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Preface

This book is a volume in the series Topics in Heterocyclic Chemistry. It cov-
ers the key methods used for designing synthetic approaches to heterocycles
from carbohydrates and the value and scope of these methods. Carbohydrates
are widely distributed in nature and constitute the largest part of renewable
biomasses. Moreover, many carbohydrates and their derivatives are commer-
cially available at relatively cheap prices. Consequently their utilization is
highly encouraged and economically they are of great significance. Moreover,
carbohydrates are highly functionalized compounds that can be readily deriva-
tized and/or cyclized to provide heterocyclic compounds.

This book provides a modern account and an up-to-date description of
the advancement in the synthesis of diverse heterocycles from carbohydrates.
Carbohydrates can be considered as a source of chiral centers in addition to
the variable modification thereof. Herein the elaboration of the carbohydrate
molecules for providing different heterocycles is the main objective and team
efforts from leaders of the topics has been gathered in this volume.

This book is designed to be suitable for students and researchers. It is highly
recommended as a reference book and for teaching the fascinating topics
related to carbohydrates, heterocycles and organic synthesis. In addition to its
importance in academia, it is also an excellent source for information about the
variety of methods used in the synthesis of heterocycles important to industry.

The first chapter, by El Ashry, El Kilany and Nahas, describes the manipu-
lation of carbohydrate carbon atoms in the synthesis of heterocycles, whereby
a wide range of heterocycles are presented to illustrate how different func-
tionalities, either existing or generated on the carbohydrate molecules, can
be manipulated for the construction of heterocycles. The second chapter, by
Ferndndez-Bolafos and Lépez, deals with the synthesis of heterocycles from
glycosylamines and glycosyl azides. The derived heterocycles could have signif-
icant biological activity and be related to the naturally occurring heterocycles;
thus a plethora of heterocycles, such as N-glycosyl heterocycles, polyhydroxy
pyrrolidines, oxapyrrolidines, piperidines and azepanes, have been prepared.
The third chapter, also by Ferndndez-Bolafios and Lépez, includes the synthetic
versatility of carbohydrate isothiocyanates as building blocks in the prepara-
tion of a plethora of heterocycles. The fourth chapter, by Furman, Katuza,
Stencel, Grzeszczyk and Chmielewski, deals with the formation of S-lactams



x Preface

from carbohydrates; 8-lactams are a well-known class of antibiotics. In the
fifth chapter, Santoyo-Gonzdilez and Hernandez-Mateo report on azide-alkyne
1,3-dipolar cycloadditions, a valuable tool in carbohydrate chemistry. The
sixth chapter, by Cavaleiro, Tomé, and Faustino, has reported the synthesis of
glycoporphyrins. Although few examples of glycoporphyrins have been iso-
lated from a natural source, the attachment of saccharide units to porphyrin
macrocycles gives derivatives that might be of great significance for certain
medicinal and other applications. The seventh chapter, by El Nemr and El
Ashry, reports on new developments in the synthesis of anisomycin and its
analogues; anisomycin is a natural product that has interesting biological ac-
tivity against certain pathogenic protozoa, strains of fungi and in the treatment
of certain diseases, such as amoebic dysentery and tricomonas vaginitis. The
eighth chapter, by Fisera, deals with the 1,3-dipolar cycloadditions of sugar
derived nitrones and their utilization in the synthesis of heterocycles, which
allow the synthesis of tailor-made products of possible biological interest. The
final chapter, by Khan, Perveen and Voelter, reports on the anhydro sugars as
useful tools for chiral heterocycle syntheses.

The discussions with and suggestions from Professors H. El Khadem, R.
Schmidt, V. Whitmann, J. G. Ferndndez-Bolafios, R.A. Field, J. Caveilaro, A.M.
Campos, A. Lobo, A. Vieira and M. Chmielewski are highly appreciated. The
continued encougement and facilities from Alexander von Humboldt Founda-
tion in Germany are gratefully acknowledged. Finally, thanks to Prof. Gupta
for including this topic in this series.

Alexandria, May 2007 El Sayed H. El Ashry
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Abstract This work provides an overview of the role of carbohydrates as precursors for
the synthesis of heterocycles. It is limited to heterocycles where one or more of their car-
bon atoms are from carbohydrate reactants. A part of the sugar may remain linked to
the heterocycles thus providing nucleoside analogues. The following heterocycles were
included: furans, pyrrols, thiophenes, pyrazoles, imidazoles, oxazoline, dioxolanes, thi-
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azolidines, triazoles, oxadiazoles, oxadiazolines, thiadiazoles, thiadiazolines, pyridines,
pyridazines, pyrimidines, oxazines, pyrazines, quinoxalines, triazines, seven-membered
rings and their fused ring systems.

Keywords Carbohydrates - Sugars - Heterocycles - Nucleosides

1
Introduction

The synthesis of heterocycles from carbohydrates dates back to the early work
on carbohydrates. A series of publications on “Heterocycles from carbohy-
drate precursors” was initiated in 1976 [1] and a complementary one on “The
scope of reactions of hydrazines and hydrazones” was also published. Car-
bohydrate hydrazones and osazones have recently been reviewed as organic
raw materials for nucleosides and heterocycles [2]. The heterocycle skeleton
may include a carbon back bone and heteroatoms or the carbon back bone
only from the sugars. The remaining unutilized sugar moieties can provide
acyclonucleosides [3-5]. Recently, a book on the synthesis of naturally occur-
ring nitrogen heterocycles from carbohydrates was published by El Ashry and
El Nemr [6]. Other relevant reviews published include N-heterocycles from
saccharide derivatives by El Khadem [7], glycosylthio-heterocycles [8], and
chiral enaminones and hydrazones derived from chiral pool starting materi-
als such as aldose [9].

2
Value of Carbohydrates as Raw Materials

The use of carbohydrates as organic raw materials has been comprehensively
reviewed by Lichtenthaler [10-13]. The major bulk of the renewable biomass
is represented by carbohydrates in the form of polysaccharides [10-15]. In
addition to their utilization in food products their other uses are confined
mainly to the textile, paper and coating industries [12]. Monomeric sugars or
their oligosaccharides—that can be derived from polysaccharides—are excel-
lent precursors for the synthesis of organic compounds and are available in
large quantities at a low price. Moreover, the produced organic compounds
are eco-friendly chemicals for use in the pharmaceutical and agrochemical
industries [13].

A method to produce sugars from a biomass by hydrolysis and then to
subject the sugars to dehydration to form heterocyclic compounds, useful
as liquid fuels, is described in a patent [16]. The formation of heterocycles
from carbohydrates is an interesting subject in food research [17,18]. Fla-
vor contribution and formation of heterocyclic oxygen-containing key aroma
compounds in thermally processed foods were reviewed [17, 18]. Furanone,
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pyranone, and other heterocyclic colored compounds from sugar-glycine
model Maillard systems have also been analyzed [19].

3
The Synthesis of Heterocycles from Carbohydrates

Herein an overview of the most relevant approaches for the synthesis of un-
natural heterocycles of biological and industrial potential from carbohydrates
is presented; the natural heterocycles have been previously reviewed [6]. This
review is limited to heterocycles with one or more of their carbon skele-
tons derived from carbohydrate precursors—those formed by cycloaddition
reactions are not included. Also, carbohydrates with strained ring systems,
oxiranes, aziridines, and thiiranes have already been reviewed and are not in-
cluded herein [20]. The synthetic approaches for the reviewed heterocycles
are divided according to the size of the heterocyclic rings and the number
of hetero atoms in the ring. The bicyclic ring systems are included under the
smaller ring of their skeleton.

3.1
Five-Membered Heterocycles with One Hetero Atom

There are three heterocyclic ring systems that can be included under this
heading. These rings include oxygen, nitrogen, or sulfur hetero atoms while
the most studied ones are those with oxygen.

3.1.1
Furans

Furfural 1 can be obtained from pentosans via their hydrolysis to p-xylose
which undergoes dehydrative cyclization by the action of acid [11]. Similarly,
acid-induced dehydrative cyclization of inulin hydrolyzates or D-fructose gave
5-hydroxymethyl furfural 2 [21]. The chemistry of 1 and 2 has been well de-
veloped because the aldehydic functionality can be readily transformed into
other functional groups (Fig. 1). Moreover, the additional functionality in 2
has provided variable polyesters, polyamides, and resins [22-24].

The 5-(«t-D-glucosyloxy-methyl)furfural (4) became readily available from
isomaltulose (3) by dehydrative cyclization of its fructose part by the action
of acid [25]. Its aldehydic group has been also transformed into a variety
of functional groups of which compounds such as 5 and 6 are represen-
tative; they can be used as nonionic surface active agents and exhibit li-
quid crystalline properties. Such compounds are characterized by having
a hydrophilic glucose part and a hydrophobic fat-alkyl moiety separated by
a quasi-aromatic spacer [26-28]. The diastereoisomers of ranunculin were
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Fig.1 Furan derivatives

synthesized by coupling of acetobromoglucose with (5S)-5-(hydroxymethyl)-
2-(5H)-furanone, using a Koenigs-Knorr reaction in the presence of silver
oxide, followed by acid hydrolysis, or by starting with acetylated (5-formyl
2-furyl)methyl-p-glucopyranosides and subsequent conversion [29, 30].

Reaction of p-glucose with 2,4-pentanedione or ethylacetoacetate in the
presence of ZnCl, gave the respective D-arabino-tetrahydroxybutyl furans 7
and 8 [31]; two sugar carbon atoms were utilized in building the furan ring.
The alditolyl residues have been oxidatively cleaved to aldehyde or carboxylic
acid and can be chemically modified to 9 to prepare hetarylene-carbopeptoid
libraries [32].

3.1.2
Pyrrols

On the other hand, five-membered heterocycles with one nitrogen in the
ring are less readily available directly from carbohydrates. Thus, the pyr-
role 11 has been formed from ammonium mucate of 10 under thermal
conditions [33]. The respective pyrrole analogs of 7 and 8 with the tetrahy-
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droxybutyl residues were obtained from Dp-glucosamine by reaction under
mild basic conditions (Na,CO3/MeOH) with acetylacetone or ethylacetoac-
etate to give 12 and 13, respectively [34, 35]. D-Fructose gave upon heating
with acetylacetone in the presence of ammonium carbonate in DMSO, the
pyrrole derivative 12 [35]. Such pyrrole derivatives can be degraded to simple
functionalized pyrroles and cyclized to give C-nucleoside analog 14 (Fig. 2).
The furan derivatives 2 and 4 can be converted to the respective pyrrole
derivatives [36].

O OH (')H
: OH /\—/\
HO)K’/\‘/Y NHs / \
OH OH O Heat N
10 11
0 o}
§ A
HO™ ™ Me 0 N Me
OH OH H \ o
HO  OH
12 R=Me
13 R=OEt 14

Fig.2 Pyrrole derivatives

3.13
Thiophenes

Thiophene derivatives were also prepared from the respective furans 2 [37].
Thus, the 2,5-dihydroxymethyl thiophenes were obtained from 2 by reduc-
tion, protection of the hydroxyl groups, oxidation with m-chloroperbenzoic
acid to the respective cis-hexenedione whose reduction with titanium trichlo-
ride and subsequent reaction with Lawesson reagent gave the protected thio-
phene derivative.

3.2
Five-Membered Ring Heterocycles with Two Hetero Atoms

Hetero atoms in the five-membered heterocycles can exist at 1,2 or 1,3 pos-
itions of the ring. The first of which is only represented by pyrazoles, whereas
all possible variations may exist for the 1,3-hetero atoms.
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3.2.1
Pyrazoles

El Khadem et al. [38-41] prepared the fist pyrazole derivative 16 by the action
of acetic anhydride on p-glucose phenylosazone 15, readily available from re-
action of p-glucose with phenylhydrazine. The reaction was extended to other
osazones of sugars and isomaltulose which gave the respective pyrazole 19
(Fig. 3). The cyclization was also extended to the mixed bishydrazones. More-
over, the isolation of intermediates from the reaction led to a proposal for
a mechanism for the formation of the pyrazoles [42,43]. Pyrazoles can be
dehydrazonated, then deacetylated to give 17 which can also be degraded to
give 3,5-difunctionalized pyrazole derivatives 18 [44, 45]. Recently, we applied
the use of microwave irradiation for the synthesis of the pyrazole 16 and its
derivatives (El Ashry et al., unpublished results) [46-48].

OH OH ‘NNHPh Ph
H H \
(\:/Y ACZO/A Ac(_? N*l\i
OH OH NNHPh \ \
OAc NNPh
15 16 Ac
1.CH,OH"
2.K,CO4/MeOH/H,0
Ph_ PR
H “n-Nn H Na,SO, HQ  N-N H
N I - \ -
\ \ C
O O OH i}
18 17
OH
H
HO 0 Ph, N__O
N-N
OH \ H @[ Pz
OW N NNHAr
H NNPh
OH
Ac (?HOH)n
CH,0H
19 20

Fig.3 Pyrazoles from osazones and hydrazones

Although the action of acetic anhydride on sugar arylhydrazones gave only
the respective per-acetyl derivatives, the hydrazones 20, derived from ascor-
bic acids, gave the pyrazole derivative 21 which can also be prepared under
microwave irradiation (El Ashry et al., unpublished results) [49, 50].
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The hydrazones 22 derived from partially protected p-ribose or p-glucose
exist in equilibrium with the corresponding cyclic structures (Fig. 4). Sub-
sequent cyclization of the respective hydrazine residue with 1,3-dicarbonyl
compounds or unsaturated nitriles gave the pyrazoles 23 and 24 [51-55]. To-
sylation of the isopropylidene derivative 23 gave the pyrazolium tosylate 26
via the intramolecular cyclization of 25 [54].

Dehydro-ascorbic acid osazones can be rearranged by ring opening of the
lactone which upon cyclization gave the respective pyrazolones which can be
converted into different functionalized derivatives [49, 50, 56-60].

R2
HO=NHNH, — Rig—  NHNH, R1
(CHOR)n
I _— E—
CHOH
CH,OR R0
22n=2o0r3
¢R2
| ,
{;Z‘
OR TsO o R
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o)
e
1 2
OR JRZ
2
. o R TsO™ +N%tz
RO N)j\ o N R1
N\~
OR NT R
0__0
24 <
26

+O OMe 4/70 —N
M NH2NH2 HN \
N
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Me/ \Bn Me/ \Bn
2z 28
OBn
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Fig.4 Pyrazole nucleosides
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Degradation of p-glactose phenylhydrazone with alkali gave 1-phenyl-
pyrazole [61]. Periodate oxidation of D-glucose phenylosazone gave mesox-
aldehyde bis(phenylhydrazone) which can be transformed into pyrazole
derivatives [62, 63]. Microwave irradiation effected also a similar transform-
ation (El Ashry et al., unpublished results).

Condensation of syn- or anti-27 with hydrazine afforded new pyra-
zole derivatives 28 with a stereodefined and protected amino diol side
chain [64]. The preparation of push-pull substituted unsaturated monosac-
charide derivatives and their use in the synthesis of nucleoside analogs have
been reviewed [65]. Thus, the 2-formyl pentose glycals were transformed
to the corresponding acyclo-C-nucleosides 29 [66]. Similarly, the benzy-
lated 2-formylglycals reacted with hydrazine derivatives to afford the substi-
tuted 1,2,4-tri-O-benzyl-1C-(1H-pyrazol-4-yl)-p-tetritols; the deprotection of
which was achieved with Pd/H; to yield the 1C-(1-methyl-1H-pyrazol-4-yl)-
D-tetritols [67]. 3-O-Benzyl-6-deoxy-1,2-O-isopropylidene-o-p-xylo-hept-5-
ulofuranurono-nitrile was reacted with N,N-dimethylformamide dimethyl-
acetal in THF to furnish the (E)-3-O-benzyl-6-deoxy-6-dimethyl-aminometh-
ylene-1,2-O-isopropylidene-a-p-xylo-hept-5-ulofuranurono-nitrile as a ma-
jor product, and on treatment with carbon disulfide and methyl iodide
under basic conditions afforded 3-O-benzyl-6-deoxy-1,2-O-isopropylidene-6-
[bis(methylsulfanyl)methylene]-«-D-xylo-hept-5-ulofuranurono-nitrile. Fur-
ther reaction with hydrazines yielded the reversed pyrazole-C-nucleoside
analogs [68].

3.2.2
Imidazoles

A convenient access to the synthesis of 4-hydroxymethyl imidazole from
D-fructose has been performed upon heating with formaldehyde and con-
centrated ammonia in the presence of CuCO3/Cu(OH); [69, 70]. This could
be attributed to a retro-aldol fission of p-fructose to glyceraldehyde and
dihydroxyacetone that could have taken place under such conditions. Con-
sequently, the expected product 31 which could result from p-fructose was
obtained in a poor yield [71]. The retro-aldol fission and the draw back
from forming copper salts of the products, which required decomposition
with hydrogen sulfide, can be prohibited to a certain extent by heating D-
fructose with formamidinium acetate in liquid ammonia in a pressure vessel
to give 31 [72-74]; the same procedure can be applied for preparing hydrox-
ymethyl imidazole from dihydroxy acetone. Moreover, heating D-fructose
with formamidinium acetate in the presence of boric acid and hydrazines
as dehydrating agents gave 31 [11]. The reaction can be applied to D-xylose
and isomaltulose to give 30 (R = H) [11]. Similarly, the 2-methyl-imidazole
30 (R = Me) was obtained upon using ethylacetimidate (Fig. 5). The use of
3-O-benzyl-p-glucose led to the respective benzyl derivative whose reaction
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Fig.5 Imidazole nucleosides and their annulation

with CBry in the presence of Ph;P gave, after debenzylation, sugar-annulated
imidazoles [72-74]. The stereoisomeric imidazolo-pentoses were also synthe-
sized [72-74].

The imidazole derivative 31 was transformed to bicyclic analogs by se-
lective tritylation at the nitrogen and the primary hydroxyl groups followed
by benzylation and then detritylation to give 33 [71]. When the benzylation
was carried out at lower temperatures followed by detritylation, the dibenzyl
derivative 32 was obtained. Both 32 and 33 were readily cyclized by the action
of triflic anhydride in pyridine and chloroform to give 34 and 35, respectively
as imidazole analogues of 6-epicastanosperimine and 3,7a-diepialexine.

Another synthetic approach for the annulated imidazoles was done by
starting with L-arabinose that converted to the aldehyde 36 whose conden-
sation with different glyoxals gave the linear imidazole sugars, which was
followed by removal of the trityl group to give 37 (Fig. 6). An intramolec-
ular nucleophilic substitution took place upon mesylation of 37 followed
by heating to give the respective protected derivative of 38 whose catalytic
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debenzylation gave 38. Various bicyclic analogues were also achieved by the
chemical modification of the imidazole ring [76].

Chiral imidazolidin-2-thione or 2-one were prepared from p-glucoseamine
by reaction with 0,0’-disubstituted arylisothiocyanates to give 39 which can
be cyclized to 40 [76]. Thus, a variety of derivatives were prepared carry-
ing different aryl groups and as a consequence of hindered rotation, some of
them exist as stable rotamers (Fig. 7). Treatment of 39 with acetic anhydride
in pyridine at low temperature gave the respective per-O-acetyl derivative
imidazolidine thione, which upon elimination of acetic acid gave the imida-
zoline thion 41 as a mixture of atropisomers [76].
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Fig.7 Imidazole nucleosides
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The imidazole ring can be introduced by the addition of 2-lithiol-
[(dimethylamino)methyl]-1H-imidazole to 2,3,4,6-O-benzyl-glucono-1,4-lac-
tone to give 42 [77]; the reduction of which gave 43 and 44. Mesylation of the
latter followed by NaH/DMF gave 45 in 38% yield. Regioselective aroylation of
43 and 44 followed by NaH/DMF gave a mixture of anomers 46 and 47 (80%)
presumably via an elimination-addition mechanism (Fig. 8).

OBn OBn
B0 o BuLi,1-(Me,NCH,)Im BnO o l;l—\>
BnO THF 68% BnO
OBn0o OBn H
OH
42
NaBH,
dioxane
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OBn OBn N
N= . OH R2
BnO N BnO + N
OBn 2.NaH,DMF OBn R" H
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44. R'= OH,R?*=H
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OBn BnO OBn N
BnO 0 N—) -0 ’_\>
BnO / N
OBn N H
H OBn OBn
46 o
AT 45

DMAP=4-Dimethylaminopyridine
3,5-DNBC=3,5-Dinitrobenzoyl chloride

Fig.8 Imidazole nucleosides from lactones

The N-allyloxy-carbonyl derivative of 2-methyl-(1,2-dideoxy-c-D-gluco-
pyrano)|[2,1-d]-1-imidazolines, inhibitors of B-N-acetylglucosaminidases,
have been formed as a byproduct during a study on tetra-O-acetyl-2-allyloxy-
2-carbonylamino-f-D-glucose synthesized as a glycosyl donor and when no
available acceptor was present in the reaction media of acetonitril in the
presence of trimethysilyl triflate it formed almost quantitatively [78, 79].
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3.2.3
Oxazolines, Thiazolines, and Dioxolanes

The oxazoline 49 was formed from the glycosyl halide 48 by abstraction
of the anomeric leaving group to give the respective oxazolinium ion and
then loosing a proton (Fig.9). They are important intermediates for the
synthesis of oligosaccharides and this led to variant substitution on the
ring [80, 81]. Glucooxazolines have been prepared in a two-step process in-
volving iodoamidation of protected p-glucals and subsequent basic cycli-
zation [80, 81]. The thiazoline analogues of 50 were also prepared by reac-
tion of 2-acetamido-2-deoxy-1,3,4,6-tetra-O-acetyl-8-D-glucopyranose with
Lawesson’s reagent; here selective thionation of the amide was followed by
cyclization through displacement of anomeric acetate to give the thiazoline
triacetate 50 [83]. On the other hand, acylated bromosugars 51 can be read-
ily transformed in the presence of alcohol and base to the cyclic orthoesters
52, precursors for glycoside-bond formation [84]. Reaction of aldehydo sugar
acetates with thioglycollic acid gave the respective oxathiolanones [85]. Syn-
thesis of pseudo-C-nucleoside including the thiazole and thiadiazolidinone
rings was accomplished starting from 3-O-benzyl-1,2-O-isopropylidene-p-
ribo-pentodialdehydo-1,4-furanose [86].
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OAc OAc
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— PhMe, 80°C AcO -
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Fig.9 Glycooxazolines, thiazolines and orthoesters
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3.24
Thiazolidines

Reaction of L-cysteine with monosaccharides gave the corresponding 2-(poly-
hydroxyalkyl)-4-thiazolidinecarboxylic acids 53, from which the peracetyl
derivatives and the peracetyl methyl esters were prepared. The 2-(p-gluco-
pentahydroxypentyl)-benzothiazoline, the 5-chloro derivative, and the bp-
galacto analogue were also prepared by heating 2-amino- or 2-amino-4-
chlorothiophenol and sugar in pyridine [86]. The condensation of D-peni-
cillamine and penta-O-acetyl-aldehydo-D-galactose gave the two isomeric
products of 54 [87-89].

On the other hand, reaction of p-glucorono-3,6-lactone 55 with L-cysteine
ester 56 gave stereoselectively the bicyclic thiazolidine lactam 57, a precur-
sor for polyol peptidomimetics [90, 91]. The thiazolidine 58 was found to be

Me o Me
HO  OHR s Me AcO AcO ‘s Me
=N "co,Me =N "co,Me
OH OH OH OAc OAc OAc Ac
R=1 H, —=
53 R 54
H
HQ SH ?  on
o) O HO
:gi)ww + +)1 o N SH
s HaN CO,Me
OH c HO o CO,Me
55 56

cr

+ SH

HO o  Co,Me

58 57

Fig.10 Thiazolidines
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formed quantitatively in pyridine, which is in equilibrium with the starting
materials, but in a solvent mixture of water/pyridine (9 : 1) the bicyclic scaf-
fold 57 was formed slowly (Fig. 10). Unexpected ring contraction of 7,5-fused
bicyclic thiazolidinelactams yields hexahydropyrrolo [2,1-b]thiazoles in one
step, whereby their stereocenters are inverted. A mechanism for the reaction
was proposed [90, 91].

The chiroptical properties of optically active thiazolidines derived from
aldoses and natural mercapto aminoacids was studied [92]. PMR pa-
rameters for thiazolidine-4(R)-carboxylate derivatives were obtained by
computer-assisted analysis of their spectra. The polyacetoxy-alkyl side chains
have planar zig-zag conformations. The configurations at C-2 in the di-
astereoisomers were ascertained on the basis of the Jny,cu coupling con-
stants [93]. The conformation and stereochemistry of diastereomeric sul-
foxides of methyl 3-acetyl-5,5-dimethyl-2-(p-galactopentaacetoxypentyl)-1,3-
thiazolidine-4-carboxylate 1-oxides were performed by 'H- and *C-NMR
spectral analysis [94].

3.3
Five-Membered Heterocycles with Three Hetero Atoms

There are three main classes of heterocycles that can be classified under this
heading. These are heterocycles with three nitrogen atoms and with two ni-
trogen atoms in addition to one oxygen or sulfur atom.

3.3.1
Triazoles

The triazoles exist either as 1,2,3- or 1,2,4-triazoles. The different 1,2,3-
triazoles from carbohydrates such as 60 and 61 have been reviewed [2]. Thus,
cyclization of sugar arylosazones by a boiling solution of copper sulfate gave
the corresponding arylosotriazoles; the cyclization can also be affected under
a variety of conditions [95]. Sugar bis(benzoyl hydrazones) gave 61 upon ox-
idation with iodine and mercuric oxide [96]. Degradation of the sugar chain
opened the path to different types of heterocycles.

The 1,2,4-triazole nucleosides such as 62 were prepared from the 1-hydra-
zino-glycopyranosyls or furanosyls using different cyclizing agents [51, 97,
98].

Reaction of sugars with benzamidrazone iodide followed by cyclization
with acetic anhydride gave cyclic or acyclic nucleoside analogues of 5-methyl-
3-phenyl-1,3,4-triazoles depending on the sugar [99]. Thus, p-glucose, D-
galactose, and D-arabinose gave 63, 64, and 65, respectively (Fig. 11).

Dehydrative cyclization of glyconolactones with thiocarbohydrazide gave
4-amino-5-mercapto-1,2,4-triazol-3-yl acyclo C-nucleosides 66 [100-104].
Similarly, the double-headed acyclonucleosides 68 were prepared from galac-
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Fig.11 Triazole analogues

taric acid and tartaric acid [105, 106]. Nitrous acid transformed 66 to 67.
Microwave irradiation enhanced these reactions to give the same products in
a higher yield with much shorter reaction times [107].

Acetylation of N!-(aldopyranosylamino)guanidines with p-gluco, D-
galacto, and L-arabino configurations gave acylaminoguanidines that cyclized
under mild conditions, boiling in ethanol or treatment with cold 0.1 M
sodium methylate solution, to afford 3-amino-N1-glycopyranosyl-5-methyl-
1H-1,2,4-triazoles [108].

Reaction of heterocycles with a hydrazine residue at the a-position with
sugars gave the respective hydrazones whose oxidative heterocyclization gave
the 1,2,4-triazolo ring fused to the heterocycle. A variety of fused heterocycles
such as pyridines, quinolines, triazines, and fused ring systems were prepared
as acyclic nucleosides [2-5,109-111].
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3.3.2
Oxadiazoles and Oxadiazolines

Oxadiazole acyclonucleosides 69 were prepared from the respective sugar
acylhydrazones by oxidation with iodine and mercuric oxide [112-114]. On
the other hand the oxadiazoline analogues 71 were obtained by the action
of acetic anhydride on the acyl hydrazones [115-119]. Thus, cyclization of
2,3,4,5,6-penta-O-acetyl-aldehydo-Dp-galactose aroylhydrazones with boiling
acetic anhydride yielded 3-acetyl-5-aryl-2-(p-galacto-1,2,3,4,5-pentaacetoxy-
pentyl)-1,3,4-oxaidazoline. The spiro oxadiazoline 73 was similarly prepared
from the benzoylhydrazone of the 3-oxo derivative of diacetone glucose [120].

3.3.3
Thiadiazoles and Thiadiazolines

The thiadiazoles 70 were prepared from sugar thiobenzoylhydrazones and
thiosemicarbazones by the action of ferric chloride (Fig. 12). Acetylation of
70 afforded the 2-(N-acetylarylamino)-5-polyacetoxyalkyl-1,3,4-thiadiazoles
and periodate oxidation gave the thiadiazolecarbaldehydes [121-123]. The
respective thiadiazoline 72 was prepared by the action of acetic anhydride
on the corresponding sugar thiosemicarbazone [123, 124]. Dehydrative cycli-
zation of bis-aryl thiosemicarbazide derivatives of galactaric acid gave thia-
diazole or triazole derivatives by the action of phosphorousoxy chloride and
sodium ethoxide, respectively. The thiadiazole derivatives were also obtained
by the reaction of p-glucono-1,5-lactone with S-methylhydrazine carbod-
itioate and cyclization with acetic anhydride [125-128]. The thiadiazolo-
triazoles were prepared by the condensation of 4-amino-3-aryl-1,2,4-triazole-
5-thiols with p-gluconic and galactaric acids [125-128]. The syntheses of 2,3-
dihydro-1,3,4-thiadiazoles and 1,3,4-thiadiazoles from 1,2-O-isopropylidene-
a-D-xylo-1,5-pentadialdo-1,4-furanose thiosemicarbazone and 1,2:3,4-di-O-
isopropylidene-«-D-galacto-1,6-hexodialdo-1,5-pyranose thiosemicarbazone
were reported [129,130]. The diastereomerically pure (3'R) 2-acetamido-4-
N-acetyl-3'-spiro-[1',2":5',6'-di-O-isopropylidene-«-D-glucofuranosyl]-1,3,4-
thiadiazoline was also synthesized [131]. Cyclocondensation of 2-phenylthio-

R
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Fig.12 Oxa- and thia-diazoles and diazolines
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benzhydrazide with monosaccharides gave 2-polyhydroxyalkyl-1,3,4-thiadi-
azoline as shown by spectroscopic evidence and by single X-ray analysis [132].

34
Five-Membered Heterocycles with Four Hetero Atoms

The number of five-membered heterocycles with four hetero atoms is
limited to those with nitrogen atoms. Thus, the tetrazole acyclonucleo-
sides were formed from sugars N,N’-diphenylformazanes by the action of
N-bromosuccinimide or lead tetraacetate [133,134]. The synthesis of the
tetra-O-benzoyl-p-lyxononitrile and its conversion to (p-lyxo-tetritol-1-yl)-
tetrazole derivatives upon reaction with sodium azide was reported [133,
134]. A pseudo C-nucleoside including a tetrazole ring was achieved by
conversion of 3-O-benzyl-1,2-O-isopropylidene-Dp-ribo-pentodialdehydo-1,4-
furanose to the respective nitrile and then reaction with sodium azide [86].

35
Six-Membered Heterocycles with One Heteroatom

Heterocycles with one oxygen or nitrogen atom are the only ones that may
be included under this heading. Six-membered oxygen heterocycles such as
glycals, 2-hydroxyglycal esters, and kojic acid are well-known classes of com-
pounds and readily obtained from sugar derivatives [11]. They were reviewed
elsewhere and consequently no more details will be given here.

3.5.1
Pyridines

The 3-pyridinols 74 can be prepared from furfural by reductive amination
to furfurylamine and oxidation with hydrogen peroxide [135]. The respective
6-hydroxymethyl derivative 75 was prepared from 4-hydroxymethylfurfural
by reductive amination followed by exposure to bromine in water/methanol
to give a 2,5-dibromo derivative whose hydrolysis, elimination of water, and
cyclization gave 6-hydroxymethyl-3-pyridinol [136]. Similarly, glucosylated
furfuryl amine derived from isomaltulose was converted to 76 (Fig. 13).
Reaction of levoglucosenone with amides of «-nitrocarboxylic acids re-
sulted in the formation of the tetrahydropyridones 77 and with acetoacetic
acid amides, mixtures of the keto and enol tautomers were obtained [137].
Reaction of the aldehyde p-aldurono-2,5-lactone with L-cysteine methyl
ester gave the bicyclic thiazolidino-pyridone 78 as a single diastereoisomer
with the new bridgehead stereocenter in the S-configuration. Regioselective
activation of the a-hydroxy group to the triflate whose subsequent azide
displacement, reduction, and Boc protection gave the epimeric dipeptide
mimetics. Conversion of this to the tripeptide 80 gave in addition a product
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81 resulting from the elimination of one molecule of water, which can un-
dergo a loss of another molecule of water to give a diene analogue [138, 139].
Hydrolysis of the Boc in 79 gave 81a which underwent elimination of another
molecule of water to give 81b.

The reaction of 2-formylglycals with malononitrile afforded push-pull
butadienes with a sugar moiety. The treatment of these branched-chain
sugars with ammonia yielded nicotinonitrile acyclo-C-nucleosides. Further-
more, a one-step ring transformation of 2(3)-formylglycals with N-aryl-
acetoacetanilides gave pyridone acyclo-C-nucleosides [140-142].

Treatment of 2-formylglycals 82, in presence of piperidine and acetic
acid, with cyanoacetamide provided 2(3)-[2-(aminocarbonyl)-2-cyanovinyl]-
1,5(2,6)-anhydro-2(3)-deoxyhex-1-enitols, which are converted into polyhy-
droxyalkylated 2-aminonicotinamides and pyridinecarbonitriles, 83 Fig. 14
[140-142]. Similarly, reaction of 82 with cyanomethyl imidazole gave the im-
idazopyridine 84 [140-142].
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Fig. 14 Pyridines from 3-formyl glycals

The B-carboline derivative 85 was isolated as a natural product from a hy-
brid plant cell culture. It was synthesized from tryptamine and (E)-4,5,6-tri-
O-acetyl-2,3-dideoxy-Dp-erythro-hex-2-enose. Condensation of tryptamine
with 1,2-O-cyclohexylidene p-xylo-pentodialdose gave tetra-hydro analogue
85a [143-145].

3.6
Six-Membered Heterocycles with Two Hetero Atoms

The presence of two hetero atoms in a six-membered ring increased the possi-
bility of the variant heterocycles which are presented in this section. Location
of the hetero atoms can be at the 1,2-, 1,3-, or 1,4-positions. Moreover they
can be similar or different.

3.6.1
Pyridazines

Oxidative ring opening of the acetyl or benzyl derivatives of the furan 86
by metachloroperbenzoic acid gave the respective hexene dione 87; cis-trans
isomerization did not take place because of the acidic conditions (Fig. 15).
Reaction of 87 with hydrazine furnished the pyridazine 88 [36]. The gluco-
syl derivative 90 was prepared from the respective furan 86 by the action
of bromine water to give 89 which cyclized upon reaction with hydrazine to



20 E.S.H. El Ashry et al.

/—@—\ MCPBA /\\<:>/'_\

RO OR — - RO 0O O0R
86 87
Bra,.H0 NH,NH,
OH
HO N2
HO —
OH =
O\/<—>\/OH /—O—\
o J RO N-N  0OR
89 88
OH OH
o
HO™\™S— HO 0
HO O HO
O \N’N
HO 20
coy
- +
co N> N-R
HO RNHNH, N
OH
co OH
|
CH,OH

91

Fig.15 Pyridazines from furans

give 90 [36]. Calcium 2,5-diketogluconate, prepared by microbial oxidation of
D-glucose, was reacted with substituted hydrazines to give the N-substituted
5-oxidopyridazinium derivatives 91 [146]. An access to enantiomerically pure
pyridazines and oxazines from epoxy pyranosides via keto ester functional-
ization was also reported [146-148].

3.6.2
Pyrimidines and their Fused Ring Systems

Reactions of 2-formyl-galactal, presented as an unsaturated sugar deriva-
tive with push-pull functionalization, with guanidinium and amidinium salts,
respectively were carried out under basic conditions to furnish the substi-
tuted 5-(1,2,4-tri-O-benzyl-p-lyxo-1,2,3,4-tetrahydroxy-butyl)pyrimidines 92
(Fig. 16). Treatment of the 2-formyl pentose glycals with 2-aminobenzimid-
azole and 3-amino-1,2,4-triazole, respectively afforded 3-(1,2,4-tri-O-benz-
yl-D-lyxo-1,2,3,4-tetrahydroxy-butyl)benzo[4,5]imidazo[1,2-a]pyrimidine 94
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and 6-(1,2,4-tri-O-benzyl-p-lyxo-1,2,3,4-tetrahydroxy-butyl)-[1,2,4]triazolo-
[1,5-a]pyrimidine [149].

1-Deoxy-3,4:5,6-di-O-isopropylidene-p-arabino-hex-2-ulose was reacted
with N,N-dimethylformamide di-methyl acetal and tert-butoxy[bis(dimethyl-
amino)]methane, respectively to furnish (E)-1,2-dideoxy-1-dimethylamino-
4,5:6,7-di-O-isopropylidene-Dp-arabino-hept-1-en-3-ulose. This push-pull ac-
tivated heptenulose underwent ring closure reactions with various N,N’-
nucleophiles like hydrazine hydrate, amidinium, guanidinium, and isothio-
uronium salts in the presence of bases to yield pyrazole and pyrimidine deriva-
tives, all of which derivatized with a di-O-isopropylidenated tetritol side chain.
The isopropylidene groups were removed with aqueous TFA in the case of
pyrimidine analogs [150]. Reaction of 2-formy glycals with 2-aminoimidazole
93 and 2-aminopyrazole gave 94 and 95, respectively [66].

The protected 2-formyl-L-arabinal reacted with thiourea and cyanamide
in the presence of sodium hydride to afford, via ring transformations,
the 5-[1R,2S-1,2-bis(benzyloxy)-3-hydroxypropyl]-1,2-dihydropyrimidines.
Similarly, treatment with 3-amino-2H-1,2,4-triazole yielded 6-[1R,2S-1,2-
bis(benzyloxy)-3-hydroxypropyl][1,2,4]-triazolo[1,5-a]pyrimidine [151]. Re-
action of 27 with 2-aminoimidazole and 2-aminobenzimidazole gave 96 and
its bezo-analogues [64].

The synthesis of the mesoionic thiazolopyrimidine acyclonucleosides 97
incorporating the 2,3-dihydroxypropyl moiety was carried out starting by re-
action of 2-bromothiazole with excess 1-amino-2,3-propanediol acetonide via
an aromatic nucleophilic substitution reaction to yield 1-(2-thiazolylamino)-



22 E.S.H. El Ashry et al.

2,3-propanediol acetonide, which was condensed with substituted bis(2,4,6-
trichlorophenyl) malonic esters to form a series of protected acyclonucleo-
sides 98. The deprotection of the isopropylidene group of 98 was done by
using p-toluenesulfonic acid catalyst in methanol to give 97 [152].

Reaction of levoglucosenone with urea, thiourea, or N-cyano- or N-ni-
troguanidine resulted in the formation of the pyrimidine systems 99 in
a stereospecific manner [153, 154]. Its reaction with ¢-aminoazoles yielded
azolo[1,5-a]pyrimidine systems fused with a carbohydrate fragment. The re-
action occurs much more smoothly than in the case of other «,8-unsaturated
ketones. The reactions of levoglucosenone with S-dicarbonyl compounds
(dimedone, barbituric acid) in the presence of a base resulted in pyran ring
closure [153, 154].

The major species present in the aqueous solution of hexoses with 1,3-
diaminopropane was acyclic hexahydro-pyrimidines [155].

3.6.3
Oxazines

Dehydrative cyclization of the condensation product of 2,3,4,5-tetra-O-
acetylgalactaroyl chloride with anthranilic acid gave 1,2,3,4-tetra-O-acetyl-
1,4-bis(4H-benzoxazin-4-one-2-yl)-galacto-tetritol 100 (X = O) (Fig. 17). Its
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Fig.17 Pyrimidines and oxazines
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reaction with aniline in the presence of PCls afforded 1,4-bis(3-phenylquin-
azolin-4-one-2-yl)-1,2,3,4-tetra-O-acetyl-galacto-tetritol 101 (X = NPh) [156].

3.6.4
Pyrazines and Quinoxalines

Synthesis of the tricyclic pyrano[2,3-b]quinoxalines (Fig. 18) 102, with a hy-
droxymethyl function at the 2-position was described by reaction of o-
phenylenediamine with phenylhydrazone derivatives of sugars [157].

The reaction of kojic acid with one and two equivalents of 1,2-diamino-4,5-
dimethylbenzene afforded 2-hydroxy-5,6-dihydro-8,9-dimethylpyrido[1,2-a]
quinoxaline 103 and 2,3,10,11-tetramethyl-5,6-dihydro-13H-quinoxalino[2’,
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Fig.18 Pyrazines, quinoxalines and triazines
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3":4,5]pyrido[1,2-a]quinoxaline 104, respectively [158]. The pyrazine 105 was
obtained from the condensation of two molecules of D-glucoseamine [159-
161]. Dimerization of 2-amino-3,4,6-tri-O-benzyl-2-deoxy-p-glucose gave
fructosazine and bis-tetrahydro-pyrano-piperazine 105a derivatives in a ratio
1:5, respectively [159-161]. The quinoxalines 106 can be prepared from the
reaction of o-phenylene diamine with osuloses [2,7]. Different quinoxaline
derivatives such as 107 were prepared from L-ascorbic acid and its analogues
with o-phenylene diamines [49, 50]. In the presence of phenylhydrazine the
product was a quinoxalinone derivative 20 whose cyclization gave the pyra-
zoloquinoxaline 108 [49, 50].

3.6.5
Triazines

The triazine derivatives 108a were prepared by condensing aminoguanidine
with the respective dicarbonyl derivatives [162].

3.7
Seven-Membered Heterocycles

The hydrophilic diazepinones were prepared from «-glucopyranosyl-hydroxy-
methyfurfural 35, oxidation of which with m-chloroperbenzoic acid or singlet
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Fig. 19 Seven-membered heterocycles
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oxygen gave the hydroxyl butenolide 109. Its reaction with o-phenylene di-
amine generated the benzodiazepinones 110 which upon dehydrogenation
gave 111 (Fig. 19). Deacetylation of 110 and 111 gave the deacetylated deriva-
tives which are soluble in water [36].

Recently, the reaction of L-cysteine methyl ester with uronic acids pro-
duced interesting types of heterocyclic compounds. A seven-membered bi-
cyclic ring system fused with the thiazoline ring 57 was discussed earlier in
this article, because the reaction was related to the reaction of the sugar to
give a thiazoline ring [90, 91]. The regioselective conversion of the secondary
hydroxyl group of p-glucoronic acid without the requirement of O-protecting
groups allowed the conversion of 57 to 112 [163].

A recent publication described an interesting synthesis for glyco-conju-
gated hexahydroazepindiones from saccharide imides via the Norrish type II
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reaction [164]. Here the primary succinimido derivatives such as 113 and
114 were obtained by nucleophilic displacement of the protected 6-tosylates
of D-glucose, p-mannose, and D-galactose in both their pyranoside and fu-
ranoside forms with potassium succinimide. Then the imido sugars were
photochemically transformed into hexahydroazepindione derivatives 115 and
116, respectively by means of the Norrish type II reaction (Fig. 20). The iso-
meric 117 and 118 as well as 119 and 120 were prepared in a similar way.
The regiochemistry of the photoreaction was controlled by configurational,
conformational, and electronic features.
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Abstract Glycosylamines and glycosyl azides are valuable and versatile intermediates in
carbohydrate chemistry; furthermore they are easily available in a highly stereoselect-
ive fashion. Glycosylamines and their derivatives glycosyl enamines and glycosyl imines
can be transformed into N-glycosyl heterocycles. Glycosyl enamines are also used in the
preparation of polyhydroxy pyrrolidines, oxapyrrolizidines, piperidines and azepanes, an
intramolecular nucleophilic displacement of a sulfonyloxy group by a stabilized amide an-
ion being the key step. Glycosyl azides can be converted into a plethora of heterocyclic
derivatives by different reactions such as the Staudinger reaction, thermolysis and 1,3-
dipolar cycloadditions. Much effort has been devoted to the synthesis of glycosyl triazoles
by using the Dimroth reaction, ketene aminals, phosphorus ylides, azide-alkyne Huisgen

cycloaddition and the especially successful Cu(I)-mediated Huisgen cycloaddition.

Keywords Glycosyl azides - Glycosylamines - Glycosyl enamines - Glycosyl heterocycles -

Triazoles - Click chemistry
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Abbreviations

BzCl Benzoyl chloride

CAN Cerium(IV) ammonium nitrate
CSA Camphor-10-sulfonic acid

DBU 1,8-Diazabicyclo[5.4.0] undec-7-ene
DMAD Dimethyl acetylenedicarboxylate
DME 1,2-Dimethoxyethane

DMF N,N-Dimethylformamide

DMPU  N,N’-Dimethyl propylene urea
DPPE  1,2-Bis(diphenylphosphino)ethane
EDPA  Ethyldiisopropylamine

Glyc Glycosyl

HCV Hepatitis C virus

HMPT  Hexamethylphosphoramide

MW Microwave

MsCl Mesyl chloride

NOE Nuclear Overhauser effect

Piv Pivaloyl

PMB p-Methoxybenzyl
Py Pyridine

quant  Quantitative

rt Room temperature

TBAF  Tetrabutylammonium fluoride
TBDMS tert-Butyldimethylsilyl

TFA Trifluoroacetic acid

Tf,0 Triflic anhydride

THF Tetrahydrofurane

TMSOT{ Trimethylsilyl triflate

TsOH  p-Toluenesulfonic acid

1
Introduction

Glycosylamines and glycosyl azides are valuable and versatile intermedi-
ates in carbohydrate chemistry. Thus, glycosylamines have been used exten-
sively in the synthesis of glycopeptides [1-4], N-glycoconjugates [5,6] and
N-glycosylamidines, useful as glycosidase inhibitors [7,8]. Glycosylamines
have also proved to be efficient auxiliaries in the stereoselective Strecker
synthesis of a-amino nitriles and the Ugi reaction yielding o-amino acid
amides [9].

Glycosylamines can be prepared directly from unprotected sugars, using
ammonia in methanol [7,10-12], aqueous ammonium hydrogen carbon-
ate [13, 14] or ammonium carbamate in methanol [15-18]. Procedures based
on the use of glycals [19], a-hydroxy nitriles [20], or the Burgess reagent, re-
cently proposed by Nicolaou [21], can be mentioned among the methods to
introduce the amino group after the hydroxyl group protection.
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Glycosyl azides [22-24] have been used as precursors of the correspond-
ing glycosylamines by reduction with hydrogen in the presence of different
catalysts, with propane-1,3-dithiol, complex hydrides, boranes and phos-
phines (Staudinger reduction) [4,22,25]. Besides that, glycosyl azides can
be easily transformed into glycosyl amides [26-28], carbodiimides [29] and
ureas [30]. The dipolar nature of the azido group allows glycosyl azides to
be excellent substrates in cycloaddition reactions leading to heterocycles
derivatives [25, 31].

2
Glycosyl Enamines as Key Intermediates in the Synthesis of Heterocycles

2.1
Synthesis of Polyhydroxy Pyrrolidines

Reaction of glycosylamines or aminosugars 1 with diethyl (ethoxymethyl-
ene)malonate to give the corresponding enamine derivatives 2 was found
[32-34] to be quite an efficient procedure for protecting amino moieties in
carbohydrates, stable in both acidic and basic conditions (Scheme 1). Depro-
tection is carried out in moist dichloromethane with chlorine or bromine, to
give hydrochloride or hydrobromide 3, usually crystalline.

| OEt

/_ O> Et02C£COZEt /_ O> 1) O-protection (—O>

H
HO/\_/\NHZ HO/\_/\N o zzjﬂzccir Bl—r|20 RO/\—’\NHz'HX
U 2Cl—M2
Glycosylamine OEt X=Cl, Br
or aminosugar CO,Et '
2
1 2 3

Scheme 1 Preparation of sugar-derived enamines as protective groups

Since then, this protective group has mainly been used in the prepar-
ation of sugar-derived isothiocyanates and isocyanates as intermediates in
the preparation of thioureas [35-39], ureas [39] or pseudo-nucleosides [40].

Fuentes and co-workers reported [41] the transformation of 4-O-mesyl-
N-diethoxycarbonylvinyl-B-D-glycopyranosylamines of gluco, xylo and ribo
configurations 4 into 1,4-anhydro-iminosugars (2-oxa-7-azabicyclo[2.2.1]-
heptane derivatives) 6 upon treatment with an equimolecular amount of
sodium methoxide in hexamethylphosphoramide (Scheme 2). The reaction
took place through the stabilized intermediate amide anion 5, which displaces
the mesyloxy group by nucleophilic attack on C-4 of the sugar.

IUPAC recommends that the name azasugar should be used for com-
pounds having a carbon replaced with nitrogen, whereas the name imino-
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CO,Et
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Scheme 2

sugar should be used for compounds where the ring oxygen has been replaced
with nitrogen [42].

When starting from the per-O-mesylated derivative 7 the reaction only
proceeded through C-6 to form the corresponding 1,6-anhydro-iminosugar 8
(Scheme 3) and no reaction was observed through C-4 [41].

CO,Et
= "CO,Et
OMs O OEt N
0 H\I NaOMe OMs
MsOMso N >coet HMPT L
M
OMs OMs OMs
7 8

Scheme 3

These anhydro-iminosugars proved to be valuable synthetic intermedi-
ates for the preparation of some derivatives of synthetic and biological in-
terest. Thus, the opening of the pyrrolidine ring of 9 in the presence of
aqueous trifluoroacetic acid led to the stereoselective migration of the pro-
tected amino moiety from the anomeric position to C-4, as depicted in
Scheme 4 [43]. By this procedure 4-aminoaldoses such as 10 can be ob-
tained, in an efficient alternative to nucleophilic displacement of 4-sulfonyl-
oxy groups by azide.

When a mixture of acetic anhydride and trimethylsilyl triflate was used,
the opening of the C1 — O bond took place to yield the corresponding acy-
lated polyhydroxy pyrrolidines 11 as mixtures of a- and B-anomers [43],
compounds of interest as potential glycosidase inhibitors. However, when
the opening of the pyranose ring is carried out in methanol containing
lithium perchlorate, followed by addition of a 2: 1 mixture of TFA and tri-
fluoroacetic anhydride, only 12 was obtained as a single diastereoisomer
(Scheme 4).
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Furthermore, reduction of 1,4-anhydro-iminosugar 13 with sodium cyano-
borohydride in acetic acid and deprotection in basic medium (Scheme 5)
led to an equilibrium between N-acetylpyrrolidine 14 and 2-oxapyrrolizidine

CO,Et

EtO,C7 N\

N
PMBO- 1) NaBH4CN, AcOH

BzO -0 2) NaOMe, MeOH

OBz
13

65 °C

Scheme 5

MeOH, HCI

o
OH

PMBO\),,,,. N

HO OH
14

HO, Me
o] ~10H

PMBO
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15 (minor product) [44]. Simultaneous O- and N-deprotection in acidic
conditions led to hydrochloride 16, a galactosidase mutase and galactan
biosynthesis inhibitor [45].

2.2
Synthesis of Polyhydroxy 2-Oxapyrrolizidines

2-Oxapyrrolizidine 18 was obtained [43] from 1,4-anhydro-iminosugar 17 by
pyranose ring opening followed by addition of the free 5-OH group to the
double bond of the enamine moiety (Scheme 6). These compounds can be
considered analogues of polyhydroxylated pyrrolizidine alkaloids, which dis-
play important biological properties [46-49].

CO,Et
CO,Et
EtO,C—/
AN 2 OMe
Et0,C 1) LICIO,~MeOH }\
N
Tro N 2) 2:1 TFA-trifluoroacetic O +1OMs
‘o anhydride
MsO nod M owms
OMs
17 18

Scheme 6

Fuentes and co-workers have also carried out [50,51] the transform-
ation of glycosylenamines into bicyclic and monocyclic iminosugar thioglyco-
sides. Thus, starting from glycosylenamines of D-gluco, D-xylo and L-rhamno
configurations bearing a mesyloxy group on C-4, the corresponding 1,4-
anhydro-iminosugars were prepared according to the conditions described in
Scheme 7. When these bicyclic compounds were treated with ethanethiol in
the presence of p-toluenesulfonic acid, nucleophilic attack of the thiol on C-
1 led to a transient pyrrolidine derivative that spontaneously cyclized by an
internal cycloaddition of the hydroxyl group on the carbon-carbon double
bond (Scheme 7) to give 2-oxa-pyrrolizidines.

For example, bicyclic pyrrolizidine 21 was obtained in good yield from
B-D-glucopyranosylenamine via 1,4-anhydro-iminosugar 13, as depicted in
Scheme 7. This compound existed as a 1:4 mixture of the 5R and 5S dia-
stereoisomers, as the attack of ethanethiol takes place preferably on the oppo-
site side of the bulky OBz group. The stereoselectivity of the cyclization step
in 19 was 100% as only 20 with the 3S configuration was detected.

This kind of compound combines two structural motifs that are of interest,
both from the synthetical and biological point of view; they are iminocyclitols
and thioglycosides. The latter type of compounds have been successfully used
in glycosylation reactions [52-55], as well as exhibiting interesting biological
activities [56, 57].
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Scheme 7
2.3

Synthesis of Polyhydroxy Piperidines

Fuentes’s group reported the synthesis of polyhydroxy piperidines (Scheme 8)
starting from partially protected p-D-ribopyranosylenamine 22 [58]. Thus,
mesylation on the free hydroxyl group led to the corresponding 5-mesyloxy
and 5-chloro derivatives 23 and 24, the latter obtained by nucleophylic substi-
tution on the mesyloxy group when longer reaction times and more concen-
trated solutions were used.

Basic treatment of the enamino derivative bearing a leaving group on C-5,
afforded, as expected, the corresponding bicyclic derivative 25. This com-
pound was subjected to a ring opening reaction in acidic medium using
a series of thiols as nucleophiles. This gave piperidine-derived iminosugars
26a-d bearing a thioglycosidic aglycon in the pseudo-anomeric position.

It is remarkable that only the f-anomer, that is, the 2§ stereoisomer was
obtained in all cases, thus proving that reaction proceeded via a pure Sy2
mechanism. The configuration of the pseudo-anomeric position was assigned
by NOEs experiments [58].

In contrast, attempts at opening 1,5-anhydro-iminosugar 29 using ethane-
thiol and TsOH did not lead to the expected piperidine (Scheme 9), but af-
forded a-1-furanoid thioglycoside 30 [50]. Bicyclic derivative 29 was prepared
from mannopyranosyl enamine 27 by selective monobenzoylation on the
primary hydroxyl group, and acetal protection of the cis-arranged hydroxyl
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groups on C-2 and C-3 to give furanosylenamine 28. Mesylation of the free
hydroxyl group, followed by basic treatment allowed the preparation of 29;
its ring opening took place via cleavage of the C1 — N bond rather than the
C1 -0 bond.

In a similar way, a series of furanoid thioglycosides were obtained when
starting from B-L-rhamnopyranosylenamine [50].

24
Synthesis of Polyhydroxy Azepanes

Another interesting application of glycosylenamines is their conversion into
polyhydroxy azepanes [59, 60]. This family of iminosugars is reported to
exhibit important inhibitory properties against glycosidases [61-63]. Thus,
1,6-anhydro-iminosugars of D-gluco, D-manno, and D-galacto configurations
34 were prepared in good yields (80-93%) from p-D-glycopyranosylenamines
31 [59]. Displacement of the mesyloxy group by the amide anion using
sodium methoxide in DME, followed by O- and N-deprotection of 32, and
reduction of 33 gave polyhydroxy azepanes 34, as depicted in Scheme 10.
Compounds 34 were tested against a series of glycosidases, but turned out to
be either poor inhibitors or totally inactive.

CO,Et
= “CO,Et
OMs Oy OFEt N
500 o Hi NaOMe 0Bz
BzO N >co,et DMF 2
OBz BzO OBz

31 32

1. NaOMe/MeOH 2.

Cly/CH,Cl,
H

N NH
OH
HO oH 1. NaBH;CN/AcOH o

2. Dowex-50W(NH,*)
HO OH HO OH

34 33

Scheme 10

Synthesis of polyhydroxy azepane 35 with hemiaminal structure was car-
ried out [60] by removal of the enamino group of the 1,6-anhydro-iminosugar
32 of D-gluco configuration by treatment with chlorine followed by ring open-
ing with aqueous acetic acid (Scheme 11). Attempts to carry out the ring
opening in the presence of the enamino moiety were unsuccessful, and the
starting materials were stable even in acidic medium in boiling methanol.
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All these reactions confirm the high versatility of glycosylenamines,
which can be easily transformed into 1,4- and 1,6-anhydro-iminosugars,
bicyclic compounds that can be used in the preparation of pyrrolidines,
pyrrolizidines, piperidines and azepanes.

2.5
Synthesis of Pyrimidine Nucleosides

Recently, Avalos and co-workers [64] have described a novel one-pot reaction
to transform glycopyranosyl enamines of gluco and galacto configuration,
36a and 36b, into uracil nucleosides 37a,b, carrying an ethoxycarbonyl group
at C-5 of the base (Scheme 12). The coupling of enamines with chlorosul-
fonyl isocyanate took place in refluxing toluene within 48-72h, the labile
chlorosulfonyl group being removed during the work-up. The reaction was
accelerated by irradiation with microwaves (1h), although the yields were
lower.

) COOEt

.0 OEt 2
OAc H~ ¢ R® oac A0
1 o CISO,NCO 1 o)
R0 N\/\COOEt 2 Raco NYNH
Method A: toluene reflux
OAc Method B: MW, benzene, OAc O
80 °C
36aR'=0OAc, R2=H Meth dA{37a R'=0Ac, RZ=H 44%
36b R' = H, R? = OAc ehod Al37p R = H, R2 = OAC 70%
37aR'=0OAc, R2=H 30%
Method B{37b R!=H, R? = OAc 58%

Scheme 12

A mechanistic approach for these transformations (Scheme 13) was sug-
gested involving the zwitterionic intermediate 41 as the key step. The polar
intermediate could be generated either by a [2 + 2] cycloaddition followed by
opening of the B-lactam ring of 40 [65], or by direct nucleophilic attack on
the electrophilic carbon of the heterocumulene. Migration of the ethoxycar-
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bonyl group of 41, followed by ring closure of 42 would lead to the uracil
derivative 43.

3
Glycosyl Imines and Amines for the Synthesis of Glycosyl Heterocycles

Stereoselective synthesis of chiral piperidones from an immobilized glycosyl-
amine has been developed by Kunz et al. [66]. Thus, O-protected galactopyra-
nosyl azide 44, coupled to polystyrene through a hexamethylene spacer unit,
was quantitatively reduced to amine 45 with 1,3-propanedithiol (Scheme 14).
The immobilized galactosylamine was transformed into the corresponding
galactosyl imines 46 with high E-isomeric purity by acid-catalysed conden-
sation with aldehydes. Subsequent domino Mannich-Michael condensation
of the glycosyl imines with Danishefsky’s diene gave 2-substituted piperidi-

i OPiv TMSO, i o
OPiv OR! OR! h PivO OR' &
PivO AcOH, toluene, rt  FIVO ~ N znCl, THF, it PVO
OPiv 46 OPiv OPiv g2

= le) iPr
44R=Ns 1,3-propanedithiol 47TR = (CH2)6’0’$iO
45R = NH, < EtsN, DMF, 20°C - iPr

TBAF, AcOH o
iPr THF, 20 °C
48R'= W(CHZ)G‘OH

W(CHz)s o- &{)

Scheme 14
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none derivative 48 in high diastereoselectivity. This reaction was previously
studied in solution by Kunz et al. starting from 2,3,4,6-tetra-O-pivaloyl-8-
D-galactopyranosylamine [67,68] in order to prepare N-glycosyl heterocy-
cles. Furthermore, reaction of 47 with R,Cu(CN)Li, (Lipshutz cuprates) in
the presence of BF3-OEt, gave polymer-bound galactosyl 2,6-substituted
piperidinones in excellent cis selectivity [66].

The preparation of N-glycosyl monocyclic B-lactams from O-protected
p-D-galatopyranosyl 49 [69] and P-L-arabinopyranosylamine [70] has been
described (Scheme 15). The key step was the Staudinger [2+2] cycloaddi-
tion [71,72] of the Schiff base 50 of glycosylamine and cinnamaldehyde
with phthalimidoketene, generated in situ from phthalimidoacetyl chloride
and triethylamine. This cycloaddition yielded B-lactam 51 as a single iso-
mer, as previously reported for D-glucosamine propanedithioacetal [73, 74].
Some of the novel N-glycosylated p-lactams were found to be active against
Staphylococcus citrus, Klebsiella pneumoniae, Escherichia coli and Bacillus
subtilis [69].

ACO  oAc AcO  ODOAc
0 PhCH=CHCHO (0]
AcO NA; AcO N
OAc OAC
49 50 (80%)
O o
Cl
Et;N N
CH,Cl,
(0]
0]
Ph
N
AcO OAc |
O N ©
AcO (0]
OAc
51 (75%)
Scheme 15

Thiem et al. have described [75, 76] the synthesis of hexopyranosyl imides
of gluco and manno configuration starting from O-protected glycosylamines
available by reduction of glycosyl azides. Reaction of 52, 53 with suc-
cinic anhydride followed by a cyclization reaction of the corresponding
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N-glycosylsuccinamidic acids 54, 55 under acetylation conditions, afforded
N-glycosyl imides 56, 57 as a mixture of separable anomers (Scheme 16).

Photolysis of N-glycosyl imides by irradiation with UV light of 254 nm
wavelength to give highly functionalized heterocycles has also been studied
by Thiem’s group [75,76]. The regiochemistry of this reaction is controlled
by the anomeric configuration of the glycosyl imides. Abstraction of H-2
or H-5 of the B- or a-anomers of glucopyranosyl imide 56 by the ex-
cited carbonyl function gives place to 1,4- or 1,5-diradicals 58, 61, respec-
tively (Scheme 16). Recombination of the 1,4-diradical 58 gives the unsta-
ble tricyclic derivative 59, which is transformed into a 1,2-fused bicyclic
glucopyranoso-azepanedione 60. Similarly, the 1,5-diradical 61 gives the sta-
ble tricyclic derivative 62. In contrast, photolysis of the a-D-mannopyranosyl
imide 57 gives a mixture of a bicyclic and a tricyclic derivative, as both H-2
and H-5 could be abstracted by the excited carbonyl function [75].

OTBDMS OTBDMS OTBDMS
R! R“
TBDMSO O MSO
TBDMSO NH; NEtPr2 TEbiso Ac o
R2
52 R' = H, R2= TBDMS, o/ = 1:1 54R'=H, R?= TBDMS 56 R'=H, R?~ TBDMS, wﬁ 3:2,55%
53 R' = TBDMS, R2= H, /B = 2:1 55R' = TBDMS, R?= H 57 R'= TBDMS, R2= H, a/B = 3:1, 36%
_H o]
o
or @ ) RO HN
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RO CHyCN 18 °C %o Ie 0 o)
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56 R = TBDMS 59 60 R =TBDMS, 69%
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OR o
0 o RO O o} OR
ROROéﬁ v 254nm RoRoéﬁ RO @iﬁm/ OR
.
RO,| CHLCN 18°C RO, j@o e

560 R = TBDMS 61 62R = TBDMS, 83%
Scheme 16

N-Glucopyranosy urea 65, prepared by coupling O-protected glucosy-
lamine 63 with isocyanate 64 (Scheme 17), could be transformed easily into
3-glycosylated 5,6-dihydropyrimidine 66 by refluxing in chloroform in the
presence of pyridine [77,78]. In contrast, the mannopyranosyl analogue
of 65 did not react to form the six-membered heterocyclic ring system
under identical reaction conditions, and only decomposition products were
observed [78]. An intramolecular ring closure to give N-glucopyranosyl
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3-hydroxysuccinimide 69 was observed (Scheme 17) when N-glucosylated
malic acid derivative 68 was treated with pyridine in chloroform under
reflux [79].

4
Glycosyl Azides as Key Intermediates in the Synthesis of Heterocycles

4.1
Staudinger Reaction of Glycosyl Azides

Pinter and co-wokers [80] described the synthesis of bicyclic trans-fused
glucopyranoso-oxazolidinone 73 and the galacto isomer by reaction of
the corresponding glycopyranosyl phosphinimines with carbon dioxide
(Scheme 18). A one-pot procedure to prepare 73 from glucopyranosyl azide
70 in high yield (97%) has been described recently [81].

Pinter and co-wokers also studied the reaction of a-D-glucopyranosyl and
a-D-xylopyranosyl azides 75 and 76 with PPhs and CO; (Scheme 19). This
gave a mixture of the expected bicyclic cis-fused glycopyranoso-oxazolidi-
nones 77 and 78, together with the a-D-furanose analogues 79 and 80, and
unexpected 1,3-cis bicyclic carbamates [82].

Pinter’s and Ichikawa’s groups have used 73 (Scheme 18) for the syn-
thesis of N-glycosyl ureas 74 in high yield in DMF [83] and in water [81,
84,85] in spite of the relative sensitivity of 73 to water. Following the
same methodology, cellobiosyl and lactosyl azides 81 and 82 were trans-
formed (Scheme 20) into the corresponding disaccharide oxazolidinones
83 and 84, which were used for the preparation of urea-tethered pseudo-
oligosaccharides 85 and 86 [81].
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No evidence of an isocyanate/carbamate equilibrium has been detected
for 73; in contrast, such equilibrium was reported for its isothiocyanate
isoster [86, 87]. PM3 semi-empirical quantum chemical computations, under-
taken to elucidate the mechanism involved in the synthesis of 73, sug-
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gested [88] a glycosyl isocyanate intermediate 72, the 72— 73 step being an
exothermic process (AE =-23.2Kk] mol™).

The twisted structure of the oxazolidinone ring of 73, preventing delocal-
ization of the lone pair electrons on nitrogen into the carbonyl group, has
been argued to explain the increased reactivity of 73 towards nucleophilic at-
tack of amines or thiols [81]. However, the formation of N-glycosyl ureas or
thiolcarbamates through a transient glycosyl isocyanates should not be dis-
carded.

Oxazoline 92 has been prepared [89] by treatment of acetylated glu-
copyranosyl azides of either - or a-configurations 87 and 88 with PPh;
in refluxing 1,2-dichloroethane (Scheme 21) by a mechanism involving a/f-
anomerization of the intermediate phosphinimines 89 and 91 followed by
ring closure of the a-anomer 91. Coupling of in-situ generated oxazoline 92
with different acylating reagents gave mixtures of a- and p-glucopyranosyl
amides, the o/p ratio being dependent on the acylating reagent and metal
salts employed. The best results in terms of yield and stereoselectivity were
obtained with thiopyridyl ester, in the presence of CuCl, to give the a-gluco-
pyranosyl amide 93 (o/p ratio 98 : 2) in excellent yield.
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Glycosyl azides bearing an additional azido group at C-1, such as
94 and its manno and galacto isomers, were transformed into bicyclic
glycopyranoso[3,4-d]-1,2,3-triazoles [90] by an anomalous Staudinger reac-
tion (Scheme 22). Thus, reaction of per-O-acetylated glucopyranosylidene
1,1-diazide 94 [91] with triphenylphosphine led to resonance-stabilized
v-triazolo-pyranosyl phosphinimine derivative 95 in high yield (86%).
A mechanism involving B-elimination of acetic acid and cycloaddition of the
azido anion to the C-2,C-3 double bond and elimination of a second molecule
of acetic acid was suggested [92]. The glycopyranosylidene diazides could
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easily obtained from the corresponding 1,1-dihalogenated precursors [91].
Transformation of the fused heterocyclic iminophosphorane 95 on treatment
with aqueous ethanolic ammonia gave v-triazole-carboxamide 96, bearing
a chiral trihydroxypropyl side-chain [91].

4,2
Thermolysis of Glycosyl Azides

A synthetic way to incorporate monosaccharides (D-glucose, D-galactose)
and oligosaccharides (lactose, maltose, maltotriose) into [60]fullerene by
thermolysis of per-O-acetyl glycosyl azides in the presence of fullerene
(Scheme 23) was reported by Kobayashi [93]. This procedure, based on the
cycloaddition reaction of alkyl azides with fullerenes [94], gave a mixture of
two inseparable stereoisomers of N-B-glycopyranosyl azafulleroids in moder-
ate 13-28% yields.

The reaction of per-O-acetyl-p-D-glucopyranosyl azide 87 with [60]ful-
lerene gave 97 as a mixture of two isomers in a molar ratio of ca. 2:1

OAc

Ceo. PhCI
A Oé&/ 80 "~ . AO
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87

97 28% (57% based on consumed Cgp)

Scheme 23
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O/Sc AcO OAc
ARD N NmOAC
OAC OAC
= | 728 |
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1:1 adduct A 1:1 adduct B

Fig.1 Suggested structures of adducts A and B

(adducts A and B in Fig. 1). It was suggested that the pyramidal inversion at
the nitrogen atom was “frozen” by steric or electronic restrictions to afford
two N-invertomers of azafulleroids.

Thermolysis of both anomers of acetylated 5-thio-D-xylopyranosyl azide
98 and 99 by refluxing in chlorobenzene afforded tetrahydrothiazepine
100 by loss of N, and ring expansion [95] (Scheme 24). No differences in
substrate reactivity and substrate selectivity could be detected for either
anomer. A concerted process in which the sulfur atom assists the departure
of molecular nitrogen was suggested. In a similar way, methyl 1-azido-D-
glycopyranosides rearranged by photolysis with a stereocontrolled migration
of the endocyclic oxygen atom to afford an oxazepine derivative [96]. In
contrast, photolysis of thiosugar derivatives 98 and 99 led to decomposition
compounds [95].
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4.3
Synthesis of Tetrazoles

Amide-linked N-glycosyl furane 103 and its thiophene analogue have been
prepared (Scheme 25) by the Staudinger-Aza-Wittig reaction using glyco-
syl azides with DPPE, 1,2-bis(diphenylphosphino)ethane, in the presence
of acid chlorides [26]. This type of glycosylamide heterocycles have been
shown to possess interesting biological activities as endothelial cell growth
inhibitors [97,98]. DPPE has been shown to be a convenient substitute for
triphenylphosphine and for polymer-supported triphenylphosphine [28] in
Staudinger-type reactions in terms of cost, reaction time and easy removal
of by-products [98]. The imidoyl chloride intermediate 102 could be isolated
and transformed with high yield into the glycosyl tetrazole 106 by nucleo-
philic attack of azide, subsequent cyclization of 104 and loss of the chloride
of 105 [26].
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Scheme 25

The attempt at preparing the 6-cyano derivative 108 by displacement of
the tosyloxy group at C-6 by reaction of glycosyl azide 107 with KCN/DMF
at 60°C gave an unexpected tricyclic derivative 110 [99] in a 58% yield
(Scheme 26). Its formation could be explained by 1,3-dipolar cycloaddition
between the 6-cyano and the 1-azido groups of 108, followed by a tetrazole
ring-opening [100] of tetracyclic 109. The last step, involving breakage of the
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N — N bond, was related to the high conformational strain of 109 [99]. No ev-
idence of the configuration of the acetal carbons of the 1,4-dioxane ring was
reported.

44
Synthesis of Triazoles

Triazoles comprise an interesting family of heterocyclic compounds display-
ing important biological activities such as insecticidal [101], anticancer [102-
104], antiviral [104], HIV protease inhibitors [105] or antibacterial [106].

441
Dimroth Reaction

8-Aza-3-deazaguanine nucleosides 113a-e have been prepared [107] from
O-protected glycosyl azides 111a-e by a Dimroth reaction [108]. Treatment
of 111a-e with dimethyl 3-oxoglutarate in DMSO in the presence of K,CO3
(Scheme 27) gave glycosyl triazoles 112a-e as single regioisomers, followed
by selective manipulation of the 1,2,3-triazole C-4 and C-5 substituents. The
Dimroth reaction has been interpreted as either an azido cycloaddition to the
enolate intermediate of the CH-active compound or a nucleophilic addition
of a carbanion to the azido group [108]. 8-Aza-3-deazaisoguanine nucleosides
have been prepared following a similar pathway [109].

44.2
Synthesis of Triazoles from Cyclic Acyl Ketene Aminals

Huang et al. have described the reaction of acylated p-p-ribofuranosyl [103]
and B-D-glucopyranosyl [110,111] azides 111a and 87, respectively, with het-
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erocyclic ketene aminals (cyclic 1,1-enediamines) such as 114 or 116 to give
N-glycosyl triazoles 115 and 117 in moderate to excellent yields (Scheme 28).
Some of the prepared glucopyranosyl triazoles were found to be biologi-
cally active, showing antitumor and antiviral activities [103, 111]. It was sug-
gested that these cyclic 1,1-enediamines behave mostly as nucleophiles rather
than 1,3-dipolarophiles [112]. Therefore, the glycosyl triazoles are formed by
nucleophilic attack of the a-carbon of the ketene aminal to the terminal ni-
trogen atom of the azide, followed by the subsequent cyclocondensation and

aromatization with loss of a water molecule [112].
N

— N
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443
Synthesis of Triazoles from Phosphorus Ylides

Several D-ribofuranosyl [113] and L-arabinofuranosyl 1,2,3-triazole deriva-
tives [114] such as 119 have been prepared by cycloaddition of the corres-
ponding glycosyl azide to 2-ethoxycarbonyl-2-oxoethylidene-triphenylphos-
phorane, followed by reaction with methanolic ammonia or primary or sec-
ondary amines (Scheme 29). Some of prepared nucleosides proved to be
potent inhibitors of HIV-1 replication. Phosphorus ylides containing an a-oxo
group in the chain behave in a similar way as activated acetylenes with
electron-donating groups [108]. Presumably the azide adds to the enolate
form of the ylide, followed by elimination of Ph3;PO [108].

o ] o 0
) Ph3P=CH-C—CO,Et OBz
OBz toluene (60%)
0 BzO N
B20 Ny 2)NH;, MeOH 72% F N 1
F N~"CONH,

118 119
Scheme 29
4.4.4

Thermal 1,3-Dipolar Reactions

Thermal 1,3-dipolar reaction of azido and alkyne derivatives, known as Huis-
gen cyclization [115], leads to 1,2,3-triazoles as a mixture of 1,4- and 1,5-
regioisomers, as activation energies for both processes are quite close to each
other (Scheme 30) [116]. Only when terminal electron-deficient alkynes are
used good regioselectivity is obtained in thermal conditions [117], the 1,4-
adduct being the major regioisomer.

R
_ o N
R—— + R'—Ng M II/\S + ’}ll/\>7R
1,4-Regioisomer 1,5-Regioisomer
Scheme 30

Despite being quite energetic species, azides and alkynes are relatively low
reactive species, for kinetic reasons [118], making the title cycloaddition slow
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and temperature-demanding. On the other hand, these functional groups are
compatible with a wide range of temperature, pH and solvents.

As an example, Hager and co-workers [119] carried out the thermal
reaction between per-O-acetylated B-D-galactopyranosylazide and the non-
terminal alkyne 3,3,3-trifluoropropynylbenzene, to give a mixture of the ex-
pected regiosiomers.

Glycosyl azide 121 bearing an additional cyano group at C-1, eas-
ily prepared from the 1-bromo-glycosyl cyanide 120 [120], was trans-
formed (Scheme 31) into the triazole-dicarboxylic acid derivative 122 by
1,3-dipolar cycloaddition of the azido moiety to dimethyl acetylenedicar-
boxylate (DMAD) [121]. In a similar way, acetylated a- and B-cellobiosyl,
lactosyl, maltosyl and melibiosyl azides, and the commercially available
acetylated B-D-glucopyranosyl azide were transformed in excellent yield
into the corresponding glycobiosyl [122] and glucopyranosyl [123,124]
1,2,3-triazoles by reaction with various acetylene dicarboxylic acid esters
(methyl, ethyl, tert-butyl). Compound 124, obtained from protected cel-
lobiosyl azide 123 (Scheme 31), was used as glycosyl donor in the syn-
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thesis of an anthracycline-type antibiotic [122]. A lactosaminyl triazole,
obtained from protected lactosamine azide by 1,3-dipolar cycloaddition
with di-tert-butyl acetylenedicarboxylate, has been converted into a glycosyl
fluoride [125].

Al-Masoudi and Al-Soud reported [126,127] the preparation of pseudo-
nucleosides containing 1,2,3-triazole and 1,2,3-triazolo[4,5-¢][1,3]-diazepin-
4-one moieties as potential agents against breast, lung or central nervous sys-
tem tumors. These compounds were prepared starting from per-O-acetylated
pB-D-glucopyranosyl azide 87, which was subjected to a thermal 1,3-dipolar
cyclization with dimethyl acetylenedicarboxylate to give the correspond-
ing glucosyl triazole 125 (Scheme 32). 4,5-Dicarboxamide derivatives 126-
128 were obtained upon treatment of 125 with the corresponding aliphatic
amines. Treatment of 125 with piperazine, morpholine and thiomorpho-
line in the presence of NaOMe afforded derivatives 129-131 bearing a car-
boxamide moiety on C-4 and a carboxylate group on C-5 of the triazole
ring.

AcO o o N=N
AR5 N; MeO,C—=—CO,Me ACR/%N \8\002Me
OAC toluene, 80 °C Ac  Co,Me o

87 RR’'NH 125 NH2 CI
R,NH
/&/ N NaOMe NaOMe

HO N 0 OH
126 R=R'=H HO}—&&/"/‘W HO N&NH
127 R=H, R'= Me, Bu, Bn
R=H,R'=

N
128 cyclohexyl OH  CO,Na l\\] 132
X

Scheme 32

Finally, when the reaction on 125 was carried out using guanidine
1,2,3-triazolo[4,5-€]-1,3-diazepin-4-one 132 was obtained. These pseudo-
nucleosides were tested against 60 human tumor cell lines, but showed poor
or no anticancer activity [127].

Phospha [128], such as 135 and 136, and carba [129, 130] sugar nucleo-
sides have been synthesized by 1,3-dipolar cycloaddition reaction of azido
pseudo-sugar derivatives with alkynes (Scheme 33). The strong electron-
withdrawing phosphoryl group of 134 exerted no effect over regioselectivity,
but steric effects played an important role in the selectivity [128]. The car-
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bocyclic analogues of anti-HCV ribavirin displayed moderate activity against
HIV-1 [129].

445
Cu(l)-Mediated 1,3-Dipolar Reactions

Cu(I) salts make the reaction between azides and alkynes faster (up to 107
times) and regiospecific [131,132] (only the 1,4-regioisomer is obtained).
The reaction usually proceeds at room temperature and is compatible with
a plethora of functional groups present in the substrates. Many different
sources of Cu(I) species have been used, such as Cu(I) salts [132], Cu(I) com-
plexes soluble in organic media [133], and Cu(I) derivatives [134] stabilized
with polytriazolylamines. Furthermore, Cu(I) species can be also be obtained
by in-situ reduction of Cu(II) derivatives [131]. A standard procedure in-
volves the use of a mixture of Cu(II) sulfate and sodium ascorbate as a source
of Cu(I).

Reaction by a stepwise mechanism has been postulated [116, 131, 135],
instead of a concerted one, the first step being the formation of an acetylene-
Cu(I) m complex that reduces the pK, value of the terminal acetylene. This
can be deprotonated even in water [135], allowing the formation of the cop-
per acetylide (Scheme 34). Next, attack of the azido derivative provokes the
formation of a Cu adduct that undergoes intramolecular cyclization to give
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Scheme 34
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a 1,2,3-triazole-Cu derivative; final protonation of the triazole ring regener-
ates the Cu(I) catalyst.

Due to its extraordinary efficiency, the Cu(I)-catalysed Huisgen cycload-
dition has become the prototype of click chemistry, a concept introduced by
Sharpless in 2001 [136] to refer to a group of reactions that obey a series
of criteria, such as being modular, stereoespecific and high yielding, using
readily available starting materials and benign conditions, with easy product
isolation and having a large thermodynamic driving force. Usually reactions
involving carbon-heteroatom bond formation are included in the click chem-
istry concept, such as epoxide and aziridine opening, formation of ureas and
amides, additions to double carbon-carbon bonds such as epoxidation and
dihydroxylation, and 1,3 dipolar and Diels-Alder cycloadditions [136].

Click chemistry has proved to be a versatile strategy and has undergone
a spectacular development in the last few years, as a broad spectrum of ap-
plications has been found. Thus, for example, this concept has been applied
to the preparation of polymers [137-140], dendrimers [141-144], glycoclus-
ters [145] and pharmacophores [118]. The 1,2,3-triazole moiety was found
to be a mimic of the amide moiety, characterized by an enhanced stability
towards hydrolysis and oxidations [118].

Click chemistry has also been applied in carbohydrate chemistry. Thus,
Huisgen cyclization involving a sugar azide or alkyne has been exten-
sively used for the preparation of a wide range of carbohydrates bearing
a triazole moiety in different positions. In this volume, Santoyo Gonzilez
and Herndndez-Mateo present a contribution concerning azide-alkyne 1,3-
dipolar cycloadditions, mostly devoted to non-anomeric positions.

Glycosyl triazoles have been prepared from glycosyl azides by different
authors [146, 147] using Cu(I)-catalysed Huisgen cycloaddition. The same re-
action has been employed for the preparation of polyvalent glycoconjugate
clusters (Scheme 35). For example, treatment of O-protected glucopyranosyl
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bromide 137 with trivalent compound 138, in the presence of CuSO4 and
sodium ascorbate, gave dendritic derivative 139 in moderate yield [146].

Another selective and effective preparation of 1,2,3-triazole-linked glyco-
dendrimers was accomplished by Joosten et al. [148]. It was observed that
for these compounds the standard conditions for Huisgen-catalysed reactions
led to slow reactions and that only partial coupling between the polyvalent
alkynes and the sugar azides took place. However, when trying to optimize
the procedure, microwave-assisted cyclizations proved to occur faster and
the reaction went to completion when an excess of the azido derivative was
used (Scheme 36). For instance, using per-O-acetylated 3-D-galactopyranosyl
azide and a tetravalent second generation core molecule, dendrimer 140 was
prepared in almost quantitative yield. This reaction was also successfully ap-
plied [148] to glycobiosyl azides and more branched core molecules.
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Scheme 36

Dorner and Westermann [149] reported the preparation of the pseudo-
disaccharide 143 with a triazole tether (Scheme 37) as a prototype for the syn-
thesis of carbohydrate-containing macrocycles, through a Huisgen-catalysed
reaction and ring-closing methathesis as the key steps. Standard conditions
were used, Cu(OAc); and sodium ascorbate as the Cu(I) source and a mixture
of water and ¢-BuOH as solvent, for the conversion of protected glucopyra-
nosyl azide 141 into pseudo-disaccharide 143 by using dialkyne 142 in a 77%
yield.
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Temelkoff et al. accomplished [150] the preparation of neoglycotrimers in
which the sugar units are connected through a linkage composed of an amide
moiety and a 1,2,3-triazole ring (Scheme 38). The authors claim that interest
in final compounds, such as 147, relies on structural similarity to carbopep-
toids, compounds with great potential in medicinal chemistry [150].
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Synthesis is carried out by direct coupling of glycosyl azide 87 and alkyne
144, prepared from the corresponding glucuronic acid [151]. The correspond-
ing pseudo-disaccharide 145 was converted into glycopyranosyl azide 146 by
hydrobromolysis followed by displacement of the transient glycosyl bromide
with sodium azide.

The second iteration under the standard cycloaddition conditions to ob-
tain 147 failed and only traces of the desired compound were obtained.
A plausible explanation for this could be the very low solubility of 146 in the
aqueous medium. The use of an organic solvent, together with Cu(PPh3)3;Br
as catalyst [133] provided 147 in a 54% yield (Scheme 38).

A much more complex oligosaccharidic structure was achieved by Mar-
muse and co-workers [152], who carried out the assembly of starch fragments
using click chemistry as the key step (Schemes 39 and 40). They reported the
preparation of amylopectine analogues such as 154, a pseudo-starch fragment
comprised of two linear maltoheptaose chains connected through a maltose
unit bearing two triazole rings. This strategy, as compared to the classi-
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cal oligosaccharide synthesis, lacks the problems associated with anomeric
selectivity.

Thus, per-O-acetylated maltose 148 was glycosylated with p-methoxy-
phenol using BF3-Et;O as catalyst (Scheme 39); B-glycoside 149 was crys-
tallized from the anomeric mixture in a 41% yield. Deacetylation in basic
medium, followed by benzylidene protection of the second saccharidic unit
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afforded derivative 150. Dipropargylated maltose derivative 151 was obtained
by benzylation of the free hydroxyl groups of 150 and introduction of the
propargylic units after removal of the benzylidene protective group [152].

Maltoheptaosyl bromide 152 [153] was converted (Scheme 40) into glyco-
syl azide 153 under mild conditions using trimethylsilyl azide in the presence
of tetrabutylammonium fluoride (TBAF). Final cycloaddition reaction be-
tween propargylic derivative 151 and glycosyl azide 153 in the presence of
Cu(PhsP)3Br as catalyst [133], at room temperature and prolonged reaction
times, afforded 154 in a 27% yield.

Bodine et al. accomplished [154, 155] the preparation of cyclic pseudo-
oligosaccharides bearing triazole rings that resemble the structure of cy-
clodextrins, maltooligosaccharides that have become of great interest in drug
transportation [156] and supramolecular chemistry [157].

For instance, the preparation of 160 was carried out [155] starting from
partially protected mannopyranoside 155 [158], which was converted into
the propargylic derivative 156 by alkylation with propargyl bromide followed
by removal of the aglycon in oxidative conditions (Scheme 41). Coupling of
155 with 156 was afforded by activating the reductive derivative with Ph,SO
and Tf,0; the aglycon was removed as indicated for 155. Another iteration
of this process for 157 gave trisaccharide 158. Activation of 158 and treat-
ment with Me3SiN3 afforded a-glycosyl azide 159, which bears alkyne and
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azido moieties in the same molecule. Finally, cyclization gave the corres-
ponding cyclic pseudo-oligosaccharide 160 with two triazole rings tethers.
It is remarkable that by using standard Cu(I)-catalysed Huisgen reaction,
decomposition took place. However, combination of Cul and DBU afforded
the desired cyclodimerization, which was favoured under these conditions as
compared to potential linear oligomerization.

The complexation properties of 160 were studied [155] with 8-anilino-
napthalene-1-sulfonate as substrate by detecting changes in the fluorescence
spectra. As compared to p-cyclodextrin (cyclomaltoheptaose), it turned out
that compound 160 retained the binding properties of the natural cyclodex-
trin; this feature enhances the importance of these artificial analogues.

As an attempt at preparing biologically active compounds, Ermolat’ev
et al. reported [159] the preparation of pseudo-N-nucleosides 164, by as-
sembling a 2(1H)-pyrazinone scaffold to a saccharidic residue through
a 1,2,3-triazole tether, as indicated in Scheme 42. 2(1H)-Pyrazinone derivative
161 was converted into acetilenic derivative 162 through a Pd(0)-catalysed
microwave-assisted Sonogashira reaction. Triazole derivative 163 was ob-
tained by a Huisgen-Cu(I) catalysed reaction, assisted by microwaves and
a polytriazolylamine as a stabilizing agent for the Cu(I) salt [134]. Final
dechlorination of the aromatic ring was afforded by standard Pd-catalysed
hydrogenolysis to give compounds 164 in moderate yields.

=Y OAc

o N TIMS—= PdPhy),Cl, g2 |

0 Q/O N
:[ I Cul, DMF, MW :[ AcO ="
2) TBAF, CH,Cl,—MeOH cl N S Cu turnings, CuSO,

X N,N,N-tris[(1-benzyl-1H-1,2,3-

162 triazol-4-yl)methyllamine,
THF-H,0, MW, 85 °C

R1

0 /
,_.OA:/ y R QSAC NﬁN 2
- Ha R
27—
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Abstract The high synthetic versatility exhibited by the isothiocyanato motif has al-
lowed its use as a building block in the preparation of a plethora of derivatives. When
present in carbohydrates, the strong electrophilicity shown by isothiocyanates, together
with the possibility of undergoing cycloaddition reactions has made it possible to access
a broad spectrum of heterocyclic compounds, of either synthetic or pharmaceutical in-
terest. Among them, noteworthy are 1,3-oxazolidine- and 1,3-oxazinane-2-thiones (cyclic
thiocarbamates), 2-amino-2-oxazolines (cyclic isoureas), 2-amino-2-thiazolines (cyclic
isothioureas), nucleosides, and spironucleosides.

Keywords Amino-oxazolines - Amino-thiazolines - Nucleosides - Oxazolidine-2-thiones -
Sugar isothiocyanates - Thiocarbamates

Abbreviations

AcOH acetic acid

aq aqueous

BuyNF tetrabutylammonium fluoride
cat catalytic

d days

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene
DCC  dicyclohexylcarbodiimide

DMF  N,N-dimethylformamide

EDPA  ethyldiisopropylamine

Glyc glycosyl

Im;CS  N,N’-thiocarbonyldiimidazole
MCPBA m-chloroperbenzoic acid

MeCN  acetonitrile
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MRSA  methicillin resistant Staphylococcus aureus

rt room temperature

sat saturated

TBAB  tetrabutylammonium bisulfate
TFA trifluoroacetic acid

THF tetrahydrofuran
TMSN3 trimethylsilyl azide
TMSCN trimethylsilyl cyanide
TMSOTT trimethylsilyl triflate
p-TsOH p-toluenesulfonic acid

1
Introduction

Isothiocyanates, some of which derive from glucosinolates present in crucif-
erous vegetables, have been repeatedly shown to inhibit carcinogenesis [1, 2].
Isothiocyanates are precursors of a wide range of N-thiocarbamoyl deriva-
tives; their tendency to undergo nucleophilic additions and cycloadditions
make them highly important intermediates in organic synthesis [3] for the
preparation of thioureas and heterocyclic compounds [4, 5].

In particular, sugar isothiocyanates [6-9] have been used extensively
in the preparation of compounds with synthetic, biological and pharma-
cological interest; among them, noteworthy are thioureas [10, 11], glycosyl
amines [12], N-glycopeptides [13], and glycosyl guanidines [14]. The prep-
aration of antitumor agents obtained by reaction of glycosyl isothiocyanates
with 5-aminopyrimidine derivatives has also been reported [15]. Recently,
sugar isothiocyanates have been used for obtaining glycoclusters bearing
a thioureido tether [16, 17] and calyx-sugars [18] in the field of supramolecu-
lar chemistry.

In this work, we will describe the use of sugar-derived isothiocyanates
in the stereocontrolled synthesis of heterocyclic derivatives, such as 1,3-
oxazolidine- and 1,3-oxazinane-2-thiones (5- and 6-membered cyclic thiocar-
bamates, respectively), 2-amino-2-oxazolines (5-membered cyclic isoureas),
nucleosides, spiroglycosides and spironucleosides, and compounds that are
simultaneously pseudo-C- and N-nucleosides.

2
Synthesis of 1,3-Oxazolidine- and 1,3-Oxazinane-2-Thiones
(Cyclic Thiocarbamates)

The preparation of 1,3-oxazolidine-2-thiones and 1,3-oxazinane-2-thiones is
a challenging task as compounds exhibiting these structures show interesting
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biological and pharmacological properties [19-21]. These heterocycles have
also been isolated as hydrolysis products of naturally occurring glucosino-
lates having a hydroxyalkyl side chain [22-26]. In glycochemistry some nu-
cleosides and related structures have also been prepared via 1,3-oxazolidine-
2-thiones by reaction of aldoses and ketoses with thiocyanic acid [27-30], or
with benzyl isothiocyanate [31]. Furthermore, the 1,3-oxazolidine-2-thione
motif has been used extensively as a chiral auxiliary in organic synthesis [32-
34].

1,3-Oxazolidine- and 1,3-oxazinane-2-thiones can be generated when an
isothiocyanate and a hydroxyl group are simultaneously present in a sugar
molecule. Facility and viability of this process are aspects that depend on the
ring size as well as on the relative arrangement of both functional groups,
and thus, on the inherent strain of the cyclic structure [6]. Usually only -
and y-located hydroxyl groups with respect to the isothiocyanate moiety can
undergo cyclization, although trans-diaxial arranged isothiocyanate and hy-
droxyl groups of a conformationally rigid pyranose ring do not lead to an
oxazolidine-2-thione [35].

In this context, Garcia Ferndndez and co-workers have described [36]
the reactivity of methyl 6-deoxy-6-isothiocyanato-«-D-glucopyranoside 1 to-
wards vicinal hydroxyl groups in the preparation of bicyclic sugar-derived
thiocarbamates. The authors found that no reaction takes place even on
heating 1 in DMF for prolonged time. Nevertheless, it underwent a fast in-
tramolecular cyclization with the hydroxyl group on C-4 upon heating in the
presence of a catalytic amount of EtsN (Scheme 1) to afford the correspond-
ing 1,3-oxazinane-2-thione 3.

@
NCS N=k@ S H
NEt; \N
HO DMF, 80 °C HO OHo
HO ' HO HO
OMe OMe OMe
1 2 3

Scheme 1

It was postulated [36,37] that the formation of 3 proceeds via a zwitte-
rionic complex between the isothiocyanate moiety and triethylamine, and
subsequent nucleophilic displacement by the y-located hydroxyl group of the
glucopyranoside.

The same behavior [38] was found for 6,6’-dideoxy-6,-6'-diisothiocyanato-
a0 -trehalose 5 (Scheme 2), prepared by isothiocyanation of 4. Reactivity of
fully-O-protected 6-deoxy-6-isothiocyanato derivatives with ammonia in sev-
eral solvents to provide either thioureas or cyclic thiocarbamates has also
been reported [39].
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The same group also reported [37] the synthesis of cyclic thiocarbamates
by spontaneous annelation of an isothiocyanate motif and a hydroxyl group
of a sugar derivative. Thus, treatment of 6-amino-6-deoxy-D-glucose, -D-
galactose and -D-mannose 7-9 with thiophosgene in acetone-water contain-
ing CaCOj led to the pseudo-C-nucleosides 13-15 bearing an oxazolidine-
2-thione motif in a 82-88% yield (Scheme 3), presumably through transient
isothiocyanates 10-12 although they were not detected even at low tempera-
ture. It is remarkable that cyclization occurs with total regioselectivity, as the
only observed thiocarbamates were those with a furanose structure, and no
pyranose-derived thiocarbamates were obtained.

HCI-H,N SCN
(o) 6} S‘j'/ o)
HO OH HO OH| —— OH OH
HO OH HO OH OH
7-9 10-12 13-15
Scheme 3

Partial deprotection of di-O-isopropylidene-3-isothiocyanato furanose 16
with aqueous TFA (trifluoroacetic acid) at low temperature led to transient
3-deoxy-3-isothiocyanato derivative 17 that finally evolved to 1,3-oxazinane-
2-thione 18 [40]. The outcome of the removal of the 1,2-di-O-isopropylidene
group was strongly dependent on experimental conditions (Scheme 4). Thus,
treatment of 18 with 90% aqueous TFA at 40 °C for 8 h resulted in 19 by
hydrolysis of the protective group while the oxazinane-2-thione ring was
kept. However, by reducing the rate of TFA and increasing the temperature
up to 50 °C, opening of the thiocarbamate took place to afford 3-deoxy-3-
isothiocyanato-D-glucopyranose 20. More prolonged reaction times led to
trihydroxyalkyl tetrahydro and dihydro 1,3-oxazine-2-thiones 21 (major) and
22 (minor), obtained by nucleophilic attack of the y-located OH group of the
hydrated form of the aldehyde group of the free sugar. This reaction is simi-
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lar to that observed in B-oxo isothiocyanates in the preparation of mesoionic
1,3,4-oxadiazole-2-thiones [41].

The synthesis of bicyclic N-thiocarbonyl azasugars as glycomimetics struc-
turally related to potent glycosidase inhibitors such as natural nojirimycin,
1-deoxynojirimycin, or castanospermine [42] has also been reported [43, 44].
Thus, thiocarbamate 24 was obtained by spontaneous cyclization of a tran-
sient isothiocyanate upon treatment of 23 with carbon disulfide (Scheme 5).
Removal of the protective group in acidic conditions led to the corresponding
reducing furanose derivative, as an anomeric mixture. Final neutralization
with a basic Amberlite resin allowed equilibrium to be shifted to the bicyclic
2-oxaindolizidine 26, a castanospermine analogue, obtained by nucleophilic
attack of the nitrogen to the masked aldehyde group [44].

(0]
34 s=< S
cs, o
bt 0. 90%TFA-H,0 N o Amberiite e
71000 OH OH OH| |IRA-68 (OH") HOFo
o HO
s §< OH

23 24 25 26

Scheme 5

It is noteworthy that compound 26 exists only with the pseudoanomeric
hydroxyl group in the axial position; the explanation for this strong anomeric
effect might be the favorable interaction between the m-type lone pair or-
bital of the nitrogen atom in the ground state of the thiocarbamate moiety
and the o* antibonding orbital of the vicinal axial C — O bond. Compound 26
was tested [44] against several glucosidases and showed a potent and selective
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activity (Kj = 40 uM) against «-glucosidase from yeast, and a poor activity
against rice a-glucosidase, amylase, and -glucosidase.

Following the same strategy, Garcia Ferndndez and co-workers [44] pre-
pared some other castanospermine analogues, but replacing the oxazolidine-
2-thione moiety by a imidazolidine scaffold, the synthetic pathway being de-
picted in Scheme 6. Staudinger reduction with triphenylphosphine and aque-
ous ammonia of the 5,6-diazido derivative 27, followed by isothiocyanation
with carbon disulfide of the corresponding diamino 28, and acidic removal
of the isopropylidene group in 29 afforded final imidazolidine derivative 30,
again as the single o-pseudoanomer. This compound turned out to be an
extremely weak inhibitor of the tested glucosidases.

PhyP 1) 90%
dioxane-MeOH_ _GCS, | TFA _ TFA-HO o
aq NH4OH DCC 2) Amberlite /gﬁ
|RA 68 (OH")

27 28 29 30

Iz ZI

Scheme 6

Analogous imidazolidine-2-thiones of L-ido [44], D-manno, D-allo, D-gal-
acto, and L-gulo-configurations [45] were also prepared, but showed either
moderate inhibition or total absence of activity.

The synthesis of methyl 6,7-dideoxy-7-isothiocyanato-«-D-heptapyrano-
sides of D-gluco, D-manno-, and D-galacto configurations was accomplish-
ed [46] by homologation reaction and proved that these compounds were
stable even upon heating in the presence of triethylamine, and thus, no seven-
or higher-membered thiocarbamate derivatives were obtained. This behavior
was different to that observed for p-gluco-heptapyranose derivative 33 [46],
whose preparation was carried out as shown in Scheme 7. Reduction of hep-
tafurano nitrile 31 using borane-dimethyl sulfide and isothiocyanation with
carbon disulfide, followed by acidic removal of the acetal moiety afforded
isothiocyanate 33 also stable in the absence of base. Heating at 80 °C with tri-
ethylamine in DMF led to 1,3-oxazinane-2-thione 35 as a mixture of anomers.
The same compound could be obtained by first base-induced intramolecular
annelation of 32, followed by acidic deprotection of 34.

Ferndndez-Bolafios and co-workers, in the search of fully O-unprotected
sugar-containing isothiocyanates and their derivatization, found the first
examples of isothiocyanates being in equilibrium with cyclic thiocarba-
mates by spontaneous annelation with a vicinal hydroxyl group [47]. Prepar-
ation of glucosamine-derived isothiocyanate 37 was accomplished (Scheme 8)
starting from benzamide 36, by basic hydrolysis, followed by buffering the
medium with carbon dioxide and treatment with thiophosgene. NMR study
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revealed [47] a solvent and temperature-dependent equilibrium (Table 1) be-
tween isothiocyanate 37 and bicyclic trans-fused thiocarbamate 38. The strain
caused by the trans arrangement of the two rings allows thiocarbamate open-
ing and, thus, the equilibrium with 37.

Table 1 Data on isothiocyanate 37/thiocarbamate 38 equilibrium, measured by 'H-RMN

Solvent? 37/38
Molar ratio

(CD3)280 14 : 86

D,0 26:74

CD;0D 45:55

224°C

Temperature, °C
(in DMSO-ds)

37/38
Molar ratio

14: 86
26:74
29:71
45:55
50:50
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The equilibrium mixture of these two compounds can be directly used for
the preparation of sugar-derived thioureas by coupling with alkyl and aryl
amines [47]. This was the first example in the literature of a thiocarbamate
acting as a latent isothiocyanate for the synthesis of thioureas.

As depicted in Table 1, equilibrium is shifted towards thiocarbamate 37 at
lower temperatures, as a result of entropy decrease in annelation. Further-
more, the higher proportion of 38 in DMSO-ds might be due to stronger
hydrogen bonding of the NH moiety, as compared to D,O or CD30D.

It has recently been shown that 8-D-glycopyranosyl isothiocyanates behave
similarly [10]. Thus, treatment of 8-D-gluco- or 8-D-galactopyranosylamines
39 and 40 with thiophosgene in a buffered aqueous medium afforded the
expected isothiocyanates 41 and 42, respectively (Scheme 9). This was the
first isolation and characterization of fully O-unprotected glycosyl isothio-
cyanates. Previously, unprotected glycopyranosyl isothiocyanates were used
for glycosidase inhibition and protein labeling in glucose transportation
through membranes [48, 49]; nevertheless, decomposition was described [50]
as occurring in physiological conditions and no more chemistry involving
these intermediates was reported up to a recent study [51].

RZ

OH H,O/dioxane
R ¢} NH _Csc,
HO 2 002 NaHCO;

OH pH8, -10°C /K

39 R'=0OH,R?=H 41 R'=0OH,R%=H 43 R'=OH,R%=H
40 R'=H,R%=OH 42 R'=H, R%=OH 44 R'=H, R%=OH
Scheme 9

Analogously to that indicated above for 37, glycosyl isothiocyanates 41
and 42 were shown to be in a solvent-dependent equilibrium with bicyclic
trans-fused thiocarbamates 43 and 44 by spontaneous annelation with a hy-
droxyl group on C-2, showing a similar preference for thiocarbamates when
DMSO-ds was used as the solvent [10]. This mixture could again be used for
the one-pot preparation of O-unprotected glycopyranosyl thioureas, demon-
strating that this procedure is mild enough for the preparation of glycoconju-
gates prior to isothiocyanate decomposition [10].

The mixture of glucopyranosyl isothiocyanate 41 and thiocarbamate 43
was recently tested [52] as a potential inhibitor of glucose transporter (EIIS)
of the phototransferase system of Escherichia coli, leading to its rapid inacti-
vation.

Nevertheless, the isothiocyanation reaction of a glycosylamine or an
amino sugar with the amino moiety and the vicinal hydroxyl group in a cis-
arrangement led to a stable cis-fused thiocarbamate. For example, when
D-glucosamine was treated [53] with thiophosgene in a buffered aqueous
medium, cis-arranged glucopyranoso[2,1-d]oxazolidine-2-thione 47 was the
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only isolated compound, obtained by spontaneous annelation of the transient
isothiocyanate 46 with the hydroxyl group of the o-anomer (Scheme 10). The
other two possible thiocarbamates are in a trans-fused arrangement, and if
formed, might be in equilibrium with the isothiocyanate, and this equilib-
rium shifted to more stable derivative 47.

OH OH OH

H,O/dioxane
HO (0] CSCl, HO (6] o (0]
HO OH CO, NaHCO3 HO OH HO
NH,HcI ~ PH8, -10°C NCS HN. O
S
45 46 47
Scheme 10

Analogously, isothiocyanation of D-mannosamine hydrochloride 48
led [53] to cis-fused thiocarbamate 50 as a mixture of anomers through non-
detected isothiocyanate 49 (Scheme 11). It is worth noting that cyclization
with anomeric hydroxyl groups of 49 were not observed.

S

NH,-HCl  HoOldioxane NCS
HO €Oz, NaHCO;3 | Ho HOG &W
HO OH pH 8, —10°C HO - OH © OH
48 49 50
Scheme 11

In a similar way, isothiocyanation of B-D-mannopyranosylamine 51 only
gave [10] cis-fused thiocarbamate 52 that did not react with aromatic amines
(Scheme 12), proving the inherent stability of this kind of cis-arranged bi-
cyclic systems, contrary to what was observed in trans-fused thiocarba-
mates [10,47]. The remarkable difference in reactivity between cis- and
trans-fused sugar thiocarbamates might be explained considering that in
cis-arrangement, flattening [54] of the six-membered ring is much more fa-
vorable than in the trans-counterparts.

S
OH

HO Q CSCl,, CO,, NaHCO H%NH Ar-NH
HO o NH, 22 ¥, HO HO — A2 . 1o reaction

1:1 H,O-dioxane, —10 °C
51 52

Scheme 12

An alternative procedure for the preparation of cis-1,2-fused oxazolidine-
2-thiones in carbohydrates was reported [55] by Beaupere and co-workers
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starting from 1,2-O-sulfinyl-a-D-glycopyranose or glycofuranose. Treatment
of the «-1,2-O-sulfinyl derivative with sodium thiocyanate led to a B-
thiocyanate that, under the reaction conditions was isomerized to a transient
o-isothiocyanate via an oxocarbenium ion. The isothiocyanate underwent
spontaneous annelation with a vicinal hydroxyl group to afford the corres-
ponding glycopyrano and glycofurano cis-fused thiocarbamates (Scheme 13).

0 —0 —0
_NaSCN___ \ soN” .
0
O\ DMF, 90 °C les ("
AN

0—s=0 OH

Scheme 13

3
Synthesis of 2-Amino-2-Oxazolines (Cyclic Isoureas)

2-Amino-2-oxazolines or cyclic isoureas have frequently been targeted [56-
59] in the last few years in organic synthesis, as some biologically active com-
pounds bear this motif in their structure. They exhibit octapamine [60] and
adrenoreceptor agonist [61] activity, or histamine [62] and adenosine [63]
receptor antagonist activity. They also might be useful in hypertension treat-
ment [64,65], as anti-obesity drugs [66], or as feromone biosynthesis in-
hibitors [67], i.e., as potential pest control agents [68].

In the carbohydrate context, there are some naturally occurring bicyclic
isoureas that are potent and selective glycosidase inhibitors. Among them, it
is worth mentioning trehazolin 53 [69, 70] and allosamidin 54 [71], potent in
vitro trehalase and quitinase inhibitors, respectively (Fig. 1). They have been
considered as candidates for pest control, but their highly polar structure has
precluded the practical use of trehazolin and allosamidin as in vivo pesticidal
agents [68].

OH
(0]
HORo
HO NHAc
HN
—( O%&\
OH NHAc
OHOH NMez
OH
53 Trehazolin 54 Allosamidin

Fig.1 Trehazolin 53, allosamidin 54
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Isolation and discovery of these biologically active compounds has en-
couraged researchers to carry out not only their total synthesis but also to
accomplish the synthesis of the aglycon [72-74] or modifications both in the
cyclitol moiety and in the carbohydrate residue [75-82]. For instance, there
are examples where the aminocyclopentitol motif has been replaced by either
a six-membered polyhydroxylated carbocycle [83] or by a tetrahydropyrane
moiety [84].

Uchida and Ogawa attempted [85] the preparation of glycosylamino oxa-
zolines without any substituents in the heterocyclic moiety as trehazolin ana-
logues. Thus, coupling of 2,3,4,6-tetra-O-benzyl-«-D-galactopyranosyl isoth-
iocyanate 55 [86] with 2-aminoethanol afforded per-O-protected galacto-
sylthiourea 56 (Scheme 14). Cyclodesulfurization with yellow HgO in Et,O
gave 2-galactopyranosylamino-oxazoline 57 through a transient carbodi-
imide. Attempts to carry out the deprotection of 57 under Birch condi-
tions did not allow the isolation of the expected isourea 58; instead, 1,2-
fused glycopyranoso and glycofuranoso-oxazolines 59 and 60 were isolated in
aroughly 1: 1 ratio.
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OH O O,
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OH H_\—OH HN
60 59 58
Scheme 14

The same behavior was observed for the glucose epimer [85]. On the
contrary, starting from benzylated B-pD-gluco and p-D-galactopyranosyl
isothiocyanates, or from acetylated a-pD-mannopyranosyl isothiocyanate 61
(Scheme 15), due to the trans disposition of substituents on Cl and C-2
no rearrangement took place after deprotection, and the corresponding
2-glycopyranosylamino-oxazolines were obtained [85]. The a-mannopyran-
osyl-oxazoline 63 turned out to be a moderate inhibitor of ¢-mannosidase
(K; = 98 pM).
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In this context, Ferndndez-Bolafios and co-workers [87] have developed an
efficient one-pot three-step procedure for the preparation of 2-(alkylamino,
dialkylamino, arylamino)dihydroglucopyranoso[1,2-d]oxazoles starting from
B-D-glucopyranosylamine (Scheme 16). Treatment of S-D-glucopyranosyl-
amine 39 with thiophosgene in a buffered 1:1 water-dioxane medium,
followed by addition of primary and secondary amines led to the correspond-
ing O-unprotected glucopyranosyl thioureas 64, through the above-described
isothiocyanate 41. In situ treatment with yellow HgO afforded the corres-
ponding trans-fused bicyclic isoureas 65 in a 55-84% overall yield for the
three steps.

OH OH OH )
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66a R'=R2=Et (85% from 39)

Q40
66b R', R2= (CH,)s (33% from 39) 65 (55-84% from 39)

Scheme 16

The one-pot three-step procedure could be extended one more step; thus,
more prolonged reaction times for the cyclodesulfurization step of N,N-
disubstituted thioureas (diethyl- and piperidine-derived thioureas) afforded
the corresponding B-D-glucopyranosyl ureas [10] in moderate to good yields
for the four-step procedure (Scheme 16). It is noteworthy that this reaction
did not work for N,N’-disubstituted thioureas and that reaction time differed
significantly for both compounds, the time being only two hours for N,N-
diethylthiourea, and for piperidine derivative even after three months the
reaction was not complete. A mechanism involving reversible formation of
the trans-fused bicyclic isoureas through a carbodiimidium ion was devised
to explain the different behavior of the tested isoureas 65.
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The one-pot methodology for the cyclodesulfuration of sugar thioureas
strongly contrasts with procedures reported in the literature so far, as those
involved the use of O-protected sugar thioureas, together with freshly pre-
pared mercury (II) oxide [88-91] or 2-chloro-3-ethylbenzoxazolium tetraflu-
oroborate [77,84], both employed in anhydrous solvents. Thus, the prep-
aration of a 1-aza-2-(B-D-glucopyranosyl)imino-3-oxabicyclo[3.3.0]Joctane
by treatment of a 2,5-dihydroxymethyl-N-(2,3,4,6-tetra-O-acetyl- 8-D-gluco-
pyranosyl)thiocarbamoyl pyrrolidine with mercury (II) oxide in acetonitrile
has been recently described [92].

Isourea 70, that shows a great structural resemblance to trehazolin 53, was
obtained [87] in an 89% yield by treatment of thiourea 68 with yellow HgO in
aqueous dioxane (Scheme 17). The same isourea was previously prepared [84]
from protected thiourea 67 by desulfurization using Mukaiyama’s reagent [93]
in anhydrous acetonitrile to give after debenzylation of 69 a non-resolved
mixture of the expected isourea 70 (17%), together with the N,N’-bis(8-D-
glucopyranosyl)urea (32%).
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Synthesis of 2-Amino-2-Thiazolines (Cyclic Isothioureas)

Santoyo-Gonzalez and co-workers [94, 95] explored the versatility of 2-deoxy-
2-iodoglycosyl isothiocyanates in the synthesis of glycopyranoso-fused thi-
azolines. 2-Deoxy-2-iodoglycosyl isothiocyanates, such as 71, are easily pre-
pared by reaction of glycals with silica-supported potassium thiocyanate and
iodine in chloroform [95]. The simultaneous presence of two active elec-
trophilic groups in the molecule, make them exceptional building blocks
for the synthesis of glycopyranoso-fused thiazoles through thiocarbamates,
dithiocarbamates, or thioureas, which are formed by reaction with alcohols,
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thiols, or amines, respectively (Scheme 18). The subsequent nucleophilic dis-
placement of the trans-vicinal iodine by the sulfur atom of the thiocarbonyl
group in the presence of a base led to bicyclic structures such as 73, 75, and 76

in good to high yields.
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Application of this methodology allowed the preparation of several multi-
valent neoglycoconjugates bearing some glycopyranoso[1,2-d]thiazoline mo-
tifs when reaction was carried out between the 2-iodo-glycopyranosyl isoth-
iocyanate and a symmetric polyamine [94]. As an example, the preparation
of compounds 77 and 78 is remarkable, derived from 71 and a calix[4]arene
or a triamine, respectively (Fig. 2).
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OA (6]
o SN
a ;
H H
77 78

Fig.2 Calixarene 77, triamine derivative 78
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Chiara and co-workers have recently accomplished [96] the synthesis of
an isosteric derivative of trehazolin; thus, they carried out the replacement
of the endocyclic oxygen atom of the aglycon by sulfur, to afford a thiazo-
line ring (Scheme 19). Partially protected aminocyclopentitol 80 was obtained
by the same authors from D-mannose, using as a key step a stereoselect-
ive reductive carbocyclization reaction using Sml; [80,97]. Coupling of 80
with O-protected «-D-glucopyranosyl isothiocyanate 79 afforded the expected
thiourea 81. Treatment of the latter with triflic anhydride gave a transient tri-
flate on the secondary free hydroxyl group, that was displaced by nucleophilic
attack of the sulfur atom. Final deprotection afforded thiotrehazolin 83. This
compound turned out to be a nanomolar, tight-binding inhibitor of porcine
trehalase (K; = 30.4 nM), only roughly 15 times less active than natural treha-
zolin (K; = 2.1 nM).
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Synthesis of Nucleosides and Glycosylamino-Heterocyles

Nucleosides are compounds exhibiting pharmacological activity of great in-
terest [98,99]; thus, some of these heterocyclic compounds have been used
as anti-tumoral [100, 101] or antiviral agents, including AIDS [102, 103] and
hepatitis B [104, 105] treatments.

There are numerous families of nucleosides that have an active role in
cancer chemotherapy and infectious diseases. Among them, compounds like
L-nucleosides [106, 107], carbocyclic nucleosides [108,109], 4’-thionucleo-
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sides [110,111], C-nucleosides [112,113], or acyclic derivatives [114-116]
have been synthesized and tested for biological activities.

The well-known reaction of alkyl or aryl isothiocyanates with 2-amino-
2-deoxy-aldoses is an excellent synthetic pathway for the preparation
of imidazole-derived C-nucleosides and acyclic C-nucleosides [117-120].
The reaction carried out using sugar-derived isothiocyanates gives access
to compounds that are simultaneously C-nucleosides and N-nucleosides.
Thus, Fuentes and co-workers described [121] the preparation of 1-N-
glycosyl-4-(p-arabino-tetritolyl)imidazolidine-2-thiones by reaction between
2-amino-2-deoxy-D-glucosamine and O-acetylated glycosyl isothiocyanates
derived from mono, di, and trisaccharides, and with O-acetylated-2-deoxy-2-
isothiocyanato-B-D-glucose.

In a similar way, the synthesis of pseudo-nucleosides 84 and 86-88
was accomplished [122] using the synthetic route depicted in Scheme 20.
Treatment of D-glucosamine with methyl 2-deoxy-2-isothiocyanato-a-D-
glucopyranoside 37 in equilibrium with its corresponding thiocarbamate 38
(see above) afforded, through a transient thiourea, 5-hydroxy-imidazolidine-
2-thione 84 as a diastereomeric mixture of the 5R and 5S isomers in a solvent-
dependent equilibrium (5R:58=93:7 in D,0 and 98:2 in DMSO-dg).
Cyclodehydration of the tetritolyl chain was afforded by heating in aque-
ous acetic acid to give bicyclic glucofuranoso-imidazolidine-2-thione 85, that
underwent isomerization into imidazoline-2-thione 86 upon treatment with
methanolic TFA at rt.

Subsequent treatment of 86 with aqueous TFA allowed [122] a cy-
clodehydration in the polyhydroxylated chain to afford the « and B-D-
erithrofuranosyl-C-nucleosides 87 in a roughly 1:4 «/f ratio (Scheme 20).
Furthermore, prolonged treatment of imidazolidine-2-thione 86 with TFA in
refluxing methanol gave access to S-methylimidazol derivatives 88 as a mix-
ture of anomers, isolated in a 1: 7 /8 ratio.

A different strategy for preparing nucleosides is based on the reaction
of glycosyl isothiocyanates with stabilized carbanions, due to the strong
electrophilic character of the isothiocyanato moiety [123]. An example of
this reaction is depicted in Scheme 21. Reaction of per-O-acetylated B-D-
glucopyranosyl isothiocyanate 89 with diethyl acetonyl (phenacyl) malonate
in the presence of sodium hydride afforded the corresponding thioamides 90
and 93. In the case of compound 90, the thioamide moiety was found to be in
an equilibrium with the corresponding pyrrolidine structure 91. This equilib-
rium was shifted towards the latter, roughly 1: 10 at rt.

Cyclodehydration of the thioamide-derived structures was induced by
treatment with an acetic anhydride and phosphoric acid mixture. In the case
of the mixture of 90 and 91, N-glucopyranosyl tetrahydrothioxopyridine 92
was obtained upon acidic treatment [123]. Under the same conditions, com-
pound 93 evolved to N-glucopyranosyl thioxopyrroline 94.
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Furthermore, treatment of isothiocyanate 89 with the carbanion gener-
ated from malonodinitrile, followed by addition of phenacyl bromide af-
forded [123] fully O-protected B-D-glucopyranosylamino thiophene deriva-
tive 96 via non-isolated thiolate 95 (Scheme 22).

There are some other examples in literature concerning cyclization of thio-
carbamoyl derivatives to give pseudo-nucleosides [7]. For instance, Marino
and co-workers [124] prepared 3-8-D-galactofuranosyl-4-oxo-imidazolidine-
2-thione 99 by cyclization of thiourea 98, that was obtained [125] by
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coupling of galactofuranosyl isothiocyanate 97 [126] with glycine ethyl es-
ter hydrochloride (Scheme 23). In a similar way, condensation of isothio-
cyanate 97 with aminoacetaldehyde dimethylacetal gave the corresponding
thiourea 100, whose masked aldehyde was deprotected in acidic condi-
tions, and underwent cyclization with the glycosyl nitrogen to furnish
4-methoxyimidazolidine-2-thione 101 and imidazoline-2-thione 102, after re-
moval of the ester groups. The authors claimed a tautomeric equilibrium
imidazoline-2-thione/mercaptoimidazole shifted to the latter form, as de-
duced from NMR data [124]; however, the chemical shift found for C-2
(162.0 ppm) in the *C NMR spectrum of 102 is in agreement with the
data reported for the imidazoline-2-thione structure [122, 127], a more sta-
ble structure than its tautomer mercaptoimidazole [128]. Compound 101
was found to be a moderate inhibitor of exo B-D-galactofuranosidase (ICsg
100 uM).

P
N N~ >CO,Et
o CS OHN N 2 o
\ B2 H,NCH,COEtHCcl O NaOMe OH
OBz toluene, EDPA on MeOH L
OBz OH OH
0Bz OH OH
97 98 99
H,NCH,CH(OMe),
toluene

NH NH
s /
MeO S
OMe S N
HN N/ﬁ/ N
(0} H (0} 0)

OMe

0Bz 1)0.1 MHCI, DMF [ . '
2) NaOMe, MeOH
0Bz OH OH
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Scheme 23
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Saleh reported [129] the preparation of nucleosides of dihydropyrim-
ido[5,4-b]indol-4-one 107-109 using glycopyranosyl isothiocyanates as start-
ing materials (Scheme 24). Condensation of O-acetylated sugar isothio-
cyanates with 3-aminoindole derivative 104 afforded the corresponding
thioureas 105, which underwent cyclization in mild conditions promoted
by Lewis acid ZnCl, to give the pyrimidoindol scaffold 106. Deprotection,
S-alkylation, and oxidation on MCPBA (m-chloroperbenzoic acid) yielded the
sulfonyl compounds 109.
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NH, 72
0 NCS { | 0 NA N
P + Co,Et - Yene | %
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Scheme 24

In a similar way, N-glycopyranosylamino thiazoles were prepared by
reaction of glycosyl isothiocyanates with 3-indolylaminomethyl-ketone hy-
drochloride followed by cyclodehydration with acetic anhydride [130].

Another different approach for accessing nucleosides is based on cycload-
dition reactions involving the isothiocyanate moiety, exploiting the high ver-
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satility of this functional group. Deniaud and co-workers have described [131,
132] a [4 + 2] cycloaddition reaction involving sugar isothiocyanates and di-
azadienium iodide 114 in the synthesis of pyrimidine nucleoside analogues.

Glycopyranosyl isothiocyanates 103 were obtained by the method de-
scribed by Camarasa and co-workers [133], involving treatment of protected
glycopyranosyl bromides with potassium thiocyanate under phase-transfer
conditions (Scheme 25). Diazadienium iodide 114 was prepared by sulfhydra-
tion of commercially available 3-dimethylaminoacrylonitrile 112, followed by
methylation on the sulfur atom of thioamide 113 (Scheme 25).
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CH3CN
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sugar= per-O-acetylated glucopyranosyl, galactopyranosyl, cellobiosyl, lactosyl
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N S 2 _S.__NH, - | 2
l\ Et3N, Py Mel, THF

—_— —> —_—
N h rt e

H,S, rt N N N
AN N PO
112 113 114
Scheme 25

Treatment of the glycosyl isothiocyanates 103 (2 equiv) with 114 afforded
the corresponding dihydropyrimidine-2-thiones 116 in good yields (72-84%)
in a regiocontrolled manner. The dimethylamine, generated in the deami-
nation of the non isolated intermediate 115, reacted with a second equiva-
lent of isothiocyanate to provide glycosyl thioureas 117 as a side-product
(Scheme 26). The methylsulfanyl group can be easily substituted by hydroxyl,
amino, or benzylamino groups [132].

Jochims’ [134] and Hassans [135] groups reported the efficient use of
1-aza-2-azoniaallene salts 119 and O-acetylated §-D-glucopyranosyl isothio-
cyanate 89 for the preparation of glucopyranosylimino-1,3,4-thiadiazoles 121
and 122. These salts, prepared from chloroalkylazo derivatives 118 and an-
timony (V) chloride, can undergo 1,3-dipolar cycloadditions with multiple
bonds-containing compounds, such as alkynes, alkenes, isocyanates, isothio-
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cyanates, carbodiimides, or nitriles (Scheme 27) [134-138] to afford a plethora
of heterocyclic derivatives. For instance, treatment [134] of 2,3,4,6-tetra-O-
acetyl-B-D-glucopyranosyl isothiocyanate 89 with the azo compound 123
furnished glycosylimino-thiadiazole derivative 124 in a 63% yield.

Al-Masoudi et al. applied the same methodology to the synthesis of
thiosugar nucleosides [139, 140]. Thus, acetylated 5-thio-B-D-glucopyranosyl
isothiocyanate 126, prepared from 5-thioglycosyl bromide 125 and trimethyl-
silyl isothiocyanate, was transformed into iminothiadiazoles 127 and 129
using azo compounds 123 and 128, respectively (Scheme 28). Reaction of
isothiocyanate 126 with aminoacetone or chloroethylamine also afforded
a N-(5-thio-B-p-glucopyranosyl)-imidazoline-2-thione nucleoside 130 and
a 2-(5-thio-glucopyranosylamino)-2-thiazolidine derivative 131 [140], whose
glucosyl counterparts having oxygen in the ring had been previously de-
scribed [141-143].

Desulfurization of thiocarbonyl compounds has also proved to be an al-
ternative key step in furnishing glycosyl isothiocyanate-mediated pseudonu-
cleosides. Thus, Gama and co-workers extended [144] their studies of desul-
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furization reactions of glycosyl thioureas with silver cyanate to accomplish
the preparation of glycosyl-5-azauracil derivatives 135. Coupling of known
protected glycopyranosyl isothiocyanates with secondary amines afforded the
corresponding thioureas 132, that upon treatment with silver cyanate gave
the corresponding heterocyclic derivatives 135 in good yields (Scheme 29).
It was postulated [144] that a 1:1 thiourea-silver cyanate complex 133 must
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be involved in the reaction. This complex undergoes a nucleophilic attack by
a second cyanate ion, with release of silver sulfide. Final cyclization of 134
between the glycosyl nitrogen atom and the second cyanate fragment gives
access to the 5-azauracil scaffold 135. In a similar way, cyclodesulfurization of
N-aryl-N'-glycosyl thioureas with dimethylcyanamide and silver triflate led
to 2-glycosylamino-quinazolines in good yields [145].

The same group prepared N-(B-D-glucopyranosyl)oxazolidine-2,4-
diones [146] and N-(B-D-glucopyranosyl)imidazolidine-2,4-diones [147] by
desulfurization-condensation of glucosyl isothiocyanate with «-hydroxyacids
and N-substituted «-aminoacids, respectively, in the presence of silver triflu-
oroacetate and triethylamine. 4-Glucosyl-1,2,4-oxadiazolidine-5-thiones were
also prepared by reaction of protected glucosyl isothiocyanates with an ox-
aziridine ring [148].

The synthesis of dithioxopyrimidine nucleosides 138 from acetylated
B-D-glucopyranosyl isothiocyanate 89 has been reported by Fuentes and
co-workers [149]. N-Glucosylthioamides 137, prepared by reaction of 89
with N-aryl-enaminoesters or enaminones 136 in basic medium, were trans-
formed into glucosyl dithioxopyrimidines nucleosides 138 by treatment
with thiophosgene (Scheme 30). The concomitant glycosylamides formation
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due to basic hydrolysis of 137 was responsible for the low yield (18-24%)
observed.

The contribution made by Sim and co-workers [150] to the synthesis
of 2-glycosylamino-dihydropyrimidinones 141 as a novel type of guani-
dinoglycosides through the formation of asymmetrically substituted car-
bodiimides 139, should also be highlighted. The authors synthesized the
carbodiimides from f-D-glycosyl isothiocyanates and different azides, follow-
ing the tandem Staudinger-aza-Wittig reaction via iminophosphoranes [151].
Treatment of S-glycosyl carbodiimides 139 with methyl (S)-3-amino-3-
phenylpropanoate afforded the transient open-chain guanidine 140, that
evolved to pyrimidone 141 in a selective fashion, as 142, involving cycli-
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zation through the glycosyl nitrogen, was not observed (Scheme 31). Com-
pounds 141 underwent anomerization during the guanylation step. This novel
family of compounds, after deprotection, was screened for some biological
activity as antibiotics against MRSA (methicillin resistant Staphylococcus au-
reus) and E. Coli. They proved to be inactive against these organisms and they
lack cytotoxicity.

6
Synthesis of Spironucleosides

Anomeric spironucleosides is a type of sugar derivative with spiranic struc-
ture, in which the anomeric carbon belongs simultaneously to the sugar ring
and to a heterocyclic base [152, 153]. The area of synthetic anomeric spironu-
cleosides [152-167] has gained considerable importance since the discovery
in 1991 of hydantocidin [168, 169], a natural spironucleoside (Fig.3) with
potent herbicidal [170] and plant growth inhibitory activities, and without
toxicity to microorganisms and animals [171].

The reaction of sugar isothiocyanates with aminosugars described above
has also been studied with 1-amino (alkyl and arylamino)-1-deoxy-D-
fructose 143 (Scheme 32). Thus, treatment of different O-acylated sugar isoth-
iocyanates with D-fructosamines 143 gave N-glycosyl-5-hydroxy-5-tetritolyl-
imidazolidine-2-thiones 144 as pairs of diastereomers in almost quantitative
yield [152]. The reaction times were shorter (15-20 min) for fructosamine or
its N-methyl derivatives than in the cases of N-aryl derivatives (8-24 h). Acid-
catalyzed dehydration of 144 with ethanolic TFA at rt led to 147 in 65-77%
yield. These compounds can be considered simultaneously as N-nucleosides
and acyclic C-nucleosides of imidazoline-2-thiones.

The dehydration of 8-D-ribofuranosyl derivatives 144 in milder conditions,
using ethanolic Dowex 50W-X8 resin, gave a resoluble mixture of 147 and
the spironucleosides 146. The spiro compounds were formed as a mixture
of two epimers in C-5 by cyclodehydration between the hydroxyl group on
C-5 of the imidazolidine ring and the OH-3 of the polyhydroxyalkyl chain,
through the transient stabilized cation 145. From the reaction mixture the
major stereoisomers of 5S configuration were isolable (40-16%), whereas the
minor one only could be isolated (7%) for R = p-MeCgHy [152].

HO OHN—(

NH
HO OHO
(+)-Hydantocidin
Fig.3 (+)-Hydantocidin
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A stereocontrolled synthesis of furanoid and pyranoid spironucleosides
of oxazolidine2-thiones (150 and 151), and oxazinane-2-thiones (154 and
155) via isothiocyanato sugar derivatives (Scheme 33) has been reported by
Fuentes and co-workers [156]. The «-(150) and $-(151) spirooxazolidines
were prepared from psicofuranose spiroacetal 148 by opening of the acetal
ring with trimethylsilyl azide and trimethylsilyl triflate, followed by hydro-
genation, desilylation, isothiocyanation with thiocarbonyl diimidazole, and
spontaneous cyclization of the intermediate isothiocyanates 149. In a simi-
lar way, opening of the spiroacetal 148 with trimethylsilyl cyanides and
trimethylsilyl triflate, followed by reduction with lithium aluminum hydride
and treatment with thiophosgene led to isothiocyanates 152 and 153, which
could be isolated. Base-catalyzed intramolecular cycloaddition of the isothio-
cyanates and the free hydroxyl groups gave spirooxazinanes 154 and 155 in
high yields.

Following a similar sequence of reactions, spironucleosides 159 and 160
were obtained [156] from fructopyranose spiroacetal 156 via non-isolated
isothiocyanates 157 and 158, respectively (Scheme 34).
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In the area of spironucleoside chemistry, a considerable effort has been de-
voted to the synthesis of 2-thiohydantocidin, its 5-epimer [154, 155, 166, 167,
172] and other thiohydantoin spironucleosides [154, 160, 162, 173, 174]. Thus,
Fuentes and co-workers have prepared recently [154, 155] 2-thiohydantoin
spironucleosides 164« and 1648 (R = H, alkyl, aryl, glycosyl) from glyco-
sylaminoesters 161 or from glycosyl isothiocyanates 162 via the transient
thioureas 163, as depicted in Scheme 35. Aminoesters 161 and isothiocyanates
162 were obtained from psicofuranose spiroacetal 148 as well as from fruc-
topyranose spiroacetal 156.
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In a similar way, reaction of methyl 2-aminohept-2-ulofuranosate 165 [175]
with acylated B-p-glucopyranosyl or B-p-ribofuranosyl isothiocyanates re-
sulted in spirohydantoins 166 or 167 (Scheme 36), in almost quantitative
yield [154]. It is remarkable that, although both anomers of 165 are in equi-
librium under the reaction conditions, only spironucleosides of § anomeric
configuration were formed. Compounds 166 and 167 can be considered sim-
ultaneously N-nucleosides and spironucleosides.

0 0 s 0 s
PN paabc ook
NH,

AcO o
| !
165 (o/B ratio 1:5) 166 (94%) 167 (94%) BzO ~ OBz

OBz

Scheme 36

Shiozaki [166,167] prepared 2-thiohydantocydin 171 and its epimer
170 from 2,3-isopropylidene-D-ribono-1,4-lactone 168 in eight steps via
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the «o-chloro ester 169, in a 16.5 and 9.2% overall yield, respectively
(Scheme 37). These compounds were also prepared by Sano and co-workers
through aza-Wittig reaction of an «-azidocarboxamide derivative with tri-n-
butylphosphine and carbon disulfide [172].

HO AcO CO,M R S
c Me HO NH HO HN
oo w 1) KSCN, DMF o/ N\, 0 %NH
Cl 2)NH, MeOH N S

0><3 0><3 3) TFA-H,0 HO OH HO OHO
168 169 170 171
Scheme 37

Somsdk and co-workers have described the synthesis of 2-thiohydantocidin
analogues with pyranose ring structure. Thus, spiro compound 175 was
prepared (Scheme 38) by displacement of the bromide in 172 with thio-
cyanate ion [176]. The ring-closure reaction proceeded with inversion of the
anomeric configuration through a transient isothiocyanate derivative 173.
Mechanisms involving either radical SCN or a classical Sy2 route with com-
plete inversion have been proposed [162]. Analogues of 175 with D-gluco,
D-arabino, and D-ribo configurations have also been prepared following the
same procedure [162, 176]. The D-gluco analogue has been shown to be a po-
tent inhibitor of muscle and liver glycogen phosphorylases [162] and of
human salivary e-amylase [177].

AcO _OAc AcO _OAc RO OR
o} 0 O H
ACO%CON%;»AQSCN or KSCN Acogﬁ/ NCS RO N
CH3NO RO S

AcO Br 3NU2 AcO CONH, ° N>:
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Abstract Since more then thirty years carbohydrates have gained much attention as chiral
starting materials in stereocontrolled target oriented synthesis. Among variety of applica-
tions, synthesis of S-lactam antibiotics from carbohydrate precursors played a special role
owing to the importance of these class of compounds in modern chemotherapy. In 1994
we published a review article on the synthesis of g-lactams from carbohydrate precursors.
The present survey reports literature published after that date. The streaking feature of
the syntheses performed during the last decade is domination of the highly stereoselect-
ive direct formation of a four-membered S-lactam ring via [2 + 2]cycloaddition of ketenes
to imines and of chlorosulfonyl isocyanate to olefins. Particularly attractive substrates are:
in former method, imines derived from glyceraldehyde and in latter one, vinyl ethers of
acetal protected sugars.

1
Introduction

Since the early 1970s, the tendency to use low molecular weight carbohydrates
as convenient enantiomerically pure substrates for stereocontrolled target-
oriented organic synthesis became a world trend often seen in the chemical



102 B. Furman et al.

literature [1-5]. Despite spectacular achievements of contemporary organic
synthesis in the field of catalytic enantioselective organic reactions [6-16],
carbohydrates still remain very attractive, renewable, starting organic materi-
als, simply because they are very cheap and available in many structural and
configurational forms [17, 18].

In 1994 we published a review article on the synthesis of S-lactams from
carbohydrate precursors [19]. Carbohydrates were used either as a chiral pool
or chiral auxiliaries. Transformations of carbohydrates offered full stereo-
control in the formation of the desired structure but showed the potency of
modern organic synthesis rather than practical value. Great effort has been
made to select the appropriate sugar synthons since simple carbohydrates dis-
play some shortcomings such as overfunctionalization with hydroxyl groups,
too many stereogenic centers, the lack of double bonds, and a configuration
that is not fixed at the anomeric center.

Although the search for new, more active S-lactam antibiotics, or for new
methods of their synthesis does not represent contemporary world research
trends, a variety of compounds having f-lactam fragments have been found
to display very interesting, but not antibacterial activities [20]. This prompted
us to update the report on the synthesis of 8-lactams from carbohydrates. The
present survey comprises literature published after 1994.

Over the last 12 years direct formation of a four-membered B-lactam ring
via [2 + 2]cycloaddition of ketenes to imines and of isocyanates to olefins
dominated over other methods. Because of the well-defined transition states,
both cycloadditions usually offer an excellent stereoselectivity. In the case of
cycloaddition of ketenes or their equivalents to imines, the cycloadducts were
used not only for the synthesis of S-lactam antibiotics, but also as intermedi-
ates for the preparation of other biologically active compounds.

2
Syntheses Based on [2 + 2]Cycloaddition of Sugar-Derived Imines
with Ketenes or their Equivalents

The discovery that E-imines obtained from a variety of isopropylidene pro-
tected sugar open-chain aldehydes and ketenes, or ketene equivalents afford
cis-substituted B-lactam adducts usually with a high asymmetric induction
and definite relative geometry depending on the absolute configuration of
the stereogenic center next to the imine carbon atom (Scheme 1) [21-24],
prompted many laboratories to exploit this reaction in a number of synthe-
ses. Imines derived from both easily available enantiomeric forms of 2,3-0-
isopropylidene-glyceraldehyde are particularly attractive.

The search for high biological activity prompted Hassan and Soliman
to synthesize compounds that were a combination of -lactam with sul-
fonamide fragments. A series of potential antibacterial and antiviral agents
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were prepared by [2 + 2]cycloaddition of imines derived from isopropylidene
D-glyceraldehyde and p-aminophenyl-sulfonamides N-linked to heterocycles
with benzyloxyacetyl chloride [25].

An easy deprotection of the isopropylidene residue in 1 and glycolic cleav-
age of the diol 2 to the aldehyde 3, or glycolic cleavage followed by the
oxidation to the carboxylic function and formation of the ester 4, provide par-
ticularly attractive synthons (Scheme 2). Dirhodium complexes derived from
difluoro-azetidinones, obtained in this way, were used as chiral catalysts for
enantioselective decomposition of diazocompounds and cyclopropanation, to
show, however, a moderate selectivity (Scheme 3) [26].
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The Bose group continued their studies on the cycloaddition of ketenes to
imines directed at target-oriented organic synthesis [23] and the application
of microwave methodology [27, 28]. Recently, highly stereoselective synthesis
of a-hydroxy-g-lactams readily available from carbohydrates has been de-
veloped [29, 30]. It has been shown [27-30] that the reaction of acetoxyacetyl
chloride and N-methylmorpholine with Schiff bases having aromatic sub-
stituents gives mostly cis B-lactams at low energy of microwave irradiation,
whereas at higher energy levels more than 90% of the f-lactam formed may
be the trans isomer. Interestingly, with Schiff bases derived from carbohy-
drate precursors 5-8 the cis B-lactams are formed at all levels of microwave
irradiation. Stereocontrolled approaches and microwave-assisted chemical
reactions have been utilized for the preparation of the corresponding hydrox-
yazetidinones and this was followed by their conversion to intermediates for
the synthesis of gentosamine (9), 6-epilincosamine (10), y-hydroxythreonine
(11), and polyoxamic acid (12) [29, 30].
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Chart 1

An intramolecular opening of B-lactams with amines as a strategy for the
formation of larger heterocyclic compounds was reported by two groups [31,
32]. Banik et al. [31] transformed B-lactam 13, which was obtained by
cycloaddition of a glyceraldehyde-derived imine with o-nitrophenoxyacetyl
chloride, into oxazine 14 by a sequence of reactions involving reduction of the
nitro group in the presence of indium/ammonium chloride, followed by in-
tramolecular transamidation. The same reaction sequence performed in the
presence of zinc stopped at the stage of o-anisidine derivative 15 (Scheme 4).

Similar transamidation leading to the enlargement of the four-membered
ring has been reported by Banfi et al. [32]. In that case, the amino function
in 17 was introduced to the end of the 4-allyloxy substituent of the azetidi-
none 16 by a sequence of reactions involving hydroxylation, introduction of
an azide, and its reduction (Scheme 5) [32].
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Azetidinones derived from glyceraldehyde imines and acetoxy-, phenoxy-,
or alkoxy-acetyl chlorides have been investigated as intermediates for the
synthesis of a variety of B-lactam antibiotics by the Alcaide group [33-35].
Easy hydrolysis of the dioxolane ring in 18 followed by deoxygenation af-
forded 4-vinyl azetidinone 19. Alternatively, hydrolysis of 20 and a glycolic
cleavage of the resulting diol provided the corresponding optically pure alde-
hyde 21 which after nucleophilic addition of lithium TMS-acetylide afforded
compounds 22, as diastereomeric mixtures. Both 4-substituted azetidinones
19 and 22 constitute starting materials for a variety of syntheses. Both enyne
azetidinones 19 and 22 were used for the synthesis of fused tricyclic f-lactam
23 and diastereomeric tricyclic system 24 by the Pauson-Khand reaction
(Scheme 6) [33, 34].

In a similar way, highly functionalized medium-sized rings fused to
B-lactams 25-27 were obtained from the aldehyde 21 using radical cyclization
of Baylis-Hillman adducts (Scheme 7) [35].

The Wittig-Horner olefination of the aldehyde 28 provided alkenes 29
which were subjected to radical cyclization leading to benzofused tricyclic
B-lactams 30, obtained as single diastereomers (Scheme 8) [36]. A convenient,
direct regio- and stereoselective route to optically pure unusually fused or
bridged tricyclic B-lactams has been developed by the use of intramolecu-
lar nitrone-alkene cycloaddition reactions. For example, the aldehyde 21 can
be transformed into nitrone 31 which subsequently was used for a variety
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of cycloaddition reactions providing unusual fused polycyclic §-lactam 32
(Scheme 9) [37].

A thorough investigation of allylation reactions of the adducts 33 and the
aldehydes 34 under a variety of conditions was reported. Mesylates of the
homoallylic alcohols obtained, having an extra alkene or alkyne at position
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1 or 3 of the lactam ring, were transformed into fused tricyclic B-lactams
35-38 via tandem one-pot elimination-intramolecular Diels-Alder reactions

(Scheme 10) [38].
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The Alcaide group [39,40] continued investigations leading to un-
usual fused tricyclic B-lactams 39-42 via aza-cycloadditions/ring closing
metathesis. The diolefinic precursors were obtained, like before, from [2 +
2]cycloadducts of imines derived from glyceraldehydes [39]. A similar strat-
egy has been applied to the synthesis of other unusual g-lactams having
a seven-membered ring fused to the azetidinone 43 and 44 via tin-promoted

radical cyclization [40].
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An introduction of an alkyl substituent, bearing a double bond, to the
B-lactam nitrogen atom and subsequent transformation of the dioxolane ring
stemming from glyceraldehyde into the aldehyde group opened an interest-
ing access to carbacephams. Lewis acid-promoted carbonyl-ene cyclizations
of azetidinone-tethered alkenylaldehydes led to a rapid, highly diastereo-
selective formation of polyfunctionalized compounds having carbacepham
skeletons (Scheme 11) [41].
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Scheme 11

Azetidinone having a N-dehydroamino acid side chain, structurally re-
lated to the active penem and cephem antibiotics, was obtained by the stan-
dard phenylselenylation-oxidation-elimination reaction sequence [42]. C-4-
substituted aldehydes can also be subjected to a novel N-1-C-4 §-lactam bond
cleavage in the presence of 2-(trimethylsilyl)thiazole (TMST) to give enan-
tiopure «-alkoxy-y-keto amides (Scheme 12) as the major products [43].

Deprotection of the C-3 hydroxy group and subsequent oxidation gave
reactive dicarbonyl compounds 45. Addition of a variety of nucleophilic
reagents to the keto group led to C-3 functionalized compounds [44-47].
Using this path, 3-hydroxy-3-allyl-46 [44], allenyl-47, propargyl-48 [45],
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butadienyl-49 [46], and methoxycarbonyl-vinyl 50 [47] substituted azetidi-
nones were obtained, and they were used for further transformations leading
to 3-functionalized S-lactams (Scheme 13).
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Scheme 13

The dicarbonyl compound 51 was oxidized to the anhydride 52, which sub-
sequently reacted with primary or secondary amines to form «-amino acids,
o-amino amides and dipeptides 53 (Scheme 14) [48]. 3-Hydroxy p-lactams
obtained from imines derived from carbohydrates [49,50] or prepared via
the Sharpless AD reaction [51-53] were directly oxidized to anhydrides by
treatment with NaOCl and TEMPO. Anhydrides 54-56 were used for the syn-
thesis of compounds related to the family of polyoxins represented by 57
(Scheme 15) [49-53].
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Cyclohexylidene-protected glyceraldehyde imines were used by Annunzi-
ata et al. [54, 55] for the synthesis of a B-lactam precursor of thrombin and
tryptase inhibitors [54], as well as for the inhibitor of serine protease [55].

Glucosamine-derived imines 58 were used for the synthesis of carbapenem
and carbacephem antibiotics. [2 + 2]Cycloaddition with methoxyacetyl chlo-
ride provided diastereomeric S-lactams with low asymmetric induction [56].
Radical cyclization and oxidation reactions of diastereoisomer 59 led to car-
bapenems 60 and 61 (Scheme 16) [57]. The same research group continued
the transformation of S-lactams derived from p-glucosamine. In particular,
a tandem elimination-conjugate addition performed on 62 provided the sec-
ond ring of the carbacephem, for example 63 (Scheme 17) [58].
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pB-Lactams obtained from glucosamine were used also for other trans-
formations leading to a variety of carbacephams. The formation of epoxides
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64-66, their chromatographic separation into pure diastereomers, followed
by cyclization in the presence of titanocene monochloride afforded bicyclic
and tricyclic B-lactams with high regio- and stereoselectivity [59-61].
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Chart 3

Readily available 3-deoxy-3-iodo-sugar aldehydes derived from p-glu-
cose [62,63] and Dp-galactose [29,30,49,50] provide imines attractive for
reaction with a variety of ketenes. [2 + 2]Cycloaddition of benzyloxy- or
phenoxyacetyl chloride to p-ribo compound 67 proceeded with a low asym-
metric induction to afford two cis S-lactams 68 and 69 in the ratio of about
1:1 [63]; the same observation was also made by another group [64]. On the
other hand, p-xylo imines 70 under the same conditions gave only one cis
diastereomer 71. The intramolecular radical cyclization in 68, 69, and 71 pro-
ceeded with high stereoselectivity providing in all cases p-xylo configuration
in the sugar part of the bicyclic S-lactam products 72 and 73, respectively
(Scheme 18) [63].

The Vasella group [65] reported the synthesis of carboxylic acid 77 and the
corresponding phosphonic-acid isoster 78 from p-erythrose derived imines
74-76 (Scheme 19). Despite expectations, none of the synthesized compounds
exhibited a significant inhibitory in vitro activity against the sialidases of Vib-
rio cholerae, Salmonella typhimurium, Influenza A, and Influenza B virus.

Oxazolidinone auxiliaries based on D-xylose [66] and D-mannitol [67]
residues were converted into corresponding carboxylic acids 79 and 80 which
after activation were used for stereoselective Staudinger reaction with di-
aryl, or aryl-styryl imines. In the first case, an excellent diastereoselectivity
was obtained to afford 81 with high preponderance [66]. In the second case,
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