodium
D line (589 nm). NMR spectra were recorded on a Bruker
Avance 800 Spectrometer at 800.13 MHz for 1H and
201.19 MHz for 13C, a Bruker ARX-500 spectrometer
at 500.136 MHz for 1H and 125.76 MHz for 13C, and a
Bruker Avance 400 spectrometer at 400.13 MHz for 1H,
100.62 MHz for 13C and 40.55 MHz for 15N. 1H, 13C,
DEPT, gCOSY, gTOCSY, gROESY, gHMQC, and gHMBC
spectra were recorded using standard Bruker pulse sequences.
HPLC separations were performed on an ISCO HPLC system
(model 2350 pump and model 2360 gradient programer)
equipped with an Applied Biosystems Inc. diode-array detec-
tor and Merck–Hitachi HPLC system (model L-4200 UV–VIS
detector and model L-6200A Intelligent pump).

2.1.1. Water bloom material. M. aeruginosa, TAU strain
IL-215, was collected, in July 1998, from a pond in the
Dan District sewage treatment plant, the Shofdan, in Israel.
Morphological classification of the preserved field sample
was done under a microscope using the morphological
criteria proposed by Komárek and Anagnostidis.14 A pre-
served sample of the bloom material is kept in our laboratory
labeled as IL-215.

2.1.2. Isolation procedure. The freeze-dried cells (131 g)
were extracted with 7:3 MeOH/H2O. The crude extract
(21.2 g) was evaporated and separated on an ODS (YMC-
GEL, 120A, 4.4�6.4 cm) flash-column with increasing
amounts of MeOH in water. Fractions 4–6 (3:7, 6:4, and
1:1 MeOH/H2O, 353 mg) were subjected to a reversed-
phase HPLC (YMC-ODS-A 5 mm, 250 mm�20.0 mm,
DAD at 238 nm, flow rate 5.0 mL/min) in 6:4 water/
methanol to obtain three fractions: fraction 1 (71.9 mg,
retention time of 20.0 min), fraction 2 (42.8 mg, retention
time of 23 min), and fraction 3 (74.5 mg, retention time of
35 min). Fraction 3 was subjected to a reversed-phase
HPLC (YMC-ODS-A 5 mm, 250 mm�20.0 mm, DAD at
238 nm, 3:2 0.1% TFA in water/acetonitrile, flow rate
5.0 mL/min). Compound 1 (26.1 mg, 0.02% yield based
on the dry weight of the bacteria) was eluted from the
column with a retention time of 36.5 min, while compound
2 (13.1 mg, 0.01% yield based on the dry weight of the
bacteria) was eluted from the column with a retention time
of 29.3 min. Fraction 2 was subjected to the same column
and conditions to afford semi-pure 3 (22.3 mg, retention
time 28.3 min), which was further purified on the same
column with 7:3 0.1% TFA in water/acetonitrile as eluent,
to afford pure 3 (10.2 mg, 0.008% yield based on the dry
weight of the bacteria), which was eluted from the column
with a retention time of 40.6 min.

2.1.2.1. Microviridin SD1684 (1). [a]D
21 �21.0 (c 16.0,

MeOH); UV lmax (MeOH) 224 nm (3 14,300), 281 nm
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(3 2500). For NMR data see Table 1. Negative FABMS m/z
1683.6 [M�H]�; HR MALDI-TOF MS m/z 1685.7370
(MH+, calcd for C76H105N1826 m/z 1685.7441).

2.1.2.2. Microviridin SD1634 (2). [a]D
21 �4.9 (c 6.7,

MeOH); UV lmax (MeOH) 224 nm (3 13,500), 281 nm
(3 2600). For NMR data see Table 2. Negative FABMS
m/z 1633.9 [M�H]�; HR MALDI-TOF MS m/z 1635.7208
(MH+, calcd for C75H99N18O24 m/z 1635.7074).

2.1.2.3. Microviridin SD1652 (3). [a]D
21 �7.3 (c 6.8,

MeOH); UV lmax (MeOH) 227 nm (3 22,900), 280 nm
(3 6800). For NMR data see Table 3. Negative FABMS
m/z 1651.7 [M�H]�; HR MALDI-TOF MS m/z 1653.7134
(MH+, calcd for C75H101N18O25 m/z 1653.7179).

2.1.3. Determination of the absolute configuration of the
amino acids. Portions of compounds 1–3 (0.5 mg) were dis-
solved in 6 M HCl (1 mL). The reaction mixture was then
placed in a sealed glass bomb at 110 �C for 20 h. After
removal of HCl, by repeated evaporation in vacuo, the
hydrolysate was resuspended in water (40 mL). A solution
of (1-fluoro-2,4-dinitrophenyl)-5-L-alanine amide (FDAA)
(4.2 mmol) in acetone (150 mL) and 1 M NaHCO3

(20 mL) was added to each reaction vessel and the reaction
mixture was stirred at 40 �C for 1 h. A 2 M HCl solution
(10 mL) was added to each reaction vessel and the solution
was evaporated in vacuo. The N-[(-dinitrophenyl)-5-L-ala-
nine amide]-amino acid derivatives, from hydrolysates, were
compared with similar derivatized standard amino acids by
HPLC analysis: Knauer GmbH Eurospher 100 C18, 10 mm,
4.6�300 mm, flow rate: 1 mL/min, UV detection at 340 nm,
linear gradient elution from 9:1 50 mM triethylammonium
phosphate (TEAP) buffer (pH 3)/acetonitrile to 1:1 TEAP/
acetonitrile within 60 min. The determination of the absolute
configuration of each amino acid was confirmed by spiking
the derivatized hydrolysates with the derivatized authentic
amino acids. Retention times of the derivatized amino acids
were: L-Ala, 36.1 min; D-Ala, 41.3 min; L-Arg, 24.5 min;
D-Arg, 26.0 min; L-Asp, 30.6 min; D-Asp, 32.3 min; L-Glu,
32.0 min; D-Glu, 34.5 min; D-threo-b-Has, 21.7 min;
L-threo-b-Has, 22.4 min; L-Lys, 53.9 min; D-Lys, 56.7 min;
L-Pro, 38.5 min; D-Pro, 41.5 min; L-Ser, 29.0 min; D-Ser,
29.0 min; L-Thr, 29.7 min; D-Thr, 35.0 min; L-Trp, 54.0 min;
D-Trp, 57.1 min; L-Tyr, 63.0 min; and D-Tyr, 67.6 min. HPLC
analysis of Marfey’s derivatives of 1, 2, and 3 established:
L-threo-b-Has, 22.4 min; L-Arg, 24.5 min; L-Ser, 29.0 min;
L-Thr, 29.7 min; L-Asp, 30.6 min; L-Glu, 32.0 min; L-Ala,
36.1 min; L-Pro, 38.5 min; L-Trp, 54.0 min; L-Lys, 53.9 min;
and L-Tyr, 63.0 min, for the three compounds.

2.1.4. Protease inhibition assays. Trypsin and chymotryp-
sin were purchased from Sigma Chemical Co. Trypsin was
dissolved in 50 mM Tris–HCl/100 mM NaCl/1 mM CaCl2
to prepare a 1 mg/mL solution. Chymotrypsin was dissolved
in 50 mM Tris–HCl/100 mM NaCl/1 mM CaCl2/1 mM
HCl to prepare a 1 mg/mL solution. A 2 mM solution of
N-benzoyl-D,L-arginine-p-nitroanilide (for trypsin) and Suc-
Gly-Gly-p-nitroanilide (for chymotrypsin) in the appropri-
ate buffer solution was used as substrate solution. The test
sample was dissolved in ethanol and diluted with the
same buffer solution used for the enzyme and substrate. A
100 mL buffer solution, 10 mL enzyme solution, and
10 mL of test solution were added to each microtiter plate
well and pre-incubated at 37 �C for 5 min. Then 100 mL
of substrate solution was added to begin the reaction. The
absorbance of the well was immediately measured at
405 nm. The developed color was measured after incubation
at 37 �C for 30 min.
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Abstract—A novel approach to useful aminols for the synthesis of carbocyclic nucleosides is reported starting from a convenient source, the
2-azanorborn-5-enes. These are readily available through the Grieco cycloaddition of cyclopentadiene with iminium salts and are reactive
dipolarophiles toward nitrile oxides. The prolific elaboration of the isoxazoline cycloadducts allowed preparation of the target aminols
through the unmasking of the hydroxymethylene group at the C3 level of the azanorbornene structure.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The preparation of carbocyclic and heterocyclic nucleoside
analogues has been extensively pursued due to the impor-
tance in the development of new anti-viral drugs.1 Most of
the nucleoside analogues refer to a general structure defined
by the presence of a five-membered ring (furanose ring in
natural compounds) of a carbocyclic or heterocyclic nature,
which holds a hydroxymethylene group cis-related to the
heterobase needed for enzyme or nucleic acid recognition.2

Great interest has also risen in the so-called nor-derivatives
where the hydroxymethylene substituent is replaced by an
OH function.3

In this context, we have recently developed a synthesis of the
isoxazoline-carbocyclic nucleosides 5 by the linear con-
struction of the desired purine and pyrimidine bases on the
regioisomeric aminols 4 (Scheme 1) obtained through elab-
oration of the hetero-Diels–Alder (HDA) cycloadducts 2 of
cyclopentadiene 1 with the nitrosocarbonyl intermediates
(RCONO).4 These fleeting intermediates are generated
traditionally by periodate oxidation of hydroxamic acids5

or by oxidation of nitrile oxides with N-methylmorpholine
N-oxide (NMO),6 and are promptly trapped with dienes to
afford HDA cycloadducts in high yields. The HDA cyclo-
pentadiene cycloadducts 2 have proved to be highly reactive
dipolarophiles toward nitrile oxides, affording the 1,3-di-
polar cycloadducts of type 3, which are converted quantita-
tively by detachment of the acyl moiety and reductive

* Corresponding author. Tel.: +39 0382 987315; fax: +39 0382 987323;
e-mail: paolo.quadrelli@unipv.it
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.05.029
cleavage of the N–O bond into the stereodefined anti ami-
nols 4.7 Starting from these, by the linear construction of
the heterobases, we have detailed the first synthesis of a class
of racemic purine- and pyrimidine-carbocyclic nucleosides
5 containing a fused isoxazolinic ring and lacking a methyl-
ene group in the side chain in the carbocyclic unit.4

  [R-CONO]
      HDA

Cycloaddition O
N

COR 1,3-Dipolar

Cycloaddition

O
N

COR
cb

a N-O Bond

Cleavage

a b c

HO NH2

a b c

HO N

1                                  2

3                                                   4                              5

Scheme 1.

For direct access to the nucleoside analogues carrying the
hydroxymethylene moiety on the carbocyclic unit, in order
to compare the role of the elongation of the side chain on
the biological activity of isoxazoline-nucleosides, the 2-aza-
bicyclo[2.2.1]hept-5-en-3-one 6 looked promising for this
purpose (Fig. 1). This lactam 6 has found wide applications
in carbocyclic nucleoside synthesis2,8 because of the easy
access to the required aminols by easy cleavage of the lactam
moiety. The preparation of the starting azaheptenone 6 is
however affected by some problems; it can be prepared
through cycloaddition of cyclopentadiene to tosyl cyanide
or methanesulfonyl cyanide, whose preparations require
a potentially hazardous starting material (cyanogen chlo-
ride).9 Although available from various chemical suppliers,
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the cost of the racemic compound is too high for large-scale
synthesis, and even more is that of the enantiomerically pure
forms.10

Structurally similar to lactam 6 are Grieco’s 2-azanor-
bornenes 7 that are derived from the cycloaddition of cyclo-
pentadiene with iminium salts generated in situ under
Mannich-like conditions, in a mild and convenient aqueous
aza-Diels–Alder (ADA) reaction.11 Despite their easy avail-
ability, no attempts have been made for their use in nucleo-
sidic syntheses. To this purpose the aza-methylene bridge
has to be modified, precisely the carbon C3 must be oxidized
by appropriate unmasking procedures. Here we report the
synthetic approach to novel isoxazoline-carbocyclic aminols
bearing an hydroxymethylene functionality starting from the
easy available 2-azanorbornenes of type 7.

2. Results and discussion

2.1. The N-benzyl-2-azanorborn-5-ene 8 as dipolaro-
phile

The N-benzyl-2-azanorborn-5-ene 8 was prepared by addi-
tion of freshly distilled cyclopentadiene to an aqueous
solution of benzylamine hydrochloride and 37% aqueous

N
H

O

N
R

6                                7

Figure 1.

N
CH2Ph

Ph C N OH

Cl

+ Et3N
DCM
r.t., 48h N

CH2Ph

+

ON

Ph

N
CH2Ph

N
O

Ph

ON

Ph
BNO

11                                                                        12

8 9 10a 10b

Scheme 2.
formaldehyde in an ADA reaction according to the well-
known procedure.12 The 1,3-dipolar cycloaddition of benzo-
nitrile oxide (BNO) with 8 was performed with the in situ
procedure,13 by adding the benzhydroximoyl chloride 9 to
a dichloromethane (DCM) solution of a slight excess of
N-benzyl-2-azanorborn-5-ene 8 (1.2 equiv) and a slight
excess of Et3N (1.1 equiv) (Scheme 2).

After stirring at room temperature for 48 h, the two regioiso-
meric isoxazoline cycloadducts 10a and 10b were isolated in
49% and 43% yields, respectively.

The structures rely upon their analytical and spectroscopic
data. The 1H NMR spectrum of 10a showed the isoxazoline
protons as doublets (J¼8 Hz) at d 4.03 and 4.83, while in
regioisomer 10b the isoxazoline doublets (J¼8 Hz) were
found at d 3.74 and 4.94. The absence of appreciable
coupling between the isoxazoline and bridge-head protons
fully support the exo structures7a,14 and is in line with the
exo-selective addition to these dipolarophiles reported in
literature for the dihydroxylation reactions of 8.15 The regio-
chemistry is however not clearly indicated by the spectra and
an X-ray analysis of single crystal of 10b allowed us to
unequivocally attribute the correct regioisomeric structure.
Figure 2 reports the ORTEP view of 10b.

We previously found that 2-oxa-3-azanorbornenes of type 2
add BNO exo-selectively, and were 1.7 times more reactive
than norbornene as a consequence of the higher relief of
strain.7,16 Similarly, we have performed a few competition
experiments with N-benzyl-2-azanorbornene 8 and norborn-
ene 11 in the cycloaddition with BNO. Table 1 gives the
product distributions for the reactions conducted in a few
representative solvents. These results show that the 2-aza-
norbornene 8 still remains a highly reactive dipolarophile
but less than norbornene 11. As an average, the reactivity
of the 2-azanorbornene 8 is half that of norbornene 11 in
apolar solvents (entries 1 and 2) and decreases to one third
in more polar (entry 8) or polarizable (entries 5 and 6) sol-
vents or in alcohols (entries 9 and 10). The lesser reactivity
of the 2-azanorbornene 8 with respect to norbornene 11
could be attributed to the reduced strain in 8. Replacement
of the eclipsed dimethylene bridge of norbornene with the
aminomethylene moiety causes a decrease in strain, in
keeping with the reduced torsional barriers of amines with
respect to alkanes.17 The further decrease in reactivity in
Figure 2. ORTEP plot of cycloadduct 10b with atom labeling (ellipsoid at 25% probability). Hydrogen atoms are omitted for clarity with exception of C1, C2,
C6, and C7.



7372 P. Quadrelli et al. / Tetrahedron 62 (2006) 7370–7379
polar or alcoholic solvents may be attributed to some com-
plexation or hydrogen-bonding involving the nitrogen lone
pair that increases the electron attracting power of the nitro-
gen and lowers the p orbital of the nearby C]C double
bond. A decrease in reactivity in the cycloadditions of the
mildly electrophilic nitrile oxides is then expected.13

The slight regiochemical preference of cycloadduct 10a over
10b compares well with previous results on the cycloaddi-
tions of BNO with 3-substituted cyclopentenes and can be
attributed to the polarization of the double bond caused by
the electronegative nitrogen allylic substitution.13 Solvents
affect slightly only the regiochemistry, which increases in
alcohols but unexpectedly decreases in polar and polarizable
solvents.

2.2. Synthesis of stereoisomeric aminols

Before attempting the cleavage step we have transformed the
adducts into more convenient derivatives. Since the hydro-
genolytic detachment of the N-benzyl moiety performed
poorly, we found a convenient and high yielding alternative.
The first step was the oxidation of 10a and 10b, which were
converted into the corresponding N-oxides 13a and 13b by
treating with 1.2 equiv of mCPBA in DCM at room temper-
ature.18 Conversion of the N-oxides into the amides 14a and
14b was achieved through the mild Polonovski rearrange-
ment19 of the amine N-oxides promoted by Ac2O to afford
the N-acetyl derivatives (Scheme 3).

The N-oxides 13a and 13b were isolated in quantitative
yields and fully characterized spectroscopically. The exo

Table 1. Competition experiments with N-benzyl-2-azanorbornene 8 and
norbornene 11 in the cycloaddition to BNO and regioisomeric distributiona,b

No. Solvent 12 (%) 10a (%) 10b (%) 10a+10b/12 10a/10b

1 n-Hexane 66 19 13 0.48 59/41
2 Cyclohexane 65 17 12 0.45 59/41
3 THF 68 14 12 0.38 54/46
4 Acetone 73 13 11 0.33 54/46
5 C6H6 74 13 10 0.31 57/43
6 DCM 76 11 10 0.28 52/48
7 AcOEt 78 11 9 0.26 55/45
8 MeCN 76 10 8 0.24 56/44
9 MeOH 76 13 8 0.28 62/38
10 EtOH 75 13 8 0.28 62/38

a BNO generated in situ in the presence of a mixture of dipolarophiles 8
and 11, 5 equiv each.

b Quantitative data are the average of HPLC analyses performed in dupli-
cate from independent experiments.
position of the N–O bond was inferred by significative shifts
of various signals due to the deshielding effect produced by
the N-oxide group. In particular, the C3-Hexo, cis-related to
the oxygen, is deshielded and occurs at d 3.79 (dd, J¼12,
5 Hz) in 13a and at d 3.75 (dd, J¼12, 4 Hz) in 13b, a typical
behavior of N-oxides as reported in literature.20

The Polonovski rearrangement of the N-oxides 13a and 13b
was performed by dissolving the oxidized compounds in
Ac2O and leaving to react at room temperature for 48 h.
The excess of Ac2O was then decomposed with water over-
night and, after adjustment of pH to 8, the water solutions
were extracted with DCM. From the dried organic phase
the N-acetyl derivatives 14a and 14b were isolated upon
evaporation of the solvent as solid compounds in 94% and
85% yields, respectively. The structures rely upon the
collected analytical and spectroscopic data. Besides little
differences in the chemical shifts relative to the isoxazoline
protons and those of the azanorbornene structure, the most
relevant changes referred to the presence of the acetyl groups
at d 2.04 and 2.16, respectively for 14a and 14b.

Starting from the amides 14a and 14b we planned the oxida-
tive strategy shown schematically in Scheme 4 for unmask-
ing a hydroxymethylene group at the C3 of the amides.
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After a few attempts at a direct conversion of the C3 into
a carbonyl function,21 we found a convenient procedure
for the oxidation of the regioisomeric N-acetyl derivatives
14a and 14b through NBS/AIBN bromination reaction
(Scheme 5). Bromination of the cycloadducts 14a and 14b
takes place easily in refluxing CCl4 for 1–2 h. After filtration
of succinimide and evaporation of the solvent, the residues
were submitted to column chromatography on silica gel elut-
ing with CHCl3. The chromatographic separations afforded
the expected exo-bromo derivatives 15a and 15b as the
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major constituents, both obtained in 47% yield. Their struc-
tures rely upon the 1H NMR spectra, which show the CH–Br
signals as singlets at d 5.37 and 5.45, respectively, for 15a
and 15b. The lack of coupling with the bridge-head protons
is consistent with the exo stereochemistry of bromine
atom.14

In the case of the bromination of 14a, chromatographic sep-
aration of the reaction mixtures also afforded more advanced
intermediates toward the final aminol targets. Two epimeric
diethoxy acetals 16a and 16a0 and the corresponding alde-
hydes 17a and 17a0 could be isolated, while in the case of
the bromination of 14b only the aldehyde 17b was character-
ized. The formation of the acetals and the aldehydes can be
attributed to the silica gel-promoted transformation of the
bromo derivatives 15 due to the presence of ethanol as stabi-
lizing agent in the chloroform used for the chromatographic
separation. From 14a in particular, two epimeric acetals 16a
(mp 140–142 �C) and 16a0 (mp 110–112 �C) were isolated
as white solids in fair yields (16% and 12%, respectively).
The structures rely upon careful spectroscopic analyses.
The ring opening of the azanorbornene skeleton was indi-
cated by the presence of a neat NH–Ac absorption in the
FTIR spectrum (in 16a, band at 3260 cm�1; in 16a0, band
at 3271 cm�1) and in the 1H NMR spectra by the signals
of two different OEt groups attributable to diastereotopic
diethylacetal moieties. Moreover in these cleavage products,
the flexible cyclopentane moiety allows couplings between
the isoxazoline protons and the adjacent methines. In the
retained product 16a the H5-isoxazolinic proton occurs as
a double doublet at d 5.16 because of coupling with the
H4-isoxazolinic proton at d 4.09 (J¼10 Hz) and the adjacent
trans methine (Jtrans¼3 Hz) while in the epimeric product
16a0 the H5-isoxazolinic proton is a double doublet at
d 5.12 owing to the coupling with the H4-isoxazolinic proton
at d 4.23 (J¼9 Hz) and the adjacent cis methine (Jcis¼6 Hz).

NOESY experiments support the attributions showing diag-
nostic cross-peaks between the acetal proton and the H5-
isoxazoline one in isomer 16a. In the epimer 16a0 the
NOESY cross-peaks occur between the acetal proton and
one of the two different cyclopentane methylene protons
and between the other methylene protons with the amide
NH. By adapting the same procedure the bromide 15b could
be converted into the aldehyde 17b. From the chromato-
graphic separation an oily fraction was isolated containing
presumably the acetal 16b and related hemiacetal structures.
The oil could not be purified but was directly hydrolyzed to
the aldehyde. The formation of a single aldehyde 17b in
this case is probably due to the severe steric hindrance for
substituents cis-located to the phenyl isoxazoline moiety,
which offsets the epimerization.

The last compounds eluted are the aldehydes 17. From 14a,
the two epimeric aldehydes 17a and 17a0 were isolated as an
oily mixture in comparable amounts in a combined yield of
18%. In the 1H NMR spectrum of the mixture two singlets
corresponding to the aldehyde groups were detected at
d 9.97 and 10.01, while the signal at d 6.25 corresponded
to the NH group, as the FTIR spectrum confirmed (NH
band at 3297 cm�1 and the prominent aldehyde absorption).
Since chromatographic separation of the two aldehydes was
unsatisfactory, the mixture was submitted to the subsequent
reductive step. From 14b a single aldehyde 17b was obtained
as a crystalline compound (20% yield). It shows a neat NH
absorption at 3520 cm�1 and the C]O band at 1716 cm�1

in the FTIR spectrum. In the 1H NMR spectrum the aldehyde
signal occurs as a sharp singlet at d 9.79 while the NH is
a broad singlet at d 7.07.

The transformation of the bromides 15 into the acetals 16
and then into the aldehyde 17 could be optimized by adapt-
ing reported procedures. Thus refluxing the bromide 15a in
ethanol in the presence of an excess of NaHCO3

22 allowed
the complete conversion of 15a into a 1:1 mixture of the
two epimeric acetals 16a and 16a0, which were quantita-
tively hydrolyzed to the corresponding aldehydes 17a and
17a0 upon treatment with AcOH/H2O 3:7 at room tempera-
ture for 48 h.23 Noteworthy and in accordance with expected
enolization in acidic medium, from any single epimeric
acetal 16a or 16a0 the two epimeric aldehydes were obtained
in a nearly 1:1 ratio and, as before, not separated but submit-
ted to subsequent reduction. By applying the same procedure
to the bromide 15b a single aldehyde 17b was obtained.

The reduction of the aldehydes 17 to the desired primary
alcohols 18 was performed with NaBH4 in MeOH solution.
From the diastereomeric aldehydes 17a and 17a0, the
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corresponding alcohols 18a and 18a0 were obtained in quan-
titative yields and could be easily separated by column chro-
matography as colorless solids. The structures rely upon
their analytical and spectroscopic data. Besides the signals
attributable to the cyclopenta-isoxazoline skeleton, the 1H
NMR spectrum of the alcohols 18 showed the significant
presence of the OH and the diastereotopic protons of the
hydroxymethylene group as multiplets at d 3.73 and 3.84
in 18a and at d 3.71 and 3.86 in 18a0. The stereochemistry
relies upon the vicinal coupling of the H5-isoxazolinic pro-
tons and the methines. In the retained product 18a the
H5-isoxazolinic proton at d 5.13 (dd, J¼9.6, 4 Hz) is cou-
pled with the smaller Jtrans with the adjacent trans methine
while in the epimeric product 18a0 the H5-isoxazolinic
proton at d 5.20 (dd, J¼9, 5 Hz) is coupled with the larger
Jcis with the analogous type of proton.

The NOESY experiment carried out on 18a confirmed the
stereochemistry due to the existence of cross-peaks correlat-
ing the hydroxymethylene protons with the H5-isoxazoline
proton at d 5.13 and the NH proton with the H4-isoxazoline
one at d 4.11. In the epimer 18a0 the NOESY experiment
confirmed the anti relationship between the alcoholic func-
tion and the acetamide group because of the sole presence
of a cross-peak correlating the H5-isoxazoline proton at
d 5.20 and the CH–CH2OH proton, while the CH2OH shows
no NOE cross-peaks. The spectra of the regioisomeric alco-
hol 18b show the hydroxymethylene protons at d 3.74 and
3.83; the H5-isoxazolinic proton at d 4.99 (dd, J¼9 Hz
with the H4-isoxazolinic proton at d 4.18) is trans coupled
with the CH–NHAc (J¼2 Hz) at d 4.39.

Finally, the three regio- and stereoisomeric alcohols 18 were
definitively and quantitatively hydrolyzed to the correspond-
ing aminols 19 by boiling a methanolic solution with HCl
3 M overnight (Scheme 5). Table 2 summarizes the main
physical and spectroscopic data of the target compounds.
Very sharp bands were found in the FTIR spectra between
3250–3370 cm�1 corresponding to the NH2 groups while
the OH bands are somewhat broad and at lower frequencies
because of strong intra- and inter-molecular hydrogen
bonds. In the 1H NMR spectra the hydroxymethylene groups
gave AB systems at the expected chemical shifts and the
isoxazoline protons were also in their typical range.

3. Conclusions

In the search of a new and convenient synthetic route to isox-
azoline-carbocyclic aminols with a primary hydroxy group
useful for nucleoside preparations, we took advantage of
the easily available N-benzyl-2-azanorbornene, which

Table 2. Physical and spectroscopic data of the aminols 19

Entry 19 Mp �Ca FTIR (cm�1) 1H NMR (d)

nOH nNH2
CH2OH H4-

isoxaz.
H5-
isoxaz.

1 a 116–118 3176 3334, 3266 3.70 4.02 5.21
2 a0 154–156 3158 3330, 3257 3.67, 3.87 4.03 5.28
3 b 130–131 3176 3370, 3291 3.70 4.26 4.79

a White solids from benzene/ethanol.
underwent 1,3-dipolar cycloaddition with BNO to afford
the regioisomeric cycloadducts 10a and 10b in good yields.
Replacement of the benzyl group was easily achieved
through N-oxidation and a successive Polonovski rearrange-
ment leading to the N-acetyl derivatives, which proved to be
convenient intermediates for the activation of the C3 posi-
tion of the azanorbornene structure. Upon treatment with
NBS and solvolysis24 of the bromo derivatives 15a and
15b, the aldehydes 17a and 17b were obtained. The straight-
forward reduction of the latters gave the target aminols.

In conclusion, we have proposed a novel approach to useful
aminols for the synthesis of carbocyclic nucleosides starting
from the readily available 2-azanorbornenes and unmasking
the hydroxymethylene group at the C3 level of the azanor-
bornene structure.

The aminols will be used for the linear construction of purine
and pyrimidine carbocyclic nucleosides whose activities as
anti-viral agents will be compared with those of the previ-
ously synthesized compounds.

4. Crystal structure analyses

The ORTEP view of compound 10b with the atomic num-
bering is shown in Figure 2. The crystal and collection
data as well as the structure refinements of the cycloadduct
are given in Table 3. Table 4 reports the bond lengths and
angles while Table 5 the torsion angles.

Table 3. Crystal data, collection data, and structure refinements of cyclo-
adduct 10b

10b

Formula C20H20N2O
CCD deposit no. 291,467
MW 304.38
Crystal size, mm 0.52�0.42�0.28
Temperature, K 293(2)
Crystal system Monoclinic
Space group P21/n
a, Å 12.622(2)
b, Å 9.687(1)
c, Å 13.348(1)
b 96.01(1)
V, Å3 1623.1(3)
Z 4
Dcalcd, g/cm3 1.246
Abs coeff., m, cm�1 0.774
Radiation Mo Ka
l 0.071073
F(000) 648
Range (�) for data coll. 2.1�q�30.0
Index range �17<h<17, 0<k<13, 0<l<18
Reflection no. 4723
Unique refl. 4656
Correction applied Lorentz polarization
Absorption correction Semi-empirical from psi-scan
Absorption factors T 0.998, 0.973
No. of obsd refl. I>2s(I) 1610
Refinement method Full-matrix least-squares on F2

Variables no. 288
Weights 0.0474, 0.003
Goodness-of-fit 0.923 (No refl. 4656)
R1 0.064 (No refl. 1610)
wR2 0.143 (No refl. 4656)
(Dr) max, min, eÅ�3 0.220, �0.110
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In the azanorbornane ring the sum of the angles at N9
[331.8(2)�] is consistent with sp3 hybridization. The heights
of the pyramids with the nitrogen atom at the apex and the
three atoms connected to it at the base is 0.459(2) Å. In
the isoxazoline rings the angle at N4 of 10b is consistent
with sp2 hybridization of N4 whereby the 2pz lone pair takes
part in p-bonding within a part of the heterocyclic rings.
Indeed the bond distances N4–C5 show a double bond char-
acter: 1.278(3) Å. The internal angles at the nitrogen atoms,
O3–N4–C5 109.6(2)�, C1–N9–C8 104.0(2)� differ by 5.6�,
justified by the different types of nitrogen; the narrower
angle C1–N9–C8 is caused by the lone pair.

Bond lengths and angles in the condensed phenyl rings are
reasonable, on weighted average,25 1.374(3) Å and
119.9(4)�. The phenyl ring attached to isoxazoline is nearly
planar with maximum deviation 0.008(3) Å; this ring is
tilted with respect to the isoxazoline moiety by 26.2(1)�,

Table 4. Bond lengths (Å) and angles (�) with Esd’s in parentheses of cyclo-
adducts 10b

10b

Bond lengths
C1–C2 1.521(3)
C1–N9 1.481(3)
C1–C10 1.526(4)
C2–O3 1.454(3)
C2–C6 1.534(4)
O3–N4 1.420(3)
N4–C5 1.278(3)
C5–C6 1.496(3)
C5–C11 1.464(3)
C6–C7 1.542(3)
C7–C8 1.524(4)
C7–C10 1.522(4)
C8–N9 1.493(4)
N9–C17 1.430(4)

Bond angles
C2–C1–N9 103.9(2)
C2–C1–C10 102.8(2)
N9–C1–C10 104.6(2)
C1–C2–O3 112.5(2)
C1–C2–C6 102.7(2)
O3–C2–C6 105.2(2)
C2–O3–N4 109.5(2)
O3–N4–C5 109.6(2)
N4–C5–C6 114.5(2)
N4–C5–C11 120.0(2)
C6–C5–C11 125.5(2)
C2–C6–C5 101.2(2)
C2–C6–C7 102.9(2)
C5–C6–C7 114.4(2)
C6–C7–C8 107.1(2)
C6–C7–C10 101.9(2)
C8–C7–C10 100.8(2)
C7–C8–N9 103.4(2)
C1–N9–C8 104.0(2)
C1–N9–C17 116.1(2)
C8–N9–C17 111.7(1)
C1–C10–C7 93.0(2)

Table 5. Torsion angles (�) in compound 10b with Esd’s in parentheses

10b

N4–C5–C11–C12 24.8(3)
N4–C5–C11–C16 �154.0(2)
C6–C5–C11–C12 �153.9(2)
C6–C5–C11–C16 27.3(3)
implying only a small conjugation between the double
bond N4–C5 and the phenyl. The orientation is expressed
by torsion angles given in Table 5. The deviations of atoms
from the least-squares plane of the isoxazoline rings are in
the range from �0.005(2) Å to 0.006(2) Å consistent with
conformation E puckering parameters:26 Q¼0.010,
f¼144.8� (ideal value 144�). The interplanar angle between
the isoxazoline and the moiety C1–C2–C6–C7 is 117.98(9)�.

The six-membered ring of the azanorbornane is puckered
with deviations by least-squares plane in the range
�0.614(2) Å to 0.342(3) Å. These rings adopt boat confor-
mation with parameters: Q¼0.979, f¼62.4�, and q¼88.5�

(ideal conformation f¼60� and q¼90�). The four chiral
atoms C1, C2, C6, and C7 have the following configuration
specified by the sequence rule:27 S, S, R, R or R, R, S, S
because of the centric space group. The molecular packing
in the crystal is determined by van der Waal’s contacts.

5. Experimental

All melting points are uncorrected. Elemental analyses were
done on a C. Erba 1106 elemental analyzer. IR spectra
(Nujol mulls) were recorded on an FTIR Perkin–Elmer
RX-1. 1H and 13C NMR spectra and NOESY experiments
were recorded on a Bruker AVANCE 300 in the specified
deuterated solvents. Chemical shifts are expressed in parts
per million from internal tetramethylsilane (d). UV–vis
spectra were recorded on an UV Perkin–Elmer LAMBDA
16 spectrophotometer using acetonitrile as solvent. HPLC
analyses were carried out by means of a WATERS 1525 in-
strument equipped with an UV 2487 detector (l¼263 nm)
both controlled by Breeze� software and a RP C-18 Intersil
ODS-2 column; a mixture of H2O/CH3CN 60:40 (1.0 mL/
min) was used as an eluant. Column chromatography and
TLC: silica gel 60 (0.063–0.200 mm) (Merck), eluants as
specified. The identification of samples from different exper-
iments was secured by mixed mps and superimposable IR
spectra.

Materials. Benzhydroximoyl chloride 9 was prepared
according to the well-known procedures.28

5.1. Cycloaddition of BNO with N-benzyl-2-
azanorbornene

To N-benzyl-2-azanorbornene 8 (61.0 g, 327 mmol) dis-
solved in DCM (130 mL), Et3N (42 mL, 300 mmol) was
added and a solution of benzhydroximoyl chloride 9
(42.4 g, 273 mmol) in 150 mL of DCM was added dropwise
under stirring at 0 �C. The reaction was continued for 48 h.
The organic solution was washed with water and dried over
anhydrous Na2SO4. The crude residue was then submitted to
column chromatography to separate the cycloadducts 10a
and 10b, which were isolated in 49% and 43% yields,
respectively.

10a (33.8 g, 49%): As straw colored crystals from ethanol,
mp 116–118 �C; [Found C, 78.9; H, 6.6; N, 9.1.
C20H20N2O (MW¼304.38) requires C, 78.92; H, 6.62; N,
9.20%]; nmax (Nujol) 1590 cm�1; dH (300 MHz, CDCl3)
7.25–7.56 (10H, m, Ph), 4.83 (1H, dt, J 8, 1 Hz, H5-isoxaz.),
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4.03 (1H, d, J 8 Hz, H4-isoxaz.), 3.79 (2H, AB syst., J 13 Hz,
CH2–Ph), 3.51 (1H, s, CH–N), 2.94 (1H, dd, J 10, 4 Hz, H3-
exo), 2.78 (1H, br s, CH), 2.12 (1H, d, J 10 Hz, H3-endo),
1.64 (2H, m, CH2); dC (75 MHz, CDCl3) 156.4, 138.8,
129.7, 128.8, 128.6, 128.5, 128.4, 127.1, 126.6, 86.2, 61.8,
58.0, 53.3, 52.3, 44.4, 30.4.

10b (29.7 g, 43%): As straw colored crystals from ethanol,
mp 119–121 �C; [Found C, 78.9; H, 6.7; N, 9.2.
C20H20N2O (MW¼304.38) requires C, 78.92; H, 6.62; N,
9.20%]; nmax (Nujol) 1592 cm�1; dH (300 MHz, CDCl3)
7.74 (4H, m, Ph), 7.25–7.56 (6H, m, Ph), 4.94 (1H, dt, J 8,
1.4 Hz, H5-isoxaz.), 3.78 (2H, s, CH2–Ph), 3.74 (1H, d,
J 8 Hz, H4-isoxaz.), 3.50 (1H, s, CH–N), 2.69 (1H, br s,
CH); 2.63 (2H, m, H3); 1.58 (2H, m, CH2); dC (75 MHz,
CDCl3) 156.7, 139.2, 129.8, 128.9, 128.7, 128.3, 127.0,
126.7, 85.8, 64.4, 59.5, 57.3, 55.7, 40.6, 28.8.

5.2. Competition experiments between norbornenes 8
and 11, and regioisomeric distribution of cycloadducts
10a and 10b

For the competition experiments, benzhydroximoyl chloride
9 (15 mg, 9.6 mmol) was added to a solution of N-benzyl-2-
azanorbornene 8 and norbornene 11 in equimolecular
amounts in 25 mL of the desired solvent along with
1.1 equiv of Et3N. The mixtures were allowed to react at
room temperature for 48 h. The solvents were evaporated
and the crude residue was taken up in 25 mL of acetonitrile
to be submitted to HPLC analyses.

For the determination of the regioisomeric distribution, the
same quantities and procedure were followed in the absence
of norbornene 11.

The results are reported in Table 2.

5.3. Oxidation of the cycloadducts 10a and 10b with
mCPBA

To DCM solutions of cycloadducts 10a and 10b, a slight
excess (1.1 equiv) of mCPBA was added portionwise under
stirring, cooling with a water bath the solutions if the temper-
ature rises. The reactions were continued until the starting
cycloadducts are consumed (TLC monitoring). Once the
reactions were over, the solutions were neutralized with
K2CO3 and were washed with water with final drying over
anhydrous Na2SO4. Upon evaporation of the solvent, the
crude N-oxides 13a and 13b were obtained in quantitative
yields.

13a: White solid from ethanol, mp 122–124 �C; [Found C,
74.8; H, 6.1; N, 8.7. C20H20N2O2 (MW¼320.38) requires
C, 74.97; H, 6.29; N, 8.74%]; nmax (Nujol) 1654 cm�1; dH

(300 MHz, CDCl3) 7.98 (2H, m, Ph), 7.00–7.60 (8H, m,
Ph), 5.05 (1H, d, J 13 Hz, H5-isoxaz.), 4.97 (1H, d,
J 8 Hz, CH2–Ph), 4.45 (1H, d, J 13 Hz, H4-isoxaz.), 4.23
(1H, d, J 8 Hz, CH2–Ph), 3.94 (1H, s, CH–N), 3.79 (1H,
dd, J 12, 5 Hz, H3-exo), 3.56 (1H, dd, J 12, 1 Hz, H3-
endo), 3.11 (1H, d, J 4 Hz, CH), 2.98 (1H, d, J 12 Hz,
CH2), 1.84 (1H, d, J 12 Hz, CH2); dC (75 MHz, CDCl3)
153.7, 131.2, 130.8, 130.4, 129.6, 128.9, 128.7, 127.1,
126.4, 84.5, 76.2, 74.8, 69.4, 52.9, 43.1, 29.9.
13b: White solid from ethanol, mp 144–146 �C; [Found C,
74.8; H, 6.2; N, 8.6. C20H20N2O2 (MW¼320.38) requires
C, 74.97; H, 6.29; N, 8.74%]; nmax (Nujol) 1654 cm�1; dH

(300 MHz, CDCl3) 7.62 (4H, m, Ph), 7.35 (6H, m, Ph),
5.83 (1H, d, J 8 Hz, H5-isoxaz.), 4.64 (1H, d, J 12 Hz,
CH2–Ph), 4.37 (1H, d, J 12 Hz, CH2–Ph), 4.12 (1H, d,
J 8 Hz, H4-isoxaz.), 3.86 (1H, s, CH–N), 3.75 (1H, dd,
J 12, 4 Hz, H3-exo), 3.30 (1H, d, J 12 Hz, H3-endo), 2.80
(1H, d, J 14 Hz, CH), 2.78 (1H, d, J 12 Hz, CH2), 1.69
(1H, d, J 12 Hz, CH2); dC (75 MHz, CDCl3) 156.8, 132.0,
130.6, 130.4, 129.4, 128.9, 128.4, 127.7, 126.8, 81.8, 76.0,
73.0, 67.8, 54.4, 40.3, 31.4.

5.4. Polonovski rearrangement

N-Oxides 13a and 13b were dissolved in pure Ac2O
(2.5 equiv) by controlling the temperature with an ice-
bath. Stirring was continued at room temperature for 48 h.
After this period of time, excess Ac2O was decomposed by
addition of water (leaving the mixtures overnight). To the
solutions NaHCO3 was added up to pH¼8 and the solutions
extracted with DCM. The organic phases were dried over
anhydrous Na2SO4 and evaporation of the solvent afforded
the crude N-acetyl derivatives 14a and 14b in nearly quanti-
tative yields.

14a (94%): As straw colored crystals from benzene/
n-hexane/drops of ethanol, mp 154–156 �C; [Found C,
70.3; H, 6.3; N, 10.9. C15H16N2O2 (MW¼256.29) requires
C, 70.29; H, 6.29; N, 10.93%]; nmax (Nujol) 1630 cm�1;
dH (300 MHz, CDCl3) 7.85 (2H, m, Ph), 7.45 (3H, m, Ph),
4.91 (1H, m, H5-isoxaz.), 4.89 (1H, m, CH–N), 3.98 (1H,
m, H4-isoxaz.), 3.47 (1H, dd, J 10, 4 Hz, H3-endo), 3.07
(1H, dd, J 10, 2 Hz, H3-exo), 3.04 (1H, s, CH), 2.04 (3H,
s, CH3), 1.76 (2H, m, CH2); dC (75 MHz, CDCl3) 168.9,
155.3, 130.2, 129.1, 128.9, 126.8, 85.5, 57.8, 56.4, 47.6,
44.4, 30.7, 21.7.

14b (92%): As straw colored crystals from benzene/
n-hexane/drops of ethanol, mp 180–182 �C; [Found C,
70.2; H, 6.3; N, 11.0. C15H16N2O2 (MW¼256.29) requires
C, 70.29; H, 6.29; N, 10.93%]; nmax (Nujol) 1622 cm�1;
dH (300 MHz, CDCl3) 7.73 (2H, m, Ph), 7.44 (3H, m, Ph),
4.83 (1H, d, J 8 Hz, H5-isoxaz.), 4.34 (1H, s, CH–N), 3.80
(1H, d, J 8 Hz, H4-isoxaz.), 3.27 and 3.40 (2H, AB syst.,
H3), 2.88 (1H, s, CH), 2.16 (3H, s, CH3), 1.74 (2H, m,
CH2); dC (75 MHz, CDCl3) 168.1, 156.2, 129.9, 129.7,
128.5, 126.4, 84.6, 61.2, 55.6, 49.6, 39.1, 31.8, 21.7.

5.5. Reactions with NBS/AIBN

N-Acetyl derivatives 14a and 14b were dissolved in CCl4
(40 mL/g), using carefully CCl4 washed glassware. To the
suspensions 1 equiv NBS was added at room temperature
along with 10% mol of AIBN. The mixtures were refluxed
and the reaction status was monitored by TLC until the start-
ing materials have disappeared. To ensure this, an additional
half equivalent of NBS could be added. As the conversion of
14a and 14b was completed, the solutions were cooled down
to ambient and then to lower temperature with an ice-bath to
ensure the maximum separation of succinimide. From the
filtrate, solvent was removed upon evaporation and the crude
residues were submitted to chromatographic separation on
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silica gel by eluting initially with CHCl3 and CHCl3/MeOH
9:1 afterwards. The bromo-cycloadducts 15a and 15b, the
acetals 16a and 16a0, and the aldehydes 17a, 17a0, and 17b
were collected and characterized.

15a (47%): White solid from benzene/n-hexane, mp 212–
215 �C; [Found C, 53.7; H, 4.5; N, 8.3. C15H15N2O2Br
(MW¼335.20) requires C, 53.75; H, 4.51; N, 8.36%]; nmax

(Nujol) 1706, 1653 cm�1; dH (300 MHz, CDCl3) 7.72 (2H,
m, Ph), 7.47 (3H, m, Ph), 5.37 (1H, s, CH–Br), 5.08 (1H,
d, J 8 Hz, H5-isoxaz.), 4.54 (1H, s, CH–N), 3.97 (1H, d,
J 8 Hz, H4-isoxaz.), 2.97 (1H, s, CH), 2.63 (1H, m, CH2),
2.24 (3H, s, CH3), 1.77 (1H, m, CH2); dC (75 MHz,
CDCl3) 168.5, 154.4, 130.5, 129.1, 128.1, 126.3, 84.5,
64.6, 60.3, 59.5, 49.8, 28.2, 22.2.

15b (47%): White solid from benzene/n-hexane, mp 195–
200 �C; [Found C, 53.8; H, 4.4; N, 8.4. C15H15N2O2Br
(MW¼335.20) requires C, 53.75; H, 4.51; N, 8.36%]; nmax

(Nujol) 1700, 1661 cm�1; dH (300 MHz, CDCl3) 7.74 (2H,
m, Ph), 7.45 (3H, m, Ph), 5.45 (1H, s, CH–Br), 4.88 (1H,
d, J 8 Hz, H5-isoxaz.), 4.51 (1H, s, CH–N), 3.97 (1H, d,
J 8 Hz, H4-isoxaz.), 2.84 (1H, s, CH), 2.50 (1H, d,
J 11 Hz, CH2), 2.18 (3H, s, CH3), 1.73 (1H, d, J 11 Hz,
CH2); dC (75 MHz, CDCl3) 169.1, 155.8, 130.4, 129.0,
127.7, 126.8, 85.1, 68.0, 62.0, 54.6, 45.7, 29.7, 22.0.

16a (16%): White solid from benzene/n-hexane, mp 140–
142 �C; [Found C, 65.8; H, 7.5; N, 8.1. C19H26N2O4

(MW¼346.41) requires C, 65.87; H, 7.57; N, 8.09%]; nmax

(Nujol) 3260, 1651 cm�1; dH (300 MHz, CD3COCD3)
7.87 (2H, m, Ph), 7.44 (1H, br s, NH), 7.42 (3H, m, Ph),
5.16 (1H, dd, J 10, 3 Hz, H5-isoxaz.), 4.68 (1H, d, J 5 Hz,
O–CH–O), 4.44 (1H, m, CH–N), 4.09 (1H, dd, J 10, 3 Hz,
H4-isoxaz.), 3.64 and 3.77 (4H, m, CH2O), 2.57 (1H, m,
CH), 2.05 (1H, m, CH2), 1.91 (3H, s, CH3), 1.74 (1H, m,
CH2), 1.24 (6H, t, CH3); dC (75 MHz, CD3COCD3) 169.4,
158.5, 130.9, 130.6, 129.8, 128.4, 104.5, 89.2, 64.0, 63.5,
60.5, 55.7, 52.2, 33.9, 23.6, 16.1.

16a0 (12%): White solid from benzene/n-hexane, mp 110–
112 �C; [Found C, 65.9; H, 7.6; N, 8.0. C19H26N2O4

(MW¼346.41) requires C, 65.87; H, 7.57; N, 8.09%]; nmax

(Nujol) 3271, 1645 cm�1; dH (300 MHz, CD3COCD3)
8.12 (2H, m, Ph), 7.50 (1H, br s, NH), 7.43 (3H, m, Ph),
5.12 (1H, dd, J 9, 6 Hz, H5-isoxaz.), 4.67 (1H, d, J 8.5 Hz,
O–CH–O), 4.29 (1H, t, J 6 Hz, CH–N), 4.23 (1H, d,
J 9 Hz, H4-isoxaz.), 3.61 (4H, m, CH2O), 2.83 (1H, m,
CH), 1.94 (3H, s, CH3), 1.76 (1H, m, CH2), 1.60 (1H, m,
CH2), 1.18 (6H, t, CH3); dC (75 MHz, CD3COCD3) 170.6,
157.7, 130.9, 130.6, 129.8, 128.5, 104.5, 87.7, 63.6, 62.5,
60.8, 55.5, 50.4, 33.0, 23.3, 16.2.

17a/a0 (18%): White solid from benzene/ethanol, mp 119–
122 �C; [Found C, 66.3; H, 5.8; N, 10.3. C15H16N2O3

(MW¼272.29) requires C, 66.16; H, 5.92; N, 10.29%];
nmax (Nujol) 3297, 1717, 1653 cm�1; dH (300 MHz,
CDCl3) 9.97 [10.01] (1H, s, CHO), 8.11 (2H, m, Ph), 7.46
(3H, m, Ph), 6.25 (1H, m, NH), 5.62 [5.65] (1H, d, J 8 Hz,
H5-isoxaz.), 5.51 [5.54] (1H, s, CH–N), 4.49 [4.54] (1H, s,
CH), 4.36 [4.42] (1H, d, J 8 Hz, H4-isoxaz.), 2.01 [2.06]
(3H, s, CH3), 1.89 [1.93] and 2.22 (2H, m, CH2); dC

(75 MHz, CDCl3) 170.4, 156.4, 130.3, 128.8, 127.7, 127.5,
84.9 [84.5], 77.1 [77.3], 60.4 [62.0], 57.8 [60.2], 54.8
[55.7], 28.6 [30.0], 22.8 [23.3].

17b (20%): White solid from benzene/n-hexane, mp 162–
164 �C; [Found C, 66.1; H, 5.9; N, 10.2. C15H16N2O3

(MW¼272.29) requires C, 66.16; H, 5.92; N, 10.29%];
nmax (Nujol) 3320, 1716 cm�1; dH (300 MHz, CD3COCD3)
9.79 (1H, s, CHO), 7.69 (2H, m, Ph), 7.45 (3H, m, Ph),
7.07 (1H, br s, NH), 5.09 (1H, dd, J 9, 3 Hz, H5-isoxaz.),
4.73 (1H, dd, J 9, 3 Hz, H4-isoxaz.), 4.24 (1H, m, CH–N),
3.07 (1H, m, CH), 2.29 (2H, m, CH2), 1.85 (3H, s CH3);
dC (75 MHz, CD3COCD3) 202.5, 170.6, 159.3, 131.2,
130.1, 129.5, 128.1, 91.7, 58.8, 56.8, 51.7, 32.0, 23.3.

5.6. Conversion of the bromo-cycloadducts 15a and 15b
into the aldehydes 17a and 17b

To a solution in absolute EtOH of the bromo-cycloadducts
15a and 15b, an excess of NaHCO3 was added and the mix-
tures were refluxed for several days, monitoring the evolu-
tion of the reactions by TLC until complete consumption
of the starting materials. After filtration of the solid, the sol-
vent was evaporated. The residues constituted a mixture of
the acetals 16 and/or the aldehydes 17a and 17b. Complete
transformation of the acetals into the aldehydes was secured
by hydrolysis with AcOH/H2O 3:7 at room temperature for
48 h. At the end of the reaction, the solution volumes were
doubled with water and the pH adjusted at 7.5 with NaOH
20%. The water phases were extracted with DCM three
times. The organic phases were dried over anhydrous
Na2SO4 and evaporation of the solvent afforded the crude
aldehydes 17. From 15a, the aldehydes 17a and 17a0 were
obtained as an epimeric mixture, not separated but submitted
to the reduction step, while from 15b the aldehyde 17b was
isolated and found identical to previously prepared sample.

5.7. Reduction of the aldehydes 17a and 17b

To a solution in MeOH of the aldehydes 17a and 17b,
2 equiv of NaBH4 were added under stirring at room temper-
ature. The reactions were carried on until complete con-
sumption of the starting materials, monitoring by TLC.
The reactions were subsequently quenched with water and
saturated with salt. The water phases were extracted with
DCM three times. The organic phases were dried over anhy-
drous Na2SO4 and evaporation of the solvent afforded the
crude alcohols 18a and 18b in quantitative yields. Purifica-
tion of the products was secured by column chromato-
graphy: from isomer 18a the two stereoisomers 18a and
18a0 were easily separated on silica gel by eluting with
CHCl3 initially and CHCl3/MeOH 9:1 afterwards.

18a (100%): White solid from acetone, mp 160–161 �C;
[Found C, 65.6; H, 6.6; N, 10.2. C15H18N2O3 (MW¼
274.31) requires C, 65.67; H, 6.61; N, 10.21%]; nmax (Nujol)
3535, 3297, 1653 cm�1; dH (300 MHz, CD3COCD3) 7.89
(2H, m, Ph), 7.70 (1H, b, NH), 7.43 (3H, m, Ph), 5.13 (1H,
dd, J 9.6, 4 Hz, H5-isoxaz.), 4.42 (1H, m, CH–N), 4.36
(1H, t, J 5 Hz, CH), 4.11 (1H, dd, J 9.6, 4 Hz, H4-isoxaz.),
3.73 and 3.84 (2H, m, CH2–O), 2.38 (1H, m, OH), 2.13
(1H, m, CH2), 1.89 (3H, s, CH3), 1.62 (1H, m, CH2); dC

(75 MHz, CD3COCD3) 170.5, 155.9, 134.9, 130.8, 129.8,
128.4, 90.5, 64.2, 60.8, 55.7, 50.8, 36.0, 23.6.
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18a0 (100%): White solid from acetone, mp 152–154 �C;
[Found C, 65.6; H, 6.6; N, 10.1. C15H18N2O3 (MW¼
274.31) requires C, 65.67; H, 6.61; N, 10.21%]; nmax (Nujol)
3316, 1676 cm�1; dH (300 MHz, CD3COCD3) 8.11 (2H, m,
Ph), 7.52 (1H, b, NH), 7.42 (3H, m, Ph), 5.20 (1H, dd, J 9,
5 Hz, H5-isoxaz.), 4.29 (2H, m, CH–N and CH), 4.27 (1H,
d, J 9 Hz, H4-isoxaz.), 3.71 and 3.86 (2H, m, OH and
CH2–O), 2.73 (1H, m, CH), 1.94 (3H, s, CH3), 1.47 (2H,
dd, J 13, 6 Hz, CH2); dC (75 MHz, CD3COCD3) 170.7,
157.7, 130.9, 130.6, 129.8, 128.5, 87.6, 62.0, 60.9, 55.7,
49.4, 33.7, 23.3.

18b (100%): White solid from acetone, mp 142–145 �C;
[Found C, 65.7; H, 6.7; N, 10.3. C15H18N2O3

(MW¼274.31) requires C, 65.67; H, 6.61; N, 10.21%];
nmax (Nujol) 3378, 3318, 1653 cm�1; dH (300 MHz,
CD3COCD3) 7.81 (2H, m, Ph), 7.50 (1H, b, NH), 7.45
(3H, m, Ph), 4.99 (1H, dd, J 9, 4 Hz, H5-isoxaz.), 4.53
(1H, t, J 5 Hz, OH), 4.39 (1H, m, CH–N), 4.18 (1H, dd,
J 9, 4 Hz, H4-isoxaz.), 3.74 and 3.83 (2H, m, CH2–O),
2.37 (1H, m, CH), 2.14 (2H, s, CH2), 1.87 (3H, m, CH3);
dC (75 MHz, CD3COCD3) 169.6, 160.4, 130.9, 130.0,
129.8, 128.3, 93.8, 65.7, 58.0, 54.8, 47.9, 35.0, 23.5.

5.8. Hydrolysis of the alcohols 18a and 18b

To a solution in MeOH of the alcohols 18a, 18a0, and 18b, an
equivalent volume of HCl 3 M was added and the solutions
were heated overnight under a nitrogen atmosphere. The so-
lution volumes were doubled with water and the pH adjusted
to 8 with NaHCO3. The solutions were then saturated with
salt and extracted with DCM three times. The organic phases
were dried over anhydrous Na2SO4 and evaporation of the
solvent afforded quantitatively the crude aminols 19a,
19a0, and 19b, which were purified by crystallization.

19a (100%): White solid from benzene/ethanol, mp 116–
118 �C; [Found C, 67.2; H, 6.9; N, 12.1. C13H16N2O2

(MW¼232.27) requires C, 67.22; H, 6.94; N, 12.06%];
nmax (Nujol) 3334, 3266, 3176, 1604 cm�1; dH (300 MHz,
CD3COCD3) 7.67 (2H, m, Ph), 7.44 (3H, m, Ph), 5.21
(1H, dd, J 9, 2 Hz, H5-isoxaz.), 5.16 (2H, b, NH2), 4.02
(2H, m, CH–N and H4-isoxaz.), 3.70 (2H, AB syst., CH2–
O), 2.52 (1H, m, CH), 2.10 (2H, m, CH2); dC (75 MHz,
CD3COCD3) 158.8, 131.0, 130.8, 129.9, 128.2, 91.7, 66.2,
64.7, 62.2, 51.2, 37.8.

19a0 (100%): White solid from benzene/ethanol, mp 153–
158 �C; [Found C, 67.3; H, 7.0; N, 12.1. C13H16N2O2

(MW¼232.27) requires C, 67.22; H, 6.94; N, 12.06%];
nmax (Nujol) 3329, 3257, 3158, 1591 cm�1; dH (300 MHz,
CD3COCD3) 7.66 (2H, m, Ph), 7.45 (3H, m, Ph), 5.28
(1H, dd, J 9, 5 Hz, H5-isoxaz.), 4.03 (1H, d, J 9 Hz, H4-iso-
xaz.), 3.97 (1H, s, CH–N), 3.67 and 3.87 (2H, m, CH2–O),
2.84 (1H, m, CH), 1.58 (2H, m, CH2); dC (75 MHz,
CD3COCD3) 158.6, 131.9, 130.1, 129.6, 128.0, 89.1, 65.4,
62.2, 62.1, 49.6, 36.3.

19b (100%): White solid from benzene/ethanol, mp 130–
131 �C; [Found C, 67.1; H, 6.8; N, 12.0. C13H16N2O2

(MW¼232.27) requires C, 67.22; H, 6.94; N, 12.06%];
nmax (Nujol) 3370, 3291, 3176, 1594 cm�1; dH (300 MHz,
CD3COCD3) 7.83 (2H, m, Ph), 7.47 (3H, m, Ph), 5.26
(2H, b, NH2), 4.79 (1H, d, J 9 Hz, H5-isoxaz.), 4.26 (1H,
dd, J 9, 2 Hz, H4-isoxaz.), 4.13 (1H, d, J 6 Hz, CH–N),
3.70 (2H, AB syst., CH2–O), 2.48 (1H, m, CH), 2.11 (2H,
m, CH2) 1.51 (1H, d, J 13 Hz, CH2); dC (75 MHz,
CD3COCD3) 160.5, 130.9, 130.8, 130.0, 128.2, 95.0, 68.0,
66.2, 55.2, 49.1, 37.5.

5.9. X-ray crystallography

Unit-cell dimensions for compound 10b were obtained by
least-squares fit of 2q values for 25 reflections, using an
Enraf–Nonius CAD4 diffractometer with graphite-mono-
chromated Mo Ka radiation at the Centro Grandi Strumenti
(CGS) dell’Università, Pavia, Italy.

A summary of crystal data, data collection, and structure re-
finement for compounds 10b is presented in Table 3. Table 4
reports the bond lengths and angles while Table 5 the torsion
angles.

An approximate absolute scale factor and a mean thermal
parameters of 3.31 Å was determined by Wilson’s method.29

The structure was solved by direct method and the E-map
correctly revealed the non-hydrogen atoms in the molecules
and refined anisotropically in subsequent three-cycle least-
squares. The positions of the hydrogen atoms were located
from a difference Fourier synthesis, and refined isotropically
in the subsequent least-squares refinement. The program
SHELXL30 was used to solve the structure. The ORTEP31

program was used for molecular graphics.

CCDC 291,467 contains the supplementary crystallographic
data. These data can be obtained free of charge via the inter-
net web site at www.ccdc.cam.ac.uk/conts/retrieving.html
(or from the Cambridge Crystallographic Data Center, 12
Union Road, Cambridge, CB21EZ, UK, or deposit@ccdc.
cam.ac.uk).
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Abstract—The 1,3-dipolar cycloaddition of adamantylidenefulvene (1) with 2 equiv of nitrile oxides 2a–d gave 1/1 cycloadducts, 3a–d and
4a–d, as the major products, and four other 1/2 minor cycloadducts 5–8a,b. The ratios of 1/1 cycloadducts 3a–d to 4a–d in THF solution were
about 1/1 in the four different nitrile oxides 2a–d studied and microwave was found to accelerate the reactions and enhance their yields. It is
noteworthy that the regioselectivity of 3a/4a was enhanced to 71/29 in b-cyclodextrin (b-CD) aqueous solution compared to that of 40/60 in
the absence of b-CD. The regioselectivity of 3b/4b was further enhanced to 99/1 when 4-tert-butylphenyl hydroximinoyl chloride (9b) was
complexed with b-CD and then proceeded to react with 1; this is in sharp contrast with that of 33/67 in the absence of b-CD. The binding
constant of 1$b-CD in acetone-d6/D2O (1/1) was determined to be 188�9 M�1 by 1H NMR titration experiments. The binding mode of
1$b-CD was further determined by ROESYexperiment. Furthermore, molecular dynamic simulations were carried out to provide information
of the complexation modes of 1$b-CD, 3a$b-CD, 4a$b-CD, 9a$b-CD, and 9b$b-CD. It was found that both steric and electrostatic effects
play important roles in determining the regio- and stereochemistry of 1,3-dipolar cycloaddition of 1. Finally, b-CD is shown to serve as a chiral
shift reagent to differentiate the enantiomers of 4a in 1H NMR.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Cycloaddition reactions on fulvenes have attracted much
attention because there are many possible reaction pathways
involved in them and their reaction products are usually
versatile and complicated.1 Compounds containing isoxazo-
lines or isoxazoles have also received considerable atten-
tion2 because they are excellent precursors in transforming
to a variety of bifunctional compounds3 and they show
diverse biological activity.4 1,3-Dipolar cycloaddition of
fulvenes with benzonitrile oxide (2a) was first reported by
Grünanger and co-workers in 1952,5a and recently elabo-
rated by Nair and co-workers using 6-(2-phenylethenyl)ful-
vene.5c In their studies, at least 2–5 products that contained
1/1 and 1/2 cycloadducts were reported.5 Even though the
reactions of fulvenes with nitrile oxides lead to complex
isoxazolines products, they provide us an opportunity to
fine tune or control the reaction products.

Keywords: Regioselectivity; Fulvene; Steric effect; Inclusion complex; 1,3-
Dipolar cycloaddition; Chiral shift reagent; Molecular reactor.
* Corresponding authors. Tel.: +886 3 513 1517; fax: +886 3 572 3764;

e-mail: wschung@cc.nctu.edu.tw
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.05.021
Cyclodextrins (CDs) can be described as a truncated cone
with the narrow rim bearing the primary hydroxy groups
and the secondary hydroxy groups as the wider rim, and
they possess hydrophobic cavities that enable them to in-
clude a variety of organic compounds in aqueous solution6,7

(Chart 1). Because of their inclusion ability, CDs have
become one of the most commonly used host systems and
have shown great potential in areas such as drug delivery6,8

and chromatographic separations.6,9 Furthermore, CDs have
been found to enhance reaction rates and control product

2o-OH side

1o-OH side

Hydrophobic cavity
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XO OY

ZO n

1

2

4

3

5
6

n = 6, α-CD, X = Y = Z = H
n = 7, β-CD, X = Y = Z = H
n = 7, Me-β-CD, X = Y = Z = CH3                  
n = 7, HP-β-CD, X = Y = H, Z = -CH2CH(OH)CH3
n = 8, γ-CD, X = Y = Z = H

Chart 1.
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distribution in various reactions including nucleophilic
substitution,6,7,10 electrophilic substitution,6,11 Diels–Alder
reactions,6,12 and [2+2] photochemical cycloadditions.6,13

Rama Rao and co-workers have exploited the use of both
CDs and baker’s yeast together to enhance the enantioselec-
tivity and regioselectivity of the 1,3-dipolar cycloadditions
in several molecular systems;14 however, Simpson and
co-workers later reported that baker’s yeast was not required
to achieve the high selectivities.15a Moreover, Easton and
co-workers have elegantly demonstrated that the regioselec-
tivity can be dramatically reversed by a dipolarophile (e.g.,
terminal alkyne) tethered b-CD in 1,3-dipolar cycloaddi-
tion.15 As advocated by Easton and co-workers3b,c,9b,15

and our continuous interests in using CDs as molecular reac-
tors,7e,12f,g,13a,c we report here our studies of the 1,3-dipolar
cycloaddition of adamantylidenefulvene (1) with nitrile
oxides 2a–d and the application of CDs to modulate the
regio- and stereochemistry of the reaction, and indeed, a
highly regioselective product distribution is achieved (vide
infra).

2. Results and discussion

Adamantylidenefulvene (1) was prepared using a literature
procedure.16 The 1,3-dipolar cycloaddition of 1 with 2 equiv
of nitrile oxides 2a–d (R ¼ phenyl, 4-tert-butylphenyl,
5-chloro-2-thienyl, and methyl) prepared in situ in THF
solution gave a mixture of 2–6 products in total yields of
40–60%. The reaction took 24 h under reflux condition but
was completed within 20 min under microwave irradiation
and concurrently with higher yields (ca. 50–80%). Column
chromatography on silica gel with n-hexane and ethyl ace-
tate (20/1) as eluent afforded two major 1/1 cycloadducts 3
and 4 and 2–4 minor 1/2 cycloadducts 5–8 (Scheme 1).
The ratios and yields of the major products 3 and 4 are shown
in Table 1 and the minor 1/2 cycloadducts are: 5a (8%), 6a
(6%), and 7a (6%) when reacting with 2a; 5b (15%), 6b
(9%), 7b (12%), and 8b when reacting with 2b (total yields,
50–80%).
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Scheme 1.
In principle, a [6+3] cycloaddition product (e.g., 8) is also
possible1c,5b in the 1,3-dipolar cycloaddition of 1 with nitrile
oxides 2a–d, however, only a trace of [6+3] product 8b was
observed in 1H NMR spectra of the crude products. The
molar ratio between 1 and benzonitrile oxide (2a) was varied
to look for possible variation in product distribution, how-
ever, no obvious change was found despite that products’
yield increased slightly at higher concentrations of the nitrile
oxide. The reactions of 1 with four different nitrile oxides
2a–d gave 1/1 cycloadducts 3a–d and 4a–d as the major
products. In order to rationalize product distribution of
the reactions, AM1 calculation was carried out and the
HOMO and LUMO energies of 1 and 2a–d are summarized
in Figure S-1. As can be seen, the HOMO energy of 1 is
higher than those of the four dipoles, thus, the 1,3-dipolar
cycloadditions of 1 with 2a–c (but not 2d), are believed to
be LUMO(dipole)–HOMO(dipolarophile) controlled reactions.
For the reaction of 1 with 2d, both the LUMO(dipole)–
HOMO(dipolarophile) and HOMO(dipole)–LUMO(dipolarophile)

interactions are important.

The structures of all cycloadducts were determined by 1H,
13C NMR, H,H-COSY, H,C-COSY, MS, and NOE spectral
data. The regio and stereo structural assignments of a 1/1
cycloadduct 3b is described as follows. Compound 3b is
assigned to be a 1/1 head-to-tail adduct of nitrile oxide on
1 where the C14 (one of the aliphatic tertiary carbon next
to carbon atoms, d 58.6) and C15 (a tertiary carbon next to
one oxygen atom, d 83.7) of the fused dihydrocyclopenta-
isoxazolines can be readily assigned from its 13C NMR
and DEPT. H14 and H15 can then be assigned through H,C-
COSY from the identified C14 and C15. From H,H-COSY,
we found that H14 not only coupled with H15 and H13 but
also coupled with H12, therefore, NOE experiments were
carried out to assist the assignment of H12 and H13. When
H14 was irradiated, substantial NOE was found on H15

(8.1%), H13 (3.6%), and on the ortho-protons of the aryl
group (5.6%), whereas no NOE was found on H12. In con-
trast, when H12 was irradiated, intense NOE was found on
H1 (15.1%) and H13 (6.4%), however, no NOE was found
on H14. Based on these observations, H12 and H13 can be
assigned unambiguously and the results of NOE experi-
ments on 3b are summarized in Figure 1a. The peaks for
C12 and C13 can subsequently be assigned from H,C-
COSY through correlation with H12 and H13, respectively.
Finally, the structure of 3b was confirmed by a single crystal

Table 1. Ratios (3/4) of the 1/1 cycloadducts from 1,3-dipolar cycloaddition
of 1 with nitrile oxides 2a–d in THF under thermal condition or microwave
irradiation

Entry Nitrile oxide 3/4 ratioa (yield, %)

Thermal
reactionb

Microwave
irradiationc

1 2a, R ¼ phenyl 60/40 (41%) 66/34 (59%)
2 2b, R ¼ 4-tert-butylphenyl 51/49 (60%) 64/36 (51%)
3 2c, R ¼ 5-chloro-2-thienyl 50/50 (40%) 60/40 (50%)
4 2d, R ¼ methyl 49/51 (45%) 45/55 (60%)

a Product ratios were determined by 1H NMR at 300 and 500 MHz; error
limit �5%.

b The reaction was refluxed in THF for 24 h.
c Microwave irradiation (20 min) was set at 300 W and temperature was

controlled below 66 �C.
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X-ray crystallography analysis to be a 1/1 head-to-tail cyclo-
adduct (Fig. 2a).

The detailed regio and stereo structural assignment of a 1/2
cycloadduct 6b is described in Supplementary data. NOE
results (Fig. 1b) and single crystal X-ray crystallography
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Figure 1. NOE results of (a) compound 3b and (b) compound 6b.
of a 1/2 cycloadduct 6a, an analogue of 6b, confirmed the
structure to be a syn head-to-tail biscycloadduct (Fig. 2b).
The characteristic 1H and 13C NMR of all cycloadducts on
the fused dihydro- and tetrahydrocyclopentaisoxazolines
are summarized in Supplementary data (Tables S-1 and S-2).

2.1. Control of regioselectivity by reacting in CDs

After structural assignments of all products, we then ex-
plored the application of CDs on the control of regioselectiv-
ity of 1,3-dipolar cycloaddition of 1 with benzonitrile oxides
(2a,b). The regioselectivity (3a/4a) of the 1,3-dipolar cyclo-
addition of 1 with 2a changed from 60/40 in THF to 40/60 in
acetone/water (v/v ¼ 1/1) co-solvent.17 It is noteworthy that
the regioselectivity of 3/4 can be dramatically reversed
when the 1,3-dipolar cycloaddition (between 1 and 2) is
executed in the presence of CDs (see Table 2). The regio-
selectivity reached a maximum value of 83/17 for 3a/4a
but was further enhanced to 99/1 for 3b/4b when 6 equiv
of b-CD versus 1 was added to the reaction mixture
(Fig. 3a,b, and S-3). Interestingly, higher values of 3/4
were achieved if inclusion complex of hydroximinoyl chlo-
rides (9a,b)$b-CD were prepared first (instead of 1$b-CD),
and then proceeded to react with the dipolarophile 1 (filled
circles in Fig. 3a,b). The results imply that the hydroxi-
minoyl chlorides 9a,b form stronger complexes with b-CD
than 1 does, because electrostatic interactions are involved
between them.

There was basically no effect on the product distribution
when either a- or g-CD was used. This is understandable
(a) (b) 

Figure 2. ORTEP structures of (a) compound 3b and (b) compound 6a.
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since the cavity of a-CD is known to bind adamantane
moiety only shallowly; and the cavity of g-CD is too large
for a snug fit of the adamantane moiety. Permethylation on
all hydroxyl groups of b-CD (i.e., Me–b-CD) or perhydroxy-
propylation on all primary alcohols of the b-CD (i.e., HP–
b-CD), highly enhanced their water solubility, however,
not much change on the regioselectivity was found in either
cases. Furthermore, it is noteworthy that product yields of
the reaction were in the range of 40–45% when [b-CD]
was below 3 mM, but they decreased to 20–30% when
[b-CD] was above 6 mM. In other words, our results show
that a higher regioselectivity was accompanied with a lower

Table 2. Ratios of cycloadducts (3/4) from 1,3-dipolar cycloaddition of 1
with benzonitrile oxide (2a) and 4-tert-butylphenyl nitrile oxide (2b) in
various CD solutions at 310 Ka,b

Entry [CDs]/[1] 3a/4a 3b/4b

b-CDc b-CDd b-CDc b-CDd

1 0 40/60 40/60 33/67 33/67
2 1.0 43/57 43/57 37/63 39/61
3 3.0 58/42 64/36 49/51 48/52
4 5.0 68/32 78/22 57/43 77/21
5 6.0 71/29 83/17 80/20 99/1

a Solvent system was acetone/H2O (v/v ¼ 1/1).
b The product ratio was determined by 1H NMR integration; error limit is
�5%.

c Complex of 1$b-CD was prepared first, followed by adding phenyl
hydroximinoyl chloride 9a or 9b into the solution.

d Complex (9a or 9b)$b-CD was prepared first, followed by adding 1 into
the solution.
reaction yield at high concentrations of b-CD. These results
suggest that b-CD plays as a ‘steric shield’ instead of a ‘pro-
moter’ in the 1,3-dipolar reactions studied here.

Evidences for complexation of 1 with b-CD came from 1H
NMR spectra, which showed that H3 (Dd¼�0.03 ppm)
and H5 (Dd¼�0.04 ppm) of b-CD, oriented toward the inte-
rior of the CD cavity, were considerably upfield shifted in the
presence of 1. By contrast, H1, H2, H4, and H6 all located on
the exterior wall of b-CD, either showed little downfield
shifts or were unaffected (Fig. 4). These observations are
consistent with the notion that a complex is formed between
b-CD and 1, and they most likely have 1/1 stoichiometric
ratios, similar to those of adamantane derivatives found in
several X-ray crystallography data.18 The binding constant
for complexation of 1 with b-CD was determined to be
188�9 M�1 by Benesi–Hilderbrand plot,19 where the recip-
rocal chemical shift differences of guest 1 are plotted with
the reciprocal concentration of b-CD (See Fig. S-2).

The regioselective results of 1,3-dipolar cycloadditions of 1
in b-CD can be explained by complexes A or B, where the
hydrophilic nitrile oxide can only attack the fulvene from
sterically less hindered sites. Complexes C and D are less
likely because the cavity of b-CD is too small to accommo-
date both fulvene 1 and nitrile oxide 2a concomitantly
(Chart 2). Had complexes C and D been the favored com-
plexes, one would have observed predominant formation
of 4a; however, 3a became the major product when high
equivalent of b-CD versus 1 was used. Furthermore,
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react with 1, and B denotes data obtained when inclusion complex of 1$b-CD was prepared first then proceeded to react with corresponding dipoles 2a or 2b.
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Figure 4. 1H NMR spectra of (a) 1$b-CD where [1]¼[b-CD]¼2 mM in D2O, and (b) [b-CD]¼5 mM in D2O at 300 K.
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cycloadducts 3a and 4a were proven to be stable under the
reaction conditions; therefore, they are formed in kinetically
controlled processes. ROESY experiment (Fig. S-4)20d was
carried out on 1$b-CD (acetone-d6/D2O ¼ 1/1), which sug-
gests that complex B is the favored binding mode; namely,
the reactive fulvene group is pointing toward the primary
side of b-CD.

Previously, we have shown that molecular dynamic (MD)
simulations22–24 with a multi-trajectory approach are useful
in explaining the product preference in a b-CD mediated
Diels–Alder reaction;12g each trajectory starts with distinctly
different host$guest geometry. The same approach was used
here to examine the complexes of 1$b-CD, 3a$b-CD, 4a$b-CD,
3a-TS$b-CD, 4a-TS$b-CD (TS stands for transition state
structure, which was located quantum mechanically),25

9a$b-CD, and 9b$b-CD. MD simulations of 1$b-CD
showed trajectory t2, with the reactive fulvene pointing
toward the primary side of b-CD, to be the statistically most
stable binding mode and this is in agreement with the ob-
served spectroscopic data (Figs. 5 and S-4). The calculated
results of the products and their transition state structures
with b-CD showed that on average both 3a and 3a-TS bound
more tightly within b-CD than 4a and 4a-TS (see Supple-
mentary data). For example, for 3a-TS$b-CD the calculated
DCEBindD from different trajectories ranged from �38.03 to
�70.62 kJ mol�1, which are more stable than 4a-TS$b-CD
with DCEBindD in the range of �26.41 to �60.11 kJ mol�1

(Tables S-6 and S-7). These results support the notion that
the CD cavity provides steric control stabilizing the forma-
tion of the transition state structure 3a-TS, giving 3a as
the major product.

It is noteworthy that the 3a/4a product ratio reversed from
60/40 in THF to 40/60 in acetone/water (1/1). This may
imply that when reacted in acetone/water (1/1) the transition
state leading to 3a is relatively destabilized compared to that
leading to 4a. Higher regioselectivity was achieved in the
1,3-dipolar cycloaddition of 1 when phenyl hydroximinoyl
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Chart 2.
chloride (9a) was complexed with b-CD first and then pro-
ceeded to react with 1. MD simulations of 1$b-CD showed
that, with the presence of adamantane moiety, the stability
of 1$b-CD is very dependent on how the guest molecule
is bound in the CD cavity; the calculated binding energy,
DCEBindD, of four different trajectories t1–t4 are �39.34,
�52.97, �23.59, and �44.28 kJ mol�1, respectively. It can
be seen in Figure 5 that t2 and t4 enjoy stronger binding en-
ergy at the expense of blocking the ene group from reaction.
For 9a$b-CD, DCEBindD is less trajectory dependent with
a phenyl core (�47.01 and �51.00 kJ mol�1 for hydroximi-
noyl chloride pointing to the top and bottom rims of CD,
respectively). In each trajectory, the hydroximinoyl chloride
part moves in and out of b-CD rather frequently. The calcu-
lated results indicate that while 1$b-CD might have binding
modes with stronger binding energies, the modes effective
for 1,3-dipolar cycloaddition are in fact having weaker bind-
ing energies than those of 9a$b-CD. This explains the
smaller regioselectivity when 1$b-CD was prepared first.

Easton and co-workers reported that 1,3-dipolar cycloaddi-
tion of a dipolarophile tethered b-CD with 4-tert-butyl-
phenyl nitrile oxide (2b) led to an excellent regioselective
product.15a–c Indeed, 3b became the exclusive product and
almost no 4b was found when 4-tert-butylphenyl hydroximi-
noyl chlorides (9b) formed a complex with b-CD first and
then proceeded to react with fulvene 1. It would be desirable
to obtain binding constants of the aryl hydroximinoyl chlo-
rides 9a and 9b (precursors for nitrile oxides 2a and 2b) with
b-CD, however, we were not successful in both cases. The
two aryl hydroximinoyl chlorides 9a and 9b were too unsta-
ble to be detected in D2O even in the presence of b-CD, and
they tend to form diphenyl- and di-tert-butylphenyl furox-
anes (dimers of the nitrile oxides) instead of the intended
cycloaddition with 1. The latter fact explains why the yields

t1 t2
<EBind> -39.34 kJ/mol <EBind> -52.97 kJ/mol

t3 t4
<EBind> -23.59 kJ/mol <EBind> -44.28 kJ/mol

Figure 5. The calculated DCEBindD of 1$b-CD from four trajectories (t1–t4),
each starting from a different binding configuration (see Supplementary
data). For each trajectory, the lowest energy structure obtained from optimi-
zation of sampled structures during 5000 ps MD is shown. Hydrogen atoms
are omitted for clarity, and all structures are shown with the wider secondary
hydroxyl rim of b-CD on the top.
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of 1,3-dipolar cycloaddition of 2a and 2b in water are usu-
ally below 50%.

MD simulations of 9b$b-CD showed that it has a higher
binding affinity than 9a$b-CD (DDCEBindD¼�6.21 and
�4.74 kJ mol�1 with the hydroximinoyl chloride pointing
to the top and bottom rims of CD, respectively) (Tables
S-4 and S-5). Thus the tert-butyl group helps to anchor 9b
in the CD cavity and sterically blocking reactant 1 from
approaching in the syn position relative to 9b, preventing
the formation of product 4b.

It is possible though not necessary that a reaction in the
chiral CD cavity may lead to induced optical activity in
the product.20a–c This possibility was investigated for the
1,3-dipolar cycloaddition of benzonitrile oxide (2a) with 1
in D2O. In the presence of b-CD, the 1H NMR spectrum of
the product 4a showed two well resolved doublets around
d 6.8 for methine proton H12; without b-CD, only a doublet
is showed around d 7.2 (Fig. S-5). Any enantiomeric excess
can thus be determined from the area ratios of the respective
isoxazolines; however, the enantiomers are present in 1/1
ratio within experimental error. Unfortunately, spectrum of
3a$b-CD was not obtained due to its poor solubility in D2O.

In order to exploit the high regioselectivity of 9b$b-CD in
1,3-dipolar cycloaddition, we tested its reaction with other
dipolarophiles such as methyl trans-crotonate 10a and
trans-chalcone 10b (Scheme 2). The product ratio of 11a/
12a was found to be enhanced from 65/35 in THF21 to that
of 86/14 in acetone/water (1/1). The product ratio of 11b/
12b enhanced from 36/64 in THF21 to that of >99/1 in
acetone/water (1/1). Unfortunately, no further improvement
in regioselectivity was found when the above reactions were
carried out in acetone/water (1/1) in the presence of b-CD
(11a/12a, 82/18 and 11b/12b, >99/1, respectively). The
results suggest that solvent polarity alone has a strong influ-
ence on the regioselectivity of 1,3-dipolar cycloadditions of
10a,b with 9b.

R1 R2

O

N
O

R1 R2
O

O
N

R1 R2
O

+
10a, R1 = CH3; R2 = OCH3
10b, R1 = R2 = Ph

11a, R1 = CH3; R2 = OCH3
11b, R1 = R2 = Ph

12a, R1 = CH3; R2 = OCH3
12b, R1 = R2 = Ph

N Cl
HO

9b

Base

Scheme 2.

3. Conclusion

The 1,3-dipolar cycloaddition of adamantylidenefulvene 1
with aryl and alkyl nitrile oxides 2a–d under thermal and mi-
crowave reactions gave 1/1 cycloadducts, 3a–d and 4a–d, as
the major products, and four other 1/2 cycloadducts 5–8a–
d as minor products. All the isoxazolines adducts 3a–7a,
3b–7b, 3c, 4c, 3d, and 4d were isolated and fully character-
ized by 1H, 13C NMR, MS, NOE, H,H-COSY, and H,C-
COSY spectral data. Furthermore, the regioselectivity of
the 1,3-dipolar cycloaddition of 1 with nitrile oxides 2a or
2b was highly enhanced by inclusion in b-CD solution.
MD simulation results support that the CD cavity provides
steric control stabilizing the formation of the transition state
structure 3a-TS (or 3b-TS), giving 3a (or 3b) as the major
product. The results further expand the scope of using CDs
as a molecular reactor in a regio- and stereo-selective fash-
ion. Finally, b-CD was found to be a useful chiral shift
reagent for the differentiation of enantiomers of 4a.

4. Experimental

4.1. General

1H NMR spectra were measured on a 300, 500, and
600 MHz spectrometer. Natural abundance 13C NMR spec-
tra were measured using pulse Fourier transform, on a
300 MHz NMR spectrometer operating at 75.4 MHz.
Broad-band decoupling, DEPT, NOE, H,H-COSY, and
H,C-COSY were carried out to simplify the spectra and
aid peak identification. Chemical shifts are given in parts
per million (ppm) and coupling constant J in hertz (Hz)
for both nuclei, with the solvent (usually CDCl3) peak as
an internal standard. The reference peak for 1H is at d 7.25
of CHCl3, and for 13C it is the central peak at d 77. All
reported yields here were from an average of three runs
and were based on uncovered starting materials. The micro-
wave reactions were carried out in a CEM MARS-5 magne-
tron with temperature controller.

4.2. Computation details

Stochastic molecular dynamics simulations were carried out
using MacroModel V 8.022 with an all-atom amber* force-
field23 in a continuum GB/SA model24 for water. Default
amber* charges were used except for 3a-TS and 4a-TS,
which were obtained from CHELPG electrostatic potential
fitting using Gaussian 03 at the HF/6-31G* level.25 Geomet-
ric constraint to the optimized HF geometries for 3a-TS and
4a-TS was also applied. Constant dielectric treatment was
used to estimate electrostatic interactions. A 200 ps equili-
bration step with 1 fs time step was followed by a 5000 ps
MD run with 1 fs time step at 300 K. Structures were sam-
pled at regular interval of 1 ps during the simulations. The
sampled structures were then minimized using PR conju-
gated gradient method to obtain the lowest energy structure
in each simulation.

4.3. General procedures for the reaction of 1 with 2a–c

To a well-stirred solution of 1 (100.0 mg, 0.50 mmol) with
hydroximinoyl chloride (9a: 155.4 mg, 1.00 mmol; 9b:
211.3 mg, 1.00 mmol; 9c: 196.6 mg, 1.00 mmol) in THF
(or benzene) (15 mL) was added triethylamine (15 drops)
and refluxed for 24 h. After cooled to rt, the solution was
washed with water (10 mL) and the water layer was
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extracted three times with methylene chloride (10 mL�3).
The organic layers were combined, dried over MgSO4, fil-
tered, and concentrated. The residue was purified on silica
gel column by elution with n-hexane/ethyl acetate (20/1)
to give 3a–8a 50%; 3b–8b 60%; 3c–4c 40%.

4.3.1. 6-Adamantan-2-ylidene-3-phenyl-3a,6a-dihydro-
3aH-cyclopenta[d]isoxazole 3a. Colorless solid; mp 154–
155 �C; dH 1.80–2.12 (m, 12H), 2.90 (br s, 1H), 3.01 (br s,
1H), 4.74 (ddd, J¼8.8, 2.4, 2.3 Hz, 1H), 5.81 (d,
J¼8.8 Hz, 1H), 5.97 (dd, J¼5.8, 2.4 Hz, 1H), 6.48 (dd,
J¼5.8, 2.3 Hz, 1H), 7.39–7.45 (m, 3H), 7.74–7.80 (m,
2H); dC 28.1 (2�CH), 35.3 (CH), 35.5 (CH), 37.1 (CH2),
39.0 (CH2), 39.1 (CH2), 39.2 (CH2), 39.7 (CH2), 58.5
(CH), 84.0 (CH), 126.8 (CH), 128.3 (CH), 128.7 (CH),
129.7 (CH), 131.1 (CH), 132.2 (Cq), 149.0 (Cq), 156.3
(Cq); MS (EI, m/z) 317 (M+, 83), 300 (43), 198 (100);
HRMS m/z calcd for C22H23NO: 317.1780; found:
317.1776. Anal. Calcd for C22H23NO: C, 83.24; H, 7.30;
N, 4.41; found: C, 82.85; H, 7.37; N, 4.37.

4.3.2. 4-Adamantan-2-ylidene-3-phenyl-3a,6a-dihydro-
3aH-cyclopenta[d]isoxazole 4a. Colorless solid; mp 126–
128 �C; dH 0.40–0.46 (m, 1H), 1.30–1.37 (m, 1H), 1.46–
1.55 (m, 1H), 1.64–1.93 (m, 9H), 2.51 (br s, 1H), 2.82 (br
s, 1H), 4.74 (d, J¼8.2 Hz, 1H), 5.86 (dd, J¼8.2, 2.1,
0.8 Hz, 1H), 5.94 (dd, J¼5.8, 2.1 Hz, 1H), 6.63 (dd,
J¼5.8, 0.8 Hz, 1H), 7.34–7.43 (m, 5H); dC 27.7 (CH), 28.0
(CH), 35.2 (CH), 35.9 (CH), 36.7 (CH2), 37.6 (CH2), 38.5
(CH2), 39.4 (CH2), 39.5 (CH2), 54.8 (CH), 88.8 (CH),
127.5 (Cq), 128.2 (CH), 128.3 (CH), 129.1 (CH), 130.5
(Cq), 130.6 (CH), 132.8 (CH), 144.9 (Cq), 159.0 (Cq); MS
(EI, m/z) 317 (M+, 43), 300 (52), 198 (100); HRMS m/z calcd
for C22H23NO: 317.1780; found: 317.1776.

4.3.3. 7-Adamantan-2-ylidene-3,4-diphenyl-3a,3b,6a,7a-
tetrahydro-3aH-cyclopenta-[2,1-d:3,4-d0]diisoxazole 5a.
Colorless solid; mp 230–231 �C; dH 1.87–2.04 (m, 12H),
3.03 (br s, 2H), 4.07 (d, J¼7.6 Hz, 1H), 5.79 (d, J¼7.6 Hz,
2H), 7.20–7.27 (m, 4H), 7.35–7.41 (m, 6H); dC 27.9 (CH),
36.1 (CH), 36.9 (CH2), 38.9 (CH2), 39.5 (CH2), 56.6 (CH),
87.2 (CH2), 126.2 (Cq), 127.8 (CH), 128.2 (Cq), 128.7
(CH), 130.1 (CH), 158.9 (2�Cq); MS (EI, m/z) 436 (M+,
68), 317 (100), 198 (56), 119 (46), 91 (35), 77 (36);
HRMS m/z calcd for C29H28N2O2: 436.2152; found:
436.2153. Anal. Calcd for C29H28N2O2: C, 79.79; H, 6.47;
N, 6.42; found: C, 79.88; H, 6.67; N, 6.13.

4.3.4. (3aR,3bR,6aS,7aR)-7-Adamantan-2-ylidene-3,6-di-
phenyl-3a,3b,6a,7a-tetrahydro-3aH-cyclopenta[1,2-
d:3,4-d0]diisoxazole 6a. Colorless solid; mp 237–238 �C; dH

0.98–1.03 (m, 1H), 1.58–1.97 (m, 11H), 2.68 (br s, 1H), 3.01
(br s, 1H), 4.17 (dd, J¼8.7, 8.7 Hz, 1H), 4.96 (d, J¼8.7 Hz,
1H), 5.57 (dd, J¼8.7, 8.7 Hz, 1H), 5.71 (d, J¼8.7 Hz, 1H),
7.30–7.53 (m, 8H), 7.71–7.75 (m, 2H); dC 27.5 (CH), 27.9
(CH), 35.3 (CH), 35.7 (CH), 36.6 (CH2), 37.8 (CH2), 38.8
(CH2), 39.3 (CH2), 39.5 (CH2), 57.5 (CH), 58.0 (CH), 85.7
(CH), 86.2 (CH), 121.4 (Cq), 127.2 (CH), 128.2 (CH),
128.4 (CH), 128.5 (CH), 129.3 (Cq), 129.4 (CH), 129.7
(CH), 130.2 (Cq), 153.0 (Cq), 158.7 (Cq), 158.9 (Cq); MS
(EI, m/z) 436 (M+, 100), 408 (32), 317 (44), 289 (40), 198
(34), 104 (40), 91 (33), 77 (58); HRMS m/z calcd for
C29H28N2O2: 436.2152; found: 436.2158.
X-ray crystal data for compound 6a: C29H28N2O2,
M¼436.53, monoclinic, a¼11.3842(2) Å, b¼17.894(3) Å,
c¼11.099(2) Å, a¼90�, b¼97.291(1)�, g¼90�, V¼
2085.6(3) Å3, V¼2242.5(7) Å3, space group P21/c, Z¼4,
calculated density 1.293 Mg m�3, crystal dimensions
(mm3): 0.60�0.50�0.40, T¼293(2) K, l (Mo Ka)¼
0.71073 Å, m¼0.081 mm�1, 3958 reflections collected,
3958 independent (Rint¼0.0000), 299 parameter refined on
F2, R1¼0.0422, wR2[F2]¼0.1198 (all data), GOF on F2

1.099, Drmax¼0.162 eÅ�3. Crystallographic data for the
structure have been deposited in the Cambridge Crystallo-
graphic Data Centre as supplementary publication number
CCDC 606881. 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: data_
request@ccdc.cam.ac.uk].

4.3.5. 6-Adamantan-2-ylidene-3-(4-tert-butyl-phenyl)-
6,6a-dihydro-3aH-cyclopenta[d]isoxazole 3b. Colorless
solid; mp 172–173 �C; dH 1.32 (s, 9H), 1.78–2.07 (m,
12H), 2.90 (br s, 1H), 3.01 (br s, 1H), 4.72 (ddd, J¼8.8,
2.3, 2.3 Hz, 1H), 5.79 (d, J¼8.8 Hz, 1H), 5.97 (dd, J¼5.8,
2.3 Hz, 1H), 6.47 (dd, J¼5.8, 2.3 Hz, 1H), 7.42 (d,
J¼8.7 Hz, 2H), 7.68 (d, J¼8.7 Hz, 2H); dC 28.2 (2�CH),
31.2 (CH3), 34.8 (Cq), 35.3 (CH), 35.5 (CH), 37.1 (CH2),
39.0 (CH2), 39.1 (CH2), 39.2 (CH2), 39.7 (CH2), 58.6
(CH), 83.7 (CH), 125.7 (CH), 126.6 (CH), 126.6 (Cq),
128.5 (CH), 131.0 (CH), 132.3 (Cq), 148.9 (Cq), 153.0
(Cq), 156.1 (Cq); MS (EI, m/z) 373 (M+, 47), 356 (39),
225 (14), 198 (100), 161 (23), 91 (14); HRMS m/z calcd
for C26H31NO: 373.2406; found: 373.2408.

X-ray crystal data for compound 3b: C26H31NO, M¼373.52,
monoclinic, a¼16.5261(13) Å, b¼10.5956(9) Å, c¼
11.9249(9) Å, a¼90�, b¼92.796(2)�, g¼90�, V¼
2085.6(3) Å3, space group P21/c, Z¼4, calculated density
1.19 Mg m�3, crystal dimensions (mm3): 0.45�0.30�0.13,
T¼295(2) K, l (Mo Ka)¼0.71073 Å, m¼0.071 mm�1,
16867 reflections collected, 3670 independent (Rint¼
0.0506), 272 parameter refined on F2, R1¼0.0862,
wR2[F2]¼0.2483 (all data), GOF on F2 1.049, Drmax¼
0.383 eÅ�3. Crystallographic data for the structure have
been deposited in the Cambridge Crystallographic Data
Centre as supplementary publication number CCDC
606882. 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: data_
request@ccdc.cam.ac.uk].

4.3.6. 4-Adamantan-2-ylidene-3-(4-tert-butyl-phenyl)-
4,6a-dihydro-3aH-cyclopenta[d]isoxazole 4b. Colorless
solid; mp 145–146 �C; dH 0.26–0.35 (m, 1H), 1.21–1.29
(m, 1H), 1.29 (s, 9H), 1.44–1.53 (m, 1H), 1.60–1.90 (m,
9H), 2.47 (br s, 1H), 2.81 (br s, 1H), 4.71 (d, J¼8.2 Hz,
1H), 5.4 (ddd, J¼8.2, 2.0, 0.7 Hz, 1H), 5.93 (dd, J¼5.8,
2.0 Hz, 1H), 6.62 (dd, J¼5.8, 0.7 Hz, 1H), 7.27 (d,
J¼8.4 Hz, 2H), 7.35 (d, J¼8.4 Hz, 2H); dC 27.7 (CH),
28.0 (CH), 31.2 (CH3), 34.7 (Cq), 35.2 (CH), 35.8
(CH), 36.8 (CH2), 37.4 (CH2), 38.5 (CH2), 39.4 (CH2),
39.5 (CH2), 55.0 (CH), 88.7 (CH), 125.1 (CH), 127.5
(Cq), 127.6 (Cq), 128.0 (CH), 130.6 (CH), 132.7 (CH),
144.9 (Cq), 152.2 (Cq), 159.0 (Cq); MS (EI, m/z) 373
(M+, 87), 356 (39), 225 (17), 198 (100), 161 (18), 91
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(9); HRMS m/z calcd for C26H31NO: 373.2406; found:
373.2404.

4.3.7. 7-Adamantan-2-ylidene-3,4-bis-(4-tert-butyl-phenyl)-
3b,6a,7,7a-tetrahydro-3aH-cyclopenta[2,1-d:3,4-d0]-
diisoxazole 5b. Colorless solid; mp 218–219 �C; dH 1.32 (s,
18H), 1.83–2.08 (m, 12H), 3.01 (br s, 2H), 4.06 (d,
J¼7.7 Hz, 2H), 5.75 (d, J¼7.7 Hz, 2H), 7.26 (d, J¼8.5 Hz,
4H), 7.33 (d, J¼8.5 Hz, 4H); dC 27.9 (CH), 31.2 (CH3),
34.8 (Cq), 36.0 (CH), 36.9 (CH2), 38.8 (CH2), 39.5 (CH2),
56.4 (CH), 87.2 (CH), 125.3 (Cq), 125.5 (CH), 126.2 (Cq),
127.6 (CH), 153.4 (Cq), 156.6 (Cq), 158.9 (Cq); MS (EI,
m/z) 548 (M+, 6), 373 (33), 356 (39), 225 (17), 198 (100),
91 (9); HRMS m/z calcd for C37H44N2O2: 548.3403; found:
548.3394.

4.3.8. (3aR,3bR,6aS,7aR)-7-Adamantan-2-ylidene-3,6-
bis-(4-tert-butyl-phenyl)-3b,6a,7,7a-tetrahydro-3aH-
cyclopenta[1,2-d:3,4-d0]diisoxazole 6b. Colorless solid; mp
238–239 �C; dH 0.93–1.02 (m, 1H), 1.28 (s, 9H), 1.32 (s,
9H), 1.56–1.96 (m, 11H), 2.68 (br s, 1H), 3.02 (br s, 1H),
4.13 (dd, J¼8.6, 8.6 Hz, 1H), 4.93 (d, J¼8.6 Hz, 1H), 5.55
(dd, J¼8.6, 8.6 Hz, 1H), 5.68 (d, J¼8.6 Hz, 1H), 7.34 (d,
J¼6.8 Hz, 2H), 7.41 (d, J¼6.8 Hz, 2H), 7.44 (d, J¼6.8 Hz,
2H), 7.66 (d, J¼6.8 Hz, 2H); dC 27.6 (CH), 28.0 (CH),
31.2 (CH3), 34.7 (Cq), 34.8 (Cq), 35.2 (CH), 35.7 (CH),
36.6 (CH2), 37.6 (CH2), 38.7 (CH2), 39.4 (CH2), 39.5
(CH2), 57.6 (CH), 58.1 (CH), 85.6 (CH), 86.1 (CH), 121.7
(Cq), 125.1 (CH), 125.5 (CH), 126.4 (Cq), 126.9 (CH),
127.4 (Cq), 128.0 (CH), 152.4 (Cq), 152.7 (Cq), 152.8
(Cq), 158.5 (Cq), 158.6 (Cq); MS (EI, m/z) 548 (M+, 100),
520 (91), 373 (49), 345 (64), 259 (60), 214 (41), 198 (61),
144 (28), 91 (19); HRMS m/z calcd for C37H44N2O2:
548.3403; found: 548.3402.

4.3.9. (3aS,3bS,6aR,7aR)-7-Adamantan-2-ylidene-3,4-
bis-(4-tert-butyl-phenyl)-3b,6a,7,7a-tetrahydro-3aH-
cyclopenta[2,1-d:3,4-d0]diisoxazole 7b. Colorless solid; mp
245–246 �C; dH 0.68–0.80 (m, 1H), 1.31 (s, 9H), 1.34 (s,
9H), 1.35–1.47 (m, 1H), 1.56–2.03 (m, 10H), 2.48 (br s,
1H), 3.00 (br s, 1H), 4.18 (dd, J¼10.6, 4.2 Hz, 1H), 4.83
(d, J¼8.6 Hz, 1H), 5.16 (dd, J¼8.6, 4.2 Hz, 1H), 5.69 (d,
J¼10.6 Hz, 1H), 7.39 (br s, 4H), 7.47 (d, J¼8.4 Hz, 2H),
7.82 (d, J¼8.4 Hz, 2H); dC 27.4 (CH), 27.9 (CH), 31.1
(CH3), 34.8 (Cq), 34.9 (Cq), 36.2 (CH), 36.3 (CH), 36.7
(CH2), 37.3 (CH2), 38.2 (CH2), 39.6 (CH2), 39.7 (CH2),
58.1 (CH), 60.8 (CH), 85.2 (CH), 88.0 (CH), 123.6 (Cq),
125.3 (CH), 125.5 (Cq), 125.9 (CH), 126.2 (Cq), 127.0
(CH), 128.0 (CH), 152.9 (Cq), 153.5 (Cq), 153.9 (Cq),
157.0 (Cq), 159.4 (Cq); MS (EI, m/z) 548 (M+, 65), 520
(39), 373 (62), 356 (42), 345 (36), 259 (30), 214 (35), 198
(100), 144 (28), 91 (14); HRMS m/z calcd for
C37H44N2O2: 548.3403; found: 548.3399.

4.3.10. Compound 8b. It is a mixture of at least two stereo-
isomers, and the ratio of the two isomers is ca. 3/1; colorless
solid; mp>320 �C (decomp.); dH 1.29 (s, 18H), 1.30 (s,
18H), 1.74–1.94 (m, 10H), 1.97–2.06 (m, 2H), 2.08–2.23
(m, 4H), 2.31–2.40 (m, 4H), 2.41–2.53 (m, 4H), 2.70–2.79
(m, 2H), 3.02 (d, J¼9.0 Hz, 1H), 3.08 (d, J¼9.0 Hz, 1H),
4.42 (dd, J¼9.5, 9.5 Hz, 1H), 4.43 (dd, J¼9.5, 9.5 Hz,
1H), 6.09 (d, J¼9.5 Hz, 2H), 7.38 (d, J¼8.4 Hz, 4H), 7.39
(d, J¼8.4 Hz, 4H), 7.47 (d, J¼8.4 Hz, 4H), 7.56 (d,
J¼8.4 Hz, 4H); MS (EI, m/z) 548 (M+, 50), 373 (74), 356
(34), 198 (62), 161 (50), 97 (42), 91 (17), 85 (60), 57
(100); HRMS m/z calcd for C37H44N2O2: 548.3403; found:
548.3406.

4.3.11. 6-Adamantan-2-ylidene-3-(5-chloro-thiophen-2-
yl)-6,6a-dihydro-3aH-cyclopenta[d]isoxazole 3c. Light
yellow solid; mp 144–145 �C; dH 1.77–2.10 (m, 12H),
2.89 (br s, 1H), 2.97 (br s, 1H), 4.61 (ddd, J¼8.9, 2.3,
2.3 Hz, 1H), 5.80 (d, J¼8.9 Hz, 1H), 5.93 (dd, J¼5.7,
2.3 Hz, 1H), 6.49 (dd, J¼5.7, 2.3 Hz, 1H), 6.88 (d,
J¼3.9 Hz, 1H), 7.05 (d, J¼3.9 Hz, 1H); dC 28.1 (2�CH),
35.3 (CH), 35.6 (CH), 37.0 (CH2), 38.9 (CH2), 39.1
(2�CH2), 39.7 (CH2), 39.1 (CH2), 58.7 (CH), 84.5 (CH),
126.3 (CH), 126.7 (CH), 127.6 (CH), 131.1 (Cq), 131.6
(CH), 131.8 (Cq), 132.8 (Cq), 149.7 (Cq), 151.9 (Cq); MS
(EI, m/z) 359 (M++2, 34), 357 (M+, 87), 340 (53), 327
(86), 198 (100), 129 (28), 91 (32); HRMS m/z calcd for
C20H20

35ClNOS: 357.0954; found: 357.0952.

4.3.12. 4-Adamantan-2-ylidene-3-(5-chloro-thiophen-2-
yl)-4,6a-dihydro-3aH-cyclopenta[d]isoxazole 4c. Light
yellow oil; dH 1.43–1.52 (m, 1H), 1.67–2.04 (m, 11H),
2.81 (br s, 1H), 2.88 (br s, 1H), 4.60 (d, J¼7.9 Hz, 1H),
5.84 (ddd, J¼7.9, 1.9, 0.8 Hz, 1H), 5.90 (dd, J¼5.8,
1.9 Hz, 1H), 6.65 (dd, J¼5.8, 0.8 Hz, 1H), 6.83 (d,
J¼3.9 Hz, 1H), 6.96 (d, J¼3.9 Hz, 1H); dC 27.8 (CH),
28.1 (CH), 35.3 (CH), 36.1 (CH), 36.8 (CH2), 37.8 (CH2),
38.1 (CH2), 39.7 (CH2), 40.1 (CH2), 53.6 (CH), 89.7 (CH),
126.2 (CH), 127.3 (CH), 127.5 (Cq), 130.1 (Cq), 130.3
(CH), 132.0 (Cq), 133.1 (CH), 145.1 (Cq), 153.0 (Cq); MS
(EI, m/z) 357 (M+, 51), 340 (100), 325 (68), 198 (97), 91
(26), 71 (29), 57 (36); HRMS m/z calcd for C20H20

35ClNOS:
357.0954; found: 357.0951.

4.4. General procedures for the reaction of 1 with 2d

To a well-stirred solution of 1 (68.0 mg, 0.34 mmol), nitro-
ethane (50.0 mg, 0.69 mmol), and phenyl isocyanate
(163.2 mg, 1.14 mmol) in THF (or benzene) (10 mL) was
added triethylamine (10 drops) and then refluxed for 24 h.
After cooled to rt, to the solution was added 1–2 mL of water
and stirring was continued for 30 min in an ice bath; the
solution was filtered to remove urea and dried over
MgSO4, filtered, and concentrated. The residue was purified
on silica gel column by eluting with n-hexane/ethyl acetate
(20/1) to give 3d and 4d in a combined yield of 45%.

4.4.1. 6-Adamantan-2-ylidene-3-methyl-6,6a-dihydro-
3aH-cyclopenta[d]isoxazole 3d. Light yellow oil; dH

1.73–2.05 (m, 12H), 1.98 (s, 3H), 2.87 (br s, 1H), 2.94 (br
s, 1H), 4.15 (ddd, J¼8.9, 2.4, 2.2 Hz, 1H), 5.61 (d, J¼
8.9 Hz, 1H), 5.86 (dd, J¼5.8, 2.4 Hz, 1H), 6.64 (dd, J¼
5.8, 2.2 Hz, 1H); dC 12.4 (CH3), 28.1 (2�CH), 35.2 (CH),
35.4 (CH), 37.0 (CH2), 38.9 (CH2), 39.1 (CH2), 39.2
(CH2), 39.6 (CH2), 62.0 (CH), 82.4 (CH), 127.4 (CH),
131.2 (CH), 132.6 (Cq), 148.7 (Cq), 154.9 (Cq); MS (EI,
m/z) 255 (M+, 33), 238 (12), 214 (18), 198 (100), 129 (14),
91 (18); HRMS m/z calcd for C17H21NO: 255.1623; found:
255.1627.

4.4.2. 4-Adamantan-2-ylidene-3-methyl-4,6a-dihydro-
3aH-cyclopenta[d]isoxazole 4d. Light yellow oil; dH
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1.69–2.07 (m, 12H), 1.92 (s, 3H), 2.75 (br s, 1H), 2.90 (br s,
1H), 4.20 (dd, J¼8.2, 1.0 Hz, 1H), 5.66 (ddd, J¼8.2, 2.0,
1.0 Hz, 1H), 5.87 (dd, J¼5.9, 2.0 Hz, 1H), 6.54 (dd,
J¼5.9, 1.0 Hz, 1H); dC 12.5 (CH3), 28.0 (CH), 28.1 (CH),
35.1 (CH), 35.8 (CH), 36.9 (CH2), 38.6 (CH2), 39.3 (CH2),
39.5 (CH2), 39.6 (CH2), 54.9 (CH), 87.6 (CH), 128.2 (Cq),
131.4 (CH), 132.2 (CH), 144.0 (Cq), 155.9 (Cq); MS (EI,
m/z) 255 (M+, 17), 238 (9), 214 (14), 198 (100), 155 (10),
128 (9), 115 (9), 91 (10); HRMS m/z calcd for C17H21NO:
255.1623; found: 255.1619.

The ratio of cycloadducts and their isolated yields are sum-
marized in Table 1. Compounds 3–8 were eluted (n-hexane/
ethyl acetate ¼ 6/1) in the following sequence (Rf): 3a (0.38),
4a (0.43), 5a (0.48), 6a (0.69); 3b (0.69), 4b (0.50), 5b
(0.53), 6b (0.36), 7b (0.57), 8b (0.50); 3c (0.26), 4c (0.35);
3d (0.65) and 4d (0.53). Although, compound 7a was not
isolated its existence can be assured by comparing its 1H
NMR spectrum with that of 7b.

4.5. Synthesis of compound 11a,b and 12a,b

The synthetic procedures of 11a,b and 12a,b are similar to
those of compounds 3–8. The amount of reagent used in
the reaction was as follows: compound 10a (200 mg,
2.00 mmol), 9b (365 mg, 3.00 mmol), Et3N (320 mg,
3.17 mmol), THF (10 mL). The combined yield of com-
pound 11a and 12a was 70% and the isolated yield of
compounds 11b and 12b was 85%.

4.5.1. 3-(4-tert-Butyl-phenyl)-5-methyl-4,5-dihydro-isox-
azole-4-carboxylic acid methyl ester 11a. Colorless oil;
dH 1.31 (s, 9H), 1.43 (d, J¼6.4 Hz, 3H), 3.71 (s, 3H), 4.06
(d, J¼5.8 Hz, 1H), 5.01–5.10 (m, 1H), 7.40 (d, J¼8.6 Hz,
2H), 7.62 (d, J¼8.6 Hz, 2H); dC 20.8 (CH3), 31.1 (CH3),
34.8 (Cq), 52.9 (CH3), 60.1 (CH), 82.1 (CH), 125.7 (CH),
125.9 (Cq), 126.5 (CH), 153.5 (Cq), 153.6 (Cq), 170.0
(Cq); MS (EI, m/z) 275 (M+, 24), 260 (100), 160 (13), 116
(8), 91 (5); HRMS m/z calcd for C16H21NO3: 275.1521;
found: 275.1520.

4.5.2. 3-(4-tert-Butyl-phenyl)-4-methyl-4,5-dihydro-isox-
azole-5-carboxylic acid methyl ester 12a. Colorless oil;
dH 1.32 (s, 9H), 1.42 (d, J¼7.2 Hz, 3H), 3.78 (s, 3H),
3.92–4.02 (m, 1H), 4.77 (d, J¼3.9 Hz, 1H), 7.42 (d,
J¼8.7 Hz, 2H), 7.62 (d, J¼8.7 Hz, 2H); dC 18.2 (CH3),
31.1 (CH3), 34.9 (Cq), 47.1 (CH), 52.7 (CH3), 84.8 (CH),
124.7 (Cq), 125.8 (CH), 127.1 (CH), 153.9 (Cq), 160.3
(Cq), 171.1 (Cq); MS (EI, m/z) 275 (M+, 32), 260 (65),
216 (100), 188 (19), 91 (8); HRMS m/z calcd for
C16H21NO3: 275.1521; found: 275.1529.

4.5.3. [3-(4-tert-Butyl-phenyl)-5-phenyl-4,5-dihydro-isox-
azol-4-yl]-phenyl-methanone 11b. Colorless oil; dH 1.27
(s, 9H), 5.36 (d, J¼6.6 Hz, 1H), 5.74 (d, J¼6.6 Hz, 1H),
7.31–7.42 (m, 7H), 7.48–7.55 (m, 4H), 7.62–7.69 (m, 1H),
7.90–7.95 (m, 2H); dC 31.1 (CH3), 34.8 (Cq), 65.0 (CH),
87.6 (CH), 125.6 (Cq), 125.8 (CH), 125.9 (CH), 126.8
(CH), 128.9 (CH), 129.0 (CH), 129.1 (CH), 129.2 (CH),
134.3 (CH), 135.2 (Cq), 139.8 (Cq), 153.6 (Cq), 155.2
(Cq), 195.4 (Cq); MS (EI, m/z) 383 (M+, 2), 105 (100), 77
(19); HRMS m/z calcd for C26H25NO2: 383.1885; found:
383.1888.
4.5.4. [3-(4-tert-Butyl-phenyl)-4-phenyl-4,5-dihydro-isox-
azol-5-yl]-phenyl-methanone 12b. Colorless oil; dH 1.26
(s, 9H), 5.41 (d, J¼4.6 Hz, 1H), 5.65 (d, J¼4.6 Hz, 1H),
7.25–7.64 (m, 12H), 8.03–8.08 (m, 2H); dC 31.1 (CH3),
34.8 (Cq), 55.3 (CH), 90.0 (CH), 125.2 (Cq), 125.6 (CH),
127.4 (CH), 127.9 (CH), 128.0 (CH), 128.7 (CH), 129.4
(CH), 129.6 (CH), 133.9 (CH), 134.4 (Cq), 138.5 (Cq),
153.5 (Cq), 158.4 (Cq), 193.6 (Cq); MS (EI, m/z) 383 (M+,
4), 278 (100), 207 (37), 105 (90), 91 (39), 77 (40); HRMS
m/z calcd for C26H25NO2: 383.1885; found: 383.1885.
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Abstract—Atorvastatin undergoes a self-sensitized photooxygenation by sunlight in water. The main photoproducts, isolated by chromato-
graphic techniques, have been identified by spectroscopic means. They present a lactam ring arising from an oxidation of pyrrole ring and an
alkyl/aryl shift. A mechanism involving singlet oxygen addition and an epoxide intermediate is suggested.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Atorvastatin calcium is one of the most prescribed drugs in
the US and in Europe.1 It is a synthetic lipid-lowering agent
and is widely used in the prevention of cardiovascular
events. It is an inhibitor of 3-hydroxy-3-methylglutaryl-co-
enzyme A (HMG-CoA) reductase, an enzyme that catalyzes
the conversion of HMG-CoA to mevalonate, an early and
rate-limiting step in cholesterol biosynthesis. Moreover, re-
cently it has been observed that atorvastatin, like other statin
drugs, can be efficient against Alzheimer’s disease.2 Less
than 5% of a dose of atorvastatin is recovered in urine fol-
lowing oral administration. The presence of atorvastatin in
sewage effluents and surface waters has been observed in
concentration at mg/l levels.3 The presence of pharmaceuti-
cals in surface and ground waters is an increasingly relevant
issue in environmental chemistry.4 These substances enter
into the aquatic environment, and thus they are potential
pollutants for the aquatic ecosystem, possibly with adverse
effects on aquatic organisms. The occurrence of pharmaceu-
ticals in surface waters has been extensively reviewed, but
data on the fate of these xenobiotics in the environment
are still limited. These chemicals can be transformed
through abiotic processes (hydrolysis, photolysis) into dif-
ferent products, and many searches are now addressed to
the identification of these transformation products.5–8

In this context, we decided to study the photo-induced trans-
formation processes of atorvastatin in water. Particular atten-
tion has been focused on the isolation and characterization of
its main photoproducts as well as to the elucidation of the

Keywords: Atorvastatin; Pyrroles; Pyrrol-2(3H)-ones; Photooxygenation;
1,2-Migration.
* Corresponding author. Tel.: +39 81 674162; fax: +39 81 674393; e-mail:

dellagre@unina.it
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.05.027
possible mechanistic pathways that lead to the observed
products.

2. Results and discussion

Preliminary experiments showed that the drug was recov-
ered unchanged by keeping it in the dark in aqueous solution
(at different pHs) even after 30 days.

The photochemical behavior of atorvastatin in water was
then studied under different conditions. First of all a solution
of atorvastatin (10 mM) was exposed to natural sunlight. The
1H NMR analysis of the irradiation mixture showed the
presence of the drug and several products. In order to get
amounts of photoproducts suitable for spectroscopic analy-
ses, a series of irradiation experiments were performed on
a preparative scale. A dispersion of the drug (80 mg/l) was
irradiated by a solar simulator and the irradiation was mon-
itored by RP-TLC analysis. After 14 days, the irradiation
mixture was analyzed by NMR spectroscopy revealing that
atorvastatin was completely transformed. The same photo-
products as in sunlight irradiation were observed by NMR
and RP-TLC analyses. The main photoproducts were then
separated by chromatographic techniques employing several
stationary and mobile phases. Repeated column/TLC chro-
matographies and preparative HPLC of the mixture were
necessary to isolate compounds 2–5 (Fig. 1).9 Careful
NMR analysis of the fractions containing 5 showed the pres-
ence of very close double signals, which were attributed to
two diasteromers. The latter could be separated as methyl es-
ters after performing a methylation reaction with CH2N2.10

The structures for all compounds were elucidated by NMR
techniques (COSY, TOCSY, HSQC, HMBC, NOESY) and
MALDI-MS experiments.

mailto:dellagre@unina.it
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Compound 2 showed a molecular peak at m/z 575 [M+H]+ in
the MALDI-MS spectrum suggesting, along with the ele-
mental analysis, a molecular formula C33H34FN2O6. The
UV spectrum revealed a band at 203 nm. In the 1H NMR
spectrum, 14 aromatic protons were present in the 7.00–
7.40 ppm range; furthermore three methine at d 4.17, 3.76,
and 3.27, eight methylene protons at d 3.76, 2.40, 1.85,
and 1.66, and two methyls at d 1.45 were in the aliphatic re-
gion. The 13C NMR spectrum showed 27 carbon signals. The
DEPT spectrum showed two methyls, four methylenes, and
eleven methines. A close inspection of the 1H and 13C NMR
spectra of 2 by DEPT and HSQC experiments and compari-
son with the spectral data for atorvastatin 1 revealed the pres-
ence of the following functionalities: three carbonyl groups,
one quaternary sp3-carbon (C-10), three aliphatic methines
(C-3, C-5, and C-14), the first two bearing oxygen, four
aliphatic methylene carbons (C-2, C-4, C-6, and C-7), two
methyls (C-15 and C-16), two quaternary sp2-carbons
(C-11 and C-12), two monosubstituted aromatic rings (C-
10–C-60, C-100–C-600), and one disubstituted aromatic ring
(C-1000–C-6000). The connection of these functional groups
was determined on the basis of 1H–1H COSY and HMBC
correlations. Long-range correlations from the H-7 protons
at d 3.76 to the carbonyl carbon (d 181.4) and C-12 (d
153.4), the H-14 proton at d 3.27 to the C-11 (d 119.3) and
C-12 quaternary carbons, the latter also correlated with
H-14/H-15 methyls in the HMBC spectrum indicating the
presence of 1-H-pyrrol-2(3H)-one. The correlation from
H-200/H-600 and H-2000/H-6000 protons (d 7.30 and 7.34) to the
C-10 (d 66.6) indicated the linkage of two phenyl groups
at the sp3 quaternary carbon. These correlations were consis-
tent with structure 2.

Compound 3 showed a molecular peak at m/z 575 [M+H]+ in
the ESI-MS spectrum suggesting, along with the elemental
analysis, a molecular formula C33H34FN2O6. The UV spec-
trum revealed a band at 204 nm. The 13C NMR spectrum
showed 27 carbon signals. The DEPT spectrum showed
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Figure 1. Structure of atorvastatin and photoproducts 2–5.
two methyls, four methylenes, and eleven methines. A close
inspection of the 1H and 13C NMR spectra of 3 by DEPT and
HSQC experiments and comparison with the spectral data
for the atorvastatin 1 revealed the presence of the following
functionalities: three carbonyl groups, one quaternary sp3-
carbon (C-11), three aliphatic methines (C-3, C-5, and
C-14), two of them bearing oxygen, four aliphatic methylene
carbons (C-2, C-4, C-6, and C-7), two methyls (C-15 and
C-16), two quaternary sp2-carbons (C-9 and C-10), two
monosubstituted aromatic rings (C-10–C-60, C-100–C-600),
and one disubstituted aromatic ring (C-1000–C-6000). The con-
nection of these functional groups was determined on the
basis of 1H–1H COSY and HMBC correlations. Long-range
correlations from the H-7 protons at d 3.79 and 3.56 to the
carbonyl carbon (d 178.2) and C-9 (d 140.4), the H-14 proton
at d 2.67 to C-10 (120.0), C-11 (d 69.9), C-12, and C-13;
C-11 also correlated with H-14/H-15 methyls in the
HMBC spectrum indicating the presence of 1-H-pyrrol-
2(3H)-one. These correlations were consistent with the
structure 3 as depicted.

According to the d lactone structure, a molecular ion at m/z
579 [M+Na]+ in the ESI-MS was present for compound 4.
The 1H–1H COSY experiment showed a correlation series
beginning with signal of a methylene at d 3.79 and 3.56 as-
signed to H-7 to methylene at d 1.85, which in turn was cou-
pled with methine at d 4.52. This latter was correlated to
methylene at d 1.77, which in turn was coupled with methine
at d 4.16 correlated with methylene at d 2.59 and 2.42. Two
doublets were attributed to two methyls at d 1.16 and 0.95
correlated to methine at d 2.78. The 13C NMR spectrum of
4 showed 27 carbon signals due to two methyls, four methyl-
enes, eleven methines, and ten quaternary carbons. An
HMQC experiment allowed to assign the protons to the cor-
responding carbons. In the HMBC spectrum, H-7 protons
were correlated with C-5, C-9, and C-12, while the H-14 pro-
ton was correlated with the C-10, C-11, C-12, C-13, C-15,
and C-16. The multiplet at d 4.52 (H-5) was correlated
with C-1 and C-3, while H-3 was correlated with C-1, C-2,
and C-5, thus completely dating the structure of 4.

Compound 5 was a ca. 1:1 mixture of diasteromers, which
were separated and characterized as methyl esters. One iso-
mer of 5 showed a molecular peak at m/z 587 [M+H]+ in the
ESI-MS spectrum suggesting, along with the elemental
analysis, a molecular formula C34H35FN2O6. The 1H NMR
spectrum showed the presence of one aromatic ring with
three coupled protons, which were also coupled with fluo-
rine atom, and resulted as two double doublet at d 8.51
(H-6000), 8.45 (H-3000) and a double double doublet at d 7.45.
Furthermore, four protons of a 1,2 disubstituted aromatic
ring at d 8.76 (H-600), 8.60 (H-300), as doublets and at d 7.69
(H-500) and 7.60 (H-400) as triplets and a phenyl group
(H-20–H-60) were present in the aromatic region. The ali-
phatic region of 1H NMR spectrum presented the usual C7
chain, the isopropyl group, and a methyl. In the 13C NMR
spectrum, 30 carbon signals were present, and the DEPT ex-
periment evidenced three methyls, four methylenes, and thir-
teen methines. The 1H and 13C resonances were assigned by
combination of COSY, DEPT, HMQC, and HMBC experi-
ments. In particular, the HMBC spectrum showed cross-
peaks of both the H-7 and H-14 with carbonyl (C-12), the first
was correlated with C-5 and C-9, both the H-14 and the
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methyls (H-15 and H-16) with the C-11, and the first with
C-10 and C-13 carbons. These data indicated the presence
of 1-H-pyrrol-2(3H)-one. In the HMBC spectrum, correla-
tions between H-6000 and C-9, C4000, and C3000 carbons, H-200

and C-10, C-200, and C-400 carbons, and H-300 and C-2000 and
C-500 indicate a phenathrene unit.

The other isomer of 5 had the molecular formula
C34H35FN2O6 as deduced from the molecular peak at m/z
587 [M+H]+ in the ESI-MS spectrum. The general features
of the NMR spectra closely resembled those of its isomer,
except for the shift of the methyl signals and 600 methine.

As shown in Figure 1, all photoproducts characterized arise
from an oxidation of pyrrole ring and an alkyl/aryl shift with
formation of a lactam ring. In addition, compounds 4 and 5
derive from 3 via lactonization and cyclization, respectively.
To get information on the possible pathways leading to
compounds 2–5, irradiation experiments were run under dif-
ferent conditions, and to shorten the reaction times UV-lamp
(Pyrex filter) was used as light source. With this lamp, the
drug was converted to compounds 2–5 in 8 h (w70%).
When the irradiation was carried out under argon atmo-
sphere, the drug was recovered unreacted, confirming that
O2 was directly involved in the phototransformation. Degra-
dation slowed down in the presence of a radical inhibitor as
3-tert-butyl-4-anisole (BHA), while it was completely in-
hibited by sodium azide (NaN3), a well-known quencher
of singlet oxygen. Moreover, when the photooxygenation
was carried out in the presence of Rose Bengal, a typical sin-
glet oxygen sensitizer, the reaction was complete already
after 8 h. NMR analysis and TLC showed that atorvastatin
was transformed in compounds 2–5 as main photoproducts.

These data suggest that singlet oxygen may be involved in
the photodegradation of the drug and, hence, a Type II
(singlet oxygen-mediated) photooxygenation may occur.11

It is well known that pyrroles are good substrates for singlet
oxygen. They often give a mixture of products derived both
from 2,5- and 2,3-oxygen addition as well as from hydroper-
oxides or zwitterionic intermediates, depending on the reac-
tion conditions and on the substituents, and the question of
primary adducts is still an open point.12 Anyhow, hydroxy-
lactams have sometime been found as photooxygenation
products from a- or a,a0-unsubstituted pyrroles.12 So, on
the basis of experimental results and literature data a plausi-
ble mechanistic interpretation is reported in Scheme 1. The
first step should be an energy transfer from the excited drug
to oxygen producing singlet oxygen. Then, a 2,3-oxygen
addition to the pyrrole moiety probably occurs to give

1
hν

N

R2

7

R1

O O

1* 1 + 1O2

R

R4

R3

N

R2

9

R1

O

R

R4

R3

3

O2

N

R3

R4

OO

R

R1

R2

6

N

R3

R4

O

R

R1

R2

8

2

R = C7H13O4
R1 = C3H7
R2 = C6H5NHCO
R3 = C6H5
R4 = 4-FC6H4

Scheme 1. Suggested pathways for compounds 2 and 3.
perepoxides 6 or 7, which evolve to epoxides 8 or 9.13 Migra-
tion of the aryl or alkyl moiety gives pyrrolones 2 or 3,
respectively.14

Epoxides 8 and 9 were not detected in our experiments,
probably due to their easy rearrangement to the correspond-
ing carbonyl compounds.15 In order to prove the involve-
ment of these intermediates, an oxidation reaction of
atorvastatin was carried out by using dimethyldioxirane
(DMD). This compound is a well-known epoxidizing agent
for diverse unsaturated substrates from alkenes to aromatic
compounds, and it reacts with N-acylindoles to give the cor-
responding epoxides that open to form 2-indolinones as
rearranged products.16 The reaction of 1 with DMD was
carried out in acetone and after 4 h the reaction mixture
showed the presence of compounds 2 and 3.

Compounds 4 and 5 seem to arise from further modification
of compound 3. Lactonization of a six-membered ring of the
dihydroxy heptanoic acid side chain affords compound 4,
while phenantrene 5 is formed through a well-known17 pro-
cess in the photochemistry of stilbene-like compounds. In
particular, it would be formed by photochemical electro-
cyclization followed by oxidation, under aerobic conditions,
of the dihydrophenantrene intermediate.

3. Conclusions

In conclusion, atorvastatin has been found to be sensitive to
sunlight under aerobic conditions and the main photoprod-
ucts have been isolated and fully characterized by spectral
means (NMR and MS). This behavior agrees with the obser-
vation reported in two recent works that atorvastatin is
phototransformed with a quantum yield for direct photolysis
of 4.5�10�3.9

Our data evidenced that in the presence of light and oxygen,
the drug is able to act as a self-sensitizer and generate singlet
oxygen,18 and this observation appears of particular interest
in the field of photosensitization phenomena by drugs.19

4. Experimental

4.1. Chemicals

Atorvastatin calcium was obtained from KEMPROTEC
Limited. This and all the other products were used without
further treatment: Rose Bengal (RB, Aldrich), NaN3 (Carlo
Erba). Solutions and suspensions of atorvastatin were
prepared using Milli Q water. All other solvents were of
HPLC grade.

4.2. General procedures

HPLC experiments were carried out on an Agilent 1100
HPLC system equipped with an UV detector, the column
used was a RP-18 column (Luna Prep C-18, 10 mm,
250�10 mm). Nuclear magnetic resonance (NMR) spectra
were recorded at 500 MHz for [1H] and 125 MHz for [13C]
on a Fourier Transform NMR Varian 500 Unity Inova spec-
trometer and at 400 MHz for [1H] and 100 MHz for [13C] on
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a Bruker AC 400 spectrometer. The carbon multiplicity was
evidenced by DEPT experiments. The proton couplings were
evidenced by 1H–1H COSY experiments. The heteronuclear
chemical shift correlations were determined by HMQC and
HMBC pulse sequences. 1H–1H proximities through space
within a molecule were determined by NOESY. Matrix
assisted laser desorption ionization (MALDI) mass spectra
were recorded using a Voyager-DE MALDI-TOF mass spec-
trometer. Electrospray mass spectra were recorded using
a WATERS Z-Q mass spectrometer equipped with an elec-
trospray ionization (ESI) probe operating in positive or neg-
ative ion mode. The scan range was 80–2000 m/z. UV–vis
spectra were recorded in MeOH on a Perkin–Elmer Lambda
7 spectrophotometer. IR spectra were recorded in CH2Cl2 on
a Nicolet 5700 FT-IR spectrometer. Reverse phase liquid
chromatography was performed over Lichroprep RP-18
resin (Merck). Analytical TLC was performed on precoated
Merck aluminum sheet (DC-Alufolien Kielselgel 60 F254,
0.2 mm) or RP-18 F254 plates with 0.2 mm film thickness.
The spots were visualized by UV light or by spraying with
H2SO4/AcOH/H2O (1:20:4). The plates were then heated
for 5 min at 110 �C. Prep. TLC was performed on a Merck
Kiesegel 60 F254 plates, with 0.5 or 1 mm film thickness.

4.3. Irradiation conditions

Irradiation experiments were performed with a 150 W solar
simulator Oriel equipped with a Xenon lamp (spectral output
200–2400 nm) on a suspension of atorvastatin calcium
(40 mg) in Milli Q water (500 ml), or solution 10 mM, in
a Pyrex beaker for 14 days at room temperature.

An analogous preparation of atorvastatin calcium was
exposed to sunlight for 14 days (on September in Naples)
in an open Pyrex flask.

In an attempt to gain some mechanistic information, other
irradiation experiments were performed using a photoreactor
equipped with a 500 W high-pressure mercury lamp
(through a Pyrex filter).

In a typical procedure, a suspension of atorvastatin calcium
(10 mg in 20 ml of water) in the presence of a sensitizer (mo-
lar ratio atorvastatin:sens ¼ 10:1 or as otherwise indicated)
in an open Pyrex tube was irradiated at room temperature
under stirring at a distance of 15 cm from the lamp.

NaN3 and the pharmaceutical was used in a 1:3 molar ratio.
In the experiment carried out under argon atmosphere, the
suspension was saturated with the gas for 30 min before
irradiation and then kept closed.

4.4. Photoproduct isolation

The suspension after 14 days irradiation by solar simulator
was dried under vacuum, and the acetone-soluble reaction
mixture (40 mg) was separated by silica-gel TLC eluting
with the organic phase of the mixture AcOEt/EtOH/H2O
(3:1:5) to give five fractions.

Fractions 2 and 4 were pure photoproduct 2 (11 mg) and 3
(4 mg), while fractions 1, 3, and 5 were mixtures of several
products.
Fraction 3 (8 mg) was chromatographed on silica-gel TLC
eluting with CH2Cl2/MeOH (95:5) to afford photoproduct
4 (4 mg) and the diastereomeric mixture of 5 in small
quantities.

In order to obtain greater quantities of these products,
a suspension of atorvastatin was kept at sunlight exposure
(40 mg) for 14 days. The irradiation mixture was dried under
vacuum and chromatographed on a RP-18 resin open column
eluting with CH3CN/H2O (1:1) to afford four fractions (A, B,
C, and D). Fraction D was a crude mixture of photoproducts
5 (8 mg). To achieve the separation of the diasteroisomeric
compounds, the mixture was subjected to methylation with
excess of diazomethane in ether solution. Methylation was
quantitative and the resulting mixture was separated on
a RP-18 HPLC column eluting with CH3CN/H2O (1:1).

4.5. Reaction with dimethyldioxirane

A solution of DMD (w0.5–0.12 M) in acetone was obtained
according to literature procedure.20 To a solution of atorvas-
tatin calcium (5 mg) in acetone (10 ml), 5 ml of the DMD
solution (w0.5–0.12 M) in acetone were added under
stirring. The reaction mixture was dried under vacuum and
analyzed by 1H NMR spectroscopy. NMR analysis
evidenced the formation of photoproducts 3 and 4.

4.6. Spectral data

4.6.1. Atorvastatin (1). UV lmax (CH3OH) nm: 206 (log 3
7.0); nmax (CHCl3) 2964, 1723, 1658, 1607 cm�1; ESI-MS
m/z (%): 597 (12), 581 (25), 559 (85), 415 (100); dH

(500 MHz, CD3OD) 7.55–6.98 (14H), 4.18 (2H, m, H-7a
and H-3), 3.93 (1H, m, H-7b), 3.67 (1H, m, H-5), 3.40
(1H, m, H-14), 2.36 (1H, dd, J 10.2, 4.8 Hz, H-2a), 2.26
(1H, dd, J 10.2, 2.4 Hz, H-2), 1.70 (2H, m, H-6), 1.60 (1H,
m, H-4), 1.50 (6H, d, J 7.2 Hz, H-15, H-16), 1.41 (1H, m,
H-4); dC (125 MHz, CD3OD) 181.5, 170.0, 164.5, 140.5,
139.8, 137.5, 135.5, 131.5, 130.6, 130.1, 129.4, 128.3,
126.6, 124.0, 122.0, 119.8, 117.2, 117.0, 69.6, 45.5, 44.7,
42.5, 42.0, 28.1, 23.3.

4.6.2. Compound 2. Colorless oil; UV lmax (CH3OH) nm:
203 (log 3 11.9); nmax (CHCl3) 3040, 2920, 2854, 1712,
1602, 1097 cm�1; ESI-MS m/z (%): 613 (15), 597 (20),
575 (100). Anal. calcd for C33H35FN2O6: C, 68.97, H,
6.14, F, 3.31, N, 4.87. Found: C, 76.09, H, 6.05, F, 3.28,
N, 4.84; dH (500 MHz, CD3OD) 7.40–7.00 (14H), 4.17
(1H, m, H-3), 3.76 (3H, m, H-5, H-7), 3.27 (1H, m, H-14),
2.40 (2H, m, H-2), 1.85 (2H, m, H-6), 1.66 (2H, m, H-4),
1.45 (6H, d, J 6.5 Hz, H-15, H-16); dC (125 MHz,
CD3OD) 181.4 (C-9), 176.8 (C-1), 166.2 (C-13), 164.0
(C-4000), 153.4 (C-12), 141.3 (C-1000), 139.3 (C-10), 132.4
(C-100), 130.7, 130.2, 129.5, 126.2, 122.1, 119.3 (C-11),
116.7, 116.6, 68.7 (C-5), 68.3 (C-3), 66.6 (C-10), 45.0
(C-4), 43.9 (C-2), 39.6 (C-7), 37.7 (C-6), 28.5 (C-14),
21.4, 21.2 (C-15, C-16).

4.6.3. Compound 3. Amorphous white powder; UV lmax

(CH3OH) nm: 204 (log 3 12.5); nmax (CHCl3) 2957, 2924,
2855, 1714, 1712, 1600, 1364, 1088 cm�1; ESI-MS m/z
(%): 613 (10), 597 (25), 575 (100). Anal. calcd for
C33H35FN2O6: C, 68.97, H, 6.14, F, 3.31, N, 4.87. Found:
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C, 76.10, H, 6.00, F, 3.29, N, 4.89; dH (500 MHz, CD3OD)
7.53 (2H, d, J 8.0 Hz), 7.36 (4H, m), 7.12 (8H, m), 4.02
(1H, m, H-3), 3.79 (1H, m, H-7a), 3.72 (1H, m, H-5), 3.56
(1H, m, H-7b), 2.67 (1H, m, H-14), 2.38 (2H, m, H-2),
1.48–1.68 (4H, m, H-4, H-6), 1.18 (3H, d, J 6.8 Hz, H-15),
0.92 (3H, d, J 6.8 Hz, H-16); dC (125 MHz, CD3OD)
178.2 (C-12), 175.8 (C-1), 168.6 (C-13), 164.0 (C-4000),
140.4 (C-9), 135.3, 134.0, 132.0, 131.9, 130.3, 129.6,
128.8, 128.2, 126.4, 123.4, 120.0, 117.4, 117.2, 69.9
(C-11),69.6 (C-5), 68.6 (C-3), 45.0 (C-4), 44.1 (C-2), 39.9
(C-7), 36.2 (C-6), 33.5 (C-14), 18.8 (C-15), 17.9 (C-16).

4.6.4. Compound 4. Amorphous white powder; UV lmax

(CH3OH) nm: 202 (log 3 0.42). nmax (CHCl3) 2925, 2854,
1730, 1700, 1605, 1428, 1236, 1157, 1074 cm�1; MALDI-
MS m/z (%): 579 (30), 556 (100). Anal. calcd for
C33H35FN2O6: C, 71.21, H, 5.98, F, 3.41, N, 5.03. Found:
C, 71.18, H, 6.00, F, 3.39, N, 5.00; dH (500 MHz, CD3OD)
7.50–7.24 (6H, m), 7.16 (8H, m), 4.52 (1H, m, H-5), 4.16
(1H, m, H-3), 3.79 (1H, m, H-7a), 3.56 (1H, m, H-7b), 2.78
(1H, m, H-14), 2.59 (1H, dd, J 3.9, 17.6 Hz, H-2a), 2.42
(1H, dd, J 17.6 Hz, H-2a), 1.85 (2H, m, H-6), 1.77 (2H, m,
H-4), 1.16 (3H, d, J 7.0 Hz, H-15), 0.95 (3H, d, J 7.0 Hz,
H-16); dC (125 MHz, CD3OD) 178.2 (C-12, C-13), 172.5
(C-1), 162.5 (C-4000), 143.7 (C-9), 138.0, 135.1, 134.5,
134.1, 132.2, 130.3, 130.1, 129.6, 128.8, 126.6, 123.8,
122.2 (C-10), 117.4, 117.2, 76.1 (C-5), 63.6 (C-3), 39.4
(C-2, C-7), 35.6 (C-6), 33.1 (C-14), 18.8 (C-15), 17.6 (C-16).

4.6.5. Compound 5. Colorless oil (one diastereomer); UV
lmax (CH3OH) nm: 204, 238, 332; nmax (CHCl3) 3481,
3334, 3010, 2932, 1717, 1697, 1601, 1450, 1314,
1163 cm�1; ESI-MS m/z (%): 609 (44), 587 (100). Anal.
calcd for C33H35FN2O6: C, 69.61, H, 6.01, F, 3.24, N,
4.78. Found: C, 69.58, H, 5.98, F, 3.25, N, 4.75; dH

(500 MHz, CD3OD) 8.76 (1H, d, J 9.0 Hz, H-600), 8.60
(1H, d, J 9.0 Hz, H-300), 8.51 (1H, dd, J 5.5, 9.5 Hz,
H-6000), 8.45 (1H, dd, J 2.0, 11.5 Hz, H-3000), 7.69 (1H, t, J
7.0 Hz, H-500), 7.60 (1H, t, J 7.0 Hz, H-400), 7.49 (2H, d, J
8.0 Hz, H-20, H-60), 7.45 (1H, ddd, J 2.0, 9.5, 11.0 Hz,
H-5000), 7.29 (2H, t, J 8.0 Hz, H-30, H-50), 7.09 (1H, t, J
8.0 Hz, H-40), 4.67 (1H, m, H-7a), 4.45 (1H, m, H-7b),
4.20 (1H, m, H-3), 4.02 (1H, m, H-5), 3.42 (1H, m, H-14),
2.44 (2H, m, H-2), 2.15 (1H, m, H-6a), 2.05 (1H, m,
H-6b), 1.74 (2H, m, H-4), 1.35 (3H, d, J 6.5 Hz, H-15),
0.66 (3H, d, J 6.5 Hz, H-16); dC (125 MHz, CD3OD)
179.2 (C-12), 173.0 (C-1), 165.5 (C-13), 162.0 (C-4000),
137.6 (C-10), 137.0 (C-9), 134.7 (C-2000, C-100), 129.1 (C-30,
C-50), 129.0 (C-300), 128.0 (C-20, C-60), 128.6 (C-500), 127.1
(C-600), 125.5 (C-6000), 125.2 (C-400), 124.9 (C-40), 123.4
(C-300), 120.7 (C-20, C-60), 120.0 (C-10), 118.2 (C-1000),
116.1 (C-5000), 109.5 (C-3000), 69.3 (C-5), 69.0 (C-3), 66.4
(C-11), 42.0 (C-4), 41.4 (C-2), 40.0 (C-7), 37.2 (C-6), 35.6
(C-14), 18.2 (C-16), 17.7 (C-15). The other diastereomer.
Colorless oil; UV lmax (CH3OH) nm: 204, 238, 332; nmax

(CHCl3) 3481, 3334, 3010, 2932, 1717, 1697, 1601, 1450,
1314, 1163 cm�1; ESI-MS m/z (%): 609 (44), 587 (100).
Anal. calcd for C33H35FN2O6: C, 69.61, H, 6.01, F, 3.24,
N, 4.78. Found: C, 69.58, H, 5.98, F, 3.25, N, 4.75; dH

(500 MHz, CD3OD) 8.68 (1H, d, J 8.0 Hz, H-600), 8.58
(1H, d, J 8.0 Hz, H-300), 8.49 (1H, dd, J 5.5, 9.5 Hz,
H-6000), 8.46 (1H, dd, J 2.0, 11.0 Hz, H-3000), 7.67 (1H, t, J
7.5 Hz, H-500), 7.59 (1H, t, J 7.5 Hz, H-400), 7.45 (2H, d, J
8.5 Hz, H-20, H-60), 7.45 (1H, obscured, H-5000), 7.25 (2H,
t, J 8.5 Hz, H-30, H-50), 7.07 (1H, t, J 8.0 Hz, H-40), 4.65
(1H, m, H-7a), 4.44 (1H, m, H-7b), 4.32 (1H, m, H-3),
4.18 (1H, m, H-5), 3.42 (1H, m, H-14), 2.48 (2H, m, H-2),
2.08 (2H, m, H-6), 1.68 (2H, m, H-4), 1.38 (3H, d, J
7.0 Hz, H-15), 0.63 (3H, d, J 7.0 Hz, H-16); dC (125 MHz,
CD3OD) 177.8 (C-12), 173.6 (C-1), 166.2 (C-13), 162.3
(C-4000), 137.6 (C-10), 137.0 (C-9), 134.5 (C-2000, C-100),
129.0 (C-30, C-50), 128.8 (C-300), 128.1 (C-20, C-60, C-500),
126.5(C-600, C-6000), 125.4 (C-40, C-400), 124.8 (C-300), 123.4
(C-20, C-60), 119.3 (C-10), 118.2 (C-1000), 116.1 (C-5000),
109.5 (C-3000), 70.5 (C-5), 69.1 (C-3), 52.1 (C-11), 42.4
(C-4), 41.5 (C-2), 40.9 (C-7), 37.6 (C-6), 35.0 (C-14), 18.4
(C-16), 17.5 (C-15).
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Abstract—New b,b0-aryl/heteroaryl 2,3-divinylfuran derivatives (9a–d) in which a hexatriene system is a part of heteroaromatic ring have
been synthesized and their photochemical properties were investigated. The primary process observed was the isomerization to trans,trans-
isomers 9a–d followed by photochemical rearrangement of the furan ring giving the phototransposition products (I–IV). Stilbenes (20, 21)
and phenanthrenes (22, 25, and 26), formed as secondary products from the competitive intermolecular cycloadditions, were also observed.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

In our first paper about a photochemical approach to hetero-
polycyclic compounds from hexatriene systems in which the
central double bond is placed in a benzene ring (1), we de-
scribed the furan derivative of o-divinylbenzene (2a) and
its transformation into the fused bicyclo[3.2.1]octadiene
structure 3 (Fig. 1).1

The investigation was extended to many modified furan,2–9

pyrrole,10–16 and sydnone17,18 analogues (1a,b; 2b–e), where
their photochemical behavior was examined. We have
observed that the photochemistry of furan derivatives of
o-divinylbenzene1,2,4,6,7,9 results in a [2+2] cycloaddition and
formation of intramolecular cycloadducts 3 or 4 (Fig. 1),
obtained via 1,6- or 1,4-biradical ring closure, respectively
(Scheme 1). In the case of b-(3-substituted-2-furyl)-o-
divinylbenzenes (2b–d),7 the 1,4-biradical ring closure
leading to benzobicyclo[2.1.1]hexene derivatives (4) was
preferred due to steric reasons. The same benzobicyclo-
[2.1.1]hexene structure was obtained on irradiation of
b-aryl o-divinylbenzenes (1c).19–31

Keywords: Oxygen heterocycles; Pericyclic reaction; Photochemistry;
Rearrangement; Synthesis.
* Corresponding author. Tel.: +385 1 4597246; fax: +385 1 4597250;

e-mail: marija.sindler@fkit.hr
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.05.034
On irradiation of compound 2d (unsaturated system with the
vinyl group on benzene and on the furan ring) the benzobicy-
clo[2.1.1]hexene structure 5 was isolated.7 The furobicy-
clo[2.1.1]hexene derivative 6 (Fig. 2), formed as a result of
thevinyl-furan group participating in a cycloaddition, was not
isolated. If the cycloadduct 6 was formed, further [p2+s2]
cycloaddition19 and formation of tricyclic structure 7 via the
excited state of the styryl group would be expected. The
tricyclic structure 8 was not obtained due to the nonabsorp-
tion of the vinyl-furan derivative 5 under the experimental
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 b: R = R' = heteroaryl
 c: R = aryl; R' = H

3: R'' = H, CH3, Ph 4: R = CH3, Br, vinyl
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R''
O
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R'

2a: R = H; R' = vinyl
  b: R = CH3; R' = vinyl
  c: R = Br; R' = vinyl
  d: R = R' = vinyl  
  e: R = vinyl; R' = H

O

R

Figure 1.
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conditions. On irradiation of 2e (hexatriene system in which
the central double bond is a part of only a furan ring) mostly
high-molecular-weight material was obtained.7

In order to get a deeper understanding of the photochemical
behavior of the hexatriene system with the central double
bond in a heteroaromatic ring, we describe herein for the first
time the synthesis and photochemistry of b,b0-aryl/heteroaryl
2,3-divinylfurans 9 (Fig. 3), compounds with carefully
chosen aryl/heteroaryl substituents were used. There are
examples of b,b0-disubstituted 2,3-divinylfurans32–42 in the
literature but to the best of our knowledge, there are no exam-
ples with aryl/heteroaryl substituents.

5 6

O

7 8

O

OO

Figure 2.
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2. Results and discussion

Introduction of the second aromatic moiety to the b-position
of the vinyl group of 2e to give compounds 9a–d could result
in intramolecular complexation9 and formation of the
bicyclic structures (Scheme 2). In such a way the access
to a variety of differently functionalized heteropolycyclic
compounds could be enabled.

If we consider the 2,3-divinylfurans 9 as heteroaromatic
analogues of disubstituted o-divinylbenzenes (1b),9 we
might expect the formation of several furobicyclo structures
(10–13) on irradiation of 9. The furobicyclo[2.1.1]hexene
(10) and furobicyclo[3.1.0]hexene (11, 110) derivatives might
be formed by initial [2+2] cycloaddition via 1,4-biradicals
14 and/or 140 (Fig. 4), followed by ring closure.

In the formation of products 10, the aromatic character of
the furan ring is pronounced while in the case of 11/110,
through the participation of two of the furan p electrons
and vinylcyclopropane–cyclopentene rearrangement,43,44

the diene character of the furan ring is prevailing. If one of
the b-substituents is a furan ring (9c,d), then 1,6-biradical
ring closure1,2,4,6,7,9 may occur leading to furobicyclo-
[3.2.1]octadiene structures (12, 120) by the mechanism
described therein. If the head-to-head [2+2] cycloaddition
took place, the furobicyclo[2.2.0]hexene 13 would be
formed (Scheme 2).

Novel b,b0-aryl/heteroaryl-substituted 2,3-divinylfurans 9a–
d, were prepared by a series of reactions according to Scheme
3. The corresponding cis- and trans-aryl/heteroaryl-2-vinyl-
furans 16 are prepared by a Wittig reaction from aldehydes 15
in moderate-to-good yields (47–82%). To reduce the number
of isomers of the final products 9a–d, the isomers 16a–c were
separated by column chromatography on silica gel. The
trans-16b and trans-16c were transformed to trans-17a and
trans-17b, respectively, by formylation with n-butyl lithium
and DMF (w50% yield). The trans-16a was converted to 9e,f
(Scheme 3) in three steps giving a mixture of cis,trans- and
trans,trans-isomers. After column chromatography, the
trans,trans-9e and trans,trans-9f were debrominated to
trans,trans-9b and trans,trans-9c, respectively. By using a
Wittig reaction with formyl derivatives trans-17a,b, the cor-
responding triphenylphosphonium salts, 9a–d were prepared
as mixtures of cis,trans- and trans,trans- isomers (65–95%).
All isolated compounds were identified and characterized
spectroscopically. The ratios of the isomers were determined
from the NMR spectra and by GC–MS measurements.

Diaryl-substituted 2,3-divinylfurans 9a,b (Fig. 3) have very
similar patterns in their respective 1H NMR. Generally, all
cis,trans- and trans,trans-9 derivatives show ethylenic dou-
blets at 6.6–7.1 ppm. Within this region for all trans,trans-9
derivatives considerable shifts of one of the ethylenic dou-
blets to higher fields are observed compared to the other
three ethylenic protons. The 4f proton of the furan ring A
of all trans,trans-9 is found at 6.6–6.7 ppm while the 4f
proton of the furan ring B (9c,d) is shifted by 0.2 ppm
to the higher field and is well recognizable.

Compounds 9a–d are the starting materials for irradiation
experiments and show strong absorption maxima at
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Scheme 2. Hypothetic photochemical products of intramolecular [2+2] cycloaddition of ethylenic bonds.
350–360 nm with similar molar absorption coefficients. The
furan derivatives trans,trans-9c and trans,trans-9d demon-
strate bathochromic shifts of 5 and 6 nm, respectively, in

OO

14 14'

R

R' R

R'

Figure 4. Possible 1,4-biradicals.
comparison to the corresponding aryl analogues (trans,
trans-9a, trans,trans-9b) due to the conjugation from the
oxygen lone pair through the furan ring. The ethanolic solu-
tion of cis,trans-9a (UV concentration) was irradiated and
the process was followed by UV measurements (Fig. 5).
After 15 s, the shift of the absorption maximum to the longer
wavelength (359 nm) with concomitant formation of another
maximum at 275 nm was observed. The new maxima (275
and 359 nm) correspond to the trans,trans-9 isomer. These
maxima decrease on further irradiation as it is comparable
with the results of the pure trans,trans-9a irradiations
(Fig. 6).
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Compounds 9a–d with concentrations of 10�3 M were irra-
diated in benzene solutions under anaerobic conditions in
Rayonet reactor at 350 nm. The reaction course of all these
substituted divinylfurans 9 was followed by GC–MS mea-
surements and the results were similar. In the first 15 min
of irradiation, only the isomerization of cis,trans- to trans,
trans-isomers 9 was detected (Fig. 7; 9b presented).

On further irradiation for 30 min (Fig. 7), the new signals
appeared having similar retention times with molecular
ions identical to the starting compounds. The ratios of the
sums of these new signals (see Section 4) in the experiments
with 9a–d to the signals of the corresponding starting com-
pounds trans,trans-9 were ca. 1:4. After 1 h of irradiation,
the ratio of the signals remained the same (Fig. 8) and did
not change on further irradiation. After 2 h of irradiation,
besides already described signals, the signals, which corre-
spond to stilbenes and styrylfurans (20, 21; Scheme 4)
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appeared and become more intensive on further irradiation.
The 1H NMR spectra of all photomixtures showed neither
signals for the aliphatic protons of the furobicyclic structures
(10–13) nor cyclobutane dimeric structures as in the case of
irradiation experiments of b,b0-disubstituted o-divinylbenz-
enes.9 In a lower magnetic field, the signals of new aromatic
protons at 7.5–8.0 ppm have been observed along with new
ethylenic protons at 6.5–7.0 ppm, having characteristic cou-
pling constants for cis- and trans-isomers. In the case of the
methyl derivatives (9b and 9d) several new methyl signals
appear.

When the irradiation of 9a–d was performed at higher
concentrations (w10�1 M), the appearance of stilbenes and
styrylfurans (20, 21; Scheme 4) was observed by GC–MS
already after 30 min. On further irradiation, the signals of
20 and 21 increase faster than at lower concentrations and
on prolonged irradiation time, regardless of concentration,
they are the only detectable compounds besides phenan-
threnes (22, 25, and 26) and a high amount of tarry material.
The naphthofurans 23 and 24 and furobenzofuran 27 are not
detected in the reaction mixture, although their correspond-
ing precursors 20 and 21 are found, and this is not a surpris-
ing fact. Electrocyclization reactions of styrylfurans4 are
not efficient reactions and compete with the formation of
high-molecular-weight products.
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From the NMR spectra of the photomixtures, combined with
the GC data, one can conclude that the signals observed in
GC–MS correspond to the phototransposition products,
the constitutional isomers I–IV of distyrylfurans 9a–d
(Scheme 4).

To confirm this assumption one of these constitutional iso-
mers, the substituted 2,5-divinylfuran II (18a–c; Scheme
4) was prepared by independent synthesis (Section 4). The
retention times of synthesized 18a–c, as mixtures of config-
urational isomers (cis,cis-, cis,trans-, and trans,trans-18),
were compared to the signals of the photomixtures of irradi-
ation experiments of 9a–c. Only the signal for trans,trans-
2,5-divinylfuran derivative II (18a–c) coincides to one of
the signals of the irradiation mixture of I (9a–c). After addi-
tion of trans,trans-2,5-divinylfuran II to the photomixture
the coincident signal increases. It is not unexpected that cis,
cis- or cis,trans-isomers II have not been found in the photo-
mixture because they undergo fast cis–trans isomerization
and that is confirmed by independent irradiation of II. The
remaining GC-signals in the photomixture of 9, having
similar retention times and the same molecular ions, could
correspond to the structures III and/or IV.45

The formation of phototransposition furan derivatives
(I–IV) can be explained by formal [2+2] cycloaddition of
the p systems in the furan ring and rearrangements of the
obtained epoxy-furan derivatives (IA–IIIA; Scheme 5).46–48

The anticipated dienic character of the furan ring might be
a reason for their formation and mutual rearrangement.
This process of cycloaddition is prevailing due to the more
convenient and rigid conformation of furan double bonds
compared to ethylenic p system (Scheme 6).

The existence of compounds 20 on irradiation of 9 can
be explained by thermal cleavage of the intra- (13) or
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intermolecular cycloadducts (19), formed by intra- or inter-
molecular [2+2] cycloaddition of the ethylenic bonds
(Scheme 4). Since in the irradiation mixture of unsymmetri-
cally substituted 2,3-divinylfuran derivatives 9b–d besides
20 (Scheme 4) the symmetrically substituted stilbene deriv-
atives 21 were found; it is concluded that the stilbene deriv-
atives were derived from the intermolecular cycloadduct 19,
although the formation of 20 and the intramolecular process
via unstable 13 cannot be excluded. Moreover, on irradiation
of 2,5-divinylfuran derivatives 18a–c no phototransposition
products were detected showing that II (18a–c) does not un-
dergo an intramolecular furan rearrangement process to the
constitutional isomers (Scheme 5). Instead, they polymerize
by intermolecular cycloaddition reactions of ethylenic bonds
(19). Even though no evidence of a cyclobutane structure was
found in the 1H NMR spectra, we are sure of its formation due
to the detection of all combination of ethene derivatives 20
and 21 in GC–MS measurements. Only some of their corre-
sponding phenanthrenes (22, 25, and 26) are the isolated
products from the photoreaction mixture after prolonged
irradiation and complete conversion of the starting
compounds 9. The phenanthrene derivatives are formed
by electrocyclization reaction of stilbenes via oxidation of
dihydrophenanthrenes, as a result of imperfect anaerobic
reaction conditions.49

3. Conclusion

The conjugated hexatriene systems with a central double
bond placed in a furan ring (9a–d) have been studied. They
behave completely different from the hexatriene system
with the central double bond incorporated in benzene ring
(1) under the same reaction conditions. Compared to dihetero-
aryl systems (1b) in which the intramolecular cycloaddition
and cis–trans isomerization were the competitive processes it
is obvious that in this system the primary process is cis–trans
isomerization to trans,trans-isomers. Because of dienic char-
acter of the furan ring and prevailing conformation of the
furan double bonds, the excitation of the hexatriene causes
the [2+2] cycloaddition within the furan ring followed by
rearrangement, rather than the [2+2] cycloaddition of
ethylenic bonds. The photochemical process within the furan
ring is competitive with the intermolecular cycloaddition
processes and leads to the formation of phototransposition
(I–IV) and high-molecular-weight products, respectively.
The phototransposition process is confirmed by independent
synthesis of one of the representatives (18a–c).

4. Experimental

4.1. General

The 1H and 13C NMR spectra were recorded on a Bruker AV-
600 Spectrometer at 300 or 600 MHz and 75 or 150 MHz,
respectively. All NMR spectra were measured in CDCl3
using tetramethylsilane as reference. The assignment of the
signals is based on 2D CH-correlation and 2D HH-COSY,
LRCOSY, and NOESY experiments. UV spectra were mea-
sured on a Varian Cary 50 UV–vis Spectrophotometer. IR
spectra were recorded on Perkin–Elmer Spectrum One.
Mass spectra were obtained on a GC–MS (Varian CP-3800
Gas Chromatograph–Varian Saturn 2200) equipped with
FactorFour Capillary Column VF-5ms. Irradiations were
performed in a Pyrex vessel in benzene solutions in a Rayonet
reactor equipped with RPR 3500 Å lamps. All irradiation
experiments were carried out in deoxygenated solutions by
bubbling a stream of argon prior to irradiation. Melting points
were obtained using an Original Kofler Mikroheitztisch
apparatus (Reichert, Wien) and are uncorrected. Elemental
analyses were carried out on Perkin–Elmer, Series II,
CHNS Analyzer 2400. Silica gel (Merck 0.063–0.2 mm)
was used for chromatographic purifications. Thin-layer chro-
matography (TLC) was performed on Merck precoated silica
gel 60 F254 plates. Solvents were purified by distillation.
Boiling range of petroleum ether, used for chromatographic
separation, was 40–70 �C.

Furan-2-carbaldehyde was obtained from a commercial
source. Benzyltriphenylphosphonium bromide, p-methyl-
benzyltriphenylphosphonium bromide, and 2-furylmethyl-
triphenylphosphonium bromide were synthesized from the
corresponding bromides50 and triphenylphosphine in benz-
ene solution.

3-Methyl-2-furancarbaldehyde (15a)51 was prepared by ox-
idation of 3-methyl-2-furfurylalcohol52 that was obtained
from 3-methyl-2-furoate53 with LiAlH4. 3-Bromo-2-furan-
carbaldehyde (15b) was prepared from 2-furancarboxylic
acid according to a described procedure.54 Compound 17a
was prepared as described in the literature.7

4.2. Preparation of 16a and 16c

Starting compounds 16a and 16c were prepared from benz-
yltriphenylphosphonium bromide and the corresponding
aldehydes, 3-methyl-2-furancarbaldehyde (15a) and 3-
bromo-2-furancarbaldehyde (15b), respectively. Starting
compound 3-bromo-2-(2-phenylethenyl)furan (16b) was
obtained according to the described procedure.7

A solution of sodium ethoxide (0.12 g, 5.2 mmol in 10 mL
ethanol) was added dropwise to a stirred solution of benzyl-
triphenylphosphonium bromide (1.69 g, 4.0 mmol) and 3-
methyl-2-furancarbaldehyde (15a) (4.0 mmol) in absolute
ethanol (100 mL). Stirring was continued under a stream of
nitrogen for 1 day at room temperature. After removal of the
solvent, the residue was worked up with water and benzene.
The benzene extracts were dried with MgSO4 and concen-
trated. The crude reaction mixture was purified and the
isomers of 16a were separated by repeated column chroma-
tography on silica gel using petroleum ether/diethyl ether
(0–3%) mixture as eluent. The first fractions yielded trans-
isomer and the last fractions yielded cis-isomer. Starting
compound 16c was prepared also by Wittig reaction from
2-furylmethyltriphenylphosphonium bromide and 3-bromo-
2-furancarbaldehyde (15b). Characterization data of the new
compounds 16a and 16c are given below.

4.2.1. 3-Methyl-2-(2-phenylethenyl)furan (16a). Yield
82.0%; according to 1H NMR spectroscopy, a mixture of
45% cis and 55% trans isomers was obtained.

trans-16a: Rf 0.61 (petroleum ether); colorless crystals; mp
50–51 �C; UV (EtOH) lmax (log 3) 340 (4.37, sh), 322
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(4.50), 310 (4.43, sh) nm; 1H NMR (300 MHz, CDCl3) dH

7.47 (d, J¼7.8 Hz, 2H), 7.33 (m, 3H), 7.22 (t, J¼7.2 Hz,
1H), 6.97 (d, J¼16.5 Hz, H-et, 1H), 6.89 (d, J¼16.5 Hz,
H-et, 1H), 6.27 (s, H-4f, 1H), 2.12 (s, CH3, 3H); 13C NMR
(CDCl3) dC 148.70 (s), 141.20 (d), 137.33 (s), 128.52 (2d),
127.11 (d), 126.03 (2d), 125.38 (d), 118.60 (s), 114.57 (d),
114.08 (d), 10.00 (q); MS (EI) m/z (%) 184 (M+, 100), 141
(10), 115 (5); HRMS (EI) Calcd for C13H12O: 184.088266.
Found: 184.093546.

cis-16a: Rf 0.55 (petroleum ether); colorless oil; UV (EtOH)
lmax (log 3) 325 (3.83, sh), 317 (4.16), 311 (4.18) nm; 1H
NMR (300 MHz, CDCl3) dH 7.43 (d, J¼7.5 Hz, 1H), 7.23–
7.35 (m, 4H-ar), 7.21 (d, J¼1.8 Hz, 1H, H-5f), 6.44 (d,
J¼12.3 Hz, 1H, H-et), 6.28 (d, J¼12.3 Hz, 1H, H-et), 6.20
(d, J¼1.8 Hz, 1H, H-4f), 1.98 ppm (s, 3H, CH3); 13C NMR
(CDCl3) dC 147.76 (s), 140.88 (d), 137.31 (s), 128.81 (2d),
127.68 (2d), 126.91 (2d), 120.08 (s), 115.36 (d), 113.45
(d), 10.37 (q); MS (EI) m/z (%) 184 (M+, 100), 141 (25),
115 (10); Anal. Calcd for C13H12O: C, 84.75; H, 6.57. Found:
C, 84.68; H, 6.67.

4.2.2. 3-Bromo-2-(2-furylethenyl)furan (16c). Yield
47.0%; according to 1H NMR spectroscopy, a mixture of
34% cis and 66% trans isomers was obtained.

trans-16c: Rf 0.61 (petroleum ether); colorless crystals; mp
45–46 �C; UV (EtOH) lmax (log 3) 337 (4.27), 319 (4.46),
312 (4.40, sh) nm; 1H NMR (300 MHz, CDCl3) dH 7.46
(m, 1H, H-1), 7.35 (d, J¼1.8 Hz, 1H, H-5), 6.89 (ABq,
J¼16.1 Hz, 2H, H-et), 6.49 (d, J¼1.8 Hz, 1H, H-4), 6.45
(m, 1H, H-2), 6.40 (d, J¼3.2 Hz, 1H, H-3); 13C NMR
(CDCl3) dC 152.71 (s), 149.81 (s), 142.56 (d), 142.02 (d),
116.36 (d), 115.20 (d), 111.98 (d), 111.87 (d), 109.71 (d),
99.14 (s); MS (EI) m/z (%) 238/240 (M+, 100), 159 (10),
131 (70).

cis-16c: Rf 0.52 (petroleum ether); colorless oil; UV (EtOH)
lmax (log 3) 321 (3.80, sh), 315 (4.09), 311 (4.14) nm; 1H
NMR (600 MHz, CDCl3) dH 7.46 (d, J¼1.9 Hz, 1H, H-5),
7.43 (m, 1H, H-1), 7.10 (d, J¼3.4 Hz, 1H, H-3), 6.52 (d,
J¼1.9 Hz, 1H, H-4), 6.46 (m, 1H, H-2), 6.37 (d,
J¼13.4 Hz, 1H, H-et), 6.19 (d, J¼13.4 Hz, 1H, H-et); 13C
NMR (CDCl3) dC 151.58 (s), 148.77 (s), 141.94 (d),
141.51 (d), 115.75 (d), 114.44 (d), 111.43 (d), 110.74 (d),
109.52 (d), 100.92 (s); MS (EI) m/z (%) 238/240 (M+, 75),
159 (10), 131 (100); Anal. Calcd for C10H7BrO2: C, 82.42;
H, 5.38. Found: C, 82.20; H, 5.45.

4.3. Preparation of 17b

To a stirred solution of trans-16c (3.0 mmol) in anhydrous
diethyl ether (40 mL) cooled to �70 �C, n-butyl lithium
(3.3 mmol, 1.6 M hexane solution) was added under a stream
of nitrogen over 30 min. After additional stirring for 30 min,
anhydrous N,N-dimethylformamide (6.6 mmol, 0.48 mL)
was added. After 1 h at that temperature, the mixture was
allowed gradually to warm up to 0 �C, over 3 h. Dilute hydro-
chloric acid (1.5 mL, 7 mol/L) was added and the layers were
separated. After extraction, the combined organic phase was
dried over MgSO4. The reaction mixture was purified and
separated by column chromatography on silica gel using
petroleum ether/diethyl ether (0–10%) as the eluent. After
the separation of the starting compound from the first frac-
tions, the last fractions yielded 2-trans-(2-furylethenyl)-
furan-3-carbaldehyde (17b) in 52% yield. Compound 17b
was confirmed by GC–MS measurements before the next
reaction step, the preparation of 9d.

4.4. Preparation of 9a–d

Starting compounds 9a–c were prepared by Wittig reaction
from the 2-trans-(2-phenylethenyl)furan-3-carbaldehyde
(trans-17a) and corresponding triphenylphosphonium salts,
benzyltriphenylphosphonium bromide, p-methylbenzyltri-
phenylphosphonium bromide, and 2-furylmethyltriphenyl-
phosphonium bromide, respectively. To a stirred solution of
the corresponding triphenylphosphonium salts (1.9 mmol)
and the 2-trans-(2-phenylethenyl)furan-3-carbaldehyde
(trans-17a) (0.350 g, 1.8 mmol) in absolute ethanol
(50 mL), a solution of sodium ethoxide (0.067 g, 2.9 mmol in
10 mL ethanol) was added dropwise. Stirring was continued
under a stream of nitrogen for 1 day at room temperature.
After removal of the solvent, water was added to the residue
and extracted with benzene. The benzene extracts were dried
and concentrated. The crude reaction mixture was purified
and the isomers of products 9a–c were separated by repeated
column chromatography on silica gel using petroleum ether
and petroleum ether/diethyl ether (0–5%) mixture as eluent.
Starting compound 9d was prepared similarly by Wittig
reaction from the 2-trans-[2-(2-furyl)ethenyl]furan-3-
carbaldehyde (trans-17b) and p-tolyltriphenylphosphonium
bromide. The first fractions yielded cis,trans-isomer and
the last fractions yielded trans,trans isomers. Characteriza-
tion data of the new compounds 9a–d are given below.

4.4.1. 2-(2-Phenylethenyl)-3-(2-phenylethenyl)furan
(9a). Yield 83.2%; according to 1H NMR spectroscopy,
a mixture of 29% cis,trans- and 71% trans,trans isomers
was obtained.

cis,trans-9a: Rf 0.40 (petroleum ether); yellow-green crys-
tals; mp 85–86 �C; UV (EtOH) lmax (log 3) 346 (4.46), 279
(4.02), 235 (4.02) nm; 1H NMR (600 MHz, CDCl3) dH 7.44
(d, J¼7.2 Hz, 2H, H-ar), 7.28–7.36 (m, 6H), 7.21–7.26 (m,
2H), 7.20 (d, J¼1.8 Hz, 1H, H-5f), 7.05 (d, J¼16.2 Hz, 1H,
H(et)-2b), 6.97 (d, J¼16.2 Hz, 1H, H(et)-2a), 6.62 (d,
J¼12.0 Hz, 1H, H(et)-3b), 6.53 (d, J¼12.0 Hz, 1H, H(et)-
3a), 6.11 (d, J¼1.8 Hz, 1H, H-4f); 13C NMR (CDCl3) dC

150.65 (s, C-2), 141.37 (d, C-5f), 137.40 (s), 136.99 (s),
130.08 (d, C-3b), 128.77 (2d), 128.56 (2d), 128.07 (2d),
127.54 (d), 127.43 (d), 127.13 (d), 126.32 (2d), 119.99 (s,
C-3), 119.46 (d, C-3a), 114.37 (d, C-2a), 111.60 (d, C-4f);
IR (evaporated film from CHCl3) 2985, 2908, 2853, 1580,
1500, 965, 750 cm�1; MS (EI) m/z (%) 272 (M+, 100), 243
(7), 115 (6).

trans,trans-9a: Rf 0.38 (petroleum ether); yellow crystals;
mp 165–166 �C; UV (EtOH) lmax (log 3) 376 (4.36, sh),
359 (4.51), 343 (4.41, sh), 279 (4.29), 236 (3.91) nm; 1H
NMR (600 MHz, CDCl3) dH 7.50–7.53 (m, 4H), 7.35–7.39
(m, 5H), 7.24–7.28 (m, 2H), 7.13 (d, J¼16.2 Hz, 1H,
H(et)-3a), 7.12 (d, J¼16.2 Hz, 1H, H(et)-2a), 7.09 (d,
J¼16.2 Hz, 1H, H(et)-2b), 6.84 (d, J¼16.2 Hz, 1H, H(et)-
3b), 6.68 (d, J¼1.8 Hz, 1H, H-4f); 13C NMR (CDCl3) dC

150.00 (s, C-2), 142.40 (d, C-5f), 137.27 (s), 136.96 (s),
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128.80 (d, C-3b), 128.60 (2d), 128.57 (2d), 128.35 (d),
128.21 (d), 127.59 (d), 127.40 (d), 127.36 (d), 126.33 (2d),
126.12 (2d), 121.99 (s, C-3), 117.78 (d, C-3a), 113.69 (d,
C-2a), 108.69 (d, C-4f); IR (evaporated film from CHCl3)
2973, 2915, 2849, 1583, 1500, 1433, 950, 750, 683 cm�1;
MS (EI) m/z (%) 272 (M+, 100), 243 (8), 115 (5); Anal. Calcd
for C20H16O: C, 88.20; H, 5.92. Found: C, 88.53; H, 5.65.

4.4.2. 2-(2-Phenylethenyl)-3-[2-(4-methylphenyl)ethe-
nyl]furan (9b). Yield 95.1%; according to 1H NMR spec-
troscopy, a mixture of 35% cis,trans- and 65% trans,trans-
isomers was obtained.

cis,trans-9b: Rf 0.43 (petroleum ether); yellow-green crys-
tals; mp 124 �C; UV (EtOH) lmax (log 3) 346 (4.48), 284
(4.04), 235 (4.04) nm; 1H NMR (600 MHz, CDCl3) dH 7.49
(d, J¼7.8 Hz, 2H), 7.30–7.36 (m, 5H), 7.14 (d, J¼12.6 Hz,
1H), 7.13 (d, J¼7.8 Hz, 2H), 7.08 (d, J¼16.2 Hz, 1H), 6.89
(d, J¼12.6 Hz, 1H), 6.73 (d, J¼16.2 Hz, 1H), 6.37 (s, 1H,
H-4f), 2.32 (s, 3H, CH3); 13C NMR (CDCl3) dC 152.31 (s),
141.23 (d), 137.65 (s), 136.34 (s), 133.29 (s), 129.02 (2d),
128.39 (d), 128.26 (2d), 128.06 (d), 127.45 (d), 126.08
(2d), 126.00 (2d), 123.10 (s, C-3), 113.90 (d), 112.89 (d),
112.58 (d), 20.80 (q); IR (evaporated film from CHCl3)
3000, 2915, 2849, 1583, 1500, 950, 750 cm�1; MS (EI) m/z
(%) 286 (M+, 100).

trans,trans-9b: Rf 0.39 (petroleum ether); yellow crystals;
mp 134 �C; UV (EtOH) lmax (log 3) 378 (4.38, sh), 360
(4.51), 344 (4.41, sh), 284 (4.36), 278 (4.34, sh), 235
(3.99) nm; 1H NMR (600 MHz, CDCl3) dH 7.53 (d,
J¼7.8 Hz, 2H), 7.41 (d, J¼7.8 Hz, 2H), 7.37 (m, 4H), 7.18
(d, J¼7.8 Hz, 2H), 7.13 (d, J¼16.0 Hz, 1H), 7.10 (d,
J¼16.0 Hz, 1H), 7.09 (d, J¼16.0 Hz, 1H), 6.83 (d,
J¼16.0 Hz, 1H), 6.69 (d, J¼1.6 Hz, 1H, H-4f), 2.37 (s, 3H,
CH3); 13C NMR (CDCl3) dC 149.41 (s), 141.98 (d), 136.91
(s), 136.69 (s), 134.16 (s), 128.92 (2d), 128.47 (d), 128.22
(2d), 127.15 (d), 126.84 (d), 125.94 (2d), 125.67 (2d),
122.00 (s), 116.45 (d), 113.45 (d), 108.35 (d), 20.74 (q); IR
(evaporated film from CHCl3) 3000, 2907, 2849, 1583,
1500, 1432, 965, 750 cm�1; MS (EI) m/z (%) 286 (M+,
100); Anal. Calcd for C21H18O: C, 88.08; H, 6.34. Found:
C, 88.35; H, 6.19.

4.5. Photochemical isomerization of the mixture of
isomers of 9c,d into trans,trans-9c,d

A mixture of cis,trans- and trans,trans-isomers of 9c,d
(w1:1) in benzene (7.7 mM) was purged with argon for
15 min and irradiated at 350 nm in a Rayonet reactor in a Py-
rex tube for 30 min. The photochemical isomerization from
cis,trans-isomers of 9c,d to trans,trans-isomers of 9c,d was
followed by GC–MS measurements with time. After 15 min,
the reaction mixture contained 91% of the trans,trans-iso-
mers of 9c,d. The solvent was removed in vacuum and the
oily residue chromatographed on silica gel column using
petroleum ether to get pure trans,trans-9c,d in the last
fractions.

4.5.1. 2-(2-Phenylethenyl)-3-(2-furylethenyl)furan (9c).
Yield 75.3%; according to 1H NMR spectroscopy, a mixture
of 27% cis,trans- and 73% trans,trans-isomers was
obtained.
trans,trans-9c: Rf 0.43 (petroleum ether); yellow crystals; mp
110 �C; UV (EtOH) lmax (log 3) 383 (4.38, sh), 364 (4.49),
346 (4.40, sh), 292 (4.34), 280 (4.30, sh) nm; 1H NMR
(600 MHz, CDCl3) dH 7.53 (d, J¼7.6 Hz, 2H), 7.41 (d,
Jw1 Hz, 1H), 7.36 (m, 2H), 7.26 (t, J¼7.6 Hz, 2H), 7.11 (d,
J¼16.1 Hz, 1H), 7.07 (d, J¼16.1 Hz, 1H), 7.05 (d,
J¼15.9 Hz, 1H), 6.62 (d, J¼15.9 Hz, 1H), 6.61 (d, Jw1 Hz,
1H), 6.43 (m, 1H), 6.32 (d, J¼3.1 Hz, 1H); 13C NMR
(CDCl3) dC 152.83 (s), 149.76 (s), 142.06 (d), 141.53 (d),
136.62 (s), 128.22 (2d), 127.20 (d), 127.04 (d), 125.96
(2d), 121.41 (s), 116.19 (d), 116.03 (d), 113.33 (d), 111.20
(d), 108.03 (d), 107.68 (d); IR (evaporated film from
CHCl3) 2915, 2824, 1608, 1500, 1440, 965, 750 cm�1; MS
(EI) m/z (%) 262 (M+, 100), 233 (10), 115 (7); Anal. Calcd
for C18H14O2: C, 82.42; H, 5.38. Found: C, 82.73; H, 5.09.

4.5.2. 2-(2-Furylethenyl)-3-[2-(4-methylphenyl)ethenyl]-
furan (9d). Yield 64.8%.

trans,trans-9d: Rf 0.40 (petroleum ether); yellow crystals;
mp 117 �C; UV (EtOH) lmax (log 3) 385 (4.41), 366 (4.50),
347 (4.36, sh), 289 (4.32), 280 (4.28, sh), 249 (4.03), 241
(4.06) nm; 1H NMR (600 MHz, CDCl3) dH 7.41 (d,
J¼7.9 Hz, 2H), 7.39 (d, Jw1 Hz, 2H), 7.34 (d, J¼1.3 Hz,
1H), 7.16 (d, J¼7.9 Hz, 2H), 7.07 (d, J¼16.1 Hz, 1H), 7.03
(d, J¼15.8 Hz, 1H), 6.84 (d, J¼15.8 Hz, 1H), 6.80 (d,
J¼16.1 Hz, 1H), 6.66 (d, J¼1.3 Hz, 1H), 6.43 (m, 1H),
6.35 (d, J¼3.2 Hz, 1H); 13C NMR (CDCl3) dC 152.72 (s),
149.23 (s), 141.96 (d), 141.73 (d), 136.86 (s), 134.17 (s),
128.90 (2d), 128.36 (d), 125.68 (2d), 121.96 (s), 116.44
(d), 114.32 (d), 111.81 (d), 111.40 (d), 108.68 (d), 108.36
(d), 20.73 (q); IR (evaporated film from CHCl3) 3049,
2923, 2851, 1596, 1495, 1446, 961, 741 cm�1; MS (EI) m/z
(%) 276 (M+, 100), 219 (2), 115 (2); Anal. Calcd for
C19H16O2: C, 82.58; H, 5.84. Found: C, 82.28; H, 5.49.

4.6. Preparation of 9e and 9f

To a solution of trans-3-methyl-2-(2-phenylethenyl)furan
(trans-16a) (0.197 g, 1.0 mmol) in CCl4 (20 mL) were added
freshly crystallized N-bromosuccinimide (NBS) (0.430 g,
2.2 mmol) and a few mg (5–6 mg) of AIBN. The mixture
was heated under reflux until the NBS was consumed (usually
6–7 h). The reaction mixture was cooled to room temperature
and filtered to remove the succinimide and concentrated un-
der reduced pressure to give a brown oil of the corresponding
trans-dibromide. The oil was dissolved in benzene (10 mL)
and triphenylphosphine (0.317 g, 1.1 mmol) was added and
the solution was stirred overnight. The precipitated phospho-
nium salt was filtered and subjected to a Wittig reaction with
the corresponding aldehydes, p-tolylaldehyde (0.144 g,
1.0 mmol) and furan-2-carbaldehyde (0.096 g, 1.0 mmol) in
a similar manner as described above for 9a–d. After column
chromatography on silica gel with petroleum ether/diethyl
ether (0–3%) mixture as eluent, a 57.8% yield of 9e and
39% yield of 9f were obtained for three reaction steps. In
the first fractions cis,trans-isomers 9e,f were isolated and in
the last fractions trans,trans-isomers 9e,f were isolated.

4.6.1. 5-Bromo-2-(2-phenylethenyl)-3-[2-(4-methyl-
phenyl)ethenyl]furan (9e). Yield 57.8%; according to 1H
NMR spectroscopy, a mixture of 38% cis,trans-isomers
and 62% trans,trans-isomers were obtained.
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cis,trans-9e: Too small a quantity to be analyzed completely;
Rf 0.62 (petroleum ether/diethyl ether 19:1); 1H NMR
(600 MHz, CDCl3) dH 7.38 (d, J¼7.9 Hz, 2H), 7.27–7.36
(m, 3H), 7.17 (d, J¼7.9 Hz, 2H), 7.08 (d, J¼7.9 Hz, 2H),
6.98 (d, J¼15.9 Hz, 1H, H-et), 6.82 (d, J¼15.9 Hz, 1H, H-
et), 6.56 (d, J¼12.0 Hz, 1H, H-et), 6.34 (d, J¼12.0 Hz,
1H, H-et), 6.04 (s, 1H), 2.30 (s, 3H, CH3); MS (EI) m/z
(%) 364/366 (M+, 100), 285 (20), 257 (30), 115 (20).

trans,trans-9e: Rf 0.57 (petroleum ether/diethyl ether 19:1);
yellow-green crystals; mp 98–100 �C; UV (EtOH) lmax

(log 3) 380 (4.19, sh), 364 (4.33), 347 (4.24, sh), 286
(4.23), 237 (3.85) nm; 1H NMR (600 MHz, CDCl3) dH 7.47
(d, J¼7.9 Hz, 2H), 7.33 (m, 4H), 7.22 (t, J¼7.9 Hz, 1H),
7.13 (d, J¼7.9 Hz, 2H), 7.02 (d, J¼16.0 Hz, 1H, H-et),
6.96 (d, J¼16.0 Hz, 1H, H-et), 6.94 (d, J¼16.0 Hz, 1H,
H-et), 6.72 (d, J¼16.0 Hz, 1H, H-et), 6.56 (s, 1H), 2.32 (s,
3H, CH3); 13C NMR (CDCl3) dC 151.61 (s), 137.81 (s),
136.85 (s), 134.21 (s), 129.86 (d), 129.49 (2d), 128.78 (2d),
127.90 (d), 127.71 (d), 126.51 (2d), 126.29 (2d), 124.37
(s), 123.38 (s), 115.77 (d), 112.81 (d), 110.54 (d), 21.31
(q); IR (evaporated film from CHCl3) 2932, 2873, 1600,
1500, 1456, 956, 940, 750 cm�1; MS (EI) m/z (%) 364/366
(M+, 100), 285 (15), 257 (30), 115 (15); Anal. Calcd for
C21H17BrO: C, 69.05; H, 4.69. Found: C, 69.43; H, 4.33.

4.7. Photochemical isomerization of the mixture of
isomers of 9f into trans,trans-9f

A mixture of cis,trans- and trans,trans-isomers of 9f (w2:3)
in benzene (9.5 mM) was purged with argon for 15 min and
irradiated at 350 nm in a Rayonet reactor in a Pyrex tube.
The photochemical isomerization from cis,trans-isomers
of 9c,d to trans,trans-isomers of 9f was followed by
GC–MS measurements with time. After 15 min, the reaction
mixture contained 95% of the trans,trans-isomers of 9f. The
solvent was removed in vacuum and the oily residue was
chromatographed on silica gel column using petroleum ether
to get pure trans,trans-9f from the last fractions.

4.7.1. 5-Bromo-2-(2-phenylethenyl)-3-[2-(2-furyl)ethe-
nyl]furan (trans,trans-9f). Rf 0.59 (petroleum ether/diethyl
ether 19:1); yellow crystals; mp 95 �C; UV (EtOH) lmax

(log 3) 385 (4.38), 367 (4.47), 351 (4.36, sh), 298 (4.38),
288 (4.36), 239 (3.80) nm; 1H NMR (600 MHz, CDCl3) dH

7.50 (dd, J¼7.5, 1.6 Hz, 2H), 7.41 (d, J¼1.5 Hz, 1H), 7.35
(dt, J¼7.5, 1.6 Hz, 2H), 7.25 (m, 1H), 7.07 (d, J¼16.0 Hz,
1H), 6.98 (d, J¼16.0 Hz, 1H), 6.96 (d, J¼16.2 Hz, 1H),
6.56 (d, J¼16.2 Hz, 1H), 6.53 (s, 1H), 6.43 (dd, J¼3.3,
1.5 Hz, 1H), 6.33 (d, J¼3.3 Hz, 1H); 13C NMR (CDCl3) dC

148.15 (s), 147.18 (s), 137.57 (d), 132.03 (s), 124.02 (2d),
123.18 (d), 123.14 (d), 121.79 (2d), 119.19 (s), 118.77 (s),
112.66 (d), 110.51 (d), 107.94 (d), 107.07 (d), 105.46 (d),
104.14 (d); IR (evaporated film from CHCl3) 3044, 2922,
2840, 1595, 1508, 1494, 949, 928, 771 cm�1; MS (EI) m/z
(%) 340/342 (M+, 100), 261 (5), 233 (5); Anal. Calcd for
C18H13BrO2: C, 63.36; H, 3.84. Found: C, 63.73; H, 3.53.

4.8. Preparation of 9b,c from 9e,f

To a stirred solution of trans,trans-9e or trans,trans-9f
(0.9 mmol), respectively, in anhydrous diethyl ether
(40 mL) cooled to �70 �C, n-butyl lithium (1.0 mmol,
1.6 M hexane solution) was added under a stream of nitrogen
over 30 min. After additional stirring for 30 min, the mixture
was allowed to gradually warm up to room temperature, over
4 h. To a stirred reaction mixture, water (1.0 mmol, 0.02 mL)
was added and the solution was stirred overnight. Dilute hy-
drochloric acid (0.3 mL, 7 mol/L) was added and the layers
were separated. After extraction, the combined organic
phases were dried over MgSO4. The reaction mixture was pu-
rified and separated by column chromatography on silica gel
using petroleum ether/diethyl ether (0–2%) as eluent. After
the separation of the starting compound from the first frac-
tions, the last fractions yielded 2-(2-phenylethenyl)-3-[2-
(4-methylphenyl)ethenyl]furan (trans,trans-9b) in a 71.3%
yield or 2-(2-phenylethenyl)-3-[2-(2-furyl)ethenyl)ethenyl]-
furan (trans,trans-9c) in a 65.5% yield.

4.9. Preparation of 18a–c

Starting compounds 18a–c were prepared in three steps by
a Wittig reaction and Vilsmeier formylation. In the first
step, 2-styrylfuran was prepared by Wittig reaction from
benzyltriphenylphosphonium bromide and freshly distilled
furan-2-carbaldehyde. To a stirred solution of benzyltri-
phenylphosphonium bromide (8.29 g, 20.0 mmol) and
furan-2-carbaldehyde (1.70 g, 18.0 mmol) in absolute etha-
nol (100 mL), a solution of sodium ethoxide (0.615 g,
27.0 mmol in 10 mL ethanol) was added dropwise. Stirring
was continued under a stream of nitrogen for 1 day at room
temperature. After removal of the solvent, the residue was
worked up with water and benzene. The benzene extracts
were dried and concentrated. The crude reaction mixture
was purified and the pure mixture of isomers of 2-styrylfuran
(81.8%) was separated by column chromatography on silica
gel using petroleum ether as eluent. Vilsmeier formylation
was carried out from 2-styrylfuran (1.26 g, 7.4 mmol) dis-
solved in dimethylformamide (1.71 mL, 22.0 mmol). After
being stirred atw12 �C for 15 min, phosphorus oxychloride
(1.14 g, 7.4 mmol) was added and the reaction mixture was
allowed gradually to warm up to room temperature and
stirred for 4 days. The reaction mixture was decomposed
by the continuous addition (with cooling) of 15% sodium hy-
droxide solution and the product was worked up with diethyl
ether. The diethyl ether extracts were washed with water.
After removal of the solvent, the crude reaction mixture of
2-formyl-5-styrylfuran (as a mixture of cis- and trans-
isomer) was used in a Wittig reaction to prepare 2,5-distyryl-
furan derivatives 18a–c. To a stirred solution of formyl
derivative (0.285 g, 1.4 mmol) and the phosphonium salts
(1.6 mmol), benzyltriphenylphosphonium bromide, p-meth-
ylbenzyltriphenylphosphonium bromide, or 2-furylmethyl-
triphenylphosphonium bromide, respectively, in absolute
ethanol (100 mL) a solution of sodium ethoxide (0.05 g,
2.2 mmol in 10 mL ethanol) was added dropwise. Stirring
was continued under a stream of nitrogen for 1 day at room
temperature. After removal of the solvent, the residue was
worked up with water and benzene. The benzene extracts
were dried and concentrated. The crude reaction mixture
was purified and the mixture of four isomers of products
18a–c were isolated by column chromatography on silica
gel using petroleum ether/diethyl ether (0–3%) mixture as
eluent. After the photochemical isomerization of the mixture
of four isomers of 18a–c (see the procedure for isolating
trans,trans-9f) into trans,trans-isomers of 18a–c. The
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solvent was removed in vacuum and the oily residue was
chromatographed on silica gel column using petroleum ether
to isolate pure trans,trans-18a–c. Characterization data of
the new compounds trans,trans-18b and trans,trans-18c
are given below.55

4.9.1. 2-(2-Phenylethenyl)-5-[2-(4-methylphenyl)ethe-
nyl]furan (trans,trans-18b). Yield 58.7%; Rf 0.63 (petro-
leum ether/CH2Cl2 9:1); yellow-green crystals; mp 91–
92 �C; UV (EtOH) lmax (log 3) 386 (4.50), 281 (4.33), 276
(4.34) nm; 1H NMR (600 MHz, CDCl3) dH 7.49 (d, J¼
7.6 Hz, 2H), 7.39 (d, J¼8.0 Hz, 2H), 7.34 (t, J¼7.6 Hz,
2H), 7.24 (t, J¼7.6 Hz, 2H), 7.16 (d, J¼8.0 Hz, 1H), 7.11
(d, J¼16.2 Hz, 1H), 7.10 (d, J¼16.1 Hz, 1H), 6.87 (d, J¼
16.2 Hz, 1H), 6.83 (d, J¼16.1 Hz, 1H), 6.37 (d, J¼3.4 Hz,
1H), 6.34 (d, J¼3.4 Hz, 1H), 2.35 (s, 3H, CH3); 13C NMR
(CDCl3) dC 152.75 (s), 152.37 (s), 137.10 (s), 136.67 (s),
133.84 (s), 128.98 (2d), 128.24 (2d), 127.07 (d), 126.89
(d), 126.64 (d), 125.88 (2d), 125.84 (2d), 115.80 (d),
114.88 (d), 110.79 (d), 110.33 (d), 20.80 (q); IR (evaporated
film from CHCl3) 2981, 2925, 1592, 1507, 1442, 1017, 956,
782, 750 cm�1; MS (EI) m/z (%) 286 (M+, 100); Anal. Calcd
for C21H18O: C, 88.08; H, 6.34. Found: C, 88.27; H, 6.18.

4.9.2. 2-(2-Furylethenyl)-5-(2-phenylethenyl)furan
(trans,trans-18c). Yield 64.2%; Rf 0.61 (petroleum ether/
CH2Cl2 9:1); yellow crystals; mp 87 �C; UV (EtOH) lmax

(log 3) 383 (4.52), 283 (4.35), 274 (4.34) nm; 1H NMR
(600 MHz, CDCl3) dH 7.44 (d, J¼7.6 Hz, 2H), 7.35 (d,
J¼1.4 Hz, 1H), 7.31 (t, J¼7.6 Hz, 2H), 7.21 (m, 1H), 7.06
(d, J¼16.1 Hz, 1H), 6.88 (d, J¼16.1 Hz, 1H), 6.82 (d,
J¼16.1 Hz, 1H), 6.75 (d, J¼16.1 Hz, 1H), 6.39 (m, 1H),
6.33 (d, J¼3.4 Hz, 2H), 6.31 (d, J¼3.4 Hz, 1H); 13C NMR
(CDCl3) dC 152.65 (s), 152.49 (s), 152.26 (s), 141.75
(d), 136.60 (s), 128.22 (d), 127.10 (2d), 126.78 (d), 125.89
(d), 125.86 (d), 115.69 (d), 114.53 (d), 114.08 (d), 111.36
(d), 110.97 (d), 110.90 (d), 108.49 (d); IR (evaporated film
from CHCl3) 2932, 2874, 1508, 956, 815, 782 cm�1; MS
(EI) m/z (%) 262 (M+, 100); Anal. Calcd for C18H14O2: C,
82.42; H, 5.38. Found: C, 82.29; H, 5.53.

4.10. Irradiation experiments

A mixture of cis,trans- and trans,trans-isomers of 9a–d in
benzene (3.3 mM) was purged with argon for 30 min and
irradiated at 350 nm in a Rayonet reactor in a Pyrex tube.
The reaction course was followed by GC–MS. The GC–MS
analysis of the photomixtures was performed on a Varian
CP-3800 Gas Chromatograph–Varian Saturn 2200 equipped
with FactorFour Capillary Column VF-5ms, 30 m�0.25 mm
ID; GC operating conditions for all experiments: column
temperature programed from 110 to 300 �C (3 min isother-
mal) at a rate of 33 �C/min; carrier gas: helium; flow rate:
1 mL/min; injector temperature: 300 �C; volume injected:
5 mL.

According to chromatograms, the following data for irradi-
ation of 2,3-divinylfuran derivatives 9a–d were obtained
[irrad. time/h, tR./min, M+, %, compd; 2-[2-(2-
furyl)ethenyl]furan (M+ 160), 2-styrylfuran (M+ 170),
stilbene (M+ 180), 2-[2-(4-methylphenyl)ethenyl]furan
(M+ 184), 4-methylstilbene (M+ 194), 4,40-dimethylstilbene
(M+ 208)]:
Compound 9a: 0 h: 7.530, M+ 272, 23%, cis,trans-9a; 8.380,
M+ 272, 77%, trans,trans-9a; after 1 h: 7.020, M+ 272, 5%,
III/IV; 7.970, M+ 272, 4%, III/IV; 8.120, M+ 272, 4%, III/
IV; 8.380, M+ 272, 80%, trans,trans-9a; 8.880, M+ 272, 7%,
trans,trans-18a; after 2 h: 4.690, M+ 180, 2%; 5.390, M+

180, 1%; 7.020, M+ 272, 4%, III/IV; 7.970, M+ 272, 4%,
III/IV; 8.120, M+ 272, 4%, III/IV; 8.380, M+ 272, 77%, trans,
trans-9a; 8.880, M+ 272, 8%, trans,trans-18a; after 4 h: 4.690,
M+ 180, 21%; 5.390, M+ 180, 6%; 7.020, M+ 272, 3%, III/IV;
7.970, M+ 272, 3%, III/IV; 8.120, M+ 272, 4%, III/IV; 8.380,
M+ 272, 58%, trans,trans-9a; 8.880, M+ 272, 5%, trans,trans-
18a; after 8 h: 4.690, M+ 180, 44%; 4.750, M+ 178, 5%, 25;
5.390, M+ 180, 27%; 7.020, M+ 272, 1%, III/IV; 7.970, M+

272, 1%, III/IV; 8.120, M+ 272, 1%, III/IV; 8.380, M+ 272,
19%, trans,trans-9a; 8.880, M+ 272, 2%, trans,trans-18a.

Compound 9b: 0 h: 7.860, M+ 286, 33%, cis,trans-9b; 8.950,
M+ 286, 67%, trans,trans-9b; after 1 h: 7.380, M+ 286, 4%,
III/IV; 7.840, M+ 286, 5%, III/IV; 8.740, M+ 286, 4%, III/
IV; 8.950, M+ 286, 80%, trans,trans-9b; 9.270, M+ 286, 7%,
trans,trans-18b; after 2 h: 4.550, M+ 208, 2%; 4.690, M+

180, 3%; 5.390, M+ 180, 1%; 7.380, M+ 286, 3%, III/IV;
7.840, M+ 286, 4%, III/IV; 8.740, M+ 286, 6%, III/IV;
8.950, M+ 286, 75%, trans,trans-9b; 9.270, M+ 286, 6%,
trans,trans-18b; after 4 h: 4.550, M+ 208, 8%; 4.690, M+

180, 13%; 5.110, M+ 194, 10%; 5.380, M+ 194, 1%; 5.390,
M+ 180, 3%; 7.380, M+ 286, 2%, III/IV; 7.840, M+ 286,
3%, III/IV; 8.740, M+ 286, 3%, III/IV; 8.950, M+ 286, 53%,
trans,trans-9b; 9.270, M+ 286, 4%, trans,trans-18b; after
8 h: 4.550, M+ 208, 17%; 4.690, M+ 180, 31%; 5.110, M+

194, 12%; 5.310, M+ 192, 3%, 22; 5.380, M+ 194, 3%; 5.390,
M+ 180, 7%; 7.840, M+ 286, 1%, III/IV; 8.740, M+ 286, 1%,
III/IV; 8.950, M+ 286, 23%, trans,trans-9b; 9.270, M+ 286,
2%, trans,trans-18b.

Compound 9c: 0 h: 6.560, M+ 262, 41%, cis,trans-9c; 7.450,
M+ 262, 59%, trans,trans-9c; after 1 h: 6.330, M+ 262, 4%,
III/IV; 6.920, M+ 262, 4%, III/IV; 7.170, M+ 262, 3%, III/
IV; 7.450, M+ 262, 82%, trans,trans-9c; 8.030, M+ 262, 7%,
trans,trans-18c; after 2 h: 3.650, M+ 160, 1%; 4.080, M+

170, 3%; 4.600, M+ 170, 1%; 4.690, M+ 180, 2%; 6.330, M+

262, 4%, III/IV; 6.920, M+ 262, 3%, III/IV; 7.170, M+ 262,
2%, III/IV; 7.450, M+ 262, 78%, trans,trans-9c; 8.030, M+

262, 6%, trans,trans-18c; after 4 h: 3.650, M+ 160, 6%;
4.080, M+ 170, 17%; 4.600, M+ 170, 6%; 4.690, M+ 180,
4%; 6.330, M+ 262, 2%, III/IV; 6.920, M+ 262, 3%, III/IV;
7.170, M+ 262, 1%, III/IV; 7.450, M+ 262, 57%, trans,trans-
9c; 8.030, M+ 262, 4%, trans,trans-18c; after 8 h: 3.650, M+

160, 13%; 4.080, M+ 170, 31%; 4.600, M+ 170, 19%; 4.690,
M+ 180, 11%; 4.750, M+ 178, 2%, 25; 6.330, M+ 262,
1%, III/IV; 6.920, M+ 262, 1%, III/IV; 7.450, M+ 262, 21%,
trans,trans-9c; 8.030, M+ 262, 1%, trans,trans-18c.

Compound 9d: 0 h: 7.100, M+ 276, 17%, cis,trans-9d; 7.880,
M+ 276, 83%, trans,trans-9d; after 1 h: 6.850, M+ 276, 5%, II/
III/IV; 7.290, M+ 276, 3%, II/III/IV; 7.480, M+ 276, 5%, II/
III/IV; 7.880, M+ 276, 81%, trans,trans-9d; 8.410, M+ 276,
6%, II/III/IV; after 2 h: 3.650, M+ 160, 1%; 4.330, M+ 184,
2%; 4.550, M+ 208, 4%; 6.850, M+ 276, 5%, II/III/IV; 7.290,
M+ 276, 4%, II/III/IV; 7.480, M+ 276, 5%, II/III/IV; 7.880,
M+ 276, 75%, trans,trans-9d; 8.410, M+ 276, 4%, II/III/IV;
after 4 h: 3.650, M+ 160, 2%; 4.330, M+ 184, 6%; 4.550, M+

208, 24%; 6.850, M+ 276, 3%, II/III/IV; 7.290, M+ 276, 3%,
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II/III/IV; 7.480, M+ 276, 3%, II/III/IV; 7.880, M+ 276, 55%,
trans,trans-9d; 8.410, M+ 276, 4%, II/III/IV; after 8 h: 3.650,
M+ 160, 8%; 4.330, M+ 184, 17%; 4.500, M+ 206, 4%, 26;
4.550, M+ 208, 40%; 6.850, M+ 276, 1%, II/III/IV; 7.290,
M+ 276, 1%, II/III/IV; 7.880, M+ 276, 27%, trans,trans-9d;
8.410, M+ 276, 2%, II/III/IV.

After complete conversion (8–10 h) of the starting material
(9a–d) the solvent was removed in vacuum and the oily
residue was chromatographed on a silica gel column using
petroleum ether/diethyl ether (2–50%). The only obtained
products (besides high amount of tarry material) were small
quantities of stilbene derivatives (20, 21) and their oxida-
tion products phenanthrenes (22, 25, and 26), whose ratio
varied depending on experimental efficiency of accomplish-
ing anaerobic reaction conditions. In the representative ex-
ample after complete conversion of the starting compound,
from irradiation of 50 mg of 9a, 20 mg of 20/25 was
isolated.
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1989, 29, 679–682.
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Abstract—Convergent synthesis of the common FGHI-ring part (54) of ciguatoxins was achieved via the following key steps: (i) the Nozaki–
Hiyama–Kishi reaction connecting the F-ring part (6) with the I-ring part (7); (ii) regio- and stereoselective epoxidation; (iii) the 6-exo-epoxide
opening reaction forming simultaneously the H-ring and the quaternary asymmetric center at C30; (iv) inversion of the C29 stereocenter
by a two-step oxidation/reduction process, where the successful inversion depended on proper management of the steric environment of
the substrate; and (v) final reductive cyclization constructing the G-ring.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Ciguatoxins (CTXs, Fig. 1)1 are the principal toxins respon-
sible for ciguatera,2 a form of sea food poisoning. More than
25,000 people suffer annually from this poisoning in the
Pacific and Indian Oceans as well as the Caribbean Sea.2b

In 1977, Yasumoto and co-workers identified an epiphytic
dinoflagellate, Gambierdiscus toxicus, as a causative organ-
ism.3 The dinoflagellate-produced toxins are first transferred
to herbivorous fish and accumulated most in carnivorous fish
through the marine food chain, thus causing human intoxi-
cation. The symptoms of ciguatera are characterized by
gastrointestinal and neurological disturbances. Since these
disturbances often last for months or years, ciguatera has
resulted in serious social problems. Thus, CTXs are now
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.05.014
studied by many researchers from a variety of viewpoints
in order to prevent and treat ciguatera intoxication.4

CTXs have been isolated from both poisonous fish and
dinoflagellate G. toxicus with great effort over several years
and despite the extremely low content of CTXs in these
organisms. Ciguatoxin (CTX1B, 1) was first isolated from
the moray eel, Gymnothorax javanicus, by Scheuer and
co-workers in 1967, and characterized to be a polyether
compound in 1980.5 Determination of the relative structure
of 1 was achieved by Yasumoto and co-workers in 1989 with
only 0.35 mg of 1 isolated from 4000 kg of G. javanicus.
The absolute structure of 1 was determined by collaboration
of Yasumoto et al. in 1997.6 CTX3C (2) was isolated from
cultured G. toxicus by Yasumoto and co-workers in 1993.7
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They elucidated the structure of 2 with only 0.70 mg of 2 iso-
lated from 1100 l of the culture. So far, more than 20 CTXs
have been isolated and structurally identified.

Pharmacological studies have disclosed that the potent neu-
rotoxicity of CTXs arises from the activation of voltage-sen-
sitive sodium channels (VSSCs) in neuron cells by the strong
binding to site-5 on the channel, and CTXs share the binding
site on VSSC with brevetoxins.8 However, further progress in
these studies has been prevented by the insufficient amounts
of CTXs from natural sources. Therefore, synthetic supply of
CTXs on a practical scale is desired for the advancement of
the above studies as well as the development of therapies
for ciguatera and methods for screening of ciguateric fish.

Structural features of CTXs, such as the stereochemical com-
plexity, huge molecular size, and ladder-shaped polyether
skeleton possessing five- to nine-membered cyclic ethers,
provide remarkable synthetic challenges. Therefore, CTXs
have been studied extensively by numerous chemists in the
synthetic viewpoint.9,10 To date, many convergent synthetic
strategies11,12 toward the total synthesis of CTXs have been
reported.9,10

In the course of our program toward the total synthesis of
CTXs,13 we have established a method for the convergent
construction of a trans-fused X/6/7/X cyclic ether system
based on the coupling reaction of an acyl anion equivalent
with an aldehyde followed by reductive cyclization reac-
tions.13g,i,k,14 So far, we reported the synthesis of the
ABCDE- and IJKLM-ring parts of 2 by the method13m,q as
well as by a new procedure for the addition of the F-ring
to the E-ring part of 1, which would also be available for
the CTX3C (2) synthesis.13n,o Accordingly, the remaining
issue is development of a synthetic method for the middle
(GH-ring) part of 2 from the left (ABCDEF-ring) and the
right (IJKLM-ring) segments. Here, a convergent synthesis
of the common FGHI-ring part of CTXs from F- and I-ring
segments is described.13r

2. Synthetic plan for the FGHI-ring part

Our synthetic plan for the FGHI-ring part 3 from the F- and
I-ring segments (6 and 7, respectively) is outlined in Scheme
1. A main issue of the synthesis of 3 was stereocontrolled
construction of three contiguous asymmetric centers from
C29 to C31 including a quaternary asymmetric center (C30)
at the junction between the G- and H-rings.15 We intended
to solve the issue based on the following scheme: (i) The
G-ring of 3 was envisioned to be constructed from hydroxy
ketone 4 by reductive etherification, which would generate
the O26–C31 bond and the C31 stereocenter,16,17 and inver-
sion of the C29 stereochemistry; (ii) In order to construct the
H-ring and the quaternary center at C30 concurrently, the
6-exo-epoxide-opening reaction of 5, whose product was in-
tended to be oxidized to 4, was planned; (iii) The epoxide 5
would be synthesized from E-iodoolefin 6 and aldehyde 7
via the Nozaki–Hiyama–Kishi (NHK) reaction18 followed
by regio- and diastereoselective epoxidation; (iv) Both 6
and 7 would be prepared from our previously reported
medium-ring ethers.10j,p Although the use of the cis-epoxide
(C29-epi-5) corresponding to 5 might be straightforward and
excludes the C29-inversion step, the cis-epoxide could not
be prepared so far because of the difficulty in the synthesis
of a Z-iodoolefin corresponding to E-iodoolefin 6.19 There-
fore, we decided to adopt the above synthetic plan that
employed the NHK reaction with an E-iodoolefin at the first
stage and C29 inversion at the final stage.

3. Preparation of the F- and I-ring segments

The F-ring segment 6 was synthesized from known 813j

(Scheme 2). Removal of the TBS groups of 8 (98%) followed
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by protection with BnBr (98%) provided 10, which was
hydrolyzed to give 11 (98%). The diol 11 was converted
to triflate 12 by a one-pot selective triflate formation/TBS-
protection process (95%).20 The subsequent reaction with
1-propynyllithium afforded 13 (99%),21 which was treated
first with a zirconium reagent, prepared from Cp2ZrCl2 and
DIBAL,22 and then with I2 to produce 6 regioselectively
(86%).

Preparation of the I-ring segment 7 from known 1413j,p is
illustrated in Scheme 3. Although direct PMB-protection
of the hydroxy group at C34 of 14 was possible, the resulting
compound resisted the removal of the benzylidene acetal
without detachment of the PMB group. Therefore, the alco-
hol 14 was first transformed into pivalate 15 (100%), which
was converted to PMB ether 19 (overall 83%) by a five-step
process [(i) removal of the benzylidene acetal with Zn(OTf)2

and ethanedithiol,23 (ii) protection of the resulting diol with
p-bromobenzyl (PBB) bromide, (iii) detachment of the Piv
group, (iv) PMB-protection of the resulting alcohol, (v)
removal of the TBDPS group]. Oxidation of 19 with Dess–
Martin periodinane (DMPI)24 followed by Wittig reaction
afforded 20 (79%), which was hydrolyzed in the presence
of Hg(OAc)2 to produce 7 in good yield (99%).25
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then TBAI, 1.5 h, 99%.

4. Construction of the H-ring

Connection of 6 and 7 is depicted in Scheme 4. According to
the Nozaki–Hiyama–Kishi procedure,18 the segments 6 and
7 were treated with CrCl2 in the presence of NiCl2 (0.5 wt %
of CrCl2) in DMSO, and the reaction smoothly proceeded to
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Scheme 4. Reagents and conditions: (a) 6, CrCl2, NiCl2, DMSO, 25 �C,
25 h, 21: 45% from 7, 22: 40% from 7.
give 21 (45% from 7) and its C31-epimer 22 (40% from 7) in
good yield.26

Since the diastereoselective epoxidation in the next step
required S configuration at C31 of 21, inversion of the R con-
figuration at C31 of 22 was then examined. Although direct
inversion by an SN2 reaction, such as the Mitsunobu reaction,
was unsuccessful, a stepwise oxidation/selective reduction
process was found to be effective for the inversion after sev-
eral examinations (vide infra). Initial oxidation of 22 with
DMPI24 readily afforded a,b-unsaturated ketone 23 in quan-
titative yield (Scheme 5). Next, stereoselective reduction of
23 was investigated under several conditions (Table 1).
Aluminum reducing agents (DIBAL, DIBAL/BuLi,27 and
Red-Al�) exhibited low stereoselectivities (entries 1–3).
However, these results suggested that a bulkier reagent would
provide better selectivity. Then, boron-reducing agents were
examined. In order to avoid conjugate reduction, NaBH4 was
first used under the Luche conditions.28 Although the Luche
reduction of 23 at �40 to 0 �C gave low selectivity
(21:22¼2:1), the reduction at �78 �C showed enhanced
selectivity (4:1) (entries 4 and 5). It was notable that the
selectivity of NaBH4 at �78 �C was higher than those of
aluminum reductants in spite of the small size of NaBH4.
Therefore, bulky L-Selectride� was used instead of NaBH4

under Luche’s conditions at�78 �C. As a result, the selectiv-
ity increased to 6:1 (entry 6). On the other hand, the reduction
with L-Selectride� in the absence of CeCl3 displayed the
highest selectivity (>13:1) without side products by conju-
gate reduction (entry 7). Contrary to the above suggestion,
lithium trisiamylborohydride (LS-Selectride�),29 a bulkier
reagent than L-Selectride�, gave only moderate selectivity
independently of the presence of CeCl3 (entries 8 and 9).

Table 1. Reduction of 23 with several reducing agents
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BnO Me
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O

Me
PMBO
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23

31

O
Conditions

21 22+

Entry Conditions 21:22a Yield
(%)b

1 DIBAL, CH2Cl2, �78 �C, 0.5 h 1:1 w100
2 DIBAL, BuLi, THF, �78 �C, 1 h 2:1 w100
3 Red-Al�, THF, �78/�40 �C, 8 h 3:1 92
4 CeCl3$7H2O, NaBH4, MeOH, �40/0 �C, 1.5 h 2:1 75
5 CeCl3$7H2O, NaBH4, MeOH, �78 �C, 1.5 h 4:1 35
6 CeCl3, L-Selectride�, THF, �78 �C, 2 h 6:1 w100
7 L-Selectride�, THF, �78 �C, 2 h >13:1 w100
8 CeCl3, LS-Selectride�, THF, �78/�40 �C, 26 h 6:1 67
9 LS-Selectride�, THF, �40 �C, 18 h 5:1 w100

a Determined by 1H NMR analysis.
b Combined yield.
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Scheme 5. Reagents and conditions: (a) DMPI, NaHCO3, CH2Cl2, 25 �C,
2.5 h, 100%.



7411A. Takizawa et al. / Tetrahedron 62 (2006) 7408–7435
The low reactivity of LS-Selectride� toward 23, suggested by
the fact that LS-Selectride� needed higher temperature to
consume the substrate (23) than L-Selectride�, was probably
due to its excessive bulkiness and might be attributable to
the moderate selectivity. Thus, the inversion of the stereo-
chemistry at C31 was efficiently achieved by a two-step
Dess–Martin oxidation/L-Selectride� reduction process.

Construction of the H-ring is illustrated in Scheme 6. The
VO(acac)2-catalyzed epoxidation of 21 with TBHP exclu-
sively afforded 24 (91%).30 Protection of the hydroxy group
at C31 of 24 by the TES group followed by removal of the
PMB group of 25 with DDQ produced 5 in good yield (over-
all 97%). The hydroxy epoxide 5 was smoothly cyclized
with catalytic CSA into 26 (80%). The stereochemistry at
C30 of 26 was confirmed by the presence of NOE between
H34 and the protons of the methyl group at C30. Thus, the
F–HI-ring part 26 was efficiently constructed from 6 and 7
in total seven steps, including the C31-inversion step, in
58% overall yield.
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5. Construction of the G-ring

5.1. First-generation approach to the construction of the
FGHI-ring part

At first, a plan for the construction of the G-ring part in-
cluding inversion of the stereochemistry at C29 at the final
stage, shown in Scheme 7, was examined. The target com-
pound 3 was envisioned to be constructed from ketone 27,
which would be prepared from 28 corresponding to the
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29-epi-FGHI-ring part, by diastereoselective reduction.
The reduction of 27 was expected to give 3 with high dia-
stereoselectivity because the methyl group adjacent to the
ketone would sterically hinder the approach of a reductant
to the ketone from the same side of the methyl group.
Accordingly, the construction of the 29-epi-FGHI-ring part
28 from 26 was first investigated.

Protection of the hydroxy group at C29 of the F–HI-ring part
26 and the selective deprotection of the TES group at O31
were first examined in order to perform the oxidation at
C31 in the later step (Scheme 8). Although the hydroxy group
at C29 showed extremely low reactivity to AcCl, Ac2O, or
MsCl, which might be attributable to the steric hindrance
of the TES and the C31-methyl groups as well as the F-ring
part, the protection with highly reactive trifluoroacetic an-
hydride successfully afforded Tfa ester 29 in good yield.
Then the selective removal of the TES group under mild
conditions (THF–H2O–TFA) was examined. However, the
reaction proceeded very slowly with migration of the Tfa
group associated with the detachment of the TES group to
produce alcohol 30 having a Tfa group at O31 exclusively
(63% after three cycles) without the desired O29-protected
alcohol.
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Scheme 8. Reagents and conditions: (a) (CF3CO)2O, pyridine, CH2Cl2,
0 �C, 1 h, 100%; (b) THF–H2O–TFA (4:1:0.1), 2 d, 63% after three cycles.

Although selective deprotection of the O31-TES group
could not be achieved, this result suggested that the two
hydroxy groups at C29 and C31 were in close proximity.
Therefore, we next designed a stepwise route for the protec-
tion of the C29-hydroxy group via a cyclic acetal, which
would be facilely prepared from a 29,31-diol derivative
(31) of 26 due to close proximity of these two hydroxy
groups at C29 and C31 (Scheme 9).

The diol 31 was readily obtained from 26 by selective depro-
tection of the TES group under mild acidic conditions
(Scheme 9).31 Treatment of 31 with p-anisaldehyde under
acidic conditions gave a 1:1 mixture of 32a and 32b in excel-
lent yield. After the acetals were separated by HPLC, the
stereochemistry of 32a and 32b was determined from
NOE experiments on the basis of S configuration at C31 as
follows: for 32a, the presence of NOE between the acetal
proton and H29 as well as absence of NOEs between the
acetal proton and H31 and between H29 and H31 established
the S configuration at C29 and R at the acetal carbon; for
32b, the presence of NOE between the acetal proton and
H31 as well as the absence of NOEs between the acetal
proton and H29 and between H31 and H29 confirmed the
S configuration at C29 and S at the acetal carbon. The reduc-
tive cleavage reactions of acetals 32a and 32b with DIBAL
gave different results. While the cleavage of 32a showed
relatively high selectivity (33a:33b¼5:1), that of 32b gave
opposite but excellent selectivity (33b:33a>20:1). Although
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the reason for the regioselectivity of the reductive cleavage
with DIBAL cannot be clarified at present, it is suggested
that the stereochemistry of the acetal carbon would affect
the regioselectivity of the acetal fission. Thus, O29-pro-
tected compound 33a could be obtained though the overall
yield from 26 was moderate.

Next, the construction of the G-ring from 33a via a two-step
cyclization/reductive etherification reaction of ketone 35
was examined (Scheme 10). The cyclization precursor 35
was readily synthesized in two steps. Oxidation of 33a
with DMPI24 followed by deprotection of the TBS group
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HO
OPBB

OPBB

Me

H

HO
BnO

OTBS

Me H
BnO

O O

O

29
31

b

O

OPBB

OPBB

Me

H

O
BnO

OTBS

Me H
BnO

O O

O

R2

R1

32a: R1 = PMP, R2 = H
32b: R1 = H, R2 = PMP

31

O

O
O

Me

H

H

H

H

PMP

H

NOE

NOE

H
O

O

Me

H

H

O
H

HPMP

31

29

31

29

32a 32b

29
31

32a

R4O
OPBB

OPBB

Me

H

R3O
BnO

OTBS

Me H
BnO

O O

O

29
31

c

33a: R3 = PMB, R4 = H
33b: R3 = H, R4 = PMB

32b

d

26

a

Scheme 9. Reagents and conditions: (a) PPTS, MeOH–CH2Cl2 (4:1), 24 �C,
40 min, 100%; (b) p-anisaldehyde, PPTS, benzene, reflux, 3 h, 100%
(32a:32b¼1:1); (c) DIBAL, CH2Cl2, �30 �C, 1.5 h, 100% (33a:33b¼
5:1); (d) DIBAL, CH2Cl2, �20 �C, 2 h, 100% (33b:33a>20:1).
with HF$Py afforded 35 in overall 44% yield. Then, cycliza-
tion of 35 into a cyclic S,O-acetal or a cyclic acetal was at-
tempted. When the ketone 35 was treated with ethanethiol in
the presence of Zn(OTf)2,32 the desired cyclic S,O-acetal
was not produced, and decomposition of 35 due to detach-
ment of the PMB group followed by a retro aldol reaction
took place. On the other hand, treatment of 35 with trimethyl
orthoformate and catalytic PTS33 only resulted in recovery
of the starting material 35. These results showed that an
acid-labile group, such as PMB, was inappropriate for the
protection at O29 during the G-ring formation under acidic
conditions. Therefore, an alternative protective group at
O29 was then investigated.

Cyclization of the G-ring after protection of O29 as a benzyl
ether was performed as shown in Scheme 11. The F–HI-ring
part 33b possessing a PMB group at O31 was used as a start-
ing material. Protection of 33b with BnBr, which required
long reaction time (5 d) for the complete consumption of
33b, gave 38 in 71% yield. The PMB group of 38 was
smoothly deprotected with DDQ to provide 39 (85%). Oxi-
dation of 39 with DMPI24 followed by deprotection of the
TBS group afforded hydroxy ketone 41 in overall 75% yield.
The reductive cyclization of 41 with excess Et3SiH in the
presence of TMSOTf furnished the 29-epi-FGHI-ring part
42 stereoselectively.16 The G-ring closure and the desired
stereochemistry of C31 in 42 were proved by the presence
of NOE between H26 and H31 as well as the large JH31–H32ax

(12.4 Hz).
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Scheme 11. Reagents and conditions: (a) BnBr, NaH, TBAI, THF, 22 �C,
5 d, 71%; (b) DDQ, CH2Cl2–pH 7 buffer (10:1), 0 �C, 35 min, 85%; (c)
DMPI, NaHCO3, CH2Cl2, 25 �C, 30 min; (d) THF–H2O–TFA (10:10:1),
25 �C, 2 d, 75% from 39; (e) TMSOTf, Et3SiH–CH2Cl2 (1:10), 0 �C,
30 min, 70%.

Thus, the 29-epi-FGHI-ring part 42 was assembled from 26
in total eight steps in 15% overall yield. Although the syn-
thesis of a key compound (42) for the synthesis of the
FGHI-ring part 3 succeeded, it is still difficult to supply a rea-
sonable amount of 42 due to some problems, for example,
difficulty in the separation of acetals 32a and 32b, unusable
33a, and low reactivity of 33b in the protection step. On the
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other hand, the synthesis of 3 from 42 would require four
more steps involving detachment of all Bn groups of 42,
selective protection of the 1,3-diol part, oxidation of the
hydroxy group at C29, and reduction of the resulting ketone
to 3. Accordingly, in order to overcome the above difficul-
ties, an alternative synthesis of the FGHI-ring part from
26, where the C29 configuration was inverted prior to the
G-ring cyclization, was designed as described in the next
section.

5.2. Second-generation approach to the construction of
the FGHI-ring part

Next, a second plan for the synthesis of the FGHI-ring part
including inversion of the stereochemistry at C29 in advance
of the G-ring formation was investigated. In the plan, out-
lined in Scheme 12, O29-protected FGHI-ring part 43 was
selected as a target compound and envisaged to be synthe-
sized from 26 via the route including (i) inversion of the
stereochemistry at C29 providing 44 and (ii) formation of
the G ring from 44 through reductive etherification. Success
of the plane relied on the C29-inversion step.
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Scheme 12. Second-generation plan for the construction of the FGHI-ring
part (43) from 26.

At first, inversion of the stereochemistry at C29 of 26 was
examined. Since the hydroxy group at C29 of 26 showed
seriously low reactivity to electrophiles including several
protective groups and MsCl due to steric hindrance around
the hydroxy group, as mentioned in the previous section,
the inversion at C29 of 26 by an SN2 reaction was obviously
difficult. Therefore, we took an oxidation/reduction process
as a reasonable method for inversion of the stereochemistry
at C29. Although the alcohol 26 resisted several oxidation
reactions (DMPI,24 SO3$Py, TPAP, and PCC) owing to the
above steric hindrance, Swern oxidation34 of 26 at higher
temperature (�45 �C) for prolonged reaction time (1 h)
was able to give the ketone 45 along with recovered 26.
In order to consume the substrate 26, when the mixture of
45 and 26 was subjected to the Swern oxidation again,
the ketone 45 was obtained in 61% yield without recovery
of 26 (Scheme 13). However, the reduction of the ketone
45 to C29-epi-26 was not achieved. While treatment of
45 with NaBH4 or LiAlH4 gave only decomposed com-
pounds due to the detachment of the TES and/or TBS
groups, DIBAL reduction of 45 regenerated exclusively
the original alcohol 26. Accordingly, we next examined
the reduction of 46, obtained selectively by treatment of
45 with HF$Py (71%), under several conditions as shown
in Table 2.
a
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Scheme 13. Reagents and conditions: (a) (COCl)2, DMSO, CH2Cl2,
�45 �C, 1 h, then Et3N, 0 �C, 20 min, 61% after two cycles; (b) HF$Py,
THF–pyridine (2:1), 25 �C, 6 d, 71%.

Reduction with Red-Al� resulted in exclusive formation of
31 and low yield due to decomposition of the substrate and
the product (entry 1, Table 2). Combined use of DIBAL
and BuLi at �78 �C also selectively gave 31 along with re-
covered 46 (entry 2).27 While reduction with LiBH4 in THF
afforded only 31 (entry 3), the reduction in MeOH produced
47 as a mixture with 31 (entry 4). The presence of MeOH in
the reaction with NaBH4 and KBH4 also effectively pro-
vided 47 though the selectivity was low (entries 5–8). While
use of Me4N(AcO)3BH35 afforded only 31 (entry 9), re-
duction with NaBH4 in the presence of Et2BOMe36 gave
a similar result as in entries 5–6 (entry 10). Among these
experiments, the reduction with NaBH4 in MeOH at 0 �C
gave the best result (47:31¼2:1). Although L-Selectride�

and Super-Hydride� were also examined, they were not
reacted with the ketone in THF at �20 �C. The stereochem-
istry of the newly generated asymmetric center at C29 in 47
was elucidated at the later stage of the synthesis.

These results suggested that decrease of steric hindrance due
to unprotection of C31–OH contributed to increasing reac-
tivity of the ketone. The result from the reaction with
Me4N(AcO)3BH also suggested that coordination or com-
plexation of the unprotected hydroxyl group at C31 with

Table 2. Reduction of 46 with several reducing agents

HO
OPBB

OPBB

Me

H

BnO

OTBS

Me H
BnO

O O

O

R1R2

47: R1 = OH, R2 = H
31: R1 = H, R2 = OH

Conditions
46

29

Entry Conditions 47:31a Yield
(%)b

1 Red-Al�, THF, �20 �C, 3 h 0:1 50
2 DIBAL, BuLi, THF, �78 �C, 1.5 h 0:1 NDc

3 LiBH4, THF, �20 �C, 40 min 0:1 w100
4 LiBH4, MeOH, �20 �C, 22 h 0.3:1 w100
5 NaBH4, MeOH, �20 �C, 1 h 0.8:1 w100
6 NaBH4, MeOH, 0 �C, 15 min 2:1 w100
7 KBH4, MeOH, 25 �C, 21 h 1.3:1 NDc

8 KBH4, THF–MeOH (1:1), 0 �C, 22 h 1.5:1 w100
9 Me4N(AcO)3BH, AcOH, MeCN, 40 �C, 2 d 0:1 w100
10 Et2BOMe, NaBH4 THF–MeOH (5:1), 0 �C, 15 h 1:1 NDc

a Determined by 1H NMR analysis.
b Combined yield.
c Not determined.
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the reducing agent did not participate the production of 47.
Since the reason for the solvent effect of MeOH producing
47 was unclear, we could only speculate the role of MeOH
as follows: (i) alteration of the conformation of 46 by hydro-
gen bonding between the ketone and MeOH, and/or (ii) pro-
hibition of the coordination or complexation of the reducing
agent with C31–OH, which would increase external attack
of the reagent to the ketone producing 47.

Thus, the inversion of the stereochemistry at C29 was
achieved by the reduction of the b-hydroxy ketone 46 with
NaBH4 in MeOH at 0 �C though the selectivity of the re-
duction was unsatisfactory. Hence, transformation of the un-
desired diol 31 into the desired 47 was examined. As a result,
the hydroxy group at C31 of 31 was simply and selectively
protected with TESOTf to provide 26 in excellent yield
(Scheme 14), thereby establishing the recycle route from
31 to 47 via 26.

RO
OPBB

OPBB

Me

H

HO
BnO

OTBS

Me H
BnO

O O

O

29
31
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Scheme 14. Reagents and conditions: (a) TESOTf, 2,6-lutidine, CH2Cl2,
�40 �C, 1 h, 95%.

Next, construction of the G-ring from 47 was investigated
(Scheme 15). At first, selective protection of the hydroxy
group at C29 of the diol 47 via a cyclic acetal was performed.
Treatment of 47 with 2-naphthaldehyde dimethyl acetal un-
der acidic conditions gave 2-(2-naphthyl)-1,3-dioxane 48 as
the sole product (89%). Stereochemistry of the acetal 48 in-
cluding the C29-stereocenter, whose formation is described
in the above section, was determined by NOE experiment on
the basis of S configuration at C31. The presence of NOEs
between the acetal proton and H31 and between the acetal
proton and H29 confirmed the R configuration at C29 as
well as the S configuration at the acetal carbon. Reduction
of 48 with DIBAL exclusively afforded 49 possessing the
NAP group35 at O31 in good yield. Protection of the re-
sultant hydroxy group at C29 of 49 with BnBr followed by
detachment of the NAP group at O31 provided 51 (overall
91%). Thus, the selective Bn-protection at O29 of 47 was ac-
complished by the four-step process. Next, G-ring formation
via reductive cyclization was executed. The alcohol 51 was
oxidized with DMPI,24 and the resulting 52 was desilylated
to give hydroxy ketone 53 quantitatively. The reductive
cyclization of 53 with excess Et3SiH in the presence of
TMSOTf at 0 �C produced the FGHI-ring part 54 stereose-
lectively (78%).16 The stereochemistry of 54 was confirmed
by the presence of ROE between H26 and H31 as well as the
large JH31–H32ax (12.1 Hz). Thus, the FGHI-ring part 54 was
successfully constructed from the F–HI-ring part 26 in 18%
overall yield in 10 steps.

5.2.1. Refinement of the second-generation approach.
While construction of the FGHI-ring part was achieved,
the yield of b-hydroxy ketone 46 from the F–HI-ring part
26 was low (overall 43%) and the reduction of 46 gave
low stereoselectivity (w2:1). Therefore, an improved route
for the conversion of the F–HI-ring part 26 to the alcohol
49 was investigated (Scheme 16).

The diol 31 prepared from 26 was treated with 2-naphthalde-
hyde dimethyl acetal in the presence of PPTS31 to give a
cyclic acetal 55a as a major product (89%) along with the
minor diastereomer 55b (11%). The stereochemistry of
55a and 55b was determined by similar NOE experiments
based on the S configuration at C31 as described in Section
5.1. The presence of NOE between the acetal proton and
H31 as well as the absence of NOEs between the acetal pro-
ton and H31 and between H29 and H31 in 55a confirmed its
stereochemistry. The stereochemistry of 55b was also veri-
fied by the presence of NOE between the acetal proton and
H29 as well as the absence of NOEs between the acetal pro-
ton and H31 and between H29 and H31. The reductive cleav-
age of the major Np-acetal 55a with DIBAL selectively
provided 56 (93%),37 where the regioselectivity agreed
with the case of 32b (Section 5.1). Oxidation of 56 with
DMPI smoothly afforded the ketone 57 in good yield
(90%). Prior to the reduction of 57, preliminary examina-
tions using ketone 58 (Fig. 2), derived from 33b, were per-
formed. When the ketone 58 was treated with NaBH4 in
MeOH, the starting ketone was only recovered due to
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Scheme 15. Reagents and conditions: (a) NpCH(OMe)2, PPTS, benzene, re-
flux, 1.5 h, 89%; (b) DIBAL, CH2Cl2, 10 �C, 3 h, 100%; (c) BnBr, NaH,
TBAI, THF, 25 �C, 8 h, 100%; (d) DDQ, CH2Cl2–pH 7 buffer (10:1),
0 �C, 20 min, 91%; (e) DMPI, NaHCO3, CH2Cl2, 25 �C, 25 min; (f) HF$Py,
THF, 25 �C, 2 d, 100% from 51; (g) TMSOTf, Et3SiH–CH2Cl2 (1:10), 0 �C,
30 min, 78%.
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insolubility of the ketone to MeOH. The use of a THF–H2O
(5:1) mixed solvent system in the reduction, where the
ketone was soluble, produced alcohols 33b and 29-epi-33b
as a 1:2 mixture (preliminary data). Therefore, the reduction
of 57 with NaBH4 was performed in THF–H2O (3:1).
Although the mixed solvent system gave alcohols 49 and
56, significant decomposition was observed. After several
experiments, the reduction of 57 with NaBH4 in the presence
of CeCl3$7H2O28 in THF–H2O (3:1) was found to proceed
cleanly. Although long reaction time (8 d) was required in
order to consume the ketone 57, the reduction showed high
yield (96%) and selectivity (49:56>5:1). Thus, the improved
route from the F–HI-ring part 26 to alcohol 49 (overall 59%
yield in five steps; previous route: 26% yield in five steps)
based on selective protection of O31 and stereoselective
reduction of the C29-carbonyl group was developed.

Although it includes preliminary results, we also disclose
herein an assessment of the first-generation approach by
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Figure 2.
an alternative method. In the first-generation approach, we
expected that the reduction of ketone 27 would produce 3
stereoselectively, but we could not prove the idea (Section
5.1). Since the above-mentioned acetal 55b, obtained as a
minor product, could be converted to 29-epi-FGHI-ring
part 28 via 59 (Scheme 17), we examined the initial idea
with 28. Reductive cleavage of 55b with DIBAL exclusively
gave 59 possessing an NAP-group at O29, which showed
similar stereoselectivity as that of 32b. Transformation of
59 to a tetracyclic 60, O29-NAP ether of 28, was readily per-
formed by the same procedure as that of 33b to 42. Depro-
tection of the NAP-group of 60 with DDQ followed by
Dess–Martin oxidation of the resulting hydroxy group
afforded the ketone 27. Contrary to our expectation, reduc-
tion of the ketone 27 with NaBH4, LiAlH4, or L-Selectride�

provided 28 as a major product. Thus, we found that the first
generation-approach was unsuccessful, and the failure sug-
gested that the C29-stereocenter should be constructed at
the early stage of the synthesis.
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Scheme 17. Synthesis of ketone 27 from 55b.

6. Conclusion

The aim of this study was the development of an efficient
method for the construction of the GH-ring part of ciguatox-
ins in a convergent manner, which was envisaged to be per-
formed at the final stage of the total synthesis of ciguatoxins.
Accordingly, we extensively explored a synthetic route for
the common FGHI-ring part (54) of ciguatoxins from the
F- and I-ring segments. As a result, the convergent synthesis
of 54 was achieved via the following key steps: (i) the
Nozaki–Hiyama–Kishi reaction connecting the F-ring (6)
with the I-ring (7); (ii) regio- and stereoselective epoxi-
dation; (iii) the 6-exo-epoxide opening reaction forming
simultaneously the H-ring and the quaternary asymmetric
center at C30; (iv) inversion of the C29 stereocenter by
a two-step oxidation/reduction process, where the successful
inversion depended on proper management of the steric
environment of the substrate; and (v) final reductive cycliza-
tion constructing the G-ring. Thus, the FGHI-ring part was
efficiently synthesized through a novel route in 17 steps in
24% overall yield from 6 and 7. Further studies toward the



7416 A. Takizawa et al. / Tetrahedron 62 (2006) 7408–7435
total synthesis of the ciguatoxins are now under way in this
laboratory.

7. Experimental

7.1. General methods

All reactions involving air- or moisture-sensitive reagents
were carried out under an argon atmosphere in oven-dried
glasswares capped with septa, and sensitive liquids and
solutions were transferred by using syringe- or cannula-
techniques, unless otherwise stated. All commercially avail-
able reagents were used without further purification with the
following exceptions. Tetrahydrofuran (THF) was distilled
from sodium-benzophenone ketyl under argon. Dichloro-
methane (DCM), dimethylsulfoxide (DMSO), and benzene
(PhH) were distilled from CaH2 prior to use. Normal
reagent-grade solvents were used for flash chromatography
and extraction. Special reagent-grade solvents were used
for high-pressure liquid chromatography (HPLC). All reac-
tions were monitored by thin-layer chromatography (TLC)
with precoated silica gel (SiO2) plates (Merck, silica gel 60
F254). Plates were visualized by ultraviolet light and by treat-
ment with acidic anisaldehyde or phosphomolybdic acid
stain followed by heating. SiO2 (YMC, SIL-60-400/230W)
was utilized for flash chromatography. HPLC was run with
a JASCO Intelligent HPLC Pump PU-986, equipped with
a JASCO Intelligent UV–vis Detector UV-975 and a YMC-
Pack SIL-06 (250�10 or 20 mm ID) HPLC column. Melting
points were measured on Yanagimoto micro-melting appara-
tus without calibration. Optical rotations were recorded on
a JASCO P-1020 digital polarimeter. Infrared (IR) spectra
were measured on a JEOL JIR-WINSPEC100 infrared
spectrometer. 1H and 13C NMR spectra were recorded on
JEOL JNM-AL300 (1H at 300 MHz, 13C at 75 MHz),
JNM-a-400 (1H at 400 MHz, 13C at 100 MHz), JNM-a-500
(13C at 125 MHz) or JNM-ECA600 (1H at 600 MHz, 13C
at 150 MHz) NMR spectrometers. 1H NMR spectra are
reported as chemical shifts (d) in parts per million (ppm)
based on tetramethylsilane (0.00 ppm), C6HD5 (7.15 ppm)
or CHD2C(]O)CD3 (2.04 ppm). Splitting patterns were
designated as ‘s, d, t, q, m, and br’ indicating ‘singlet,
doublet, triplet, quartet, multiplet, and broad’, respectively.
Coupling constants (J) are reported in Hertz (Hz). 13C
NMR spectra are reported as chemical shifts (d) in ppm based
on 13CDCl3 (77.0 ppm) or 13C12C5D6 (128.0 ppm). High-
resolution mass spectra (HRMS) were measured on a JEOL
JMS-600H mass spectrometer under electron impact ioniza-
tion (EI) condition and a JEOL JMS-SX102A mass spec-
trometer under field desorption ionization (FD) condition.

7.1.1. (1R,3S,4R,6Z,9S)-3-Hydroxymethyl-11-phenyl-
2,10,12-trioxabicyclo[7.4.0]tridecan-6-en-4-ol (9). To a
solution of 8 (348 mg, 0.649 mmol) in THF (6.0 ml) was
added TBAF (1.95 ml, 1.0 M in THF, 1.95 mmol) at 25 �C
and the mixture was stirred for 1 h. After that, saturated
aqueous NH4Cl (6 ml) was added and the aqueous layer was
extracted with AcOEt (3�30 ml). The combined organic
layers were washed with brine, dried over anhydrous
MgSO4, filtered, and concentrated in vacuo. The resultant
residue was purified by column chromatography (silica
gel, hexane/AcOEt¼1 to AcOEt) to give 9 (196 mg, 98%).
9: a colorless solid; mp 154.0–157.0 �C; [a]D
23 +29.3 (c

0.10, CHCl3); 1H NMR (300 MHz, CDCl3), d (ppm) 7.49–
7.31 (5H, m), 5.88–5.77 (2H, m), 5.43 (1H, s), 4.32 (1H,
dd, J¼3.9, 9.8 Hz), 3.87 (1H, dt, J¼8.6, 4.4 Hz), 3.73–
3.65 (3H, m), 3.63 (1H, dt, J¼3.9, 9.8 Hz), 3.57 (1H, t,
J¼9.8 Hz), 3.38 (1H, dt, J¼8.8, 4.4 Hz), 2.71–2.54 (4H,
m); IR (KBr), n (cm�1) 3435, 3091, 2925, 2858, 1455,
1412, 1294, 1219, 1114, 1075, 1015, 963, 948, 916, 883,
759, 700; HR-EIMS, calcd for C17H22O5 [M]+: 306.1467,
found: 306.1446.

7.1.2. (1R,3S,4R,6Z,9S)-4-Benzyloxy-3-benzyloxymethyl-
11-phenyl-2,10,12-trioxabicyclo[7.4.0]tridecan-6-ene
(10). To a solution of 9 (103 mg, 0.337 mmol) in THF
(4.0 ml) were added NaH (33.7 mg, 0.841 mmol) and
TBAI (12.4 mg, 0.0337 mmol) at 0 �C and the mixture
was stirred for 10 min. Then, benzyl bromide (100 ml,
0.841 mmol) was added at 0 �C, the reaction mixture was
warmed to 25 �C, and stirred for 4.5 h. After that, extra
NaH (33.7 mg, 0.841 mmol) was added, and the stirring
was continued for further 18 h. Saturated aqueous NH4Cl
(4 ml) was added and the aqueous layer was extracted with
Et2O (3�20 ml). The combined organic layers were washed
with brine, dried over anhydrous MgSO4, filtered, and con-
centrated in vacuo. The resultant residue was purified by col-
umn chromatography (silica gel, hexane/AcOEt¼15 to 5) to
give 10 (61.0 mg, 98%). 10: a colorless solid; mp 110.0–
113.0 �C; [a]D

25 �12.8 (c 0.64, CHCl3); 1H NMR
(300 MHz, C6D6), d (ppm) 7.40–7.00 (10H, m), 5.86–5.70
(2H, m), 5.32 (1H, s), 4.71 (1H, br d, J¼6.4 Hz), 4.32 (1H,
d, J¼11.7 Hz), 4.31 (1H, d, J¼12.3 Hz), 4.25 (1H, d,
J¼12.3 Hz), 4.00 (1H, d, J¼11.7 Hz), 3.57–3.46 (4H, m),
3.48 (1H, br d, J¼9.7 Hz), 3.31 (1H, dd, J¼7.5, 9.7 Hz),
3.29–3.21 (1H, m), 2.85–2.78 (1H, m), 2.51–2.44 (2H, m),
2.31–2.25 (1H, m); IR (KBr), n (cm�1) 3030, 2924, 2856,
1496, 1453, 1393, 1366, 1294, 1213, 1153, 1103, 1027,
976, 747, 697; HR-EIMS, calcd for C31H34O5 [M]+:
486.2406, found: 486.2420.

7.1.3. (2R,3S,5Z,8R,9S)-8-Benzyloxy-9-benzyloxymethyl-
2-hydroxymethyl-2,3,4,7,8,9-hexahydrooxonin-3-ol (11).
To a solution of 10 (664 mg, 1.36 mmol) in THF (15.0 ml)
was added 3 M HCl (15.0 ml) at 25 �C and the mixture
was stirred for 21 h. Then, H2O (15 ml) was added and the
aqueous layer was extracted with AcOEt (4�60 ml). The
combined organic layers were washed with saturated aque-
ous NaHCO3 and brine, dried over anhydrous MgSO4, fil-
tered, and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/
AcOEt¼5 to AcOEt) to give 11 (529 mg, 98%). 11: a color-
less oil; [a]D

25 �68.7 (c 1.04, CHCl3); 1H NMR (300 MHz,
CDCl3), d (ppm) 7.37–7.20 (10H, m), 5.87–5.73 (2H, m,
H5, 6), 4.62 (1H, d, J¼11.5 Hz), 4.52 (1H, d, J¼12.1 Hz),
4.46 (1H, d, J¼12.1 Hz), 4.28 (1H, d, J¼11.5 Hz), 3.87–
3.80 (2H, m, H3, 10), 3.68 (1H, dd, J¼5.0, 11.3 Hz, H10),
3.60–3.57 (1H, m, H1), 3.51–3.41 (4H, m, H1, 2, 8, OH),
3.25 (1H, ddd, J¼3.9, 5.0, 8.8 Hz, H9), 2.81 (1H, ddd,
J¼3.7, 9.9, 13.6 Hz, H4), 2.67–2.60 (1H, m, H7), 2.41–
2.36 (1H, m, H7), 2.15 (1H, ddd, J¼3.7, 4.8, 13.6 Hz, H4);
13C NMR (75 MHz, CDCl3), d (ppm) 137.9 (C), 137.2
(C), 128.5 (CH�2), 128.4 (CH�2), 128.1 (CH�3), 127.9
(CH), 127.8 (CH�2), 127.7 (CH), 127.2 (CH), 87.3 (CH),
84.0 (CH), 78.9 (CH), 73.3 (CH2), 72.0 (CH2), 71.2 (CH2),
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70.3 (CH), 63.9 (CH2), 32.3 (CH2), 26.9 (CH2); IR (film),
n (cm�1) 3407, 3063, 3027, 2919, 2860, 1496, 1453, 1367,
1310, 1260, 1207, 1098, 772, 698, 695; HR-EIMS, calcd
for C24H30O5 [M]+: 398.2093, found: 398.2112.

7.1.4. (2R,3S,5Z,8R,9S)-[8-Benzyloxy-9-benzyloxy-
methyl-3-(tert-butyldimethylsilyloxy)-2,3,4,7,8,9-hexa-
hydrooxonin-2-yl]methyl trifluoromethanesulfonate
(12). To a solution of 11 (11.4 mg, 28.6 mmol) in DCM
(0.70 ml) were added 2,6-lutidine (20.0 ml, 172 mmol) and
trifluoromethansulfonic anhydride (5.0 ml, 29.7 mmol) at
�78 �C and the mixture was stirred for 15 min. Then,
TBSOTf (10.0 ml, 43.5 mmol) was added and the reaction
mixture was allowed to warm to 0 �C and stirred for 1 h.
After that, H2O (1 ml) was added and the aqueous layer
was extracted with Et2O (4�5 ml). The combined organic
layers were washed with 1 M HCl, saturated aqueous
NaHCO3 and brine, dried over anhydrous MgSO4, filtered,
and concentrated in vacuo. The resultant residue was purified
by column chromatography (silica gel, hexane/AcOEt¼
30) to give 12 (17.5 mg, 95%). 12: a pale yellow oil; [a]D
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�36.5 (c 0.705, CHCl3); 1H NMR (300 MHz, C6D6),
d (ppm) 7.30–7.28 (2H, m), 7.20–7.07 (8H, m), 5.89–5.76
(2H, m), 5.43 (1H, dd, J¼1.5, 10.1 Hz), 4.54 (1H, d,
J¼12.1 Hz), 4.50 (1H, dd, J¼1.5, 10.1 Hz), 4.34 (1H, d,
J¼12.1 Hz), 4.30 (1H, d, J¼12.1 Hz), 4.09 (1H, dt, J¼3.3,
8.8 Hz), 4.00 (1H, d, J¼12.1 Hz), 3.64–3.61 (1H, m), 3.50–
3.40 (2H, m), 3.27 (1H, dt, J¼8.4, 3.1 Hz), 3.22 (1H, dt,
J¼8.8, 1.5 Hz), 2.72 (1H, ddd, J¼3.3, 10.1, 13.8 Hz), 2.56
(1H, ddd, J¼3.1, 10.1, 13.6 Hz), 2.34 (1H, dt, J¼13.6,
3.1 Hz), 2.02–1.95 (1H, m), 0.89 (9H, s), 0.03 (3H, s),
0.007 (3H, s); 13C NMR (75 MHz, C6D6), d (ppm) 138.7
(C), 138.5 (C), 128.8 (CH), 128.6 (CH�2), 128.5 (CH�2),
127.4 (CH), 86.4 (CH), 84.5 (CH), 79.0 (CH), 77.1 (CH2),
73.3 (CH2), 73.1 (CH2), 71.3 (CH2), 69.9 (CH), 32.0 (CH2),
26.9 (CH2), 25.8 (CH3�3), 17.9 (C), �4.3 (CH3), �5.3
(CH3) (The signals of seven carbons were undetected due
to overlapping with solvent signal.); IR (film), n (cm�1)
3091, 3035, 2929, 2858, 1496, 1479, 1472, 1454, 1412,
1362, 1336, 1317, 1295, 1245, 1210, 1146, 1102, 1028,
998, 937, 836, 777, 749, 698; HR-EIMS, calcd for
C27H34O7F3SiS [M�tBu]+: 587.1746, found: 587.1745.

7.1.5. (2S,3R,5Z,8S,9R)-3-Benzyloxy-2-benzyloxymethyl-
8-(tert-butyldimethylsilyloxy)-9-(but-20-ynyl)-2,3,4,7,8,9-
hexahydrooxonin (13). To a solution of liquid propyne
(excess) in THF (1.0 ml) was added BuLi (0.60 ml, 1.56 M
in hexane, 0.936 mmol) at �78 �C and the mixture was
stirred for 10 min. Then, a solution of 12 (123 mg,
0.191 mmol) in THF (2.0 ml) was added and the reaction
mixture was allowed to warm to 24 �C and stirred for 3 h.
After that, H2O (3 ml) was added and the aqueous layer
was extracted with Et2O (3�15 ml). The combined organic
layers were washed with brine, dried over anhydrous
MgSO4, filtered, and concentrated in vacuo. The resultant
residue was purified by column chromatography (silica
gel, hexane/AcOEt¼20) to give 13 (101 mg, 99%). 13: a col-
orless oil; [a]D

26�78.4 (c 1.08, CHCl3); 1H NMR (300 MHz,
CDCl3), d (ppm) 7.38–7.23 (10H, m), 5.79 (1H, dt, J¼4.5,
10.7 Hz), 5.76 (1H, dt, J¼4.5, 10.7 Hz), 4.62 (1H, d,
J¼11.6 Hz), 4.54 (2H, s), 4.33 (1H, d, J¼11.6 Hz), 4.07
(1H, dt, J¼8.6, 3.3 Hz), 3.74 (1H, dt, J¼8.6, 3.3 Hz), 3.65
(1H, dd, J¼2.4, 10.3 Hz), 3.51 (1H, dd, J¼5.0, 10.3 Hz),
3.33 (1H, ddd, J¼2.4, 5.0, 8.6 Hz), 3.19 (1H, dt, J¼8.6,
3.3 Hz), 2.83 (1H, ddd, J¼3.3, 10.7, 13.5 Hz), 2.79–2.66
(2H, m), 2.39 (1H, ddq, J¼3.3, 16.9, 2.6 Hz), 2.31 (1H,
ddd, J¼3.3, 4.5, 13.6 Hz), 2.05 (1H, ddd, J¼3.3, 4.5,
13.5 Hz), 1.79 (3H, t, J¼2.6 Hz), 0.88 (9H, s), 0.11 (3H,
s), 0.094 (3H, s); 13C NMR (75 MHz, CDCl3), d (ppm)
138.4 (C), 138.3 (C), 128.24 (CH�2), 128.19 (CH�2),
128.1 (CH), 127.8 (CH�2), 127.7 (CH�2), 127.5
(CH�2), 127.3 (CH), 85.0 (CH), 84.5 (CH), 78.9 (CH),
77.2 (C), 76.2 (C), 73.3 (CH2), 71.9 (CH), 71.8 (CH2),
71.3 (CH2), 32.1 (CH2), 26.8 (CH2), 25.7 (CH3�3), 22.3
(CH2), 17.8 (C), 3.8 (CH3), �4.5 (CH3), �5.0 (CH3); IR
(film), n (cm�1) 3064, 3026, 2956, 2926, 2855, 1471,
1453, 1360, 1309, 1258, 1196, 1099, 1064, 1027, 836,
809, 776, 735, 697; HR-EIMS, calcd for C33H46O4Si
[M]+: 534.3165, found: 534.3209.

7.1.6. (2S,3R,5Z,8S,9R,20E)-3-Benzyloxy-2-benzyloxy-
methyl-8-(tert-butyldimethylsilyloxy)-9-(30-iodo-but-20-
enyl)-2,3,4,7,8,9-hexahydrooxonin (6). To a suspension of
Cp2ZrCl2 (1.47 g, 4.93 mmol) in degassed THF (4.0 ml)
were added DIBAL (5.0 ml, 0.94 M in hexane, 4.70 mmol)
and a solution of 13 (548 mg, 1.02 mmol) in degassed
THF (5.0 ml) at 25 �C. The mixture was heated to 55 �C
and stirred for 30 min in the dark. After the mixture was
cooled to 0 �C, I2 (783 mg, 3.08 mmol) in THF (2.0 ml)
was added and the reaction mixture was stirred for 15 min.
Then, saturated aqueous Na2SO3 (5 ml) and saturated aque-
ous potassium sodium tartrate (10 ml) was added. The mix-
ture was diluted with Et2O and stirred at 25 �C for 12 h. The
layers were separated and the aqueous layer was extracted
with Et2O (3�50 ml). The combined organic layers were
washed with brine, dried over anhydrous MgSO4, filtered,
and concentrated in vacuo. The resultant residue was puri-
fied by column chromatography (silica gel, hexane/AcOEt¼
75 to 60) to give 6 (584 mg, 86%). 6: a colorless oil; [a]D
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�81.2 (c 0.46, CHCl3); 1H NMR (300 MHz, CDCl3),
d (ppm) 7.33–7.21 (10H, m), 6.30 (1H, tq, J¼6.6, 1.5 Hz),
5.81–5.70 (1H, m), 4.60 (1H, d, J¼11.4 Hz), 4.53 (1H, d,
J¼12.0 Hz), 4.43 (1H, d, J¼12.0 Hz), 4.29 (1H, d, J¼
11.4 Hz), 3.75 (1H, dt, J¼8.3, 3.4 Hz), 3.71 (1H, dt, J¼
8.6, 3.4 Hz), 3.56 (1H, dd, J¼2.6, 10.1 Hz), 3.47 (1H, dd,
J¼4.2, 10.1 Hz), 3.32 (1H, ddd, J¼2.6, 4.2, 8.6 Hz), 3.24
(1H, dt, J¼8.3, 4.2 Hz), 2.79 (1H, ddd, J¼3.4, 9.9,
13.4 Hz), 2.66 (1H, ddd, J¼3.4, 9.9, 13.6 Hz), 2.49 (1H,
dddq, J¼4.2, 6.6, 16.0, 1.7 Hz), 2.36–2.26 (5H, m), 2.05
(1H, dt, J¼13.4, 3.4 Hz), 0.88 (9H, s), 0.090 (3H, s), 0.023
(3H, s); 13C NMR (75 MHz, CDCl3), d (ppm) 138.3 (C),
138.2 (C), 137.7 (CH), 128.3 (CH�4), 128.0 (CH�3),
127.8 (CH�2), 127.55 (CH), 127.51 (CH), 127.4 (CH),
94.4 (C), 85.4 (CH), 84.0 (CH), 78.3 (CH), 73.4 (CH),
73.3 (CH2), 71.3 (CH2), 71.0 (CH2), 33.5 (CH2), 32.0
(CH2), 28.0 (CH3), 26.9 (CH2), 25.8 (CH3�3), 17.9 (C),
�4.1 (CH3), �4.9 (CH3); IR (film), n (cm�1) 3063, 3026,
1496, 1471, 1453, 1388, 1360, 1336, 1297, 1256, 1195,
1099, 1027, 939, 923, 835, 811, 775, 734, 697; HR-EIMS,
calcd for C33H47IO4Si [M]+: 662.2288, found: 662.2258.

7.1.7. (10R,30S,40R,60R,80S)-30-(tert-Butyldiphenylsilyloxy-
methyl)-60-methyl-100-phenyl-20,90,110-trioxabicyclo[6.4.0]-
dodecan-40-yl 2,2-dimethylpropanoate (15). To a solution
of 14 (48.6 mg, 87.0 mmol) in pyridine (1.0 ml) was added
pivaloyl chloride (40.0 ml, 325 mmol) at 0 �C. The reaction
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mixture was allowed to warm to 26 �C and stirred for 14 h.
Then, saturated aqueous NaHCO3 (1 ml) was added and
the aqueous layer was extracted with Et2O (4�5 ml). The
combined organic layers were washed with brine, dried
over anhydrous MgSO4, filtered, and concentrated in vacuo.
The resultant residue was purified by column chromato-
graphy (silica gel, hexane/AcOEt¼20 to 15) to give 15
(54.9 mg, w100%). 15: a colorless oil; [a]D

26 �13.3 (c
0.755, CHCl3); 1H NMR (300 MHz, C6D6), d (ppm) 7.81–
7.76 (4H, m), 7.70–7.67 (2H, m), 7.28–7.11 (9H, m), 5.37
(1H, s), 4.95 (1H, dt, J¼2.8, 9.5 Hz), 4.51 (1H, dd, J¼4.2,
10.6 Hz), 3.68–3.56 (2H, m), 3.51–3.41 (3H, m), 1.94–
1.78 (3H, m), 1.73–1.65 (1H, m), 1.55 (1H, ddd, J¼6.4,
9.5, 14.7 Hz), 1.18 (9H, s), 1.02 (9H, s), 0.91 (3H, d,
J¼7.2 Hz); 13C NMR (75 MHz, CDCl3), d (ppm) 176.9
(C), 137.9 (C), 135.6 (CH�2), 135.5 (CH�2), 133.25 (C),
133.21 (C), 129.71 (CH), 129.67 (CH), 128.9 (CH), 128.3
(CH�2), 127.7 (CH�4), 126.2 (CH�2), 100.9 (CH),
86.9 (CH), 80.7 (CH), 78.5 (CH), 72.5 (CH), 70.0 (CH2),
65.3 (CH2), 44.6 (CH2), 41.9 (CH2), 38.5 (C), 27.8 (CH),
27.0 (CH3), 26.9 (CH3�3), 26.8 (CH3�3), 19.1 (C); IR
(film), n (cm�1) 3071, 3047, 2931, 1959, 1889, 1728,
1590, 1456, 1428, 1396, 1276, 1216, 1138, 975, 912, 823,
754, 703, 615; HR-EIMS calcd for C34H41O6Si [M�tBu]+:
573.2627, found: 573.2672.

7.1.8. (20S,30R,50R,70S,80R)-20-(tert-Butyldiphenylsilyloxy-
methyl)-70-hydroxy-80-hydroxymethyl-50-methyl-oxo-
can-30-yl 2,2-dimethylpropionate (16). To a suspension
of 15 (1.95 g, 3.09 mmol), 1,2-ethanedithiol (2.60 ml,
31.0 mmol), and NaHCO3 (2.65 g, 3.15 mmol) in DCM
(30 ml) was added Zn(OTf)2 (1.13 g, 3.11 mmol) at 0 �C
and the mixture was stirred for 4 h. After that, the mixture
was warmed to 25 �C and stirred for 1 h. Saturated aqueous
NaHCO3 (30 ml) was added and the aqueous layer was
extracted with Et2O (2�150 ml) and AcOEt (150 ml). The
combined organic layers were washed with brine, dried
over anhydrous MgSO4, filtered, and concentrated in vacuo.
The resultant residue was purified by column chromato-
graphy (silica gel, hexane/AcOEt¼10 to 1) to give 16
(1.68 g, w100%). 16: a colorless oil; [a]D

26 �1.86 (c 0.850,
CHCl3); 1H NMR (300 MHz, C6D6), d (ppm) 7.80–7.76
(4H, m), 7.25–7.17 (6H, m), 4.66 (1H, dt, J¼2.8, 9.9 Hz),
4.19 (1H, ddd, J¼3.3, 9.5, 12.8 Hz), 4.02 (1H, dd, J¼2.9,
9.5 Hz), 3.94–3.83 (2H, m), 3.76 (1H, dd, J¼2.8, 10.6 Hz),
3.70 (1H, dd, J¼8.1, 10.6 Hz), 3.60 (1H, ddd, J¼3.3, 7.9,
9.0 Hz), 3.46–3.37 (1H, m), 1.85–1.76 (1H, m), 1.70 (1H,
dt, J¼14.3, 2.8 Hz), 1.62–1.55 (1H, m), 1.46 (1H, m),
1.42–1.31 (2H, m), 1.22 (9H, s), 0.93 (9H, s), 0.86 (3H, d,
J¼7.3 Hz); 13C NMR (75 MHz, CDCl3), d (ppm) 177.0
(C), 135.6 (CH�2), 135.5 (CH�2), 132.50 (C), 132.47 (C),
129.9 (CH�2), 127.8 (CH�4), 87.5 (CH), 85.9 (CH), 72.7
(CH), 72.0 (CH), 66.7 (CH2), 65.5 (CH2), 48.1 (CH2), 42.5
(CH2), 38.4 (C), 27.4 (CH), 27.3 (CH3), 26.8 (CH3�3),
26.7 (CH3�3), 19.0 (C); IR (film), n (cm�1) 3447, 3072,
2932, 2859, 1728, 1473, 1461, 1428, 1395, 1363, 1282,
1154, 1113, 1034, 823, 740, 701; HR-EIMS, calcd for
C27H37O6Si [M�tBu]+: 485.2359, found: 485.2359.

7.1.9. (20S,30R,50R,70S,80R)-70-(4-Bromobenzyloxy)-80-(4-
bromobenzyloxymethyl)-20-(tert-butyldiphenylsilyloxy-
methyl)-50-methyl-oxocan-30-yl 2,2-dimethylpropionate
(17). To a suspension of 16 (7.0 mg, 12.9 mmol) and TBAI
(8.5 mg, 23.0 mmol) in THF (0.50 ml) was added NaH
(6.2 mg, 155 mmol) at 0 �C and the mixture was stirred for
10 min. Then, to the mixture was added p-bromobenzyl bro-
mide (33.0 mg, 132 mmol) at 0 �C. The reaction mixture was
warmed to 25 �C and stirred for 16 h. Saturated aqueous
NaHCO3 (1 ml) was added and the aqueous layer was
extracted with Et2O (4�5 ml). The combined organic layers
were washed with brine, dried over anhydrous MgSO4, fil-
tered, and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/
AcOEt¼20 to 15) to give 17 (11.4 mg,w100%). 17: a color-
less oil; [a]D

25 +14.6 (c 1.08, CHCl3); 1H NMR (300 MHz,
C6D6), d (ppm) 7.87–7.76 (4H, m), 7.31–7.15 (10H, m),
6.88–6.81 (4H, m), 5.25 (1H, dt, J¼3.2, 9.4 Hz), 4.22 (1H,
d, J¼12.0 Hz), 4.20 (1H, d, J¼12.1 Hz), 4.10 (1H, d,
J¼12.1 Hz), 3.99 (1H, d, J¼12.0 Hz), 3.97–3.92 (1H, m),
3.85–3.80 (3H, m), 3.76 (1H, dd, J¼2.8, 9.7 Hz), 3.59
(1H, dd, J¼5.5, 9.7 Hz), 3.48 (1H, dt, J¼3.2, 8.4 Hz),
2.12–2.09 (1H, m), 1.96–1.84 (2H, m), 1.76 (1H, dt,
J¼14.2, 9.4 Hz), 1.59 (1H, dt, J¼8.4, 14.5 Hz), 1.18 (9H,
s), 1.07 (9H, s), 0.94 (3H, d, J¼7.2 Hz); 13C NMR
(75 MHz, CDCl3), d (ppm) 176.9 (C), 140.2 (C�2), 137.7
(CH�2), 137.5 (CH�2), 133.5 (C), 133.3 (C), 131.4
(CH�2), 131.3 (CH�2), 129.6 (CH�2), 129.4 (CH�2),
129.3 (CH�2), 127.7 (CH�2), 127.6 (CH�2), 121.4 (C),
121.3 (C), 86.0 (CH), 85.6 (CH), 78.3 (CH), 72.6 (CH2),
72.0 (CH), 71.2 (CH2), 70.7 (CH2), 65.9 (CH2), 41.9
(CH2), 41.1 (CH2), 38.5 (C), 27.7 (CH), 26.93 (CH3),
26.88 (CH3�3), 26.85 (CH3�3), 19.2 (C); IR (film),
n (cm�1) 3071, 2930, 2858, 1897, 1726, 1591, 1487, 1461,
1428, 1396, 1361, 1281, 1113, 1012, 823, 804, 739, 702;
HR-FDMS, calcd for C45H56

79Br2O6Si [M+H]+: 879.2286,
found: 879.2316.

7.1.10. (2S,3R,5S,7S,8R)-7-(4-Bromobenzyloxy)-8-(4-
bromobenzyloxymethyl)-2-(tert-butyldiphenylsilyloxy-
methyl)-5-methyloxocan-3-ol (18). To a solution of 17
(11.4 mg, 12.9 mmol) in DCM (0.60 ml) was added DIBAL
(0.14 ml, 0.95 M in hexane, 133 mmol) at �78 �C and the
mixture was stirred for 2 h. After that, MeOH (0.10 ml)
and saturated aqueous potassium sodium tartrate (1 ml)
were added. The mixture was diluted with Et2O (5 ml) and
stirred at 25 �C for 3 h. The layers were separated and the
aqueous layer was extracted with Et2O (3�5 ml). The com-
bined organic layers were washed with brine, dried over
anhydrous MgSO4, filtered, and concentrated in vacuo. The
resultant residue was purified by column chromatography
(silica gel, hexane/AcOEt¼10 to 3) to give 18 (9.0 mg,
88%). 18: a colorless oil; [a]D

26 +48.1 (c 1.26, CHCl3); 1H
NMR (300 MHz, C6D6), d (ppm) 7.81–7.74 (4H, m), 7.29–
7.16 (10H, m), 6.82 (2H, d, J¼8.3 Hz), 6.76 (2H, d,
J¼8.4 Hz), 4.18 (1H, d, J¼11.9 Hz), 4.11 (1H, dd, J¼5.2,
10.3 Hz), 4.09 (1H, d, J¼12.4 Hz), 4.02 (1H, dd, J¼5.9,
10.3 Hz), 3.99 (1H, d, J¼12.4 Hz), 3.91 (1H, d,
J¼11.9 Hz,), 3.85 (1H, dt, J¼9.0, 2.6 Hz), 3.68–3.61 (2H,
m), 3.58 (1H, dd, J¼2.6, 9.8 Hz), 3.35 (1H, dd, J¼6.4,
9.8 Hz), 3.30 (1H, dt, J¼3.3, 9.1 Hz), 2.69 (1H, d, J¼
2.6 Hz), 1.94–1.73 (4H, m), 1.54 (1H, ddd, J¼7.9, 9.1,
14.3 Hz), 1.13 (9H, s), 0.98 (3H, d, J¼7.0 Hz); 13C NMR
(75 MHz, CDCl3), d (ppm) 137.2 (C), 137.1 (C), 135.52
(CH�2), 135.46 (CH�2), 132.5 (C), 132.4 (C), 131.4
(CH�2), 131.3 (CH�2), 129.93 (CH), 129.91 (CH),
129.2 (CH�2), 129.1 (CH�2), 127.8 (CH�4), 121.4 (C),
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121.2 (C), 85.4 (CH), 85.1 (CH), 78.6 (CH), 74.8 (CH), 72.3
(CH2), 71.5 (CH2), 70.5 (CH2), 67.5 (CH2), 46.3 (CH2), 42.0
(CH2), 27.5 (CH), 27.4 (CH3), 26.7 (CH3�3), 19.0 (C); IR
(film), n (cm�1) 3481, 3071, 2928, 2858, 1591, 1487,
1471, 1428, 1391, 1361, 1113, 1070, 1012, 823, 802, 740,
701; HR-FDMS, calcd for C40H49

79Br2O5Si [M+H]+:
795.1711, found: 795.1718.

7.1.11. (2S,3R,5S,7S,8R)-[7-(4-Bromobenzyloxy)-8-(4-
bromobenzyloxymethyl)-3-(4-methoxybenzyloxy)-5-
methyloxocan-2-yl]methanol (19). To a suspension of 18
(85.4 mg, 0.107 mmol) and TBAI (17.8 mg, 0.0482 mmol)
in THF (0.70 ml) was added NaH (43.4 mg, 1.09 mmol) at
0 �C and the mixture was stirred for 10 min. Then, to the
mixture was added a solution of p-methoxybenzyl bromide
(110 mg, 0.547 mmol) in THF (0.30 ml) at 0 �C. The reac-
tion mixture was warmed to 25 �C and stirred for 21 h. Sat-
urated aqueous NaHCO3 (1 ml) was added and the aqueous
layer was extracted with Et2O (4�5 ml). The combined
organic layers were washed with saturated aqueous Na2SO3

and brine, dried over anhydrous MgSO4, filtered, and
concentrated in vacuo. The resultant residue was roughly
purified by column chromatography (silica gel, hexane/
AcOEt¼10) to give a crude product (100 mg), and it was
used in the next reaction without further purification. To a
solution of the above crude product in THF (1.0 ml) was
added TBAF (0.50 ml, 1.0 M in THF, 0.50 mmol) at 25 �C
and the mixture was stirred for 2 h. The solvent was removed
in vacuo. The resultant residue was purified by column chro-
matography (silica gel, hexane/AcOEt¼5 to 1) to give 19
(68.3 mg, 94% from 18). 19: a colorless oil; [a]D

26 +12.2
(c 1.02, CHCl3); 1H NMR (300 MHz, CDCl3), d (ppm)
7.49–7.42 (4H, m), 7.21–7.17 (4H, m), 7.05 (2H, d,
J¼8.4 Hz), 6.85 (2H, d, J¼8.6 Hz), 4.52–4.48 (4H, m),
4.27 (1H, d, J¼11.0 Hz), 4.21 (1H, d, J¼11.6 Hz), 4.09–
4.03 (1H, m), 3.95–3.88 (1H, m), 3.80 (3H, s), 3.76–3.72
(2H, m), 3.67 (1H, dt, J¼3.1, 9.0 Hz), 3.43 (1H, dd, J¼
9.0, 11.1 Hz), 3.36 (1H, t, J¼8.8 Hz), 3.22 (1H, dt, J¼3.1,
9.5 Hz), 3.14 (1H, dt, J¼3.3, 10.5 Hz), 2.03–1.98 (1H, m),
1.93–1.88 (1H, m), 1.79–1.55 (3H, m), 1.07 (3H, d,
J¼7.0 Hz); 13C NMR (75 MHz, CDCl3), d (ppm) 159.2
(C), 136.9 (C), 136.2 (C), 131.6 (CH�2), 131.5 (CH�2),
130.1 (C), 129.6 (CH�2), 129.4 (CH�2), 129.3 (CH�2),
121.9 (C), 121.6 (C), 113.8 (CH�2), 87.6 (CH), 85.3 (CH),
79.5 (CH), 78.7 (CH), 72.7 (CH2), 72.6 (CH2), 71.1 (CH2),
70.2 (CH2), 65.6 (CH2), 55.2 (CH3), 42.7 (CH2), 41.8 (CH2),
27.39 (CH), 27.38 (CH3); IR (film), n (cm�1) 3447, 3048,
2927, 1612, 1592, 1513, 1487, 1463, 1428, 1405, 1362,
1302, 1248, 1173, 1070, 1011, 804, 737, 703; HR-FDMS,
calcd for C32H38

79Br2O6 [M]+: 676.1035, found: 676.1042.

7.1.12. (2R,3S,5S,7R,8S,10E)-3-(4-Bromobenzyloxy)-
2-(4-bromobenzyloxymethyl)-7-(4-methoxybenzyloxy)-
8-(20-methoxyvinyl)-5-methyloxocane and (2R,3S,5S,
7R,8S,10Z)-3-(4-bromobenzyloxy)-2-(4-bromobenzyl-
oxymethyl)-7-(4-methoxybenzyloxy)-8-(20-methoxy-
vinyl)-5-methyloxocane (20). To a solution of 19 (295 mg,
0.435 mmol) in DCM (4.0 ml) was added DMPI (368 mg,
0.868 mmol) at 0 �C. The reaction mixture was warmed to
23 �C and stirred for 1 h. After the mixture was diluted
with Et2O (10 ml), saturated aqueous Na2SO3 (2 ml) was
added and the aqueous layer was extracted with Et2O
(2�5 ml). The combined organic layers were washed with
saturated aqueous Na2SO3 and brine, dried over anhydrous
MgSO4, filtered, and concentrated in vacuo. The resultant
crude aldehyde was used in the next reaction without puri-
fication. To a solution of Ph3P+CH2OMeCl� (748 mg,
2.18 mmol) in THF (2.0 ml) was added NHMDS (2.1 ml,
1.0 M in THF, 2.10 mmol) at 0 �C and the mixture was
stirred for 30 min at the same temperature before cooling
to �78 �C. After that, to the mixture was added a solution
of the above crude aldehyde in THF (4.0 ml) at �78 �C
and the mixture was stirred for 20 min. The reaction mixture
was warmed to 23 �C and stirred for 17 h. Then, brine (6 ml)
was added and the aqueous layer was extracted with Et2O
(3�30 ml). The combined organic layers were washed
with H2O, dried over anhydrous MgSO4, filtered, and con-
centrated in vacuo. The resultant residue was purified by col-
umn chromatography (silica gel, hexane/AcOEt¼15 to 2) to
give 20 (241 mg, 79% from 19, E/Z¼1/1 from 1H NMR). 20:
a colorless oil; 1H NMR (300 MHz, CDCl3), d (ppm) 7.44–
7.39 (4H, m), 7.26–7.16 (4H, m), 7.08 (2H, d, J¼8.1 Hz),
6.86–6.82 (2H, m), 6.54 (0.5H, d, J¼12.7 Hz), 5.98 (0.5H,
d, J¼5.5 Hz), 4.82 (0.5H, dd, J¼7.3, 12.7 Hz), 4.57–4.35
(6H, m), 4.29–4.24 (1H, m), 3.94–3.83 (1.5H, m), 3.79
(3H), 3.74–3.67 (0.5H, m), 3.64–3.41 (5H, m), 3.36–3.24
(1H, m), 1.96–1.61 (5H, m), 1.05 (1.5H, d, J¼7.2 Hz),
1.02 (1.5H, d, J¼7.2 Hz); 13C NMR (75 MHz, CDCl3),
d (ppm) 159.1 (C�0.5), 159.0 (C�0.5), 149.5 (CH�0.5),
148.2 (CH�0.5), 137.8 (C�0.5), 137.5 (C�0.5), 137.4
(C�0.5), 137.3 (C�0.5), 131.41 (CH), 131.36 (CH), 131.3
(CH), 131.2 (CH), 130.8 (C�0.5), 130.5 (C�0.5), 129.5
(CH), 129.31 (CH), 129.25 (CH�4), 121.4 (C�0.5),
121.32 (C�0.5), 121.27 (C�0.5), 121.1 (C�0.5), 113.7
(CH), 113.6 (CH), 107.4 (CH�0.5), 103.4 (CH�0.5), 84.5
(CH�0.5), 83.91 (CH�0.5), 83.86 (CH�0.5), 81.5 (CH�
0.5), 80.8 (CH�0.5), 79.0 (CH�0.5), 78.50 (CH�0.5),
78.46 (CH�0.5), 72.5 (CH2�0.5), 72.4 (CH2�0.5), 71.6
(CH2�0.5), 71.3 (CH2�0.5), 71.1 (CH2�0.5), 70.9 (CH2�
0.5), 70.6 (CH2�0.5), 70.5 (CH2�0.5), 59.7 (CH3�0.5),
55.8 (CH3�0.5), 55.27 (CH3�0.5), 55.25 (CH3�0.5), 42.1
(CH2), 41.2 (CH2), 27.9 (CH�0.5), 27.7 (CH�0.5), 27.3
(CH3�0.5), 27.2 (CH3�0.5); IR (film), n (cm�1) 2926,
2862, 1657, 1612, 1586, 1513, 1487, 1462, 1358, 1302,
1248, 1201, 1172, 1088, 1037, 1011, 803; HR-FDMS, calcd
for C34H40

79Br2O6 [M]+: 702.1192, found: 702.1213.

7.1.13. (2S,3R,5S,7S,8R)-[7-(4-Bromobenzyloxy)-8-(4-
bromobenzyloxymethyl)-3-(4-methoxybenzyloxy)-5-
methyloxocan-2-yl]ethanal (7). To a solution of 20
(21.9 mg, 31.1 mmol) in THF/H2O (10/1, v/v, 1.1 ml) was
added Hg(OAc)2 (47.3 mg, 148 mmol) at 24 �C and the mix-
ture was stirred for 1 h. Then, TBAI (172 mg, 466 mmol) was
added at 24 �C. After the mixture was stirred for 2 h, satu-
rated aqueous NH4Cl (1 ml) was added and the aqueous
layer was extracted with Et2O (3�5 ml). The combined
organic layers were washed with brine, dried over anhydrous
MgSO4, filtered, and concentrated in vacuo. The resultant
residue was purified by column chromatography (silica
gel, hexane/AcOEt¼4 to 3) to give 7 (21.3 mg, 99%). 7:
a colorless oil; [a]D

26 +12.7 (c 0.803, CHCl3); 1H NMR
(300 MHz, CDCl3), d (ppm) 9.66 (1H, t, J¼2.4 Hz), 7.46–
7.41 (4H, m), 7.24–7.14 (4H, m), 7.07 (2H, d, J¼8.3 Hz),
6.86 (2H, d, J¼8.6 Hz), 4.51 (1H, d, J¼11.6 Hz), 4.50
(1H, d, J¼10.9 Hz), 4.44 (1H, d, J¼12.3 Hz), 4.38 (1H,
d, J¼12.3 Hz), 4.27 (1H, d, J¼10.9 Hz), 4.24 (1H, d,
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J¼11.6 Hz), 4.04 (1H, ddd, J¼4.7, 7.5, 9.0 Hz), 3.80 (3H, s),
3.78–3.74 (1H, m), 3.59 (1H, dd, J¼2.4, 9.7 Hz), 3.39 (1H,
dd, J¼6.5, 9.7 Hz), 3.38–3.35 (1H, m), 3.23 (1H, dt, J¼2.7,
9.0 Hz), 2.77 (1H, ddd, J¼2.4, 4.7, 15.8 Hz), 2.54 (1H, ddd,
J¼2.4, 7.5, 15.8 Hz), 2.01–1.85 (3H, m), 1.77–1.64 (2H, m),
1.09 (3H, d, J¼7.0 Hz); 13C NMR (75 MHz, CDCl3),
d (ppm) 201.2 (CH), 159.3 (C), 137.2 (C�2), 131.44
(CH�2), 131.43 (CH�2), 129.8 (C), 129.7 (CH�2), 129.4
(CH�2), 129.2 (CH�2), 121.5 (C), 121.4 (C), 113.9
(CH�2), 84.6 (CH), 81.5 (CH), 80.8 (CH), 78.6 (CH),
72.6 (CH2), 71.8 (CH2), 70.7 (CH2), 70.6 (CH2), 55.3
(CH3), 48.8 (CH2), 41.0 (CH2), 40.1 (CH2), 28.1 (CH),
26.7 (CH3); IR (film), n (cm�1) 2923, 2863, 1723, 1612,
1513, 1486, 1456, 1374, 1301, 1248, 1173, 1070, 1011,
804; HR-FDMS, calcd for C33H38

79Br2O6 [M]+: 688.1035,
found: 688.1044.

7.1.14. (2S,3E,20R,30S,50Z,80R,90S,200S,300R,500S,700S,800R)-
5-[80-Benzyloxy-90-benzyloxymethyl-30-(tert-butyldi-
methylsilyloxy)-20,30,40,70,80,90-hexahydrooxonin-20-yl]-
1-[7 00-(4-bromobenzyloxy)-8 00-(4-bromobenzyloxy-
methyl)-300-(4-methoxybenzyloxy)-500-methyloxocan-200-
yl]-3-methylpent-3-en-2-ol (21) and (2R,3E,20R,30S,50Z,
80R,90S,200S,300R,500S,700S,800R)-5-[80-benzyloxy-90-benzyl-
oxymethyl-30-(tert-butyldimethylsilyloxy)-20,30,40,70,80,90-
hexahydrooxonin-20-yl]-1-[700-(4-bromobenzyloxy)-800-
(4-bromobenzyloxymethyl)-300-(4-methoxybenzyloxy)-
500-methyloxocan-200-yl]-3-methylpent-3-en-2-ol (22). To
a suspension of CrCl2 (420 mg, 3.42 mmol) and NiCl2
(2.2 mg, 0.0174 mmol) in degassed DMSO (1.0 ml) was
added a solution of 6 (742 mg, 1.12 mmol) and 7 (226 mg,
0.327 mmol) in degassed DMSO (5.0 ml) at 25 �C. The re-
action mixture was stirred for 25 h in the dark. Then, satu-
rated aqueous NH4Cl (6 ml) was added and the aqueous
layer was extracted with Et2O (2�30 ml) and AcOEt
(2�30 ml). The combined organic layers were washed
with brine, dried over anhydrous MgSO4, filtered, and con-
centrated in vacuo. The resultant residue was purified by col-
umn chromatography (silica gel, benzene/AcOEt¼30 to 10)
to give 21 (181 mg, 45%) and 22 (160 mg, 40%). 21: a color-
less oil; [a]D

24 �40.4 (c 0.250, CHCl3); 1H NMR (400 MHz,
CDCl3), d (ppm) 7.43–7.41 (4H, m), 7.31–7.15 (14H, m),
7.04 (2H, d, J¼8.1 Hz), 6.84 (2H, d, J¼8.6 Hz), 5.78 (1H,
dt, J¼5.1, 10.1 Hz), 5.74 (1H, dt, J¼4.9, 10.1 Hz), 5.62
(1H, t, J¼5.7 Hz), 4.60 (1H, d, J¼11.5 Hz), 4.50 (2H,
d, J¼12.9 Hz), 4.49 (1H, d, J¼10.7 Hz), 4.46 (1H, d,
J¼12.9 Hz), 4.42 (1H, d, J¼10.9 Hz), 4.39 (1H, d, J¼
12.9 Hz), 4.33 (1H, d, J¼11.7 Hz), 4.30 (1H, d, J¼
11.7 Hz), 4.20 (1H, d, J¼11.5 Hz), 4.41–4.34 (1H, m),
3.91–3.79 (4H, m), 3.77 (3H, s), 3.65–3.58 (3H, m), 3.50
(1H, dd, J¼3.3, 10.1 Hz), 3.36–3.26 (5H, m), 2.81–2.76
(1H, m), 2.71–2.65 (1H, m), 2.52–1.48 (1H, m), 2.32–2.28
(2H, m), 2.04–1.93 (3H, m), 1.89–1.71 (4H, m), 1.60 (3H,
s), 1.55–1.49 (1H, m), 1.07 (3H, d, J¼7.0 Hz), 0.87 (9H,
s), 0.06 (3H, s), �0.01 (3H); 13C NMR (75 MHz, CDCl3),
d (ppm) 159.1 (C), 138.6 (C), 138.5 (C), 138.4 (C), 137.2
(C), 136.5 (C), 131.5 (CH�2), 131.4 (CH�2), 130.3 (C),
129.8 (CH�2), 129.23 (CH�2), 129.20 (CH�2), 128.3
(CH), 128.23 (CH�2), 128.21 (CH�2), 127.8 (CH�2),
127.7 (CH�2), 127.44 (CH), 127.36 (CH), 127.2 (CH),
121.7 (C), 121.4 (C), 121.2 (CH), 113.7 (CH�2), 86.1
(CH), 83.7 (CH), 82.7 (CH), 82.5 (CH), 81.4 (CH), 78.8
(CH), 78.2 (CH), 73.4 (CH), 73.1 (CH2), 72.8 (CH), 72.6
(CH2), 72.2 (CH2), 71.3 (CH2), 71.0 (CH2), 70.6 (CH2),
70.3 (CH2), 55.2 (CH3), 39.8 (CH2), 38.9 (CH2), 38.0
(CH2), 32.0 (CH2), 30.4 (CH2), 28.4 (CH), 27.0 (CH2),
26.2 (CH3), 25.8 (CH3�3), 17.9 (C), 12.3 (CH3), �4.2
(CH3), �4.9 (CH3); IR (film), n (cm�1) 3482, 2924, 2853,
1611, 1512, 1487, 1452, 1361, 1300, 1248, 1172, 1098,
1011, 775, 697; HR-FDMS, calcd for C66H86

79Br2O10Si
[M]+: 1224.4357, found: 1224.4386. 22: a colorless oil;
[a]D

25 �29.4 (c 0.190, CHCl3); 1H NMR (400 MHz,
CDCl3), d (ppm) 7.42–7.39 (4H, m), 7.31–7.16 (14H, m),
7.05 (2H, d, J¼8.3 Hz), 6.81 (2H, d, J¼8.8 Hz), 5.78 (1H,
dt, J¼5.3, 10.6 Hz), 5.74 (1H, dt, J¼5.0, 10.6 Hz), 5.58
(1H, t, J¼6.2 Hz), 4.58 (1H, d, J¼11.5 Hz), 4.51 (1H, d,
J¼11.3 Hz), 4.48 (1H, d, J¼11.3 Hz), 4.46 (2H, d,
J¼11.5 Hz), 4.39 (1H, d, J¼11.3 Hz), 4.35 (2H, d,
J¼11.3 Hz), 4.22 (1H, d, J¼11.5 Hz), 4.23–4.21 (1H, m),
4.00–3.97 (1H, m), 3.85 (1H, t, J¼11.3 Hz), 3.83 (1H, dt,
J¼10.1, 3.9 Hz), 3.78–3.74 (2H, m), 3.75 (3H, s), 3.64
(1H, dd, J¼2.1, 9.6 Hz), 3.59 (1H, dd, J¼2.4, 10.0 Hz),
3.50–3.43 (3H, m), 3.34 (1H, dt, J¼8.4, 2.7 Hz), 3.28 (1H,
dt, J¼8.1, 3.9 Hz), 3.21–3.18 (1H, m), 2.83–2.77 (1H, m),
2.72–2.66 (1H, m), 2.48–2.45 (1H, m), 2.32–2.28 (2H,
m), 2.05–2.01 (2H, m), 1.91–1.71 (5H, m), 1.68–1.61 (1H,
m), 1.59 (3H, s), 1.06 (3H, d, J¼6.8 Hz), 0.87 (9H, s),
0.07 (3H, s), 0.01 (3H, s); 13C NMR (75 MHz, CDCl3),
d (ppm) 159.1 (C), 138.5 (C�3), 137.3 (C), 136.9 (C),
131.40 (CH�2), 131.37 (CH�2), 130.2 (C), 129.7
(CH�2), 129.3 (CH�2), 129.2 (CH�2), 128.3 (CH),
128.23 (CH�2), 128.16 (CH�2), 127.8 (CH�2), 127.7
(CH�2), 127.4 (CH), 127.3 (CH), 127.2 (CH), 121.7
(CH), 121.5 (C), 121.4 (C), 113.7 (CH�2), 86.2 (CH),
85.2 (CH), 83.5 (CH), 82.5 (CH), 81.9 (CH), 78.30 (CH),
78.25 (CH), 77.2 (CH), 73.7 (CH), 73.0 (CH2), 72.6
(CH2), 71.3 (CH2), 71.2 (CH2), 70.9 (CH2), 70.7 (CH2),
70.5 (CH2), 55.2 (CH3), 40.1 (CH2), 38.5 (CH2), 37.6
(CH2), 31.9 (CH2), 30.7 (CH2), 28.3 (CH), 27.0 (CH2),
26.0 (CH3), 25.8 (CH3�3), 17.9 (C), 12.4 (CH3), �4.2
(CH3), �4.8 (CH3); IR (film), n (cm�1) 3505, 3026, 2926,
2856, 1612, 1513, 1487, 1454, 1381, 1349, 1249, 1172,
1098, 1012, 835, 805, 776, 698; HR-FDMS, calcd for
C66H86

79Br2O10Si [M]+: 1224.4357, found: 1224.4386.

7.1.15. (1R ,1 0R ,2 0E ,2 00R ,3 00S ,5 00Z ,8 00R ,9 00S ,2 000S ,3 000R ,
5000S,7000S,8000R)-40-[800-Benzyloxy-900-benzyloxymethyl-300-
(tert-butyldimethylsilyloxy)-200,3 00,400,7 00,8 00,9 00-hexa-
hydrooxonin-200-yl]-10-[7000-(4-bromobenzyloxy)-8000-(4-
bromobenzyloxymethyl)-3000-(4-methoxybenzyloxy)-5000-
methyloxocan-2000-ylmethyl-20-methylbut-20-enyl]-1-
methoxy-1-trifluoromethyl-1-phenylacetate {(D)MTPA
ester}. To a solution of 22 (2.4 mg, 1.96 mmol) in DCM
(0.05 ml) was added triethylamine (16.0 ml, 115 mmol),
(+)MTPACl (10.0 ml, 53.4 mmol), and DMAP (3.0 mg,
24.6 mmol) at 0 �C. The reaction mixture was warmed to
25 �C and stirred for 7 h. Then, saturated aqueous NaHCO3

(0.5 ml) was added and the organic layer was extracted with
Et2O (4�3 ml). The combined organic layers were washed
with brine, dried over anhydrous MgSO4, filtered, and con-
centrated in vacuo. The resultant residue was purified by col-
umn chromatography (silica gel, benzene/AcOEt¼50 to 10)
to give (+)MTPA ester of 22 (2.1 mg, 74%). (+)MTPA ester
of 22: a colorless oil; [a]D

26�13.3 (c 0.110, CHCl3); 1H NMR
(400 MHz, CDCl3), d (ppm) 7.52–7.49 (2H, m), 7.40–7.34
(7H, m), 7.25–7.16 (14H, m), 7.03 (2H, d, J¼8.3 Hz), 6.81
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(2H, d, J¼8.8 Hz), 5.85 (1H, dd, J¼5.9, 9.8 Hz), 5.83 (1H, t,
J¼6.4 Hz), 5.75 (1H, dt, J¼5.1, 10.7 Hz), 5.70 (1H, dt,
J¼5.1, 10.7 Hz), 4.58 (1H, d, J¼11.5 Hz), 4.59 (1H,
d, J¼11.7 Hz), 4.51 (1H, d, J¼11.2 Hz), 4.49 (1H, d,
J¼12.2 Hz), 4.47 (1H, d, J¼11.7 Hz), 4.44 (1H, d,
J¼11.2 Hz), 4.37 (1H, d, J¼11.7 Hz), 4.29 (1H, d, J¼
12.2 Hz), 4.23 (1H, d, J¼11.2 Hz), 4.22 (1H, d,
J¼11.7 Hz), 4.16 (1H, d, J¼11.2 Hz), 3.79 (1H, dt, J¼8.3,
3.4 Hz), 3.75 (3H, s), 3.64 (1H, dt, J¼8.1, 3.9 Hz),
3.56–3.53 (2H, m), 3.50 (3H, s), 3.49–3.46 (1H, m), 3.46–
3.29 (4H, m), 3.25–3.23 (1H, m), 3.15 (1H, dt, J¼2.4,
8.8 Hz), 2.71–2.66 (2H, m), 2.56 (1H, ddd, J¼2.9, 10.7,
14.2 Hz), 2.29–2.17 (2H, m), 2.12 (1H, ddd, J¼2.9, 9.8,
13.7 Hz), 1.97–1.93 (1H, m), 1.87–1.75 (3H, m), 1.70–
1.57 (3H, m), 1.53 (3H, s), 1.05 (3H, d, J¼6.8 Hz), 0.84
(9H, s), 0.03 (3H, s), �0.08 (3H, s); IR (film), n (cm�1)
2925, 2854, 1743, 1612, 1513, 1487, 1453, .1299, 1250,
1169, 1100, 1070, 1012, 836; HR-FDMS, calcd for
C76H93

79Br2F3O12Si [M]+: 1440.4755, found: 1440.4736.

7.1.16. (1S,10R,20E,200R,300S,500Z,800R,900S,2000S,3000R,5000S,
7000S,8000R)-40-[800-Benzyloxy-900-benzyloxymethyl-300-(tert-
butyldimethylsilyloxy)-200,300,400,700,800,900-hexahydro-
oxonin-200-yl]-10-[7000-(4-bromobenzyloxy)-8000-(4-bromo-
benzyloxymethyl)-3000-(4-methoxybenzyloxy)-5000-methyl-
oxocan-2000-ylmethyl-20-methylbut-20-enyl]-1-methoxy-1-
trifluoromethyl-1-phenylacetate {(L)MTPA ester}. To
a solution of 22 (1.2 mg, 0.978 mmol) in DCM (0.05 ml)
was added triethylamine (16.0 ml, 115 mmol), (�)MTPACl
(10.0 ml, 52.8 mmol), and DMAP (3.0 mg, 24.6 mmol) at
0 �C. The reaction mixture was warmed to 25 �C and stirred
for 7 h. Then, saturated aqueous NaHCO3 (0.5 ml) was
added and the organic layer was extracted with Et2O
(4�3 ml). The combined organic layers were washed with
brine, dried over anhydrous MgSO4, filtered, and concen-
trated in vacuo. The resultant residue was purified by column
chromatography (silica gel, benzene/AcOEt¼50 to 10) to
give (�)MTPA ester of 22 (1.1 mg, 78%). (�)MTPA ester
of 22: a colorless oil; [a]D

26 �22.6 (c 0.055, CHCl3); 1H
NMR (400 MHz, CDCl3), d (ppm) 7.52–7.48 (2H, m),
7.41–7.33 (7H, m), 7.30–7.16 (14H, m), 7.02 (2H, d,
J¼8.3 Hz), 6.79 (2H, d, J¼8.8 Hz), 5.85 (1H, dd, J¼5.1,
10.0 Hz), 5.82 (1H, t, J¼6.4 Hz), 5.75 (1H, dt, J¼4.9,
10.7 Hz), 5.69 (1H, dt, J¼4.9, 10.7 Hz), 4.60 (1H, d, J¼
12.7 Hz), 4.52–4.46 (4H, m), 4.39–420 (4H, m), 4.15 (1H,
d, J¼11.7 Hz), 3.82–8.76 (1H, m), 3.73 (3H, s), 3.68 (1H,
dd, J¼2.0, 9.3 Hz), 3.64–3.60 (2H, m), 3.56 (1H, dd, J¼
4.4, 9.3 Hz), 3.51 (3H, s), 3.49–3.29 (6H, m), 3.27–3.23
(2H, m), 2.72–2.65 (2H, m), 2.59–2.52 (1H, m), 2.33–2.18
(3H, m), 1.96–1.87 (4H, m), 1.81–1.64 (3H, m), 1.41
(3H, s), 1.08 (3H, d, J¼6.8 Hz), 0.85 (9H, s), 0.04 (3H, s),
�0.05 (3H, s); IR (film), n (cm�1) 2918, 2849, 1744, 1612,
1487, 1462, .1250, 1168, 1100, 836; HR-FDMS, calcd for
C76H93

79Br2F3O12Si [M]+: 1440.4755, found: 1440.4752.

7.1.17. (3E,20R,30S,50Z,80R,90S,200S,300R,500S,700S,800R)-5-
[8 0-Benzyloxy-9 0-benzyloxymethyl-3 0-(tert-butyldi-
methylsilyloxy)-20,30,40,70,80,90-hexahydrooxonin-20-yl]-
1-[7 00-(4-bromobenzyloxy)-8 00-(4-bromobenzyloxy-
methyl)-300-(4-methoxybenzyloxy)-500-methyloxocan-200-
yl]-3-methylpent-3-en-2-one (23). To a solution of 22
(7.0 mg, 5.70 mmol) in DCM (0.50 ml) were added NaHCO3

(11.1 mg, 132 mmol) and DMPI (9.0 mg, 21.2 mmol) at 0 �C.
The reaction mixture was warmed to 25 �C and stirred for
2.5 h. After the mixture was diluted with Et2O (5 ml), satu-
rated aqueous Na2SO3 (1 ml) was added and the aqueous
layer was extracted with Et2O (2�3 ml). The combined or-
ganic layers were washed with saturated aqueous Na2SO3

and brine, dried over anhydrous MgSO4, filtered, and con-
centrated in vacuo. The resultant residue was purified by
column chromatography (silica gel, benzene/AcOEt¼20)
to give 23 (7.0 mg, w100%). 23: a colorless oil; [a]D
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�31.4 (c 0.195, CHCl3); 1H NMR (300 MHz, CDCl3),
d (ppm) 7.42–7.16 (16H, m), 7.10–7.03 (4H, m), 6.85–
6.79 (3H, m), 5.83 (2H, m), 4.60 (1H, d, J¼11.4 Hz), 4.50
(1H, d, J¼11.0 Hz), 4.47 (1H, d, J¼11.9 Hz), 4.43 (2H, d,
J¼12.5 Hz), 4.34–4.24 (5H, m), 4.17 (1H, dt, J¼2.9,
8.5 Hz), 3.83–3.77 (2H, m), 3.75 (3H, s), 3.64 (1H, dt,
J¼8.2, 3.4 Hz), 3.56 (1H, dd, J¼3.8, 10.2 Hz), 3.52–3.40
(3H, m), 3.39–3.34 (2H, m), 3.29 (1H, dt, J¼2.6, 8.5 Hz),
3.10 (1H, dd, J¼2.9, 16.3 Hz), 2.86 (1H, dd, J¼8.5,
16.3 Hz), 2.83–2.76 (1H, m), 2.74–2.69 (1H, m), 2.67–
2.61 (1H, m), 2.50 (1H, ddd, J¼2.8, 7.8, 17.1 Hz), 2.32
(1H, dt, J¼13.8, 3.4 Hz), 2.05 (1H, dt, J¼13.2, 3.4 Hz),
1.96–1.86 (3H, m), 1.78–1.72 (2H, m), 1.69 (3H, s), 1.06
(3H, d, J¼6.8 Hz), 0.86 (9H, s), 0.054 (3H, s), �0.055
(3H, s); 13C NMR (75 MHz, CDCl3), d (ppm) 199.7 (C),
159.1 (C), 139.4 (CH), 138.6 (C), 138.3 (C), 138.1 (C),
137.58 (C), 137.56 (C), 131.3 (CH�4), 131.2 (CH�2),
130.4 (C), 129.3 (CH�2), 129.2 (CH�2), 129.1 (CH�2),
128.28 (CH�2), 128.26 (CH�2), 127.9 (CH�2), 127.7
(CH�2), 127.55 (CH), 127.53 (CH), 127.50 (CH), 121.18
(C), 121.15 (C), 113.7 (CH�2), 85.2 (CH), 84.20 (CH),
84.15 (CH), 82.0 (CH), 80.8 (CH), 78.5 (CH), 78.1 (CH),
73.3 (CH), 73.1 (CH2), 72.4 (CH2), 71.7 (CH2), 71.3
(CH2), 70.8 (CH2), 70.5 (CH2), 70.4 (CH2), 55.2 (CH3),
42.6 (CH2), 40.9 (CH2), 40.4 (CH2), 32.1 (CH2), 31.8
(CH2), 28.0 (CH), 26.9 (CH2), 26.8 (CH3), 25.7 (CH3�3),
17.9 (C), 11.9 (CH3), �4.1 (CH3), �4.9 (CH3); IR (film),
n (cm�1) 3026, 2925, 2856, 1665, 1612, 1513, 1487, 1462,
1453, 1361, 1301, 1249, 1207, 1172, 1099, 1012, 836,
805, 776, 698; HR-FDMS, calcd for C66H84

79Br2O10Si
[M]+: 1222.4200, found: 1222.4165.

7.1.18. Reduction of 23. To a solution of 23 (2.8 mg,
2.29 mmol) in THF (0.80 ml) was added L-Selectride�

(0.10 ml, 1.0 M in THF, 0.10 mmol) at�78 �C and the reac-
tion mixture was stirred for 2 h. After that, 5 M NaOH (1 ml)
and 30% aqueous H2O2 (1 ml) were added. The mixture was
diluted with Et2O (5 ml) and stirred at 25 �C for 15 h. Then,
saturated aqueous Na2S2O3 (0.5 ml) was added at 0 �C
and the mixture was stirred for 30 min. The layers were
separated and the aqueous layer was extracted with Et2O
(2�5 ml) and AcOEt (2�5 ml). The combined organic
layers were washed with brine, dried over anhydrous MgSO4,
filtered, and concentrated in vacuo. The resultant residue
was purified by column chromatography (silica gel, benz-
ene/AcOEt¼40 to 10) to give a mixture of 21 and 22
(2.8 mg,w100%, 21:22�13:1 from 1H NMR).

7.1.19. (2S ,3S ,4S ,2 0R ,3 0S ,5 0Z ,8 0R ,9 0S ,2 00S ,3 00R ,5 00S ,
700S,800R)-5-[80-Benzyloxy-90-benzyloxymethyl-30-(tert-
butyldimethysilyloxy)-20,30,40,70,80,90-hexahydrooxonin-
20-yl]-1-[700-(4-bromobenzyloxy)-800-(4-bromobenzyloxy-
methyl)-300-(4-methoxybenzyloxy)-500-methyloxocan-200-
yl]-3-methyl-3,4-epoxypentan-2-ol (24). To a solution of
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21 (287 mg, 0.234 mmol) in toluene (2.0 ml) were added
VO(acac)2 (5.6 mg, 0.0211 mmol) and TBHP (0.10 ml,
7.2 M in toluene, 0.720 mmol) at 0 �C. The reaction mixture
was stirred for 2.5 h at the same temperature. Then, to the re-
action mixture was added dimethylsulfide (0.1 ml) and the
mixture was stirred for 0.5 h at 24 �C. After the mixture
was diluted with Et2O (10 ml), saturated aqueous NaHCO3

(2 ml) was added and the aqueous layer was extracted with
Et2O (2�10 ml). The combined organic layers were washed
with saturated aqueous Na2SO3 and brine, dried over anhy-
drous MgSO4, filtered, and concentrated in vacuo. The resul-
tant residue was purified by column chromatography (silica
gel, hexane/AcOEt¼5 to 3) to give 24 (263 mg, 91%). 24:
a colorless oil; [a]D

23 �72.6 (c 0.370, CHCl3); 1H NMR
(400 MHz, CDCl3), d (ppm) 7.42–7.40 (4H, m), 7.32–7.21
(12H, m), 7.14 (2H, d, J¼8.3 Hz), 7.04 (2H, d, J¼8.3 Hz),
6.82 (2H, d, J¼8.8 Hz), 5.80 (1H, dt, J¼4.9, 10.7 Hz),
5.76 (1H, dt, J¼5.1, 10.7 Hz), 4.61 (1H, d, J¼11.5 Hz),
4.49 (1H, d, J¼11.6 Hz), 4.48–4.30 (6H, m), 4.29 (1H, d,
J¼11.5 Hz), 4.21 (1H, d, J¼11.6 Hz), 4.11–4.08 (1H, m),
3.86–3.81 (2H, m), 3.75 (3H, s), 3.66–3.63 (2H, m), 3.59–
3.55 (2H, m), 3.45 (1H, dd, J¼4.8, 10.1 Hz), 3.41–3.33
(5H, m), 3.29–3.24 (2H, m), 2.83 (1H, ddd, J¼2.8, 10.7,
13.2 Hz), 2.83 (1H, ddd, J¼3.2, 10.7, 13.7 Hz), 2.34–2.24
(2H, m), 2.07–2.02 (1H, m), 1.93–1.57 (8H, m), 1.17 (3H,
s), 1.06 (3H, d, J¼6.8 Hz), 0.87 (9H, s), 0.12 (3H, s),
0.079 (3H, s); 13C NMR (75 MHz, CDCl3), d (ppm) 159.0
(C), 138.4 (C), 138.2 (C), 137.3 (C), 136.6 (C), 131.4
(CH�2), 131.3 (CH�2), 130.4 (C), 129.6 (CH�2), 129.3
(CH�2), 129.2 (CH�2), 128.3 (CH), 128.22 (CH�2),
128.19 (CH�2), 127.9 (CH�2), 127.7 (CH�2), 127.5
(CH), 127.4 (CH), 127.1 (CH), 121.6 (C), 121.3 (C), 113.6
(CH�2), 85.1 (CH), 84.0 (CH), 82.9 (CH), 82.1 (CH),
81.3 (CH), 78.6 (CH), 78.5 (CH), 73.3 (CH), 73.0 (CH2),
72.5 (CH2), 71.7 (CH2), 71.6 (CH2), 71.2 (CH2), 70.8
(CH), 70.6 (CH2), 70.3 (CH2), 60.7 (C), 58.3 (CH), 55.1
(CH3), 39.8 (CH2), 39.0 (CH2), 35.9 (CH2), 32.1 (CH2),
30.7 (CH2), 28.3 (CH), 26.9 (CH2), 26.3 (CH3), 25.8
(CH3�3), 17.9 (C), 12.9 (CH3), �4.4 (CH3), �4.5 (CH3);
IR (film), n (cm�1) 3490, 3028, 2931, 2858, 1612, 1514,
1488, 1454, 1360, 1302, 1251, 1211, 1173, 1011, 939,
836, 777, 698; HR-FDMS, calcd for C66H86

79Br2O11Si
[M]+: 1240.4306, found: 1243.4263.

7.1.20. (2S ,3R ,5Z ,8S ,9R ,2 0S ,3 0S ,4 0S ,2 00S ,3 00R ,5 00S ,
700S,800R)-3-Benzyloxy-2-benzyloxymethyl-9-{50-[700-(4-
bromobenzyloxy)-800-(4-bromobenzyloxymethyl)-300-(4-
methoxybenzyloxy)-500-methyloxocan-200-yl]-30-methyl-
40-triethylsilyloxy-20,30-epoxypentyl}-8-(tert-butyldi-
methylsilyloxy)-2,3,4,7,8,9-hexahydrooxonin (25). To a
solution of 24 (4.5 mg, 3.62 mmol) in DCM (0.50 ml) were
added 2,6-lutidine (13.0 ml, 112 mmol) and TESOTf
(12.0 ml, 53.1 mmol) at 0 �C. The reaction mixture was
warmed to 25 �C and stirred for 10 min. Then, saturated
aqueous NaHCO3 (0.5 ml) was added and the aqueous layer
was extracted with Et2O (4�3 ml). The combined organic
layers were washed with brine, dried over anhydrous
MgSO4, filtered, and concentrated in vacuo. The resultant
residue was purified by column chromatography (silica
gel, hexane/AcOEt¼15 to 10) to give 25 (4.9 mg,w100%).
25: a colorless oil; [a]D

23 �102.3 (c 1.07, CHCl3); 1H NMR
(300 MHz, CDCl3), d (ppm) 7.43–7.37 (4H, m), 7.31–7.15
(14H, m), 7.05 (2H, d, J¼8.4 Hz), 6.82 (2H, d, J¼8.8 Hz),
5.79 (1H, dt, J¼4.9, 10.3 Hz), 5.72 (1H, dt, J¼4.9,
10.3 Hz), 4.58 (1H, d, J¼11.5 Hz), 4.53–4.34 (6H, m),
4.33 (1H, d, J¼11.0 Hz), 4.25 (1H, d, J¼11.5 Hz), 4.24
(1H, d, J¼11.7 Hz), 4.12 (1H, dt, J¼8.4, 3.2 Hz), 3.87–
3.82 (2H, m), 3.76 (3H, s), 3.66 (1H, dd, J¼2.1, 9.3 Hz),
3.60–3.41 (7H, m), 3.38–3.33 (1H, m), 3.25 (1H, dt,
J¼2.9, 6.8 Hz), 3.11 (1H, dd, J¼1.1, 9.1 Hz), 2.75 (1H,
ddd, J¼3.2, 10.3, 13.2 Hz), 2.63 (1H, ddd, J¼3.0, 10.3,
13.6 Hz), 2.35–2.24 (2H, m), 2.05–1.98 (2H, m), 1.89–
1.60 (6H, m), 1.52 (1H, ddd, J¼2.4, 9.1, 14.8 Hz), 1.31
(3H, s), 1.06 (3H, d, J¼6.8 Hz), 0.93 (9H, t, J¼7.9 Hz),
0.87 (9H, s), 0.58 (6H, q, J¼7.9 Hz), 0.11 (3H, s), 0.058
(3H, s); 13C NMR (75 MHz, CDCl3), d (ppm) 158.9 (C),
138.4 (C), 138.3 (C), 137.7 (C), 137.6 (C), 131.35
(CH�2), 131.29 (CH�2), 130.9 (C), 129.4 (CH�2), 129.1
(CH�2), 128.8 (CH�2), 128.3 (CH), 128.23 (CH�2),
128.19 (CH�2), 127.6 (CH�4), 127.43 (CH), 127.37
(CH), 127.0 (CH), 121.3 (C), 121.2 (C), 113.6 (CH�2),
85.4 (CH), 84.2 (CH), 82.6 (CH), 82.3 (CH), 80.7 (CH),
78.6 (CH), 78.4 (CH), 73.4 (CH), 73.1 (CH), 72.7 (CH2),
72.6 (CH2), 72.4 (CH2), 71.4 (CH2), 71.2 (CH2), 70.23
(CH2), 70.15 (CH2), 60.7 (C), 58.2 (CH), 55.2 (CH3), 39.6
(CH2), 38.7 (CH2), 38.3 (CH2), 32.1 (CH2), 30.7 (CH2),
28.3 (CH), 26.8 (CH2), 26.2 (CH3), 25.9 (CH3�3), 17.9
(C), 13.0 (CH3), 7.1 (CH3�3), 5.4 (CH2�3), �4.4 (CH3),
�4.5 (CH3); IR (film), n (cm�1) 3063, 2957, 1612, 1586,
1513, 1487, 1454, 1360, 1301, 1249, 1172, 1108, 938,
836, 745, 697; HR-FDMS, calcd for C72H100

79 Br2O11Si2
[M]+: 1354.5171, found: 1354.5188.

7.1.21. (2S,3R,5S,7S,8R,20S,30S,40S,200R,300S,500Z,800R,
900S)-2-{50-[800-Benzyloxy-900-benzyloxymethyl-300-(tert-
butyldimethylsilyloxy)-200,300,400,700,800,900-hexahydrooxo-
nin-200-yl]-30-methyl-20-triethylsilyloxy-30,40-epoxypen-
tyl}-8-(4-bromobenzyloxy)-9-(4-bromobenzyloxy-
methyl)-5-methyloxocan-3-ol (5). To a solution of 25
(267 mg, 0.197 mmol) in DCM–pH 7 buffer (10:1, v/v,
2.0 ml) was added DDQ (50.0 mg, 0.220 mmol) at 0 �C and
the mixture was stirred for 50 min. Then, to the mixture
was added DDQ (20.8 mg, 0.0916 mmol) at 0 �C and the
stirring was continued for further 15 min. Saturated aqueous
NaHCO3 (2 ml) was added and the aqueous layer was
extracted with Et2O (4�10 ml). The combined organic layers
were washed with brine, dried over anhydrous MgSO4, fil-
tered, and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/
AcOEt¼10 to 4) to give 5 (236 mg, 97%). 5: a colorless
oil; [a]D

24 �22.3 (c 0.615, CHCl3); 1H NMR (300 MHz,
CD3COCD3), d (ppm) 7.53–7.45 (4H, m), 7.35–7.22 (14H,
m), 5.76 (1H, dt, J¼4.5, 10.7 Hz), 5.72 (1H, dt, J¼4.5,
10.7 Hz), 4.66 (1H, d, J¼11.9 Hz), 4.61 (1H, d, J¼
11.9 Hz), 4.59–4.47 (4H, m), 4.36 (2H, d, J¼11.9 Hz), 4.19
(1H, dt, J¼8.2, 3.3 Hz), 3.94 (1H, dd, J¼2.2, 9.5 Hz), 3.79
(1H, ddd, J¼2.2, 5.9, 8.3 Hz), 3.73 (1H, dt, J¼2.2, 8.7 Hz),
3.70–3.62 (3H, m), 3.57–3.48 (3H, m), 3.46–3.34 (4H, m),
3.22 (1H, dd, J¼1.1, 9.4 Hz), 2.73 (1H, ddd, J¼3.3, 10.7,
13.3 Hz), 2.60 (1H, ddd, J¼3.1, 10.7, 13.3 Hz), 2.48 (1H,
ddd, J¼1.1, 5.0, 14.7 Hz), 2.33 (1H, dt, J¼13.3, 4.5 Hz),
2.07–1.71 (5H, m), 1.64 (1H, ddd, J¼2.2, 8.7, 13.9 Hz),
1.50 (1H, ddd, J¼2.2, 8.7, 14.7 Hz), 1.13 (3H, s), 1.03 (3H,
d, J¼7.0 Hz), 0.96 (9H, t, J¼7.9 Hz), 0.89 (9H, s), 0.66
(6H, q, J¼7.9 Hz), 0.16 (3H, s), 0.12 (3H, s); 13C NMR
(75 MHz, CDCl3), d (ppm) 138.31 (C), 138.25 (C), 137.32
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(C), 137.29 (C), 131.4 (CH�4), 129.4 (CH�2), 129.2 (CH),
128.2 (CH�4), 128.1 (CH), 127.6 (CH�4), 127.44 (CH),
127.41 (CH), 127.1 (CH), 121.37 (C), 121.35 (C), 85.2
(CH), 85.1 (CH), 84.9 (CH), 84.2 (CH), 78.9 (CH), 78.7
(CH), 75.2 (CH), 74.1 (CH), 73.1 (CH), 72.8 (CH2), 72.6
(CH2), 72.4 (CH2), 72.0 (CH2), 71.1 (CH2), 70.4 (CH2), 60.9
(C), 59.5 (CH), 47.3 (CH2), 41.2 (CH2), 41.1 (CH2), 32.1
(CH2), 30.5 (CH2), 28.0 (CH), 27.2 (CH3), 26.7 (CH2), 25.8
(CH3�3), 17.9 (C), 11.9 (CH3), 6.9 (CH3�3), 5.0 (CH2�3),
�4.3 (CH3), �4.5 (CH3); IR (film), n (cm�1) 3447, 3063,
3026, 2927, 1593, 1487, 1453, 1360, 1311, 1250, 1210,
1095, 1012, 938, 836, 776, 744, 697; HR-FDMS, calcd for
C64H92

79Br2O10Si2 [M]+: 1234.4596, found: 1234.4553.

7.1.22. (1S,2 0R,3 0S,5 0Z,8 0R,9 0S,1 00S,3 00R,4 00S,6 00S,8 00R,
1000R,1100S)-2-[80-Benzyloxy-90-benzyloxymethyl-30-(tert-
butyldimethylsilyloxy)-20,30,40,70,80,90-hexahydrooxonin-
20-yl]-1-{400-(4-bromobenzyloxy)-300-(4-bromobenzyloxy-
methyl)-600,1000-dimethyl-1100-triethylsilyloxy-200,900-dioxa-
bicyclo[6.4.0]dodecan-1000-yl}ethanol (26). To a solution
of 5 (233 mg, 0.188 mmol) in DCM (3.0 ml) was added
CSA (4.3 mg, 0.0185 mmol) at 0 �C and the mixture was
stirred for 25 min. Then, Et3N (0.1 ml) was added at 0 �C
and the mixture was warmed to 25 �C and stirred for
30 min. The solvent was removed in vacuo. The resultant
residue was purified by column chromatography (silica
gel, hexane/AcOEt¼7 to 2) to give 26 (186 mg, 80%). 26:
a colorless oil; [a]D

23 +12.2 (c 0.495, CHCl3); 1H NMR
(300 MHz, CD3COCD3), d (ppm) 7.52–7.47 (4H, m),
7.37–7.23 (14H, m), 5.70–5.64 (2H, m), 4.65 (1H, d,
J¼11.4 Hz), 4.63 (1H, d, J¼12.1 Hz), 4.53–4.49 (3H, m),
4.61 (1H, d, J¼11.4 Hz), 4.38 (1H, d, J¼11.4 Hz), 4.34
(1H, d, J¼11.7 Hz), 4.11–4.07 (1H, m), 4.04–4.01 (1H,
m), 3.92 (1H, t, J¼2.9 Hz), 3.86–3.81 (1H, m), 3.78–3.74
(2H, m), 3.70–3.67 (1H, m), 3.64–3.52 (4H, m), 3.44–3.35
(3H, m), 3.28 (1H, d, J¼4.0 Hz), 2.84–2.63 (2H, m), 2.35
(1H, dt, J¼12.8, 4.4 Hz), 2.11–2.09 (2H, m), 1.93–1.78
(5H, m), 1.69–1.67 (2H, m), 1.59–1.49 (1H, m), 1.09 (3H,
s), 1.03 (3H, d, J¼7.0 Hz), 0.93 (9H, t, J¼8.1 Hz), 0.89
(9H, s), 0.60 (6H, q, J¼8.1 Hz), 0.11 (3H, s), 0.10 (3H, s);
13C NMR (75 MHz, CDCl3), d (ppm) 138.5 (C), 138.3
(C), 137.5 (C), 137.3 (C), 131.4 (CH�2), 131.3 (CH�2),
129.31 (CH�2), 129.30 (CH�2), 129.0 (CH), 128.2
(CH�4), 127.6 (CH�4), 127.4 (CH), 127.3 (CH), 126.2
(CH), 121.4 (C), 121.3 (C), 85.4 (CH), 84.5 (CH), 80.9
(CH), 79.1 (CH), 78.6 (CH), 77.6 (C), 77.1 (CH),
76.6 (CH), 73.4 (CH), 73.1 (CH2), 72.5 (CH2), 71.7 (CH2),
71.6 (CH), 71.2 (CH2), 70.5 (CH2), 70.1 (CH), 69.4 (CH2),
45.4 (CH2), 40.2 (CH2), 36.1 (CH2), 34.6 (CH2), 29.2
(CH2), 28.3 (CH), 26.8 (CH3), 26.3 (CH2), 25.9 (CH3�3),
18.0 (C), 14.3 (CH3), 7.0 (CH3�3), 5.0 (CH2�3), �4.6
(CH3), �4.7 (CH3); IR (film), n (cm�1) 3502, 3030, 2926,
1594, 1488, 1456, 1362, 1256, 1206, 1099, 1012, 885,
836, 775, 735, 697; HR-FDMS, calcd for C64H92

79Br2O10Si2
[M]+: 1234.4596, found: 1234.4587.

7.1.23. (1S,20R,30S,50Z,80R,90S,100S,300R,400S,600S,800R,1000R,
1100S)-2-[80-Benzyloxy-90-benzyloxymethyl-30-(tert-butyl-
dimethylsilyloxy)-20,30,40,70,80,90-hexahydrooxonin-20-
yl]-1-{400-(4-bromobenzyloxy)-300-(4-bromobenzyloxy-
methyl)-600,1000-dimethyl-1100-triethylsilyloxy-200,900-dioxa-
bicyclo[6.4.0]dodecan-1000-yl}ethyl trifluoroacetate (29).
To a solution of 26 (10.8 mg, 8.23 mmol) in pyridine
(0.60 ml) was added trifluoroacetic anhydride (20.0 ml,
144 mmol) at 0 �C and the mixture was stirred for 1 h.
Then, H2O (1 ml) was added and the aqueous layer was
extracted with Et2O (4�5 ml). The combined organic layers
were washed with 1 M HCl, saturated aqueous NaHCO3 and
brine, dried over anhydrous MgSO4, filtered, and concen-
trated in vacuo. The resultant residue was purified by column
chromatography (silica gel, benzene/AcOEt¼100 to 40) to
give 29 (11.0 mg, w100%). 29: a colorless oil; [a]D

25 �2.10
(c 0.660, CHCl3); 1H NMR (400 MHz, CDCl3/C6D6¼1:1),
d (ppm) 7.35–7.31 (6H, m), 7.26–7.11 (8H, m), 7.03 (2H,
d, J¼8.1 Hz), 6.90 (2H, d, J¼8.1 Hz), 5.84–5.76 (2H, m),
5.67 (1H, t, J¼6.1 Hz), 4.63 (1H, d, J¼12.4 Hz), 4.56 (1H,
d, J¼12.4 Hz), 4.47 (1H, d, J¼11.6 Hz), 4.32 (1H, d,
J¼12.6 Hz), 4.31 (1H, d, J¼11.5 Hz), 4.29 (1H, d, J¼
12.6 Hz), 4.20 (1H, d, J¼11.6 Hz), 3.99 (1H, d, J¼
11.5 Hz), 3.93 (1H, q, J¼6.1 Hz), 3.88 (1H, dd, J¼1.7,
10.0 Hz), 3.85–3.83 (1H, m), 3.80–3.70 (4H, m), 3.56 (1H,
dd, J¼2.0, 9.5 Hz), 3.54–3.48 (2H, m), 3.45 (1H, dt,
J¼2.6, 9.9 Hz), 3.34 (1H, dd, J¼6.6, 9.5 Hz), 3.24 (1H, dt,
J¼2.1, 9.4 Hz), 2.84–2.79 (1H, m), 2.74–2.69 (1H, m),
2.33 (1H, dt, J¼14.9, 6.1 Hz), 2.29–2.24 (1H, m), 2.18
(1H, dt, J¼13.7, 4.1 Hz), 2.09 (1H, dt, J¼13.7, 4.5 Hz),
1.86–1.78 (5H, m), 1.64–1.50 (2H, m), 1.16 (3H, s), 0.99
(3H, d, J¼7.1 Hz), 0.93 (9H, t, J¼7.9 Hz), 0.92 (9H, s),
0.59 (6H, q, J¼7.9 Hz), 0.084 (3H, s), 0.080 (3H, s); IR
(film), n (cm�1) 3032, 2927, 1792, 1593, 1487, 1456,
1374, 1336, 1217, 1164, 1098, 1012, 960, 836, 775, 735,
697; HR-FDMS, calcd for C66H91

79Br2F3O11Si2 [M]+:
1330.4419, found: 1330.4448.

7.1.24. (1S,3R,4S,6S,8R,10S,11S,10S,200R,300S,500Z,800R,
900S)-10-{20-[800-Benzyloxy-900-benzyloxymethyl-300-(tert-
butyldimethylsilyloxy)-200,300,400,700,800,900-hexahydrooxo-
nin-200-yl]-10-hydroxyethyl}-4-(4-bromobenzyloxy)-3-(4-
bromobenzyloxymethyl)-6,10-dimethyl-2,9-dioxabi-
cyclo[6.4.0]dodecan-11-yl trifluoroacetate (30). To a solu-
tion of 29 (11.0 mg, 8.23 mmol) in THF–H2O (4:1, v/v,
0.75 ml) was added TFA (15.0 ml) at 22 �C and the mixture
was stirred for 2 d. Then, the solvent was removed in vacuo.
The resultant residue was purified by column chromato-
graphy (silica gel, hexane/AcOEt¼30 to 7) to give 30 and re-
covery of 29. For this recovered starting material, the above
procedure was repeated twice to give 30 (6.3 mg, 63%, after
three cycles). 30: a colorless oil; [a]D

19 +31.3 (c 0.265,
CHCl3); 1H NMR (400 MHz, C6D6), d (ppm) 7.37–7.28
(6H, m), 7.20–7.05 (8H, m), 6.92 (2H, d, J¼8.3 Hz), 6.82
(2H, d, J¼8.3 Hz), 5.87 (1H, dt, J¼6.1, 10.1 Hz), 5.80
(1H, dt, J¼6.1, 10.1 Hz), 4.52 (1H, d, J¼11.5 Hz), 4.33
(2H, d, J¼11.7 Hz), 4.24 (1H, d, J¼11.5 Hz), 4.20–4.16
(2H, m), 4.13 (1H, d, J¼12.2 Hz), 4.07 (1H, d, J¼
11.7 Hz), 3.98–3.91 (2H, m), 3.86 (1H, d, J¼12.2 Hz),
3.82–3.80 (1H, m), 3.75 (1H, dd, J¼1.8, 10.1 Hz), 3.70–
3.66 (1H, m), 3.65 (1H, dd, J¼3.3, 10.1 Hz), 3.61–3.47
(4H, m), 3.32 (1H, dd, J¼7.1, 9.8 Hz), 3.26 (1H, dt,
J¼2.9, 8.5 Hz), 2.78–2.69 (2H, m), 2.44 (1H, ddd, J¼3.0,
4.6, 14.9 Hz), 2.54–2.16 (2H, m), 2.09–2.06 (1H, m),
1.93–1.74 (5H, m), 1.64 (1H, dt, J¼14.1, 9.8 Hz), 1.55–
1.47 (1H, m), 1.04 (3H, s), 1.03 (3H, d, J¼6.6 Hz), 0.96
(9H, s), 0.036 (3H, s), 0.032 (3H, s); IR (film), n (cm�1)
3476, 3027, 2931, 1784, 1593, 1488, 1454, 1387, 1167,
1098, 939, 879, 837, 754, 698; HR-FDMS, calcd for
C60H77

79Br2F3O11Si [M]+: 1216.3554, found: 1216.3586.



7424 A. Takizawa et al. / Tetrahedron 62 (2006) 7408–7435
7.1.25. (1S,3R,4S,6S,8R,10R,11S,10S,200R,300S,500Z,800R,
900S)-10-{20-[800-Benzyloxy-900-benzyloxymethyl-300-(tert-
butyldimethylsilyloxy)-200,300,400,700,800,900-hexahydrooxo-
nin-200-yl]-10-hydroxyethyl}-4-(4-bromobenzyloxy)-3-(4-
bromobenzyloxymethyl)-6,10-dimethyl-2,9-dioxabi-
cyclo[6.4.0]dodecan-11-ol (31). To a solution of 26 (60.2 mg,
48.7 mmol) in MeOH–DCM (4:1, v/v, 1.0 ml) was added
PPTS (11.3 mg, 45.0 mmol) at 24 �C and the mixture was
stirred for 50 min. Then, saturated aqueous NaHCO3 (1 ml)
was added and the aqueous layer was extracted with Et2O
(4�5 ml) and AcOEt (5 ml). The combined organic layers
were washed with brine, dried over anhydrous MgSO4, fil-
tered, and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/
AcOEt¼7 to 3) to give 31 (54.7 mg,w100%). 31: a colorless
oil; [a]D

19 +14.5 (c 0.545, CHCl3); 1H NMR (400 MHz, C6D6),
d (ppm) 7.33–7.26 (5H, m), 7.20–7.05 (9H, m), 7.00 (2H, d,
J¼8.1 Hz), 6.84 (2H, d, J¼8.3 Hz), 5.96 (1H, dt, J¼6.0,
10.5 Hz), 5.87 (1H, dt, J¼5.6, 10.5 Hz), 4.40 (1H, d, J¼
11.8 Hz), 4.35 (1H, d, J¼11.8 Hz), 4.24 (1H, d, J¼12.7 Hz),
4.21–4.13 (5H, m), 4.12 (1H, d, J¼11.8 Hz), 3.97–3.88 (3H,
m), 3.87–3.82 (2H, m), 3.69 (1H, dt, J¼9.0, 3.3 Hz), 3.67–
3.65 (1H, m), 3.63–3.56 (3H, m), 3.54 (1H, dd, J¼2.3,
10.0 Hz), 3.43 (1H, dd, J¼6.6, 10.0 Hz), 3.34 (1H, dt,
J¼2.7, 8.5 Hz), 3.26–3.20 (1H, m), 2.87–2.75 (2H, m), 2.47
(1H, dt, J¼13.4, 3.9 Hz), 2.27 (1H, ddd, J¼3.3, 5.6,
13.8 Hz), 2.19 (1H, dt, J¼13.2, 6.0 Hz), 2.07–2.03 (1H, m),
2.00–1.79 (5H, m), 1.60 (1H, ddd, J¼6.1, 8.5, 14.6 Hz),
1.09 (3H, s), 1.05 (3H, d, J¼7.1 Hz), 0.99 (9H, s), 0.13
(3H, s), 0.086 (3H, s); 13C NMR (75 MHz, CDCl3),
d (ppm) 138.4 (C), 137.9 (C), 137.5 (C), 137.3 (C), 131.41
(CH�2), 131.38 (CH�2), 129.3 (CH�4), 129.1 (CH),
128.33 (CH�2), 128.29 (CH�2), 127.8 (CH�2), 127.7
(CH�2), 127.65 (CH), 127.56 (CH), 126.1 (CH), 121.4
(C), 121.3 (C), 85.23 (CH), 85.15 (CH), 80.3 (CH), 79.8
(CH), 78.8 (CH), 77.2 (C), 76.3 (CH), 76.1 (CH), 74.7
(CH), 73.3 (CH), 73.2 (CH2), 72.5 (CH2), 71.7 (CH2), 71.3
(CH2), 70.5 (CH2), 70.3 (CH), 68.5 (CH2), 45.2 (CH2), 40.3
(CH2), 34.8 (CH2), 33.9 (CH2), 29.5 (CH2), 28.3 (CH), 26.9
(CH3), 26.4 (CH2), 25.8 (CH3�3), 18.0 (C), 15.8 (CH3),
�4.6 (CH3), �4.7 (CH3); IR (film), n (cm�1) 3474, 3027,
2926, 2854, 1593, 1487, 1453, 1360, 1255, 1205, 1096,
1011, 939, 836, 804, 775, 751, 697; HR-FDMS, calcd for
C58H78

79Br2O10Si [M]+: 1120.3731, found: 1120.3763.

7.1.26. (1R,3R,4S,6R,8S,10S,12R,13S,15S,20R,30S,50Z,80R,
9 0S)-4-[8 0-Benzyloxy-9 0-benzyloxymethyl-3 0-(tert-
butyldimethylsilyloxy)-20,30,40,70,80,90-hexahydrooxonin-
20-yl]-13-(4-bromobenzyloxy)-12-(4-bromobenzyloxy-
methyl)-6-(4-methoxyphenyl)-3,15-dimethyl-2,5,7,11-
tetraoxatricyclo[8.6.0.03,8]hexadecane (32a) and (1R,3R,
4S,6S,8S,10S,12R,13S,15S,20R,30S,50Z,80R,90S)-4-[80-benz-
yloxy-90-benzyloxymethyl-30-(tert-butyldimethylsilyl-
oxy)-20,30,40,70,80,90-hexahydrooxonin-20-yl]-13-(4-bromo-
benzyloxy)-12-(4-bromobenzyloxymethyl)-6-(4-meth-
oxyphenyl)-3,15-dimethyl-2,5,7,11-tetraoxatricyclo-
[8.6.0.03,8]hexadecane (32b). To a solution of 31 (13.2 mg,
11.8 mmol) in benzene (2.0 ml) were added p-anisaldehyde
(30.0 ml, 247 mmol) and PPTS (3.2 mg, 12.7 mmol). The re-
action mixture was heated to 80 �C and stirred for 3 h. Then,
saturated aqueous NaHCO3 (1 ml) was added and the aque-
ous layer was extracted with Et2O (4�5 ml). The combined
organic layers were washed with brine, dried over anhydrous
MgSO4, filtered, and concentrated in vacuo. The resultant
residue was purified by column chromatography (silica
gel, hexane/AcOEt¼30 to 7) to give 32 (14.6 mg, w100%,
a 1:1 mixture of 32a and 32b from 1H NMR). This mixture
of 32a and 32b was separated by HPLC (hexane/AcOEt¼7)
to give 32a as less-polar eluate and 32b as polar eluate. 32a:
a colorless oil; [a]D

24 +6.71 (c 0.235, CHCl3); 1H NMR
(400 MHz, C6D6), d (ppm) 7.51–7.49 (4H, m), 7.30–7.05
(12H, m), 6.97 (2H, d, J¼8.3 Hz), 6.90 (2H, d, J¼8.8 Hz),
6.82 (2H, d, J¼8.5 Hz), 6.07 (1H, s), 6.04 (1H, dt, J¼5.1,
10.6 Hz), 5.99 (1H, dt, J¼5.1, 10.6 Hz), 4.72 (1H, d,
J¼11.8 Hz), 4.54 (1H, dd, J¼4.1, 8.8 Hz), 4.52 (1H,
d, J¼11.8 Hz), 4.49 (1H, dt, J¼8.7, 3.2 Hz), 4.45 (1H, d,
J¼11.8 Hz), 4.21 (1H, d, J¼12.3 Hz), 4.19 (1H, d,
J¼11.8 Hz), 4.18 (1H, d, J¼11.5 Hz), 4.13 (1H, d, J¼
12.3 Hz), 3.98 (1H, dt, J¼8.5, 3.2 Hz), 3.93 (1H, t,
J¼4.8 Hz), 3.88 (1H, d, J¼11.5 Hz), 3.86–3.83 (2H, m),
3.76 (1H, dt, J¼4.8, 9.0 Hz), 3.64–3.53 (4H, m), 3.43–
3.40 (1H, m), 3.38 (1H, dd, J¼6.6, 9.8 Hz), 3.32 (3H, s),
3.27 (1H, dt, J¼2.4, 8.7 Hz), 3.07 (1H, ddd, J¼3.2, 10.6,
13.5 Hz), 2.80 (1H, ddd, J¼3.2, 10.6, 13.7 Hz), 2.46 (1H,
dt, J¼13.8, 4.8 Hz), 2.31–2.25 (1H, m), 2.17–2.14 (3H,
m), 1.98–1.75 (5H, m), 1.56 (1H, ddd, J¼6.1, 8.7,
14.6 Hz), 1.18 (3H, s), 1.05 (3H, d, J¼6.6 Hz), 1.04 (9H,
s), 0.22 (3H, s), 0.091 (3H, s); 13C NMR (125 MHz,
C6D6), d (ppm) 160.4 (C), 139.52 (C), 139.46 (C), 138.2
(C), 138.0 (C), 132.2 (C), 131.6 (CH�4), 129.4 (CH�2),
129.2 (CH�2), 128.6 (CH�2), 128.4 (CH�2), 127.5
(CH�2), 121.6 (C), 121.5 (C), 113.8 (CH�2), 98.6 (CH),
85.1 (CH), 85.0 (CH), 84.9 (CH), 81.0 (CH), 79.8 (CH),
78.7 (CH), 77.4 (CH), 76.1 (C), 74.8 (CH), 73.4 (CH),
73.3 (CH2), 72.6 (CH2), 72.4 (CH2), 72.0 (CH2), 71.42
(CH), 71.35 (CH2), 70.3 (CH2), 54.8 (CH3), 45.2 (CH2),
33.0 (CH2), 32.7 (CH2), 31.9 (CH2), 30.2 (CH2), 28.9
(CH), 27.5 (CH2), 27.0 (CH3), 26.2 (CH3�3), 18.2 (C),
16.3 (CH3), �3.9 (CH3),�4.3 (CH3) (The signals of 10 car-
bons were undetected due to overlapping with solvent sig-
nal.); IR (film), n (cm�1) 3063, 3026, 2925, 2853, 1614,
1588, 1513, 1487, 1453, 1360, 1301, 1249, 1213, 1170,
1095, 1011, 939, 833, 804, 776, 734, 697; HR-FDMS, calcd
for C66H84

79Br2O11Si [M]+: 1238.4150, found: 1238.4125.
32b: a colorless oil; [a]D

23 �8.95 (c 0.200, CHCl3); 1H
NMR (400 MHz, C6D6), d (ppm) 7.75 (2H, d, J¼8.8 Hz),
7.35–7.21 (8H, m), 7.18–7.04 (6H, m), 6.98 (2H, d,
J¼8.5 Hz), 6.87 (2H, d, J¼8.8 Hz), 6.83 (2H, d,
J¼8.5 Hz), 5.96 (1H, dt, J¼5.4, 10.2 Hz), 5.90 (1H, s),
5.89 (1H, dt, J¼5.4, 10.2 Hz), 4.50 (1H, dd, J¼2.8,
11.3 Hz), 4.47 (1H, d, J¼11.8 Hz), 4.43 (1H, d,
J¼11.7 Hz), 4.42 (1H, d, J¼11.8 Hz), 4.22–4.14 (5H, m),
3.92–3.87 (1H, m), 3.86 (1H, d, J¼12.0 Hz), 3.73–3.58
(6H, m), 3.56–3.50 (3H, m), 3.40 (1H, dd, J¼6.8,
10.0 Hz), 3.31–3.26 (4H, m), 2.81 (1H, ddd, J¼2.6, 10.2,
13.6 Hz), 2.71 (1H, ddd, J¼2.3, 10.2, 12.7 Hz), 2.43 (1H,
ddd, J¼2.8, 4.6, 13.9 Hz), 2.31–2.25 (2H, m), 2.09 (1H,
dt, J¼13.6, 5.4 Hz), 2.02–1.90 (4H, m), 1.88–1.81 (2H,
m), 1.57–1.49 (1H, m), 1.04 (3H, s), 1.03 (3H, d,
J¼7.1 Hz), 1.00 (9H, s), 0.15 (3H, s), 0.084 (3H, s); 13C
NMR (125 MHz, C6D6), d (ppm) 160.5 (C), 139.3 (C),
139.2 (C), 138.2 (C), 138.1 (C), 132.1 (C), 131.7 (CH�2),
131.6 (CH�2), 129.22 (CH�2), 129.16 (CH�2), 128.54
(CH�2), 128.50 (CH�2), 128.45 (CH�2), 127.5 (CH),
121.5 (C), 121.4 (C), 113.7 (CH�2), 97.0 (CH), 84.8
(CH), 84.1 (CH), 83.8 (CH), 80.3 (CH), 79.7 (CH),
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78.8 (CH), 75.3 (CH), 75.0 (CH), 74.8 (CH), 74.3 (C), 74.2
(CH), 73.3 (CH2), 72.8 (CH2), 72.7 (CH2), 72.4 (CH2), 71.3
(CH2), 70.2 (CH2), 54.8 (CH3), 45.1 (CH2), 33.9 (CH2), 32.3
(CH2), 31.2 (CH2), 30.2 (CH2), 28.9 (CH), 27.6 (CH2), 26.8
(CH3), 26.2 (CH3�3), 18.2 (C), 16.5 (CH3), �4.08 (CH3),
�4.14 (CH3) (The signals of seven carbons were undetected
due to overlapping with solvent signal.); IR (film), n (cm�1)
3063, 3026, 2927, 2855, 1614, 1589, 1514, 1487, 1453,
1360, 1301, 1249, 1214, 1170, 1098, 1011, 940, 834, 804,
775, 753, 697; HR-FDMS, calcd for C66H84

79Br2O11Si
[M]+: 1238.4150, found: 1238.4172.

7.1.27. (1S,3R,4S,6S,8R,10R,11S,10S,200R,300S,500Z,800R,
900S)-10-{20-[800-Benzyloxy-900-benzyloxymethyl-300-(tert-
butyldimethylsilyloxy)-200,300,400,700,800,900-hexahydrooxo-
nin-2 00-yl]-1 0-(4-methoxybenzyloxy)ethyl}-4-(4-
bromobenzyloxy)-3-(4-bromobenzyloxymethyl)-6,10-di-
methyl-2,9-dioxabicyclo[6.4.0]dodecan-11-ol (33a) and
(1S,20R,30S,50Z,80R,90S,100S,300R,400S,600S,800R,1000S,1100S)-
2-[80-benzyloxy-9 0-benzyloxymethyl-30-(tert-butyl-
dimethylsilyloxy)-20,30,40,70,80,90-hexahydrooxonin-20-
yl]-1-{400-(4-bromobenzyloxy)-300-(4-bromobenzyloxy-
methy)-1100-(4-methoxybenzyloxy)-600,1000-dimethyl-
200,900-dioxabicyclo[6.4.0]dodecan-1000-yl}ethanol (33b).

7.1.27.1. Reaction of 32a. To a solution of 32a (3.8 mg,
3.06 mmol) in DCM (0.50 ml) was added DIBAL (0.10 ml,
0.94 M in hexane, 94.0 mmol) at�30 �C and the mixture was
stirred for 1.5 h. Then, MeOH (0.1 ml) and saturated aqueous
potassium sodium tartrate (1 ml) were added. The mixture
was diluted with Et2O (5 ml) and stirred at 25 �C for 2 h.
The layers were separated and the aqueous layer was ex-
tracted with Et2O (4�5 ml). The combined organic layers
were washed with brine, dried over anhydrous MgSO4, fil-
tered, and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/
AcOEt¼7 to 5) to give 33 (3.8 mg, w100%, 33a:33b¼5:1
from 1H NMR).

7.1.27.2. Reaction of 32b. To a solution of 32b (4.0 mg,
3.22 mmol) in DCM (0.50 ml) was added DIBAL (0.10 ml,
0.94 M in hexane, 94.0 mmol) at �20 �C and the mixture
was stirred for 2 h. Then, MeOH (0.1 ml) and saturated
aqueous potassium sodium tartrate (1 ml) were added. The
mixture was diluted with Et2O (5 ml) and stirred at 25 �C
for 3 h. The layers were separated and the aqueous layer
was extracted with Et2O (4�5 ml). The combined organic
layers were washed with brine, dried over anhydrous
MgSO4, filtered, and concentrated in vacuo. The resultant
residue was purified by column chromatography (silica
gel, hexane/AcOEt¼7 to 4) to give 33 (4.0 mg, w100%,
33b:33a>20:1 from 1H NMR). 33a: a colorless oil; [a]D
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�3.02 (c 0.150, CHCl3); 1H NMR (400 MHz, C6D6),
d (ppm) 7.40 (2H, d, J¼8.5 Hz), 7.35 (2H, d, J¼7.1 Hz),
7.29 (2H, d, J¼8.3 Hz), 7.25–7.05 (8H, m), 6.98 (2H, d,
J¼8.5 Hz), 6.84 (2H, d, J¼8.3 Hz), 6.81 (2H, d, J¼
8.5 Hz), 6.07 (1H, dt, J¼5.1, 10.7 Hz), 5.97 (1H, dt,
J¼5.1, 10.7 Hz), 5.20 (1H, d, J¼10.4 Hz), 4.73 (1H, d, J¼
10.4 Hz), 4.48 (1H, d, J¼11.7 Hz), 4.46 (1H, d,
J¼11.8 Hz), 4.41 (1H, dt, J¼7.8, 3.9 Hz), 4.31 (1H, dd, J¼
2.4, 10.2 Hz), 4.30 (1H, d, J¼11.8 Hz), 4.26–4.16 (4H, m),
4.10–4.04 (1H, m), 3.95–3.92 (1H, m), 3.91 (1H, d,
J¼12.2 Hz), 3.84 (1H, dt, J¼9.5, 3.4 Hz), 3.73–3.69 (2H,
m), 3.65–3.64 (2H, m), 3.57 (1H, dd, J¼2.4, 10.0 Hz),
3.55–3.49 (2H, m), 3.45 (1H, dd, J¼6.3, 10.0 Hz), 3.34
(1H, dt, J¼2.8, 8.8 Hz), 3.27 (3H, s), 2.96–2.89 (1H, m),
2.88–2.81 (1H, m), 2.47 (1H, dt, J¼13.4, 4.0 Hz), 2.34
(1H, ddd, J¼3.4, 5.1, 13.8 Hz), 2.14–1.79 (8H, m), 1.67
(1H, ddd, J¼5.6, 8.9, 14.4 Hz), 1.07–1.05 (6H, m), 1.01
(9H, s), 0.18 (3H, s), 0.038 (3H, s); 13C NMR (125 MHz,
C6D6), d (ppm) 159.8 (C), 139.3 (C), 139.1 (C), 138.2 (C),
138.1 (C), 131.7 (CH�2), 131.64 (CH�2), 131.60 (C),
130.1 (CH�2), 129.3 (CH�4), 129.2 (CH), 128.9 (CH),
128.54 (CH�2), 128.50 (CH�2), 121.6 (C), 121.5 (C),
114.1 (CH�2), 85.5 (CH), 85.1 (CH), 84.6 (CH), 80.8
(CH), 79.8 (CH�2), 78.5 (C), 78.1 (CH), 75.3 (CH), 74.3
(CH), 73.2 (CH2), 72.7 (CH2), 72.4 (CH2�2), 71.33
(CH2), 71.30 (CH2), 70.9 (CH), 70.3 (CH2), 54.7 (CH3),
45.9 (CH2), 36.1 (CH2), 32.5 (CH2), 31.9 (CH2), 30.4
(CH3), 30.2 (CH2), 28.9 (CH), 27.5 (CH2), 26.9 (CH3),
26.2 (CH3�3), 18.2 (C), �4.2 (CH3), �4.3 (CH3) (The sig-
nals of six carbons were undetected due to overlapping with
solvent signal.); IR (film), n (cm�1) 3420, 3063, 3026, 2926,
2856, 1612, 1586, 1514, 1487, 1453, 1360, 1301, 1249,
1213, 1173, 1097, 1012, 939, 834, 804, 776, 750, 697;
HR-FDMS, calcd for C66H86

79Br2O11Si [M]+: 1240.4306,
found: 1240.4355. 33b: a colorless oil; [a]D

20 +15.6 (c
0.150, CHCl3); 1H NMR (400 MHz, C6D6), d (ppm) 7.36–
7.22 (8H, m), 7.18–7.04 (8H, m), 6.94 (2H, d, J¼8.5 Hz),
6.83 (2H, d, J¼8.3 Hz), 6.76 (2H, d, J¼8.8 Hz), 5.93 (1H,
dt, J¼6.2, 10.4 Hz), 5.85 (1H, dt, J¼5.7, 10.4 Hz), 4.66–
4.63 (1H, m), 4.60 (1H, d, J¼12.1 Hz), 4.51 (2H, s), 4.38
(1H, d, J¼11.7 Hz), 4.24 (1H, d, J¼12.1 Hz), 4.22–4.17
(3H, m), 4.15 (1H, d, J¼11.7 Hz), 4.06–4.03 (1H, m),
3.95–3.90 (3H, m), 3.87 (1H, d, J¼11.7 Hz), 3.84–3.79
(2H, m), 3.73–3.68 (3H, m), 3.65 (1H, dt, J¼2.7, 9.6 Hz),
3.61 (1H, d, J¼2.7 Hz), 3.59 (1H, dd, J¼2.3, 9.9 Hz), 3.41
(1H, dd, J¼7.0, 9.9 Hz), 3.32–3.27 (4H, m, H20), 2.90–
2.79 (2H, m), 2.45 (1H, ddd, J¼3.3, 4.5, 13.8 Hz), 2.26
(1H, ddd, J¼4.1, 5.7, 13.9 Hz), 2.25–2.17 (2H, m), 2.03–
1.74 (6H, m), 1.62 (1H, ddd, J¼5.5, 8.8, 14.8 Hz), 1.27
(3H, s), 1.08 (3H, d, J¼6.6 Hz), 0.96 (9H, s), 0.080 (3H,
s), 0.054 (3H, s); 13C NMR (125 MHz, C6D6), d (ppm)
159.6 (C), 139.4 (C), 139.1 (C), 138.2 (C), 138.0 (C),
131.73 (C), 131.66 (CH�2), 131.6 (CH�2), 129.3
(CH�2), 129.2 (CH�4), 128.44 (CH�2), 128.37 (CH�2),
127.54 (CH), 127.46 (CH), 126.8 (CH), 121.6 (C), 121.5
(C), 114.1 (CH�2), 86.0 (CH), 85.4 (CH), 81.3 (CH), 80.0
(CH), 79.9 (CH), 78.1 (C), 77.3 (CH), 76.9 (CH), 76.6
(CH), 74.3 (CH), 73.3 (CH2), 73.0 (CH2), 72.5 (CH2), 72.1
(CH), 71.42 (CH2), 71.37 (CH2), 70.3 (CH2), 69.4 (CH2),
54.7 (CH3), 45.5 (CH2), 35.0 (CH2), 32.0 (CH2), 30.2
(CH2), 29.8 (CH2), 29.0 (CH), 26.9 (CH2), 26.7 (CH3),
26.1 (CH3�3), 18.2 (C), 15.0 (CH3), �4.5 (CH3), �4.6
(CH3) (The signals of five carbons were undetected due
to overlapping with solvent signal.); IR (film), n (cm�1)
3509, 3067, 3032, 2928, 2859, 1616, 1588, 1514, 1488,
1454, 1406, 1361, 1302, 1250, 1207, 1173, 1099, 1012,
940, 836, 805, 775, 735, 698; HR-FDMS, calcd for
C66H86

79Br2O11Si [M]+: 1240.4306, found: 1240.4371.

7.1.28. (1S,3R,4S,6S,8R,10S,11S,10S,200R,300S,500Z,800R,
900S)-10-{20-[800-Benzyloxy-900-benzyloxymethyl-300-(tert-
butyldimethylsilyloxy)-200,300,400,700,800,900-hexahydrooxo-
nin-200-yl]-10-(4-methoxybenzyloxy)ethyl}-4-(4-bromo-
benzyloxy)-3-(4-bromobenzyloxymethyl)-6,10-dimethyl-
2,9-dioxabicyclo[6.4.0]dodecan-11-one (34). To a solution
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of 33a (3.0 mg, 2.41 mmol) in DCM (0.80 ml) was added
DMPI (9.5 mg, 22.4 mmol) at 24 �C and the reaction mixture
was stirred for 2 h. After the mixture was diluted with Et2O
(5 ml), saturated aqueous Na2SO3 (1 ml) was added and the
aqueous layer was extracted with Et2O (3�5 ml). The com-
bined organic layers were washed with saturated aqueous
Na2SO3 and brine, dried over anhydrous MgSO4, filtered,
and concentrated in vacuo. The resultant residue was puri-
fied by column chromatography (silica gel, benzene/
AcOEt¼15 to 5) to give 34 (2.1 mg, 70%). 34: a colorless
oil; [a]D

21 �14.4 (c 0.165, CHCl3); 1H NMR (400 MHz,
C6D6), d (ppm) 7.42–7.28 (8H, m), 7.25–7.09 (8H, m),
6.94 (2H, d, J¼8.5 Hz), 6.83–6.80 (4H, m), 6.07 (1H, dt,
J¼5.1, 10.6 Hz), 5.97 (1H, dt, J¼5.1, 10.6 Hz), 4.91 (2H,
s), 4.58 (1H, d, J¼11.7 Hz), 4.49–4.45 (2H, m), 4.35 (1H,
d, J¼11.7 Hz), 4.34 (1H, dd, J¼2.3, 11.0 Hz), 4.20–4.12
(4H, m), 3.87 (1H, d, J¼11.7 Hz), 3.85–3.80 (2H, m), 3.68
(1H, dd, J¼3.2, 10.2 Hz), 3.62 (1H, dd, J¼2.0, 10.2 Hz),
3.54 (1H, ddd, J¼2.1, 6.8, 8.8 Hz), 3.52–3.41 (4H, m),
3.33–3.27 (5H, m), 3.21 (1H, dt, J¼2.1, 8.8 Hz), 2.94–
2.87 (1H, m), 2.83–2.76 (1H, m), 2.62 (1H, dd, J¼6.1,
16.8 Hz), 2.34–2.27 (2H, m), 2.13–2.08 (1H, m), 2.04–
2.00 (1H, m), 1.89 (1H, ddd, J¼2.3, 7.2, 14.5 Hz), 1.82–
1.75 (3H, m), 1.61–1.53 (1H, m), 1.28 (3H, s), 1.05 (9H,
s), 0.99 (3H, d, J¼6.6 Hz), 0.25 (3H, s), 0.088 (3H, s); 13C
NMR (125 MHz, C6D6), d (ppm) 210.8 (C), 159.6 (C),
139.4 (C), 139.3 (C), 137.9 (C), 137.8 (C), 132.0 (C),
131.73 (CH�2), 131.69 (CH�2), 129.8 (CH�2), 129.4
(CH�4), 128.9 (CH), 128.5 (CH), 121.7 (C), 121.6 (C),
114.0 (CH�2), 88.1 (C), 85.5 (CH), 85.4 (CH), 85.0 (CH),
83.1 (CH), 82.4 (CH), 79.7 (CH), 78.1 (CH), 75.1 (CH2),
74.7 (CH�2), 73.1 (CH2), 72.6 (CH2), 72.2 (CH2), 71.4
(CH2), 71.3 (CH2), 70.4 (CH2), 54.8 (CH3), 46.8 (CH2),
44.6 (CH2), 39.4 (CH2), 31.3 (CH2), 30.2 (CH2), 28.7
(CH), 27.6 (CH2), 26.8 (CH3), 26.2 (CH3�3), 18.7 (CH3),
18.2 (C),�4.0 (CH3),�4.2 (CH3) (The signals of 10 carbons
were undetected due to overlapping with solvent signal.);
IR (film), n (cm�1) 3062, 3026, 2925, 2855, 1593, 1716,
1613, 1586, 1513, 1487, 1454, 1360, 1301, 1249, 1213,
1173, 1071, 1012, 939, 834, 804, 777, 750, 698; HR-
FDMS, calcd for C66H84

79Br2O11Si [M]+: 1238.4150, found:
1238.4119.

7.1.29. (1S,3R,4S,6S,8R,10R,11S,10S,200R,300S,500Z,800R,
900S)-10-{20-[800-Benzyloxy-900-benzyloxymethyl-300-hy-
droxy-200,300,400,700,800,900-hexahydrooxonin-200-yl]-10-(4-
methoxybenzyloxy)ethyl}-4-(4-bromobenzyloxy)-3-(4-
bromobenzyloxymethyl)-6,10-dimethyl-2,9-dioxabi-
cyclo[6.4.0]dodecan-11-one (35). To a solution of 34
(2.1 mg, 1.69 mmol) in THF (0.80 ml) was added HF$Py at
0 �C. The reaction mixture was warmed to 24 �C and stirred
for 1 d. After the reaction mixture was diluted with Et2O and
cooling to 0 �C, saturated aqueous NaHCO3 (1 ml) was
added and the mixture was stirred for 1 h. The layers were
separated and the aqueous layer was extracted with AcOEt
(3�5 ml). The combined organic layers were washed with
saturated aqueous NaHCO3 and brine, dried over anhydrous
MgSO4, filtered, and concentrated in vacuo. The resultant
residue was purified by column chromatography (silica
gel, hexane/AcOEt¼4 to 2) to give 35 (1.2 mg, 63%). 35
was immediately used for the next reaction. 35: a colorless
oil; 1H NMR (400 MHz, C6D6), d (ppm) 7.38–7.33 (4H,
m), 7.32–7.27 (4H, m), 7.21–7.15 (6H, m), 7.11–7.07 (2H,
m), 6.92 (2H, d, J¼8.3 Hz), 6.82 (2H, d, J¼8.5 Hz), 6.79
(2H, d, J¼8.8 Hz), 5.97 (1H, dt, J¼5.7, 10.5 Hz), 5.89
(1H, dt, J¼5.7, 10.5 Hz), 4.86 (1H, d, J¼11.0 Hz), 4.81
(1H, d, J¼11.0 Hz), 4.54 (1H, d, J¼12.2 Hz), 4.41 (1H, d,
J¼11.7 Hz), 4.40 (1H, d, J¼12.2 Hz), 4.27 (1H, dd,
J¼2.0, 10.2 Hz, H11), 4.20–4.11 (4H, m), 4.02–3.99 (1H,
m), 3.87 (1H, d, J¼11.7 Hz), 3.80 (1H, dt, J¼9.1, 6.6 Hz),
3.70 (1H, dt, J¼7.9, 3.3 Hz), 3.63–3.62 (2H, m), 3.56–
3.43 (5H, m), 3.30 (1H, dd, J¼6.8, 10.2 Hz), 3.27 (3H, s),
3.26–3.20 (2H, m), 2.93 (1H, ddd, J¼3.9, 10.5, 13.4 Hz),
2.72 (1H, ddd, J¼3.3, 10.5, 13.1 Hz), 2.59 (1H, dd, J¼6.6,
16.8 Hz), 2.50 (1H, ddd, J¼1.1, 10.3, 14.6 Hz), 2.30 (1H,
ddd, J¼3.3, 5.7, 13.1 Hz), 2.14–2.08 (1H, m), 2.02 (1H,
ddd, J¼2.0, 7.4, 14.6 Hz), 1.99–1.95 (1H, m), 1.82–1.72
(3H, m), 1.55 (1H, ddd, J¼5.6, 9.0, 14.4 Hz), 1.30 (3H, s),
0.97 (3H, d, J¼6.8 Hz).

7.1.30. (1S,3R,4S,6S,8R,10R,11S,10S,200R,300S,500Z,800R,
900S)-10-{10-Benzyloxy-20-[800-benzyloxy-900-benzyloxy-
methyl-300-(tert-butyldimethylsilyloxy)-200,300,400,700,800,900-
hexahydrooxonin-200-yl]ethyl}-4-(4-bromobenzyloxy)-3-
(4-bromobenzyloxymethyl)-11-(4-methoxybenzyloxy)-
6,10-dimethyl-2,9-dioxabicyclo[6.4.0]dodecane (38). To a
suspension of 33b (2.5 mg, 2.01 mmol) and TBAI (5.0 mg,
13.5 mmol) in THF (1.0 ml) was added NaH (15.0 mg,
375 mmol) at 0 �C and the mixture was stirred for 10 min.
Then, to the mixture was added benzyl bromide
(20.0 mmol, 168 mmol) at 0 �C and the reaction mixture
was warmed to 25 �C. During 5 d, NaH was added several
times to the reaction mixture with stirring until the reaction
was complete. After that, H2O (1 ml) was added and the
aqueous layer was extracted with Et2O (4�5 ml). The com-
bined organic layers were washed with brine, dried over
anhydrous MgSO4, filtered, and concentrated in vacuo. The
resultant residue was purified by column chromatography
(silica gel, hexane/AcOEt¼50 to 10) to give 38 (1.9 mg,
71%). 38: a colorless oil; [a]D

24 +8.71 (c 0.125, CHCl3); 1H
NMR (400 MHz, C6D6), d (ppm) 7.41–7.03 (17H, m), 6.94
(2H, d, J¼8.3 Hz), 6.83 (2H, d, J¼8.5 Hz), 6.72 (2H, d,
J¼8.8 Hz), 6.00 (1H, dt, J¼5.6, 10.6 Hz), 5.94 (1H, dt,
J¼5.6, 10.6 Hz), 5.03 (1H, d, J¼12.0 Hz), 4.79 (1H, d,
J¼12.0 Hz), 4.59–4.58 (1H, m), 4.55 (1H, d, J¼12.8 Hz),
4.48 (1H, d, J¼12.8 Hz), 4.44 (1H, d, J¼11.5 Hz), 4.43
(1H, d, J¼11.3 Hz), 4.24–4.20 (5H, m), 4.17 (1H, d,
J¼11.3 Hz), 3.93 (1H, dt, J¼8.9, 2.8 Hz), 3.87 (1H, d,
J¼12.0 Hz), 3.86–3.83 (1H, m), 3.82–3.73 (4H, m), 3.72–
3.62 (3H, m), 3.61 (1H, dd, J¼2.2, 9.9 Hz), 3.40 (1H, dd,
J¼7.4, 9.9 Hz), 3.28 (1H, dt, J¼2.6, 8.7 Hz), 3.26 (3H, s),
2.98–2.84 (2H, m), 2.53 (1H, dt, J¼14.4, 3.7 Hz), 2.35–
2.28 (2H, m), 2.21–2.12 (1H, m), 2.06–1.78 (6H, m),
1.68–1.56 (1H, m), 1.35 (3H, s), 1.08 (3H, d, J¼6.8 Hz),
1.00 (9H, s), 0.16 (3H, s), 0.048 (3H, s); 13C NMR
(125 MHz, C6D6), d (ppm) 159.6 (C), 140.6 (C), 139.9
(C), 139.5 (C), 138.1 (C), 138.0 (C), 131.69 (CH�2),
131.65 (CH�2), 131.2 (C), 129.7 (CH�2), 129.4 (CH�2),
129.3 (CH�2), 128.5 (CH), 127.3 (CH), 127.23 (CH),
127.15 (CH), 121.63 (C), 121.60 (C), 114.1 (CH�2), 85.7
(CH), 84.4 (CH), 82.5 (CH), 81.2 (CH), 79.9 (CH), 78.8
(C), 78.4 (CH), 77.3 (CH), 77.0 (CH), 75.7 (CH), 74.4
(CH), 73.3 (CH2), 73.1 (CH2), 72.54 (CH2), 72.46 (CH2),
71.5 (CH2), 71.1 (CH2), 70.4 (CH2), 70.3 (CH2), 54.7
(CH3), 45.6 (CH2), 39.4 (CH2), 33.3 (CH2), 31.4 (CH2),
30.9 (CH2), 29.0 (CH), 27.4 (CH2), 26.7 (CH3), 26.2
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(CH3�3), 18.2 (C), 15.6 (CH3), �4.1 (CH3), �4.4 (CH3)
(The signals of 13 carbons were undetected due to over-
lapping with solvent signal.); IR (film), n (cm�1) 3063,
3028, 2926, 2855, 1612, 1586, 1513, 1487, 1454, 1367,
1301, 1249, 1206, 1172, 1097, 1012, 939, 835, 804, 775,
733, 697; HR-FDMS, calcd for C73H92

79Br2O11Si [M]+:
1330.4776, found: 1330.4784.

7.1.31. (1S,3R,4S,6S,8R,10R,11S,10S,200R,300S,500Z,800R,
900S)-10-{10-Benzyloxy-20-[800-benzyloxy-900-benzyloxy-
methyl-300-(tert-butyldimethylsilyloxy)-200,300,400,700,800,900-
hexahydrooxonin-200-yl]ethyl}-4-(4-bromobenzyloxy)-3-
(4-bromobenzyloxymethyl)-6,10-dimethyl-2,9-dioxabi-
cyclo[6.4.0]dodecan-11-ol (39). To a solution of 38 (4.4 mg,
3.30 mmol) in DCM–pH 7 buffer (10:1, v/v, 0.70 ml) was
added DDQ (5.0 mg, 22.0 mmol) at 0 �C and the mixture
was stirred for 20 min. Then, saturated aqueous NaHCO3

(1 ml) was added and the aqueous layer was extracted with
Et2O (4�5 ml). The combined organic layers were washed
with brine, dried over anhydrous MgSO4, filtered, and con-
centrated in vacuo. The resultant residue was purified by col-
umn chromatography (silica gel, hexane/AcOEt¼30 to 5) to
give 39 (3.4 mg, 85%). 39: a colorless oil; [a]D

22 �2.29
(c 0.170, CHCl3); 1H NMR (400 MHz, C6D6), d (ppm)
7.43 (2H, d, J¼7.1 Hz), 7.35 (2H, d, J¼6.8 Hz), 7.31–7.28
(4H, m), 7.24–7.08 (11H, m), 6.98 (2H, d, J¼8.3 Hz), 6.84
(2H, d, J¼8.3 Hz), 6.05 (1H, dt, J¼5.2, 10.9 Hz), 5.95
(1H, dt, J¼5.2, 10.9 Hz), 5.22 (1H, d, J¼10.7 Hz), 4.76
(1H, d, J¼10.7 Hz), 4.47 (1H, d, J¼11.7 Hz), 4.46 (1H, d,
J¼12.1 Hz), 4.38–4.34 (2H, m), 4.30 (1H, d, J¼12.1 Hz),
4.25 (1H, d, J¼12.7 Hz), 4.21 (1H, d, J¼11.9 Hz), 4.19
(1H, d, J¼12.7 Hz), 4.17 (1H, d, J¼11.7 Hz), 4.04–3.98
(1H, m), 3.92–3.89 (2H, m), 3.83 (1H, dt, J¼9.0, 3.0 Hz),
3.71–3.63 (4H, m), 3.57 (1H, dd, J¼2.1, 9.9 Hz), 3.54–
3.52 (1H, m), 3.50 (1H, dt, J¼9.0, 3.0 Hz), 3.44 (1H, dd,
J¼6.5, 9.9 Hz), 3.32 (1H, dt, J¼2.6, 8.9 Hz), 2.88–2.78
(2H, m), 2.43 (1H, dt, J¼13.4, 4.2 Hz), 2.32 (1H, ddd,
J¼3.0, 5.2, 13.7 Hz), 2.11–1.78 (8H, m), 1.64 (1H, ddd,
J¼6.1, 8.9, 14.6 Hz), 1.06 (3H, s), 1.05 (3H, d, J¼6.8 Hz),
1.01 (9H, s), 0.17 (3H, s), 0.024 (3H, s); 13C NMR
(125 MHz, C6D6), d (ppm) 139.6 (C), 139.3 (C), 139.1
(C), 138.2 (C), 138.1 (C), 131.7 (CH�2), 131.6 (CH�2),
129.33 (CH�2), 129.32 (CH�2), 128.9 (CH), 128.60
(CH�2), 128.55 (CH�2), 128.5 (CH�2), 128.3 (CH�2),
121.6 (C), 121.5 (C), 85.5 (CH), 85.1 (CH), 84.6 (CH),
80.7 (CH), 79.7 (CH�2), 78.5 (C), 78.0 (CH), 75.3 (CH),
74.2 (CH), 73.2 (CH2), 72.7 (CH2), 72.4 (CH2�2), 71.3
(CH2), 71.2 (CH2), 70.9 (CH), 70.3 (CH2), 45.9 (CH2),
39.9 (CH2), 36.1 (CH2), 32.4 (CH2), 31.8 (CH2), 30.4
(CH3), 28.9 (CH), 27.5 (CH2), 26.9 (CH3), 26.2 (CH3�3),
18.2 (C), �4.3 (CH3�2) (The signals of eight carbons
were undetected due to overlapping with solvent signal.);
IR (film), n (cm�1) 3584, 3433, 3063, 3028, 2923, 2857,
1593, 1487, 1454, 1405, 1359, 1298, 1256, 1207, 1096,
1012, 940, 836, 804, 776, 749, 698; HR-FDMS, calcd for
C65H84

79Br2O10Si [M]+: 1210.4200, found: 1210.4218.

7.1.32. (1S,3R,4S,6S,8R,10S,11S,10S,200R,300S,500Z,800R,
900S)-10-[10-Benzyloxy-20-(800-benzyloxy-900-benzyloxy-
methyl-300-hydroxy-200,300,400,700,800,900-hexahydrooxonin-
200-yl)ethyl]-4-(4-bromobenzyloxy)-3-(4-bromobenzyl-
oxymethyl)-6,10-dimethyl-2,9-dioxabicyclo[6.4.0]dode-
can-11-one (41). To a solution of 39 (3.4 mg, 2.80 mmol) in
DCM (0.70 ml) were added NaHCO3 (5.0 mg, 59.5 mmol)
and DMPI (5.0 mg, 11.8 mmol) at 25 �C and the reaction
mixture was stirred for 30 min. After the mixture was diluted
with Et2O (1 ml), saturated aqueous Na2SO3 (1 ml) was
added and the aqueous layer was extracted with Et2O
(4�5 ml). The combined organic layers were washed with
saturated aqueous Na2SO3 and brine, dried over anhydrous
MgSO4, filtered, and concentrated in vacuo. The resultant
residue was roughly purified by column chromatography
(silica gel, hexane/AcOEt¼5 to 4) to give a crude product
(3.4 mg), and it was used in the next reaction without further
purification. To a solution of the above crude product in
THF–H2O (1:1, v/v, 0.80 ml) was added TFA (40.0 ml) at
0 �C. The reaction mixture was warmed to 25 �C and stirred
for 2 d. Then, NaHCO3 (1 ml) was added and the aqueous
layer was extracted with AcOEt (4�5 ml). The combined
organic layers were washed with brine, dried over anhydrous
MgSO4, filtered, and concentrated in vacuo. The resultant
residue was purified by column chromatography (silica
gel, hexane/AcOEt¼5 to 2) to give 41 (2.3 mg, 75% from
39). 41: a colorless oil; [a]D

21 �21.3 (c 0.115, CHCl3); 1H
NMR (400 MHz, C6D6), d (ppm) 7.41–7.35 (4H, m), 7.32–
7.27 (4H, m), 7.21–7.04 (11H, m), 6.92 (2H, d, J¼8.3 Hz),
6.82 (2H, d, J¼8.5 Hz), 5.94 (1H, dt, J¼5.5, 10.2 Hz),
5.87 (1H, dt, J¼5.5, 10.2 Hz), 4.90 (1H, d, J¼11.5 Hz),
4.85 (1H, d, J¼11.5 Hz), 4.53 (1H, d, J¼12.1 Hz), 4.40
(1H, d, J¼12.1 Hz), 4.39 (1H, d, J¼12.1 Hz), 4.28 (1H,
dd, J¼2.0, 10.4 Hz), 4.18 (1H, d, J¼11.7 Hz), 4.16 (1H, d,
J¼12.1 Hz), 4.12 (1H, d, J¼12.1 Hz), 3.98 (1H, dt, J¼8.8,
3.5 Hz), 3.86 (1H, d, J¼11.7 Hz), 3.76 (1H, dt, J¼9.0,
6.6 Hz), 3.69 (1H, dt, J¼8.7, 3.3 Hz), 3.62 (2H, d,
J¼2.4 Hz), 3.55–3.43 (5H, m), 3.30 (1H, dd, J¼7.1,
10.2 Hz), 3.23–3.17 (2H, m), 2.87 (1H, ddd, J¼3.5, 10.2,
13.4 Hz), 2.70 (1H, ddd, J¼3.3, 10.2, 13.4 Hz), 2.58 (1H,
dd, J¼6.6, 16.8 Hz), 2.50 (1H, ddd, J¼2.0, 10.4, 14.6 Hz),
2.28 (1H, ddd, J¼3.3, 5.5, 13.4 Hz), 2.07–1.95 (3H, m),
1.81–1.67 (3H, m), 1.53 (1H, ddd, J¼6.1, 8.8, 14.9 Hz),
1.28 (3H, s), 0.96 (3H, d, J¼6.6 Hz); 13C NMR (125 MHz,
C6D6), d (ppm) 210.5 (C), 139.5 (C), 139.3 (C), 139.2 (C),
137.9 (C), 137.8 (C), 133.0 (C), 131.74 (CH�2), 131.70
(CH�2), 129.4 (CH�4), 128.6 (CH�2), 128.50 (CH�2),
128.47 (CH�2), 127.6 (CH�2), 121.74 (C), 121.69
(C), 87.8 (C), 85.2 (CH), 84.8 (CH), 84.7 (CH), 82.5
(CH), 82.2 (CH), 79.7 (CH), 78.4 (CH), 75.0 (CH2), 74.6
(CH), 74.4 (CH), 73.1 (CH2), 72.6 (CH2), 72.1 (CH2),
71.9 (CH2), 71.3 (CH2), 70.4 (CH2), 46.5 (CH2), 44.4
(CH2), 39.4 (CH2), 34.5 (CH2), 33.1 (CH2), 28.6 (CH),
27.7 (CH2), 26.8 (CH3), 18.5 (CH3) (The signals of nine
carbons were undetected due to overlapping with sol-
vent signal.); IR (film), n (cm�1) 3465, 3063, 3027, 2924,
2858, 1716, 1592, 1487, 1453, 1405, 1366, 1305, 1256,
1215, 1098, 1027, 1012, 911, 839, 803, 753, 698; HR-
FDMS, calcd for C59H68

79Br2O10 [M]+: 1094.3179, found:
1094.3176.

7.1.33. (1R,3S,5Z,8R,9S,11R,13S,14S,16R,18S,20S,
21R,23S)-8,13-Dibenzyloxy-9-benzyloxymethyl-20-(4-
bromobenzyloxy)-21-(4-bromobenzyloxymethyl)-14,18-
dimethyl-2,10,15,22-tetraoxatetracyclo[12.10.0.03,11.016,23]-
tetracos-5-ene (42). To a solution of 41 (2.3 mg, 2.10 mmol)
in DCM–Et3SiH (10:1, v/v, 0.70 ml) was added TMSOTf
(3.0 ml, 16.6 mmol) at 0 �C and the mixture was stirred for
30 min. Then, saturated aqueous NaHCO3 (1 ml) was added
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and the aqueous layer was extracted with Et2O (5 ml) and
AcOEt (3�5 ml). The combined organic layers were washed
with brine, dried over anhydrous MgSO4, filtered, and con-
centrated in vacuo. The resultant residue was purified by col-
umn chromatography (silica gel, hexane/AcOEt¼10 to 4) to
give 41 (1.6 mg, 70%). 41: a colorless oil; [a]D

22 �60.8
(c 0.080, CHCl3); 1H NMR (400 MHz, CDCl3), d (ppm)
7.45–7.41 (4H, m), 7.37–7.18 (17H, m), 7.07 (2H, d,
J¼8.5 Hz), 5.81 (1H, dt, J¼5.2, 10.7 Hz), 5.71 (1H, dt,
J¼5.2, 10.7 Hz), 4.621 (2H, s), 4.617 (1H, d, J¼11.3 Hz),
4.525 (1H, d, J¼12.8 Hz), 4.516 (1H, d, J¼11.5 Hz), 4.50
(1H, d, J¼12.1 Hz), 4.465 (1H, d, J¼12.1 Hz), 4.461 (1H,
d, J¼12.8 Hz), 4.30 (1H, d, J¼11.3 Hz), 4.23 (1H, d,
J¼11.5 Hz), 4.07–4.03 (1H, m), 3.88 (1H, dd, J¼4.3,
12.4 Hz), 3.72–3.68 (1H, m), 3.59 (1H, dd, J¼1.8, 9.8 Hz),
3.56–3.48 (3H, m), 3.45 (1H, dd, J¼5.7, 9.8 Hz), 3.41–
3.29 (4H, m), 3.27–3.21 (2H, m), 2.80–2.73 (1H, m),
2.68–2.61 (1H, m), 2.43 (1H, ddd, J¼5.5, 9.1, 15.4 Hz),
2.33–2.27 (1H, m), 2.18 (1H, dt, J¼12.4, 4.3 Hz), 2.12–
2.06 (1H, m), 1.98–1.90 (3H, m), 1.80–1.75 (1H, m),
1.71–1.51 (3H, m), 1.06 (3H, d, J¼7.1 Hz), 1.00 (3H, s);
13C NMR (125 MHz, CDCl3), d (ppm) 139.5 (C), 138.4
(C), 138.2 (C), 137.4 (C), 137.3 (C), 131.5 (CH�4), 129.4
(CH�2), 129.3 (CH�2), 128.8 (CH), 128.33 (CH�2),
128.29 (CH�2), 128.1 (CH�4), 127.8 (CH�2), 127.6
(CH�2), 127.5 (CH�2), 127.13 (CH), 127.05 (CH), 121.5
(C), 121.4 (C), 85.8 (CH), 85.2 (CH), 84.8 (CH), 84.2 (CH),
82.5 (CH), 81.6 (CH), 79.7 (C), 79.0 (CH), 77.7 (CH), 73.6
(CH), 73.4 (CH2), 73.2 (CH2), 72.7 (CH2), 72.6 (CH), 71.9
(CH2), 71.4 (CH2), 71.1 (CH2), 70.5 (CH2), 45.3 (CH2),
40.6 (CH2), 37.2 (CH2), 34.6 (CH2), 32.1 (CH2), 28.1
(CH), 27.1 (CH2, CH3), 13.7 (CH3); IR (film), n (cm�1)
3062, 3027, 2923, 2854, 1593, 1495, 1487, 1454, 1376,
1330, 1315, 1259, 1204, 1096, 1027, 1012, 803, 778, 735,
697; HR-FDMS, calcd for C59H68

79Br2O9 [M]+: 1078.3230,
found: 1078.3226.

7.1.34. (2R,3S,5Z,8R,9S,10S,30R,40S,60S,80R,100R,110S)-[8-
Benzyloxy-9-benzyloxymethyl-3-(tert-butyldimethylsilyl-
oxy)-2,3,4,7,8,9-hexahydrooxonin-2-yl]methyl 40-(4-
bromobenzyloxy)-30-(4-bromobenzyloxymethyl)-60,100-
dimethyl-110-triethylsilyloxy-20,90-dioxabicyclo[6.4.0]do-
decan-100-yl ketone (45). To a solution of oxalyl dichloride
(21.0 ml, 241 mmol) in DCM (0.30 ml) was added a solution
of DMSO (30.0 ml, 423 mmol) in DCM (0.30 ml) at �78 �C
and the mixture was stirred for 10 min. Then, a solution of 26
(32.7 mg, 26.4 mmol) in DCM (0.90 ml) was added at
�78 �C and the mixture was warmed to �45 �C and stirred
for 1 h. After Et3N (120 ml, 861 mmol) was added, the reac-
tion mixture was warmed to 0 �C and stirred for 15 min. H2O
(1 ml) was added and the aqueous layer was extracted with
Et2O (4�5 ml). The combined organic layers were washed
with 1 M HCl, saturated aqueous NaHCO3 and brine, dried
over anhydrous MgSO4, filtered, and concentrated in vacuo.
The resultant residue was roughly purified by column chro-
matography (silica gel, hexane/AcOEt¼5) to give a mixture
of 26 and 45 (31.6 mg). In order to consume 26 completely,
the process was repeated as follows: to a solution of oxalyl
dichloride (42.0 ml, 481 mmol) in DCM (0.30 ml) was added
a solution of DMSO (60.0 ml, 846 mmol) in DCM (0.40 ml)
at�78 �C and the mixture was stirred for 10 min. Then, a so-
lution of the above mixture (31.6 mg) in DCM (0.90 ml) was
added at�78 �C and the mixture was warmed to�45 �C and
stirred for 1 h. After Et3N (240 ml, 1.72 mmol) was added,
the reaction mixture was warmed to 0 �C and stirred for
20 min. H2O (1 ml) was added and the aqueous layer was ex-
tracted with Et2O (4�5 ml). The combined organic layers
were washed with 1 M HCl, saturated aqueous NaHCO3

and brine, dried over anhydrous MgSO4, filtered, and con-
centrated in vacuo. The resultant residue was purified by col-
umn chromatography (silica gel, hexane/AcOEt¼15 to 10)
to give 45 (19.8 mg, 61%). 45: a colorless oil; [a]D

23 +27.2
(c 0.900, CHCl3); 1H NMR (400 MHz, C6D6), d (ppm)
7.35–7.23 (8H, m), 7.20–7.06 (6H, m), 6.95 (2H, d,
J¼8.3 Hz), 6.81 (2H, d, J¼8.3 Hz), 5.96–5.92 (2H, m),
4.51 (1H, d, J¼12.2 Hz), 4.48 (1H, d, J¼11.6 Hz), 4.45
(1H, d, J¼12.2 Hz), 4.39 (1H, ddd, J¼3.2, 5.4, 8.3 Hz),
4.30 (2H, d, J¼11.6 Hz), 4.28 (1H, dt, J¼9.0, 2.6 Hz),
4.21 (1H, d, J¼11.7 Hz), 4.20 (1H, s), 4.16 (1H, t,
J¼2.9 Hz), 3.98 (1H, dt, J¼9.0, 3.9 Hz), 3.96 (1H, dt,
J¼2.2, 5.4 Hz), 3.89–3.83 (2H, m), 3.80 (2H, d, J¼
2.6 Hz), 3.72 (1H, ddd, J¼2.1, 7.1, 9.0 Hz), 3.61 (1H, dd,
J¼2.1, 9.8 Hz), 3.55 (1H, dt, J¼3.0, 9.4 Hz), 3.38 (1H, dd,
J¼7.1, 9.8 Hz), 3.37 (1H, dd, J¼8.3, 18.8 Hz), 3.25 (1H,
dt, J¼2.6, 9.0 Hz), 3.03 (1H, dd, J¼3.2, 18.8 Hz), 2.97–
2.90 (1H, m), 2.83 (1H, ddd, J¼2.9, 9.0, 13.4 Hz), 2.34
(1H, dt, J¼13.4, 3.9 Hz), 2.25 (1H, dt, J¼13.4, 5.4 Hz),
2.22 (1H, dt, J¼13.7, 2.9 Hz), 2.05–2.02 (1H, m), 1.95–
1.87 (3H, m), 1.79 (1H, ddd, J¼2.9, 11.2, 13.7 Hz), 1.65
(1H, ddd, J¼5.2, 9.0, 14.5 Hz), 1.13 (3H, s), 1.07 (3H, d,
J¼6.3 Hz), 1.004 (9H, t, J¼7.9 Hz), 0.997 (9H, s), 0.62
(6H, q, J¼7.9 Hz), 0.19 (3H, s), 0.099 (3H, s); 13C NMR
(75 MHz, CDCl3), d (ppm) 212.2 (C), 138.75 (C), 138.68
(C), 137.4 (C), 137.2 (C), 131.5 (CH�2), 131.4 (CH�2),
129.4 (CH�2), 129.3 (CH�2), 128.2 (CH�4), 127.9
(CH�3), 127.8 (CH�3), 127.7 (CH), 127.4 (CH�2),
121.5 (C), 121.4 (C), 85.9 (CH), 83.4 (C), 82.0 (CH),
80.4 (CH), 80.2 (CH), 79.1 (CH), 77.9 (CH), 73.8 (CH),
73.7 (CH), 73.2 (CH2), 72.5 (CH2), 72.1 (CH), 72.0 (CH2),
71.7 (CH2), 71.4 (CH2), 70.6 (CH2), 70.1 (CH2), 45.6
(CH2), 44.4 (CH2), 40.7 (CH2), 35.7 (CH2), 32.0 (CH2),
28.1 (CH), 27.5 (CH2), 27.0 (CH3), 26.0 (CH3�3), 18.20
(CH3), 18.16 (C), 6.9 (CH3�3), 4.7 (CH2�3), �4.5 (CH3),
�4.6 (CH3); IR (film), n (cm�1) 3026, 2926, 1719, 1593,
1487, 1453, 1361, 1337, 1257, 1202, 1098, 1070, 1012,
960, 836, 776, 733, 697; HR-FDMS, calcd for
C64H90

79Br2O10Si2 [M]+: 1232.4439, found: 1232.4431.

7.1.35. (2R,3S,5Z,8R,9S,10S,30R,40S,60S,80R,100R,110S)-[8-
Benzyloxy-9-benzyloxymethyl-3-(tert-butyldimethylsilyl-
oxy)-2,3,4,7,8,9-hexahydrooxonin-2-yl]methyl 40-(4-
bromobenzyloxy)-30-(4-bromobenzyloxymethyl)-110-hy-
droxy-60,100-dimethyl-20,90-dioxabicyclo[6.4.0]dodecan-
100-yl ketone (46). To a solution of 45 (19.8 mg, 16.0 mmol)
in THF–pyridine (2:1, v/v, 1.35 ml) was added HF$Py (ex-
cess) at 25 �C. During 6 d, HF$Py was added several times
to the reaction mixture with stirring until the reaction was
complete. After the reaction mixture was diluted with
Et2O and cooled to 0 �C, saturated aqueous NaHCO3

(1 ml) was added and the mixture was stirred for 1 h. The
layers were separated and the aqueous layer was extracted
with Et2O (3�5 ml). The combined organic layers were
washed with saturated aqueous NaHCO3 and brine, dried
over anhydrous MgSO4, filtered, and concentrated in vacuo.
The resultant residue was purified by column chromato-
graphy (silica gel, hexane/AcOEt¼10 to 3) to give 46
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(13.8 mg, 71%). 46: a colorless oil; [a]D
23 +36.0 (c 0.150,

CHCl3); 1H NMR (400 MHz, C6D6), d (ppm) 7.35–7.28
(5H, m), 7.23–7.05 (9H, m), 6.96 (2H, d, J¼8.3 Hz), 6.82
(2H, d, J¼8.5 Hz), 5.99 (1H, dt, J¼4.9, 10.7 Hz), 5.95
(1H, dt, J¼4.9, 10.7 Hz), 4.48–4.41 (3H, m), 4.24 (1H, dt,
J¼7.6, 3.4 Hz), 4.22–4.14 (4H, m), 4.10 (1H, ddd, J¼3.4,
5.4, 8.2 Hz), 3.93 (1H, ddd, J¼2.4, 4.5, 8.3 Hz), 3.88 (1H,
d, J¼12.0 Hz), 3.85–3.73 (3H, m), 3.67 (1H, dd, J¼4.5,
10.5 Hz), 3.60 (1H, dd, J¼2.4, 10.5 Hz), 3.58–3.49 (4H,
m), 3.38 (1H, dd, J¼6.6, 10.0 Hz), 3.27 (1H, dt, J¼2.4,
9.0 Hz), 3.17 (1H, dd, J¼5.4, 19.5 Hz), 3.04 (1H, ddd,
J¼3.4, 10.7, 13.2 Hz), 2.77 (1H, ddd, J¼3.0, 10.7,
13.5 Hz), 2.29 (1H, dt, J¼13.5, 4.9 Hz), 2.23–2.16 (2H,
m), 2.00–1.96 (1H, m), 1.92–1.79 (3H, m), 1.70 (1H, ddd,
J¼2.8, 11.0, 13.7 Hz), 1.58 (1H, ddd, J¼5.4, 9.0,
14.8 Hz), 1.21 (3H, s), 1.04 (3H, d, J¼6.8 Hz), 0.97 (9H,
s), 0.12 (3H, s), 0.075 (3H, s); 13C NMR (75 MHz,
CDCl3), d (ppm) 213.3 (C), 138.5 (C), 138.3 (C), 137.4
(C), 137.3 (C), 131.44 (CH�2), 131.41 (CH�2), 129.3
(CH�4), 128.31 (CH�2), 128.26 (CH�2), 127.94 (CH�2),
127.88 (CH), 127.7 (CH�3), 127.6 (CH), 127.5 (CH),
121.5 (C), 121.4 (C), 85.4 (CH), 83.2 (CH), 81.1 (CH), 79.8
(CH), 78.8 (CH), 78.3 (CH), 77.2 (C), 73.7 (CH), 73.1
(CH), 73.0 (CH2), 72.5 (CH2), 71.7 (CH2), 71.2 (CH2),
70.8 (CH), 70.6 (CH2), 70.5 (CH2), 45.3 (CH2), 41.9
(CH2), 40.4 (CH2), 34.5 (CH2), 32.0 (CH2), 28.1 (CH),
27.01 (CH2), 26.96 (CH3), 25.8 (CH3�3), 18.2 (CH3),
17.9 (C), �4.3 (CH3), �4.8 (CH3); IR (film), n (cm�1)
3463, 3026, 2926, 2854, 1715, 1593, 1487, 1453, 1361,
1257, 1204, 1099, 1069, 1011, 836, 803, 776, 735, 697;
HR-FDMS, calcd for C58H76

79Br2O10Si [M]+: 1118.3574,
found: 1118.3552.

7.1.36. (1S,3R,4S,6S,8R,10R,11S,10R,200R,300S,500Z,800R,
900S)-10-{20-[800-Benzyloxy-900-benzyloxymethyl-300-(tert-
butyldimethylsilyloxy)-200,300,400,700,800,900-hexahydrooxo-
nin-200-yl]-10-hydroxyethyl}-4-(4-bromobenzyloxy)-3-(4-
bromobenzyloxymethyl)-6,10-dimethyl-2,9-dioxabi-
cyclo[6.4.0]dodecan-11-ol (47). To a solution of 46 (2.8 mg,
2.31 mmol) in MeOH (0.70 ml) was added NaBH4 (7.3 mg,
193 mmol) at 0 �C and the reaction mixture was stirred for
15 min. Then, H2O (1 ml) was added and the aqueous layer
was extracted with Et2O (4�5 ml). The combined organic
layers were washed with brine, dried over anhydrous
MgSO4, filtered, and concentrated in vacuo. The resultant
residue was purified by column chromatography (silica
gel, hexane/AcOEt¼15 to 10) to give a mixture of 47 and
31 (2.8 mg, w100%, 47:31¼2:1 from 1H NMR). This mix-
ture of 47 and 31 was separated by HPLC (hexane/
AcOEt¼4) to give 47 (1.6 mg, 61%) as less-polar eluate
and 31 (0.7 mg, 27%) as polar eluate. 47: a colorless oil;
[a]D

20 +7.67 (c 0.225, CHCl3); 1H NMR (400 MHz, C6D6),
d (ppm) 7.40 (2H, d, J¼7.3 Hz), 7.31�7.05 (12H, m), 7.00
(2H, d, J¼8.3 Hz), 6.83 (2H, d, J¼8.3 Hz), 5.93 (1H, dt,
J¼5.5, 10.4 Hz), 5.87 (1H, dt, J¼5.5, 10.4 Hz), 4.82�4.79
(1H, m), 4.52 (1H, d, J¼11.6 Hz), 4.40 (1H, d, J¼
11.7 Hz), 4.30 (1H, d, J¼11.6 Hz), 4.25 (1H, d, J¼
12.3 Hz), 4.24�4.20 (2H, m), 4.19 (1H, d, J¼12.3 Hz),
4.13 (1H, d, J¼11.7 Hz), 4.04 (1H, dt, J¼4.8, 10.4 Hz),
4.02�3.99 (1H, m), 3.96 (1H, dt, J¼1.8, 5.5 Hz),
3.92�3.89 (2H, m), 3.84�3.82 (1H, m), 3.77�3.72 (3H,
m), 3.68 (1H, ddd, J¼2.2, 6.7, 9.0 Hz), 3.63�3.59 (2H,
m), 3.57 (1H, dd, J¼2.2, 9.8 Hz), 3.45 (1H, dd, J¼6.6,
9.8 Hz), 3.33 (1H, dt, J¼2.4, 9.0 Hz), 2.79�2.67 (2H, m),
2.52 (1H, ddd, J¼2.9, 4.8, 13.3 Hz), 2.29�2.24 (1H, m),
2.15 (1H, dt, J¼13.5, 5.5 Hz), 2.04�1.77 (7H, m), 1.61
(1H, ddd, J¼6.1, 9.0, 15.0 Hz), 1.053 (3H, s), 1.050 (3H,
d, J¼6.6 Hz), 0.96 (9H, s), 0.056 (3H, s), 0.030 (3H, s);
13C NMR (100 MHz, CDCl3), d (ppm) 138.3 (C), 137.8
(C), 137.5 (C), 137.4 (C), 131.41 (CH�2), 131.39 (CH�2),
129.31 (CH�2), 129.27 (CH�2), 128.4 (CH), 128.3
(CH�3), 128.2 (CH�2), 127.8 (CH�2), 127.7 (CH), 127.6
(CH), 126.9 (CH), 121.4 (C), 121.3 (C), 85.3 (CH), 83.9
(CH), 81.5 (CH), 80.4 (CH), 78.8 (CH), 77.2 (CH), 75.8
(C), 74.5 (CH), 74.0 (CH), 73.6 (CH), 73.2 (CH2),
72.9 (CH), 72.5 (CH2), 71.6 (CH2), 71.4 (CH2), 70.5
(CH2), 69.1 (CH2), 45.6 (CH2), 40.5 (CH2), 35.7 (CH2),
32.5 (CH2), 29.7 (CH2), 28.3 (CH), 27.0 (CH3), 26.8
(CH2), 25.8 (CH3�3), 18.0 (C), 17.5 (CH3), �4.2 (CH3),
�4.6 (CH3); IR (film), n (cm�1) 3397, 3026, 2961, 2851,
1593, 1487, 1454, 1405, 1360, 1296, 1256, 1204, 1100,
1028, 1012, 947, 836, 804, 776, 751, 698; HR-FDMS,
calcd for C58H78

79Br2O10Si [M]+: 1120.3731, found:
1120.3730.

7.1.37. Conversion of 31 to 26. To a solution of 31 (2.1 mg,
1.87 mmol) in DCM (0.50 ml) were added 2,6-lutidine
(20 ml, 172 mmol) and TESOTf (3.0 ml, 13.3 mmol) at
�40 �C. After the mixture was stirred for 25 min, TESOTf
(2.0 ml, 8.8 mmol) was added to the mixture at �40 �C.
The mixture was stirred for 35 min. Then, saturated aqueous
NaHCO3 (0.5 ml) was added and the aqueous layer was ex-
tracted with Et2O (4�3 ml). The combined organic layers
were washed with brine, dried over anhydrous MgSO4, fil-
tered, and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/
AcOEt¼7) to give 26 (2.2 mg, 95%).

7.1.38. (1R,3R,4R,6S,8S,10S,12R,13S,15S,20R,30S,50Z,80R,
90S)-4-[80-Benzyloxy-90-benzyloxymethyl-30-(tert-butyl-
dimethylsilyloxy)-20,30,40,70,80,90-hexahydrooxonin-20-
yl]-13-(4-bromobenzyloxy)-12-(4-bromobenzyloxy-
methyl)-3,15-dimethyl-6-(2-naphthyl)-2,5,7,11-tetraoxa-
tricyclo[8.6.0.03,8]hexadecane (48). To a solution of 47
(4.2 mg, 3.74 mmol) in benzene (1.0 ml) were added 2-naph-
thaldehyde dimethyl acetal (27.1 mg, 134 mmol) and PPTS
(4.3 mg, 17.1 mmol). The reaction mixture was heated to
80 �C and stirred for 1.5 h. Then, saturated aqueous
NaHCO3 (1 ml) was added and the aqueous layer was ex-
tracted with Et2O (4�5 ml). The combined organic layers
were washed with brine, dried over anhydrous MgSO4, fil-
tered, and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/
AcOEt¼30 to 4) to give 48 (4.2 mg, 89%,). 48: a colorless
oil; [a]D

22 +39.4 (c 0.160, CHCl3); 1H NMR (400 MHz,
C6D6), d (ppm) 8.28 (1H, s), 7.93 (1H, dd, J¼1.5, 8.4 Hz),
7.81–7.76 (2H, m), 7.62 (1H, J¼1.5, 7.7 Hz), 7.28–7.01
(16H, m), 6.94 (2H, d, J¼8.3 Hz), 6.78 (2H, d, J¼8.3 Hz),
5.99 (1H, dt, J¼6.7, 10.5 Hz), 5.89 (1H, dt, J¼6.0,
10.5 Hz), 5.75 (1H, s), 4.46 (1H, d, J¼12.0 Hz), 4.28–4.11
(8H, m), 4.08 (1H, dt, J¼9.1, 2.2 Hz), 4.02–4.00 (1H, m),
3.96 (1H, dt, J¼9.1, 2.9 Hz), 3.92–3.86 (2H, m), 3.83 (1H,
d, J¼12.0 Hz), 3.66 (1H, dd, J¼2.2, 10.1 Hz), 3.58 (1H, t,
J¼2.9 Hz), 3.55 (1H, dt, J¼2.8, 9.6 Hz), 3.48 (1H, ddd,
J¼2.2, 6.6, 8.8 Hz), 3.46 (1H, dd, J¼2.2, 10.1 Hz), 3.37
(1H, dd, J¼6.6, 10.1 Hz), 3.25 (1H, dt, J¼2.7, 8.8 Hz),
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2.98 (1H, ddd, J¼2.9, 10.5, 13.3 Hz), 2.88–2.82 (1H, m),
2.44 (1H, ddd, J¼2.9, 4.8, 13.5 Hz), 2.40–2.26 (3H, m),
1.99–1.82 (5H, m), 1.77 (1H, dt, J¼14.6, 2.7 Hz), 1.46
(1H, ddd, J¼6.1, 8.8, 14.6 Hz), 1.01 (3H, d, J¼7.1 Hz),
0.99 (9H, s), 0.97 (3H, s), 0.14 (3H, s), 0.075 (3H, s); 13C
NMR (100 MHz, C6D6), d (ppm) 139.40 (C), 139.35 (C),
138.2 (C), 138.1 (C), 137.2 (C), 134.1 (C), 133.6 (C),
131.61 (CH�2), 131.56 (CH�2), 129.7 (CH), 129.2
(CH�4), 128.6 (CH�2), 127.3 (CH�2), 126.4 (CH), 126.3
(CH�2), 125.9 (CH), 124.8 (CH), 121.5 (C), 121.4 (C),
100.5 (CH), 85.0 (CH), 79.9 (CH), 79.80 (CH), 79.77 (CH),
79.6 (CH), 78.3 (CH), 78.23 (CH), 78.20 (CH), 76.1 (CH),
74.8 (CH), 73.2 (CH2), 72.7 (CH2), 72.3 (CH2), 71.3
(CH2), 70.0 (CH2), 69.6 (C), 68.7 (CH2), 45.2 (CH2), 39.5
(CH2), 34.9 (CH2), 34.1 (CH2), 30.4 (CH2), 29.0 (CH2),
28.8 (CH), 26.9 (CH3), 26.1 (CH3�3), 18.3 (C), 17.2
(CH3), �4.4 (CH3), �4.7 (CH3) (The signals of seven
carbons were undetected due to overlapping with solvent
signal.); IR (film), n (cm�1) 3063, 3025, 2956, 2853, 1593,
1487, 1471, 1453, 1405, 1375, 1359, 1326, 1256, 1214,
1202, 1174, 1098, 1012, 954, 836, 804, 755, 698; HR-
FDMS, calcd for C69H84

79Br2O10Si [M]+: 1285.4200, found:
1258.4218.

7.1.39. (1R,20R,30S,50Z,80R,90S,100S,300R,400S,600S,800R,1000S,
1100S)-2-[80-Benzyloxy-90-benzyloxymethyl-30-(tert-butyl-
dimethylsilyloxy)-20,30,40,70,80,90-hexahydrooxonin-20-
yl]-1-{400-(4-bromobenzyloxy)-300-(4-bromobenzyloxy-
methy)-600,1000-dimethyl-1100-(2-naphthylmethyl)-200,900-
dioxabicyclo[6.4.0]dodecan-1000-yl}ethanol (49). To a solu-
tion of 48 (3.2 mg, 2.54 mmol) in DCM (0.70 ml) was added
DIBAL (0.15 ml, 0.94 M in hexane, 141 mmol) at 0 �C. The
reaction mixture was warmed to 10 �C and stirred for 3 h.
Then, MeOH (0.1 ml) and saturated aqueous potassium so-
dium tartrate (1 ml) were added. The mixture was diluted
with Et2O (5 ml) and stirred at 25 �C for 18 h. The layers
were separated and the aqueous layer was extracted with
Et2O (4�5 ml). The combined organic layers were washed
with brine, dried over anhydrous MgSO4, filtered, and con-
centrated in vacuo. The resultant residue was purified by col-
umn chromatography (silica gel, hexane/AcOEt¼4) to give
49 (3.2 mg, w100%,). 49: a colorless oil; [a]D

25 +7.40 (c
0.160, CHCl3); 1H NMR (400 MHz, C6D6), d (ppm) 7.84
(1H, s), 7.72–7.62 (3H, m), 7.56 (1H, dd, J¼1.6, 8.4 Hz),
7.41–7.39 (2H, m), 7.30–7.05 (14H, m), 6.92 (2H, d,
J¼8.5 Hz), 6.82 (2H, d, J¼8.3 Hz), 5.96 (1H, dt, J¼6.5,
10.7 Hz), 5.84 (1H, dt, J¼5.7, 10.7 Hz), 4.65–4.62 (1H,
m), 4.58 (1H, d, J¼12.2 Hz), 4.474 (1H, d, J¼12.2 Hz),
4.472 (1H, d, J¼11.7 Hz), 4.284 (1H, d, J¼11.8 Hz),
4.279 (1H, d, J¼11.7 Hz), 4.20 (1H, d, J¼11.8 Hz), 4.17
(2H, s), 4.11 (1H, dt, J¼9.0, 3.5 Hz), 4.05 (1H, d,
J¼11.8 Hz), 3.96–3.87 (4H, m), 3.86 (1H, d, J¼11.8 Hz),
3.70 (1H, ddd, J¼2.1, 7.6, 9.1 Hz), 3.68–3.63 (2H, m),
3.61 (1H, dd, J¼2.1, 9.9 Hz), 3.53 (1H, dt, J¼9.0, 3.0 Hz),
3.39 (1H, dd, J¼7.6, 9.9 Hz), 3.35 (1H, t, J¼3.3 Hz), 3.25
(1H, dt, J¼2.4, 9.1 Hz), 3.05 (1H, br s), 2.81 (1H, ddd,
J¼1.3, 10.7, 12.7 Hz), 2.68 (1H, ddd, J¼3.0, 10.7,
13.4 Hz), 2.50 (1H, dt, J¼13.9, 3.3 Hz), 2.28–2.22 (1H,
m), 2.12 (1H, ddd, J¼3.0, 5.7, 13.4 Hz), 1.91–1.69 (6H,
m), 1.64–1.53 (2H, m), 1.22 (3H, s), 1.01 (3H, d, J¼
7.1 Hz), 0.97 (9H, s), 0.074 (6H, s); 13C NMR (100 MHz,
C6D6), d (ppm) 139.6 (C), 139.3 (C), 138.1 (C), 137.9 (C),
136.7 (C), 133.9 (C), 133.4 (C), 131.6 (CH�4), 129.3
(CH�2), 129.2 (CH�2), 129.1 (CH), 128.5 (CH�4),
127.4 (CH), 126.8 (CH), 126.3 (CH�2), 126.2 (CH),
126.0 (CH�2), 121.6 (C), 121.5 (C), 85.7 (CH), 81.8
(CH), 81.2 (CH), 79.9 (CH), 79.5 (CH), 78.8 (C), 77.7
(CH), 77.5 (CH), 77.0 (CH), 74.2 (CH), 73.4 (CH2), 73.1
(CH2), 72.4 (CH2), 71.5 (CH), 71.3 (CH2), 71.0 (CH2),
70.2 (CH2), 70.1 (CH2), 45.4 (CH2), 39.7 (CH2), 36.1
(CH2), 31.6 (CH2), 29.8 (CH2), 28.8 (CH), 27.0 (CH2),
26.8 (CH3), 26.1 (CH3�3), 18.3 (C), 15.6 (CH3), �4.45
(CH3), �4.50 (CH3) (The signals of eight carbons were un-
detected due to overlapping with solvent signal.); IR (film),
n (cm�1) 3584, 3503, 3061, 3025, 2925, 2854, 1593, 1509,
1487, 1454, 1404, 1375, 1360, 1337, 1298, 1256, 1203,
1100, 1012, 964, 946, 836, 804, 774, 751, 698; HR-
FDMS, calcd for C69H87

79Br2O10Si [M+H]+: 1261.4430,
found: 1261.4440.

7.1.40. (1S,3R,4S,6S,8R,10S,11S,10R,200R,300S,500Z,800R,
900S)-10-{10-Benzyloxy-20-[800-benzyloxy-900-benzyloxy-
methyl-300-(tert-butyldimethylsilyloxy)-200,300,400,700,800,900-
hexahydrooxonin-200-yl]ethyl}-4-(4-bromobenzyloxy)-3-
(4-bromobenzyloxymethyl)-6,10-dimethyl-11-(2-naph-
thymethyl)-2,9-dioxabicyclo[6.4.0]dodecane (50). To a
suspension of 49 (3.8 mg, 3.01 mmol) and TBAI (3.0 mg,
8.12 mmol) in THF-DMF (5:1, v/v, 1.0 ml) was added NaH
(17.4 mg, 435 mmol) at 0 �C and the mixture was stirred
for 10 min. Then, benzyl bromide (20.0 mmol, 168 mmol)
was added at 0 �C, the reaction mixture was warmed to
25 �C and stirred for 8 h. After that, H2O (1 ml) was added
and the aqueous layer was extracted with Et2O (4�5 ml).
The combined organic layers were washed with brine, dried
over anhydrous MgSO4, filtered, and concentrated in vacuo.
The resultant residue was purified by column chromato-
graphy (silica gel, hexane/AcOEt¼50 to 7) to give 50
(4.1 mg,w100%). 50: a colorless oil; [a]D

23 �7.61 (c 0.205,
CHCl3); 1H NMR (400 MHz, C6D6), d (ppm) 7.95 (1H, s),
7.67–7.51 (6H, m), 7.35–7.03 (14H, m), 6.88 (2H, d,
J¼8.3 Hz), 6.82 (2H, d, J¼8.3 Hz), 5.88 (1H, dt, J¼6.8,
10.5 Hz), 5.77 (1H, dt, J¼5.7, 10.5 Hz), 5.50 (1H, d,
J¼12.2 Hz), 5.06 (1H, d, J¼12.2 Hz), 4.68 (1H, t, J¼
5.7 Hz), 4.59 (1H, d, J¼12.6 Hz), 4.48 (1H, d, J¼
12.6 Hz), 4.37–4.31 (2H, m), 4.22–4.16 (3H, m), 4.13 (2H,
s), 4.01 (1H, d, J¼12.0 Hz), 3.94 (1H, br d, J¼8.7 Hz),
3.93–3.89 (1H, m), 3.86 (1H, d, J¼12.0 Hz), 3.82 (1H, dd,
J¼1.7, 10.0 Hz), 3.76–3.69 (3H, m), 3.59 (2H, dd, J¼2.6,
10.0 Hz), 3.40 (1H, dd, J¼7.4, 10.0 Hz), 3.26 (1H, dt,
J¼2.4, 9.0 Hz), 3.14 (1H, br dd, J¼10.5, 12.6 Hz), 2.54–
2.44 (2H, m), 2.30 (1H, ddd, J¼6.8, 8.7, 12.6 Hz), 2.01–
1.90 (4H, m), 1.82 (1H, ddd, J¼2.9, 5.7, 13.4 Hz), 1.76
(1H, ddd, J¼2.6, 11.5, 13.9 Hz), 1.66 (1H, ddd, J¼5.1,
9.0, 14.3 Hz), 1.41 (1H, t, J¼5.7 Hz), 1.25 (3H, s), 1.00
(3H, d, J¼5.9 Hz), 0.95 (9H, s), 0.061 (3H, s), 0.060 (3H,
s); 13C NMR (100 MHz, C6D6), d (ppm) 141.5 (C), 139.8
(C), 139.4 (C), 138.1 (C), 137.9 (C), 136.9 (C), 133.9 (C),
133.3 (C), 131.64 (CH�2), 131.60 (CH�2), 129.4
(CH�2), 129.1 (CH�2), 128.5 (CH), 128.4 (CH�4),
127.5 (CH�2), 127.4 (CH), 127.2 (CH�3), 127.0 (CH),
126.8 (CH), 126.2 (CH), 125.8 (CH), 125.5 (CH�2),
121.6 (C), 121.5 (C), 85.8 (CH), 81.3 (CH), 81.0 (C), 80.7
(CH), 79.9 (CH), 79.3 (CH), 78.7 (CH), 78.1 (CH), 77.0
(CH), 76.1 (CH), 75.2 (CH2), 74.0 (CH), 73.1 (CH2�2),
72.3 (CH2), 71.1 (CH2), 70.8 (CH2), 70.2 (CH2), 69.7
(CH2), 45.7 (CH2), 39.9 (CH2), 37.5 (CH2), 31.4 (CH2),
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28.8 (CH), 27.9 (CH2), 26.9 (CH3), 26.2 (CH2), 26.0
(CH3�3), 18.3 (C), 14.7 (CH3), �4.6 (CH3), �4.8 (CH3)
(The signals of seven carbons were undetected due to over-
lapping with solvent signal.); IR (film), n (cm�1) 3062, 3025,
2926, 2855, 1603, 1593, 1509, 1496, 1487, 1453, 1404,
1360, 1338, 1250, 1201, 1096, 1070, 1012, 946, 835, 774,
733, 697; HR-FDMS, calcd for C76H92

79Br2O10Si [M]+:
1350.4826, found: 1350.4854.

7.1.41. (1S,3R,4S,6S,8R,10R,11S,10R,200R,300S,500Z,800R,
900S)-10-{10-Benzyloxy-20-[800-benzyloxy-900-benzyloxy-
methyl-300-(tert-butyldimethylsilyloxy)-200,300,400,700,800,900-
hexahydrooxonin-200-yl]ethyl}-4-(4-bromobenzyloxy)-3-
(4-bromobenzyloxymethyl)-6,10-dimethyl-2,9-dioxabi-
cyclo[6.4.0]dodecan-11-ol (51). To a solution of 50
(10.4 mg, 7.68 mmol) in DCM–pH 7 buffer (10:1, v/v,
0.90 ml) was added DDQ (10.7 mg, 47.1 mmol) at 0 �C
and the mixture was stirred for 20 min. Then, saturated aque-
ous NaHCO3 (1 ml) was added and the aqueous layer was
extracted with Et2O (4�5 ml). The combined organic layers
were washed with brine, dried over anhydrous MgSO4, fil-
tered, and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/
AcOEt¼30 to 5) to give 51 (8.5 mg, 91%). 51: a colorless
oil; [a]D

18 +11.8 (c 0.425, CHCl3); 1H NMR (400 MHz,
C6D6), d (ppm) 7.48 (1H, d, J¼7.1 Hz), 7.37–7.21 (9H,
m), 7.15–7.01 (10H, m), 6.84 (2H, d, J¼8.3 Hz), 5.91–
5.82 (2H, m), 5.28 (1H, d, J¼12.0 Hz), 4.88 (1H, d, J¼
12.0 Hz), 4.40 (1H, d, J¼11.8 Hz), 4.37 (1H, d, J¼
11.7 Hz), 4.30–4.16 (7H, m), 4.13 (1H, d, J¼11.8 Hz),
4.04 (1H, ddd, J¼4.5, 9.8, 10.9 Hz), 3.90 (1H, d,
J¼12.0 Hz), 3.82–3.75 (4H, m), 3.72–3.60 (4H, m), 3.47
(1H, dd, J¼7.0, 10.0 Hz), 3.32 (1H, dt, J¼2.4, 9.0 Hz),
2.90–2.84 (1H, m), 2.61 (1H, br dd, J¼8.5, 13.2 Hz), 2.55
(1H, ddd, J¼3.5, 4.5, 13.3 Hz), 2.38 (1H, ddd, J¼3.8, 4.5,
13.5 Hz), 2.18 (1H, ddd, J¼5.6, 8.7, 13.2 Hz), 2.03–1.83
(5H, m), 1.67 (1H, ddd, J¼5.7, 9.0, 14.8 Hz), 1.45 (2H,
dd, J¼4.1, 6.1 Hz), 1.21 (3H, s), 1.03 (3H, d, J¼6.8 Hz),
0.94 (9H, s), 0.035 (3H, s), 0.027 (3H, s); 13C NMR
(100 MHz, C6D6), d (ppm) 140.9 (C), 139.2 (C), 139.0
(C), 138.3 (C), 138.1 (C), 131.6 (CH�4), 129.4 (CH�2),
129.3 (CH�2), 129.2 (CH), 128.5 (CH�2), 128.4
(CH�2), 127.51 (CH), 127.47 (CH), 127.3 (CH), 126.4
(CH), 121.6 (C), 121.4 (C), 85.6 (CH), 82.1 (CH), 82.0
(CH), 80.5 (CH, C), 79.8 (CH), 77.0 (CH), 76.9 (CH),
76.5 (CH), 75.7 (CH2), 74.0 (CH), 73.3 (CH2), 72.9 (CH2),
72.3 (CH2), 71.54 (CH2), 71.48 (CH), 70.3 (CH2), 69.3
(CH2), 45.7 (CH2), 40.1 (CH2), 38.3 (CH2), 35.7 (CH2),
28.8 (CH), 27.6 (CH2), 27.0 (CH3), 26.4 (CH2), 26.0
(CH3�3), 18.3 (C), 13.8 (CH3), �4.77 (CH3), �4.84
(CH3) (The signals of eight carbons were undetected due
to overlapping with solvent signal.); IR (film), n (cm�1)
3475, 3063, 3027, 2927, 2857, 1593, 1487, 1470, 1453,
1405, 1372, 1360, 1339, 1298, 1250, 1215, 1088, 1028,
1012, 940, 888, 836, 804, 755, 697; HR-FDMS, calcd for
C65H84

79Br2O10Si [M]+: 1210.4200, found: 1210.4193.

7.1.42. (1S,3R,4S,6S,8R,10S,11S,10R,200R,300S,500Z,800R,
900S)-10-[10-Benzyloxy-20-(800-benzyloxy-900-benzyloxy-
methyl-300-hydroxy-200,300,400,700,800,900-hexahydrooxonin-
200-yl)ethyl]-4-(4-bromobenzyloxy)-3-(4-bromobenzyl-
oxymethyl)-6,10-dimethyl-2,9-dioxabicyclo[6.4.0]dode-
can-11-one (53). To a solution of 51 (7.5 mg, 6.18 mmol) in
DCM (0.80 ml) were added NaHCO3 (21.8 mg, 259 mmol)
and DMPI (22.0 mg, 51.9 mmol) at 25 �C and the reaction
mixture was stirred for 30 min. After the mixture was diluted
with Et2O (1 ml), saturated aqueous Na2SO3 (1 ml) was
added and the aqueous layer was extracted with Et2O
(4�5 ml). The combined organic layers were washed with
saturated aqueous Na2SO3 and brine, dried over anhydrous
MgSO4, filtered, and concentrated in vacuo. The resultant
residue was roughly purified by column chromatography
(silica gel, hexane/AcOEt¼4) to give a crude product, and
it was used in the next reaction without further purification.
To a solution of the above crude product in THF (0.80 ml)
was added HF$Py at 0 �C. The reaction mixture was warmed
to 25 �C and stirred for 2 d. After the reaction mixture was
diluted with Et2O and cooled to 0 �C, saturated aqueous
NaHCO3 (1 ml) was added and the mixture was stirred for
1 h. The layers were separated and the aqueous layer was ex-
tracted with AcOEt (4�5 ml). The combined organic layers
were washed with brine, dried over anhydrous MgSO4, fil-
tered, and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/
AcOEt¼5 to 2) to give 53 (6.8 mg, w100% from 51). 53:
a colorless oil; [a]D

22 +15.6 (c 0.340, CHCl3); 1H NMR
(400 MHz, C6D6), d (ppm) 7.45–7.43 (2H, m), 7.31–7.28
(5H, m), 7.21–7.04 (12H, m), 6.92 (2H, d, J¼8.3 Hz), 6.81
(2H, d, J¼8.5 Hz), 5.95 (1H, dt, J¼5.9, 10.6 Hz), 5.88
(1H, dt, J¼5.9, 10.6 Hz), 4.79 (1H, d, J¼10.9 Hz), 4.60
(1H, d, J¼10.9 Hz), 4.41 (1H, d, J¼12.3 Hz), 4.39 (1H, d,
J¼11.7 Hz), 4.35 (1H, d, J¼12.3 Hz), 4.18–4.13 (4H, m),
4.10 (1H, d, J¼11.7 Hz), 3.85 (1H, d, J¼12.0 Hz), 3.83–
3.80 (2H, m), 3.74 (1H, dt, J¼6.8, 4.9 Hz), 3.70–3.65 (2H,
m), 3.58–3.54 (2H, m), 3.44 (1H, dd, J¼2.7, 9.8 Hz), 3.40
(1H, dt, J¼2.7, 6.8 Hz), 3.38 (1H, ddd, J¼2.0, 6.6,
9.0 Hz), 3.28 (1H, dd, J¼6.6, 9.8 Hz), 3.16 (1H, dt, J¼2.4,
9.0 Hz), 3.09 (1H, dd, J¼7.4, 16.8 Hz), 2.86 (1H, ddd,
J¼2.7, 10.6, 13.4 Hz), 2.75 (1H, ddd, J¼2.7, 10.6,
13.7 Hz), 2.52 (1H, dd, J¼6.6, 16.8 Hz), 2.34–2.24 (4H,
m), 1.92–1.88 (1H, m), 1.78–1.62 (3H, m), 1.47 (1H, ddd,
J¼5.6, 9.0, 15.6 Hz), 1.22 (3H, s), 0.95 (3H, d, J¼6.8 Hz);
13C NMR (100 MHz, C6D6), d (ppm) 211.2 (C), 139.1 (C),
139.0 (C), 138.8 (C), 138.0 (C), 137.8 (C), 131.73 (CH�2),
131.67 (CH�2), 129.4 (CH�2), 129.3 (CH�2), 128.64
(CH�2), 128.60 (CH�4), 128.5 (CH�4), 121.69 (C),
121.66 (C), 86.6 (C), 85.1 (CH), 83.0 (CH), 82.7 (CH),
82.6 (CH), 81.7 (CH), 79.6 (CH), 78.7 (CH), 75.6 (CH),
74.8 (CH), 74.7 (CH2), 73.3 (CH2), 72.5 (CH2), 72.0
(CH2�2), 71.4 (CH2), 70.3 (CH2), 46.2 (CH2), 44.1 (CH2),
39.6 (CH2), 36.6 (CH2), 30.8 (CH2), 28.6 (CH), 26.9 (CH3,
CH2), 17.9 (CH3) (The signals of seven carbons were un-
detected due to overlapping with solvent signal.); IR
(film), n (cm�1) 3454, 3063, 3027, 2926, 2865, 1717,
1592, 1487, 1453, 1405, 1367, 1321, 1300, 1215, 1099,
1027, 1012, 911, 838, 804, 755, 698; HR-FDMS, calcd for
C59H68

79Br2O10 [M]+: 1094.3179, found: 1094.3174.

7.1.43. (1R,3S,5Z,8R,9S,11R,13R,14S,16R,18S,20S,21R,
23S)-8,13-Dibenzyloxy-9-benzyloxymethyl-20-(4-bromo-
benzyloxy)-21-(4-bromobenzyloxymethyl)-14,18-di-
methyl-2,10,15,22-tetraoxatetracyclo[12.10.0.03,11.016,23]-
tetracos-5-ene (54). To a solution of 53 (6.0 mg, 5.47 mmol)
in DCM–Et3SiH (10:1, v/v, 0.80 ml) was added TMSOTf
(3.0 ml, 16.6 mmol) at 0 �C and the mixture was stirred for
30 min. Then, saturated aqueous NaHCO3 (1 ml) was added
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and the aqueous layer was extracted with Et2O (5 ml) and
AcOEt (3�5 ml). The combined organic layers were washed
with brine, dried over anhydrous MgSO4, filtered, and con-
centrated in vacuo. The resultant residue was purified by col-
umn chromatography (silica gel, hexane/AcOEt¼10 to 4) to
give 54 (4.6 mg, 78%). 54: a colorless oil; [a]D

23 �4.96 (c
0.025, CHCl3); 1H NMR (600 MHz, C6D6), d (ppm) 7.45
(2H, d, J¼7.3 Hz), 7.21–7.02 (17H, m), 6.94 (2H, d,
J¼8.1 Hz), 6.83 (2H, d, J¼8.1 Hz), 5.93 (1H, dt, J¼6.4,
10.0 Hz), 5.82 (1H, dt, J¼5.4, 10.0 Hz), 4.85 (1H, d, J¼
12.1 Hz), 4.71 (1H, d, J¼12.1 Hz), 4.39 (1H, d, J¼
12.3 Hz), 4.37 (2H, s), 4.25 (1H, d, J¼12.9 Hz), 4.22 (1H,
d, J¼12.9 Hz), 4.21 (1H, d, J¼11.7 Hz), 4.11 (1H, d,
J¼12.3 Hz), 3.87 (1H, d, J¼11.7 Hz), 3.70 (1H, t,
J¼6.0 Hz), 3.66–3.53 (6H, m), 3.52–3.50 (1H, m), 3.49–
3.47 (1H, m), 3.39 (1H, dd, J¼7.1, 9.9 Hz), 3.26–3.20
(2H, m), 3.07 (1H, dd, J¼4.6, 12.1 Hz), 2.94 (1H, ddd,
J¼5.0, 10.0, 13.9 Hz), 2.69–2.63 (2H, m), 2.40 (1H, dt,
J¼12.5, 4.6 Hz), 2.31–2.26 (3H, m), 2.00–1.84 (4H, m),
1.68–1.57 (2H, m), 1.44 (3H, s), 1.00 (3H, d, J¼7.3 Hz);
13C NMR (100 MHz, CDCl3), d (ppm) 139.5 (C), 138.3
(C), 138.2 (C), 137.4 (C), 137.2 (C), 131.5 (CH�2), 131.4
(CH�2), 129.4 (CH�4), 128.3 (CH�5), 128.1 (CH�2),
128.0 (CH�2), 127.8 (CH�3), 127.62 (CH), 127.59 (CH),
127.5 (CH�2), 127.1 (CH), 121.5 (C), 121.4 (C), 85.9
(CH), 84.7 (CH), 84.4 (CH), 83.7 (CH), 82.6 (CH�2),
80.4 (C), 79.7 (CH), 79.0 (CH), 78.0 (CH), 73.3 (CH2),
73.1 (CH2), 72.7 (CH2), 72.1 (CH), 71.9 (CH2), 71.4
(CH2), 70.54 (CH2), 70.49 (CH2), 45.0 (CH2), 40.6
(CH2), 38.6 (CH2), 35.4 (CH2), 32.5 (CH2), 27.9 (CH),
27.6 (CH2), 27.0 (CH3), 11.5 (CH3); IR (neat), n (cm�1)
2954, 2923, 2853, 1594, 1487, 1462, 1376, 1287, 1260,
1204, 1096, 1070, 1027, 1012, 840, 803, 729, 697; HR-
FDMS, calcd for C59H68

79Br2O9 [M]+: 1078.3230, found:
1078.3217.

7.1.44. (1R,3R,4S,6S,8S,10S,12R,13S,15S,20R,30S,50Z,80R,
90S)-4-[80-Benzyloxy-90-benzyloxymethyl-30-(tert-butyl-
dimethylsilyloxy)-20,30,40,70,80,90-hexahydrooxonin-20-
yl]-13-(4-bromobenzyloxy)-12-(4-bromobenzyloxy-
methyl)-3,15-dimethyl-6-(2-naphthyl)-2,5,7,11-tetraoxa-
tricyclo[8.6.0.03,8]hexadecane (55a) and (1R,3R,4S,6R,
8S,10S,12R,13S,15S,20R,30S,50Z,80R,90S)-4-[80-benzyloxy-
90-benzyloxymethyl-30-(tert-butyldimethylsilyloxy)-
20,30,40,70,80,90-hexahydrooxonin-20-yl]-13-(4-bromobenz-
yloxy)-12-(4-bromobenzyloxymethyl)-3,15-dimethyl-6-
(2-naphthyl)-2,5,7,11-tetraoxatricyclo[8.6.0.03,8]hexa-
decane (55b). To a solution of 31 (17.3 mg, 15.4 mmol) in
benzene (1.0 ml) were added 2-naphthaldehyde dimethyl
acetal (33.3 mg, 165 mmol) and PPTS (6.0 mg, 23.9 mmol).
The reaction mixture was heated to 80 �C and stirred for
2 h. Then, saturated aqueous NaHCO3 (1 ml) was added
and the aqueous layer was extracted with Et2O (4�5 ml).
The combined organic layers were washed with brine, dried
over anhydrous MgSO4, filtered, and concentrated in vacuo.
The resultant residue was purified by column chromato-
graphy (silica gel, hexane/AcOEt¼30 to 4) to give 55a
(17.3 mg, 89%,) and 55b (2.1 mg, 11%). 55a: a colorless
oil; [a]D

24 �27.9 (c 0.750, CHCl3); 1H NMR (400 MHz,
C6D6), d (ppm) 8.29 (1H, s), 7.91 (1H, dd, J¼1.5, 8.5 Hz),
7.75–7.72 (2H, m), 7.62–7.58 (1H, m), 7.34–6.95 (18H,
m), 6.81 (2H, d, J¼8.5 Hz), 6.05 (1H, s), 5.88 (1H, dt,
J¼5.2, 10.4 Hz), 5.83 (1H, dt, J¼5.2, 10.4 Hz), 4.55 (1H,
dd, J¼2.8, 11.3 Hz), 4.47 (1H, d, J¼12.0 Hz), 4.41 (1H, d,
J¼12.0 Hz), 4.38 (1H, d, J¼12.0 Hz), 4.22–4.15 (4H, m),
4.11 (1H, d, J¼12.0 Hz), 3.93 (1H, dt, J¼4.8, 9.5 Hz),
3.86 (1H, d, J¼12.2 Hz), 3.69–3.57 (7H, m), 3.53 (1H, dd,
J¼2.4, 10.0 Hz), 3.43–3.41 (1H, m), 3.40 (1H, dd, J¼6.7,
10.0 Hz), 3.30 (1H, dt, J¼2.6, 8.8 Hz), 2.71 (1H, ddd,
J¼2.8, 10.4, 13.2 Hz), 2.52–2.45 (2H, m), 2.30–2.24 (1H,
m), 2.17 (1H, dt, J¼13.2, 5.2 Hz), 2.05–1.82 (7H, m), 1.53
(1H, ddd, J¼5.4, 8.8, 14.5 Hz), 1.07 (3H, s), 1.03 (3H, d,
J¼6.3 Hz), 0.97 (9H, s), 0.13 (3H, s), 0.063 (3H, s); 13C
NMR (75 MHz, CDCl3), d (ppm) 138.6 (C), 138.4 (C),
137.5 (C), 137.4 (C), 136.3 (C), 133.6 (C), 133.0 (C),
131.41 (CH�2), 131.39 (CH�2), 129.2 (CH�4), 128.4
(CH), 128.2 (CH�5), 128.0 (CH�2), 127.8 (CH), 127.7
(CH�2), 127.6 (CH), 127.5 (CH), 127.4 (CH), 127.1
(CH), 125.9 (CH), 125.8 (CH�2), 124.6 (CH), 121.4 (C),
121.3 (C), 95.7 (CH), 84.9 (CH), 83.2 (CH), 82.8 (CH),
80.3 (CH), 79.0 (CH), 78.2 (CH), 77.2 (C), 75.5 (CH),
75.2 (CH), 74.3 (CH), 73.4 (CH), 73.2 (CH2), 72.5 (CH2),
72.0 (CH2), 71.9 (CH2), 71.2 (CH2), 70.4 (CH2), 45.20
(CH2), 45.18 (CH2), 40.0 (CH2), 33.3 (CH2), 32.2 (CH2),
28.3 (CH), 27.0 (CH2), 26.9 (CH3), 25.9 (CH3�3), 17.9
(C), 16.4 (CH3), �4.3 (CH3), �4.4 (CH3); IR (film),
n (cm�1) 3062, 3026, 2854, 1593, 1487, 1453, 1370, 1317,
1255, 1213, 1172, 1100, 941, 835, 776, 737, 697; HR-
FDMS, calcd for C69H84

79Br2O10Si [M]+: 1258.4200, found:
1258.4202. 55b: a colorless oil; [a]D

21 +12.2 (c 0.105,
CHCl3); 1H NMR (400 MHz, C6D6), d (ppm) 8.05 (1H, s),
7.81 (1H, d, J¼8.1 Hz), 7.75 (1H, d, J¼8.5 Hz), 7.68–7.65
(2H, m), 7.51 (2H, d, J¼7.1 Hz), 7.35–6.95 (16H, m), 6.82
(2H, d, J¼8.3 Hz), 6.20 (1H, s), 6.07 (1H, dt, J¼5.0,
10.7 Hz), 6.00 (1H, dt, J¼5.0, 10.7 Hz), 4.74 (1H, d,
J¼11.7 Hz), 4.62 (1H, t, J¼7.0 Hz), 4.54 (1H, dt, J¼8.1,
3.3 Hz), 4.52 (1H, d, J¼11.7 Hz), 4.45 (1H, d, J¼
11.8 Hz), 4.20 (1H, d, J¼12.3 Hz), 4.190 (1H, d, J¼
11.8 Hz), 4.185 (1H, d, J¼12.1 Hz), 4.14 (1H, d,
J¼12.3 Hz), 4.00 (1H, dt, J¼8.4, 3.3 Hz), 3.93 (1H, t, J¼
4.8 Hz), 3.88 (1H, d, J¼12.1 Hz), 3.86 (2H, d, J¼2.4 Hz),
3.80 (1H, dt, J¼4.8, 9.1 Hz), 3.66–3.57 (3H, m), 3.53 (1H,
dd, J¼2.2, 10.0 Hz), 3.43–3.41 (1H, m), 3.39 (1H, dd,
J¼6.7, 10.0 Hz), 3.28 (1H, dt, J¼2.4, 9.0 Hz), 3.09 (1H,
ddd, J¼3.3, 10.7, 13.1 Hz), 2.81 (1H, ddd, J¼3.3, 10.7,
14.0 Hz), 2.48 (1H, dt, J¼13.8, 4.8 Hz), 2.32–2.26 (1H,
m), 2.21–2.14 (3H, m), 1.99–1.79 (5H, m), 1.61–1.55 (1H,
m), 1.19 (3H, s), 1.06 (3H, d, J¼7.6 Hz), 1.04 (9H, s),
0.24 (3H, s), 0.083 (3H, s); 13C NMR (100 MHz, CDCl3),
d (ppm) 138.61 (C), 138.56 (C), 137.4 (C), 137.3 (C),
136.5 (C), 133.4 (C), 132.9 (C), 131.44 (CH�2), 131.41
(CH�2), 129.3 (CH�2), 129.2 (CH�2), 128.3 (CH�3),
128.2 (CH�3), 127.9 (CH�3), 127.8 (CH�2), 127.7
(CH), 127.51 (CH), 127.47 (CH), 127.4 (CH), 126.09
(CH), 126.07 (CH), 125.0 (CH), 124.3 (CH), 121.5 (C),
121.3 (C), 97.9 (CH), 84.9 (CH), 84.5 (CH), 84.3 (CH),
81.0 (CH), 79.1 (CH), 78.3 (CH), 77.2 (CH), 75.4 (C),
74.8 (CH), 73.1 (CH2), 72.55 (CH2), 72.52 (CH), 71.8
(CH2), 71.4 (CH2), 71.3 (CH), 70.5 (CH2), 70.3 (CH2),
45.1 (CH2), 40.1 (CH2), 32.6 (CH2), 32.1 (CH2), 31.6
(CH2), 29.7 (CH2), 28.4 (CH), 26.9 (CH3), 26.0 (CH3�3),
18.0 (C), 16.1 (CH3), �4.2 (CH3), �4.4 (CH3); IR (film),
n (cm�1) 3062, 3025, 2924, 2853, 1593, 1507, 1487, 1454,
1371, 1299, 1257, 1214, 1172, 1096, 1012, 940, 836, 803,
776, 752, 697; HR-FDMS, calcd for C69H84

79Br2O10Si
[M]+: 1258.4200, found: 1258.4213.
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7.1.45. (1S,20R,30S,50Z,80R,90S,100S,300R,400S,600S,800R,1000S,
1100S)-2-[80-Benzyloxy-90-benzyloxymethyl-30-(tert-butyl-
dimethylsilyloxy)-20,30,40,70,80,90-hexahydrooxonin-20-
yl]-1-{400-(4-bromobenzyloxy)-300-(4-bromobenzyloxy-
methy)-600,1000-dimethyl-1100-(2-naphthylmethyl)-200,900-
dioxabicyclo[6.4.0]dodecan-1000-yl}ethanol (56). To a solu-
tion of 55a (26.4 mg, 20.9 mmol) in DCM (0.70 ml) was
added DIBAL (0.15 ml, 0.94 M in hexane, 141 mmol) at
0 �C for 5.5 h. Then, MeOH (0.1 ml) and saturated aqueous
potassium sodium tartrate (1 ml) were added. The mixture
was diluted with Et2O (5 ml) and stirred at 25 �C for 10 h.
The layers were separated and the aqueous layer was ex-
tracted with Et2O (4�5 ml). The combined organic layers
were washed with brine, dried over anhydrous MgSO4, fil-
tered, and concentrated in vacuo. Since the resultant residue
included 56 and unreacted 55a, the residue was dissolved in
DCM (0.80 ml) and treated again with DIBAL (0.25 ml,
0.94 M in hexane, 235 mmol) at 0 �C for 4.5 h. Then, the
reaction was quenched with MeOH (0.1 ml) and saturated
aqueous potassium sodium tartrate (1 ml). After the same
work-up as described above, the resultant crude mixture
was roughly purified by column chromatography (silica
gel, hexane/AcOEt¼15 to 7) to give 56 (13.6 mg) and a mix-
ture of 55a and 56 (11.5 mg). The mixture of 55a and 56 was
dissolved in DCM (0.7 ml) and treated with DIBAL
(0.20 ml, 0.94 M in hexane, 188 mmol) at 0 �C for 2 h.
Then the reaction mixture was warmed to 10 �C and stirred
for 2 h. Then, the reaction was quenched with MeOH
(0.1 ml) and saturated aqueous potassium sodium tartrate
(1 ml). After the same work-up as described above, the resul-
tant crude mixture was purified by column chromatography
(silica gel, hexane/AcOEt¼15 to 7) to give 56 (11.0 mg).
Thus, total 24.6 mg (93%) of 56 was obtained. 56: a colorless
oil; [a]D

23 +17.0 (c 1.15, CHCl3); 1H NMR (400 MHz, C6D6),
d (ppm) 7.77 (1H, s), 7.66–7.58 (3H, m), 7.47 (1H, dd,
J¼1.6, 8.4 Hz), 7.30–7.00 (16H, m), 6.88 (2H, d,
J¼8.3 Hz), 6.82 (2H, d, J¼8.3 Hz), 5.92 (1H, dt, J¼6.2,
10.4 Hz), 5.84 (1H, dt, J¼5.7, 10.4 Hz), 4.72–4.69 (2H,
m), 4.66 (1H, d, J¼12.4 Hz), 4.49 (1H, d, J¼12.3 Hz),
4.36 (1H, d, J¼12.0 Hz), 4.20 (1H, d, J¼11.8 Hz), 4.17
(1H, d, J¼12.4 Hz), 4.13 (1H, d, J¼12.4 Hz), 4.12 (1H, d,
J¼12.0 Hz), 4.09 (1H, d, J¼12.3 Hz), 4.01–3.91 (4H, m),
3.87 (1H, d, J¼11.8 Hz), 3.82 (1H, d, J¼2.4 Hz), 3.80–
3.76 (3H, m), 3.71 (1H, ddd, J¼2.1, 7.1, 8.8 Hz), 3.70–
3.66 (1H, m), 3.64 (1H, dd, J¼2.6, 10.4 Hz), 3.55 (1H, dd,
J¼2.1, 9.9 Hz), 3.38 (1H, dd, J¼7.1, 9.9 Hz), 3.29 (1H, dt,
J¼2.6, 8.8 Hz), 2.88–2.79 (2H, m), 2.46 (1H, dt, J¼13.7,
3.9 Hz), 2.29–2.16 (3H, m), 2.04–1.74 (6H, m), 1.63 (1H,
ddd, J¼5.5, 8.8, 14.0 Hz), 1.28 (3H, s), 1.09 (3H, d,
J¼6.3 Hz), 0.94 (9H, s), 0.060 (3H, s), 0.036 (3H, s); 13C
NMR (75 MHz, CDCl3), d (ppm) 138.5 (C), 138.2 (C),
137.4 (C), 137.3 (C), 136.8 (C), 133.2 (C), 132.8 (C),
131.4 (CH�2), 131.3 (CH�2), 129.3 (CH�3), 129.1
(CH�2), 128.21 (CH�2), 128.17 (CH�2), 127.9 (CH),
127.8 (CH), 127.7 (CH�2), 127.6 (CH), 127.5 (CH�2),
127.4 (CH), 127.3 (CH), 126.1 (CH), 126.0 (CH), 125.8
(CH�2), 125.7 (CH), 121.5 (C), 121.2 (C), 85.5 (CH�2),
81.3 (CH), 79.0 (CH), 78.4 (CH), 77.6 (C), 77.2 (CH),
76.98 (CH), 75.9 (CH), 73.4 (CH), 72.9 (CH2), 72.4
(CH2�2), 72.3 (CH), 71.9 (CH2), 71.4 (CH2), 70.5
(CH2), 67.6 (CH2), 45.2 (CH2), 40.3 (CH2), 35.0 (CH2),
32.1 (CH2), 28.8 (CH2), 28.3 (CH), 26.9 (CH3), 26.4
(CH2), 25.9 (CH3�3), 18.0 (C), 14.6 (CH3), �4.67 (CH3),
�4.72 (CH3); IR (film), n (cm�1) 3584, 3497, 3061, 3026,
2926, 2857, 1593, 1509, 1487, 1453, 1405, 1360, 1337,
1256, 1205, 1099, 1012, 940, 836, 774, 735, 698; HR-
FDMS, calcd for C69H86

79Br2O10Si [M]+: 1260.4357, found:
1260.4365.

7.1.46. (2R,3S,5Z,8R,9S,10S,30R,40S,60S,80R,100R,110S)-[8-
Benzyloxy-9-benzyloxymethyl-3-(tert-butyldimethylsilyl-
oxy)-2,3,4,7,8,9-hexahydrooxonin-2-yl]methyl 40-(4-
bromobenzyloxy)-30-(4-bromobenzyloxymethyl)-60,100-
dimethyl-11 0-(2-naphthylmethyl)-2 0,9 0-dioxabi-
cyclo[6.4.0]dodecan-100-yl ketone (57). To a solution of 56
(24.6 mg, 19.5 mmol) in DCM (1.0 ml) were added NaHCO3

(24.6 mg, 293 mmol) and DMPI (28.3 mg, 117 mmol) at
0 �C. The reaction mixture was warmed to 25 �C and stirred
for 8 h. After the mixture was diluted with Et2O (5 ml), sat-
urated aqueous Na2SO3 (1 ml) was added and the aqueous
layer was extracted with Et2O (4�5 ml). The combined or-
ganic layers were washed with saturated aqueous Na2SO3

and brine, dried over anhydrous MgSO4, filtered, and con-
centrated in vacuo. The resultant residue was purified by col-
umn chromatography (silica gel, benzene/AcOEt¼7 to 5) to
give 57 (22.1 mg, 90%). 57: a colorless oil; [a]D

19 +40.3 (c
1.11, CHCl3); 1H NMR (400 MHz, C6D6), d (ppm) 7.75
(1H, d, J¼8.1 Hz), 7.67 (1H, d, J¼8.3 Hz), 7.64 (1H, s),
7.59 (1H, d, J¼8.1 Hz), 7.43 (1H, dd, J¼1.5, 8.3 Hz),
7.33–7.06 (16H, m), 6.90 (2H, d, J¼8.3 Hz), 6.83 (2H, d,
J¼8.3 Hz), 5.99–5.91 (2H, m), 4.51 (1H, d, J¼12.3 Hz),
4.49–4.45 (3H, m), 4.44 (1H, d, J¼12.3 Hz), 4.36 (1H, dt,
J¼3.9, 6.3 Hz), 4.23 (1H, d, J¼12.0 Hz), 4.21 (1H,
d, J¼11.3 Hz), 4.18 (1H, dt, J¼8.7, 3.0 Hz), 4.17 (1H, d,
J¼12.4 Hz), 4.12 (1H, d, J¼12.4 Hz), 4.04 (1H, ddd,
J¼2.8, 4.9, 6.3 Hz), 3.89 (1H, dt, J¼8.7, 3.4 Hz), 3.86
(1H, d, J¼11.3 Hz), 3.84 (1H, dt, J¼4.4, 11.5 Hz), 3.73
(1H, t, J¼2.4 Hz), 3.72 (1H, d, J¼3.0 Hz), 3.71 (1H, ddd,
J¼2.0, 7.1, 9.3 Hz), 3.54 (1H, dd, J¼2.0, 9.8 Hz), 3.53–
3.50 (1H, m), 3.40–3.32 (3H, m), 3.24 (1H, dt, J¼2.3,
9.3 Hz), 2.98 (1H, ddd, J¼2.8, 9.4, 13.4 Hz), 2.85 (1H,
ddd, J¼3.4, 9.4, 13.4 Hz), 2.36–2.30 (2H, m), 2.14 (1H,
dt, J¼13.4, 4.9 Hz), 2.03–1.84 (4H, m), 1.63 (1H, ddd,
J¼5.2, 9.3, 14.3 Hz), 1.56 (1H, ddd, J¼2.4, 11.5,
13.9 Hz), 1.15 (3H, s), 1.06 (3H, d, J¼6.3 Hz), 0.89 (9H,
s), 0.12 (3H, s), 0.019 (3H, s); 13C NMR (75 MHz,
CDCl3), d (ppm) 212.6 (C), 138.8 (C), 138.6 (C), 137.4
(C), 137.2 (C), 135.8 (C), 133.1 (C), 132.9 (C), 131.5
(CH�2), 131.4 (CH�2), 129.3 (CH�2), 129.2 (CH�2),
128.22 (CH�2), 128.19 (CH�2), 128.1 (CH), 128.0 (CH),
127.9 (CH), 127.8 (CH�2), 127.7 (CH�4), 127.3 (CH�2),
126.5 (CH), 126.01 (CH), 125.96 (CH), 125.8 (CH), 121.5
(C), 121.4 (C), 85.7 (CH), 83.0 (C), 82.5 (CH), 80.5 (CH),
80.4 (CH), 79.01 (CH), 78.97 (CH), 78.0 (CH), 73.79
(CH), 73.75 (CH), 73.1 (CH2), 72.5 (CH2), 71.9 (CH2�2),
71.3 (CH2), 70.5 (CH2), 70.2 (CH2), 45.3 (CH2), 44.3
(CH2), 40.6 (CH2), 31.7 (CH2), 31.1 (CH2), 28.1 (CH),
27.3 (CH2), 27.0 (CH3), 25.8 (CH3�3), 18.3 (CH3), 17.9
(C), �4.5 (CH3), �4.7 (CH3); IR (film), n (cm�1) 3061,
3026, 2926, 2857, 1718, 1593, 1509, 1487, 1453, 1361,
1338, 1257, 1214, 1172, 1101, 1012, 948, 836, 775, 735,
697; HR-FDMS, calcd for C69H84

79Br2O10Si [M]+:
1258.4200, found: 1258.4180.

7.1.47. Reduction of 57. To a solution of 57 (13.8 mg,
10.9 mmol) in THF–H2O (3:1, v/v, 1.2 ml) were added
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CeCl3$7H2O (12.8 mg, 34.4 mmol) and NaBH4 (22.3 mg,
589 mmol) at 25 �C. During 8 d, NaBH4 was added several
times to the reaction mixture with stirring until the reaction
was complete. After that, saturated aqueous NaHCO3 (1 ml)
was added and the aqueous layer was extracted with Et2O
(4�5 ml). The combined organic layers were washed with
brine, dried over anhydrous MgSO4, filtered and concen-
trated in vacuo. The resultant residue was purified by column
chromatography (silica gel, hexane/AcOEt¼4) to give a mix-
ture of 49 and 56 (13.3 mg, 96%, 49:56>5:1 from 1H NMR).
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Abstract—Three alternative syntheses of 1,3,5,7-tetraiodotricyclo[3.3.0.03,7]octane are described. Reaction of this tetraiodide with sodium
amalgam in the presence of dienes or with molten sodium in boiling 1,4-dioxane in the absence of trapping agents led to very complex
mixtures of products, presumably due to competitive 1,2- and 1,3-deiodination reactions.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

As a part of our continuing research on pyramidalized alkene
chemistry,1 we have previously described the generation of
highly pyramidalized tricyclo[3.3.0.03,7]oct-1(5)-ene deriv-
atives (1) (Scheme 1) by reaction of 1,2-diiodo precursors
(4) with molten sodium in boiling 1,4-dioxane, sodium
amalgam in THF at room temperature or with t-BuLi in
anhydrous THF at low temperature.2 All these alkenes
were trapped as Diels–Alder adducts with reactive dienes
such as 1,3-diphenylisobenzofuran or 11,12-dimethylene-
9,10-dihydro-9,10-ethanoanthracene.3 When the pyramidal-
ized alkenes were generated in the absence of a trapping
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Scheme 1. Reactivity of highly pyramidalized alkenes 1a–e, where a, R¼H;
b, R¼Me; c, R¼–OC(CH3)2O–; d, R¼–OS(O)2O–; e, R¼-o,o0-biphenyl-.
(i) Molten sodium, 1,4-dioxane, reflux; (ii) t-BuLi, 1,3-diphenylisobenzo-
furan, THF, �78 �C.
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diene, usually, but not always,2e diene dimers (3) via cyclo-
butane dimers (2) were obtained.

2. Results and discussion

In this article we describe three different syntheses of the
D2d symmetric 1,3,5,7-tetraiodotricyclo[3.3.0.03,7]octane,
6, a potential precursor of tetraene 12. Considering our pre-
vious experience with derivatives 1, we reasoned that, as
shown in Scheme 2, generation of highly pyramidalized
alkene 7, followed by dimerization to 8, thermal [2+2] retro-
cycloaddition to 9, and further reduction could lead to
tetraene 12. Alternatively, tricyclo[3.3.0.03,7]oct-1(5),3(7)-
diene, 10, might be generated, which on dimerization might
give 11 and after [2+2] retrocycloaddition might lead to the
targeted compound 12. We were aware, however that in the
present case, competitive 1,3-deiodination reactions leading
to a propellane structure, 13, could compete with the 1,2-de-
iodination leading to the pyramidalized alkene 7 (Fig. 1). In
fact, UB3LYP/LANL2DZ theoretical calculations predict
that propellane 13 is 1.5 kcal mol�1 more stable than the
highly pyramidalized alkene 7. In comparing the parent
hydrocarbons, UB3LYP/6-31G(d) calculations predict that
propellane 14 is 9.0 kcal mol�1 more stable than the highly
pyramidalized alkene 1a. However, MP2/6-31G(d) shows
that 10 is an energy minimum with pyramidalization
angles (F¼64.1�) and carbon–carbon double bond distance
(1.428 Å), quite similar to the previously calculated for
alkenes 1a–e.1a

We considered of interest to study the possible formation of
tetraene 12, no matter if it took place via the double highly

mailto:svazquez@ub.edu
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Scheme 2. Possible pathways from 6 to tetraene 12.
pyramidalized alkene 10 or via the pyramidalized alkene 7.
Tetraene 12, with its four pyramidalized carbon–carbon
double bonds, is a very interesting target. In addition to the
pyramidalization-related issues [F¼26.3� and F0¼34.1�,
as calculated by B3LYP/6-31G(d)], 12 has two pairs of prox-
imal (d¼3.619 Å, d0¼3.789 Å), parallel double bonds, and
p–p orbital interactions are therefore expected to occur.4

The values of the pyramidalization angles of tetraene 12
suggest that it might be in the limit of isolable pyramidalized
alkenes.1a

Initially, we used the recently described tetramethyl tri-
cyclo[3.3.0.03,7]octane-1,3,5,7-tetracarboxylate, 15, as a
potential precursor of tetraiodo derivative 6.5 Although,
the hydrolysis of tetraester 15 led to 16 in good yield, initial
attempts to carry out the iododecarboxylation of tetraacid 16
using the Moriarty modification of the Suárez iododecarb-
oxylation reaction [iodosobenzene diacetate (IBDA), and
iodine in benzene or CH2Cl2 solution],6 did not give the
expected 6, most of the starting acid being recovered
unchanged. This result was ascribed to the low solubility
of tetraacid 16 in both solvents. As an alternative, a stepwise
iododecarboxylation reaction was planned. To this end,
tetraacid 16 was transformed into bis-anhydride 17 by re-
action with acetic anhydride, which on reaction with sodium
methoxide in anhydrous methanol gave in good yield diester
diacid (�)-18 (Scheme 3). Iododecarboxylation of (�)-18 in
CH2Cl2 provided diiodo diester (�)-20 in only 16% yield.
When diiodo diacid (�)-21, obtained in high yield by saponi-
fication of (�)-20, was subjected to iododecarboxylation,
tetraiodo derivative 6 was obtained in 70% yield. While
this work was in progress, we found that acetonitrile could
be advantageously used as a solvent in the Suárez iododecar-
boxylation reaction.2e When these conditions were applied
to diester diacid (�)-18, the yield of (�)-20 rose to 32%.
Worthy of note, from this reaction, a small amount (5%
yield) of triiodo ester 19 was also isolated, probably formed
from the corresponding ester tricarboxylic acid. Moreover,
using acetonitrile as a solvent, the direct conversion of
tetraacid 16 to 6 was achieved in a modest 15.5% yield. To
the best of our knowledge, this is the first time this kind of
reaction has been applied to a tetracarboxylic acid. Overall,

I

I 13

I

I

14

Figure 1. Structures of propellanes 13 and 14.
the direct transformation from 16 to 6 gave a slightly better
yield than the five-step sequence going through dianhydride
17 (14.3% yield).
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Scheme 3. (i) Concd HCl, AcOH, reflux, 16: 94% from 15; 95% from 25;
(�)-21: 91%; (ii) Ac2O, reflux, 77%; (iii) NaOMe, anhyd methanol, reflux,
91%; (iv) IBDA, I2, CH2Cl2, reflux, hn, (�)-20: 16%; 26: 4%; 27: 16%; (v)
IBDA, I2, acetonitrile, reflux, hn, (�)-20: 32%; 19: 5%; 6: 15.5% from 16;
70% from (�)-21; 50% from 24; 23: 48%; 27: 49%; (vi) KOH, ethanol,
water, reflux, 85.5%; (vii) KOH, methanol, water, reflux, 98%.

As a shorter and higher yielding alternative sequence to
tetraiodide 6, we investigated a second route from the known
diester diacid 25.5 Double iododecarboxylation of 25 was
initially attempted using the Moriarty modification of the
Suárez iododecarboxylation reaction in CH2Cl2 leading to
diiodo diester 27 in 16% yield. Interestingly, iodo triester
26 was also isolated in 4% yield. This compound may arise
from partial esterification of 25 by adventitious methyl
iodide formed upon iododecarboxylation of acetic acid orig-
inated from IBDA. When the reaction was carried out in
acetonitrile as the solvent, 27 was isolated in 49% yield.
Saponification of 27 gave diacid 24 that on double iodode-
carboxylation in acetonitrile led to tetraiodo derivative 6.
The overall yield of this second route was 24%.
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Scheme 4. Reactions of tetraiodide 6 with sodium amalgam in the presence of dienes 29 and 30 and with molten sodium in boiling 1,4-dioxane.
Unsatisfied with these lengthy and low yield syntheses of
tetraiodide 6, we undertook a third alternative synthesis of
this compound from diketo tetraacid 22, readily obtainable
from the well-known Meerwein’s ester, a compound easily
available in multigram quantities.7 Fourfold iododecarb-
oxylation of 22 using IBDA and iodine under irradiation in
acetonitrile as solvent furnished tetraiodo diketone 23 in
48% (about 84% yield per individual step).

Double Favorskii rearrangement of 23, under similar condi-
tions to those employed in a related case,8 gave diiodo diacid
(�)-21 in high yield. Overall, the yield of tetraiodide 6 from
diketo tetraacid 22 was 28.7% (11% from Meerwein’s ester).
Altogether, in spite of the lower yield of the last procedure, it
is advantageous over the previous ones due to the availability
of the starting Meerwein’s ester.

With grams of compound 6 in hand, and in spite of its low
solubility in most organic solvents, such as THF or DME,
we carried out a preliminary study on the possible genera-
tion, trapping, and dimerization of the double highly pyrami-
dalized alkene 10. Reaction of tetraiodide 6 with t-BuLi in
anhydrous THF at �78 �C in the presence of 11,12-di-
methylene-9,10-dihydro-9,10-ethanoanthracene, 29, gave a
complex mixture of products (GC–MS), most of them de-
rived from the reaction of diene 29 with t-BuLi. No product
derived from 6 was observed in this mixture. Reaction of 6
with 0.45% sodium amalgam in benzene at room tempera-
ture in the presence of diene 29 gave a mixture containing
mainly the starting diene and a small amount [4% relative
area (r.a.)] of a compound of molecular mass 336, which
could correspond to compound 28. Similarly, reaction of 6
with 0.45% sodium amalgam in anhydrous DME at room
temperature in the presence of 1,3-diphenylisobenzofuran,
30, gave a complex mixture of products, containing mainly
(GC–MS), starting diene (12% r.a.), products derived from
it, such as 1,3-dihydro-1,3-diphenylisobenzofuran9 (23%
r.a.) and 2-benzoylbenzophenone (8% r.a.),10 and compound
5a (7% r.a.). Compound 5a had been previously obtained by
reaction of 1,5-diiodotricyclo[3.3.0.03,7]octane with t-BuLi
in the presence of diene 30.2b Also, compound 6 was reacted
with molten sodium in boiling 1,4-dioxane in the absence of
any trapping agent, thus giving rise to a very complex mix-
ture of products (GC–MS), in which the known compound
3a was present (5% r.a.).2b
These results may be explained by reduction of tetraiodide 6
to the known diiodide 4a, followed by deiodination to give
the highly pyramidalized alkene 1a, which, as previously
described, may be trapped with dienes to give the corre-
sponding Diels–Alder adducts, such as 28 or 5a or, in the
absence of dienes, it may dimerize to give the cyclobutane
dimer 2a, which is then transformed into 3a (Scheme 4).
Alternatively, compound 3a might be obtained by reduction
of tetraiodo dimer 9, formed as shown in Scheme 2 via the
pyramidalized alkene 7 and the corresponding cyclobutane
dimer 8. Similarly, compounds 28 and 5a could be obtained
by reduction of Diels–Alder adducts derived from the highly
pyramidalized alkene 7 and dienes 29 and 30, respectively.
We have no evidence in favor of the intermediate formation
of the double highly pyramidalized alkene 10.

The complexity of these reactions could be related to the fact
that initial deiodination of 6 could take place in two compet-
itive ways: (i) 1,2-deiodination to give the pyramidalized
alkene 7 and (ii) 1,3-deiodination to give propellane 13
(Fig. 1). A study on the reaction of 1,3-diiodotri-
cyclo[3.3.0.03,7]octane with molten sodium will be pub-
lished elsewhere.

All of the new compounds herein described were fully char-
acterized by spectroscopic means (IR, 1H, 13C NMR, and
MS) and elemental analysis or HRMS. Assignments given
for the NMR spectra are based on DEPT, COSY 1H/1H,
HETCOR 1H/13C (HSQC and HMBC sequences for one
bond and long range heterocorrelations, respectively), and
NOESY experiments for selected compounds. Moreover,
for tetraiodide 6, an X-ray diffraction analysis was carried
out.11 Interestingly, 6 has a density of 3.22 g cm�3 and
a bond length between the vicinal bridgehead carbon atoms
of 1.625(7) Å.

3. Conclusions

In conclusion, three different approaches to the D2d symmet-
ric 1,3,5,7-tetraiodotricyclo[3.3.0.03,7]octane, 6, have been
developed, the key-step being a modified iododecarboxyla-
tion procedure, which uses acetonitrile as the solvent and
has allowed the tetraiododecarboxylation of tetraacids 16
and 22, the last one in an acceptable 48% yield. Reactions
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of 6 with t-BuLi at low temperature have the drawback of
low solubility of this compound in most organic solvents.
Reactions of 6 with sodium amalgam or molten sodium
seem to have generated a pyramidalized alkene, probably
1a, which was trapped as Diels–Alder adducts and dimer-
ized to 3a. The complexity of these reactions may be under-
stood by taking into account competitive 1,3-deiodination
and 1,2-deiodination processes.

4. Computational details

Quantum-mechanical calculations were carried out at the
unrestricted Becke’s three-parameter hybrid functional
with Lee, Yang and Parr correlation functional (UB3LYP)
level,12 using the 6-31G(d) basis set for 12,13 and the
LANL2DZ basis set for 7 and 13,14 or at the restricted Møl-
ler–Plesset (MP2) level,15 using the 6-31G(d) basis set for
10, as implemented in Gaussian 03 on a Compaq HPC320
computer.16 Geometry optimizations were undertaken using
appropriate symmetry constraints and default convergence
limits. The minimum energy nature of the optimized struc-
tures was verified from vibrational frequency analysis.

5. Experimental

5.1. General

Melting points were determined with a MFB 595010 M Gal-
lenkamp melting point apparatus. Unless otherwise stated,
NMR spectra were recorded in CDCl3 in the following spec-
trometers: 1H NMR (500 MHz, Varian VXR 500), 13C NMR
(75.4 MHz, Varian Gemini 300). 1H and 13C NMR chemical
shifts (d) are reported in parts per million with respect to
internal tetramethylsilane (TMS). The multiplicity of the
signals is: s, singlet; d, doublet; t, triplet; q, quartet; m, mul-
tiplet; or their combinations. Assignments given for the
NMR spectra are based on DEPT, COSY 1H/1H, HETCOR
1H/13C (HSQC and HMBC sequences for one bond and
long range heterocorrelations, respectively) and NOESY ex-
periments for selected compounds. Diastereotopic methyl-
ene protons in tricyclo[3.3.0.03,7]octane derivatives are
referred as Ha/Hb as shown in the corresponding structures.
IR spectra were recorded on a FT–IR Perkin–Elmer spec-
trometer, model 1600; only the more intense absorption
bands are given. Routine MS spectra were taken on a
Hewlett–Packard 5988A spectrometer, the sample was intro-
duced directly or through a gas chromatograph, Hewlett–
Packard model 5890 Series II, equipped with a 30-meter
HP-5 (5% diphenyl/95% dimethyl-polysiloxane) column
[conditions: 10 psi; initial temperature: 35 �C (2 min); then
heating at a rate of 8 �C min�1 till 300 �C, then isothermic]
and the electron impact technique (70 eV). Only significant
ions are given: those with higher relative abundance, except
for the ions with higher m/z values. HRMS were performed
on a Micromass Autospec spectrometer. Neutral aluminum
oxide (MN), Brockmann activity 1 or silica gel SDS 60
(35–70 mm) was utilized for the standard and flash column
chromatography, respectively. NMR and routine MS spectra
were performed at the Serveis Cientı́fico-T�ecnics of the
University of Barcelona, while high resolution mass spectra
and elemental analyses were carried out at the Mass
Spectrometry Laboratory of the University of Santiago de
Compostela (Spain) and at the Microanalysis Service of
the IIQAB (C.S.I.C, Barcelona, Spain), respectively.

5.2. Tricyclo[3.3.0.03,7]octane-1,3,5,7-tetracarboxylic
acid (16)

5.2.1. From tetramethyl tricyclo[3.3.0.03,7]octane-1,3,
5,7-tetracarboxylate (15). A mixture of tetraester 15
(2.41 g, 7.08 mmol), concd HCl (57 mL), and glacial
AcOH (57 mL) was heated under reflux for 15 h. The
mixture was allowed to cool to room temperature and the
precipitated solid was filtered under vacuum and washed
with AcOEt (40 mL) to give tetraacid 16 (1.80 g) as a white
solid. The combined filtrate and washings were concentrated
in vacuo to give a residue (1.36 g), which was washed with
AcOEt (20 mL) to give more tetraacid 16 (98 mg, global
yield 94%), mp>300 �C (dec); IR (KBr) n 3500–2300
(max at 3008, 2910, 2722, 2631, 2563), 1690, 1418, 1316,
1272, 1256 cm�1; 1H NMR (300 MHz, CD3OD) d: 2.23
[s, 8H, 2(4,6,8)-H2], 4.96 [br s, 4H, 1(3,5,7)-COOH];
13C NMR (CD3OD) d: 53.5 [CH2, C2(4,6,8)], 59.1 [C,
C1(3,5,7)], 174.7 (C, COOH). MS (EI), m/z (%): 267
[(M�OH)+, 2], 248 [(M�2H2O)�+, 3], 238 [(M�HCO2H)�+,
3], 220 [(M�HCO2H�H2O)�+, 66], 192 [(M�2HCO2H)�+,
21], 181 (35), 176 (33), 175 [(M�2HCO2H�OH)+, 24],
150 (27), 149 (39), 148 [(M�2HCO2H�CO2)�+, 49], 147
(24), 137 (45), 132 (30), 131 (28), 119 (33), 105 (54), 104
(52), 103 (83), 91 (50), 79 (39), 78 (43), 77 (96), 65 (100).
Elemental analysis calcd for C12H12O8 (284.22): C 50.71,
H 4.26. Found: C 50.51, H 4.30.

5.2.2. From 3,7-bis(methoxycarbonyl)tricyclo[3.3.0.03,7]-
octane-1,5-dicarboxylic acid (25). Following the above
procedure, starting from diacid 25 (801 mg, 2.57 mmol),
tetraacid 16 (675+18 mg, 95% total yield) was obtained.

5.3. 5,11-Dioxapentacyclo[5.5.1.13,9.01,9.03,7]tetra-
decane-4,6,10,12-tetrone (17)

A mixture of tetraacid 16 (1.67 g, 5.88 mmol) and Ac2O
(70 mL) was heated under reflux for 2 h. The mixture was
allowed to cool to room temperature, concentrated under
reduced pressure to give anhydride 17 as a brown solid
(1.43 g), which was sublimed at 240–250 �C/1 Torr, provid-
ing pure 17 (1.12 g, 77% yield) as a white solid, mp>300 �C
(dec); IR (KBr) n 1835, 1783, 1271, 1248, 939 cm�1; 1H
NMR (300 MHz, DMSO-d6) d: 2.77 [s, 2(8,13,14)-H2]; 13C
NMR (DMSO-d6) d: 50.2 [C, C1(3,7,9)], 58.9 [CH2,
C2(8,13,14)], 168.1 [C, C4(6,10,12)]. MS (EI), m/z (%): 249
[(M+H)+, 1], 204 [(M�CO2)�+, 95], 176 [(M�CO2�CO)�+,
24], 150 (37), 148 (22), 132 [(M�2CO2�CO)�+, 33], 131
(26), 105 (26), 104 [(M�2CO2�2CO)�+, 96], 103 (69), 92
(31), 91 (30), 78 (90), 77 (54), 63 (45), 52 (65), 51 (100).
Elemental analysis calcd for C12H8O6 (248.19): C 58.07, H
3.25. Found: C 57.75, H 3.25.

5.4. 5,7-Bis(methoxycarbonyl)tricyclo[3.3.0.03,7]octane-
1,3-dicarboxylic acid [(±)-18]

To a mixture of anhydride 17 (1.08 g, 4.35 mmol) in anhy-
drous MeOH (70 mL), solid NaOMe (2.35 g, 43.5 mmol)
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was added and the mixture was heated under reflux for 19 h.
The solution was concentrated in vacuo to dryness and the
residue was taken in water (50 mL). The aqueous solution
was washed with AcOEt (2�9 mL), made acidic with concd
HCl (5 mL), and the precipitated solid was filtered, washed
with water (3�3 mL), and dried under vacuum to constant
weight, to give pure bis-hemiester (�)-18 (988 mg). The
filtrate was extracted with AcOEt (4�30 mL), and the com-
bined organic extracts were dried with anhydrous Na2SO4,
and concentrated under reduced pressure to give more
product (330 mg), which was crystallized from a mixture
of AcOEt/n-pentane to give pure (�)-18 (247 mg, total
yield 91%), mp 219–221 �C (AcOEt/n-pentane); IR (KBr)
n 3700–2400 (max at 3549, 3004, 2958, 2845, 2710, 2640,
2565), 1712, 1443, 1335, 1309, 1281, 1239, 1145,
1089 cm�1; 1H NMR (CD3OD) d: 2.19–2.27 [complex
signal, 8H, 2-H2, 4(8)-H2, and 6-H2], 3.68 [s, 6H, 5(7)-
COOCH3], 4.86 [br s, 2H, 1(3)-COOH]; 13C NMR
(CD3OD) d: 52.4 [CH3, 5(7)-COOCH3], 52.9 (CH2, C6),
53.2 [CH2, C4(8)], 53.6 (CH2, C2), 58.6 [C, C1(3)],
59.3 [C, C5(7)], 173.1 [C, 5(7)-COOCH3], 174.3
[C, 1(3)-COOH]. MS (EI), m/z (%): 313 [(M+H)+, 2],
295 [(M�OH)+, 6], 281 [(M�CH3O)+, 34], 248
[(M�2CH3OH)�+, 26], 234 [(M�HCOOCH3�H2O)�+, 100],
220 [(M�HCOOCH3�CH3OH)�+, 54], 209 (43), 195 (44),
175 (43), 151 (43), 147 (33), 119 (44), 103 (57), 91 (31),
77 (58), 65 (39), 59 [(COOCH3)+, 52]. Elemental analysis
calcd for C14H16O8$0.5H2O (321.28): C 52.34, H 5.33.
Found: C 52.28, H 5.19.

5.5. Dimethyl 5,7-diiodotricyclo[3.3.0.03,7]octane-1,3-
dicarboxylate [(±)-20] and methyl 3,5,7-triiodotri-
cyclo[3.3.0.03,7]octane-1-carboxylate (19)

A mixture of bis-hemiester (�)-18 (700 mg, 2.24 mmol),
iodine (1.25 g, 4.93 mmol), and iodosobenzene diacetate
(IBDA, 1.62 g, 98% content, 4.93 mmol) in anhydrous ace-
tonitrile (50 mL) was irradiated under reflux with a tungsten
100 W lamp in an argon atmosphere for 4 h. More iodine
(1.25 g, 4.93 mmol) and IBDA (1.62 g, 4.93 mmol) were
added and irradiation under reflux was continued for 20 h
more. The resulting solution was concentrated under
reduced pressure to dryness, the residue was taken in
CH2Cl2 (100 mL), and the organic solution was washed
with aqueous Na2S2O3 solution (10%, 3�50 mL), saturated
aqueous NaHCO3 solution (3�50 mL), and brine
(2�50 mL). Evaporation of the solvent from the dried
organic phase (anhydrous Na2SO4) under reduced pressure
gave a residue (430 mg), which was subjected to column
chromatography [silica gel (21 g), hexane/AcOEt mixture].
On elution with hexane/AcOEt in the ratio of 45:1
(80 mL), triiodo ester 19 (60 mg, 5% yield) was obtained
as a white solid. On elution with hexane/AcOEt in the ratio
of 30:1 (400 mL), diiodo diester (�)-20 (337 mg, 32% yield)
was obtained as a white solid. The analytical sample of (�)-
20 was obtained by crystallization from AcOEt, mp 154–
155 �C; TLC (silica gel), Rf 0.44 [hexane/AcOEt (3:1)]; IR
(KBr) n 1727, 1320, 1269, 1228 cm�1; 1H NMR d: 2.180
[dt, J¼10.2 Hz, J0¼2.0 Hz, 2H, 4(8)-Hb], 2.182 (t,
J¼2.0 Hz, 2H, 2-H2), 2.54 [dt, J¼10.2 Hz, J0¼2.0 Hz,
2H, 4(8)-Ha], 2.55 (t, J¼2.0 Hz, 2H, 6-H2), 3.78 [s, 6H,
1(3)-COOCH3]; 13C NMR d: 28.5 [C, C5(7)], 50.4 (CH2,
C2), 52.2 [CH3, 1(3)-COOCH3], 60.0 [CH2, C4(8)], 60.8
[C, C1(3)], 68.7 (CH2, C6), 169.8 [C, 1(3)-COOCH3]. MS
(EI), m/z (%): 349 [(M�I)+, 6], 317 [(M�I�CH3OH)+,
38], 289 [(M�I�HCOOCH3)+, 45], 190 (28), 189 (25),
162 [(M�HCOOCH3�2I)�+, 76], 131 (25), 104 (31), 103
[(M�HCOOCH3�2I�COOCH3)+, 100], 102 (45), 91
(33), 78 (36), 77 (75), 59 [(COOCH3)+, 83]. MS (CI,
CH4), m/z (%): 477 [(M+H)+, 44], 445 [(M�CH3O)+, 17],
417 [(M�COOCH3)+, 15], 350 (18), 349 [(M�I)+, 69],
318 (32), 317 [(M�I�CH3OH)+, 82], 291 (21), 290 (57),
289 [(M�I�HCOOCH3)+, 100], 221 [(M�I�IH)+, 46],
191 (35), 190 (48), 189 [(M�I�IH�CH3OH)+, 48],
163 [(M�COOCH3�2I)+, 49], 162 (52), 103
[(M�HCOOCH3�2I�COOCH3)+, 42]. HRMS calcd for
(C12H14I2O4+H)+: 476.9060. Found: 476.9071. The analyti-
cal sample of 19 was obtained by crystallization from diethyl
ether, mp 120–122 �C; IR (KBr) n 1732, 1314, 1265,
1227 cm�1; 1H NMR d: 2.31 [m, 2H, 2(8)-Hb], 2.53 [m,
2H, 4(6)-Ha], 2.56 [m, 2H, 2(8)-Ha], 2.65 [m, 2H, 4(6)-
Hb], 3.79 [s, 3H, COOCH3]; 13C NMR d: 27.9 (C, C5),
39.9 [C, C3(7)], 52.3 [CH3, COOCH3], 60.5 [CH2, C2(8)],
61.2 (C, C1), 69.1 [CH2, C4(6)], 168.7 [C, COOCH3].
MS (EI), m/z (%): 544 (M�+, <1), 417 [(M�I)+, 1],
389 [(M�I�CO)+, 2], 357 [(M�I�HCOOCH3)+, 2], 290
(27), 289 [(M�I�IH)+, 99], 163 (50), 162 [(M�HI�2I)�+,
90], 104 (51), 103 [(M�HCOOCH3�3I)+, 100], 78 (31),
77 (49), 59 [(COOCH3)+, 25]. HRMS calcd for
(C10H11I3O2)�+: 543.7893. Found: 543.7896. When this
reaction was carried out in CH2Cl2 as solvent, the yield of
(�)-20 was 16%.

5.6. 5,7-Diiodotricyclo[3.3.0.03,7]octane-1,3-dicarb-
oxylic acid [(±)-21]

5.6.1. From diiodo diester (±)-20. Hydrolysis of diiodo
diester (�)-20 was carried out as described before for the
preparation of tetraacid 16, from (�)-20 (357 mg,
0.75 mmol), concd HCl (3 mL), and glacial AcOH (3 mL).
Diiodo diacid (�)-21 (204 mg of precipitated material and
102 mg of extracted product, 91% total yield) was
obtained as a white solid, mp>300 �C (dec); IR (KBr) n
3500–2200 (max at 3456, 3005, 2896, 2718, 2609, 2522),
1698, 1423, 1314, 1271, 1237 cm�1; 1H NMR (CD3OD) d:
2.16 (t, J¼2.0 Hz, 2H, 2-H2), 2.20 [dt, J¼10.0 Hz,
J0¼2.0 Hz, 2H, 4(8)-Hb], 2.50 [dt, J¼10.0 Hz, J0¼2.0 Hz,
2H, 4(8)-Ha], 2.55 (br s, 2H, 6-H2), 4.86 [br s, 2H, 1(3)-
COOH]; 13C NMR (CD3OD) d: 29.3 [C, C5(7)], 51.5
(CH2, C2), 61.5 [CH2, C4(8)], 62.4 [C, C1(3)], 70.5 (CH2,
C6), 173.0 [C, 1(3)-COOH]. MS (EI), m/z (%): 448
(M�+, 1), 430 [(M�H2O)�+, 2], 321 [(M�I)+, 4], 303
[(M�I�H2O)+, 100], 275 [(M�HCO2H�I)+, 64], 176
[(M�2I�H2O)�+, 39], 175 (23), 149 (32), 148
[(M�HCO2H�2I)�+, 78], 147 (21), 105 (34), 104 (47), 103
(54), 77 (61). Elemental analysis calcd for C10H10I2O4

(447.99): C 26.81, H 2.25, I 56.65. Found: C 26.80, H
2.07, I 56.26.

5.6.2. From 1,3,5,7-tetraiodoadamantane-2,6-dione (23).
Tetraiodo tetrone 23 (9.66 g, 14.5 mmol) was added to a so-
lution of 85% KOH (11.1 g, 168 mmol) in EtOH (30 mL)
and water (30 mL) and the mixture was heated under reflux
for 4 h. The resulting brown solution was cooled in an ice-
bath, made acidic to pHz1–2 with 5 N HCl (30 mL), with
formation of a white solid. The mixture was concentrated
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to dryness under reduced pressure and the brown residue was
dissolved in a mixture of AcOEt (600 mL) and water
(150 mL). The organic phase was separated and the aqueous
one was extracted with AcOEt (3�100 mL). The combined
organic phase and extracts were dried with anhydrous
Na2SO4 and concentrated under reduced pressure to give
an orange residue (6.03 g), which was washed with a small
amount of AcOEt to give pure diiodo diacid (�)-21
(5.54 g, 85.5% yield), as a white solid.

5.7. 1,3,5,7-Tetraiodotricyclo[3.3.0.03,7]octane (6)

5.7.1. From tetraacid 16. This reaction was carried out in
a similar manner to that described for the preparation
of diiodo diester (�)-20. From 16 (129 mg, 0.45 mmol),
iodine [2�(506 mg, 1.99 mmol)], and IBDA [2�(655 mg,
1.99 mmol)] in anhydrous acetonitrile (10 mL), tetraiodo
derivative 6 (43 mg, 15.5% yield) was obtained, after wash-
ing the obtained yellow solid (71 mg) with diethyl ether, as
a white solid very poorly soluble in most of the common
organic solvents. When this reaction was carried out in
CH2Cl2, no tetraiodo compound was isolated, the starting
tetraacid being mainly recovered.

5.7.2. From diiodo diacid (±)-21. This reaction was carried
out as described for the preparation of diiodo diester (�)-20.
From (�)-21 (244 mg, 0.54 mmol), iodine [2�(304 mg,
1.2 mmol)], and IBDA [2�(393 mg, 1.2 mmol)] in anhy-
drous acetonitrile (11 mL), tetraiodo derivative 6 (230 mg,
70% yield) was obtained, as a white solid.

5.7.3. From diiodo diacid 24. This reaction was carried out
in a similar manner to that described for the preparation of
diiodo diester (�)-20, using a lower excess of iodine
(2.5+0.55 equiv) and IBDA (2.5+0.55 equiv). From diiodo
diacid 24 (500 mg, 1.11 mmol), after the usual workup,
a residue (460 mg) was obtained, which was subjected to col-
umn chromatography [flash silica gel (10 g), hexane/AcOEt
mixture]. On elution with hexane, tetraiodo compound 6
(340 mg, 50% yield) was obtained as a white solid. The
analytical sample was obtained by crystallization from
CH2Cl2, mp 305–306 �C; IR (KBr) n 1469, 1263, 1227,
989, 952, 867 cm�1; 1H NMR (300 MHz) d: 2.64 [s,
2(4,6,8)-H2]; 13C NMR d: 39.7 [C, C1(3,5,7)], 69.5 [CH2,
C2(4,6,8)]. MS (EI), m/z (%): 612 (M�+, 1), 358
[(M�2I)�+, 39], 231 [(M�3I)+, 42], 104 [(M�4I)�+, 100],
103 (29), 78 (23), 77 (20). Elemental analysis calcd for
C8H8I4 (611.77): C 15.71, H 1.32, I 82.98. Found: C
15.87, H 1.34, I 83.03.

5.8. 1,3,5,7-Tetraiodoadamantane-2,6-dione (23)

A mixture of 2,6-dioxoadamantane-1,3,5,7-tetracarboxylic
acid (22) (4.74 g, 13.93 mmol), iodine (15.56 g, 61.3 mmol),
and iodosobenzene diacetate (IBDA, 20.14 g, 98% content,
61.3 mmol) in anhydrous acetonitrile (280 mL) was irradi-
ated under reflux with two 100 W tungsten lamps in an argon
atmosphere for 4 h. More iodine (15.56 g, 61.3 mmol) and
IBDA (20.14 g, 61.3 mmol) were added and irradiation
under reflux was continued for 20 h more. The mixture was
allowed to cool to room temperature and the solvent was
eliminated to dryness under reduced pressure. The residue
was taken in AcOEt (450 mL) and the organic solution was
washed with aqueous Na2S2O3 solution (10%, 3�150 mL),
saturated aqueous NaHCO3 solution (3�150 mL), and brine
(2�150 mL). Evaporation of the solvent from the dried or-
ganic phase (anhydrous Na2SO4) under reduced pressure
gave a residue from which iodobenzene was distilled off at
100 �C/1–2 Torr. The residue (6.68 g) was taken in AcOEt
(250 mL) and the organic solution was dried overnight with
P2O5 (15 g). The mixture was filtered, the solid material
was washed with AcOEt (200 mL), and the solvent was elim-
inated from the combined filtrate and washing under reduced
pressure to give a light orange solid. Washing this solid
with a small amount of diethyl ether, tetraiodo dione 23
(4.45 g, 48% yield) was obtained as a white solid. An analy-
tical sample was obtained by sublimation at 220–230 �C/
1 Torr, mp 307–308 �C; IR (KBr) n 1736, 765, 661,
634 cm�1; 1H NMR (300 MHz, DMSO-d6) d: 3.72 [s,
4(8,9,10)-H2]; 13C NMR (DMSO-d6) d: 46.6 [C, C1(3,5,7)],
62.2 [CH2, C4(8,9,10)], 193.9 [C, C2(6)]. MS (EI), m/z
(%): 668 (M�+, 6), 541 [(M�I)+, 29], 513 [(M�I�CO)+, 5],
386 [(M�2I�CO)�+, 37], 259 [(M�3I�CO)+, 52], 231
[(M�3I�2CO)+, 12], 132 [(M�4I�CO)�+, 32], 104
[(M�4I�2CO)�+, 100], 103 (76), 78 (82), 77 (74), 63 (45),
52 (44), 51 (86). HRMS calcd for (C10H8I4O2)�+: 667.6703.
Found: 667.6706.

5.9. Dimethyl 3,7-diiodotricyclo[3.3.0.03,7]octane-1,5-
dicarboxylate (27) and trimethyl 7-iodotricyclo-
[3.3.0.03,7]octane-1,3,5-tricarboxylate (26)

This reaction was carried out as described for the preparation
of diiodo diester (�)-20. From the known5 diacid 25 (3.90 g,
12.5 mmol), iodine [2�(6.99 g, 27.5 mmol)], and IBDA
[2�(9.03 g, 27.5 mmol)], after the usual workup, a residue
(9.19 g) was obtained, which was subjected to column chro-
matography [flash silica gel (30 g), hexane/AcOEt mixture].
On elution with hexane/AcOEt in the ratio of 80:20, diiodo
diester 27 (2.90 g, 49% yield) was obtained as a white solid.
An analytical sample was obtained by crystallization from
diethyl ether, mp 165.6–166.4 �C; TLC (silica gel), Rf 0.35
[hexane/AcOEt (3:1)]; IR (KBr) n 1746, 1729 1435, 1304,
1270, 1215, 1131, 1081, 963, 946 cm�1; 1H NMR
(300 MHz) d: 2.48 [s, 8H, 2(4,6,8)-Ha and 2(4,6,8)-Hb],
3.70 [s, 6H, 1(5)-COOCH3]; 13C NMR d: 41.0 [C, C3(7)],
52.3 [CH3, 1(5)-COOCH3], 58.8 [C, C1(5)], 61.4
[CH2, C2(4,6,8)], 168.9 [C, 1(5)-COOCH3]. MS (EI), m/z
(%): 476 (M�+, 1), 444 [(M�CH3OH)�+, 14], 317
[(M�I�CH3OH)+, 23], 289 [(M�I�HCOOCH3)+, 71],
163 (22), 162 [(M�HCOOCH3�2I)�+, 100], 150 (23), 131
(16), 104 (20), 103 (68), 102 (23), 77 (39), 59 [(COOCH3)+,
39]. Elemental analysis calcd for C12H14I2O4 (476.05): C
30.28, H 2.96, I 53.32. Found: C 30.22, H 2.94, I 53.42.

When the above reaction was carried out in a similar way but
using CH2Cl2 instead of acetonitrile as the solvent, from di-
acid 25 (189 mg, 0.61 mmol), after the usual workup, a resi-
due (123 mg) was obtained, which was subjected to column
chromatography [silica gel (3.5 g), hexane/AcOEt mixture].
On elution with hexane/AcOEt in the ratio of 30:1 (240 mL),
diiodo diester 27 (46 mg, 16% yield) was obtained as a white
solid. On elution with hexane/AcOEt in the ratio of 10:1
(110 mL), iodo triester 26 (10 mg, 4% yield) was obtained
as a white solid. An analytical sample of 26 was obtained
by crystallization from diethyl ether, mp 134–135 �C; TLC
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(silica gel), Rf 0.19 [hexane/AcOEt (3:1)]; IR (KBr)
n 1731, 1437, 1336, 1299, 1272, 1219 cm�1; 1H NMR
d: 2.10 [m, 2H, 2(4)-Ha], 2.36 [m, 2H, 2(4)-Hb], 2.39
[m, 2H, 6(8)-Hb], 2.49 [m, 2H, 6(8)-Ha], 3.70 [s, 6H,
1(5)-COOCH3], 3.80 (s, 3H, 3-COOCH3); 13C NMR
(50.3 MHz) d: 30.0 (C, C7), 51.3 [CH2, C2(4)], 52.1 (CH3,
3-COOCH3), 52.2 [CH3, 1(5)-COOCH3], 58.1 [C, C1(5)],
60.5 (C, C3), 60.9 [CH2, C6(8)], 170.1 [C, 1(5)-COOCH3],
170.8 (C, 3-COOCH3). MS (EI), m/z (%): 377 [(M�
CH3O)+, 11], 348 [(M�HCO2CH3)�+, 21], 316
[(M�CH3OH�HCOOCH3)�+, 84], 309 (75), 289 [(M�
COOCH3�HCOOCH3)+, 18], 277 (29), 221 [(M�
HCOOCH3�I)+, 51], 189 [(M�HCOOCH3�CH3OH�I)+,
100], 182 (47), 162 (54), 161 [(M�2HCOOCH3�I)+, 88],
150 (49), 133 (38), 119 (30), 103 [(M�HCOOCH3�
2I�COOCH3)�+, 75], 91 (34), 77 (64), 59 [(COOCH3)+,
100]. HRMS calcd for (C14H17IO6)�+: 408.0070. Found:
408.0063. From the aqueous phase, after acidification with
10% HCl (5 mL), extraction with AcOEt (7�10 mL), and
concentration of the dried organic extracts, starting diacid
25 (83 mg, 44% yield) was recovered.

5.10. 3,7-Diiodotricyclo[3.3.0.03,7]octane-1,5-dicarb-
oxylic acid (24)

A mixture of diester 27 (730 mg, 1.53 mmol) and a solution
of KOH (10%) in MeOH (9 mL) was heated under reflux for
3 h. Water (7 mL) was added and heating under reflux was
continued for 3 h more. The organic solvent was distilled
off under reduced pressure and the aqueous phase was
made acidic with aqueous HCl (10%, 8 mL). The precipi-
tated solid was filtered, thoroughly washed with water
(3�8 mL), and dried with P2O5 under reduced pressure to
give diiodo diacid 24 (680 mg, 98% yield). The analytical
sample was obtained by crystallization from a mixture of
AcOEt/n-pentane in the ratio of 1:1, mp>280 �C (dec). IR
(KBr) 3400�2300 (max at 3092, 2992, 2942, 2713, 2613),
1715 cm�1; 1H NMR (CD3OD) d: 2.43 [d, J¼9.0 Hz, 4H],
2.49 [d, J¼9.0 Hz, 4H, 2(4,6,8)-Ha and 2(4,6,8)-Hb], 4.90
[s, 2H, 1(5)-COOH]; 13C NMR (CD3OD) d: 42.3 [C,
C3(7)], 60.4 [C, C1(5)], 62.7 [CH2, C2(4,6,8)], 172.2 [C,
1(5)-COOH]. MS (EI), m/z (%): 449 [(M+H)+, 2], 448
(M�+, 1), 430 [(M�H2O)�+, 8], 403 [(M�COOH)+, 5], 358
[(M�2COOH)�+, 14], 304 (16), 303 [(M�I�H2O)+, 18],
276 (77), 275 [(M�I�HCOOH)+, 89], 231 [(M�I�
2COOH)+, 31], 150 (33), 149 (76), 148 (76), 105 (42), 104
[(M�2I�2COOH)�+, 100], 103 (56), 78 (51), 77 (63). Ele-
mental analysis calcd for C10H10I2O4 (448.00): C 26.81, H
2.25, I 56.65. Found: C 27.19, H 2.32, I 56.13.

5.11. Reaction of tetraiodide 6 with t-BuLi in the pres-
ence of 11,12-dimethylene-9,10-dihydro-9,10-ethano-
anthracene (29)

To a stirred and cold (�78 �C) suspension of tetraiodide 6
(100 mg, 0.163 mmol) and diene 29 (83 mg, 0.36 mmol) in
anhydrous THF (5 mL) maintained under an argon atmo-
sphere, a solution of t-BuLi in pentane (1.5 M, 0.4 mL,
0.6 mmol) was added dropwise. After stirring for 30 min
at �78 �C, the mixture was allowed to heat to room temper-
ature. Methanol (1 mL) and water (5 mL) were added and
the mixture was extracted with diethyl ether (3�10 mL).
The combined organic phases were dried (anhydrous
Na2SO4) and concentrated in vacuo to give a yellowish
residue (172 mg), which when analyzed by GC–MS showed
the presence of four components: (i) starting diene 29
[molecular ion: m/z¼230, rt 23.2 min, 14.3% relative area
(r.a.)]; (ii) product of addition of C4H10 to the starting diene
(rt 25.3 min, 29.6% r.a.), MS m/z (%): 288 (M�+, 46), 232
(50), 231 [(M�C4H9)+, 100], 217 (61), 216 (69), 215 (60),
178 [(C14H10)�+, 46], 57 (20); (iii) product of double addition
of C4H9 to the starting diene (rt 27.4 min, 46.9% r.a.), MS
m/z (%): 344 (M�+, 24), 288 (13), 232 (29), 231 (94), 178
[(C14H10)�+, 31], 57 (100); (iv) product of addition of C4H9

and C4H7O (tetrahydrofuryl) to the starting diene (rt
25.3 min, 9.2% r.a.), MS m/z (%): 358 (M�+, 5), 274 (5),
231 (7), 178 [(C14H10)�+, 12], 71 [(C4H7O)+, 100].

5.12. Reaction of tetraiodide 6 with 0.45% sodium
amalgam in the presence of diene 29

To a mixture of 0.45% sodium amalgam [from Na (97 mg,
4.24 mmol) and Hg (21.6 g, 108 mmol)] and diene 29
(90 mg, 0.39 mmol) in anhydrous benzene (10 mL) kept
under an argon atmosphere, solid tetraiodide 6 (100 mg,
0.163 mmol) was added at once and the reaction mixture
was stirred overnight at room temperature. The mixture
was filtered through a pad of Celite� and the residue was
thoroughly washed with AcOEt (3�10 mL). Concentration
of the combined filtrate and washings under reduced pres-
sure gave a residue (194 mg) containing inorganic material,
which was extracted with CH2Cl2 (20 mL). Elimination of
the solvent from the extract in vacuo gave a new residue
(113 mg), which when analyzed by GC–MS showed the
presence of two main components: (i) starting diene 29 (rt
23.2 min, 95% r.a.) and (ii) a product (rt 31.5 min, 4%
r.a.), whose MS spectrum is compatible for compound 28,
MS m/z (%): 337 (24), 336 (M�+, 81), 293 (17), 267 (18),
265 (17), 253 (18), 252 (19), 217 (34), 216 (100), 215
(62), 203 (61), 202 (60), 178 [(C14H10)�+, 78].

5.13. Reaction of tetraiodide 6 with 0.45% sodium
amalgam in the presence of 1,3-diphenylisobenzofuran
(30)

To 0.45% sodium amalgam [from Na (600 mg, 26 mmol)
and Hg (133 g, 663 mmol)] a solution of diene 30
(650 mg, 2.4 mmol) and tetraiodide 6 (611 mg, 1.0 mmol)
in anhydrous 1,2-dimethoxyethane (DME, 65 mL) was
added and the reaction mixture was stirred overnight at
room temperature, under an argon atmosphere and protected
from light. The mixture was filtered through a pad of Celite�

and the filtrate was analyzed by GC–MS showing the pres-
ence of many components, those with higher r.a. being:
(i) dihydro-1,3-diphenylisobenzofuran9 (rt 23.5 min, 23%
r.a.), (ii) 2-benzoylbenzophenone10 (rt 25.0 min, 8% r.a.),
(iii) starting diene 30 (rt 26.6 min, 12% r.a.), and (iv) com-
pound 5a2b (rt 28.5 min, 7% r.a.).

5.14. Reaction of tetraiodide 6 with molten sodium in
boiling 1,4-dioxane

Solid tetraiodide 6 (1.22 g, 2.0 mmol) was added to molten
sodium (920 mg, 40 mmol) in boiling 1,4-dioxane and the
mixture was heated under reflux for 4 h. The mixture was fil-
tered through a pad of Celite� and the residue was washed
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with Et2O (3�20 mL). Distillation of the combined filtrate
and washings at atmospheric pressure using a 10 cm Vigreux
column left a residue (650 mg), still containing 1,4-dioxane,
which when analyzed by GC–MS showed the presence of
many components, among them: (i) and (ii) products A
and B: diastereomeric 2-(1,4-dioxan-2-yl)-1,4-dioxane
(1,4-dioxane dimers)17 (molecular ions: m/z¼174, rt’s 11.5
and 11.9 min, 9 and 10% r.a.’s, respectively); (iii) product
C (rt 14.2 min, 36% r.a.), MS m/z (%): 194 (M�+, 8), 117
(16), 113 (15), 112 (12), 107 [(M�C4H7O2)+, 12], 91 (29),
87 [(C4H7O2)+, 32], 86 (21), 79 (48), 73 (51), 67 (100);
(iv) product D (rt 16.4 min, 10% r.a.), MS m/z (%): 214
(M�+, 1), 213 (1), 171 (18), 143 (20), 131 (25), 129 (30),
117 (21), 106 (21), 105 (34), 91 (58), 80 (22), 79 (46), 77
(24), 67 (100); (v) compound 3a2b (rt 19.1 min, 5% r.a.),
(vi) product E (rt 21.4 min, 12% r.a.), MS m/z (%): 280
(M�+, 6), 218 (14), 205 (25), 193 [(M�C4H7O2)+, 33], 132
(44), 131 (49), 107 [(M�C4H7O2�C4H6O2)+, 82], 91 (49),
86 (48), 79 (57), 73 (100), 67 (55); (vii) product F (rt
23.3 min, 8% r.a.), MS m/z (%): 300 (M�+, 1), 259 (10),
213 [(M�C4H7O2)+, 44], 171 (20), 131 (37), 129 (31), 117
(25), 105 (33), 91 (69), 87 (37), 81 (27), 79 (74), 77 (33),
73 (47), 67 (100); (viii) product G (rt 25.4 min, 8% r.a.),
MS m/z (%): 299 (24), 298 (M�+, 87), 143 (23), 129 (24),
117 (26), 115 (22), 107 (25), 106 (28), 105 (27), 93 (26),
91 (78), 87 (40), 79 (59), 77 (41), 73 (100).

5.15. X-ray crystal structure determination of 611

A prismatic crystal (0.1�0.1�0.2 mm) was selected and
mounted on a MAR345 diffractometer with an image plate
detector. Unit-cell parameters were determined from 9482
reflections (3<q<31�) and refined by least-squares method.
Intensities were collected with graphite monochromatized
Mo Ka radiation. Reflections (9891) were measured in the
range 3.29�q�31.72�. Reflections (1945) of which were
nonequivalent by symmetry [Rint(on I)¼0.046]. Reflections
(1842) were assumed as observed applying the condition
I>2s(I). Lorentz polarization and absorption corrections
were made. The structure was solved by direct methods,

Figure 2. Crystal structure (ORTEP) of adduct 6.
using SHELXS computer program18 and refined by full
matrix least-squares method with SHELX-97 computer
program,19 using 1945 reflections (very negative inten-
sities were not assumed). The function minimized
was

P
wjjFoj2 � jFcj2j2, where w¼[s2(I)+(0.0482P)2+

11.4234P]�1, and P ¼ ðjFoj2 þ 2jFcj2 =3Þ , f, f 0 and f 00

were taken from the literature.20 All H atoms were
located from a difference synthesis and refined with an
isotropic temperature factor. The final R(on F) factor was
0.046, wRðonjFj2 ¼ 0:114Þ and goodness of fit¼1.095 for
all observed reflections. Number of refined parameters
was 73. Max shift/esd¼0.00, mean shift/esd¼0.00. Max
and min peaks in final difference synthesis was 0.732
and �0.753 eÅ�3, respectively. [C8H8I4], Mr¼611.74,
orthorhombic, space group Pnca, a¼9.7270(10), b¼
12.2340(10), c¼10.6080(10), a¼90, b¼90, g¼90�, V¼
1262.4(2) Å3, Z¼4, F(000)¼1072, rcalcd¼3.219 g cm�3;
crystal dimensions (mm), 0.1�0.1�0.2 mm; m (Mo Ka)
linear absorption coefficient¼9.828 mm�1, T¼293(2) K,
1945 reflections and 73 parameters were used for the full
matrix (Fig. 2).
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(b) Lange, H.; Schäfer, W.; Gleiter, R.; Camps, P.; Vázquez, S.
J. Org. Chem. 1998, 63, 3478–3480.

5. Ayats, C.; Camps, P.; Duque, M. D.; Font-Bardia, M.; Muñoz,
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Abstract—a-Amino cyclobutyl-, cyclopentyl-, cyclohexyl- and 4- and 3-heterocyclohexyl-phosphonates were efficiently prepared from
carbocyclic and heterocyclic ketones, by nucleophilic addition of phosphite to the iminium ion formed by in situ condensation of these ketones
with benzylic amines. Cleavage of the benzyl groups and acidic hydrolysis of the resulting a-amino heterocyclohexyl-phosphonates gave, in
a three-step sequence from ketones, new 4- and 3-heterocyclohexyl-phosphonic acids.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Due to their potential biological activity1 and their use as
building blocks for phosphorus-containing peptide mi-
metics, derivatives of phosphonic acid analogues of a-amino
acids are of considerable current interest. Several a-amino-
phosphonic acid derivatives show activity as enzyme inhib-
itors, antibacterials, herbicides, fungicides or plant growth
regulators.2 Other a-aminophosphonic acid derivatives, in
particular phosphorus-containing peptide mimetics, have
been prepared. These acid derivatives, in which the tetra-
hedral phosphorus moiety acts as a transition-state analogue
of peptide bond cleavage, selectively inhibit peptidases and
proteinases (e.g., HIV protease,3 serine protease4). Such an
impressive array of applications has recently stimulated
considerable effort towards the asymmetric synthesis of
a-aminophosphonic acids.5–7

In addition, cyclic or heterocyclic rings introduced into the
molecular skeleton increase its rigidity and modify elec-
tronic effects. Thus in recent years, many cyclic a-amino-
phosphonic acids 1 (R¼H) or -phosphonates 1 (R¼alkyl)
have been prepared, such as derivatives of a-aminocyclopro-
pylphosphonic acid,8–10 as well as their cyclobutyl,10b cyclo-
pentyl11 and cyclohexyl analogues.12 These compounds
were prepared either from cycloalkanones or derivatives

* Part of this study was previously reported at the Organic Chemistry
Symposium at Marseille (GECO 46, September 2005), France.

* Corresponding author. Tel.: +33 1 69 15 72 52; fax: +33 1 69 15 62 78;
e-mail: antfadel@icmo.u-psud.fr
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.05.016
by Mannich-type reactions,13 or from cycloalkylphospho-
nates by electrophilic azidation.10b

However, very few examples of heterocyclic a-aminophos-
phonic acids 2 or the corresponding phosphonates have
been reported in the literature; only the 4-aminobutyric
acid (GABA)14 analogue 2a (X¼NH),15 the pyran phospho-
nate derivative of 2b (X¼O)16 and thiopyran phosphonate
derivative of 2c (X¼S) are described.17 Among these syn-
thetic approaches, only one describes a total synthesis and
isolation of free a-amino(4-pyrrolidine)phosphonic acid 2a
(X¼NH).15c In contrast, pyran acid 2b, thiopyran acid 2c
and especially 3-pyrrolidine acid analogue 3 are still un-
known. In all these synthetic approaches, the Kabachnick–
Fields reaction16a was used from heterocyclohexanones, to
provide a-aminophosphonates with moderate to good yields,
accompanied, in some cases, with a-hydroxyphosphonate
derivatives as byproducts (Scheme 1).

1 2 3

P(OR)2

NHR'( )n
X

P(OH)2

NH2 HN

P(OH)2

NH2

a: X= NH
b: X= O
c: X= Sn = 0, 1, 2, 3

R = H, alkyl
R' = H, alkyl

O O O

Scheme 1.

We have previously reported a simple and convenient syn-
thesis of 1-aminocyclopropanephosphonic acids 4 (ACC
analogues), in three steps, starting from cyclopropanone
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hemi-acetals 5 and proceeding via aminophosphonates 6
(Scheme 2).9
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Scheme 2.

As part of our ongoing programme in this area, we decided to
study the addition of triethyl phosphite to the iminium ions A
of readily available heterocyclic ketones 7–12. This one-pot
reaction, involving the iminium species A as intermediate,
should occur in the presence of benzylamine derivatives to
give the desired aminophosphonates 13–18 (Scheme 3).

2

7-12

13-18

X
P(OH)2

NH2

X
P(OEt)2

NHR

X OX N
H

R

P(OEt)3

A

O

X = NCH3, S, O, CH2

( )n ( )n

( )n ( )n

n = 0,1

O

Scheme 3.

2. Results and discussion

The reactions were carried out using a one-pot procedure.
Benzylamine derivatives, a-methylbenzylamine 19a, benzyl-
amine 19b, a-phenylglycinol 19c and p-methoxybenzylamine
19d, were selected for their efficient reaction to form the
iminium ions A, and in particular for their straightforward
cleavage by catalytic hydrogenolysis at the end of the syn-
thetic sequence. In addition, the phenylglycinol derivative
can be cleaved by an oxidative degradation with NaIO4,
whereas, the p-methoxybenzyl group can be cleaved by
a DDQ oxidation followed by basic hydrolysis.

The standard one-pot procedure of ketones 7–12 with amine
derivatives 19 was carried out in EtOH in the presence of
2 equiv of AcOH, 1 equiv of MgSO4 and 1.5 equiv of triethyl
phosphite at 50–60 �C for 1 day. The commercially available
heterocyclic ketones 7–9 were reacted with benzylamine
derivatives 19a–d, to give the iminium ion intermediates A
before triethyl phosphite addition to furnish aminophospho-
nates 13–15 in good yields (46–92%) (Table 1, entries 1–7).

By comparison, conducting the same reaction with cyclic
ketones (cyclohexanone 10 and cyclobutanone 12), in
EtOH for 1–4 days, gave the corresponding aminophospho-
nates 16 and 18 in good yields (93% and 50%, respectively)
(Table 1, entries 8 and 10). However, lower yields were
obtained for aminophosphonates 16–18 in DMSO as a solvent
in the presence of MgSO4 at 55 �C for 2 days (Table 1, entries
8–10). These new aminophosphonates 16–18 are of particu-
lar interest, since the dibutyl phosphonate analogue of 16,
known as Trakephon�, is a highly efficient herbicide.12a,b

On the other hand, the commercially available N-Boc-3-
piperidone 20a, in which the heteroatom is in the 3-position
to the carbonyl function, underwent a one-pot reaction with
amine 19a to give aminophosphonate 21a, for the first time,
in 54% yield as a mixture of two diastereoisomers. However,
with the benzylamine 19b aminophosphonate 21a0 was
Table 1. Preparation of aminophosphonates 13–18 from ketones 7–12a

7-12 13-18

X
P

NH-R
X O

O OEt
OEti. RNH2 19, solvent, AcOH

ii. P(OEt)3, 60 °C, 1–2 days( )n ( )n

Entry Ketone 7–12 RNH2 19a–db Solvent Time
(h)

Yield (%)
EtOH (DMSO)c

Phosphonates
13–18

n X

1 7 2 N-Me 19a EtOH 18 71 (36) 13

N

P(O)(OEt)2

N
H Ph

2 7 2 N-Me 19a Toluene/CH3CNd 18 30 13

3 8 2 O 19a EtOH 30 66 14a
O

P(O)(OEt)2

N
H Ph

4 8 2 O 19b EtOH 22 55 14b
O

P(O)(OEt)2

N
H Ph

5 9 2 S 19a EtOH 18 92 15a
S

P(O)(OEt)2

N
H Ph

(continued)
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Table 1. (continued)

Entry Ketone 7–12 RNH2 19a–db Solvent Time
(h)

Yield (%)
EtOH (DMSO)c

Phosphonates
13–18

n X

6 9 2 S 19c EtOH 39 46 15b
S

P(O)(OEt)2

N
H Ph

OH

7 9 2 S 19d EtOH 24 80 15c
S

P(O)(OEt)2

N
H

PMB

8 10 2 CH2 19a EtOH 20 93 (43) 16

P(O)(OEt)2

N
H Ph

9 11 1 CH2 19a DMSO 48 NRe (76) 17

P(O)(OEt)2

N
H Ph

10 12 0 CH2 19a EtOH 100 50 (30) 18

P(O)(OEt)2

HN
Ph

a Reactions of ketones 7–12 with amines 19 were carried out in the presence of MgSO4.
b Amines, 19a: H2N–CH(CH3)Ph; 19b: H2N–CH2Ph; 19c: H2N–CH(CH2OH)Ph; 19d: H2N–CH2C6H4–pOMe.
c Reactions in DMSO were run at 55 �C for 2 days.
d The reaction was run with HP(O)(OEt)2 and catalyzed with 5 mol % of Me2AlCl (Ref. 18).
e NR¼not run.
obtained in 76% yield. In contrast, the N-benzyl-
3-piperidone 20b did not lead to the expected phosphonate
21b, but to a mixture of degradation products (Scheme 4).

20a : R'= Boc R = CH(CH3)Ph,  21a  (54%)

N

P
O

OEt
OEt

NHR
N

R'

O
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i. RNH2, AcOH
ii. P(OEt)3, EtOH, 60 °C

20b : R'= Bn
R = CH2Ph,   21a'  (76%)
R = CH(CH3)Ph,  21b  (0%)

Scheme 4.

To better understand this behaviour, we attempted to react
a-methylbenzylamine 19a with 3-heterocyclopentanones
22a–c, but none among them gave the corresponding
aminophosphonates 23a–c under these conditions. We can
tentatively explain this by the fact that the iminium interme-
diate B is not favoured, and undergoes a double bond migra-
tion to the heterocyclic enamines C and D, thus preventing
the nucleophilic attack of the phosphite on imine B. Such
migration has already been reported,19 and could allow elec-
trophilic reaction of enamine C or D (Scheme 5).20

We then submitted the heterocyclic phosphonates 13–15 to
the deprotection sequence. The aminophosphonates 13 and
14a reacted under mild conditions (20% Pd(OH)2/C, and
1 atm H2) to cleave the benzyl group affording free amino-
phosphonates 24 and 25, in a good yield (Scheme 6).
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plished by 6 N HCl solution at reflux for 7 h, followed by
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treatment with propylene oxide to provide, the previously
unknown N-methyl-4-aminopiperidine-phosphonic acid 2a.
Surprisingly, hydrolysis of the phosphonate moiety of 24
with TMSI led only to the formation of byproducts with
a small amount of the desired acid 2a. On the other hand,
treatment of aminophosphonate 25 with the trimethylsilyl
iodide in dichloromethane followed by the addition of
propylene oxide in ethanol furnished, for the first time,
aminophosphonic acid 2b in 43% yield.

N-Benzyl cleavage of 15a (X¼S) was unsuccessful under
the same conditions (H2, Pd(OH)2/C, AcOH), or with other
known debenzylation procedures (H2, Pd/C, HCl; Na/NH3

liq. or Na/naphthalene). Knowing that the sulfur group could
poison the palladium catalyst, we oxidized 15a by mCPBA
(1 equiv) to afford a mixture of unseparable sulfoxides 27
(cis/trans: 37/63) in 91% yield. Subsequent hydrogenolysis
(H2, Pd(OH)2/C) of this cis/trans 27 mixture did not furnish
the expected free amine 28 (cis/trans), returning the starting
sulfoxides unreacted (Scheme 7). Similarly, an attempted
cleavage of the phenylglycinol group of 15b by a known
oxidative degradation with Pb(OAc)4

21 did not furnish 26.

X
P

NH2

O OEt
OEt

26 X = S

X
P

HN

O OEt
OEt

Ph
15a X = S

H2

 Pd(OH)2/C

28 X = SO27 X = SO (cis/trans)
mCPBA

91%

Scheme 7.

Nevertheless, cleavage of 15c (Table 1, entry 6) by DDQ
(H2O/CH2Cl2: 1/9) at 20 �C,22 provided, after purification
on silica gel, the corresponding free aminophosphonate 26,
accompanied by imine 29 (Scheme 8). However, treatment
TMSBr followed by propylene oxide treatment gave a mix-
ture of acid 2c and degradation products. It is worthy of note
that the NMR spectra of 2a in D2O solution showed two
diastereomers, due to the pyramidalization of the nitrogen
atom in acidic medium, as previously described by
Kafarski.15c Deprotection of the ring nitrogen in neutral or
basic solution speeds up the nitrogen inversion and makes the
whole process faster. Thus, the coalescence of the two
singlets in 31P NMR was observed on addition of NaOD to
the solution, and forming 2a sodium salt (Scheme 9, see also
Section 4).
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Scheme 9.

On the other hand, in the 3-heterocyclic system, cleavage of
the benzyl group of compounds 21a or 21a0 under mild
conditions (20% Pd(OH)2/C and 1 atm H2) furnished the
corresponding free amine 30 in good yield 76% or 88%,
respectively. Phosphonate hydrolysis and Boc deprotection
of 30 were accomplished simultaneously in 6 N aq HCl solu-
tion at reflux, to give quantitatively the amino acid hydro-
chloride 3$2HCl. Treatment of this amino acid salt with
S
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H2O 88%
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90%

12N HCl
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Scheme 8.
of the reaction mixture with 2 N KOH in the presence of benz-
oyl hydrazine, to trap the highly reactive p-anisaldehyde,
furnished exclusively the desired aminophosphonate 26 in
88% yield.
propylene oxide provided for the first time the racemic
free aminophosphonic acid 3 in excellent yield. However,
the use of TMSI for hydrolysis of 30 was ineffective once
more (Scheme 10).
Hydrolysis of 26 with 12 N HCl solution at reflux, followed
by treatment with propylene oxide provided the new 4-tetra-
hydrothiopyranylphosphonic acid 2c, in quantitative yield.
We found that hydrolysis of phosphonate 26 with TMSI or

3. Conclusion

We have developed an easy and efficient three-step synthesis
of new heterocyclic a-aminophosphonic acids 2 and 3. Thus,
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starting from readily available cyclic and heterocyclic ke-
tones 7–12 and 20, we have demonstrated that the iminium
ion formed from these ketones undergoes nucleophilic addi-
tion of phosphite to give the cyclic and heterocyclic amino-
phosphonates 13–18 and 21 in good yield. Subsequent
hydrogenolysis of the benzyl group (for tetrahydropyran
14 and piperidine derivatives 13 and 21) and hydrolysis of
phosphonate functions were accomplished with good yields.
However, deprotection of the N-PMB group (for the tetra-
hydrothiopyran derivative) required oxidation with DDQ.
The stable cyclic aminophosphonates 16–18, analogues of
the biologically active molecule Trakephon�, were not
transformed into their corresponding aminophosphonic
acids, but may be performed straightforwardly using a repor-
ted method.9c We are currently developing an asymmetric
version to prepare the homochiral 3-heterocyclic amino-
phosphonic acids.

4. Experimental

4.1. General

Except where otherwise indicated, all reactions were carried
out under argon with magnetic stirring. Di- and triethylphos-
phite were distilled at reduced pressure and stored under
argon (see Table 1). Rf values refer to TLC on 0.25 mm silica
gel plates (Merck F254). Flash chromatography (FC) was
performed on silica gel 60 (0.040–0.063 mm). Yields refer
to chromatographically and spectroscopically pure com-
pounds, except where noted. IR spectra were recorded on
a Perkin–Elmer (spectrum one) spectrophotometer. Melting
points were determined on a Büchi B-545 capillary melting
point apparatus and are uncorrected. 1H NMR spectra were
measured on a Bruker AM250 (250 MHz) or Bruker AC360
(360 MHz) spectrometer. Chemical shifts were recorded in
parts per million from the solvent resonance (CDCl3 at
7.27 ppm and D2O at 4.8 ppm). 13C NMR spectra were mea-
sured on a Bruker AM250 (62.9 MHz), or Bruker AC360
(90.56 MHz) spectrometer. Chemical shifts were recorded
in parts per million from the solvent resonance (CDCl3 at
77.16 ppm). 31P NMR spectra were recorded on a Bruker
AM250 (101.25 MHz), and chemical shifts were quoted
relative to internal 85% H3PO4 (d¼0 ppm). Mass spectra
were recorded on a Finnigan DSQ-Thermo. High-resolution
mass spectra were recorded on a Finnigan MAT 95S. All new
compounds were determined to be >95% pure by 1H NMR
spectroscopy.

4.2. General procedure A

To a solution of heterocyclic ketones 7–12 or 20 (5 mmol) in
EtOH (10 mL), was added benzylamine 19 (7.50 mmol),
AcOH (600 mL, 10 mmol) and MgSO4 (420 mg, 3.50
mmol). After stirring and heating at 55 �C for 4–5 h, P(OEt)3

(1.25 g, 1.31 mL, 7.50 mmol) was added. The mixture
was heated at 55 �C for 1–3 days. It was then concentrated
in vacuo, concd aq ammonia (2 mL) was added and the
resulting mixture was filtered through a 3 cm pad of silica
gel eluting with ethyl acetate (50 mL). The filtrate was
concentrated in vacuo to give the crude phosphonate. Purifi-
cation by flash chromatography (FC) on silica gel (MeOH/
CH2Cl2: 1/9) gave pure aminophosphonates 13–18 or 21.
4.2.1. Diethyl 4-(10-methylbenzyl)amino-1-methylpiperi-
din-4-yl-phosphonate (13). Following procedure A:
reaction of N-methylpiperidin-4-one 7 (545 mg, 5 mmol),
EtOH (10 mL), a-methylbenzylamine 19a (910 mg,
7.50 mmol), MgSO4 (420 mg), AcOH (600 mL, 10 mmol)
and P(OEt)3 (1.25 g, 7.5 mmol) for 18 h at 55 �C gave, after
standard work-up and purification by FC (eluent, MeOH/
CH2Cl2/NH3: 2/98/1), 1.260 g (71%) of aminophosphonate
13 as a colourless oil. Rf¼0.65 (MeOH/CH2Cl2: 50/50+
2% NH3 aq). IR (neat) n: 3449, 3353, 2932, 1235 (P]O),
1050 and 1025 (P–O), 957 cm�1. 1H NMR (CDCl3,
360 MHz) d: 1.30 (t, J¼7.2 Hz, 3H, CH3–CH2O), 1.33 (t,
J¼7.2 Hz, CH3–CH2O), 1.33 (d, J¼6.8 Hz, 3H, CH3–C10),
1.42–1.90 (m, 5H, 4Hcycle and NH), 1.90–2.20 (m, 2Hcycle),
2.10 (s, 3H, CH3N), 2.30–2.60 (m, 2H, 1H–C2 and 1H–C6),
4.10 (qd, J¼7.2 Hz, 2JPC¼7.2 Hz, 2H, CH2OP), 4.13 (qd,
J¼7.2 Hz, 2JPC¼7.2 Hz, 2H, CH2OP), 4.44 (qd, J¼6.8 Hz,
4JPH¼2.5 Hz, 1H–C10), 7.08–7.48 (m, 5H). 13C NMR
(CDCl3, 62.9 MHz) d: 16.6 (CH3–CH2O), 16.7 (CH3–
CH2O), 27.0 (CH3–C10), 27.9 (d, 2JPC¼4.1 Hz, C3 or C5),
32.6 (s, C5 or C3), 46.2 (CH3N), 49.4 (d, 3JPC¼12.1 Hz,
C2 or C6), 49.55 (d, 3JPC¼9.8 Hz, C6 or C2), 52.5 (C10),
54.8 (d, 1JPC¼143.1 Hz, C4), 61.7 (d, 2JPC¼8.0 Hz,
CH2OP), 61.9 (d, 2JPC¼8.0 Hz, CH2OP), [6 arom C: 126.3
(1C), 126.8 (2C), 128.0 (2C), 148.4 (s)]. 31P NMR
(CDCl3, 101.25 MHz) d: 29.51. ES+ MS, m/z: 377.2
[M+Na]+. HRMS data were not obtained.23

4.2.2. Diethyl 4-(10-methylbenzyl)amino-tetrahydro-2H-
pyran-4-yl-phosphonate (14a). Following procedure A:
reaction of tetrahydropyran-4-one 8 (172 mg, 1.72 mmol),
EtOH (4.5 mL), a-methylbenzylamine 19a (330 mL,
2.68 mmol), MgSO4 (155 mg), AcOH (200 mL, 3.43 mmol)
and P(OEt)3 (442 mL, 2.58 mmol) for 30 h at 55 �C furnished,
after standard work-up and purification by FC (eluent,
MeOH/CH2Cl2/NH3: 2/98/0.5), 387 mg (66%) of tetra-
hydropyranphosphonate 14a as a colourless oil. Rf¼0.35
(MeOH/CH2Cl2: 5/95). IR (neat) n: 3468, 3333, 1233
(P]O), 1047 and 1026 (P–O), 950. 1H NMR (CDCl3,
250 MHz) d: 1.37 (t, J¼7.0 Hz, 3H, CH3–CH2O), 1.40 (t,
J¼7.0 Hz, CH3–CH2O), 1.41 (d, J¼6.8 Hz, 3H, CH3),
1.30–1.70 (m, 3H, 2Hcycle and NH), 1.70–1.90 (m, 1Hcycle),
1.90–2.28 (m, 1Hcycle), 3.06–3.35 (m, 2Hcycle, CH2O),
3.61–3.77 (m, 1Hcycle, CH2O), 3.98 (tt, J¼10.7 Hz, J¼
1.9 Hz, 1Hcycle, CH2O), 4.16 (qd, J¼7.3 Hz, 3JPH¼
7.0 Hz, 2H, CH2OP), 4.22 (qd, J¼7.3 Hz, 3JPH¼7.0 Hz,
2H, CH2OP), 4.49 (qd, J¼6.8 Hz, 4JPH¼2.8 Hz, 1H–C10),
7.10–7.25 (m, 1H), 7.25–7.36 (m, 2H), 7.36–7.50 (m, 2H).
13C NMR (CDCl3, 62.9 MHz) d: 16.5 (q, CH3–CH2O),
16.6 (q, CH3–CH2O), 26.8 (CH3-C10), 27.8 (d, 2JPC¼2.2 Hz,
C3 or C5), 32.8 (C5 or C3), 52.8 (C10), 55.0 (d, 1JPC¼
144.3 Hz, C4), 61.7 (d, 2JPC¼7.3 Hz, CH2OP), 61.8 (C2 or
C6), 61.9 (C6 or C2), 62.0 (d, 2JPC¼7.6 Hz, CH2OP), [6
arom C: 126.4 (d), 126.6 (d, 2C), 128.1 (d, 2C), 148.0 (s)].
31P NMR (CDCl3, 101.25 MHz) d: 28.35. HRMS (ESI,
m/z): calcd mass for C17H28O4NPNa, [M+Na]+: 364.1648.
Found: 364.1653.

4.2.3. Diethyl 4-(benzylamino)-tetrahydro-2H-pyran-4-
yl-phosphonate (14b). Following procedure A: reaction
of tetrahydropyran-4-one 8 (200 mg, 2.0 mmol), EtOH
(5.0 mL), benzylamine 19b (325 mL, 2.98 mmol), MgSO4

(180 mg), AcOH (230 mL, 3.96 mmol) and P(OEt)3
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(493 mL, 2.97 mmol) for 22 h at 50 �C provided, after
standard work-up and purification by FC (eluent, MeOH/
CH2Cl2/NH3: 2/98/0.5), 354 mg (55%) of tetrahydropyran-
phosphonate 14b as a colourless oil. Rf¼0.42 (MeOH/
CH2Cl2: 10/90). IR (neat) n: 3468, 3312, 1240 (P]O),
1047 and 1027 (P–O), 958. 1H NMR (CDCl3, 250 MHz) d:
1.37 (t, J¼7.0 Hz, 6H, CH3), 1.50–1.70 (m, 2H, 1H–C3

and 1H–C5), 1.94–2.17 (m, 3H, 1H–C3, 1H–C5 and 1NH),
3.54–3.71 (m, 2H, 1H–C2 and 1H–C6), 3.77–3.95 (m, 4H,
2Hbenzyl, 1H–C2 and 1H–C6), 3.95–4.24 (m, 4H, 2CH2OP),
7.10–7.43 (m, 5H). 13C NMR (CDCl3, 62.9 MHz) d: 16.5
(q, CH3), 16.6 (q, CH3), 29.8 (C3 and C5), 47.1 (CH2–N),
53.4 (d, 1JPC¼146.7 Hz, C4), 61.6 (d, 2JPC¼2.7 Hz,
2CH2OP), 61.8 (C2 and C6), [6 arom C: 126.8 (d), 128.0
(2C), 128.2 (2C), 140.8 (s)]. 31P NMR (CDCl3,
101.25 MHz) d: 27.60. HRMS (ESI, m/z): calcd mass for
C16H26NO4PNa, [M+Na]+: 350.1492. Found: 350.1496.

4.2.4. Diethyl 4-(10-methylbenzyl)amino-tetrahydro-2H-
thiopyran-4-yl-phosphonate (15a). Following procedure
A: reaction of tetrahydrothiopyran-4-one 9 (430 mg,
4.75 mmol), EtOH (12 mL), a-methylbenzylamine 19a
(910 mL, 7.13 mmol), MgSO4 (420 mg, 3.5 mmol), AcOH
(520 mL, 9.50 mmol) and P(OEt)3 (1.22 g, 7.13 mmol) for
20 h at 50 �C gave, after standard work-up and purification
by FC (eluent, MeOH/CH2Cl2/NH3: 1/99/0.5), 1.560 g
(92%) of thiopyran phosphonate 15a as a colourless oil.
Rf¼0.57 (MeOH/CH2Cl2: 5/95). IR (neat) n: 3457, 3333,
2982, 1210 (P]O), 1055 and 1026 (P–O), 954. 1H NMR
(CDCl3, 250 MHz) d: 1.38 (t, J¼7.0 Hz, 3H, CH3–CH2O),
1.39 (t, J¼6.8 Hz, 3H, CH3–C10), 1.40 (t, J¼7.0 Hz, 3H,
CH3–CH2O), 1.67 (br s, 1H, NH), 1.78–2.24 (m, 5Hcycle),
2.24–2.50 (m, 2Hcycle), 3.28 (tt, J¼12.7 Hz, J¼2.0 Hz,
1H–C2 or 1H–C6), 4.16 (qd, J¼7.0 Hz, 2JPH¼7.0 Hz, 2H,
CH2OP), 4.22 (qd, J¼7.0 Hz, 2JPH¼6.5 Hz, 2H, CH2OP),
4.46 (qd, J¼6.8 Hz, 4JPH¼2.5 Hz, 1H–C10), 7.14–7.24 (m,
1H), 7.24–7.35 (m, 2H), 7.35–7.50 (m, 2H). 13C NMR
(CDCl3, 62.9 MHz) d: 16.5 (CH3–C–O), 16.6 (CH3–C–O),
21.5 (d, 2JPC¼13.7 Hz, C2 or C6), 21.7 (d, 2JPC¼10.6 Hz,
C6 or C2), 26.8 (CH3–C10), 29.0 (C3 or C5), 33.7 (C5 or
C3), 52.4 (C10), 56.6 (d, 1JPC¼141.0 Hz, C4), 61.7 (d,
2JPC¼7.5 Hz, CH2OP), 61.9 (d, 2JPC¼7.7 Hz, CH2OP), [6
arom C: 126.5 (d, 2C), 128.2 (d, 3C), 148.1 (s)]. 31P NMR
(CDCl3, 101.25 MHz) d: 28.87. HRMS (ESI, m/z): calcd
mass for C17H28NO3PSNa, [M+Na]+: 380.1420. Found:
380.1424.

4.2.5. Diethyl 4-[(10-hydroxymethyl)benzylamino]tetra-
hydro-2H-thiopyran-4-yl-phosphonate (15b). Following
procedure A: reaction of tetrahydrothiopyran-4-one 9
(210 mg, 1.8 mmol), EtOH (4.5 mL), a-hydroxymethylbenz-
ylamine 19c (370 mg, 2.7 mmol), MgSO4 (162 mg), AcOH
(200 mL, 3.62 mmol) and P(OEt)3 (465 mL, 2.70 mmol), for
40 h at 50 �C furnished, after standard work-up and purifica-
tion by FC (eluent, MeOH/CH2Cl2/NH3: 1/99/0.5), 311 mg
(46%) of aminophosphonate 15b as a colourless oil.
Rf¼0.45 (MeOH/CH2Cl2: 5/95). 1H NMR (CDCl3,
250 MHz) d: 1.31 (t, J¼7.0 Hz, 3H, CH3–CH2O), 1.32 (t,
J¼7.0 Hz, CH3–CH2O), 1.70–2.18 (m, 5H, 2H–C3, 2H–C5

and 1H–C2 or 1H–C6), 2.18–2.46 (m, 2H, 1H–C2 and 1H–
C6), 3.20 (br t, J¼12.5 Hz, 1H–C6 or 1H–C2), 3.42 (dd,
J¼9.0 Hz, J¼11.0 Hz, 1H, CH2–C10), 3.63 (dd, J¼4.2 Hz,
J¼11.0 Hz, 1H, CH2–C10), 4.12 (dq, 3JPH¼7.2 Hz,
J¼7.0 Hz, 2H, CH2O), 4.15 (dq, J¼7.2 Hz, J¼7.0 Hz, 2H,
CH2O), 4.30–4.46 (m, 1H–C10), 7.08–7.50 (m, 5H arom).
13C NMR (CDCl3, 62.9 MHz) d: 16.5 (CH3), 16.55 (CH3),
21.5 (d, 2JPC¼14.1 Hz, C2 or C6), 21.7 (d, 2JPC¼10.8 Hz,
C6 or C2), 29.1 (d, 3JPC¼4.0 Hz, C3 or C5), 33.6 (C5 or
C3), 56.7 (d, 1JPC¼141.0 Hz, C4), 58.9 (C10), 61.9 (d,
2JPC¼8.2 Hz, CH2O), 62.4 (d, 2JPC¼8.2 Hz, CH2O), 68.1
(CH2OH), [6 arom C: 127.0 (1C), 127.2 (2C), 128.2 (2C),
143.4 (s)]. 31P NMR (CDCl3, 101.25 MHz) d: 29.58.
HRMS (ESI, m/z): calcd mass for C17H28NO4PSNa,
[M+Na]+: 396.1369. Found: 396.1363.

4.2.6. Diethyl 4-(4-methoxybenzyl)amino-tetrahy-
dro-2H-thiopyran-4-yl-phosphonate (15c). Following
procedure A: condensation reaction of tetrahydrothio-
pyran-4-one 9 (618 mg, 5.39 mmol), EtOH (14 mL),
p-methoxybenzylamine 19d (1.04 mL, 8.0 mmol),
MgSO4 (480 mg) and AcOH (590 mL, 10.66 mmol) was
stirred and heated for 17 h). Then addition of P(OEt)3

(1.37 mL, 8.0 mmol), (24 h at 50 �C) gave, after standard
work-up and purification by FC (eluent, MeOH/CH2Cl2/
NH3: 2/98/0.5), 1.60 g (80%) of PMB aminophosphonate
15c as a colourless oil. Rf¼0.74 (MeOH/CH2Cl2: 10/90).
IR (neat) n: 3463, 3318, 2977, 1510, 1243 (P]O), 1044,
954. 1H NMR (CDCl3, 250 MHz) d: 1.35 (t, J¼7.0 Hz,
3H, CH3), 1.80 (br s, NH), 2.00–2.24 (m, 4H, 2H–C3

and 2H–C5), 2.29 (d, J¼12.7 Hz, 2H, 1H–C2 and 1H–
C6), 3.26 (ddd, J¼2.5 Hz, J¼12.2 Hz, J¼12.7 Hz, 2H,
1H–C2 and 1H–C6), 3.83 (s, 3H, OMe), 3.87 (d, 4JPH¼
3.0 Hz, 2H, CH2–N), 4.14 (dq, 3JPH¼7.2 Hz, J¼7.0 Hz,
2H, CH2O), 4.17 (dq, 3JPH¼7.2 Hz, J¼7.0 Hz, 2H,
CH2O), 6.87 (like d, J¼8.5 Hz, 2Haryl), 7.32 (like
d, J¼8.5 Hz, 2Haryl).

13C NMR (CDCl3, 62.9 MHz)
d: 16.45 (CH3), 16.5 (CH3), 21.2 (C2 or C6), 21.4 (C6

or C2), 30.5 (C3 and C5), 46.0 (CH2–N), 54.8 (d,
1JPC¼141.6 Hz, C4), 55.0 (CH3O), 61.7 (CH2O), 61.8
(CH2O), [6 arom C: 113.6 (2C), 129.1 (2C), 132.7 (s),
158.5 (s)]. 31P NMR (CDCl3, 101.25 MHz) d: 28.22.
HRMS (ESI, m/z): calcd mass for C17H28NO4PSNa,
[M+Na]+: 396.1369. Found: 396.1365.

4.2.7. Diethyl 1-[(10-methylbenzyl)amino]cyclohexane-
phosphonate (16). Following procedure A: reaction of
cyclohexanone 10 (294 mg, 3 mmol), EtOH (6 mL),
a-methylbenzylamine 19a (410 mg, 4.5 mmol), MgSO4

(250 mg), AcOH (360 mL, 6 mmol) and P(OEt)3 (750 mg,
4.5 mmol), for 20 h at 55 �C furnished, after standard
work-up and purification by FC (eluent, ether), 930 mg
(93%) of pure aminophosphonate 16 as a colourless oil.
Rf¼0.40 (MeOH/CH2Cl2: 5/95). IR (neat) n: 3463, 3061,
2932, 1232 (P]O), 1062 and 1025 (P–O), 955. 1H NMR
(CDCl3, 360 MHz) d: 0.92–1.21 (m, 3Hcycle), 1.30 (t,
J¼7.0 Hz, 3H, CH3), 1.31 (d, J¼6.9 Hz, CH3–C10), 1.325
(t, J¼7.0 Hz, 3H, CH3), 1.38–1.90 (m, 7Hcycle and 1NH),
4.10 (qd, J¼7.0 Hz, 3JPH¼7.0 Hz, 2H, CH2O), 4.12 (qd,
J¼7.0 Hz, 3JPH¼7.0 Hz, 2H, CH2O), 4.37 (qd, J¼6.9 Hz,
4JPH¼2.2 Hz, 1H–C10), 7.00–7.40 (m, 5H). 13C NMR
(CDCl3, 62.9 MHz) d: 16.35 (CH3–CH2O), 16.4 (CH3–
CH2O), 19.55 (d, 2JPC¼12.2 Hz, C2), 19.85 (d, 2JPC¼
9.8 Hz, C6), 25.3 (C4), 26.8 (CH3–C1), 27.9 (d, 3JPC¼4.1 Hz,
C5), 32.4 (C3), 52.2 (C10), 57.1 (d, 1JPC¼137.6 Hz, C1),
61.25 (d, 2JPC¼7.8 Hz, CH2O), 61.5 (d, 2JPC¼7.9 Hz,
CH2O), [6 arom C: 125.8, 126.3 (2C), 127.7 (2C), 148.5
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(s)]. 31P NMR (CDCl3, 101.25 MHz) d: 31.21. ES+ MS, m/z:
362.2 [M+Na]+. HRMS data were not obtained.23

4.2.8. Diethyl 1-[(10-methylbenzyl)amino]cyclopentane-
phosphonate (17). Following procedure A, with DMSO as
solvent: reaction of cyclopentanone 11 (252 mg, 3 mmol),
DMSO (6 mL), a-methylbenzylamine 19a (545 mg,
4.5 mmol), MgSO4 (250 mg), AcOH (360 mL, 6 mmol) and
P(OEt)3 (750 mg, 4.5 mmol), for 48 h at 55 �C furnished,
after standard work-up and purification by FC (eluent,
EtOAc/hexane: 20/80), 740 mg (76%) of pure aminophos-
phonate 17 as a colourless oil. Rf¼0.47 (EtOAc/CH2Cl2:
15/85). 1H NMR (CDCl3, 360 MHz) d: 1.31 (d, J¼6.8 Hz,
CH3–C10), 1.33 (t, J¼7.0 Hz, CH3–CH2O), 1.36 (t,
J¼7.0 Hz, CH3–CH2O), 1.20–1.50 (m, 2Hcycle), 1.50–1.70
(m, 4Hcycle), 1.70–2.10 (m, 3H, 2Hcycle and NH), 4.06–
4.24 (m, J¼7.0 Hz, 4H, CH2O), 4.32 (qd, J¼6.8 Hz,
4JPH¼2.3 Hz, 1H–C10), 7.10–7.45 (m, 5H). 13C NMR
(CDCl3, 62.9 MHz) d: 16.7 (d, 3JPC¼4.2 Hz, CH3–CH2O),
16.75 (d, 3JPC¼4.2 Hz, CH3–CH2O), 24.1 (dd, 2JPC¼
11.1 Hz, d, 3JPC¼4.2 Hz, C3), 27.1 (CH3–C10), 29.7 (C4),
31.9 (d, 3JPC¼9.1 Hz, C2), 37.4 (d, 3JPC¼7.4 Hz, C5), 53.4
(C10), 61.6 (d, 2JPC¼7.7 Hz, CH2O), 62.0 (d, 2JPC¼7.5 Hz,
CH2O), 64.5 (d, 1JPC¼144.0 Hz, C1), [6 arom C: 126.2
(3C), 128.1 (2C), 149.1 (s)]. 31P NMR (CDCl3,
101.25 MHz) d: 31.90. ES+ MS, m/z: 348.2 [M+Na]+.
HRMS data were not obtained.23

4.2.9. Diethyl 1-[(10-methylbenzyl)amino]cyclobutane-
phosphonate (18). Following procedure A, with DMSO as
solvent: reaction of cyclobutanone 12 (210 mg, 3 mmol),
DMSO (6 mL), a-methylbenzylamine 19a (545 mg,
4.50 mmol), MgSO4 (250 mg), AcOH (360 mL, 6 mmol)
and P(OEt)3 (750 mg, 4.5 mmol), for 3 days at 55 �C gave,
after standard work-up and purification by FC (eluent,
EtOAc/petroleum ether, 40/60/60/40), 470 mg (51%) of
aminophosphonate 18. Mp 93.6 �C. Rf¼0.30 (EtOAc/
CH2Cl2: 3/7). IR (neat) n: 3420, 3320 (NH), 1250 and
1200 (P]O), 1050 (P–O). 1H NMR (CDCl3, 250 MHz) d:
1.35 (d, J¼6.8 Hz, 3H–C10), 1.36 (t, J¼7.1 Hz, CH3–
CH2O), 1.37 (t, J¼7.1 Hz, CH3–CH2O), 1.70 (br s, NH),
1.70–2.10 (m, 4Hcycle), 2.10–2.50 (m, 2Hcycle), 4.00–4.40
(m, J¼7.1 Hz, 4H, CH2O), 7.10–7.55 (m, 5H). 13C NMR
(CDCl3, 62.9 MHz) d: 15.4 (d, 2JPC¼7.1 Hz, C4), 16.6 (d,
3JPC¼2.4 Hz, CH3–C–O), 16.65 (d, 3JPC¼2.4 Hz, CH3–C–
O), 26.0 (CH3), 28.0 (C3), 30.6 (C2), 53.5(d, 3JPC¼5.2 Hz,
C10), 57.9 (d, 1JPC¼147.2 Hz, C1), 61.9 (d, 2JPC¼7.6 Hz,
CH2–O), 62.2 (d, 2JPC¼7.6 Hz, CH2–O), [6 arom C: 126.4
(2C), 126.5, 128.2 (2C), 148.1 (s)]. 31P NMR (CDCl3,
101.25 MHz) d: 28.70. MS (m/z): 311 (M+, 0.4), 111 (12),
105 (100), 104 (11), 70 (20). HRMS (EI, m/z): calcd mass
for C16H26NO3P: 311.1650. Found: 311.1653.

4.2.10. Diethyl 1-(tert-butyloxycarbonyl)-3-(1-methyl-
benzyl)amino-piperidin-3-yl-phosphonate (21a). Follow-
ing procedure A: reaction of N-Boc-piperidone 20a
(600 mg, 3 mmol), EtOH (6 mL), a-methylbenzylamine
19a (410 mg, 4.5 mmol), MgSO4 (250 mg), AcOH
(360 mL, 6 mmol) and P(OEt)3 (750 mg, 4.5 mmol), for
14 h at 55 �C furnished, after standard work-up and purifica-
tion by FC (eluent, MeOH/CH2Cl2: 5/95), 680 mg (54%) of
piperidinephosphonate 21a as a mixture of two diastereoiso-
mers in 63/37 ratio. Rf¼0.29 (EtOH/petroleum ether: 50/50).
IR (neat) n: 3468, 3979, 2929, 1694 (CON), 1427, 1276,
1245, 1054, 1024, 964. 1H NMR (CDCl3, 250 MHz) d:
two diastereomers a/b (63/37): 1.14 (t, J¼7.0 Hz, 3H, b),
1.20–1.45 (m, 9H, 6H a/b CH3–C10 and CH3–CH2–, 1NH
a/b, and 3H a), 1.50 (s, 9H t-Bu, a/b), 1.45–2.10 (m, 3.4H,
2H–C5 a/b, 1H–C4 a/b, and 1H–C4, b), 2.60 (ddd,
J¼3.2 Hz, J¼12.7 Hz, 0.6H–C4 a), 2.80–3.65 (m, 2H–C6,
a/b), 2.65–3.97 (m, 2H–C2 a/b), 3.97–4.22 (m, 4H, CH2O,
a/b), 4.22–4.42 (m, 1H–C10, a/b), 7.03–7.20 (m, 5H
arom, a/b). 13C NMR (CDCl3, 62.9 MHz) d: two diastereo-
mers a/b (63/37): 16.4–16.6 (d, 3JPC¼5.5 Hz, 2CH3–CH2O,
b/a), 19.4 (d, 3JPC¼10.4 Hz, C5, a), 20.0 (d, J¼8.2 Hz, C5,
b), 26.5 (C4, a/b), 27.1 (CH3–C10, a/b), 28.3/28.5
(C(CH3)3, b/a), 43.5/44.6 (C6, b/a), 49.0/50.2 (d, J¼
9.2 Hz, C2, a/b), 52.3 (C10, a), 52.6 (C10, b), 56.5 (d,
J¼145.4 Hz, C3, b), 57.5 (d, J¼141.5 Hz, C3, a), 61.7
(OCH2, a), 62.1 (d, J¼7.7 Hz, CH2O, b), 79.3 (C(CH3)3,
a/b), [6 arom C: 126.3, 126.4 (2C), 128.1 (2C), 148.1/
148.7 (s, a/b)], 155.1/155.6 (COO, a/b). 31P NMR (CDCl3,
101.25 MHz) d: two diastereoisomers a/b (63/37): 27.48/
27.78 (b/a). HRMS (ESI, m/z): calcd mass for
C22H37N2O5PNa, [M+Na]+: 463.2332. Found: 463.2348.

4.2.11. Diethyl 3-benzylamino-1-(tert-butyloxycarbonyl)-
piperidin-3-yl-phosphonate (21a0). Following procedure
A: condensation reaction of 255 mg (1.62 mmol) of ketone
20a, benzylamine 19b (174 mg, 1.62 mmol), AcOH
(200 mL) and MgSO4 (164 mg) was heated and stirred at
50 �C for 4 h. Then heating with P(OEt)3 (410 mL,
2.43 mmol) at 50 �C overnight, gave after usual work-up
and purification by FC (eluent, MeOH/CH2Cl2/NH3: 3/97/
0.5), 530 mg (76%) of pure aminophosphonate 21a0 as a
colourless oil. Rf¼0.65 (MeOH/CH2Cl2/NH3: 5/95/0.5). IR
(neat) n: 3560, 2980, 1693 (CON), 1428, 1276 and 1246
(P]O), 1161, 1028. 1H NMR (CDCl3, 250 MHz) d: 1.36
(t, J¼7.2 Hz, 6H, CH3ester), 1.44 (s, 9H, t-Bu), 1.20–2.10
(m, 5H, 4Hcycle and NH), 2.40–3.70 (m, 2Hcycle), 3.87 (d,
J¼12.2 Hz, 1Hbenzyl), 4.08 (d, J¼12.2 Hz, 1Hbenzyl), 4.40–
4.90 (m, 5H, 2CH2O and 1Hcycle), 7.10–7.50 (5H arom).
13C NMR (CDCl3, 62.9 MHz) d: 16.6 (d, 3JPC¼5.2 Hz,
CH3ester), 19.5 (d, 3JPC¼10.0 Hz, C5), 27.6 (C4), 28.3
(CH3)3C), 43.5 (C6), 47.2 (CH2benzyl), 47.8 (C2), 56.0 (d,
1JPC¼146.6 Hz, C3), 61.9 (d, 2JPC¼7.7 Hz, CH2O), 62.2 (d,
2JPC¼7.4 Hz, CH2O), 79.6 (C(CH3)3), [6 arom C: 126.7
(1C), 128.0 (2C), 128.1 (2C), 141.0 (s)], 155.2 (CON). 31P
NMR (CDCl3, 101.25 MHz) d: 26.78. HRMS (ESI, m/z):
calcd mass for C21H35N2O5PNa, [M+Na]+: 449.2176.
Found: 449.2182.

4.3. Diethyl [1-oxido-4-(10-methylbenzyl)amino-tetra-
hydro-2H-thiopyran-4-yl-phosphonate (27)

To a solution of aminophosphonate 15a (159 mg,
0.415 mmol) in 2 mL of CH2Cl2, was added at 0 �C mCPBA
(77%, 146 mg, 0.415 mmol). The mixture was stirred at 0 �C
for 20 min then 5 mL of saturated solution of Na2S2O3/
NaHCO3 (1/1) was added, vigorously stirred for 1 h, then
extracted with CH2Cl2 (3�50 mL). The organic layer was
dried over MgSO4, filtered and concentrated under vacuum
to furnish 168 mg (100%) of clean sulfoxide 27 as a colour-
less oil mixture of two isomers (40/60, cis/trans or trans/cis).
Rf¼0.44 (MeOH/CH2Cl2: 10/90). IR (neat) n: 3447, 3354,
2925, 1266 and 1233 (P]O), 1199, 1163 (S]O), 1029
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(P–O), 962. 1H NMR (CDCl3, 250 MHz) d: (two isomers a/
b: 40/60): 1.25–1.40 (m, 9H, CH3, a/b), 1.50–1.67 (m, 0.6H–
C3, b), 1.67–2.20 (m, 4.4H, 3Hcycle a/b and NH and 1H a),
2.25–2.85 (m, 2.6H, 2H a/b and 0.6H b), 2.90–3.10 (m,
1H, a/b), 3.10–3.26 (m, 0.4H, a), 4.02–4.24 (m, 4H,
CH2OP, a/b), 4.39 (qd, J¼6.8 Hz, 3JPH¼2.3 Hz, 0.4H, H–
C10, a), 4.46 (qd, J¼6.8 Hz, 3JPH¼2.5 Hz, 0.6H, H–C10, b),
7.08–7.40 (m, 5H, a/b). 13C NMR (CDCl3, 62.9 MHz) d:
(two isomers, a/b: 40/60): 16.6 (CH3–CH2O, a/b), 16.7
(CH3–CH2O, a/b), 17.1 (d, 2JPC¼6.5 Hz, C3 or C5, b),
21.8 (d, 2JPC¼3.2 Hz, C5 or C3, b), 24.5 (d, 2JPC¼7.6, C3

or C5, a), 26.7 (CH3–C10, b), 26.8 (CH3–C10, a), 28.5 (d,
2JPC¼2.8 Hz, C5 or C3, a), 39.2 (d, 3JPC¼10.4 Hz, C2 or
C6, b), 39.5 (d, 3JPC¼13.8 Hz, C6 or C2, b), 44.3 (C2 or
C6, a), 44.45 (C6 or C2, a), 52.7 (C10, a/b), 55.1 (d, 1JPC

142.4 Hz, C4, a), 55.3 (d, 1JPC¼143.1 Hz, C4, b), 62.2 (d,
2JPC¼7.8 Hz, CH2OP, b), 62.5 (d, 2JPC¼7.7 Hz, CH2OP,
a), [6 arom C: 126.4/126.5 (2C, b/a), 126.8/126.9 (1C,
b/a), 128.5 (2C, a/b), 147.3/147.9 (s, a/b)]. 31P NMR
(CDCl3, 101.25 MHz) d: (a/b: 40/60): 28.44/27.54. HRMS
(EI, m/z): calcd mass for C17H28NO4PSNa, [M+Na]+:
396.1369. Found: 396.1361.

4.4. Hydrogenolysis: general procedure B

To a solution of aminophosphonates 13–18 or 21 (1 mmol)
in 5 mL of AcOH, was added 20% Pd(OH)2/C (Pearlman’s
catalyst, 150 mg (40% w/w)). The flask was connected
to a hydrogenation apparatus equipped with a graduated
burette containing water that allowed the uptake of hydrogen
to be monitored. TLC control showed that under 1 atm for
18 h, the reaction was complete. Then degassed under
a stream of argon, filtered through paper and the collected
solid was washed with EtOH (2�10 mL). The combined
filtrate and washings were concentrated and purified by FC
on silica gel (20 g), eluent (MeOH/CH2Cl2/NH3: 10/90/
0.5) to give free amines 24–26 or 30.

4.4.1. Diethyl 4-amino-1-methylpiperidin-4-yl-phospho-
nate (24). Following procedure B: reaction of phosphonate
13 (274 mg, 0.773 mmol), AcOH (4 mL) and 20% Pd(OH)2/
C (132 mg) under H2 (1 atm) for 18 h followed by FC
(CH2Cl2/MeOH/NH3: 90/10/0.5/80/20) gave 140 mg
(73%) of aminophosphonate 24 as a colourless oil. Rf¼0.20
(MeOH/CH2Cl2: 10/90). 1H NMR (CDCl3, 250 MHz) d:
1.25 (t, J¼7.0 Hz, 6H, CH3–CH2O), 1.46–1.61 (m, 2H,
1H–C3 and 1H–C5), 1.94–2.12 (m, 2H, 1H–C3 and 1H–C5),
2.27 (s, 3H, CH3N), 2.47 (br t, J¼11.3 Hz, 1H–C2 and
1H–C6), 2.66 (br d, J¼11.3 Hz, 2H, 1H–C2 and 1H–C6),
3.12 (br s, 2HN), 4.07 (qd, J¼7.0 Hz, 3JPH¼7.0 Hz, 4H,
CH2OP). 13C NMR (CDCl3, 62.9 MHz) d: 16.5 (d, 3JPC¼
5.3 Hz, 2CH3–CH2O), 30.6 (C3 and C5), 45.4 (CH3-N), 48.7
(d, 1JPC¼154.9 Hz, C4), 48.8 (d, 2JPC¼11.6 Hz, 2CH2OP),
62.4 (C2 or C6), 62.5 (C6 or C2). 31P NMR (CDCl3,
101.25 MHz) d: 29.50. HRMS (ESI, m/z): calcd mass for
C10H23N2O3PNa, [M+Na]+: 273.1339. Found: 273.1349.

4.4.2. Diethyl 4-amino-tetrahydro-2H-pyran-4-yl-phos-
phonate (25). Following procedure B: reaction of phospho-
nate 14a (140 mg, 0.410 mmol), AcOH (2.40 mL) and 10%
Pd(OH)2/C (70 mg) under H2 (1 atm) for 18 h followed by
FC gave 83 mg (86%) of aminophosphonate 25 as a colour-
less oil. Rf¼0.23 (MeOH/CH2Cl2: 10/90). IR (neat) n: 3457,
3380, 2951, 1235 (P]O), 1049 and 1026 (P–O), 959. 1H
NMR (CDCl3, 250 MHz) d: 1.28 (t, J¼7.0 Hz, 6H, CH3),
1.30–1.45 (m, 2H, 1H–C3 and 1H–C5), 1.74 (br s, 2HN),
1.90–2.10 (m, 2H, 1H–C3 and 1H–C5), 3.62–3.72 (m,
2Hcycle, CH2O), 3.76–3.88 (m, 2Hcycle, CH2O), 4.08 (q,
J¼7.0 Hz, 2H, CH2OP), 4.11 (q, J¼7.0 Hz, 2H, CH2OP).
13C NMR (CDCl3, 62.9 MHz) d: 16.5 (d, 3JPC¼5.2 Hz,
2CH3–CH2O), 31.4 (C3 and C5), 49.2 (d, 1JPC¼155.0 Hz,
C4), 61.7 (C2), 61.77 (d, 2JPC¼7.7 Hz, CH2OP), 61.85
(C6), 62.4 (d, J¼7.7 Hz, CH2OP). 31P NMR (CDCl3,
101.25 MHz) d: 28.61. HRMS (ESI, m/z): calcd mass for
C9H20NO4PNa, [M+Na]+: 260.1022. Found: 260.1030.

4.4.3. Diethyl 3-amino-1-(tert-butyloxycarbonyl)-piperi-
din-3-yl-phosphonate (30). Following procedure B: reac-
tion of N-Boc phosphonate 21a0 (350 mg, 0.82 mmol),
AcOH (6 mL) and 20% Pd(OH)2/C (140 mg) under H2

(1 atm) for 18 h followed by FC (eluent: MeOH/CH2Cl2/
NH3: 5/93/2), gave 285 mg (88%) of aminophosphonate 30
as a colourless oil. Rf¼0.63 (ether). 1H NMR (CDCl3,
250 MHz) d: 1.34 (t, J¼7.0 Hz, 6H, CH3–CH2O), 1.46 (s,
9H, t-Bu), 1.40–2.00 (m, 6H, 2H–C4, 2H–C5, and NH2),
2.67–2.90 (m, 1H, 1H–C6), 3.04–3.32 (m, 1H–C6), 3.80–4.10
(m, 2H–C2), 4.05–4.37 (m, 4H, CH2OP). 13C NMR (CDCl3,
62.9 MHz) d: 16.7 (2CH3–CH2O), 19.5 (C5), 28.5 ((CH3)3–
C), 30.5 (d, 2JPC¼2.4 Hz, C4), 51.6 (d, 1JPC¼155.8 Hz,
C3), 62.8 (C6), 76.6 (C2), 77.2 (CH2OP), 77.6 (CH2OP),
79.9 (s, C(CH3)3), 155.7 (COO). 31P NMR (CDCl3,
101.25 MHz) d: 27.84. HRMS (ESI, m/z): calcd mass for
C14H29N2O5PNa, [M+Na]+: 359.1706. Found: 359.1723.

4.5. Diethyl 4-amino-tetrahydro-2H-thiopyran-4-yl-
phosphonate (26)

To a solution of N-PMB aminophosphonate 15c (240 mg,
0.64 mmol) in 2.5 mL of a mixture of CH2Cl2/H2O (9/1),
was added DDQ (16.2 mg, 0.70 mmol). The mixture was
stirred at rt for 3 h. Then 350 mL of 2 N KOH solution was
added and stirred for 1 h. The reaction mixture was filtered
over Celite� and concentrated, and the residue was purified
by FC (eluent: MeOH/CH2Cl2/NH3 aq: 1/99/0.5) to afford
65 mg (40%) of the free aminophosphonate 26 as a yellow
viscous oil accompanied with 120 mg (50%) of imine inter-
mediate 29. Or treatment of the crude mixture (26 and 29)
with KOH (2 N) in the presence of benzoyl hydrazine
(1 equiv) gave after FC the desired free amine 26 (143 mg,
88%).

4.5.1. Data for free amine (26). Rf¼0.42 (MeOH/
CH2Cl2+NH3: 10/90). IR (neat) n: 3468, 2980, 1605, 1248,
1026, 965. 1H NMR (CDCl3, 250 MHz) d: 1.34 (t,
J¼7.0 Hz, 6H, CH3), 1.40–1.90 (br s, 2H–N), 1.83–2.01
(m, 2H, 1H–C3 and 1H–C5), 2.01–2.22 (m, 2H, 1H–C3

and 1H–C5), 2.37 (br d, J¼12.7 Hz, 2H, 1H–C2 and 1H–
C6), 3.13 (dddd, J¼2.2 Hz, J¼2.2 Hz, J¼12.7 Hz, J¼
12.2 Hz, 2H, 1H–C2 and 1H–C6), 4.13 (q, J¼7.0 Hz,
2H, CH2O), 4.16 (q, J¼7.0 Hz, 2H, CH2O). 13C NMR
(CDCl3, 62.9 MHz) d: 16.7 (d, 3JPC¼5.2 Hz, 2CH3), 21.7
(C2 or C6), 21.9 (C6 or C2), 32.3 (C3 and C5), 50.7 (d,
J¼151.2 Hz, C4), 62.6 (d, J¼7.7 Hz, 2CH2O). 31P NMR
(CDCl3, 101.25 MHz) d: 29.36. HRMS (ESI, m/z): calcd
mass for C9H20NO3PSNa, [M+Na]+: 276.0794. Found:
276.0800.
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4.5.2. (E)-Diethyl 3-(40-methoxybenzylideneamino)tetra-
hydro-2H-thiopyran-4-yl-phosphonate (29). Rf¼0.83
(MeOH/CH2Cl2+NH3: 5/95+0.5). IR (neat) n: 3044, 2982,
1630 (C]N), 1605, 1575, 1512, 1245, 1029, 967. 1H
NMR (CDCl3, 250 MHz) d: 1.30 (t, J¼7.0 Hz, 6H, 2CH3),
2.20–2.50 (m, 4H, 1H–C3, 1H–C5 and 1H–C2, 1H–C6),
2.50–2.78 (m, 2H, 1H–C3 and 1H–C5), 2.78–3.10 (m, like
t, 2H, 1H–C2 and 1H–C6), 3.86 (s, 3H, OCH3), 4.06 (q,
J¼7.0 Hz, 2H, CH2O), 4.09 (q, J¼7.0 Hz, 2H, CH2O),
6.95 (d, J¼8.7 Hz, 2Haryl), 7.77 (d, J¼8.7 Hz, 2Haryl), 8.52
(d, 4JPH¼4.7 Hz, 1Himine).

13C NMR (CDCl3, 62.9 MHz)
d: 16.6 (d, 3JPC¼5.5 Hz, 2CH3ester), 22.3 (C2), 22.5 (C6),
32.5 (C3 and C5), 55.5 (OCH3), 61.3 (d, 1JPC¼146.7 Hz,
C4), 62.9 (d, 2JPC¼7.2 Hz, 2CH2O), [6 arom C: 144.1
(2C), 129.6 (s), 130.0 (2C), 161.1 (C–OCH3)], 163.4 (d,
3JPC¼10.4 Hz, N]C), 31P NMR (CDCl3, 101.25 MHz) d:
25.26. HRMS data were not obtained.23

4.6. Hydrolysis of aminophosphonates

4.6.1. 4-Amino-1-methylpiperidin-4-yl-phosphonic acid
(2a). General procedure C—Hydrolysis of aminophospho-
nates with HCl: A solution of diethylphosphonate 24
(119 mg, 0.38 mmol) in aq 6 N HCl (3 mL) was heated at
reflux for 7 h. The solvent was evaporated under reduced
pressure to dryness. The residue was dissolved in 4 mL of
CH2Cl2, then concentrated to dryness to give the crude
aminophosphonic acid$xHCl, hydrochloride. The crude
hydrochloride aminophosphonic acid$xHCl was dissolved
in minimum amount of EtOH (3 mL), then to which was
added dropwise an excess of propylene oxide (5 mL) and
stirring at rt for 18 h. The volatile compounds were removed
by evaporation under vacuum, to give 74 mg of phosphonic
acid 2a quantitatively. Mp>250 decomp. IR (KBr) n cm�1:
3413, 2925, 1617, 1206, 1080, 1057, 923. 1H NMR (D2O,
360 MHz) d: two diastereomers a/b (in 55/45 ratio): 1.87–
2.10 (m, 2H, 1H–C3 and 1H–C5, a), 2.10–2.25 (m, 2H,
1H–C3 and 1H–C5, b), 2.25–2.38 (m, 2H, 1H–C3 and 1H–
C5, b), 2.38–2.54 (m, 2H, 1H–C3 and 1H–C5, a), 2.81/2.83
(s, CH3, a/b), 3.02–3.20 (m, 2H, 1H–C2 and 1H–C6, b),
3.33–3.65 (m, 6H, 4H a and 2H b); in (NaOD/D2O,
250 MHz) d: 1.28–1.47 (m, 2H, 1H–C3 and 1H–C5), 1.67–
1.94 (m, 2H, 1H–C3 and 1H–C5), 2.06 (s, CH3), 2.08–2.30
(m, 2H, 1H–C2 and 1H–C6), 2.37–2.60 (m, 2H, 1H–C2 and
1H–C6). 13C NMR (D2O, 62.9 MHz) d: two diastereomers,
a/b (55/45): 26.4 (C3 and C5, b), 28.6 (C3 and C5, a), 43.0
(CH3, a/b), 48.2 (C2 and C6, a), 48.4 (C2 and C6, b), 50.2
(d, 1JPC¼147.2 Hz, C4, a), 50.4 (d, 1JPC¼141.6 Hz, C4, b),
50.8 (C2 and C6, a); in (D2O+NaOD): 31.3 (C3 and C5),
44.8 (CH3), 48.44 (d, 1JPC¼144.1 Hz, C4), 49.1 (C2 or C6),
49.2 (C6 or C2). 31P NMR (D2O, 101.25 MHz) d: two diaste-
reomers, a/b (55/45): 12.09/12.85 (a/b); in (DMSO-d6):
14.91/15.72 (b/a); in (D2O+NaOD): 23.33 only one.
HRMS (ESI, m/z): calcd mass for C6H16N2O3P, [M+H]+:
195.0893. Found: 195.0899.

4.6.2. 4-Amino-tetrahydro-2H-pyran-4-yl-phosphonic
acid (2b). Hydrolysis of aminophosphonates with TMSI
according to our reported method:9b Reaction of diethyl-
phosphonate 25 (62 mg, 0.26 mmol), CH2Cl2 (3 mL),
TMSI (78 mg, 0.55 mmol), 6 h then EtOH (1.3 mL) and pro-
pylene oxide (1 mL), for 18 h at rt gave, after usual work-up,
20 mg (43%) of pure aminophosphonic acid 2b as a white
solid. Mp 237 �C decomp. 1H NMR (D2O, 250 MHz) d:
1.60–1.77 (m, 2H, 1H–C3 and 1H–C5), 2.01–2.23 (m, 2H,
1H–C3 and 1H–C5), 3.60 (ddd, J¼2.8 Hz, J¼10.3 Hz,
J¼12.3 Hz, 2H, 1H–C2 and 1H–C6), 3.87 (ddd, J¼4.7 Hz,
J¼4.7 Hz, J¼12.3 Hz, 2H, 1H–C2 and 1H–C6). 13C NMR
(D2O, 62.9 MHz) d: 30.0 (C3 and C5), 52.9 (d, 1JPC¼
138.5 Hz, C4), 62.4 (C2 or C6), 62.5 (C6 or C2). 31P NMR
(D2O, 101.25 MHz) d: 13.31. ES+ MS, m/z: 204.1
[M+Na]+. HRMS data were not obtained.23

4.6.3. 4-Amino-tetrahydro-2H-thiopyran-4-yl-phos-
phonic acid (2c). Following procedure C: reaction of di-
ethylphosphonate 26 (127 mg, 0.50 mmol), 12 N HCl (2 mL)
at reflux for 5 h, then EtOH (2.5 mL) and propylene oxide
(2 mL) for 17 h at rt gave, after usual work-up, 92 mg
(90%) of aminophosphonic acid 2c. Mp 242 �C decomp.
IR (KBr) n cm�1: 3338, 3230, 3140, 2920, 1617, 1545,
1203, 1070, 1038, 912. 1H NMR (D2O, 250 MHz) d: 1.90–
2.14 (m, 2H, 1H–C3 and 1H–C5), 2.14–2.35 (m, 2H, 1H–
C3 and 1H–C5), 2.60–2.85 (m, 4H, 2H–C2 and 2H–C6). 1H
NMR (D2O+NaOD, 360 MHz) d: 1.00–1.32 (m, 4H, 2H–
C3 and 2H–C5), 1.60–1.80 (m, 2H, 1H–C2 and 1H–C6),
2.13–2.34 (m, 2H, 1H–C2 and 1H–C6). 13C NMR
(D2O+NaOD, 90.6 MHz) d: 21.3 (C2), 21.5 (C6), 32.0 (C3

and C5), 49.0 (d, 1JPC¼142.6 Hz, C4). 31P NMR (D2O,
101.25 MHz) d: 16.25; in (D2O+NaOD) d: 23.13.

Purification of a sample by FC (eluent, EtOH/H2O/concd
NH4OH: 30/3/10): 1H NMR (D2O, 360 MHz) d: 2.06–2.22
(m, 2H), 2.22–2.37 (m, 2H), 2.72–2.91 (m, 4H). 31P NMR
(D2O, 101.25 MHz) d: 13.78. HRMS data were not ob-
tained.23

4.6.4. 3-Amino-piperidin-3-yl-phosphonic acid hydro-
chloride (3$2HCl). Following procedure C: reaction of
N-Boc phosphonate 30 (122 mg, 0.36 mmol), 6 N HCl
(4 mL) at reflux for 12 h, gave after usual work-up 99 mg
(100%) of crude aminophosphonic acid hydrochloride
3$2HCl. IR (KBr) n cm�1: 3390, 2926, 1613, 1204, 1153,
1073, 982. 1H NMR (D2O, 250 MHz) d: 1.70–2.27 (m,
3H, 2H–C5 and 1H–C4), 2.27–2.57 (m, 1H, C4), 2.92–3.57
(m, 3H, 2H–C6+1H–C2), 3.57–3.88 (m, 1H–C2). 1H NMR
(D2O+NaOD, 250 MHz) d: 1.20–1.41 (m, 1H–C5), 1.41–
1.64 (m, 2H), 1.64–1.85 (m, 1H–C4), 2.20–2.44 (m, 1H–
C6), 2.44–2.88 (m, 3H, 2H–C2 and 1H–C6). 13C NMR
(D2O, 62.9 MHz) d: 18.4 (C5), 27.7 (C4), 43.5 (C6), 46.0
(C2), 50.7 (d, 1JPC¼138.5 Hz, C3).

4.6.5. 3-Amino-piperidin-3-yl-phosphonic acid (3). Fol-
lowing procedure C: The crude aminophosphonic acid
hydrochloride 3$2HCl (80 mg) and propylene oxide (5 mL)
gave after concentration 74 mg (100%) of free aminophos-
phonic acid 3 as colourless solid. Mp >250 �C decomp.
1H NMR (D2O, 250 MHz) d: 1.60–2.17 (m, 3H, 2H–C5

and 1H–C4), 2.17–2.37 (m, 1H–C4), 2.96 (m, 1H–C6),
3.13–3.04 (d, J¼12.7 Hz, 1H–C2), 3.32 (m, 1H–C6), 3.57–
3.54 (dd, J¼1.5 Hz, J¼12.7 Hz, 1H–C2); in (D2O+NaOD)
d: 1.22–1.30 (m, 1H–C5), 1.36–1.58 (m, 2H, 1H–C5 and
1H–C4), 1.58–1.80 (m, 1H–C4), 2.20–2.34 (m, 1H–C6),
2.42–2.58 (m, 1H–C2), 2.58–2.78 (m, 2H, 1H–C6 and
1H–C6). 13C NMR (D2O+NaOD, 62.9 MHz) d: 20.6
(d, 3JPC¼8.0 Hz, C5), 30.3 (C4), 44.7 (C6), 50.15 (d,
1JPC¼140.1 Hz, C3), 50.9 (d, 2JPC¼5.3 Hz, C2). 31P NMR
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(D2O, 101.25 MHz) d: 11.81; in (D2O+NaOD) d: 21.97.
ES+ MS, m/z: 203.1 [M+Na]+. HRMS data were not
obtained.23
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Abstract—Syntheses of 6-amino-6-deoxy-2,3-O-isopropylidene-D-gulono- and L-gulono-1,6-lactams 3 and 4 from corresponding glycono-
1,4-lactones are described. Activation of the primary hydroxyl group requires 5,6-cyclic sulfite intermediate to obtain 6-azido-6-deoxy
derivatives, which are cyclized after reduction.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Intracyclic nitrogen-based sugar analogues named azasugars
or iminosugars have been discovered as natural products.
These compounds have been of considerable interest be-
cause many of them show specific inhibition against glyco-
sidases and glycosyltransferases, being potential therapeutic
agents for viral, proliferative and metabolic diseases.1 Thus,
these properties have stimulated intensive work directed on
their synthesis, usually towards the five- and six-member
iminosugars.

Nevertheless, only few reports have appeared on the synthe-
sis of seven-member iminosugars (polyhydroxyazepanes),
which have also been shown to possess potent inhibitory
activities.2 In some of those reported, they have often been
obtained in admixture with their corresponding six-member
ring derivatives, requiring separation.3

Polyhydroxyheptonolactams have been reported as tetra-
hydroxycaprolactam derived, potentially useful monomers
for the preparation of novel oligomeric and polymeric
materials.4a

Polyhydroxyheptonolactams are also precursors of poly-
hydroxyazepanes, and have been described from protected
lactones as starting materials.4 Our group has recently

Keywords: D-Gulono-1,4-lactone; L-Gulono-1,4-lactone; 5,6-O-Sulfinyl-
1,4-lactone; 6-Amino-6-deoxy-D-gulonolactam; 6-Amino-6-deoxy-L-gulo-
nolactam.
* Corresponding author. Tel.: +33 3 22 82 75 27; fax: +33 3 22 82 75 60;

e-mail: anne.wadouachi@u-picardie.fr
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.05.017
described an improved synthesis of 6-amino-6-deoxy-D-gal-
actono- and D-mannono-1,6-lactams 1 and 2 via correspond-
ing 6-bromo-6-deoxy-1,4-lactones (Fig. 1).5

In previous work, we have shown the usefulness of cyclic
sulfites for stereoselective N-glycosylation, O-glycosylation
and C-glycosylation reactions of hexoses and pentoses.6 In
the continuation of our interest in the synthesis of aza-
sugars,5,7 we now describe a synthetic route to 6-amino-6-
deoxy-D- and L-gulono-1,6-lactams 3 and 4 (Fig. 2) from
D- and L-gulono-1,4-lactones involving 5,6-cyclic sulfite as
activating group of the primary hydroxyl.
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2. Results and discussion

We first selected the D-gulono-1,4-lactone as starting mate-
rial. D-Gulono-1,4-lactone was subjected to bromination,
with the intention to prepare 6-bromo-6-deoxy-D-gulono-
1,4-lactone, by using carbon tetrabromide–triphenylphos-
phine system in pyridine.5 In spite of many attempts with
other solvents such as DMF or higher temperatures, we
never obtained the 6-bromo-6-deoxy derivative. With this re-
agent, D-gulono-1,4-lactone gave a 3,6-anhydro derivative 5
(70%). This reaction applied to L-gulono-1,4-lactone gave
the same result, the 3,6-anhydro compound 6 was isolated
in only 38% yield, in this case more starting lactone was
retrieved (Scheme 1). The formation of 3,6-anhydro
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Scheme 1. (i) Conditions: PPh3, CBr4, pyridine.
compound has already been described in the literature for
structures with cis-relationship between the 3-OH group
and the side chain at C-4. This anhydridation was observed
by heating 6-bromo-6-deoxy-D-mannono and D-idono-1,4-
lactone.8

Therefore, we turned to the cyclic sulfite as activating group.
5,6-Cyclic sulfite derivative 8 of D-gulono-1,4-lactone was
obtained from 2,3-O-isopropylidene-D-gulono-1,4-lactone
7,9 which was synthesized in two steps from commercial
D-gulono-1,4-lactone (Scheme 2). Sulfinylation of 7 by thio-
nyl chloride in THF in the presence of pyridine afforded 5,6-
cyclic sulfite D-gulono-1,4-lactone 8 in 99% in 5–10 min.
Treatment of 8 with sodium azide in DMF gave the corre-
sponding 6-deoxy-6-azido compound 9 in 93% yield. The
one-pot reduction of the azido group and subsequent N-het-
erocyclization was realized by catalytic hydrogen transfer
with ammonium formate as hydrogen donor and palladium
on charcoal (10%) as catalyst in ethyl acetate at 70 �C.10

The 6-amino-6-deoxy-D-gulono-1,6-lactam 3 was isolated
in 92% yield.

This strategy was also applied to the L-gulono-1,4-lactone.
2,3-O-Isopropylidene-L-gulono-1,4-lactone 10 was prepared
as described in the literature.9 Sulfinylation of 10 was quan-
titative. Then azidation of 11 afforded the product 12 in 95%
yield. The reduction–cyclization steps by catalytic hydrogen
transfer produced 6-amino-6-deoxy-L-gulono-1,6-lactam 4
in 84% yield from 12 (Scheme 3).
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In summary, we have described an access to 6-amino-
6-deoxy-D- and L-gulono-1,6-lactam derived 3 and 4 from
corresponding 2,3-O-isopropylidene-hexono-1,4-lactones.
Attempts at 6-bromination of D- and L-gulono-1,4-lactones
were unsuccessful. The azidation was efficient with a 5,6-
cyclic sulfite as an alternative intermediate. Overall yields
for the sulfinylation, azidation and reduction–cyclization
are 84 and 80%, respectively, for the D- and L-isomers 3 and 4.

3. Experimental

3.1. General

All chemicals were purchased from Aldrich or Acros
(France). Carbon tetrabromide furnished by Aldrich was
sublimed before use. Melting points were determined on
a Büchi 535 apparatus and are uncorrected. Optical rotations
were determined with a Jasco Dip 370 electronic micro-
polarimeter (10 cm cell) at 24 �C. 1H NMR spectra were
recorded on a Bruker 300 WB spectrometer at 300 MHz
and 13C NMR spectra were recorded at 75 MHz.

Thin layer chromatography (TLC) was performed on Merck
glass plates silica gel 60 F254 stained with phosphomolybdic
acid–H2SO4 reagent in ethanol. Column chromatography
was carried out on silica gel (Merck, 230–400 mesh). All
solvents were distilled before use.

3.1.1. 3,6-Anhydro-D-gulono-1,4-lactone (5). A solution of
D-gulono-1,4-lactone (0.5 g, 2.8 mmol) in pyridine (10 mL)
was treated with triphenylphosphine (1.47 g, 2 equiv) and
carbon tetrabromide (0.93 g, 1 equiv). The mixture was
stirred at room temperature for 2 h, then concentrated
in vacuo and the residue was purified by column chromato-
graphy (EtOAc) to give 5 (0.314 g, 70%) as white solid.
Rf 0.5 (EtOAc–MeOH 9:1), mp 146–147 �C, [a]D �5.9
(c 0.4, MeOH), 1H NMR (MeOD, 300 MHz) d 4.52 (d, 1H,
H-2, J2,3¼4.6 Hz), 4.43 (dd, 1H, H-3, J3,4¼2.9 Hz), 4.38
(dd, 1H, H-4, J4,5¼7.7 Hz), 4.15 (m, 1H, H-5), 3.78 (dd,
1H, H-6a, J5,6a¼4.2 Hz, J6a,6b¼11.5 Hz), 3.70 (dd, 1H, H-6b,
J5,6b¼4.9 Hz). 13C NMR (MeOD, 75 MHz) d 176.4 (C-1),
85.0 (C-4), 78.7 (C-3), 75.2 (C-2), 74.2 (C-5), 69.9 (C-6).

3.1.2. 3,6-Anhydro-L-gulono-1,4-lactone (6). L-Gulono-
1,4-lactone (0.5 g, 2.8 mmol) in pyridine treated with tri-
phenylphosphine (2 equiv) and carbon tetrabromide as
described above for 5, gave 6 as white solid (0.172 g, 38%).
Rf 0.5 (EtOAc–MeOH 9:1), mp 150–151 �C, [a]D +5 (c
0.5, MeOH), 1H NMR (MeOD, 300 MHz) d 4.46 (dd, 1H,
H-4, J3,4¼6.5 Hz), 4.39 (d, 1H, H-2, J2,3¼3.1 Hz), 4.32
(dd, 1H, H-3), 4.17 (m, 1H, H-5, J4,5¼5.0 Hz), 3.82 (d,
2H, H-6, J5,6¼7.2 Hz). 13C NMR (MeOD, 75 MHz)
d 173.4 (C-1), 80.4 (C-3), 72.8 (C-6), 72.3 (C-4), 71.4
(C-5), 70.0 (C-2).

3.1.3. 2,3-O-Isopropylidene-5,6-O-sulfinyl-D-gulonolac-
tone (8). To a solution of 2,3-O-isopropylidene-D-gulono-
1,4-lactone 79 (1 g, 4.6 mmol) in THF (20 mL) precooled
to 0 �C, were added anhydrous pyridine (2.4 equiv) then
dropwise thionyl chloride (1.2 equiv). The mixture was
stirred at 0 �C under argon atmosphere for 10 min and pyri-
dinium salts were filtrated and washed with cooled THF
(3 mL). The filtrate was concentrated to give a yellow syrup,
which was purified by flash chromatography on silica gel
(EtOAc). The 5,6-O-sulfinyl derivative 8 was isolated as
a mixture of endo/exo diastereoisomers (1.2 g, 99%) as a
colourless syrup. Rf 0.46 (hexane–EtOAc 1:1), endo/exo
mixture 1H NMR (CDCl3, 300 MHz) d 5.16 (dd, 2H, H-1,
H-3), 4.87 (m, 7H), 4.53–4.31 (2 dd, 4H, H-6 endo/exo),
1.40 (s, 3H, CH3), 1.38 (s, 6H, 2CH3), 1.31 (s, 3H, CH3).
13C NMR (CDCl3, 75 MHz) d 173.4 (C-1), 115.4 (C-iso),
82.1, 81.0 (C-4), 79.7, 79.0 (C-2), 76.0 (C-3), 75.8 (C-5),
68.5, 67.7 (C-6), 26.8, 25.8 (2CH3).

3.1.4. 6-Azido-6-deoxy-2,3-O-isopropylidene-D-gulono-
lactone (9). To a solution of compound 8 (1 g, 3.78 mmol)
in DMF (10 mL) was added sodium azide (369 mg,
1.5 equiv). The mixture was heated at 80 �C for 24 h
under argon atmosphere. After evaporation of DMF under
reduced pressure, the residue was purified by flash chroma-
tography on silica gel (acetone) to furnish 9 (920 mg, 93%)
as a syrup. Rf 0.7 (hexane–EtOAc 1:1), [a]D �31 (c 1,
CHCl3), 1H NMR (CDCl3, 300 MHz) d 4.97 (d, 1H, H-2,
J2,3¼5.32 Hz), 4.87 (dd, 1H, H-3, J3,4¼3.45 Hz), 4.61 (dd,
1H, H-4, J4,5¼7.2 Hz), 4.08 (m, 1H, H-5, J5,6a¼5.5 Hz),
3.52 (dd, 1H, H-6a, J6a,6b¼13.06 Hz), 3.42 (dd, 1H, H-6b,
J5,6b¼3.1 Hz), 1.42 (s, 3H, CH3), 1.32 (s, 3H, CH3). 13C
NMR (CDCl3, 75 MHz) d 175.2 (C-1), 114.1 (C-iso), 81.1
(C-4), 77.0 (C-2), 76.3 (C-3), 70.2 (C-5), 53.0 (C-6), 26.1,
25.0 (2CH3).

3.1.5. 2,3-O-Isopropylidene-D-gulono-1,6-lactam (3).
Compound 9 (200 mg, 0.822 mmol) in ethyl acetate
(15 mL) was treated with palladium on charcoal (10%) in
the presence of ammonium formate (10 equiv). The mixture
was heated under argon atmosphere for 18 h, then filtered
through a layer of Celite and concentrated in vacuo to give
3 as white crystals (165 mg, 92%). Rf 0.36 (hexane–EtOAc
4:6), [a]D �15.5 (c 0.88, CHCl3), 1H NMR (CDCl3,
300 MHz) d 4.9 (d, 1H, H-2, J2,3¼5.34 Hz), 4.8 (dd, 1H,
H-3, J3,4¼3.52 Hz), 4.55 (dd, 1H, H-4, J4,5¼7.28 Hz), 4.15
(m, 1H, H-5, J5,6a¼4.27 Hz), 3.53 (dd, 1H, H-6a, J6a,6b¼
12.9 Hz), 3.42 (dd, 1H, H-6b, J5,6b¼1.24 Hz), 1.32 (s, 3H,
CH3), 1.22 (s, 3H, CH3). 13C NMR (CDCl3, 75 MHz)
d 175.2 (C-1), 114.1 (C-iso), 81.1 (C-4), 77.9 (C-2), 77.0
(C-3), 70.2 (C-5), 53.5 (C-6), 26.1, 25.0 (2CH3). Anal. Calcd
for C9H15O5N: C 49.76; H 6.96; N 6.45. Found (%): C 49.71;
H 6.91; N 6.43.

3.1.6. 2,3-O-Isopropylidene-5,6-O-sulfinyl-L-gulonolac-
tone (11). Reaction of 2,3-O-isopropylidene-L-gulono-1,4-
lactone 109 (1 g, 4.61 mmol) in THF (20 mL), with anhydrous
pyridine (2.4 equiv) and thionyl chloride (1.2 equiv), as in
case of 7, gave quantitatively 11 as a colourless syrup in
endo/exo mixture. Rf 0.46 (hexane–EtOAc 1:1), endo/exo
mixture 1H NMR (CDCl3, 300 MHz) d 5.23 (dd, 1H, H-3),
4.76 (m, 6H), 4.46–4.35 (2 dd, 4H, H-6 endo/exo), 1.42
(s, 3H, CH3), 1.38 (s, 3H, CH3), 1.28 (s, 3H, CH3), 1.31 (s,
3H, CH3). 13C NMR (CDCl3, 75 MHz) d 173.4 (C-1),
115.4 (C-iso), 82.3, 82.1 (C-4), 79.6, 79.1 (C-2), 76.4
(C-3), 75.8 (C-5), 68.5, 67.7 (C-6), 26.9, 26.0 (2CH3).

3.1.7. 6-Azido-6-deoxy-2,3-O-isopropylidene-L-gulono-
lactone (12). Reaction of 11 (720 mg, 2.724 mmol) with
sodium azide (1.5 equiv) in DMF, as in case of 8, gave 12
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as a colourless syrup (630 mg, 95%). Rf 0.73 (hexane–
EtOAc 1:1), [a]D +23 (c 1, CHCl3), 1H NMR (CDCl3,
300 MHz) d 4.9 (d, 1H, H-2, J2,3¼5.34 Hz), 4.9 (dd, 1H,
H-3, J3,4¼3.52 Hz), 4.55 (dd, 1H, H-4, J4,5¼7.28 Hz), 4.15
(m, 1H, H-5, J5,6a¼4.27 Hz), 3.53 (dd, 1H, H-6a,
J6a,6b¼12.9 Hz), 3.42 (dd, 1H, H-6b, J5,6b¼2.98 Hz), 1.42
(s, 3H, CH3), 1.34 (s, 3H, CH3). 13C NMR (CDCl3,
75 MHz) d 174.0 (C-1), 114.9 (C-iso), 80.2 (C-4),
76.8 (C-2), 76.3 (C-3), 70.3 (C-5), 52.8 (C-6), 27.1, 26.1
(2CH3).

3.1.8. 2,3-O-Isopropylidene-L-gulono-1,6-lactam (4).
Reaction of 12 (200 mg, 0.822 mmol) in ethyl acetate with
palladium on charcoal (10%) in the presence of ammonium
formate (10 equiv), as in the case of 9, gave 4 as white crys-
tals (150 mg, 84%). Rf 0.36 (hexane–EtOAc 4:6), [a]D +17
(c 2.5, CHCl3), 1H NMR (MeOD, 300 MHz) d 4.3 (d, 1H,
H-2, J2,3¼7.8 Hz), 3.9 (dd, 1H, H-3, J3,4¼4.1 Hz), 3.45
(dd, 1H, H-4, J4,5¼7.28 Hz), 4.15 (m, 1H, H-5, J5,6a¼
4.27 Hz), 3.53 (dd, 1H, H-6a, J6a,6b¼12.9 Hz), 3.42 (dd,
1H, H-6b, J5,6b¼1.24 Hz), 1.32 (s, 3H, CH3), 1.22 (s, 3H,
CH3). 13C NMR (MeOD, 75 MHz) d 175.2 (C-1), 114.1
(C-iso), 81.1 (C-4), 77.9 (C-2), 77.0 (C-3), 70.2 (C-5),
53.5 (C-6), 26.1, 25.0 (2CH3). Anal. Calcd for C9H15O5N:
C 49.76; H 6.96; N 6.45. Found (%): C 49.73; H 6.89;
N 6.40.
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Abstract—Starting from lactone-amide 8, easily derived from L-glutamic acid, enantioselective syntheses of (S)-tetrahydrofuran 2-carbox-
amide derivative 2 and a protected (S)-3-hydroxypiperidin-2-one (3) are reported. The building block 3 was converted to (2S,3R)-3-hydroxy-
pipecolamide (6) by a three-step procedure. A solvent altered H-bonding capacity leading to a highly chemoselective tosylation of the primary
hydroxyl group in the presence of an a-hydroxy-carboxamide was observed.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Tetrahydrofuran 2-carboxylic acid derivatives such as 11

(Fig. 1) are key structural units used in designing peptido-
mimetics. Protected 3-hydroxypiperidin-2-ones such as 3
may serve as useful building blocks,2 while substituted
piperidin-3-ols are key components found in a number of
natural products and bioactive compounds.3 For example,
cis-3-hydroxypipecolic acid4 4 constitutes a part of anti-
tumor antibiotic tetrazomine;4b (2S,3R)-55 has been served
as a key intermediate in the asymmetric synthesis5c of (�)-
swainsonine. In addition, the N-tert-butyl derivative of
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3-hydroxypipecolamide (6) is an isomer of 7, the 4-hydroxy-
pipecolamide moiety presented in a class of highly potent
HIV proteases inhibitors such as palinavir.6 Carboxamide
6 may also be useful as an organocatalyst.7

In continuation of our ongoing program aimed at the devel-
opment of new multifunctional building blocks starting
from L-glutamic acid,8 we now report the enantioselective
syntheses of (S)-tetrahydrofuran 2-carboxamide 2, protected
(S)-3-hydroxypiperidin-2-one 3 and (2S,3R)-3-hydroxy-
pipecolamide (6).

2. Results and discussion

We first investigated the synthesis of tetrahydrofuran 2-carb-
oxamide (S)-2 by the route depicted in Scheme 1. Lactone-
amide8d (S)-8, easily available in multigram quantity from
L-glutamic acid in 70% yield, was chemoselectively reduced
with sodium borohydride (0 �C–rt) to give diol (S)-9 in 89%
yield. For the chemoselective p-tosylation of the primary
hydroxyl group, (S)-9 was treated with p-toluenesulfonyl
chloride at low temperature (p-TsCl, py, �35 �C, 2 h, then
�5 �C, overnight). With pyridine as the base, formation of
the expected monotosylate 10 was observed from the TLC
analysis. However, this was unstable and cyclized to tetra-
hydrofuran carboxamide9 2 on standing as well as during
concentration of the extract. Thus, 2 was obtained in 58%
isolated yield along with starting material (30%) and the
ditosylate 12 (5%). HPLC analysis of 2 on a chiral column
revealed its ee as 92%. On the other hand, with triethylamine
as the base,9g,10 although the yield of 2 was marginally
better (62%), its ee was only 8% indicating extensive

mailto:pqhuang@xmu.edu.cn


7460 C.-G. Feng et al. / Tetrahedron 62 (2006) 7459–7465
OO CONHPMB

H
HO2C CO2H

H2N

NaBH4, MeOH
0 °C ~ rt
    89%

CONHPMB

OH

HO
L -Glu 8 9

CONHPMB

OH

TsO CONHPMB

OTs

HO
CONHPMB

OTs

TsO

CONHPMBO
H

++

Standing

10 1211

(S)-2

ref. 8d

p-TsCl, Py.
-35 °C ~ -5 °C

p-TsCl, TEA
CH2Cl2, -35 °C ~ rt

conditions 2:

(S)-(–)-2, 92% ee

2, 8% ee

CONHPMB

O H

(R)-2

conditions 1:

(by conditions 1)

(by conditions 2)

Scheme 1.
racemization. In this case, more ditosylate 12 (12%) was
also formed, while 20% of the starting material was recov-
ered. These results demonstrated that, attempted selective
monotosylation of the primary hydroxyl group in diol 9
was always accompanied by tosylation of the secondary
hydroxyl group and both monotosylated isomers 10 and 11
cyclized easily to give the corresponding enantiomer (S)-2
or (R)-2.

It is worth mentioning that, although partial racemization
has been observed in a diethoxytriphenylphosphorane medi-
ated regioselective cyclodehydration of (R)-1,4-pentane-
diol,11 many p-TsCl activated one-pot intramolecular
etherification of chiral 1,4-diols have been reported to pro-
ceed with complete retention of configuration at the chiral
carbinol center.11 Our observations indicated that caution
must be taken when performing a p-TsCl activated one-pot
intramolecular etherification of chiral 1,4-diols, because to-
sylation of the secondary hydroxyl group may occur, leading
to either racemic ethers or diastereomeric mixtures, in par-
ticular when using triethylamine as a base.

The easy tosylation of the secondary hydroxyl group of diol 9
may be explained by H-bonding effects as shown in 13a and
13b (Fig. 2).12 Quantum chemistry calculation showed that
13a is more stable than 13b by 2.90 kcal/mol (Fig. 2). The
higher stability of 13a and thus lower reactivity of the pri-
mary hydroxyl group toward tosylation can be attributed to
the strong hydrogen-bond formation between the primary hy-
droxyl group and the carbonyl of the amide functional group
in 13a. In more polar and more basic medium, such as when
using pyridine as the solvent, formation of the intramolecular
hydrogen bonds is efficiently inhibited,13 thus the primary
hydroxyl group shows normally higher reactivity during
the tosylation. The phenomena of weakening of hydrogen
bonds by polar solvents have been noted previously.12f,13e

Next, we turned our attention to the synthesis of protected 3-
hydroxypiperidin-2-one 3. We decided to protect firstly the
latent hydroxyl group in 8. Thus, stirring a methanolic
solution of 8 in the presence of a catalytic amount of concen-
trated H2SO4 at rt for 1.5 h led smoothly to the ring-opening
product 14. TLC monitoring of the reaction showed that
a small amount of the starting material remained intact
even after prolongation of the reaction time. This might
reflect that an equilibrium has been established between
compounds 8 and 14. Compounds 8 and 14 showed similar
Rf and were difficult to separate by column chromatography
on silica gel. To our delight, pure 14 could be obtained by re-
crystallization from EtOAc/Et2O. The subsequent silyl-
ation14 (TBSCl, imid., DMAP, DMF, rt, 3 h) proceeded
smoothly to give compound 15 in 92% yield. Chemoselec-
tive ester reduction15 (NaBH4, CaCl2, THF–EtOH, rt, over-
night) followed by mesylation (MsCl, NEt3) at �35 �C for
15 min furnished 17 in excellent overall yield. Treatment
of 17 with NaH at rt for 21 h afforded the desired piperi-
dine-2-one 3 in 84% yield. HPLC analysis on a chiral col-
umn showed that the ee of 3 was 94% (Scheme 2).

To demonstrate the utility of 3 as a building block, we sought
the synthesis of 6 (Scheme 3). Thus, 3 was subjected to one-
pot reductive cyanation,16,17 which consisted in controlled
chemoselective partial reduction of the amide by LiAlH4

(3 molar equiv, THF, �50 �C, 15 min) followed by addition

O

N OO
H O
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N
H
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H
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H
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OH

H

Figure 2. Energy-minimized structures of 13a and 13b.
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of MeOH, and treating the in situ formed N,O-semiacetal
intermediate with aqueous KCN at rt for 1 h. Under such
conditions, concomitant O-desilylation6,18 occurred and
a separable diastereomeric mixture of cyanides 18a and
18b was obtained in 72:28 ratio with a combined yield of
86%. The a-amino nitriles 18a/18b were assumed to be
formed via the intermediacy of the N,O-acetal A and the
N-acyliminium ion B. The stereochemistry of the major
diastereomer was tentatively assigned as trans (18a) in anal-
ogy with its lower homologous.17

N
PMB
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OTBS
1. LiAlH4, THF, -50 °C

2. MeOH, KCN-H2O
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N
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OH
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OH
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 starting material 28%)
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Scheme 3.

In pursuing the cyano group hydrolysis, both acidic and basic
conditions were investigated,17 and at the best case (12 N HCl,
50 �C, 2–3 days), amide 19 was obtained from 18a in 50–
74% yields based on the recovered starting material (ca.
20%). A single crystal X-ray crystallographic analysis of
amide 19,19 derived from the major diastereomer 18a,
revealed its trans-stereochemistry, which confirmed our
previous stereochemical assumption. Cleavage of PMB

OO CONHPMB
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Scheme 2.
was performed under catalytic hydrogenolytic conditions
(20% Pd(OH)2/C, H2, HCO2H (cat.), rt, 5 h, EtOH, yield:
82%), or catalytic transfer hydrogenolytic conditions (10%
Pd/C, HCO2H (cat.), rt, 3 h, EtOH, yield: 79%). The 3-
hydroxypipecolamide (6) thus obtained may find application
in the asymmetric organocatalysis.7,13a–d,20

3. Conclusion

In summary, we have shown that by proper selection of syn-
thetic procedures and reaction conditions, one can achieve
chemoselective manipulation of multifunctional chiral
building block 8. The compounds thus obtained are also
useful motifs. The usefulness of the protected 3-hydroxy-
piperidin-2-one 3 as a new building block was demonstrated
by its conversion into 3-hydroxypipecolamide 6. Impor-
tantly, the observations made during the synthesis of
(S)-tetrahydrofuran 2-carboxamide derivative 2 from diol 9
indicated that H-bonding may affect the chemoselectivity
of the tosylation reaction, which can be tuned by changing
the reaction medium.

4. Experimental

4.1. General

Melting points were determined (uncorrected) on a Yanaco
MP-500 micro melting point apparatus. Infrared spectra
were measured with a Nicolet Avatar 360 FTIR spectro-
meter. 1H NMR spectra were recorded on a Varian unity
+500 spectrometer with tetramethylsilane as an internal
standard. Chemical shifts are expressed in d (ppm) units
downfield from TMS. Mass spectra were recorded on
a Bruker Dalton Esquire 3000 plus LC–MS apparatus (ESI
direct injection). Optical rotations were measured with
Perkin–Elmer 341 automatic polarimeter. THF used in the
reactions were dried by distillation over metallic sodium
and benzophenone; dichloromethane were distilled over
P2O5. Silica gel (Zhifu, 300–400 mesh) was used for column
chromatography, eluting (unless otherwise stated) with ethyl
acetate/petroleum ether (PE) (60–90 �C) mixtures.

The calculations were performed with the GAUSSIAN 98
package. The hybrid density functional method including
Becke’s 3-parameter non-local-exchange functional with
the correlation functional of Lee–Yang–Parr (B3LYP) was
employed. The basis set used is 6-31G* including the polari-
zation d-function on non-hydrogen atoms. Geometry opti-
mizations and vibrational analyses were performed without
any constraint. The optimized structures of compounds 13a
and 13b are characterized by none imaginary frequency. Re-
ported energies are ZPE (zero-point energy)-corrected.

4.1.1. (S)-2,5-Dihydroxy-N-(4-methoxybenzyl)pentan-
amide 9. To a methanolic solution (16 mL) of 88 (1.000 g,
4.02 mmol) was added NaBH4 (473 mg, 12.45 mmol) at
0 �C. The mixture was allowed to warm to rt and stirred
for 1 h. The reaction mixture was quenched by addition of
brine (5 mL) and aqueous NaHCO3 (5 mL) at 0 �C. MeOH
was removed under reduced pressure. The mixture was
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diluted with water (6 mL) and extracted with EtOAc
(3�10 mL). The combined organic layers were washed
with brine, dried over anhydrous Na2SO4, filtered, and con-
centrated in vacuo. Flash chromatographic purification on
silica gel (eluent: EtOAc/MeOH) provided 9 (903 mg, yield:
89%) as a colorless solid. Mp 103 �C (EtOAc/PE); [a]D

20

�24.3 (c 1.1, CHCl3); IR (film) 3394, 3301, 2950, 2932,
2913, 2866, 1617, 1532, 1507, 1430, 1314, 1109, 1085,
1021 cm�1; 1H NMR (500 MHz, CDCl3) d 1.60–1.80 (m,
3H, CH2CH2CH2OH), 1.97–2.05 (m, 1H, CH2CH2CH2OH),
3.20 (br s, 1H, OH, D2O exchangeable), 3.60–3.75 (m, 2H,
CH2OH), 3.78 (s, 3H, OCH3), 4.17–4.20 (m, 1H, COCH),
4.28–4.40 (m, 2H, PhCH2N), 4.85 (br s, 1H, OH, D2O
exchangeable), 6.86 (d, J¼8.5 Hz, 2H, Ar–H), 7.20 (d,
J¼8.5 Hz, 2H, Ar–H), 7.18 (br s, 1H, NH, D2O exchange-
able); 13C NMR (125 MHz, CDCl3) d 28.2, 32.4, 42.5,
55.3, 62.5, 72.0, 114.1 (2C), 129.0, 130.1 (2C), 159.0,
174.0; MS (ESI) m/z 254 (M+H+, 100). Anal. Calcd for
C13H19NO4: C, 61.64; H, 7.56; N, 5.53. Found: C, 62.05;
H, 7.44; N, 5.47.

4.1.2. (S)-N-(4-Methoxybenzyl)-tetrahydrofuran-2-
carboxamide 2. Procedure 1: To a solution of 9 (200 mg,
0.79 mmol) in pyridine (1 mL) was rapidly added p-TsCl
(166 mg, 0.87 mmol) at about �35 �C under nitrogen atmo-
sphere. The mixture was kept at about �20 �C for 2 h, then
at�5 �C overnight before quenched by addition of ice-water
(1 mL). The mixture was washed with 1 N aqueous HCl
(2�1 mL) and extracted with ether (3�1.5 mL). The com-
bined organic layers were dried over anhydrous Na2SO4,
filtered, and concentrated in vacuo. Flash chromatographic
purification of the residue on silica gel (eluent: EtOAc/
PE ¼ 1:1) provided, besides the recovered starting material
(ca. 30%), ditosylated product 12 (19 mg, yield: 5%)
and a mixture of monotosylated product 10 and (S)-2
(132 mg). The latter was formed during the purification
and concentration. Upon standing at rt, a complete transfor-
mation of 10 to (S)-2 was observed, giving (S)-2 (104 mg)
in 58% yield. The enantiomeric excess (ee) of (S)-2 was
determined to be 92% by HPLC analysis using a chiral
column OD-H (4.6 mm�250 mm, eluting with hexane:2-
propanol ¼ 9:1, 1.0 mL/min; detected at 225 nm. [a]D

20 �9.6
(c 1.3, CHCl3).

Procedure 2: To a solution of 9 (200 mg, 0.79 mmol) in
CH2Cl2 (1.5 mL) was added Et3N (0.15 mL, 1.03 mmol).
p-TsCl (166 mg, 0.87 mmol) in CH2Cl2 (0.5 mL) was drop-
ped into the solution at about�35 �C. The reaction tempera-
ture was allowed to rise to rt, then stirred at rt for 36 h. The
reaction mixture was quenched by addition of 1 mL ice-
water and the resulting mixture was extracted with CH2Cl2
(3�1.5 mL). The combined organic layers were dried over
anhydrous Na2SO4, filtered, and concentrated in vacuo.
Flash chromatographic purification of the residue on silica
gel (eluent: EtOAc/PE ¼ 1:1) provided, besides the recov-
ered starting material (ca. 20%), ditosylated product 12
(53 mg, yield: 12%) and a mixture of two monotosylated
products 10/11 and 2 (138 mg). The latter was formed during
the purification and concentration. Compound 2 obtained at
this stage showed [a]D

20 �7.0 (c 1.2, CHCl3) and 52% ee.
Upon standing at rt, a complete transformation of 10/11 to
2 was observed, giving 2 (115 mg) in 62% yield, which
showed [a]D

20 0 (c 1.3, CHCl3) and 8% ee.
Compound 2: colorless oil. IR (film) 3349, 2923, 2853, 1665,
1513, 1247, 1175, 1073, 1032 cm�1; 1H NMR (500 MHz,
CDCl3) d 1.82–1.96 (m, 2H, CH2CH2CH2O), 2.05–2.14
(m, 1H, CH2CH2CH2O), 2.27–2.36 (m, 1H, CH2CH2CH2O),
3.80 (s, 3H, OCH3), 3.82–3.94 (m, 2H, CH2CH2CH2O),
4.34–4.44 (m, 3H, COCHO, NHCH2), 6.86 (d, J¼8.5 Hz,
2H, Ar–H), 7.20 (d, J¼8.5 Hz, 2H, Ar–H), 6.92 (s, 1H,
NH); 13C NMR (125 MHz, CDCl3) d 25.5, 30.2, 42.3, 55.3,
69.4, 78.5, 114.1 (2C), 129.0, 130.2 (2C), 159.0, 173.0; MS
(ESI) m/z 236 (M+H+, 100); HR-MALDIMS calcd for
C13H17NO3Na (M+Na)+: 258.1106; found: 258.1110.

4.1.3. Methyl (S)-4-hydroxy-5-(4-methoxybenzylamino)-
5-oxopentanoate 14. To a solution of 8 (2.045 g,
8.03 mmol) in MeOH (10 mL) was added a catalytic amount
of concentrated H2SO4. After stirred for 1.5 h at rt, the
mixture was neutralized with solid CaCO3 and filtered
through Celite. Flash chromatographic purification of the
residue on silica gel (eluent: EtOAc/PE ¼ 1.5:1) provided
14 (2.152 g, yield: 93%) as a colorless solid. Mp 97–98 �C
(EtOAc/Et2O); [a]D

20 �16.4 (c 1.0, CHCl3); IR (film) 3366,
2928, 1735, 1650, 1513, 1438, 1248, 1176, 1103,
1032 cm�1; 1H NMR (500 MHz, CDCl3) d 1.08–2.26 (m,
1H, COCH2CH2CH2), 2.19–2.27 (m, 1H, COCH2CH2CH2),
2.48–2.63 (m, 2H, COCH2CH2CH2), 3.70 (s, 3H, OCH3),
3.80 (s, 3H, OCH3), 4.15 (d, J¼3.5 Hz, 1H, OH, D2O ex-
changeable), 4.19 (ddd, J¼7.8, 3.5, 3.2 Hz, 1H, CHOH),
4.38 (dd, J¼15.4, 5.9 Hz, 1H, PhCH2N), 4.41 (dd, J¼15.4,
5.9 Hz, 1H, PhCH2N), 6.84 (d, J¼8.5 Hz, 2H, Ar–H), 7.18
(d, J¼8.5 Hz, 2H, Ar–H), 7.03 (br s, 1H, NH, D2O ex-
changeable); 13C NMR (125 MHz, CDCl3) d 29.2, 30.6,
42.7, 52.2, 55.3, 72.0, 114.1 (2C), 129.1 (2C), 130.1,
159.1, 172.9, 175.8; MS (ESI) m/z 282 (M+H+, 100).
Anal. Calcd for C14H19NO5: C, 59.78; H, 6.81; N, 4.98.
Found: C, 60.06; H, 6.84; N, 4.76.

4.1.4. Methyl (S)-4-(tert-Butyldimethylsilyloxy)-5-(4-
methoxybenzylamino)-5-oxopentanoate 15. A mixture of
14 (1.711 g, 6.09 mmol), imidazole (1.029 g, 15.23 mmol),
TBSCl (1.120 g, 7.31 mmol), and a catalytic amount of
DMAP in dry DMF (12 mL) was stirred at rt for 3 h and
then quenched by the addition of water (50 mL). The mix-
ture was extracted with Et2O (6�10 mL). The combined
organic layers were washed with brine (5 mL), dried over
anhydrous Na2SO4, filtered, and concentrated in vacuo.
Flash chromatographic purification of the residue on silica
gel (eluent: EtOAc/PE ¼ 1:5) provided 15 (2.112 g,
yield: 92%) as a colorless oil. [a]D

20 �22.0 (c 1.0, CHCl3);
IR (film) 3427, 2953, 2930, 1740, 1678, 1613, 1514,
1464, 1439, 1250, 1174, 1107, 1034 cm�1; 1H NMR
(500 MHz, CDCl3) d 0.22 (s, 3H, Si(CH3)2), 0.23 (s, 3H,
Si(CH3)2), 0.92 (s, 9H, SiC(CH3)3), 2.02–2.15 (m, 2H,
COCH2CH2CH2), 2.30–2.44 (m, 2H, COCH2CH2CH2),
3.62 (s, 3H, OCH3), 3.80 (s, 3H, OCH3), 4.24 (dd, J¼5.2,
5.2 Hz, 1H, CHCON), 4.30 (dd, J¼5.8, 14.5 Hz, 1H,
PhCH2N), 4.45 (dd, J¼5.8, 14.5 Hz, 1H, PhCH2N), 6.79
(br s, 1H, NH), 6.88 (d, J¼8.5 Hz, 2H, Ar–H), 7.20 (d,
J¼8.5 Hz, 2H, Ar–H); 13C NMR (125 MHz, CDCl3)
d �5.4, �5.0, 17.9, 25.6 (3C), 28.9, 30.3, 42.5, 51.6, 55.3,
72.4, 114.1 (2C), 129.0 (2C), 130.0, 159.1, 172.6, 173.5;
MS (ESI) m/z 396 (M+H+, 100). Anal. Calcd for
C20H33NO5Si: C, 60.73; H, 8.41; N, 3.54. Found: C,
60.41; H, 8.08; N, 3.79.
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4.1.5. (S)-2-(tert-Butyldimethylsilyloxy)-5-hydroxy-N-
(4-methoxybenzyl)pentanamide 16. To a mixture of 15
(1.400 g, 3.54 mmol) and CaCl2 (1.690 g, 14.89 mmol) in
EtOH (4.7 mL)/THF (9.4 mL) was added NaBH4 (1.030 g,
27.11 mmol) in one portion at 0 �C. The mixture was allowed
to warm to rt and stirred overnight. The reaction mixture was
quenched by the addition of saturated aqueous NaHCO3

(10 mL) and brine (20 mL) at 0 �C. The mixture was ex-
tracted with EtOAc (6�20 mL). The combined organic
layers were washed with brine, dried over anhydrous
Na2SO4, filtered, and concentrated in vacuo. Flash chromato-
graphic purification of the residue on silica gel (eluent:
EtOAc/PE ¼ 1:1) provided 16 (1.303 g, yield: 96%) as a
colorless oil. [a]D

20 �25.2 (c 1.0, CHCl3); IR (film) 3423,
2953, 2930, 2857, 1664, 1613, 1514, 1464, 1250, 1176,
1111, 1037 cm�1; 1H NMR (500 MHz, CDCl3) d 0.30 (s,
3H, Si(CH3)2), 0.32 (s, 3H, Si(CH3)2), 0.85 (s, 9H,
SiC(CH3)3), 1.55–1.70 (m, 2H, OCH2CH2CH2), 1.74–1.95
(m, 2H, OCH2CH2CH2), 2.10 (br s, 1H, OH, D2O exchange-
able), 3.62 (dd, J¼6.2, 6.2 Hz, 2H, CH2OH), 3.80 (s, 3H,
OCH3), 4.25 (dd, J¼5.1, 5.1 Hz, 1H, CHCON), 4.31 (dd,
J¼5.8, 14.6 Hz, 1H, PhCH2N), 4.45 (dd, J¼6.2, 14.6 Hz,
1H, PhCH2N), 6.79 (br s, 1H, NH), 6.85 (d, J¼8.5 Hz,
2H, Ar–H), 7.20 (d, J¼8.5 Hz, 2H, Ar–H); 13C NMR
(125 MHz, CDCl3) d �5.4, �4.9, 17.9, 25.6 (3C), 27.5,
31.7, 42.5, 55.3, 62.5, 73.1, 114.1 (2C), 129.0 (2C), 130.0,
159.0, 173.4; MS (ESI) m/z 368 (M+H+, 100). Anal. Calcd
for C19H33NO4Si: C, 62.09; H, 9.05; N, 3.81. Found: C,
61.91; H, 9.35; N, 3.78.

4.1.6. (S)-4-(tert-Butyldimethylsilyloxy)-5-(4-methoxy-
benzylamino)-5-oxopentyl methanesulfonate 17. To a
solution of 16 (814 mg, 2.22 mmol) and Et3N (0.46 mL,
3.33 mmol) in CH2Cl2 (8.9 mL) was added dropwise MsCl
(0.22 mL, 2.88 mmol) at �35 �C. The mixture was stirred
at the same temperature for 15 min and then quenched
with water (6 mL). The organic layer was separated and
the aqueous layer extracted with CH2Cl2 (3�5 mL). The
combined organic layers were washed with brine, dried
over anhydrous Na2SO4, filtered, and concentrated in vacuo.
Flash chromatographic purification on silica gel (eluent:
EtOAc/PE ¼ 1:2) provided 17 (970 mg, yield: 98%)
as a colorless oil. [a]D

20 �6.6 (c 1.0, CHCl3); IR (film)
3424, 2955, 2932, 2857, 1673, 1613, 1515, 1467, 1354,
1250, 1174, 1111, 1033 cm�1; 1H NMR (500 MHz,
CDCl3, two rotamers in a ratio of 4.5:1) d 0.40 (s, 3H,
Si(CH3)2, m+M), 0.45 (s, 3H, Si(CH3)2, M+m), 0.90 (s,
9H, SiC(CH3)3, m+M), 1.70–1.95 (m, 4H, OCH2CH2CH2,
m+M), 3.01, 3.03 (s, 3H, OCH3, M+m), 3.79, 3.81 (s, 3H,
CH3SO2, m+M), 4.18–4.24 (m, 3H, MsOCH2, COCH,
M+m), 4.32 (dd, J¼5.4, 14.6 Hz, 1H, PhCH2N, M+m),
4.44 (dd, J¼6.3, 14.6 Hz, 1H, PhCH2N, M+m), 6.80 (br s,
1H, NH, M+m), 6.86 (d, J¼8.5 Hz, 2H, Ar–H, M+m),
7.20 (d, J¼8.5 Hz, 2H, Ar–H, M+m); 13C NMR
(125 MHz, CDCl3) d �5.4, �4.9, 17.9, 24.1, 25.6 (3C),
31.1, 37.4, 42.5, 55.3, 69.6, 72.6, 114.1 (2C), 129.1 (2C),
129.9, 159.1, 172.7; MS (ESI) m/z 446 (M+H+, 100). The
product is too labile to perform the required elementary anal-
ysis or HRMS measurement.

4.1.7. (S)-3-(tert-Butyldimethylsilyloxy)-1-(4-methoxy-
benzyl)piperidin-2-one 3. To a cooled (0 �C) solution of
17 (608 mg, 1.37 mmol) in dry THF (3 mL) was added
dropwise a suspension of NaH (137 mg, 60% w/w) in anhy-
drous THF (2.5 mL) over a period of 20 min. The mixture
was allowed to warm to rt and stirred overnight. The reaction
mixture was quenched with water (30 mL) at 0 �C. The or-
ganic layer was separated and the aqueous layer extracted
with Et2O (3�20 mL). The combined organic layers were
washed with brine, dried over anhydrous Na2SO4, filtered,
and concentrated in vacuo. Flash chromatographic purifica-
tion on silica gel (eluent: EtOAc/PE¼1:8) provided 3
(400 mg, yield: 84%) as a colorless oil. [a]D

20 �34.0 (c 1.1,
CHCl3). The enantiomeric excess (ee) of 3 was determined
to be 94% by HPLC analysis using a chiral column OD-H
(4.6 mm�250 mm, eluting with hexane:2-propanol ¼ 99:1,
0.75 mL/min; detected at 254 nm). IR (film) 2952, 2928,
2854, 1654, 1611, 1512, 1489, 1247, 1172, 1148, 1109,
1039 cm�1; 1H NMR (500 MHz, CDCl3) d 0.48 (s, 3H,
Si(CH3)2), 0.51 (s, 3H, Si(CH3)2), 0.92 (s, 9H, SiC(CH3)3),
1.63–1.71 (m, 1H, H-5), 1.82–1.91 (m, 1H, H-5), 1.90–
2.02 (m, 2H, H-4), 3.08–3.21 (m, 2H, H-6), 3.79 (s, 3H,
OCH3), 4.16 (dd, J¼7.1, 4.6 Hz, 1H, H-3), 4.46 (d, J¼
14.4 Hz, 1H, PhCH2N), 4.53 (d, J¼14.4 Hz, 1H, PhCH2N),
6.90 (d, J¼8.5 Hz, 2H, Ar–H), 7.20 (d, J¼8.5 Hz, 2H,
Ar–H); 13C NMR (125 MHz, CDCl3) d �5.4, �4.5, 18.3,
19.0, 25.8 (3C), 30.8, 46.7, 49.4, 55.2, 69.6, 113.9 (2C),
129.3, 129.4 (2C), 158.9, 170.0; MS (ESI) m/z 350
(M+H+, 100); HR-MALDIMS calcd for C19H31NO3Si
(M+H)+: 350.2151; found: 350.2153.

4.1.8. (2RS,3S)-2-Cyano-3-hydroxy-1-(4-methoxybenzyl)
piperidines 18a and 18b. To a cooled (�50 �C) suspension
of LiAlH4 (332 mg, 2.81 mmol) in anhydrous THF (18 mL)
was added a solution of 3 (980 mg, 2.81 mmol) in anhydrous
THF (10 mL) over a period of 20 min. After stirred at the
same temperature for 15 min, the mixture was quenched
with MeOH (2.2 mL) and a solution of KCN (732 mg,
11.24 mmol) in water (2.2 mL) was added. The mixture
was allowed to warm to rt and stirred for another 1 h. After
diluted with water (10 mL), the organic layer was separated
and the aqueous layer extracted with EtOAc (3�10 mL).
The combined organic layers were washed with brine, dried
over anhydrous Na2SO4, filtered, and concentrated in vacuo.
Flash chromatographic purification on silica gel (eluent:
EtOAc/PE ¼ 1:2) provided (2R,3S)-18a and (2S,3S)-18b in
72:28 ratio with a combined yield of 86%.

Compound (2R,3S)-18a: colorless crystals, mp 72–73 �C
(CH2Cl2/PE); [a]D

20 �133.4 (c 1.0, CHCl3); IR (film) 3493,
2946, 2835, 2219, 1616, 1513, 1465, 1442, 1249, 1178,
1132, 1109, 1033 cm�1; 1H NMR (500 MHz, CDCl3)
d 1.56–1.70 (m, 2H, H-5), 1.78–1.90 (m, 2H, H-4), 2.48–
2.56 (m, 1H, H-6), 2.76–2.84 (m, 2H, H-6, OH, D2O
exchangeable), 3.49 (d, J¼12.7 Hz, 1H, PhCH2N), 3.70 (d,
J¼4.0 Hz, 1H, H-2), 3.71 (d, J¼12.7 Hz, 1H, PhCH2N),
3.80 (s, 3H, OCH3), 3.97–4.20 (m, 1H, H-3), 6.95 (d,
J¼8.5 Hz, 2H, Ar–H), 7.23 (d, J¼8.5 Hz, 2H, Ar–H); 13C
NMR (125 MHz, CDCl3) d 19.2, 27.2, 49.0, 55.3, 56.7,
59.6, 66.1, 114.1 (2C), 115.0, 128.0, 130.3 (2C), 159.4;
MS (ESI) m/z 247 (M+H+, 100). Anal. Calcd for
C14H18N2O2: C, 68.27; H, 7.37; N, 11.37. Found: C,
68.44; H, 7.69; N, 11.15.

Compound (2S,3S)-18b: colorless oil; [a]D
20 +97.2 (c 1.0,

CHCl3); IR (film) 3435, 2934, 2835, 2226, 1612, 1585,
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1513, 1465, 1248, 1174, 1128, 1104, 1064, 1033 cm�1; 1H
NMR (500 MHz, CDCl3) d 1.48–1.64 (m, 2H, H-5), 1.70–
1.76 (m, 1H, H-4), 1.97–2.03 (m, 1H, H-4), 2.35 (dt,
J¼11.8, 2.9 Hz, 1H, H-6), 2.72–2.77 (m, 1H, H-6), 3.49
(d, J¼12.8 Hz, 1H, PhCH2N), 3.69 (d, J¼12.8 Hz, 1H,
PhCH2N), 3.74 (ddd, J¼15.4, 9.3, 4.6 Hz, 1H, H-3), 3.80
(s, 3H, OCH3), 3.89 (d, J¼4.6 Hz, 1H, H-2), 6.95 (d,
J¼8.5 Hz, 2H, Ar–H), 7.23 (d, J¼8.5 Hz, 2H, Ar–H); 13C
NMR (125 MHz, CDCl3) d 23.0, 30.0, 48.3, 55.3, 59.4
(2C), 67.8, 113.9 (2C), 115.0, 128.5, 130.2 (2C), 159.2;
MS (ESI) m/z 247 (M+H+, 100).

4.1.9. (2S,3S)-2-Aminocarbonyl-3-hydroxy-1-(4-methoxy-
benzyl)piperidine 19. A solution of 18a (100 mg,
0.41 mmol) in 12 N aqueous HCl (25 mL) was stirred at
60 �C for 2 days and then neutralized with solid Na2CO3.
The mixture was extracted with EtOAc (6�25 mL) and the
combined organic layers were dried over anhydrous
Na2SO4, filtered, and concentrated in vacuo. Flash chroma-
tographic purification on silica gel (eluent: EtOAc/
MeOH ¼ 30: 1) provided 19 (50 mg, yield: 46%) and the re-
covered starting material 18a (28 mg, 28%). Compound 19:
colorless solid, mp 159–160 �C (EtOAc/PE); [a]D

20 �77.8 (c
0.6, CHCl3); IR (film) 3379, 3200, 2959, 2927, 2855, 2789,
1688, 1662, 1614, 1513, 1444, 1381, 1258, 1113, 1067,
1034 cm�1; 1H NMR (500 MHz, CDCl3) d 1.25–1.55 (m,
2H, H-5), 1.62–1.72 (m, 1H, H-4), 1.95–2.05 (m, 1H, H-
4), 2.04–2.14 (m, 1H, H-6), 2.70 (d, J¼8.7 Hz, 1H, H-2),
2.83–2.88 (m, 1H, H-6), 3.22 (d, J¼13.6 Hz, 1H, PhCH2N),
3.67 (ddd, J¼10.8, 8.7, 4.6 Hz, 1H, H-3), 3.79 (s, 3H,
OCH3), 3.85 (d, J¼13.6 Hz, 1H, PhCH2N), 6.10 (br s, 1H,
OH, D2O exchangeable), 6.80 (br s, 2H, NH2, D2O ex-
changeable), 6.95 (d, J¼8.5 Hz, 2H, Ar–H), 7.23 (d,
J¼8.5 Hz, 2H, Ar–H); 13C NMR (125 MHz, CDCl3)
d 22.0, 32.0, 50.6, 55.3, 59.7, 70.5, 73.5, 113.9 (2C),
129.4, 129.8 (2C), 158.9, 176.5; MS (ESI) m/z 265
(M+H+, 100); HR-MALDIMS calcd for C14H20N2O3

(M+H)+: 265.1552; found: 265.1557.

4.1.10. (2S,3S)-3-Hydroxy-2-piperidine-carboxamide 6.
To a suspension of 20% Pd(OH)2/C (26 mg) in EtOH
(1 mL) were added a solution of 19 (52 mg) in EtOH
(1 mL) and a catalytic amount of HCO2H. The mixture
was stirred at rt and under an atmosphere of H2 for 5 h. After
filtration of the catalyst, the filtrate was concentrated in
vacuo. The residue was purified by flash chromatography
on silica gel (eluent: MeOH/EtOAc/aqueous NH3 ¼ 1:4:0.1)
to provide 6 (23 mg, yield: 82%) as a colorless solid. Mp
149–150 �C (MeOH/Et2O); [a]D

20 +43.8 (c 0.4, 10% HCl);
IR (KBr) 3376, 3317, 3198, 2947, 2857, 1773, 1677, 1635,
1507, 1077 cm�1; 1H NMR (500 MHz, D2O) d 1.42–1.62
(m, 2H, H-4, H-5), 1.76–1.86 (m, 1H, H-5), 2.10–2.18 (m,
1H, H-4), 2.56 (dt, J¼12.9, 2.8 Hz, 1H, H-6), 3.04 (dd,
J¼12.9, 1.7 Hz, 1H, H-6), 3.14 (d, J¼9.6 Hz, 1H, H-2),
3.66 (ddd, J¼10.7, 9.6, 4.4 Hz, H-3); 13C NMR (125 MHz,
D2O) d 27.0, 35.0, 46.7, 67.4, 71.4, 178.2; MS (ESI) m/z
145 (M+H+, 100); HR-EIMS calcd for [C6H12N2O2]+:
144.0899; found: 144.0892.
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4, 2329–2332.

10. Jirgensons, A.; Marinozzi, M.; Pellicciari, R. Tetrahedron
2005, 61, 373–377.

11. For the regioselective cyclodehydration of a chiral 1,4-diol,
see: (a) Robinson, P. L.; Barry, C. N.; Bass, S. W.; Jarvis,
S. E.; Evans, S. A., Jr. J. Org. Chem. 1983, 48, 5396–5398;
(b) Robinson, P. L.; Evans, S. A., Jr. J. Org. Chem. 1985, 50,
3860–3863; (c) Robinson, P. L.; Barry, C. N.; Kelly, J. W.;
Evans, S. A., Jr. J. Am. Chem. Soc. 1985, 107, 5210–5219;
(d) Sharma, G. V. M.; Kumar, K. R.; Sreenivas, P.; Krishna,
P. R.; Chorghade, M. S. Tetrahedron: Asymmetry 2002, 13,
687–690; For the regioselective cyclodehydration of a chiral
1,5-diol, see: (e) Flamme, E. M.; Roush, W. R. Beilstein J.
Org. Chem. 2005, 1–5; http://bjoc.beilstein-journals.org/.

12. For selected examples of formation of intramolecular hydrogen
bond in hydroxyketones, see: (a) Heathcock, C. H.; Pirrung,
M. C.; Sohn, J. E. J. Org. Chem. 1979, 44, 4294–4299;
(b) Battaglia, A.; Barbaro, G.; Giorgianni, P.; Guerrini, A.;
Bertucci, C.; Geremia, S. Chem.—Eur. J. 2000, 6, 3551–
3557; For selected examples of formation of hydrogen bonds
involving amides, see: (c) Johansson, A.; Kollman, P. A.
J. Am. Chem. Soc. 1972, 94, 6196–6198; (d) Bennes, R.;
Philp, D.; Spencer, N.; Kariuki, B. M.; Harris, K. D. M. Org.
Lett. 1999, 1, 1087–1090; (e) Salas-Coronado, R.; Vasquez-
Badillo, A.; Medina-Garcia, M.; Garcia-Colon, J. G.; Noth,
H.; Contreras, R.; Flores-Parra, A. J. Mol. Struct. (Theochem)
2001, 543, 259–275; (f) Kim, K. M.; Park, H.; Kim, H.-J.;
Chin, J.; Nam, W. Org. Lett. 2005, 7, 3525–3527.

13. For reviews on the hydrogen bonding controlled selective reac-
tions, see: (a) Schreiner, P. R. Chem. Soc. Rev. 2003, 32,
289–296; (b) Pihko, P. M. Angew. Chem., Int. Ed. 2004, 43,
2062–2064; (c) Dalko, P. I.; Moisan, L. Angew. Chem., Int.
Ed. 2004, 43, 5138–5175; (d) Bolm, C.; Rantanen, T.;
Schiffers, I.; Zani, L. Angew. Chem., Int. Ed. 2005, 44,
1758–1763; For selective examples, see: (e) Thevenet, S.;
Wernicke, A.; Belniak, S.; Descotes, G.; Bouchu, A.;
Queneau, Y. Carbohydr. Res. 1999, 318, 52–66; (f) Huang, Y.;
Unni, A. K.; Thadani, A. N.; Rawal, V. H. Nature 2003, 424,
146; (g) Cook, G. R.; Yu, H.; Sankaranarayanan, S.; Shanker,
P. S. J. Am. Chem. Soc. 2003, 125, 5115–5120; (h) Du, H. F.;
Zhao, D. B.; Ding, K. L. Chem.—Eur. J. 2004, 10, 5964–
5970.

14. Corey, E. J.; Venkateswarlu, A. J. Am. Chem. Soc. 1972, 94,
6190–6191.

15. Lewis, N.; McKillop, A.; Taylor, R. J. K.; Watson, R. J. Synth.
Commun. 1995, 25, 561–568.

16. (a) Gless, R. D.; Rapoport, H. J. Org. Chem. 1979, 44, 1324–
1336; (b) Compernolle, F.; Saleh, M. A.; Branden, S. V. D.;
Toppet, S.; Hoornaert, G. J. Org. Chem. 1991, 56, 2386–2390.

17. Huang, P.-Q.; Huang, H. Y. Synth. Commun. 2004, 34, 1377–
1382.

18. de Vries, E. F. J.; Brussee, J.; van der Gen, A. J. Org. Chem.
1994, 59, 7133–7137.

19. Feng, C.-G.; Fang, H.; Huang, P.-Q. Acta Crystallogr. 2004,
E60, o1075–o1077.

20. For selected reviews on the asymmetric organocatalysis, see:
(a) Jarvo, E. R.; Miller, S. J. Tetrahedron 2002, 58, 2481–
2495; (b) Clarke, M. L. Lett. Org. Chem. 2004, 1, 292–296;
(c) Saito, S.; Yamamoto, H. Acc. Chem. Res. 2004, 37,
570–579. See also Refs. 13a–d.

http://bjoc.beilstein-journals.org/


Tetrahedron 62 (2006) 7466–7470
CeCl3%7H2O–NaI catalyzed intramolecular addition
reactions of 7-hydroxy-1,3-dienes: a facile approach to

hexahydrobenzofurans and tetrahydrofurans

Ming-Chang P. Yeh,* Wei-Jou Yeh, Ling-Hsien Tu and Jia-Ru Wu

Department of Chemistry, National Taiwan Normal University, 88 Ding-Jou Road, Section 4, Taipei 117, Taiwan

Received 29 March 2006; accepted 8 May 2006

Available online 5 June 2006

Abstract—CeCl3$7H2O–NaI effectively catalyzed intramolecular cyclization of cyclic 7-hydroxy-1,3-dienes, yielding hexahydrobenzo-
furans in diastereoselective fashion. This cyclization has been applied to synthesize tetrahydrofurans from acyclic 7-hydroxy-1,3-dienes.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Condensed heterocycles are widespread in nature, and many
of these compounds show interesting biological activities.1

The benzo[b]furan2 and tetrahydrofuran rings3,4 are often
incorporated in pharmaceutical agents as a core structural
motif.5 Due to the high stereo- and regiochemical control,
transition metals such as palladium,6 molybdenum,7 and
indium8 have been used to promote the furan-ring formation
across unsaturated carbon–carbon bonds and a tethered
hydroxyl group. However, many of these catalysts suffer
from some drawbacks, which include use of expensive
reagents under dry conditions. Therefore, the preparation
of benzo[b]furan and tetrahydrofuran skeletons is still a chal-
lenge for synthetic chemists in order to find safer and milder
conditions utilizing more ‘friendly’ reagents. Recently,
cerium(III) chloride has emerged as a very cheap, water-
tolerant, and safe reagent and is able to catalyze various
selective chemical transformations and cyclizations.9 In
most cases, the activity of CeCl3 can be increased in combi-
nation with NaI.10 The cyclization of unsaturated 3-hydroxy
esters to tetrahydrofuranacetic acid esters and tetrahydropyr-
anacetic acid esters catalyzed by CeCl3$7H2O–NaI has been

2a

OH

PhH2C CH2Ph

O
CH2Ph

CH2Ph

1a

    CeCl3 .7H2O-NaI
        (10 mol%)

          CH3CN, reflux, 18 h

7a

3a

1

2

8

9
3

4

5

6 7

Scheme 1.

Keywords: Cerium chloride; 7-Hydroxy-1,3-diene; Hydroalkoxylation.
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previously reported.9a We now report that CeCl3$7H2O–NaI
(10 mol %) catalyzes (Scheme 1) intramolecular cyclization
of 7-hydroxy-1,3-dienes under mild reaction conditions to
afford hexahydrobenzofurans and tetrahydrofurans.

2. Results and discussion

The starting material of 7-hydroxy-1,3-dienes 1a–i (entries
1–9, Table 1) was prepared by addition of 2.5 equiv of
Grignard reagents to the corresponding ester-functionalized
1,3-dienes according to the literature procedures.11 The
primary alcohol 1j (entry 10, Table 1) was synthesized by
addition of LiAlH4 to the corresponding ester at 0 �C in
diethyl ether. Secondary alcohol 1k (entry 11, Table 1)
was obtained from addition of BrZnCH2CO2Et/CuCN to
the corresponding aldehyde at �78 �C in THF.11c

Our CeCl3$7H2O–NaI catalyzed cyclization study was first
carried out by using alcohol 1a. Treatment of 1a with
10 mol % equiv of CeCl3$7H2O–NaI in boiling acetonitrile
under nitrogen for 18 h afforded, after flash column chroma-
tography, a 58% yield of 2,2-dibenzylhexabenzofuran deriv-
ative 2a as the major product (Scheme 1). The structure for
2a was established by comparing its 1H and 13C NMR spec-
tral data with those of related compounds known in the liter-
ature.12 Moreover, the relative stereochemistry of the ring
juncture of 2a was determined as cis on the basis of compar-
ing the coupling constant (4.4 Hz) for hydrogen atoms at
C(3a) and C(7a) to those of related compounds.12 In order
to gain more insights on the intramolecular cyclization of
alcohol 1a, anhydrous CeCl3 (0.1 equiv) and NaI (0.1 equiv)
were used. Thus, reaction of 1a with CeCl3 and NaI in boil-
ing acetonitrile for 18 h produced 2a in 51% yield. There-
fore, water is not needed for the cyclization. However,

mailto:c-sci@deps.ntnu.edu.tw
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reaction of 1a with CeCl3$7H2O alone failed to produce 2a
and alcohol 1a was recovered almost quantitatively. This is
consistent with the failure of cyclization of unsaturated 3-hy-
droxy esters using CeCl3$7H2O as the sole catalyst reported

Table 1. Intramolecular addition reactions of 7-hydroxy-1,3-dienes via
Scheme 1a

Entry 7-Hydroxy-1,3-dienes Products (yieldb)

1

1a

OH

PhH2C CH2Ph
2a (58%)

O
CH2Ph

CH2Ph

2

1b

OH

Ph(H2C)2
(CH2)2Ph

2b (48%)

O
(CH2)2Ph

(CH2)2Ph

3

1c

OH

H2CHCH2C CH2CHCH2

2c (56%)

O
CH2CHCH2

CH2CHCH2

4

1d

OH

(H3C)2HC CH(CH3)2

2d (22%)

O
CH(CH3)2

CH(CH3)2

5

1e

OH

H3C(H2C)3
(CH2)3CH3

2e (12%)

O
(CH2)3CH3

(CH2)3CH3

6

1f

OH

PhH2C CH2Ph
(   )

2

O
CH2Ph
CH2Ph

2f (0%)

7
OH

Ph

1g

CH2PhPhH2C

OPh

2g (58%)

CH2Ph

CH2Ph

8
OH

Ph

1h

OPh

2h (51%)

9
OH

Ph

1i

CH2CHCH2H2CHCH2C

OPh

2i (48%)

CH2CHCH2

CH2CHCH2

10 OH
Ph

1j

OPh

2j (70%)

11

1k

OH

E
2k (45%)

O
E

a All intramolecular addition reactions were performed in refluxing CH3CN
using 10 mol % of CeCl3$7H2O–NaI as the catalyst.

b Isolated yields after silica-gel column chromatography.
in the literature.9a Based upon the above results, it is reason-
able to state that both CeCl3 and NaI are required in the
catalytic process. Our proposed reaction mechanism for
the CeCl3$7H2O–NaI-mediated hydroalkoxylation is shown
in Scheme 2. Reaction of CeCl3 with NaI would give CeCl2I.
The catalyst CeCl2I coordinated on the b-face of the proxi-
mal double bond of 1a to give 3, which was then attacked by
the oxygen-nucleophile on the opposite face. This afforded
the postulated h1-allylic intermediate 4 with the newly
formed carbon–oxygen bond positioned trans to the
cerium–carbon bond. Due to the steric congestion caused
by the cerium fragment adjacent to the bicyclic ring junc-
ture, intermediate 4 may undergo h1–h3–h1 allylic re-
arrangement to the h1-allylic intermediate 5. Subsequent
protonation of 5 resulted in formation of the 1,4-hydroalk-
oxylation product 2a and regeneration of the CeCl2I catalyst.
The addition of an oxygen and a metal across a double bond
was found for indium,8a palladium,6b and cerium9a in the
literature.

CeCl2I

CeCl3·7H2O

NaI

O

PhH2C CH2Ph

H

CeCl2

1a

I

2a

I

4

OH

PhH2C CH2Ph

Ce
Cl Cl

3

I

O

PhH2C CH2Ph

H

5

Cl2Ce
-

Scheme 2.

Under the same reaction conditions, intramolecular addition
reactions of tertiary alcohols 1b–e using 10 mol % equiv
of CeCl3$7H2O–NaI in boiling acetonitrile gave hexahydro-
benzofurans 2b–e as single diastereomer in each case
(entries 2–5, Table 1). In general, yields of hexahydrobenzo-
furans are fair (ca. 50%). The fair yields might be due to the
fact that CeCl3$7H2O–NaI is an efficient reagent for the con-
version of tertiary alcohols into alkyl iodides. Moreover, the
problem of the competing elimination found in tertiary alco-
hols reduced the yield of cyclization.9d It is important to
mention that unlike successful formation of tetrahydrofuran
ring, six-membered ring of tetrahydropyran cannot be
formed. Thus, intramolecular addition reaction of a substrate
with one more methylene unit on the tethered failed and
8-hydroxy-1,3-diene 1f (entry 6, Table 1) was recovered
quantitatively even after refluxing in acetonitrile for 24 h.
The failure in the formation of tetrahydropyranyl rings might
be attributed to unfavorable formation of the cis-decalin in-
termediate 6, which contained the bulky cerium fragment
adjacent to the bicyclic ring juncture (Chart 1). It is im-
portant to mention that cyclization of 3-hydroxy esters
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containing a disubstituted olefin using CeCl3$7H2O–NaI
as the catalyst led to both terahydro-furanyl and -pyranyl
rings.9a

Next, the analogous reactions of acyclic 7-hydroxy-1,3-di-
enes 1g–j were examined, and the results are listed in entries
7–10, Table 1. Reactions of acyclic substrates 1g–j with
CeCl3$7H2O–NaI (10 mol % equiv) under the same reaction
conditions provided the 1,2-hydroalkoxylation products 2g–
j in 48–70% yields. The better yield observed for intramo-
lecular cyclization of the primary alcohol 1j to give 2j might
be attributed to unfavorable formation of the primary carbo-
cation, which may lead to a primary iodide and/or an olefin
via elimination. The 1,2-hydroalkoxylation products 2g–j
apparently derived from protonation of the h1-allylcerium
intermediate 7 (Chart 2). The isolation of 1,2-hydroalkoxy-
lation products from acyclic precursors may suggest that the
protonation of Ce–C bond occurred from intermediate 7 at
a rate that was faster than h1–h3–h1 allylic rearrangement.
The difference in the formation of hydroalkoxylation
products (1,4- vs 1,2-hydroalkoxylation) between cylic
and acyclic substrates could be explained as follows. The
h1–h3–h1 allylic isomerization may be faster in the cyclic
intermediate 4 than in the acyclic intermediate 7 for steric
reasons. For example, intermediate 7 has more conforma-
tional flexibility to minimize unfavorable interactions via
the s-bond (Ce–C) rotation, whereas in 4, the cerium frag-
ment is close to the bicyclic ring juncture, and the h1–h3–
h1 allylic isomerization would place the cerium further
away from the tertiary carbon center to give 5. The h1-allyl-
cerium intermediate 5 led to 1,4-hydroalkoxylation products
2a–e. The different reaction paths observed between cyclic
and acyclic substrates (1,4- vs 1,2-hydroalkoxylation) were
also found for arylalkoxylation of diene alcohols using
Pd(PPh3)4 and aryl bromides in the literature.12a It is impor-
tant to mention that the secondary alcohol 1k also underwent
intramolecular hydroalkoxylation to give 2k as a mixture of
diastereomers in a 1:1 ratio and in 45% total isolated yield
(entry 11, Table 1).

3. Conclusion

The reaction outlined herein demonstrates that the
CeCl3$7H2O–NaI catalyzed intramolecular addition reaction
of an oxygen nucleophile to a conjugated diene can be an
effective method for the formation of hexahydrobenzofurans

O

H

H CH2Ph
CH2Ph

Cl2Ce H

6

Chart 1.

O

R
R

H

CeCl2

7

Ph

Chart 2.
and tetrahydrofurans. With cyclic 7-hydroxy-1,3-dienes, the
reaction led to 1,4-hydroalkoxylation products after allylic
isomerization of the initial formed h1-allylcerium intermedi-
ate. In contrast to the reactions of cyclic precursors, reactions
of acyclic 7-hydroxy-1,3-dienes afforded 1,2-hydroalk-
oxylation products after protonation of the initial formed
h1-allylcerium intermediate. The use of cerium is economic
as compared to catalytic amounts of expensive transition
metals employed previously.

4. Experimental

4.1. General methods

All reactions were run using oven-dried glassware under
a nitrogen atmosphere unless otherwise indicated.
7-Hydroxy-1,3-dienes 1a–i were synthesized by addition
of 2.5 mol equiv of methyl-, phenyl-, or benzylic magnesium
halides to the corresponding esters.11,12a The primary dienol
1j (entry 10, Table 1) was synthesized by addition of LiAlH4

to the corresponding ester at 0 �C in diethyl ether. Secondary
dienol 1k (entry 11, Table 1) was obtained from addition of
BrZnCH2CO2Et/CuCN to the corresponding aldehyde at
�78 �C in THF. Anhydrous solvents or reaction mixtures
were transferred via an oven-dried syringe or cannula. Tetra-
hydrofuran (THF) and acetonitrile (CH3CN) were dried by
molecular sieves and then passed through an Al2O3 col-
umn.13 Flash column chromatography, following the method
of Still, was carried out with E. Merck silica gel (Kieselgel
60, 230–400 mesh) using the indicated solvents.14 1H
nuclear magnetic resonance (NMR) spectra were obtained
with Bruker-AC 400 (400 MHz) and Bruker-AV 500
(500 MHz) spectrometers. The chemical shifts are reported
in parts per million with either tetramethylsilane (0.00 ppm)
or CDCl3 (7.26 ppm) as internal standard. 13C NMR spectra
were recorded with Bruker-AC 400 (100.4 MHz) spectro-
meter with CDCl3 (77.0 ppm) as the internal standard.
Infrared (IR) spectra were recorded with a JASCO IR-700
spectrometer. Mass spectra were acquired on a JEOL JMS-D
100 spectrometer at an ionization potential of 70 eV and
are reported as mass/charge (m/e) with percent relative abun-
dance. High-resolution mass spectra were obtained with an
AEI MS-9 double-focusing mass spectrometer and a JEOL
JMS-HX 110 spectrometer at the Department of Chemistry,
Central Instrument Center, Taichung, Taiwan.

4.2. General procedure for the intramolecular
cyclization of 7-hydroxy-1,3-dienes catalyzed by
CeCl3%7H2O–NaI

A mixture of 7-hydroxy-1,3-diene (1.0 mmol), CeCl3$7H2O
(0.1 mmol), and NaI (0.1 mmol) in acetonitrile (10 mL)
under nitrogen was stirred at reflux temperature for 18 h
(ca. 82 �C). The reaction mixture was extracted with ethyl
acetate, and the combined organic layers were washed
with H2O and brine, dried over anhydrous MgSO4, filtered,
and the filtrate was concentrated in vacuo. The residue was
purified by flash chromatography (silica gel, hexanes/ethyl
acetate).

4.2.1. (3aS*,7aR*)-2,2-Dibenzyl-2,3,3a,4,5,7a-hexa-
hydrobenzofuran 2a. This compound was prepared from
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1a (0.29 g, 0.95 mmol): yield 0.17 g (0.55 mmol, 58%) as
colorless oil. 1H NMR (500 MHz, CDCl3) d 7.21 (m,
10H), 5.64 (m, 2H), 4.19 (m, 1H), 2.87 (s, 2H), 2.76
(m, 2H), 1.85 (m, 2H), 1.76 (m, 3H), 1.39 (m, 1H), 1.16
(m, 1H); 13C NMR (125 MHz, CDCl3) d 138.5, 138.2,
130.9, 130.7, 128.5, 128.0, 127.8, 127.7, 126.0, 126.0,
84.9, 74.7, 47.8, 46.0, 37.3, 36.23, 23.2, 21.5; IR (CH2Cl2)
3048, 3029, 2989, 2927, 1602, 1495, 1454, 1374, 1237,
1033 cm�1; MS (20 eV) m/e 304.2 (M+), 213.1, 135.1,
91.0, 79.0, 61.0; HRMS (EI) m/e calcd for C22H24O
304.1827. Found 304.1835.

4.2.2. (3aS*,7aR*)-2,2-Diphenethyl-2,3,3a,4,5,7a-hexa-
hydrobenzofuran 2b. This compound was prepared from
1b (0.63 g, 1.9 mmol): yield 0.30 g (0.9 mmol, 48%) as col-
orless oil. 1H NMR (500 MHz, CDCl3) d 7.23 (m, 10H), 5.87
(m, 1H), 5.81 (m, 1H), 4.36 (m, 1H), 2.68 (m, 4H), 2.42 (m,
1H), 1.95 (m, 7H), 1.72 (m, 2H), 1.58 (m, 1H); 13C NMR
(125 MHz, CDCl3) d 142.7, 142.6, 129.8, 128.4, 128.3,
128.3, 127.5, 125.7, 83.9, 73.7, 41.9, 40.9, 40.2, 36.7,
31.1, 30.6, 24.4, 22.6; IR (CH2Cl2) 3693, 3601, 3039,
2993, 2941, 2863, 2340, 1603, 1495, 1453, 1433 cm�1;
MS (EI) m/e (%) 332.6 (M+, 9), 228.4 (16), 227.4 (86),
105.2 (52), 91.2 (100), 79.2 (32); HRMS calcd for
C24H28O (M+) 332.2140. Found 332.2148; Anal. Calcd for
C24H28O: C, 86.70; H, 8.49. Found C, 86.99; H, 8.56.

4.2.3. (3aS*,7aR*)-2,2-Diallyl-2,3,3a,4,5,7a-hexahydro-
benzofuran 2c. This compound was prepared from 1c
(0.50 g, 2.65 mmol): yield 0.28 g (1.42 mmol, 56%) as col-
orless oil. 1H NMR (500 MHz, CDCl3) d 5.82 (m, 4H), 5.06
(m, 4H), 4.32 (b, 1H), 2.30 (m, 5H), 2.05 (m, 1H), 1.90 (m,
2H), 1.66 (m, 2H), 1.54 (m, 1H); 13C NMR (125 MHz,
CDCl3) d 134.8, 134.6, 129.8, 127.4, 117.6, 117.4, 83.5,
74.0, 45.2, 43.8, 38.8, 36.5, 24.2, 22.6; IR (CH2Cl2) 3686,
2928, 2843, 2366, 2333, 1642, 1609 cm�1; MS (20 eV)
m/e 163.3 (78), 93.2 (18), 91.2 (12), 85.2(15), 80.2 (12),
79.2 (100), 77.2 (18), 69.2 (58); HRMS (EI) m/e calcd for
C14H20O 204.1514. Found 204.1520.

4.2.4. (3aS*,7aR*)-2,2-Diisopropyl-2,3,3a,4,5,7a-hexa-
hydrobenzofuran 2d. This compound was prepared from
1d (0.86 g, 4.18 mmol): yield 0.19 g (0.9 mmol, 22%) as
colorless oil. 1H NMR (500 MHz, CDCl3) d 5.76 (m, 2H),
4.45(b, 1H), 2.54 (m, 1H), 2.03 (m, 1H), 1.93 (m, 2H),
1.85 (m, 1H), 1.78 (m, 3H), 1.56 (m, 1H), 0.95 (d,
J¼6.85 Hz, 6H), 0.88 (d, J¼6.85 Hz, 3H), 0.85 (d, J¼
6.90 Hz, 3H); 13C NMR (125 MHz, CDCl3) d 129.0,
128.2, 89.6, 75.4, 36.7, 35.1, 33.4, 32.9, 24.4, 21.3, 18.9,
18.7, 18.3, 18.0; IR (CH2Cl2) 3693, 2961, 2935, 2346,
1609, 1469 cm�1; MS (20 eV) m/e 166.3 (13), 165.3 (98),
121.2 (12), 87.2 (49), 80.2 (14), 79.2 (63), 77.2 (12), 71.2
(100), 69.2 (20); HRMS (EI) m/e calcd for C14H24O
208.1827. Found 208.1818.

4.2.5. (3aS*,7aR*)-2,2-Dibutyl-2,3,3a,4,5,7a-hexahydro-
benzofuran 2e. This compound was prepared from 1e
(0.33 g, 1.40 mmol): yield 39 mg (0.16 mmol, 12%) as col-
orless oil. 1H NMR (500 MHz, CDCl3) d 5.85 (m, 1H), 5.78
(m, 1H), 4.24 (b, 1H), 2.31 (m, 1H), 2.03 (m, 1H), 1.92 (m,
1H), 1.84 (dd, J¼12.55, 8.35 Hz, 1H), 1.44 (m, 15H), 0.89
(m, 6H); 13C NMR (125 MHz, CDCl3) d 129.8, 127.6,
84.4, 73.2, 40.6, 40.0, 38.3, 36.7, 27.0, 26.4, 24.7, 23.4,
23.3, 23.00, 14.1, 14.1; IR (CH2Cl2) 3686, 3601, 2954,
2856, 2719, 2359, 1769, 1609, 1589, 1440, 1371 cm�1;
MS (20 eV) m/e 236.5 (M+, 1), 180.4 (14), 179.4 (100),
101.3 (40), 85.2 (78), 79.2 (47); HRMS (EI) m/e calcd for
C16H28O 236.2140. Found 236.2147.

4.2.6. 2,2-Dibenzyl-5-(trans-3-phenylallyl)tetrahydro-
furan 2g. This compound was prepared from 1g (0.37 g,
1.0 mmol): yield 0.21 g (0.58 mmol, 58%). 1H NMR
(500 MHz, CDCl3) d 7.18–7.42 (m, 15H), 6.67 (d,
J¼16.0 Hz, 1H), 6.24 (dd, J¼16.0, 5.7 Hz, 1H), 4.25 (m,
1H), 3.30 (d, J¼14.1 Hz, 1H), 2.28 (dd, J¼13.9, 12.6 Hz,
2H), 2.6 (d, J¼13.8 Hz, 1H), 1.86 (m, 1H), 1.68 (d,
J¼11.2 Hz, 2H), 1.39 (m, 2H), 1.16 (m, 1H); 13C NMR
(125 MHz, CDCl3) d 138.3, 137.9, 137.2, 131.5, 131.2,
130.5, 129.3, 128.5, 128.1, 127.5, 127.3, 126.4, 126.1,
125.9, 71.0, 46.1, 39.2, 31.7, 30.6, 19.5; IR (CH2Cl2)
3691, 3569, 3084, 3053, 2945, 2869, 2410, 1952, 1733,
1601, 1495, 1453, 1424, 1366, 1263, 1192, 1084,
967 cm�1; MS (20 eV) m/e 368.2 (M+, 4) 277.1 (54),
259.1 (30), 157.1 (15), 143.1 (100), 129.0 (32), 128.0 (33),
91.0 (62); HRMS (EI) m/e calcd for C27H28O 368.2140.
Found 368.2143.

4.2.7. 2,2-Dimethyl-5-(trans-3-phenylallyl)tetrahydro-
furan 2h. This compound was prepared from 1h (0.37 g,
1.71 mmol): yield 0.19 g (0.88 mmol, 51%) as colorless
oil. 1H NMR (500 MHz, CDCl3) d 7.18–7.37 (m, 5H),
6.55 (d, J¼16.0 Hz, 1H), 6.20 (dd, J¼16.0, 6.2 Hz, 1H),
4.22 (m, 1H), 1.27 (s, 6H), 1.29–1.50 (m, 3H), 1.67–1.75
(m, 3H); 13C NMR (125 MHz, CDCl3) d 137.1, 131.7,
129.8, 128.4, 127.3, 126.4, 72.1, 71.5, 35.9, 31.9, 31.9,
22.00, 19.90; IR (CH2Cl2) 3691, 3589, 3073, 2987, 2935,
2306, 1733, 1601, 1493, 1449, 1374, 1277, 1212, 1036,
967 cm�1; MS (20 eV) m/e 216.1 (M+, 85), 198.1 (14),
159.1 (16), 143.1 (31), 133.0 (91), 131.1 (86), 130.1 (69),
129.1 (50), 128.0 (44), 115.0 (49), 111.1 (51), 105.0 (68),
104.0 (100), 91.0 (64), 57.0 (54); HRMS (EI) m/e calcd
for C15H20O 216.1514. Found 216.1516.

4.2.8. 2,2-Diallyl-5-(trans-3-phenylallyl)tetrahydrofuran
2i. This compound was prepared from 1i (0.27 g,
1.0 mmol): yield 0.13 g (0.48 mmol, 48%) as colorless oil.
1H NMR (500 MHz, CDCl3) d 7.18–7.37 (m, 5H), 6.54 (d,
J¼16.0 Hz, 1H), 6.18 (dd, J¼16.0, 6.0 Hz, 1H), 5.87 (m,
2H), 5.09 (m, 4H), 4.23 (m, 1H), 2.67 (dd, J¼14.4, 6.2 Hz,
1H), 2.27 (d, J¼7.9 Hz, 2H), 2.20 (dd, J¼14.4, 8.2 Hz,
1H), 1.67–1.76 (m, 2H), 1.31–1.48 (m, 4H); 13C NMR
(125 MHz, CDCl3) d 137.1, 134.2, 133.9, 131.5, 129.5,
128.4, 127.3, 126.4, 117.5, 117.5, 75.2, 70.8, 45.2, 36.0,
31.8, 31.7, 19.3; IR (CH2Cl2) 3691, 3568, 3078, 3047,
2939, 2870, 2304, 1733, 1639, 1444, 1279, 1248, 1071,
998, 936 cm�1; MS (20 eV) m/e 268.1 (M+, 5) 227.1 (23),
209.1 (18), 157.1 (15), 143.1 (100), 129.1 (28), 128.0 (35),
120.1 (22), 115.0 (20), 91.0 (27); HRMS (EI) m/e calcd
for C19H24O 268.1827. Found 268.1826.

4.2.9. 2-(trans-3-Phenylallyl)tetrahydrofuran 2j. This
compound was prepared from 1j (0.23 g, 1.22 mmol): yield
0.16 g (0.85 mmol, 70%) as colorless oil. 1H NMR
(500 MHz, CDCl3) d 7.36 (d, J¼7.4 Hz, 2H), 7.28 (t,
J¼7.4 Hz, 2H), 7.20 (t, J¼7.4 Hz, 1H), 6.59 (d,
J¼15.9 Hz, 1H), 6.20 (dd, J¼15.9, 5.7 Hz, 1H), 4.05 (dt,
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J¼11.3, 2.0 Hz, 1H), 3.95 (m, 1H), 3.52 (td, J¼11.4, 2.2 Hz,
1H), 1.86 (d, J¼10.8 Hz, 1H), 1.70 (d, J¼12.2 Hz, 1H),
1.47–1.61 (m, 4H); 13C NMR (125 MHz, CDCl3) d 136.9,
129.5, 128.3, 127.3, 126.3, 130.7, 77.8, 68.2, 32.1, 25.7,
23.3; IR (CH2Cl2) 3028, 2941, 2850, 1951, 1881, 1732,
1600, 1495, 1449, 1373, 1277, 1203, cm�1; MS (70 eV)
m/e (rel intensity) 188.1 (M+, 100), 187.1 (17), 131.0 (56),
129.1 (16), 115.0 (21), 104.1 (89), 103.0 (23), 91.0 (26),
77.0 (17), 55.0 (39); HRMS (EI) m/e calcd for C13H16O
188.1201. Found 188.1199.

4.2.10. (2,3,3a,4,5,7a-Hexahydrobenzofuran-2-yl)acetic
acid ethyl ester 2k. This compound was prepared from 1k
(0.20 g, 0.95 mmol): yield 0.09 g (0.43 mmol, 45%) as col-
orless oil. 1H NMR (500 MHz, CDCl3) d 5.96 (m, 1H), 5.81
(m, 1H), 4.47 (m, 1H), 4.27 (m, 1H), 4.15 (q, J¼7.1 Hz, 2H),
2.64 (dd, J¼15, 6.8 Hz, 1H), 2.45 (dd, J¼15.4, 6.5 Hz, 1H),
2.31 (m, 1H), 2.07 (m, 1H), 1.96 (m, 2H), 1.82 (dt, J¼15.4,
7.7 Hz, 1H), 1.67 (m, 1H), 1.46 (m, 1H), 1.26 (t, J¼7.2 Hz,
3H); 13C NMR (125 MHz, CDCl3) d 171.2, 131.1, 126.3,
74.0, 73.5, 60.4, 41.4, 37.1, 36.7, 24.0, 23.2, 14.2; IR
(CH2Cl2) 3058, 3048, 2929, 1730, 1422, 1280, 1249 cm�1;
MS (20 eV) m/e 210.1 (M+, 2), 131.1 (33), 96.1 (38), 94.0
(19), 80.1 (88), 79.1 (100), 77 (21); HRMS (EI) m/e calcd
for C12H18O3 210.1256. Found 210.1259.
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Abstract—Dibromobenzenes (o-, m-, and p-isomers) were converted to the corresponding cis-cyclohexadiene diols by whole-cell fermen-
tation with Escherichia coli JM 109 (pDTG601A), an organism over-expressing the enzyme toluene dioxygenase (TDO). Absolute stereo-
chemistry of new metabolites was determined, and (�)-conduritol was synthesized.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Oxidation of aromatic compounds to the corresponding cis-
cyclohexadiene diols with toluene dioxygenase represents
a reaction that has, as yet, no equivalent in synthetic method-
ology. To date over 400 metabolites have been isolated1 and
many served as optically pure material in total synthesis of
natural products.2,3 The whole-cell fermentation of aromatic
compounds with the recombinant organism Escherichia coli
JM 109 (pDTG601)4 produces moderate to excellent yields
of the corresponding diols, which are easily extracted from
the fermentation broth using base-washed ethyl acetate.3a

The mechanism of the enzymatic oxidation remains un-
known although some predictive models have been proposed
regarding the expected regio- and stereochemistry of oxida-
tion in single-ring, disubstituted aromatic compounds.5 For
several such compounds the fate of oxidation is known for
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.05.012
all three regioisomers: ortho, meta, and para. The metabo-
lites of these are shown in Table 1. A large number of diene
diols is known for at least two of the three possible isomers,
and their metabolites have been listed in several recent com-
pilations.1,2 Many diol metabolites have been observed in
variously substituted biphenyls but were not rigorously char-
acterized. A total of nearly 100 such compounds has been
noted.1 This manuscript reports the results of oxidation of a
series of dibromobenzenes as well as the determination of
absolute stereochemistry for a new diol derived from o-di-
bromobenzene by chemical conversion to (�)-conduritol E.

2. Results and discussion

Of the three isomers of dibromobenzene, only one, m-di-
bromobenzene (28), had previously been subjected to
ortho- meta- para- 
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Figure 1. Possible modes of oxidation for the series of dibromobenzenes.
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toluene dioxygenase-mediated oxidation. A single isomer,
29, was produced in a yield of 4 g L�1 3a and served as a con-
venient starting material for a short synthesis of the amaryl-
lidaceae constituent narciclasine.19

Because of the symmetry of dibromobenzenes, only one re-
gioisomer of a diol is possible, as shown in Figure 1. In prin-
ciple, o-dibromobenzene could also form a meso compound
if the oxidation took place with a 3,4-regiochemistry, how-
ever, TDO oxidations of disubstituted arenes yield exclu-
sively 1,2-regioisomers with respect to the directing group.
Whole-cell oxidation of m-dibromobenzene with E. coli
JM 109 (pDTG601) produced a single enantiomer (>99%
ee). Similarly, the o-isomer provided diol 27 in a yield of
4.1 g L�1, and the p-isomer furnished the meso-diol 31 in
55 mg L�1.20 Though this particular metabolite is meso, it
may find application in asymmetric synthesis through fur-
ther desymmetrization.21 Procedures such as lipase resolu-
tion have been used to enrich enantiomeric excesses of
those diols that are produced as scalemic mixtures. For
example, p-bromoiodobenzene provides the corresponding

Table 1. Oxidation of isomeric series of disubstituted arenes

Substrate Products (references in superscript)
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F

I
F OH

OH

I

F

OH

OH

I

F

OH

OH

1 26 36 46,7
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Br
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Br OH
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5 66 76 86,8
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a Absolute stereochemistry not determined.
diol with only 20% ee and may be enriched by either subse-
quent lipase resolution of acetyl derivatives or by resubmis-
sion of the scalemic diol to further fermentation with a wild
Pseudomonas strain in which one of the enantiomer is con-
sumed. Such procedures have been applied in the prepara-
tion of ent-diene diols22 and ent-7-deoxypancratistatin.8

The symmetrical nature of the molecule may be exploited
through the use of double radical or Heck-type cyclizations
from the vinyl bromides to appropriately tethered function-
alities.

The absolute configuration of 27 was established by its con-
version to conduritol E,23 as shown in Scheme 1, and its
enantiomeric excess was conveniently determined by 19F
NMR evaluation of the Mosher ester derived from mono-
protected diol 38, (Scheme 2). The Mosher ester 39 was pre-
viously prepared from homochiral and racemic alcohols 38
in connection with a study on the oxidation of a series of
methylsulfanyl bromobenzenes.15,16 Analysis of the crude
19F NMR spectrum indicated a single peak corresponding
to an enantioselectivity of greater than 95% in the enzymatic
oxidation of o-dibromobenzene.

Enantiomerically pure diol 33 can easily be converted into
D-mannaric acid by ozonolysis according to established
procedures for the conversion of vinyl bromides of this type
into hexoses.24 The provision of isomeric sugars D-glucaric
acid and D-altaric acid is also possible, as all four diastereo-
isomers at C-4 and C-5 are accessible by directed hydroxyl-
ation or epoxidation procedures. Diol 27 would appear to be
suitable for synthesis of such acids (Fig. 2).

3. Experimental

3.1. General

All non-hydrolytic reactions were carried out under an argon
atmosphere. Glassware used for moisture-sensitive reactions
was flame-dried under vacuum and subsequently purged
with argon. THF was distilled from potassium/benzo-
phenone. Methylene chloride was distilled from calcium
hydride. Flash column chromatography was performed
using Kieselgel 60 (230–400 mesh). Analytical thin-layer
chromatography was performed using silica gel 60-F254

plates. Melting points are reported uncorrected. IR spectra
were recorded as a film, unless otherwise specified. 1H
and 13C NMR spectra were obtained on a Bruker instru-
ment at 300 and 75 MHz, respectively. Specific rotation
measurements are given in deg cm3 g�1 dm�1. Ultraviolet
spectroscopy was performed using a diode array spectro-
photometer. Large-scale fermentation was performed in a
15-L B. Braun Biostat C-15 Fermentor. All biological media
was purchased through Fisher Canada. Combustion analyses
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Figure 2.
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were performed by Atlantic Microlabs, Norcross, Georgia,
USA.

3.2. General biotransformation procedure

3.2.1. Small-scale fermentation with E. coli JM 109
(pDTG601).

3.2.1.1. Growth of colonies. Agar plates consisted of
bactotryptone (10 g L�1), yeast extract (5 g L�1), NaCl
(5 g L�1), agar (30 g L�1), and ampicillin (100 mg L�1).
E. coli JM 109 (pDTG601) cells were streaked onto a plate
and were incubated at 35 �C for 12–24 h. A single bacterial
colony was selected for preculture preparations as described
in the following section.

3.2.1.2. Preparation of preculture. Luria Bertani (LB)
liquid medium consisted of bactotryptone (10 g L�1), yeast
extract (5 g L�1), NaCl (5 g L�1), and ampicillin
(100 mg L�1). The preculture medium (3 mL) was inocu-
lated with a single colony of E. coli JM 109 (pDTG601)
and the resulting inoculum was grown at 35 �C on an orbital
shaker (200 rpm) for 6 h.

3.2.1.3. Fernbach flask preparation. LB liquid me-
dium consisted of bactotryptone (10 g L�1), yeast extract
(5 g L�1), NaCl (5 g L�1), glucose (5 g L�1), and ampicillin
(100 mg L�1). LB medium (500 mL) was inoculated with
1 mL of E. coli JM 109 (pDTG601) of the preculture
medium. This inoculum was grown at 35 �C on an orbital
shaker (180 rpm) for 5 h. A chemical inducer, isopropyl-1-
thio-b-D-galactopyranoside (IPTG) (10 mg L�1), was added
via sterile filter and the cells were grown for an additional 7 h
at 35 �C on an orbital shaker (200 rpm).

3.2.1.4. Substrate addition. The supernatant was sepa-
rated from the cells by centrifugation at 7000 rpm for
15 min. The cell pellet was re-suspended in 500 mL of
0.1 M phosphate buffer consisting of KH2PO4 (6.8 g L�1),
K2HPO4 (8.7 g L�1), and glucose (2 g L�1). The aromatic
substrate (400 mg L�1) was added as a solution in isopropyl
alcohol. Product formation was monitored by thin-layer
chromatography (silica gel, hexane/ethyl acetate, 1:1).

3.2.1.5. Product isolation. After 5 h of incubation with
substrate the pH of the culture medium was adjusted with
6 M NaOH to 8.5, and a cell pellet was obtained by centrifu-
gation at 7000 rpm and 4 �C for 20 min. The supernatant
liquid was extracted with acid-free ethyl acetate, prepared
by stirring the organic solvent with a saturated solution of
Na2CO3 and separation of the organic layer from the aque-
ous layer. The extract was dried over anhydrous MgSO4, fil-
tered, and the solvent was removed under reduced pressure.
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The crude material was purified by crystallization or flash
column chromatography (silica gel deactivated with 10%
distilled water) immediately after concentration of the sol-
vent in order to minimize decomposition of the unstable
dienediols.

3.2.2. Large-scale fermentations. Large-scale fermenta-
tions were carried out in a 15-L (8-L working volume)
B. Braun Fermentor according to a published procedure.3

3.2.3. Extraction of products. Dienediols obtained from
large-scale (8-L fermentation) were extracted from the aque-
ous fermentation broth into ethyl acetate either by standard
manual extraction or by continuous extraction. Large-scale
manual extraction requires up to 20 L of ethyl acetate,
whereas the use of a rotary-evaporator-driven continuous ex-
tractor facilitates the extraction of up to 9 L of aqueous broth
using as little as 3 L of ethyl acetate. The diene diols derived
from small-scale fermentations (1-L) were extracted manu-
ally. Progress of either manual or continuous extraction was
monitored by thin-layer chromatographic analysis of the
aqueous layer.

3.2.3.1. (1S,2S)-3,4-Dibromo-cyclohexa-3,5-diene-1,2-
diol (27). The biooxidation of o-dibromobenzene was per-
formed according to the general procedure for large-scale
fermentation.3 o-Dibromobenzene 26 (60 g) was added
dropwise over 45 min to a 15-L fermentor containing a grow-
ing culture of E. coli JM 109 (pDTG601). After stirring the
media for an additional 1 h, the cell broth was separated
from the cells by centrifugation. The broth was extracted
using a rotary-evaporator-driven continuous extractor over
a three-days period with 3 L of ethyl acetate. The combined
organic layers were washed twice with approximately
10% w/v sodium carbonate solution to remove any phenolic
residue. The organic extracts of the fermentation broth were
concentrated in vacuo and the dienediol precipitated by addi-
tion of pentane. Recrystallization from ethyl acetate/pentane
provided the title compound as a white solid (32.8 g,
4.1 g L�1). Mp 144–146 �C (from ethyl acetate/pentane);
[a]22

D +104 (c 0.15, diethyl ether); Rf 0.36 (hexanes/ethyl
acetate, 1:1); IR (film) n 3175, 1621 cm�1; 1H NMR (300
MHz, acetone-d6) d 6.03 (dd, J¼9.9, 2.1 Hz, 1H), 6.00 (dd,
J¼6.6, 2.4 Hz, 1H), 4.62 (d, J¼6.9 Hz, 1H), 4.55 (m, 1H),
4.28 (m, 2H); 13C NMR (75 MHz, acetone-d6) d 133.4,
126.5, 126.2, 120.6, 74.2, 69.0; HRMS (EI) Calcd for
C6H6Br2O2 (M+), 267.8731; Found, 267.8733; Anal. Calcd
for C6H6Br2O2: C, 26.70; H, 2.24. Found: C, 27.04; H, 2.32.

3.2.3.2. (3aS,7aS)-2,2-Dimethyl-4,5-dibromo-4,6-
benzo[1,3]dioxole (32). Diene diol 27 (3.0 g, 11.1 mmol,
1 equiv) was transferred to a 100-mL round-bottomed flask
and suspended in 5 mL acetone and 15 mL of 2,2-dimeth-
oxypropane. A few crystals of p-toluenesulfonic acid were
added, and the reaction mixture was stirred at rt for 3 h.
The reaction was quenched with 12 mL of 10% aq sodium
hydroxide solution, and the acetone was removed under re-
duced pressure. The residue was diluted with ethyl acetate,
and the layers were separated. The aqueous layer was then
extracted with several portions of ethyl acetate. The com-
bined organic layers were washed with brine and dried
over anhydrous magnesium sulfate. The solvent was re-
moved under vacuum to provide a light oil (3.21 g, 95%).
An analytical sample was obtained after chromatography
over 10% deactivated silica gel to afford the title compound
as a clear oil. [a]D

22 +101 (c 0.75, CHCl3); Rf 0.50 (50% ethyl
acetate in hexanes); IR (film) n 2988, 2933, 2896,
1634 cm�1; 1H NMR (300 MHz, CDCl3) d 6.14 (d, J¼
9.9 Hz, 1H), 5.93 (dd, J¼9.9, 3.6 Hz, 1H), 4.82–4.72
(m, 2H), 1.45 (s, 6H); 13C NMR (75 MHz, CDCl3)
d 128.7, 125.6, 123.8, 120.3, 106.9, 77.3, 71.3, 26.6, 25.0;
HRMS (EI) Calcd for C9H10Br2O2, 307.9047; Found,
307.9037.

3.2.3.3. (3aS,4R,5S,7aS)-2,2-Dimethyl-6,7-dibromo-
4,5-dihydroxybenzo[1,3]dioxole (33). The protected diene-
diol 32 (3.1 g, 10.0 mmol, 1 equiv) was suspended in 60 mL
of 8:1 (by volume) mixture of acetone/water. N-Methyl-
morpholine-N-oxide (2.34 g, 20.0 mmol, 2 equiv) was added
followed by the addition of four crystals of osmium tetraox-
ide. The reaction mixture darkened slightly and was stirred
for 18 h until consumption of starting material was com-
plete. The reaction mixture was quenched by addition of
5 mL satd aq sodium bisulfite and 2 g solid sodium bisulfite,
and the pH of the mixture was adjusted by addition of concd
HCl. The mixture was stirred for 15 min, and the acetone
was removed under reduced pressure. The aqueous portion
was extracted repeatedly with ethyl acetate, and the com-
bined organic extracts were washed with 1 N HCl, 20% aq
solution of KOH, and brine before being dried over anhy-
drous magnesium sulfate. The extracts were filtered through
a short column of silica gel and the solvent evaporated to fur-
nish 2.4 g of a white crystalline solid, 71% yield, which re-
quired no further purification for the subsequent reaction. An
analytically pure sample was obtained by recrystallization
from ethyl acetate/pentane. Mp 155–156 �C; [a]D

22 +5.47
(c 0.75, MeOH); Rf 0.3 (50% ethyl acetate in hexanes); IR
(KBr) n 3435, 3360, 2994, 2905, 1606 cm�1; 1H NMR
(300 MHz, CDCl3) d 4.77 (dd, J¼1.2, 5.4 Hz, 1H), 4.50–
4.45 (m, 2H), 4.34 (m, 1H), 2.68 (br s, 2H), 1.43 (s, 6H);
13C NMR (75 MHz, CDCl3) d 127.6, 125.6, 77.6, 75.3,
70.9, 69.1, 27.6, 26.1; HRMS (EI) Calcd for C8H9O4Br,
326.8867; Found, 326.8863; Anal. Calcd for C9H12Br2O4:
C, 31.42; H, 3.52. Found: C, 31.59; H, 3.53.

3.2.3.4. (L)-Conduritol E (35). Dibromide 33 (0.50 g,
1.4 mmol, 1 equiv) was dissolved in 50 mL distilled THF
and transferred to a flame-dried 100-mL round-bottomed
flask equipped with a reflux condenser. The solution was de-
gassed in an ultrasound bath and under positive argon pres-
sure for 10 min. Azoisobutyronitrile (23 mg, 0.14 mmol,
0.1 equiv) was added, and the solution was heated to steady
reflux (83 �C external temp). At this time, tributyl tin hy-
dride (1.0 mL, 3.36 mmol, 2 equiv) was added in portion.
Reflux was maintained for 1.5 h until complete consumption
of starting material was witnessed by TLC analysis. The re-
action mixture was cooled, and potassium fluoride (2 g) was
added. The resulting precipitate was filtered, and the filtrate
concentrated under reduced pressure. The residue was puri-
fied by flash column chromatography using 4:1 hexanes/
ethyl acetate to 100% ethyl acetate to provide 170 mg
(64%) of the de-brominated material. The solid was dis-
solved in 5 mL of methanol and to this solution was added
2 mL of a 3% (by volume) solution of concd HCl in metha-
nol and the resulting solution was stirred for 40 h after which
time the solvent was removed under reduced pressure to
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provide a crude white solid. The solid was purified by flash
column chromatography (4:1 chloroform/methanol) to give
conduritol E as a white crystalline solid (78 mg, 81%). Mp
194–195 �C (lit.23b mp 193 �C); [a]D

20 �285 (c 1.0, H2O),
lit.23b: [a]D

20 �294 (c 1.0, H2O); Rf 0.18 (chloroform/
methanol, 4:1); IR (film) n 3434, 1634 cm�1; 1H NMR
(300 MHz, MeOD) d 5.79 (d, J¼2.1 Hz, 2H), 4.27 (s, 2H),
3.93 (d, J¼0.9 Hz, 2H); 13C NMR (75 MHz, MeOD)
d 130.7, 70.9, 67.6; HRMS (EI) Calcd for C6H8O3

(M+�H2O), 128.0473; Found, 128.0455.

3.2.3.5. (1S,2S)-3,4-Dibromo-cyclohexa-3-ene-1,2-diol
(36). Diol 27 (0.38 g, 1.47 mmol, 1 equiv) was dissolved
in 6 mL MeOH, and the round-bottomed flask containing the
solution was subsequently placed into an ice/NaCl bath.
Potassium azodicarboxylate (0.93 g, 4.27 mmol, 3 equiv)
was added in two portions to the methanolic solution. Acetic
acid (0.85 mL, 12.78 mmol, 9 equiv) in 2 mL MeOH was
added dropwise over 40 min. The reaction flask was allowed
to warm to room temperature overnight (15 h). The reaction
was quenched by adding 2 mL saturated Na2CO3 solution
and stirring for 20 min. Methanol was removed under
reduced pressure and the residue diluted with 10 mL EtOAc.
The layers were separated and the aqueous phase was ex-
tracted with 3�10 mL EtOAc. The combined organic layers
were washed with brine, dried over MgSO4, and treated with
activated charcoal. Filtration and concentration of the filtrate
under reduced pressure afforded 36 as a white crystalline
solid (0.367 g, 95%). Mp 175–176 �C; [a]D

21 �50.4
(c 0.75, MeOH); Rf 0.23 (Hex/EtOAc, 1:1); IR (KBr pellet)
n 3246, 1626 cm�1; 1H NMR (300 MHz, acetone-d6) d 4.61
(d, J¼6 Hz, 1H), 4.26 (s, 1H), 3.96–3.84 (m, 2H), 2.79–2.51
(m, 2H), 2.05–1.92 (m, 1H), 1.85–1.73 (m, 1H); 13C NMR
(75 MHz, acetone-d6) d 127.1, 124.9, 73.5, 68.25, 35.2,
26.9; HRMS (EI) Calcd for C6H8Br2O2, 271.8872; Found,
271.8871; Anal. Calcd for C6H8Br2O2: C, 26.50; H, 2.97.
Found: C, 27.34; H, 3.16.

3.2.3.6. (1S,2S)-1-[(Hexyldimethylsilyl)oxy]-3,4-dibro-
mocyclohexa-3-ene-2-ol (37). A 5-mL round-bottom flask
was charged with diol 36 (200 mg, 0.74 mmol, 1 equiv),
imidazole (65 mg, 0.96 mmol, 1.3 equiv), and 1 mL anhy-
drous dimethylformamide. The flask was cooled externally
to �30 �C, then hexyldimethylsilyl chloride (0.15 mL,
0.78 mmol, 1.05 equiv) was added. The mixture was stirred
at �30 �C for 1 h and then the reaction flask was placed in
a freezer (�18 �C) for 21 h. The mixture was allowed to
warm to room temperature and diluted with 50 mL ether,
washed with 10�1 mL distilled H2O, brine, and dried over
MgSO4. After filtration, the filtrate was concentrated under
reduced pressure. The crude silyl ether was purified by flash
column chromatography (pentane/Et2O, 10:1) to give 37 as
a clear and colorless oil (0.26 g, 86%). [a]D

21 �41.1
(c 0.75, MeOH); Rf 0.23 (pentane/Et2O, 10:1); IR (film)
n 3547, 2958, 2868, 1628 cm�1; 1H NMR (300 MHz,
CDCl3) d 4.26–4.17 (m, 1H), 4.03–3.93 (m, 1H), 2.84 (d,
J¼4 Hz, 1H), 2.77–2.64 (m, 1H), 2.63–2.48 (m, 1H),
2.10–1.9 (m, 1H), 1.77–1.57 (m, 2H), 0.95–0.84 (m, 13H),
0.17 (s, 6H); 13C NMR (75 MHz, CDCl3) d 130.8,
127.8, 122.9, 74.1, 73.6, 69.6, 35.1, 34.1, 27.2, 24.8,
20.2, 20.0, 18.5, 18.4; HRMS (EI) Calcd for C14H26Br2O2Si,
328.9032; Found, 328.9026; Anal. Calcd for
C14H26Br2O2Si: C, 40.59; H, 6.33. Found: C, 40.96; H, 6.36.
3.2.3.7. (1R,2S)-2-[(Hexyldimethylsilyl)oxy]cyclo-
hexan-1-ol (38). A flask containing a magnetic stirring bar
was charged with dibromide 37 (0.219 g, 0.53 mmol,
1 equiv), triethylamine (0.5 mL, 3.56 mmol, 7 equiv), plati-
num oxide (Adam’s catalyst, 24 mg, 0.11 mmol, 0.2 equiv),
and 0.5 mL MeOH. The reaction flask was evacuated,
flushed with hydrogen via a balloon (1 atm), and stirred until
total consumption of starting material as was observed by
TLC control (6 h). The crude mixture was filtered through
a short plug of Celite, and the solvent was removed under
reduced pressure. The crude residue was purified by flash
column chromatography (pentane/Et2O, 10:1) to give the
title compound as a clear and colorless oil (71 mg, 52%)
with spectral data matching that of previously reported
compound 38. [a]D

23 +3.4 (c 1.0, CHCl3), lit.16: [a]D
23 +3.3

(c 1.0, CHCl3).

3.3. General procedure for the formation of Mosher
ester derivative 39

Alcohol 38 (20 mg, 0.076 mmol, 1 equiv) was transferred
to a flame-dried round-bottomed flask containing magnetic
stirring bar under an argon atmosphere. Anhydrous triethyl-
amine (17 mL) was added followed by 4-dimethylaminopyr-
idine (4.8 mg, 0.038 mmol, 0.5 equiv). (R)-(�)-a-Methoxy-
a-trifluoromethyl-phenylacetic acid chloride (23 mL,
0.11 mmol, 1.5 equiv) was added dropwise. Within minutes
a white precipitate was observed. The reaction was stirred
overnight. The reaction mixture was then diluted with
5 mL methylene chloride, transferred to a separatory funnel,
and washed with 5 mL saturated solution of sodium bicar-
bonate. The layers were separated, the organic layer dried
(MgSO4), and the solvent evaporated to provide the ester as
a crude oil. The compound was purified by flash column
chromatography (pentane/Et2O, 10:1) to afford the ester as
a clear and colorless oil (20 mg, 57%). Physical and spectral
data matched that for the compound previously reported.16

Rf 0.46 (pentane/Et2O, 10:1); IR (film) n 2948, 2867, 1745,
1463, 1450, 1379, 1263, 1169 cm�1; 1H NMR (300 MHz,
CDCl3) d 7.60 (m, 2H), 7.40 (m, 3H), 5.12 (m, 1H), 3.80
(m, 1H), 3.55 (m, 3H), 1.75–1.55 (m, 7H), 1.5–1.2 (m,
2H), 0.88 (dd, J¼6.8, 5.2 Hz, 6H), 0.81 (d, J¼4.1 Hz, 6H),
0 (s, 3H), �0.10 (s, 3H); 19F NMR (188 MHz, CDCl3)
d �72.4 ppm. Lit.15: 19F NMR (188 MHz, CDCl3) d
�72.8 ppm.
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Abstract—A total synthesis of the 7,9,70,90-tetra-cis(Z) isomer of lycopene, also known as ‘prolycopene’, produced as the major carotenoid
pigment in fruits of the tangerine tomato Lycopersicon esculentum (‘Tangella’) is described. The synthesis is based on: (i) a modified
Sonogashira coupling reaction between the E-alkenyl bromide 6 and the Z-enynol 7, leading to the 2Z-trienynol 8, followed by (ii) a Wittig
reaction between the phosphonium salt 4 and the C10-triene dialdehyde 5 producing the symmetrical 9,90-Z isomer of the bis-acetylene 3 and
(iii) semi-hydrogenation of 3 in the presence of Lindlar’s catalyst, and chromatography.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Prolycopene 2 is the tetra-cis(Z) isomer of the more familiar
carotenoid, all-E-lycopene 1, found in commercial toma-
toes. It was first isolated by Zechmeister et al. in 19411

from the tangerine tomato Lycopersicon esculentum var,
known as ‘Tangella’. Although the stereochemistry of proly-
copene was investigated extensively by Zechmeister et al.
over two decades, it was not until NMR spectroscopy, and
particularly carbon NMR spectroscopy, became routinely
available that the intriguing tetra-Z geometry of the pigment
was established independently by Englert et al.2 and our-
selves3 in 1979. In contemporaneous studies we also sepa-
rated and characterised the Z-isomers of the carotenoid
pigments phytoene, phytofluene, z-carotene and neurospor-
ene, congeners to prolycopene, in L. esculentum.4 Later
we described the total synthesis of prolycopene,5 Hengart-
ner, Englert and co-workers, in 1992, presented the synthe-
ses of six bis- and three tris-Z-isomers of lycopene.6 In this
paper we describe full details of our synthesis of natural
(tetra-Z) prolycopene 2.

* Corresponding author. Tel.: +44 115 951 3530; fax: +44 115 951 3535;
e-mail: gp@nottingham.ac.uk
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.05.023
1

2

The synthesis of conjugated polyisopenoids with one or
more Z-double bonds has been a formidable challenge since
the early beginnings of carotenoid chemistry.7 Without
doubt, the Wittig reaction and its variants have been the cor-
nerstone of polyene synthesis in recent years.8 This is in
spite of the fact that the stereochemical outcomes of these
reactions are less predictable, and often lead to mixtures of
Z- and E-isomers at the newly introduced double bonds. Pro-
lycopene 2 has a symmetrical structure and accommodates
two Z-disubstituted and two Z-trisubstituted double bonds.
This led us to design a synthesis of the compound based
on semi-hydrogenation of the bis-acetylenic precursor 3,
which we planned to elaborate from the Z-allylphosphonium
salt 4 and the known C10-triene dialdehyde 5. There is con-
siderable precedent for the formation of Z-disubstituted
bonds from semi-hydrogenations of acetylene precursors
in the carotenoid field, since the early work of Lindlar in

mailto:gp@nottingham.ac.uk
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1952, i.e., Pd on CaCO3 deactivated by quinoline.9 Further-
more, the Z-pentenynol 7 is readily available, and we
planned to use this precursor in a palladium-catalysed
coupling reaction with the E-vinyl bromide 6, to produce
the C15-2Z,6E-trienynol intermediate 8, en route to the
corresponding phosphonium salt 4.

PPh3Br

O

O

3

4 5

2. Results and discussion

Thus, a Wittig reaction between 6-methyl-5-hepten-2-one
and bromomethyltriphenylphosphonium bromide, in the
presence of KOBut at �60 �C to 25 �C gave a 3:1 mixture
of E- and Z-isomers of the vinyl bromide 6,10 from which
the E-isomer was easily separated by gas chromatography
(Scheme 1). An sp2–sp coupling reaction between the vinyl
bromide 6 and the enynol 7 under modified Sonogashira
conditions, i.e., Ph4Pd–CuI–PrNH2,11 next gave the 2Z-
trienynol 8 in 72% yield. The stereochemistry assigned to
8 followed from analysis and comparison of its PMR and
CMR spectroscopic data with those of its 2Z,6Z-, 2E,6Z-
and 2E,6E-isomers, which were prepared from correspond-
ing sp2–sp coupling reactions involving 6 and the Z-vinyl
bromide 10, and 7 and the E-allyl alcohol 11. The relevant
diagnostic 13C NMR chemical shift data for each of these
isomers are collected on structures 12, 13, 14 and 15 (Fig. 1).

Bromination of the 2Z-trienynol 8, using dibromotetra-
chloroethane in the presence of triphenylphosphine,12 next
gave the 2Z-allyl bromide 9, which was immediately reacted
with triphenylphosphine leading to the corresponding phos-
phonium salt 4. The salt 4 was obtained as colourless crys-
tals, which were very hygroscopic (Scheme 1). A Wittig
reaction between molar equivalents of the phosphonium
salt 4 and the C10 triene dial 5,13 using aq NaOH as base

OH

12, 2Z, 6E-isomer

23.6
19.7

39.0 61.7

15, 2E, 6E-isomer

19.4
19.4

38.8

OH
54.1

22.9

35.0

OH23.4

61.5

13, 2Z, 6Z-isomer

22.8

35.0

17.7

14, 2E, 6Z-isomer

OH59.2

Figure 1. Pertinent 13C NMR chemical shift data for the four isomers of the
substituted 2,4,10-trien-4-yn-1-ol (8).
Br

OH

OH

Br

OH

Br

6

7

8

10 11

9

O
i ii

iii

4

iv

Scheme 1. Reagents and conditions: (i) BrCH2

þ
PPh3

�
Br, KOBut, THF, �60 �C, 81%, 3:1 E/Z mixture; (ii) (PPh3)4Pd, PrNH2, then 7, CuI, 70%;

(iii) BrCl2CCCl2Br, PPh3, Et2O, 0 �C, 98% and (iv) PPh3, C6H6, 25 �C, 85%.
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in ClCH2CH2Cl, followed by chromatography, led cleanly to
the 9Z-heptenynal 16 (Scheme 2). The geometry of 16 fol-
lowed from analysis of its CMR spectroscopic data14 and
comparison with similar data recorded for the related 9Z-
and 9E-polyenynals 18 and 19,15 respectively (Fig. 2).y A
second Wittig reaction between the salt 4 and the 9Z-hepte-
nynal 16, using aq NaOH in ClCH2CH2Cl, then gave the
symmetrical 9,90-Z isomer of the bis-acetylene 3, which
was obtained as a deep red solid. HPLC analysis demon-
strated that the bis-acetylene 3 was produced as a mixture
of two 110Z,E-isomers in the ratio 2:1, identified as the re-
quired 9Z,11E,90Z,110E-isomer 3 (major product) and the
isomeric 9Z,11E,90Z,110Z compound 17.

(4)  +  (5)

i

O

16

ii, iii

17

+  3

11'

Scheme 2. Reagents and conditions: (i) aq NaOH, ClCH2CH2Cl, 25 �C,
36%; (ii) 4, aq NaOH, ClCH2CH2Cl, 25 �C, then 16, 61%, 2:1 mixture of
3 and 17 and (iii) I2, C6H6, 90%.

Rather than separating the two isomers at this stage, a solution
containing a mixture of the isomers in hexane was treated
with a very dilute solution of iodine in benzene, and the
progress of the isomerisation of the 9Z,11E,90Z,110Z-isomer
17 to the isomer 3 was monitored by HPLC analysis. After
washing with aqueous sodium thiosulfate solution, work up
and crystallisation gave the symmetrical 9,90-Z isomer of
the bis-acetylene 3 as minute orange crystals, mp 110 �C.

Consistent with its symmetrical structure only 20 carbon sig-
nals were observed in the CMR spectrum of 3, which also
showed diagnostic resonances at d 39.0 and d 19.7 (5E and
50E double bonds), d 23.6 (9Z and 90Z double bonds) and at
d 12.8 (11E and 110E double bonds). Pertinent 13C and 1H
NMR data are collected on structures 20 and 21 (Fig. 3). Sev-
eral years after we had published a preliminary communica-
tion,5 Hengartner et al.6 published an identical synthetic
approach to the same 9,90-Z isomer of the bis-acetylene 3,
on large scale.

y The system of numbering carotenoids recommended by I.U.P.A.C. is used
throughout this paper, i.e., lycopene.

1'3'5'7'9'11'13'15'
1 3 5 7 9 13 1511
All that now remained to complete our synthesis of natural
prolycopene 2 was to carry out a semi-hydrogenation of the
bis-acetylene 3 in the presence of Lindlar’s catalyst. This
was no trivial task especially in view of the limited amounts
of 3 that were available. After considerable experimentation,
using alternative polyenyne substrates as models, different
microhydrogenator designs and various Lindlar catalyst
cocktails, we successfully hydrogenated the bis-acetylene
3 on 10 mg scale to produce prolycopene 2, which was puri-
fied by HPLC and obtained in ca. 15% yield. The synthetic
material did not separate from naturally derived prolycopene
in HPLC analysis and their PMR spectroscopic and mass
spectrometric data were closely identical. Hengartner et al.6

later carried out the same semi-hydrogenation of the bis-
acetylene 3 on 10 times the scale we had been able to use,
but also in the presence of Lindlar’s catalyst, and secured
a 44% yield of crystalline prolycopene.

3. Experimental

3.1. General details

Melting points of polyenes were determined in evacuated
capillary tubes using a Gallenkamp melting point apparatus.

Infrared spectra were recorded as liquid films, unless stated
otherwise, on a Phillips P.U. 9706 spectrophotometer. 1H
NMR spectra were determined on a Bruker WM 250 PFT
or AM 400 PFT spectrometer and 13C NMR spectra were
obtained on the same instruments at 63.0 and 100.0 MHz,

O
HO

O

9.6

12.917.8

18

O
HO

23.0

O

12.9

9.6

19

24.3

O

13.0

9.5

16

Figure 2. Pertinent 13C NMR chemical shift data for the C-9Z polyenal 16
and the related C-9E- and C-9Z-analogues 18 and 19, respectively.

25.8 39.0

17.8 19.7
23.6

12.8

20, 13C-NMR data

1.69

1.61 1.98
1.98

1.55

21, 1H-NMR data

Figure 3. Pertinent 13C and 1H NMR chemical shift data for the 9Z- and
90Z-bis-acetylene 3.
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respectively. Samples were dissolved in deuterated chloro-
form (CDCl3), which provided the deuterium lock for the
spectrometers. Tetramethylsilane or residual chloroform
was used as an internal standard. Mass measurements were
determined on either an AEI MS 902 or a VG 707E spec-
trometer. Elemental analyses were carried out on a Perkin
Elmer 240B elemental analyser.

Due to their sensitivity, strict methods of handling polyenes
were adhered to throughout the experimental work. Thus, all
solutions of polyenes were handled under a nitrogen blanket
in subdued light or in darkness, and all columns and TLC
chambers used in chromatographic separations were wrap-
ped in aluminium foil. Transfers of polyenes were carried out
rapidly under a blanket of nitrogen and at no time were
solutions containing polyenes heated above room tempera-
ture; all polyenes were stored under nitrogen at �12 �C.
All solvents were distilled before use. Solutions were dried
over anhydrous MgSO4 and concentrated under reduced
pressure.

Analytical HPLC analyses were carried out on a Zorbax, Sil-
ica, 250�4.6 mm column using a Waters 6000 or 6000A
pump connected to a Cecil C212 variable wavelength mon-
itor or a Waters Model 440 absorbance detector. Preparative
HPLC work was carried out on a C-18 column using a Waters
Prep LC/System 500 pump fitted with an integral refractive
index detector.

Capillary GLC analysis was performed on a Perkin Elmer
Sigma 2 instrument using a Carbowax 50 m column. Prepar-
ative GLC was carried out on a 76 cm�8 mm silicone oil
(15%) on diatomite column using an Aerograph Auroprep
Model A-700 instrument.

3.1.1. (E,Z)-1-Bromo-2,6-dimethyl-1,5-heptadiene (6).
Freshly prepared potassium tertiary butoxide (7.2 g, 6.4
mmol) was added, all at once, to a stirred suspension of bro-
momethyltriphenylphosphonium bromide (31 g, 7.1 mmol)
in dry THF (500 ml) at room temperature under a nitrogen
atmosphere, and the resulting mixture was then stirred at
room temperature for 30 min. The deep yellow solution of
the corresponding ylide was cooled to �60 �C and then
6-methylhept-5-en-2-one (3.0 g, 2.4 mmol) in dry THF
(20 ml) was added over 10 min. The mixture was stirred
at �60 �C for 1 h, and then allowed to warm to room tem-
perature where it was stirred for a further 24 h. The mixture
was evaporated to dryness in vacuo and the residue was then
triturated with petrol (bp 40–60 �C) (4�100 ml). The com-
bined organic extracts were evaporated to leave a brown
oil. Chromatography followed by distillation gave a 3:1 mix-
ture of E- and Z-isomers of the vinyl bromide (3.9 g, 81%)
as a colourless oil, bp 56 �C at 0.6 mmHg. The E- and
Z-isomers were separated by preparative GC to give: (i)
E-1-bromo-2,6-dimethyl-1,5-heptadiene,10 nmax 2920, 1630,
825, 720 cm�1, dH 5.9 (1H, q, J¼1, ]CHBr), 5.06 (1H,
br, ]CH), 2.08–2.16 (4H, m), 1.8 (3H, d, J¼1, ]CMe),
1.68 (3H, s, Me), 1.60 (3H, s, Me) ppm; dC 141.5 (s, ]C),
132.2 (s, ]C), 123.3 (d, ]CH), 101.4 (d, ]CH), 38.5 (t,
CH2), 26.4 (t, CH2), 25.7 (q, CH3), 19.2 (q, CH3), 17.7 (q,
CH3) ppm and (ii) Z-1-bromo-2,6-dimethyl-1,5-heptadiene,
nmax 2980, 2920, 1635, 780, 730 cm�1, dH 5.86 (1H, q,
J¼1.5, ]CHBr), 5.14 (1H, tqn, J¼7 and 1.5, ]CH),
2.07–2.37 (4H, m), 1.79 (3H, d, J¼1.5, ]CMe), 1.70 (3H,
d, J¼1.1, ]CMe), 1.63 (3H, s, Me) ppm; dC 141.5 (s,
]C), 132.3 (s, ]C), 123.6 (d, ]C), 100.9 (d, ]C), 34.6
(t, CH2), 25.6 (q, CH3), 22.3 (q, CH3), 17.7 (q, CH3) ppm.

3.1.2. (2Z,6E)-3,7,11-Trimethyldodeca-2,6,10-trien-4-yn-
1-ol (8). E-1-Bromo-2,6-dimethyl-1,5-heptadiene (6) (0.54 g,
2.7 mmol) was added to a stirred suspension of tetrakistri-
phenylphosphine palladium(0) (0.20 g, 0.17 mmol) in freshly
distilled, degassed propylamine (5.0 ml) under a nitrogen
atmosphere in the dark, and the resulting mixture was then
stirred at room temperature for 20 min. Z-2-Methylpent-2-
en-4-yn-1-ol (0.26 g, 2.7 mmol) followed by freshly purified
copper (I) iodide (0.14 g, 0.74 mmol) were added, and the
resulting deep brown viscous mixture was then stirred at room
temperature for a further 17 h. The mixture was evaporated in
vacuo to leave a brown oil, which was dissolved in ether
(50 ml). The ether solution was washed with saturated ammo-
nium chloride solution (4�100 ml) and water (2�100 ml),
then dried and evaporated in vacuo to leave the crude trienynol
as a brown oil. Chromatography [silica G, ether/petrol ether
(bp 40–60 �C), 1:2], followed by bulb-to-bulb distillation
gave the 2Z,6E alcohol (0.41 g, 70%) as a colourless liquid,
bp 150 �C at 0.3 mmHg. Found: C, 82.5; H, 10.9%.
C15H22O requires: C, 82.5; H, 10.2%; lmax (EtOH) 264 inf
(14,000), 272 (16,700), 286 inf (11,600) nm; nmax 3320,
2920, 2190, 1615, 835 cm�1, dH 5.83 (1H, tq, J¼6.5 and
1.4, ]CHCH2OH), 5.43 (1H, ]CHC), 5.08 (1H, br,
Me2C]CH), 4.35 (2H, d, J¼6.5, CH2OH), 3.20 (1H, br,
–OH), 2.12–2.17 (4H, m), 1.92 (6H, 2�]CMe), 1.69 (3H,
]CMe), 1.61 (3H, ]CMe) ppm; dC 152.8 (s, ]C), 134.2
(d, ]CH), 132.4 (s, ]C), 123.5 (d, ]CH), 121.7 (s, ]C),
104.9 (t, ]CH), 93.1 (s, ^C), 90.2 (s, ^C), 61.7 (t, CH2),
39.0 (t, CH2), 26.5 (t, CH2), 25.9 (q, CH3), 23.6 (q, CH3),
19.9 (q, CH3), 17.9 (q, CH3) ppm; m/z 218.1667; C15H22O
requires M 218.1671.

3.1.3. (2Z,6Z)-3,7,11-Trimethyldodeca-2,6,10-trien-4-yn-
1-ol (13). Z-1-Bromo-2,6-dimethyl-1,5-heptadiene (0.19 g,
0.94 mmol) and Z-2-methylpent-2-en-4-yn-1-ol (0.09 g,
0.95 mmol) were reacted together in an identical manner
to that described for the preparation of the corresponding
2Z,6E alcohol. The product (0.13 g, 63%) was obtained as
a colourless oil. Found: C, 82.6; H, 10.6%. C15H22O re-
quires: C, 82.5; H, 10.2%; lmax (EtOH) 263 inf (11,700),
272 (13,900), 285 inf (9750) nm; nmax 3320, 2920, 2190,
1615, 830 cm�1, dH 5.82 (1H, tq, J¼6.6 and 1.4,
]CHCH2OH), 5.42 (1H, d, J¼1.4 ]CHC), 5.14 (1H, tqn,
J¼6.3 and 1.4, Me2C]CH), 4.32 (2H, d, J¼6.6, CH2OH),
2.73 (1H, br, –OH), 2.33 (2H, t, J¼7.6, CH2C]CH2), 2.13
(2H, q, J¼7.6, CH2CH2), 1.91 (3H, d, J¼1.2, ]CMe),
1.83 (3H, d, J¼1.4, ]CMe), 1.69 (3H, d, J¼0.8, ]CMe),
1.62 (3H, Me) ppm; dC 152.9 (s, ]C), 134.0 (d, ]CH),
132.2 (s, ]C), 123.7 (d, ]CH), 121.8 (s, ]C), 105.4 (d,
]CH), 92.8 (s, ^C), 89.7 (s, ^C), 61.5 (t, CH2), 35.2 (t,
CH2), 26.4 (t, CH2), 25.8 (q, CH3), 23.4 (q, CH3), 22.9 (q,
CH3), 17.8 (q, CH3) ppm; m/z 218.1673; C15H22O requires
M 218.1671.

3.1.4. (2E,6Z)-3,7,11-Trimethyldodeca-2,6,10-trien-
4-yn-1-ol (14) and (2E,6E)-3,7,11-trimethyldodeca-
2,6,10-trien-4-yn-1-ol (15). A 3:1 mixture of E- and Z- iso-
mers of 1-bromo-2,6-dimethyl-1,5-heptadiene (6) (0.54 g,
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2.7 mmol) was added to a stirred suspension of tetrakis-
triphenylphosphine palladium(0) (0.20 g, 0.17 mmol) in
freshly distilled, degassed n-propylamine (5.0 ml) under a
nitrogen atmosphere in the dark, and the resulting mixture
was then stirred at room temperature for 20 min. E-2-
Methylpent-2-en-4-yn-1-ol (0.26 g, 2.7 mmol) followed by
freshly purified copper (I) iodide (0.14 g, 0.74 mmol) were
added, and the resulting deep brown viscous mixture was
then stirred at room temperature for a further 17 h. The mix-
ture was evaporated in vacuo to leave the crude mixture of
trienynol isomers as a brown oil. Chromatography [silica
G, ether/petrol ether (bp 40–60 �C), 1:2], followed by bulb-
to-bulb distillation gave a 3:1 mixture of the E-2 and the E-6
isomers (0.27 g, 46%) as a colourless oil (bp 150 �C at
0.3 mmHg). The two isomers were separated by preparative
reverse phase HPLC to give: (i) the (2E,6E)-isomer (15),
Found: C, 82.5; H, 10.4%. C15H22O requires: C, 82.5; H,
10.2%; lmax (EtOH) 262 inf (13,300), 271 (16,000), 284
inf (11,500) nm; nmax 3320, 2925, 2200, 1615, 740,
700 cm�1, dH 5.97 (1H, tq, J¼6.8 and 1.4, ]CHCH2OH),
5.38 (1H, ]CHC), 5.08 (1H, br, Me2C]CH), 4.21 (2H, d,
J¼6.8, CH2OH), 2.24 (1H, br, –OH), 2.11–2.12 (4H, m),
1.9 (3H, d, J¼1, ]CMe), 1.86 (3H, d, J¼0.7, ]CMe),
1.68 (3H, ]CMe), 1.60 (3H, ]CMe) ppm; dC 152.1 (s,
]C), 134.1 (d, ]CH), 132.1 (s, ]C), 123.5 (d, ]CH),
121.4 (s, ]C), 104.8 (d, ]CH), 94.3 (s, ^C), 86.1 (s,
^C), 59.1 (t, CH2), 38.8 (t, CH2), 26.3 (t, CH2), 25.7 (q,
CH3), 19.4 (q, CH3), 17.7 (q, CH3) ppm and (ii) the
(2E,6Z)-isomer (14), Found: C, 82.5; H, 10.4%. C15H22O re-
quires: C, 82.5; H, 10.2%; lmax (EtOH) 262 inf (11,000), 271
(13,000), 286 (9820) nm; nmax 3320, 2925, 2195, 1615,
1005, 833 cm�1, dH 5.96 (1H, tq, J¼6.9 and 1.3,
]CHCH2OH), 5.38 (1H, ]CHC), 5.15 (1H, tt, J¼7.1 and
1.3, Me2C]CH), 4.23 (2H, d, J¼6.9, CH2OH), 2.32 (2H,
t, J¼7.5, CH2CH2), 2.14 (2H, q, J¼7.5, CH2CH2), 1.86
(3H, d, J¼0.6, ]CMe), 1.86 (3H, d, J¼1.4, ]CMe), 1.70
(3H, Me), 1.63 (3H, Me) ppm; dC 152.5 (s, ]C), 133.8 (d,
]CH), 132.1 (s, ]C), 123.8 (d, ]CH), 121.6 (s, ]C),
105.3 (d, ]CH), 93.7 (s, ^C), 86.0 (s, ^C), 59.2 (t,
CH2), 35.0 (t, CH2), 26.4 (t, CH2), 25.7 (q, CH3), 17.7 (q,
CH3), 17.4 (q, CH3) ppm; m/z 218.1663; C15H22O requires
M 218.1671.

3.1.5. (2Z,6E)-1-Bromo-3,7,11-trimethyldodeca-2,6,10-
trien-4-yne (9). A solution of 1,2-dibromotetrachlorethane
(0.21 g, 0.64 mmol) in dry ether (5 ml) was added over
5 min to a stirred solution of (2Z,6E)-3,7,11-trimethyldo-
deca-2,6,10-trien-4-yn-1-ol (8) (0.82 g, 3.8 mmol) and tri-
phenylphosphine (0.17 g, 0.65 mmol) in dry ether (5 ml) at
0 �C under a nitrogen atmosphere in the dark, and the mix-
ture was then stirred at this temperature for 10 min. The mix-
ture was warmed to room temperature and the stirring was
then continued for a further 20 min, by which time a colour-
less precipitate of triphenylphosphine oxide had formed.
The precipitate was filtered off, and the ether was then evap-
orated to leave a brown oil. Chromatography [silica G, ether/
petrol ether (bp 40–60 �C), 1:3] gave the 2Z,6E-alkyl bro-
mide (0.12 g, 98%) as a colourless oil, which showed lmax

(EtOH) 283 (13,000) nm; nmax 2920, 2190, 1610, 835, 780,
755 cm�1, dH 5.87 (1H, tq, J¼8.0 and 1.3, ]CHCH2Br),
5.47 (1H, ]CHC]), 5.09 (1H, br, Me2C]CH), 4.25 (2H,
d, J¼8.0, CH2Br), 2.15 (4H, m), 1.94 (6H, 2�]CMe),
1.69 (3H, Me), 1.61 (3H, Me) ppm; dC 153.3 (s, ]C),
132.2 (s, ]C), 130.12 (d, ]CH), 124.7 (s, ]C), 123.3 (d,
]CH), 104.8 (d, ]CH), 95.1 (s, ^C), 89.3 (s, ^C), 38.9
(t, CH2), 30.8 (t, CH2), 25.7 (q, CH3), 23.3 (q, CH3), 19.6
(q, CH3), 17.7 (q, CH3) ppm; m/z 280.0836; C15H21

79Br
requires M 280.0826.

3.1.6. (2Z,6E)-3,7,11-Trimethyldodeca-2,6,10-trien-4-
ynyl-triphenylphosphonium bromide (4). Triphenylphos-
phine (0.26 g, 0.99 mmol) was added to a solution of freshly
prepared (2Z,6E)-1-bromo-3,7,11-trimethyldodeca-2,6,10-
trien-4-yne (9) (0.279 g, 0.99 mmol) in dry benzene
(15 ml) and the mixture was then stirred in the dark, over-
night under a nitrogen atmosphere. The benzene was evapo-
rated leaving a sticky pale brown solid, which was triturated
with dry ether (6�10 ml). The ether was evaporated leaving
the phosphonium salt (0.46 g, 85%) as an extremely hygro-
scopic, flaky colourless solid, which showed lmax (CHCl3)
230 (36,300), 277 (18,640), 268 (17,830), 303 (13,500) nm;
nmax (CHCl3 solution) 3380, 2900, 2480, 2200, 1615,
1010 cm�1, dH 7.70–7.90 (15H, m), 5.65 (1H, br,
]CHCH2), 5.21 (1H, ]CHC]), 5.04 (1H, br, Me2C]CH),
4.94 (2H, dd, J¼6 and 12, CH2PPh3), 2.07–2.12 (4H, m),
1.83 (3H, d, J¼6, ]CMe), 1.72 (3H, ]CMe), 1.69 (3H,
]CMe), 1.60 (3H, ]CMe) ppm; dC 153.4 (s, ]C), 135.0
(d, ]CH), 133.8 (d, J¼9.5, ]CH), 132.3 (s, ]C), 130.3
(d, J¼12.2, ]CH), 128.9 (d, J¼13.8, ]CH), 123.2 (d,
]CH), 118.5 (d, J¼10.5, ]CH), 118.1 (d, J¼85.5,
]CH), 104.3 (d, ]CH), 94.8 (s, ^C), 89.3 (s, ^C), 38.6
(t, CH2), 27.0 (t, J¼50.1, CH2), 26.1 (t, CH2), 25.6 (q,
CH3), 23.5 (q, CH3), 19.5 (q, CH3), 17.7 (q, CH3) ppm;
FAB mass spectrum m/z 463 (M�Br) (73%), 262 (53%),
183 (57%), 69 (94%), 55 (100%).

The corresponding 2E,6E-triphenylphosphonium salt was
prepared in a similar manner from the 2E,6E-alcohol (15),
and was obtained as a very hygroscopic flaky colourless
solid, which showed lmax (EtOH) 200 (31,000), 231 inf
(10,800), 267 (5560), 275 (6180), 287 inf (4940), 303 inf
(4630) nm; nmax 2920, 2440, 2200, 1610, 920 cm�1, dH

7.69–7.91 (15H, m), 5.66 (1H, q, J¼7.4 ]CHCH2), 5.21
(1H, ]CHC]), 5.04 (1H, br, Me2C]CH), 4.79 (2H, dd,
J¼16 and 8, CH2PPh3), 2.10 (4H, m), 1.84 (3H, ]CMe),
1.67 (3H, ]CMe), 1.59 (3H, ]CMe), 1.54 (3H, d, J¼4.0,
]CMe) ppm; dC 153.5 (s, ]C), 135.2 (d, ]CH), 133.9
(d, J¼9.6, ]CH), 132.2 (s, ]C), 130.4 (d, J¼12.4,
]CH), 128.9 (d, J¼13.8, ]CH), 123.2 (d, J¼10.9,
]CH), 117.8 (d, J¼85.5, ]CH), 104.3 (d, ]CH), 93.2
(s, ^C), 88.3 (s, ^C), 38.7 (t, CH2), 26.2 (t, CH2), 25.7
(q, CH3), 25.4 (t, J¼47.8, CH2), 19.5 (q, CH3), 18.7 (q,
CH3), 17.8 (q, CH3) ppm.

3.1.7. (10Z)-2,7,11,15,19-Pentamethyleicosa-2,4,6,8,10,14,18-
hepten-12-yn-1-al (16). Aqueous 2 M sodium hydroxide
(2 ml, 4 mmol) was added to a stirred solution of (2Z,6E)-
3,7,11-trimethyldodeca-2,6,10-trien-4-ynyl-triphenylphospho-
nium bromide (4) (0.4 g, 0.74 mmol) in 1,2-dichloroethane
(200 ml) and the mixture was then stirred under an argon
atmosphere, at room temperature, in the dark for 10 min.
A solution of the C10-triene dialdehyde (5) (0.483 g,
2.9 mmol) in 1,2-dichloroethane (40 ml) was added to the
stirred deep red coloured solution of the ylide over a period
of 10 min and stirring was then continued at room tempera-
ture for a further 2 h. Glacial acetic acid (2 ml, 35 mmol)
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was added, followed by ether (200 ml) and the mixture was
then washed with water (4�100 ml). The combined aqueous
washings were re-extracted with ether (2�100 ml), and the
combined ether solutions were then dried and evaporated
leaving a viscous orange oil. Purification by preparative
thin layer chromatography [silica G, ether/petrol ether (bp
40–60 �C), 1:2] gave the (Z-10) C25 aldehyde (0.092 g,
36%) as a bright orange-red oil. lmax (hexane) 391 inf
(26,800), 411 (32,000), 434 (24,300) nm; nmax (CHCl3 solu-
tion) 2920, 1660, 1560, 985 cm�1, dH 9.45 (1H, CHO), 6.29–
6.72 (7H, m, ]CH), 5.53 (1H, ]CH), 5.10 (1H, br, ]CH),
2.17 (4H, m), 2.02 (3H, Me), 2.00 (3H, Me), 1.99 (3H, Me),
1.70 (3H, Me), 1.62 (3H, Me) ppm; dC 39.0 (t, CH2), 26.6
(t, CH2), 25.7 (q, CH3), 23.8 (q, CH3), 19.7 (q, CH3), 17.8
(q, CH3), 13.1 (s), 9.7 (q, CH3) ppm; m/z 348.2454;
C25H32O requires M 348.2453.

3.1.8. (9Z,90Z)-7,8,70,80-Tetradehydrolycopene (3). Aque-
ous 2 M sodium hydroxide (1 ml, 2 mmol) was added to a
stirred solution of (2Z,6E)-3,7,11-trimethyldodeca-2,6,10-
trien-4-ynyl-triphenylphosphonium bromide (4) (0.286 g,
0.53 mmol) in 1,2-dichloroethane (20 ml), and the mixture
was then stirred under an argon atmosphere, at room temper-
ature, in the dark for 10 min. A solution of the (10Z) C25-
aldehyde (16) (0.092 g, 0.026 mmol) in 1,2-dichloroethane
(30 ml) was added and the mixture was stirred at room
temperature for a further 2 h. Glacial acetic acid (1 ml,
17.5 mmol) was added, followed by ether (200 ml) and
the mixture was then washed with water (4�50 ml). The
combined aqueous washings were re-extracted with ether
(2�100 ml), and the ether solutions were then dried and
evaporated leaving a deep red solid. The solid was purified
by preparative thin layer chromatography [silica G, 10%
acetone in n-hexane] to give the tetradehydro C40 com-
pound (0.05 g, 61%) as a deep red solid. HPLC analysis
showed that the solid consisted of a 2:1 mixture of the de-
sired 9Z,11E,90Z,110E-isomer (3) and the 9Z,11E,90Z,110Z-
isomer (17).

A very dilute solution of iodine in benzene (0.5 ml) was
added to a solution of the tetrahydrolycopene isomers
(0.08 g, 0.015 mmol) in n-hexane (10 ml) under a nitrogen
atmosphere. The solution was stirred under a nitrogen atmo-
sphere at room temperature for 3.5 h by which time HPLC
analysis showed that only the 9Z,11E,90Z,110E-isomer of
the tetrahydrolycopene was present. The solution was
washed thoroughly with 1 M sodium thiosulfate solution
(4�3 ml) and water (2�10 ml), then dried and evaporated
to leave a deep red solid (0.075 g). Crystallisation from hex-
ane/ethanol gave the (9Z,90Z) tetrahydrolycopene as minute
orange crystals, mp 100 �C, which showed lmax (n-hexane)
419 (37,000), 443 (55,600), 472 (49,100) nm; nmax (CHCl3
solution) 1600, 980, 930, 880 cm�1, dH 6.80 (2H, dd,
J¼15 and 11, C11, C110-H), 6.60 (AA0 of AA0BB0 spin sys-
tem, C15, C150-H), 6.35 (2H, d, J¼15, C12, C120-H), 6.29
(2H, d, J¼11, C10, C100-H), 6.25 (BB0 of AA0BB0 spin
system, C14, C140-H), 5.52 (2H, C6, C60-H), 5.10 (2H, br,
C2, C20-H), 2.16 (8H, m, 4�CH2), 1.98 (12H, 4�]CMe),
1.95 (6H, 2�]CMe), 1.69 (6H, 2�]CMe), 1.61 (6H,
2�]CMe) ppm; dC 152.1 (s, ]C), 137.3 (d, ]CH),
136.6 (s, ]C), 135.7 (d, ]CH), 133.1 (d, ]CH), 132.3
(s, ]C), 130.2 (d, ]CH), 127.2 (d, ]CH), 123.5 (d,
]CH), 119.9 (s, ]C), 105.4 (d, ]CH), 94.9 (s, ^C),
92.4 (s, ^C), 39.0 (t, CH2), 26.4 (t, CH2), 25.8 (q, CH3),
23.6 (q, CH3), 19.6 (q, CH3), 17.8 (q, CH3), 12.8 (q,
CH3) ppm; m/z 532.4058; C40H52 requires M 532.4069.

3.1.9. Prolycopene (2). Lindlar’s catalyst (10 mg) was
added to freshly distilled, degassed ethyl acetate (5 ml) in
a microhydrogenator in the dark, and the system was then
flushed out three times with hydrogen. A solution of the tet-
rahydrolycopene (3) (10 mg, 0.019 mmol) in ethyl acetate
(2 ml) was added and hydrogen uptake started immediately.
After 30 s hydrogen uptake had ceased! The catalyst was fil-
tered off and the ethyl acetate was then evaporated in vacuo
to leave a bright orange oil. Analysis by HPLC showed that
the oil was a mixture of compounds, the major one of which
was isoretentive with authentic prolycopene. The prolyco-
pene was separated by HPLC to give a red solid (<1 mg),
which showed lmax (n-hexane) 417, 438, 468 nm; dH 6.62–
5.95 (16H, m), 5.07 (2H, br), 2.05–2.07 (8H, m), 1.98 (6H,
2�CH3), 1.87 (6H, 2�CH3), 1.78 (6H, 2�CH3), 1.65 (6H,
2�CH3), 1.56 (6H, 2�CH3) ppm; m/z 536.4388; C40H56

requires M 536.4382. The synthetic prolycopene did not
separate from authentic, naturally derived prolycopene in
chromatographic analysis and their visible absorption, PMR
spectroscopic data, together with mass spectrometry data
were closely identical.

Acknowledgements

We thank Imperial Tobacco Ltd, Nottingham for support of
this work (studentship to D.C.R). We also thank Dr. (now
Professor) J. A. Murphy for his interest in this study.

References and notes

1. Zechmeister, L.; LeRosen, A. L.; Went, F. W.; Pauling, L. Proc.
Natl. Acad. Sci. U.S.A. 1941, 27, 468–474.

2. (a) Englert, G.; Brown, B. O.; Moss, G. P.; Weedon, B. C. L.;
Britton, G.; Goodwin, T. W.; Simpson, K. L.; Williams,
R. J. H. J. Chem. Soc., Chem. Commun. 1979, 545–547; (b)
Englert, G. Helv. Chim. Acta 1979, 62, 1497–1500.

3. Clough, J. M.; Pattenden, G. J. Chem. Soc., Chem. Commun.
1979, 616–619.

4. Clough, J. M.; Pattenden, G. J. Chem. Soc., Perkin Trans. 1
1983, 3011–3018.

5. Pattenden, G.; Robson, D. C. Tetrahedron Lett. 1987, 28, 5751–
5754.

6. Hengartner, U.; Bernhard, K.; Meyer, K.; Englert, G.; Glinz, E.
Helv. Chim. Acta 1992, 75, 1848–1865.

7. cf. Pattenden, G. Carotenoid Chemistry and Biochemistry;
Britton, G., Goodwin, T. W., Eds.; Pergamon: Oxford, 1982;
pp 87–96.

8. For a recent review on aspects of stereocontrolled polyene syn-
thesis see: Thirsk, C.; Whiting, A. J. Chem. Soc., Perkin Trans. 1
2002, 999–1023. For some recent examples of methods for the
construction of polyenes see: Bouchez, L. C.; Vogel, P. Chem.—
Eur. J. 2005, 11, 4609–4620; Lipshutz, B. H.; Clososki, G. C.;
Chrisman, W.; Chung, D. W.; Ball, D. B.; Howell, J. Org.
Lett. 2005, 7, 4501–4504; Coleman, R. S.; Walczak, M. C.
Org. Lett. 2005, 7, 2289–2291 and references therein.

9. Lindlar, H. Helv. Chim. Acta 1952, 35, 446–450.



7483G. Pattenden, D. C. Robson / Tetrahedron 62 (2006) 7477–7483
10. Matsumoto, M.; Kuroda, K. Tetrahedron Lett. 1980, 21, 4021–
4024.

11. See: Negishi, E.; Anastasia, L. Chem. Rev. 2003, 103, 1979–
2077; Nicolaou, K. C.; Bulger, P. G.; Sarlah, D. Angew.
Chem., Int. Ed. 2005, 44, 4442–4489; see also: Wipf, P.;
Graham, T. H. J. Am. Chem. Soc. 2004, 126, 15346–15347.

12. Bringmann, G.; Schneider, S. Synthesis 1983, 139–141.
13. Weedon, B. C. L. Pure Appl. Chem. 1969, 20, 531–543. We
thank the late B. C. L. Weedon for providing intermediates
used in the synthesis of (5).

14. Carey, L.; Clough, J. M.; Pattenden, G. J. Chem. Soc., Perkin
Trans. 1 1983, 3005–3009.

15. Bernhard, K.; Kienzle, F.; Mayer, H.; Mueller, R. K. Helv.
Chim. Acta 1980, 63, 1473–1490.



Tetrahedron 62 (2006) 7484–7491
Efficient synthesis of 2,5-diketopiperazines
using microwave assisted heating

Marcus Tullberg, Morten Grøtli and Kristina Luthman*

Department of Chemistry—Medicinal Chemistry, G€oteborg University, SE-412 96 G€oteborg, Sweden

Received 5 February 2006; revised 19 April 2006; accepted 4 May 2006

Available online 9 June 2006

Abstract—In this study a general, efficient and environmentally benign solution phase synthesis of 2,5-diketopiperazines (DKPs) using
microwave assisted heating in water is described. A series of 11 structurally different DKPs have been synthesized from dipeptide methyl
esters. A range of common laboratory solvents have been tested as well as different reaction times and temperatures. Both classic thermal
and microwave assisted heating have been investigated. Microwave assisted heating for 10 min using water as solvent proved, by far, to
be the most efficient method of cyclization giving moderate to excellent yields (63–97%) of DKPs. In contrast to other published procedures,
this method seems independent of the amino acid sequence.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

2,5-Diketopiperazines (DKPs) are cyclic dipeptide deriva-
tives, which show a multitude of interesting biological activ-
ities,1 e.g., efficient interactions with opioid receptors,2

potent cytotoxic effects via a variety of mechanisms3–5 and
neuroprotective effects.6 Recently, they have also been asso-
ciated with blockade of L-type calcium channels,7 tryptase
inhibition,8 oxytocin receptor antagonism9 and plasminogen
activator inhibition.10 For some time we have been working
on the use of suitable scaffolds for the development of novel
peptidomimetics and in that context we have become inter-
ested in DKP derivatives. However, to be able to synthesize
and investigate the properties of large numbers of DKPs an
efficient, robust and reproducible method for their synthesis
is needed.

DKPs can be synthesized from the corresponding dipeptides
both in solution and on solid phase. There are many reports
in the literature of general methods for solid phase synthe-
sis.11 They are all in small scale and due to the problems
with scaling-up of solid phase reactions, mainly for eco-
nomic reasons, this is a less useful procedure for large-scale
synthesis of DKPs.12 In contrast, for syntheses in the solu-
tion phase there are no general procedures available in the
literature which lead to high yields of DKPs independent
of the amino acid composition. In solution, the methods

Keywords: Diketopiperazines; Microwave heating; Dipeptide synthesis;
Peptide cyclization.
* Corresponding author. Tel.: +46 31 7722894; fax: +46 31 7723840;

e-mail: luthman@chem.gu.se
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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are generally based on cyclization of dipeptide methyl
esters,11 or direct cyclization of unprotected dipeptides.11–13

Several of the reported methods have shortcomings, e.g.,
the Fischer method,14 in which the dipeptide methyl esters
are subjected to excess ammonia, has been reported to cause
epimerization to a varying extent.15,16a A method based on
the cyclization of the dipeptide methyl ester in toluene/
2-butanol (1:4) has been reported16a to give generally good
yields. However, there have also been reports of low yielding
reactions using this method.15,16b Unfortunately, when using
any of these or similar reaction conditions for the synthesis of
DKPs we were not able to reproduce the reported results,
even if high temperatures and long reaction times were used.
In our hands, only dipeptides containing the conformation-
ally restricted amino acid proline cyclized successfully.
We therefore set out to identify the optimal reaction condi-
tions for an efficient and general synthetic procedure for
DKPs. To accomplish that we have used a series of 11 dipep-
tide methyl esters as starting materials and investigated
the influence of amino acid composition, solvent, reaction
time and reaction temperature, the latter using both thermal
and microwave heating. During the last decade microwave
assisted heating has proven to be highly successful in speed-
ing up reactions otherwise run for long periods of time, but to
the best of our knowledge the use of microwave heating for
the formation of DKPs has only been investigated to a limited
extent.17,18

In the present study it was found that cyclization of any of
the tested dipeptide methyl ester hydrochlorides in water
using microwave assisted heating reproducibly resulted in
high to excellent yields of the corresponding DKPs.

mailto:luthman@chem.gu.se
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2. Results and discussion

Our synthetic procedure to obtain DKPs involved three steps
(Scheme 1). First, the dipeptide methyl ester derivatives
were formed via coupling of an N-Boc-protected amino
acid with an amino acid methyl ester using 1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide (EDC). EDC was chosen
as it can easily be removed from the crude reaction mixture
by extraction with 10% aqueous citric acid. In the second
step, the Boc-group was cleaved using HCl–saturated
methanol to afford the dipeptide methyl esters as their hydro-
chloride salts. Both the coupling reactions and the Boc-
deprotection reactions proceeded in high yields (84–94%
and 80–94% isolated yield, respectively). (For experimental
procedures and structural characterization of compounds 1–
22, see Supplementary data.) In the final step, the dipeptide
was cyclized in the presence of triethylamine as the base. For
this step several different reaction conditions were tested and
the results are discussed below.

BocHN
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O

R1

O R2

O

BocHN COOH
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H2N COOMe

R2

H2N
H
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O
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O

O
R2

R1
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b c

2-10

12-21

23-32

Scheme 1. Reagents: (a) EDC/NMM, CH2Cl2; (b) HCl (g)/MeOH; (c) H2O,
2.5 equiv Et3N/thermal or microwave heating.

As there are reports in the literature on microwave assisted
Boc-removal17–19 it was first investigated whether the Boc-
protected dipeptides could be directly used for DKP forma-
tion both in thermally and microwave heated reactions.
Dipeptide 2 (Boc-Phe–TrpOMe)20 was therefore heated to
reflux overnight in toluene/2-butanol (1:4), water, toluene
and in tert-butanol, but unfortunately incomplete removal
of the Boc-group was observed in all the reactions. There-
fore, to allow comparisons of classical thermal heating and
microwave assisted heating, the hydrochloride salts of the
dipeptide methyl esters were used as starting materials in
all cyclization reactions.

2.1. Optimization of individual reaction parameters

2.1.1. Choice of amino acids. To identify the optimal re-
action conditions for the cyclization of dipeptides to DKPs
a series of 11 dipeptide methyl ester hydrochlorides (12–
22) were synthesized and cyclized to form the corresponding
DKPs (23–33, Table 1). The amino acids were chosen to
cover a range of physico-chemical properties such as polar-
ity, conformational flexibility, steric and electrostatic prop-
erties. Thus, DKPs containing two sterically demanding
aromatic side chains (23) or flexible aliphatic and/or aro-
matic side chains of varying size (26, 27, 29–32) have
been synthesized (Scheme 1). In addition, DKPs containing
functionalized amino acids (24, 25, 28 and 32) have also
been investigated.
Compound 30 was synthesized in order to investigate the
influence of a D-amino acid on the cyclization efficiency, us-
ing the L-diastereomer 29 as comparison (see below). Com-
pound 33 was synthesized as a reference compound as it is
well known that proline facilitates the formation of DKPs.11

2.1.2. Choice of solvent, heating method and optimization
of reaction time and temperature. To investigate the influ-
ence of solvent properties on the DKP formation dipeptide
16 (Phe–LeuOMe)21 was used as a test compound. A range
of common laboratory solvents were tested (Table 2) includ-
ing the solvent mixture toluene/2-butanol (1:4) previously
used in DKP synthesis.16a The reactions were stirred effi-
ciently as DKPs are known to easily form gels in some sol-
vents.22 The reaction rates for the thermally heated reactions
were slow according to TLC, and the reactions had to be
heated to reflux for 12 h. The isolated yields of the cyclized
product 27 varied from 5–6% in highly polar solvents such
as water, DMF and MeOH to 36–38% in tert-butanol and
toluene (Table 2).

Using microwave assisted heating for the cyclization of
16 gave low yields of 27 in all solvents except for water

Table 1. Structures of the synthesized diketopiperazines

HN
NH

O

O
R2

R1

HN
N

O

O

R1

23 - 32 33

Compound R1 R2

23 Benzyl (3-Indolyl)–CH2

24 (3-Indolyl)–CH2 CH2OH
25 (3-Indolyl)–CH2 CH2OBn
26 Benzyl Butyl
27 Benzyl Isobutyl
28 (3-Indolyl)–CH2 CH2CONH2

29 L-Isopropyl Butyl
30 D-Isopropyl Butyl
31 H Butyl
32 Isobutyl 4-OH–benzyl
33 Benzyl —

Table 2. Isolated yields of 27 obtained in the cyclization reactions using
50 mg of 16 in the presence of 2.5 equiv of triethylamine

Solvent Yield (%)

D MW

Toluene 38 8
tert-Butanol 36 12
Acetonitrile 33 5
1,2-Dichloroethane 33 6
Toluene/2-butanol (1:4) 33 10
1,2-Dimethoxyethane 25 6
tert-Butanol/H2O (1:1) 24 9
Benzene 17 5
CCl4 16 5
1,4-Dioxane 10 7
Methanol 6 5
DMF 5 6
H2O 5 67

The thermally heated reactions (D) were heated to reflux for 12 h and the
microwave assisted (MW) reactions were heated for 10 min at a temperature
40 �C above the boiling point of the solvent. Each reaction was performed at
least twice.
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(Table 2), which resulted in the formation of 27 in 67% yield.
The other solvents tested gave only low yields (5–12%) of
product and resulted in complex reaction mixtures according
to TLC.

For the microwave assisted reactions the yields were highest
when run at a temperature of 40 �C above the boiling point of
the solvents. This was shown for the cyclization of 16 in
water for which the yields of 27 increased from 5% at
120 �C, to 67% at 140 �C, 63% at 150 �C and then decreased
to 44% at 170 �C. At 170 �C the reaction became yellowish
in colour and proved to be difficult to purify as a complex
mixture of products was formed, none of the desired product
could be isolated from the reaction mixture.

The optimal reaction time in the microwave heated reactions
was also investigated. Already after 5 min at 140 �C in water
the cyclization of 16 afforded 27 in 53% yield. The yield
improved to 67% when heated for 10 min at the same tem-
perature. Longer reaction times such as 20 or 45 min gave
no further increase in yield. Therefore the reaction time for
all the microwave reactions was set to 10 min.

2.2. Optimization of combined reaction parameters

Based on the results obtained in the test reactions four
solvents were finally chosen in the cyclization reactions on
all dipeptide methyl ester hydrochlorides synthesized (12–
22): water as it proved to be the only suitable solvent in
the microwave assisted reactions, tert-butanol and toluene
as they usually gave the highest yields in the thermally
heated reactions, and the toluene/2-butanol (1:4) mixture.
Although giving moderate yields in this work, it has been
previously proved to be suitable for the synthesis of
DKPs.16a Both classical heating (refluxing temperature,
12 h) and microwave mediated heating (40 �C above the
boiling point, 10 min) were used. All reactions were run at
least twice to secure reproducibility.

The syntheses of 23–33 were accomplished with varying suc-
cess (for isolated yields of products see Table 3). In most
cases the DKPs were easy to isolate as they were not soluble
to any great extent in any of the solvents tested and precipi-
tated spontaneously upon formation. Thus the work-up
procedure was straightforward; the reaction mixture was
concentrated in vacuo, the residue was re-suspended in water
and the solid product was filtered off, no further purification
procedures were necessary (purity>98% according to NMR
spectroscopy). Compounds 29, 30 and 33, which were partly
soluble in the reaction solvent, were purified by flash chroma-
tography as described in Section 4.

Despite the small volume of solvent used (3 mL), there were
no signs of polymerization in any of the reactions nor were
there any signs of epimerization at any of the temperatures
or in any solvents chosen.11

Using classical thermal heating the yields of DKPs were
generally low or moderate, with tert-butanol usually result-
ing in higher yields than in the other solvents (see Table 3),
the only exception being 25, which was formed in 57% yield
in water but only in 10% yield in tert-butanol. Some combi-
nations of solvent and dipeptide gave moderate to good
yields, e.g., 62% yield of 23 in tert-butanol and 41% in
water, or compound 31, which was formed in 88% yield in
tert-butanol and 51% in the toluene/2-butanol mixture. As
described earlier in the literature diastereomeric dipeptides
are generally cyclized in significantly different yields,11

for 29 and 30 a facilitated cyclization to the D-valine con-
taining derivative (30) was shown. In fact, 30 was formed
considerably faster than 29, showing signs of cyclization
already after 5 min. Compounds 26, 28 and 29 could not
be obtained in yields higher than 10% independent of solvent
used, whereas high yields of the proline containing DKP 33
were obtained in all solvents.11 In conclusion, no general
characteristics of the dipeptide that would result in high
yields of DKPs in a given solvent could be observed in the
thermally heated reactions.

For the microwave assisted syntheses of 23–32 the only suit-
able solvent was water, giving moderate to excellent yields
of cyclized products (63–97%). Reactions in the other sol-
vents gave low yields, varying from <5 to 24% (Table 3),
mainly due to the formation of complex mixtures according
to TLC. Water on the other hand often gave a dazzling white
reaction matrix from which the products were easily sepa-
rated from the starting materials with no sign of any byprod-
ucts. Interestingly, the synthesis of 26, 28 and 29, which only
produced traces of product using thermal heating, were
formed in 97, 71 and 63% yield, respectively, using micro-
wave heating in water.

It is notable that 27 was formed in higher yields than the
structurally related 26 in tert-butanol, toluene and toluene/
2-butanol (1:4) using thermal heating (37, 24 and 32% com-
pared to 10, 10 and <5%) but the other way round in water
when using microwave assisted heating (68 and 97%, re-
spectively). This may be explained by the fact that 27 gave
a solid gel instead of crystals in the microwave assisted reac-
tions. The reaction mixture might therefore no longer have

Table 3. Isolated yields obtained in cyclization reactions (50 mg of dipep-
tide in the presence of 2.5 equiv of triethylamine) using different solvents
and heating procedures, classical thermal heating (D) or microwave assisted
heating (MW)

Yield (%)/Da Yield (%)/MWb

H2O Toluene/
2-BuOHc

Toluene t-BuOH H2Od Toluene/
2-BuOHe

Toluenee t-BuOHf

23 41 8 20 62 73 14 18 10
24 <5 9 5 41 81 <5 10 5
25 57 6 5 10 70 6 <5 12
26 5 5 10 10 97 12 12 15
27 7 32 24 37 68 17 14 24
28 <5 <5 7 10 71 21 7 6
29 7 5 <5 8 63 15 8 8
30 35 7 22 41 84 12 <5 6
31 33 51 29 88 70 10 14 10
32 28 23 12 37 83 5 12 <5
33 89 88 83 93 93 73 70 76

Each reaction has been run at least twice with a difference in yield not higher
than �3%.
a The reactions were heated to reflux for 12 h.
b The reaction time was 10 min.
c The reaction temperature was 110 �C.
d The reaction temperature was 140 �C.
e The reaction temperature was 150 �C.
f The reaction temperature was 125 �C.
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the physical properties of a classic solvent. No formation of
gels was detected in the thermally heated reactions.

In general, compound 30 was formed in much higher yields
than its diastereomer 29 both in the microwave assisted and
the classic thermal heated reactions. Dipeptides with differ-
ent configuration at the a-carbons probably give less steric
hindrance in the cis-amide conformation. In addition, the
steric hindrance between the two side chains in 30 is lower
than that in 29 because of its trans-configuration.11 Interest-
ingly, the solubility of 30 was shown to be higher than that of
29 in both water and MeOH.

As expected for cyclization of dipeptides containing a pro-
line residue and thereby a higher cis-amide content23 the
yields of 33 were excellent in all solvents using both heating
methods (70–96%). However, using thermal heating the for-
mation of 33 was still quite slow so the reaction had to be
heated to reflux for 12 h.

The dipeptides containing serine or benzyl-protected serine
residues (13 and 14, respectively) were possible to cyclize in
acceptable yields using different solvents: unprotected 13
gave 41% yield of 24 in tert-butanol whereas 14 preferen-
tially cyclized in water producing 25 in 57% yield. Both
dipeptides cyclized efficiently in water using microwave
heating, producing 24 and 25 in 81 and 70% yield, respec-
tively. Debenzylation of 25 using catalytic hydrogenation
(5% Pd/C in EtOH) proceeded smoothly and 24 could be
isolated in high yields (96%) (data not shown).

2.3. Conformational effects observed in 23, 26 and 32

During the structural characterization of the DKPs several
derivatives showed extraordinary chemical shifts in 1H
NMR spectra. To explain these unexpected results computer
assisted molecular modelling was performed using the
MacroModel program (v 7.1) and the Amber 94 force field.
It is known from the literature that DKPs containing aro-
matic side chains can adopt extraordinary conformations
in solution as the otherwise rather flexible aromatic rings
often choose severely restricted conformations.2b,24 This
was also observed for some of the DKPs obtained in this
study, e.g., strong shielding effects in 1H NMR spectra of
compound 23 indicated that one of the benzylic protons
in phenylalanine was affected by the aromatic ring of the
tryptophane residue.25 The chemical shift for this proton
was d 1.40 compared to d 2.60 for the other b-proton.

Computer assisted conformational searches of compound 23
(performed both in vacuum and in simulated water or chlo-
roform environments) corroborated this finding as the global
minimum and other low energy conformers (DE<3.7 kJ/
mol) showed that either one of the four b-protons could be
shielded (Fig. 1, above left).

Also in the 1H NMR spectra of compound 32 a similar
shielding effect was observed on the signal from the CH2-
group in the leucine side chain. This resulted in a chemical
shift of d 0.10 compared to d 1.54 for the same signal in
27 where no shielding effect was observed. Conformational
analysis of 32 showed a global minimum conformation and
low energy conformations in which the hydrogen atoms of
the CH2-group were directed towards the aromatic ring of
tyrosine (Fig. 1, above right). Interestingly, the published
X-ray crystal structure of 3226 shows the same conforma-
tional effects as those observed in solution and in the com-
puter calculations in this study.

A similar shielding effect was also observed in the 1H NMR
spectra of 26 in which the b-methylene protons of norleucine
were experiencing different magnetic environments. The
shielding effect was also observed in the computer model-
ling (Fig. 1, lower middle). No shielding effects were
observed in the NMR spectra of 27, this is especially inter-
esting as compound 27 is an isomer of 26.

3. Conclusions

In this study we have developed a general, efficient and
environmentally benign synthetic procedure for the forma-
tion of DKPs from the corresponding dipeptide methyl ester
hydrochlorides. The results show that the highest yielding
way to synthesize DKPs is to use microwave assisted heating
with water as solvent. The reactions were run only for short
times (10 min), and as most products precipitated during the
reaction the work-up procedure was simple, and the products
isolated in moderate to excellent yields (63–97%). Although
classic thermal heating provided good yields for some deriv-
atives, the optimal conditions for a certain dipeptide could
not be predicted. The observations of constrained conforma-
tions of the DKPs in 1H NMR spectra have been confirmed
by computational analyses.

4. Experimental

4.1. General

All reagents and solvents were of analysis or synthesis grade.
1H and 13C NMR spectra were obtained on a JEOL JNM-EX
400-spectrometer at 400 and 100 MHz, respectively. The
designations of atoms for interpretation of NMR spectra
are given in Figure 2. The reactions were monitored by thin-
layer chromatography (TLC), on silica plated aluminium

Figure 1. Global minimum conformations (Amber 94 force field, Macro-
Model v 7.1) of 23 (above left), 32 (above right) and 26 (below). In 23
the shielded benzylic hydrogen atom in phenylalanine is shown. In 32 and
26 the shielded b-hydrogens in leucine and norleucine, respectively, are
shown. The other hydrogens in the structures have been omitted for clarity.
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sheets (silica gel 60 F254, E. Merck), detecting spots by UV
and/or 2% ninhydrin in ethanol followed by heating. Column
chromatography was performed on wet packed silica (silica
gel 60 (0.040–0.063 mm), E. Merck) using flash chromato-
graphy. Melting points were measured in a Büchi Melting
Point B-540 apparatus and are uncorrected. Optical rotations
were measured at room temperature with a Perkin–Elmer
341 LC polarimeter. The microwave reactions were carried
out in a Biotage Initiator instrument with a fixed hold
time. The IR spectra were obtained on a Perkin–Elmer 16
PC spectrometer. Elemental analyses were performed at
Mikrokemi AB, Uppsala, Sweden and at Kolbe Mikroanaly-
tisches Laboratorium, Mülheim and der Ruhr, Germany.
Conformational analyses were performed using the Amber
94 force field as implemented in the MacroModel program
7.1 run on a Silicon Graphics Octane workstation.

The synthetic procedure and characterization of compounds
1–22 are found in the Supplementary data. Compounds 23,
27 and 33 are commercially available.

4.2. General procedure for coupling reactions using
EDC (Scheme 1)

The methyl ester of the C-terminal amino acid was dissolved
in dry solvent (CH2Cl2 or DMF) (10 mL), followed by addi-
tion of NMM. The reaction mixture was stirred for 40 min at
0 �C whereupon EDC and the Boc-protected N-terminal
amino acid were added. The reaction was thereafter stirred
for 3 h at 0 �C and then overnight at rt. The reaction mixture
was diluted with CH2Cl2 and extracted with 10% aqueous
citric acid. The organic layer was dried (MgSO4), concen-
trated in vacuo and the crude product was purified by flash
chromatography.

4.3. General procedure for dipeptide cyclization
(Scheme 1)

The hydrochloride salt of the deprotected dipeptide was dis-
solved in the solvent (H2O, tert-butanol, toluene/2-butanol
(1:4) or toluene) (3 mL) and 2.5 equiv of triethylamine
was added. In each reaction 50 mg of each compound was
used. The microwave assisted heated reactions were run
for 10 min and the classic thermally heated reactions were
heated to reflux overnight. The crude product precipitated
spontaneously and the reaction mixture was concentrated
in vacuo, suspended in H2O and filtered. In the microwave
assisted reaction the procedure was the same with the excep-
tions that the reaction temperature was set at 40 �C above the
boiling point of the solvent. For choice of solvents and the
isolated yields of the reactions see Table 3.

4.3.1. c(L-Phenylalaninyl-L-tryptophanyl) (23). Com-
pound 12 and triethylamine were reacted as described in
the general procedure (Section 4.3). Pure 23 was isolated
as white crystals.

H
N1

2
3

3a
4 5

6
77a

1' 2'
3'

4'

Figure 2. Designation of atoms for interpretation of NMR data.
Mp 284–286 �C (lit.27 mp 284 �C). [a]D �174.4 (c 0.3,
CH3OH) (lit.28 [a]D �245.9 (c 1, CH3OH)). IR (KBr) nmax

3420, 3050, 1670, 1456, 1328 cm�1.28,29 1H NMR
(CD3OD) d 7.59 (d, J¼7.3 Hz, 1H, indole), 7.34 (d,
J¼7.3 Hz, 1H, indole), 7.19–7.01 (m, 6H, indole and Ph-
H), 6.61–6.57 (m, 2H, indole and Ph-H), 4.19–4.16 (m,
1H, a-CH), 3.98–3.88 (m, 1H, a-CH), 3.03 (dd, J¼13.4,
3.5 Hz, 1H, CH2-indole), 2.85–2.80 (m, 1H, CH2-Ph), 2.60
(dd, J¼13.4, 3.5 Hz, 1H, CH2-indole), 1.44–1.38 (m, 1H,
CH2-Ph). 13C NMR (CD3OD) d 165.6, 164.7 (C]O,
amides), 136.3, 135.9 (C-10 and C-7a), 129.5, 128.2 (C-20

and C-30), 127.7 (C-3a), 126.6 (C-40), 124.5 (C-2), 121.4
(C-6), 118.9, 118.7 (C-4 and C-5), 115.0 (C-7), 111.2 (C-
3), 56.4, 55.8 (a-CH), 40.2 (CH2-Ph), 29.8 (CH2-indole).
Anal. Calcd for C20H19N3O2: C, 72.05; H, 5.74; N, 12.60;
Found C, 72.0; H, 5.9; N, 12.6.

4.3.2. c(L-Tryptophanyl-L-serinyl) (24). Compound 13 and
triethylamine were reacted as described in the general proce-
dure (Section 4.3). Pure 24 was isolated as white crystals.

Mp 268–269 �C. [a]D �100 (c 0.5, CH3OH). IR (KBr) nmax

3412, 3349, 3204, 1733, 1635 cm�1. 1H NMR (CD3OD)
d 7.60 (d, J¼8.1 Hz, 1H, H-6-indole), 7.34 (d, J¼8.1 Hz,
1H, H-3-indole), 7.13-7.05 (m, 2H, indole), 7.04–6.98 (m,
1H, indole), 4.24–4.19 (m, 1H, a-CH), 3.83–3.81 (m, 1H,
a-CH), 3.41–3.33 (m, 2H, CH2-Ser), 3.30–3.26 (m, 1H,
CH2-indole), 2.91–2.85 (m, 1H, CH2-indole). 13C NMR
(CD3OD) d 168.8, 163.5 (C]O, amides), 136.7 (C-7a),
127.6 (C-3a), 124.1 (C-2), 121.2 (C-6), 118.8, 118.4 (C-4
and C-5), 111.0 (C-7), 108.5 (C-3), 63.4 (CH2OH), 57.5,
56.1 (a-CH), 30.6 (CH2-indole). Anal. Calcd for
C14H15N3O3: C, 61.53; H, 5.53; N, 15.38; Found C, 61.4;
H, 5.6; N, 15.6.

4.3.3. c(L-Tryptophanyl-O-benzyl-L-serinyl) (25). Com-
pound 14 and triethylamine were reacted as described in
the general procedure (Section 4.3). Pure 25 was isolated
as white crystals.

Mp 250–251 �C. [a]D�52.4 (c 0.45, DMSO). IR (KBr) nmax

3338, 2947, 1725, 1674 cm�1. 1H NMR (DMSO-d6) d 10.92
(s, 1H, NH, indole), 8.05 (dd, J¼2.6 Hz, 2H, NH, amides),
7.36–6.92 (m, 10H, Ar-H), 4.18 (d, J¼12.0 Hz, 1H, CH2-
Ph), 4.10 (d, J¼12.0 Hz, 1H, CH2-Ph), 4.08–4.05 (m, 1H,
a-CH), 3.79 (ddd, J¼6.0, 2.8, 2.6 Hz, 1H, a-CH), 3.24–
3.16 (m, 2H, CH2-Ser), 3.07 (dd, J¼14.3, 4.4 Hz, 1H,
CH2-indole), 2.54–2.50 (m, 1H, CH2-indole). 13C NMR
(DMSO-d6) d 167.7, 165.5 (C]O, amides), 138.4, 136.5,
128.7, 128.2 (C-20 and C-30), 128.0, 124.9, 121.4, 119.3,
119.0 (Ar), 111.8 (C-7), 109.4 (C-3), 72.7, 72.2 (CH2-Ser
and CH2-Ph), 56.0, 55.7 (a-CH), 30.6 (CH2-indole). Anal.
Calcd for C21H21N3O3: C, 69.41; H, 5.82; N, 11.56; Found
C, 69.3; H, 5.8; N, 11.5.

4.3.4. c(L-Phenylalaninyl-L-norleucinyl) (26). Compound
15 and triethylamine were reacted as described in the general
procedure (Section 4.3). Pure 26 was isolated as white
crystals.

Mp 269 �C. [a]D �20 (c 0.2, CH3OH). IR (KBr) nmax 3425,
3057, 1976, 1578, 1425 cm�1. 1H NMR (CD3OD) d 7.30–
7.17 (m, 5H, Ph-H), 4.32–4.29 (m, 1H, a-CH), 3.68–3.64
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(m, 1H, a-CH), 2.97–2.91 (m, 2H, CH2-Ph), 1.15–1.04 (m,
3H, CHCH2-Nle and CH2CH3-Nle), 0.91–0.82 (m, 2H,
CH2CH2-Nle), 0.78 (dt, J¼7.3, 1.8 Hz, 3H, CH3-Nle), 0.53–
0.47 (m, 1H, CHCH2-Nle). 13C NMR (CD3OD) d 168.8,
167.6 (C]O, amides), 135.4 (C-10), 130.4, 128.2 (C-20 and
C-30), 127.1 (C-40), 56.0, 54.6 (a-CH), 38.7 (CH2-Ph), 33.8
(CHCH2-Nle), 26.4 (CH2CH2-Nle), 21.9 (CH2CH3-Nle),
12.9 (CH3-Nle). Anal. Calcd for C15H20N2O2: C, 69.20;
H, 7.74; N, 10.76; Found C, 68.9; H, 7.6; N, 10.9.

4.3.5. c(L-Phenylalaninyl-L-leucinyl) (27). Compound 16
and triethylamine were reacted as described in the general
procedure (Section 4.3). Pure 27 was isolated as white crys-
tals.

Mp 282–284 �C. [a]D �8.0 (c 0.3, CH3OH). IR (KBr) nmax

3430, 3012, 1666, 1570, 1389 cm�1.21,30 1H NMR
(CDCl3) d 7.36–7.18 (m, 5H, Ph-H), 4.28–4.24 (m, 1H,
a-CH), 3.90–3.85 (m, 1H, a-CH), 3.28–3.22 (m, 1H,
CH2-Ph), 3.09–3.02 (m, 1H, CH2-Ph), 1.54 (app s, 2H,
CH2-Leu), 1.24 (app s, 1H, CH-Leu), 0.86 (app t,
J¼6.2 Hz, 6H, CH3-Leu). 13C NMR (CDCl3) d 171.6,
168.0 (C]O, amides), 135.1 (C-10), 129.9, 129.2 (C-20

and C-30), 127.7 (C-40), 56.3, 53.3 (a-CH), 42.9 (CH2-Leu),
40.3 (CH2-Ph), 24.1 (CH-Leu), 23.2, 20.9 (CH3-Leu). Anal.
Calcd for C15H20N2O2: C, 69.20; H, 7.74; N, 10.76; Found
C, 69.0; H, 7.8; N, 10.5.

4.3.6. c(L-Tryptophanyl-L-asparginyl) (28). Compound 17
and triethylamine were reacted as described in the general
procedure (Section 4.3). Pure 28 was isolated as off-white
crystals.

Mp 272–274 �C. [a]D �36 (c 0.2, DMSO). IR (KBr) nmax

3450, 3207, 3048, 1672, 1559, 1507 cm�1. 1H NMR
(DMSO-d6) d 10.90 (s, 1H, NH, indole), 7.94 (d,
J¼1.8 Hz, 1H, NH, amide), 7.67 (d, J¼1.5 Hz, 1H, NH,
amide), 7.57 (d, J¼7.7 Hz, 1H, indole), 7.12 (s, 1H, indole),
7.05 (t, J¼7.0 Hz, 1H, indole), 6.96 (t, J¼7.5 Hz, 1H,
indole), 6.91 (d, J¼7.7 Hz, 1H, indole), 4.13 (t, J¼4.2 Hz,
1H, a-CH), 3.99 (dd, J¼7.0, 3.7 Hz, 1H, a-CH), 3.21 (dd,
J¼14.5, 4.6 Hz, 1H, CH2-indole), 3.10 (dd, J¼14.5,
4.6 Hz, 1H, CH2-indole), 2.18 (dd, J¼15.7, 4.4 Hz, 1H,
CH2-Asn), 1.48 (dd, J¼15.7, 8.1 Hz, 1H, CH2-Asn). 13C
NMR (DMSO-d6) d 172.0 (C]O, Asn), 167.8, 167.5
(C]O, amides), 136.5 (C-7a), 128.2 (C-3a), 125.0 (C-2),
121.4, 119.4, 119.0 (C-4, C-5 and C-6), 111.8, 109.4
(C-3 and C-7), 55.8 (a-CH, Trp), 51.9 (a-CH, Asn),
38.8 (CH2-Asn), 29.2 (CH2-indole). Anal. Calcd for
C15H16N4O3: C, 59.99; H, 5.37; N, 18.66; Found C, 59.9;
H, 5.6; N, 18.3.

4.3.7. c(L-Valinyl-L-norleucinyl) (29).31 Compound 18 and
triethylamine were reacted as described in the general proce-
dure (Section 4.3). The crude product had to be purified
by flash chromatography using CH2Cl2/CH3OH (95:5) as
eluent. Pure 29 was isolated as white crystals.

Mp 254–256 �C. [a]D�87.7 (c 0.4, CH3OH). IR (KBr) nmax

3310, 3019, 1800, 1640 cm�1. 1H NMR (CD3OD) d 3.96–
3.93 (m, 1H, a-CH), 3.83–3.81 (m, 1H, a-CH), 2.30–2.22
(m, 1H, CH-Val), 1.87–1.82 (m, 1H, CHCH2-Nle), 1.79–
1.74 (m, 1H, CHCH2-Nle), 1.43–1.32 (m, 4H, CH2-Nle),
1.04 (d, J¼7.3 Hz, 3H, CH3-Val), 0.94 (d, J¼7.3 Hz, 3H,
CH3-Val), 0.93 (t, J¼7.0 Hz, 3H, CH3-Nle). 13C NMR
(CD3OD) d 169.5, 168.4 (C]O, amides), 60.1, 54.6
(a-CH), 34.1, 32.0 (CH-Val and CHCH2-Nle), 27.1
(CH2CH2-Nle), 22.1 (CH2CH3-Nle), 17.9, 16.3 (CH3-Val),
12.9 (CH3-Nle). Anal. Calcd for C11H20N2O2: C, 62.23; H,
9.50; N, 13.20; Found C, 62.4; H, 9.8; N, 13.5.

4.3.8. c(D-Valinyl-L-norleucinyl) (30).31 Compound 19 and
triethylamine were reacted as described in the general proce-
dure (Section 4.3). The crude product had to be purified
by flash chromatography using CH2Cl2/CH3OH (95:5) as
eluent. Pure 30 was isolated as white crystals.

Mp 263–265 �C. [a]D �6.6 (c 0.3, CH3OH). IR (KBr) nmax

3324, 3019, 1776, 1589 cm�1. 1H NMR (CD3OD) d 4.04
(td, J¼4.8, 1.1 Hz, 1H, a-CH), 3.79 (dd, J¼3.7, 1.1 Hz,
1H, a-CH), 2.32–2.24 (m, 1H, CH-Val), 1.96–1.86 (m, 1H,
CHCH2-Nle), 1.80–1.71 (m, 1H, CHCH2-Nle), 1.39–1.27
(m, 4H, CH2-Nle), 1.03 (d, J¼7.0 Hz, 3H, CH3-Val),
0.94 (d, J¼7.0 Hz, 3H, CH3-Val), 0.92 (t, J¼7.0 Hz,
3H, CH3-Nle). 13C NMR (CD3OD) d 169.6, 169.0 (C]O,
amides), 60.2, 54.0 (a-CH), 32.8, 32.2 (CH-Val and
CHCH2-Nle), 25.7 (CH2CH2-Nle), 22.2 (CH2CH3-Nle),
17.5, 15.7 (CH3-Val), 12.9 (CH3-Nle). Anal. Calcd for
C11H20N2O2: C, 62.23; H, 9.50; N, 13.20; Found C, 62.0;
H, 9.8; N, 13.5.

4.3.9. c(Glycinyl-L-norleucinyl) (31).32 Compound 20 and
triethylamine were reacted as described in the general proce-
dure (Section 4.3). Pure 31 was isolated as fluffy white
crystals.

Mp 256 �C. [a]D �1.4 (c 1, DMSO). IR (KBr) nmax 3200,
2954, 1682, 1468, 1337 cm�1. 1H NMR (DMSO-d6)
d 8.18 (s, 1H, NH-amide), 7.98 (s, 1H, NH-amide), 3.81–
3.63 (m, 3H, CH2-Gly and a-CH), 1.71–1.61 (m, 2H,
CHCH2-Nle), 1.33–1.23 (m, 4H, CH2-Nle), 0.87 (t,
J¼7.4 Hz, 3H, CH3-Nle). 13C NMR (DMSO-d6) d 168.6,
166.6 (C]O, amides), 54.7 (a-CH), 44.8 (CH2-Gly), 33.2
(CHCH2-Nle), 26.8 (CH2CH2-Nle), 22.5 (CH2CH3-Nle),
14.4 (CH3-Nle). Anal. Calcd for C8H14N2O2: C, 56.45; H,
8.29; N, 16.46; Found C, 56.5; H, 8.3; N, 16.1.

4.3.10. c(L-Leucinyl-L-tyrosinyl) (32). Compound 21 and
triethylamine were reacted as described in the general proce-
dure (Section 4.3). Pure 32 was isolated as white crystals.

Mp 301–303 �C (lit.33 mp 295–296 �C). [a]D 33.3 (c 0.3,
CH3OH). IR (KBr) nmax 3306, 3206, 2953, 1667,
1467 cm�1. 1H NMR (CD3OD) d 6.99 (d, J¼8.4 Hz, 2H,
Ph-H), 6.70 (d, J¼8.4 Hz, 2H, Ph-H), 4.22 (t, J¼4.0 Hz,
1H, a-CH), 3.65 (dd, J¼10.0, 4.2 Hz, 1H, a-CH), 3.19
(dd, J¼13.5, 3.7 Hz, 1H, CH2-Ph), 2.81 (dd, J¼13.5,
3.7 Hz, 1H, CH2-Ph), 1.47–1.36 (m, 1H, CH-Leu), 0.87
(ddd, J¼13.8, 9.6, 4.4 Hz, 1H, CH2-Leu), 0.73 (app t,
J¼8.1 Hz, 6H, CH3-Leu), 0.10 (ddd, J¼13.8, 9.6, 4.4 Hz,
1H, CH2-Leu). 13C NMR (CD3OD) d 171.4, 167.6 (C]O,
amides), 157.0 (C-40), 131.4 (C-20), 125.7 (C-10), 115.1
(C-30), 56.3, 52.8 (a-CH), 43.9 (CH2-Leu), 38.1 (CH2-Ph),
23.3 (CH-Leu), 22.1, 20.0 (CH3-Leu). Anal. Calcd for
C15H20N2O3: C, 65.20; H, 7.30; N, 10.14; Found C, 65.1;
H, 7.3; N, 9.9.
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4.3.11. c(L-Phenylalaninyl-L-prolinyl) (33). Compound 22
and triethylamine were reacted as described in the general
procedure (Section 4.3). The crude product had to be purified
by flash chromatography using CH2Cl2/CH3OH (95:5) as
eluent. Pure 33 was isolated as white crystals. For 1H and
13C NMR spectral data see Ref. 34.

Mp 130–132 �C (lit.35 mp 132 �C). [a]D �184 (c 0.3,
CH2Cl2). IR (KBr) nmax 3250, 3054, 1679, 1580,
1487 cm�1.36 1H NMR (CDCl3) d 7.33–7.25 (m, 5H,
Ph-H), 5.80 (br s, 1H, NH, amide), 4.26 (dd, J¼10.4,
3.5 Hz, 1H, a-CH, Phe), 4.05 (t, J¼7.9 Hz, 1H, a-CH),
3.66–3.51 (m, 3H, CH2-Ph, dd, J¼14.3, 10.3 Hz, d-CH2),
2.78 (dd, J¼14.3, 10.3 Hz, 1H, CH2-Ph), 2.33–2.27 (m,
1H, b-CH2), 2.03–1.83 (m, 3H, b-CH2 and g-CH2). 13C
NMR (CD3OD) d 169.5, 165.1 (C]O, amides), 136.1
(C-10), 129.3, 129.2 (C-20 and C-30), 127.6 (C-40), 59.2,
56.3 (a-CH), 45.5 (d-CH2), 36.9 (CH2-Ph), 28.4 (b-CH2),
22.6 (g-CH2). Anal. Calcd for C14H16N2O2: C, 68.83; H,
6.60; N, 11.47; Found C, 68.7; H, 6.7; N, 11.2.
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	Prolycopene (2)
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