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Contents biomolecules whose role is not only limited to energy
storage, since they are constituents of glycoproteins, gly-

1. Introduction 1919 colipids, and other conjugates. They are therefore key
2. Natural Occurrence of Carbasugars 1921 elements in a variety of processes such as signaling; cell
2.1. Natural Carbafuranoses 1921 cell communication, and molecular and cellular targefing.
2.2. Natural Carbapyranoses 1921 Many biological processes, ranging from blood clotting to
3. Biosynthesis of Carbasugars 1923 fertilization, all involve carbohydrates, and the biological
3.1. Biosynthesis of Carbafuranoses 1923 implications of these compounds are strongly related with
3.2. Biosynthesis of Carbapyranoses 1924 diseases such as cancer, diabetes, or inflammatory processes.
4. Biological Activity of Carbasugars 1926 In addition, some intriguing Cqmp_oun_ds such as sialyl Lewis
4.1. Biological Activity of Carbafuranoses 1926 X (sLe)* or glycosylphosphatidylinositols (GPfS)are now
4.2. Biological Activity of Carbapyranoses 1926 know_n t(g play a pivotal role in numerous biological
5. Conformational Analysis of Carbasugars 1931 functions i . .
5.1. Conformational Analysis of Carbafuranoses 1931 On the basis of these considerations, the search for new

derivatives with analogous or even improved biological

5:2. Conformational Analysis of Carbapyranoses 1932 properties compared to those of the parent structures (the

6. 6?yntshest|s OT Ca;rkéas?)g?rs iggj carbohydrate mimetigsappears to be a logical matter of
1. OyNthesiS of L.arbafuranoses researcti The term ‘tarbohydrate mimeticis frequently
6.1.1. Synthesis from Non-carbohydrate 1934 used to refer to any carbohydrate derivative or other

Precursqrs compound that has multiple hydroxy groups and thus
6.1.2. Synthesis from Carbohydrate Precursors 1943 resembles a sugar or a saccharide. However, some authors
6.2. Synthesis of Carbapyranoses 1957 prefer to reserve this term for compounds that have been
6.2.1. Synthesis from Non-carbohydrate 1957 demonstrated to truly mimic the structural and functional
Precursors aspects of a known targ®in our opinion,carbasugargvide
6.2.2. Synthesis from Carbohydrate Precursors 1977 infra) fall within this category, since they are endowed with
6.2.3. From Other Natural Sources 2005 important biological properties.
6.3. Synthesis of Seven- and Eight-Membered 2013 From 1966 to 1968, Professor G. E. McCasland’s group
Carbasugar Analogues prepared a series of derivatives in which the ring oxygen of
6.3.1. TIBAL-Induced Claisen Rearrangement 2013 a monosaccharide had been replaced by a methylene
6.3.2. Ring-Closing Metathesis 2016 group®12 and they coined the terpseudosugargor this
6.3.3. Silylative Cycloaldolization 2016 family of compounds, although they are currently known as
6.3.4. 7-exo-trig Radical Cyclization 2017 carbasugars1*They postulated that their structural resem-

7. Compilation of Synthetic Methods of 2017 blance to the parent sugars would facilitate their recognition
Carbafuranoses and Carbapyranoses by enzymes or other biological systems in place of the related

8. Conclusion 2017 true sugars. This subtle change constituted an appealing

9. Acknowledgments 2029 possibility, since, while guaranteeing a high similarity with

10. References 2029 the true sugar, it would lead to compounds more stable

toward endogenous degradative enzymes.

They synthesized 5a-carhbapL-talopyranose 1)*° (the
1. Introduction first reported carbasugar), 5a-cara-galactopyranose
(3),* and 5a-carbg@-bL-gulopyranoseR)*? (Figure 1). It is
Carbohydrate chemistry constitutes today a “multifaceted” noteworthy that, 7 years later, 5a-cartpa-galactopyranose
discipline strongly connected with organic, pharmaceutical, was isolated as frue natural product from a fermentation
and medicinal chemistry.Carbohydrates are important broth of Streptomycesp. MA-41455 In the following four
decades, the chemistry, biology, and conformational aspects
T Dedicated to Prof. Seiichiro Ogawa for his contribution to the development of carbasu_gars have been extensively studied. For mSFance’
of this field. of the 32 isomers of 5a-carba-aldopyranoses theoretically
*To whom correspondence should be addressed. E-mail: anago@iqog.csic.e:possib|e, all 16 of the racemic forms have a|ready been
(AM.G.); clopez@igog.csic.es (J.C.L.). synthesized, as well as 25 of the possible 32 pure enanti-

Universidad Complutense. .
8 |nstituto de Qimica Orgaica General, (CSIC). omers. On the other hand, an important number of analogues
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The aim of this review is to give coverage on the progress
made in the chemistry, synthesis, and biology of carbasugar
until May 2004. This review includes the extensively studied
carbapyranosé% as well as the scarcely considered car-
bafuranoses (to the best of our knowledge, no account on ; ;
their chemistry and biology has been published to date), andanalogues and will not be touched upon either.
it focuses on their synthesis, biosynthetic aspects, biological The chemical synthesis of carbasugars and derivatives
properties, and conformational analysis. Important com- constitutes a significant part of this review. The different
pounds related to carbasugars, such as cyclohexane epapproaches to these compounds have been broadly classified
oxides”*8and aminocarbasugaf§valienamineand deriva-  into two groups: synthetic methods which use non-
tives), have been the subject of recent reviews and, thereforecarbohydrates as starting materials and protocols which
will not be extensively covered here. Natural products utilize carbohydrates as precursors. Some other strategies
containing carbasugar subunits, such as carbanucled8ides, starting from natural products other than carbohydrates have
fall beyond the scope of this review and will not be treated also been examined.

here. Aminocyclopolyols, which are constituents of several
sDroad-spectrum antibioti€'s(e.g., streptomycin, gentamicin,
or tobramycin) or glycosidase inhibit8?%??(e.g., mannosta-
tin, allosamidine, or trehazolin), are not conceived as



Carbasugars Chemical Reviews, 2007, Vol. 107, No. 5 1921

HO HO OH OH
5a 0
HO ;"OH HO OH HO.,, HO.,,
HO  OH

HO  OH HO” ™" “NH, HO” ™" “NH,
5a-carba-a-DL-talopyranose 1 o-D-talopyranose 2 OH OH
11 valienamine 12 validamine
HO HO
HO "OH HO OH HO
| OH
HO OH HO OH HO.,, OH HO.,,
5a-carba-a-DL-galactopyranose 3 a-D-galactopyranose 4
9 4 9 4 HO” > "NH,  HO” > "“NH,
HO HO OH OH
0 13 hydroxyvalidamine 14 valiolamine
HO OH HO OH Figure 4. Naturally ocurring aminocarbapyranoses.
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Figure 1. Racemic carbasugars prepared by McCasland et al. (only
p-enantiomers are shown) and the correspondtnge® sugars. HO” ™
CHO OH
HO—~— (|3H validamycins
CH, HO_ -

HO, HO/\l/\o.,, ... OH Validamycin A, 15 Ry, Rz, R4, Rs, Rg = H, R3 = B-D-Glc
y \CH3 H i = = =
HO:., $ OH Validamycin B, 16  R{, Ry, R4, Rg = H, R3 = B-D-Glc, R = OH
OH HO  OH idamyci
Validamycin C, 17 R4, R4, Rs, Rg = H, R3 = B-D-Glc, R; = a-D-Glc
HO OH Validamycin D, 18 Ry, Ry, R3, R4, R5 = H, Rg = a-D-Glc
7 8 Validamycin E, 19 Ry, Ry, R4, Rs, Rg = H, Rz = a-D-Glc-(1-4)-B-D-Glc
Figure 2. Naturally occurring carbafuranoses. Validamycin F, 20 Ry = a-D-GIc, Ry, Ry, Rs, Rg = H, Ry = p-D-Glc
o HO Validamycin G, 21 R4, Ry, R4, Rs = H, R3 = B-D-Glc, R4 = OH
—\ OH Validamycin H, 22 Ry, R, Ry, Rs, Rg = H, R3 = 0-D-Gle-(1-6)-B-D-Glc
HO % HO OH _ y : Rz Ra. R, Ro 3 (1-6)-p
A / Figure 5. Validamycin-type compounds.
HO  OH HO  OH
9 10 found as subunits of several, more complex, moleculiet (
Figure 3. Naturally occurring carbapyranose derivatives. infra). )
From a formal standpoint, carleep-galactopyranosesj
2. Natural Occurrence of Carbasugars is the osnly enuiné carbasugar isolated from natural
sources?® There are, however, a large number of highly
2.1. Natural Carbafuranoses oxygenated cyclohexane and cyclohexene derivatives, closely

related to carbasugars, which have been isolated from Nature.
Carbafuranoses have not been found free in Nature butThese include epoxid€sand carbonyl compounds (e.g., the
are subunits of products isolated from natural sources, inimportant family of Gabosines is a case in p&int
particular carbanucleosides. These compounds have been the Aminocarbasugar derivatives, such as valienaniidg?f 3!
subject of several recent revieiiand will not be considered  validamine (2),%? hydroxyvalidamine 13),%? and valiolamine

here. (14)* (see Figure 4), are secondary metabolites exclusively
It should be pointed out, however, that five-membered Produced by microorganisms. They have been detected only
cyclitols, such as caryos&)@ or calditol ©)?* (Figure 2), as minor components in the fermentation brottStfepto-

have been isolated as natural products. No other examplegnyces hygroscopicusubsp.limoneus® They are mainly
of five-membered carbocyclic carbohydrate analogues from found in validamycins, acarbose, and related carbaoligosac-

natural sources have been reported. charides.
In 1970, during the screening for new antibiotics from the
2.2. Natural Carbapyranoses fermentation culture oStreptomyces hygroscopicssbsp.

limoneus researchers at Takeda Chemical Company discov-
Carbapyranoses have been scarcely found in Nature;ered a family of antibiotics named validamyci{s® Val-
however, they are abundant as subunits of other naturalidamycin A (L5 (Figure 5), the main component of the

products. Compounds such as caoba-galactopyranoses] complex, is a pseudotrisaccharide consisting of a core moiety,
(isolated fromStreptomycesp. MA-4145)!° cyclophellitol validoxylamine A @3), and p-glucopyranose. The core
(9) (isolated from Phellinus sp.)?>26 or MK7607 (10) consists of two aminocyclitols, valienaminglj, and val-

(isolated fromCuryularia eragestride}’ (Figure 3) were idamine 2), which are connected through a single nitrogen
isolated directly from natural sources, whereas aminocarba-atom. Validamycin B 16) differs from validamycin A in
sugars such as valienamirtel) (Figure 4) have been mainly  the second aminocyclitol unit, which, in validamycin Bgj,
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Figure 7. Acarbose 26) and acarviosine(). HOo OH
HO o)
. : : . 0
is hydroxyvalidamine 13). The minor components of the 31 n Hoéﬁ HO
validamycins complex, validamycins - (17—20) and HO o
validamycin H @2), contain validoxylamine AZ3) (Figure HO 0 o
6), as the core unit, but they differ in at least one of the HO HO
following features: (a) the position of the glucosidic linkage, HO—— MH HO”OH
(b) the number ofp-glucopyranose residues, or (c) the HN OH
anomeric configuration of the-glucopyranose unft3° -

Validamycin G @1) contains validoxylamine G26) as its
core unit.

The a-amylase inhibitor acarbos@@)*° was found in a ) o
screening of strains of variodstinomycetgenera. Acarbose ~ atins are very close to that of acarbose analogues containing
is considered as one of the most clinically important the acarviosine core. _ _
compounds containing carbasugar units, since it is currently Adiposins @9) contain the same aminocarbasugar (valie-
used for the treatment of type Il insulin-independent diabetes Namine (1)) that acarbose26) and amylostatins2g), but
(Figure 7). Structurally, acarbose is a carbatrisaccharidethey differ in the nature of the deoxy sugar (4-amino-4-
consisting of valienamine, a deoxyhexose, and maltose. Thedeoxyglucose in adiposins and 4-amino-4,6-dideoxyglucose
structure of acarbose2§) was determined by degradation in acarbose). They have been isolated fr6tneptomyces
reactions, derivatization, and spectroscopic analysis. Thecalvus®®
carbadisaccharic core of acarbose, known as acarvidije ( Oligostatins 80) are carbaoligosaccharide antibiotics
is postulated to be essential for its biological activity. The isolated fromStreptomyces myxogerfésStructurally, they
core unit,27, is also linked to a variable number of glucose consist of penta-, hexa-, and heptasaccharides containing
residues, resulting in several other components of the hydroxyvalidamine rather than valienamine.
complex mixture of acarbose. The formation of these Trestatins 81) are a family of carbaoligosaccharides
components is highly dependent on the composition of the containing valienamine. They were isolated from fermenta-
carbon source available in the culture medium. Media tion cultures ofStreptomyces dimorphogerfésStructurally,
containing glucose and maltose will result in a specifically they differ from acarbose mainly in its nonreducing nature,
high yield of acarbose and the lower components, while which is defined by the presence of a terminal trehalose unit.
media with high concentrations of starch will yield longer ~ Salbostatin2) is a basic nonreducing carbadisaccharide
oligosaccharide species. The transglycosylation involved in consisting of valienamine linked to 2-amino-1,5-anhydro-
this process was proposed to be catalyzed by an extracellula2-deoxyglucitol. It was isolated from the fermentation culture
enzyme, acarviosyl transferase, found in the culture of the of Streptomyces albu$
acarbose producétThe biochemistry and molecular biology Pyralomicins33—36 (Figure 9) are a family of antibiotics
of acarbose have been review@d: isolated from the culture broth &ctinomadura spiralig?

Amylostatins, of general formul28 (Figure 8), were which was later renamemllicrotetraspora spirali$® They
isolated from several strains @treptomyces diastaticus possess unique chemical structures, which consist of ben-
subsp Amilostaticus** The chemical structures of amylost-  zopyranopyrrole chromophores containing a nitrogen atom

Figure 8. Carbaoligosaccharide-type compounds.
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Figure 10. Aristeromycin @7), Neplanocin A 88), and some
proposed intermediates in their biosynthe8ig;-41.

which is also shared with 1-epi-valienamittd?yralomicins

are, thus far, the only examples of natural products having
an aminocarbasugar unit, acting as the glycone, attached to

a polyketide-derived core structure.

3. Biosynthesis of Carbasugars

3.1. Biosynthesis of Carbafuranoses
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Scheme 1. Proposed Biosynthetic Pathways to
Carbapentofuranoses

OH OPi
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o
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The biosynthesis of carbapentofuranoses has only beerwhich could undergo dehydration, with stereospecific re-
considered in the literature in connection with the more moval of the 6-pr&hydrogen atom, to introduce the double

biologically relevant carbocyclic nucleosid&sEarly bio-
synthetic studies on aristeromyciB7§ and neplanocin A

bond, thus generating the enofg
The alternative “inositol-like” process (Scheme 1, path b)

(38) (Figure 10) had established that the carbocyclic ribose begins with the oxidation of thestydroxyl group to give

ring was derived fronn-glucose. On the basis of isotopically
labeled precursors incorporation experiments, Parry &t al.

the diketonedb. Cyclization can then proceed by stereospe-
cific loss of the 6-pr&hydrogen atom followed by an aldol-

were able to demonstrate that cyclization occurs betweentype ring closure. Subsequent epimerization avGuld yield
C, and G. Subsequent isotope dilution experiments identified the carbocyclel6. Reduction o#6 followed by elimination

the saturated tetroB®* and aminotriol40°® as putative
intermediates produced b$teptromyces citricolorMore
recent work® suggests that, contrary to this previous
proposal, the saturated carbocycB8%sand40 do not lie on

the central biosynthetic pathway of the carbocyclic nucleo-

sides, and instead enodg is postulated as the first-formed
carbocyclic intermediate from-glucose.

of the phosphate moiety 7 would lead to48, which could
undergo an extended elimination reaction to give entihe
Reduction of the ketone function #i will then give the
unsaturated carbocyclic derivativi® (Scheme 1b), whose
double bond could be reduced in amti fashion with
subsequent reduction of the carbonyl group and phospho-
rylation to produce the carbocyclic analogue of 5-phospho-

Two plausible mechanisms were postulated for the forma- ribosyl-1-pyrophosphaté0.

tion of the cyclopentane ring,and in both the cyclization

Many issues related to the cyclization mechanism still

reaction was presumed to proceed via a fructose derivativeremain to be solved. All the studies reported have been
(Scheme 1a). In the first proposed mechanism, a “shikimate- carried out using intact cells, and thus far, there is no data
like” pathway (Scheme 1, path a), isomerization to fructose- concerning the enzymes that are responsible for the conver-
6-phosphate is followed by oxidation at, @ yield com- sions. A more complete understanding of the mechanism of
pound42. Elimination of the phosphate group then leads to cyclopentane ring formation will require access to cell-free

enol 43 followed by a 5-[enolendd-[exotrig] cyclization. extracts that catalyze the cyclization reaction. On the other
Reduction of the keto group would yield the carbocytle hand, very little evidence has been obtained on the identity
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Figure 11. Biosynthetic pathway of sedoheptulose 7-phosphate NAD-H -
(55) HO @031‘ HO : (o} ]

of the intermediates betwe@nglucose and the carbocyclic 5 =0 HOA%?S( OH .
analogue of ribosg0. The determination of the structure of HO 3 3

. - . H —
such compounds will allow firm conclusions to be drawn HO H=R_
B

B
regarding the biosynthesis of these five-membered rings. ase
3.2. Biosynthesis of Carbapyranoses HO C°2 HO
The biosynthetic pathway leading to carbapyrantdess HOW OHl — HOW oH
been investigated in connection with secondary metabolites oho © no HO ©
such as validamycink5—22, acarbosed®), or pyralomycin 56

19b,59 i i i
1a @3. The valienamine moiety of these compounds Figure 12. Proposed reaction mechanism of the cyclase converting

was initially'regard(_ad as an aliphatic version of the AC sedoheptulose-7-phosphaiS) to 2-epi-5-epi-valiolone 56).
units found in a variety of natural products, particularly the

ansamycin and mitomycin antibioti€sThe mGN units in Ho ~OH /OH
the latter compounds are specifically originated from an Ho, X
unusual aromatic amino acid, 3-amino-5-hydroxybenzoic |
acid, which is derived from a branch of the shikimate Ho
pathwayt* However, feeding experiments with uniformly and OH

positionally**C-labeled glucos® or glycerof® and analysis 56 57 58
of the labeling and coupling patterns in the products
demonstrated that the carbon skeleton of the cyclitol moieties

in validamycin A (L5), acarbosed®), or pyralomycin 1a33) OH
HO,, l

epimerase syn elimination ellmmatlon

Figure 13. Biosynthesis of valienones8).

is not derived from the shikimate pathway, but from the
pentose phosphate pathway.

Specifically, the seven carbon atoms are derived from a OH OH
3-carbon piece (presumably a triose phospl&Eeand a HO. . HO.
successive transfer of two 2-carbon fragments, each derived [ /j N [ /j
intact from glucose or glycerol. This suggests the assembly :
of a seven-carbon sugar phosphate, such as sedo-heptulose

(e}

7-phosphate §5), which is a key intermediate in the oH OH _-OH
biosynthetic pathway (Figure 11). A similar origin has 58 " Ho, ~OH
recently been demonstrated by Zeeck and co-workers for the ]
gabosines A, B, and C froi8treptomyces cellulos&é \ ‘ HO NH "“OH
The cyclization process of sedo-heptulose 7-phospb&je ( OH

to a six membered carbocyclic intermediate was examined

by two approaches: (i) the synthesis of various candidate Ho,, i HO.,

cyclitols in isotopically labeled form and evaluation of their N '

incorporation into acarbos@6),55% validamicine A (5),%° ““NH,

and pyralomicin 1a33),5” and (ii) the cloning and expression HO.,

of the cyclase gene from the acarbose producer and 59 12

characterization of the substrate and the product of the HO™ = 70
recombinant enzym®@.Both approaches led to the conclusion OH
that the cyclization process is catalyzed by a dehydroquinate 58

(DHQ) synthase-like enzyme, involving transient dehydro- Figure 14. Proposed biosynthetic pathway to validoxylamine A
genation of G to a ketone A) by NAD*, which sets the  (29).

stage for the elimination of phosphate to generate the enol The final question in the synthesis concerns, then, the
of a 6,7-methyl ketoneB). The latter then undergoes an source of nitrogen and the mode of introduction of the
intramolecular aldol condensation to give 2-epi-5-epi-vali- bridging nitrogen atom. Studies okctinoplanessp. have
olone 66), as the initial cyclitol precursor for valienamine identified glutamate, a typical substrate of transaminases, as

(11) (Figure 12). the most efficient nitrogen donor in the biosynthesis of
In the biosynthesis of validamycin &,it is accepted that  acarbosé? In view of the similarity of the two systems, the

2-epi-5-epi-valiolone 6) is later epimerized at £to give most plausible mechanisfof the validamycin A biosyn-

5-epi-valiolone §7) and dehydrated via syn elimination, thesis (Figure 14) is the introduction of nitrogen into one

possibly involving a type | DHQase-like mechaniém, ketocyclitol, 58 or 59, by transamination to give either
between g and G to yield valienone §8) (Figure 13). valienamine 11) or validamine 12), followed by a reductive
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Figure 15. Proposed biosynthetic pathway to dTDP-acarbié&g (

coupling with a second ketocyclitdd9 or 58. The coupling
reaction could involve either formation of an imine and its
subsequent reduction, or reduction of the ketocyclitol fol-
lowed by a {2 displacement of the ensuing activated OH
group by the amino moietsf.

Whereas, in the synthesis of validamycin A, several
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Figure 16. Alternative biosynthetic pathway to dTDP-acarbiose
(69).

An alternative hypothetical pathway involves the reduction
of the keto-sugar56 to 1-epi-valiol ©6), followed by
activation of the @ hydroxyl group as a phosphate and
subsequent nucleophilic displacement by the nitrogen of
amino sugar6l to give pseudosaccharidg8, which after
epimerization at €and 5,6-dehydration would give dTDP-
acarviose §5) (Figure 16)29¢:65

Recently, Piepersberg’s group carried out combined ge-
netic and biochemical studies. According to them, during
the biosynthesis of acarbose Actinoplanessp. SE50/110
the cyclitol precursor, 2-epi-5-epi-valiolon&8), is phos-
phorylated’? forming the intermediate 2-epi-5-epi-valiolone-
7-phosphate 69), by the enzyme 2-epi-5-epi-valiolone
7-kinase as the first step in its transformation to the valienol
moiety. The product is then epimerized attG give 5-epi-

discrete cyclitol intermediates have been identified, the valiolone-7-phosphateZ().”® These results suggest that the
mechanism of formation of acarbose, despite the identical iniermediates involved are phosphorylated cyclitols which,

origin of the aminocyclitol moieties, still remains obscure.

except for 2-epi-5-epi-valiolones6), cannot be generated

The pathways in the formation of both metabolites seem to gjrectly from their unphosphorylated counterparts. These
be substantially different. Rather unpredictably, none of the findings have led to a revised proposal for the biosynthetic

ketocyclitols fed, except 2-epi-5-epi-valiolon&6j, were
incorporated into the valienamine moiety of acarb®3€?
This includes 5-epi-valiolone5f), valienone %8), and

pathway of the acarviosyl moiety of acarbose (Figure*i¥).
Such a pathway resembles those for activation (by phos-
phorylation and subsequent nucleotidylation) and modifica-

validone £9). One suggested explanation to these findings tion of hexoses to be incorporated into oligo- or polysac-

is that the transformation of 2-epi-5-epi-valiolor&s), to

charides by glycosyl transfer (Figure 17).

the valienamine moiety involves a substrate channeling | contrast to validamycin acarbose and other related
mechanism in which enzyme-bound intermediates are di- compounds, the cyclitol structure in pyralomycin 3&)(was
rectly transferred from one enzyme active site to the next in shown to be 1-epi-valienamine. Initial incorporation experi-
a multienzyme compleX. The nonincorporation of plausible  ments suggested that 1-epi-valienamine is also derived from
cyclitols leaves the pathway from 2-epi-5-epi-valiolob€)( the pentose phosphate pathw&towever, the (opposite)

to the valienamine moiety of acarbose highly speculative. It stereochemistry at {£suggests an essential biosynthetic
is assume that the biosynthesis first generates deoxythy- divergence between the cyclitol moiety38 and that in15
midine diphosphate (dTDP) acarviob), as an intermedi-  or 26. This could take place most likely during the condensa-
ate, which then transfers the acarviosyl moiety, either directly tion of the cyclitol and the core benzopyranopyrrole. The
or via an intermediate carrier, tos@f maltose. In the most  condensation occurs at a late stage in the biosynthesis and
reasonable route for the formation of dTDP-acarvid®),(  presumably via a nucleophilic displacement of an activated
the nitrogen atom may be introduced first into the deoxy alcohol at G (e.g., as phosphate or nucleosidyl diphosphate),
sugar moiety by transamination of dTDP-4-keto-6-deoxy- which in turn had to be formed by reduction of ketocyclitol
p-glucose 60) to dTDP-4-amino-4,6-dideoxy-glucose 61). (56) (Figure 18). However, potential biosynthetic intermedi-
The amino sugar nucleotide then forms a Schiff's base with ates of this 1-OH activated compound in isotopically labeled
2-epi-5-epi-valiolone %6), which undergoes successive form (valiolone, valienol, 1-epi-valienol, valiol, 1-epi-5-epi-
2-epimerization and 5,6-dehydration before reduction of the valiol) were not incorporated into pyralomicin 133f.%” To
imine double bond (Figure 15). account for this observation, it was proposed either that 2-epi-
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Figure 18. Proposed biosynthetic pathway to pyralomicin 33)(

5-epi-valiolone 56) is specifically activated (e.g., to its
phosphatés9) and then further transformations (frod® to

75) occur on activated intermediates which cannot take place
from their unactivated counterparts or, alternatively, that the
transformation 066 into 33involves a substrate-channeling
mechanis®f similar to that proposed by Piepersberg and
co-workers in the biosynthesis of acarbé¥eAccordingly,

Arjona et al.
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Figure 19. Carbocyclic analogue of 5-phosphoribosyl-1-pyrophos-
phate (cPRPP).

79
Figure 20. Racemic carbasugars (oryenantiomers are shown).
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4. Biological Activity of Carbasugars

4.1. Biological Activity of Carbafuranoses

To the best of our knowledge, the only regbregarding
the biological activity of carbafuranoses was devoted to
evaluating the enzymatic inhibitory activity of the carbocyclic
analogue of 5-phosphoribosyl-1-pyrophosphate (cPR®P
Figure 19) against the enzyme 5-phosphoribasyl-pyro-
phosphate (PRPP) synthetase.

This enzyme reacts with ATP in the presence of Mg ion
to give PRPP, a compound involved in the biosynthesis of
histidine and tryptophan. From a biological point of view,
there is evidence that the activity of PRPP synthetase is
elevated in tumors. Then, inhibitors of this enzyme show
antineoplastic activity. Compound8 inhibits PRPP syn-
thetase with & of 186 M (human type PRPP synthetase)
and akK; of 3811 mM @Bacillus subtilisPRPP synthetase).

4.2. Biological Activity of Carbapyranoses

In 1966, McCasland anticipated that “pseudo-sugars may
be found acceptable in place of corresponding true sugars
to some but not all enzymes or biological systems, and thus
might serve to inhibit growth of malignant or pathogenic
cells”. In this context, human beings are not able to
distinguish between synthetic carBesL-glucopyranose
((£)-79 andb-glucose by tast& and synthetic 6a-carba-
p-pL-fructopyranose ()-80) was found to be almost as
sweet a®-fructose (Figure 2036 Additionally, compounds
related to carbasugars such &3-€yclophellitol @) and (+)-
MK7067 (10) have relevant biological activities.+{-
Cyclophellitol @) is a potent inhibitor of3-glucosidases with
potential inhibition of the human immunodeficiency virus
(HIV) and with possible antimetastatic therapeutic actiVity.

Its unnatural diastereomer, RBS)-cyclophellitol, inhibits
o-glucosidases (Figure 3j.The unsaturated carbapyranose
10was found to have an effective herbicidal activitCarba-
o-D-galactopyranosep(3) exhibited a low antibiotic activity
againstKlebsiella pneumoniaMB-1264* whereas the ra-
cemic mixture, £)-3, was about half as potent as the natural

Piepersberg proposed that phosphorylation might take placeproduct in the same assay system, thus indicating that the

twice during the conversion of 2-epi-5-epi-valiolo) into
the activated nucleotidyl diphosphoderivativ8, whereas

L-enantiomer is inactivés
Inhibition of b-glucose-stimulated release of insulin has

Naganawa et al. suggested the involvement of an enzymepeen studied by using synthetic 5a-casbat -glucopyranose

similar to phosphoglucomutase that would transfer the
phosphate from £to C; of valienol, setting the stage for
the activation of the cyclitol to a nucleotidyl diphosphova-
lienol 77.

((£)-81) as a glucokinase inhibitéP.Compound £)-81 was
used as an analogue in the investigation of the mechanism
of p-glucose-stimulated release of insulin by the pancreatic
islets. It was found that carbasugat)¢81 inhibited both
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HO HO Scheme 2. Proposed Inhibition Mechanism of &P (Only
p-Enantiomers Are Shown)
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Figure 22. Synthetic carbasugar analogues of coumaBAsand

glucotetropaeolings. HO  OH HO  ©OH
glucose-stimulated insulin release and islet glucokinase (£)-89 (+)-88
activity whereas thg-anomer {)-79 showed no activity. !

On the other hand#)-79is a substrate of the cellobioside
phosphorilase o€ellvibrio gil vuse®!

Very recently,O-linked alkyl carbgs-p-glycosides32 and
83 (Figure 21) have been shown to be useful as primers for o OH
biocombinatorial glycosylation involving efficient uptake in
B16 mouse melanoma cefidUptake of the carbaglycosides
resulted inS-galactosylation and subsequent sialylation of (£)-90
the galactose residues incorporated, to give rise to glycosy-
lated products having a glycan similar to that in ganglioside
GM3, thus indicating that carbasugars can be versatile

building blocks in biocombinatorial synthesis. In addition, . . .
a strong and specific inhibition ¢i-galactosidase (bovine ~coMpat diseases in humans and plants. ValidamyLins

. ) ) : 22 and salbostatin32) have been reported to be mechanisti-
I(lg/g)r) was found for dodecyl Sa-carifae-galactopyranoside cally unique antifungal agents. Validamycin A5 is the

) most active compound of the complex and is widely used in

More complex carbaglycosides have been shown 10 janan and other rice-producing countries in Asia to control
possess interesting biological activities. Synthetic carbaxy- sheath blight disease of the rice plants caused by the fungus
losides of coumarins, i.eH)-84 or (—)-84, have significant  phizoctonia solaniValidamycin A is neither fungicidal nor
potential as oral antithrombotic agefitsand a 5a-carba  fngistatic, but is able to control the spread of the patogen
analogue of glucotropaeolint{-85, was showff to display  py Snhibiting specifically the hyphal extension without
a good inhibition power against myrosinase, the only enzyme ifecting the specific growth rate. Further extensive studies
able to hydrolyze glucosinolates (Figure 22). on the mechanism of action of validamycin in controlling

In addition, 5a-carb@-p-glucopyranose-6-phosphate-jf the hyphal extension have been carried out by several
86) is an inhibitor of 2-deoxy-scyllo-synthase (DOIS), a key research group¥,° and it seems to be related to the anti-
enzyme in the biosynthesis of 2-deoxystreptamine-containingtrehalase activit# % of the carba-disaccharide validoxy-
aminoglycoside antibiotics. 5a-Carbe-glucose-6-phosphate  lamine @3).°” Efforts in developing more potent trehalase
((&)-86) is indeed a mechanism-based irreversible inhibitor, inhibitors have been carried out by Ogawa and co-workers,
and its proposed reaction with DOIS is shown in Scheme 2. who synthesized several pseudo-trehalosamB&and94,
Thus, after the initial oxidation at L£and subsequent as well as dicarba analogues of trehal®e;97, composed
elimination of a phosphate, compountl){86 was converted  of valienamine, validamine, and valiolamine moieties (Figure
within the enzyme into am,3-unsaturated methylene cy- 24)%8
clohexanone £)-88, which is attacked by a nucleophilic

HO
residue in the active site (Lys-141), resulting in the formation
2 > OH. OH
HO atle}
Ho” “oH

NH,-Enzyme

HO  OH

The most important and appealing carbapyranose deriva-
tives from a biological standpoint are the amino carbasugars.
A number of them have become clinically successful to

of a covalent bon&® ~p-O-p-0 U
Some synthetic carbasugar-nucleotide analogues have o O 1/27

displayed biological activity as glycosyltransferase inhibitors. \

The carbocyclic analogue of UDP-galacto8# exhibits HO OH

inhibitory activity of 8-(1—4)-galactosyltransferase from o1

bovine milk (Figure 23%¢ The carbasugar analogue of GDP- HaC.

fucose 9227 was found to be a competitive inhibitor of OH. OH

fucosyltransferases, key enzymes in the biosynthesis of the HO"'Q'-'O\;,/O\,;/O G

Lewis-x determinant. Compoun82 showed akK; value S \@

similar to theK, value for the GDP-fucose, indicating that

0
the ring oxygen of Fuc is not critical for the recognition of HO OH
GDP-Fuc by the enzyme. However, it is essential for the 92

transfer to occuf® Figure 23. Carbapyranose nucleotide analogues.
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Figure 24. Carbatrehalosamines and dicarbatrehaloses. 102 103
Many members of the carba-oligosaccharidic group, e.g., Figure 25. Chemically modified acarviosin analogues.
acarbosed6), adiposins 29), amylostatinsZ8), oligostatins OH OH
(30), and trestatins 31), are known to display potent
a-glucosidase inhibitory effects. Among these active me- HO HO.,
tabolites, acarbose is of considerable pharmacological inter-
est. In addition to itsx-glucosidase activity, acarbose also HO™ ™ "NH; HO™ " "NH,
displays potent inhibitory activity against sucrase, maltase, OH OH
dextrinase, and glucoamilase. This pronounced inhibitory 104 105
effect has resulted in its use as a clinical drug for the
treatment of type Il non-insulin-dependent diabetes, in order OH
to enable patients to better control blood sugar contents while
living with starch-containing diets. Interestingly, individual HO.,,
members of different series of carba-oligosaccharides deac- 3
tivatea-amylase and sucrase quite differently. Thus, whereas HO ‘NH,
amylase inhibition is maximum with homologues of four and OH
five glucose units, the greatest sucrase inhibition is caused 106 107

by acarbose containing two glucose residtfes. Figure 26. o-Galacto-,-gluco-, anda-mannovalidamine ana-

Adiposins @9) have shown potent inhibitory activities  |ogues104, 105 and106and voghbosef(O?)
against disaccharidases, such as sucrase, maltase, and iso-

maltase€”® They have also displayed antibacterial activity appeared to be active against several sugar hydrolases. The
against some Gram positive bacteria, Gram negative bacteriapi-galacto-, 5-gluco-, and o-mannovalidamine analogues
some anaerobic bacteria, and phytopathogenic ft¥igi. 104-106 have been synthesized and their glycosidase

Oligostatins 80) exhibited strong inhibitory activity  activity tested (Figure 26P21%3These analogues, however,
againsta-amylase and are active against Gram negative displayed only a weak or moderate activity as glycosidase
bacteria, while Gram positive bacteria are not affeéted. inhibitors when compared withoggluco-) validamine.

The glycosidase inhibitory activities of acarbose and  Rather surprisingly, valiolaminel§) was found to be a
related carba-oligosaccharides have been ascribed to theimore potenti-glucosidase inhibitor against porcine intestinal
acarviosine moiety, in which the valienamine portion mimics sucrase, maltase, and isomaltase than the rest of the ami-
the glucopyranosyl cation intermediate at the active site for nocarbasugar®. This information stimulated the synthesis
hydrolysis of a-glucosides. Therefore, several chemically and screening of a series ®f-substituted valiolamines,
modified acarviosin analogue88—103 (Figure 25), were resulting in the preparation of the glycohydrolase inhibitor
prepared and evaluated by Ogawa et%lwho found that  voglibose (07),% which is used as a therapeutic agent to
the 4-amino-4,6-dideoxy moiety could be replaced by other control diabetes. Voglibose inhibits disaccharidases com-
simple structures, such as 1,6-anhydrohexoses, without losingpetitively, suppressing the elevation of the blood glucose
its inhibitory power againsi.-glucosidase. However, modi- ~ concentration after oral sucrose, maltose, or starch admin-
fication of the valienamine portion, in order to mimic each istration, but not after oral glucose, fructose, or lactose intake.
substrate structure, did not result in any inhibitory activity Voglibose was launched as an antidiabetic agent in 1994.
against the targeted enzyme; see, for example, compounds In addition, carbocyclic analogues of glycosylamiés,
102and103for 5-glucosidase and-mannosidase activities,  which contain the 5a-cartm-hexopyranose residues, have
respectively. been synthesized and their biological activities examined.

Simple aminocarbasugars such as valienamlig (al- 5a-Carbgs-glucopyranosyl- and 5a-carlfagalactopyrano-
idamine (2), hydroxyvalidamine13), and valiolamine 14) syl-amides108 and 109 (Figure 27) have been shown to
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Figure 29. Carbafucopyranosylamines as hydrolase inhibitors

(when racemic, only-enantiomers are shown).

contrary, galacto derivativél5did not show any improve-
ment in potency. Additionally, it was later demonstrated that
114 and 115 are strong competitive inhibitors of human
pB-glucosidase and humapi-galactosidase, respectively.
These activities suggest that carbasugar derivafitdand
115work as chemical chaperones to accelerate transport and
maturation of mutant forms of enzyme proteins and therefore
may be considered as novel therapeutic agents for human
genetic diseases related to lysosomal storage disordéts.
5a-Carbaa-pL-fucopyranosyl amine f£)-116)''*and 5a-
carbag-L-fucopyranosylaminel(17)*'5> were prepared and
evaluated (Figure 29) in the search for different sugar
hydrolase inhibitors. They have displayed a very potent and
specific inhibition ofa-L-fucosidase (bovine kidney), with
the effect of )-116 being essentially comparable to that
of deoxyfuconojirimicin, the most powerful mammaliew. -
fucosidase inhibitor identifieda-Fucosidase inhibitors are
considered to be potential candidates for cancer and HIV
drugs, due to their inhibitory effect on the extracellular matrix
secreted fucosidasé&$.The inhibitory activity was increased
by incorporation of alkyl and phenylalkyl groups into the

possess similar potencies as immunomodulators to thoseamino function of the parentt{)-116. The change of the

displayed by the correspondimngie sugarsi®® This suggests
that the glycolipid analogues may be useful models for
understanding the biological roles and functions of glycolip-
ids.

Novel, N-linked, carbocyclic analogues of glycosylcera-
mides, structurally related to glycosphingolipids and gly-

N-alkyl substituents, from ethyl oh18ato nonyl on118¢g
improved the inhibitory power, reaching a maximum with
an n-octyl chain at the nitrogen1(8d).!*” In a similar
manner, compoundsH)-119a—g, prepared by chemical
modification of @)-117, showed very strong inhibitory
activity toward both S-galactosidase ang-glucosidase

coglycerolipids, have also been synthesized by replacing theenzymes with no specificity associated with the 4-epimeric

sugar residue with either saturat¥d110, 111) or unsatur-
ated® (112 113 5a-carbap-gluco- or 5a-carba-galacto-

structures. This activity appeared to be associated with the
p-enantiomers exclusively, that I§;alkyl-6-deoxy-5a-carba-

pyranoses, respectively (Figure 28). The unsaturated gluco-3-b-galactopyranosylamines{119).#

112and galactat13analogues were found to be very potent

and specific inhibitors of gluco- and galactocerebrosidase,

respectively, thus showing the critical role played by the C
configuration for specificity in inhibition. These compounds

Carbasugar derivatives have also been envisaged to play
roles in elucidating and controlling other biological events
that involve sugar moieties. This includes the synthesis of
analogues of enzyme substrates, which were modified by

were then modified by replacing their ceramide chains, and replacing part of their structures with carbasugar units and

variousN-alkyl- andN,N-dialkyl-3-valienamines were pre-
pared:®®-11 Among these substancééoctyl-3-valienamine
derivative 114 was found to possess a 10-fold inhibitory
activity (ICso = 3 x 1078 M) against rat livers-glucocer-

which were expected to be used in the elucidation of the
mode of action of sugar transferases. These analogues have
been recognized as good substrates, thus showing that the
ring oxygen in the acceptor is not involved in the specific

ebrosidase compared to the parent derivative. On therecognition by the enzyme.
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Figure 31. Carbatrisaccharid@27, a substrate foN-acetylglu- aXx'=0, X2= OH,
cosaminyltransferase-V. b X'= NH, X2= OH.

¢ X'= NH, X?= NHAc
. . Figure 32. Carbasugar analogues Nfacetyl-5& and N-acetyl-

Bovine -(1—4)-galactosyltransferase was assayed with 5a-carbas-lactosaminides and -isolactiminides.
a-galacto- (20), a- and f-manno- (21 and122), anda-
andp-gluco- (123and124) 2-acetamido-2-deoxy-5a-carba-
pL-hexopyranoses (Figure 38f.In enzymatic assays, only  comparable to those observed for standaue disaccha-
123 and 124 acted as galactosyl acceptors. The reactions riges!26 Small-scale reaction df29aand129b with GDP-
afforded disaccharidel25and126 but half of the material  fucose and milk fucosyltransferase resulted in the conversion
remained unreacted, suggesting that onlyttfenantiomers  to the corresponding trisaccharides (by fucosylation at 03).
behaved as acceptors. Surprisingly, compound430&25 and 130b were neither

Carbatrisaccharidé27 (Figure 31), an analogue of the acceptors nor inhibitors for milk fucosyltransferase, suggest-
“trimannosyl core” which frequently occurs in biologically ing thatoa-(1—4) transfer is not possible. The milk prepara-
important glycoconjugate?*?! was found?? to be fully tion contains a mixture of two differenof(1—3/4)- and
active as an acceptor fdt-acetylglucosaminyltransferase-  o-(1—3)-] fucosyl transferase enzymes. These enzymes were
V, both with the enzyme isolated from hamster kidney and separated, and it was shown that both forms utilized
with the one cloned from rat kidney; the kinetic parameters compoundsl29aand129b as acceptor substrates, whereas
were compatible with those of theue trisaccharide. 130aand130bwere neither substrates nor inhibitors for the

An area of recent interest is the design of potential enzyme. This was the first demonstration of a specific
substrates and inhibitors of fucosyl and sialyl transferasessubstrate for am-(1—3)-fucosyltransferas&?
involved in the assembly of the Sialyl Lewis-x structure (a  In contrast with these results, screening carried out on
tumor-associated structure and ligand of E-selectin-mediatedisomeric octyl 5a-carbg-lactosaminide 131b) and isolac-
inflammatory processesj® These enzymes are involved in  tosaminide {32b) (where the carbasugar unit is at the
the last steps of the biosynthesis of Lewis oligosaccharide reducing end, Figure 32) showed that both compounds were
antigens by transferring-fucopyranosyl residue€’$? In this good substrates fan-(1—3)-fucosyltransferase V (human
context, Ogawa et al. have carried out studies aimed atrecombinantSpodoptera frugiperdaas well aso-(2—3)-
finding inhibitors of the biosynthesis of Lewis oligosaccha- (N) sialyltransferase (rat, recombinargpodoptera fru-
ride antigend?>126They reported the synthesis of carbasugar giperdg when compared to the parent compoufi@daand
analogues of the disaccharide fragment highlighted in Figure 132a'?’
32. They prepared ether- and imino-linkédacetyl-5& More recentl\?® Kajihara, Ogawa, and co-workers have
carbag-lactosaminides and -isolactiminides, and tested them evaluated the inhibitory activity of four new carbadisaccha-
against fucosyltransferases. Compoui@9a2°> and 129b rides (ether-linked methyl 5a&arbag-lactoside {333 and
(Figure 32) were shown to be acceptor substrates for humanimino-linked methyl 5acarbag-lactoside 133h), methyl
milk o-(1—3/4)-fucosyltransferase with kinetic parameters N-acetyl-5&carbag-lactosaminide 1339, and methyl
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Figure 33. Conformations of the cyclopentane ring.

N-acetyl-5&carbag-isolactosaminidel(34)) toward rat re-
combinanto-(2—3)-sialyl and rat livei-(2—6)-sialyl trans-
ferases with the presence of 4-methylumbellipheryl-labeled
Lac-NAc as an acceptor substrate. Their enzyme-inhibition
assays led to the following results: (a) compoui@8a
133h and 134 showed more inhibition foro-(2—3)-
sialyltransferase than for-(2—6)-sialyltransferase; (b)
compoundsl33b (K, = 185uM) and 134 (K, = 245 uM)
presented Ig values similar to that for the acceptd€ (=
264 uM) toward a-(2—3)-sialyltransferases, whereas com-
pound 133cdisplayed less inhibitionK, = 419 uM); (c)
compound133¢ which was expected to inhibit both en-
zymes, did not show any appreciable inhibition toward any
of them. The authors concluded from this study that the imino Figure 34. Pseudorotational wheel for a five-membered ring.
function enhances affinity for sialyltransferases but that when
two nitrogen atoms exist, the enzymes maintain an equilib- | the case of the furanose ring (Figure 34=X0, Y =
rium of interaction between them. They also established thatOMe)’ an equilibrium between two low-energy conforma-
a carbagalactose residue in carbadisaccharides may bind t¢ons’is assumed in solution, with one of these conformers
sialyltransferases, but without the transfer of sialic acid. being located in the northern hemisphere of the pseudoro-
tational wheel and the other in the southern hemisphere.
5. Conformational Analysis of Carbasugars Through the measurement of tR& 4 (an average of the
coupling constants arising from both conformers in solu-
Since carbohydrate-based ligands are an object of hydro-tion), the contribution of each individual conformer can
lytic cleavage, carbaglycosyl compounds have been devel-be determined. This may be done using the program
oped in the search for improved chemical and biochemical PSEUROT!3* which provides the populations of both
stability. However, the methylene analogues do not simply conformers that best fit the experimental NMR data. The
behave as noncleavable glycosides, and carbocyclic anamethod, which can be applied to any five-membered #g,
logues of oligosaccharides in which the endocyclic oxygen has been used for the conformational analysis of furanose
atom is replaced with a methylene group may have confor- rings!3® In this case, the relative populations of both
mational properties different from those of the natural conformers are determined by the steric demands of the
oligosaccharides. Apart from the logical variations in bond substituents and by the stereoelectronic effects, in particular
lengths (C-0O 1.42 A vs G-C 1.55 A) and bond angles (€ the anomeric effed€*together with the presence of favorable
O—-C 114, C—-C—C 115), the conformational similarity = gauche interactionS> However, in the case of carbafura-
of the intersaccharide linkages differs. Indeed, the substitutionnoses (Figure 34, X CH,, Y = OMe), the substitution of
of an oxygen by a methylene group results in a change in an endocyclic oxygen by a methylene group may alter the
the electronic properties of the glycosidic linkage, with equilibrium between both conformers.
concomitant changes upon the flexibility and the energy Despite the synthetic efforts devoted to the preparation of
barriers to rotation around the glycosidic torsion angles. Thus, carbocyclic nucleoside analogues, to the best of our knowl-
the excanomeric effect present in glycosides, due to the edge!® only one repoff” has focused on the study of the
presence of the interglycosidic oxygen atom, disappears inconformation of carbafuranoses compared to the analogous
the carba analogue, along with a consequent variation of thefuranose rings. For this purpose, the PSEUROT program has

steric interactions between both residues. been applied to the carbafuranosk®7 and 138 and the
results where contrasted with those obtained for the methyl
5.1. Conformational Analysis of Carbafuranoses glycosides135 and 136*° (see Figure 35). Comparison

of the ot isomers (compound$35 and 137) indicates that

For the cyclopentane ring, the more stable conformers arethe conformational equilibrium in the carbasugar is biased
the envelope and the twist conformation’s half-chair (Figure to the northern conformer with regard to the analogous sugar.
33). Because the barriers between these conformations arén the glycoside, botHT, and?T; conformers are stabilized
very low, five-membered rings can adopt different half-chair by the anomeric effect. Indeed, in the case of the S con-
or envelope conformations as well as intermediate éffes. former, an attractive gauche interaction between the ring oxy-
This conformational change is originated by oscillatory gen and the OH groups ab@nd G is also present. In the
motions of the five carbon atoms in a direction perpendicular carbasugar, these stereoelectronic effects have been elimi-
to the plane of the ring, creating a “swelling” (out-of-the- nated and then only steric effects as well as gauche inter-
plane atom) which appears to rotate around the ring evenactions between exocyclic hydroxy groups are present. Then,
though there is no motion of the atoms in this direction. This northern conformers are favored and the conformational pre-
process is called “pseudorotation”, and the conformers ferences of glycosides and carbasugars are clearly different.
generated in this way can be visualized using the “pseu- In the case off isomers (compound$36 and 138), the
dorotational wheel*3° conformer distributions are more similar. The glycoside and
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HO HO HO HO
Riz.\ocm3 ﬁocw, ﬁ‘“OH vw
HO “OH HO “oH HO “OH HOW  “oH
1352 136° 137
N oT E 3 5T
conformer 4 2 E 2
XN 56 99 86(83)° 75 (77)°
S conformer 2T, 2 2 2
Xs 41 1 14 (17)c 25 (23)c
a) Taken from reference 138.
b) Taken from reference 139.
c) Coupling constants for simulated spectra were used.
Figure 35. Ring conformers of compounds35—-138.
HO involving O, and GQ atoms which is not present in ttig

conformer. On the other hand, a second factor may be
considered irl37 that s, that, in thég rotamer of the major

£l X
~4 IOCH;;
3

HO  OH ring conformer ¥E), a “1,3-diaxial” interaction betweensO
X= 0, CH, and Q is present. _ _
Comparison of the £-Cs rotamer populations in com-
05 RH5 SHs pounds136 and 138 shows that theyg rotamer population
Cs X Cs X Cs X remains unchanged whereas the amount ofglietamer in
H R]S;@iSH H 3:6310 138increases at the expensegif This observati_on may be
S 5 5 S Os RHs a consequence of the fact that the southern ring conformer
¢ 4 Hq (°E) is more populated at equilibrium. For this ring con-
g9 gt tg former, the tg rotamer does not show a “1,3-diaxial’

interaction between £and Q.
Considering the rotameric equilibrium between the-C
O; bond, the staggered rotamers for glycosides and carba-
sugars are represented in Figure 37. For glycosi@&sand
Xgq 48 34 49 34 136, both anexc-anomeric effect and steric effects dictate
that the preferred conformations should be those in which

Compound (population %)
Conformer 135 136 137 138

Xgt 38 55 39 45 the methyl group is antiperiplanar te @onformertg). For
carbasugard 37 and138 NOE measurements indicate that
Xig 14 11 12 2 this is also the major conformer. However, in these cases, it

was not possible to confirm this preference from the
consideration of théJc_c coupling constants.

6 6 o
R R
cyclohexane oxane
Figure 37. Cyclohexane and oxane.

Figure 36. Rotamer populations about the,€Cs bond in
compoundsl35-138

the carbasugar adopt the same S conformation, and both
northern conformations gor the glycoside andT, for the
carbasugars) are immediately adjacent on the pseudorota-
tional wheel. In this case, the,EEonformation of136 is
especially stabilized because the methoxy group is pseudo-
axially oriented and, hence, stabilized by the anomeric effect.
Of additional interest are the rotameric equilibria about
the G—Cs and G—0, bonds because, in furanose rings, the
rotamer populations about these bonds are influenced by the
ring oxygen. For the £-Cs bond, a gauche interaction Although the inversion barriers for cyclohexane and oxane
between 5-OH and the endocyclic oxygen stabilizesgthe are almost identicit! [AG¢yciohexane= 42.9 kdmol~* (—60
andgg rotamers relative to thig counterpart, where sucha °C) and AG* oxane = 43.1 kdmol™* (=61 °C)], in the
stabilizing interaction is absent (see Figure 36 for rotamer corresponding 2-substituted derivatives, the oxygenated
definitions). The populations of rotamers about the-Cs heterocycle displays a largexG® for the corresponding
bond in the case of carbafuranod&y and138was deduced  methyl-substituted compoundAG°methyicyciohexane = 7.28
from the analysis ofJ, srand®Jy ss directly measured from  kJmol™! and AG°®;—methyioxane= 12.0 kmol™1). This appears
the 'H NMR spectra. In the case of compoudd7, the to be a consequence of a change in molecular dimensions.
rotamer populations are essentially unchanged relative toBecause the €0 bond length is shorter than the-C
those of the analogous glycosid&5. In both compounds,  length, the distance between an axial methyl group at C
theggrotamer is stabilized by a hyperconjugative interaction, and thesynaxial H at G increases as one passes from oxane
O(ca-Hay—0* c5-05), 4 whereas the predominance gifover to cyclohexane. Consequently, the valueAdi® decreases.
tg conformers can be ascribed to the stabilizigagicheeffect This fact, together with the consideration of the anomeric

.2. Conformational Analysis of Carbapyranoses
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HO—?®

HO OH
/1

HO  OH

3 139

Compound C1 Cc2 C3 C4 C5 Cé6 Cc7
32 147.8 143.0 1425 148 126 143 129

139 1702 1458 144.0 146 142 145

a) Taken from ref 132.
b) Taken from ref 143.

Figure 38. 13C NMR chemical shifts for compoundsand 139,

06 H6R H6S
7C._+_C4 7C_ C4 7C_ c4
H6S/@H6R 60 H6S H6 6

H5 H5 H5

g9 gt tg

Figure 39. Rotamers around thes€Cgs bond. For definitions of
the rotamers, see ref 143.

effect, should govern the conformational preferences of
carbapyranoses relative to the parent pyranoses.

However, the analysis of the NMR parameters of six
carbapyranosé® compared to those for the corresponding
methyl hexosides strongly supports the conclusion that each
compound adopts an almost unperturb@dchair conforma- 146 147
tion. For instance, comparison of tR&C NMR chemical Figure 40. Carbatrehaloses studied by Duus, Bock, and Ogawa.
shifts of carbam-pL-galactopyranose3f with those of the

related methylhexosid&3943 shows significant differences 0 H ;o§(H H

only for C; and G, as may be expected. Observation of the HOQ, H H HO § HO

rest of the chemical shifts does not suggest any major ﬁ ﬁ?

conformational differences between both types of compounds

(Figure 38). lo lla
The J values for H-5, 6R), and 6§ in carbasugars are 0 o Ho..

somewhat different depending on the axial or equatorial ’S/OEL’ %(o\p,

orientation of the hydroxy group at,CThus, carbasugars Hon HO HO H

of the galacto series shalis-wer) between 7.8 and 8.0 Hz.

These data, together with the more similar value$gfigg 1B g

for both series, indicate that thygt rotamet** (Figure 39) Figure 41. Definition of structure types andlIl, involved in the
prevails in the galacto- series and that an appreciable amoungonformational preferences for compouridtd—147.

of thegg rotamer is present in the gluco- and manno- series.

The population of theég rotamer is low for all compounds, the other hand, and considering the relative arrangements
as was also found for the hexosides. Similar results were of atoms around the glycosidic linkage as, lla, 15, 118
obtained in the carbocyclic analogues of 2-acetamido-2- (Figure 41), compounds40and142show conformation type
deoxybL-hexopyranosé® having theo- andS-pL-galacto; lo. and compoundd44 and 146 show conformation type
gluco-, and manno- configurations. 1. Also, for compoundd.41 and 143 the conformational

In the search for a relationship between conformational arrangement is &, and for compound445 and 147, it is
preferences and biological activity, mainly enzymatic inhibi- 115.
tion, the conformational analysis of several carbadisaccha- Recently, Jimeez-Barbero’s group has addressed the study
rides has been carried out by several groups by combinationof the conformation of a variety of carbaglycosides using a
of NMR studies and theoretical calculations. For instance, combination of molecular mechanics and dynamics calcula-
Bock and Ogawa estimateéfithe conformational preferences tions, with experimental data from NMR spectroscopic
for eight carba-trehalose$40—-147, using the analysis of  techniques, using a similar approach to that described by
chemical shifts together with NOE measurements in associa-them for theC-glycosyl analogues (th€-analogue at the
tion with empirical force field calculations (Figure 40). interglycosidic oxygen}#’

Defining the angle® and¥ as H—C,—0;—Cy and G— The conformation of the carba analoguegdéctoside$*®
0O,—Cy—Hy, respectively, a greater flexibility in terms of 148 and 149 (Figure 42) has been analyzed using this
W regarding® was observed for all compounds, in ac- methodology. In these cases, the glycosidic torsion angles
cordance with the presence of tagaanomeric effect. On  which define the conformation around the glycosidic linkage
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HO HO enthalpy conflict, since the energy barriers between the
different regions are small. Similar situations occur for the
C-glycosyl analogue¥?
This enhanced conformational flexibility of the carbag-
lycosides is general as it was also deduced from the NMR/
148X =0 MM analysis of the conformation of carbaglycosides derived
149 X = NH 150 from B-p-Gal(1—1)-a-p-Man®* Also in this case, the
Figure 42. Carbasugar analogues of lactosides. glycomimetic presents an enhanced flexibility with respect
on oH to tr;]e natural anzloguel, but i?terestingl)é,ssit iﬁ notfas fl;axible
as the correspondir@-glycosyl compound® Therefore, for
@ O&\/OH @ O&\/OH a given ligand, and depending on the chosen biological target,
ﬁOH o7 on and its intrinsic binding site architecture, it seems that a range
OH oH of conformational fle?<|b|l|ty may be tungd when passing
HO HO from naturalO-glycosides to carbaglycosides and, finally,

151 152 to the most flexibleC-glycosyl compound$®
Figure 43. Carbasugar analogues of fucosides.

are defined a® (Hy—Cy—X—Cy) andy (Cy—X—Cs—Hy). 6. Synthesis of Carbasugars

HO

HO

In contrast with the regula®-glycosides, for which three Even prior to the knowledge of their existence in Nature,

different conformational families are found in all cases, four chemical routes to both carbafuranoses and carbapyranoses

families are found for these types of compounds. had already been studied and developed. In fact, a racemic
The global minimum ofl48is located in thesynd/syn¥ synthesi&’ of arysteromycin, the first natural carbafuranose-

population, as in the natural prOdU_Ct. A hlgher erXIbIIIty with related Compound reported, preceded its iso|ati0n7 and
respect to lactose was deduced, since minor populations wergikewise, 5a-carbax-p-galactopyranosesj was discovered
detected for thanti-d andanti-W¥ local minima. In addition,  as a naturally occurring compound 7 years after McCasland's
a small contribution of the noexoanomeric orientation was  fjrst synthesig¢®? Since then, the synthesis of such com-
also inferred from the MM/NMR analysis. Obviously, this  pounds has attracted considerable interest and a plethora of
conformation cannot take place for the natural analogue, duesynthetic approaches have been developed. The endeavors
to the additional stabilization of thexoanomericsyn® of chemists have been motivated as much by the challenges
conformer provided by the stereoelectronic effect. This value posed by the syntheses of the title compounds as by an
amounts to~1.8-2.0 kcal/mol, as deduced from the nterest in their biological properties or their utility as
comparison between a variety of gluco- and manno-glyco- piochemical tools in glycobiology.

sidgs and thei(;—glycosyl analogues’® A similgr.confor- The strategies adopted to obtain carbafuranoses and
mational behavior was observed for the carba-imino analoguecarhapyranoses can be broadly classified into two groups:
149, for which the interglycosidic oxygen was replaced by ;) synthetic methods which employ non-carbohydrates as
a NH group. Also in this case, a conformational equilibrium - gt4 fing materials and (ii) protocols which utilize carbohy-
among four different conformers was also shown to take grates as precursors. Some other strategies which make use

place m_wz_;}ter SOIUt'On'I imetis ith of natural products other than carbohydrates as starting
In a similar manner, lactose mimetiS0, without exo materials have also been examined.

anomeric stabilization, presents a 90:10 proportiomxad
nonexoconformgrs around),' while natural lactose shows 6.1. Synthesis of Carbafuranoses
an almost exclusive predominanceexfoconformers. Nev-
ertheless, in binding studies with a plant lectin, only the 6.1.1. Synthesis from Non-carbohydrate Precursors
regularexcanomeric type of conformation is bound, and so } ] ) ] ) ]
this compound, in fact, behaves as a true glycominiétic. In 'gh|s section, the different synthetic strategies will be
The conformational behavior of carbafucopyranosyl gly- classified according to the type of compounds employed as
cosides (Figure 43) has also been evaluéiteth contrast ~ Starting materials: (i) from bicyclic compounds; (ii) from
population of excanomeric conformers above 95% was  6.1.1.1. From Bicyclic Compounds.Griengl and co-
deduced, the carbafucosyl mimetic bearing a glycerol agly- workers described, in 1998 the first synthesis of carba-
con, 151, shows a mixture obExacanomeric and noexc pentofuranoses from non-carbohydrate precursors, employing
anomeric populations at the glycosidicangle (ca. 4:1).  norborn-5-en-2-onelg3) as the starting material (Scheme
Using TR-NOE experiment&2the authors demonstrated that  3).**°
the bound conformation was the same for the glycoside and Thus, 4a-carb@ and -a-p-ribofuranoses 57 and 39),
the carba analogue, thus showing that, in this case, therespectively, were obtained fromt)-153 Alkaline Baeyet-
synthetic analogue indeed mimics the behavior of the regularVilliger reaction of the latter followed by esterification and
glycoside acetylation provided the unsaturated carbahexofuranuronic
Thus, generally speaking, it can be stated that the carbaacid derivativel54. Stereoselective dihydroxylation @54
analogues may indeed access those conformational regionsvith OsQ/NMO and protection of the ensuing diol as a
populated by the natural compounds, but that they are moredioxolane was followed by reduction with LAH to give
flexible, especially around thé angle, due to the lack of = compoundl55 Side-chain degradation was performed by a
the stereoelectronic stabilization provided by tb&c sequence of elimination, degradative oxidation, and reduction
anomeric effect. This fact indicates that an entropy penalty to the protected 4a-carlgap-ribofuranose 156). Deprotec-
has to be paid, and minima other than the global one maytion of the latter with BGJ paved the way to 4a-carkho-
be bound by biological receptors, although without a major ribofuranose 157). In order to obtain thex-anomer from
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Scheme 3. Synthesis of 4a-Carba- and -f-p-ribofuranoses HO OH HO OH
(39 and 157) by Griengl's Group ﬁ

A

(+)-153

HO OH HO OH

W 4a-carba-D-lyxofuranose  4a-carba-D-arabinofuranose

]”side chain degradation” x

HovﬁwOH HO\/ﬁrOH

S 0o 3 HO OH HO OH

155 "B-cis-dih ydroxylation\ / "trans-dihydroxylation"

W \ N —

"Baeyer-Villiger"
(+)-153
~OH
H O/vOH Ho/ﬁ\ " o-Cis- dlhydroxy/at/on/ \”trans-d/h ydroxylation"
HO OH HO OH
157 39 HOW OH
aReagents: (i) (a) kD2, NaOH, HO, EO; (b) Mel, DMF; (c) AcO, \/

py, DMAP, CHCIl,, 71%; (i) (a) OsQ, NMMO, acetone; (b) 2,2- Hd OH OH
dimethoxypropane, p-TsOH, 77%; (iii) LAH, #9, 0 °C, 97%; (iv) (a) HO
PhsP, Br, EtN; (b) 2-nitrophenylselenocyanate, NaBHEtOH; (c) HOx, ) ] ]
THF; (d) AcO, py, DMAP, CHCly, 61%:; (v) (a) Os@ NalQy, H,0, ELO; "side chain degradation”
(b) LAH, Et,O, 88%; (vi) BChk, CH.Cl,, —78 °C, 95%. (vi)) (a)
triphenylchloromethane, py, DMAP, GBIy, (b) PDC, 77%,; (viii) (a) OH OH
NaBH,, MeOH:; (b) BCh, CH,Cly, —78 °C, 58%. Hom’” HO
156, the required inversion of {vas performed by a three- HO OH HO  OH

step sequence, including protection of the primary hydroxy  4a-carba-D-ribofuranose 4a-carba-D-xylofuranose
group, pyridinium dichromate (PDC) oxidation of the
secondary alcohol, and stereoselective reduction with NaBH
Finally, deprotection with BGlyielded the desired 4a-carba- i, 5 regioselective oxirane opening, leading, after acylation,
a-D-ribofuranose §9). . to (+)-166with the desiregB-arabino configuration. Conver-

As a continuation of this work, Griengl and co-workéfs  sjon of ()-166to 4a-carbas-pL-arabinofuranose §)-168
addressed the task of syntheSIZlng all pOSSlb'e SteremSOmerl(broceeded as shown before, albeit, in this case, the C|eavage
carbapentofuranoses frotd3 Accordingly, they developed  of the terminal double bond was achieved via ozonolysis/
a general protocol which included Baeyafilliger oxidation reduction. Theo-arabino configuration was obtained by

of the latter followed by (i) stereodivergent hydroxylation inversion of configuration at ¢ after protection of the
of the A?2 double bond to the desired pattern and (ii)

degradation of the side chain by an oxidative protocol, which Scheme 4. Synthesis of 4a-Carba- and -g-p-lyxofuranoses
led to the lyxo-, arabino-, ribo-, and xylofuranose derivatives (162 and 163) by Griengl’s Grouf

(Figure 44). o) OBz OH
The synthesis of thei-p-lyxo isomer (62, Scheme 4) o OH j m i Kﬁ
required the opposite facial selectivity in tbis-dihydroxy- Mm — MeO o, 0 — "o 0. o
lation of 158than that observed previously in the preparation )Q )Q
of the 4a-carba-ribofuranose89 and157. For this purpose,

Figure 44. Synthesis of carbapentofuranoses by Griengl’s group.

. . X X X 158 159 160
inversion of the configuration at,Gn 158 was carried out _OH
by Mitsunobu reaction, leading to the corresponding ben- HO '
zoate. The latter, on treatment with Q#IMO and protec- v bH
tion, gave exclusively the desired stereoisorh®9, which oH — HO
was reduced to give dioxolari$0. The side-chain degrada- i Hoﬁ\ 162
tion to 161 and deprotection was achieved as described N
0.0 OH

previously for the ribo series to finally yield 4a-carban-
lyxofuranose 162). The g-anomer, 4a-carbg-b-lyxofura-

X HO

nose (63), was also prepared frod61 using the same oxi- 161 HO OH
dation/reduction protocol described 88 (see Scheme 3). 163

The synthesis of theoL-arabino carbasugar £{§-170, aReagents: (i) (a) PP, DEAD, BzOH, THF; (b) Os@ NMMO,
Scheme 5) was carried out fror)-158 by conversion of  acetone; (c) 2,2-dimethoxypropane, TsSOH, 40% fi®b8, (i) LAH, Et20,
the double bond into &ansdiol. Thus' reduction Of:&)_ 86%; (lll) (a) PhP, B, EtsN, CH,Cly, 76%; (b) 2-nitrophenylselenocyanate,

- : NaBH,, EtOH; (c) HO,, EtOH, 86% (two steps); (d) OsONalOs, ELO,
158 gave allylic alcohol £)-164, which, after Sharpless H,0: (&) NaBH, MeOH. 61% (two steps): (iv) HOAC, 80%, reflux: (v) (a)

epoxidation, gave epoxidetQ-lGSasasinglg dias_tereomer. TrCl, py, CHCl, 62%; (b) DMSO, (COCh, EtN, CH,Cl» (Swern
Treatment of £)-165with aqueous perchloric acid resulted oxidation); (c) NaBH, MeOH, 0°C, 93%; (d) HOAc, reflux, 80%.
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Scheme 5. Synthesis of 4a-Carbat-arabinofuranoses 168
and 170 by Griengl and Co-workers (Onlyp-Enantiomers
Are Showny

OWOH_ HO\/ﬁOH HO OH
@ Ove L i \ /

o)
(+)-158 (+)-164 (£)-165
HO
AcO OAc OAc OH
ii v \ v \
T Al OAc AcO OAc HO OH
(+)-166 (£)-167 ()-168
TBSO LOH HO LOH
(b) (£)-165 —= \ —— \
HO OH HO OH
(+)-169 (£)-170

aReagents: (i) LAH, BO, 90%; (ii) VO(acac), t-BuOOH, CHCI,,
70%; (iii) (a) HCIO4, H20; (b) AcO, py, DMAP, CHCl,, 94%; (iv) (a)
NaOMe, MeOH, 94%; (b) TrCl, py, Ci€l,, 90%; (c) AcO, py, DMAP,
CH,Cly, 86%; (d) H, 10% Pd-C, EtOH; (€) PBP, Br, EtN, CH.Cly; (f)
2-nitrophenylselenocyanate, NaBHEtOH; (g) HO,, EtOH; (h) G, MeOH,
—80 to 0°C; (i) NaBHs, MeOH, 0°C, 18% overall; (v) NaOMe, MeOH,
83%.

Scheme 6. Synthesis of 4a-Carbaxylofuranoses 173 and 177
by Griengl's Group (When Racemic, Only b-Enantiomers

Are Showny
m \/ﬁ /p\\\OH
0)( bH

(b) (171 — m L /ﬁ
174 175

HO OH
(£)-176

(#)177

aReagents: (i) (a) OsPNMMO, acetone; (b) 2,2-dimethoxypropane,

TsOH; (c) LAH, EtO, 69% (three steps); (ii) (a) BB, Br, EGN, CH.CIy;
(b) 2-nitrophenylselenocyanate, NaBIEtOH; (c) HO,, EtOH, VO(acac)
t-BuOOH, CHCly; (d) OsQ, NalOs, EtO, H0; (e) HOAC, reflux, 13%

(five steps); (iii) KOH, BnBr, dioxane, reflux; (iv) (a) ethyl chloroformate,

EtzN, acetone, NaBi (b) PhCH;, reflux, 97%, two steps; (v) (&) NaNO
HOAc, NaOAc; (b) MCPBA, CHCI,, 46% (two steps); (vi) (a) HCI®
H20; (b) AcO, py, DMAP, CHClIy; () Hz, 10% Pd-C, EtOH; (d) NaOMe,
MeOH, 53% (four steps).

primary alcohol of {)-165followed by addition of cesium

Arjona et al.

Scheme 7. Synthesis of
3-Azido-3-deoxy-4a-carbae-pL-ribofuranose Derivatives by
Griengl's Group (Only p-Enantiomers Are Shown)

T e
a) (¥)-171 —_HO . -, )(
(a) - ,o)( Ro” 0

(£)-178 (£)-179
= SN e )S
. /,,O)( ,,,0)(
(£)-180 (£)-181
R,0 5 R,0 .,
b) (174  —» m.ro ! ﬁ.:o
R,0 N,
(+)-182 (+)-183

R1=Ac or Bz, R,= Tf or Ms

the lactone was reduced to dibl'2 4a-Carbaa.-p-xylofura-
nose (73 was obtained from compourid2, as mentioned
above (Scheme 6a). For thfepL-xylo configuration, the
authors, owing to problems in the regiochemistry of the
trans-hydroxylation and side-chain degradation, used the
procedure employed previously in the synthesis of carbocy-
clic nucleosides (Scheme 68}. Compound £)-171 was
converted into acid£)-174 Curtius degradation gave amine
(£)-175 which was stereoselectively transformed into the
epoxide {£)-176. Regioselective ring opening oft]-176
with perchloric acid and deprotection gave 4a-cgfka-—
xylofuranose £)-177.

Following a similar approach, Griengl and co-workéts
also described an entry to derivatives of 3-azido-3-deoxy-
4a-carban-pL-ribofuranose £)-180 and &)-183 (Scheme
7) from (£)-171 or (£)-174 Both intermediates were
transformed by chain degradation and suitable functional-
ization of the double bond to compoundk){178 or (+)-
182 For (£)-179, the 2 reaction required to introduce the
azide moiety was always accompanied by elimination
yielding a mixture of the desired)-180 and olefin &)-
181 In the case of epoxideH)-182 the elimination was
not the competing reaction but a slight extent of attack on
the epoxide was observed.

The racemic ketoneK)-184, available from norbornen-
2-one ()-153 was also used as a convenient intermediate
for preparings- anda-pL-ribocarba-2-ulofuranose86 and
189(Scheme 8353 In the first case, the required one-carbon
side chain was introduced either via dimethylsulfoxonium
methylide addition, which takes place from the more hindered
o-side, and nucleophilic opening of the oxirah&5 or via
methylenation with Tebbe’s reagent acig-hydroxylation.

acetate. The opening of the epoxide moiety required the a-Epoxide 188 was prepared by stereoselectiferomo-

presence of a free,€OH, because a £ OAc directs the
attack of the oxygen nucleophile at @ther than at €
Conversion of 4)-169into 4a-carbax-pL-arabinofuranose
[(£)-170 was carried out as mentioned before for {fe
isomer.

methyllithium addition followed by nucleophilic bromine
displacement. Opening of oxirari&8 followed by depro-
tection gaveun-pL-ribocarba-2-ulofuranosel89).

Griengl and co-workers also described the synthesis of
the carbocyclic analogue of the sugar portion of the antibio-

For the remaining carbasugars of xylo configuration, the tics nikkomycins and polyoxin®* The enantiomerically

authors used compourid/1, obtained by BaeyetVilliger

enriched starting material norborn-5-en-2-yl acetd@0y

reaction of (+)-153under special conditions, as the starting was easily obtained from racemit:)-153 and the key step

material (Scheme 6). Thusis-hydroxylation of171yielded

was the BaeyerVilliger oxidation 0f191(Scheme 9). When

ana-xylo diol, which was protected as a dioxolane whereas the oxidation step was carried out in neutral or alkaline
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Scheme 8. Synthesis of Carbat -ribo-2-ulofuranoses (186
and 189) by Griengl's Group (Only b-Enantiomers Are

Showny
TrO . ST
i o. O Jiii
vo D OH
#1583 77—, iv 185 Viﬁow"/OH
0. 0 ™\ ’ B
)< ~” HO OH
Trov
()-184 \/ 186
0><o
187
TrO
vi ) Vil
(£)-184 —» ° 4
ox HO OH
188 189

aReagents: (i) NaH, (CsSOIl, DMSO, THF; (ii) NaOAc, DMF, 140
°C or CsOAc, DMF, 8C°C; (iii) (a) Amberlite IR-120, CHCN, H;O, 50
°C; (b) AcO, py, DMAP, CHCly; (c) MeOH, NaOMe; (iv) CpTi(CHa)a,
PhCH;, 60—70°C; (v) oxone, acetone, 18-crown-6, NaHE ®&,0, CH,Cl,
or MCPBA, PhH, reflux; (vi) CHBrz, n-BuLi, THF, —80 °C to rt; (vii)
CsOAc, DMF, 90°C.

Scheme 9. Synthesis of a Carbocycle Analogue to the Sugar
Portion of Polyoxins (Only p-Enantiomers Are Shown}

3 *ﬂbé

(£)-153 —=- /

190
HOOC/v
s
191 192 193
vooorl (r
HO OH
194 195
0
COOMe COOMe
Ns.,
0 Ny OH Ny ~OH
193 [11] v \ / \ A /
e o. 0O o 0
"R X
196 197 198

aReagents: (i) MCPBA, kD, 80°C; (ii) acetone, conc HCI, then £,
CIC(O)OEt, 81%193 19%195 (iii) KHMDS, 2,4,6-triisopropylbenzene-
sulphonyl azide, then HOAc, 79%; (iv) NaOMe, MeOH 0, 88%; (v)
PCC, EtOAc, 80°C, then NaBH, MeOH, 76%.

media, a mixture of lactoneEd3 and 195 was formed, but
the undesired195 was dominant.

In acidic media, the
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Scheme 10. Compound 199, a Useful Starting Material for
the Synthesis of Aminocarbafuranoses

(@] R (0] R
N’ O R N
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201 199 200

Scheme 11. Synthesis of Protected
1-Amino-1-deoxy-4a-carbgB-p-furanoses by Vince’'s Group

o]

H
N MeOC  NHp . ASOL i
(@) /\_/\

202 203 204

AcO AcO
NHAc NHAc
_AcO NHACc
b) 204 Y \@ v, +
AcO  OAc AcO  OAc
205 206 71 207

AcO NHAGC AcO

. NHAc
(c) 204 S \Q + \O

AcO  OAc AcO  OAc
208 2:1 209
aReagents: (i) 5% HCI, 35 days, then MeOH, reflux; (ii) A©, py,
89%, two steps; (iii) CuBkl THF, then AgO, py, 89%; (iv) MCPBA, CJ,
reflux, 2 h, 89%; (v) HSQy, then AcO, py, 68%; (vi) Os@Q NMO,
t-BuOH—H-0, 85°C, then A¢O, py, 89%.

functionality was introduced in93 and opened to hydroxy
ester197, which through an oxidationreduction sequence
gave the desired carbasugar derivathgs.

Several groups have reported the use of 2-azabicyclo[2.2.1]-
hept-5-en-3-one 109 as a key starting material for the
synthesis of carbasugars and nucleosides (Scheme 10). The
commercial availability of this bicyclic lactam in both pure
enantiomeric forms provides a direct entry into homochiral
intermediates and products. All the reported procedures from
199 follow a general scheme involving (a) the stereocon-
trolled functionalization of the double bond, either tig-
hydroxylation (Os@ NMO) or epoxidation (MCPBA),
leading t0200 or 201, respectively, and (b) further trans-
formations to the desired objective.

Daluge and Vince developed an early route to carbocyclic
analogues of aminonucleosides based on compounds arising
from the ring opening of lactar@02followed by epoxidation
or dihydroxylation (Scheme 11%° Accordingly, compound
204, obtained from202 (Scheme 11a) was converted to
different carbafuranosylamines of known stereochemistry
(Scheme 11b,c). Stereoselective epoxidatior2@4, with
MCPBA, followed by hydrolysis with sulfuric aci gave
the carbocyclic furanosylamin@96and207 (Scheme 11b),
whereas catalytic osmilation followed by mild acidic hy-
drolysig®” gave the lyxo and ribo isomer208 and 209
(Scheme 11c).

Blackburn and co-worket® utilized a related route for
the preparation of protected 1-amino-1-deoxy-4a-cg@ba-
p-ribo-furanose 212), which was used as an intermediate

percentage 0f93could be raised to 81% although the acetal in their stereospecific synthesis of a carbocyclic NAD
moiety was cleaved and the products were a mixture of acidscontaining a methylenebisphosphonate linkage. The latter had
192and194. After acetalization and lactonization, the azido been designed to act as an inhibitor of ADP-ribosyl cyclase
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Scheme 12. Synthesis of Protected
1-Amino-1-deoxy-4a-carbgB-p-ribofuranose (212) by
Blackburn’s Group?

o) Boc OTs
o Ho N \n N NHBoc
N E i i
l } - 3 0. 0O
S 0
Ho oH °©° X

202 210 211 212

aReagents: (i) Ose) NMMO, acetone, 91%; (ii) (a) 2,2-dimethoxypro-
pane, TsOH, DMF; (b) Ba®©, DMAP, CHCN, 85%; (iii)) (a) NaBH,
MeOH, 0°C to rt, 85%; (b) TsCl, py, 88%.

Scheme 13. Synthesis of Cyclaradine by Katagiri's Group

E E i Aco

214 206

a Reagents. (|) MCPBA, CHGJ 68%; (ii) (a) NaBH, MeOH; (b) AcO,
py, 63%.

NHAc

AcO OAC

and to resist nonspecific phosphatases. Accordingly, unpro-

tected lactam202 was transformed intd®212 through a
sequence includingis-hydroxylation, double protection of
the diol and lactam groups, and reductive cleavage of the

lactam moiety (Scheme 12). The same approach has been
recently used by Kuang, Saksena, and co-workers in their

synthesis of carbocyclic ribavirit$?

The stereocontrolled epoxidation of the generic bicyclic
systeml99was first described by Katagiri and co-workEPs
in their synthesis of the antiviral agent cyclaradine (Scheme
13). The essential features of their method involved stereo-
controlled epoxidation with MCPBA over the enantiomeri-
cally pure N-acetyl derivative213 reductive amido-bond
cleavage by reaction with NaBHand selective ring opening
of the epoxide ring by neighboring group participation of
the acyl amine moiety to genera2@6.

The epoxide216, prepared from the chird-Boc deriva-
tive 215, has also been used by Darguez and Culli§tin
the synthesis of carbocyclic analogues of deoxyribose
nucleosides (Scheme 14). Reduction of the bicyclic lactam
216, with NaBH, at 0 °C, gave cyclopentyl epoxid217,
which was treated with DIBAL to give a 1:1 mixture of the
two possible regioisomerg18 and 219 Introduction of a
bulky protecting group (TBS) at 5-OH resulted in an

Arjona et al.

Scheme 14. Synthesis of Carbasugar Analogues of
1-Deoxy-1-aminoribose by Dominguez and Culls

0 Boc (@] ,BOC
E\l’ i E“ NHBoc
ox 5
215 216 217
/vNHBoc /vNHBoc
III
213 219
217 .
HO
220 221
vi HO NHBoc
216 —
Meo”  “OH
222
NH
vi  HO 2
216 — \
HO  OH
223

aReagents: (i) MCPBA, CCl,, 71%; (ii) (a) NaBH, MeOH; (b) AcO,
py 63%; (iii) DIBAL-H, THF, <25% or Red-Al, PhCh| 71%; (iv) TBSOTH,
2,6-lutidine, CHCl,, 97%; (v) (a) Red-Al, PhCE| 85%; (b) HO, reflux,
quant; (vi) NaBH, MeOH, 50°C, 85%; (vi) 1 M NaOH, thex 1 M HCI,
62%.

mesylation, hydrolysis of the acetate, and oxidation. Exposure
of 225to NaOMe produced the fragmentation of the-C,
bond to generate the olefinic methyl esg27 along with
compound226 (2:1 ratio), obtained by & substitution at
the G of the norbornyl system. Osmylation 227 furnished
lactone228 as the major product (93:7) after methylation.
The required one-carbon degradation of the lactone moiety
was achieved by reduction to the hemiacetal followed by
Suaez’s hypervalent iodine-promoted alkoxy radical frag-
mentatiod”® to give hydroxy-iodide229, which was used

as the key intermediate in the syntheses of the alleged
structure of salpantiol230) (which turned out not to be
identical to the reported salpantiol) and trehazolamine

improved regioselectivity on the epoxide ring opening to analogue31and232
give, after reduction and deprotection, carbocyclic 2-deoxy-  Another bicyclic starting material (bicyclo[2.2.1]hept-5-
ribose analogug221 On the other hand, when the reduction ene-2,3-dimethanol) has been used recently for the synthesis
of the bicyclic systenR16 was carried out with NaBHin of higher homologues of carbocyclic aminocarbafurané%es.
MeOH at 50°C, not only the reductive cleavage of the lactam  6.1.1.2. From Furan Derivatives. Casiraghi and co-
took place but also the regioselective methanolysis of the workers have described a versatile procedure for the synthesis
epoxide ta222 A stereocomplementary ring opening of the of enantiomerically pure carbafuranoses and derivatives
epoxide 216 with aqueous sodium hydroxide afforded based on the addition of furan-, pyrrole-, and thiophene-based
carbocyclic-arabino analogiz23 2-silyloxy dienesE, with a variety of chiral pool-derived
Mehta and co-worket& have described a new divergent aldehydes= (Figure 45):7> Two sequential, highly diaste-
access to trehazolamine analog284 and232 and to the reoselective carbencarbon bond-forming maneuvers, i.e.,
reported structure of salpantid230). As starting material a vinylogous crossed aldol addition betwdeandF to give
they used racemic bicyclic alcoh®24 (Scheme 15), readily D and an intramolecular aldolization €f to B, proved to
available from 5,5-dimethoxy-1,2,3,4-tetrachlorocyclopen- be central for the construction of a varied repertoire of
tadiene and vinyl acetate. Norbornyl derivati@@4, was carbafuranoses and analogues. The synthetic options of this
transformed into 2,7-disubstituted keto-mesyR2&through scheme are the nature of the atom X within the heterocycle
a multistep sequence including acetylation, dihydroxylation E, the stereochemistry of aldol produgt(1,2threoor 1,2-
(OsQy), Amberlyst-mediated one-pot diol protection;-C  erythrg), and the stereochemistry of the cycloaldol construct
carbonyl deprotection, stereoselective carbonyl reduction, C (2,34rans or 2,3<is).
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Scheme 15. Synthesis of Trehazolamine Analogues 231 and
232 by Mehta's Group (Only One Enantiomer Is Shown}
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aReagents: (i) (a) A©, py, DMAP, 80%; (b) Os@ NMMO, acetone,
89%; (c) Amberlyst-15, acetone, 70%; (d) NaBMeOH, 95%; 5°C, MsCl,
py, CH:Cly, 91%; (ii) (@) KOH, MeOH, 88%; (b) PCC, Ci€l,, 5°C, 92%;
(c) NaOMe, MeOH, 40% foR27, 20% for 226; (jii) (@) OsOs, NMMO,
acetone, 85%; (b) Mel, A®, molecular sieves, 93%; (iv) (a) DIBAL-H,
CH.Cl,, —78 °C, 84%; (b) Phl(OAg), I,, cyclohexanehv, 61%; (c) aq
NaHCG;, MeOH, 91%; (v) (a) Amberlyst-15, acetone, 90%; (b) NaOAc,
DMF, 80°C; (c) A0, py, 60% (two steps); (d) NkIMeOH, 100%; (vi)
(a) MsCl, py, CHCly, 93%; (b) DBU, CHCN, 90%; (c) Os@ NMMO,
acetone, 65%; (d) Nad\ DMF—HMPA (1:1), 110°C, 89-96%; (e) H,
Lindlar's catalyst, EtOH, HCI, EO—H,0, 90-95%.
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Figure 45. Casiraghi’'s approach to carbafuranoses.

Thus, the synthesis of 4a-carffee-xylofuranosel7776
commenced with the boron trifluoride-assisted vinylogous
aldolization between furan-based dienoxy silaB8and 2,3-
O-isopropylidenes-glyceraldehyde 434), giving rise to a
94:6 mixture of two diastereoisomeric butenolides. The
double bond of the major adduaynanti-butenolide235,
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Scheme 16. Synthesis of 4a-Carhf-p-xylofuranose (177) by
Casiraghi's Group?
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237 238
OH
v HO vi Ho/ﬁ/OH
TESO OTBS HO "OH
239 177

aReagents: (i) BEELO, —80 °C, 75%; (ii) (a) B, Pd—C, 91%; (b) aq
AcOH, 50°C, 96%; (c) TBSCI, py, imidazole, 45C, 70%; (iii) NalQy,
85%; (iv) LDA, THF, —80 °C, 50%; (v) (a) TESOTf, DMAP, py, 95%;
(b) LAH, THF, 80—85%; (vi) aq HCI, THF, MeOH, 100%.

it to LDA to give diastereoselectivelgis-bicyclic lactone
238in 50% yield. Silylation of the free £OH with TESOTf
and treatment with LiAll gave carba-pentofuranose deriva-
tive 239, which after silyl deprotection gave 4a-carpa-
xylofuranose 177). By adopting a nitrogen-containing
dienoxy silane and following a reaction pathway which
closely resembles the sequence usedlitf, the 4a-carba-
B-p-xylofuranosyl amine was also synthesiZét.

Subsequently, Casiraghi and co-workers improved the
efficiency of their synthetic sequence by introducing a novel
silylative cycloaldolization protocol and by adjusting a couple
of minor transformations. They found that maximum ef-
ficiency in the ring-forming event was reached when an
excess of the diisopropylethylamitet-butyldimethylsilyl
triflate (DIPEA/TBSOTT) couple was used. Through a series
of lactone/thiolactone aldehyde cyclization precursors, the
authors managed to assemble four carbafuranoses and four
(4a-carbafuranosyl)thiols wittg-p-xylo-, S-p-ribo-, S-L-
arabino, angs-L-lyxo configurations-’”

Thus, after treatment of aldehy@37 with an excess of
the DIPEA/TBSOTT, either at-90 °C or at room temper-
ature, the expected cycloaddu@#0 and241 were formed
(Scheme 17). It is worthy of note that the temperature-
dependent diastereocontrol switch allows the preparation of
2,34rans adduct 241, or its 2,3¢is counterpart240, in
synthetically useful yields. In parallel, bicycloheptanazd$)
and 241 were subjected to reductive opening followed by
acidic removal of the silyl protective groups to complete the
synthesis of 4a-carhbg-p-xylo-furanose ©-177) and 4a-
carbag-p-ribofuranose §-157).

For the carbasugars of theseries, -163andL-168 the
syntheses began with 4dsythro-configured butenolid@42,
prepared via BN-promoted G epimerization ofthreo
derivative235 (Scheme 18). By following their previously
disclosed chemistry, reduction and silylation of the secondary

was hydrogenated, and the protecting groups were manipu-hydroxyl, followed by acidic removal of the isopropylidene

lated to give diol236 (Scheme 16). The excision of the
terminal carbon chain i@36afforded aldehyd@37, in which
the key cycloaldolization was performed by briefly exposing

protection and sodium periodate oxidation, produced alde-
hyde243 Unlike thethreo-aldehyde congen&37, erythro-
aldehyde?43was reluctant to react at low temperatures, and



1940 Chemical Reviews, 2007, Vol. 107, No. 5

Scheme 17. Synthesis of 4a-Carbf-p-xylofuranose @-177)
and 4a-Carbaf-p-ribofuranose (p-157) by Silylative
Cycloaldolization?
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240 241
-90°C 13
"\ 25°C 41 ‘”
OH

HO  ©OH HO  OH
D-157 D177

aReagents: (i) DIPEA, TBSOTf, Ci€l,, 95—-97%; (ii) (a) LiBH4, THF,
80—85%; (b) aq HCI, THF, MeOH, 100%.

Scheme 18. Synthesis of 4a-Carhf-L-arabinofuranose
(L-168) and 4a-Carbag-L-lyxofuranose (-163) by
Casiraghi's Group?
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Ho/w,QNoH HO/O:H

HO  OH HO ©

L-168 L-163

aReagents: (i) BN, 80%; (i) (a) NiCh, NaBH,, 83%; (b) TBSOTT;
(c) ag AcOH; (d) NalQ, 72% overall; (iii) DIPEA, TBSOTf, 100%.

the DIPEA/TBSOTF-assisted cycloaldolization could only
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Scheme 19. Synthesis of Carbafuranosyl Thiols by

Casiraghi’'s Group
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Scheme 20. Synthesis of Carbafuranosyl Amines by
Casiraghi’'s Group?
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aReagents: (i) Sngl —80 °C, 80%; (ii) (a) H, Pd-C, 92%; (b)
TBSOTf, 92%; (c) aqg AcOH, 90%; (d) Nalp95%; (iii) (a) LDA, THF,
—80°C, 52%; (b) TESOTT, 94%,; (iv) (a) NaBK 86%; (b) aq HCI, 94%.

be performed at room temperature. In this case, a separable-ribofuranosyl)amine 40). They also reported the syn-

40:60 mixture o244 and245was obtained from which the
desired 4a-carbA-L-arabinofuranose (168) and 4a-carba-

thesis of C(2)-branched (methyl) 4a-carbafurandsges.
The application of a conceptually different approach, to

p-L-lyxofuranose ((-163) could be synthesized in 70% and correlate furan derivatives with dihydroxylated cyclopen-

65% vyield, respectively.

tenones, allowed Caddick and co-workers to synthesize 4a-

Having completed the synthesis of representatives of the carbas-pL-xylofuranose derivatived)-263 (Scheme 21)8°
4a-carbafuranose family, Casiraghi and co-workers further This approach relies on a base-mediated isomeriZdtion
illustrated the synthetic possibilities of this protocol with the reaction of pyranon260, which in turn was easily prepared
preparation of structurally diverse carbafuranose entities. from 2-hydroxymethylfuran59). Ring contraction o260
Following the same reaction sequence, but using 2-silyloxy- was carried out by treatment with triethylamine to give

thiophene 246) (Scheme 18)° or 2-silyloxypyrrol 253178

cyclopentenone261, which was reduced under Luche’s

(Scheme 19), they reported the synthesis of carbafuranosylconditions. Stereoselective hydroxymethylation to the target

thiols (Scheme 20) [e.g., (4a-carfa-ribofuranosyl)thiol
(249, (4a-carbg3-p-xylofuranosyl)thiol 50), (4a-carbas-
L-lyxofuranosyl)thiol @51), and (4a-carb@-L-arabino-

furanosyl)thiol @52] and carbafuranosyl amines [e.g.,

(4a-carbgs-p-xylofuranosyl)amine Z58) and (4a-carb#-

compound263 was then effected by silylation and radical
cyclization of the ensuing bromosilyl eth2é2followed by
Tamao oxidation.

6.1.1.3. From Cyclopentadiene and DerivativeCyclo-
pentadiene has also been a valuable starting material for the
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Scheme 21. Synthesis of 4a-Carhf-pL-xylofuranose
Derivative 263, by Caddick’'s Group?
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aReagents: (i) (a) NBS or MCPBA,; (b) A0, NaOAc, 57%; (c) SnG)
t-BuOH, 89%; (ii) EEN, MeOH, 76%; (iii) (a) TBSCI; (b) NaBki CeCk,
MeOH, 0°C, 80%; (c) BrCHSiIMe,Cl, CH,Cly, 0 °C, i-PrLNH, 64%,; (iv)
(a) n-BuSnH, AIBN; (b) KF, KzCOs, MeOH, H0,, 76%.

Scheme 22. Synthesis of 4a-Carhf-L-ribofuranose (L-157)
and 4a-Carba-o-p-ribofuranose (39) by Roberts’'s Group
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aReagents: (i) HCHO, HCOOH,; (ii) (a) TBSCI or TrCl; (b) 4@; (iii)
Pseudomonas fluorescelifgase, (-)-268(42%,>95% ee), {)-269(46%,
95.5% ee); (iv) (a) TBSCI; (b) OSONMMO; (v) (a) TBAF; (b) AcO,
99%; (c) NaOMe, 90%; (vi) (a) A©; (b) OsQ, NMMO; (c) 2,2-
dimethoxypropane; (d) NaOMe; (e) PCC; (vii) NaBHuviii) (a) ag AcOH;
(b) Amberlyst (H").
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Scheme 23. Synthesis of 2-Deoxy-4a-carleap-ribofuranose
Derivative 275 by Moser's Group?
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Scheme 24. Synthesis of 2-Deoxy-4a-carlas-ribofuranose
Derivative 281 by Borthwick’s Group?
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aReagents: (i) (a) Baker’s yeast; (b) Mp@etroleum etherdioxane;
(c) wheat germ lipase, 24%, three steps; (i) DTSCENEDMAP; (iii)
(2-Th)(PMBOCH)CUCNLIi;, TMSCI, THF, —78 °C, 69%; (iv) DDQ,
CHCl,, 86%; (v) NaBH(OAc), EtOAc, reflux, 75%.

analogous way, tritylated alcohot-§-269 was acetylated,
bis-hydroxylated, and converted into ket@i€l. Reduction

of the keto group permitted the overall inversion att@
272, which, after deprotection, led to the desired 4a-carba-
o-D-ribofuranose §-39).

Moser and co-worket&* developed a related enzyme-
catalyzed acetylation for the synthesis of a carbocyclic
2-deoxyribose derivative (Scheme 23). The trityl-protected
precursor 4)-274, readily available from cyclopentadiene
via 1,4-addition of singlet oxygeW¥®> hydroformylation,
reduction, and tritylation, was subjected to enzymatic acyl
transfer with Chromobacteriumviscosumlipase, to give
2-deoxye-p-ribocarbafuranose derivative75 with high
enantioselectivity.

In their route to chiral carbocyclic ribonucleosides, Borth-

preparation of 4a-carbafuranoses and derivatives. Itis a low-yick and co-worker$® used chiral cyclopentenon278,
cost compound with the required carbocyclic structure. On gasily prepared’ in enantiomerically pure form from cy-
the other hand, as a drawback, its transformation to optically clopentadien@64, as the starting material (Scheme 24). 1,4-
pure compounds requires the use of classical resolutionaqgition of a one-carbon fragment 278, followed by

processes or asymmetric bond-forming reactions.

In 1992, Roberts and co-worké#s reported a novel
synthesis of 4a-carba-b-ribofuranose 39) in high optical

stereoselective reduction with triacetoxyborohydride paved
the way to the 2-deoxyribocarbafuranose deriva®8é The
latter was also used in the preparation of two chiral antiviral

purity (Scheme 22). They used an enzyme-catalyzed esteri-agents-86®

fication reaction to obtain a suitable chiral synthon from
cyclopentadien64. Treatment o264 with formaldehyde

in formic acid (Prins reaction) furnished racemic died){
26583 in which the primary hydroxyl group was later
protected as a trityl otert-butyldimethylsilyl (TBS) ether

More recently, Shuto, Matsuda, and co-work&save
developed a related approach also starting from cyclopen-
tadiene264 (Scheme 25). They used an optically active diol,
282 prepared by resolution witRseudomonas fluorescens
lipase, as starting materi&® Protection of its hydroxyl

and the secondary hydroxyl group was protected as angroups led to283 which was submitted to an allylic

acetate. From these compounds, cyclopentergl66and

rearrangement to generate compo@&#. Stereoselective

(—)-267were obtained using an enzyme-catalyzed reaction. cis-hydroxylation of the latter, followed by protection and

Furthermore, the alcohotH)-268was converted into a bis-
tert-butyldimethylsilyl derivative and oxidized with osmium
tetroxide to give diol270. Deprotection, acetylation, and
saponification gave 4a-carlghe-ribofuranose(-157). In an

deprotection steps, furnished alcol2@5. Finally, an oxida-

tion—reduction sequence ai-€0H in 285yielded the sought
4a-carbaa-p-ribofuranose derivative86 The latter was then
used in the synthesis of a cyclic nucleotide.
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Scheme 25. Synthesis of 4a-Carba-p-ribofuranose Scheme 27. Synthesis of Carbafuranoses by Landais and
Derivative 286 by Shuto’s Groupt Parra-Rapado (Only b-Enantiomers Are Shown}
HO DTSO SiR;
) _ R= SiMe,Ph (98%)
wo—= S s
AcO = olbng %
HO 292
282 283
SiRs SiRs

DTSO : ,
DTSO - DTSO%»‘OH i i RO
) ﬁo/\c , 292 _—
i iii v R
. M, — — o, 0 RO

o ><J )Q 293 294

R= SiMe,Ph (93%)

284 285 286 R= SiMePh; (90%) R e
R= SiBn3 (65%)
DTS=Dimethylthexylsilyl
aReagents: (i) (a) DTSCI, Y, DMAP; (b) AcO, E&N, 69%; (ii) RO Q‘k’
PdChL(MeCN), p-benzoquinone, 60%; (iii) (a) OsSONMMO, 55%; (b) iv v R'O O
2,2-dimethoxypropane, TsOH; (c»&Os;, MeOH; (iv) (a) PDC, 92%; (b) —_— —_—
NaBH, 88%. RO OH RO o
Scheme 26. Synthesis of 5-Phospho-1-pyrophosphate 295 296
Derivatives by Parry’s Group (When Racemic, Only the R'=R'=Me,C (32%, two steps) R'=R'=Me,C (60%)
p-Enantiomer Is Shown} R'=Bn (45%, two steps) R'=Bn (60%)
(o]
AcO OAc 0 _
264 —= @/ — S v
a) - 0._0
HO  OH h
Ph OH
(+)-287 (+)-288 BnOL_ AN
HO , : 7: s
20,P0
) m\.\OH 3 0P,05° BnO OAc
_— T = 297
o\g/o He oM aReagents: (i) () n-BuLi; (b) §ICl: (i) Etz2Zn, CHalz, CHsCly, 65—
Ph 93%; (iii) (@) OsQ, NMMO; (b) 2,2-dimethoxypropane, TsOH or NaH,
BnBr; (iv) (a) Hg(NGs)2, DME-CHsCN; (b) ag KBr; (c) NaBH, DMF,
289 290 0Oy, 32-45%; (v) (a) Os@, NMMO; (b) 2,2-dimethoxypropane, TSOH, 60%;
(vi) (@) MCPBA, 90%; (b) AgO, py; (c) NaN, DMF, reflux, 40%.
o (PhO),(0)PO . . o
@ .OH Methodology based on cyclopentadienylsilane derivatives
b) / - has been developed for the stereocontrolled synthesis of
0._0 6 o carbafuranoses by Landais and Parra-Rapado (Schert8 27).
\E,; Y Their route involves a mercury desilylation of cyclopropyl-
Ph methylsilanes used as precursors of the carbasugar backbone.
(-)-288 L-291 CyclopentadienylsilaneZ92, prepared through lithiation and
aReagents: (i) (&) PhCH(OMg)TSOH, CHCl,, —15 to 0°C; (b) KOH, silylation of cyc_I(_)pentadlenQ64, were subjecteq to the
MeOH, DCC, DMSO, TFA, py; (ii) (a) PA€CO, MeOH, hv, 350 nm; (b) Furukawa conditions for cyclopropanatiéi,leading ex-
NaBH(OAc), PhH. clusively to theantiisomers293 The remaining double bond

was dihydroxylated using either Sharpless conditions or the

In their earlier investigations on the biosynthesis of the ysual Os@—NMO protocol with variable levels of diaste-
carbocyclic nucleosides, Parry and co-work¥grepared  reoselection depending on the steric bulk at silicon. The
5-phospho-1-pyrophosphate derivatives of 4a-carivéoo- mercury-induced desilylation of the cyclopropa@8dg using
furanose 290) as interesting compounds for mechanistic and Collum’s condition&® yielded the corresponding mercury
inhibitory studies (Scheme 25). The synthesis was initially intermediates, which were converted into the alcot8s
carried out starting from racemic diacetoxydiat)(287 using NaBH under a saturated oxygen atmosphere. Finally,
(Scheme 26a), which in turn was prepared from cyclopen- cis-dihydroxylation and protection gave the racemic car-
tadiene 264) through a three-step sequence developed by bafuranose analogue derivat®@6as a unique diastereomer.
Johnson and co-workers which included addition of singlet This approach also permits the introduction of heteroatoms

oxygen,in situ reduction of the adduct, acetylation, atig- in the ring, as is illustrated with the conversion2#1linto
hydroxylation!®? Diol (+)-287 was then converted into  (£)-297.

O-benzylidene cyclopentenon288. Photochemical addition Jorgensen and co-worké¥shave described the prepara-
of methanol to288and reduction, using sodium triacetoxy- tion of six optically active carbocyclic furanose derivatives
borohydride, gave the protected form of 4a-casba:- from cyclopentadiene264) and using an enantioselective

ribofuranose [£)-290. Use of (—)-288 (Scheme 26b),  hydroboration reaction as the key step, by which the first
obtained by optical resolution of the racem#feallowed two stereogenic centers were introduced (Scheme 28a). The
the preparation of enantiomerically pure 4a-casba- newly formed stereocenters are used to guide the formation
ribofuranose derivativ@9l of the remaining stereogenic centers in the carbocyclic
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Scheme 28. Synthesis of Carbafuranose Derivatives by Scheme 29. Synthesis of 1,2-Dideoxycarbafuranose (312) by
Jorgensen’s Group Crimmins’ Group 2

o}

PNy Y 1 N
(a) 264 — \ N »
HO' 298 Ho 299 HITI-EO ' Wkopivﬁ T%’o
{ H { H

oH OH Ph Ph
HO : HO
: OH OH 307 308 309
y S / + A OHO O OH o o HO
Ho‘\ HO‘ iV
300 (3:1) 301 X N)ko £, N)ko - /ﬁ
(b) 299 \_/ \_/ HO
y HO OH | U H { H
\ vOH Ph Ph
310 311 312
HO 302 aReagents: (i) n-BuLi, THF-78°C, 99%; (ii) BwBOTTf, EtsN, CHxCls,
acrolein,—78 °C, 82%; (iii) Grubbs’ catalyst, C§Cl,, 97%; (iv) LiBHy,
THF, MeOH, 78%.
(c) 2099 —» HO .
Scheme 30. Synthesis of Cyclopentenemethanol (317) by a
BzO CH-Insertion Reaction?
. 303 OH o TBDMSO O )
OH 313 314
Ho ©OH o HO o Ho OH .
ﬁ + ~OH o
v Vi
COMe _ Vv _ coMe| —V-
HO' ., HO N
308 21D 305 HO 2
306 TBDMSO  OTBDMS 80MSO”  OTBDMS
aReagents: (i) (a) BhOCHKI, NaH; (b) IpeBH; (c) H2O2, 94% ee; (ii)
(a) PhP, BzOH, DEAD; (b) NaOH, MeOH; (iii) (a) NaH, BnBr, 95%; (b) 315 316
0sQy, NMMO, 70%; H,, Pd—C, 59-62%; (iv) (a) t-BuOOH, Mo(CQy,
95%; (b) HCIQ, 95%; H, Pd/C, quant; (v) (a) PRhBzOH, DEAD, 85%; OH

(b) FeCk, 88%; (vi) (a) NaOH, 99%; (b) M£(OMe), 99%; (c) OsQ,
NMMO, 94%; (vii) (a) t-BuOOH, Mo(COy, 96%; (b) HCIQ, 94%; Hp,
Pd-C, quant.

OH

TBDMSO OTBDMS

skeleton. Cyclopentadiene2@4) was deprotonated and 317
treated with benzyl chloromethyl ether and then hydroborated  areagents: (i) TBSCI, imidazole, DMF, 16 h (quant); (i) DIBAL-H,
with diisopinocamphenylborari€’ Oxidative workup of the CH,Cl,, —78°C, 97%; (iii) N2.CHCO;Me, SnCh, CH,Clz, 0°C, 97%; (iv)
organoborane gave alcoh®98 (94% ee), which was then  TsNs, EN, CH:CN, 97%; (v) RR(OAC)s, CHCl,, reflux, LAH, EtO, 52%
converted into alcoho99 by inversion of the secondary ™o steps.
hydroxyl by the Mitsunobu protocol. The six carbasugar .
analoguesS00-302 (Scheme 28b) an803-306 (Scheme  o-diazof-ketoester315 prepared from methyl §-3,4-
28c) were then prepared from these precursors by eitherdihydroxybutanoate313), with dirhodium(ll) tetraacetate
osmylation or epoxidation/opening sequences. gave the CH-insertion produdtl6 which was stereoselec-

6.1.1.4. MiscellaneousA general and efficient synthesis  (vely reduced with lithium aluminum hydride to give
of carbocyclic nucleosides has been developed by CrimminsCYclopentanemethangil7. .
and co-workerd® The strategy combines an asymmetric ~ Rapoport and co-worket¥ developed a stereoselective
aldol addition, to establish the relative and absolute config- Synthesis of an aminocarbasugar usingLeaminoacid as
uration of the pseudosugar, and a ring-closing metathesis,the starting material (Scheme 31). Thus, the stereocenter in
to construct the carbasugar ring. Thus, condensation of theL-@spartic acid gives rise to the desired amine configuration
lithiated (9-4-benzyl-2-oxazolidinone307) with the pen- in the sugar mimic and, in turn, controls the remaining
tenoic pivalic mixed anhydrid808 provided the pentenoyl-  Stereocenters of the final target. AldehygZ0was prepared
oxazolidinone309 in near-quantitative yield (Scheme 29). in & two-step sequence including borane reduction and Swern
Use of the Evans’ dialkylboron triflate protoct® for OX|dat|_on. Hor_nologatmn to dlesFéiZ; and ring formation
diastereoselectivesyn aldol condensation, with acrolein DY regioselective Dieckman cyclization, followed by reduc-
produced the aldol produ&10in 82% vyield 99% de). tion and dehydratl_on steps, afford the z_l-ammo-l-(_:ycl_open-
The critical ring-closing metathesis was then accomplished tenemethanol derivativ@23 Hydroboration and oxidation
in 97% yield by exposure of dier@l0to Grubbs’ catalyst ~ N the latter led stereospecifically to protected aminocyclo-
523to form the cyclopenten@11 The chiral auxiliary was ~ Pentanol324, the key aminocyclitol component of carbap-
reductively removed with lithium borohydride to provide the €ntostatin.
desired diol312

Studies involving CH-insertion processes have been carried
out by Yakura, Ikeda, and co-workers in order to develop a Itis clear that the use of carbohydrates provides important
new route to cyclopentitols (Scheme 38 .Treatment of advantages for the preparation of their carbocyclic analogues.

6.1.2. Synthesis from Carbohydrate Precursors
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Scheme 31. Synthesis of Aminocyclopentanol (324) by Scheme 32. Synthesis of{)-Dihydroxycyclopentenone (3273
Rapoport and Co-workers? \<

MeOZC/\l/R iy Me0,C N COMe

fii-iv v HO o) i, i, ii 0., O iv
NHPf ~ —— NHPf - on — “‘(_/\40 —

318 R=CO,H i 321 Hd 6H O 5
319 R=CH,0H .
320 R=CHO ) ii D-ribonolactone
325
NHPf NHPf NHPf r .

PO(OCH
VI ix ( 3)2 o
2o r
MeOZC H Y S
6.0 — Ojo
326 (-)-327
aReagents: (i) cyclohexanone, FgClii) H,O, NaOH, NalQ, 85%

Pf = N-Phenylfluorenyl

aReagents: (i) Bsl THF, 0°C; (ii) DMSO, (COCl), 61% two steps;
(iii) Me ,03PCHCO;Me, NaH, THF,—40 °C, 92%; (iv) H, Pt/C, MeOH,

. e P o (st Il; (iii) 2-propanol, pyridiniunmp-toluenesulfonate (PPTS), 1.5 A,
EtOAc, 93%; (v) lithium 2,2,6,6-tetramethylpiperidine78 °C; (vi) NaBH,, overg ! - "
MeOH, THF, 88%; (vii) MsCI, py, THF, OC; (viii) t-BuOK, THF, 0°C, 95%: (iv) CHPO(OCH), n-BuLi, —78 to 20°C, 80%.
9% (i (/S - 0,
ggoﬁi (1x) LAH, THF, 93%; (x) 9-BBN, THF. then 30% iz, 1 M NaOH, Scheme 33. Synthesis oft{)-Dihydroxycyclopentenone 327

On the one hand, the hydroxyl groups can be maintained
throughout the synthetic sequence, with no need for “hy-
droxylation” reactions whereas the enantiomeric purity of
the target carbasugars will be guaranteed. The challenge in HO OH
these types of approaches rests on two main features: (a)
an homologation step is required, because the carbasugar
contains one more carbon atom than the parent carbohydrate,
and (b) a cyclization reaction needs to be carried out at some
point in the synthesis. The methods for the preparation of Oﬁo<
carbasugars from carbohydrates described in this section have

D-mannose

iii, iv, v O O

been classified according to the type of ring-closing reaction. 0._0

6.1.2.1. Carbanion-Mediated CyclizationsMost meth- ij ij
ods for the preparation of carbapentofuranoses from carbo-
hydrate derivatives have involved intramolecular nucleophilic (+):325 (+)327

attack of simple carbanions to aldehyde or ketone groups as

; ; i aReagents: (i) cyclohexanone;$0y; (i) Collins’ reagent, 75% overall;
thhe key step.t The catrbanlctJ)ns (l:an bte adjacent either to(“i) Dowex 50W, HO: (i) Hz0. NaOH, NaiQ; (v) 2-propanol, PPTSA:
phosporous atoms or to carbonyl or nitro groups. 78% from328 (vi) CHsPO(OCH), n-BuLi, —78 to 20°C, 76%.

6.1.2.1.1. Cyclization of Phosphorus-Stabilized Carban-

ions. Aldol-like cyclization of carbanions, which are stabi- Scheme 34. Synthesis of DihdeOXyCydOpemenone 330

lized by both phosphonate and carbonyl neighboring groups, HO— O .oH o OMe
have been of particular value in the synthesis of carbapento- i, ii _ii_ ﬁ

furanoses from carbohydrates. In this context, Borchardt et

al. identified 2-cyclopentenones, e.§27, as useful inter- HO OH O){

mediates for the synthesis of carbasugars and carbocyclic D-lyxose 329 (+)-330

nucleosides (Scheme 32%. In their initial work, they

prepared chiral 2-cyclopenteno827from O2—-0O3-protected

D-ribono-y-lactone. The synthetic sequence involved (a)

periodatéy oxidation af-ribonolactone to yield acetal lactones VOH i v ﬁ

325 and (b) treatment of the latter with lithium dimethyl X ><

methylphosphonate to give an intermediate aldehydo keto- HO  OH

phosphonat&26, which underwent a base-promoted aldol D-ribose 331 (-)-330

cyclization leading to cyclopenteno327. aReagents: (i) dimethoxypropane, MeOH, HGIQii) PCC; (iii)
Alternatively, they prepared enantiomeric enong-827 CHsPO(OCHy)2, n-BulLi.

from p-mannose via the optical antipode acetal lactortgs ( 34). The overall yields for the preparation of enone3-(

325 readily obtained from dicyclohexylidene mannonolac- 330and (-)-330are 41 and 42%, respectivel?

tone 328 (Scheme 33). Enone332has been stereoselectively transformed into 4a-
More recently, the same group has reported the stereosecarbae-p-ribofuranose derivative334 (Scheme 35) by

lective syntheses of enor#80 and its enantiomer—)-330 addition of lithium difert-butoxymethylene)cuprate followed

from acetal lactone829 and 331, by improved three-step by reduction with diisobutylaluminum hydride of the ketone

syntheses from-lyxose and-ribose, respectively (Scheme 333 The origin of the stereoselectivity in both steps is
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Scheme 35. Synthesis of 4a-Carba-p-ribofuranose
Derivative 334 from Enone 332

o T g

iﬁ ii

O —»

o

(-)-332
aReagents: (i) [(Cb‘)gCOCl‘b]zCULI, —781t0—30°C, 81%; (||) DIBAL-
H, 0 °C, 96%.
Scheme 36. Synthesis of 4a-Carba-L-ribofuranose (336)

from Enone [(+)-330F

Oﬁ L\ Oﬁ/o+i, Ho,,,Q/o-»

0. 0 ) e
< Pl Pl
(+)-330 335 336

aReagents: (i) [(CR)3COCH)].CulLi, t-BuOMe, —30 °C, 81%; (ii)
DIBAL-H, —78 °C, 96%.

Scheme 37. Synthesis of 4a-Carba-p-ribofuranose (338)

from Enone [(—)-330]a
OaT Ol Gk

0__0 0.0 0.0
Pl >< ><
(-)-330

aReagents: (ijw, CH;OH, benzophenone, 80%; (ii) NaBH(OAle%.

associated with the presence of the @:8yclohexylidene
ring, which shields thex-face of the moleculé®* Chu et
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Scheme 38. Synthesis of 4a-Carbf--arabinofuranose
(L-168%
0 0

TPSO_ cHo Ll TPSO_ ! CO,Me
(5 O CO,Me

339 340
MeOZC—Q“‘O
"’OX

342

MeO,C

~0 vi
MeO,C A X -

AcO (6]
341

o ACO—«,IQ“‘O HO—.,, OH
vii, viii, ix k _x» p
AcO © (

HO OH

343 L-168
aReagents: (i) dimethyl malonate, py, Ax, 85%; (i) NaBH, 71%;
(iii) TBAF, 51%; (iv) PCC; (v) AcO, py, 71%; (vi) MeSO, HO, NacCl,
170°C; (vii) DIBAL-H, —78°C, 61%,; (viii) BHs, then HO,, NaOH; (ix)
Ac;0, py; (X) AcOH, reflux.

iii, iv, v

Scheme 39. Synthesis of 4a—Carbﬂ—L-Iyxofuranose L-163p
TPSO TPSO

e @°”

345 L-163
aReagents: (i) NaOMe, (i) imidazoleert-butyldiphenylsilyl chloride
(TPSCI), 91% from343 (iii) PCC; (iv) NaBHs, 80% overall; (v) TBAF;
(vi) AcOH, 95%.

343 i, i, il

transformed into a carbafuranose derivat®s, by sequen-
tial reduction with diisobutylaluminum hydride and stereo-

al 2% utilized a similar reaction sequence for the preparation selective hydroboration followed by oxidative workup. Final

of the carbao-L-ribofuranose derivativ@36 starting from
enone {)-320 (Scheme 36).

Finally, Parry et al. converted enone)¢330to p-ribose-
5-phosphate analogues (Scheme™7)he key step in their

deprotection oB43led to 4a-carbg-L-arabinofuranose.
168 (Scheme 38).

Alternatively, inversion of the configuration at the-€
OH in compound343 by oxidation to ketone344 and

synthesis was the stereoselective photochemical 1,4-additiorsodium borohydride reduction, provided alcoBdb, which
of methanol to the convex face of the enone to furnish after deprotection led to 4a-carlfa--lyxofuranose i(-163
hydroxyketone337 (Scheme 37). The use of substrate-guided (Scheme 39). Silica gel treatment of ketd®#4 promoted

chelation-controlled hydride reduction 887, by reaction
with triacetoxyborohydride, then produced the 8Bwith
an o-configuration at @29

6.1.2.1.2. Cyclization of Carbonyl-Stabilized Carbanions.

epimerization at ¢and, upon sodium borohydride reduction
of the ketone moiety, resulted in the formation 2458
(Scheme 40a). Deprotection of compoud46 led to 4a-
carbae.-p-ribofuranose §9) (Scheme 40b). Inversion of the

Studies involving intramolecular aldol condensation for the configuration at the €&OH in compound346, via a $2
syntheses of carbapentofuranoses from sugars have beereaction of the corresponding@methanesulfonate followed
extensively considered. In this approach, the key ring-closing by deprotection, paved the way to 4a-cacba-xylofuranose
C—C bond formation takes place by addition of a carbanion (p-173 (Scheme 40c).

into a suitably activated carbonyl group.

Tadano et at?” effected a chain elongation of the open-
chain aldehydo-sug&39by Knoevenagel condensation with
dimethyl malonate followed by reduction of the resulting
unsaturated diesters (Scheme 38). Accordinofgrythrose
derivative339was transformed into the saturated dieS#0
by way of Knoevenagel condensation and NaBé&tluction.
Deprotection of the primary alcohol in the latter followed
by pyridinium chlorochromate (PCC) oxidation gave an

In a second set of experiments, 4a-cgfba-arabinofura-
nose 6-168 was synthesized from-xylose®® (Scheme 41).
The chain-extended compouBd9was built by Knoevenagel
condensation of 2,4,5-t-acetyl-30-benzylp-xylose 348
with dimethyl malonate followed by borohydride reduction.
O-Deacylation, glycol cleavage, and acetylation gave the
highly oxygenated cyclopentane dicarboxyl&8&0 in 59%
yield. The key intermediat850 was subjected to thermal
demethoxycarbonylation, which proceeded smoothly with

intermediate aldehyde which cyclized spontaneously under-elimination, and reduction of the remaining methoxy
the reaction conditions to yield, after acetylation, a 4:1 carbonyl group with diisobutylaluminum hydride followed

mixture of diastereomer341 Thermal demethoxycarbony-
lation of the mixture was accompanied Byelimination and
provided cyclopentene€342 The latter was eventually

by regioselective silylation of the primary hydroxyl group
to give compoun@®51 Inversion of the configuration at;€
OH via the corresponding ketone led, mainly, 382
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Scheme 40. Synthesis of 4a-Carba-p-ribofuranose (39) and
4a-Carba-o-p-xylofuranose (-173)

TPSO
.0
(@) 384 —"o 345+ ><
HO ©
2.7:1 346
HO
o) 346 i ﬁNOH
HO OH
39
HO HO
© s YV \@‘\.0 viil, ix,x ﬁNOH
AcC "'OX HO  OH
347 D173

aReagents: (i) Si@ CHxCly; (ii) NaBH4, 80%; (iii) TBAF; (iv) AcOH,
91% from346; (v) MsCl, py, 96%; (vi) TBAF, 97%; (vii) NaOAc, DMF,
reflux; (viii) AcOH; (ix) Ac20, py, 50% overall; (x) NaOMe, 95%.

Scheme 41. Synthesis of 4a-Carhf-p-arabinofuranose
(D-168F

Arjona et al.

Scheme 42. Synthesis of 4a-Carba-L-arabinofuranose
(L-170) and 4a-Carbag-p-ribofuranose (157}

OBn
356
HO—., ~_.OH HO oH
viiixi Q’ ~X'r
- - / + —
HO  OH HO OH
L170  24% 157 39%

aReagents: (i) Nal@ MeOH; (ii) dimethyl malonate, py, A©; (iii)
NaBH,, 41%,; (iv) 12 M HCI; (v) NalQ; (vi) Ac20, py, 30%; (vii) DMSO,
NaCl, 65%; (viii) DIBAL-H, 93%; (ix) BHs—THF, then BO,, NaOH; (x)
NaOMe; (xi) 10% Pd/C, K 63%.

OAc  OAc OAc OAc CO,Me
AcO i, ii : Scheme 43. Chapleur’'s Approach to Carbapentofuranosés
CHO ——— AcO
CO,Me o o
Pl Kolto 4
348 349 °© © (j_(
. NEt,
I
MeO,C TPSO (@) (_\/é — = oH
€02 OAc \OH o_ 0 o_ 0
jii-vi MeO,C \ vii, Viii, ix X X
AcO  OBn OBn 357 358
350 351 . .
Oy NEt 0 0
TPSO HO 2 NEt, NEt,
X, Xi OH Xii-Xv OH OHC., O OHC., OH H. O
— 3% 4 - i OH o o)
OBn - Sz T S
HO OH o__ O o_ 0O o_ 0O
(1:6) 352 D-168 X X X
aReagents: (i) dimethyl malonate, py, A, 85%; (ii) NaBH,, 62%; — 359 360 361 -

(iii) NaOMe; (iv) NalOy; (v) Amberlite IR-120, MeOH; (vi) AgO, py, 59%
from 349 (vii) Me,SO, HO, NaCl, 17¢°C; (viii) DIBAL-H, —78°C, 75%
from 350 (ix) TPSCI, imidazole, 73%; (x) PCC; (xi) NaBHMeOH, 74%;
(xii) TBAF, 90%; (xiii) BH3, then HO,, NaOH; (xiv) H,, Pd(OH), Ac0O,
py; (xv) AcOH, reflux, 64% from352

O+_NEt,
o
ii

Hydroboration of the latter, followed by oxidative workup 6. o 6. ©
and deprotection of the hydroxyl groups, gave the target 4a- >< ><
carbap-p-arabinofuranosen{168).

Tadano and co-worke®8 described an additional approach 362 363

to carbae-L-arabinofuranoseL{170) and carba3-p-ribo-

furanose §-157) from p-glucose derivativ853(Scheme 42). o) O+ NEt,
Thus, glycol cleavage followed by successive Knoevenagel ><o

condensation and 1,4-conjugated reduction gave the chain- o
extended diesteB54 The isopropylidene group was then (b)

hydrolyzed, and the resulting glycol was cleaved with NalO 0._©°
Under the cleavage conditions, the intermediate cyclized ><
spontaneously in an intramolecular aldol fashion to give, after 364 365 L-363

acetylation, a mixture of acetat855 Thermal demethoxy- aReagents: (iN,N-diethylacetamide, LDA; (a) 60%; (b) 90%; (ii)sHDs;
carbonylation and treatment with diisobutylaluminum hydride (a) 59%; (b) 50%; (i) NaBH; (a) 21%; (b) not given.

provided intermediat856. Hydroboration 0f356 followed

by oxidative workup gave a mixture of alcohols (1.6:1 ratio)
which were separated aft€-deacylation. Hydrogenolytic
debenzylation of the major isomer gave catba-arabino-
furanose (-170), while the minor diastereomer provided
carbag-p-ribofuranose §-157).21°

Chapleur and co-workets studied an alternative route
to carbapentofuranoses from sugar lactones using an in-
tramolecular aldol reaction (Scheme 43). The known
gulonolacton&57 (Scheme 43a) was transformed into amide
358 by addition of the lithiated anion derived froid,N-
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Scheme 44. Cyclization of Nitro Sugars to Key
Intermediates 368 and 371

OBz NO,

NO, Bzo NO;
401,04 i BzO CHO ii OH

e fuge s S

(@ H 32 Al 2 H\

BnO OH OHCO  OBn OHCO  OBn

366 367 368

NO, OBz NO, 60 NO,

N4 O 0H | - I 2
N i BzO_ . CHO i ~wOH

o 1 O g0
BnO  OH OHCO ~ OBn OHCO  OBn

369 370 371

aReagents: (i) Pb(OAg) (i) KF, 18-crown-6; (a) 52% fron866 (b)
52% from 369,

Scheme 45. Synthesis of 4a-Carba-p-arabinofuranose
(170), 4a-Carbag-p-arabinofuranose (168), and
4a-Carbaf-L-xylofuranose (-177)¢

BzO HO HO
i, i OFE ivi +OH OH
(a) 368 ‘—> N - N + I
EEG OBn HO OH HO OH
372 170 168
BzO HC|>
o 371 OEE jivi g +OH
EEG OBn HO OH
373 L-177

aReagents: (i) NEHOH, ethyl vinyl ether, CSA, (ii) n-BgSnH, AIBN;
(a) 48% from368 (b) 45% from377; (iii) AcOH, H20; (iv) Ac20, py; (V)
NaOH-MeOH; (vi) Na, lig NHs; (a) 60% from372 (b) 83% from373

diethyl acetamide. Treatment 868 with HslOgs furnished

cyclopentenon862 A key step in the overall transformation

was the oxidative cleavage of the S)6isopropylidene acetal
moiety, in 358 to give aldehyde359. Further reaction of

359was rationalized invoking its hemiketalic structure, which

is in equilibrium with the open hydroxy-aldehyde fo860
and could be further oxidatively cleaved361 Subsequent

cyclization of 361 took place in the reaction media to give
cyclopentenone62 in 59% overall yield. This procedure

worked equally well withL-gulonolactone derivativ864,

which gaveL-363 in 50% vyield (Scheme 43b). Sodium

borohydride reduction of enor#62 provided-p-lyxocar-

bafuranose derivativB63 The stereoselectivity at the two

new stereocenters ¢@nd G, carbasugar numbering) 863
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Scheme 46. Synthesis of 4a-Carba-p-arabinofuranose
(270y

2

0 0 NO o
0\\\<:22—OM9 iii HO'-'<;_22—OMe iv-v
7\0‘3 OH BnO 0B HO' A
n n BnO

OMe
OBn
374 375 376
NO2 /0 NOz 0 NO-
oM HO
vi-vi Q vii QOH: &(CHO
BnO  OBn BnO  OBn s Oen
377 378 379
Ho NO2 HO
ix ﬁ ‘OH X-Xiii H Z ‘OH
BnG  OBn HO OH
380 170

aReagents: (i) BnCl, NaH, quant yield; (ii) 80% aq AcOH, quant yield;
(iii) BuzSnO, then BnBr, CsF, 100% yield froBv4 (iv) DMSO, oxalyl
chloride, EtN; (v) nitromethane, KF, 18-crown-6, 72% frod75; (vi) Ac0,
TsOH; (vii) NaBH,, 85%; (viii) HCI, AcOH, 57%; (ix) CsF, 86%; (x) ethyl
vinyl ether, PPTS; (xi) n-BsSnH, AIBN, 110°C; (xii) Ho, Pd—black; (xiii)
PPTS, 80% aqueous acetone, 42% fradQ.

carbap-p-arabinofuranoself0and168), respectively, whereas
similar treatment of cyclopentan@l71 afforded 4a-carba-
p-L-xylofuranose (-177). In this sequence, the overall yields
were reduced because no stereoselectivity in the preparation
of the nitrocyclitols could be achieved.

As an extension of this work, Yoshikawa et al. described
a new synthesis of carb@b-arabinofuranosel(f0Q from
p-arabinose (Scheme 485 3,4-O-Isopropylideng3-p-ara-
binopyranoside374) was transformed into alcoh@75 by
benzylation at O-2, removal of the isopropylidene group, and
Bu,SnO-mediated regioselective benzylation at O-3. The
latter was then oxidized under Swern conditions to produce
a ketone which upon treatment with nitromethane in the
presence of KF and 18-crown-6 furnished stereoselectively
nitromethane addu@76. The tertiary hydroxyl group was
acetylated and subjected to deacetoxyhydrogenation with
sodium borohydride to yield nitro derivativ877. The
stereochemical outcome of this reaction could be rationalized
through nucleophilic attack of the hydride from the less
hindered side of an intermediate nitroolefin. Acidic hydroly-
sis 0of 377 gave a branched nitropyranc3&8 which being
at equilibrium with nitroaldehyd&79, was subjected to an
intramolecular condensation reaction with CsF to furnish

was again rationalized by invoking a preferred approach of carbocycle380, as a mixture of two isomers. Ethoxyethy-

the hydride to the double borahti to the dioxolane ring,

lation followed by denitrohydrogenation with tributyltin

with the subsequent protonation of the intermediate enolatehydride and removal of the benzyl and ethoxyethyl protecting

also taking place from this facé!

6.1.2.1.3. Cyclization of Nitro-Stabilized Carbanions.

groups gave 4a-carba-b-arabinofuranosel(f0).
6.1.2.2. Free Radical CyclizationsRadical cyclization

Yoshikawa and co-workers have exploited the cyclization of a suitable carbohydrate derivative possessing both a radical

of nitro sugars to obtain carbapentofurandd&ghey initially
converted-glucose to nitrofuranose&66 and369 (Scheme

donor and a radical acceptor constitutes an attractive method
for the preparation of carbapentoses. The process gives rise

44), which had been previously used in carbahexopyranoseto cyclic products with preservation of all stereocenters, and

syntheses. Reaction @66 and 369 with lead tetraacetate
led to open-chain aldehyde367 and 370, which upon

treatment with potassium fluoride and 18-crown-6 in DMF

gave nitrocyclopentane368 and 371, respectively.
Denitrohydrogenation 368 (Scheme 45) with tributyltin
hydride furnished, after deprotection, 4a-cataand 4a-

in the best cases, stereocontrol is also observed at the new
C—C bond formed in the ring-closing reaction. The inter-
mediate radicals employed in the preparation of carbasugars
from carbohydrate precursors have been generated using
tributyltin hydride, samarium diodide, and cobalt and tel-
lurium derivatives.



1948 Chemical Reviews, 2007, Vol. 107, No. 5 Arjona et al.

Scheme 47. Wilcox and Thomasco’s Approach to Scheme 48. Jones and Roberts’ Synthesis of the Carbasugar
Carbafuranoses, Based on ®xotrig Radical Cyclization? Moiety in (—)-5'-Homoaristeromycin?
HO Oo._o . Br Oo._o . Br O._,OH OH Br
I 0]
N H N < N H 1L, v
0_0 0_0 0_0 L Eat -
2o\ < ZaN 6,0 0,0
381 382 383
ent-381 ent-384
CO,Et
Br—_OR OR 2
B
i, v VCOZB rv Et0,C EtO,C ALe
—_— s + N ~OH l" ~OH ~OH
O)Qo o )<3 . Q v, Vi, vii
60 60 60
2-384 E-384 Pl P Pl
EtO,C EtO,C ent-§85 ) ent-386 387
I OR OR aReagents: (i) PP, NBS; (ii) DIBAL-H, —78°C; (iii) PhsP=C(H)CQOETE;
v ’ (iv) n-BusSnH, AIBN; (v) DIBAL-H; (vi) TBSCI, NEt;, DMAP; (vii)
Z-384or E-384 ——» + chromatography, 71% from the mixtug85 + 386
o_ 0O o_ 0O -
X X Scheme 49. Roberts and Shoberu’s Enantiodivergent Route
to (—)-388 and (+)-388 from p-Allose?
385 386 OH
X
Series: a R =H; b R=CH3CO; ¢ R = CgH5CO; d R = (CH3)3CCO HO, d OR
aReagents: (i) P4#P, NBS; (ii) DIBAL-H, —78 °C, 82% overall; (iii) \/ RO " COyEL
PhsP=C(H)CO:Et (Z andE, 67% and 13%); (iv) RCOCI, py; (v) n-BSnH, N
HO OH RO OH
AIBN. %
. N _ (-)-388 o
Table 1. Radical Cyclization of Unsaturated Aldose Derivatives HO" OH
entry substrate R rati®85386) yield (%) OH —
EtO,C HO OH
i Z-384a H 6/1 80 .OH L o
i E-384a H 21 80 ‘ RX 27 allose
ii 7-384b  COCH, 5/1 80 == = \_/
iv E-384b COCH; 1/1 82 HO OH RO: 6R
\Y Z-384c COGHs 10/1 89
vi E-384c  COGHs 11.2 87 (+)-388
vii Z-384d COGHs 1111 87

recently, the use of radical initiators others than AIBN, such

6.1.2.2.1. Tin MethodWilcox and Thomasco were the first ~ as 2,2-azobis(2,4-dimethyl-4-methoxyvaleronitrile) [V-70L]
to recognize the radical cyclization of unsaturated aldoses©r E&B, has resulted in stereoselectivities of 98:2 and 99:1,
as an efficient, and general, method for the preparation of respectively, for the cyclization depicted in Table 1, entry
hydroxylated cyclopentane derivativ&$They reported the .25
5-exotrig radical cyclization of unsaturated halo sugars Jones and Roberts applied Wilcox’s approach in their
leading to isomeric cyclopentanoid products (€385 and synthesis of the carbasugar moieties-i)-6'-homoaristero-
386, Scheme 47), which have since been used by severalmycin and analogues (Scheme 48)Their synthetic route
groups in the preparation of carbasugars and derivatiigss, started fromL-ribonolactoneent-381, which was processed
infra. Their strategy, outlined in Scheme 47, involved the according to Wilcox and Thomasé#, leading to bromide
transformation of ap-ribonolactone derivativ881 into a ent-Z-384. Radical cyclization oent-384 (Z isomer only)
bromo hemiacetaB83 Treatment of this lactol with (car- led to a mixture of cyclopentanoid este385aand 3863
bethoxymethylidene)triphenylphosphorane afforded the ole- which was reduced with diisobutylaluminium hydride,
finic halides Z-384a and E-384ain 67% and 13% vyield,  selectively protected at the primary alcohol function using
respectively. These isomers were separated by chromatogtert-butyldimethylsilyl chloride, and purified chromatographi-
raphy, and each was acylated to afford derivatR@sh—d. cally to give alcohol387. The latter was then processed to
Radical cyclization, in the presence of tributyltin hydride and obtain homoaristeromycin analogues.
a catalytic amount of AIBN, of each geometrical isomer of  In an elegant approach, Roberts and Shoberu described
384a afforded the same two isomeric produ@85a and an enantiodivergent route to both enantiomeric forms of
386a homologated carbafuranoses){388 and (+)-388 from

The authors found, however, that the ratio38b5 to 386 p-allose (Scheme 49}’ These tetraols had previously been
observed in the cyclization was influenced by the olefin shown by Roberts’ group to be convenient precursors for
stereochemistry and the nature of the protecting group-at C  the preparation oAristeromycinanalogues.
OH (carbasugar numbering). Their results, outlined in Table  Both synthetic routes started from 1,2;5,6isopropy-
1, showed thatZ olefins afforded consistently greater lidenea-b-allose 389). Benzylation and acid hydrolysis of
stereocontrol when compared with the correspondihg the latter gave diol390 (Scheme 50). A sequence of
isomers. The data in Table 1 also indicated that some degregeactions, which included chemoselective bromination, si-
of control was also exerted by the 1-OH substituents. More lylation of the remaining hydroxyl group, hydrolysis of the
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Scheme 50. Synthesis of Carbafuranose-{-38&

><O HO Br
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OHCO OBn OHCO  OBn
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CO,Et EtO,C .
| separation

AR O e
X, + (-)-388

OHCO OCH,Ph  OHCO OCH,Ph "
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aReagents: (i) PhCyBr, NaH, THF; (ii) HCI (conc) MeOH, 75%; (iii)
CBrs, PhsP, py, 71%; (iv) TPSCI, imidazole, DMAP; (v) 80% MeG®,
H,0; (vi) NalOs, H,0, MeOH (68%); (vii) PRP=C(H)CO:Et, PhCGQH,
PhH (1:9E:Z ratio) 85%; (viii) n-BuSnH, AIBN; (ix) TBAF, (82%393
8% 394); (x) (MeOLCMe,, pTSOH; (xi) DIBAL-H, —78°C; (xii) Hz, Pd—
C; (xiii) Amberlyst 15 (H") resin, 64% (four steps).

Scheme 51. Synthesis of Carbafuranoset-)-38&
CO,Et
EtO,C

\ OTPS ¢
i i 0 i, iv /> v
390 —» o —— S g —

PhCH,0 '0)( PhCH,0  OH
397 398

EtO,C  SCHCH2SH | EtO,C
~OH WOH
. iv, Vi, Vi (+)-388

TPSO  OCH,Ph TPSO  OCH,Ph

399 400
aReagents: (i) Nal@ H.O, MeOH; (ii) PP=C(H)CO:Et, PhCQH,
CeHes (1:19 E:Z ratio), 80% from390 (iii) ZnCl,, HSCHCH,SH; (iv)
TPSCI, imidazole, DMAP, 68% two steps; (v) n-88nH, AIBN, 26%; (vi)
DIBAL-H, 31%; (vii) H, Pd—C, 100%.

acetonide, and oxidative cleavage, furnished aldet3gde
This aldehyde was treated, without purification, with (ethoxy-
carbonylmethylene)triphenylphosphorane to giXe and
E-alkenes392 (10:1 ratio). The stereochemical outcome of
the radical cyclization of the mixture took place according
to precedentd* and furnished compoun@93 and a small
amount of isomeri@94. The mixture of epimers was then
treated with tetrabutylammonium fluoride to give the diols
395 and 396, which were separated on silica. The major
product395was converted into the target tetrot}-388in
four steps.

The preparation of«)-388 was accomplished in seven
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Scheme 52. Wilcox and Gaudino’s Preparation of
Carbafructofuranose (408}

BnO—_O. ,oq BnO—_O  CO.Bu

! i, ii S 1 chromatographic
Bnd OBn BnCS OBn separation
401 402
BnO 0] BnO WOH
- V-vi Br —
: CO,R > Br : COoMe
BnO OBn BnO OBn
i C Z-402 R= But 405
403 R=H
iv(
404 R=Li
MeO,C HO HO
OH OH OH
vii viii, ix, x xi
N ’\an N '\OBn N r\OH
BnO OBn BnO OBn HO OH
406 407 408

aReagents: (i) t-BuC&@CH=PPh; (ii) Me,SO/COC}, EtzN, 88% from
401; ZJE 3:2; (iii) CF3CO.H; (iv) LDA,; (v) CH2Br2, then LDA; (vi) AcOH,
oxolane, then CkN, 78% fromZ-402; (vii) n-BusSnH, AIBN, 85%; (viii)
PhMgBr; (ix) AcOH; (x) G, then NaBH, 50% from 405, (xi) Hp, Pd-
black, 98%.

heptenyl derivative898, using tributyltin hydride, gave the
required cyclopentanol with complete stereocontrol, albeit
in low yield (26%). The low yield was ascribed to the slow
desulfurization of the intermediat&99 under the reaction
conditions. Finally, reduction of the ester moiety3@9and
deprotection of the hydroxyl groups yieldett)¢388

In 1986, Wilcox and Gaudino reported the preparation of
carbafructofuranosé08from an acyclic unsaturated carbo-
hydrate derivative (Scheme 52%:'° Protectedb-arabino-
furanose derivativéd01 was converted into the unsaturated
ketoesterd02 in two steps (3:2F/Z mixture, 88% overall
yield). These isomers were chromatographically separated,
and theZ isomer was first treated with trifluoroacetic acid
to liberate the acid function and then with lithium diisopro-
pylamide to give the carboxylate anion of the adi@i4
Nucleophilic addition of (dibromomethyl)lithium to the keto
group in 404 led to branched compoundl05 as a single
stereoisomer. The stereochemical outcome of the nucleophilic
addition is in agreement with expectations based on stereo-
electronic considerations. SubsequermX®-rig radical cy-
clization of the unsaturated geminal dibromid85 with
tributyltin hydride and catalytic AIBN provided the desired
carbocyclic compound06in high yield. The reaction seems
to proceed through a cyclopentanoid bromohydrin intermedi-
ate, but the rate of formation and the rate of debromination
of this intermediate must be closely competitive. The
stereochemical preference in the formationd66, during
this radical cyclization, was ascribed to differences in
transition-states energies leading to the two possible diaster-
eomers. BarbierWieland degradation of esté06afforded
the key intermediatel07, which was by hydrogenolysis

steps and is outlined in Scheme 51. Thus, periodate cleavageleprotected to afford carlafructofuranose408) in excel-

of diol 390 followed by Wittig reaction of the ensuing
aldehyde afforded est&97 (Z/E ratio 1:19). A dithiolane

lent yield.
Wilcox and Gaudino also described a general strategy for

moiety was next installed at the anomeric center, by reactionthe conversion of any given furanose into its corresponding
with ethane-1,2-thiol in the presence of anhydrous zinc(ll) carbocyclic analogue (Scheme 53)The approach featured

chloride, and the remaining hydroxyl group was then
protected as a silyl ethe398 Carbocyclization of the

a 5-exadig radical cyclization as the key step. Accordingly,
p-ribofuranose derivatived09 was treated with lithium
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Scheme 53. Wilcox and Gaudino’s Approach to
Carbafuranoses Based on @&xo-digRadical Cyclization?

MOMO O ,OH MOMO OH OH
i = ii-iii

o0 Y
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PhO EtO

s o Momo MOMO
MOMO =<o o>= Y %NOH , &NOH
i){ —_— + \__/
o 0 o 0
X X

5
41 412 (6.4:1) 413
aReagents: (i) lithium acetylide, 78%; (ii) ethyl chloroformate, py; (iii)
phenyl chlorothionoformate, py, 80% frof®9 (iv) n-BusSnH, AIBN, 85%.

Scheme 54. Synthesis of 4a-Carbahexofuranoses via Free
Radical Cyclization of Bromodeoxyheptonolactones

HO
(0] <Ojo AcO H —| OH
o A=/ i 0 v, v

(a) OHBr — —» AcO o —— 2
OH EOAC ¥ HO OH

_Qo

OH OAc
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{ o = 8 OH
(b) |z i, ii giii AO_CI’\): iv, v Q/
OHBr — - Ac o — —
HO AcO H HO OH
OH OAc
Br Br
418 419 420 421

aReagents: (i) AgO, HCIOy; (ii) NaxS0s, N&:S0;, H20, MeOH; (a)
81% from414 (b) 75% from418 (iii) n-BusSnH, AIBN; (a) 98%; (b)
91%; (iv) MeOH, HCI; (a) 94%; (b) 84%; (v) BH-SMe; (a) 85%; (b)
60%.

acetylide to furnish dio#10, which was selectively protected

Arjona et al.
Scheme 55. Synthesis of
5-Deoxy-4a-carba-p-lyxohexofuranose (425)
A— o
a5 . Lo MW 422 (42%) + ><0 o_o
o< _
Br 423 (28%)
422
o HO
, IO - o
423 v | fe) V, Vi
H HO OH
424 425

aReagents: (i) MeOH, HCI, quant; (ii) acetone, camphorsulfonic acid,
71%; (iii) EtsN, CHCly, 28%; (iv) n-BySnH, AIBN, EtOAc, reflux, 90%;
(v) 1 M HCI, 97%,; (vi) BHs—SMe,, THF, reflux, 79%.

Scheme 56. Synthesis of
5-Deoxy-4a-carbaf-p-lyxohexofuranose (430

O, O, o (0]
RO O ii,iii Br» 0 ivyv 0]
H H H

(416 R=Ac 427 428
i

426 R=H

HO . HO—‘

. o) i ., A~ _.OH
vi HO 0 vii Q

H HO OH
429 430
aReagents: (i) MeOH, HCI, 94%; (ii) HBr, AcOH; (iii) A©, 85%;
(iv) MeOH, HCI, quant; (v) kCOs, acetone, 97%; (vi) HCIQ H,O, 95%;
(vii) BH3—SMe, dioxane, 62%.

the cyclopentane derivativé20. The bicyclic compounds
416 and 420 were readily converted into carbasugars by
reduction of the lactone moiety to the corresponding alcohol
using borane dimethyl sulfide complex. Thugll6and420

at 1-OH and activated at 4-OH to afford the key intermediate 92V€ S5-deoxy-4a-carba--xylohexofuranose 417) and

411. This precursor, under treatment with tributyltin hydride

and catalytic AIBN, provided a secondary radical which upon

cyclization led to a 6.4:1 mixture of methylene cyclopen-
tanoid productgl12and413in the remarkably good overall
yield of 30% fromp-ribose hemiacetad09. The exocyclic
olefin was envisioned as a precursor for casba-ribofura-
nose analogues, e.g., spirocyclopropane derivatiVes.

5-deoxy-4a-carba-L-lyxohexofuranose421), respectively.
Along this path, base treatment of unsaturated laci@ze
readily obtained frond15by treatment with CSA, promoted
partial epimerization at £leading to an equilibrium mixture
consisting of 28% of 7-bromo-2,3,7-trideoxy-3JBisopro-
pylidenep-ribo-hept-2-enono-1,4-lactonéZ3) and 42% of
recovered starting materié22 (Scheme 55). The former was

Lundt and co-workers disclosed a related strategy to then cyclized with tributyltin hydride and catalytic AIBN to
carbahexo- and carbapentofuranoses via free radical cyclizafurnish bicycle424in 90% yield. Reduction of the lactone
tion of enantiomerically pure bromodeoxyheptonolactones rzcz)';ty then led to 5-deoxy-4a-carjpae-lyxohexofuranose

(e.g.,414, 418 Scheme 54). In this case, theeketrig
radical cyclization led to the formation of a cyclopentane
fused to a five-membered lactone. In their initial reFétt,
the readily available dibromoheptonolactatiel was acety-
lated and subjected to a regioselectrans5-bromo-acetoxy
elimination to give unsaturated lactodd5 Subsequent
treatment with tributyltin hydride and AIBN led exclusively
to the thermodynamically more stabtés-fused cyclopentane
derivative416 in 98% yield (Scheme 54a). An analogous
reaction sequence was carried out with thee@imer418
(Scheme 54b). Accordingly, 2,7-dibromo-2,7-didea«y-
glycerot-gluco-heptono-1,4-lactond18) was converted into

On the other hand, whecis-diol 426, readily obtained
from 416, was reacted with HBr/AcOH, thgans-bromoac-
etate427 was obtained (Scheme 58¥%. Deacetylation and
base treatment of27 led to epoxide428 Ring opening of
the oxirane moiety with KD in the presence of perchloric
acid gave exclusively digt29. Reduction of the lactone with
borane-dimethyl sulfide provided 5-deoxy-4a-carfia--
xylohexofuranose430).

In a second set of experiments, 2-oxy-substituted 2,3-
unsaturated heptono-1,4-lactork33 and434 (Scheme 57)
were used in cyclization reactions to give carba-aldohexo-
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Scheme 57. Synthesis of 4a-Carba-L-glucofuranose (437)
and 4a-Carba-p-mannofuranose (440)
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Scheme 58. Synthesis of 4a-Carba-L-xylofuranose (-173)
and 4a-Carbafi-o-lyxofuranose (p-163y
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(b) 439 —— )<——
HO O
HO  OH
OH ©
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33—~ ]OH 16H bH aReagents: (i) Nal@ H0; (ii) NaBHs, H:0; (a) 98%; (b) 91%; (iii)

aqueous HCI, 96%.
435 436 437

Scheme 59. Synthesis of 4a-Carb8-p-glucofuranose (450)

HO HO -
\‘/0 o o HO HO and 4a-Carba-a-L-mannofuranose (453)
0 o o . OH HO
iv s N, M
(c) 434 — ; )< HO

H oAc %
oo
that were separated by crystallization followed by flash

438 439 440 @) HO
aReagents: (i) acetone, camphorsulfonic acid, 86%; (ixA@y, 100%;
(iii) EtsN; (iv) n-BusSnH, AIBN, 90%; (v) NaBH, NaOMe; (a) 88%; (b)

91%; (vi) aqueous HCI; (a) 94%; (b) 77%. X

chromatography. Subsequent radical cyclization of lactones

433and434with tributyltin hydride in the presence of AIBN 445 446

led to single isomerst35 and 438 respectively. These

bicyclic lactones435and438 were used in the preparation Br

of carbahexofuranoses and carbapentofuranoses. Reduction HO Ho. M o HO

of the lactone moiety in compoundt35 and 438 using O HO 4 )=0 HO OH
sodium borohydride, furnished carbahexose derivathass () 446 Vi, O vii_ : viii_
and 439, which, after deprotection, yielded the target 4a- H OAc

carbae-L-glucofuranose437) and 4a-carb@-p-mannofura- OAc
nose 440), respectively. 448 449 450

Carbahexofuranosd86and439were oxidatively cleaved,
O Ac Vi _<:I/\): VIII

HO:I\V

HO OH

HO OH

D-gulose (1:3.6) 444
furanoseg?® Lactone 431 was protected as a 5,6-@- o
isopropylidene derivative and then acetylated to g2
Treatment of the latter with triethylamine caused-alim-
ination reaction accompanied by partial isomerizationat C  (b) 444

to give two epimeria,3-unsaturated lactones83and434,

Br

O

Oﬂ( OAc

(1.5:1) 447

HO OH

at the exocyclic diol moiety, to furnish dd-isopropylidene
derivativesA41and442, deprotection of which afforded 4a-

OH

carbae-L-xylofuranose (-173) and 4a-carb#-p-lyxofura- () 447 ¥, HO H @/

nose (-163), respectively (Scheme 58} OAc jOH oH
A similar sequence of reactions was applied to lactone 451 452 453

444, prepared by cyanohydrin chain elongatioroefulose
(Scheme 59324 Accordingly, reaction o#44 with HBr in
acetic acid provided bromolactod@5 which was treated
with triethylamine to cause A-elimination of acetic acid
and a partial isomerization aty;@o give a mixture of the
unsaturated lactones havibgxylo (446) and b-lyxo (447)
configurations. Subsequent cleavage of th@©dsopropy-
lidene acetal in those lactones furnished bromo-dizi8
and 451, respectively, which upon radical cyclization with
tributyltin hydride in the presence of AIBN led to major banionic processes.

isomers 449 and 452 (84 and 81% yield, respectively) Sinay and co-workers reported, in 1995, an efficient
accompanied with minor amounts of the corresponding C samarium(ll) iodide-mediated stereoselective contraction of
epimers (4% and 10%, respectively). Reduction of the lactone aldehydopyranose derivatives leading, in one single synthetic
and the acetoxy moieties #49 and452yielded 4a-carba-  step, to highly functionalized cyclopentanes, which could be
B-p-glucofuranose 4500 and 4a-carba-L-mannofuranose  easily converted to carbapentofurano¥&#ldehyde pyra-
(453), respectively. noside455 (Scheme 60), obtained by Swern oxidation of

aReagents: (i) NaCN; (ii) acetone,"146%; (iii) HBr, AcOH; (iv)
acetone, H; (v) Ac;O, E&N, 52%; (vi) TFA; (a) 63%; (b) 67%; (vii)
n-BusSnH, AIBN; (a) 89%; (b) 81%; (viii) BH—SMey; (a) 77%; (b) 68%.

6.1.2.2.2. Samarium(ll) lodide-Promoted ReactioAs.
recent alternative to tributyltin hydride-induced radical
cyclizations is supplied by one-electron reducing agents such
as samarium(ll) iodide, which mediates in a variety of
carbon-carbon bond-forming reactions by radical or car-
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Scheme 60. Synthesis of 4a-Carba-p-arabinofuranose Scheme 62. Synthesis of Carbasugar Analogue 467
(170y |
OH HO o I o) HO,
BnO OH 32 i, i iii

BnO-+ :OMe jj 2N @ s e T

/ — HO OH o_ 0 o_0

BnO  OBn BnO  OBn P X

D-ribonolactone 463 464

454 455 456

iii, iv, v BnO.,, Vi

R o_ 0

HO,
oTr HO HO., . ’g\COZBut
o ZCOoBut \/
/‘—\< o_0
HG  OH ¢ A

BnO OBn

Z-464 465
457 170
aReagents: (i) DMSO, (CICQ)EGN; (i) Smlz, THF, HMPA, t-BuOH, | HO,
46% from454; (iii) TrCl, py; (iv) NaH, CS;, Mel; (v) n-BusSnH, AIBN; HO, OH m
(vi) AcOH, H,0; (vii) Hy, Pd, 81% from456. © ’ = iv \/
Scheme 61. Proposed Mechanism for the Transformation 455 o. 0 O)<3
to 456* X
Z-466 467

aReagents: (i) PP, imidazole, 4, 74%; (ii) DIBAL-H, —78 °C, 86%;
(iii) Bu'CO,CH=PPH; (iv) Sml,—THF, MeOH, HMPA,; (b) 70%,; (c) 51%.

group, and reduction of the lactone. Wittig reaction of
hemiacetat63 with tert-butoxycarbonyl triphenylphospho-
rane, gave unsaturated es#éd as an 8:1 mixture oZ and

E isomers. Treatment of-464 with 4 equiv of samarium
iodide, in the presence of methanol and HMPA at low
temperature, gave the carbasugar precut§bin 70% yield.

BnO:
When the same reaction conditions were applied to the
BnO unsaturated alcohoZ-466, vinylcyclopentane467 was
460 461 462 obtained as the only isomer. These reactions involved a
aReagents: (i) Sl (ii) 2Sml,, ROH. 5-exotrig radical cyclization of a primary radical onto an

activated olefin to generate a secondary radical. This radical

alcohol454, was treated at room temperature with a solution is then reduced by a se_con(_j equivalgnt of samarium io_dide
of samarium(ll) iodide, in the presence of HMPA atedit- to give an organosamarium intermediate, which could either

butyl alcohol, to give cyclopentand56 in 63% yield. be protonated (e.g464 — 469 or undergof-elimination
Protection of the primary alcohol #5656 and deoxygenation (€.9.,466— 467).
of the secondary hydroxyl group by treatment of the 6.1.2.2.3. Others (TeIIurium, Cobalt, and Mercurw.-
corresponding xanthate with tributyltin hydride led to car- though the 5-hexenyl radical cyclization of carbohydrate
basugar precursdi57, deprotection of which gave 4a-carba- halides in the presence of tributyltin hydride is an expeditious
a-p-arabinofuranosel(f0) in 81% overall yield. method for obtaining chiral carbasugars, tin residues are toxic
A conceivable mechanistic rationale, which accounts for and difficult to remove. These limitations led Barton and
this transformation, is outlined in Scheme 61. A first co-workers to “invent” a new source of alkyl radicals by
equivalent of Smireduces the aldehydib5to the samarium  radical exchang&’ The idea, outlined in Scheme 63,
ketyl 458 A second equivalent of samarium redud&sto involves the use of the acetyl derivative Nfhydroxy-2-
the disamarium specie459, which then undergoes ring thiopyridone §68), a convenient source of methyl radicals.
opening to460 followed by methoxide elimination to give ~ The methyl radical so generated reacts with the anisyl
the key intermediate61 A subsequent aldol cyclization telluride derivative469to afford anisylmethyl telluridé 70
reaction involving intramolecular nucleophilic attack of the and the desired radicd(71, which can react (or cyclize as
samarium enolate onto the aldehyde allows the formation in Scheme 63) with a substituted olefin to generate a new
of the cyclopentand62 This reaction takes place through radical 472, which is “disciplined” by reaction with the
a 5-enolexoexotrig process. The cyclization step is then thiocarbonyl group o#68to give the cyclic compound73
formally an aldol reaction, although the anion had been With regeneration of the methyl radical.
initially generated by two single-electron-transfer steps; final ~ 2,3,4-Tri-O-benzylp-arabinose diethyl dithioacetad 14
reduction of462 afforded the observed produgb6.22° (Scheme 64) was transformed into aldehydo-mesyate
In a different approach, Bennet et al. used a samarium by treatment with methanesulfonyl chloride and dethioac-
iodide-mediated cyclization of sonperibonolactone-derived  etalization in the presence of mercury(ll) chloride. Wittig
alkenyl iodides to convert carbohydrates to carbasugarHorner reaction o#75with diphenyl[(triphenylphosphora-
derivatives (Scheme 623¢ b-Ribonolactone was converted nylidene)methyl]phosphonate ga-476 in 60% yield.
in iodo-lactol463via a three-step sequence which involved Treatment of the latter with anisyl telluride anion afforded
protection of the 2-OH and 3-OH groups as aQdi- the crystalline telluridet77. This compound, when treated
isopropylidene acetal, iodination of the remaining hydroxyl with methyl radicals generated by photolysisNshcetoxy-
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Scheme 63. Radical Cyclization of Anisyl Telluride
Derivatives of Carbohydrates 469 Leading to
Carbocycles 473

(l Q CO2
>/-Me AnTe—" =
o
468 An-Te-Me
470
& l

An= Anisyl; X= CO,R", SO,R', P(O)(OR),

Scheme 64. Synthesis of 4a-Carhf-p-arabinofuranose
Phosphonate Derivatives 479

PO(OPh),
EtS.__SEt CHO P
BnO
nO i i OB i BnO iv
OBn —> noo— —
OBn OBn
OBn
OH 0S0,Me OBn
0SO,Me
475 476
PO(OPh),
(PhO), £ (PhO), Z
b OBn \P/)s OBn
Of/ + /)
OB” 468 co : © q
2 BnO OBn BnO OBn
Te An N A\
C478a z=s—~
479aZ=H

— N
( 478b z= S—Q
vi _
479b Z=H

An= @—OMe

aReagents: (i) MeSgLl, DMAP, 91%; (ii) Hg(OAc), CaCQ, 90%;
(iii) (OPh),P(O)CH=PPh, 60%; (iv) (An-Te), NaBHs, 84%; (v)468 hv,
92%,; (vi) n-BuSnH, AIBN, 60%.

2-thiopyridone, gave the expected carbocycld8 as a

mixture of four isomers (92%). Reduction of the thiopyridyl
derivatives, using tributyltin and catalytic AIBN, afforded

4a-carbgs-p-arabinofuranose phosphonate derivatid@9
as a (60:40) mixture of two isomers.
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Scheme 65. Cobalt-Catalyzed Radical Cyclization of
6-Deoxy-6-iodo-hex-1-enitols Leading to Carbafuranoses

OH
I o N
PO «OR i, ii,ii PO I v PO

PO OP PO OP PO OP

480 481 482

aReagents: (i) Zn, agueous EtOH, reflux; (i) NaBF8—70%; (iii)
PPh, 1o, or TSCI, py, then Nal, HMPA, 4698%; (iv) cobalt (salen) complex
(3—5%), air, 25-74%.

All the possible configurational isomers of 1,2-dideoxy-hex-
1-enitols were prepared from availaliehexopyranosides
as is shown in Table 2. Thus, for example, reductive opening
of methyl 6-deoxy-6-iodax-p-glucohexopyranoside, using
activated zinc in refluxing aqueous ethanol followed by
reduction of the aldehyde group with sodium borohydride,
and iodination gave 1,2-dideoxyhex-1-enitdB@) with the
L-xylo configuration (Table 2, entry i). In an analogous man-
ner, 1,2-dideoxyhex-1-enitols in thelyxo, p-arabino, and
L-ribo series were available from the correspondingilo-
(Table 2, entries ii, vii, viii),p-galacto- (Table 2, entries iii,
iv), andp-manno- (Table 2, entry v) hexopyranosides. These
compounds were treated at 40 in ethanol with a catalytic
amount of cobalt(salen) complex under air. Radical cycliza-
tion was then followed by oxygenation of the cyclized radical
to yield, normally, a mixture of carbafuranosides in moderate
to good yields. Cyclization of the hexenitol83 and 497,
in which all benzyloxy groups were able to occupy pseu-
doequatorial positions in the transition state, gave higher
selectivities than that of hexenito#88 and 494, in which
one benzyloxy group is forced into a pseudoaxial position.
Benzyl groups were hydrogenolyzed whiert-butyldim-
ethylsilyl and acetal groups were removed by acidic treatment
in compounds484, 489, 500, and495to yield carbapento-
furanoses ofx-p-arabino (70), a-p-ribo (39), -L-ribo (L-
157), andg-p-arabino (68 configurations, respectively.

Finally, carbon-centered radicals generated from carbo-
hydrate-derived organomercurials have been used in radical
ring-closure reactions leading to carbasug&$he method,
developed by Gallos et al., involves (i) conversion of the
sugar to a hepta-2,6-dienoate derivative, (ii) chemoselective
mercuration of the terminal double bond, (iii) reductive
radical cyclization, and (iv) standard reduction and depro-
tection manipulations. Since this work was carried out in
the context of the preparation of-§- and (—)-carbocyclic
nucleosides, the authors carried out radical cyclization of
enantiomeric substrates. Accordingly, their synthetic se-
guence started either from 5-deoxy-5-icoloibose derivative
505 or from alcohol 508 (prepared in two steps from
p-arabinose) to obtain enantiomeric aldehydeys%06and/
or (—)-506 and thence dienoates-}-507 and/or ()-507
(Scheme 665

The mercuration of the terminal double bond was ac-

A different, radical-based, route to carbapentofuranosescomplished by treatment with Hg(OAg)and the resulting
which involves the use of cobalt has been recently developedmercurials were reacted without isolation with NaHB(Ope)

by Prandi and co-workef38 Their approach to the synthesis

to afford good yields of the carbocyclic compounds (Scheme

of carbasugars relies on a cobalt-catalyzed radical cyclization67). The stereochemical outcome of the radical cyclization

with molecular oxygen of 6-deoxy-6-iodo-hex-1-enitod81

took place according to literature precedents, with Zhe

— 482 (Scheme 65). The preparation of the starting hex- isomers displaying a higher diastereoselectivity. Finally,

1-enitols, e.g.481, is conveniently carried out by reductive

reduction of the estersH)-509and (-)-509led to enantio-

ring opening ofO-protected 6-deoxy-6-iodohexopyranosides, merically pure carbasugar derivatives)(511and ()-511

e.g.,480, with zinc and further elaboration of the aldehyde
function to a primary hydroxyl group followed by iodination.

6.1.2.3. Cycloaddition ReactionsThe intramolecular 1,3-
dipolar cycloaddition of sugar derivatives is a flexible method
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Table 2. Cobalt-Catalyzed Radical Cyclization of
6-Deoxy-6-iodo-hex-1-enitols

Entry Substrate Products (ratio) Yield (%)
N\ OH —OH
i BnO' | BnO,,, + BnO,,, 69
BnO an BnO an
484 (12:1) 485
OH
i BnO.,, 55 25
BnO: an
487
—OH OH
ii BnO + BnO 50
BnO an BnO E)Bn
488 (4:1) 490
N\
v 9 I 0 O_Q 80
O  0Bn (0) %o 5Bn
491 492 12 1) 493
N\ OH —OH
Vv BnO' | BnO,,, + BnO,,, 30
BnO  OBn BnO  OBn BnO OBn
494 495 (4:1) 496
\ OH
vi BnO | BnO., 57
BnO BnO
497 498
N\ OH —OH
vii TBSO' [ TBSOmé + TBSO/.,O 50
OXO 0_0 0_0
499 500 (10:1) 501
N\ OH
@ oy
#\O otes %O oTBS %0 OTBS
502 503 (1: 504

for preparing carbocyclic derivativéd: Shing and co-

workerg3?described a short method for the synthesis of five-

Arjona et al.

Scheme 66. Synthesis of Diene Intermediates 507

COzEt
|
@ I,
<
505

N >< ><

(+)-506  (+ )E507 (+)-2-507

Et0,C

\J EtOZCU

ST A T8¢
508 (-)-506 (-)-Z-507 (7 :1) (-)-E-507

aReagents: (i) Zn, EtOH, reflux, 2 h; (ii) EtGOH=PPh, EtOH, 24
h, 80% from505; (iii) Me ,SO/(COCI}, EtN; (iv) EtCO,CH=PPh, EtOH,
PhCQH (1%), 24 h, 75% fronb08

A =

N

(b)OO

Scheme 67. Synthesis of Carbafuranoses by Radical
Cyclization of Organomercurials?

CO,Et CO,Et CO,Et
ey ey
i, ii
@ T + e
o_0 o_ 0 o_0
X < aea O
(+)-E-507 (+)-509 510
OH
\fCOZEt HOr.,Qj
(b) i, i (+)-509 mn /
P ™)
(+)-2-507 (+)-511
CO,Et HO
OAc \OH
©) 0><3 o. 0 o><o
(-)-2-507 -)-509 (-)-511

aReagents: (i) Hg(OAg) AcOH, 12 h; (ii) NaBH(OMej}, CH:Cl,, 24
h; (a) 52%; (b) 53%; (c) 53%; (iii) LAH, THF, reflux, 5 h; (a) 87%; (b)
87%.

as a key step an intramolecular{23] nitrone cycloaddition
(Scheme 69).-Ribulose was easily converted into ke3al7,

in which the carbonyl group was methylenated and the
hydroxyl function oxidized to the corresponding aldehyde
518 Treatment with benzyl hydroxylamine and cyclization
gave isoxazolidine519 as the sole product. Reductive

and six-membered oxygenated carbacycles involving acleavage of the NO bond in519 followed by selective
stereoselective intramolecular nitrone cycloaddition as the hydrogenolysis of the benzylamine led to the adequately

key step. In their synthesis, aceton&iE2, readily available
from p-ribose, was converted into tri@13 (Scheme 68).
Glycol cleavage of the vicinal diol moiety followed by
immediate reaction witthN-methylhydroxylamine anah situ
cyclization gave isoxazolidingl5as a single diastereomer.
Acetylation of the latter followed by selective hydrogenolysis
of the N—O bond then yielded the functionalized aminocar-
basugarb16.

In a related report, Vandevalle and co-work&described

functionalized cyclopentylaming&20, in which the neplano-
cin A stereochemistry was secured.

6.1.2.4. Ring-Closing Olefin MetathesisAlkene metath-
esis, a reaction where the carbararbon double bond of
an alkene is broken and reformed in the presence of an
organometallic catalyst, is today firmly established as a
valuable synthetic tool in organic chemist®}.A retrosyn-
thetic analysis for carbafuranoses reveals that these com-
pounds could be obtained from a ring-closing metathesis

the synthesis of the cyclopentane nucleus of the carbocyclic(RCM) reactiod® of a diené®* precursor522 (generally

nucleoside neplanocin A starting frorribulose and using

assembled from carbohydrate sources) followed by appropri-
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Scheme 68. Intramolecular 1,3-Dipolar Nitrone

Cycloaddition?
OH o OH OH HO%
vOH ! HOM i —
= S o o0
% s X
512 513 514
OH
o0 0
Me=N oy MeN OH MeNH \OAc
jii iv,v
PN 00
515 516

aReagents: (i) CHCHMgBr, THF, 72%; (ii) NalQ, aqg MeOH, 90%;
(iif) MeHNOH-HCI, NaHCGQ;, aq EtOH, reflux, 90%,; (iv) AgO, py, 85%;
(v) Pd(OH}, H,, EtOH/ACOH, 75%.

Scheme 69. Synthesis of the Cyclopentane Nucleus of
Neplanocin A2

OH © o_ +—OMPM
: on i ~ P H
OH OH OH o><o o OMPM
L-ribulose 517 518
,Bn
iii MPMO—“‘\G v,V MPMO—"
519 520

aReagents: (i) P#PCHsBr, n-BuLi, 12-crown-4, THF, 95%; (ii) DMSO,
(COCl),, CH,Clz, NEts, —60 °C; (iii) BANHOH, PhCH;, reflux, 85% from
518 (iv) Zn, AcOH, E&O, 92%; (v) b, Pd/C, EtOAc, HOAc, 89%.

Scheme 70. Ring-Closing Metathesis (RCM) Approach to
Carbafuranoses

RO RO
RCM =
p—
RO OR RO OR
OR OR
521 522

ate manipulation of the resulting cyclopentene derivabi2e
(Scheme 70).
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Scheme 71. Catalysts for the Ring-Closing Metathesis
(RCM) Reaction

ci, PCys Mes—N_ _N-Mes Mes—N__N-Mes
'Ru:\ Cl., Y CL, Y
cl” | phn JRu=\ JRu=\
PCy, c® 1 pn Cl” | Pn
PCy, PCys
523 524 525
Mes—N_ _N-M
es— —Mes
PCV3
Pri/©\ipl’ CI,IR|_ CI,;(_ R
N c’ c’ /
F1C) C/o“"'M]oikPh | '
"y L O
C(CFa)s HaC” “CHa HaC™ “CHa
526 527 528

Mes = 2,4,6-(Me)3CgH2

Scheme 72. Synthesis of Carbafuranose Derivative 530

BnO OBn OBn
O_ .OH OPMB
\/_z' v 7 526 0.4 equiv KQ”
BnO'  YOBn BnO oPMB 95%  BnO"  “OBn
OBn
401 529 530

aReagents: (i) vinylmagnesium bromide, THF, 87%; fijnethoxy-
benzyl chloride, NaH, DMF, OC, 83%; (iii) (COCl), DMSO, EgN, 77%;
(iv) methyltriphenylphosphonium bromide, n-BuLi, 89%.

different syntheses of carbafuranoses using this reaction as
a key step are summarized as follows.

o- andg- carbap-arabinofuranoside derivatives have been
synthesized independently by two research groups using
RCM as the key step. However, both methods differ in the
procedure for the synthesis of the diene precursor. In the
report of Al-Abed and Seepersaéf,the diene529 was
obtained in four steps and 49% overall yield starting from
the commercially available 2,3,5-@-benzylp-arabinofura-
noside 401) (Scheme 72). After refluxing 0629 with
Schrock’s catalyst526) at 85°C for 10 h, a mixture of
cyclopentenes30(ratio o.;f = 38:62) was obtained. The
isomer can be converted into 4a-cafha-arabinofuranose
(170 via diastereoselective hydrogenation using the Willkin-
son’s catalyst (P#P:RhCI under a hydrogen atmosphere.

In the synthesis of Lowary and Callai#;>*” the diene
531 was prepared fronb-mannose in 11 steps and 26%
overall yield (Scheme 73). The transformation of di&34

Many applications of the metathesis reaction have becomeinto the cyclopentan32was explored using the catalysts
possible thanks to the development of new, well-defined 523-526 (Table 3). Although catalysi23 gave only poor
catalysts, that are easy to handle and tolerant with mostYields of532under a range of conditions, the results obtained

functional groupg®” Among others, first-generation Grubt$’
and Schrock®® carbene complexe523 and 526, respec-

using 524, 525 and 526 were very similar. However,
catalystss24and525are more convenient to use since they

tively (Scheme 71), are the most popular, and both are are substantially more stable to air, thus avoiding the need
commercially available. Other catalysts, such as imidazoli- for a glove box. After manipulation 0632 including

nylidenes5244° and’5252*! show higher reactivities. More
recently, catalyst§27242 and528* (the Hoveyda Grubbs’

hydrogenation using Wilkinson’s catalyst, carbasugar deriva-
tive 533was transformed into methyl 4a-carba-and-p-

catalysts) have been successfully used. It was anticipated tha@rabinofuranosidesl87 and 138), respectively.

the most common catalysi23 would not be effective for
producing trisubstituted double bont4,and therefore,
catalystss24 and525were used in this synthetic approach.
After the previous repott® concerning the synthesis of
highly functionalized cyclopentene derivatives via RCM, the

Carbat-furanose precursors of carbanucleosides have also
been synthesized starting from tetdabenzylp-galactopy-
ranoside $34) (Scheme 743%8 In this way, dienes35was
obtained from534 in three steps and 51% overall yield.
Transformation 0635into 536was achieved using Schrock’s



1956 Chemical Reviews, 2007, Vol. 107, No. 5 Arjona et al.

Scheme 73. Synthesis of Methyl 4a-Carbe- and Scheme 75. Synthesis of CarbA-p-fructofuranose 408
-f-p-arabinofuranosides by Lowary and Callan?

o
OH OBn )(Om g(
0 ‘0
539

0

11 steps 526, 0.4 equiv
HO' H —— i
26%  BnO" OMOM g5,
HO OH OBn l 9 steps
26%
D-mannose 531
OBn OBn |
oH Oy OH ., Bno ° vivii )
OMOM OCHg3 \ —_— \ — BnO'
i A BnO OBn BnO OBn BnO" oBn
HO OH 401 540 541
138
OBn OBn OH OH
iv X ‘\/
HO BnO™ HO™
~OCH3 Bno OBn  BnO  'OBn HO"  OH
542 543 408
HO OH aReagents: (i) TEMPO, NaOCI; (i) MeMgBr, THF; (i) A©, DMAP,
137 EtOAc; (iv) SOCh, py, then NaOMe; (v) DMSO, (COGI)EtN, 98% five

r e steps; (vi) vinylmagnesium bromide, THF; (vii) BnBr, DMF, NaH, 95%
*Reagents: (i) (PPgRhCI (30 mol %), H, PhCH, 83%; (ii) trace ¢ "c41 “ga04 for 542 (two steps): (viii) Se@ TBHP, CHCly; (ix) 526,
concentrated HCI, MeOH, 90%; (iii) GH NaH, THF, then Pd/C, b hexane, reflux, 91%: PAAHEIOH. 99%
MeOH, AcOH, 94%; (iv) DEAD, PP} p-O,NCsH4COOH, toluene, then : s 9270, U » S970

g‘%(/iMe' MeOH, 83%; (v) Chl, NaH, THF, then Pd/C, b CHsOH, ACOH, Scheme 76. Synthesis of the Ring-Strained Derivative 548
BnO
Table 3. Conversion of 531 to 532 by RCM v _Y_/fOTBDPS i-iii ‘\{/70H
entry catalyst/mol % conditions yield (%) O O
i 5235% CHCly, 11, 24 h 12
ii 52310% toluene, 60C, 33 h 19 X X
jii 52310% xylenes, reflux, 48 h 0 D-ribonolactone 545
iv 52520% toluene, 60C, 2 h 74

Scheme 74. Synthesis of Carbafuranoses by Agrofolio’s

\% 52410% toluene, 60C, 2 h 78
vi 52510% toluene, 60C, 1.5 h 74 oH
|v v Vi, Vii ‘W \\.

Group? X Oxo
OH
BnO 548
\(B) i _526, 12 mol%. aReagents. (i) (COCH) DMSO, THF,—78 °C, then NE$, 72%; (i)
Bno” Y ~-OBn OBn  85% PPRCHBr, n-BuLi, THF, 93%; (iii) TBAF, CHCN, 85%; (iv) (COCI),
OBn DMSO, THF,—78°C, then NE$, 93%); (v) vinylmagnesium bromide, THF,
—78°C, 72%; (vi)523 CH,Cly, 85%; (Vii) MnOz, CHCL, 80%.
534 535
o R o in seven steps and 93% overa_II_ yield. Cqmpoﬁm cquld
o8 OTBS L\( OTBS also bg ob_talned from 1,2:3,5-fn-|sopro_pyl|de_nea-D-ap|ose
BnO " o N, (539, in nine steps and 26% overall yielf.Diene541was
@A iv,V,Vi Vi viii ‘ transformed intdb42 in two steps and 53% overall yield.
o "OBn o o o o Addition of compouncb42to a solution of Schrock’s catalyst
>< >< (526) and refluxing the mixture for 18 h led to cyclopentene
543 which, after hydrogenation with concomitant deprotec-
536 537 538 tion, afforded carbg-p-fructofuranose 408).
aReagents: (i) PPCHBr, n-BuLi, THF, —78 °C to rt; (i) PCC, In addition to these examples, RCM of carbohydrates has
NaOAc, molecular sieves 4 A, GBI, 67% (two steps); (iii) P¥PCHsBr, also been used in the preparation of cyclopentene precursors
n-BuLi, THF, =78°C to rt, 77%; (i) 1 M BClzin CH,Cl,, —78°C to rt; of carbocyclic nucleosidé% and aminocarbafuranoses such
(v) acetone, cat TSOH, 56% (two steps); (vi) TBSCI, py@ 61%; (vii) as &)-trehazolinzﬁz

N3-benzoylthymine, PRODEAD, THF; (viii) NaH, MeOH, 23% two steps. R
Yy vl P Along these lines, Jacobson and co-workers used the RCM

catalyst,526. After several protectiondeprotection steps, reaction for the preparation of ring-constrained carbanucleo-

compoundb38(a thymidine nucleoside) was obtained (albeit sides?>® Starting from the protected alcoh844, readily

in low yield) under Mitsunobu conditions by reactions87 accessible fronp-(+)-ribono-+y-lactone in four steps, the

with N3-benzoylthymine and subsequent deprotection. required dienes46 was easily constructed in good yield
Carbag-p-fructofuranose 408 was obtained using an  (Scheme 76). The critical olefin metathesis reaction was then

analogous procedufé® Diene 541 (Scheme 75) was syn- accomplished using Grubbs’ catal\23 to give a diaster-

thesized from 2,3,5-t®-benzoylp-arabinofuranosidedQl) eomeric mixture of cyclopentenols. Allylic oxidation of the
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Scheme 77. Synthesis of the Carbocyclic Derivative 552 Scheme 79. Synthesis of the Apio Analogue 561

%, ° g
= . HO o HO OH o /—
0NON g — \m 3< i, VOH i OH ;i HO
nd o HO  ©OH 0

MPMd

549 550 D-Ribose 557 558
o OH

o=

Q ii-iv . HOW( /7 . ZN10OH
R ){ ” OH v HO v HO ““OH Vi HO
: O : ” I ” S S
OMPM OMPM oxo OXO OXO
551 552 559 560 561

aReagents: (523 CH,Cl,, 80%; (ii) 0.4% HSOy, dioxane, reflux;

(iii) NalOs, CH,Clz, SiOz; (iv) NaBHs, MeOH, 70% three steps. *Reagents: (i) acetone,,B8Qs, 93%,; (i) CH=CHMgBr, THF, from

—78 1o 0°C, 81%; (iii) NalQi, CHyCly, H;O, from 0°C to rt; (iv) KoCOs,
37% CHO, MeOH, 80°C, 95%; (v) PhP, CHBr, t-BuOK, THF, 81%;

Scheme 78. Synthesis of Carbafuranose Intermediate 556 (vi) Grubbs' catalys624 CH,Cly, 99%.

Scheme 80. McCasland’s Synthesis of
O il 5a-Carba-o-pL-talopyranose (1) (Onlyp-Enantiomers Are
- Shown)

0 0
o) Y 0
_ o HO, OH
*lLo—y 0 Ho oH
OAc ¥y A0 o AcO O
562 563

564 565

HO,C Me020 HO
556 HO 0— AcO wOAc—= HO +OH
aReagents: (iN,O-dihydroxymethylamine hydrochloride, DCC, DMAP,
HO OAc AcO OAc HO OH
566 567 1

CHyClp, 88%; (i) 1.0 M LAH in THF, THF, —78 °C, 82%; (iii)
CH,=CHMgBr, THF, —78 °C, 96%; (iv) 523 PhH, reflux, 97%; (v)
CICO,Et, py, DMAP, 80%.

alcohol moiety furnished the intermediate key en&dd, 6.2. Synthesis of Carbapyranoses

which was finally reduced (NaBHand CeGd) and cyclo- 62,1, Synthesis from Non-carbohydrate Precursors
propanated, accarding to the reported proceéiiie,provide Different approaches to carbapyranoses from non-carbo-

the ring-strained bicyclic compouris8 h L 4 : .
) ydrate precursors, in either racemic or enantiomerically pure

In related work, Gurjar and Maheshwrprepared a  orm have been devised and will be classified according to
structurally modified carbocyclic nucIeosmje h_avmg atertiary ne type of compounds employed as starting materials: (1)
hydroxyl group and an unsaturation in its framework from 7-oxanorbornene derivatives; (2) from other bicyclic
(Scheme 77). Starting from 1,2:5,6-@Hsopropylidenes.- compounds; (3) from aromatic derivatives; (4) miscellaneous.
D-glucofuranoseg49), the requisite dien850was unevent- 6.2.1.1. From 7-Oxanorbornene Derivativessa-Carba-
fully prepared. Ring-closing metathesisi&0using Grubbs’ 1, tajopyranose 1) was first synthesized in 1966 by
catalyst gave the bicyclic derivatigb1 Transformation of McCasland using ketoaci®66 as the key intermediate
the latter into diob52was accomplished by a sequence that (Scheme 80%° The synthesis 0666 was carried out using
included hydrolysis of the isopropylidene group, N&lO 3 route previously used by Daniels and co-workgia their
promoted oxidative cleavage, and NaBigduction. synthesis of shikimic acid and based on a Dielder

A similar route to several types of-iydroxycarbocyclic  reaction of 2-acetoxyfurar562 and maleic anhydridé&63).
nucleosides has been developed by Hong and co-wot¥ers. Hydroxylation and hydrolysis of the ensuing Dielalder
Using a known proceduré; lactose was converted into the  adduct, 564, gave diol diacid565 which, on prolonged
acid derivative553 which was transformed into the diene reaction with water, undergoes a series of transformations
554. Direct cyclization with Grubbs’ catalyst afforded (acetyl migration, opening of the 1,4-oxacyclic ring, carbonyl
cyclopentene derivative55 which, by reaction with CIC® liberation, and decarboxylation) leadingd66 (Scheme 80).
Et, yielded the key intermediateb6 (Scheme 78). Sodium borohydride reduction 0566, and subsequent

In addition to these examples, Jeong and co-workers usedesterification with methanol and trifluoracetic acid, followed
the RCM reaction for the preparation of apio carbocyclic by acetylation gave the tetraacetaé, which was converted
nucleosides, in which the'4hydroxymethyl group of the into the target carbasugdl, by reduction with lithium
carbasugar moiety has been moved to the@sition?>8 The aluminum hydride followed by hydrolysis.
synthetic procedure, highlighted in Scheme 79, made use of 5a-Carbaa-pL-galactopyranose ff)-3] (Scheme 81) was
a stereoselective hydoxymethylation5i8 easily prepared  prepared by deacetylation of pentaacet&i6 which in its
from p-ribose, and a ring-closing methathesis of the ensuing turn was readily obtained from 5a-carbasL-talopyranose
diene,560 to pave the way t&61 pentaacetat868by acid-induced epimerization at @rough
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Scheme 81. McCasland’s Synthesis of
5a-carba-o-pL-galactopyranose, (3) (Onlyp-Enantiomers Are
Showny

AcO AcO RO
AcO "'OACL‘— AcO o |—™ RO OR
AcO  OAc AcO o rRd  oR
568 569 570 R=Ac

i C
3 R=H

aReagents: (i) ACOH, bSOy, reflux, 14%; (ii) HCI, EtOH, HO, reflux,
71%.

Scheme 82. McCasland’s Synthesis of
5a-Carba{-pL-guloyranose (5%

OAc HO
OAc . AcO .
_ — ™ o OH
= | AcO OAc |-
OAc HO\ /OH

571 572 573 5

aReagents: (i) 210C, 48 h, 70%; (ii) Os@ H»0,, t-BuOH; (iii) Ac0,
py, 38% from573 (iv) HCI, EtOH, HO, reflux, 88%.

Scheme 83. Suami and Ogawa’s Precursors for
Carbahexopyranoses (Onlyp-Enantiomers Are Shown}

HO O

0 i

<° J — / 577 O

HO,C
COH

574 575 576 {\ Br O?
O
5718 ©

aReagents: (i) hydroquinond,, sealed tube, 45%; (ii) HC®!, H.O;
(i) HOBr, 91%.

an intermediary cyclic acetoxonium io®g9 which was

formed by anchimeric assistance of the neighboring acetoxyl

group?

Arjona et al.
Scheme 84. Synthesis of 5a-Carb8-pL-glucopyranose (79)

and 5a-Carba-o-pL-galactopyranose (3) (Only One
Enantiomer Is Shown}y

Ho © AcO S
i i, i
—_— —_— ROH|
(0] OAc
0 OAc RO

"OR
RO OR
577 579 iv(58° R=Ac 570 R=Ac
79 R=H 3 R=H

aReagents: (i) LAH; (i) AgO, py, DMAP; (iii) AcOH, Ac,O, HxSQy,
18% 580 overall, 19%570 overall; (iv) NaOMe, MeOH, quant.

Scheme 85. Synthesis of Carbat-hexopyranoses from
Bromo Derivatives 581 and 582 (Only One Enantiomer Is
Shown}p

g O AcO AcO
a) & LY Aco%:>-~0Ac + AcO
o
cO Br A

o] A O B

OAc

578 581 (2.4:1) 582
RO
ii
b) 581 ——> 570 + RO OR
RO OR

(o

RO RO
c) 532i» RO QR + RO™
RO  OR RO OR
VO
RO
d 582 ——~ RO OR
RO  OR’

5a-Carbg3-pL-gulopyranose §) (Scheme 82) was syn-
thesized by hydroxylation of the addus?3 obtained by 580 R=R=H
Diels—Alder cycloaddition of 1,4-diacetoxy-1,3-butadiene aReagents: (i) LAH: (i) AcOH, AgO, H,SQs, 46% (iii) NaOAC, 41%

(571) and allyl acetate572). Successive acetylation and hy- ;- 581 26% for582 (iv) NaOMe. MeOH. quant; (\",) NaOBz. ?
drolysis afforded the free carbasugar in 33% overall yiéld. ' ' ’

After the pioneering work of McCasland and co-workers, be an ideal starting material in the forthcoming synthesis of
7-oxanorbornene derivatives have been extensively used agarbasugars, and 11 of the original 16 racemic syntheses have
starting materials for the synthesis of carbapyranoses andmade use of it. When acifi76 was treated with hydrogen
derivatives® Since then, much credit for the development peroxide and formic acid, the hydroxylactos@7 was
of this field must go to Profs. Seiichiro Ogawa and Tetsuo formed. This compound has been the key intermediate in
Suami, who have made an impressive contribution to the the syntheses @-bL-gluco-2* a-pL-galacto-2%! 5-pL-allo-
study of these compounds. They have reviewed most of their 262 and a-pL-gulocarbapyranosé® and the carbasugar
work prior to 1990, and readers are referred to these articlesanalogues of KD&* and NANA254 The majority of the
for thorough coverag®.In spite of that, a brief survey of  remaining carbapyranoses,pL-manno?®y, S-bL-manno?6?,
the carbapyranoses and related compounds prepared b-pL-altro-?%%, a-pL-ido-?%! a-pL-gluco?%? anda-pL-allopy-
Ogawa and co-workers is displayed in Table 4, and only ranose%2were derived from lacton78, also prepared from
selected examples will be presented in this review in order 576 by the action of hydrobromous acid (Scheme 83).

( 589 R=Ac, R'=Bz

to illustrate their methodologies (Schemes-83). In the synthetic protocols originating from norbornane
The key intermediate in their approach, 7-oxabicyclo- lactones77and578 the cyclohexane ring of the carbasugar
[2.2.1]hepten-5-ene-2-carboxylic aciE7@) is readily pre- is unveiled by ring opening of the 1,4-cyclic ether moiety,

pared by Diels-Alder cycloaddition of furan §74) and and the use of these derivatives in the preparation of carba-
acrylic acid 675 (Scheme 83). Addudi76 was shown to sugars and derivatives is illustrated in Schemes 84 and 85.
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Table 4. Carba Analogues of Aldohexo- and Ketohexopyranoses, Glycosylamines, Carba-disaccharides, Carba-oligosaccharides, and
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Other Carba Derivatives Prepared by Suami and Ogawa from 7-Oxanorbornene Derivatives

Carba-aldohexopyranoses and carba-ketohexopyranoses

HOH,C
OH
HO OH HO
CH,OH
HO  OH HO ~ OH
Sa-carba-hexopyranoses 6a-carba-frructopyranoses
o-DL-allo o-DL-gulo o-D-galacto B-DL
B-DL-allo o-DL-ido o-D-gluco B-D
B-DL-altro B-DL-ido B-D-gluco B-L
a-DL-galacto o-DL-manno o-L-gluco
o-DL-gluco B-DL-manno
B-DL-gluco B-DL-talo
Carba-glycosylamines
HOH,C, HOH,C HOH,G
HO""§:>""NH2 HO» niNH, HO OH
HO" o HO" o HO  NH,
Validamine DL and (+)- D Valienamine DL and (+)-D 2-amino-2-deoxy-5a-carba-
HOH,C, hexopyranoses
HOwn NH, Ho,.“CHZOH o-DL-allo
A HO" wiNH, B-DL-allo
: 'Hol'd OH bL R a-DL-galacto
-epi-validamine OH -DL-galacto
HOH,C Valiolamine DL B &
B-DL-gluco
HOw wiNH, o-DL-gulo
HO B-DL-gulo
2-deoxy-validamine DL o-DL-manno
B-DL-manno
HOH,C HOH,G HOH,G
HO OH HO OH HO OH
HO  NH, HO  NH, HO  NH,
3-amino-3-deoxy-5a-carba- 4-amino-4-deoxy-5a-carba- 7-amino-7-deoxy-5a-carba-
hexopyranoses hexopyranoses hexopyranoses
B-DL-altro o-DL-ido o-DL-gluco o-DL-gluco
o-DL-gluco B-DL-manno B-DL-gluco
B-DL-gluco
Mono carba-disaccharides and related compounds
HOH,C HOH,C_ HOH,C HOH,C_ HOH,C
Q (e} o}
HO o HOw wnQun wOH HO"n X wOMe
HO™  Ho HO "OH HO" Ho HO OH HO" Ho HO OH
nd  ow X=NH, 0, S
HOH,C, HOH,C, HOH,C HOH,C HO OH
Q Q
HOH,G,  HOm» "OH HO O“"§:>""OH HO----Q«O«»QOH
Q % ’ %
HO» w0  ©OH HO HO HO ©H HO  Ho CH,OH
s oL o/ B.os BB
(D-glucopyranose and D- or L-
carba-glucopyranose
HOH,C HO  oH HOH,C HO  OH HOH,C HO  OH
Q 7 >}:O
HOmn mQun wOH HO"n ....O....QHHOH HO"..Q....Q....Q....OH
HO"  “NH, CH,OH HO"  “NH, CH,OH HO"  “NH, CH,OH




1960 Chemical Reviews, 2007, Vol. 107, No. 5 Arjona et al.

Table 4. Continued

Validamycin and related compounds
R4OH2C HQ ~ OH Validamycin A, R;,R,,R3,R4,Rs=H; R¢=B-Glcp
RO s +ORg Validamycin B, R},R,,R4,Rs=H; R;3=OH; Rs=P-
/ H X Glep
HO  ©H Rs R,CH,ORs Validamycin D, R;,R,,R3,R4,R¢=H; Rs=ct-Glcp
Validoxylamine A, R|.R,,R3.R4,Rs, Re=H
Validoxylamine B, Ri.R,, ,R4.R5.R¢=H; R;=OH
Carba-oligosaccharides and related compounds
HOH,C RH,G, OH,G, CH20H HOH,C.  HOH,G HOH,C, CH20H
H ) Q Q R ho)-Q Q Q
HOw N mhnQun npnQun OH| Hom N afmQun Qe OH
Ho” Ho nd Ho| WO oH| HO oH Ho" Ho ud Ho| HO oW HO oH
Acarbose, R=H; n=1 Oligostatin
Amylostatin G, R=H; n=0
Adiposin 2, R=OH; n=1
Adiposin 1, R=0OH; n=0
Carba-glycosylceramides and related compounds
(e}
HOH,C J HOH,C
Y. HN™ ~(CH;)14CHs X H HNT T(CH2)14CH;
2 / X\/Y\/(CHZ)QCH:;, " / N\/‘Y\/(CHZ)QCHs
HO”  OH OH HO" TOH OH
X=NH; Y=H; Z=OH X=H; Y=OH
=NH; Y=H; Z=H X=0OH; Y=H
X=0; Y=H; Z=OH
X=S; Y=H; Z=OH
Carba-glycocerebrosides and related compounds
HOH,C j)\
HOH,C
HO N ’ L HNT (CH)GCH
/(CHp),CH, HO N\)\rph
HO" o
n=3,5,7,9, 13,17 HO™ on oH

Scheme 86. Enantiomeric Resolution of%)-576 by

For instance, reduction and peracetylation of hydroxylac- Fractional Crystallization of Its Diastereomeric Salts?

tone 577 furnished triacetate579, which under acidic

conditions underwent a non-regioselective cleavage of the o o o 0

1,4-oxa-bridge to yield 5a-carlf&pL-glucopyranose pen- / LW i, i, v /

taacetate380) and 5a-carba-DL-galactopyranose pentaac- COOH

etate 670 (Scheme 8436t COzH HOC
Alternatively, reduction, acetylation, and acetolysi$ a8 (-)-576 (£)-576 (+)-576

gave a mixture of bromo derivativés1 and582 (Scheme aReagents: (i)R)-phenylethylamine, EtOH; (ii)9-phenylethylamine,
85a), which were independently subjected to substitution EtOH; (ii) fractional crystallization; (iv) Dowex S50W X2.

reactions with acetate ion to furnish 5a-carbat -galacto-
pyranose pentaacetat&7(), 5Sa-carbas-pL-idopyranose diastereoisomeric salts arising from the treatment=of-
(584) (Scheme 85b), 5a-carleebL-mannopyranosesg7), 576with optically active 1-phenylethylamine (Scheme 88),

and 5a-carbg@-pL-altropyranose §88) (Scheme 85c). The and both enantiomers have been used for the synthesis of
substitution reactions appear to involve acetoxonium cationsthe optically active carbasugar series. The aeit§76gave

as intermediates. However, if sodium benzoate was used5a-carbgs-p-glucopyranose 79),%%¢ 5a-carbaa-p-galacto-
instead of sodium acetate (Scheme 85d), dirg2tr®action pyranose §),2%¢ and 5a-carba-p-glucopyranosed1).26” On
occurred and 5a-carhabL-mannopyranose5Q0) was ob- the other hand,«)-576 gave the corresponding carbapyra-
tained, via intermediat689.26* noses of the -series (Scheme 88§>:266

These protocols have also been tailored for enantiopure More recent contributions from Ogawa'’s group include
carbasugar synthesis. Accordingly, optically pui§-(and the preparation of bicyclic derivatives of 5a-carpaand
(—)-576 were obtained by fractional crystallization of the -B-p-mannopyranosés (597 and598) from (—)-576 (Scheme
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Scheme 87. Synthesis of Bicyclic Derivatives of
Carbasugars

(0]
O O
P ( v P
/ — O o
e}
CO,H BnO
(-)-576 591
OHC OMPM MOMO'
V-Xiii BnO: OMPM  XiV-xv BnO'

BnO OBn BnO
593

XVi-XX
_

XiX, XXi-XXiV

595 E—

XiX,XXi-XXiV

596 _—

598

aReagents: (i) LiBr, NaBr, THF; (ii) AgO, py; (iii) DBU, 88%, three
steps; (iv) NaOMe, MeOH; (v) OsP(vi) Ac20, 100%, two steps; (Vi)
NaOMe, MeOH; (viii) NaH, PMBCI, DMF, 90%,; (ix) AcOHH0; (x)

BzCl, py, 87%, two steps; (xi) NaH, BnCl, 58%; (xii) DIBAL-H, 97%;
(xiii) DMSO, oxalylchloride; (xiv) EtMgBr, THF, 80%, two steps; (xv)
methoxymethylation, 92%,; (xvi) hydroboration, 86%; (xvii) tosylation, 85%;

(xviii) CAN, CH3CN; (xix) NaOMe, MeOH; (xx) AgO, py, 30%595 25%
596, (xxi) Ac,O, DMSO, 100%,; (xxii) L-Selectride, THF, 74%; (xxiii) HCI,
H20O—THF; (xxiv) Hy, Pd—C, 95%597, 40% 598
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Scheme 88. Synthesis of{)-Validamine (12) by Ogawa et
al. (Only p-Enantiomers Are Shown}

AcO

i ii
—>  AcO'

VIL VI
"NHAc — 12

601 602

aReagents: (i) 30% HBfAcOH, AcOH, 80°C, 24 h, 53%; (ii) NaOAc,
MeOCH,CH,OH, 90%; (iii) AcO, py; (iv) NaN;; (v) Hz, Ra—Ni; (vi) Ac20,
py, 50%; (vii) NaOMe, MeOH, 3 h; (viii) NHNH,, sealed tube, 108C.

Scheme 89. Synthesis of 5a-Carba-L-fucopyranosylamine

(116)”‘

Ac0—<:\> Br — > AcO v,
CO,H

(+)-576 (+)-599
MEMO  OMEM MEMO  OMEM
605 606
Vi MEMO: <:\>—N3 M Ho <:\>—NH2
MEMO  OMEM HO  OH
607 116

aReagents: (i) AgF, py, 5 h, 77%; Y# M HCI, THF, 72 h, 60°C, then
2,2-dimethoxypropane, TsOH, DMF, 6@, 72%; (iii) MsCl, py, 0°C;
(iv) AcOH, 4 h, then AgO, py, 73% (two steps); {v4 M HCI, THF,
chloromethoxymethane, (i-BNH, 14 h, 40°C, 84%; (vi) H, Wilkinson
catalyst, PhH, 16 h, 80%; (vii) NajN\DMF, 9 h, 90°C, 86%; (viii) 4 M
HCI, THF, then PEP, THF, 72 h, 60°C, 66%.

87). These conformationally restricted compounds have been

synthesized to provide key components for elucidation of tives!'®all in racemic form, have also been synthesized using

the mechanism and action Nfacetylglucosaminyltransferase  Diels—Alder adduct576 as starting material.

(GIcNACT-V). The synthetic scheme implies transformations  Enantiopure {)-validamine (2)?%¢ and @)-valienamine

of the epoxides91 readily available from+)-576% (1128 were later prepared from chira-§-576 following
These strategies have also been applied to the preparatiothe same procedure previously employed for the synthesis

of aminocarbasugars in both racemic and enantiomerically of their racemates. Alternatively, to obtain purantipodes,

pure forms. The synthesis of-validamine (2) (Scheme Ogawa and co-workers used the optically resolved%76%°

88) was reported?in the mid-1970s from hydroxylactone as the starting material. For instance, selective dehydrobro-

57725 When triacetat®79was treated with 20% hydrogen  mination of 2,3,4-triO-acetyl-6-bromo-6-deoxy-5a-carifa-

bromide at 85°C, it gave dibromide599, in which the L-glucopyranosyl bromide {f)-599, obtained from {)-576

primary bromide was selectively replaced with an acetoxy followed by inversion of the configuration at,Cand

group and the secondary bromo function was displaced with exchange of protecting groups, afforded themethylene

azide ion to gives01, which was hydrogenated and acetylated derivative605. Selective hydrogenation, azidolysis, depro-

to give, after deprotection, racemic validamirie)(

Since then, bL-valienaming20:276272 p| -hydroxyval-
idamine?”® pL-valiolamine?’* 2-amino-5a-carbadeoxy--
pyranoseg/®276 3-amino-5a-deoxyt-pyranosed/’ DL-
hydroxyvalidamine/® pL-1-epi-validaming?®?2 pL-2-epi-
validamine?61°pL-2-amino-2-deoxyvalidamine having and
B-gluco ando- and-manno configuration? 5a-carbaa.-
pL-fucopyranosylaminé'*® 5a-carbas-pDL-galactopyrano-
sylaminet'“2and fucose-typer- andj-valienamine deriva-

tection, and subsequent reduction of the azido group allowed
the synthesis of 5a-carlwat -fucopyranosylamine ¢116)114°
(Scheme 89).

Ogawa and co-workers have also contributed to the
development of methods for the preparation of 5a-carbag-
lycosylamide and 5a-carbaglycosylceramide analogues, struc-
turally related to glycosphingolipids and glycoglycerolipids.
The strategy for the synthesis of carbaglycosylamides is
based on the coupling of 1,2-epoxides of 5a-carbapyranoses
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Scheme 90. Synthesis of Carbapyranosylamides Scheme 91. Synthesis of Carbapyranosylceramides
HO,C HO,C BnO BnO BnO
Ph—<
(-)-578 —= AcO' Br—» AcO" i, o (a) BnO' —== BnO' "OH == BnO'"
BnO BnO  OH BnO
608 610 614 615
BzO BzO BzO
Ph—
IIIIV VVI . —_— . o —_— .
—2:2\ i, Ho_g:? NH(CHy)1,CHy (b) BzO —> BzO OH =" BzO
BzO BzO ¢ BzO
611 617 619
HO (o]
. Ph
vii How ‘IIN.,CO(CH2)1OCH3 © _<o'-'
(CH2)17CH3
HO  OH BzO
613 620

aReagents: (i) HBr, AcOH; (ii) Zn, AcOH; (iii) LAH, THF, 2 h; (iv)
DMF, a,a-dimethoxytoluene, TsOH, 60C, 2 h, 60% (two steps); (V) HN., (CHp)12CH3
MCPBA, phosphate buffer, Gi€l,, 2 h; (vi) NaH, DMF, BnCl, 2 h, 88%; VW
(vii) octadecylamine, 2-propanol, sealed tube, 220 20 h, 87%; (viii)

dodecanolyl chloride, DMAP, CKCl», 0°C, 1 h, 61%: (ix) AcOH, THF, hH,
H20, 5 h, 80°C; (x) Hz, EtOH, Pd-C, 2 h; (xi) 0.1 M NaOMe, MeOH, 1 @ 5o X\/\l/\/(CHz)mCHz
h, 0°C, 69% (three steps). opP
. . . . . . PO
with aliphatic amines and successiMeacylation with acyl 624 X =0
chlorides!?”2An example is shown in Scheme 90. Treatment 625 X =S
of bromolactone {)-578 with hydrogen bromide in acetic 616 X =0 626 X=NH
acid resulted in the cleavage of the 1,4-cyclic ether to give 619 X =SAc

carboxylic acid608 Debromination with zinc dust in acetic
acid afforded the cyclohexene derivati@®9 which was
converted into the 5a-carba-glucal derivaté/0.26* Epoxi-
dation of 610 with m-chloroperbenzoic acid followed by
conventionalO-benzylation produced thg-epoxide61128*
together with a minor amount of theisomer. Coupling of
the S-epoxide with octadecylamine gave diaxially opened

: g ; Examples of the first approach include the synthesis of
Ea?grlijgéicl)zéi\%hlg?t e\/rvzzglr,(())'[;;(;ﬁ;txlaé?c;vnh ?ﬁgﬁgig;}ll 5a-carbatrehalosé® 5a-carbamaltose$} 5a-carbacellobio-

lamide 613,107 ses?* S5a-carbalaminarabiosé¥, and 5a-carbatrisaccha-
' rides? For instance, condensation of equimolecular amounts
f 5a-carba-1,2:4,6-db-isopropylidenea-pL-glucopyranose
627) with p-glucosyl bromide §28) in the presence of Hg-
(1) cyanide afforded a diastereomeric mixture of protected
'laminarabiose$29 and 630 (Scheme 92). In an analogous

622 X=NH,

et al. developed the use of 1,2-epoxides of 5a-carbapyranoses
as versatile 5a-carbahexopyranosyl donors (Figure 46b).

Carbasugar oxiranes were also used in the preparation of
“bis” carbadisaccharides (Figure 46c¢).

For the preparation of carbocyclic analogues of glycoce-
ramides, Ogawa’s group has elaborated a general metho
based on the opening of aziridines of sphingosine derivatives
with the appropriate derivatives of 5a-carbapyranoses, which
in turn, were prepared using 5a-canbalycalsg®? (Scheme
91)197aFqr instance, 5a-carlmglucal derivative$14, 617,
and 620 were oxidized with Os® and NMO to give PO PO
respectively615 618 and 621 In these derivatives the J b _>* b
equatorial 2-OH group was protected and the axial 1-OH PO /0P
function was inverted or exchanged by an amine or thiol

moiety according to established procedures to afford 1-hy- " Donor" "Acceptor” "Acetal-linked"
droxy, 1-mercapto, or 1-amino derivativé$6 619 or 622,

respectively. Coupling of these compounds with aziridine PO PO PO

623as the sphingosine precursor and subsequent deprotection (b) 2 2 + b» :<¥")
and N-acylation gave 5a-carljanp-glucosylceramide ana- PO—L HO OP
logues linked by ether, sulfide, and imino linkagé24, 625

and62 6) ) " Donor” "Acceptor” "Ether-linked"

The contribution from Ogawa’s laboratory in the area of
carbadisaccharides is also impressive, and their general PO PO
strategies are outlined in Figure 46. Initially, they described PO PO
a strategy based on the glycosyl coupling of monosaccharide (© 2 Z * HO%‘\ — £ 0o
donors with suitably protected carbasugar acceptors leading PO 0 \OP PO gPOP
to carbasaccharides with the carbasugar located at the OH

reducing end (Figure 46a). For the synthesis of carbasac- " Donor” "Acceptor” "Ether-linked"
charides with carbasugars at the nonreducing end, OgawéFigure 46. Ogawa’s approaches to carbaoligosaccharide synthesis.
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Scheme 92. Synthesis of Carbadisaccharides Scheme 93. Synthesis of 5&arbadisacccharides

6] 6]
o X
(a) o o) 3
o [0
BnO BnO
611 634
(b) BnO 0 BnO
0 . Phe(
HO 611 + HO' OMe —= O e}
©Bn

BnO OH BnO  OBn

BzO HO o 1o BnO
) HO- i i 635 636
— HO" "o,
<o

OMe

Bz0™ ™" N(CH)7CH3 OH 0 BnO
BzO Tfa HO

631 632 BnO O BnO
aReagents: (i) 2,3,4,6-tet@-acetyla-p-glucopyranosyl bromides@8), 637

Hg(CN),, Drierite, benzene, reflux, 72%; (ii) 2,3,4,6-teftaacetylo.-p-
galactopyranosyl trichloroacetimida&3@), BFs-Et,O, molecular sieves 4A,
CH,Cly, 0 °C, 19%; (jii) KzCOs, MeOH, 1 h, 73%.
637 — '

manner, when protected-octyl-5-valienamine §31)109.111
was reacted with the-galactosyl trichloroacetimidat®32,
the N-octyl-5d-carbag-lactosylamine33 was obtained®®

In the second route, 1,2-epoxides of 5a-carbapyra-
nosed®28lwere developed as “5a-carbahexopyranosyl do-
nors” (Scheme 93%¢ 1,2-Anhydro-30-benzyl-4,60-
benzylidene-5a-carl@-p-mannopyranose( 1)1 was initially 638 —
used, and it was shown to be a very versatile donor for
introduction of 5a-carba-p-mannopyranose residues into
an oligosaccharide chatf>287.28%or example, condensation

640 C-2'=OH

of 611 with the oxide anion derived by treatment of the 641 C-2'OH

4-hydroxy unprotected accept685 with NaH in DMF in

the presence of 15-crown-5-ether at 70 gave the 5a BnO Bno  OBn

carbadisaccharide derivati886in high yield. However, 5a- 6aq Vi _Cg
v HO 0 OMe

carbagalactopyranosyl donors, for exanidd, were shown / o

to be poor substrates for nucleophilic attack of bulky oxide BnO  OBn N

anions, giving a complex mixture of products. Because of ea2 00BN

_this sitqation and orlie_nted to the synthesis of biologically aReagents: (i) NaH, DMF, 15-crown-5 ether, 0, 70%: (i) DMSO
interesting lactosaminides, Ogawa and co-workers followed ac,0, 95%: (i) DBU, PhCH, 60 °C, 58%: (iv) L-Selectride, THF-15
a strategy based on the transformation of the 5a-carbaman-<c, 78%; (v) NaBH, CH,Cl,—MeOH; CeCh, 47% 640, 50% 641, (vi)
nopyranose moiety into those of 5a-cadgalactopyranose  NaH, DMF, benzyl bromide, 24 h, 92%; (vii) BNMes, AlCls, 92%; (viii)
by a sequence of consecutive epimerizations. Initially, the PCC. CHCz, then L-Selectride, THF, 0C, 54%.

2'-OH group in636was oxidized and subsequently reduced i )

to the epimeric Sacarbae-glucose-containing disaccharide OPened produc45 whereas the coupling with thél-
639. Under the influence of a base, theketone637 was acetylglucosamlne derivativé46 gave the two positional
epimerized to afford thg-ketone638in good yield, which ~ isomers647 and 648 (Scheme 94j2°

was reduced to give carbapyranose residues fguco- Tatiborig, Rollin, and co-workef® have synthesized the
and g-manno configurations6@0 and 641, respectively). 5a-carba analogue of glucotropaeoli@5), a compound
Incorporation of a Sacarbag-galactopyranose residue6d2 which was shown to display a good inhibition power against
was carried out through epimerization af 6f the carba- ~ myrosinase, the only enzyme able to hydrolyze glucosino-
B-glucopyranose structui@41.2%° lates. The authors followed Ogawa’s approach for the

Likewise, the preparation of carbaoligosaccharides com- preparation of the required 5a-carbesL-glucopyranose
prising such linkages as¥-glycosidic or imino,S-glycosidic tetrabenzoaté49, which after introduction of the thiol group
or thio ether, and-glycosidic or methylene is also possible at G provided the analogue of the naturally occurring
with the routes developed by Ogaw4.The consideration  thiosugars found in the botanical ordgrassicalefScheme
of the synthetic approaches for these compounds lies beyon®5).
the scope of this review, and only one representative example Koizumi and co-workers also exploited 7-oxanorbornene
will be presented. Thus, for instance, the 5a-carbagalacto-derivatives in their synthesis of optically pure carbapyra-
pyranose dono843°7awas able to couple successfully with noseg and related compounds such as){gabosine C
amined®2to provide directly imino-linked carbalactosaminides and )-COTC (2-crotonyloxymethyl-@®,5R,6R)-trihydroxy-
and -isolactosaminides. Therefore, condensati@#8fwith cyclohex-2-enoney* The key feature in their approach
aminodeoxy derivativé44gave selectively the diequatorially involved an asymmetric DielsAlder reaction of menthyl
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Scheme 94. Synthesis of Imino-Linked Scheme 96. Synthesis of 5a-Carb8-b-mannopyranose
5&-Carbalactosaminide (645) and -isolactosaminide (648) Pentaacetatate (657)
BnO HO CO,Men o]
= i ivi \ _o @
Do - (o - Ay,
@ o -+ HaN» = g COyMe
[0 - 0 COyMe
——T\O H 5 Py SOPy 2
574 (5)-652 653

654
MeO,C AcO AcO
) QOH Ao oes Acob—om
vii viii iX-xii
o) AcO OAc

«’\o DAc AcO :'NHAc OXO Ox

645 655 656 657

Men= (-)-menthyl

(b) 3 v O(CHy)7CH3 _'» aReagents: (i) BCIAI, CH2Cly; (II)TIC' 3, EtOH; (iii) OsQy, Me3N0,

T acetone, MgC(OMe), TsOH, 65°C; (iv) LAH, Et;0; (v) Raney-Ni (W-
4), EtOH; (vi) Jones reagent, acetone, 8l MeOH—EtO,; (vii) LIN(T-
MS),, THF, —78°C; (viii) TBSOTf, EN; (ix) LAH, THF; (x) boraneTHF,
H20,, NaOH, AcO, py; (xi) TBAF, THF; (xii) aq AcOH, 55°C, AcO,
py, overall yield 11%; (xiii) MsCI, EfN, CH,Cl,, 0 °C; (xiv) BusNN3z, PhH;
(xv) Hz, Raney-Ni (T-4), AgO, EtOH; (xvi) ag AcOH, 60°C, Ac0, py,
overall yield 8%.

OAc OAc Scheme 97. Synthesis of 5a-Carba-L-mannopyranose
HN ~ Pentaacetatate I(-585) by Koizumi et al2

AcO

e BnQ  OBn 0
AcO OAc AcHN 6CH o Z_ﬁ , n ; , BnO SoPy
647 (2:1) 648 (CHz)7CHy (S)-652 + o — BnO COo,Me BnO CO,Men

658 659

o)
4
L . SOPy
aReagents: (i) 2-propanol, sealed tube, 3 weeks, the®Apy; 37% 660
for 645 and 62% for647 + 648

Scheme 95. Synthesis of the 5a-Carba Analogue of Me0C

/OAc
0
H W VI ..- .
Glucotropaeolin, 85 659 iV X @—OH i Ac0—<:>—0Ac
o) OBn COZMe y 4 R 2
AcO OAc

@ BzO BzO OBn BnO OBn

661 662 L-585
aReagents: (i) BAICI, CH2Cly, —20°C; 50%659, 29%660, (ii) PBr3,
COOH DMF, 0 °C; (iii) LAH, Et20; (iv) Raney-Ni, EtOH; (v) Jones reagent,
= BzO BzO CHzNy, MeOH—-ERO; (vi) LIN(TMS),, THF, —78 °C; (vii) TBDPSCI,
imidazole, DMF; (viii) DIBAL-H, Et,O; (ix) BHz THF, H,O2, NaOH; (x)
Ac;0, py; (xi) TBAF, THF; (xii) Hp, Pd—C, EtOH, AcO, py, overall yield,
2%.

v 0 o) 0 o) 0
Ph CN o)
o A W]/\ 7 CN 7 Z CN / /
H OH N. OR
0SOzK OAc OR' o]
651 85 663 (+)-664 (-)-664 (+)-665 (-)-665
aReagents: (i) TO, py, DMAP; (i) thiourea, butanone, two steps, 60%; R= (1S)-camphanoyl; R'= (1R)-camphanoyl
(iif) Na$0s, H20, CHCh, 80%; (iv) benzhydroxymoyl chloride, g, Figure 47. Vogel's 7-oxanorbornene derivatives.

CH:Clz, 70%; (v) SQpy, DMF, 77%; (vi) KOMe, MeOH, 52%.
661 Ring opening gave—)-shikimate 662), which was
derivatives92293For instance, combination of-)-menthy- converted to b5a-carba-L-mannopyranose pentaacetate

(S-(2E)-3-(2-pyridylsulfinyl)propenoatess2) with furan574 (L-5§5) using the reaction sequence shown in Schc_an‘n%?‘@_?.
gave, with high diastereoselectivity, add6&3, which was Different types of 7-oxa-norbornene derivatives, including
converted by the usual transformations intdepi-shikimate ~ racemic and optically pure 7-oxabicyclyo[2.2.1]hept-5-en-
(655). Protection of the free alcohol as its TBS ether and 2-y! derivatives 663 664, and 665 (Figure 47), whose
reduction of the ester was followed by stereoselective chemistry®*and previous applications in the preparation of
hydroboration of the alkene to provide, after deprotection Natural products and analogé®shad been developed by
and peracetylation, 5a-carffas-mannopyranose pentaacetate V0gel and co-workers, have also become useful precursors
(657) (Scheme 963%° for the synthesis of carbasugars and derivatives.
Alternatively, the cycloaddition reaction 662 with 3,4- Derivative663was obtained via DietsAlder addition of
dibenzyloxyfuran §58 gave theendoandexocycloadducts  furan to 1-cyanovinyl acetate catalyzed by copper or zinc
659 and 660. The majorendo adduct659 was reduced, salts. Compoun®63was transformed, after saponification
desulphenylated, and hydrogenated to furnish methyl esterand treatment with formaline, inta)-665 Enantiomerically

(9-(2E)-3-(2-pyridylsulfinyl)propenoate 662) with furan
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Scheme 98. Synthesis of 5a-Carhfi-xylopyranoside$

0 oTBS
HO Wo TBSO., 0

(+)-665 — , -

OBn TBSO

666 667
RO 0_0
- /

RO OR =

, C (+)-668 R= TBS

(+)-84 R=H
RO 0._0
(-)-665 ——= . \
RO OR =
-)-668 R= TBS
v ( )-84 R=H

aReagents: (i) NaBkj CeCk, CHxCly; (ii) 4-ethyl-7-hydroxycoumarin,
1,2-(azodicarbonyl)dipiperidine, B, THF; (iii) Hz, Pd-C; (iv) HF,
PhCH;, CHsCN, 39% overall.

pure derivatives +)-664 and (~)-664 can be obtained
through Zn}- or ZnBr,-catalyzed Diels-Alder addition of
furan to ()-1-cyanovinyl (15-camphanate and fromt{-

1-cyanovinyl (R)-camphanate,

tiomerically pure {)-665 and (~)-665 Enantiomerically
pure cyano-acetate-j-663can be obtained by crystallization

of the corresponding racemic cyanohydrins with 0.5 equiv

of brucine, followed by treatment with acetic anhydride.
Also, racemic £)-665 can be resolved by formation of
aminals derived fromR,R-1,2-diphenylethylenediamirté’

Other methods to obtain enantiomerically pure derivatives

have been propose A total synthesis of cyclophellitol
(9) from compound663 has been performed by Vogel's
group?®® This approach has been recently reviewd.
Vogel and co-workef§3%1also reported the synthesis of
carbaxylopyranosides 4()-84 and (-)-84] with p- and
L-xylose configurations, fronHf)-665and (—)-665, respec-
tively (Scheme 98). Compound-§-665 was conveniently
converted t@®66, which, upon base treatment, as previously
reported by the authof8? underwent oxa-bridge opening,
leading, after protecting group manipulationsg&Y. Reduc-
tion of the latter and reaction with a 4-ethyl-7-hydroxycou-
marin in the presence of 1;(azodicarbonyl)dipiperidine and
(n-Bu)P furnished silyl derivative {)-668 which, after
deprotection, led to)-84. The corresponding carha-
xyloside [(—)-84] was obtained in a similar manner starting
from (—)-665 The 5a-carbg-p-xyloside [(+)-84] was an

respectively. Subsequent
saponification and treatment with formaline provides enan-
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Scheme 99. Synthesis oft{)-673

o)
(yees I Phse il ppse W iv-ui
OMe
(-)-669 +)-670
o)
o0 MeO., Q
o vi Viii-ix_
AcO” R AcO
OH
(+)-671 (+)-672
(I)Ac OAc OAc
O
R= IJ (+)-673
AcO” Y "OAc

OAc
aReagents: (i) PhSeCl, MeOH, HC(OMg)ii) LHMDS, THF, CH,
=NMejl, 75%,; (iii) n-BusSnH, AIBN, a-acetobromogalactose, 74%; (iv)
MCPBA; (v) Ac;0, NaOAc, 82%; (vi) n-BegSnH, AIBN, 97%; (vii) NaBH;
(viii) irradiation, EEN, MeOH; (ix) Ac,O, py, DMAP, three steps, 46%.

Scheme 100. Regioselectivity in the Opening of
7-Oxanorbornene Systems with Organolithium Reagents

OH
RLi R )
X
v
674, n=1; X=H, alkyl, vinyl, aryl, allyl;
Y=0H
675, n=1; X=0H;
Y=alkyl, vinyl, aryl, allyl
n=2; X=Me,
Y=0H

677, R= alkyl, vinyl, aryl, allyl
678, R= alkyl, vinyl, aryl, allyl
679, R=t-Bu

676,

tion of ketone ¢)-671in the presence of BNl in 'PrOH
promoted the 7-oxa ring opening and the formation of
p-hydroxy ketone 4)-672 Reduction of 4)-672 followed
by acetylation provided the-C-galactoside {)-673
The oxa-bridge opening reaction in 7-oxanorborrighe
derivatives has been used as the key step in the synthesis of
different natural products and analogues. In the case of
oxabicyclic alcohols674—676, the reaction with organo-
lithium reagents afforded cyclohexenedi@&7—67%% in
a total regio-and stereoselective manner (Scheme #90).
However, in the case of the related protected alcohols or
hydroxymethyl derivatives, this reaction displayed a dramatic
decrease in regioselectivity which, in some cases, disappeared
completely?®” In order to make this transformation syntheti-
cally useful, Arjona, Plumet, and co-workers incorporated a
phenylsulfonyl functionality to the oxabicyclic systefiiin

orally active antithrombotic agent in the rat (venous Wessler’s this way, bicyclic compounds such @80and681(Scheme

test) but less active than racendd.

The photoinduced single electron transfer frorsNebnto
(+)-665has been applied to the synthesisigE-galactosides
of carbapentopyranoses-)-673 as disaccharide mimi¢%
(Scheme 99). The synthesis started fram-665 which adds
to PhSeCl in the presence of HC(OM#®&)eOH to give, after

101) were able to react with organolithium compounds by
application of two different methodologies: (a) base-induced
ethereal bridge opening, applied to compou688 and (b)
a Michael addition ring-opening sequence applied to com-
pounds6813%°

Implementation of methodology a, usiBg6as the starting

treatment of the lithium enolate with the Eschenmoser’s salt, material, led to 5a-carba-pL-glucopyranose§l) (Scheme

the enone{)-669. RadicalC-glycosylation and subsequent
stereoselective reduction of the tertiary radical onteke
face gave thendoeC-galactoside-)-670. Oxidation of the

102)310 Regiocontrolled phenylsulfenoetherification, fol-
lowed by reduction, protection of the diol, and oxidation,
yielded bicyclic sulfone$82—684. Strain-directegs-elim-

selenide followed by a seleno-Pummerer rearrangement andnation was then achieved @82 using"BuLi as the basic

radical deselenation led stereoselectivelyty-671 Irradia-

reagent, to givé85 Reaction 0685with dimethoxyethane
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Scheme 101. Reaction of Organolithium Reagents with
Phenylsulfonyl Oxabicyclic Systems

PhO,S 0 PhO,S
S
g Base P :
PO : %
Y OH
680
PhO,S X
Nu; ; Y
PhO S D X b) OH
N v Nucleophile or
OH
681 Nu X
PhO,S Y

Scheme 102. Synthesis of 5a-Carba-DL-glucopyranose (813

o) PhO,S PhO,S
7 v @ v
. RO y oo OH Cl)B
CO,H OR n
576 682, R=Bn 685
683, R=TBS
684, R=PMB
PhO,S OH
. \@ HO
V| VII-IX
BnO' ! ’;|j HO™ ~, ~OH
686 DL-81

aReagents: (i) PhSCI, CHEI82%; (ii) LAH, THF, 90%; (iii) TBSCI,
imidazole, DMF, 95% fo683 BnCl, KOH, dioxane, 90% fo682 PMBCI,
KOH, dioxane, 85% fo684; (iv) MMPP, MeOH, 97%; (v) n-BuLi, PhCkt
TMEDA, 80%; (Vi) (MeO)CH,, TsOH, CHCl,, 88%; (vii) Na(Hg), MeOH,
NaHPOy, 75%; (viii) OsQ, NMMO, acetone-H,0, 95%; (ix) BROE®,
EtSH, 90%.

Scheme 103. Influence of the Protecting Groups in the
Stereoselectivity of the Nucleophilic Epoxidation of Sulfones
685 and 687689

o 0,
PhO,S PhO,S ., Ph0,S.
+
RO:@ “ RO™ ) ROIP “

OR' OR OR' OR OR' OR
685 R=Bn, R'=H, 92% 690 (100%) (0%)
687 R=TBS, R'=H, 85% 691 (95%) 692 (5%)
688 R=Bn, R'=TBS, 88% 693 (10%) 694 (90%)
689 R=R'=TBS, 80% (0 %) 695 (100%)

and p-TsOH afforde@86, arising from debenzylation of the

primary alcohol followed by intramolecular acetalation.

Arjona et al.

of 690with MgBr,-OEt affordeda-bromoketonég96along
with its epimer in an 89:11 ratio. After chromatographic
separation, compour@R6 was transformed into the related
o-azidoketone&97with overall retention of the configuration,
owing to equilibration of the product in the reaction media.
Compound697 was a precursor d899 and 701 by stereo-
controlled reduction of the carbonyl group followed by azide
hydrogenation. On the other hand, bromohydfi@® and
705 obtained by stereocontrolled reduction of the carbonyl
group of696, were precursors for compoun@d®83and706,
respectively, by azide displacement in each case with
inversion of the configuration and subsequent reduction of
azide to amine. Final functional group manipulation of
compoundsr’03 and 706 allowed for the synthesis @302

and 704

The synthesis of racemic cyclophellitd,(R = H) and
its unnatural diastereoisomerR*%6S")-cyclophellitol has
been carried out using bromoketoB86 as the starting
material?'? In the original synthetic plan, the key step was
the stereoselective epoxidation of the alcor@B controlled
by the free hydroxy group at the allylic and/or homoallylic
position regarding the double bond (Scheme 105a). Thus,
reaction of 696 with CaCQ in DMF gave enone707.
Stereoselective carbonyl reduction under Luche’s conditions
yielded diol708 which, after epoxidation controlled by the
free allylic hydroxy group followed by debenzylation and
acetylation, afforded710, the tetraacetyl derivative of
(1R*6 S¥)-cyclophellitol. In order to invert the stereochem-
istry of the epoxidation reaction, a change of the protecting
groups in708 was necessary. However, preparation of the
required diol711 (Scheme 105b) was unsuccessful under a
variety of experimental conditions. In view of the problems
associated with the removal of the benzyl groups08
the overall sequence had to be repeated with more labile
protecting groups (Scheme 106). Thus, compouticd
(analogous to708 with PMB rather than Bn protecting
groups) was prepared froBY6in nine steps and 25% overall
yield, as previously described f@08 Silylation of 713gave
714, which could be cleanly deprotected to givEs.
Epoxidation then yielded’16, which, after desilylation,
yielded racemic cyclophellitol tetraacetat7.

The same authors carried out the synthesis of 5a-carba-
p-pL-mannopyranosylamine7g0) from o,-epoxysulfone
695 obtained from689 following the same methodology
(Scheme 1073'® The key step in this route was a new
transformation epoxysulfone> enaminone, via treatment
with NaNs, restricted to the use of silyl protecting groups.
Thus, treatment 0695 with sodium azide afforded enami-
none718 which, by reaction with AsO—pyridine followed
by catalytic hydrogenation of the resultifddjacetylenami-
none, gave rise to the amidoketorn&9. Reduction of719
with NaBH, and subsequent reaction with tetrabutylammo-

Desulfonylation and debenzylation with concurrent acetal njum fluoride yielded, after acetylation, compouf#.

cleavage gaveL-81.

The transformation 0695 into 718 deserves some com-

The stereochemistry of the nucleophilic epoxidation of ments. A reasonable reaction path (Scheme 108) involves
sulfones685 and 687-689 has been shown to depend on  the attack of the nucleophilic reagent to the epoxysulfone in
the nature of the protecting groups R arid&tcheme 103} the normal fashion to give intermediaf€1, which would

These highly distereoselective epoxidation reactions haveundergo desulfonylation, affordiré22 Evolution of nitrogen
been applied to the preparation of key intermediates in thein 722should give nitreng23 which, after a 1,2-hydrogen
synthesis of some carbasugar derivatives. Thus, fé/@a- shift, would afford intermediate/24. This intermediate
acetyl-&) validamine 602 and its G and G stereoisomers,  evolves to725via 1,2-silyl migration of its enolic form. After
699, 701, and704, have been synthesized from epoxysulfone the workup of the crude reaction, two sequences of keto
690 via stereoselective introduction of an amine group enol and imine-enamine tautomerism should give the final
precursor in the epoxide cleavage (Scheme $¥84eaction observed product18 This proposed mechanism was sup-
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Scheme 104. Synthesis of Aminocarbasugdrs

OH
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Na NHAc
HO., _~ vi AcO,, _~
BnO" “—0Bn AcO™ ""—O0Ac
OH OAc
698 699
N3 NHAG
HO_~ , AcO_~
Vi
BnO" “*—O0Bn AcO” Y “—OAc
OH OAc
700 701
Ns NHAc
v HO,,, vi ACO:,/
“—0Bn BnO"™ “—0Bn AcO™ “—OAc
OH OAc
703 704
Ns NHAC
AcO
HO vi
BnO“\ "—O0Bn AcO™ "—Ohc
OH OAc
706 602

aReagents: (i) MgBs, ELO—THF, 80%; (ii) NaN;, DMF, 88%; (iii) LiAI(t-BuO)sH, THF, —78 °C, 82% for698 85% for 702 (iv) BH3*SMe,, THF,
diastereomeric ratio for00, 52:48; 91% overall yield; diastereomeric ratio ftB5 82:18; 94% overall yield; (v) Najl DMF—HMPA, 150°C, 66% for
703 77% for706; (vi) (@) Ho/Pd—C; (b) AcO, py, DMPA. Yield two steps: 54% fo802 66% for 699 62% for 701; 49% for 704.

Scheme 105. Synthesis of Rt6S*)-Cyclophellitol
Tetraacetate 710

(@) Br
H (e] HO
o i i
o BnO™ BnO™
BnO' | |
OH OBn OH OBn OH OBn
696 707 708
HO. Q AcO. Q
iii iv
BnO™ “ AcO™ )
OH OBn OAc OAc
709 710
. Protection
2 Debenzylation
OR OH OR OH
71 712 R=Ac
9 R=H

aReagents: (i) CaC§ DMF, 150°C, 70%; (ii) NaBH;, CeCk:7Hx0,
—78°C to rt; (iii) MCPBA, CHxCl,, 71%; (iv) (a) B, Pd/C, MeOH; (b)
Ac0, py, DMAP, 80% two steps.

Scheme 106. Synthesis of Racemic Cyclophellitol
Tetraacetate 717

o
|>: 9 steps Ho\[; i TBSO\@ i
7 B —— B ——

: PMBO" ""l PMBO"
COH OH OPMB TBSO OPMB
576 713 714
TBSO RSO 9 Ao
1 1\
HO ) HO™ Y AcO” |
TBSO OH TBSO OH OAc OAc
715 716 717

aReagents: (i) TBSOTf, BN, 98%; (i) DDQ, CHCl,—H,0, 75%; (i)
MCPBA, CH,Cl,, 81%; (iv) () TBAF, THF; (b) AgO, py, DMAP, 75%
two steps.
base-induced ethereal bridge opening but effected on the
reduced vinylic sulfoneg29and730. Further desulfonylation
and bishydroxylation, followed by protectiemeprotection,
allowed the synthesis of the mentioned 2- or 3-deoxycar-
bapyranoses.

The Michael addition, ring-opening sequence (method b,
Scheme 101), using lithium acetylide as alkylating reagent
to the vinyl sulfone {)-737, has been applied to the synthesis
of three carbasugars derivativ$(i) a protected carbasugar

ported by the observation that both diastereomeric epoxides,(+)-740related to the antibiotic Rancinamycin B (i) a
695 and 726, were transformed int@’18 under the same  protected derivative of 5a-carlen-talopyranose-741, and
reaction conditions and in almost the same isolated yield. (jii) a protected derivative of 6-deoxy-5a-carbas-talopy-
The synthesis of new 2-deoxycarbapyranoses of the allo-ranosep-742 (Scheme 110). Sulfone)-737 was obtained
733and galactof34 series and new 3-deoxycarbapyranoses from the Diels-Alder adduct of furan ané&-bis-phenylsul-
of the gluco735and manndz36series has been achievéd, fonyl-ethylene3!8 The ring-opening reaction of«)-737with
in a divergent manner from the readily available (from lithium trimethylsilylacetylide afforded compounet}-738
compound 576) oxanorbornenic sulfone§27 and 728 This compound was transformed into diene){739 by

respectively*® (Scheme 109). The key step was the same reaction with sodium methoxide in methanol in a sequence
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Scheme 107. Synthesis of
5a-Carba{-pL-mannopyranosylamine (720) from
o,f-Epoxysulfone (6953

o NH,
PhO,S (- i TBSO i i
LS o |
TBSO OTBS TBSO OTBS
695 718
NHAc AcO
o iv, v, vi
- - AcO+ NHAc
TBSO AcO OAc
TBSO OTBS
719 720

aReagents: (i) Nabl DMF, 95%; (i) AcO, py, 92%; (iii) H,, Pd/C,
MeOH, 46%; (iv) NaBH, MeOH, 100%; (v) TBAF, THF; (vi) AgO, py,
70%, two steps.

Scheme 108. Proposed Mechanism for the Transformation
695 to 718

N
0. o 3
PhO,SG -PhsO, O N2
(a) — PhO,S —
TBSO" ) "'*| TBSO'"
TBSO OTBS TBSO OTBS TBSO OTBS
695 721 722

N o TBSO
-, — 718
‘I  TBSO" '

TBSO OTBS  1gsO OTBS TBSO OTBS

723 724
PhO,S Q NaN; /DMF
250, als 718
(b) 100 °C, 1h.
TBSO ‘—OTBS 85%
TBSO
726
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bond hydrogenation was used. Alternatively, the sequence
lithium aluminum hydride reduction and acetylation with
concomitant hydrogenolysis of the primary group afforded
742

Finally, a new electrochemical ring opening of 7-oxan-
orbornene systen#&which has been applied to the synthesis
of the bicyclic valienamine analogu&t4, should be men-
tioned. The strategy uses 3,7-dinitro-11-oxatricycloundec-
9-ene 43% as starting material (Scheme 111).

6.2.1.2. From Other Bicyclic Compounds.The G
framework of the bicyclo[2.2.1]heptane system has been used
by Mehta and co-workers to elaborate carbasugars and
“confused” carbasugars, taking advantage of the inherent
regio- and stereodirecting preferences of the norbornyl
system. In their approach (Scheme 112), the authors identi-
fied a 7-norbornenone system with a “locked” carbasugar
in which a G—C; bond scission could lead to a;C
carbasugar skeleton, whereas the alternatiyeG would
pave the way to a “confused” carbasugar system. According
to the authors, “confused” carbasugars have the same
oxygenation level as carbasugars but differ in the location
of the hydroxymethyl and the “para” hydroxy groujs.

A concise illustration of their protocol is outlined in
Scheme 113 with the synthesis of 5a-canta:-talopyranose
pentaacetate568) and “confused” carbasugd®832® The
starting 7-ketonorbornan&45, was prepared frorende2-
acetoxy-7-norbornene ketal or derivatives, with the latter
having been readily obtained by Dielslder reaction
between 5,5-dimethoxy-1,2,3,4-tetrachlorocyclopentadiene
and vinyl acetate, followed by reductive dehalogenation.
Baeyer-Villiger oxidation of 745 led to a regioisomeric
mixture of lactone§46and747(13:87 ratio). The reduction
of 746followed by a deprotectionprotection sequence led
to 5a-carba-DL-talopyranose pentaacetate6g), and the
same sequence applied to the major lactone delivéd&d

To introduce stereochemical diversity, a different strategy
was developed? Baeyer-Villiger oxidation of ende2-
acetoxy-7-norbornenon&49 furnished a mixture of lac-
tones 750 and 751 (30:70 ratio) (Scheme 114a). LAH
reduction of750led to cyclohexenetriof52, which under-
went a stereoselective Og@ediated dihydroxylation to
afford, after acetylation, 5a-carhlebL-altropyranose pen-

involving alkyne desilylation, alkyneallene rearrangement, taacetate 153. On the other hand, the stereoselective
vinylsulfone isomerization, and Michael addition/protona- epoxidation (MCPBA) of752led to 754, which, upon acid-
tion 31° Sequential desulfonylation and oxidative cleavage of catalyzed ring opening of the oxirane and acetylation,
the exocyclic double bond gave aldehy@d0 For the afforded 5a-carba-pL-mannopyranose pentaacetdiés),
synthesis of compoun@4], a sequence aldehyde reduction as the main product, with only traces of the regioisomeric
and protection of the free hydroxy group and catalytic double 5a-carbae-pDL-idopyranose %83 (Scheme 114b). In an

Scheme 109. Synthesis of 2- and 3-Deoxy Carbasugars

III V
3 1}9 Q b e + o
PhO,S “ PhOZS I PhO,S

A Bn
o8
/ 727 n 731 OBn
576
\ PhO,S i PhOys i PhO,S jii-v
L i o
: 2
OH OBn
OB
728 n 730 OBn 732 735

aReagents: (i) NaBl MeOH, 78% for729, 71% for 730 (ii) n-BuLi, THF, 93% for731; 72% for732 (iii) Na—Hg, NgHPQ4, MeOH, 60%, (iv) OsQ,
NMMO, NaHCGQ;, t-BuOH-THF—H,0, 92%, AgO, py/DMAP, 80%; (v) BR-OEL, EtSH, AcO, py/DMAP, 60%; (vi) AgO, py/DMAP, 82%; (vii)
BFs-OEt, EtSH, AcO, py/DMAP, 65%.



Carbasugars

Scheme 110. Syntheses of Carbasugar Derivatives 74D42

OH P TMS OH |

IR L - x"ﬁf
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OMe
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OH

0
O]j/CHO N XO%:?-"OMe
0_0
PaS

O

o ¥
OMe
740 X 741
Me,
AcO OMe
R
742

aReagents: (i) lithium trimethylsilyl acetylide, PhGH63%; (ii) Na/
MeOH, 71%; (iii) (a) Na-Hg, NaHPO;; (b) NalQy; (c) RuCk-H20, 40%
(three steps); (iv) (a) LAH, THF; (b) M€(OMe), TsOH; (c) K, Pd/C,
MeOH, 32% (three steps); (v) (@) LAH, THF; (b) 4@, py/DMAP; (c)
H, Pd-C, MeOH, 36% (three steps).

Scheme 111. Electrochemical Synthesis of Bicyclic
Valienamine Analogue 744

NO,
. O2N
! NHAc
@ Ho! “OH
O,N
743

744
aReagents: (i) CECN, LiClO4, platinum electrodeE = 2.5 V (ecs).

Scheme 112. Mehta's Approach to Carbasugars from
7-Norbornenones Based on BaeyetVilliger-Induced C;—C-
or C,—C7 Bond Cleavage

7 OH hydroxylationﬁ OH
U HO
HO C4-C7 &kE 4 3 C4-C;
-~— 4 -
2
HO OH 6 1 or HO OH
OH 7 OH
et

analogous manner, the major lactortel was transformed
in the “confused” carbasugar®6 and757 (Scheme 114c).

A different fragmentation process in the norbornyl system,
a sodium methoxide-mediated Grob-like “top to bottom”
fragmentation implying €-C; bond cleavageX — B —

C, Scheme 115), was used by Mehta and co-workers to

develop new access to carbasugét#ccordingly, reaction
of keto-tosylater58 with NaOMe resulted in a £ C; bond
cleavage to furnish the cyclohexene methyl e3&9 as a
single product (Scheme 116). Further transformatior&bef
delivered the desired targets, 5a-cadbat-galactopyranose
(570), 5a-carbas-pL-galactopyranose760), and 5a-carba-
a-DL-talopyranose §68) as pentaacetates and 5a-camba-
pL-fucopyranose {62 (Scheme 116).
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Scheme 113. Mehta’'s Approach to Carbasugars from
7-Norbornenones

2 ; o
(0]
(0]
)g il )ro o )ro
—_— o + 0
OAc OAc OAc
745 746 747
AcO
746 VY. AcO ‘OAc
AcO OAc
568
AcO
747 Y Ao +OAC
AcO OAc
748

aReagents: (i) Osg) NMMO, acetone-H,0, 80%; (ii) Amberlyst-15,
acetone, 70%; (iii) MCPBA, NaHC£CH,Cl,, quant; (iv) LAH, THF, 70%,;
(v) (@) Amberlyst-15, aq MeOH; (b) A©, py, 72%.

Scheme 114. Mehta’s Syntheses of
5a-Carba-a-pL-altropyranose and
5a-Carba-o-pL-mannopyranose Pentaacetates (753 and 585)
and Confused Carbasugars 756 and 757

(@ O

fii-iv

/

752

(c)

H

751 —

2:2;
755
757

aReagents: (i) MCPBA, CbCly, 94%; (ii) LAH, THF, 70%; (iii) OsQ,
NMMO, acetone-HO; (iv) Ac20, py, two steps, 78%; (v) MCPBA, 10,
75%; (vi) HCIOy, H20; (vii) Ac20, py, 73%.

From the same starting material, Mehta and co-workers
were able to prepare 6-aminocarbagalactopyrandéé),(
carbagalactovalidamine77), new 2-deoxy-2-aminocar-
bagalactopyranos&'§8), and a range of “confused” amino
carbasugars{64, 770, 773 and774 (Scheme 1173°®

Mehta et al. also reported the synthesis of new bicyclic
analogues of carbasugars, which they named “annulated
carbasugars”, of typeA and B.3?6 The synthesis of poly-
hydroxylated hydrindanesH)-778and ()-779was carried
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Scheme 115. Mehta's Grob-like Fragmentation of Norbornyl
Systems Leading to Carbasugar Precursor C

Arjona et al.

Scheme 117. Mehta’'s Synthesis of Aminocarbapyranoses

and “Confused” Aminocarbapyranoses

o} HO
o) 90) oMe 0. OMe oO
© $ i >( iv_ Ho NH,CIH
Fr MeO Fr 758 — o — 2
H  MeOH 112 _ OTs HO OH
OMs (OTs) @Ms (OTs) 763 764
A B C
AcO HCIH,N
Scheme 116. Mehta's Syntheses of 5a-CarleabL-galacto-
(570), 5a-Carbag-bL-galacto- (760), and 5a-Carbax-pL-talo- 758 Y o] O vinvii HO ""OH
(568) Pyranose Pentaacetates and - #\O 'f,o/k - HO ‘:OH
5a-Carba-o-pL-fucopyranose (762) via Grob-like 765
) 766
Fragmentation
@ 0. OMe HO HO
AcO viii-xi
/\\/o _ o ) c 758 X Ho%:>"'NHZCIH + HO +OH
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o / HO ©H HO"  NH,CH
OTs AcO OAc 767 768
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o HO NH,CIH
(b) AcO AcO ) ><
Vicix 753 X! o Xiii-Xiv
759 AcO "OAc + AcO OAc AKH — -~ HOw OH
2 O
Ac0”  oac A0’ oac 769 CClg 770 °H
568 (5:2) 760
0 OH
(c) OH ><
Me 748 XV-XVi + O o
759 X-Xiii O XiV-XV HO +OH /k
><O ., / OH (6}
70 g 77 772
& HO OH
761 .]L 762 Jxvii-xviii J xvii-xviii
aReagents: (i) NaOMe, MeOH, 70%: (i) OSONMMO, 95%: (iii) HO OH HO NHCIH
LAH, THF, 88%; (iv) Amberlyst-15, aq MeOH; (v) A©, py, 74% (two
steps); (vi) LAH, THF, 90%, AgO, DMAP, 95%; (vii) MCPBA, NaCOQs, HO: OH HO' OH
65%; (viii) cat HCIQi, H20; (ix) Ac20, py, 67% (two steps); (X) OsO I"NH CIH
NMMO, 95%; (xi) Amberlyst-15, acetone, 85%; (xii) LAH, THF, 82%; 773 2 774 OH

(xiii) TsCI, py, 94%; (xiv) NaBH, DMSO, 72%,; (xv) Amberlyst-15, MeOH,

75%. aReagents: (i) MCPBA, CCl,, 85% (87:13); (ii) LAH, THF, 85%,

Ac;0, DMAP, 92%; (iii) NaNs, DMF, 82%; (iv) H, Pd—CaCQ, 80%,
HCI, 90%; (v) Nal, acetone, 92%, NgNDMF, 92%; (vi) H,, Pd—CaCQ,
Ac,0, DMAP, 62%; (vii) HCI, 92%; (viii) LAH, THF, 90%, AgO, DMAP,
95%; (ix) Chloramine T, Os@) 70% (4:1); (x) AeO, DMAP, Na-
naphtalenide, DME; (xi) HCI, 56% for67, 42% for768 (xii) Amberlyst-
15, acetone, 81%, C&IN, DBU, 93%; (xiii) K,COs, p-xylene, 70%; (xiv)
0OsQ,, NMMO, 92%, HCI, quant; (xv) LAH, THF, 70%,; (xvi) Amberlyst-
15, acetone, 78% (47:43); (xvii) MsCl, py, NaNDMF, 65% for771, 70%
for 772, (xviii) Hz, Pd—CaCQ, HCI, 80% for773 85% for 774

out fromendoallylic alcohol (+)-777, readily available from
racemic775by kinetic enzymatic acylatioft” Polyhydroxy-
lated decahydronaphthaler&l, prepared from norbornenyl
derivative 780,225 was found to be a potent and selective
a-glucosidase inhibitork{ = 12 uM, compared to deoxy-
nojirimycin k = 25.4uM), although it showed no significant
inhibitory activity against-glucosidases at millimolar
concentrations (Scheme 118).

Afarinkia and Mahmoo#8 also used bicyclic lactones in
the synthesis of racemic 2-epi-validaming4). The key
step in their methodology is the Diet&\lder cycloaddition
of appropriately substituted 2-pyrones with electronically
matched dienophiles. Accordingly, bicyclic lactoi@4,

facilitating sequential oxygen introduction and leaving
the introduction of the exocyclic carbon atom as the key
step.

Ley and co-worker&® described the synthesis of 5a-carba-
o-D-glucopyranose 1), using the microbial metabolite
mesecyclohexa-3,5-diene-1,2-diof §7) as starting material
obtained as the maj@ndoisomer €ndaexo6:1) from the (Scheme 120). The diof87 was then converted into the
Diels—Alder reaction of ethyl cumalat@82 and vinylene epoxide788, following previous work by the authof} and
carbonaté¢’83(Scheme 119), was submitted to hydrogenation treated with lithium acetylide ethylene diamine complex to
and ammonolysis to afford amid&@5 Hofmann rearrange-  yield alkyne789. The latter was deoxygenated, via Super-
ment and reduction led to 2-epi-validamine, which was Hydride reduction of the derived triflate, and transformed
characterized as its pentaacetaie4 into 81 by Lindlar reduction, reductive ozonolysis, and

6.2.1.3. From Aromatics. The microbial oxidation of ~ deprotection.
arenes to cyclohexadiene diols has also been prevalent in In their protocol for the synthesis of carbapyranoses,
carbasugar synthes®®.In particular, the use d?seudomonas  Vandewalle and co-workers described a chemoenzymatic
putida is one of the most valuable tools in this field, conversion of787 to the hydroxyl ester«)-792 (Scheme
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Scheme 118. Mehta's Group Approaches to
Polyhydroxylated Hydrindanes and Decahydronaphthalenes
as New Families of “Annulated” Carbasugars
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Scheme 119. Synthesis of 2-Epi-validamine Pentaacetate
(704p
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CONH,
o AcO
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o — AcOr NHAc
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aReagents: (i) sealed tube, 110, 81%; (ii) Hy, Pd/C, EtOAc, quant;
(iii) NH 3, 1,4-dioxane, 91%; (iv) Phl(OCOGJ;, MeCN—-H,0, aq HCI,
92%; (v) LAH, THF, AcO, py, 88%.

121)33 Their strategy demanded the incorporation of a
functionalized one-carbon substituent on one of th& sp
carbon atoms of «)-792 Their first key intermediate,
(bromomethyl)silyl ethe?93 was transformed into the cyclic
silyl ether794 by radical cyclization. Cyclic silyl ether94
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Scheme 120. Synthesis of 5a-Carba-D-glucopyranose (81)
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aReagents: (i) NaOMe, (Me@}O; (i) MCPBA, CH.Cly; 47% two
steps; (i) R)-(+)-secphenetyl alcohol, HBFOEb, 67%; (iv) BnBr, AgO,
DMF, quant; (v) E4N, MeOH, HO, 99%; (vi) DMP, CSA, CHCl,, 77%;
(vii) HCCLI-EDA, DMPU, 60%; (viii) Tf20, py, 76%; (ix) SuperHydride,
93%; (x) H, Lindlar catalyst, 93%; (xi) @ MeOH/NaBH,, 93%; (xii)
Amberlyst IR-120, MeOH, 79%; (xiii) H,, Pd—C, quant.

tion of the hydroxymethyl group (Scheme 122). The allylic
alcohol (+)-792 was transformed, by inversion of the
configuration in one of the allylic oxy substituents, into
stannan@&01, from which a 2,3-Wittig rearrangement led to
alkene802 (Scheme 122). The latter, after hydroboration,
hydroxyl deprotection, and peracetylation, yielded 5a-carba-
o-D-mannopyranose pentaacetatésgh). On the other hand,
hydroboration o802 followed by an oxidation-reduction
sequence led to epimeric 5a-cayb@-mannopyranose pen-
taacetate@57). For the preparation of the carbasugars with
the allo configuration, the authors interchanged the protection
of the allylic oxy groups in £)-792 to obtain805. From
this compound, and in essentially the same way as above,
they prepared carbasugar derivati®@7 and, thence, 5a-
carbag-p-allo- and 5a-carba-p-allopyranose pentaacetates
(808 and 809), respectively?s3
1-lodocyclohexa-1,3-diene-5,6-dioB11), obtained by
whole cell fermentation of iodobenzeB&&0with Pseudomo-
nas putida has been used by Entwistle and Hudlicky, in the
synthesis of 5a-carbép-altropyranose pentaacetate386)
(Scheme 123334 The diol 811 was converted, in several
steps, to the diacetoni@®i2 Halogen lithium exchange, with
‘BuLi, followed by quenching with carbon dioxide and
esterification, furnished,3-unsaturated este&313 Hydro-
genation of the alkene, reduction of the ester, deprotection,
and peracetylation gave 5a-capa-altropyranose pentaac-
etate (-586).

Carless and Mali®® described a direct route to 5a-carba-
o-L-fucopyranoseL( 762 from cis-cyclohexadienediolg15),
available in enantiopure §2R) form by microbial oxidation
of toluene usingPseudomonas putidégScheme 124). Iso-
propylidenation o815 followed by dihydroxylation, led to
diol 816 Hydrogenation oB16resulted in the formation of
5a-carbaa.-L-fucopyranose derivativ@17 along with 6-deoxy-

was subsequently oxidized, deprotected, and acetylated tdba-carbgs-p-altropyranose derivativB18as a minor com-

lead to 5a-carb@-L-gulopyranose pentaacetaf9p). The
correspondingoi-anomer, 5a-carba-L-gulopyranose pen-
taacetate 197), was obtained fronY94 via an oxidation-
reduction sequence involving ketoi@6. For the synthesis
of a- andS-p-talopyranoses-568andp-800, respectively,
a similar protocol starting fron798 readily prepared by
Mitsunobu inversion of£)-792 was used??

ponent. Acid hydrolysis 0of817 yielded 5a-carbaxL-
fucopyranosel(-762).

Crout and co-worke?&® reported the synthesis of 5a-carba-
o-L-fucopyranose(762 and 6-deoxy-5a-carhé-p-altro-
pyranose §23) using the microbial metabolit819 as the
homochiral starting material. This metabolite was produced
by biotransformation of cyanobenzene using a recombinant

For the synthesis of 5a-carba-manno- and -allopyranosestoluene dioxygenase expressedstherichia cofi®” (Scheme

Vandewalle and co-workers employed a 2,3-Wittig rear-

125). Aldehyde821 was prepared in four steps from the

rangement, rather than a radical cyclization, for the introduc- cyanodiol819. Reduction and protection to allylic acetate
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Scheme 121. Vandewalle's Group Approach to
Carbapyranoses Based on Radical Cyclizatioh
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aReagents: (i) n-PrCOCI, gt, DMAP, CH,Cl,, quant; (ii) PGL, pH
=7, NaOH, 83%; (iii) (oromomethyl)chlorodimethyl silane sBf DMAP,
CH,Cly; (iv) n-BusSnH, AIBN, PhCH, reflux; (v) KF, KHCG;, H20,, THF/
MeOH, N&SGs, 71% from (+)-792 (vi) KHCOs, MeOH; (vii) TSOH,
MeOH; (viii) Ac0, 75% (three steps); (ix) 2,2-dimethoxypropane, DMF,
PPTS; (x) oxalyl chloride, DMSO, Btl, CH,Cl,, 96%; (xi) NaBH, THF—
MeOH, 84%; (xii) p-NQPhCOOH, PEP, DEAD, THF; (xiii) KHCOs,
MeOH, 94%, two steps.

822was followed by hydrogenolysis, which proceeded with

Arjona et al.

Scheme 122. Vandewalle’'s Group Approach to
Carbapyranoses Based on 2,3-Wittig Rearrangemeft
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aReagents: (i) (a) MPMOGE{NH)CCl;, CSA, CHCly; (b) MeOH,

KHCO3, 98% two steps; (ii) (a) PhC®l, PP, DEAD, THF; (b) MeOH,
KHCOs, 97% two steps; (i) KH, ICHSnBw, THF, 76%,; (iv) n-BulLi,
THF, 92% for802 72% for805 (v) BHs, THF, then HO,, NaOH, 89%
for 803 95% for 807, (vi) Hz, Pd—C, MeOH; (vii) TsOH, MeOH; (viii)
Ac,0, py, 87% for808 98% for809overall; (ix) TBSCI, imidazole, DMF,
92% for 804, 76% for806; (x) oxalylchloride, DMSO, EiN; (xi) NaBHy,

MeOH, 92% for804, 72% for 809, (xii) NaH, THF, TBAI, BnBr, 98%;
(xiii) DDQ, CH.Cl, H,0, 91%.

simultaneous removal of the allylic acetate function and zylation, and complete acetylation led to 5a-cafba-
saturation of the double bond to yield isomeric carbasugarsaltropyranose pentaacetate586).34°

L-762and 823

Halogenated intermediat828and829were used for the

Landais and co-workers employed the desymmetrization synthesis of 6-deoxy-5a-carlfa:-altropyranoser(823 and

of cyclohexadienylsilan®&25 as an access to carbasugars,

carba€C-disaccharides, and aminocarbasug&3he “con-
trolled” Birch reduction of {ert-butyldimethylsilyl)benzene
(824 furnished cyclohexadienylsilang25 (Scheme 126).
Differentiation of the enantiotopic double bonds8#5was

1-oxy-carbafructopyranose derivativ835 as illustrated in
Scheme 1274

In a complementary approach, the £&HH moiety was
introduced through a [2,3]-Wittig sigmatropic rearrangement.
Thus, the authors transformed the silicon grou@B38, into

accomplished by Sharpless asymmetric dihydroxylation, anda OH group using the Tamadumada conditiong? and
the ensuing diol (71% ee) was then protected as itsthe ensuing allylic alcohol837, was transformed into the

bis-benzyletheB263%° The CHOH group at G was stereo-

tin-containing precursoB38 (Scheme 128) by alkylation.

selectively introduced by an electrophile-mediated cyclo- This sequence was applied to the synthesis of 5a-aarba-

propane ring opening fror@27to either828 or 829, lodide
828 was converted to (phenyldimethyl)silyl derivati880,

p-galactopyranose pentaacetanes{y0).34°
Landais’ group* also followed their approach for the

and from it, a sequence of transformations involving catalytic synthesis of carb&-disaccharideB43 (Scheme 129). The
osmylation, oxidation of the silyl group, acetylation, deben- implementation of the protocol involved cyclopropanation
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Scheme 123. Synthesis of 5a-Carkjg-p-altropyranose
Pentaacetate -539) by Microbial Oxidation of lodobencené

et

Pseudomonas
putlda

810 811 812
COzMe
- o - AcO
— o>< X Ao OAc
o
)Vo AcO  OAc
813 D-586

aReagents: (i) DMP, TsOH; (ii) Osp NMMO, t-BuOH, HO; (iii)
DMP, TsOH, 75% from811; (iv) t-BuLi, Et0, COy; (v) Mel, KoCOs,
acetone, 90% two steps; (vipHPd—C, EtOAc, EtOH, 92%; (vii) DIBAL-
H, PhMel, 74%; (viii) Amberlyst-15, MeOH, bD; (ix) Ac20, py, DMAP,
89% (two steps).

Scheme 124. Synthesis of 5a-Carba-L-fucopyranose
(L-716) by Microbial Oxidation of Toluene?

Me Me
(0]
Pseudomonas ><
put/da o' Y0
OH
814 815 816
Me Me
o] -0
X+ X
Ho Y © Ho Y ©
817 818

iv

Me,

HOH.Q-OH

HO OH
L-762

aReagents: (i) DMP, acetone, €FO,H, 86%; (i) OsQ, NMMO,
acetone, KO, 30%; (iii) Hp, PtO, 58% for818 12% forL-762 (iv) AcOH,
H20, 96%.

Scheme 125. Synthesis of Carbasugars by Microbial
Oxidation of Cyanobenzené
CHO

819 820 821

éw. WQ

822 L-762

a Reagents: (i) 2,2-dimethoxypropanéiHii) cat. OsQ, NMMO, 52%;
(iii) DIBAL, THF, 39%; (iv) DIBAL-H, THF, 82%; (v) Ac20, py, 90%;
(vi) Ha, Pd—C, EtOH; (vii) HCI, MeOH, HO, 40% forL-762, 40% for
823
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Scheme 126. Synthesis of 5a-Carlfg-L-altropyranose
Pentaacetate ((-586) by Desymmetrization of Dienylsilanes
(825y

SiMestBu SiMestBu SiMe,tBu
_ S ) A _0Bn
0 (X
OBn
824 825 826
SlMeztBu OBn

OBn iv
CE OBn
X

828, X=I
v [829, X=Br
830, X=SiMeoPh
AcO—.,

831 _— ((I — AcO—Q

L-586
aReagents: (i) Nk L|, THF, t-BuOH, 94%; (ii) KoOSQy(OH)a,
(DHQ)py, t-BuOH-H,0, K,COs, KsFe(CN), NaH, BnBr, 76%; (iii) ZnEs,
CHaly, CICH,CH,CI, 88%; (iv) NIS, MeCN, 82% foi828 NBS, MeCN,
70% for 831; (v) t-BuLi, PhMeSiCl, 80%.

Scheme 127. Landais’ Group Synthesis of
6-Deoxy-5a-carbap-L-altropyranose (L-823) and
1-oxycarbafructopyranose (835)

OH Me.,
oop HOIIOBn i HO—<;>--'OH
Me OBn vd  oH
833 L-823
o OH
i O, _A,0Bn j, HOT™S
829 —~ — 5 ++OBn
OBn # d
Br OBn
835

aReagents: (i) n-BuLi, THF, Osp)NMMO, THF, 60%; (ii) H,, Pd—
C, EtOH, 64%; (i) OsQ, NMMO, THF, DMP, TsOH, 95%; (iv)
phosphazen-Et; (v) THF, OsONMMO, THF, 36% (82:18 ratio).

of allylsilane826 (71% ee), using Cu(l)OTf-Schiff-base and
ethyl diazoacetate, and treatment of the ensuing cyclopropane
with CsF in acetonitrile, producing the olefB41 Osmy-
lation of the double bond, protection of the resulting diol,
reduction of the ester, and Swern oxidation afforded the
aldehyde842 Reaction of the latter with 2-deoxyglucosyl-
lithium took place with retention of the configuration of the
anomeric center and led to an 80:5 mixture of the two aldol
epimers at @ which was subsequently oxidized to the ketone
843 The formation of a third aldol product, arising from
the minor enantiomer of the carbasugar precuss® was
also observed (15%).

Aminocarbasugar derivativ848 (Scheme 136f® was
prepared from cyclohexadienylsilane deriva434 Sharp-
less asymmetric aminohydroxylation provid@d534> with
complete regio- and diastereocontrol, that after oxidation of
the C-Si bond and protection led t846. Tin-mediated
5-exotrig radical cyclization of the (bromomethyl)silyl ether
847, as previously described by Vandewalle et*&led to
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Scheme 128. Synthesis of 5a-Carba-b-galactopyranose
Pentaacetate -570)

S|Me20Me BU3Sn/\
AcO
i 0
— >< AcO OAG
o g
HO AcO OAc

839 D-570

#Reagents: (i) by, KF, KHCOs, DMF, 75%; (i) KH, THF, BuSnCH,
82%; (iii) n-BuLi, THF, 51%; (iv) (a) AgO, py, OsQ, NMMO, THF; (b)
AcOH—H0; (c) AcO, py, 92% (four steps).

Scheme 129. Landais’ Group Approach to
Carba-C-disaccharide$

SiMestBu

. : OBn
i OBn i
826 — EtO,C' OBn
OBn
EtO,C
840 841
OBn
O..Li
ZLO BnO"”
ii OBn OBn
OBn v
CHO Bno™

OBn

843

aReagents: (i) ethyldiazoacetate, CuOTf, 82%; (ii) CsF, DMF, 83%;

(iii) (1) OsO4, NMMO, acetone-HO; (2) MeC(OMe), TsOH; (3) LAH,
Et,0, 0°C, 1 h; (4) (COCI), DMSO, EgN, CH,Cl,, —20 °C, 84% (four
steps); (iv) 2-deoxyglucosyl lithium, THF, 82%; (v) PDC, &, 54%.
Scheme 130. Synthesis of Aminocarbasugar Derivative 848
SiMeon SiMeon COzEt

57 e &F

\ ./ HO
> cop HOQD
EI o ¥
EtOZC’NKO

848
aReagents: (i) IgOsOZ(OH)4, (DHQ)2py, t-BuOCI, NaOH, EtGCNH,,
n-PrOH-H,0, 98%; (ii) H:O,, KF, KHCO;, DMF, 70%; (iii) Me;C(OMe),
75%,; (iv) BrCH:SiMeCl, EN, EtO, 94%; (v) (a) n-BySnH, PhH; (b)
H,0,, KF, KHCOs, DMF, 74%.

the formation of amino carbasugar derivatB48, after the
oxidation of the C-Si bond.

e e
=~ 4&‘(50 —o\r HO N/

Arjona et al.

O
X
o~ oP
PO ¢

R3Si0.__ X
AW o
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+ — PO
PO N po  ©P
PO O D
F X=0, S, NBOC

Figure 48. Casiraghi’'s approach for carbapyranose synthesis.

Scheme 131. Synthesis of 5a-Cark@b-gulopyranose ©-5)
and 5a-Carbas-p-allopyranose (853)

(0} 0}
OTBS

233 234 HO OTBS

849
0
V-Vi O“H
OHC
TESO  OTBS TESO OTBS TESO OTBS
850 851 1) gsp
HO
i
851 — o Hob—OH
HO OH
D-5
HO
vii
HO OH
853

aReagents: (i) BFELO, 75%; (ii) NiCk, NaBH,, quant; (iii) TBSOTT,

90%; (iv) aq AcOH, 96%; (v) TESOTT, py, DMAP, 95%; (vi) (CO&,
DMSO, EgN, 98%; (vii) TBSOTT, DIPEA, 69% foB51, 6% for852, (viii)
LiBH 4, aq HCI, 81% forp-5, 80% for 853

(Scheme 131) started with unsaturated lact®8 prepared

by the vinylogous cross-aldolization of furan-based silyloxy
diene233and glyceraldehyde derivatia34. Hydrogenation,
followed by protection and deprotection steps, led to lactone
849 Silylation of the free hydroxyl groups was followed by
chemoselective Swern oxidation at the primary silyl group
to give aldehydeB50. The cycloaldolization reaction fur-
nished bicyclooctane351 (69%) accompanied by small
quantities (6%) of its ¢epimer,852 Reduction with LiBH
followed by removal of the protecting groups yielded the

6.2.1.4. MiscellaneousCasiraghi and co-workers extended desired carbapyranosess and 853

the strategy previously used by them for the preparation of

The same approach was also used for the synthesis of 5a-

carbafuranoses (see Figure 45) to the synthesis of carbapyearbag-L-mannopyranose {590)34¢ (Scheme 132) but using
ranoses and derivatives. The new protocol is outlined in lactone242 the G, epimer 0f235 obtained after equilibration

Figure 4875
Along this line, the synthesi¥346 of 5a-carbgs-p-
gulopyranose o-5) and 5a-carb#-p-allopyranose §53

with EtzN.177 Accordingly, the synthesis of 5a-carfa--
mannopyranoseL{590) from 242 took place in five steps
and 30% yield.



Carbasugars

Scheme 132. Synthesis of 5a-Cark@+-mannopyranose
(L-590)

o} o] o}
o] [ o] ii-v O viyvii
N\ 4YH — N 4H — H —
0 0N\ s HO N\
ﬁ\o OH ‘)\d OH HO  OTBS
235 242 854
0 0\ HO—

TESd :OTBS TESOS —bTBS HO OH

855 856 L-590
aReagents: (i) BN, 80%, three equilibration cycles; (ii) BFELO; (iii)
NiCly, NaBH,, quant; (iv) TBSOTf, 84% (three steps); (v) ag AcOH; (vi)
TESOTf, py, DMAP, 68% (two steps); (vii) (COG|)DMSO, EtN, 70%;
(viii) TBSOTF, DIPEA, 74%; (ix) LiBH4; (x) aq HCI, THF, MeOH, 59%

(two steps).

Scheme 133. Rassu-Casiraghi's Strategy for the Synthesis of

1-Thio-5a-carbahexopyranoses
HO
HOb—SH

HO OH

OTBS
EE + O/;¥\\ - 857
S 4%0 o "
HO
246 234 C
HO" - SH
HO OH
858

An analogous strategy using silyloxy thiophe246
(Scheme 133) and aldehy@34 was used by Casiraghi’s

group for the preparation of carbapyranose derivatives

containing a thiol, rather than a hydroxyl group, at*¢ In
this manner, 1-thio-5a-carl&p-gulopyranose §57) and
1-thio-5a-carbgs-p-allopyranose&58) were obtained in nine
steps and 11% and 12% overall yields, respectively.

This protocol was extended to aminocarbasugar derivatives
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Scheme 134. Rassu-Casiraghi’s Strategy for the Synthesis of
1-Amino-5a-carbahexopyranoses

o) (@]

oTBS
_ 0 i NBoc iv-vii .
CNBoc+ /h —»@H - wH
0 o/ TESO” \—/
o0 oTBS TESO  OTBS
253 234 859 860
0
Bn . .
viii NH
OHC
TESO  OTBS TESO OTBS TESO OTBS
861 862 863
HO
Ho:2:>—NH2
xii-V HO  OH
864
862 0
HO
XV-XVi
HO NH;
HO OH
865
HO
X"'Xyl HO OH
s63 866
0
XV-XVi HO
HO: - NH,
HO OH
867

aReagents: (i) SnGl 80%; (ii) NiCl,, NaBH; (iii) TBSOTf, 93% two
steps; (iv) TBSOTf, DIPEA; (v) BnCl, KH, 79% two steps; (vi) ag AcOH,
95%; (vii) TESOTT, py, DMAP, 98%,; (viii) Swern oxidation, 98%; (ix)
TBSOTI, DIPEA, 84%; (x) Na, liqg NH; (xi) Boc,O, 66% for862 28%
for 863 (xii) NaBH.4, THF, 85% for864, 74% for866; (xiii) aq HCI; (xiv)
DOWEX H*, 97% for 864, 95% for 862, (xv) aq LiOH, THF, 80% for

by using silyloxy pyrrole253as the starting material (Scheme 865, 90% for867: (xvi) (a) aq HCI; (b) DOWEX H-, 96% for 865, 98%
134)178347|n this manner, the divergent syntheses of (5a- for 867.

carbag-p-gulopyranosyl)amine8g4), (5a-carbg3-p-allopy-
ranosyl)amine&65), (5a-carba3-p-gulopyranuronyl)amine
(866), and (5a-carb@-p-allopyranuronyl)amineg67) were
efficiently achieved.

A very short and efficient synthesis of valienamiriel)(
has been described by Trost and co-work&(Scheme 135).

More recently, Yu and Chung have described a new
protocol for the synthesis of 5a-carffaz-altropyranose
derivatives (e.g.p-881, Scheme 137) fromdf)-3-cyclohex-
ene-1-carboxylic acid {£)-883.25! The retrosynthesis, out-
lined in Scheme 1374, is based on the transformatios:pf (
883 into homochiral diolb-882 and, thence, on to-881

The key aspect of the strategy involves the use of a new Enzymatic resolution of hydroxy estee:)-884, readily

palladium-basedis-hydroxyamination reaction of the allylic
epoxide869 (Scheme 135c). The required oxira®@9 was
prepared in racemic form by DietdAlder reaction of ethyl

prepared from £)-883 allowed access to hydroxy esters
D-885 and L-886 (Scheme 137b). The former was then
reduced to diob-882and transformed into the 5a-carBa-

propiolate and 1-sililoxy-1,3-butadiene followed by epoxi- bp-altropyranose derivative-881 by a series of transforma-
dation, whereas the asymmetric synthesis made use of artions (Scheme 137c) in which the key step was the

asymmetric palladium-catalyzed hydroxycarbonylaitdn
reaction (Scheme 135a,b).

Van der Eycken and co-workéP8 have described the
synthesis of 6a-carbé-p-fructopyranose&0) and 6a-carba-
a-D-fructopyranose§80), from the enzymatically resolved
homochiral building block J)-875 in 36% and 20% overall
yield, respectively (Scheme 136).

transformation of an epoxide to an allyl alcohol. The authors
extended this strategy, first, to the synthesis of 5a-cgrba-
D-manno- 3-p-ido-, ands-b-talopyranosidesp-889, p-890,
andp-891, respectively; Scheme 137d) from 5a-cafba-
altropyranoser{-881),3°! by procedures involving regiose-
lective benzoylation and stereoselective oxidation/reduction
at G and G. More recently, they have reported the
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Scheme 135. Trost's Synthesis of Valienamife

(a)
oTBS CO 2 oTBS oTBS
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CO,Et i A -COZEt
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(+)-868 (+)-869
(b) 0
0,CPh 0 OTBS
@ : \\—SOZPh 5__CO,Et
Phso2 > @ C
¢0,Ph
(+)-870 (-)-871 (+)-869
oTBS oTBS
(©) oTBS COzEt TBso CO,Et
|vv U/ U/ — HO"
HO OH

}rNTs

872 873 11
aReagents: (i) 80C, neat, 91%; (i) MCPBA, NaHC¢ PhH, 80%;
(iii) m-allylpalladium dimer, (82S)-bis[(diphenylphosphino)benzami-
do]cyclohexane, NaHCS) THF, H,O, then (dibenzylideneacetone)palla-
dium, PPR, 60°C, 87%,; (iv) DBU, DMAP, TBDMSCI, CHCI,, 76%; (v)
MCPBA, NaHCQ, 86%; (vi) 2,2-(pentane-2,4-diylbis(oxy))bis(4,6-dim-
ethyl-1,3,2-dioxaphosphinane), Pd(OAC)sNCO, MgSnOAc, THF, 70%.

Scheme 136. Synthesis of 6a-Cark@-b-fructopyranose (80)
and 6a-Carba-o-p-fructopyranose (880}

OCOnPr
cutinase
5 steps \uO pH 7
= (< (o<
(<95% ee)
(+)-874 R)-875
Ngne: @ - Y)
876 877
OH
- HO' A
878 v 0 QW vi,vii Q’—OH
7ko“ OH HO OH
879 80
OH
viii-x HO: ",
878 ——— o
HO OH
880

aReagents: (i) MeSg&rl, EN, 98%; (ii) DBU; (iii) MCPBA, 72% two
steps; (iv) M@S*"1—, n-BuLi, 45%; (v) MCPBA, 74%; (vi) NaOH, 81%;
(vii) Amberlyst-15, MeOH, 77%,; (viii) Os@ NMMO, 97%; (ix) HCIO,
acetone, 93%; (x) Amberlyst-15, MeOH, 80%.

preparation of the remaining-p isomers and on to the-

and -p-allo-, -gluco-, -gulo-, and -galactopyranoses, thus
completing the synthesis of all 16 carbasugar stereoiso-

mers352

Arjona et al.

Scheme 137. Yu and Chung’s Synthesis of
5a-Carba{f-p-manno-, $#-p-ido-, and -f-p-talopyranose
Derivatives*

OTPS
OMOM OH Q
(@) = OH = 1o
HO" Y~ “OMOM
OH
D-881 D-882 (+)-883
o 0 )I
OH
MeO i MeO OH MeO OAc
(b) R —— +
()-884 D-885 L-886
OTPS OTPS
OH OH
(c) D-885 '~ pgg2 WYV Y Y pgs1
0 OH
D-887 D-888
OTPS OTPS
OMOM OMOM
4 4
HO” ™~ “OMOM BzO OMOM
OBz OH
D-889 D-890 D-891
(B-manno) (B-ido) (B-talo)

aReagents: (i) Novozym 435, vinyl acetate, t-BuOMe, 48985 (90—
95% ee), 52% -886 (80—85% ee); (ii) LAH, THF, crystallization, 75%,
100% ee; (iii) t-butydiphenyl silyl chloride (TPSCI), imidazole, 70%; (iv)
MCPBA, CH,Cl,, 96%; (v) (a) BzCl, py, 98%; (b) TMSBr; (c) DBU; (d)
1 N HCI, 78%; (vi) (&) MOMCI, (i-Pr)NEt, 99%; (b) Os@ NMMO, 99%.

Scheme 138. Synthesis of 5a-Carljgp-allo-, -a-p-altro-,
and -o-D-allopyranose Derivatives fromp-8812

OTPS OTPS OTPS
i OH OBz OH
D-881 — i "
BnO™ > NoH BnO" Y TOH Bno™ 0B
A OBn o
OBn (43:57) OBn
D-891 D-892 D-893
OTPS
OBz
D892 — "
BnO" > “OH
OBn
D-894
(B-allo)
OTPS OTPS
D.893 —— ~OH LOMOM
BnO" Y~ OBz BnO" Y “OH
OBn OBn
D-895 D-896
(a-altro) (a-allo)

aReagents: (i) NaH, BnBr, TBAI, THF, 90%; (ii) TMSBr, GBl,, 64%;
(iii) (@) (EtO)sCPh, TsOH, CHCly; (b) 80% aq AcOH, 95%.

5a-carbgs-p-allose 0-894), 5a-carbgs-p-altrose 6-895),

Protecting group manipulations in the altro derivative and 5a-carbas-p-allose -896) (Scheme 138)3-pD-Manno

D-881 permitted the preparation of dio-891, which was
monobenzoylated to a give a mixture of benzoaie?92

derivativep-889was converted to dia-897 and thence to
5a-carbgs-p-glucose derivative-898 5a-carbaa-p-glucose

and p-893 These compounds were submitted to stereose- derivativep-900 and 5a-carba-p-mannose derivative-902

lective oxidation/reduction processes atad G, to give

according to the transformations depicted in Scheme 139.
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Scheme 139. Synthesis of 5a-Carkf@b-gluco-, -a-p-gluco-,
and -a-D—mannopyranose Derivatives fromp-88%

OTPS

OTPS

D-889
(B-manno)

—_—
e

OTPS ii “'OH

OBn
\ v D-900
BnO' N (a-gluco)

OTPS

BnO"
OBn
D-901

OBn
D-902
(a-manno)

aReagents: (i) PRh DEAD, PhCOOH, PhCH 63%; (ii) PPh,
imidazole, b, PhCH;, 90%; (i) OsQ, NMMO, 100%,; (iv) MCPBA (minor
isomer); (v) HCIQ, acetone, 95%.

Scheme 140. Synthesis of 5a-Carkgb-gulo-, -o-p-ido-, and
-a-D-gulopyranose Derivatives fromp-89C*

OTPS OTPS
D-890 OH OBz
(B-ido) ” = .
BnO Y OH BnO v~ 'OH
OBn OBn
D-903 D-904
(B-gulo)
OTPS OTPS OTPS
OAIIyI OAllyl
D-903 _—— -~
BnO OH BnO
Bn
D-905 D-906 D-907
(a-ido) (a-gulo)

aReagents: (i) TsOH, allyl alcohol, 73%; (ii) (a) PCC, molecular sieves,

99%; (b) L-Selectride, THF, 73%.

pB-p-ldo derivativep-890 was likewise transformed to diol
D-903 and from this intermediate 5a-carfiee-gulose -
904), 5a-carbaa-p-idose 0-906), and 5a-carba-b-gulose
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Scheme 141. Synthesis of 5a-Carba-D-talo-, -f-p-galacto-,
and -o-D-galactopyranose Derivatives fromp-8912

OTPS OTPS OTPS
D891 i WOAllyl
(B-talo
OH BnO OH
Bn
D-908 D-909 D-910
(a-talo)
OTPS OTPS OTPS
OAllyl
D-909 _—— i _iv_
BnO BnO BnO “'OH
OBn OBn
D-911 D-912 D-913
(B-galacto)
lv
TPSO
OH
BnO “OH
OBn
D-914
(a-galacto)

aReagents: (i) (a) (C¥D)sCCHs, PPTS, CHCIy; (b) AcBr, E&N; (c)
NaOMe, MeOH, 99%; (ii) TsOH, allyl alcohol, 68%; (iii) MCPBA, GBI,
both isomers; (iv) TSA, allyl alcohol, 54% (also other isomer, 23%); (v)
OsQ,, NMMO, 91%.

no need for “hydroxylation” reactions, and the enantiomeric
purity of the target carbasugars will be guaranteed. The
challenges in these types of approaches lie in two main
areas: (a) the homologation step, becausectrbasugar
contains one more carbon atom than the parent carbohydrate,
and (b) the cyclization reaction. The methods for the
preparation of carbasugars described in this section have been
classified according to the type of ring-closing reaction.

6.2.2.1. Nucleophilic Cyclization Most methods for the

preparation of carbapyranoses from carbohydrates involved
intramolecular nucleophilic additions of simple carbanions
to aldehyde or ketone groups. These reactions are treated in
this section according to the nature of the stabilization, and
carbanions adjacent to either phosporous atoms or carbonyl
or nitro groups are considered. In addition, intramolecular
nucleophilic displacement reactions of carbanions at saturated
carbon centers of carbohydrate derivatives which originated
carbasugar precursors are also included in this section. The
Ferrier (Il) reaction is also included in this section since it

(0-907) were prepared (Scheme 140). In an analogous can be considered formally as the cyclization of a mercury

manner,3-b-talo derivativep-891 was converted to diol
D-908 which, by appropriate manipulations at @nd G,
was transformed into 5a-carhbap-talose -910), 5a-carba-
[-D-galactosef-913), and 5a-carba-p-galactose f-914)
(Scheme 141).

6.2.2. Synthesis from Carbohydrate Precursors

enolate onto an aldehyde.

6.2.2.1.1. Cyclization of Phosphorus-Stabilized Carban-
ions. Cyclization of carbanions, which are stabilized both
by phosphonate and carbonyl neighboring groups, have been
of particular value in the synthesis of carbapyranoses from
carbohydrates. In this context, Paulsen et al. paid special
attention to the intramolecular HorreEmmons olefination

As mentioned earlier, carbasugars were initially postulated (Scheme 14233 The reaction of aldehyd616, prepared
as carbohydrate mimics of enhanced stability. However, the from p-glucose diethyl dithioacet&l15 with lithium dim-
first, and more generally used to date, approach to carba-ethyl methyl phosphonate yielded the add@t¥. Manipula-
sugars did not involve the use of carbohydrates as startingtion of protecting groups i817followed by Swern oxidation
materials. It was clear, however, that the use of carbohydratesresulted in the formation of enon@l9 which furnished
will provide important advantages to the preparation of their alcohols 920 and 921 by sodium borohydride reduction.
carbocyclic analogues. On the one hand, the hydroxyl groupsO-Desilylation, catalytic hydrogenatior®-debenzylation,
could be maintained thorough the synthetic sequence, withand acetylation converte220into 5a-carbags-p-glucopyra-
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Scheme 142. Synthesis of Carbasugars by Intramolecular
Horner —Emmons Olefination?

915 916 917
OTPS _ OTPS
iv,v OH Vi
— OB —
n BnO: 0
BnO PO(OMe), /
OBn OH BnO  ©OBn
918 919
OTPS OTPS
Vi
(b) 919 — BnO' OH * BnO OH
Bnd  OBn BnO  ©OBn
920 151 921
OAc _OAc
viii-xi /
920 AcO-bOAc + AcO"'</:>—OAc
AcO  OAc Al A
D-580 4.9:1 L-583
OAc _/OAc
viii-xi
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aReagents: (i) HNa, BnBr, DMF, 93%; (ii) Hg&IHgO, CHCN, 71%;
(iii) n-BuLi, MePO(OMe), —78 °C; (iv) AcOH, 60 °C; (v) TPSCI,
imidazole, 85% fronB®17, (vi) (COCI);, DMSO, EgN, 50%; (vii) NaBH,,
87%; (viii) TBAF, THF; (ix) Ra—Ni, dioxane; (x) B, Pd/C, MeOH; (xi)
Ac20, py; (a) 54% from920Q (b) 46% from921

nose pentaacetater-680) and 5a-carbasL-idopyranose
pentaacetateL{583). Similarly, 921 was transformed into
5a-carbaa-p-glucopyranose pentaaceta®2® and 5a-carba-
B-L-idopyranose pentaaceta@2().3>

Arjona et al.

Scheme 143. Synthesis of Tetr@-benzylvalienamine (930)

OBn OBn
(0] i PO(OMe), ii
BnO' O — BnO" " -
/ / OH
BnO  OBn BnO  OBn
924 925
OBn OBn
OH
OBn PO(OMe), iii © 0Bn PO(OMe), iv
BnO'" BnO'' -
OBn OH OBn O
926 927
OBn OBn OBn
v Vi, vii
BnO: O — BnO' OH — BnO'" '"NH»
BnO  OBn BnO  OBn BnO  OBn
928 929 930

aReagents: (i) n-BuLi, MePO(OMg)—78°C, 95%; (ii) NaBH,, 94%;
(iii) DMSO, TFA, EtN, CH.Cl,, —78 °C, 94%; (iv) KCO;, 18-crown-6,
PhCH, 76%; (v) NaBH, CeCk, EtOH, —78 °C, 75%; (vi) phthalimide,
PhsP, DEAD, THF, 52%; (vii) BN—NH,, MeOH, THF, 74%; (viii) lig
NHz, 62%.

allylic equatorial hydroxyl group with NaBH-CeC} in
ethanol. The resulting alcoh®P9was then converted to an
axial amino group employing a Mitsunobu reaction to afford
tetraO-benzylvalienamine930).

The value of this intramolecular HornreEmmons ap-
proach was further illustrated with the synthesis of the first
carbaC-disaccharide from ketor@28(Scheme 1443%° The
ketone928was reacted with the lithium acetylide generated
by treatment of dibromide931 with BuLi to give two
stereomeric alcoho®32from which pseudo-glycosyl azides
933were prepared employing BEt;O and TMSN. Finally,
the two diastereomeric azides-033 and ($-933) were
independently hydrogenated with palladium on charcoal as
catalyst to give carbasug@rglycosides with the-ido- and
D-gluco configurationse-934 and3-934, respectively. The
stereoselectivity in the reaction was explained in relation to
the presence of the bulkg-glycoside substituent, which
directs the hydrogenation of the double bond from the less
hindered face.

Finally, Toyokuni et al. utilized the intramolecular Hor-
ner—Emmons reaction for the conversioniefucose to its

Fukase and co-workers also used the intramolecularcarbocyclic analogue-762 (Scheme 145¥ The synthesis

Horner—Emmons reaction starting from tet@benzylo-
glucono-1,5-lactonedR4), readily available fronp-glucose,

in their synthesis of tetr@®-benzylvalienamine930) (Scheme
143)3 Lactone924 was treated with 2 equiv of lithium
dimethyl methyl phosphonate to yield dimethoxyphosphoryl
heptulospyranose derivati@5 Direct oxidation of the €
hydroxyl group of925 proved to be difficult because the
hydroxyl group is blocked by the pyranose ring formation.

started from benzylatedfucose935 Oxidation to the 1,5-
lactone936followed by a nucleophilic substitution reaction
with the carbanion derived from dimethyl methyl phospho-
nate afforded the heptulopyrano887 as a single isomer.
Reductive ring opening @37 with NaBH, and subsequent
Swern oxidation yielded the unstable dioxo phospho8ag
The ensuing intramolecular olefination occurred by treatment
with NaH in diglyme to give the unsaturated inos@29

Therefore, the pyranose ring was reductively opened with The copper(l) hydride hexamer allowed the stereoselective

sodium borohydride to give the heptitol derivati9g6, in
which the 2-OH and 6-OH groups were oxidized with a

conjugate reduction d39, yielding the inosos®40 as the
only diastereomer. The NaBHCeC} reduction in MeOH

reagent combination of DMSO, trifluoroacetic anhydride, and produced an almost quantitative conversion9dD to the

triethylamine. The intramolecular cyclization reaction of the
resulting 2,6-heptodiulose derivati®27was accomplished

equatorial alcoho®941, which is a protected form of carba-
pB-L-fucopyranose. In the absence of Cg@e same reduc-

with potassium carbonate in the presence of 18-crown-6 totion resulted in poor selectivity, giving a mixture ®1and

give the branched unsaturated inosose deriv&R& Next,
the oxo group 028 was reduced stereoselectively to an

its epimeric alcohob42in a 1.3:1 ratio. Hydrogenolysis of
942 yielded 5a-carba-L-fucopyranosew(-762).87
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Scheme 144. Synthesis of a Carbasug&-disaccharidet

928

932 BnO OBn

o-OH/B-OH 1:2

NH,

'OMe

NH; ’
OH HO OH
a-933 a-934
aReagents: (i) n-BuLi, THF-50°C, 59%; (i) TMSN;, BFs+Et,0, 37%;
(iii) Pd/C, Hp, HCI, EtOH; (a) 66% for3-Ns; (b) 100% foro-Ns.

Scheme 145. Synthesis of 5a-Carba-L-fucopyranose
(L-762f

o) “—0 “—0 OH

BnO" OH, BnO 0 ; BnO /
R — R — R —PO(OMe),
BnO  OBn BnO  OBn BnO  OBn
935
(0]
- 0Bn PO(OMe)z
—'» Y. Bo- o Y. Bro- Q:
B0 5gn 0
938 939 940
vii %
940 . ppo- OH
BnO  OBn
941
viii
940 — BnO" Q—OH —  HO" Q—
L-762

aReagents: (i) DMSO, A@, 84%, (i) n-BuLi, MePO(OMe), —78

°C, 91%; (iii) NaBH;, 93%; (iv) DMSO, TFA, EiN, 82%; (v) NaH, diglime,
65°C, 94%; (vi) (PRPCuH), THF, 93%; (vii) NaBH, CeCh, MeOH, 99%:

(viii) NaBH4, EtOH, 98%; (ix) H, Pd/C, 67%.
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Scheme 146. Synthesis of 5a-Carba-D-glucopyranose
Pentaacetate (922) and 5a-Carb#-L-altropyranose
Pentaacetate I((-586}

OH OH ~ 0Bn OBn 0Bn OBn
2 Hv o2 SEt v,vi A
SEt Lo CHO
OH OH SEt OTs OBn SEt OBn
943 944 945

MeO,C. COMe

i 0 CO,M
—>V" AcO OBn + BnO < 2ne
/ COMe

BnO OBn BnO OBn
946 947
MeO,C OH
viii ix X-Xii
946 — OBn —. OBn —=
BnO :C)Bn BnO :an
948 949
AcO AcO—.
AcO" OAC + AcO—<;>"'OAc
AcO  OAc Al OAc
922 L-586

aReagents: (i) TrCl, py, DMAP, 85%; (ii) HNa, BnBr; (iii) TSOH,
MeQOH, 79%, two steps; (iv) TsCl, py; (v) Hg&ICaCQ; (vi) Nal, acetone,
reflux, 54% three steps; (vii) dimethyl malonate, NaH, DMF, then@\c
76%; (viii) DMSO, NaCl, 17CC, 75%; (ix) LAH, —15°C, 83%; (x) BHs,
then HO,, NaOH; (xi) AcO, py, 69% two steps; (xii) Na, lig Nkl then
Ac0, py, 49%922, 31%L-586.

workers converted -arabinose diethyl dithioacet&43 to
compound944 by successivé-tritylation, O-benzylation,
O-detritylation, andO-tosylation (Scheme 14655357 The
parent aldehyde was regenerated frédd with HgCl, and
CaCQ, and substitution with sodium iodide gave the iodo
compoundd45 Cyclization of945with dimethyl malonate
and sodium hydride, followed by acetylation, provided
cyclohexane derivative946 and a secondary pyranose
derivative 947 in the ratio of 1.3:1. The hydroxyl group
generated in the addition of the malonate anion onto the
aldehyde may attack the iodine-containing carbon atom,
giving the pyranos®47. Krapcho decarboxylation d#46
provided the cyclohexene derivati®d8 which gave com-
pound 949 by lithium aluminum hydride reduction. Hy-
droboratior-oxidation of 949 followed by acetylation,
deprotection, and final peracetylation, gave a mixture of 5a-
carbae-p-glucopyranose pentaaceta@%® and 5a-carba-
p-L-altropyranose pentaacetate586).356-357

This reaction, as seen above, suffers from the competitive
formation of tetrahydropyranes, e.§47, and in order to
overcome that, a stepwise procedure was adopted for the
synthesis of 5a-carba-L-mannopyranose pentaacetate (
587 (Scheme 1473°7°b-Arabinose diethyl dithioacet&i50
was converted into compour@b1 by sequential tritylation,
benzylation, detritylationD-silylation, and regeneration of
the parent aldehyde group. Knoevenagel reactiddbafwith
dimethyl malonate and pyridine provided compoudiR
after catalytic hydrogenation and desilylation. The crucial

6.2.2.1.2. Cyclization of Carbonyl-Stabilized Carbanions. cyclization 0of952was accomplished by oxidation with PCC,
Cyclizations involving either intramolecular nucleophilic providing two cyclohexane derivativé3 and 954 in the
displacement or aldol condensations have been of particularratio of 10:1. Thermal demethoxycarbonylation 863
value in the synthesis of carbahexopyranoses. In the courseaccompanied bys-elimination of the acetoxy group gave
of their extensive work in this area, Suami, Tadano, and co- protected methyl shikimat@55. Diisobutyl aluminum hy-
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Scheme 147. Synthesis of 5a-Carba-L-mannopyranose
Pentaacetate (-587

OH OH OBn OBn OBn OBn co,Me
~ SEt i-v 2 Vi-viii :
: : CHO : CO,Me
OH OH SEt 1pgo OBn HO ©OBn
950 951 952
MeO,C COzMe MeO,C CO,Me
X Aco oBn + AcO—Zt>—OBn
BnO  OBn BnO  OBn
953 8:1 954
MeO,C OAC
X Xi-Xv Z
953 — » oBn — AcO—<:>—O Ac
BnO OBn Acd :OAc
955 L-587

aReagents: (i) TrCl, py, DMAP; (ii) HNa, BnBr; (iii) p-TsOH, MeOH;
(iv) TPSCI, imidazole, DMF; (v) HgGl CaCQ; (vi) dimethyl malonate,
py, Ac0; (vii) Hz, Ra—Ni, EtOH, NaH; (viii) TBAF, THF, 37% from950,
(ix) PCC, then AgO, py, 53%; (x) DMSO, NaCl, 178C, 46%; (xi) DIBAL-
H, 93%; (xii) BoHs, then HO,, NaOH; (xiii) Ac20, py; (xiv) Na, lig NHs;
(xv) Ac0, py, 66% from955

Scheme 148. Synthesis of 5a-Cark@+-mannopyranose
Pentaacetate (-657), 5a-Carbap-L-glucopyranose
Pentaacetate I(-580), and 5a-Carbae.-p-altropyranose
Pentaacetate -753)

EtS MeO,C /OAc
I o,
HO — OBn
WOH — \_/ AcO—<:> OAc
HO BnO  ©OBn
OH AcO OAc
956 957 L-657
AcO—.__
AcO OAc
B8 g MeOC
HO AcO OAc
— ‘OBn
OH — - L-580
HO
OH BnO OBn
958 959 - OAG
AcO  OAc
D-753

(L-580:D-753; 6:1)

dride reduction followed by hydroboration and successive
oxidation permitted access, af@rdebenzylation and acety-
lation, to 5a-carba-L-mannopyranose pentaacetaté87).

Arjona et al.

Scheme 149. Synthesis of Carbasugar Derivative 965

MeO,C
Jo)
0,8,
o o)
BnO
960 961
M602C
o
07 ocHo MeO,C
BnO
CHO
962 963 964
10:1
OH
vii HO
%63 ., HO OH
HO  ©Bn
965

aReagents: (i) dimethyl malonate, NaH, DMF; (ii) ag3®0y; (iii) 0.1
M MeONa, MeOH, 67% from960Q (iv) Dowex 50(H"); (v) NalOs, aq
dioxane; (vi) py, AgO, 38% from961; (vii) LAH, 79%.

Hrebabecky and Holy disclosed a related strategy to carba
analogues of 5-C-(hydroxymethyl)hexopyranoses via nu-
cleophilic attack of the malonyl ester carbanion on the
carbonyl group of an aldehyde (Scheme 1#9)reatment
of cyclic sulfate 960 with the sodium salt of dimethyl
malonate afforded, after hydrolysis with aqueous sulfuric
acid, lactone961 as an equimolecular mixture of diastere-
omers. Deketalization of the anomeric position 961
followed by oxidative cleavage with NalQave an inter-
mediate aldehyd&62 which was immediately cyclized, by
treatment with acetic anhydride (only th8 Bomer was able
to react), to give the bicyclic derivative863 and 964
Reduction and hydrogenolysis @3 gave the corresponding
bis(hydroxymethyl) derivativéd65 which was considered
as a useful intermediate in carbanucleoside synthesis.

A similar strategy has been used by Samuelsson et al. to
gain access to the carba analogue of the Gram-negative
bacterial polysaccharide component KDO (Scheme $350).
1,6-Anhydrop-mannose derivativB66 was converted into
the branched chain derivativ@67 in high diastereomeric
excess employing a free radical carbaarbon bond-
forming reaction. Acetolysis d67 followed by deacetyla-
tion, reduction, and isopropylidenation gave tBeallyl-
mannitol derivatived68 which was subjected to iodination,
and hydroboration followed oxidative workup. Final oxida-
tion with pyridinium dichromate/acetic anhydride yielded
ester969, which was cyclized by treatment with LDA to a
3:1 epimeric mixture of compounds which upon separation
and deprotection yielde@870 and 971 These compounds

This strategy has been extended to different carbasugarsyere screened fan vitro biological activity. Compoun@70

(Scheme 148)p-Ribose diethyl dithioacet#d56 was con-
verted to cyclohexen857 (C; epimer 0f955), from which
5a-carbg3-pL-mannopyranose pentaacetatéb?) was ste-
reoselectively obtained (Scheme 1488)0On the other hand,
D-xylose diethyl dithioaceteéd58was transformed to cyclo-
hexened59, which was used in the preparation of 5a-carba-
pB-L-glucopyranose pentaacetate580) and 5a-carbaxp-
altropyranose pentaacetate {53 (Scheme 1487

showed a weak inhibitory effect toward CMRDO syn-
thetase but no antibacterial effect, whereas comp@itid
was inactive.

Tadano et al. have used aldol cyclizations of carbohydrate
precursors with carbonyl-containing, extended or branched,
chains in a different approach to carbasugars. The protocol
features an efficient intramolecular aldol cyclization leading
to the chiral syntho®75 and a subsequent stereoselective
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Scheme 150. Synthesis of Carbasugar Analogues of KBO Scheme 153. Synthesis of 5a-Cark@- -allopyranose

o Pentaacetate ((-808)
o) HO | HO
i o jii,iv vl i HO 20 HO., ~C._0
| A o 7 m)o
967

O\ﬁ AcO AcO
968 H ©o-X H 0/%
©:1) 981

980
CO,'Bu A o—
O V||| ix iv-v VI Vi
980 —— ~OAc
COZ"Bu HO CO,'Bu -
I o O OAc
© o70 982 L-808

aReagents. (i) phenylchlorothionoformate, py, 94%, (i) allyltributyl- #Reagents: (i) DIBAL-H, CHCl,, —78 °C, 69% (7:1 mixture of
stannanehw; 85°C; (iii) Ac20, TFA, 71% two steps; (iv) NaOMe, MeOH,  €pimers); (ii) AeO, py, 96%; (iii) OsQ, t-BUOH, H0s, 59%; (iv) NaOMe,
then NaBH, then 2,2-dimethoxypropane, acetone, CuS3%; (v) PhP, MeOH, then NaH, BrChPh, DMF, 88%; (v) ACOH, HO, 1,4-dioxane,
imidazole, b, PhCH;, reflux; (vi) BHs—SMe, then NaOH, HO,, H,0; reflux, then NaBH, MeOH, 56%; (vi) NalQ, MeOH, H0O, then NaBH,

(vii) PDC, A0, t-BUOH, 65%; (viii) LDA, —75°C, 90%: (ix) TFA, HO, MeOH; (vii) Acz0, py, 85% from982

96%.

zene to give a 3:1 mixture &/Z diastereomers. Hydrogena-
tion of the mixture, from the-face, and reoxidation with
PCC provided keton873 Chemoselective hydrolysis of the

Scheme 151. Synthesis of Key Intermediate 975 by
Intramolecular Aldol Cyclization 2

0 >< 5,6-O-isopropylidene group, followed by periodic acid
><o 0 o ]m 1A% oxidation, yielded aldehyd@74, which was subjected to the
aldol cyclization by refluxing in benzene in the presence of
>, DBU. A subsequent elimination with acetic anhydride and
973 pyridine furnished compounél75 (Scheme 151), the key

intermediate in the synthesis of carbasugars ofthealtro,

oHC - 0 p-p-gluco, 5-L-allo, anda-b-manno serie&°

\Q o _vi_ m'“o In order to introduce oxygen functionalities in the 2-cy-

© H I"Ok clohexenone ring, epoxidation 8f75was carried out with

?’ 974 975 hydrogen peroxide to give one very majiepoxide which

aReagents: (i) (acetylmethylene)triphenylphosphorane, PhH, reflux; (ii) was reduced with sodium borohydride to give epoxy alcohols

Hy, Ra—Ni, MeOH: (iii) PCC, CHCly, 88% from972 (iv) AcOH, H,0; 976 and 977 in a 5:1 ratio (Scheme 152)ransdiaxial

(v) NalO;, H,0, MeOH; (vi) DBU, PhH, reflux, then py, A©, 43% from  opening of the oxirane ring i®77 by hydroxide anion
973 provided triol 978 On the other hand, nucleophilic ring

opening of the isomeric epoxid®¥6also produced tridd78
Pentaacetate (-753) from Key Intermediate 975 Ey way Of.a mlgra.tlon. of t.he .epOX'de and subsequent
ydroxide ring opening in a diaxial manner. Benzylation of
the free alcohols i®78 acid hydrolysis of the acetal moiety,
’[\/L) and successive sodium borohydride reduction of the released
HO aldehyde provided a protected form of 5a-carba-heptopyra-
/k nose979. Glycol cleavage 979, reduction, removal of the

i,
s Cp
protecting groups, and final acetylation furnished 5a-carba-
HO a-L-altropyranose pentaacetate153).36?

i HO:CE} i In another set of experiments, end@®5was reduced with
976 — o o 9T DIBAL-H to give an inseparable mixture of allylic alcohols
g k which were acetylated and treated with osmium tetroxide to
give, stereoselectively, dio80and981(53% and 6% vyield,
respectively) O-Deacetylation 0080 successive benzyla-
AcO—. tion, hydrolysis of the acetal moiety, and reduction with
v,V w vii NaBH, gave carbaheptopyrano882 The glycol cleavage
978 —~ OAC on 982 with sodium periodate, followed by reduction of the
resulting aldehyde and acetylation, paved the way to 5a-

Scheme 152. Synthesis of 5a-Carba-L-altropyranose

o
L 753OA° carbag-L-allopyranose pentaacetate§08) (Scheme 15332
aReagents: (i) KOs, NaOH, MeOH, 96%; (ii) NaBki EtOH, 84%; Alternatively, the inversion of the configuration at the
(iii) 2-methoxyethanol, HO, NaOAc, 73% fron976, 81% from977: (iv) branched carbon could be carried out by hydroboration

NaH, BrCHPh, DMF; (v) AcOH, HO, 1,4-dioxane, reflux, then NaBH oxidation on unsaturated cyclohexane intermediates (Scheme
MeOH; (vi) NalQs, MeOH, HO, then NaBH, MeOH; (vii) AczO, py, 48% 154). Thus, treatment of triol879 or 982 with sodium

from 978 periodate and then an excess of methanesulfonyl chloride in
introduction of a triol system on this aldol product (Schemes pyridine gave the corresponding cyclohexanecarbaldehydes,
151 and 152§%0:361 1 2:5 6-DiO-isopropylidenes-b-ribo- which were reduced to afford the allylic alcoh®83 and
hexofuranos-3-ulos®72) was subjected to Wittig olefination 984, respectively. Hydroboration &83with borane-THF

with acetylmethylenetriphenylphosphorane in refluxing ben- complex and oxidative workup, followed Iy-debenzylation
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Scheme 154. Synthesis of Carbasugars of theAltro,
D-Gluco, and b-Manno Series (-753,0-580, andp-585)

OH OAc /OAC

OAc + AcO—Q—OAc

A0 DAc AcO OAc
D-580 L-753

i-iii iv-vii
by

979 OBn— AcO"

©0Bn
983
OH

BnO

OAc

i-ii iv-vii
982 —— OBn ——  AcO' “OAC
BnO OBn AcO
984 D-585
aReagents: (i) Nal@ MeOH, HO; (ii) MsCl, py; (iii) LAH, THF, 22%

overall for 983 37% overall for984 (iv) borane-THF complex, then

NaOH, HO; (v) Ac20, py; (vi) Hz, Pd black; (vii) AeO, py, 62% overall

yield for b-580, 11% overall for.-753 and 56% overall fop-585

OAc

Scheme 155. Synthesis of Carbasugars81 and 923
HO

HO™
BnO
985
v
989
OH _OAc
0871V (0] VVI Q vii, viii -
)v AcO"
O5N BnG ; > "Ohc
n -
AcO OAc
990 991 923

aReagents: (i) BzCl, py, Ci€ly; (i) DMSO, (COCly, E&N; (iii)
CH3NO,, NaH, 15-crown-5, DMF, 61% fron®85 (iv) Ac.O, TsOH,
NaBH,, EtOH, 69%; (v) 80% aq AcOH, 8€C; (vi) (a) KF, 18-crown-6,
DMF, then NaOMe/MeOH; b) 2,2-dimethoxypropane, TsOH, Cy$0%
from 986, 62% from987; (vii) (a) n-BusSnH, AIBN, PhH, 80°C; (b) aq
AcOH; (c) Na, lig NHs; 30% from 989, (viii) Ac 20, py, 20% from991

and successive acetylation, gave a mixture of 5a-carba-
D-glucopyranose and 5a-carba:--altropyranose pentaac-
etates§-580andL-753), respectively (6:1 ratio¥! Likewise,
analogous treatment of allylic alcoh8B4 permitted the
preparation of 5a-carba-p-mannopyranosen¢585).361.362

6.2.2.1.3. Cyclization of Nitro-Stabilized Carbanions.

Arjona et al.

Scheme 156. Synthesis of Validamine (12), 5-Epi-validamine
(996), and Valienamine (11

NO, BzO
i iv,v
988—> AcO — AcO' b ‘NHAc — HO" 'NH,
992 993 12
BzO—.: NO, BzO—, NO, HO—.
i,ii iv,vi /
990 = AcO" i 7o QHNHAC-» Ho...§:>...NH2
BnO®  ‘oac B0 Dac HO”  om
994 995 996
BzO—. OH No,
i,ii jii,iv v, vii,viii
986 — AcO' OAc . ' 'NH,
BnO  OAc HO ,’OH
997 11

aReagents: (i) 80% aq AcOH, 8C; (ii) KF, 18-crown-6, DMF, then
Ac,0, TsOH; (iii) lig NHs, THF, —78 °C, then AeO, py; (iv) n-BuSnH,
AIBN, PhH, 80°C, 56%; (v) (a) NaOH, MeOH; (b) Na, liq N&i(c) Ac:0,
py, NaOMe, MeOH; (d) ag NENHy; (vi) (a) NaOH, MeOH; (b) Na, lig
NHs; (c) ag NHNHy; (vii) SOCly, py; (viii) ag NHNH,.

of the isopropylidene groups yielded nitro derivati@89
and 991, respectively. Finally, radical-mediated denitration
and protecting group operations yielded 5a-canke-
glucopyranose o-81) and 5a-carb#@-L-idopyranose pen-
taacetate923).363

The same key nitrofuranose intermedia838 and 990
were used for the synthesis of carba-aminosugars, validamine
(12) and 5-epi-validamine996) (Scheme 1563¢* Accord-
ingly, isopropylidene hydrolisis #88and990followed by
cyclization and subsequent acetylation yielded nitroolefines
992 and 994, which were then subjected to a Michael-type
addition reaction with liq NH to introduce the “anomeric”
amino group. Radical elimination of the nitro group983
and 995 with tributyltin hydride followed by removal of
protecting groups provided validamind2j and 5-epi-
validamine 096), respectively. On the other hand, reaction
of nitrofuranose derivativB86 paved the way to valienamine
(12). The incorporation of the amino group took place by
treatment of the carba-nitrosug@®7 with lig NH3, via a
substitution reaction at the acetoxyl group at fhposition
of the nitro group. Subsequent acetylation, radical elimination
of the nitro group, and final dehydration with SQCI
furnished valienamineld).

In subsequent work, Yoshikawa et al. have developed a
more efficient entry to the key nitrofuranose intermediates

Kitagawa et al. showed that reactions involving cyclization (i.e.,988 990).3% Treatment ob-glucuronolactone derivative
of nitrosugars are useful processes in the enantioselectived98 with nitromethane in the presence of KF gave nitro
preparation of carbapyranoses (Scheme 155). Initially, they compound99 which was subsequently subjected to ethoxy-
developed a method which comprised (a) addition of ethylation and reduction with NaBHin isopropanol to give
nitromethane to a furanose derivative and (b) subsequentstereoselectively and in high yield a single prodddp1
cyclization as the key reactions. Accordingly, 1,2-isopropy- This transformationg99— 1001) is believed to proceed in

lidenea-b-glucofuranose985 was converted to nitrofura-
noseP86and987 by treatment of the corresponding 5-keto

three steps including elimination of the ethoxyethoxyl moiety
to produce a intermediate nitroolefiné000, followed by

derivative with nitromethane in the presence of KF and 18- reduction with hydride from the less hinderegface and

crown-6. The reductive deacetoxylation, 866 and 987,
with NaBH, proceeded stereoselectively to provid $ype
reaction product®88and990, respectively. Removal of the

final reduction of the 6,3-lactone ring (Scheme 157). Cy-
clization of1001gave nitrocarbasugar derivativeg3-1002
(2:1 mixture of diastereomers) which were converted to 5a-

isopropylidene groups in these compounds and treatment withcarbaer-p-glucopyranose, 5a-carlfip-glucopyranose, and
KF in the presence of 18-crown-6 followed by introduction validamine, using previously described transformati®fs.
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Scheme 157. Synthesis of Key Intermediate 1092 Scheme 159. Silicon-Induced Domino Cyclization Leading to
O,N Carbasugars
wo i O PO OP
i bjmo o PO oP PO OP
© o 9707 o\ 070”7 o'\ oﬁo © RsSiO
D-glucuronolactone 998 999 + — | R3Si °_, o o
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0”0 "O)T HO"HO™ 7O 820 ow OH HQ  OH
1000 1001 1002 HO oTBS HO OH
aReagents: (i) CeNO,, KF, 86%; (ii) ethyl vinyl ether, CSA, 79%; HO +
(iii) NaBH4, i-PrOH, 83%; (iv) (a) BzCl, py; (b) aq TFA; (c) CsF, DMF. s’ s s s

C

Scheme 158. Synthesis of a 5a-Hydroxycarbasugar by the

H R ior? . L
enry Reactio Scheme 160. Synthesis of Carbasugar Derivative 1013

0
O,N
o .
HJX_?.O ' >< d Q o><p
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. )ﬁ , , OH
o o )
BnO 0 L HO—- +
BnO .
1003 A o 0 s s S
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. N

1010 i, iii 0. 2 OTBS iv (@) OTBS
OBn OBn OH Q/ TBSO\\\‘\‘Q/
1006 1007 1008 |

. . TBSO O OH
aReagents: (i) nitroethanol, TBAF, 75%; (ii) aq Nag® MeOH, 53%. 1012 1013

, aReagents: (i) t-BuLi, Zert-butyldimethylsilyl-1,3-dithiane, THF:
More recently, Esteez and co-workers have reported a HMPA, —30 °C, 72%: (i) TBSCI, imidazole, DMF, quant; (ii) NBS,

completely stereoselective intramolecular nitroaldol conden- acetone, KO, —50 °C, (iv) NaBH,, EtOH, —78 °C, 80% from1012
sation, using nitroethanol, leading to a 5a-hydroxycarbasugar
derivative 1008 (Scheme 158)%" The authors used two Le Merrer et al. found that the mode of cyclizaticex¢
nitroaldol reactions to convertglucose derivativd 003to or endg could be directed to the formation of six- or seven-
intermediatel007. An intermolecular version of the reaction membered carbocycles by proper choice of@aprotecting
first yielded nitro derivative4004(3:2 mixture), which after groups in thebis-epoxides®® Thus, for 3,40-isopropylidene
being processed to hemiacet005 underwent a second,  bis-epoxide1009 the reaction with the lithium salt of &rt-
intramolecular, nitroaldol condensation leading, with com- putyldimethylsilyl-1,3-dithiane afforded mainly cyclohexane
plete stereoselection, tb007. Removal of the nitro group  1010along with 15% of cycloheptan011(Scheme 160).
with tribuyltin hydride was also stereoselective and produced, Protection of the primary alcohol function ih010 and
after protecting group manipulations, compour@d8as a  dithioketal hydrolysis then gave the cyclohexanditd2
single isomer. The authors rationalized the complete stereo-which was submitted to reduction to give carbasugar
selection in the second Henry reaction based on the reversanaloguel013
|b|||ty of the condensations and ConSidering the hlgher A similar reaction was app“ed by Schaumann and co-
stability of 1006when compared with itsézpimer, inwhich  workers to bis-epoxide 1014 to yield cyclohexanel015
the bulky groups at £and G would becis to each other.  (along with cycloheptan2016), which was later converted
6.2.2.1.4. Cyclization of Sulfur-Stabilized Carbanions. to 4-epi-validatol {017 (Scheme 16137
Cyclizations involving intramolecular nucleophilic displace- 6.2.2.1.5 Cyclization of Organomercury Intermediates:
ment of a sulfur-stabilized carbanion in carbohydrate deriva- Ferrier Carbocyclization Reaction or Ferrier (I) Reaction.
tives have recently proved to be useful in the synthesis of In 1979, Ferrier described the transformation of hex-5-
carbasugar analogues. Both Le Merr&°s*° and Schau-  enopyranosidel(018 into substituted cyclohexanord®19
mann’s”! groups have undertaken the key carbocyclization mediated by mercury(ll) salts (Scheme 182)This trans-
step leading to carbasugars by a silicon-induced domino formation has since proven to be a very useful synthetic tool
reactiofd’? of C,-symmetricalbis-epoxides (Scheme 159). in carbohydrate chemistry and has indeed found some
The reaction proceeds via a 1,4-Brook rearrangement afterapplication in the preparation of carbapyranoses. The reaction
nucleophilic attack of the silyl-substituted sulfur-stabilized course for this transformation (Scheme 162) involves re-
carbanion on the first epoxide followed by intramolecular giospecific hydroxymercuration of the vinyl ether moiety of
opening of the second epoxide at the either morex@tet) 1018 to give the unstable hemiacetaD2Q which loses
or less (7endotet) substituted side to give enantiopure six- methanol to afford dicarbonyl intermediat®21 The latter
or seven-membered carbasugars and cyclitols. then takes part in an aldol-like, intramolecular cyclization
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Scheme 161. Synthesis of Epi-validatol (101%) Scheme 163. Synthesis of a Carbatrisaccharide Component
of Amylostatins?
MeS MeS._ _SMe y
o} OH
0% N i MeS)(I
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1015 L~ HO\\\\\C[OH X Br BzO
OH _ii_ BnO: Y . BnO Br vi, BnQ'
. . 1017 i} BnO  OBn BnO  OBn BnO  OBn
aReagents: (i) n-BuLi, (MeSTHSIMe;, THF, —80 °C, 46%; (ii) Ra/
Ni, 68%. iv( 1026 X=0 1028 1029
Scheme 162. Ferrier Carbocyclization, or Ferrier(ll), 1027 X=CH;,

Reactior?
o O
(0]
6 H2N OBz
BzO: "OH BnO BnO BnO  OBn H 0o
1030 BnO: Neee
BzO OTs / / /
1019 v BnO OBn OBn OBnBnO  OBn
4 1031
: : OAc
. \ _ AcO
o
Vil
ClHg - . AcO O OAc
OH (0] HgCl / / /
0 AcO OAc OAc OAcACO  OAc
BzO ‘OMe --> BzO' = BzO' =Xe)
1032
BzO  OTs BzO  OTs BzO  OTs aReagents: (i) DBU, THF, reflux, 79%; (i) Hgglacetone, KO, 84%;
1020 1021 (iiiy MsCI, py, 91%; (v) PRPCHBI, n-BuLi, 77%; (v) Bb, CH,Cl,, 84%;
L — (vi) NaOBz, DMF, 63%,; (vii) Nal, DMF, 13%,; (viii) Na, lig NH, then
aReagents: (i) HgG) H,O—acetone, reflux. Acz0, py, 79%.

. . . the Ferrier carbocyclization reactiéfi,and they applied their
to give cyclohexanon&019 Unlike most methods described . o ification to the preparation of the carbocyclic analogue

in this s_ection, the Ferrier _carbocyclization reactio_n cannot ¢ daunosamine1039 (Scheme 16438 Methyl 3-benza-
be applied to the preparation of carbafuranoses since treat; i40-4 60-benzylidene-2,3-dideoxg-p-ribohexopyrano-
ment of pent-4-enofuranosides with mercury(ll) salts does side(l03337°3% was transformed using a methodology

not give cyclopentanone derivatives. developed by Horton and Weckeifevia the bromo and
The firstimplementation of this approach, for the synthesis the unsaturated compound®34 and 1035 into hex-5-
of a carbasugar derivative, was reported in 1982 with the enopyranosid@036 The latter was submitted to the catalytic
preparation of a carbatrisaccharide component of amilostatinsmodification of the Ferrier reaction to give hydroxy ketone
(Scheme 163)° Methyl 2,3,4-triO-benzyla-p-glucopyra- 1037 which upon Wittig reaction with methylenetriph-
noside (022 was transformed into 6-deoxy-6-iodo de- enylphosphorane gave methylene cyclohexe088 Finally,
rivative 1023via the corresponding mesylate. Treatment of 3 hydroxy group-directed homogeneous alkene hydrogenation
1023with DBU gave 6-deoxy-5-enohexopyranosid@24, of the latter was completely stereoselective to yield carbocy-
which upon treatment with mercury(ll) chloride gave hy- clic daunosamine analogu039 It is noteworthy that
droxy ketonel025 The key intermediate, dierf27 was  heterogeneous hydrogenation (Pd/C)L688had furnished
then prepared by Wittig reaction of enod@26 readily 3 2:8 mixture ofl039and its 5-epimef.04Q
available from1025 1,4-Bromination 0fLl027 modeled after Blattner and Ferrier reported the preparation of 5a-carba-
a similar reaction reported by Ogawa et %2 furnished a-D-glucopyranosed(-81) (Scheme 165%2 1,2,3,4-Tetra-
dibromide 1028 Selective substitution of the primary  O-benzoyl-6-deoxy3-p-xylohex-5-enopyranose (41383384
bromide with benzoate anion gave a mixture of epimeric was converted to deoxyinosogé)zl_z by treatment with
bromides1029 Finally, coupling of aminodisaccharid®30  mercury(ll) acetate. Protection of the ketone as a dithiane
with bromides 1029 furnished carbatrisaccharid&031 (1043 was followed by manipulation of the hydroxyl

Acetylation and separation of the anomers followed by protecting groups to give dd-isopropylidene analogukd44

acetolysis of the desired isomer gaweanomer 1032 Removal of the thioacetal group was followed by reaction
identical with an authentic specimen derived from the culture of the ensuing ketonel(45 with the Lombardo methyl-
filtrate of an amylostatin-producing microorganism. enating reageff® to yield methylenecyclohexane derivative

Lukacs and co-workers realized that catalytic amounts of 1046 Hydroboration of the latter afforded a mixture of 5a-
mercury(ll) sulfate in 1,4-dioxane were sufficient to effect carbag-L-idopyranose derivativel047 (81% yield) and



Carbasugars

Scheme 164. Lukacs’ Synthesis of the Carbasugar Analogue
of Daunosamine, 1039

NHBz NHBz
1033 1034
0
0 o)
20" +:OMe —= BnO'" +OMe —= BnO'" OH
NHBz NHBz NHBz
1035 1036 1037
—= BzO'" OH— BzO" OH [BzO' OH
NHBz NHBz NHBz
1038 1039 1040

aReagents: (i) NBS, CGlreflux; (i) DBU, HMPT; (iii) NaOMe; (iv)
NaH, BnBr, 80%, four steps; (v) acetone,30s, H,O, quant; (vi)
PhPCHsBr, n-BulLi, 70%; (vii) Rh[nbd(diphos-4)]BE H,, quant.

Scheme 165. Ferrier and Blattner’s Synthesis of
5a-Carba-o-p-glucopyranose 6-81)
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OBz sz
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1042 1043

1044 1045 1046
_OH
1 b M o b
g’\ HO OH
1047 1048 D-81
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78% overall; (|v) NBS, HO, CHCN, CdCQ quant (v) CHBry, Zn, THF,
TiCls, 95%; (vi) hydroboration, 81%; (vii) (a) PDC, GBl,, DMF; (b)
EtsN, MeOH, KoCOs; (c) NaBHs, 36% overall; (viii) HCI, MeOH, 96%.

isomeric 5a-carba-p-glucopyranose derivative048 (4%
yield). The thermodynamically preferred minor product was
obtainable from the major product by an oxidation
epimerization-reduction sequence. Finally, hydrolysis of the
diacetall048 gave 5a-carba-p-glucopyranosen(-81).

Almost simultaneously to the reports of Lukacs and

Chemical Reviews, 2007, Vol. 107, No. 5 1985

Scheme 166. Quiclet-Sire’s Approach to
5a-Carba-L-idosamine and p-Glucosaminé

0
(a)
BnO wOH _i_ BnO o i
2 P /\Q
BnO N—/< Bno N 0
B OBn Bn
1049 1050
HO—. AcO—
Bno-(  )ro A Ao OAG
B0 NTO AcO  NHAc
Bn
1051 1052
®) 0= HgOAc
1049 %= B v_BnO o
BnO 0 B0 N7 O
Bn
1054
CH OAc
1051 + BnO” mo i AcO" OAG
g2 B0 N° AcO  NHAc
' Bn
1055 1056

aReagents: (i) P#P=CH,, dimethoxyethane;-5 to 10°C, 67%; (ii)
boraneTHF, then NaOH, HO,, 60%; (iii) (a) NaOH, EtOH, reflux; (b)
Hy, Pd/C, (c) AgO, py, 63% forl052 65% for1056 (iv) PhsP=CHOMe,
—5 to 10°C, 67%; (v) Hg(OAc), CHsCN, H;O; (vi) KI, H,O, NaBH;,
yields not given.

1049 previously obtained fronp-glucosamine by Ferrier
carbocyclizatior$®’ The routes differed on the Wittig reagent
employed, for the homologation of the ketone, and the
manipulation of the ensuing exocyclic olefins. The first route
(Scheme 166a) resulted in a completely stereoselective
synthesis of 5a-carb@--idosamine {052. Accordingly,
Wittig reaction 0f1049with methylenetriphenylphosphorane
yield exocyclic alkenel05Q in which formation of an
oxazolidone ring had also taken place. Hydroboration fol-
lowed by oxidative workup led exclusively to carbasugar
derivative 1051 The complete stereoselectivity of the
hydroboration process was ascribed by the authors to the
presence of the bulky oxazolidone ring. AlcoHd51was
then deprotected and peracetylated to yield 5a-cArba-
idosamine pentaacetat2062. The second route (Scheme
166b) made use of methoxymethylenetriphenylphosphorane
as the Wittig reagent and led to vinyl ether oxazolid&083
Oxymercuration of the latter afforded a 8:2 mixture of
D-gluco (L0559 andL-ido (1051 isomers. According to the
authors, it seems likely that the oxymercuration, in analogy
to the hydroboration, occurs from tifeface to give1054
However, since the reduction of the carbanercury bond

by borohydride proceeds by a radical pathway, epimerization
at G is possible, producing the two possible alcohols, with
the more stable being preponderant. Finally, deprotection and

Ferrier, Quiclet-Sire and co-workers reported the synthesis peracetylation o 055furnished 5a-carba-bp-glucosamine

of the carbocyclic analogues ofglucosamine 1056 and
L-idosamine {052 from p-glucosamine (Scheme 168Y.

pentaacetatel(056.
The same group also reported the stereodivergent prepara-

The authors devised two synthetic routes from cyclohexanonetion of a-b-gluco-, 5-L-ido-, 6-deoxyp-L-ido-, and §3-L-
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Scheme 167. Synthesis af-b-Gluco-p-81, f-L-1do-1060, and Scheme 168. Synthesis of the Carbasugar Analogue of
p-L-Altro- L-541 Carbapyranose3 N-Acetylmurarnyl- L-alanyl-p-isoglutamine (MDP) (1068}
( ) O - O lﬁ
a 7 OH
: " N.(D) COOBn
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d d d BnO" O O CONH,
BnO  OBn BnO OBn BnO OBn i Z /L 1065
B O H-N" 0 .
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BnO _
(b) HO HO—. 1055 1064
iii BnO “OH IV HO" “OH _ HO' ++OH
1025 /= / + /"
BnO  OBn HO OH HO OH
1059 D-81  (65:35) 1060
OH
o} H H
COOH
WOH| OH 1066 COO0Bn 1067
BnO  OBn BnO  OBn
1061 1062 1063
HO HO—
vi  HO OH  HO OH CONH,
* g N" (o)~ "COOH
HO OH HO OH o) H
D-81 46:54 L-541
1068 (MDP)
HO HO—,,: aReagents: (i) Li, lig NH, THF, —78 °C, then t-BuOH, EtOH; (ii)
viii PhCHO, ZnCJ, 60%, two steps; (iii) NaH, DMF, O°C, then §-a-
(d) 1061 —- 1063 + HO' "OH + HO™ +OH chloropropionic acid, then resin IRN 77tH72%; (iv) N-hydroxysuccin-
B B imide, DCC, DMF, 12 h, thed065 78%; (v) H, Pd/C, EtOH, 80%.
HO OH HO OH
D-81 1060 isomers (6.8%o-p-gluco and 27.2%p-L-ido), which were
aReagents: (i) PP=CHy; (ii) Pd/C, H,, MeOH, yield not given; (iii) hydrogenolyzed to yield 5a-carleab-glucopyranosen(-81)
BnOCHCI, PPh, PhCH; reflux, 90%, then n-BuLi, PhCEl—35°C, 55%; and 5a-carb#-L-idopyranose 1060 (Scheme 167d).
(iv) Ha, Pd/C, MeOH, 75%; (v) MeOCHPRhdimethoxyethane, oC, yield Carbamatel055 was also used in the preparation of
not given; (vi) HONQ, then NaBH, 85%; (vii) boraneTHF, then NaOH, b | of tvl k-al |D-i
H,0», 78%; (viii) Hg(OAC), then NaBH, 86%. carbasugar analogues of-acetylmuramyl--alanyl-b-iso-

glutamine (MDP,10683° and Lipid X*°! (Scheme 168).
altrocarbapyranoses from a single cyclohexanone precursoiCarbamatel 055was hydrogenolyzed to give a triol which
(102538 previously prepared by Ferrier carbocyclization of was protected as a benzylidene derivative and etherified with
a p-glucose derivativ®&® (Scheme 167). Wittig reaction of  (§-a-chloropropionic acid to yield acid064 which was
1025 with methylenetriphenylphosphorane afforded meth- condensed with-Ala-p-isoglutamine benzyl estet Q69 to
ylenecyclohexan&057 which, upon catalytic hydrogenation, give 1066 Hydrogenolysis 0f1066 over palladium on
afforded almost exclusively 5a-carba-6-degky-idopyra- charcoal removed the benzyl and benzylidene groups to
nose derivativd 058(Scheme 167a). Wittig reaction 2625 furnish 1067, the carbasugar analogue of MDEOGS.
with benzyloxymethylenetriphenylphosphorane afforded ben- The synthesis of the carbocyclic analogue of Lipid X
zyloxy-vinyl ether1059 which was submitted to catalytic (1073 used carbamatE069as the key intermediate (Scheme
hydrogenation to afford a 65:35 ratio (75% yield) of 5a- 169). Allylation of alcohol1069was followed by removal
carbae-p-glucopyranoser(-81) and 5a-carbg@-L-idopyra- of the benzylidene and aminal groups to afford di6l7Q
nose (060 (Scheme 167b). Wittig reaction df025 with Cleavage of the oxazolidinone ring followed Nyacylation
methoxymethylenetriphenylphosphorane yielded vinyl ether with N-(R)-3-benzyloxytetradecanoyloxysuccinimide and 4,6-
1061as a mixture oE/Z diastereomers. Treatment D61 O-benzylidenation furnishetl071, which was converted to
with mercury(ll) nitrate followed by sodium borohydride dibenzylphosphono derivative072 Cleavage of the allyl
reduction yielded exclusively the unsaturated alcdii§3 group, acylation at 3-OH byR)-3-benzoyloxytetradecanoic
by p-elimination from the mercurial intermediate062 acid, and catalytic hydrogenation, to remove the benzyl and
Hydroboration ofL063with diborane followed by oxidative ~ benzylidene groups, yielded the carbasugar analogue of Lipid
workup of the resulting organoborane afforded a 46:54 X (1073.3%
mixture (78% yield) ofa-p-gluco- andg-L-altro-dibenzyl Lewis and co-workers followed the synthetic sequence
derivatives which were hydrogenolyzed to yieleB1 and developed by Quiclet-Sire and co-workers for the preparation
5a-carbgs-L-altropyranose (541) (Scheme 167c). Oxy-  of glucosamine derivativé055and reported two different
mercuration of1061 with mercury(ll) acetate yielded a routes to the carbasugar analogue of Lipid X073
mixture of three products in 86% vyielda,S-unsaturated  (Schemes 170 and 17%f The two sequences employed
alcohol 1063 (52%) and two minor trio-benzyl diastereo-  different protecting groups on the ester side chains. The
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Scheme 169. Synthesis of Carbasugar Lipid X (1073) Scheme 171. Lewis and Co-workers Second Synthesis of the
Carbasugar Analogue of Lipid X 1073
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Bno HaC(H,C)qo HO
(CH)oCHs FETI T (CHahoCHg
1072 1073 v,V
aReagents: (i) Li, lig NH, THF, —78 °C; (ii) PhCHO, TsOH, DMF, g 1073
54%, two steps; (iii) NaH, allyl bromide, DMF, 71%; (iv) AcOH,.8,
95%; (v) LIOH, MeOH-H,0, 93%; (vi) R)-3-benzyloxytetradecanoyl-
succinimide, DMF, 78%,; (vii) ZnG| PhCHO, 86%; (viii)N,N-ethyldiiso-
propyldibenzylphosphoramidite, tetrazole, £, 73%; (ix) Se@, dioxane, CH3(CH2)10 (CH2)10CH3
AcOH, 100°C, 62%; (x) R)-3-benzyloxytetradecanoic acid, DMAP, DCC,
CH,Cly, 52%; (xi) H, Pd/C, THF, HO, 85%. 1079
aReagents: (i) NaOH, EtOH, reflux, 62%; (ii)sHPd(OH), MeOH,
Scheme 170. Lewis and Co-workers First Synthesis of the HCI, quant; (iii) N-hydroxysuccinyl R)-3-methoxymethyloxytetradecanoate,
Carbasugar Ana|ogue of |_|p|d X (1073)3 DIEA, DMF, 62%; (iv) PhCH(OMgy, TsOH, DMF, 50%; (v) n-BuLi, THF,
OH —78°C, (PhO}POCI, 36%; (vi) B)-3-methoxymethyloxytetradecanoic acid,

EtNCN(CHy)sNMey, HCI, DMAP, CHCly, 74%; (vii) Hz, Pd(OH}, MeOH,

0 EtOAc, 88%; (viii) Hy, PtO,, H,O, EtOH, quant.
OBn HO' o—pOPh
JD -OPh / OPh Scheme 172. Synthesis of
i-iv . TOPh vvii g g 5a-Carba-2,3 4-triO—benzyIa-D-GIucopyranose 108
(a) 1055 —~ BnO" el i NH
- o EtS SEt
BnO HNBn i
1074 MeO” O “OH + BnO- OH —— Bno OAc
(CHz)10CH3 5
o 1075 BnO  OBn
o_L-OPh 1025 1-ep|-1025 1080
~OPh
R SEt SEt
viiijx NH XXi NC HO—~’
— o — 1073
.BnO' OAc... BnO'
Meo/\o , 'O/\OM 1 L 11,1V 4 4
CH3(CH2110. () oCHs € BnO  OBn BnO  OBn BnO  OBn
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aReagents: (i) EtSH, H then AcO, py, 86%; (ii) TMSCN, SnG|
85%; (iii) DIBAL-H, PhCHs, —70 °C, 78%; (iv) LAH, THF, 0°C, 85%;
(v) Ra-Ni, THF, 69%.

aReagents: (i) NaH, BnBr, DMF, BC, 67%; (ii) NaOH, EtOH, reflux,
90%; (jii) n-BuLi, THF, =78 °C; (iv) (PhOYPOCI,—78 to—40 °C, 80%;
(v) Hz, Pd(OH}, MeOH, 61%,; (vi) R)-3-methoxymethyloxytetradecanoic
acid, DCC, CHCl,, 92%; (vii) Hp, PA(OH}, THF, MeOH, 98%; (viii) DMP,
CSA, DMF, 69%; (ix) R)-3-methoxymethyloxytetradecanoic acid, DCC, —deprotection in acidic methanol to yield 5a-caxo@-
DMAP, CH,Cl,, 64%; (x) HCI, MeOH, 50°C, 97%; (xi) H, P10, H20, glucosamine hydrochloridd 077). Selective acylation using
EtOH, 90%. N-hydroxysuccinyl R)-3-benzyloxymethyltetradecanoate fol-
second sequence, which used benzyloxymethyl protectinglowed by 4,60-benzylidene formation afforded didl078
groups, has the advantage of not requiring acid media for Selective 1-OH phosphorylation was observed, albeit the
the final liberation of 1073 (Scheme 171). In the first reaction did not go to completion and was followed by
sequence (Scheme 170), benzylation of alcati®5 was acetylation at 3-OH withR)-3-benzyloxymethyloxytetrade-
followed by urethane removal and phosphorylation at 1-OH canoic acid to yield carbasugar Lipid X precurst®79
to yield 1074 Chemoselective catalytic hydrogenation was Sequential mild hydrogenolysis afford&@73with no need
possible in compound074for the N-benzyl group and was ~ for acid treatment.
followed by N-acylation with R)-3-methoxymethyltetrade- In 1987 Kdthn and Schmidt explored the usefulness of
canoic acid and hydrogenation to yield tridd75 Selective cyclohexanone4025and 1-epi1025%% in the synthesis of
protection ofl075as a 4,60-isopropylidene acetal left the  carbasugar derivatives (Scheme 1¥2)The attachment of
3-OH free for acylation with §)-3-methoxymethyltetrade- the functionalized &side chain was examined by reaction

canoic acid and resulted in the formation 176 Finally, of the ketone moiety with 2-lithio-1,3-dithiane, dimethyl-
treatment with hydrochloric acid and catalytic hydrogenation sulfoxonium methylide, and diazomethane. Cyclohexanones
led to the carbasugar analogue of Lipid X073. 1025and 1-epi1025 (4:1 mixture) were also treated with

The second sequence (Scheme 171) started with theethanothiol under acidic conditions to give, after acetylation,
carbamate hydrolysis oh055 followed by hydrogenolytic dithioacetal 108Q Subsequent cyano/mercapto group ex-
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Scheme 173. Synthesis of Valienamine (11) by Schmidt and
Khona
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1086 1

aReagents: (i) BzCN, C¥CN, NE&, —15 °C, 73%; (ii) PPh, DEAD,
PhCH;, 79%; (iii) Chloramine T, BTAC, CHCly, 78%; (iv) Na, lig NH;,
—70°C, 58%.

Scheme 174. Synthesis of Valienamine (11) by Panza’s
Group?

HO —0Bn BnO
b L. BnO: Q L BnO'" i
Bn BnO
1026 1087
BnO BnO

BnO: NHy

N3 v, BnO

"OBn

BnO :OBn BnO

1089 1090 11

aReagents: (i) PhCH¥DCH,CI, Mg, HgCh, —78 °C, then 0°C, 75%;
(ii) SOCl, Et0, reflux, 81%; (iii) NaN;, DMF, 50°C, 83%; (iv) HS, py,
H20, 79%; (v) lig NHs, 56%.

change with TMS-CN yielded branched nitril@81, which
was treated with DIBAL-H and lithium aluminum hydride
to yield 1082as a 4:1 epimeric mixture. The majarisomer
was treated with Raney-Ni to furnish 5a-carba-2,3,44i-
benzyloa-p-glucopyranosel(083. Schmidt and Kbn also
exploited this route in their approach to valienamiig)(
(Scheme 1733“ Accordingly, branched cyclitol082was
selectively benzoylated at the primary hydroxyl group to give
1084 which upon regioselective dehydration yieldE@B5
Amination of the thioether group with chloramine T afforded
directly and with complete stereoselectivity valienamine
derivative 1086 The protecting groups ofl086 were
removed with sodium in liquid ammonia to give valienamine
(12).

Panza and co-workef8 reported a stereocontrolled syn-
thesis of valienamine from enor26%° (Scheme 174).
Reaction ofL026with benzyloxymethylmagnesium chloride

Arjona et al.

Scheme 175. Synthesis of 1-Epi-valienamine (1093) by
Stick’s Group?

BnO
AcO, \

i
1087 — BnO'

BnO
1091 1093

aReagents: (i) AgO, py, DMAP, 60°C, 81%; (ii) NaNs, Pd(PPB)4,
THF, reflux; (i) H2S, py, EtN, H,O (4:1:1), 92%.

1092

Scheme 176. Synthesis of Pentaacetyl Valienamine (1102) by
Danishefsky and Park

o} HO
i i ii-iv
PMBO: OMe—— PMBO: " — - PMBO " CL
PMBO OAc PMBO OAc PMBO OAc
1094 1095 1096
(0] 0 (0]
}—NHBn }—NHBn }—NHBn
o o ;
V-Vi Vii AN
PMBO" — PMBO" — PMBO" * ;
PMBO  OH PMBO PMBO 0~ 0
1007 1098 1099 1100
o
AcO NHAc AcO
vii
1099 —= PMBO'+ — AcO' = AcO - NHAC
PMBO OAc AcO  OAc
1101 1102

aReagents: (i) HgG) acetone, kD, reflux, then MsCIl, DMAP, py, 72%;
(if) NaBH4, CeCE, EtOH,—78°C, 92%; (iii) benzylisocyanate, PhH, reflux,
98%; (iv) KoCOs, MeOH, quant; (v) PDC, AcOH, EtOAc, 85%; (vi) GH,
Zn, TiCls, THF, 45%; (vi) MCPBA, NaHCQ, CH.Cl,, 85%; (viii)
KHMDS, 18-crown-6, THF—~78°C, 75%; (ix) (a) Na, lig NH, THF, —78
°C; (b) LiOH, HO, EtOH, reflux; (c) AgO, py, 51%.

gave azidel092 Reduction ofL092with hydrogen sulfide
in a mixture of pyridine, triethylamine, and water gave 1-epi-
valienamine derivativd 093

A Ferrier-based carbocyclization approach was employed
by Park and Danishefsky for the synthesis of valienamine
(11) (Scheme 1763%7 Compound 1094 served as the
substrate for the Ferrier transformation. Thaldol thus
elaborated was converted th095 by mesylation and
elimination. Reduction of the ketone gat@96 which was
converted to carbamid&097through the action of benzyl-
isocyanate followed by acetate cleavage with potassium

afforded regio- and stereoselectively the branched chaincarbonate. Oxidation 0097 and methylenation with a

cyclitol 1087 Treatment ofL087with thionyl chloride paved
the way to chloro derivativé088 which upon reaction with
sodium azide furnished azidocyclitbd89 Reduction of the
azido group gave perbenzylated valienamii®®Q Deben-
zylation of 1090 with sodium in liquid ammonia afforded
valienamine {2).

McAuliffe and Stick® reported some modifications to the

modified Lombardo reageti gave rise td. 098 Epoxidation

of 1098 with MCPBA led to a separable mixture of
diastereomeric epoxides, with the major isomer bditgQ
Reaction of compound 099 with KHMDS gave rise to
valienamine derivativel101 Deprotection of the latter
followed by acetylation led to pentaacetyl valienamine
1102

method reported by Panza for the preparation of multigram A contribution from Hindsgaul's group focused on the
amounts of valienamine (Scheme 175). They also reportedsynthesis of uridine'§5a-carbaa-p-galactopyranosyl diphos-

on a novel route to 1-epi-valienamine. Acetylation1®87
yielded an allylic acetate,091, which upon treatment with

phate) 1), the carbocyclic analogue of UDP-galactose, as
a potential inhibitor of galactosyltransferases (Scheme #77).

sodium azide and tetrakis(triphenylphosphine)palladium(0) The proposed synthesis required the preparation of 5a-carba-
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Scheme 177. Synthesis of Uridine Scheme 178. Synthesis of Anellated Carbasugar Derivatives
5'-(5a-Carba-o-p-galactopyranosyl Diphosphate) (97 o
HO,
_N-R
HO o/\CHO o/\/ ®
RNHOH
BnO: — BnO' BnO''
BnO  OBn BnO  OBn BnO  OBn
1109 1110 1111
/ / 0,
BnO  OBn AcO  OAc H,
—  BnO
1106 1107 / Pd/C /
OAc BnO  OBn BnO  OBn
viii EtzN—Pig/\:© o 1112a R= Bn; 70% 1113a R=H; 70%
AcO »0—R-0 1112b R= Me; 88% 1113b R= Me; 91%
ix 0
AcO  OAc 1112¢c R= 1113c R=
1108 BnO'" OMe 75% BnO' +OMe 80%
OH 6 o BnO  OBn BnO  OBn
I I — (0] L .o
X HO ...‘O//P\o//P\O o_n Scheme 179. Sindg Rearrangement of
0 o@ XJ’ 7]/NH Hex-5-enopyranosides Catalyzed by TIBAE
S} —
HO OH s 2., 0
HO
o1 HO OH i Y
aReagents: (i) Hg(OAg) AcOH, NaCl, ag acetone; (i) MEMCI, DIEA, —_— BnO' OMe
CH3CN, reflux, 55% two steps; (iii) Tebbe’s reagent, 78%; (iv) bordiht-, 4 4
then NaOH, HOy; (v) Hy, Pd/C; (vi) AgO, py, 44%, three steps; (vii) BnO OBn BnO OBn
MezBBr, —78 °C, 95%; (viii) tetrazol; (ix) MCPBA, CHCI,, 53%, two
steps; (x) (a) H, Pd/C; (b) 1,13-carbonyldiimidazole; (c) UMP, DMF; (d) 1024 1114
EtsN, MeOH, HO (7:3:1), 85%.

. . o . ! endo cleavage 4 cycllza.tlon
a-D-galactopyranose and its coupling to uridine diphosphate. v + reduction
Application of the Ferrier reaction td103 obtained from
methyl 2,3,4-triO-benzylf-p-galactopyranose in three steps, E.o Q..
yielded cyclohexanon&104 Protection of the 1-OH as the B rotation Bgﬁm
methoxyethoxymethyl (MEM) ether and Tebbe’s olefina- Bnobﬁ OBnObﬁ

tion®*° gave methylenecyclohexaidd4 05 Hydroboration of
1105 gave a complex mixture from which 5a-carbes-
galactopyranose derivativé106 could be obtained and

transformed intol1107 by hydrogenation, acetylation, and  .2.2.2. Electrophilic Cyclizations.Even though cycliza-
deprotection of the MEM group. Phosphitylation followed  tion processes which involve carbanions are very common,
by oxidation gave phosphafel08 which was subjected to  methods which make use of the addition of electron rich
removal of the benzyl esters, coupling with uridine mono- double bonds onto electrophilic centers have also proved
phosphate, and deacetylation to yield the desired compoundgyccessful in the synthesis of carbasugars.
9L 6.2.2.2.1. Rearrangement of Hex-5-enopyranosigigsy
Peseke and co-workers have reported an approach to fusednd co-workers reported in 1997 that carbohydrate vinyl
carbasugar derivatives, also based on the Ferrier carbocyacetals (e.g.1024 Scheme 179), the substrates used in
clization, in which the g branch was incorporated through Ferrier reaction, undergo reductive rearrangefiéff2 on
an intramolecular 1,3-dipolar nitrone cycloaddition (Scheme treatment with triisobutylaluminum (TIBAL) to afford highly
178)4%0 Cyclitol derivative1109 readily obtained fron1022 functionalized cyclohexanes (e.4114).4%34%4The key step
via 10243%%° was converted to aldehydel 10by a carbene- in this transformation is thendocleavage of the glycosidic
insertion reaction (ethyl diazocarboxylate, rhodium(ll) ac- bond leading to a stabilized carbocationic intermedfate
etate) followed by reduction (DIBAL-H) of the resulting which then recycles and undergoes reduction to give the final
ester. Treatment of the unstable aldehydd0with either product. This rearrangement proceeds with retention of both
N-benzylhydroxylaminelN-methylhydroxylamine, or methyl  the aglycon moiety and its stereochemistry, due to the initial
2,3,4-tri-0O-benzyl-6-deoxy-6-hydroxyamina-b-glucopyra- endaglycosidic bond cleavage, and therefore complements
noside hydrochloride in toluene furnished the intermediate the Ferrier carbocyclization reaction, which inherently
nitrones1111, that underwent spontaneous intramolecular requiresexaglycosidic cleavage to eject the aglycon.
1,3-dipolar cycloaddition to afford tricyclic derivativé412 The Lewis acid Ti(CPr)Ck was also able to mediate the
Catalytic hydrogenation then yielded anellated carbasugarsrearrangement dd-glycosides under milder reaction condi-
1113 These compounds were evaluated as glucosidasetions, which did not result in the reduction of the keto
inhibitors but displayed only weak inhibition. function#% The analogous titanium(IV)-promoted pyranose-

A
aReagents: (i) TIBAL, PhMe, 40C, 79%.
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Scheme 180. Sindg Synthesis of Methyl Scheme 181. Sindg Synthesis of Methyl
5a-Carba{#-p-ldopyranoside (0-1119% 5a-Carba{#-p-ldopyranoside (L-1119}%
OAc HO—.,
v +*OMe —= HO'" *OMe
BnO' — / / /
BnO  OBn BnO  OBn HO OH
BnO
1024 1120 L-1119
115 1116 aReagents: (i) GIIO/Pr, CHCly, —78 °C, 95%.
HO, MeQ, Scheme 182. Synthesis of 5&arbadisaccharide 1124
. o .
BnO" o] P BnO . COMe  YIBIC
BnO  OBn BnO  OBn
117 1118
MeQO, HO
/ OH
HO! o/ = HO OMe
HO OH HO OH
D-1119

aReagents: (i) furan, molecular sieves, TMSOTTf, £, —40 to 20
°C, 71%; (ii) MeONa, MeOH, 91%; (iii)4, PPh, imidazole, PhCH 70

°C, 89%; (iv) NaH, DMF, 72%; (v) TIBAL, PhCl 83%; (vi) NaH, Mel, BhO  OBn
DMF, 96%; (vii) Os, CH,Cl,, MeOH, —78 °C, then KHCQ, DMF, Mel,
62%; (viii) LAH, Et,0, 76%; (iX) H,, Pd/C, MeOH. 1123

aReagents: (i) TIBAL, PhCH 40 °C, 12%.

to-cyclohexane transformation of vinylic anomeric spiro-
orthoesters has also been descri#fédhis rearrangement ~ Nnoside1122 which isa-linked to a sugar aglycon, this led
has been extended ©-, S-, and Seglycosides. to transformation of the pyranose ring at the nonreducing

The rearrangement &-glycosides, which would directly ~ end of the disaccharide into a carbocycle, affording &)
lead to carbasugars, would only succeed if the aglycon is ether-linked pseudo-disaccharidé23 which was subse-
sufficiently electron donating in natuf® The attempted  quently transformed into a'&-carbadisaccharid124fol-
rearrangement o@-alkyl glycosides, that fail to stabilize  lowing previously described methodologf}.
the proposed carbocation intermediate, results in preferential 6.2.2.2.2. Oxocarbenium lerEnol Ether Cyclizationln
reductive cleavage of the endocyclic=-@ bond by a a somewhat related work, Mootoo and co-workers disclosed
hydroaluminatior-elimination reaction. On the basis of these a convenient procedure for preparirig-&arbadisaccharides
observations, Sinayand co-workers devised a synthetic based on the intramolecular capture of an oxocarbenium ion
strategy in which aC-furyl glycoside, derived fromp- by an enol ether residue (Scheme 188Yhe key intermedi-
glucose, was converted to a partially protected cgina- ates, 1-thio-1,2>-isopropylidene acetals (TIA), are easily
idopyranoside (Scheme 186.The furyl aglycon was thus  activated to generate intermediate oxocarbonium ions and
used as a masked form of the hydroxymethyl moietysat C provided a convergent entry ©-glycosides!!**12or car-
The preparation of-furyl glycoside1116 from 1,6-di-O- basugars. Thus, for the synthesis td-6arbags-galactodis-
acetyl-2,3,4-triO-benzylb-glucopyranosel(115 was carried accharides, the branched pyranosid@5was prepared from
out by routine transformations including TMSOTf-mediated D-lyxose and subjected to a sequence of reactions including
glycosylation with furan, deacylation, iodination, and elimi- Suaez’s fragmentation of an anomeric alkoxy raditdl,
nation. Alcohol1117 which was obtained by treatment of leading t01126 Acetal exchange, basic hydrolysis, and
alkenel116with TIBAL, was methylated and submitted to  0zonolysis gave a mixture of TIA acidsl27 To introduce
oxidative cleavage of the furan with ozone to reveal the the aglycon moiety, a DCC-mediated esterification was
masked carboxylic, which was immediately methylated to implemented and the key enol etligi28was obtained after
give methyl carbg-p-iduronate 1118 Reduction with Tebbe reaction. Activation with methyl triflate in the
lithium aluminum hydride then gave methyl carBa- presence of 2,6-dert-butyl-4-methylpyridine led to the

idopyranoside-1119 (Scheme 180). cyclic enol ethed 129 Finally, stereoselective hydroboration
An alternative route was devised, by the same authors,and deprotection afforded carbadisaccharitE31 in a
for the synthesis of methyl cartfht -idopyranoside(-1119 convergent manner.

(Scheme 181%% Ketone 1120 was obtained in 95% yield 6.2.2.2.3. Mukaiyama-Type Aldol Cyclizatidratsuta and
by the Ti(IV)-promoted nonreductive rearrangement of hex- co-workers described a different approach for the conversion
5-enopyranosid&024 Methylenation ofL120with the Tebbe of carbohydrates to carbasugar derivatives based on a-SnCl
reagent, hydroboration with BfTHF, oxidative workup, and ~ promoted aldol-like cyclization of silylenol ethers (Scheme
debenzylation yielded methyl 5a-carBa-idopyranosideL(- 184)#3Their strategy involved a one-pot opening of furanose
1119. rings followed by acid-promoted cyclization. The use of this
The TIBAL-promoted rearrangement has also been appliedapproach was illustrated in the total synthesis of carbasugar
to 5-hexenopyranosides containing more complex aglycon derivatives of biological interest such as pyralomy&8)(*'4
moieties (Scheme 18292 When applied to hex-5-enopyra- the aminocarbasugars validamin&2) and valienamine
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Scheme 183. Mootoo’s Approach to BaCarbadisaccharide$

OCHO OBn
<< > ‘OBn | ii < OAc ||| vi COOH
\ o__0O (0] Ph
X S
1125 1126 1127
vii, viii ix
o SPh BnO
1128 1129
OBn OH
XI xii
o "OMe
oHend  OBn OH HO OH
1130 1131

aReagents: (i) Na, N§ THF, 92%; (ii) DIB, kL, cyclohexane, 95%;
(iii) PhSH, BFs-OEb, —78°C, then NaOMe, MeOH; (iv) NaH, BnBr, TBAI,
DMF, 70% (two steps); (v) @ MeOH—CH,Cl,, —78 °C, then PBP; (vi)
NaClG,, CHiCN, 2-methyl-2-butene, 59% two steps; (vii) DCC, DMAP,
methyl 2,3,6-triO-benzyla-p-glucopyranoside, 80%; (viii) Tebbe reagent,
80%; (ix) MeOTf, DTBMP, CHCIy, 64%; (x) BHsSMe,, then HO,, NaOH,
72%,; (xi) HCI, MeOH; (xii) Pd/C, EtOH, HCeH, 72% (two steps).

(12),**5or the glyoxalase | inhibitor COT&S Thus,b-xylose
derivativel132was converted into the acetbl33and then
reacted with lithiated methyl phenyl sulfone to give furanose
1134 The latter was converted to cyclohexendri36 by
ring opening with TBSOTf and then ring closing of the
resulting labile enol silyl ethel135 To introduce the
remaining hydroxymethyl group, a sequence of Michael
reaction with tributylstannyl lithium followed by trapping
of the produced anion with formaldehyde and subsequent
desulfonylation was developed, and the desirdd/droxym-
ethylcyclohexenon&137was thus obtained. Stereoselective
reduction of the carbonyl group 6137 led to the key
intermediatel 138 Stereoselective hydrogenationldf38and
deprotection led to 5a-carlap-glucopyranose pentaacetate

Chemical Reviews, 2007, Vol. 107, No. 5 1991

Scheme 184. Tatsuta’s Approach to Carbasugats
OTr

o) MeO MeO
(@) O i-iv 0 oV 0 OH
4 MeO /T MeO / ~—S0,Ph
HO OH TBSO OTBS TBSO OTBS
1132 1133 1134
TBSO OTBS PhO,S
vi | MeO X SO2Ph vii
T —-0 OTBS —
MeO TBSO OTBS /
TBSO  OTBS
1135 1136
viii X=X
OTBS ___ HO OTBS —» | AcO-
TBSO “oTBS TBSO “oTBS
1137 1138
MOMO

(b) 1138 X—»" X Momo-

Xvii
(c) 1138 —

12

1140

aReagents: (i) TBSOTf, 2,6-lutidine, GBI,, 90%; (ii) Hp, Pd/C, CHCY,
87%; (iii) DCC, pyTFA, DMSO/EO; (iv) CSA, HC(OMe}, MeOH, 50
°C, 73% (two steps); (v) MeS@Ph, n-BuLi, THF,—78 °C, 94%,; (vi)
TBSOTI, 2,6-lutidine, CHClIy, 40°C, 92%, then SnG) CHxCl,, —78 °C,
70%; (vii) n-BwsSnLi, HCHO, THF,—78 to 40°C, 92%; (viii) Zn(BH)z,
EtO, 0 °C, 80%; (ix) H, Raney-Ni, EtOH, 77%; (x) 3% HCI, MeOH,
99%; (xi) AcO, NaOAc, 70°C, 82%; (xii) MOMCI, DIPEA, CICHCH,CI,
50°C, 85%; (xiii) TBAF, THF, 97%; (xiv) HN, PhsP, DEAD, THF, 81%;
(xv) Hz, Raney-Ni, HO, 1,4-dioxane, quant; (xvi) 3% HCI, MeOH, 99%;
(xvii) Me,C(OMe), CSA, DMF, 90°C, 90%,; (xviii) Hp, Raney-Ni, HO,
1,4-dioxane, quant; (xix) 3% HCI, MeOH, 99%.

6.2.2.3. Radical Cyclization.The radical cyclization of

(0-580) (Scheme 184a). Valienaminglj was produced from
1138by Mitsunobu inversion of the allyl alcohdl139and
deprotection (Scheme 184b). Validaming2)( was also
prepared froml138via isopropylidene derivativé14Q by
catalytic hydrogenation over Raney-Ni and acidic deprotec-
tion (Scheme 184c}®

In a related report, Ikegami and co-workers described an
efficient preparation of 5a-carbagluco-, -galacto-, and
-manno-type carbasugar derivatives from the corresponding

suitable carbohydrate derivatives was introduced for the
synthesis of 4a-carbafuranoses rather than for the synthesis
of ba-carbapyranoses. The reason for this is that the formation
of five-membered rings by Bxo (digonal or trigonal)
radical ring closure was a better established synthetic process
than the formation of six-membered rings. The intermediate
radicals employed in the preparation of carbapyranoses have
been generated mostly by the use of tributyltin hydride, and

sugar lactone orthoesters (Scheme ¥85The key step of

this procedure is the acid-promoted intramolecular aldo
cyclization of alkyl enol ethers, which in turn were prepared
directly from spiro sugar orthoesters by a methyl anion

they differ mainly in the mode of radical cyclization
employed.

6.2.2.3.1. 6-exo-trig Radical Cyclization. 6.2.2.3.1.1. Tin
Method. The first example of the preparation of a 5a-

insertion and a subsequent ring-opening reaction. Thus, thecarbapyranose by éxotrig radical cyclization was reported

gluconolactone orthoestéd42was converted into the enol
ether 1143 by reaction with an excess amount of Alpe
Oxidation with DMSO/AgO gave ketond 144 which was
cyclized with ZnC} in THF/H,O to afford the carbasugar
derivative1145with very high selectivity (Scheme 1858¥.

In an analogous manner, galactonolactdid6 and man-
nonolactonel148were converted to carbasugar derivatives
1147 and 1149 with overall yields of 64% and 54%,
respectively.

by Samuelsson and co-workers (Scheme £8&eduction
of 2,3:5,6-diO-isopropylidenes-mannofuranosel(50 with
sodium borohydride, according to Sincl&i? furnished diol
1151 The latter, after protection of the primary hydroxyl
group, was activated at by treatment with phenylchlo-
rothionoformate 1152, allylated by treatment with allyl-
tributylstannané?® and desilylated to give a 1:1 diastereo-
meric mixture of 1153 The mixture was subsequently
iodinated with triphenylphosphine, iodine, and imidaZ&ie
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Scheme 185. Ikegami’'s Approach to Carbasugar Scheme 187. Synthesis of Carbasugar Derivative 1157 by
Derivatives? Schmid and Whiteside$
OBn OBn OBn OH H3C,
(:)o o o 00— i OH 5< . OH
n ’ — BnO" S BnO' < “—oTBs
andomn ol omn ? TBSO  OTBS
1141 1142 1156 1157
OBn OH aReagents: (i) n-BiBnH, AIBN, 75%.
i o iv Scheme 188. Synthesis of Precursors for Radical
—  BnO — BnO™

Cyclization?
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as above >< 7‘\0 OH ><
(b) o0 — —
64% 1158 1159 1160 R= OH
OBn V@ 1161 R=Br
1147 1162 R=1
BnO BnO
0 as above i N O Vivi A\ !
© Bnow o —r — B8O @ ° (b) 1159 HO OH — RO OR
54% 80%
BnO  OBn BnO OBn o 0 o 0O
1148 1149 >< ><
aReagents: (i) 2,2-dimethylpropanediol, TMSOMe, TMSOTf, PRCH
94%; (i) AlMes, CHoCly, 93%; (iii) Acz0, DMSO; (iv) ZnCh, THF, H;0, 1163 <l ( 1164 R=H
72% (two steps). ix C 1165 R= Ac
1166 R= Bz

Scheme 186. Synthesis of 5a-Carbapyranose Derivative 1155 o ) ) 4
by 6-exotrig Radical Cyclization® aReagents: (i) vinylmagnesium bromide, THF, 79%,; (ii) BnBr, NaH,

DMF, 62%,; (iii) TBAF, THF, 81% for116Q (iv) tetrabromoethane, PRh
THF, 92%; (v) imidazole, PRhl2, 79%; (vi) TsCl, py/CHCl,, 75%; (vii)
Nal, TBAI, THF, 72%; (viii) Ac;O, py, 92%; (ix) BzCl, py, 90%.

differently substituted hept-1-enitols, leading to several
6-deoxy-5a-carbapyranoses. As starting materials they em-
ployed four different carbohydrate derivatives (Scheme 188).
Starting fromp-ribose derivativel158 they prepared five
different substrates for radical cyclization which differed
either on the homolizable halogehll, 1162 or on the
protecting groups1(162 1164 1165 1166 (Scheme 188).

A different behavior was found in the reaction of bromo and
CHs iodo derivatives1161 and 1162 under typical radical cy-
clization conditions (BgSnH, AIBN, GHe) (Scheme 189).
Accordingly, whereagd 162reacted to give a mixture of 5a-

1:1

mixture 1153 1154 1155 carbae-L-allo derivativel169and reduced 168 the reaction
aReagents: (i) NaBlj 79%; (i) TBSCI, py; (iii) PhO(CI)G=S, py, 91%, of 1161resulted in the formation of substituted tetrahydro-
two steps; (iv) allyltributylstannanehw; (v) TBAF, THF, 78%; (vi) furan 1167, presumably via an ionic rather than a radical
imidazole, PP 12, 89%; (vii) separation of isomers, (n-g&nk, fw. mechanism. The comparison between the radical cyclizations
. o L . of iodides1162and1164—1166showed a striking effect of
to give 1154 The radical-induced cyclization dfl54with the protecting groups on the outcome of the radical cycliza-
bis(tributyltin) gave the Sa-carbapyranose derivafii®s tion. Thus, radical cyclization of acyl derivativéd65and

The second example was published, almost simulta- 1166was completely stereoselective, whereas reaction of diol
neously, by Schmid and Whitesides (Scheme #&Radical 1164 yielded a mixture of reducedi170and o-L-allo and
ring closure of allyl derivativel156 yielded carbasugar  g-p-talo derivativesl171and 1172 respectively (Scheme
derivative 1157 in 75% yield. The homochiral derivative  189).
1156had been obtained by rabbit muscle aldolase-catalyzed Reaction of 2-lithio-1,3-dithiane with 6-deoxy-6-iodo-1,2:
aldol condensation of dihydroxyacetone phosphate and3 4-di-O-isopropylidenes-p-galactopyranose 1175 fol-
chloroacetaldehyde followed by silylation and allylation.  |owed by isopropylidenation yielded a mixture of stereo-

Redlich and co-workers published in 1992 a comprehen- isomeric dithiane2176and11774?*which were transformed
sive study on the scope of the radical cyclization of hept- into hept-1-enitols,1179 118Q and 1181, according to
1-enitols for the preparation of 5a-carbasudaisThey Scheme 190. Radical cyclization b179(Scheme 191) was
reported the preparation and radical ring closure of 12, completely regio- and stereoselective to yield 5a-cgtha-
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Scheme 189. @&xotrig Radical Cyclization of Carbohydrate Scheme 190. Synthesis of Precursors for Radical
Derivatives® Cyclization®
[ o (\
1161 — OBn . NSNS NSNS
809 S '
* Bo  oH "0 0 "0 0 o
1167 '—O/% o o/% 7k o/%

1176 (1:3) 1177

Bn BnO
1162 — A OH A |
40% O iii iv
1176 — O "0 — (o) "0
T A e

1168 1169
1178 1179
: HO%_?—OH HO—Q—OH HO OH N N ! . N |
1ed 7% o) 1 = o%_;o A ACO%—;OAC
>< >< >< 71\0 "‘o/% Al oA
1170 (17%) 1171 (34%) 1172 (26%) 1180 1181

aReagents: (i) 1,3-dithiane, n-BuLi, THF/hexane, 89% 1:3 mixture; (ii)
2,2-dimethoxypropane, TsOH, dry acetone, 70%1fbr§ 75% for1177

i (iii) Mel, 2,4,6-collidine, acetone/4D, reflux, then NaBh, EtOH/H,O, 70%
1165 — AcO OAc for 1178and118Q (iv) I, imidazole, PPk 84% for1179,83% for118Q
87% (v) 80% aq AcOH; (vi) AcO, py, 57% (two steps).

Scheme 191. Radical Cyclization of lodo Derivatives
1179-118F

173
[
i / 1o o O’Q"'o
1166 — BzO 0Bz o #\ )V
80% °c o
O><O 1182
1174 [
aReagents: (i) n-BsSnH, AIBN, PhH. 1180 81°/- 0 o)
° 7‘\ - /%

O o
altropyranose derivativel182 whereas its epimef180
yielded 6a-carbaheptanose derivatiie83 The latter result 1183

was ascribed to th&rans orientation of one of the isopro-
pylidene rings and was supported by the result of the radical i
cyclization of the more flexiblel181 (obtained by ded- 181 — —Q—OAC + AcO

isopropylidenation of. 180followed by acetylation, Scheme 88%

190), in which a mixture of six-memberedL-altro (1184

andg-p-fuco (1185 derivatives was obtained (Scheme 191). 1184 1185
Hept-1-enitols1188-1190 were prepared from 2,3:5,6- #Reagents: (i) BsSnH, AIBN, PhH.

di-O-isopropylidenes-mannofuranosel50, according to

the reaction sequence shown in Scheme 192, and the resultwork, enol etherl206 underwent radical cyclization upon
from their radical cyclization are displayed in Scheme 193. treatment with BgSnH to yield a (2:1) mixture of 6-meth-
Finally, benzyl$-p-galactopyranosidel (96 was converted ~ 0Xy-4-deoxyt- and b-carbasugar derivative?07and1208
to hept-1-enitol1198 and its radical cyclization yielded a albeit in low yield (25%).

2:1 mixture ofa-L-rhamno andﬂ-D-gqu derivatives1199 More recenﬂy’ Wagner and Lurfét have used a éxo
and 120Q respectively (Scheme 194). trigonal radical cyclization approach for the synthesis of three
Unlike earlier contributions, the éxactrig radical cycliza- different 5a-carbaheptopyranoses. This approach presents

tion onto enol ether double bonds provided carbasugarssome different features from the preceding works. The use
oxygenated at £ Two examples of this approach are of 8-bromo-8-deoxy-2,3-unsaturated octono-1,4-lactones,
outlined in Schemes 1¥5and 196'? Bromo-aldehydd 202 where the olefinic radical trap is confined into a ring, renders
was synthesized from alcoh@R01*?” by bromination and  the radical cyclizations completely regio- and stereoselective.
deprotection of the ethyldithioacetal. Compout#D3 (1:1 Accordingly, octono-1,4-lacton&211, prepared from alde-
Z/E mixture) resulted from the Wittig reaction of the ylide hyde1210by condensation with 2-(trimethylsiloxy)furd??
obtained from (methoxymethyl)triphenylphosphonium chlo- was converted to bromo derivativ®11, which underwent
ride with 1202 Radical cyclization of203yielded a mixture radical cyclization in the presence of f8nH to yield

of L- andp-carbasugar derivativd204and1205 In related bicyclic compound1213 (Scheme 197). The latter was
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Scheme 192. Preparation of Hept-1-enitols 1188L19CG*

TsO

OBn R
= i, iv. HO'

OBn

1190
aReagents: (i) (PRPCHl, n-BuLi, THF, 67%; (ii) BnBr, NaH, DMF,
84%; (iii) AcOH, 98%; (iv) TsCl, py/CHCI,, 52%; (v) imidazole, PPh
15, 78%; (vi) isopropenyl methyl ether, p-TsOH, DMF, 36%; (vii) A&
py.

AcO

Scheme 193. @&xotrig Radical Cyclization of Hept-1-enitols
1188-119C

1188 ——» HO OH + HO OH
54%
HO OBn (2:1) HO OBn
1191 1192
i
1189 (0] OH 4 O OH
56% >L 7L
OBn (1:6) o) OBn
1193 1194
i
1190 —» AcO" OAc
6% -
AcO OBn
1195

aReagents: (i) BsSnH, AIBN, PhH.

transformed, by reduction with Ca(B}, into 5a-carba-6-
deoxyf-L-guloheptopyranos&214

The second and third 5a-carbaheptopyranoses were ob-

tained by radical cyclization of epimeric lactone819and

122Q which were prepared from commercially available

D-glycerop-guloheptonolactoné215 following the trans-
formations outlined in Scheme 198. Compoutil5 was

reduced to the corresponding heptose, subjected to a Kiliani

homologation, and converted to the tri- and diacetonld@d$
and 1217 following literature method4® The synthetic
sequence continued with diacetonid®17, which was

Arjona et al.

Scheme 194. Synthesis and Radical Cyclization of
Hept-1-enitol (1198}

OTPS N |
H Vil Bzo—z_;' ‘OBz

1197 1198
Ho—QmOH Ho—bn-OH
N < + N <
o_ 0 . o__0
I ey A
1199 1200

aReagents: (i) TBSCI, imidazole, DMF, 85%; (ii) dry acetone, TsOH,
CasSQ, 78%; (iii) Hz, 10% Pd/C, NaHCg) MeOH, 93%; (iv) methyltriph-
enylphosphonium iodide, n-BuLi, THF, 60%; (v) TBAF, THF, 91%; (vi)
TsCl, py/CHCIy, 20 h, then BzCl, 70%; (vii) Nal, TBAI, THF, 81%; (viii)
n-BusSnH, AIBN, PhH, then AgO, py, 69% (two steps).

Scheme 195. Synthesis and éxotrig Radical Cyclization of
EnoI Ether 1198

B v

o 0(11)

1201 1202 1203

OMe OMe
/

iv
LN +
A
7~0 o ©:1) o Yo
1204 1205
aReagents: (i) CBr PPh, 70%; (ii) HgO, HgC}, acetone-H,0, 80%;
(iii) PhsP=CHOCH,;, THF, 50%; (iv) n-BuSnH, AIBN, PhH, 60%.

Scheme 196. Synthesis and éotrig Radical Cyclization of
Enol Ether 1206

TBSO,
1201 ﬁi BnO-" e
MeO (7:)3)
1206
. MeO—., MeO
— otes * OTBS
MeO  ben @:1)  MeO bn
1207 1208

aReagents: (i) n-BsBnH, AIBN, PhH, 25%.

transformed intdl218through a synthetic sequence which carbat-glyceroa-L-galactoheptopyranoselZ2? and Sa-

involved, among others, de-isopropylidenation and mono-
bromination (Scheme 198). Treatment 118 with Et;N
led to a mixture of unsaturated lactonE&19and 1220by
pB-elimination and epimerization of the allylic,@osition.
Radical cyclization of lactonek219and1220(Scheme 199)
was again completely stereoselective, yielding addi2fd
and 1223 reduction of which with Ca(Bkj, yielded 5a-

carbap-glycerof-p-idoheptopyranosel@24, respectively.
It is noteworthy that the hydrogen transfer at Was also
stereoselective and controlled by steric effects from the newly
formed cis-fused bicyclic molecule.

6.2.2.3.1.2. Radical Cyclizations Using Samarium(ll)
lodide. Fernandez-Mayoralas and co-workéts made use
of an approach based on a $fptomoted pinacol couplirté?
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Scheme 197. Synthesis of Carbasugar Derivative 1214
Me3SiO o

0
wo o LF

on _eps W = *OH
HO o Po
COOH —I—OBn BF3Et,0 o/<
1209 1210 70% OBn
1211

)
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i, i OAc i Aco\é\“o iv-vi 7
OAc ):O HO"'Q"‘OH
AcO*E ‘ :

AcO’ nd
Br OH

1212 1213 1214

aReagents: (i) HBr in AcOH, then MeOH; (ii) A®, H', 51% from
1211, (iii) n-BusSnH, AIBN, EtOAc, 82%; (iv) HCI, MeOH (89%); (V)
Ca(BHy)2, EtOH; (vi) Ac,O, HY, 51% from1213

Scheme 198. Synthesis of Bromolactones 1219 and 1220
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Scheme 199. Radical Cyclization of Bromolactones 1219 and
122G

o AcO OAc
g O =N, i H
S — 2>=0 AcO" OAc
AcO B ~ E
H 0OAc AcO  OAc
1221 1222
0
v o) - lgl 16) Vv, Vi
1220 — =0 Ohc
AcO T\ = s
H oAc AcO  OAc
1223 1224

aReagents: (i) n-BsSnH, AIBN, EtOAc, 73%j; (ii) Ca(BH),, EtOH,
96%; (iii) Ac20, H*, 83%; (iv) n-BuSnH, AIBN, EtOAc, 73%+ 9% of
debrominated.22Q (v) Ca(BH),, EtOH, 80%; (vi) AgO, HT, 77%.

Scheme 200. Ferhadez-Mayoralas et al. Smj-Promoted
Pinacol Coupling Strategy to Carbasugard

(:)Bn n (:)Bn
0., OH i 0., ~OH 0., OH
XL A
o OH o OH o OH
OBn (1:9) OBn

0B
OBn

S 5 } 1225 1226 1227
>< HO OH
1215 1216 1217 BnO 0Bn
0., \ O O,
Br o Br m >< | /S\\ v ><
AcO} qo AcO} 0 qo o 0 0S0y
hi O—Z4- o © bac o—_/ BnO OBn
127 5 T S 1228 1229
o 0 o
OA —
2 ° 25 OBn 0Bn OBn
AcO  OAc Br OAc o - Rl R2,
v Vi _ "
1218 1219 1220 — ><O,(|:\L — RZQ\ — qu
aReagents: (i) TFA, bD, 84%; (ii) HBr in AcOH, then MeOH, 50% 0
from 1217 (iii) Ac 20, py, 87%; (iv) EtN, CHxCly, 76%. OBn OBn OBn
. o . . 12 12R2=
of ap-mannitol derivative in their stereodivergent syntheses 30 i 1231 R'=R"=CMe,
of 5a-carbae-L-galacto- (236, 5a-carbg3-p-altro- (1237), 1232 R'=R2=H

5a-carbaa-L-fuco- (1239, and 6-deoxy-5a-carha-n-altro- viii

pyranose 1239 derivatives. Accordingly, diol225(Scheme
200), prepared from 3,®-isopropylidene-1,6-d®-trityl- p-
mannitol, was subjected to a one-pot oxidatiginacol
coupling sequené&to yield a (1:9) mixture of cyclitold226
and1227 The key intermediategxomethylene cyclohex-

1233 R'=R?=TBS
aReagents: (i) Swern oxidation; (ii) Spt-BuOH, THF, 82%; (iii) (a)
SOCh, EtsN, CH;Cly; (b) NalQy, RuCk, CHsCN, CCl, H,0, 86% (2 steps);
(iv) KOt-Bu, THF; (v) HSQy, H,0, THF, 86% (2 steps); (vi) RR=CH;Br,
[MesSi]oNK, THF, 85%; (vii) TFA, MeOH, 98%; (viii) TBSOTH, (i-PREtN,
CHyCl,, 89%.

anesl231, 1232 and1233 were obtained frongis-diol 1227
through a synthetic sequence outlined in Scheme 200.thesis, outlined in Scheme 202, iodo-alkyrde5 readily
Interestingly, the authors discovered that the stereoselectivityobtained frombp-glucal derivativel246 underwent Gexc
on the hydroboration and hydrogenation of the exocyclic dig radical cyclization to generate a [2.2.2]oxabicyclic
double bond in compounds231—-1233 leading to carba-  p-methoxybenzyl glycoside€,244 which upon unveiling of
sugar derivatives, could be fine-tuned by changes in (a) thethe anomeric position yieldedxomethylene cyclohexane
substitution at 2-OH and 3-OH and/or (b) the hydrogenation 1243 Finally, after inversion of the configuration at @
catalysts (Scheme 201). the latter, the exocyclic double bond was retrosynthetically
6.2.2.3.2. 6-exo-dig Radical CyclizatidByntheses of car-  correlated with the mesylate functionality in Tatsuta’s inter-
basugars and derivatives involvinge&e-dig radical cycliza- mediatesl241and1242 The synthetic sequence to common
tion have been reported by four different research groups. intermediatel249(Scheme 203) followed the guidelines out-
The first approach was disclosed by McDevitt and Fraser- lined in the retrosynthesis: (a) addition of lithium phenyl-
Reid*4in their synthesis of Tatsuta’s penultimate intermedi- acetylide to a 6-formyl glucal derivative, (b) N-iodosuccin-
ates for cyclophellitol ) and (IR,69-9.4%% In their retrosyn- imide (NIS)-promoted glycosylation according to Thiem’s
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Scheme 201. Ferhadez-Mayoralas et al. Synthesis of Scheme 203. McDevitt and FraserReid’s Synthesis of Key
Carbasugars Intermediate 124%
HO—. HO Ph
i i / 7
1231 — BnO™ OBn 4 B0 OBn i ACO iv v vi, i
69% > 1246 — o — 1245 — 1244 ——
o_ 0O
>< BnO /
(17:83)
1234 BnO
1247
1232 BOn (/|
32—~ Bno- OBn OBn o viii iX, X
7% + 1243
BnO OPMB
HO OH
(92:8) BnO
1236 1237
1248 1249a X=OBn, Y=H
12498 X=H, Y=0Bn
i aReagents: (i) Swern oxidation, THF; (i) n-BuLi, lithium phenylacetyl-
1233 — - ide, THF; (iii) Ac;0, 82%, 3 steps; (iv) NIS, p-OMePhGEH, CHCN,
96% 92%; (v) n-BuSnH, AIBN, PhH, 100%; (vi) NaOMe, MeOH; (vii) NaH,
TBSG  OTBS TBSG  OTBS BnBr; (vii) DDQ, CH.Cly/H20, 95%: (ix) H-; (x) TBSCI.
1238 (93:7) 1239 Scheme 204. McDevitt and FraserReid’s Synthesis of
Tatsuta’s Key Intermediates 1241 and 1242
Ph
v BnO" OBn ‘ NG PYP)
1231 8_70/> _— N OBn OBn
" :
oxo BnO  OBn
1250
1240 (carbasugar numbering)
2Reagents: (i) boran&HF, THF; (i) H20, (30%), NaOH (3 N); (iii)
Ha, Pd/C (10%), EtOAc; (iv) K Ni—Ra, MeOH. Ph
: . . o—
Scheme 202. McDevitt and FraserReid’s Retrosynthesis of _\O
Cyclophellitol (9) iv, Viii-x 53 i, v, il
OH OH BnO' OBn
OMs
BnO OH
1251

BnO" oBn XX Bho Xiii, Xiv 1241

BnO OBn BnO  OBn

1252 1253
1242 aReagents: (i) DessMartin; (ii) NaBHa; (i) BnBr; (iv) O3, PPh; (v)
Ph B_H3-Me28; (vi) MsCiI; (vii) Ho, Pd—_C/Pd(OH)g, 82%;_ (viii) Nal'_:‘__(OAc);H;
(ix) 1 N HCI; (x) PhCH(OMe); (xi) NaCNBHs; (xii) HCI; (xiii) MsCl;
5 7// HO (Xiv) Hz, Pd—C, 63%.
6-exo-dig HO = 0
— 0 BnO( bond, stereodivergent reduction of the ensuing carbonyl
OPMB BnO(  1)OPMB and group, and mesylation of the resulting 5a-OH (carbasugar
3 numbering).
An approach which retrosynthetically correlated positions
1244 1245 1248 Cs and G of the carbasugar with the exocyclic double bond
of an examethylenecyclohexane ensuing from &%adig
procedure? (c) 6-exodig radical cyclization of the ensuing  radical cyclization of a carbohydrate-derived iodo-alkyne
2-deoxy-2-iodo derivative, and (d) deprotection of the (Scheme 205) was independently reported by two research
anomericp-methoxybenzyl group to unveil the carbasugar groups*7:43
ring. Finally, 1249 and 12493 were correlated with Tat- Maudru, Singh, and Wightman reported the conversion
suta’s intermediate$242 and 1241, respectively (Scheme  of p-ribose to carbg@-p-rhamno- and carba-L-gulopyra-
204a and b). These transformations involved inversion of nose pentaacetate4,262 and 79743 Thus, the ribose
the configuration at ¢ ozonolysis of the exocyclic double  derivative 1158 was transformed into a diastereomeric

BnO |
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Scheme 205. Retrosynthesis of Carbasugars Based on
6-exo-dig Radical Cyclization
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Scheme 207. Synthesis of 5a-Cark@b-rhamno- and
-a-L-gulopyranose Pentaacetates (1262 and 797)

R
6 y
. HO' OMOM i i
i i, iii
HO oH = HO OH — HO OH 1258 — M Acon OAc
7% d o 98%

HO  OH HO OH HO OH >< AcO OAc
R=H or R=OH 1261 1262
. . HO—.
Scheme 206. Synthesis of Key Intermediates 1258 and 1260 g AcO—,
T™MS i MOMO" OMOM i jii /
OTPS OTPS / OTPS 1203 — — » AcO OAc
oH OH . 7 94% o 0 100%
. y " MomOo~(4 =—oMOM >< AcO  OAc
Eant o 4 1197 /
0. _°0 71% (1) o_ O 1263 797
>< /0 OH mixture >< aReagents: (i) BetSMe, THF, H:O,, NaOH:; (i) 6 M HCl, MeOH,
99%; (i) Ac0, py, 99%.
1158 1254 R= TMS (45%) 1256
+ a —OMOM Scheme 208. Gmez et al. Retrosynthesis of Carbasugars
1255 R=H (28%) b 'OMOM R'R
HO HO R
5
5a 6 7 HO
v MOMO=(4 »=OMOM ;i OMOM HO OH = HO 9 OH =
12562 HO OH HO OH "
99% HO OH
Scheme 209. Gmez et al. Synthesis of
1257 1258 5a-Carba{#-p-Mannopyranose Pentaacetate (65%)
I MOMO'* E:E_OMOM
I OMO: OMOM .
III,VII,VIII vi
1199b />
88%
1260 (49%)
+
1259 1258 (39%)

aReagents: (i) lithium trimethylsilylacetylide, THF, 79%; (ii) MOMCI,
(i-Pr2NEt, CHCly, 71%; (iii) chromatographic separation; (iv) majos C
isomer, TBAF, THF, 91%; (v) imidazole, PRHy, 71%; (vi) n-BuSnH,
PhH, AIBN, (99%); (vii) minor G isomer, TBAF, THF, 96%; (viii)
imidazole, PP I, 78%.

mixture of protected alkyne$256 (Scheme 206); both of
these diastereomers were processed separately to the primary
iodides1257and1259 Radical cyclization ofi257yielded

Ph O OH

cyclohexenel 2589 as the only isomer. On the other hand, Y > AcO 5
radical ring closure 01259furnished a mixture o1258and o OBn o-~ OBn
examethylenecyclohexar26Q Hydroboration ofL258and D o U - AcO OAc
1260 was regio- and stereoselective and, followed by “YYI 0o 0O vibvit o O XX DA
deprotection and aceylation, yielded 5a-cgfbarhamno- 1268 >< AcO ¢
and 5a-carbat-L-gulopyranose pentaacetat&g62and797, 1269 1270 657

respectively (Scheme 207).

Gomez et al*° disclosed a different approach to carba-
sugars in which &, was retrosynthetically correlated with
the exocyclic double bond of aaxamethylenecyclohexane
produced by €xodig radical cyclization of an alkyne-
thionocarbonate derived from-mannose (Scheme 208).
They reported the synthesis of 5a-cafba-mannopyranose
pentaacetate6b67) from p-mannose. The synthetic scheme
included homologation, by reaction with lithium phenyl-
acetylide, of 2,3:4,6-dB@-isopropylidenes-mannopyranose
(12649 to yield diol 1265 (Scheme 209) as a very major
isomer (65% isolated yield). This diol was converted, in two
steps, to thionocarbonate266 whose radical cyclization

aReagents: (i) lithium phenylacetylide, THF, chromatography, 65%; (ii)
TBSCI, py, CHCl,, 65%; (iii) phenyl chlorothionoformate, py, MeCN, 80%;
(iv) n-BusSnH, AIBN, PhCH, 95%; (v) TBAF, THF, 91%; (vi) HNa, TBAI,
BnBr; (vii) O3, MeOH-CHCl,, then MeS; (viii) BH3-SMe,, THF, 75%
(three steps); (ix) HNa, GSMel; (x) n-BusSnH, AIBN, PhCH, 85%, (two
steps); (xi) H, Pd/C, MeOH; (xii) AcOH-THF—H_O; (xiii) Ac 20, py, 85%
(three steps).

yielded a mixture oexomethylenecyclohexane267 and
1268 Compoundl268was transformed into 5a-carlfap-
mannopyranose pentaacetéte/, through a series of steps
which included ozonolysis and reduction of the ensuing
ketone to a hydroxyl group, followed by BarteiMicCombie
radical deoxygenatioff! deprotection, and acetylation.
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Scheme 210. Gmez et al. Stereodivergent Synthesis of
Carbasugars from Polyoxygenated Intermediates

HO—C OH
OH
HO—®
5a a) b) HO OH
HO OH = [HO OH| < I
_6
HO OH HO
5a-carba-D-pyranose HO OH
HO OH

a) deoxygenation at C-5a Sa-carba-L-pyranose
b) deoxygenation at C-4

Scheme 211. Synthesis of 5a-Carbe-L-gulopyranose

Pentaacetate (797
Ph o—. OR
ogn v ><O-'-OBn
o><o

1272 R=H
1273 R= C(S)SMe

«C

o—.
>< g AcO—
., ’_ WX Acor OAc
o_ O
>< AcO  OAc
1274 797

aReagents: (i) TBAF, THF; (ii) HNa, TBAI, BnBr, 73%; (iii) § Me;S;

(iv) NaBH4, CeCh, 64%, two steps; (v) NaH, GS Mel, 70%; (vi)
n-BwSnH, AIBN, PhCH, 75%; (vii) H, Pd/C; (viii) AcCOH—THF—H,0;
(ix) Ac20, py, 75% (three steps).

The approach was extended, by the same autfibts,
the stereodivergent preparationmsfandL-carbasugars from
a single polyoxygenated intermediate by site-selective deoxy-
genation either at &or at G, (Scheme 210). They illustrated
this protocol with the preparation of 5a-car@as-allo- (809
and 5a-carba-L-gulopyranoseq97) pentaacetates from-
intermediatel267, and 5a-carb#-L-talopyranose L(-800)
from 1268 [the same intermediate previously used in the
synthesis of 5a-carbe-mannopyranose&g7)]. Accordingly,
deoxygenation at & of intermediatel267led to 5a-carba-
a-L-gulopyranose pentaacetai®() (Scheme 211), whereas
deoxygenation at £allowed access to 5a-carbap-allopy-
ranose pentaacetat809) (Scheme 212). The synthesis of
the f-L-talo isomerL-800 (Scheme 213), which required
deoxygenation at £on intermediatel268§ was greatly
facilitated by an unexpected 4,6- to 5a,6-isopropylidene ring
rearrangement upon treatment ®279 with phenylchlo-
rothionoformate.

Along these lines, Goez et al*3 applied their methodol-
ogy to the preparation of three carbasugars from a single
polyoxygenated cyclohexanoné\,( Scheme 214). They
exploited the deoxygenation (either ag,©r at G) of the
two diastereoisomer®( C, Scheme 214) originating from
the stereoselective reduction of thg, Ketone in compound
A. Implementation of this approach led to the synthesis of
5a-carbae-p-gluco-, -o-p-galacto-, and s-L-gulopyranose
pentaacetates. Their synthetic route started eiktxmeth-

Arjona et al.

Scheme 212. Synthesis of 5a-Carba-D-allopyranose
Pentaacetate (809

O0—. OBn
> 7 HO—.  OBn
j-iv o OBn v 7
1267 — —>  HOw 0OBn
0 (0]
>< HO  OH
1275 1276
TPSO—,  OBn TPSO—.  OBn
Vi, vii 7 viii, ix
— HO™ oBh —— OBn
" K
1277 1278
AcO—,,’ OAc AcO
X-Xiii 7
—_— OAc = AcO OAc
AcO OAc AcO  OAc
809

aReagents: (i) TBAF, THF; (i) @ Me;S; (iii) NaBH4, CeCk, 62%
(two steps); (iv) HNa, TBAI, BnBr, 73%; (v) AcCOHTHF—H,0, 95%;
(vi) TPSCI, imidazole, DMPA; (vii) 2-methoxypropene, TsOH, 45% (two
steps); (viii) phenyl chlorothionoformate, py; (ix) n-g&nH, AIBN, PhCH,
59% (two steps); (x) TBAF, THF; (xi) b Pd/C; (xii) AcCOH-THF—H,0;
(xiii) Ac20, py, 86% (four steps).

Scheme 213. Synthesis of 5a-Cark@ -talopyranose

Pentaacetate (-800}
o«é
OPh o)
S)\o' ' 'OTBS
O><O

><O OH
B

E——

1268 —
1279 1280
AcO OAc AcO—,
iv-vii 7
—_— @ OAc = AcO'--<:>--'OAc
AcO  OAc AcO  OAc
L-800

aReagents: (i) @ MesS; (i) NaBH;, CeCh, 50%, (two steps); (iii)
phenyl chlorothionoformate, py, 70%; (iv) n-g8nH, AIBN, PhCH, 90%;
(v) TBAF, THF; (vi) AcOH—THF—H,0; (vii) Ac20, py, 80% (three steps).

ylenecyclohexan&284 prepared in four steps from alkyne
1281(Scheme 215). Deoxygenation af,©f benzyl deriva-

tive 1285 followed by ozonolysis, reduction, and deoxy-
genation furnished protectedgulo derivative1288 which

was subsequently deprotected and acetylated to yield 5a-
carbag-L-gulopyranose pentaacetatédf) (Scheme 216).
Reduction of the g, keto group on hydroxy-keton&284
(Scheme 217) was completely stereoselective, generating a
p-OH at G, and deoxygenation at,@ltimately led to 5a-
carbae-p-galactopyranose pentaacetate5¢0). Synthesis

of carbae-p-glucopyranose pentaacetat82® (Scheme
218), according to these guidelines, implied synthesis of an
o-oriented 5a-OH (as i1294 and demanded deoxygenation
at G, (1292— 1293 prior to the reduction of the keto moiety

at G,
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Scheme 214. Stereodivergent Route to Three Carbasugars
from a Single Intermediate, A
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Scheme 216. Synthesis of 5a-Cark@- -gulopyranose
Pentaacetate (79%)

HO—, O ><O—«,_ R ><O—-._ OH
HO-'--1--OH i O ++OBn O”'“"OBn
1284 —> L
HO OH (0] (0] (0] (0]
A > >
Stereoselective . C 1285 R=CH, 1287
redn at C-5a 1286 R=0
HO—.  OH HO—.  OH
AR O_Z’ /OAC
HO“"”OH HO @ OH iv, v ><O"""'OBn vinviii /
! ! — ——  AcO "OAC
HO OH HO OH d o
B c AcO OAc
Deox Deox Deox ><
C4 C5 Ca4 1288 795
) w8 ) aReagents: (i) NaH, BnBr, THF, 80%; (ii)$DMeOH, then MeS; (iii)
NaBH,, CeCk, 90% two steps; (iv) NaH, GSMel, 80%; (v) n-BuSnH,

HO—.  OH HO—. HO—. OH

AIBN, PhCHs, 70%; (Vi) Hp, Pd/C; (vii) AcOH, THF, BO; (viii) Ac;0,
py, 70% (three steps).

Scheme 217. Synthesis of 5a-Carba-D-galactopyranose
Pentaacetate -570y

o— o0 TPSO—,  OBn
1284 _i>><0'““--OHﬂ> HO'---'OBn vivii
O><O O><O
a-D-galacto a-D-gluco 1289 1290
Scheme 215. Synthesis of Key Intermediate 1284 TPSO
|2 OBn AcO - ‘s\o Ac AcO
---OBnM Q"“OACE AcO +OAc
o><o AcO  OAc Al OAc
1291 D-570

aReagents: (i) @ MeOH, then MeS; (ii) NaBH,;, CeCk, 75% two
steps; (iii) NaH, BnBr, THF, 72%,; (iv) PPTS, MeOH, 85%; (v) TPSCI,
NEts, DMF, 90%; (vi) NaH, Cg, Mel, 90%; (vii) n-BuSnH, AIBN, PhCH,
77%; (viii) TBAF, THF; (ix) Hz, Pd/C; (X) AcOH, THF, HO; (xi) Ac20,
py, 70% (four steps).

. ( 1283 R= CO,Et
iv
1284 R=H

aReagents: (i) CICgEt, py, CHCl,, 57%; (ii) phenyl chlorothiono-
formate, py, CHCN, 76%; (iii) n-BuSnH, AIBN, PhCH, 95%; (iv) KxCOs;,
MeOH, 70%.

6.2.2.3.3. 6-endo-trig Radical Cyclization. 6.2.2.3.3.1. p-galactopyranos&303a-b, by 6-(z-exg-endotrig*4’ radi-
Samarium(ll) lodide-Promoted Reaction¥orwerk and  cal cyclization ofp-gluco- andp-galacto-derived enynes
Vasella reported the synthesis of two carbocyclic analogues1305a,b(Scheme 221). Their synthetic sequence started with
of N-acetyl-2,3-didehydro-2-deoxy-neuraminic acid{295a  diacetonided306"8 (Scheme 222), which were homologated
and1295D by a ketyl-olefin radical cyclization induced by o alkynes1307 according to the method of Toma and co-
Sm|2.444 Their l’etrosyntheSiS (SCheme 219) started with Worker§49 and thence to enyneggos Radical Cyc”zation
N-acetyl mannosamind 298, which upon chain elongation  of compoundsL305 took place upon treatment with Bu
with tert-butyl bromomethacrylate and oxidation ai@ould SnH/AIBN and was completely regioselective, giving rise
lead to the key intermediat®297 Smk-induced 6endo to alkenylstannane$304 Finally, 5a-carbgs-p-gluco- and
tngoryal ke}yl cyclization of the latter payed the way to highly _galactopyranose pentaacetatess80 and p-760, respec-
functionalized cyclohexan13296_the uIt_lmate precursor for_ tively) were prepared by deprotection, ozonolysis, and
the 6a-carbaN-acetylb-neuraminic acid analogues. Their reduction of1304
synthetic route (Scheme 220) demanded selective protection ) ) ) ) )
of O in compoundL299 as ap-methoxy benzyl ether, prior 6.2.2.4. Ring-Closing Olefin Metathes!sA retro_synthetlc _
to chain homologation and formation of fully protected analysis for carb_apyranoses_based on ring-closing metath_e5|s
ketone1297 Treatment of1297 with samarium(ll) iodide ~ (RCM), as previously mentioned for carbafuranoses, will
led to a mixture of carbocyclic estet@96a-b, which were  imply the reactiof?® of a diené* precursor followed by
separated and submitted to dehydration with Martin’s sul- appropriate manipulation of the resulting cyclohexene de-
furaneé’s to yield 3,y-unsaturated estek30Q The desired rivatives. Along these lines, four general approaches to
carbasugars]295a-b, were then prepared via phenylse- carbapyranoses and derivatives have been described and are
lenide 1302 by oxidation-elimination and deprotection. outlined in Scheme 223. Examples of these general ap-

6.2.2.3.3.2. Tin MethodGomez et al*® reported the  proaches have been described in a recent retfigand only
preparation of the carbocyclic analoguesmgluco- and selected examples will be discussed here.
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Scheme 218. Synthesis of 5a-Carba-b-glucopyranose Scheme 220. Synthesis of 1295a and 1295b
Pentaacetate 922
TPSO—., TPSO—, V-viii ix
/ / ) 1297
L HOo .0Bn lii-iv wnOBn VWV
1285 — - PMBO  NHAc
> > 1209
1292 1293
?TPS
-~/ AcO—,  OAc
Vii-x /
OBn 7 Q"“OAC = OAC
O? A0 OAc 0Ac
922 Xi, xii
1294 AcHN -
aReagents: (i) PPTS, MeOH, 75%; (i) TPSCI, imidazole, 90%: (iii) 1296b 1 1296a
NaH, CS, Mel, 74%; (iv) n-BuSnH, AIBN, PhCH, 72%); (v) G, MeOH, MOMO .
then MeS; (vi) NaBH,, CeCk, chromatography, 60%, plus 5a-€{#94
24% (two steps); (vii) TBAF, THF; (viii) H, Pd/C; (ix) AcOH, THF, HO;
(X) Acz0, py, 56% (four steps). MOMO—\\/OMOM MOMO OMOM
i xii MOMO™ % xiv. MOMO™ %,
Scheme 219. Vorwerk and Vasella Retrosynthesis of s -, g SePh
Carbasugar Analogues of A HN
: . . 1 AcHN CO,tB C
N-Acetyl-2,3-didehydro-2-deoxyp-neuraminic Acid (1295a 300 \ 1 2= \ CO,tBu
and 1295b) MOMO . MOMO !
HO MOMO 1302
\\\/OH OMOM
HO" % 6a — MOMO™ T\ OH — v xi 12952 A262 + 1295h A>3
AcHNCOOH AcHN CO,tBu aReagents: (i) allylic alcohol, B0, 80%; (ii) (4-methoxyphenyl)-
\ 1 \ 1 acetaldehyde dimethyl acetal, TSOH, £CHN, 70%; (iii) 4-methoxybenzyl-
HO: 3 MOMd 2,2,2-triph|oroacetimidate, TfOH, THF/RY, 88%; (iv) (a) PA(PP,-HCOH,
EtsN, dioxane; (b) AcOH, 92%; (v) In, MeCN/0.1 N HCI, TBAI, 70%;
1295a A262 1296 (vi) MOMCI, (i-Pr)2NEt, TBAI, 91%; (vii) DDQ, 60% two steps; (viii)
1295b A23 Dess-Martin periodinane, 98%; (ix) Sml THF/HMPT, t-BuOH, 93%

(1296a1296b= 40:60); (x) Martin’s sulfurane, CG@l 95%; (xi) Martin’s
sulfurane, CCJ; (xii) 5% AcOH, 67%, two steps (also 2-epB0Q 80:20

HO ratio); (xiii) Hz, Pd/C, 82%; (xiv) (a) LICA, THF; (b) PiSe; (xv) (a) HOy;
Q (b) py, two steps (two isomers, 64:36), chromatography; (xvi) (a) HCI,
HO OH MeOH; (b) CHN,, (c) Ac,O, MeOH, (d) E4N, H,O, DOWEX H-, 1295a
62%, 1295b57%, two steps.
HO  NHAc
Scheme 221. Gmez et al. Retrosynthesis of Carbasugars
1298 Based on a 6exo-digRadical Cyclization

Vasella and co-workers’ approach (Scheme 223a) was HO
used in the synthesis of{)-valienamine 1) (Scheme 224)

and carbasugar derivativé317) (Scheme 2253 Addition HO

of vinylmagnesium bromide to ketori808 (Scheme 224), HO  oH

readily obtained from 2,3,4,6-tet@-benzylo-glucopyra-

nose?®? yielded epimeric diene$309 Ring-closing alkene 1303
metathesis, with Grubbs’ catalys23 of the major epimer

gave cyclohexen&31Q The transformation af310into (+)- a a-4-OH (D-gluco) series

valienamine also included conversion of its tertiary allylic b p-4-OH (p-galacto) series
alcohol moiety to an allylic amine by a [3,3] sigmatropic procedurg After Wittig or Tebbe methylenation df318
rearrangement of an intermediate allylic cyandtgl2 followed by aldehyde deprotection and vinylmagnesium
Finally, benzyl carbamatei314 readily obtained from  bromide addition to the carbonyl group, die821 was
isocyanatel313 by treatment with benzyl alcohol, was obtained as an inseparable 70:30 epimeric mixture. The ring-
deprotected under Birch conditions to give){valienamine  closing metathesis reaction 8321in the presence of second-
(11). An analogous reaction sequence was carried out with generation Grubbs’ ruthenium catal\E4b gave cyclohex-
D-mannose-derived keton&315 and led to carbasugar enol 929 (61% yield) along with its diastereomeric 1
derivative1317 (Scheme 225). derivative (25% yield). Reaction &29with diphenylphos-
Two synthetic approaches to valienamine followed the phoryl azide (DPPA) in the presence of DBU, followed by
retrosynthesis outlined in Scheme 223b. Jeon, Kim, and co-addition of 1 equiv of sodium azide, affordd@22 which
workerg®® used ketonel318 as their starting material was reduced to the related allylic amine by reaction with
(Scheme 226). This compound, as in the case of ket80§ triphenylphosphineammonium hydroxide. Debenzylation
was readily available from 2,3,4,6-tet@benzylp-glucopy- using sodium in liquid ammonia provided valienamine, which
ranose using a modification of the previously reported was characterized as pentaacetl82
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Scheme 222. Synthesis of 5a-Cark@-b-gluco- and
-galactopyranose Pentaacetateo{580 andbp-760}

— > 1305
1306 1307
a a-4-OH (D-gluco) series
b B-4-OH (p-galacto) series AcO
) L AcO OAc
vi Vii-Xi
— 1304 — :
AcO  OAc

a o-4-OH (Db-gluco) D-580
b B-4-OH (D-galacto) D-760

aReagents: (i) (chloromethyl)triphenylphosphonium iodide, n-BulLi,

DMPU (50% from1306a 53% from1306D); (ii) n-BuLi, THF (73% from
13073 75% from 13070; (iii) PDC, AcO (a 82%, b 79%); (iv)
CIMgCH,SiMe;, EtO (a andb 70%); (v) KH, THF @ 70%, b 68%); (vi)
n-BusSnH, AIBN, PhCH (a 56%, b 75%); (vii) ACOH/THF/HO; (viii)
Ac0, py @ 63%,b 72% two steps); (ix) @ SMe; (x) BHz*SMey; (xi)
Ac0, py (@ 58%, b 82% three steps).

Scheme 223. Retrosynthesis of Carbapyranoses from
Carbohydrate Dienes Based on Ring-Closing Metathesis
(RCM)
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Scheme 224. Synthesis of Valienamine (11) by RCM
BnO BnO BnO

+'NH,

BnO  OBn

1314 11
aReagents: (i) vinylmagnesium bromide (86% major isomer, 1% minor
isomer), separation of isomers; (i) Grubbs’' catalyg23 58%; (iii)
CCIz:CONCO, CHCIy, then KCO3, MeOH, HO, 86%; (iv) PPB, EtN,
CBrs4, CHyCly; (v) BnOH, 70% from1311%; (vi) Na, NHs/THF, 78%.

Scheme 225. Synthesis of Carbasugar Derivative 1317 by

RO / RO RCMa
RCM ;
(@) RO:%)?: —_— RO BnO BnO
RO OR RO OR BnO- BnO:
RO RO BnO OBn BnO OBn BnO OBn
o / RCM 1315 1316 1317
(b) RO OR —— RO OR aReagents: (i) vinylmagnesium bromide, 95%; (i) Grubbs’ catdps
89%.
RO OR RO OR ’
Scheme 226. Synthesis of Pentd;O-acetyl Valienamine
RO RO (1102) by RCiv
© ro RCM ~o @ O  OBn SEt OBn SEt
DN : e e mo A
BnO . - SEt — BnO g : SEt
RGN RO OBn OBn 0OBn OBn
1318 1319
RO / RO
RCM
@ ro . —— RO oBno . OBn OH "
BnOMH—' BnO A —
RO OR RO OR den GBn OBn OBn
. . . . diast. ratio, 7:3
The second approach to valienamine, using RCM as in 1320 1321
Scheme 223b, has been recently disclosed by Cumpstey
(Scheme 2273%% He described the conversion of dib323 BnO BnO AcO
obtained as the major isomer of the vinyl magnesium addition v vi, Vii
to 2,3,4,6-tetrad-benzylo-glucopyranose, to Fukase and BnO™ OH— BnO™ Ny = AcO NHAc
Horii’s |ntermed[ate for vall_enam|n9_29(see Scheme 143). B0’ oBn B0 oBn AcO”  DAc
The regioselective protection of didl323 proved to be a 929 1322 1102

difficult task, and the best result was obtained by treatment
with 3,4-dimethoxybenzyl chloride (DMBCI) and NaH at 0
°C in DMF to give an inseparable 10:1 mixturei824and
1325 Pivaloylation of the mixture, removal of the DMB
protecting groups, and oxidation furnished a separable
mixture of ketones, from which326was obtained in 81%
yield. Wittig methylenation of the ketone gave dieti&27, Eustache and co-workers followed the approach outlined
which smoothly underwent RCM mediated by Grubbs’ in Scheme 223c in their synthesis of valiolamidg)(and
second-generation cataly$25, to give, after deacylation, carbasugar analogues frararabinose?>® 2,3,5-Tri-O-ben-
Fukase-Horii’s intermediate929 zyl-p-arabinose was converted to ketot828 (Scheme

aReagents: (i) P#PCH;Br, t-BuOK, PhH, 88% or Tebbe reagent (no
other conditions were given), 78%; (ii) HgHgO, ag CHCN, 80-90
°C; (iii) vinylmagnesium bromide, THF-78 °C, 79% (two steps); (iv)
Grubbs’ catalysb24, 0.05 M, CHClIy, reflux; (v) (a) DPPA, DBU, PhCk|
0 °C; (b) NaN;, 40 °C, 83%; (vi) PhP, NH,OH, py, 80%,; (vii) (a) Na/
NHz, THF, =78 °C; (b) AcO, py, 71%.
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Scheme 227. Total Formal Synthesis of Valienamine via Scheme 229. Synthesis of Carbasugar Analogues by RCGM
Fukase—Horii's Intermediate 9292 HO
o BnO
HO OH DMBO OH HO ODMB —> -
== gno R e HO OPMP OPMP ’
i + 3
BnO" Y “0Bn —™ BnO Y “OBn  Bno" ™ “OBn HO  OH
OBn OBn (10:4) OBn 1337 1338 1339
1323 1324 ' 1325
= COoMe — OR
vii O{/:/ Viii O‘</:/://
Bn L A
0 OP|v OPlv #\O ‘an 7\0 "OBn
1324 ji-iv = VI Vi
E-1340 ) C E-1341 R=H
an OBn E-1342 R= CH,SnBu3
1326 1327 929
aReagents: (i) DMBCI, DMF, NaH, OC, 57%,1324/1325 10:1; (ii) 1339 + E-1283 viii -
PivCl, py, DMAP, 93%,; (iii) CAN, CHCN, HO; (iv) oxalyl chloride, O CO Me Z-1283 ? - OR
DMSO, EgN, CHyCl, chromatography, 81%; (v) BRCH;Br, NaHDMS, 2 #\O ”'OBn
THF, 63%; (vi) Grubbs’ catalysh25 PhCH;, 60 °C, 65%); (vii) NaOMe,
MeOH, >99%. Z-1340 _ ( Z1341R=H
IX
Scheme 228. Synthesis of Valiolamine (14) and Carbasugar 21342 R= CH,SnBug
Analogues by RCMV? HO
7:3 mixture 7:3 mixture N\
. OH .
Xi 5/ Xii BnO
BnO o) BnO BnO—\) OTMS 21342 — O - —
@) i i iv-vi o’ oB 0_0
— BnO' — —= BnO'~ — n X
BnO OBn
Bng N BnG 1343 1344
1328 1329 1330
BnO BnO E-1285—~ 1286 + 0= 5
ii 3 5-epi-1343
BnO" +OH +BnO" Al NH, o opn P
BnO  NHTs BnO oH 5-epi-1343 1345
1331 1332 aReagents: (i) TPSCI, py; (ii) dimethoxypropane, TsOH; (iii) NaH,
BnBr, DMF; (iv) TBAF, THF, 88%, four steps; (v) imidazole, triiodoimi-
_ _ dazole, PP} 95%; (vi) Zn, EtOH, 99%; (vii) PPF/=CHCO,Me, CHCN,
B . OTM B . OTM
no—. OTMS no—. PTMS 95%; (viii) LAH, THF, 72% (E-1341), 85% @-1341); (ix) n-BusSnCHi,
Vil . —
(b) 5(R)-1330 > BRO-- wOH + BrO' . NHTs KH, THF, 84% E-1342, 81% @-1342; (x) PPR=CHCO:Me, MeOH,

1:1 mixture Z—E-134Q 99%; (xi) n-BuLi, THF, 67% 1343, 62% (3:2

Bnd NHTs Bnd OH mixture, 1343 and 5-epil343; (xii) Grubbs’ catalyst523 68% (344,

79% (1345,
1333 1334
BnO— OTMS cis:Aminohydroxylation of the desilylated major isomefSh(
ix 3 1330furnished valiolamineX4). cisAminohydroxylation of
(©  5(S)-1330 ——  BnO "OH 5(R)-1330led to a mixture of protected 5-epi-valiolamine
(1333 and isomer1334 (Scheme 228b). Finallycis-
BnG  OH dihydroxylation of cyclohexenes Sf-1330and 5R)-1330
1335 (Scheme 228c,d) was completely stereoselective, leading to
BnO—. OTMS functionalized carbasugar derivativé835 and 1336 re-
ix 7 spectively.
@  5(R)-1330 —— BnOw "OH Van Boom and co-workers reported the approach outlined
and  OH in Scheme 223d in their synthesis of c_arbasugar derivatives
1336 1344 and 1345 (Scheme 22937 Their synthetic route

aR s (i) allyl jum bromide, 92% (7:3 epimeric mixture) (Scheme 229) started with primary iodid®38 prepared
eagents: (i) allylmagnesium bromide, 92% (7:3 epimeric mixture); _ A : e
(ii) TMSOTT, 2,6-lutidine, 82%,; (iii) Schrock’s catalyst, 92% (7:3 mixture from p me]EhOXyph%nYB DI gar11lactopyranos|dd(337). Wlttlllg,
of isomers); (iv) separation of isomers; (v) major isomer, TBAF, THF, 92%; €action of open-chain a dehyd839 obtained by Vasella's

(vi) OsQs, chloramine T, BBNN*CI-, 5% (1331), 55% (1332); (vii) rearrangemefit of 1338 led to dieneg- andE-134Q which
separation of regioisomers, thek832 Na/NHs lig, 50%; (vii) OsQ,, were finally transformed into 1,7-dien&843and 5-epi1343
chloramine T, EBNN'CI™, 18% (1333, 36% (1334); (iX) OsQ:, NMMO, by a [2,3]-Wittig—Still rearrangemerf® RCM of these

85% (1339, 90% (336 dienes, with Grubbs’ catalyst, led to carbasugar derivatives
228a), which, upon treatment with allylmagnesium bromide 1344and 1345

and silylation, led to epimeric dienes329 The RCM Madsen and co-workers have recently disclosed an ad-
reaction of the mixture of dienek329was carried out with ditional example of the ring closure outlined in Scheme 223d
Schrock’s catalyst526) and furnished cyclohexend83Q in their approach to cyclophellitol (Scheme 23&)Their
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Scheme 230. Madsen’s Group Synthesis of Cyclophellitol (9)
by RCM?

|
o - o . H

HO'--QOH il ‘\S_j»onne v g/_):o
HO ©OH BnO  OBn Bno”

OBn
1346 1347 1348
CO,Et
= \ :CO2Et EtOZC
vi vii-viii
B . — OH—= HO" —Ho
V ‘. % ‘%
BnO  OBn BnO  OBn HO OH
1349 1350 9

aReagents: (i) MeOH, HCI; (ii)4 PPh, imidazole, THF, 74% (two
steps); (i) BhOC(NH)C{, TfOH, dioxane, 90%; (iv) Zn, THF/bO, 78%;
(v) Grubbs’ catalysb24, CH,Cl,, 91%; (vi) DIBAL-H, THF, then NaBH,
H,0, 64%; (vii) MCPBA, CHCl,, 56%; (viii) Hz, Pd(OHY/C, MeOH,
100%.

Scheme 231. Synthesis of Cyclophellitol Derivative 1358 by

RCM2
TBSO. Ets.__SEt ~ TBSO_ H__o TBSO _
i ii
BnouOBn BnO‘]\jOBn BnOM)Bn
OBn OBn OBn
1351 1352 1353
- OBn Xy  0Bn
4 \" H
LT HICOL AN A A — HiCOC A A
OBn OBn 5Bn OBn
1354 1355
COzCH3 COzMeO
vi Vii, viii
BnO™ "'0Bn “'0Bn
OBn OBn OBn
1356 1357 1358
aReagents: (i) HgO, HgGl acetone-H,O, reflux, 80%; (ii)

Cp:TiClAIMe 3, py, PACH—THF, —78°C, 80%; (iii) DMSO, COC}, E&N,
CH.Clp, —78°C; (iv) PiePCHCQMe, CH,Clp, —30 to—25°C, 89% (two
steps); (v) (CH=CH),CuMgBr, TMSCI, THF,—78°C, 90%,; (vi) Grubbs’
catalyst523 0.02 M CHCly, 60 h, 92%; (vii) LiOH, aq THF, 23C; (viii)
Kl, 12, KHCOs, aqg THF, 92% (two steps); (ix) N&Os, MeOH, 98%.
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Scheme 232. Synthesis of Cyclophellitol (9) by
Intramolecular 1,3-Dipolar Cycloaddition?

L-glucose —=» BnO

BnO

OBn
1359
OH OH
BnO . BnO._~
v, o v OH
BnO™ N BnO™ o)
OBn OBn
1361 1362
OSiEt,Prl OH
L BnOG_~ :
Vii-ix n OSIEt,Pr  X-Xii HO OH
BnO™ "OMs HO™
OBn o
1363 9

aReagents: (i) dicyclohexylborane, THF, thep®d, NaOH, 85%; (i)
oxalyl chloride, DMSO, EiN, then PHPCH,, 75%; (iii) HCI, aq dioxane;
(iv) HoNOH, py, 80% (two steps); (v) NaOCI, GBIy, 70%; (vi) H, Raney-
Ni W-4, aq dioxane, AcOH, 80%, py, 89%; (vii) i-Pr(EBiOTf, 2,6-lutidine,
90%; (viii) BH3[zmd]SMe, 60%; (ix) MsCI, py, 75%; (x) H, Pd(OH);
(xi) NaOMe, CHCly, 0 °C; (xii) TBAF, THF, 40% (three steps).

tives constitutes a powerful tool for the preparation of
hydroxylated cyclohexane derivatives. In such processes, the
key intermediates, nitrile oxides, nitrones, or silyl nitronates,
are generate¢h situ and then intramolecularly trapped by
the alkene to give an heterocycle, which at a later stage can
be ring-opened to provide the desired carbocycle.

In 1990, Tatsuta et dP>2described the first total synthesis
of the carbasugar-related inhibitet Y-cyclophellitol ), with
the key step of the strategy being an intramoleculat[3]
cycloaddition reaction of a nitrile oxide to an alkene (Scheme
232). Accordingly L-xylo-hex-5-enopyranosidd. 859, pre-
pared in several steps fromglucose, was transformed into
oximes 1360 and then oxidized with NaOCI to obtain the
isoxazoline 1361 as a single product. Opening of the
heterocycle was then achieved by hydrogenolysis in acidic
media to afford the corresponding keto-di&62 which was
finally converted to cyclophellitol9).

synthesis takes place in eight steps and 14% overall yield Tnhe same strategy was used for the preparation of cyclo-
and uses three consecutive organometallic reactions as thgneliitol analogues, needed for structdeetivity relationship

key steps. Thus, zinc-mediated fragmentation of iodigi&7,
readily obtained fromp-xylose (346, indium-mediated
coupling betweenl348 and ethyl 4-bromocrotonate, and
ruthenium-catalyzed RCM df349paved the way to cyclo-
hexenel35Q The latter was reduced and deprotected to
furnish 9.

An earlier synthesis 0® by RCM had already been
described by Ziegler and co-workers (Scheme 281).
Methylenation ofL352 prepared from thioacetaB51, under
Tebbe’s conditions provided alked853 which was trans-
formed into the a,f-unsaturated estet354 Conjugate

studies (Scheme 233). In order to gain accessR®g-cyclo-
phellitol *63the main adductl(366 resulting from the intra-
molecular 1,3-dipolar cycloaddition of galactose derivative
1364was subjected to hydrogenolysis under acidic conditions
in order to promote epimerization of the hydroxymethyl
substituento. to the ketone. Further transformations of the
correct keto-diolL368permitted access to RI6S)-9 (Scheme
224). This protocol was also exploited for the synthesis of
aziridineg’®* and thiirane analogues of cyclophellité?.
Ishikawa and collaboratdt® also exploited an intramo-
lecular dipolar cycloaddition reaction in their approach to

addition of magnesium-based vinyl cuprate, using conditions cyclophellitol ©) (Scheme 234). The Henry reaction of

previously described by Hanessi&Aafforded dienel355
with both high yield and selectivity. Ring-closing metathesis
reaction of1355 followed by iodolactonization and basic
treatment yielded cyclophellitol precursb858

6.2.2.5. Cycloaddition Reactions.The 1,3-dipolar in-
tramolecular cycloaddition reaction of carbohydrate deriva-

nitromethane with ap-glucose derivative provided the
authors with the required additional carbon atom and the nitro
group, which would serve as the reaction partners in a
nitronate-olefin cycloaddition process. The bromination and
zinc-mediated reductive cleavage ofglucose derivative
1022 gave enall371 The aldehyde was treated with
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Scheme 233. Synthesis of R,6S)-Cyclophellitol, by
Intramolecular 1,3-Dipolar Cycloaddition?

HO
0
BnO OMe ~—=» BnO
BnO'  ©OBn
1364
OH
i BnO_~
- o0 +
Bno” >~ N
OBn
1366 5:1
OH OH
o BnOU BnO_~
1366 L~ m OH mOH
+
BnO” >0 BnO” >0
OBn OBn
1368 2.5:1 1369
OMs
HOA A~ o
e H " RO
1368 TV m OH vii /D OH
HO™ >~ ~OH HO”™"oH
OH OH
1370 (1R,6S)-9

aReagents: (i) NaOCI, CiTl,, 90%; (i) Hp, Raney-Ni W-4, aq dioxane,
AcOH, 70%; (iii) BHz Me2S, 80%; (iv) i-Pr(Ef)SiOTf, imidazole, 60%;
(v) MsCl, py, 75%; (vi) B, Pd(OH), 90% two steps; (viii) NaOMe, C4Cl,,
0 °C, 80%.

Scheme 234. Synthesis of Cyclophellitol by Intramolecular
Silyl Nitronate Cycloaddition?

HO 0O._..OMe 0
) i N A i
BnO'™ “OBn BnO™ “0Bn
OBn

1022 1371

O—N
\
BnO™
OBn OBn OBn
1375 1376 1377

aReagents: (i) CBy PhP, CHCIy; (i) Zn, 80% MeOH, reflux; (iii)
CHsNOy, 1,1,3,3-tetramethylguanidine, THF, 58% fra®22 (iv) TMSCI,
EtsN, DMAP, THF; (v) TsOH, THF, 55% fromi372 (vi) TBSOTf, E&N,
CHCl,, 95%; (vii) Mo(CO), CHsCN, 90°C; (viii) DIBAL-H, PhCH3s, —78
°C, 51% (two steps); (ix) trimethyl orthoformate, Az, 140°C; (x) KoCOs,
MeOH; (xi) MCPBA, 56%; (xii) H, Pd/C, 90%.

nitromethane, and one of the resulting nitroalcohd&72
converted stereoselectively to oxazoli®75by intervention
of the corresponding silyl nitronat&374 The oxazoline was
then transformed, by Mo(C@mediated reductive NO

Arjona et al.

Scheme 235. Synthesis of Aminocarbasugar Analogue 1381

O><O OH OH

oxo
1150 1378
0 OH
OH OBn 0Bn  Me.g oBn
" v vi MeHN OBn
éH o} O BnO‘\\ (0] Bno“\ 0
>< O‘# O‘]/\
1379 1380 1381

aReagents: (i) CLCHMgBr, THF, 93%; (ii) PhCHBr, NaH, THF, 79%;
(iii) aq AcOH, 64%; (iv) NalQ, ag MeOH; (v) MeHNOHHCI, NaHCQ;,
aqg EtOH, reflux, 65% (2 steps); (vi) Pd(OH}), EtOH, AcOH, 60%.

bond cleavage and selective protective group manipulations,
into the pivotal triol1376 which was uneventfully converted
to cyclophellitol ©).

Reactions involving nitrones as intermediates have also
been developed for the synthesis of aminocarbasugars by
several groups. Shing and co-workétslescribed a short
method of preparing five- and six-membered carbasugars
involving a stereoselective intramolecular nitrone cycload-
dition as the key step. In their protocol, they converted 2,3:
5,6-di-O-isopropylidenes-mannofuranosel 50 into diol
1378 by chellation-controlled addition of vinylmagnesium
bromide (Scheme 235). Didl378was then protected as the
corresponding benzyl ether, which was selectively hydro-
lyzed to form the vicinal diol137Q Glycol cleavage,
oxidation followed by immediate reaction with-methyl-
hydroxylamine, andn situ cyclization then gave isoxazoli-
dine 1380as the major adduct ina. 6:1 stereoselectivity.
Selective hydrogenolysis of the-ND bond in1380furnished
the functionalized aminocarbasudks81

In a closely related work, Singh and collaboratét458
prepared aminocarbasugars using intramolecular nitrone
cycloaddition reactions af-ribose derivatives (Scheme 236).
Diastereoselective addition of diallylzinc to 2CBisopro-
pylidenep-ribose (382 gave thep-allo-triol 1383whereas
treatment of 2,39-isopropylidenes-ribonolactone 1387,
with allylmagnesium chloride, followed by reduction with
DIBAL and desilylation yielded the isomeric trid388
Periodate cleavage of both triol§383 and 1388 gave
hemiacetals1384 and 1389 which, on treatment with
N-methylhydroxylamine followed by heating of the crude
nitrones in toluene, led to the cycloaddu&®385and139Q
respectively. Final hydrogenation of isoxazolidiri&85and
1390 over Pearlman’s catalyst gave acetyl 4-deoxy-4-
methylaminocarba- and $-p-talopyranosides1386 and
1391, respectively) in quantitative yield. This strategy has
been recently applied by the same group to the synthesis of
carbasugar derivatives in which the hydrogens of the 5a-
methylene group in the carbasugar have been replaced by
fluorine atoms, on the assumption that these fluorinated
compounds would have modified biological activities owing
to the electronic and stereoelectronic effects associated with
the fluorine atomg%®

During the synthesis of potentiatglucosidase inhibitors
with an aminocarbasugar structure (i£398, Farr et att’®
examined the diastereoselectivity of the intramolecular nitrile
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Scheme 236. Synthesis of Aminocarbasugars fromRibose Scheme 237. Synthesis of Aminocarbasugar Derivatives
OH ° QH
@ == >< (j\/
o_0 o :
1382 1383 1384 1392 1393 1394
OH
H iv ‘[ ] T I \
Me—N 1393 ——
iii, iv \
0" Y “oac
%0 1395 7 1396

iv
OTBDPS ) 1334 —~ \(r \OA
(b)v VIVIII >< (I:/\/ || NHCH3
1397 1398

aReagents: (i) n-BuLi, 1,3-dithiane, THF30 °C, then 1392 (ii)
1387 1388 1389 PhCHBr, NaH, DMF, 67%, two steps; (iii) NCS, AgNfDaq CHCN, 51%;
(iv) NH,OH, MeOH, then NaOCI, 75% frori393 and 82% from1394

OH (v) H, Pd/C, HOAc, 76%.

H
Me—N Scheme 238. Synthesis of 5a-Carba-D-glucopyranose
V,Vi (p-81), 5a-Carbaa-p-mannopyranose (-587), and
o Y NoAc 5a-Carba{#-p-glucopyranose (-79)

% 3 %o HO OHC
1390 1391 Qi o i
(@) BnO' ) — Bnon( ) —
aReagents: (i) diallylzinc, BO, 93%,; (ii) NalQ, ag MeOH; (iii)
BnO BnO

MeHNOH-HCI, NaHCG;, ag EtOH, reflux, 98% fofl384 quant for1389
(iv) PhCHg, reflux, 68% for1385 95% for139Q (v) Acz0, py, 4-DMAP,
quant; (vi) Pd(OHYC, MeOH, quant; (vi) allyimagnesium chloride, THF, 1399 1400 1401
—78°C, MeOH, quant; (v) DIBAL-H, PhCk —78°C; (vi) TBAF, THF,

63% (three steps) v

m
oxide, nitrone, and oxime cycloaddition reaction of olefinic — B“O"'Q BnO:
aldehydesl393 and 1394 (Scheme 237). In all cases, the Bnd BnO

configuration of the 2-OH in the aldose largely determines 1402 1403
the stereoselectivity of the ring closure in the cycloaddition
reactions. HO HO
6.2.2.6. Claisen RearrangementNagarajan and Sudha v vi
reported the Claisen rearrangement of diene glgd@ll as (b) 1403 —= BnO' "OH — HO™ OH

an efficient entry to carbasugars (Scheme 238jhey have
developed the transformation of a glycal derivative into a
cyclohexanic derivative, which after controlled hydroxylation
led to three carbasugars: 5a-cads@-glucopyranosen(- Bn HO HO
81), 5a-carbas-p-mannopyranose{587), and 5a-carb#- @ L

D-glucopyranose o-79). Thus, dienel401, prepared by 1403 — BnO' i o «OH+ HO'

Wittig reaction of aldehyddl40Q was heated in a sealed

BnO  OH HO  OH
1404 D-81

tube at 24C°C to afford the rearranged carbocydé02in Sno HO  OH HO  OH
84% vyield. Reduction of the aldehyde led1403(Scheme 1405 D-587 D-79
238a), which upon catalytic Os@ihydroxylation, from the aReagents: (i) PDC, 4A molecular sieves, £, 65%; (i) PhMePI,

less hinderegs-face, gave after debenzylation 5a-cathba-  NaNH,, EtO, 62%; (iii) o-dichlorobenzene, 24%C, 84%; (iv) NaBH, THF,
p-glucopyranosen-81) (Scheme 238b). On the other hand, féo‘ﬁz; (g%OSQ,lggoF/egCI:\l)s, Kz%%(,})-IIB\IU%HbI;&% 9835?; (gé) ‘J/ZOE/Q'F)J?V(E;%A
MCPBA treatment of benzyl ethd405and acid-catalyzed » T, 90 Psi, 20U% (@l cases); (vil) fvat, » BNBI, 85%; (vill ;
aqueous opening of the ensuing epoxide led to a mixture of He0, 10% HSQ, 48 h (34%0-587, 26%p-79).
diols that were processed separately by catalytic hydro-wel| as its relatively low cost, have made it an attractive
genolysis to 5a-carba-p-mannopyranosen(587) and 5a-  optically active precursor for the synthesis of carbasugars
carbap-p-glucopyranosen(-79) (Scheme 238c). and derivative472 Molin et al473reported the first example
of the synthesis of a carbasugar frd#06 (Scheme 239).
6.2.3. From Other Natural Sources Thus, acetalization 01406in acidic media proceeds with
6.2.3.1. From Quinic Acid.The cyclohexane skeleton and concomitant lactonization the give lactoad07 Opening
the rich functionality present in<)-quinic acid (406, as of the lactone ring and careful oxidation of the released
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Scheme 239. Synthesis of the Carbasugar Analogue of Scheme 240. Synthesis of 5a-Cark@n-fructopyranose (80%
B-KDO (1410) HO, CO,Me CO,Me
o] HO, ’
HO, CO-.Me 1 COH @\ .
COOH “, ILn 1] v
HO.,, HO., o — O“\ oOH — o o —_—
i i, iii o Ho™ oH : :
OH — — —/ : 9] o
\_/ Rt S OH
HO OH
1406 1411 1412
1406
COyMe CO,Me MeO,C OH
TMSO, CO;Me L f
” L OH
\ Vi, vii
iv, v O:i “ o " . T o "
— Q" Y 'OH HO" Y "0 AcO" Y 0O
e O, N o
1413 1414 1415
1409 1410

aReagents: (i) acetone,H185%; (ii) MeOH, NaOMe; (iii) CrQ-2Py, TBSO
CH,Cly, 15 min, 65% (two steps); (iv) MSICl, EtN, DMAP, 80%; (v)
LDA, diethyl chlorophosphate;70 °C, THF, then HOOE- COOH, HO,

63%: (vi) 9-BBN, THF, 0°C, then BH:THF, —30°C, then HO,, NaOAc, vilx X Ho oH
20%,; (vii) PPTS, EtOH, 55C, 6% (three steps). HO™ “0 2
Y, HO ©OH

hydroxyl group gave keton2408 After protection of the

tertiary alcohol, the side chain was introduced via a modified 1416 80

Wittig reaction to give enal$4092 Reduction of the aldehyde aReagents: (i) cyclohexanone, PhH, DMF, Dowex 50WX8, 79%; (ii)
moieties in1409with 9-BBN followed by hydroboration of =~ NaOMe, MeOH; (i) PCC, 3A molecular sieves, py, @y, 90%; (iv)

; ; i At ; NaBH.;, MeOH, 0°C, 82%; (v) acetone, TsOH, 88%; (vi) 40, py, 100%;
the double bond and alkaline peroxide oxidation yielded, after (vii) O8Oy, trimethylamine-oxide, py, HO, t-BUOH, 90%; (Vi) 2-meth-

deprotection, the carbasugar analogue of 3-dg®®y-  oyoropene, CSA, ChClo, 70%; (ix) DIBAL-H, THF, 0 °C, 79%: (x)

manno-2-octulopyranosonic acig-KDO) 141Q TBSCI, imidazole, DMAP, CHCl,, 91%; (xi) phenyl chlorothionoformate,
In a series of papers, Shing and co-workers described theirP¥: DMAP, CHClz, then n-BuSnH, AIBN, toluene, 82%; (xii) 50% aq

. : 2 S FA, 65%.

extensive efforts in the application of J-quinic acid (406

as the chiral educt to the preparation of carbasugars and[

related compounds. They reported the first enantioselective

preparation of carbg-p-fructopyranoseg0) (Scheme 240y

Thus, oxidation of the alcohdl411, obtained froml406in

two steps, with PCC gave the unsaturated erigHie which

was then stereoselectively reduced with NaBid form

alcohol 1413 Thermodynamically controlled isopropylide-

nation of1413gave the more stable acetonitié¢14 which

was esterified to the corresponding acetate. Stereocontrolle

hydroxylation of the double bond was then successfully used]c

to obtain diol1415 Protection of the diol415 subsequent . P Lo
reduction with DIBAL-H, and silylation produced alcohol Eirz%x:;\j,ﬁigﬁ(l\?vz;téogom\éfgéhéVg:}lcgggg%gixn%n;y?:r:glsaélve
1416 which was further elaborated to carBa-fructopy- (0-590) (Scheme 242482 Protection, as benzyl ethers,
ranose §0) . by a two-step sequence |nv?éV|ng radical of the hydroxyl groups 1424 followed by the stereocon-
deoxygenation and eventually deprote_cﬁéh“. ) trolled hydroboratior-oxidation sequence and subsequent
McComsey and Maryanoff streamlined this route by esterification, gave the acetyl derivatit426 Corey-Winter
conducting the deoxygenation step at an earlier stdge. deoxygenation of the diol arising from426 yielded key
Thus, theo,f-unsaturated ketoesteéd14was readily deoxy-  olefin intermediate1427 (Scheme 242b), which was a
genated by a radical-based methodology to give enb#l&  syjtable substrate for eithais- or trans-dihydroxylation
in good yield. These findings paved the way to both carba- |eading to diols1428or 1429 which are precursors to 5a-

hem as chiral reagents for asymmetric epoxidatiotmasfs
olefins 480

As an extension of their initial studies in the synthesis of
carbag-p-fructopyranose, Shing and co-workers prepared
many useful quinic acid-related precursors for carbasugar
synthesis. For instance, DIBAL-H reduction of endifel 2
furnished diol 1424 which was shown to be a useful
jntermediate for the synthesis of different carbasugars.
rotection, as silyl ethers, of the hydroxyl groupsl#24
ollowed by hydroboration of the double bond and alkaline

p-p-fructopyranoser(-80) and to carbasugar derivatitd2Qq carbae-p-glucopyranosen(-81) and 5a-carba=p-mannopy-
a carba-isostere of the clinically useful antiepileptic drug ranose §-587), respectively (Scheme 242¢,d).
topiramate {421 (Scheme 241a). Since enantiomerig{ Additionally, diol 1424 has been used by Shing and co-

quinic acid is not readily available, a different route was later \orkers as the starting material for the synthesis of several
developed by the same group for the preparation of the rejated compounds, including an inhibitor of glyoxalase
enantiomers-80 andL-142Q%"8 The starting material in this ~ coTC474 cyclophellitol and its diastereomet®; 485 (+)-
case was ($2R)-1,2-dihydroxycyclohexa-3,5-diene-1-car- - crotoepoxid€® validamine and its €epimer4” and vali-
boxylic acid (1422 prepared by microbial oxidation of  glamine and its diastereomers (Scheme 283¥°Thus, the
benzoic acid wittAlcaligenes eutropyusirain B9.4 (Scheme  cyclic sulfate143Q prepared froml424 by standard func-
241p)*"? tional group transformations, underwent regioselective ring
Following the sequence developed by McComsey and opening with different nucleophiles (PhSeNa ogBL), with
Maryanoff#” Shi and co-workers prepared several carbocy- the degree of regioselectivity being strictly connected with
clic analogues of fructopyranose-derived ketones and usedthe size of the nucleophile, to provide, after elimination, the
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Scheme 241. Synthesis of Carbasugar Analogues of
Fructopyranose (80) and Topimarate (1420)

COsMe CO,Me MeO,C OH

@ i, ii @ ii
@ Lo 0 0

HO,C, OH

(b) HO

1422 1423

aReagents: (i) phenyl chlorothionoformate, py, 67%; (ii) ns8oH, (t-
BuO),, PhCH;, reflux, 76%; (iii) OsQ, trimethylamineN-oxide, py, HO,
t-BuOH, 81%; (iv) 2-methoxypropene, CSA, @El,, 80%; (v) DIBAL-H,
THF, 0°C, 75%; (vi) 50% aq TFA, 91%; (vii) NkBO,CI, EtsN, DMF, 0
°C, 64%; (viii) trimethylsilyldiazomethane, MeOH, PhH, 96%; then DMP,
HCI, acetone, 98%; then OgANMMO, t-BuOH, H,O, acetone, 73%; (ix)
Hy, Pd-C, EtOAc, 95%; (x) DMP, HCI, acetone, 80%; (xi) DIBAL-H,
THF, 85%.

L-1419

key intermediatel431 The configuration of the hydroxyl
group in1431was inverted, via Mitsunobu reaction,1d32
which was subsequently treated witi+chloroperbenzoic
acid to give an inseparable mixture of oxirard&83 which
upon deprotection generated cyclophellit®) &nd its (R,-
6S)-diastereoisomé¢?

Cyclic sulfates (i.e.143Q 1436 have been key intermedi-
ates in the synthesis of validamind2f and (IR-,2R)-
valiolamine (or 1-epi-2-epi-valiolamine)1439 (Scheme
244). The nitrogen functionality was introduced l#34and
1435 by employing a regioselective opening of the cyclic

sulfate by azide anion. Inversion of the adjacent stereogenic
center by trifluoromethanesulfonylation, and subsequent
displacement with tetrabutylammonium acetate and hydroly- vivii

sis gave alcohol4435and 1438 Deacylation and hydro-
genolysis then led to 5a-carbaaminopyranod&s and
1439487,489

Additionally, the same group developed two different

routes for the synthesis of valienaminEl), in which the

elimination of the tertiary alcohol from quinic acid was used
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Scheme 242. Synthesis of Carbapyranoses by Shing ettal.

OH
oTBS Ho
----- OH
(a) 1412 — LLY . Ho OH
Q OH 0" “""oTBS
o} o HO  OH
1424 1425 D-590
—0Bn
/OBn

v,iii,vi
(b) 1425 — o

@,OAC
VII viii
‘OBn _— QOAC
‘OBn

1426 1427
BnO—
OAc
(c) 1421 X X
HO ‘OBn
OH
1428 D-81
BnO—g HO
: OH i
XI o i
(d) 14271 = Q —= HO OH
Ho” > oBn
OH HO OH
1429 D-587

aReagents: (i) DIBAL, PhCH 0 °C, 90%; (ii) TBSCI, imidazole,
DMAP, CH.Cl, 100%; (i) 9-BBN, THF, th@ 3 M NaOH, HO,, 86%
for 1425 94% for 1426 (iv) 50% aq TFA, 100%; (v) NaH, BnBr, TBAI,
THF, 72%,; (vi) AcO, py, DMAP, 97%; (vii) TFA, CHCl,, 97%; (viii)
1,1 -thiocarbonyldiimidazole, toluene, reflux, then (MeP) reflux, 85%;
(ix) OsQy, trimethylamineN-oxide, py, HO, t-BuOH, 90%; (x) NaOMe,
MeOH, then RR-C, H,, EtOH, 81%; (xi) HCOOH, HO,, reflux, then
NaOH, THF, reflux, 45%; (xii) Pd(OH) H,, EtOH, 100%.

Scheme 243. Synthesis of Cyclophellitol and
(1R,6S)-Cyclophellitol by Shing et al2

BnO\
U ..... OBn
1424 —, i or 1,1
‘OBn OBn :
/O
o= S\\
1430 1431 1432
_0Bn
HO
viibix oL
“OBn
oTBS OH
1433 (1R,6S)-9

aReagents: (i) TBAI, THF, reflux, then DBU, xylene, reflux,$0y,
H.,O, THF, 61%; (ii) PhSeNa, EtOH, THF, T, H:SQy, Ho0, 80%; (iii)
MCPBA, CH,Cl,, —40 °C, then (i-PANEt, PhCH, 80 °C, 72%; (iv)

to install the double bond in the I’eqUIred pOSItlon The first PhCOOH, DIAD, PPl PhCH;, 0°C, 93%; (v) K:COs, MeOH, 94%; (vi)
approach (Scheme 245a) uses the regioselective opening ofBscl, imidazole, DMAP, CCly, 91%; (vii) MCPBA, CHCly, 72%; (viii)

a cyclic sulfite,1441, by lithium azide, to generate a 2-epi-
valienamine derivativel, 442 that was processed by inversion
of the configuration at €to provide the target moleculel.*°
In the second route (Scheme 245b), valienamit®) (vas

TBAF, THF, 94%; (ix) P&-C, Hp, EtOH, 93%.

catalyzed reactiof?! Application of this Pd-catalyzed cou-
pling reaction allowed the preparation éfalkylated 2-epi-

produced directly from a cyclohexene precursor in which valienamineg®

the configuration at gwas first established by a two-step More recently, Gondaz and co-workers have recognized
sequence and, then, the nitrogen functionality was efficiently quinic acid-derived lacton&448as a good starting material
introduced in an allylic acetatd,446 using a palladium-  to access a wide range of carbasugar derivatives (Scheme
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Scheme 244. Synthesis of Validamine (12) and
1-Epi-2-epi-valiolamine (1439) by Shing et at

Arjona et al.

Scheme 245. Two Strategies for the Synthesis of
Valienamine (11}

—OBn —0Bn —~OH Ho 0Bn OBn
: : : . LCOOH
OBn . A _OBN i yi OH g . OBn
LI n-v VILVII
(o)1 e o “ ©\ iEran - é/
Ny~ " "0OBn Ny “OBn  H,N “OH HO™ > OH S 0Bn 0" Y "OBn

~ H HO \
OH OH OH OH OH //S—O
1434 1435 12 1406 1440 1441
OBn OBn OH
\: OAc
’ i OBn iy OBn vyivi OH
(b) (-)-quinic acid —=—» - —_— ——
“OBn Ny " "OBn N3 "“OBn HoN ‘OH
— OH OH OH
0=8°
0 1442 1443 11
1436 1437
HO,
BnO\: OAC HO‘\," OH ‘. COOH Bno\: OAC
XXi NPORS i i \OH (b) . ore L
: . . — . . HO“‘ : OH .
N;~ Y “OBn HN' %7 “OH OH ‘0Bn
Ohe OH 1406 1444 1445
1438 1439 OH
aReagents: (i) LiN, DMF, 105°C; (i) H,SQs, H,0, THF, 82%, two OBn OBn
steps (5.7:1 diastereomeric mixturs}34 major isomer); (iii) TtO, py, o oB o OH
CH.Cl,, 96%; (iv) n-BuNOAc, THF, 80°C, 81%; (v) NaOMe, MeOH, IX-XI N xii OBn  xiii, xiv
98%; (vi) Hy, Ra—Ni, EtOAc; (vii) Na, lig NHs, THF, —78 °C, 36%, two ’ . HN “'OH
steps; (viii) LiNs, DMF, then BSOy, THF, 50%); (ix) K:COs, MeOH, 88%; AcO OBn BpHN ‘OBn 2 OH
(X) Tf0, py, CHCly, 78%; (xi) n-BuNOAc, THF, 80°C, 95%; (xii) OAc OAc
K2COs, MeOH, 80%; (xiii) H, Pd(OH}, EtOH, 73%.
1446 1447 11

493 ; ; ; ; ; ; aReagents: (i) SOG| EtN, CHyClp, 0 °C, 70%; (ii) LiN3, DMF, 80
246)#% This biased intermediate, that can be obtained in °C, 97%: (iii) MSCI. EN, CHCly, 0 °C. 98%: (iv) n-BuNOAG, DMF, 80

three steps from quinic acid, benefits from a diastereoselec-o¢c’ g10; (v) MeOH, KCOs, 100%; (vi) PPB, py, NHOH, 97%; (vii)
tive oxidation at the 5,6-double bond with either Qs® Na/NHs, THF, —78°C, 68%; (viii) cat. RuGJ-3H,0, EtOAc, CHCN, H0,
MCPBA to obtaincis-analoguesl449 and 1450 or trans NalQy, 0°C, 81%, (ix) MeOH, KCOs, 92%; (x) AGO, py, DMAP, CHCl,,
derivatives 1451 and 1452 respectively® They have — 96%; (x) Martin sufurane, PhH, reflux, 90%; (xii) (BP)Pd, PRP, RNH,
extended this strategy to the synthesis of aminocarbasugargglic'j}%egéx‘eg%) NaOMe, MeOH, 60% (two steps); (vii) Na. lig Ny
which are positional stereocisomers of valiolamiffe. ' T

Quinic acid (406 has been utilized by Peseke et al. as a Scheme 246. Synthesis of Carbasugars by Gorlea et al.
building block for the syntheses of pyrazolo- and pyrimido- HO, ,—OH
anellated carbasugars with defined stereochemistry (Scheme HO.,, ~
247)2% Ketonel453 available in four steps froh406 was . HO ,—OH
subjected to treatment with carbon disulfide and alkyl halide HO Y OH ol &
in the presence of bases to afford the corresponding ketene P OH Iﬁ
dithioketal1454 This push-pull activated methylenecyclo- 20 1449 Ho” Y~ “OH
hexanonel454 underwent a ring closure reaction with o) OH
methylhydrazine hydrate to give the pyrazoloanellated car- ", COOH TBSO, T 1450
basugar455 @\ - ”

In the context of the synthesis of sialyl Lewisimetics HO™ S NoH ° ol O
in which thep-galactose residue is replaced with appropriate OH é)B = \d
glycomimetics, Hanessian et al. described the synthesis of 1406 14482 Ho'
the 4-deoxy-5a-carba-mannopyranose derivativé458 h
from quinic acid (Scheme 248y’ Thus, methyl estet456 Ho HQ,,EOH

v~ “OH
OH
was subjected to oxidation, followed krelimination to 1451

afford thea,f-unsaturated ester derivativiel57. Catalytic

hydrogenation followed by reduction of the ester function HO™ Y~ TOH
gave the desired alcoht#58 This unit was further used to OH
prepare pseudodisaccharild59 which was found to be 1452

inactive in binding to E-selectin. 1462 would adopt a similar conformation to that of the
Quinic acid (1406 has also been used by several groups sialosyl-cation transition-state intermedidté61 shown in

as a building block for the synthesis of carbasugar analoguesScheme 249. Indeed, compoul¥b2is currently marketed,

of sialic acid with potent anti-influenza activifyKim and in the form of its orally active ethyl ester prodrug, as

co-workers reported that sialylmimetl@62exhibited good ~ Tamiflu 5%

oral efficacy in the treatment and prophylaxis of influenza  The synthesis developed by Kim and co-work&svas

infection498.4991t was reasoned that the cyclohexane ring in achieved from the quinic acid derivatitd63(Scheme 250).
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Scheme 247. Synthesis of Pyrazoloanellated Carbasugar
145%

Me
o} oH o} /SMe Nl/N
SMe . Z
1406 X LG 4, SMe
X O " (0] K
TBSO TBSO TBSO 0
(0] O
O‘F
1453 1454 1455

aReagents: (i) acetone, dry HCI, 89%; (ii) A2, py, 92%,; (iii) LAH,

Et,0, then NalQ, H20, 5 < pH < 6, 91% (two steps); (iv) TBSCI, DMF,

imidazole, 80%; (v) NaH, C§ IMe, DMF, 79%; (vi) MeNHNH, MeOH,
reflux, 52%.

Scheme 248. Synthesis of Sialyl LewisMimetics Based on
Carbasugars

HO_ _cooMe COOMe OH

i-iii iv-vi
0" > NoTPs 0" > oH o
0o o)
1456 1457 1458

HO,C ¢,

s
HO™ ™ OH
. OH

1459 EH

aReagents: (i) PDC, 16 h, 85%; (ii) PQLCB h, 84%; (iii) NaBH,
EtOH, 92%; (iv) TPSCI, DMF, 16 h, 86C; (v) Hp, Pd/C, 1 h, 98%; (vi)
LAH, 88%.

Scheme 249. Carbasugars as Transition-State Analogues

HO
HO CO,H sialidase oH t
Lo T —— | o Os,-COH
HO™ N Q7/ ~0O-sugars \I(HN
T 5 Ho
(0]
1460 1461
~_ >o0 CO,H
LT
HoN
o
1462
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Scheme 250. Synthesis of Sialylmimetic (1462) According to
Kim et al.@

HO, coome COOMe COOMe
@\ i,ii @\ iii,iv
Q" Y ToTs HO™ ™" ~0Ts MoMO™" %)
0 OH
1463 1464 1465
COOMe COOMe COOMe
\ i vi,vii viii
Momo™ Y "Nz momo" :NH MOMO™™" “N3
OH NH»
1466 1467 1468
COOMe COOMe COOH
iX-Xi Xii, xiii Xiv, xv
! “Ng o “Ng 0" “'NH
T /j NHAC /j NHAG
1469 1470 1462

aReagents: (i) SECl,, py; (i) TsOH, MeOH, 54% (two steps); (iii)
DBU, 100%; (iv) MeOCHCI, (i-Pr)EtN, CHCl, 97%; (v) NaN, NH4CI,
MeOH, H0, 86%; (vi) MeSQCI, EtsN, CH,Cl,, 99%; (vii) PhP, THF,
then EgN, H2O, 78%; (viii) NaNs, NH4Cl, DMF, 85%; (ix) CHOH, HCI,
99%; (x) TrCl, EtN, CHxCly; (xi) CH3SO:CI, EtN, 86% overall; (xii)
BFELO, 3-pentanol; (xiii) AeO, py, DMAP, 69%,; (xiv) PBP, THF, then
EtN, H,O; (xv) KOH, THF, HO, 75%.

Scheme 251. Synthesis of Sialylmimetic (1462) According to
Rohloff et al.2

OH OH
OH 0. : o E
o, ¢ ., :.CO,Et 2 :
, >< 2 >< CO,Et
‘ o o o
S i ii
0 g — A
— OH OMs
1407 1471 1472
><o,,, CO,Et ><0~, COzEt HO, CO,Et
iii . i o -Vi
B2 % v, o pal []
OMs OMs o
1473 1474 1475

aReagents: (i) NaOEt, EtOH,40714711:5; (ii) MsCl, EgN, CH.Cl,,
0-5 °C, 69% overall; (iii) SQCly, py, CHCl,, —25 °C, then pyrrolidine,
(PhsP)yPd, EtOAc, 35°C, 42%; (iv) 3-pentanone, HCID 95%; (v)

Selective dehydration of £ OH by treatment with sulfuryl BH3-SMe,, CH,Cl,, TMSOTf, —20°C, 95%; (vi) KHCQ;, aq EtOH, 96%.

chloride, followed by acetonide cleavage in refluxing metha- lactone/hydroxy estet4071471, which was treated with

n0|, afforded1464 Quantit.a.tive conversion Cﬁ464t0 the methanesu'fony' chloride to afford the monomesymz

key epoxidel465was obtained by treatment with DBU and  pehydration in1472furnished unsaturated “shikimic” ring

MOM-protection of the hydroxyl group. Epoxide ring system1473 which after transketalization t01474 and

opening by sodium azide furnished azido alcolidb6 reductive opening of the 3,4-pentylidene ketal gave rise to

which was further converted to aziriding467 which  an intermediate alcohol, which in the presence of potassium

underwent exclusive attack by azide ion at thep@sition bicarbonate was converted to the epoxid&’5s Stereospe-

to give rise to intermediat2468 The final introduction of cific conversion of 1475 to the desired1462 was ac-

the 3-pentyl ether group at the @llylic position was carried  complished using azide chemistry by analogy to Kim's

out by acid-catalyzed opening of the tritylaziridifd69 procedurd®® The synthesis of1475 has been further
This sequence requires double inversion and repeateddeveloped?°%4in order to allow the manufacture of Tamiflu

protection-deprotection of theR)-hydroxyl group, so for on a commercial scaf8®

large-scale preparation @#62 Rohloff et al*’! designed a Panza and co-workeé®$ and Murugan et &%’ reported

practical 12 step synthesis based on the access to the keywo alternative routes for the synthesis of the carbasugar

epoxide 1475 (Scheme 251). Lactone acetonidetQ7, analogue of -rhamnose (Scheme 252). Both processes began

prepared in 90% yield by a modification of the Shing’s with the conversion of quinic acid into~)-shikimic ester

method$®? was converted to a 1:5 equilibrium mixture of derivatives according to literature proceduf®&$°but they
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Scheme 252. Synthesis of 5a-Carba-L-rhamnose (1479

OH
CO2M€ :
s AN, s osee . HO -
i ii,iii iv-vi
@ e N m
0" Y TOH Q" Y TOH gv™"Non HO" Y TOH
o] o] o OH
1476 1477 1478 1479
CO,Me HO, COzMe
HO. . MOMO o
(b) vii Viii-x XiXi 4429
0" YoAc 07 Y OAc Q" Y ToH
o O
1480 1481 1482

aReagents: (i) DIBAL-H, THF, 0°C, 78%; (ii) PhP, CBu, sym-
collidine, 93%; (iii) SuperHydride, THF, €C to rt, 92%; (iv) NapBr, KOH,
18-crown-6, THF, 85%; (v) 9-BBN, reflux, then NaOH®, 0 °C to rt,
90%,; (vi) deprotection conditions not given; (vii) OsIMMO, t-BuOH,
reflux, 3 h, 70%; (vii) MOMCI, Hinig's base, CHCl,, 87%; (ix) LAH,
THF, 60 °C, 90%; (x) 1,1-thiocarbonyldiimidazole, PhCHireflux, then
trimethyl phosphite, reflux, 9 h, 85%; (xi) PdC, Hy, MeOH, 40 psi, 8 h,
97%; (xii) HCI, MeOH, 10 h, 95%.

Scheme 253. Quinic and Shikimic Acids as Carbasugar
Precursors

CO,H OH HO, CO,H
HO ’
f— — i
HO™ ™>"OH HO OH  HO" ™7 “OH
OH OH OH
(-)-Shikimic acid (-)-Quinic acid
Carbapyranose
1483 1406

diverge in the way the missing hydroxyl and methyl groups
were installed. In Panza’s route, the carboxylic ester of the
“shikimate” was first reduced to a methyl group4({6—
1478 and then a hydroboratieroxidation sequence allowed
the introduction of the missing hydroxyl group and at the
same time established the required stereochemistry at th
two newly formed stereocenters (Scheme 25%a)n the
second route, dihydroxylation of the double bond in the
shikimate derivativel480 was carried out first (Scheme
252b). Conversion to the exo-olefitd82 stereoselective
hydrogenation, and deprotection gave 5a-carharhamnose
(1479.597

6.2.3.2. From Shikimic Acid.Although (—)-shikimic acid

Arjona et al.

Scheme 254. Synthesis of Carbasugars from—{-Shikimic

Acid (1483}
CO,Me CO,Me CO,Me HO CO,Me
. OH HO.
iii iv v
1483 — — — | + |
o Y TOTf g7 Y o Y TOH g
)(o o) )(o )(o
1484 1485 1486 1487
COo,Me
5 HO
1486 Vi, Vi OH
W~ - o .
o) HOW Y TOH
OH
1488 ()10
)‘0 CO,Me Ho ~OH
o} HO
1487 Vi, . _viij, L
"X HO W
2 o) OH
1489 1490

aReagents: (i) CSA, MeOH, reflux, 10 h, 96%; (ii) CM@®Me),, CSA,
2 h, 95%; (iii) TRO, DMAP, py, CHCl,, —20°C, 40 min, 98%; (iv) CsOAc,
DMF, 2 h, 81%; (v) Os@ NMMO, t-BuOH-H,0 (10:1), 38% forl486
35% for 1487, (vi) CMex(OMe),, CSA, 2 h, 92% forl488 82% for1489
(vii) DIBAL-H, THF, —10°C, 1.5 h, 99%; (viii) TFA-HO (6:1), 2 h, 91%
for (—)-10, 89% for 149Q

MK7607 (10) and some other carbasugars using shikimic
acid as the chiral template (Scheme 284)Shikimic acid
(1483, obtained by isolation from Chinese star anise
(HMicium verumHook) >*?was converted into diene485by
transient elimination of triflatd 484 Hydroxylation 0f1485
gave diols1486and1487in a combined yield of 73%. These
diols were protected as -isopropylidene derivatives488
and1489 respectively, which were reduced with DIBAL to
give after deprotection{)-MK7607, (—)-10, and carbasugar

o490

6.2.3.3. From Cyclitols.6.2.3.3.1. From Inositolmyo-
Inositol (1497 is the most abundant cyclitol occurring in
Nature. Among nine inositol stereocisomers, sevemagso
compounds, and therefore, when myo-inositol is chosen as
the starting material, racemic carbasugars are obtained. In
1976, Suami, Ogawa, and co-workers reported the first
synthesis of 5a-carb@-bL-galactopyranose and 5a-carba-

(1483 shares many structural features with carbasugars, its&-DL-altropyranose from myo-inositoll491).5* They de-
use as starting material has been restricted owing to itsVeloped a synthetic route which made use of 1,2-anhydro-

limited availability, normally from the fruit oflllicium
plants3'°and high price. Under these circumstances, quinic

5,6-O-cyclohexylidene-chiro-inositolld93 (Scheme 2554
O-lIsopropylidenation and PfitzneMoffat oxidation 0f1492

acid (1409 had become the starting material of choice in afforded the inosose derivatiiet93 which was reacted with
the synthesis of carbapyranose derivatives, albeit sometimegliazomethane to provide the spiro epoxit94 Nucleo-

through a “shikimate” derivative, as has been shown in the
previous section (Scheme 253).

More recently, however, an alternative source of shikimic
acid has been reported from microbial fermentation of
glucose using a recombinant shikimate-synthesiEsgheri-
chia coli>** Such an improvement may lead to a pronounced
expansion in the synthetic utilization of shikimic acid. In

philic opening of the oxirane ring with hydriodic acid,
followed by acetylation and elimination, gave exocyclic
alkenel495 Hydroboration ofl495followed by oxidation
afforded 5a-carb@-pL-galactopyranose pentaacetaté@),
5a-carbaa-pL-altropyranose pentaacetai®®), and 6-deoxy-
5a-carbae-pDL-altropyranose tetraacetatd4@Qg in 13%,
17%, and 13% yield, respectiveli?

fact, the shikimic acid produced by fermentation has already A different approach to carbasugar analogues from myo-

been used as raw material for the manufacture of Tamiflu,
shortening by four steps the original route described from
quinic acid®®® Singh and co-workers have reported the
synthesis of the antipode of the naturally occurring herbicide

inositol, that relies on a Wittig homologation, has been
reported by Massy and Wyss (Scheme 28B)They
disclosed the preparation of carbasugars relatgdgtuco-
and -galactopyranose by reaction of ketohd97 with
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Scheme 255. Synthesis of 5a-Carkjg-bL-galactopyranose

(760) and 5a-Carbae.-pL-altropyranose (753) from
myo-Inositol (Only One Enantiomer Is Shown}

OH HO, OH
O oL
HO” ™

OAc

AcO

OAc OAc

760 753 1496
aReagents: (i) 2,2-dimethoxypropane, DMF, TsOH, 76%,; (iip@c
DMSO, 74%; (i) CH:N>, 89%; (iv) Nal, HI, then AgO, H,SOs, 40 °C,
47%,; (V) Zn, AcOH, reflux, 75%; (vi) sodium tetrahydroborate zBf,0,
THF, then NaOH, HO,, Ac,O, HySOs, 43%.

Scheme 256. Synthesis of 5a-Carba-gluco- and
-galactopyranose Derivatives from myo-Inositol (Only One
Enantiomer Is Shown}

o MeO OMe
BnO ~0Bn  BnO__.0Bn BnO .OBn
1491 =, . +
BnO™ Y "OBn  Bno” ™" 0Bn BnO” > “OBn
OBn o OBn
1497 1498 1499
CHO RO—.
i ~OBn :
1498 — > HO OH
BnO Y OBn
OBn HO OH
1500 1501
CHO RO
OBn BnO
1499 — =, HO OH
OBn BnO X OBn
1500 1:3 1502 1503

R= CO(CH2)14CH3

aReagents: (i) (CHOCH,)PhPCI, n-BuLi, THF, 0°C, 60%; (ii) AGO,
H2SQy, 40 °C, 41% for150Q 85% for 1502
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Scheme 257. Synthesis of

5a-Carba-a-bL-glucopyranose-6-phosphate f£)-86] from
myo-Inositol (Only One Enantiomer Is Shown}

OH o} ~OH
HOI:EOH Bnofi o BnO., % eq:ax = 2.8:1
—:> e
HO™ OH BnO™ Y "OBn BnO” ™ “OBn
OH OBn :

1491 1504 1505
(PhO),0PO._ (PhO),0PO (KO),0PO
“I0L b El

OBn BnO

Bn
1506 1507 (+)-86

aReagents: (i) Ck=PPh, THF, 86%; (ii) 9-BBN, THF, reflux, then
NaOH, HOy; (iii) (PhO),POCI, CHCI,, py, separation of isomers, 66%
(two steps); (iv) H, 10% Pd/C, MeOH, 79%; (v) & PtO;, MeOH, 84%;
(vi) KOMe, MeOH, 65%.

(Scheme 257). The overall procedure gave a 2.8:1 mixture
of two epimeric alcoholsl505 which were separated as
diphenyl phosphates506and1507. Deprotection ofl507,

by a two-step catalytic hydrogenation process first using
Pd—C and then Ptg) afforded the desired carbaglucopyra-
nose-6-phosphatet(-86.%> This compound was shown to
be an irreversible inhibitor of 2-deoxy-scyllo-inosose syn-
thase, a key enzyme in the biosynthesis of 2-deoxy-
streptamine, which catalyzes the cyclizationoafjlucose-
6-phosphate into a six-membered carbocyzele.

van Boom and co-workers reported the transformation of
partially protected myo-inositol derivativi&508to 5a-carba-
o-pDL-fucopyranose angs-pL-galactopyranose derivatives
(Scheme 2583 The route was based on the deoxygenation
of the 6-OH and the replacement of the 1-OH by either a
methyl or a hydroxymethyl group, respectively. The protocol
for the synthesis of carbafucogé2commences with radical
deoxygenation of inositol derivative508 Selective trans-
ketalization followed by benzylation and acid hydrolysis gave
an intermediate diol which after protecting group manipula-
tion was oxidized at 1-OH to give ketori&1Q Treatment
of 1510 with methyl magnesium bromide gave individual
epimersl511land1512in 78% and 14% yield, respectively.
Deoxygenation of the tertiary hydroxyl group in both
epimers, followed by hydrogenolysis of the benzyl protective
groups, furnished 5a-carleabL-fucopyranose 162 along
with a minor amount of its pseudoaxial epinEs13

Alternatively, hydroxymethylation of keton&510 with
benzyloxymethyllithium and subsequent deoxygenation of
the epimerically pure addition produdt514 led to the
exclusive formation of the fully benzylated carbagalactose
derivative 1515 Finally, removal of the benzyl groups by

methoxymethyltriphenylphosphonium chloride. Conversion hydrogenolysis gave 5a-caraeL-galactopyranosel19

of the resulting enol ethefs198and1499to aldehyded4500

and 1502took place with concomitant lose of a benzyloxy

(Scheme 259).
Very recently, Ogawa and co-workers succeeded in

group. Unfortunately, conversion of these intermediates to connecting myo-inositol with optically pure carbasugar
the target compounds by hydrogenolysis of the benzyl groupsderivatives (Scheme 268%851° The optical resolution is
and reduction of the double bonds was not straightforward carried out at an earlier stage of the processing by biode-

and low yields of the desired products were obtained.
5a-Carbaglucopyranose-6-phosphate-){86] was pre-
pared by treatment of deoxy-scyllo-inosod6Q45 with

oxygenatiof?? of myo-inositol (1491 to produce mainly<)-
vibo-quercitol [(~)-1517, which is biochemically oxidized
under the influence of th&luconobactersp. AB10277 to

methylenetriphenylphosphorane followed by hydroboration furnish (—)-2-deoxy-scyllo-inosose1618 in high yield
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Scheme 258. Synthesis of 5a-Carba-pbL-fucose (762) from
myo-Inositol (Only One Enantiomer Is Shown}

1491 1508

o .. OH OH
BnO viii BnO, 4 BnO. N .

I ]_. + XX
BnO” Y~ “OBn BnO”™ Y "OBn BnO™ Y "OBn

OBn OBn 5.5:1 OBn

1510 1511 1512
HO. HO ~

- I

HO” ™" ~OH HO” ™" OH

OH OH

762 12.5:1 1513

aReagents: (i) PhOES)Cl, DMAP, CHCN, then n-BySnH, AIBN,
toluene, 95%; (ii) TsSOH, HOCHCH,OH, CH,Cl,, 77%,; (iii) BnBr, NaH,
DMF; (iv) 80% HOAc, HO, reflux, two steps, 82%; (v) 4,4-dimethoxy-
tritylchloride, py, 95%,; (vi) NaH, BnBr, TBAI, DMF, then PhS8, CHxCl,
MeOH, 84%; (vii) AgO, DMSO, 100%; (viii) MeMgBr, THF,—20 °C,
92%; (ix) MeOCOCI, DMAP, CHCN, then n-BySnH, AIBN, PhCH,
reflux, 69%; (x) Pd/C, H, EtOH, quant.

Scheme 259. Synthesis of 5a-Carlf-pL-galactopyranose
(1516) from myo-Inositol (Only One Enantiomer Is Shown}

OBn OH
HO .—OBn
. BnO \ . BnO . Ho
1510 — — —
BnO” > “0Bn BnO” Y~ T0Bn  HO” Y “OH
OBn OBn OH
1514 1515 1516

aReagents: (i) BnOCHLI, THF, 74%; (i) MeOC(O)COCI, DMAP,
CH3CN, then n-BySnH, AIBN, PhCH, reflux, 71%; (i) Pd(C), H, EtOH,
97%

(Scheme 260). On treatment with diazomethane, the crude
ketone could be converted into a crystalline spiro-epoxide

1519 related to the key intermediatd94used in a previous
route developed by the same authors. From compasi§
(+)-valiolamine (4) and ()-g-valiol (1520, a versatile

Arjona et al.

Scheme 260. Synthesis of{)-Valiolamine 14 from
myo-Inositol?

HO, o
on 5 OH i OH
H_; HO SN "OH  HO“ Y “OH
0 OH OH

OH

(-)-1517 1518
OH
_HO OH _ _on N OH
iv,v )\
NOH Ph ?Q/O
OH o]
1520 1521
OH
OTs S ~_~NH
viix ~ HO w2
HO™ "'OH
OH
1522 (+)-14

aReagents: (iGluconobactersp. AB10277, 80%; (ii) CkN2, EtOH,
MeOH, 44%,; (iii) 3 M aqueous KOH, 100C, 32%; (iv) PhCH(OMe),
TsOHH,0, DMF, 50°C; 59%; (v) 2-methoxypropene, TsGH,O, DMF,
36%; (vi) TsCl, py, DMAP, quant; (vii) Nahy DMF, 120°C, 88%; (viii)
H, Raney-Ni, EtOH, AgO, 76%; (iX) 2 M HCI, Dowex 50Wx 2 (H'),
aq 1% NH, 90%.

prepared in two steps from-quebrachitol, was converted
to the spiroepoxid&525 which was hydrolyzed to the ring-
opened productl526 Cleavage of theO-methyl group
provided the completely deblocked hept&bPR7, which was
converted through a sequence of reactions involving protec-
tion and deprotection into didl528 Mesylation of 1528
followed by base treatment afforded a mixture of epoxides
1529 and 153Q which were isolated as the acetafes31
and 1532 Reaction of both isomer$531 and 1532 with
sodium iodide, followed by elimination, gave cyclohexene
1533 The introduction of the amino group was finally
achieved by selective protection of the primary alcohol, azide
substitution at the allylic position, and reduction. Subsequent
removal of the protecting groups 534 gave valienamine
(12), which was isolated as the hydrochloride.

The same group devised a shorter route for the introduction
of the hydroxymethyl chain in quebrachitol derivatives by a
Wittig reaction followed by hydroboration (Scheme 262).
The sequence started with the conversion of the quebrachitol

precursor for carbasugars, were readily synthesized. Thus (1523 into the protected 1-chiro-inositol (539 by cleav-

hydrolysis of1519gave ()-S-valiol (1520. Additionally,
1519 was successfully transformed into the 5-hydroxyl
derivative 1521, which was tosylated and subjected to
nucleophilic substitution with azide anion to afford, after
hydrogenolysis and deprotectionf; )valiolamine (4).
6.2.3.3.2. From-Quebrachitol.L.-Quebrachitol 1523 is
a naturally occurring optically active inositol, obtained from
the serum of rubber treé%! and is of interest as a chiral
source for the syntheses of natural proddét§ In par-
ticular, L-quebrachitol was used by Ozaki et al. as a building
block in an early synthesis of cyclophellitgf: Paulsen and
his co-workers studied extensively the use-afuebrachitol

(1523 in the preparation of carbasugars and related carba-

age of theO-methyl group with BB#?” and exhaustive
O-isopropylidenation. Compountb35was next converted
into the inososel536 by selective removal of thérans
isopropylidene moiety, monobenzylation, and oxidation.
Wittig reaction with methyl(triphenylphosphonium) bromide
and butyl lithium and subsequent hydroboration followed by
oxidation led to the hydroxymethyl branched-chain derivative
1537. A series of reactions (namely, protection of the primary
hydroxyl group,O-debenzylation, and deoxygenation of the
secondary alcohol) and removal of the protecting groups
finally convertedl537into in 5a-carbax-p-galactopyranose
(p-3).528

Paulsen and co-workers described yet another sequence

aminosugars. First, they described a lengthy approach forto carbasugars based on a regio- and stereoselective 1,4-

the synthesis of valienamine (Scheme 28192 In order
to incorporate the side chain, inosose derivatie?24

addition of ethyl 2-lithio-1,3-dithiane-2-carboxylate to enones
1539 (Scheme 263a) anti543 (Scheme 263b), previously
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Scheme 261. Synthesis ofH)-Valienamine 11 from

Quebrachitrol 15232
OMe
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0" Y N0
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HO
1523 1524 1525
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HQ 1 eO .OBn
HO\\\@ >< v_ HO__ @\ _B20_ b\
0" Y0 oH OBn
0
1526 1527 1528
OBn OBn
RO—, .0Bn OBn AcO ..0Bn
VI vii iX
OBn X OBn
’ OAc
1529 R=H Vm<1530 R=H
Vi 1631 ReAc 1532 R=Ac 1533
NHz NH2
1534

aReagents: (i) 2,2-dimethoxypropane, TsOH, DMF,°8) 85%; (ii)
RuQs, NalOs, K2COs, CHCly, H20, 81%; (i) NaH, DMSO, MgSOl, THF,
50 °C, 57%; (iy 1 N aqueous KOH, dioxane, 100, 89%; (v) BB,
CHyCl, 0°C, 79%; (vi) MsCl, py, O°C; (vii) NaOMe, MeOH, 50%; (viii)
Ac0, py; (ix) Nal, NaOAc, acetone, 88C, then POJ, py, 72%; (X)
NaOMe, MeOH, 93%; (xi) CHCN, BzCN, EtN, 54%; (xii) PPk, HNs,
DIAD, PhCHs, 70%; (xiii) PPk, NHz, MeOH, 61%.

Scheme 262. Synthesis of 5a-Carba-D-galactopyranose
(p-3) from L-Quebra(:hitrol"=1

e e e
e A

1523 1535 1536

#—o OMEM OH

o OH o} HO OH
il ix-xii
0" > NoBn oY HO™ Y

o o) OH
1537 1538 D-3

aReagents: (i) 2,2-dimethoxypropane, TsOH, DMF, °8) 85%; (ii)
BBrs, CH.Cly, 0 °C, then 2,2-dimethoxypropane, DMF, 8Q, 77%; (iii)
AcOH, 70°C, 88%; (iv) NaOH, BnBr, TBAI, CHCl,, 87%; (v) Ck(CO),
DMSO, EgN, CH,Cl,, 96%; (vi) MePPBBr, n-BuLi, THF, —30°C, 85%;
(vii) BH3—THF, —50 °C, then HO,; NaOH, 82%; (vii) MEMCI,
(i-Prz)NEt, CH,Cl,, 85%; (ix) Pd-C, Hp, MeOH, 73%; (x) NaH, C& Mel,
THF, 91%,; (xi) n-BuSnH, AIBN, PhCH, 81%; (xi) 1 M HCI, MeOH,
then AcO, py, 60%; (xiii) NaOMe, MeOH, 78%.

prepared fromL-quebrachitol. Subsequent reduction and

shortening of the side chain itb41and1545allowed the
preparation of 5a-carhg-p-manno-pyranosen(587) and a
carbae-p-glucopyranose derivative 546528529
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Scheme 263. Synthesis of 5a-Carba-D-mannopyranose

(p-587) and 5a-Carbae-p-glucopyranose Derivative 1546
from L-Quebrachitol?

OMe o
HO \OH ﬁ COzEt
@ = Q" osn—'»O« liiv
o

HO™ > OH
: o)
o %
1523 1539 1540
fo) OH
ACO,, I_©OAc HoO,, WwCHO  HO, ~_.» !
L O = (X
0" Y oBn Q" Y YoBn  HO" Y7 YOH
o e o
1541 1542 D-587
OMe OMe
HO. A OMe
O OB i S8 T oBniiy
® . - Et0,C ‘ e
HO™ " OH OBn
OH o) OBn
0
1523 1543 1544
OMe OMe
L, OB HO—., OBn
V,Vi
OAc —
OBn OBn
OH OH
1545 1546

aReagents: (i) ethyl 2-lithio-1,3-dithiane-2-carboxylate, THECO71%
1540 96% 1544 (ii) LAH, THF, 69%; (iii) HgCl», Hg, 92%; (iv) AcO,
py, 63% 1541 74% 1545 (v) NaBH;, MeOH then NalQ, NaBH,;, 93%
from 1545

Paulsen et al. also reported the reaction of cyclitol deriva-
tives, bearing a free hydroxylic function, with saccharide tri-
flates to yield carbadisaccharides containing an ether linkage
between the carbasugar and the saccharide component. Ac-
cordingly, they prepared {16)- and (1~4)-linked carbadisac-
charides, corresponding to isomaltose, and maltose or cello-
biose, respectively. For example, the triflalégl7(Scheme
264a) or1550(Scheme 264b) were displaced with protected
o-D-carbaglucopyranosel$48 in the presence of sodium
hydride to yield monocarbadisaccharidést9and 1551530

6.3. Synthesis of Seven- and Eight-Membered
Carbasugar Analogues

In the last few years, there has been increasing interest in
the preparation of carbasugars containing rings larger than
the five- and six-membered rings already mentioned in this
review. In this context, reports by several research groups
have focused on the synthesis of seven- and eight-membered
analogues which could be regarded as 6a-septanoses and 7a-
octanoses (see Figure 49). Three different strategies have
been employed for the ring-forming reaction, and carbohy-
drates have always been used as starting materials.

6.3.1. TIBAL-Induced Claisen Rearrangement

The thermal or triisobutylaluminum (TIBAL)-promoted
Claisen rearrangement of 2-methylene-6-vinyltetrahydropy-
rans, which affords cyclooctanic derivatives by insertion of
a G unit, has been developed by Paquette’s grstts
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Scheme 264. Synthesis of Carbadisaccharides by Paulsen et OH

al2
==t
B”OU\OTPS
BnO” ™ n=12

i o

\OH Figure 50. Sinays retrosynthesis of seven- and eight-membered
carbasugars based on TIBAL-mediated Claisen rearrangement of
MeO OH sugar-dienes.
BnO  OBn Scheme 266. Synthesis of Eight-Membered Ring Carbasugar
1547 1548 1549 Analogue$
OMe y OH
®) B”o\[ j/ ~0TPS ¢ “OBn
o BnO” BnO  OBn
TfO 0, 1556 il ( 1557 X =0 1559

¥, 1558 X = CH
B B 2
BnO n0  ©OBn Bno—@
0

BnO v i oM
1550 1548 1551 -— - .
aReagents: (i) NaH, THF, 869549 38% 1551 OBn

BnO oBn HO RO O©OR

RO RO~\n 1560
n(% . ( 1561 R= Bn « ( 1562 R= Bn

| | 1563 R= H 1564 R= H

OR OR aReagents: (i) TFOH/ACOH/ED, 75%; (i) PCC, 85%; (iii) Tebbe
reagent, 84%; (iv) TIBAL, PhCE 98%; (v) NaH, Mel, DMF, 60%; (vi)

BH3;—THF, then NaOH, HO,, 60%; (vii) PCC, 92%; (viii) Tebbe reagent,
82%; (ix) BHs—THF, then NaOH, HO,, 60%.

RO
RO
n( n Scheme 267. Synthesis of Eight-Membered Ring Carbasugar
Analogue$
I | BnO
OR .

BnO:

4a-carbafuranose 5a-carbapyranose

6a-carbaseptanose 7a-carbaoctanose
Figure 49. Seven- and eight-membered ring carbasugar analogues.  BnO

0Bn

Scheme 265. Claisen Rearrangement of Sugar Dienes
Leading to Eight-Membered Derivativest
MeO

BnO™
BnO

©Bn

1568 ( 1569 R=Bn ( 1570 R=Bn
X X

1571 R=H 1572 R=H
aReagents: (i) TMSOTf, A©; (ii)) NaOMe, MeOH; (iii) TsCl, py; (iv)
Nal, TBAI, DMSO, then DBU; (v) TIBAL, PhCH, 98%,; (vi) NaH, Mel,
DMF; (vii) BH3—THF, then NaOH, HOy; (viii) PCC; (ix) Tebbe reagent;
(x) BH3—THF, then NaOH, HO; (no yields given).

BzO OBz BzO 0Bz
1554 1555 compoundl561in solution, on the basis of NMR data, and

aReagents: (i) TIBAL, PhCEi 50°C, 98%; (ii) xylene, reflux, 12 h, 60%.  assigned it a boat chair conformation. On the other hand,
the 'H NMR spectrum of its hydrogenolysis produt§63
use in the carbohydrate field is more recent, and both theshows a close analogy with that of meti/b-glucopyra-
therma$®? (1554— 1555 and the TIBAL-catalyzel” (1552 nose, particularly in view of the coupling constants.
— 1553 variations have been studied (see Scheme 265). More recently, Sinayand co-workers have reported the
Sinayand co-workers made use of this transformation in the synthesis of cycloheptane carbasugars (Scheme*26B)e
first reported synthesis of cyclooctanic carbasugfts. their key step was a TIBAL-catalyzed Claisen rearrangement of
approach, the hydroxymethylene group was retrosyntheticallya furanose diene leading to a functionalized cycloheptene.
correlated with a ketone by Tebbe reaction and hydroboration The final steps involved, as mentioned above, chain elonga-
(Figure 50). They described the preparation of compoundstion from the ketone by Tebbe reaction and hydroboration.
1563and 1564 (Scheme 266) as well as their enantiomers Accordingly, the synthetic protocol started with unsaturated
1571and 1572 respectively (Scheme 267), from isomeric alcohol1573 by conversion into its corresponding triflate.
D-glucose-derived alkend$56and1565(see Schemes 266 ~ On heating, this triflate was displaced by nucleophilic attack
and 267). The authors also studied the conformation of of O,, and subsequent debenzylation afford€evinyl
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Scheme 268. Synthesis of Seven-Membered Ring
Carbasugar Analogue$8

PMB?

ii-iv
—_—
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h_OH RO OH RO
HO n RCM n
—> RO —— RO—OH
RO OH
RO OR RO RG
n=1,2 n=2,3 n=2,3

Figure 51. Sinay’s retrosynthesis of seven- and eight-membered
carbasugars based on RCM.

\‘\O>< O>< Scheme 270. Conversion of RCM Adducts to Seven- and
vi-viii Eight-Membered Carbasugars
HO —_— e + O o
N N OH OH
BnO  OBn BnO  OBn BnO  OBn BnO i RO RO
— "'OH + OH
1576 1577 1578 3 82% s :
BnO OBn RO OR (3:7) RO OR
“\O>< ~OH 1586a . ~1591 R=Bn .~ 1592 R= Bn
xi,xi HO ii _ i ~
g - OH <1593 R=H ( 1594 R=H
BnO  OBn HO  OH OH OH
1579 R'= CH,0H; R%= H 1581 Bno. ... @ i RO_ " OH RO\“.‘ OH
1580 R'= H; R?= CH,0H 3 1% N * \
BnO OBn =" RO OBn “:1) RO OR
H
© 1586b 1595 R= Bn . (" 1596 R=Bn
1578 XX OH 1597 R=H 1598 R=H
BnO  OBn HO  ©OH OH OH
1582 R'= CH,0H; R2= H 0 . , +RO o
1583 R'= H; %= CH,0H 1584 > 85% < "OH N OH
=H R™=CH, B9pgg en RO Rs or "V RO OR
aReagents: (i) O, py, 68%; (ii) DDQ, 87%; (iii) TsCI, DMAP, py, _ B
87%: (iv) Nal, TBAI, DMSO, then DBU, 93%; (v) TIBAL, PhCH 83% 1588a i 1599 R=Bn i ( 1600R=Bn
(2:1 mixture); (vi) OsQ, NMMO; (vii) Me,C(OMe), CSA,; (viii) PCC, 1601 R=H 1602 R=H
56% (55:45 mixture), separation of isomers; (ix) Tebbe reagent, 63% (for
1577, 71% (for 1578; (x) BHs—THF, then NaOH, HO,, 69% (1579/ ] OH OH
158Q 75:25), 65% 1582/15837:3); (xi) TFA; (xii) Hz, Pd/C, 75% 1581, I RO
82% (1584. 72% e . R W
5 O/ \ EEVARIRN ‘OH (5:3) \ OH
Scheme 269. Synthesis and RCM Reaction of Dienes 1527, "' Bno  ©OBn RO ro R ’ RO OR
1529, and 1531 1588b
BnO i C 1603 R=Bn ; C 1604 R= Bn
© BnO i BnO 1605 R=H 1606 R=H
I . ..
aReagents: (i) 0S® NMMO, t-BuOH; (i) Hz, Pd/C, MeOH, EtOAc.
BnO OBn BnO OBn Scheme 271. Synthesis of Seven-Membered Carbasugar
1585 1586 Analogue$
OTBS OBn
6_L s /=0
— 0 + /
=~ A
6a O><O
233 1607

1589 1590

OTBS

1609 1610 1611
aReagents: (i) BFOEb, 80%; (ii) NaBH,, NiCly; (i) TBSOTT, 2,6-
lutidine, 81%, 2 steps; (iv) ki Pd(OH}; (v) Swern oxidation, 76%, two
steps; (vi) TBSOTT, (i-PeNEt, 76%,; (vii) LiBHa; (viii) 6 N agHCI, 79%.

furanoside 1574 from which dienel575 was prepared. 1577and1578led to 1581and1584 These cycloheptanic
TIBAL-induced rearrangement of the latter gave rise to carbasugarsl581and 1584 displayed a close analogy, in
cycloheptened576 which were further functionalized to  terms of coupling constants il NMR, with o-p-glucopy-
keto-tetraols1577 and 1578 Finally, chain elongation of  ranose ang-p-mannopyranose, respectively.

aReagents: (i) butenylmagnesium bromide, 64% (1:1 epimeric mixture);
(i) Grubbs’ catalys623 60%; catalysb25 97%; (iii) pentenylmagnesium
bromide, 70% (1:1 epimeric mixture); (iv) Grubbs’ catalyg23 29%;
catalyst525, 0%; (v) TBSOTTf, EsN, 89%; (vi) Grubbs’ catalyss23 86%;
catalyst525 0%; (vii) TBAF, THF, 85%.
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Scheme 272. Synthesis of Seven-Membered
Aminocarbasugar Analogue$

Arjona et al.

Scheme 274. Synthesis of Eight-Membered
Aminocarbasugar Analogue$

1614 I

1616
aReagents: (i) SnGl80%; (ii) NaBH,, NiCly; (iii) TBSOTH, 2,6-lutidine,
83%, two steps; (iv) CAN; (v) BnCl, 69%, two steps; (vip,H?d(OHY;
(vii) Swern oxidation, 78%, two steps; (vii) TBSOTT, (i-BNEt, 85%;
(ix) NaBHq; (x) 6 N agHCI, 84%, two steps; (¥i6 N aqHCI, 85%.

Scheme 273. Synthesis of Seven-Membered
Aminocarbasugar Analogue$

vii

™ Ho Vi
253 + 3. 0
1617
(0]
N\ N-
: NR XXl NH2
1555
oTBS HO OH
P K
ent-1615
1619 . ( 1620 R=Bn
iX,X
1621 R= Boc o
no-. NH,
1621 i HO OH
HO OH
ent-1616

aReagents: (i) SnGl81%; (ii) NaBH,, NiCly; (iii) TBSOTHT, 2,6-lutidine;
(iv) CAN; (v) BnCl, 69%; (vi) ag AcOH, 48%, five steps; (vii) ag NaiO
96%; (vii) TBSOTH, (i-PrpNEt, 80%; (iX) Na, lig NH; (X) BocO, DMAP,
90%, two steps; (xi) NaBki (xii) 6 N agHCI, 80%, two steps; (xiii)) 6 N
aq HCI, 85%.

6.3.2. Ring-Closing Metathesis

1624 1625

aReagents: (i) TESOTf, py, DMAP; (ii) Swern oxidation, 81%, two
steps; (i) TBSOTH, (i-PrNEt, 85%; (iv) Na/NH; (v) Boc,O, DMAP, 90%,
two steps; (i 6 N agHCI, 80%.

Scheme 275. Approach to Seven-Membered Carbasugars
Based on 7ex0trig Radical Cyclizationa

SEt |, || O i, |v O \’>
SEt —> OBn

O
1626 1627 1628
CO,Me
CO,Me
v, Vi g://_/ vii
1629 1630

aReagents: (i)4, PhP, PhCH, imidazole (70%); (ii) HgO, HgGl
acetone (75%); (i) 2-(trimethylsilyl)thiazole (60%); (iv) NaH, BnBr (92%);
(v) previous work; (vi) PBP=CHCOMe, CHCl> (E, 73%; Z, 8%); (vii)
AIBN, HSnBu, 80 °C, slow addition, 5 h, 50%.

carbocyclization step was then examined using Gruli23)(

and modified Grubbs'§25) catalysts, as the addends. The
authors discovered a remarkable effect on the yields of the
RCM depending on the catalyst and the (protected or not)
substrate (see Scheme 269). The corresponding polyoxy-
genated cycloheptanes and cyclooctanes were obtained from
cycloalkenes1586 and 1588 by syndihydroxylation fol-
lowed by hydrogenolysis (Scheme 270).

6.3.3. Silylative Cycloaldolization

Recently, Casiraghi, Rassu, and co-workers have expanded
their strategy (see Figures 45 and 48) to the synthesis of
new nonracemic carbaheptanosk&ll, 1615 1616 ent

Sinayand co-workers used a RCM strategy in their syn- 1615 and ent1616 and carbaoctanose derivativie625
thesis of seven- and eight-membered carbasugar anafsgues. (Schemes 274274)536 Reaction of silyloxy furar233and
Their retrosynthetic analysis, shown in Figure 51, representsL-threose derivativéa 6073 furnished1608 which, after syn-
a nice extension of Eustache’s approach for the synthesis ofthetic manipulations, led to 6a-carbaheptari®&l (Scheme
six-membered carbasugar analogues (see Scheme 223c). 271) via tricyclic compoundl61Q Reaction of1607 with

Accordingly, diened585 1587 and1589were prepared

silyloxy pyrrole 253 following an analogous synthetic

from alkenyl ketonel328 (Scheme 269), and the key protocol (Scheme 272), led to aminocarbaheptanose deriva-
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tives1615and1616 Finally, the use of 2,3:4,5-dd-isopropyl- aimed to provide the reader with an idea of the efficiency

idenep-arabinose1617) as the aldehyde partner of silyloxy of the synthetic methods employed in the preparation of the
pyrrole 253 permitted the syntheses eht1615 ent1616 different carbasugars. Only free and fully acetylated carba-
(Scheme 273), and carbaoctand$25(Scheme 274). The  sugars have been incorporated in the tables. In this context,

key steps of these transformations were the intramolecularTable 5 deals with the syntheses of carbafuranoses and Tables
aldol reactions of compound$19or 1622and the hydro- 6—9 comprise the syntheses of carbapyranoses.
lytic or reductive opening oN-Boc lactamsl621and1624

6.3.4. 7-exo-trig Radical Cyclization 8. Conclusion

An approach to 6a-octanoses based axdtrig radical Four decades have already elapsed since McCasland’s
cyclization of a carbohydrate-deriveds-unsaturated ester- ~ group synthesized the first carbocyclic analogue of a
iodide was reported by Marco-Contelles and de OF&0. carbohydrate: @arbasugar At that time, they could only
The synthetic route (Scheme 275) to the radical cyclization postulate-and perhaps imaginethat thesepseudsugars
precursor was carried out in seven steps from compoundwould enjoy enhanced chemical stability and could replace
162647 lodination of the latter, followed by desulfuration, carbohydrates in their interaction with enzymes and, there-
afforded aldehydd 627 which, upon submission to Don- fore, be endowed with interesting biological properties. A
doni’s one-carbon homologation process, generated thiazolefew years later, their prediction was supported by the

derivative 1628 and thencea,S-unsaturated estet629 discovery of biologically active natural products containing
Radical cyclization of1629 was completely regio- and carbasugars Since then, many new interesting biological
stereoselective to yield630in 50% yield. activities associated with carbasugars, aminocarbasugars,
. ) carbaoligosaccharides, and different carbasugar analogues
7. Compilation of Synthetic Methods of have been discovered. Today, carbasugars have become
Carbafuranoses and Carbapyranoses attractive targets for synthetic, biological, and conformational

Suami and Ogawa already assembled the different carba-Studies. It seems fair to predict that the future holds
sugars prepared prior to 1990 We have included, in Tables  considerable promise for advances in all three of these areas,
5—9, a brief survey of the syntheses of carbafuranoses andsince many biological properties of carbasugars and deriva-
carbapyranoses covered in this review. These tables ardives might still be the subject of future studies.

Table 5. Synthesis of Carbafuranoses

Carbafuranose Starting material Number of Qvera}l Reference
steps yield (%)
OB:
NO; z
HO \\OH i O OH
N - 8 <5% 212
HO  OH BnO OH
a-D-arabino 366
O,
Hoﬁ‘\OH ‘“QOMe
A \ﬁo‘ oH 13 12 213
HO OH
374
o-D-arabino
HO
(0)
HO WWOH BnO'"! mOMe
s B 7 37 225
HO OH BnO  OBn
o-D-arabino 454
HO—-, OH
ud  OH 11 <5 210
a-L-arabino
HO ~OH
HG  OH 13 <5 160
a-DL-arabino
HO OH
S 8 <5 212
HO OH
B-D-arabino
366
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Table 5. Continued

Arjona et al.

Carbafuranose Starting material Number of Qverall Reference
steps yield (%)
HO OH o OAc OAc
c
cHo 15 7 209
HO OH OBn
B-D-arabino 348
HO_'/, WwOH
hd o 9 11 177
B-L-arabino
HO—, WOH
Ha :OH 10 8 207
B-L-arabino
339
HO OH 0
R Z 16 5 160
HO OH
B-DL-arabino (#)-153
HO OH BnO™N\_Ox .OH
E ~ : 10 17 219
Hd OH OH BnO OBn
D-fructo- 40
H O
HO ) O w0
o, X
B oH o ‘0 15 24 250
HO OH
539
D-fructo-
HO «OH o
- 12 8 160
HO OH
o-D-lyxo (+)-153
OH
HO OH 15 5 160
B-D-lyxo
HO OH
HO OH 8 28 223
B-D-lyxo
HO/I"’O' \OH
— 9 17 177
HO OH
B-L-lyxo
H o/'u,O, \OH
HO  OH 17 6 207
B-L-lyxo
H d‘ oH 16 13 158

a-D-ribo

(+)-153
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Carbafuranose Starting material Number of Qverall Reference
steps yield (%)
Ho/\Q“‘OH ()
N 8 <5 182
OH
HO 264
o-D-ribo
Ho/\Q“‘OH
T = 18 <5 208
HO OH
o-D-ribo
H (5: :bH 13 27 158
B-D-ribo (+)-153
OH
HO
TBSO- O o/§—§
& bn A #0 o 8 2 177
B-D-ribo 233 234
HO OH
Eat 11 <5 210
HO OH
B-D-ribo
HO\O/\OH
HO BH 12 6 182
B-L-ribo
\\OH
HO
nd oy 9 9 160
a-D-xylo
WOH
HO w0
HO :-OH 19 <5 208
a-D-xylo
HO—,, OH
HO  bH 8 11 223
a-L-xylo
Ho/ﬁ/OH
HG :’O H 9 15 176
B-D-xylo
HO—, \'OH
2 8 <5 212
HO OH
B-L-xylo
HO OH
HG Z’OH 10 18 160
B-DL-xylo (+)-153
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Table 6. Racemic Carbapyranoses

Arjona et al.

Carbapyranose Starting material Number of Overall yield | Reference
steps (%)
o]
i/ 6 <5 261
CO.H
576
B-DL-altro
Me,
HO '"OH 7 24 324
HO OH
a-DL-fuco
Me,
HO 1OH 10 29 517
HO OH
a-DL-fuco
HO
HO 11OH
A 7 8 261
HO OH
a-DL-galacto
HO
Ho%}.m s s | u
HO ©OH
a-DL-galacto
HO
Hob—OH 10 23 517
HO  OH
B-DL-galacto
HO
HO" '"OH 7 9 27 310
HO  OH COH
a-DL-gluco 576
/. 7 14 261
HO OH COH
B-DL-gluco 576
HO OAc
Ac
—_—
HO OH + 4 23 12
—/ =~ |
HO OH OAc
B-DL-gulo
571 572
HO o]
HO "OH 4 4 9 261
g CO,H
HO OH 576
a-DL-ido
HO
HO' 'OH 4 6 <5 261
HO  OH COH
a-DL-manno 576
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Carbapyranose Starting material Number of Overall yield | Reference
steps (%)
HO 0
HO™ woH j 6 6 261
HO  OH CO,H
B-DL-manno 576
HO (0]
OAc
HO "MOH = Q9 6 9 10
=
6}
HO  OH 562 563
Table 7. Fully Acetylated, Racemic Carbapyranoses
Carbapyranose Starting material Number of Overall yield | Reference
steps (%)
Q
4 17 322
/.
AcO DA
OAc
a-DL-altro 749
AcO HO,, OH
AcO' o I"OH 6 <5 513
AcO  DAc <jo
a-DL-altro
1492
AcO (o]
AcO "OAG A?
” 6 8 261
v CO,H
AcO  OAc 576 2
a-DL-galacto
AcO (]
AcO ""OAc >(° 5 43 324
-, O
AcO OAc
o-DL-galacto 758 OTs
AcO (0]
AcO OAc >(0
’ o 6 7 324
AcO OAc
B-DL-galacto 758 OTS
AcO HO.,, OH
Aco%:>-OAc OQ:OH 6 <5 513
AcO OAc 6 o
B-DL-galacto 1492
Q
Lb
AcO OAc COM 6 14 261
B-DL-gluco 576
AcO (o]
AcO'"! OAC ; 5 12 322
AcO OAc

o-DL-manno

OAc
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Table 7. Continued
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Carbapyranose Starting material Number of Overall yield | Reference
steps (%)
/OAC o)
/ S 12 322
Ac0-<:>" ‘OAc 7
AcO  OAc OAc
B-DL-manno 749
AcO (o]
AoOb"'OAc Z
> 6 <5 261
S CO,H
AcO OAc 576 2
a-DL-ido
AcO 0]
AcO MOAC )V 0
(0] 6 28 323
AcO  OAc
OAc
o-DL-talo 745
AcO 0]
AcO "mOAC >( 0 6 18 324
(o]
AcO  OAc
OTs
a-DL-talo 758
Table 8. Enantiomerically Pure Carbapyranoses
Carbapyranose Starting material Number of | Overall yield | Reference
steps (%)
HO OTBS /\{
- + 2
HO' OH CO jvo (@] 8 5 176, 346
HO OH 233 234
B-D-allo
HO—,
HO "'OH BnO" ""OMe 4 Not 388
Z a given
HO OH BnO  OBn
B-L-altro 1024
OH OCOnPr
HOIII l—’ ‘\o
S\ OH ' < 8 11 350
HO OH "g
a-D-fructo (£)-874
OH OCOnPr
HO'" A o)
R “—OH ' >< 8 7 350
HO  OH "
B-D-fructo (+)-874
OH HO, _cooH
HO'" A >
R “—OH 12 12 475, 476
HO  OH HO™ Y oH
B-D-fructo OH
1406
OH OzMe
HOIII /—‘
R “—OH
HO  OH HO N1 6 22 477
B-D-fructo o)
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Carbapyranose Starting material Number of | Overall yield | Reference
steps (%)
HO—,, OH
@“IOH HOQC
-, 7 40 478
4=f t
B rueto 1422
Me
OH
HO™ 4 <5 335
OH
cc-L-fuco 815
CN
OH
HO"! 7 13 336
OH
a-L-fuco 819
HO'" BnO"QOH 9 33 87
HO OH BnO OBn
a-L-fuco 935
OMe
IIIOH .
Ho v o 13 7 528
OH
ot-D-gaIacto 1523
OH
QOH 13 19 329
787
HO
w 0}
HO\%_7WO 11 5 353
BnO o ‘
Bzo“'z\;)' 8 20 383
OBz OBz
1041
BnO"! "'OMe 5 Not 388
given
BnO OBn
1024
(o]
BnO' / 6 29 471
1399
HO, _cooH
. 14 22 481, 482
HO" Y~ “OH
OH
1406
(o]
BnO'"! / 7 13 471

B-D-gluco

1399
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Table 8. Continued
Carbapyranose Starting material Number of | Overall yield | Reference
steps (%)
HO HO
(0]
HO™ '"'"OH BnO'"! / 7 9 471
HO OH BnO
a-D-manno 1399
HO HO, _COOH
HOIII IIIOH
HO™ OH 11 <5 481,482
HO  OH OH
a-D-manno 1406
OMe
Ho HO OH
HOIII IIIOH
HO™ " VoH 16 7 528, 529
HO OH HO
a-D-manno 1523
HO HO, _cooH
HOM OH Q 7 55 481, 482
HO" Y “OH
HO  OH OH
B-D-manno 1406
HO—, OTBS H
= + H
HO ""1OH e o © 11 10 346
HO ©OH 233 234
B-L-manno
HO OTBS /\4
HOb—OH Co +\C<Vo§ o 8 34 176, 346
HO OH 233 234
B-D-gulo
HO—,
7 (o]
HO'" "MOH BnO"' """OMe Not
< z 5 given 388
HO OH BnO OBn
B-L-ido 1024
2 CO,Me
H°'<:>‘°H 45 506
HO OH 0" Y ToH
a-L-rhamno 0
1476
- CO,Me
H°_<:>—°H 35 507
HO OH QY oA
o.-L-rhamno o
1480
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Table 9. Enantiomerically Pure, Fully Acetylated, Carbapyranoses

Carbapyranose Starting material Number of | Overall yield | Reference
steps (%)
AcO OH
Ao )OAG @ X 17 2 332
ST "0
AcO DAc
a-D-allo OoH
790
AcO (o]
0,
AcO* "OAC o OH 17 5 442
ACd ”OAC 0. Ie}
a-D-allo x
1264
AcO OH
WO,
OAc >< 15 31 332
ll,o
OAc
OH
790
O
X 1o
"OAC o] o 14 <5 362
OAc d "0)<
972
OH
OAc 9 41 334
AcO  OAc OH
B-D-altro 811
AoO——,‘ o]
X 1o
AcO OAc (e] nQ 14 9 361
AO"  DAc d "'o)<
o-L-altro o72
AcO—,, ><o
Aco—</:>-OAc 0™~NON o
% )< 16 <5 361,362
AcO  OAc 1o ‘0
a-L-altro 972
AcO mOAC e

O,
AcO bAc ;\_g:_) % ! 14 424

6-deoxy-o-L-altro (0] o
1175
AcO—, SiMetBu
Aco—Q'"OAc @ 10 24 340
AcO  OAc
B-L-altro 825
AcO—, OH OH
2 SEt
AcO OAc 12 <5 356,357
2 OH OH SEt
AcO OAc
943
B-L-altro
AcO OAc 7 <5 424
AcO  OAc

B-D-fuco
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Table 9. Continued

Arjona et al.

Carbapyranose Starting material Number of | Overall yield | Reference
steps (%)
AcO §iMe20Me
-0
AcO "OAG (I >< 6 29 340
! (o]
AcO OAc
a-D-galacto 836
AcO o]
(@]
AcO ""OAC o OH 15 <5 443
AcO  OAc o
a-D-galacto ><0
1264
AcO ><O
AcO OAc O:G*OH 11 7 446
AcO  OAc 0. <
B-D-galacto 7<0
AcO
AcO' "OAc 1 - 353
- SEt
AcO OAc
a-D-gluco OH SEt
915
AcO QH OH
~ SEt
12 <5 356,357
AcO OAc OH OH SEt
AcO  OAc 943
a-D-gluco
14 <5 443
AcO  OAc
a-D-gluco
AcO
(0]
AcO OAc o] OH 11 7 353
- e E
AcO  OAc HO SEt
B-D-gluco OH SEt
915
AcO
AcO OAc
/ 12 20 415
AcO  OAc
B-D-gluco
11 <5 446
AcO  OAc
B-D-gluco
AcO ><o
0.
AcO' OAc 0 "o
/ )< 14 <5 361,362
AcO OAc (o) O
972

B-D-gluco
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Carbapyranose Starting material Number of | Overall yield | Reference
steps (%)
AcO— EtS
= SEt
AcO WIOAC HO 12 <5 207b
A OH
AcO OAc HO OH
B-L-gluco 058
AcO—, OH
WO
AcO' OAc >< 1 36 332,333
"G
AcO OAc H
a-L-gulo 7%0
ACO——,, TPS
7 0.
AcO'" OAc OH 9 8 437
AcO  OAc d7<0
a-L-gulo
1158
AcO—,
/ o)
AcO'" OAc o OH
14 <5 442
AcO OAc
a-L-gulo
AcO—,
AcO' "*OAc
8 44 332,333
AcO OAc
B-L-gulo
AcO—,
AcO' "*OAc
12 <5 443
AcO OAc
B-L-gulo
AcO—;
AcO' OAc 11 <5 353
AcO  OAc HO" SEt
B-L-ido OH SEt
915
AcO— HO
7 wh_o0
AcO™ OAc HO e) 12 <5 363
AcO  OAc g O\
B-L-ido 985
AcO OH
w0
AcO'! "OAC >< 12 42 332
g
AcO OAc o
H
0-D-
manno 790
AcO o]
X Ao
AcO"! "TOAC e} o 13 <5 361, 362
A0 OAc d "'o)<
o-D-manno 972
AcO O
" /
AcobOAc LQ o,Me 16 8 290
AcO  OAc SOPy
653

B-D-manno
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Table 9. Continued

Arjona et al.

Carbapyranose Starting material Number of Overall yield | Reference
steps (%)
AcO
AcO:QOAc 11 43 332,333
AcO OAc
B-D-manno
AcO
AcO“_'z:z_ OAc 13 6 440
AcO OAc
B-D-manno
AcO—, 0
7 BnO 7
AcO_<:>- OAc BnO CO,Me 11 <5 290
A0 OAc g59 SOPY
o-L-manno
ACO_f,, H QH
/ A_SEt
AcO OAc H 15 5 207b
S OH OH SEt
AcO OAc 950
o-L.-manno
_OAc EtS
SEt
HO 1 < 2
Ac0—<:>"'OAc OH 5 > 07
SN HO
AcO OAc OH
B-L-manno
956
OTPS
AcO™ OAc %’OH 9 1 437
AcO OAc (5 6
B-D-rhamno x
1158
AcO OH
Aco%:z.-.om >< 10 41 332,333
OA o
AcO C
a-D-talo OH
790
AcO OH
Aco%:z...o,\c >< 10 41 332,333
OA o
AcO C
B-D-talo oH
790
AcO — ]
7 [¢]
ACO'“<:>“'OAC OIII OH
Sz 11 <5 443
AcO OAc 0.
B-L-talo
1264
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