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Preface

The carbohydrates or saccharides constitute the most abundant group of com-
pounds found in nature. They are structurally very diverse and are endowed
with a wealth of stereochemical properties. Saccharides are available in cyclic
and acyclic forms, can have different chain lengths and oxidation and reduc-
tion states, and can be substituted with a wide range of functionalities. Fur-
thermore, monosaccharides can be linked together through glycosidic link-
ages to give oligo- or polysaccharides. Many saccharides are readily and
cheaply available and provide an attractive, renewable source of material.

Not surprisingly, these compounds are important starting materials in
organic synthesis, and there are thousands of research papers and numerous
industrial processes in which carbohydrates feature prominently.

This book provides broad coverage of the use of carbohydrates in organic
synthesis, at postgraduate student level. Each chapter describes established
and widely used methods and approaches, but also covers recent and promis-
ing reports. Many citations to the primary literature are provided. It is hoped,
therefore, that this book will also be of use to synthetic organic chemists and
carbohydrate chemists in academic and industrial laboratories.

The authors recognise that one book cannot cover all aspects of synthetic
carbohydrate chemistry. Part A focuses on monosaccharide chemistry, com-
plex oligosaccharides and glycoconjugate synthesis. For a long time, this area
of chemistry was the domain of a small and specialised group of researchers.
In the early eighties, it became apparent that oligosaccharides are involved in
many important biclogical processes, such as cell-cell recognition, fertilisa-
tion, embryogenesis, neuronal development, viral and bacterial infections
and tumour cell metastasis. Consequently, the preparation of complex glyco-
conjugates became part of mainstream organic chemistry and it is now part
of the undergraduate or postgraduate chemistry curriculum in many univer-
sities. Chapter one covers important properties of saccharides, such as con-
figuration, conformation, the anomeric effect and equilibrium composition in
solution. This basic knowledge is key to many of the discussions that follow.
The next two chapters detail the use of protecting groups in carbohydrate
chemistry and the preparation of functionalised monosaccharides. Chapters
four and five deal with glycosidic bond chemistry, preparation of complex
oligosaccharides and the synthesis of glycopeptides.

Part B discusses enantioselective natural product synthesis from mono-
saccharides. Nowadays, most natural product syntheses are performed in an
asymmetric manner. This development is due principally to the realisation



vi PREFACE

that enantiomers may have very different biological properties: one of them
may have the desired property, while the other may be potentiafly harmful,
or at least undesirable. Many methods are available for obtaining compounds
in an optically pure form. However, each method involves, at a particular
stage. a chiral molecule obtained from a natural source, either by using a
chiral starting material or chiral auxiliary, or by employing a chiral catalyst.
Carbohydrates have been used extensively as chiral starting materials but
they have also been utilised as chiral auxiliaries and ligands of chiral cata-
lysts. The examples covered in chapters six to eighieen illustrate the use of
carbohydrates in the synthesis of a wide range of natural products. In many
cases, the origin of the starting material cannot be recognised in the final
product. These chapters demonstrate how the rich stereochemistry of carbo-
hydrates can be used efficiently to install chiral centres into target com-
pounds. To ensure that this material is suitable for teaching, emphasis is
placed on retrosynthetic analysis as well as on mechanistic explanations for
key and novel reactions.

Geert-Jan Boons and Karld, Hale
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Part A

Structure and Synthesis of Saccharides
and Glycoproteins







1  Mono- and oligosaccharides: structure,
configuration and conformation
G.-J. Boons

1.1 Imtroduction

Carbohydrates constitute the most abundant group of natural products.
This fact is exemplified by the process of photosynthesis, which alone
produces 4 x 10" kg of carbohydrates each year. As their name implies,
carbohydrates were originally believed to consist solely of carbon and
water and thus were commonly designated by the generalised formula
C.(H>0),. The present-day definition' is that ‘the carbohydrates’ are a
much larger family of compounds, comprising monosaccharides, oligo-
saccharides and polysaccharides, of which monosaccharides are the
simplest compounds, as they cannot be hydrolysed further to smaller
constituent units. Furthermore, the family comprises substances derived
from monosaccharides by reduction of the anomeric carbonyl group
(alditols), oxidation of one or more terminal groups to carboxylic acids or
replacement of one or more hydroxyl group(s) by a hydrogen, amino or
thiol group or a similar heteroatomic functionality. Carbohydrates can
also be covalently linked to other biopolymers, such as lipids (glycolipids)
and proteins (glycoproteins).

Carbohydrates are the main source of energy supply in most cells.
Furthermore, polysaccharides such as cellulose, pectin and xylan
determine the structure of plants. Chitin is a major component of the
exoskeleton of insects, crabs and lobsters. Apart from these structural
and cnergy storage roles, saccharides are involved in a wide range of
biological processes. In 1952, Watkins disclosed that-the major blood
group antigens are composed of oligosaccharides.” Carbohydrates are
now implicated in a wide range of processes’ such as cell—<ell recognition,
fertilisation, embryogenesis, neuronal development, hormone activities,
the proliferation of cells and their organisation into specific tissues, viral
and bacterial infections and tumour cell metastasis. It is not surprising
that saccharides are key biological molecules since by virtue of the
various glycosidic combinations possible they have potentially a very high
information content.*

In this chapter, the configurational, conformational and dynamic
properties of mono- and oligosaccharides will be discussed and, in
general, reference is made to reviews that cover these aspects. These
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Figure 1.2 Acyclic forms of the n-aldoses.

Apart from the monosaccharides depicted in Figure 1.3, many other
types are known. Several natural occurring monosaccharides have more
than six carbon atoms and these compounds are named the higher carbon
sugars. L-Glycero-D-manno-heptose is such a sugar and is an important
constituent of lipopolysaccharides (LPS) of Gram-negative bacteria
(Figure 1.5).

Some saccharides are branched and these types are found as
constituents of various natural products. For example, p-apiose occurs
widely in plant polysaccharides. Antibiotics produced by the micro-
organism Streptomyces are another rich source of branched chain sugars.

As already mentioned, the ketoses are an important class of sugars.
Ketoses or uloses are isomers of the aldoses but with the carbonyl group
occurring at a secondary position. In principle, the keto group can be at
each position of the sugar chain, but in naturally occurring ketoses the
keto group, with a very few exceptions, is normally at the 2-position, D-
Fructose is the most abundant ketose and adopts mainly the pyranose
form.
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Figure 1.3 Cyclic forms of a-p-atdoses.

The uronic acids are aldoses that contain a carboxylic acid group as the
chain-terminating function. They occur in nature as important constitu-
ents of many polysaccharides. The ketoaldonic acids are another group
of acidic monosaccharides, and notable compounds of this class are 3-
deoxy-p-manno-2-octulosonic acid (Kdo) and N-acetyl neuraminic acid
(NeuSAc). Kdo is a constituent of LPS of Gram-negative bacteria and
links an antigenic oligosaccharide to Lipid A. N-Acetyl-neuraminic acid
is found in many animal and bacterial polysaccharides and is critically
involved in a host of biological processes.
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Figure 1.4 Different projections of D-glucopyranose.
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HO o OH OH

0 O 0
HOHo HO CH
HO HO HO
OH OH HO

o-glucuronic acid L -rhamnose L-fucose

Figure 1.5 Some naturally occuring monosaccharides.
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Monosaccharides may possess functionalities other than hydroxyls.
Amino sugars are aidoses or ketoses which have a hydroxyl group
replaced by an amino functionality. 2-Amino-2-deoxy-glucose is one of
the most abundant amino sugars; it is a constituent of the polysaccharide
chitin. It also appears in mammalian glycoproteins, linking the sugar
chain to the protein. Monosaccharides may also be substituted with
sulfates and phosphates. Furthermore, deoxy functions can often be
present, and important examples of this class of monosaccharides are
L-fucose and L-rthamnose.

1.3 Conformational properties of monosaccharides™ '

1.3.1 Ring shapes of pyranoses and furanoses

The concepts of conformational analysis are fundamental to a proper
understanding of the relationship between the structure and properties of
carbohydrates. Conformational analysis of monosaccharides is based on
the assumption that the geometry of the pyranose ring is substantially the
same as that of cyclohexane and that of furanoses is the same as that of
cyclopentane. The ring oxygen of saccharides causes a slight change in
molecular geometry, the carbon—oxygen bond being somewhat shorter
than the carbon—carbon bond.

There are a number of recognised conformers for the pyranose
ring 112 there being two chairs ('C4, 4C1), six boats (1’4B, B4 “B, B, s,
3B, B, 3), twelve half chairs (°H,, 'H,, 'H,, Hy, ?Hs, *Ha, *Hs, *Hy, *Hs,
Hy, “H,, °Hs) and six skews ('Ss, 381, *So, Sz, 'S5, *S;). To designate
each form, the number(s) of the ring atom(s) lying above the plane of
the pyranose ring is put as a superscript before the letter designating the
conformational form and the number(s) of ring atoms lying below the
plane is put after the letter as a subscript (Figure 1.6). The principal
conformations of the furanose ring are the envelope (‘E, E,, 2E, E,, °E,

2
4 A ) 1 @
A\t >~
] 1 - s
Cq 4B Sq
5
m 1 / g 3 2 /{\O
4
1c, 4 B4 1 4 SH,

Figure 1.6 Conformers of pyranoses: chair (C}, boat (B}, skew (S) and half chair (H).
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E3, *E, B4, *E, Ey), and the twist form (°T;, 'T,, 'T,, 2Ty, 2T, >Ta, °T.,
*T3, *T,, °T,), and they are designated in the same manner as the
pyranoses (Figure 1.7).}?

Most aldohexopyranoses exist in a chair form in which the
hydroxymethyl group at C(5) assumes an equatorial position. All the
B-p-hexopyranoses exist predominantly in the *C; form since the
alternative 'C, conformer involves a large unfavourable syn-diaxial
interaction between the hydroxymethyl and anomeric group (Figure 1.8).
Most of the a-D-hexopyranosides also adopt the *C; conformation pre-
ferentially. Only a-idopyranoside and a-p-altropyranose show a tendency
to exist in the 'C4 conformation, and they coexist with the alternative
*C, conformations according to 'H-NMR (hydrogen nuclear magnetic
resonance} spectroscopy studies.

2 3
~7/ /
o 8 M, *T,

Figure 1.7 Conformers of furanoses: envelope (E) and twist (T).

- HO,
OH HO ) ( OH OH
OH HO.,

HO 0 --.U HO ....... OH o,

HO OH o, Ho~)\_©
OH
HO OH OH HO OH oH

4C, 'Ca 21, ‘E

Figure 1.8 Some conformations of D-glucopyranose and furanose.

The conformational preferences of the aldopentoses, which have no
hydroxymethyl group at C(5), are mainly governed by minimising steric
repulsion between the hydroxyl groups. Thus, p-arabinopyranose
favours the 'C; conformer, and o-D-lyxopyranoside and a-p-ribopyra-
noside are conformational mixtures and the other aldopentoses are
predominantly in the !C, form.

The preferred conformation of pyranoses in solution can be predict-
ed by empirical approaches."® For example, free energies have been
successfully estimated by summing quantitative free-energy terms for
unfavourable interactions and accounting for the anomeric effects, which
are individually depicted in Figure 1.9, The estimated free energies for
both chair conformers can be calculated by summation of the various
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H CH,OH

H OH

(1) 1.9 kJ mal™ (2) 3.8 kJ mol™
OH CH,OH
[
OH

{4} 10.5 kJ mal™ (5) 1.5 kJ mol™
o] OH m\oH

OH H

H HO
(7} 2.3 kJ mol™ (8) 4.2 kJ mol™

OH

[

{3) 6.3 k) mol™

%\CHon
OH

(6) 1.8 kJ mol?!
0 OH
H

H
(9) 3.6 kJ mol™

Figore 1.9 Estimated values for nonbonding interactions and anomeric effects in aqueous
salution. Interactions (I}~ (6) are nonbonding interactions, and interactions (7)- (%} arise from

anomeric effects.

steric interactions and taking account of a possible absence of an
anomeric affect. The predicted conformational preference was found to
be in excellent agreement with experimental data. For example, it has
been determined that the *C, conformation of B-D-glucopyranose has a
conformational energy of 8.7kJ while that of the 1Cy conformer is
33.6kJ, which are in agreement with experimental data (Table 1.1). When

Table 1.1 Destabilising values for B-p-glucopyranose in “Cy and 1C, conformation

OH HO OH
OH
0 P
Ho™ o 0
HG
" OH ] CH
C1 C4
Gauche Free energy Axial-axial Free energy
interactions (kJ mol™") 1-3 interactions {kJ mol™")
0-1-0-2 L.5 0-1-0-3 6.3
0-2-0-3 1.3 0-2-0-4 6.3
0-3-0-4 1.5 C-6-0-1 10.5
0-4-0-6 1.9 C-6-0-3 10.5
Anomeric effect 2.3
Total 8.7 Total 336
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the free-energy difference between the two chair conformers is less than
3kJmol ', both conformers will be present in comparable amounts.

Computational methods have been used to predict the anomeric
configuration and ring conformation of most aldopyranosides, and
generally all are within reasonable agreement with experimental data.””
Computational studies have also revealed other interesting propertiés of
saccharides. For example it has been proposed that p- glucose may
undergo changes in its ring conformation with .a rotation of 10° m the
dihedral angles but surprisingly with virtually no changes in energy.'®

In most cases, the boat and skew conformational isomers are
significantly higher in energy and are therefore very sparsely populated
conformational states. However, not all monosaccharides take on this
conformational behaviour. For example, in solution p-alduronic acid
exists as a mixture of a chair and skew conformer. An alduronic acid
containing pentasaccharide, that is derived from heparin, has been
singled out as having potent antithrombinic activity. It has been proposed
that the skew conformation, which the alduronic unit actively adopts,
accounts for the biological activity of the pentasaccharide.'”

Most furanoses prefer the envelope conformation and it appears that a
quasi-equatorial exocyclic side chain and a quasi-axial C(1)—O(1) bond
(anomeric effect) are equally important stabilising factors (Figure 1.8).

It should be realised that minor conformational isomers may be
important reaction intermediates. For example, treatment of 6-O-tosyl-

D-glucopyranose with base results in the formation of a 1,6-anhydro
derivative. The starting material exists mainly in the *C, conformation.
However, for reaction to occur the alternative 'C4 conformation has to be
adopted (Scheme 1.2). The introduction of protecting groups may alter
the preferred conformation of saccharides.

OTos Tos(

OH 0
o 0 . OH OH
H HO [ . O —_— Q
HO
OH OH OH OH OH
G, C4 1Cy

Scheme 1.2 Formation of 1-6-anhydro-p-glucose.

1.3.2  The anomeric effect’™

In general, the stability of a particular conformer can be explained solely
by steric factors, and a basic rule for the conformational analysis of
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cyclohexane derivatives is that the equatorial position is the favoured
orientation for a large substituent. The orientation of an electronegative
substituent at the anomeric centre of a pyranoside, however, prefers an
axial position. For example, in the case of o anomers with a D-gluco
configuration, the tendency for axial orientation of the halogen atom is so
strong that it is the only observed configuration both in solution and in
the solid state. In aqueous solution, unsubstituted glucose exists as 36:64
mixture of the respective ¢ and § anomer. The greater conformational
stability of the B isomer with all its substituents in the equatorial
orientation seems to be in accord with the conformational behaviour of
substituted cyclohexanes. However, the A-value of the hydroxyl group in
aqueous solution has been determined at —1.25kcal mol™! and hence an
o:B ratio of 11:89 is the predicted value.

The tendency of an electronegative substituent to adopt an axial
otientation was first described by Edward®® and named by Lemieux and
Chii*” “the anomeric effect’. This orientational effect is observed in many
other types of compounds that have the general feature of two
heteroatoms linked to a tetrahedral centre; i.e. C—X—C—7Y, in which
X=N,0,S,and Y=Br, Cl, F, N, O or §, and is termed the generalised
anomeric effect.”*

Over the years, several models have been proposed to explain the
anomeric effect, which has been the subject of considerable controversy.
It has been proposed that the anomeric effect arises from a destabilising
dipole—dipole or electron-pair—¢lectron-pair-repulsion (Figure 1.10).
These interactions are greatest in the § anomer, which therefore, is
disfavoured. The repulsive dipole-dipole interactions will be reduced in
solvents with high dielectric constants.*® Indeed, the conformational

g’g 0./ %’é
m/o\ m o
[ I g

9
9 )(@ 0
o_ _O R
NS ﬁ
R R 0
-
repulsive interactions no repulsive interactions

Fignre 1.10  The anomeric effect: unfavourable dipole-dipole interactions in an equatorially
substituted compound.
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equilibrium of 2-methoxytetrahydropyran is strongly solvent-dependent,
and the highest proportion of the axially substituted conformer is
observed in tetrachloromethane and benzene, both solvents having very
low dielectric constants (see Table 1.2).3!32

Table 1.2  Solvent dependence of the conformational equilibrium of 2-methoxy-

tetrahydropyran
OMe
Q —_— 0
AN M

Solvent Dielectric constant (g) Percentage axially substituted conformer
CCL 22 83
CsH» 23 82
CS, 2.6 30
CHCl, 4.7 71
(CH;3).CO 20.7 72
CH;0H 32.6 69
CH;CN 375 68
H:0 78.5 52

Detailed examination of the geometry of compounds that experience
an anomeric effect reveals that there are characteristic patterns of bond
lengths and angles associated with particular conformations. For
example, the C—Cl bond of chlorotetrahydropyran, which prefers the
axial orientation, is significantly lengthened, and the adjacent C—QO bond
is shortened.® However, this effect is only observed in compounds with
the favoured gauche conformation about the RO—C—X group. Thus, it
IS not seen in equatorially substituted compounds. Dipole-dipole
interactions fail to account for the differences in bond length and bond
angle observed between a and B anomers. To account for these effects, an
alternative explanation for the anomeric effect has been proposed.**
Thus, the axial conformer is stabilised by delocalisation of an electron
pair of the oxygen atom to the periplanar C—X bond (e.g. X=QCI)
antibonding orbital (Figure 1.11). This interaction, which is not present
in the B anomer, explains the shortening of the C—O bond of the «
anomer, which has some double bond character. The size of the alkoxy
group has little effect on the anomeric preference. For example, in a
solution of chloroform, 2-methoxytetrahydropyran (R=Me) and 2-rert-
butoxytetrahydropyran (R = r-Bu) both adopt a chair conformation with
the substituent mainly in the axial orientation.>® On the other hand, the
electron-withdrawing ability of the anomeric substituent has a marked
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2

RO"

no stabilisation stabilisation

Figure 1.11  The anomeric effect: interaction of the endocyclic oxygen electron lone pair with
the nonbonding orbital in an axially substituted compound.

effect on the axial preference36 and, in general, a more electronegative
anomeric substituent exhibits a stronger preference for an axial ori-
entation. The partial transfer of electron density from a heteroatom to an
antibonding o-orbital is enhanced by the presence of a more electro-
negative anomeric substituent.

The term ‘exoanomeric effect’ was introduced to describe an orienta-
tional effect of the aglycon part.’' In this case, the electron density of the
lone pair of the exocyclic oxygen atom is transferred to the antibonding
orbital of the endocyclic C—O bond (Figure 1.12). Essentially, this effect

R
3n = J =
O“) Ay g 033

o
- .’ .
E4 E» Ay O Q “R 2

Figure 1.12 Conformations that are stabilised by the exoanomeric effect.

is maximised when the p orbital for an unshared pair of elecirons is
periplanar to the C(1)-ring-oxygen bond. As can be seen in Figure 1.12,
the exoanomeric effect is present in the o as well as in the p anomer. Thus,
the o anomer can be stabilised by two anomeric effects (both exo and
endo) and the P anomer by only one (exo). Furthermore, two
conformations (E; and E,) for the equatorial substituted anomer can
be identified that are stabilised by an exoanomeric effect. However, E;
experiences unfavourable steric interactions between the aglycon and
ring moiety and is approximately 0.6 kcalmol ™! higher in energy than the
corresponding E, conformer. In the case of the axially substituted
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anomer also, two conformations are stabilised by an anomeric effect (A,
and A;) but A; is strongly disfavoured for steric reasons. In the case of
the o anomer, the two anomeric effects compete for electron delocali-
sation towards the anomeric carbon. In the case of a B anomer this
competition is absent and hence its exoanomeric effect is stronger.
Another remarkable anomeric effect has been observed which has been
named the ‘reverse anomeric effect’.?” By protonation of the imidazole-
substituted p-xylo derivative the equilibrium shifts from mainly axial
form to mainly equatorial form (Scheme 1.3). There are no changes in the
steric requirement between the two compounds and therefore only a
stereoelectronic explanation can account for this anomaly. Lemieux has

g

—N OA
AcO Q /_ —~0r
AcO N & — o
AcO -
AcO AcO
H
\N
()
/H N
N QAc
AcO Q /T ~0
AcO N ~Z o
AcO
AcO AcO

Scheme 1.3  The reverse anomeric effect.

proposed that a strongly electronegative aglycon is unable to stabilise
a glycosidic linkage because of the lack of lone-pair electrons. An
alternative argument is that the anomeric effect for such a protonated
compound is reversed because dipole—dipole interactions no longer
reinforce the stereoelectronic preference.

The conformational effects arising from the endoanomeric effect are for
furanoses much less profound and as a result relatively little research has
been performed in this area. The puckering of the furanose ring of an o
and a p anomer usually adjusts the anomeric substituent in a quasi-axial
orientation and hence both anomers experience a similar sterecelecironic
effect. On the other hand, the conformational preference of the exocyclic
C—0O bond is controlled by the exoanomeric effect in the usual way.
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1.3.3  The equilibrium composition of monosaccharides in solution® 17

In solution, the ¢ and B forms of p-glucose have a characteristic optical
rotation that changes with time until a constant value is rcached. This
change in optical rotation is called mutarotation and is indicative of an
anomeric equilibration occurring in solution.

For some monosaccharides, the rate of mutarotation (K=4k;+k») is
found to obey a simple first-order rate law in which —d[o]/dr=
ki[o] — k2[B] (Scheme 1.4). Glucose, mannose, lyxose and xylose exhibit

OH OH
HO 0 Ky HO A
HO OH — HO
e
HO ko HO
OH
p-o-glucopyranose a-D-glucopyranose

Scheme 1.4 Mutarotation of glucose.

this behaviour. The equilibrium mixture consists predominantly of the
and P pyranoses, when mutarotation can be described by this equation
whether measured starting from the o or B anomer. Other sugars such
as arabinose, ribose, galactose and talose show a much more complex
mutarotation consisting of a fast change of optical rotation followed by
a slow change. The fast change in optical rotation is attributed to a
_ pyranose—furanose equilibration, and the slow part to anomerisation.

In general, a six-membered pyranose form is preferred over a five-
membered furanose form because of the lower ring strain, and these cyclic
forms are very much favoured over the acyclic aldehyde or ketone
forms. As can be seen in Table 1.3, at equilibrium, the anomeric ratios of
pyranoses differ considerably between aldoses. These observations are a
direct consequence of differences in anomeric and steric effects between
monosaccharides. The amount of the pyranose and furanose present in
aqueous solution varies considerably for the different monosaccharides.
Some sugars, such as p-glucose, have undetectable amounts of furanose
according '"H-NMR spectroscopic measurements whereas others, such as
p-altrose, have 30% furanose content under identical conditions.

The main steric interactions in a five-membered ring are between
1,2-cis substituents. For example, p-glucofuranose experiences an unfa-
vourable interaction between the 3-hydroxyl group and the carbon side
chain at C(4), which explains its small quantity in solution. On the
other hand, this steric interaction is absent in galactofuranose, and, at
equilibrium, the latter isomer is present in significant quantity (Figure 1.13).
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Table 1.3 Composition of some aldoses at equilibrium in aqueous solution

Pyranose (%) Furanose (%)

Aldose @ p total o B total
Glucose 3R 62 100 0.1 0.2 0.3
Mannose 63.5 34.5 100 - - - .
Gulose 0.1 78 78 <01 22 22
Idose 39 36 75 11 14 25
Galactose 29 64 93 3 4 7
Talose 40 29 69 20 11 31
Ribose 21 59 &0 6 14 20
Xylose 36.5 63 99.5 - <05
Lyxose 70 28 98 1.5 0.5 2
Altrose 27 43 70 17 13 30

3-Deoxy-p-glucose which also lacks this unfavourable steric interaction
has 28% of the furanose form in aqueous solution.

HO HO OH
> RO
HOu..; OH HO.. OH OH
Ea
O
o2 Ho~) ©
OH OH OH
B-D-glucafuranose 3-deoxy-p-c-glucofuranose  f-p-galactofuranose

Figure 1.13 Conformations of B-p-glucofuranose, 3-deoxy-B-p-glucofuranose and f-n-galac-
tofuranose.

The orientation of a C(2) substituent has a remarkable effect on the
anomeric equilibrium. In general, an axial alkoxy group at C(2) increases
and an equatorial alkoxy group decreases the anomeric effect. For
example, in aqueous solution, D-mannose contains at equilibrium as
much as 65.5% of the % anomer whereas only 38% of this form is present
for p-glucose. Reeves argued®® that for p-mannose the P anomer is
destabilised by the proximity of the endocyclic oxygen and the C(1) and
C(2) oxygen atoms, resulting in unfavourable dipole—dipole interac-
tions (Figure 1.14). This effect, which was named the A2 effect, has also
been explained in stereoelectronic terms. It has been proposed® that the
anomeric effect for o-p-mannose is significantly stronger because of
lowering of the antibonding orbital of the C(1)—O(1) bond as a result
of secondary orbital overlap between the antibonding orbitals of
C(1)—0(1) and C(2)—0O(2).

The presence of particular substituents and the nature of the solvent
appear to have an effect on the equilibrium composition of particular
monosaccharides. As already discussed, the anomeric effect is stronger in
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Figure 1.14 The A2 effect.

apolar solvents and therefore in these solvents the o anomer is present in
higher proportions. However, pyranose:furanose ratios also depend
strongly on the nature of the solvent. For example, in dimethylsulfoxide
(DMSOQ), arabinose contains as much as 33% of the furanose form
whereas in water only 3% of the same form is present. This observation
may reflect differences in solvation for the various hydroxyls. In water,
the hydroxyl group is both a hydrogen bond acceptor and donor. In
DM3O0, this functionality is only a hydrogen bond donor. Thus, the
apparent bulk of hydroxyl groups in water is much larger and 1-2 cis
interactions are stronger and less favoured.

Different levels of substitution exert varying degrees of o anomerisation
in saccharides. For example, in an aqueous solution at equilibrium, p-
mannose contains 65.5% of the « anomer. However, 2-0O-methyl mannose
contains 75% and 2,3-di-O-methyl mannose 86% of the o isomer. The
methylation probably increases steric interactions in the P anomer
making this anomer less favoured. Furthermore, the electron-donating
methyl substituent at C(2) oxygen atoms makes the C(2)—0(2)
antibonding orbital a better acceptor resulting in a stronger A2 effect
for the o anomer.

The cquilibrium composition also depends on the temperature, and, in
general, increasing the temperature results in a decrease of the § anomer
population whereas the proportion of o anomer does not change,
although the content of furanoses does increase.
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1.4 Conformational properties of oligosaccharides***’

Oligosaccharides are compounds in which monosaccharides are joined by
glycosidic linkages. Their saccharidic lengths are described by a prefix:
for example, disaccharides and trisaccharides are composed of two
and three monosaccharide units, respectively. The borderline between
oligo- and polysaccharides cannot be drawn strictly; however, the term
‘oligosaccharide’ is commonly used to refer to well-defined structures
as opposed to a polymer of unspecified length and composition. In most
oligosaccharides glycosidic linkages are formed between the anomeric
centre of one saccharide and a hydroxyl of another saccharide. However,
some saccharides are linked through their anomeric centres and are
named trehaloses. Oligosaccharides can be linear as well as branched.
It is now widely accepted that the conformational properties of
glycosidic linkages are a major factor determining the overall shape of
oligosaccharides. The relative spatial disposition between two glycosidi-
cally-linked monosaccharides can be described by two torsional angles, ¢
and ¥, or additionally by a third torsional angle, o, in the case of a 1-6
glycosidic linkage (Figure 1.15). In the case of a 1-4 linkage, ¢ is defined
as the rotation around the C(1)—O(1) bond [rotation for the
H(1)—C(1)—0O(1)—C(4) fragment] and y is defined as the rotation
around O(1)—C(4) [ rotation for C(1)—O(1)—C(4)—H(4)]. The
additional degree of freedom in a 1-6 linkage is defined by the free
rotation of the hydroxymethyl group around the C(5)—C(6) bond
[rotation for O(6)—C(6)—C(5)—0O(5)]. For relatively simple oligo-
saccharides, the exoanomeric effect is an important contributor to the
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Figure 1.15 Conformations of disaccharides.




MONO- AND OLIGOSACCHARIDES 19

preferred conformation of a glycosidic linkage. Thus, in the case of an «
glycoside the maximum exoanomeric effect is obtained when ¢ =—60°
and for P glucosides when ¢ =160°.

In early conformational studies, oligosaccharides were regarded as
rigid bodies having fixed conformations around their glycosidic linkages.
Often good agreement was found between conformations predicted by
experimental data (NMR or X-ray crystallography) and the global
minimum conformation found by computational studies. However,
analysis of more complex structures resulted in poor agreement between
these approaches and it is now well-established that most glycosidic
linkages exist with a degree of conformational varia.bility.}g"45 Theretore,
oligosaccharides cannot be described in terms of a rigid global minimum-
energy conformation. However, it appears that the conformational space
adopted by an oligosaccharide is restricted around several low-energy
minima. When an oligosaccharide complexes with a protein, one of these
low-energy minima may be selected as the binding conformation. Several
examples are known in which the binding conformation differs sub-
stantially from the global energy conformation. For example, high-
resolution X-ray crystallographic studies of the Fc region of human
immunoglobulin G shows that the non saccharide attached to this protein
adopts a different conformation from when it is in solution.”® The
torsional angles of the core pentasaccharide differ only slightly from
those predicted by NMR and computational methods. In contrast, the
dihedral angles of the B-GicNAc-Man on the 1-6-arm and the B-Gal(1-
HGIcNAc moiety on the 1-3 arm are significantly different from the
predicted solution values,

1.5 Acid-catalysed glycoside bond formation and cleavage

In this section, acid-catalysed glycosidic bond synthesis and cleavage will
be coverew: This knowledge is critical to many discussions that will follow
in subsequent chapters. In Chapter 4, modern approaches to the intro-
duction of glycosidic linkages are discussed.

The Fischer glycosidation is a valuable method for the direct formation
of glycosides from unprotected carbohydrates and simple alcohols.*!
The reaction requires strong acids such as hydrochloric acid, trifluore-
methanesulfonic acid or FeCls. As a rule, furanosides predominate in
the early stages of a Fischer glycosidation whereas at equilibrium the
pyranoses are the dominant product (Scheme 1.5). At equilibrium, the
percentage composition of the different forms of methyl glycosides
depends on steric and electronic factors and follows similar rules as the
process of mutarotation.
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OH OH
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HO OMe HO >
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Scheme 1.5 Fischer glycosidation.

The reaction mechanism of the Fischer glycosidation is complex and
not fully understood. In the first step, the aldehydo intermediate reacts
with an alcohol to give a hemiacetal intermediate (Scheme 1.6). As
discussed in Section 1.2, the aldose forms are in equilibrium with the
linear aidehydo form. Only a small fraction is in the aldehydo form,
however, acids accelerate the equilibration. The aldehydo intermediate
will react most quickly with alcohols. This reaction results in a mixture of
diastereoisomers of hemiacetals, which may either revert to the aldehydo
form or undergo ring closure, In the first instance, ring closure will lead
predominantly to furanoside formation (five-membered ring formation).
It is well established that five-membered ring closure is much faster
than six-membered ring closure. This part of the reaction is kinetically
controlled. Nexi, the kinetically controlled mixture of products will
equilibrate to a thermodynamic mixture of products. This equilibration
involves ring expansion to the thermodynamically more stable pyranose
forms. Probably, the transformation proceeds by protonation of the
endocyclic oxygen followed by nucleophilic attack of methanol at the
anomeric centre leading to a dimethyl acetal. Acid-mediated cyclisation
of the acetal will give either a furanoside or pyranoside. The pyranosides
are the thermodynamically more stable compounds because they
experience fewer nonbonding steric interactions and have more sub-
stantial anomeric stabilisations. In the first instance, the cyclisation of the
dialkyl acetals will give equal quantities of o and B anomers. The final
stages of the Fischer reaction involve an anomeric an equilibration
of the pyranosides. Relatively strong acidic conditions favour thermo-
dynamic control of the reaction. Most monosaccharides follow the
described reaction mechanism. However, in the initial stages, the Fischer
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reaction of D-mannose, D-lyxose and L-arabinose gives substantial
pyranose formation concurrently with furanose formation.

Glycosidic linkages can be cleaved by treatment with aqueous acid. The
reaction can be described simply as the fast protonation of the exocyclic
oxygen, rather than of the ring oxygen atom, followed by slow cleavage
of the C(1)—O(1) bond to give an oxocarbenium ion. The latter
intermediate is quenched by reaction with water to give a lactol. It has
been proposed that important stereoelectronic effects govern reactions at
the anomeric centre. Many examples can be found in which an axially
positioned anomeric leaving group is more reactive than an equatorial
leaving group. These observations have been explained by the assumption
that departure of an axial anomeric leaving group is assisted by a lone
pair of the endocyclic oxygen (Scheme 1.7).52 Thus, this theory is a simple
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Scheme 1.6 The mechanism of the Fischer reaction.
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extension of the n—o* overlap model of the static anomeric effect to
transition and ground states. Such assistance cannot be provided when
the anomeric leaving group is in an equatorial orientation. This effect has
been named the ‘kinetic anomeric effect’. Relevant pioneering studies date
back to the early 1930s when Isbell®® discovered that B glycosides are
more reddily oxidised than are o anomers. Later, Eliel and Nader
demonstrated®® that the reaction of axiaily substituted 2-alkoxy-1,3-
dioxanes with Grignard reagents proceed readily to give acetals (Scheme
1.7). Equatonally substituted derivatives, however, were unreactive when
reacted under similar conditions. Based on stereoelectronic considera-

Acid-catalysed hydrolysis of glycosides
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Scheme 1.7 Reactions at the anomeric centre. Note: Y =leaving group.

tions, it would be expected that cleavage of axial glycosides would
proceed faster than hydrolysis of equatorial glycosides. However,
experimental results show the opposite; for example, B-p-glycopyrano-
sides hydrolyse about two to three times faster than o-p-glycopyrano-
sides.”® Apparently, acid-catalysed hydrolysis of glycosides in water is not
governed by a kinetic anomeric effect. A number of hypotheses have been
proposed to explain the experimental results. One hypothesis is based on
the principle of least molecular motion.>® An alternative explanation is
known as the syn-periplanar lone-pair hypothesis.’” Computational and
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experimental results indicate that departure of an equatorial anomeric
group is stabilised by sym-periplanar lone pair interactions in the
energetically accessible half-chair conformation, and this interaction is
equivalent to the anti-periplanar interactions for the departure of an axial
leaving group. It has further been suggested that the time of the transition
state may be an important determinant of the reactivity of an anomeric
centre.®® Tsotope effects indicate that an unassisted departure of an
anomeric leaving group to an oxocarbenium ion is characterised by a very
late transition state. The Hammond postulaie states that in such a case
the transition-state structure closely resembles that of the oxocarbenium
ion. Departure of an « or B anomeric leaving group will lead to the same
oxocarbenium ion and therefore will have very similar transition-state
energies. The o anomer is significantly more stable than the f anomer
because it is stabilised by an endoanomeric effect and therefore has a
higher activation energy and is less reactive. Figure 1.16 summarises this
reaction profile and, as can be seen, differences in reactivity of o and 8
anomers are explained by differences in ground-state energies. The model
predicts that the strength of the anomeric effect is directly related to the
ratio of rates of hydrolysis of o and B anomeric leaving groups.
Experimental evidence supports this prediction. For example, loss of
fluoride from B-p-glucosyl fluoride in water is 40 times faster than the
same reaction for the o anomer. The anomeric fluoride is much more

m{)ﬂﬂ_ -_}taerL-

Transition state (equatorial)

-\‘ Transition state (axial)

Oxocarbenium ion

Activation energy

Ground-state for equatorial anomer

equatorial anomeric

Anomeric
stabilisation

Activation enet
Ground-state energy ; " gy
axial anomeric ——%-eermemaanann- y for axial anomer

Reaction coordinate ——

Figure 1.16 Reaction profiles of hydrolysis of axial and equaterial glycosides. Note: L=leaving
group.
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electronegative than oxygen and therefore has a much stronger anomeric
effect. Thus, the o anomer has a significantly higher anomeric stabilisa-
tion energy, and therefore, is less reactive.
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2  Protecting groups
G.-J: Boons

2.1 Introduction

Carbohydrates are polyfunctional compounds having several hydroxyls
often in combination with other functionalities such as amine and
carbonyl groups. During a synthetic sequence, most of these function-
alities must be blocked and liberated when a selective chemical
manipulation needs to be performed. The choice of a sct of protecting
groups is one of the decisive factors in the successful synthesis of a
complex target compound, and the following issues need to be con-
sidered.! The reaction conditions required to introduce a protecting
group should be compatible with the other functionalities in the
compound. Often this point does not cause problems because many
protecting groups can be introduced by different methods. A protecting
group must be stable under all the conditions used during subsequent
synthetic steps and must capable of being cleaved under mild conditions
in a highly selective manner and high yield. Furthermore, a protecting
group should be cheap and casily available and it should also be borne
in mind that some protecting groups may affect the reactivity of other
functionalities. For example, electron-withdrawing ester functionalities
reduce the nucleophilicity of neighbouring hydroxyls. Furthermore,
bulky protecting groups can sterically block other functionalities.
Protecting groups can be distinguished as either persistent or temporary.
Persistent or permanent protecting groups are used to block function-
alities that do not need functionalisation and therefore are present
throughout the synthesis. Ideally, all permanent protecting groups will be
removed at the end of a synthetic sequence in one chemical operation.
Some functional groups need to be protected in such a manner that they
can be made available for derivatisation at some point in a synthesis.
These functionalities are usually protected with temporary protecting
groups. As a rule, a set of orthogonal protecting groups is required when
several positions need functionalisation. Orthogonal protecting groups
are capable of being removed in any order, with reagents and conditions
that do not affect the other protecting groups. Unfortunately, the
boundaries between orthogonal sets and the gradation of lability within
orthogonal sets are not always well-defined, leading to diminished
selectivities.
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Different functionalities require different protecting groups and the
most commonly applied hydroxyl and amino protecting groups are
shown in Figure 2.1. Furthermore, in carbohydrate chemistry, a clear
distinction should be made between the protection of the anomeric centre

and other hydroxyls.
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Figure 2.1 Protecting groups commonly used in carbohydrate chemistry.

2.2 Ether protecting groups

2.2.1  Benzyl ethers

In carbohydrate chemistry, benzyl ethers are often applied as permanent
protecting groups. They are robust and are stable to a wide range of basic
and acidic conditions. They can also withstand hydride reducing agents
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and mild oxidants. Benzyl ethers can be introduced under basic, neutral
and acidic conditions.

The most commeon procedure used for the preparation of benzyl ethers
is O-alkylation of a sodium or potassium alkoxide with benzyl bromide.
The alkoxides are usually generated with NaH or KH and the reaction is
ofien performed in a dipolar aprotic solvent such as dimethylformamide
(DMF). The latter type of solvents solvate the sodium or potassium ions,
which results in an increase in nucleophilicity of the alkoxide. Benzylation
reactlons can also be accelerated by the addition of a catalytic amount of
Bu,NI.2 Under these conditions it is suspected that the iodide displaces
the bromide of benzyl bromide to generate benzyl iodide iz sifu, which
is a much more reactive alkylating agent. Often, anionic benzylation
proceeds to a very high yield and allows the simultaneous benzylation of
several hydroxyls (Scheme 2.1a). However, the strongly basic conditions
required make this method incompatible with base-sensitive function-
alities. For example, benzylation with NaH and benzyl bromide of
hydroxyls of sugar derivatives that have an N-acetamido group can
sometimes result in N-benzylation of the N-acetamido functionality. The
application of milder basic conditions can sidestep this problem and the
use of Ba(OH)2 8H-O and BaO as the base often gives satisfactory
results.® In this reaction, the hydration water of Ba(OH), is converted
into Ba{OH), by reaction with BaQ.

When functionalities such as esters are present, neutral or acidic
conditions are required for benzylation. The combination of Ag,O and
benzyl bromide in DMF effects benzylation under virtually neutral
conditions (Scheme 2.1b).* In this reaction, silver oxide complexes with
the bromide of benzyl bromide to generate an electrophilic benzyl cation,
which then alkylates hydroxyls. In some cases, O-acetyl migration or
cleavage occurs. Generally, these reactions require anhydrous conditions
and freshly prepared silver oxide,

Benzylation with benzy! trichloroacetimidate and a catalytic amount of
triflic acid (TfOH) is a mild and efficient procedure (Scheme 2.1c).> The
acid protonates the nitrogen of the imidate moiety converting it into a
very good leaving group. Nucleophilic attack by an alcohol introduces a
benzyl ether. The procedure is often compatible with base- and acid-
sensitive functionalities with esters, O-isopropylidene and O-benzylidene
acetals. Benzyl trichloroacetimidate is commercially available but can
easily be prepared by reaction of benzyl alcohol with trichloroacetonitrile
in the presence of a mild base.

Cyclic dibutylstannylene derivatives are convenient intermediates for
the regioselective benzylation of polyols.® These derivatives can easily
be prepared by reaction with BuySnO or Bu,Sn(OMe), with removal
of water or methanol, respectively. They can be alkylated in benzene,
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) Anionic benzylation of carbohydrate hydroxyls
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Scheme 2.1 Benzylations of carbohydrate hydroxyls.
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toluene or DMF in the presence of added nucleophiles such as
tetrabutylammonium halides, caesium fluoride or N-methylimidazole to
give good yields of monosubstituted products (Scheme 2.2a),

(a) Regioselective benzylation of dibutylstannylene acetals
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O iy BnBr, CsF, DMF 0
HO ~ em HO
HO
OH BnO OH
QH
HO OH
i BupSnO, MeOH 0
ii) BnBr, BusNI BnO O 0
67% HO HG
HO
OMe
R’ R! (\ —Sn <\| -
0O Bu g3 \) ~
OH Bu,SnC () \Snf R S
OH ey gy Activator OH Solvem
R R2 Y A2 Proposed intermadiates

(b) Regioselective benzylation using phase-transfer conditions
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Scheme 2.2 Regioselective benzylations of carbohydrate hydroxyls.

The stannylation of a diol generally enhances the nucleophilicity of
one of the hydoxyls. The regioselectivity of these reactions is not well
understood but it has been proposed that the stannylene acetals exist as
dimers in which the tin atoms are at the centre of a trigonal bipyramid
with the butyl groups occupying equatorial positions.” The more
electronegative of the two oxygen atoms is coordinated with only one
atom whereas the less electronegative oxygen atom is coordinated to
two tin atoms (Scheme 2.2a). Thus, the observed regioselectivity is
a consequence of a cascade of effects beginning with the selection of
a particular pair of hydroxyls for stannylene formation followed by
orientation of the more electronegative oxygen in an apical position
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which is intrinsically more reactive. However, it should be realised that
the selectivities observed not only depend on the structure of the substrate
but also are affected by the reaction conditions. Generally speaking,
dibutyl tin acetals derived from mixed primary and secondary diols are
selectively alkylated at the primary positions. A tin acetal derived from
a cis-1,2-cyclohexanoid diol is selectively alkylated at the equatorial posi-
tion but regioselectivities are generally poor for equatorial-equatorial
diols. The preferred formation of a five-membered tin acetal over a six-
membered primary or secondary counterpart is borne out in the most
impressive selective benzylation of methyl lactoside. In this case the
equatorial 3’OH is preferentially derivatised over the primary hydroxyl
groups.

Phase-transfer techniques are simple procedures for regioselective
alkylation of carbohydrates.* In many cases, a mixture of aqueous
sodium hydroxide, tetrabutylammonium bromide as a phase-transfer
catalyst and benzyl bromide in dichloromethane gives highly regioselec-
tive reactions (Scheme 2.2b). In this type of reaction, a partially protected
saccharide is deprotonated in the aqueous phase. The resulting alkoxide
then complexes with the phase-transfer catalystf‘and is transferred to the
organic phase. Thereafter, the alkoxide reacts with the benzyl bromide
that is also present in the organic phase. Further benzylation is much
slower since the more lipophilic benzylated saccharide is less likely to
return to the aqueous phase. A combination of steric and electronic
factors determine the regioselective outcome of a phase-transfer benzyl-
ation. Generally, a primary hydroxyl group is preferentially derivatised
over a secondary hydroxyl. Because of its higher acidity, the C(2) hydro-
xyl displays the highest reactivity of secondary hydroxyls.

Catalytic hydrogenolysis using Pd—C, Pd(OH), or Pd(OAc), is the
most commonly employed method for the removal of benzyl ethers, and
yields are often guantitative. Cyclohexene, cyclohexadiene, formic acid
and ammonium formate can also be used as hydrogen sources rather than
hydrogen. Benzyl ethers can also be removed by Birch reduction with
lithium or sodium dissolved in liquid ammonia, but this procedure is not
often applied in carbohydrate chemistry.

Regioselective debenzylation can be achieved by treatment with Lewis
acids such as ferric chloride and SnCl, or under acetolysis conditions with
acetic anhydride and sulfuric acid, and several examples are depicted in
Scheme 2.3.° Acetolysis results in cleavage of the most acid-sensitive
benzyl group. In general, primary benzyl ethers can be selectively
acetolysed in the presence of secondary benzyl ethers. The regioselectivity
of the reaction can be explained as foliows: sulfuric acid protonates acetic
anhydride followed by the formation of an acetyl ion and acetic acid. The
acetyl ion reacts with the sterically most accessible oxygen which is at
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{a) Acetolysis of benzyl ethers
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Scheme 2.3 Regioselective debenzylations.

C(6) to give an oxonium ion. Nucleophilic attack, probably by acetic
acid, on the benzylic carbon gives a O-acetyl sugar derivative and benzyl
acetate. Glycosides are also acetolysed under these reaction conditions.
Mono O-debenzylation can be achieved with Lewis-acid-mediated
conditions such as with TiCl; or SnCly. Good yields are obtained when
the substrate has three continuous cis-orientated metal-chelating groups
(Scheme 2.3b). Thus, in case of a 1,6-anhydro-mannose derivative
chelation takes place between the exocyclic anomeric oxygen and the 2-0-
and 3-O-benzyl groups. On the other hand, 1,6-anhydroglucose deri-
vatives are chelated between endocyclic oxygen and the functionalities on
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C(2) and C(4). As a result different regioselectivities are observed when
O-benzylated 1,6-anhydro glucose or mannose derivatives are treated
with Lewis acids.

2.2.2 p-Methoxybenzyl ethers

Of the substituted benzyl ether protecting groups now available, the p-
methoxybenzyl ether (PMB) is the most commonly utilised temporary
protecting group. The clectron-rich PMB ether is much more acid labile
than a benzyl ether and can be selectively cleaved by aqueous mineral
acids or camphor sulfonic acid (CSA) in methanol. They are introduced
in a similar fashion as benzyl ethers using p-methoxybenzyl chioride in
the presence of NaH, Ba(OH),, Ag,0 or a stannylene acetal. It should be
realised that this moisture-sensitive chloride degrades on standing. PMB
trichloroacetimidate has been used, but this reagent is very reactwe and
only a very small amount of acid is required for its activation.'

PMB ethers can be cleaved oxidatively with 2,3-dichloro-5.6- dlcyano-
14—benzoqu1n0ne (DDQY!! in dlchloromethanefwater or w1th cerium
ammeonium nitrate (CAN) in acetonitrile/water.'* Many other protecting
groups such as esters, isopropylidene acetals, benzyl ethers, allyl ethers
and r-butyldiphenyl silyl (TBDMS) ethers are stable to these conditions
{Scheme 2.4). The cleavage reaction with DDQ is initiated with a single-

BnQ
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20 DDQ/DCM/HC
PMBO 2 H
76%
OMe
PMBO HO
OPMB OH
o OPMB  10% TFA / CHCly 5 OH
AcO QAC CPiv 84% AcQ OAc OPiv
0 4 0 ol 0
AcO 0 AcO 0
AcO N3 AcO Na
SPh SPh

Scheme 2.4 Cleavage of p-methoxybenzyl ethers.

electron transfer from the oxygen of the PMB cther to DDQ to generate
an oxonium radical cation and a phenoxy radical anion (Scheme 2.5).
Next, a hydrogen radical is transferred to the phenoxy radical anion *o
give 2,3-dicyano-4,5-dichloro-hydroquinone and an oxocarbenium ion.
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The latter intermediate will hydrolyse in water to give the required
alcohol and p-methoxybenzaldehyde. Thus, overall a hydride is
abstracted from the PMB group to form a resonance-stabilised oxonium
ion that gets attacked by water, This reaction leads to a hemiacetal, which
breaks down to the parent alcohol and benzaldehyde. The driving force
of the reaction is the strong electron-accepting properties of DDQ by
virtue of its electron-withdrawing substituent and aromatisation.
Furthermore, the methoxy substituent of the PMB group stabilises the
radical and positively charged intermediates.

Catalytic hydrogenolysis or treatment with triflucroacetic acid (TFA)
in water and dichloromethane (DCM)"? will also remove a2 PMB group.
This protecting group is, however, reasonably stable to cold aqueous
acetic acid.

223 Allyl ethers

Allyl ethers are often employed as temporary protecting groups. They are
stable to 2 wide range of reaction conditions including to moderately
strong acids and bases. They are, however, attacked by strong elec-
trophiles and reduced by catalytic hydrogenation.'* Allyl ethers can be
introduced by procedures similar to those used for benzylation. Thus,
reaction of an alkoxide with allyl bromide gives the corresponding allyl
ether in high yield, but the strong basic conditions employed to gener-
ate the alkoxide limit the scope of this reaction. For base-sensitive




PROTECTING GROUPS 35

substrates, (-allylation is best achieved by using allyl bromide and BaO/
Ba(OH),, or Ag,O, or by treatment with allyl trichloroacetimidate and a
catalytic amount of TFOH. Regioselective O-allylation has been achieved
by the stannylene and phase-transfer methods.

An interesting two-step procedure has been described'® which in some
cases gives better yields than a one step approach (Scheme 2.6). The
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Scheme 2.6 Allylation via an allyl carbonyl derivative followed by palladium-mediated CO,
extrusion.

method involves the reaction of an alcohol with allylchloroformate to
give the corresponding allyloxycarbonyl (Aloc) derivative which is then
converted into an allyl ether by palladium-catalysed extrusion of CQ,.'®
Introduction of an allyl group by in situ CO, extrusion is also possible.
This procedure involves a proton exchange between the intermediary
ethoxy-palladium n allyl complex and the alcohol substrate.

According to Rudinger’s terminology, the allyl group is a ‘safety-catch’
protecting group. This means that an initially quite stable protecting
group is converted into a more labile one as a prelude to the final cleavage
step. The most commonly employed method for removing Q-allyl ether is
through transition-metal-catalysed isomerisation to a labile prop-1-enyl
ether. This compound is then easily cleaved by mild acid, basic aqueous
potassium permanganate, ozonolysis or HgCl,/HgO in acetone-water
(Scheme 2.7a). Typical isomerisation catalysts include: Pd—C in MeOH,
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(a) Cleavage of allyl ethers

OBn
CIRh(PPha)g o
M 2\ —DABcO __ Memn Me”é?xo
BnO 2 BnO
O
AlIO. OBn PhthN OBn
Bno’&]&/ano 0 0
AlID o d Brno 0Bn
BnO PhthN
\PdCIQ."AcOH
0Bn PhthN
@J&/B“O
0 BnO OBn
PhthN

(b) Mechanisms for transition-metal-catalysed isomerisation of allyl ethers
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Scheme 2.7 Transition-metal-catalysed isomerisation of allyl ethers to vinyl ethers, followed by
cleavage.

[Ph:PlsRhCl/Dabco in MeOH, [PhsP]sRhH or Is(COD)[PMcPh,).PF;
activated with H, in THF."

Depending on the nature of the catalyst, the transition-metal-catalysed
isomerisation will proceed by an addition—elimination mechanism or by
the formation of a m allyl complex followed by a 1,3-hydrogen shift
(Scheme 2.7b). The equilibrium of the isomerisation lies strongly in
favour of the propenyl ether because of resonance stabilisation between
the oxygen lone pair and the = orbital of the double bond. Isomerisa-
tion can also be performed under strongly basic conditions by using
potassium z-butoxide in dimethylsulfoxide (DMSO).'®
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2.2.4 Triphenylmethy! ethers

The bulky triphenylmethyl or trityl (Tr) group is often employed for the
regioselective protection of a primary sugar alcohol. It is conveniently
introduced into partially protected sugar derivatives by treatment with
trityl chloride (TrCl) in pyridine (Scheme 2.8)."” The protection can be
slow but the addition of 4-(dimethyl)aminopyride (DMAP) or 1,8-
diazobicyclo[5.4.0lundec-7-ene (DBU) can accelerate the reaction.
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Scheme 2.8 Tritylation of sugar hydroxyls.
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Secondary trityl ethers can best be prepared by reaction with
triphenglmethyl perchlorate, but these derivatives tend to be rather
labile.”

Trityl ethers are easily cleaved by mild protic acids such as aqueous
acetic or trifluoroacetic acid owing to the stability of the triphenylmethyl
carbocation. They are also labile in the presence of Lewis acids such
as ZnBr,—MeOH, FeCl; or BF3-Et,0.2! Trityl ethers can be cleaved
selectively in the presence of TBDMS ether and isopropylidene acetals by
brief exposure to formic acid.*? Catalytic hydrogenation has also been
used to effect O-detritylation.

The introduction and cleavage of the trityl ether proceeds through a
very well-stabilised triphenylmethyl carbocation. In the case of trityl ether
bond formation, the reaction is performed under anhydrous conditions
and the carbocation, which is formed by an Sy1 mechanism, reacts with
an alcohol. In the case of cleavage, the triphenylmethyl carbocation ion is
formed by treatment with acid, which is then trapped by water or a
nucleophilic solvent to give trityl alcohol or other derivatives, respec-
tively. Trityl ethers have also been used to protect thiols.

225 Silyl ethers

The synthetic potential of silyl ethers as protecting groups for hydroxyls
is based on the fact that they can be easily introduced and cleaved
under mild conditions and their relative stability can be tuned by varying
the substituents on silicon. In carbohydrate chemistry, the teri-butyl-
dimethylsilyl (TBDMS), tert-butyldiphenylsilyl (TBDPS) and triethyl-
silyl (TES) ethers are the most often applied silicon-based protecting
groups (Scheme 2.9).2

The TBDMS and TBDPS groups are normally introduced by treating
the sugar alcohol with TBDMSCI or TBDPSCI in DMF in the presence
of imidazole. DMF can often advantageously be replaced by pyridine/4-
DMAP. If pyridine is used without DMAP, O—Silglation is much slower
and primary hydroxyls can selectively be silylated.** The latter selectivity
can also be achieved by employing TBDMSCI in the presence of
AgNO;.% These reaction conditions are very useful when the substrate
contains base labile moieties. In some case, secondary hydroxyls can be
selectively protected by reaction with a TBDMSCI and imidazole in
DMF, and an example is shown in Scheme 2.9a.%¢

TBDMS and TBDPS triflate are very powerful silylating agents that
have been used for the protection of sterically hindered hydroxyls.?’

Silyl ethers are cleaved under basic and acidic conditions as well as by
nucleophilic attack by fluoride ions. The driving force of the latter
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reaction is the high bond energy of the C—F bond (142 keal mol™"). In
general, the more bulky the substituents on silicon, the higher the stability
of silyl ethers to both acidic and basic hydrolysis. Furthermore, ¢leciron-
withdrawing functionalities increase the stability to acidic hydrolysis and
decrease the stability to basic hydrolysis. Thus, the substitution of a
methyl with a phenyl group results in stabilisation of a silicon ethet to
acidic conditions by steric and electronic effects. However, the same
substitution has little effect on the rate of base treatment since the
electronic and steric effects oppose each other,

TBDMS and TBDPS are equally stable towards basic solvolysis.
Towards acid hydrolysis, the O-TBDPS ether is 250 times more stable
than the corresponding O-TBDMS ether. The order of cleavage with
basic fluoride reagents such as tetra-n-butylammonium fluoride (TBAF)
is similar to that found for basic hydrolysis. In the case of slightly acidic
fluoride-based reagents such as HF/acetonitrile, the sequence of stability
and the rate of cleavage tend to be more like those associated with acidic
hydrolysis. Generally, TBDMS and TBDPS ethers are compatible with
benzylation conditions using NaH and BnBr in DMF. Furthermore, the
O-TBDPS group is stable towards acidic conditions used to introduce
benzylidene and isopropylidene acetals but the TBDMS group may not
survive these conditions. Both protecting groups can be removed by
treatment with TBAF in tetrahydrofuran (THF). The TBDMS ether can
also be cleaved under mild acidic conditions such as aqueous acetic acid
and pyridinium tosylate in methanol.

Triethyl silyl (TES) cthers are used as alcohol protecting groups in
cases where deprotection of the alcohol needs to be performed under
mild conditions in the presence of sensitive functionalities. They are
introduced by the reaction of an alcohol with triethylsilyl chloride
(TESCI) and triethylamine in DMF. TES ethers can withstand the
following conditions: (1) hydrogenolysis with Pd—C in ethyl acetaie,
although hydrogenation in methanol will cleave TES ethers; (2)
ozonolysis of double bonds in dichloromethane at —78°C; (3) acetylation
with acid anhydrides and acid chlorides in pyridine and (4) reduction
with NaBH, in methanol or THF at —20°C. TES ethers can be cleaved in
high yields by mild acid hydrolysis in acetic acid/THF/H-O at room
temperature. Deprotection can also be accomplished with TBAF in THF,
however; these conditions cannot be used for substrates that are
susceptible to base or nucleophilic attack. As can be seen in the example
presented in Scheme 2.9¢%%, several TES ethers could be hydrolysed with
mild acid without affecting the epoxide, the spiroketal and ester moiety.
TES ethers are much more acid labile than are TBDMS or TBDPS ethers
and often can be cleaved without affecting these silicon ethers.
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2.3 Acetal protecting groups .
Benzylidene and isopropylidene acetals are often used for the selective
protection 1,2-cis or 1,3-cis/trans diols of sugar derivatives. They arc
stable to strong basic conditions but quite fragile towards acid. Recently,
dispirodiketal and cyclohexane-1,2-diacetal groups have been introduced
to protect selectively 1,2-#rans diols of carbohydrates.

2.3.1 Benzylidene acetals

Methyl hexopyranosides react with benzaldehyde in the presence of zinc
chloride to give selectively 4,6-O-benzylidine acetals as a highly crystal-
line solid. A milder and often preferred method involves trans-
acetalisation with benzaldehyde dimethyl acetal in the presence of a
catalytic amount of acid [CSA or p-toluene sulfonic acid (p-TsOH)]
(Scheme 2.10a).”° These conditions usually give thermodynamic pro-
ducts, and generally six-membered rings (1,3-diols} are preferred over
five-membered rings (1,2-diols). Furthermore, introduction of benzyli-
dene acetals result in a new asymmetric carbon; however, in cases of 1,3
diols, only one diastereoisomer is formed in which the phenyl substituent
is in an equatorial orientation. Protection of 1,2-diols as benzylidene
acetals usually give mixtures of diastereoisomers (endo/exo mixtures).

Trans-acetalisations are often performed in DMF at elevated
temperatures under reduced pressure or a stream of nitrogen. These
conditions result in removal of the methanol that is formed in the
reaction and, as a result, the benzylidenation is driven to completion. It
has been reported that the use of chloroform as a solvent gives higher
yields and, in this case, pyridinium p-toluene suifonate (PPTS) may be
used as a catalyst.

Benzylidene acetals can be removed by mild aqueous acid hydrolysis
(80% AcOH or TFA/DCM/H,0) or by catalytic hydrogenolysis over
Pd(OH), or PA—C.*

A number of reagents have been used to cleave these acetals
regioselectively to obtain mono O-benzylated diol derivatives. For
example, treatment of a 4,6-0-benzylidene derivative with Dibal-H or
LiAlH~AICI; liberates selectively the less hindered C(6) hydroxyl.*’ In
these reactions, the reagents act as a Lewis acid and complex with the less
hindered primary alcohol which results in weakening of the O(6)—CHPh
bond. This bond cleaves preferentially to give a stabilised oxocarbenium
ion that results in a benzyl ether at C(4) and selective deprotection of C(6)
(Scheme 2.10b). By using NaBH;CN-HCI or BH3- NMe;-AlCl; as the
reducing reagent, the regioselectivity can be reversed. In these cases, the
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{a) Introduction and cleavage of benzylidene acetal
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Scheme 2.10  O-benzylidene formation and cleavage.
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reducing reagent is much less bulky and therefore the regioselectivity of
the reaction is governed by clectronic factors. Thus, the Lewis acid
complexes at the more basic O(4), with hydride delivery resulting in the
formation of a C(4) hydroxyl/C(6) O-benzyl derivative. It is postulated
that O(4) is more basic than O(6) because it is further removed from the
electron-withdrawing influence of the anomeric centre.

For a five-membered dioxolane ring, the regioselectivity depends on the
stereochemistry of the benzylidene acctalic carbon atom. For example,
treatment of the methyl endo 2,3-O-benzylidene protected rhamnoside
with LiAIH,-AICl; gave a 2-O-benzyl derivative, but the same reaction
with the 2-exo isomer yielded mainly the 3-O-benzyl derivative.*

Benzylidene acetals can be oxidatively cleaved by N-bromosuccinimide
(NBS) to give 6-bromo-4-benzoyl-hexopyranosides (see Chapter 3). This
reaction has also been performed on 1,2-O-benzylidene derivatives and it
appears that the cleavage reactions result in the formation of a derivative
that has an axial benzoyl ester.”?

2.3.2 Isopropylidene acetals

An isopropylidene acetal can be introduced under thermodynamic
conditions by treatment of a diol with dry acetone in the presence of
an acid catalyst (PPTS, CSA catalysed by H;S0,, or 12).29 In some cases
CuS0, is added as a dehydrating agent to trap water that is formed in this
reaction (Scheme 2.11). Alternatively, an isopropylidene group can be
introduced by an acetal exchange reaction employing 2,2-dimethoxy-
propane and a catalytic amount of CSA. The latter reaction can be
performed under mildly acidic conditions and is often the method of
choice when acid-sensitive substrates need to be protected. In general,
five-membered 1,3-dioxolanes are formed preferentially over siX-mem-
bered 1,3-dioxane ring systems. The six-membered ring is destabilised
because one of the methyl groups adopts an axial orientation at C(2) of
the chair conformation of a 1,3-dioxane and therefore this orientation is
energetically disfavoured. The formation of cis-fused five-membered ring
isopropylidene derivatives is a strong driving force. This feature
is illustrated by the formation of the di-O-isopropylidene protected
furanose form of glucose and mannose when treated with acetone in the
presence of a catalytic amount of sulfuric acid.

Isopropylidene derivatives can also be obtained under kinetic condi-
tions and in this case 2-methoxypropene in the presence of a catalytic
amount of a mild acid is employed. Under these conditions, the initial
bond is formed at a primary hydroxyl followed by ring closure.

An interesting property of saccharides that are protected by two
isopropylidenes is that often one can be selectively hydrolysed, and these
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Scheme 2.11 Regioselective formation of isopropylidene acetals.

transformations are of great synthetic value.>® Often exocyclic isopropy-
lidene acetals can be selectively cleaved in the presence of endocyclic
isopropylidene acetals. For example, the 5,6-O-isopropylidene acetal
of 1,2:5,6-di-O-isopropylidene-p-glucose can be cleaved selectively by
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treatment with aqueous acetic acid at room temperature. Furthermore,
a five-membered 1,3-dioxolane is more stable than a six-membered
1,3-dioxane ring, and 1,2-isopropylidenes are more stable than other
isopropylidenes.

2.3.3 Dispirodiketal and cyclohexane-1,2-diacetal groups

Benzylidene and isopropylidene acetals of irans-1,2-diols are very Jabile
as a result of ring strain and are not often used for synthetic applications.
Fortunately, the protection of these diols can be accomplished with the
recently developed dispiroketal (dispoke)*® and cyclohexane-1,2-diacetal
(CDA) groups.*®

Dispirodiketals can be introduced by reaction of a 1,2-trans-diol with
3,% 4.4 -tetrahydro-6,6'-bi-2H-pyran in the presence of a catalytic

OMe
Meo SEt
SEt OMe MO
. 0
@7 Owe >
HO
- CSA, CHCIg oy
OH 55% OMe

Scheme 2.12  Protection of a frans-diol as a cyclohexane-1,2-diacetal.

amount of CSA in chloroform (Scheme 2.12). The two newly formed
spiroketal centres are chiral but only one diastereoisomer is formed in
which both spiroketal centres are in a configuration that has a maximum
stabilisation by anomeric effects. As can be seen in the example presented
in Scheme 2.12, a 1,2-trans di-equatorial diol is protected in preference
over a 1,2-¢is diol. The latter can be explained as follows: dispiroketal
formation results in the formation of a six-membered ring. Two six-
membered rings joined together in a 1,2 fashion are named decalins. It is
well established that trams-decalins are more stable than corresponding
cis-fused ring systems. As a result, 1,2-diequatorial diols are preferentially
protected as dispiroketals. It should be realised that protection of a 1,2-
diol as a benzylidene or isopropylidene results in the formation of a
new five-membered ring. A 1,2—diequatoria1—fused five-membered ring is
highly strained and as a result difficult to introduce.

The cyclohexane-1,2-diacetal group can be introduced by transketal-
isation with 1,1,2,2-tetramethoxycyclohexane. The Dispoke and CDA
group can be removed by transketalisation with ethylene glycol in the
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presence of CSA or with aqueous TFA. The CDA group is more acid
labile than the Dispoke group and is preferred for complex oligosacchar-
ide synthesis.

2.4 KEster protecting groups

A large number of ester protecting groups have been described but in
carbohydrate chemistry only acetyl (Ac), benzoyl (Bz), pivaloyl (Piv) and
chloroacetyl (ClAc) esters are often employed for the protection of
hydroxyls. They are affected by strong nucleophiles such as Grignard and
organolithium reagents and by metal hydride reducing agents.

In general, esters are prepared by the reaction of an alcohol with an
acetic anhydride or acid chloride in pyridine. The reaction can be
accelerated by the addition of 4-(dimethylamino)pyridine (DMAP).
Several methods have been described for regioselective acylation
(Scheme 2.13). The bulky pivaloyl group can be introduced selectiveiy
at a pnmary position simply by reaction of a polyol with PivCl in
pyridine.?” Primary hydroxyls can also be selectively benzoylated but in
this case special acylating reagents need to be used such as benzoyl
cyanide/triethyl amine®® or 1-acyloxy-1H-benzotriazoles,® Partial benz-
oylation may be achieved when low equivalents of benzoyl chloride
in pyridine are used at low temperatures. For example, benzoylation of
methyl B-p-galactoside with three equivalents of benzoyl chloride in
pyridene results in protection of the C(2), C(3) and C(6) hydroxyl. The
axial Ci(4) hydroxyl has the lowest reactivity because of steric effects and
s not acylated. However, perbenzoylation can be achieved when an
excess of benzoyl chloride is used and the reaction performed at room
temperature.

Regioselective acylations can also be achieved by the stannylene
procedure but, in general, selectivities are not as high as for alkylations.
For example, treatment of methyl B-pD-galactoside with dibutyltin oxide
followed by reaction with benzoy! chloride results in the formation of a
mixture of methyl 6-O-benzoyl-p- D galactoside (53%) and methyl 3,6-0-
di-benzoyl-B-p-galactoside (21%).*

The axial hydroxyl of a 1,2-cis-diol can be selectively acetylated by a
two-step procedure, which entails the formation of an orthoester by
transesterificatton with triethylorthoacetate in DMF (or acetonitrile)
catalysed by p-toluenesulfonic acid followed by ring opening by treat-
ment with aqueous acetic acid. When trimethylorthoacetate is used, a
corresponding acetyl group will be obtained, and when trimethylortho-
benzoate is applied a benzoate will be introduced (Scheme 2.13).4142
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Scheme 2.13 Regioselective acylations.

Lipases have been employed for the regioselective acylation of sugar
derivatives. These reactions exploit the phenomenon that the hydrolytic
nature of lipases can be reversed under appropriate anhydrous conditions
to achieve ester formation. Owing to the high polarity of saccharides,
only aprotic polar solvents such as DMF and pyridine can be used.
Unfortunately, only a few enzymes remain active in this environment.
The choice of acylating reagent is also critical to the success of enzyme
catalysed transesterifications. Anhydrides are usuaily too reactive in
dipolar aprotic solvents and give nonenzyme catalysed reactions resulting
in low regioselectivities. On the other hand, no spontanecous reactions
take place when less reactive 2-haloethyl esters are used. For example, the
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primary position of the nonreducing end of several disaccharides can
selectively be acylated using the enzyme subtilisin in DMF (Scheme 2.14).
As outlined in Table 2.1, the regioselectivity depends greatly on con-
figurational features of the substrate.*’

OAc
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G0l Ho 0
Subtilisin/OMF HO 0 0
HO HO
HO
OH

Scheme 2.14 Regioselective acylation using lipases.

Table 2.1 Lipase-catalysed esterification of 4,6-O-benzylidene glycopyranosides

Substrate 2-0-Acetyl (%) 3-Q-Acetyl (%)
Methyl 4,6-O-benzylidene-a-p-glucopyranoside 100 0
Methyl 4,6-0-benzylidene-p-p-glucopyranoside 6 94
Methyl 4,6-0-benzylidens-a-n-galactopyranoside 0 0
Methyl 4,6-0-benzylidene-B-n-galactopyranoside 2 98
Methyl 4,6-0-benzylidene-a-p-mannopyranoside 97 3
Methyl 4,6-0-benzylidene-B-p-mannopyranoside 2 98

Esters are usually cleaved by bases such as NaOMe, KOH or NH; in
methanol but they can also be hydrolysed by acid-catalysed solvolysis
(MeOH/HCI).** However, they are relatively stable to acid treatment in
the absence of water or alcohols. The relative order of base stability of the
commonly employed ester groups is as follows:

t-BuCO > PhCO > MeCO > CICH,CO.

The t-butyl moiety of the pivaloyl group sterically shields the carbonyl
moiety from nucleophilic attack and confers stability to such esters.
Cleavage of the pivaloyl protecting group requires strong basic con-
ditions such as KOH in methanol, aqueous methylamine or aqueous
methanolic tetramethyl ammonium hydroxide. An acetyl or benzoyl
group can easily be cleaved by treatment with NaOMe in methanol.
Furthermore, methanolic ammonia selectively removes acetates in the
presence of pivaloates. The electron-withdrawing «-Cl substituent of the
chloroacetyl group lowers the pK, of the corresponding acid and there-
fore is an excellent leaving group. This protecting group can be cleaved
in the presence of acetyl groups using NH; in methanol or toluene, by
using aqueous pyridine or hydrazine acetate in methanol (Scheme 2.15a).
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Several mild reagents have been reported to cleave the chloroacetyl
group, including 2-mercaptoethylamine (H,NCH,CH,SH), thiourea

{a) Selective cleavage of a chloroacetyl group
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) Scheme 2.15 Regioselective deacetylation.
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(H,NCSNH,) and hydrazinedithiocarbonate (H,NNHC(=S)SH).*
The latter reagents cleave the chloroacetyl group by a two-step one-pot
reaction. For example, treatment with mercaptoethylamine results
in substitution of the chloride followed by intramolecular cyclisation
and cleavage (Scheme 2.15b). This reaction exploits the fact that
intramolecular reactions are much faster than intermolecular reactions.

An anomeric acetyl group can be removed selecuvely by treatment w1th
hydrazine acetate or ammonium carbonate in DMF (Scheme 2. 15¢).%
The latter transformations are of great importance for the preparation of
glycosyl donors such as anomeric trichloroacetimidates.

2.5 Anomeric protecting groups
In general, the anomeric centre is the first position to be protected during

a series of protecting group manipulations, The anomeric centre can
simply be protected as an alkyl, allyl or benzyl glycoside. These glycosides



50 ORGANIC SYNTHESIS WITH CARBOHYDRATES

can be prepared by a classical Fischer reaction in which a monosacchar-
ide is suspended in an alcohol and treated with a catalytic amount of
acid (see Chapter 1.5). The use of a cationic exchange resin (H™ form)
gives cleaner products and higher yields.*” In many cases, the Fischer
reactions give mixtures of anomers, which in some cases can be separated
by crystallisation. Cleavage of alkyl glycosides can be accomplished under
hydrolytic conditions, and often aqueous HCI in dioxane is employed.
Benzyl and allyl glycosides can be removed under standard conditions as
described above. Intramolecular glycoside formation to give 1,6-anhydro
derivatives is an important method for simultaneous temporary protec-
tion of the anomeric centre and the C(6) position (Scheme 2.16).*® These
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Scheme 2.16 Preparation and selective protection of 1,6-anhydropyranoses.

derivatives are commonly prepared by treatment of a phenyl B-glycoside
with base, and the reaction probably proceeds through the formation of a
1,2-anhydro derivative, which is opened by nucleophilic attack by the
C(6) hydroxyl. 1,6-Anhydromannose cannot be prepared by this method
but selective tosylation of the 6-hydroxyl followed by base treatment
provides this derivative in relatively high yield. Tt is important to note
that during the formation of 1,6-anhydro derivatives, the conformation
of the six-membered ring changes from *C; to 'Cy. This change tn ring
conformation alters the relative reactivity of the hydroxyls. For example,
the unreactive axial C(4) hydroxyl of the galactose derivative adopts
an equatorial orientation in a 1,6-anhydro derivative and is, therefore,
significantly more reactive. The 1,6-anhydro bridge can be cleaved by
acetolysis with sulfuric acid and acetic anhydride.

The 2-(trimethylsilyljethyl group (TMSEt) has found widespread use as
anomeric protecting group.™ It can be introduced by a glycosylation (see
Chapter 4) and cleaved by treatment with BF,* Et,OQ. The mechanistic
considerations of the latter cleavage are as follows: a hard base such as a
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fluoride ion can react with the hard centre of silicon and thereby cause the
TMSEt to fragment into e¢thylene, a TMS derivative and a saccharide
derivative carrying a Lewis acid at its anomeric centre. The latter species
can react with an acid anhydride to give the corresponding 1-0-acyl sugar
derivative (Scheme 2.17).
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Scheme 2.17 Transformation of 2-(trimethylsilyl)ethyl (TMSEt) plycosides into 1-O-acyl sugars.

Another useful anomeric protecting group is the 4-methoxyphenyl
group, which is stable under a wide range of reaction conditions but can
be removed oxidatively with cerium ammonium mnitrate.’® 4-Methoxy-
phenyl glycosides, can also be converted into the corresponding glycosyl
chlorides and bromides and into thiophenyl glycosides. Thioglycosides
are useful substrates in oligosaccharide synthesis. The anomeric thio
group can be introduced at an carly stage of the synthesis, is stable -
under many protecting group manipulations, yet can act as an efficient
anomeric leaving group when activated with thiophilic reagents. The
preparation of thioglycosides and its use in glycosylations will be
discussed in Chapter 4.

2.6 Amino protecting groups

Amino sugars are widely distributed in living organisms and occur as
constituents of glycoproteins, glycolipids and proteoglycans and as parts
of various antibiotics. The most commonly used N-protecting groups are
the N-acetyl and phthalimido groups. The azido moiety is often used as
an amino-masking functionality since it can easily be reduced to an
amino group. Phthalimido and azido groups are often used for the
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protection of C(2) amino groups because they are compatible with most
glycosylation protocols.

2.6.1 Phthalimides

Phthalimides are introduced by the reaction of an amino group with
phthalic anhydride in the presence of a base such as K5CQs, triethylamine
or pyridine (Scheme 2.18).”' They are stable to a wide range of reaction
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HO OH O o}
HaN KzCO, H

Scheme 2,18 Introduction of the phthalimido group.

conditions, including acids such as HBr/AcOH, oxidative reagents such
as Hao0», O3 and Jones oxidation and mild transesterification condi-
tions to cleave acetyl protecting groups. Care has to be taken during
benzylations with NaH or BnBr in DMF, and the latter transformation
can more reliably be performed in THF as the solvent, The phthalimido
moiety can be cleaved by treatment with large excesses of hydrazine,
NaBH,, butylamine, hydroxylamine, ethylenediamine or alkyldiamines
immobilised on polystyrene beads.> These procedures can affect base-
sensitive functionalities. Several modified phthalimides have been
reported that can be cleaved under milder conditions.”® For example,
the tetrachlorophthaloyl (TCP) group can be introduced under similar
conditions to the phthaloyl group but can be cleaved simply by treatment
with ethylene diamine in MeCN/THF/EtOH at 60°C. The TCP group is
compatible with several glycosylation conditions but is cleaved under
benzylation conditions using NaH and BnBr. The functionality is stable
under acidic benzylation conditions.

2.6.2 Azides

Formally, the azido group is not an amino protecting group but can
easily be converted into an amino functionality by reduction, and the
following reagents have been successfully employed for this transform-
ation: catalytic hydrogenation, H,S/pyridine/EtaN, Na,S/Et;N, 1,3-
propanedithiol/EtsN, Ph;P and NaBH,.>* Several methods can be
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employed for the preparation of azido sugars and some of these will be
discussed in Chapter 3. The azido group is stable to a wide range of
reaction conditions, including relatively strong acids and bases.
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3  Functionalised saccharides
G.-J. Boons

3.1 General introduction

The saccharides represent a structurally diverse group of compounds,
which are often derivatised with a variety of functional groups. The
chemical modification of saccharides often involves the installation of a
functional group that at an appropriate time can be converted into
another functionality. In this chapter, synthetic methodologies for the
preparation of halogenated, unsaturated and deoxygenated sugar deri-
vatives will be discussed and furthermore methods for the introduction of
amino, sulfate and phosphate moieties will be covered.

3.2 Deoxyhalogeno sugars

3.2.1 Introduction

Deoxyhalogeno sugars are carbohydrate denvatlves in which one or more
hydroxyls are replaced by halogen atom(s) Iodo, bromo, and chloro
sugar derivatives have been widely used in substitution and elimination
reactions. The ease of displacement decreases in the order [ > Br > Cl. In
general, fluoro sugars are too stable to be used in the above-mentioned
reactions but they are often used as probes for studying carbohgydrate—
protein interaction.? Furthermore, sugar derivatives having an "°F label
are applied for medical imaging.? Direct replacement of a hydroxyl,
displacement reactions, epoxide opening, addition reactions to unsatu-
rated derivatives, radical halogenations and oxidative cleavage of a
benzylidene acetal with N-bromosuccinimide (NBS) have been used for
the introduction of halogen into a saccharide. In this section examples of
these methods will be discussed.

3.2.2 Direct halogenation of alcohols

A variety of reagents arc available for the direct replacement of a
hydroxyl by a halogeno substituent. Many of these approaches are based
on the reaction of an activated triphenyl phosphine derivative with a
sugar alcohol to give an alkoxyphosphonium ion, which in turn is
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substituted with a halide ion to give a halogeno sugar derivative. The
driving force of this reaction is the formation of a strong P=0 bond. A
generalised mechanism is depicted in Scheme 3.1. As can be seen, this
reaction proceeds with inversion of configuration when performed at a
secondary position.

™ + JE
RP:” “E-Y —= RP-E + Y === Ry
y +/4 +
HQ—H RsP—-E —_— RsP-0OR + HE
\_,_/
+
RP-O-R Nuo — RP=0  +
(N N

Scheme 3.1 Activation of alcohols by phosphines. Note: Nu = nucleophile.

The reaction of triphenylphosphine with carbon tetrahalides gives the
reagent PhyP'—XCX"™ that reacts with primary and secondary sugar
hydroxyls to give halogeno sugars.* However, regiosclective halogena-
tions at the primary position of unprotected pyranosides and furanosides
can be achieved when the reaction is performed in pyridine (Scheme 3.2a).
This type of reagent has been used for the preparation of chlorides,
bromides and iodides. Similar transformations have been performed with
triphenylphosphine- N-halosuccinimides.’

Isolated primary and secondary hydroxy groups of carbohydrate de-
rivatives can be transformed into iodo groups with inversion of con-
figuration by treatment with either triphenylphosphine, iodine and
imidazole, or with triphenylphosphine and 2.4,5-triiodoimidazole at
elevated temperatures (Scheme 3.2b).° At lower reaction temperatures,
primary hydroxyls can be selectively replaced by iodo groups. In the
absence of imidazole, triphenylphosphine and iodine form an adduct,
which is virtually insoluble. If, however, imidazole is added, a partially
soluble complex is formed which rapidly combines with an alcohol to give
an activated species. When 2,4,5-tribromoimidazole is used, various
bromo sugars can be prepared. This reagent has been used for the
regioselective bromination of a C(2), C(3) diol. The C(2) hydroxyl is
significantly less nucleophilic than the C(3) hydroxyl because of its prox-
imity to the eleciron-withdrawing anomeric centre.

Mitsunobu conditions [triphenylphosphine/diethyl azodicarboxylate
(DEAD})]" and triphenylphosphite methiodide [(PhO);P " Mel™] or
dihalides [(PhO);P " XX~ have been successfully applied to the synthesis
of halogeno sugars.
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{a) Halogenation with triphenylphosphine and tetrahalomethanes

-t
OH PhaP/Cly O P '
HO o] pyridine_ | yo Q HO 0
HO OMe 97% HO OMe HO OMe
OH OH . bH-
O=P(Ph)s

(b) Halogenatation with triphenylphosphine/halogen/imidazole mixtures

BnO., pH BnO
-0 PhsP/lx/imidazole Q
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67% ]
OMe OMe
O
><O ><0
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H(!)-IO ily Aco0, pyridine Ac:& o
70%
OMe OMe
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{c) Chlorination with Vilsmeier's imidoyi chloride reagent

O OH
>< q i
B MepN+=CHCICI
—_—
0
J(O

—

(e

¥ Me
9)/‘\\N1 o
gMe >< o
— 0
P 3

Scheme 3.2 Halogenation of saccharides.
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(d) Chlorination with thionyl chloride

OH 0S0.Cl o o
HO O 5% | Giso,0 Q ‘ a
HO pyriding CISO,0 " o
HO CISO,0 AN

OMe OMe

R = 080.CI OMe
Nal (B2 Q52
(e) Fluorination with diethylaminosulfur trifluoride {DAST)
>
s
Q
o F.-—-O
Q — o
O_H O\k O*
E
Qé,F
N (DAST)
B et

Scheme 3.2 (Continued).

Many methods for the preparation of halogeno sugars rely on the
activation of triphenylphosphine or trialkylphosphite. However, a dif-
ferent method is available for the direct conversion of hydroxyls into
chlorides. N,N-Dimethylformamide (DMF) reacts with chlorides of
inorganic acids (thionyl chloride, phosphorus trichloride and phosphoryl
chloride) to give the active salt: (chloromethylene)dimethyliminium
chloride.” This salt, which is also called ‘Vilsmeier’s imidoyl chloride
reagent’, reacts with alcohols to give an activated intermediate that can
undergo nucleophilic substitutions releasing chloride to give a chlorinated
sugar derivative (Scheme 3.2¢).

Another interesting reaction is the treatment of partially protected
saccharides with sulfuryl chloride (Scheme 3.2d).!° These reactions
proceed by the initial formation of chlorosulfates, which are displaced
by the liberated chloride ions. The substitution reaction occurs only at
those centres where the steric and polar factors are favourable for an
Sn2 reaction. The chlorosulfates that have not been substituted with
a chloride can easily be cleaved by treatment with sodium iodide.

The above-discussed methods are mainly used for the synthesis of
chloro, bromo and iodo sugars. A different approach has to be taken
when a deoxyfluoro sugar detivative is required, and the most commonly
applied reagent for direct fluorination is diethylaminosulfur trifluoride
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(Et;NSF;, DAST). In this reaction, an alcohol displaces a fluoride of
DAST resulting in an activated intermediate, which in turn is displaced
by the liberated fluoride (Scheme 3.2e).!'! A gem-difluoride is formed
when a ketone or aldehyde is treated with DAST.

3.2.3 Displacement reactions

Halogeno saccharides can be prepared by the displacement of a sulfonate
ester with a halogen ion. Primary fluorides, bromides, chlorides and
iodides can be prepared from mesylates (ROSO,CH;3) and tosylates
(ROSO,PhMe) (Scheme 3.3a).'* The latter derivatives can be obtained
cheaply by treatment of alcohols with a sulfonyl chloride in pyridine or
triethylamine.

The success of a displacement critically depends on the position of the
leaving group and the configuration of the sugar ring. The direct re-
placement of a sulfonate ester normally takes place by an Sy2 mecha-
nism, as shown by the inversion of configuration, which accompanies
such reactions when performed at asymmetric centres. The geometry of
the S\2 transition state involves two highly polar bonds, one in the
process of formation and the other in degeneration. The formation of
these polar bonds is greatly affected by the presence of neighbouring
polar substituents.'”® The permanent dipole of an electronegative
substituent may hinder the development of a transition state when an
anionic nucleophile is used. Maximum unfavourable dipolar interactions
result when these dipoles are parallel (Figure 3.1). In addition, steric
effects may hinder incoming nucleophiles, retarding displacement
reactions. Primary sulfonates of hexopyranosides are readily displaced
by nucleophiles provided that the C(4) oxygen is in an equatorial
orientation. Incoming nucleophiles are hindered when the C(4) sub-
stituent is in an axial position (6-O-sulfonates of galactosides). In this
case, the transition state will experience minimal dipolar interactions
when the dipoles associated with the incoming nucleophile is 90° with
respect to the permanent dipole of the endocyclic oxygen. However, in
such an arrangement, the transition state will experience considerable
steric overcrowding. Displacements from other conformations are dis-
favoured by unfavourable dipolar interactions.

Tosylate and mesylate displacements at C(2) of a-glycosides are very
slow owing to unfavourable dipolar interactions in the Sy2 transition
state. Both polar bonds of the transition state are inclined at an angle of
about 30° to permanent dipoles of the C(1}-O(1) and C(1)—O(5) bonds.
Displacement of C(2) sulfonates of B-glycosides is much more facile
because, in this case, the transition state experiences only one unfa-
vourable dipolar interaction of the C(1)—~O(1) bond.'?®¢
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{a) Displacements of tosylates and mesylates
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{b) Displacements of triflates
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Scheme 3.3 Preparation of halides by sulfonate displacement.

The development of an Sy2 transition state at C(3) or C(4) is not
affected by dipoles associated with the anomeric centre but is mainty
influenced by steric and polar factors from other groups in the sugar ring.
For example, the displacement of equatorially oriented tosylates or
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Figure 3.1 Unfavourable steric and electronic interactions in nucleophilic displacements of
sulfonates. Note: Ts=transition state,
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mesylates that have a f-rrans-axial substituent is greatly retarded by a
steric clash between the incoming nucleophile and the B-axial substituent.
Electropositive leaving groups such as phosphonium and ammonium
ions [ROP™ (Ph);, RN R3] can have favourable dipolar interactions in
the transition state and therefore reaction rates can be enhanced.
Similarly, the use of a neutral nucleophile such as ammonia or hydrazine
will reverse the polarity of the forming bond in the transition state, giving
rise to favourable polar interactions with neighbouring electronegative
substituents.
~ Triflate displacements are popular for the preparation of secondary
halogenated carbohydrates and often give satisfactory results when mesy-
lates and tosylates fail to give products (Scheme 3.3b)."> In general,
triflates react 10°-10* faster than corresponding mesylates. Triflated
saccharide derivatives (ROSO,CF3} can easily be prepared by the reac-
tion of a sugar hydroxyl with triflic anhydride in the presence of pyridine
or other bases. It has to be realised that an elimination reaction may
be a competing side reaction.'® This reaction is favoured when weak,
basic, nucleophiles are used. Among halide ions, fluorides are the
strongest bases and the weakest nucleophiles and, as a result, triflate
displacements with fluorides are often accompanied by climination.
Elimination reactions are more likely when the leaving group is in a zrans-
diaxial relationship with an g-hydrogen atom at a sterically hindered.
position and in such a case the main product may be the unsaturated
elimination compound.

To circumvent elimination reactions, fluorides have been introduced by
nucleophilic ring opening of epoxides.!®> The regioselective opening of
aldosyl epoxides proceeds frans-diaxially.'® Epoxides can also be opened
with chloride, bromide and iodide ions. The chemistry of epoxides is
discussed in detail in Section 3.6.

3.24 Miscellaneous methods

An efficient procedure for the formation of primary bromides is the
reaction of 4,6-0-benzylidene hexopyranosides with N-bromosuccinimide
(NBS) in the presence of barium carbonate. This reaction leads to the cor-
responding 4-0-benzoyl-6-bromide-6-deoxy-glycoside (Scheme 3.4a).!”
Probably, the reaction proceeds by the radical bromination of the
benzylic carbon atom followed by rearrangement to the 6-deoxy-6-bromo
derivative. The application of this method is very efficient since the
benzylidene functionality can act as a protecting group but can be
oxidatively cleaved to give a 6-deoxy-6-bromo derivative.

Radical bromination with NBS can result in the replacement of a sugar
ring hydrogen by bromine.'® These reactions can be highly regioselective
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and, in general, the C(5) of peracetylated sugars can be selectively
brominated. However, the anomeric centre can be brominated in high
yield when it is substituted with a strongly electronegative substituent
such as a fluoride or chloride.

Bromination of a benzylidene acetal or aliphatic hydrogens of sugar
rings proceed via different reaction mechanisms. In the case of benzylic
halogenation, the reaction is initiated by a small amount of bromine
radicals. The main propagation steps are hydrogen abstraction at the
benzylic position by the bromine radical and bromination of the resulting
benzylic radical with bromine. Molecular bromine is maintained at low
concentrations by an ionic reaction of NBS with hydrogen bromide.
Thus, the role of NBS is to provide a source of bromine and to use up the
HBr that is formed. The bromine radical is highly electrophilic and reacts
at positions of high electronegativity. The hydrogen at the benzylic
position is abstracted because the aromatic ring is somewhat electron-
donating and provides resonance stabilisation of the produced radical. In
addition, the benzylic carbon is relatively electron-rich because of the
operation of anomeric effects. Thus, the electron density of the oxygen is
transferred to the antibonding orbitals of the benzylic carbon.

For aliphatic brominations, the succinimyl radical appears to be
involved as the hydrogen-abstracting radical. This mode of reaction
pathway can be explained as follows: electron-withdrawing groups di-
minish greatly the suitability of adjacent positions for reactions with free
halide radicals. Halide radicals are highly electrophilic and as a result
react at positions of high electron density. On the other hand, the
succinimyl radical is nucleophilic and reacts at positions of low electron
density. Thus, bromine radicals will not react with the hydrogens of a
sugar ring because of the many electron-withdrawing groups. However,
the succinimyl radical is highly reactive with the relatively electron-poor
sugar ring. Also, a radical adjacent to a heteroatom is stabilised by
resonance stabilisation.

Finally, halogens can be introduced by electrophilic addition to a
double bond (Scheme 3.4b). For example, the reaction of glucal with
xenon difluoride in the presence of a catalytic amount of BF;* OEt; gives
a 2-deoxy-2-fluoro-glucosyl fluoride as a mixture of anomers.

3.3 Unsaturated sugar derivatives

3.3.1 Introduction

Unsaturated sugar derivatives are important and versatile intermediates
for organic synthesis.*® Introduction of a double bond can result in the
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formation of alkenes, enol ethers or enediols. In this subsection, several
general methods for the preparation of these compounds will be
discussed. Furthermore, some important reactions using unsaturated
sugar derivatives will be covered.

3.3.2 Glycals

Glycals are saccharide derivatives having a double bond between the
anomeric carbon and the adjacent carbon atom. Formally, these deri-
vatives are highly electron-rich enol ethers, which can undergo many
reactions with high regioselectivity and stereoselectivity.

Traditionally, glycals are prepared by the reductive elimination of a
peracety]atecl glycosyl bromide in the presence of activated zinc (Scheme
3.5a).”" The proposed mechanistic picture is that of reductive removal of

(a) Preparation of glycals
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Scheme 3.5 Preparation and reactions with glycals.
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{c} Pd-mediated reactions with carbon nucleophiles
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the anomeric bromide by zinc followed by elimination of the C(2) O-
acetate to give a glycal derivative. This relatively harsh procedure is
incompatible with many functionalities and protecting groups and cannot
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be applied to the preparation of certain furanoid glycals. However,
glycofuranosyl chlorides can be converted into glycals by the application
of milder reducing conditions such as Zn/Ag graphite, lithium in liquid
ammonia and sodium naphthalenide. Glycals can undergo a number of
protecting-group manipulations but acidic conditions have to be avoided
because of the acid sensitivity of the enol ether moiety, They have been
used in electrophilic addition, rearrangement and cycloaddition reactions.
Electrophiles add at the C(2) of glycals resulting in the formation of
a well-stabilised oxocarbenium ion which can react with numerous
nucleophiles. This type of reaction is of great importance for the pre-
paration of 2-deoxy glycosides (see Chapter 4).

Reaction of Lewis acids with acetylated glycals in the presence of an
alcohol results in allylic rearrangements to give 2,3-unsaturated com-
pounds (Scheme 3.5b).* This reaction is named the Ferrier reaction and
has found widespread use in natural product synthesis. The reaction is
initiated by coordination of the Lewis acid with the acyl moiety at C(3),
converting it into a good leaving group. Nucleophilic attack at the
anomeric centre results in migration of the double bond and departure of
the activated acyl moiety. A wide range of nucleophiles have been used in
the Ferrier reaction. For example, 2,3-unsaturated lactones are formed
when m-chloroperbenzoic acid is used as the nucleophile.”® In this
reaction, a peroxy ester is formed at the anomeric centre, which
rearranges through a cyclic six-membered ring transition state to a
lactone and m-chlorobenzoic acid. The Ferrier reaction makes it possible
to add thiols, azides, cyanides and purines to an anomeric centre.

Transition-metal-catalysed reactions of glycals with carbon nucleo-
philes provide an important route to C-glycosides,” These reactions may
proceed by two different pathways depending on the oxidation state of
the transition metal used and the nature of the carbon nucleophile
(Scheme 3.5¢). For example,? transmetallation of Pd(OAc), with pyrimi-
dinyl mercuric acetate results in the formation of a pyrimidinyl palladium
complex, which adds to the double bond of glycal derivatives. The result-
ing intermediate can undergo different transformations depending on
the reaction conditions.

Alternatively, Pd(0) adds oxidatively to the double bond of a glycal
derivative resulting in the formation of a n-allyl complex, which may
react with carbon nucleophiles to give C-glycosides with a double bond
between C(2) and C(3).%5 A n-allyl complex may also be formed startin
from a Ferrier rearrangement product (2,3-unsaturated sugar derivative).’

Properly protected glycals can be selectively deprotonated at C(1) by
very strong bases such as #-butyllithium (Scheme 3.5d). The resulting
anions can be quenched with electrophiles such as BuySnCl, I, and
PhSO,CL.*® The anomeric tin and iodo derivatives have been used in




FUNCTIONALISED SACCHARIDES 69

Pd-catalysed cross couplings to give C-glycosides that have a double
bond between C(1) and C(2).

3.3.3 Isolated double bonds

In the previous subsection, it was shown that the Ferrier reaction offers
an opportunity to convert glycal derivatives into unsaturated sugar
derivatives, which have an isolated double bond between C(2) and C(3).
The Tipson—Cohen reaction is another important reaction for the
introduction of isolated double bonds.? In this procedure, « cis or trans
diols are converted into disulfonates (mesylates or tosylates} which are
reductively eliminated with sodium iodide and zinc in refluxing DMF
(Scheme 3.6a). In this reaction, the C(3) sulfonate is substituted by an
iodide, which then is reductively removed by zinc with concomitant
climination of the second sulfonate moiety, introducing a double bond.
Stereoelectronic effects make nucleophilic substitutions at C(3) more
favourable than similar reactions at C(2) (see Section 3.2.3). Probably,
the elimination proceeds through a boat conformation. In this case, the
iodide and tosylate are in a syn relation. In most cases, E2 elimination
proceeds via a transition state involving an agnti orientation. Nevertheless,
syn elimination becomes the dominant mode of reaction when structural
features prohibit an gnti orientation.

Deoxygenation of sugar z-diols has also successfully been performed
using radical conditions (Scheme 3.6b}. Thus, treatment of an o-
dixanthate with the radical promoter azobisisobutyronitrile (AIBN) in
the presence of diphenylsilane gives easy access to unsaturated sugar
derivatives.”® The first xanthate is removed by radical reduction to give a
sugar radical. Next, this intermediate undergoes a radical elimination to
give a double bond between C(2) and C(3).

Unsaturated sugar derivatives can undergo a wide range of transfor-
mations, in particular, when an enone is involved.>’ Examples include
cyclopropanations, Diels-Alder cycloadditions and photohydroxymethyl-
ation. Many of these reactions proceed with high regio- and stereo-
selectivity (Scheme 3.6¢).

3.3.4 6-Deoxy-hex-5-enopyranose derivatives

The preparation of 6-deoxy-hex-5-enopyranoses needs special attention
since these sugar derivatives are important starting materials for the
preparation of carbocyclic compounds (Scheme 3.7).>? 6-Deoxy-hex-5-
enopyranoses are enol ethers but, unlike glycals, the exocyclic double
bond is located between C(5) and C(6). They can easily be prepared by
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Scheme 3.6 Saccharides that have isolated double bonds.

elimination of a 6-deoxy-6-iodo-pyranoside. Treatment of the unsatu-
rated sugar derivative with mercury(IT) salts in refluxing aqueous acetone
results in the formation of B-hydroxycyclohexanones. Probably, the
reaction proceeds by hydroxymercuration of the double bond followed
by hemiacetal ring-opening to give a linear mercury-containing inter-
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Scheme 3.7 The chemistry of 6-deoxy-hex-5-enopyranosides.

mediate which cyclises by intramolecular aldol-type reaction. The
regioselectivity of the hydroxymercuration originates from assistance of
an endocyclic oxygen lone pair in the departure of the cyclic mercury ion.
A notable feature of this reaction is that it proceeds with high relative
stereoselectivity, a frans relationship emerging between the newly formed
asymmetric centre and the former C(3) position. It has been proposed
that the stereochemical outcome of the reaction originates from a cyclic
intermediate.

3.4 Deoxy sugars

3.4.1 Introduction

The deoxy sugars are a class of saccharides in which one or more
hydroxyl group is replaced by a hydrogen atom. Deoxy aldoses are
prevalent constituents of many naturally occurring oligosaccharides.33
Some deoxy sugars, such as rhamnose (6-deoxy-L-mannose) and fucose
(6-deoxy-L-galactose) are commercially available; others have to be
prepared synthetically. Deoxygenation of sugar hydroxyls is most
commonly performed by metal hydride reduction of halides, sulfonates
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or epoxides but radical mediated deoxygenations have also been reported.
The preparation of 2-deoxy-glycosides is discussed in Chapter 4.

34.2  Reduction of halides, sulfonates and epoxides

The reduction of halides or sulfonates is one of the most conventional
methods for the synthesis of deoxy sugars. This method is particularly
useful for the deoxygenation of primary hydroxyls of carbohydrates.
Reduction has been accomplished employing one of the following three
methods.

e Halides and sulfonates can be reduced by catalytic hydrogenolysis
using palladium on charcoal® or Raney nickel® (Scheme 3.8a).
The reaction needs to be performed in the presence of a base
because the reduction results in the formation of a mineral acid.

¢ Radical-induced reduction of halides with tributyltin  hydride
affords the corresponding deoxy sugars.’® This method works
equally well for primary and secondary halides but is not feasible
with sulfonates (Scheme 3.8b). Interestingly, radical reduction of
anomeric bromides containing an acyl or phosphotriester moiety at
C(2) results in migration of the ester functionality to give the cor-
responding 2-deoxy-glycosyl ester or phosphate, respectively, %437

e Treatment of halides or sulfonates with hydride donors such as
tetrabutylammonium borohydride,?® lithium aluminium hydride,*
lithium triethylborohydride® or sodium borohydride generate
deoxy sugar derivatives (Scheme 3.8¢).*' When sodium borohy-
dride is employed, a transition metal catalyst (PdCl, or NiCl,) may
be added.

An alternative method'™%# for the preparation of 6-deoxy sugars is
based on the elimination of 6-bromo-6-deoxy pyranosides to give 5,6-
unsaturated derivatives followed by catalytic hydrogenation of the
double bond to give methyl 2,6-di-de0xy—3-0—methyl—B—L-Iyxo—hexopyr-
anoside (Scheme 3.8d). In this manner, an inversion of configuration at
C(5) is accomplished, converting a o into an L saccharide, Note that
the starting matertal has a *C, conformation and the product a 'C,
conformation. The stereochemical outcome is based on complexation
of the pailadjum catalyst with the hydroxyl at C(4) followed by delivery
of the hydrogen to the bottom face of the molecule. Thus, it is crucial for
a high diastereoselectivity that there is a free hydroxyl at C(4) of the
elimination product.

As mentioned earlier, the introduction of deoxy moieties by reduction
has mainly been applied at primary positions. This fact can be attributed
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{d) Pd-catalysed hydrogenation of double bonds
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to the relatively high reactivity of primary halides and sulfonates
compared with that of secondary halides and sulfonates. Secondary
deoxy functions can be obtained by reductive opening of epoxides with
lithium aluminium hydride, 0?42 tetrabutylammonium borohydride®® or
lithium triethylborohydride.**< In general, epoxide openings give trans-
diaxial products (Scheme 3.8¢).4%® Interestingly, a 6-O-tosyl group can be
reduced concomitantly with the opening of a 3,4-epoxide,*™° whereas
a 6-bromo functionality can be reduced selectively in the presence of a
2,3-anhydro functionality.*®* '

34.3  Radical deoxygenation of thiocarbonyl derivatives™

In 1975, Barton and McCombic described™ the tributyltin hydride
mediated reduction of thiocarbonyl derivatives of (sugar) hydroxyls
(Scheme 3.9a) which proved especially suitable for the deoxygenation of
secondary alcohols. The reaction starts by an attack of a tributyltin
radical on the thiocarbonyl moiety with formation of an intermediate
radical having a tin-sulfur bond. This intermediate fragments into the
desired carbon radical and a thiocarbonyitin derivative. Finally, the
radical is reduced by hydrogen atom transfer to give the desired product
with reformation of a tributyltin radical. Thiocarbonyl derivatives, which
have been widely employed, are S-methyldithiocarbonate,** imida-
zoylthiocarbonyl“6 and phenoxythiocarbonyl.*’ The latter group is more
reactive towards reduction and has also been used for the deoxygenation
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Scheme 3.9 Radical deoxygenation of thiocarbonyl derivatives.

of primary sugar hydroxyls. Substituting the phenyl ring with fluorine can
further enhance the reactivity of the phenoxythiocarbonyl group. Thus,
pentafluorophenoxythionocarbonyl esters are reduced considerably faster
than are the corresponding phenoxy derivatives. 4 Although a hydroxyl
group vicinal to a thiocarbonyl group requires protection, other alcohol
functions may be left unprotected. Radical deoxygenation is compatlble
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with most commeonly employed protective groups such as benzyl ethers,
esters, acetals and ketals, and also with the p-toluenesulfonyl group.
Thiocarbonyl esters can be introduced regioselectively* by the dibutyl-
tin oxide. method (Chapter 2). Tn addition, it has been shown that
thioacylation of unreactive hydroxyl functions (e.g. 2-OH of galactopyr-
anoside) can be accomplished via the corresponding tributyltin ether.

In the original procedure of Barton and McCombie the reduction was
performed with tributyltin hydride,’® but now the reaction is generally
performed in the presence of a radical initiator such as 2,2’-azobisiso-
butyronitrile (AIBN), 2,2'-azobis(2-methylpropionitrile)**® or ultraviolet
(UV) light. Tt has been reported*’**¢ that the addition of a radical
initiator considerably decreases the reaction time, while the yields are
increased. Less toxic reducing agents such as triethylsilane, phenylsilane’!
and tris(trimethylsilyl)silane® have also been employed.

Cyclic thiocarbonates offer another class of substrates for radical
deoxygenation (Scheme 3.9b). In particular, thiocarbonates formed from
a diol derived from a primary and secondary hydroxyl are of particular
interest, since they can be deoxygenated regioselectively with tributyltin
hydride and AIBN.>® In these cases, the secondary position is deoxyge-
nated owing to the higher stability of secondary over primary radicals. As
expected, radical reduction of thiocarbonates derived from two secondary
hydroxyls leads to a mixture of deoxygenated isomers.”%

3.5 Amino sugars

3.5.1 Introduction

Amino sugars are widely distributed in living organisms and occur
as constituents of glycoproteins,”™ glycolipids and proteoglycans.®
Furthermore, amino sugars are essential units of various antibiotics
such as amino glycosides, macrolides, anthracyclines and cyclopeptide
antibiotics.>®

Several amino sugars are commercial available and the reactive amino
functionality requires protecting if they are to be utilised synthetically.
The N-phthalamido group is the most commonly applied amino pro-
tecting group, especially for amino groups at the C(2) position. Apart
from protected amines and amides, azido groups are often used as an
amino masking functionality.

Several efficient methods for the preparation of amino sugars have been
developed®” and the following general methods can be identified: nucleo-
philic displacement reactions, epoxide opening, additions to glycals,
reduction of oximes and intramolecular substitutions.
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Amino protecting groups were briefly discussed in Chapter 2, and the
use of amino-containing glycosyl doners for oligosaccharide synthesis is
covered in Chapter 4.

3.5.2 The preparation of amino sugars by nucleophilic displacement

One of the most widely employed methods for the introduction of an
amino functionality is by nucleophilic substitution of an appropriate
leaving group (i.e. sulfonates or halides) with nitrogen-containing
nucleophiles, such as ammonia, hydrazine and phthalimide or azide
ions. Generally, polar aprotic solvents are used and dimethylformamide
(DMF) is often the solvent of choice. When the displacement is per-
formed with tetrabutylammonium azide, the reaction can be conducted
in toluene or benzene.”® Other factors that determine the success of
displacement reactions include the nature of the leaving group, the type
of attacking species and the structure of the substrate.

Primary leaving groups are more reactive towards Sy2 displacements
than are secondary leaving groups, although the reactivity can be strongly
influenced by the configuration of the sugar. For example, displacements
at the C(6) position of galactose can be cumbersome owing to the axially
orientated substituent at C(4) (see Section 3.2.3).%2 When a primary
amine is the desired product, chlorides or bromides often are sufficiently
reactive leaving groups®® (Scheme 3.10a).

When a secondary amine is required, mesylates,®! tosylates®® and tri-
flates®® are most commonly employed as leaving groups. These reactions
proceed with inversion of configuration (Scheme 3.10b). Mesylates and
tosylates can be obtained cheaply by treatment of an alcohol with
sulfonyl chloride in pyridine. Triflation, however, is an expensive process
that is performed by reaction of an alcohol with triflic anhydride in
pyridine. In addition, unlike triflates, mesylates and tosylates are easier to
handle, have better shelf-lives and can be purified by silica gel column
chromatography. However, triflates can be up to 10? times more reactive
towards substitution than tosylates.®* In many cases, superior results are
obtained when trifiates are used instead of the corresponding mesylates or
tosylates. In this respect, the suifonate leaving group imidazolylsulfonate
is worth discussing.3%c Imidazylates are easily and cheaply prepared and
are relatively stable and have an excellent shelf-life. Furthermore, they are
reported to be more readily displaced by nucleophiles than the
corresponding mesylates or tosylates and have reactivities comparable
to that of triflates.

The reactivity of a leaving group also depends on the substitution and
configuration of the saccharide.” For example, displacement at the C(2)
position of mannosides is hindered by unfavourable dipolar interactions
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(@) Nucleophilic substitution of primary bromide
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(d) Nucleophilic ring opening of cyclic sulfates
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Scheme 3.10 (Continued).

developed in the tramsition state, which in turn are influenced by the
nature and configuration of the anomeric substituent. For example
(Scheme 3.10b), reaction of an w-mannoside with lithium azide gave
the desired 2-azido-2-deoxy-np-mannoside in 39% yield together with
an elimination product (44%),”® whereas a similar reaction with a B-
mannoside afforded the 2-azido-2-deoxy-glucose derivative in 80%
yield.’" In both cases, the triflate and the proton at C(3) occupy axial
positions and such an arrangement is favourable for a B elimination. In
the case of an axial anomeric substituent (x-glycoside), the incoming
nucleophile experiences unfavourable dipolar and steric interactions (see
Section 3.2.3). These effects make the alternative B elimination the
preferred mode of reaction. In the case of the B anomer, the incoming
nucleophile does experience fewer unfavourable steric and electronic
interactions and as a result the reaction proceeds smoothly through an
Sn2 mechanism, % 1,6-Anhydro mannosides are also suitable derivatives
for the synthesis of 2-azido-2-deoxy-glucose.*’ 83cef The 1C, conforma-
tion of these sugar derivatives orientate C(2) leaving groups in an
equatorial position disfavouring B eliminations. In addition, unfavour-
able steric and electronic interactions are precluded in the transition state
and therefore displacement of the 2-O-triflate of 1,6-anhydro-B-manno-
side gives substitution products in high yields.

Azide ions are by far the most common nucleophilic species employed
in substitution reactions for the preparation of amino sugars. An azido
moiety is stable under many reaction conditions but can be reduced to an
amino group by a variety of reagents. The nucleophilicity of azido ions
can be increased by the addition of a suitable crown ether to complex the
counterion.*®>® Tn the past, ammonia and hydrazine were used as
nucleophiles to overcome unfavourable dipolar interactions that arise
when charged nucleophiles were used. However, a drawback of the use of
these nucleophiles is that the product is still nucleophilic and can perform
a second displacement. Phthalimide ions have successfully been applied in
displacement reactions to yield a protected amino sugar derivative.”® '
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Nucleophilic ring-opening of epoxides with nitrogen nucleophiles
provides another route to amino sugars. Analogous to the above-
discussed nucleophilic substitutions, epoxide openings are predominantly
conduced with azide ions. The regioselectivity of the cleavage of an aldose
epoxide is determined by the propensity of the reaction to proceed trans-
diaxially.'® Epoxides of monocyclic aldopyranoses can adopt two half-
chair conformations. Trans-diaxial opening of cach of these conformers
will lead to different regioisomeric products. For example, treatment of
benzyl 3,4-anhydro-2—benzy10xycarbonylamin0—2,6—dideoxy-m—D-allopyr—
anoside (Scheme 3.10c) with sodium azide gave the gulo (70%) and gluco
cpimers (13%).'"® The product ratio indicates that the preferred con-
formation of reaction is the “H, half-chair, in which the alkyl substituent
at C(5) is positioned equatorially. Indeed, the general preference for a
pyranose ring to adopt a conformation whereby the C(5) substituent is
equatorially positioned substantiates the observed product ratio (see
Chapter 1).

In general, the regioselectivity and stercoselectivity of sugar epoxide
rings can be improved by the introduction of additional rigidity in
the starting material forcing the pyranose ring in one particular
conformation. For example, reaction of conformationally rigid 1,6-
anhydro- or 4,6-O-benzylidene sugar epoxides furnish a single product in
most cases.

During the opening of an epoxide, an alkoxide is liberated which
may then be the cause of undesired side reactions. Ammonium chloride
is often added to the reaction mixture to neutralise the alkoxide
produced.

In an analogous fashion to epoxide ring-opening, nucleophilic ring-
opening of cyclic sulfites,%® sulfates’” and sulfamidates®® with azide ions
proceeds in a highly regioselective manner affording mainly the expected
trans-diaxial products (Scheme 3.10d). In general, cyclic sulfites react
slower and cyclic sulfates faster than a corresponding epoxide.
Furthermore, the cyclic sulfites or sulfates are prepared from correspond-
ing cis diols, wherecas epoxides are usually synthesised from rrans diols.
Cyclic sulfates can conveniently be prepared by the reaction of a diol with
thionyl chloride to give a cyclic sulfite which can be oxidised to a cyclic
sulfate using a catalytic amount of ruthenium trichloride and a
stochiometric amount of sodium periodate as the cooxidant. Cyclic
sulfates are much more reactive than their acyclic counterparts. For
example, it has been shown that cyclic sulfates in an alkaline medium
hydrolyse 107 times faster than the corresponding acyclic analogues. The
high reactivity of cyclic sulfates has been attributed to ring strain, even
though the origin of this ring stain is not well understood.
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3.5.3 Addition to givcals

In 1979, Lemieux and Ratcliffe described® the azidonitration of
peracetylated galactal leading to 2-azido-2-deoxy-galactosyl niirates
(Scheme 3.11a). The azidonitration is initiated by the oxidation of an
azide ion with Ce(IV) to give an azido radical and Ce(I11). Addition of
ihe azido radical to the double bond of the glycal results in an anomeric
radical and an azido substituent at C(2). The regiosclectivity can be
explained by resonance stabilisation of the radical by the endocyclic
oxygen. Next, a second electron transfer gives an oxocarbenium ion,
which in turn reacts with nitrate to give a 2-azido-glycosyl nitrate. The
process is rather stereoselective for galactal derivatives, presumably
because of the quasi-axial C(4) substituent, affording mainly products
with the C(2) azido moiety in an equatorial position. In general,
azidonitration of other glycal derivatives gives lower stereochemical
outcomes. The ratio between equatorial and axial substitution depends

{a) Azidonitration of giycals
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Scheme 3.11 Preparation of azido sugars by azidonitration and selenation.
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on the reaction temperature, solvent and ratio of reactants employed.’®
The anomeric nitrate can be readily replaced by a halide, acetyl or
hydroxyt® 7172 functionality, Azidonitration is compatible with a wide
range of protecting groups, including benzyl ethers, tert-butyldimethylsi-
lyl ethers, methoxyethoxymethyl ethers, trityl ethers, benzylidene acetals,
pyruvate acetals and isopropylidene ketals. .

Several groups have reported the azidophenylselenylation of glycals via
radical azido addition.™ In this case, sodium azide and diphenyl diselenide
in the presence of (diacetoxy)iodobenzene reacts with a peracetylated
galactal to give stereoselectively the a-phenylselenyl glycoside in hi gh yield
(Scheme 3.11b). An epimeric mixture of products with gluco and manno-
configuration was obtained when peracetylated glucal was used as the
starting material. The procedure is low yielding when benzyl ethers or a
benzylidene acetal are present probably because of oxidative cleavage of
the protecting groups. However, azidophenylselenylation of perbenzyl-
ated glycals may successfully be achjeved by using azidotrimethylsilane,
tetra-n-butylammonium fluoride and N-phenylselenophthalimide.

3.5.4  Reduction of oximes

Oxime formation from alduloses and subsequent reduction represents
yet another route to amino sugars.®'* " The stereochemical outcome of
the reduction depends infer aliz on the reducing agent employed. For
example, hydrogenation with Adams’ catalyst (PtO,) of the oxime in
Scheme 3.12a furnished, after acetylation, only the L-ribo diastereo-
isomer with the amino group in an axial orientation. The stereochemical
outcome of this reduction is believed to arise from complexation of the
platinum with the sterically more accessible underside of the oximino
moiety. Hydrogen delivery from this face of the molecule would lead to a
product with an amino group in an axial orientation. The same product
could be obtained when the oxime was treated with lithium aluminium
hydride or sodium cyanoborohydride. In these reductions, equatorial
attack of the hydride donor occurred. On the other hand, an L-arabino
derivative, with an equatorial amino substituent, was obtained as the
main product when the acetylated oxime was reduced with borane—
tetrahydrofuran complex (Scheme 3.12b).*” The latter stereoselectivity
can be explained by coordination of the borane with the acetate group at
O(4) followed by intramolecular hydride delivery from the sterically
accessible top face (axial hydride transfer). Alternative, hydride delivery
from the bottom face (equatorial attack) is hindered by the hydrogen at
C(4). The resulting acetylated hydroxylamine was further reduced to an
amino moiety.
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(a} Introduction of axial positioned amino groups by reduction of oximes
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(b} Introduction of equatorial positioned amino groups by reduction of oximes
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Scheme 3.12  Preparation of amino sugars by reduction of oximes.

Tt has been shown’> that the stereochemical outcome of the reduction
of 2-oxime sugars is influenced by the configuration of the anomeric
centre. An interesting approach developed by Lichtenhaler et al., 758,76
entails the use of 2-(benzoyloxyimino)glycosyl bromides as glycosyl
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donors. Stereoselective formation of B-glycosidic linkages follows sterco-
selective reduction of the oxime to an amino functionality, and provides a
route to 2-amino-2-de0xy-B-D-mannoside-containing oligosaccharides.

3.5.5  Intramolecular substitutions

Intramolecular substitutions offer a convenient and stereoselective
method for the introduction of amino functionalities, A strategy for the
preparation of vicinal cis-hydroxy amino moieties entails the halocy-
clisation of allylic trichloroacetimidates.’’ Conversion of the hydroxyl
of unsaturated sugar derivatives into a trichloroacetimidate, followed
by N-bromosuccinimide (NBS) or N-iodosuccinimide (NIS) mediated
intramolecular cyclisation, gives bromo- and iodo-oxazoline derivatives
{Scheme 3.13a). The oxazoline can be hydrolysed with mild acid to
unmask the amino functionality, and the halogen can be removed by
treatment with tributyltin hydride.

Sodium hydride mediated cyclisation of 3-0O-benzoylcarbamate-2-
O-triflate glucopyranoside (Scheme 3.13b) led to the formation of an
N-benzoyloxazolidone, which was hydrolysed by base to the 2-amino-
2-deoxy mannoside. The intrarolecular displacement could be achieved
with various substrates,”® although in some cases O- instead of N-
cyclisation was observed, presumably because of steric hindrance. An
interesting approach for the preparation of 2-azido-2-deoxy-saccharides
involves (diethylamino)sulfur trifluoride (DAST) mediated 1,2-migration
of an anomeric azide (Scheme 3.13c).” Treatment with DAST converts
the C(2) hydroxyl of a mannosyl azide into a good leaving group, which
results in azido-group migration to the C(2) position, presumably via a
cyclic intermediate. Attack by fluoride on C(1) gives the 2-azido-2-
deoxyglycosyl fluoride. The usefulness of this approach was demon-
strated by the preparation of a number of important 2-azido %lycosides,
and in all cases complete inversion at C(2) being observed.”®

3.6 Epoxy sugars®!

Nucleophilic ring opening of epoxy sugars is a valuable method for the
synthesis of many modified sugar derivatives. The reaction is accom-
panied by Walden inversion, and a wide range of nucleophiles can be
used. The cyclic nature of epoxides renders the competing elimination
process stereoelectronically unfavourable. For asymmetric epoxides, in
principle, two regio-isomeric products can be formed; however, in
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(a) Intramalecular cyclisation of trichloroacetimidates
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Scheme 3.13  Preparation of azido sugars by intramolecular substitution.
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six-membered rings only the trans-diaxial products are usually seen. This
feature needs further explanation. In the case of an unsymmetrical
conformationally rigid epoxide, a diequatorial and diaxial product is
theoretically possible (Scheme 3.14a). The transition state of the Sa2
reaction leading to the diequatorial products proceeds through a twist-
boat conformation whereas the transition state leading to the diaxial
product gives a chair. Often, the formation of a highly strained twist boat

{a) Trans-diaxial opening of epoxides
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Scheme 3.14 The chemistry of epoxides.
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is energetically unfavourable and hence the diequatorial product is
usually not formed. Many examples of nucleophilic ring-opening of
epoxides are covered in the previous sections of this chapter. Several
other examples are depicted in Scheme 3.14b. In the following section, the
most important synthetic procedures for the preparation of epoxy sugars
will be covered.

Sugar epoxides are usually obtained by base treatment of o-
hydroxysulfonates (Scheme 3.15a).52 An important requirement of this
reaction is that the hydroxyl and sulfonate ester are in a frans relation-
ship. Such an arrangement can attain the coplanar Sy2 transition state
necessary for epoxide formation. For the pyranoside ring, this means that
both the groups should be in a trans-diaxial relationship. In some cases, it
is necessary for the sugar ring to adopt a different conformation to satisfy
this conformational arrangement of the two groups. For example, when
the hydroxyl and sulfonyl group are in a trans-diequatorial arrangement,
a conformational flip to a boat conformation allows an alkoxy and a
sulfonate group to become trans-diaxial with respect to one other.

Sometimes, it is possible to prepare sugar epoxides from ditosylates
(Scheme 3.15b).%* For epoxide formation to occur, it is essential that one
of the tosylates undergoes desulfonylation by S—O bond fission. Usually,
this reaction occurs at the least hindered sulfonate. Then, the formed
alkoxy will displace the remaining tosylate to provide the epoxide. Again,
it is critical that the two reacting groups can attain a trans-diaxial
relationship.

The Mitsunobu reaction has been successfully applied to the synthesis
of carbohydrate epoxides directly from diols (Scheme 3. 15¢).%* The more
accessible and nucleophilic hydroxyl is converted into an alkoxyphos-
phonium ion, which in turn is intramolecularly displaced by a hydroxyl to
give an epoxide. Again it is of critical importance that a coplanar Sn2
transition state be attained.

3.7 Sulfated saccharides

3.7.1 Introduction®

The glycosaminoglycans are a large family of highly glycosylated
glycoproteins. They have an anionic and polydispersed polysaccharide
moiety that is capable of binding to various proteins of biological
interest, including antithrombin IT and fibroblast growth factors, These
polysaccharides are composed of disaccharide repeating units comprised
of a 2-amino-2-deoxy sugar and a uronic acid moiety which are often
sulfated. Many other sulfated oligosaccharides are known. Hormones
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such as lutropin require sulfated saccharide moieties for expression of
biological activity. Naturally occurring saccharides can be O- and N-
sulfated.

In general, sulfates are introduced at the last stage of a synthetic
scheme prior to deprotection. Such a strategy makes it unnecessary to
introduce a sulfate in a protected form, although the use of phenyl
sulfates has been described.®® Although often the appropriately protected
saccharide is treated with a sulfur trioxide containing reagent to yield the
requisite sulfated sugar, some examples of regioselective sulfation have
been reported which abate the necessity for extensive protecting group
manipulations. Sulfate esters are stable under mild acid and basic
conditions but are hydrolysed at low or high pH.*

3.7.2 O and N sulfation

Monosulfation of (oligo)saccharides is most commonly achieved by
treatment of a suitably protected substrate containing one free hydroxyl
function with a sulfur trioxide—pyridine®® or sulfur trioxide-trialkylamine
complex® in either pyridine or DMF (Scheme 3.16a). These reactions
proceed smoothly and give the corresponding sulfates in good yields.

The simultaneous sulfation of several hydroxyls has been accomplished
with the same reagents discussed above, that is, sulfur trioxide—pyridine®
or sulfur trioxide—trialkylamine complexes.”' Prolonged reaction times or
repeated treatment with the sulfating agent may be needed to achieve
complete sulfation.

The regioselective sulfation of a 6-hydroxyl of a partially protected
saccharide can be achieved by employing the above-mentioned reagents,
albeit at lower reaction temperatures #*"-%2

As shown in Scheme 3.16b, amino groups can be selectively sulfated in
the presence of hydroxyl functions by employing the usual sulfur trioxide
methodology but conducting the reaction in an alkaline (pH > 9),
aqueous medium ¥ 21542

The acidity of sulfates may cause hydrolysis of glycosidic linkages and
therefore the products are usually isolated as salts.

3.8 Phosphorylated saccharides

3.8.1 Introduction”

Sugar phosphates are widely found in nature and several classes can be
identified. First, a distinction needs to be made between anomeric and
non-anomeric sugar phosphates. Furthermore, natural sugar phosphates
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occur as monoesters and diesters. In addition, phosphotriesters are often
synthetic intermediates in the preparation of monoesters or diesters.
Phosphotriesters are relatively labile intermediates that can be cleaved
by base or acid and can easily migrate to other hydroxyls. The pre-
paration of the different classes of phosphate esters requires different
methodologies.

3.8.2 Non-anomeric sugar phosphates

Several chemical methods are available for the phosphorylation of
suitably protected saccharides. The following approaches, classified
according to the initial phosphorylation product, can be distinguished:
phosphotriester, phosphite triester and H-phosphonate methods.
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Phosphotriester methods

Diphenyl phosphorochloridate is one of the most widely employed
phosphorylating reagents for the preparation of phosphomonoesters
(Scheme 3.17a).”* The chloride acts as a lcaving group that can be
displaced by hydroxyls. The phenyl groups act as protecting groups that
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Scheme 3.17 Phosphorylation by phosphotriester method.
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can be easily removed by benzaloxime and tetramethyl guanidine. This
reagent also permits primary hydroxyl groups to be selectively converted
into a phosphotriester in the presence of secondary hydroxyl groups.®
Furthermgre, the simultaneous phosphorylation of several hydroxyls
can be achieved by using an excess amount of reagent. However, the
formation of cyclic phosphotriesters may be a competitive side reaétion
when two adjacent hydroxyl groups in a saccharide have a cis con-
figuration. In some cases, N,N-dimethylaminopyridine (DMAP) or
imidazole is added as a promoter.

Properly protected phosphorochloridates have been employed, and
examples include; bis(2,2,2-trichloroethyl) phosphorochloridate®® and
dibenzyl phosphorochloridate.”” Phosphoroiodates prepared in situ by
the oxidation of the corresponding trialkylphosphites with iodine can also
be used.*

Bifunctional phosphorylating reagents are employed when unsymme-
trical phosphodiesters are the target compounds. In this case, the reagent
contains two leaving groups and one protecting group. A typical reac-
tion sequence is depicted in Scheme 3.17b*° and commences with the
phosphorylation of a ribosyl sugar hydroxyl with bis[1-benzotriazolyl]-2-
chlorophenylphosphate leading to an intermediate monophosphate. The
remaining benzotriazolyl moiety of the monophosphate can be activated
by the addition of N-methylimidazole, and reaction with the second
ribosyl alcohol results in the formation of an unsymmetrical phospho-
triester. Several other reagents have been reported that are based on a
similar reaction sequence.

Phosphite triester methods

Phosphites have a lower oxidation state (III) than corresponding phos-
phates (V) and are generally more reactive than phosphates. These deri-
vatives can easily be oxidised to a phosphate. As illustrated in Scheme
3.18a,'"" phosphite triesters can be obtained by reaction of a sugar
alcohol with dibenzyl diisopropylphosphoramidite'® in the presence of
| H-tetrazole. In this reaction, the mild acid 1 H-tetrazole protonates the
the —N(i-Pr); moiety converting it into a good leaving group, which is
then-displaced by an alcohol. Oxidation of the phosphite to afford the
phosphotriester can be accomplished in the same pot with m-chloro-
perbenzoic acid,'%%* hydrogen peroxide,!%® t-butylhydroperoxide'” or
iodine.'® The benzyl protecting groups can be removed by catalytic
hydrogenation.

The efficacy of bifunctional phosphitylating reagents has been widely
demonstrated, inter alia, by the preparation of various phosphodiester-
containing fragments of capsular polysaccharides,032.b.4.e,104,105 jnjar.
glycosidic phosphodiesters'>%%1% and other biologically interesting
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(a} Monofunctional phosphitylating reagents
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Scheme 3.18 Phosphorylation by phosphite method.

saccharide phosphates.101"03““:'4‘:’107 In the first step of this ty]ge of
methodology, an intermediate phosphoramidite (Scheme 3.18b)1%® s
formed by reaction of rcagent 2-cyanoethyl N,N-diisopropylchlorophos-
phoramidite with a sugar alcohol in the presence of diisopropylethyl-
amine (DIPEA). The resulting intermediate is sufficiently stable to be
purified by silica gel column chromatography and stored for a con-
siderable period of time. Next, the amidite is coupled with a second
hydroxyl group in the presence of the mild acid 1 H-tetrazole, and
subsequent in situ oxidation of the obtained phosphite triester leads to the
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formation of the phosphotriester. The cyanoethyl protecting group can
be removed by B elimination in the presence of a mild base.

H-phosphonate methods

An important advantage of the H-phosphonate method is that at no stage
of the synthetic route, is a labile phosphotriester prepared,'0310%:108
The reaction of salicylchlorophosphite (Scheme 3.19) with a glucosamine
derivative furnished a phosphite triester which was subsequently hydro-
lysed to the H-phosphonate monoester. The latter compound was coupled

OTr

Q
BzO
BzO .
AcHN
OH OTr oTr

+ .
EtyN/dioxane Q o
Z
Q 86% AcHN | o AcHN o

[aT—y P
K O
\ R
d? t o on HG |
i o
07 g OH i) PivCl, pyridine o
R
o i)l HO AcO”
AcQ 87% AchHN
AcO
AcHN OAc
OAc

Scheme 3.19 Phosphorylation by the H-phosphonate method.

with another monosaccharide under the agency of pivaloyl chloride
(PivCl) and the resulting H-phosphonate diester oxidised ir situ to afford
a phosphodiester.

Another rea%gnt for the synthesis of H-phosphonates is tris(imidazo-
lyl)phosphine,'® prepared from trichlorophosphine and imidazole in the
presence of triethylamine. Again, the intermediate phosphite derivative
is hydrolysed and the obtained H-phosphonate is converted to a
phosphodiester as described above.

3.8.3 Anomeric phosphates

Additional problems of anomeric phosphorylation are the control of
anomeric selectivity and the increased lability of the products. The prepa-
ration of anomeric sugar phosphates can be accomplished via two dis-
tinct methods. The first commences with a free anomeric hydroxyl and
can be considered as a standard phosphorylation. The second approach
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employs a substrate bearing a suitable leaving group at the anomeric
centre and may be described as the glycosylation of a phosphate species.

Phosphorylation of anomeric hydroxyls
Not surprisingly the procedures described in Section 3.7.2 for the
phosphorylation of nonanomeric hydroxyl groups, that is, the phospho-
triester, phosphite triester, and H-phosphonate approaches, have
been applied to the preparation of anomeric phosphates,'®d< 110

An important aspect of the synthesis of anomeric phosphates is the
control of the anomeric configuration. In the phosphotriester method the
stereochemical outcome is mainly governed by the anomeric configura-
tion of the starting material, although temperature and reaction time take
on secondary effects.!! In addition, the configuration of the saccharide
(axial/equatorial substituents) determines the relative reactivity of the two
anomers and hence effects the stereochemical course of the phosphoryla-
tion. For example, anomerisation of the p-n-gluco- or B-p-galactopyr-
anosyl phosphotriesters to the thermodynamically more stable & anomers
has been reported. This process can be avoided by immediate de-
protection of the phosphotriesters to give the more stable phosphate
monoester.

Anomeric phosphorylation by glycosylation methods
In the above-discussed phosphorylation methods, the sugar hydroxyl acts
as the nucleophile and the phosphorylating agent as the electrophile.
However, phosphorylation of the anomeric centre may also be performed
by another approach where the saccharide contains a leaving group.
Bromides and chlorides have frequently been used as anomeric leaving
groups, most commonly in combination with dibenzyl phosphate as the
nucleophile to give anomeric phosphates.''®*''? The phosphorylation
may be activated by the addition of silver(I) carbonate or silver(I} oxide.
Alternatively, a silver phosphate salt, prepared in situ from an appro-
priately protected phosphate and silver(T) nitrate, reacts readily with
glycosyl halides. In addition, anomeric phosphorylation of glycosyl
halides under phase-transfer catalysis has been described (Scheme 3.20).
Most commeonly, the sugar halides have been prepared from peracetyl-
ated substrates and hence the phosphorylations proceed by neighbouring
group participation, leading to 1,2-frans substituted products. On the
other hand, reaction of peracetylated a-L-fucopyranosyl bromide with
dibenzyl phosphate furnished either an anomeric mixture of products or
only the o anomeric product. Thus, the acetyl protecting group at C(2)
does not perform efficiently neighbouring group participation or the
initial formed B-phosphate anomerises to the thermodynamically more
stable -anomer. A more satisfactory outcome was obtained when
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Scheme 3.20 Anomeric phosphorylation.

benzoates were used as protecting groups and in this case only the
formation of the B anomer was observed.

Another interesting reaction is the anomeric phosphorylation of
2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-a-nD-glucopyranosyl chloride. Al-
though it was shown'® that treatment of the latter compound with
dibenzyl phosphate, under phase-transfer conditions, gave only the
corresponding oxazoline derivative, others found that oxazolines can be
phosphorylated with dibenzyl phosphate''®'**115 or 2,2 2-tribromoethyl-
phosphoric acid''! to afford anomeric phosphates. The p-phosphate is
the initial product of this reaction, but prolonged reaction time afforded
only the o anomer via anomerisation.

Among other leaving groups which have been employed for the
synthesis of anomeric phosphates are the trichloroacetimidate,''® 4-
pentenyl,''” ethylthio,!18 phosphorodithioate!'** and 2-buten-2-y1.!*?
Analogous to the above-described glycosylations, condensation of
dibenzyl phosphate (DBP) with glycosyl donors bearing a participating
group at C(2) furnish 1,2-frans products, and a-phosphates are mainly
obtained when the C(2) position of the glycosyl donor is protected by a
nonparticipating protecting group.
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4  Oligosaccharide synthesis
G.-J. Boons

4.1 Introduction

The chemical synthesis of oligosaccharides is much more complicated
than the synthesis of other biopolymers such as peptides and nucleic
acids. The difficulties in the preparation of complex oligosaccharides are
a result of a greater number of possibilities for the combination of
monomeric units to form oligosaccharides. In addition, the glycosidic
linkages have to be introduced stereospecifically (a/f selectivity). To date,
there are no general applicable methods or strategies for oligosaccharide
synthesis and consequently the preparation of these compounds is very
time consuming. Nevertheless, contemporary carbohydrate chemistry
makes it possible to execute complex multistep synthetic sequences that
give oligosaccharides consisting of as many as 20 monosaccharide units.
The preparation of oligosaccharides of this size is only possible when
each synthetic step in the assembly of the oligosaccharide is high yielding
and the formation of each glycosidic linkage is highly stereoselective.
Apart from this, the assembly of the monomeric units should be highly
convergent. In order to solve problems associated with chemical
oligosaccharide synthesis, enzymatic procedures have been developed.
However, the number of enzymes available for glycosidic bond synthesis
is still very limited.

4.2 Chemical glycosidic bond synthesis

Interglycosidic bond formation is generally achieved by condensing a
fully protected glycosyl donor, which bears a potential leaving group
at its anomeric centre, with a suitably protected glycosyl acceptor that
contains often only one free hydroxyl group (Scheme 4.1).! Traditionally,
the most widely used glycosylation methods have exploited anomeric
halide derivatives of carbohydrates as glycosyl donors. However, these
compounds often suffer from instability and require relatively drastlc
conditions for their preparation. The introduction of the orthoester” and
imidate® procedures were the first attempts to find alternatives to the
glycosyl halide methodologies. Since these original disclosures, many
other leaving groups for the anomeric centre have been reported (Figure
4.1).'% However, from these glycosyl donors, the anomeric fluorides,
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Scheme 4.1 General approach for chemical glycosylations.
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Figure 4.1 Glycosy] donors for glycosidic bond synthesis.

trichloroacetimidates and thioglycosides have been applied most widely.
These compounds can be prepared under mild conditions, are sufficiently
stable to be purified and stored for a considerable period of time
and undergo glycosylations under mild conditions. By selecting the
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appropriate reaction conditions, high yields and good o/P ratios can be
obtained.

The next section describes briefly the procedures for the preparation
of anomeric halides, trichloroacetimidates and thioglycosides and their
modes of activation.

4.2.1  Glycosyl halides

Koenigs and Knorr introduced the use of glycosyl bromides and chlorides
as glycosyl donors in 1901.* This classical approach uses heavy metal
salts (mainly silver and mercury salts) or alkyl ammonium halides as
activators.'*? Complexation of the anomeric bromide or chloride with
a silver or mercury salt greatly improves their leaving group ability.
Departure of the anomeric leaving group will give an oxocarbenium ion,
which in turn will react with an alcohol to give a glycoside {(Scheme 4.2a).
Alternatively, an activated anomeric halide may be substituted by an
alcohol by an Sx2 mechanism leading to a glycoside. Detailed reaction
mechanisms of glycosylations are discussed in Section 4.3.

The reactivity of glycosyl halides is determined by the protecting group
pattern and in general ether protected derivatives are more reactive than
analogous ester protected glycosyl doners. Furthermore, the protecting
group at C(2) has the greatest effect on the reactivity of a glycosyl donor.
These observations can easily be rationalised. Departure of the anomeric
leaving group results in a partial positive charge at the anomeric centre.
Esters are strongly electron-withdrawing and will destabilise the resulting
positively charged intermediate and hence displacement of such halides
is energetically less favourable. Protecting groups also determine the
stability of glycosyl halides. For example, 2.3.4,6-tetra-O-acetyl--p-
glycosyl bromide is a reasonably stable compound, which can be stored
for a considerable period of time. However, the analogous O-benzylated
derivative will decompose within several hours after preparation.
Glycosyl bromides are more reactive than glycosyl chlorides but are also
more labile. In general, glycosyl iodides are too labile to be used in
glycosylations.

For a long time, it was believed that glycosyl fluorides were too stable
to be used as glycosyl donors. However, in 1981 Mukaivama and co-
workers demonstrated that these compounds can be activated with
AgClO,/SnCL.> Subsequent reports'™® expanded the repertoire of
activators for glycosyl fluorides, and commonly used promoters are
BF,* OFt,, CngClnggCIOz; (M = HI, ZI') and szHfC]2—AgOTf
Glycosyl fluorides can be purified by silica gel column chromatography
and have a good shelf-life. They can even undergo a limited number of
protecting group manipulations.
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(a) Activation of glycosyl halides
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Scheme 4.2 Preparation and glycosylation of glycosyl halides.

Glycosyl bromides are most commonly prepared by treatment of a per-
O-acylated sugar derivative with a solution of HBr in acetic acid {Scheme
4.2b). The more stable a-anomer is usually obtained in high yield. In this
reaction, the anomeric acetyl moiety is converted into a good leaving




OLIGOSACCHARIDE SYNTHESIS 107

group by protonation. Next, an oxocarbenium ion is formed by departure
of acetic acid, which is substituted by bromide. In the first instance, a
mixture of anomeric bromides may be formed, which quickly equilibrates
to the thermodynamically more stable o anomer. The latter compound
is stabilised by a strong endoanomeric effect. Other acetyl moieties may
also be protonated; however, departure of these groups will result in the
formation of a highly unstable carbonium ion. Thus, normally this type
of reaction will not occur.

Glycosyl chlorides can be obtained by treatment of aldosyl acetates
with aluminum chloride or phosphorus pentachloride. This procedure is
relatively harsh and many functionalities will not survive these con-
ditions. Several milder methods have been described with the Vilmeier -
Haack reagent® being one of the most useful reagents for the preparation
of labile glycosyl chlorides or bromides. The Vilmeier—Haack reagent
(Me;NT=CHCICI™) is formed by reaction of dimethylformamide
(DMF) with oxalyl chloride [CIC(O)C(O)Cl]. The anomeric hydroxyl
performs a 1,2-nucleophilic addition with concomitant ¢limination of a
chloride ion. This reaction results in the introduction of a very good
leaving group, which is displaced by chloride. An anomeric bromide will
be formed when oxalyl bromide is used in the formation of the
Vilsmaier — Haack reagent (Me;N "=CHBr Br™).

Several methods have been reported for the preparation of glycosyl
fluorides’ but the most common procedure is treatment of a thioglycoside
with NBS (N-bromosuccinimide) and (diethylamino)sulfur trifiuoride
(DAST)® or the reaction of a lactol with DAST or 2-fluoro-1-
methylpyridinium p-toluenesulfoﬁau;f:.7’9 An alternative and interesting
method is the treatment of a 12-anhydro-pyranoside with tetra-n-
butylammonium fluoride (TBAF).

4.2.2 Trichloroacetimidates'®¢

In recent times, anomeric trichloroacetimidates have become the most
widely used glycosyl donors. They can easily be prepared by a base-
catalysed reaction of a lactol with trichloroacetonitrile. When the reac-
tion is performed in the presence of the mild base potassium carbonate,
the kinetic p-trichloroacetimidate is formed (Scheme 4.3). Under these
conditions, the more reactive B-alkoxide forms preferentially. It then
attacks the trichloroacetonitrile irreversibly. However, when a strong
base such as NaH or 1,8-diazabicyclo[5.4.0lundec-7-ene (DBU) is
employed, alkoxide equilibration occurs, with the more stable a-alkoxide
predominating. It then goes on to react with the trichloroacetonitrile to
give the a-trichloroacetimidate.

The higher nucleophilicity of a P alkoxide can be attributed to
unfavourable dipole —dipole interactions resulting from repulsion of the
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{a) Introduction of an anomeric trichloroacetimidate
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(b) Activation of an anomeric trichloroacetimidate
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Scheme 4.3 Preparation and glycosylation of trichloroacetimidates.

lone clectron pairs of the exocyclic and endocyclic ring oxygen atoms.
Thermodynamically, the o alkoxide is preferred because of additional
stabilisation by the endoanomeric effect.

Anomeric trichloroacetimidates are usually activated by catalytic
amounts of Lewis acid, with trimethylsilyl triflate {TMSOT{) and
BF3* Et,0O being the reagents most commonly used. O-Trichloroaceti-
midate glycosylations can be performed at relatively low tempetatures
and generally give high yields. However, when the acceptor is very
unreactive, substantial rearrangement to the corresponding trichloroace- %

tamide may occur leading to a low recovery of the O-glycoside product.
Anomeric trichloroacetimidates have a reasonable shelf-life but cannot
usually undergo protecting group manipulations.
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4.2.3  Thioglycosides™""

Alkyl(aryl) thioglycosides have emerged as versatile building blocks for
oligosaccharide synthesis. They can convemently be prepared by a Lewis-
acid-catalysed reaction of an anomeric acetate with a mercaptan (Scheme
4.4a). Instead of using mercaptans, more reactive alkylthiostannanes or
alkylthiosilanes may be used. Altematlvely, nucleophilic substitution of a
glycosyl halide with mercaptides gives thioglycosides in high yield. Owing
to their excellent chemical stability, anomeric alkyi(aryl) thio groups offer

(a) Preparation of thioglycosides
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(b) Direct activation of thioglycosides
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Scheme 4.4 Preparation, activation and interconversion of thioglycosides.
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efficient protection of anomeric centres and are compatible with many
reaction conditions often employed in carbohydrate chemistry. However,
in the presence of soft electrophiles (X 1), thioglycosides can be activated
and used directly in glycosylations (Scheme 4.4b). The most commonly
used activators include methyl triflate (MeOTY), dimethyl(methylthic)
sulfonium triffate (DMTST), N-iodosuccinimide —triflic acid (NIS-—
TfOH), iodonium dicollidine perchlorate (IDCP)) and phenyl selenyl
triflate (PhSeQTf).'* In these reactions, the electrophilic activator reacts
with the lone pair on sulfur resulting in the formation of a sulfonium
intermediate. The latter is an excellent leaving group and can be displaced
by a sugar hydroxyl. Thioglycosides can also be activated by a one-
electron transfer reaction from sulfur to the activating reagent tris-(4-
bromophenyl}ammonium hexachloroantimonate (TBPAT).'¢

Another attractive feature of thioglycosides is that they can be
transformed into a range of other glycosyl donors (Scheme 4.4c). For
example, treatment of a thioglycoside with bromine gives a glycosyl
bromide which, after work-up, can be used in a Hg(II) or Ag(I) promoted
glycosylation.” A glycosyl bromide can also be prepared and glycosylated
in situ under the influence of (BuyN),CuBr, and AgOTf.!! A thio-
glycoside can be converted into a glycosyl fluoride by treatment with N-
bromosuccinimide/{diethylamino)sulfur trifluoride (NBS/DAST) and it
can be hydrolysed to the 1-OH derivative, which is a suitable substrate for
the preparation of an anomeric trichloroacetimidate. Finally, thioglyco-
sides can be oxidised to the corresponding sulfoxides, and these then
activated with triflic anhydride at low temperature.'”

4.3 Stereoselective control in glycosidic bond synthesis

Anomeric linkages are classified according to the relative and absolute
configuration at C(1) and C(2) (Figure 4.2), there being: 1,2-cis and 1,2-
trans types. Miscellancous other glycosidic linkages can also be identified,
including 2-deoxy-glycosides and 3-deoxy-2-keto-ulo(pyranosylic) acids.

The stereoselective formation of a glycosidic linkage is one of the most
challenging aspects of oligosaccharide synthesis. The nature of the
protecting group at C(2) in the glycosyl donor plays a dominant role in
controlling anomeric selectivity. A protecting group at C(2), which can
perform neighbouring group participation during glycosylation, will give
1.2-trans glycosidic linkages. However, reaction conditions such as
solvent, temperature and promoter can also determine anomeric
selectivity when a nonassisting functionality is present at C(2). The
constitution of a glycosyl donor and acceptor (e.g. type of saccharide,
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Figure 4.2 Different types of glycosidic linkages.

leaving group at the anomeric centre, protection and substitution pattern)
can also have a major effect on the o/p selectivity.

4.3.1 Neighbouring-group-assisted procedures

The most reliable method for the construction of 1,2-frans-glycosidic
linkages utilises neighbouring-group participation from a 2-0-acyl
functionality. The principle of this approach is schematically illustrated
in Scheme 4.5. Thus, a promoter (A) activates an anomeric leaving group,
to assist in its departure. This results in the formation of an
oxocarbenjum ion. Subsequent neighbouring-group participation of a
2-O-acyl protecting group leads to the formation of a more stable
acyloxonium ion. In the latter intermediate, additional resonance
stabilisation of the positive charge is provided by two oxygen atoms. In
the case of the oxocarbenium ion, only the ring oxygen atom gives
resonance stabilisation and hence this is less stable. Attack of an alcohol
at the anomeric centre of the acyloxonium ion results in the formation of
a 1,2-trans-glycoside. Thus, in the case of glucosyl-type donors, B-linked
products will be obtained whercas manno-type donors will give o-
glycosides. The neighbouring-group-assisted glycosylation procedures are
compatible with many different glycosylation protocols and most leaving
groups depicted in Figure 4.1 can be used.

In some glycosylations, the alcohol will attack at the C(2) position of
the dioxolane ring of the acyloxonium ion, resulting in the formation of
an undesired orthoester. In some cases, the orthoester can be isolated as a
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(a) Neighbouring-group participation
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Scheme 4.5 Synthesis of 1,2-trans glycosides by neighbouring-group participation.

moderately stable product but in other reactions it may rearrange to
the desired glycoside or to an aldose and an acylated sugar alcohol.
Orthoester formation may be prevented by the use of a C(2) benzoyl
or pivaloyl group. In these cases, orthoester formation is disfavoured by
the presence of the bulky phenyl or tert-butyl group attached to the
dioxolane ring. In some cases, the glycosylation may also proceed via the
oxocarbenium ion to give mixtures of anomers.

4.3.2 1In situ gnomerisation

The introduction of 1,2-cis linkages requires glycosyl donors with a non-
participatory protecting group at C(2). An interesting approach for
synthesis of a-gluco-type glycosides involves the direct nucieophilic
substitution of a B halide by a sugar hydroxyl. Such a reaction will give
immversion of configuration at the anomeric centre resulting in the
formation of an « glycoside. However, most [ halides are very labile
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and difficult to prepare. In addition, these derivatives equilibrate rapidly
to the corresponding o isomer,

A major breakthrough in a-glycosidic bond synthems came with the
introduction of the in situ anomerisation procedure.'” Lemieux and co-
workers observed that a rapid equilibrium can be established between
o and B halides by the addition of tetra-m-butyl ammonium bromide
(Scheme 4.6). The anomerisation is believed to proceed through several
intermediates. At equilibrium, there is a shift towards the o bromide since
this compound is stabilised by an endoanomeric effect. Because, the p
bromide is much more reactive towards nucleophilic attack by an alcohol,

H\’gﬁ
o SLOW o ( BN FAST o
T on Bﬁ B o\ e N =
-

BnO BnO Br) EAST BnO BnOOH
p-glycoside —glycoside
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OBn BnO
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Scheme 4.6 «-Glycosidic bond synthesis by in site anomerisation.

than the more stable a-bromide, glycosylation takes place preferentially
on this intermediate in an Sy2 fashion to give mainly o glycosides. An
important requirement for this reaction is that the rate of equilibration is
much faster than that of glycosylation.

The anomeric outcome of these glycosylations can also be discussed in
more general mechanistic terms. First, the product ratio is governed by
competing rates of formation of the o and B glycoside and therefore
the givcosylation is kinetically controlied. Second, the Curtin— Hammett
principle describes that when two reactants are in fast equilibrium, the
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position of this equilibrium and therefore the reactant ratios will not
determine the product ratio. The product ratio, however, will depend on
the relative activation energies of the two reactants (o and § halide). In
the case of the in sifu anomerisation procedure, the activation energy for
glycosylation of the p anomer is significantly lower than for the % anomer
and therefore the reaction proceeds mainly through the B anomer.” The
origin of the higher reactivity of B halides is disputed but follows similar
arguments as the explanation of the kinetic anomeric effect (see Chapter
1). Probably, the o anomer is less reactive because of ground-state sta-
bilisation by an endoanomeric effect.

It is essential that the in sity anomerisation is performed in a solvent
of low polarity. In polar solvents, the reaction proceeds via an
oxocarbenium ion and the anomeric selectivity is reduced.

The efficacy of the in situ anomerisation procedure was demonstrated
by the condensation of a fucosyl bromide with a glycosyl acceptor in the
presence of tetra-n-butyl ammonium bromide to give a trisaccharide
mainly as the o anomer (Scheme 4.6).

It should be noted that tetra-n-alkyl ammonium halides react only with
very reactive glycosyl halides. More reactive activators are required for
more demanding glycosylations and nowadays a range of activators with
different reactivities are available, including Hg(CN),, HgBr;, AgClOy
and AgOTf.'*P

High x-anomeric selectivities have been obtained with other anomeric
leaving groups (Scheme 4.7). For example, trimethylsilyl-triflate-mediated
couplings of benzylated trichloroacetimidates at low temperature give in
many cases excellent o selectivities. Many examples have been reported in
which thioglycosides and glycosyl fluorides also give high o selectivities. It
has to be noted that the reaction mechanisms of these glycosylations have
been less well studied. However, it is reasonable to assume that they
proceed via an in situ anomerisation process and probably o and B ion
pairs are formed as intermediates.

As mentioned above, it is very important that the equilibration between
the two ion pairs be faster than the glycosylation, and many different
parameters affect this requirement. Often many different reaction
conditions have to be examined in order to obtain satisfactory results.
Also, small changes in the constitution of the glycosyl donor or acceptor
may have a dramatic effect on the stereochemical outcome of a
glycosylation.

4.3.3  Glycosylation with inversion of configuration

The in situ anomerisation procedure requires a fast equilibrium being set
up between an o and B halide or ion pairs, However, some glycosylation
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Scheme 4.7 In situ anomerisation procedure using different donors.

procedures are based on preventing this pre-equilibration. These protocols
rely on glycosylation proceeding with inversion of configuration. For
example, glycosylation of « halides in the presence of an insoluble silver
salt results mainly in B glycoside formation (Scheme 4.8a).'* In this case,
anomerisation of the halide is prevented because halide nucleophiles are
sequestered from the reaction mixture. As a consequence the reaction
proceeds with inversion of configuration. Silver silicate and silver silicate-
aluminate have often been applied in this capacity. These catalysts have
proven to be valuable in the preparation of $-linked mannosides which
cannot be prepared by neighbouring-group participation or in situ
anomerisation. The presence of a nonparticipating substituent at C(2) is
an important requirement for glycosylations using a heterogeneous
catalyst, however, the nature of the substituents at C(3), C(4) and C(6)
can also influence the anomeric ratios of the coupling products.'*

Glycosylations may also proceed via inversion of configuration when
performed in apolar solvents, especially if activation is accomplished with
mild promoters. Toepfer and Schmidt showed'® that BF;* Et,O-
mediated glycosylation of reactive a-glucosyl and w-galactosyl trichlor-
oacetimidate donors in dichloromethane or mixtures of dichloromethane/
hexane give mainly B glycosides (Scheme 4.8b).

B Mannosides have also been prepared by direct substitution of an

a-manno-glycosyl tosylate donor.!” However, this method has not been
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applied widely in oligosaccharide synthesis because of the difficuities
involved in the generation of such intermediates. However, a-glycosyl
triflates can conveniently be prepared in situ by the treatment of an
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Scheme 4.8 Glycosylation with inversion of configuration.
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{d) Glycosylation of thiocyanates
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anomeric sulfoxide with triflic anhydride (Tf,0) (Scheme 4.8c). An o
triflate is preferentially formed because this anomer is stabilised by an
endoanomeric effect. On addition of an alcohol, the triflate is displaced
in an Sy2 fashion resulting in the formation of a p mannoside.'® Signifi-
cantly a mixture of anomers is obtained when triflic anhydride is added to
a mixture of a sulfoxide and alcohol. In this case, it is very likely that the
glycosylation proceeds through an oxocarbenium ion since triflate
formation is less likely because of the greater nucleophilicity of the
alcohol. Another prerequisite for B mannoside formation is that the
mannosyl donor be protected as a 4,6-O-benzylidene acetal. This obser-
vation is difficult to explain but it has been suggested that oxocarbenium
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ton formation is disfavoured because of torsional strain engendered on
going to the half-chair conformation of this intermediate. It should be
pointed out that B mannosides are difficult to produce. As already
pointed out, methods based on neighbouring-group participation readily
lead to a-mannosides. Furthermore, the axial C(2) substituent of a
mannosyl donor sterically blocks incoming nucleophiles from the B-face.

Kochetkov ef al. have reported'® an efficient approach for the synthe-
sis of 1,2-cis-pyranosides employing 1,2-trans-glycosyl thiocyanates as
glycosyl donors and tritylated sugar derivatives as glycosyl acceptors
(Scheme 4.8d). This coupling reaction is initiated by complexation of the
nitrogen atom of the thiocyanate with a trityl cation, with simultaneous
nucleophilic attack by the oxygen atom of the trityl protected sugar
alcohol at the anomeric centre. It appears that this reaction proceeds by
clean Sy2 inversion at the anomeric centre.

The substitution pattern of a glycosyl donor can also prevent in situ
anomerisation and, under appropriate conditions, glycosylation will take
place via S 2 substitution. For example, Halcomb and Danishefsky have
shown?® that the reaction of 1,2-cis epoxides, obtained by epoxidation of
glucals with dimethyldioxirane, with sugar alcohols in the presence of
ZnCl; stereoselectively affords 1,2-frans glycosides (Scheme 4.8¢). In this
glycosylation, the epoxide is activated by chelation with a Lewis acid
(ZnClz). Nucleophilic attack takes place at the anomeric centre for two
reasons. First, rrans-diaxial epoxide opening is stercoclectronically
favoured over frans-equatorial ring opening. Second, the lone pair on
the ring oxygen assists in the departure of an anomeric leaving group
making this mode of attack more favourable (Chapter 1), ZnCl,-
mediated glycosylations of 1,2-epoxides give in some cases mixtures of
anomers?! if the 1,2-epoxides are derived from galactals. In these cases,
the reactions proceed via an Sy1 mechanism. 1,2-Cyeclic sulfites have been
proposed® as alternatives for 1,2-epoxides as these compounds are more
readily prepared and are less labile than the latter.

4.3.4 Solvent participation

The anomeric outcome of glycosylations with glycosyl donors having a
nonparticipating group at C(2) is markedly influenced by the nature of
the solvent. In general, solvents of low polarity are thought to increase
the a-selectivity. In these cases, in sitw anomerisation is facilitated and the
formation of oxocarbenium ions suppressed. Solvents of moderate
polarity, such as mixtures of toluene and nitromethane, are highly
beneficial when glycosyl donors are used with neighboring group active
C(2) substituents. Presumably, these solvents stabilise the positively
charged intermediates.
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Some solvents may form complexes with the oxocarbenium ion
intermediates, thereby affecting the anomeric outcome of a glycosylation.
For example, diethyl ether is known to increase the o« anomeric selectivity.
Probably, dicthyl ether participates by the formation of diethyl oxonium
ion (Scheme 4.9a). The B configuration of this intermediate is favoured
because of the operation of the reverse anomeric effect (see Chapter 1).
Nucleophilic displacement with inversion of configuration will give an o
glycoside. Recently, it was shown that a mixture of toluene and dioxane
provides a more efficient participating solvent mixture.

(a) Participation of diethy! ether
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Scheme 4.9 Glycosylation by participating of solvents.

Acetonitrile is another participating solvent, that in many cases leads to
the formation of an equatorially-linked glycoside.* It has been proposed
that this reaction proceeds via an o-nitrilium ion which is generated under
Sy 1 conditions (Scheme 4.9b). It is not well understood why the nitrilium
ion adopts an axial orientation; however, spectroscopic studies support
the proposed anomeric configuration. Nucleophilic substitution of the
a-nitrilium ion by an alcohol leads to a p-glycosidic bond.

It has been shown that different types of glycosyl donors (e.g.
trichloroacetimidates, fluorides, phosphates and pentenyl-, vinyl- and
thio-glycosides) feature the ability to form highly reactive nitrilium
intermediates in the presence of acetonitrile. The best P selectivities are
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obtained with reactive alcohols at low reaction temperatures. Unfortu-
nately, mannosides give poor anomeric selectivities under these condi-
tions,

Finally, an important requirement for control of the anomeric centre
by a solvent is the absence of a neighbouring participating functionality
at C(2). :

4.3.5  Intramolecular aglycon delivery

Recently, Stork and Kim?** and Barresi and Hindsgaul®® reported
independently the preparation of p mannosides in a highly stereoselective
manner by intramolecular aglycon delivery. In this approach, the sugar
alcohol (ROH) is first linked via an acetal or silicon tether (Y =CH,or
SiMe;, respectively) to the C(2) position of a mannosyl donor, and
subsequent activation of the anomeric centre of this adduct forces
the aglycon to be delivered from the B face of the glycosyl donor.
The remnant of the tether hydrolyses during the work-up procedure
(Scheme 4.10).

A silicon tether can easily be introduced by conversion of a glycosyl
donor into a corresponding chlorodimethyl silyl ether and subsequent
reaction with the C(6) hydroxyl of an acceptor then gives the silicon
connected compound. Oxidation of the phenylthio group vields a
phenylsulfoxide which on activation with Tf,O results in the selective .
formation of a B mannoside in good overall yield. Alternatively, a
thioglycoside can be activated directly, also resulting in the formation of
a B mannoside.

An acetal tethered compound can easily be prepared by treatment of
equimolar amounts of a 2-propenyl ether derivative of a saccharide with
a sugar hydroxyl in the presence of a catalytic amount of acid. Activat-
ion of the anomeric thio moiety of the tethered compound with N-
iodosuccinimide (NIS) in dichloromethane results in the formation of the
f-linked disaccharide. In this reaction, no o-linked disaccharide is usually
detected. It is of interest to note that when this reaction was performed
in the presence of methanol, no methyl glycosides are obtained. This
experiment indicates that the glycosylation proceeds via a concerted
reaction and not a free anomeric oxocarbenium ion.

The introduction of a methylene acetal tether needs some further
discussion. The 2-propenyl ether is prepared by reaction of a C{2) acetyl
group with Tebbe reagent, (CsHs),TiMe,. Treatment of the resulting enol
ether with p-toluenesulfonic acid results in the formation of an
oxocarbenium ion, which upon reaction with an alcohol provides an
acetal. As can be seen in the reaction scheme, the acid is regenerated, thus
only a catalytic amount is required.
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An intermolecular acetal can also be formed by treatment of a mixture
of an alcohol and a mannoside, having a methoxybenzyl protecting
group at C(2) with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ).**
Intramolecular aglycon delivery has also been used for the preparation of
1,2-cis-glucosides.”” Furthermore, glycosyl acceptors have also been
tethered via the hydroxyls at C(4) and C(6).>® However, in these cases the
anomeric ratios in the glycosylations are usually rather disappointing.
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Thus, it appears that a rigid five-membered ring transition state is
mportant for high anomeric selectivities,

4.4 Preparation of 2-amino-2-deoxy-glycosides?® 3

Amino sugars are widely distributed in living organisms and occur as
constituents of glycoproteins, glycolipids, bacterial lipopolysaccharides,
proteoglycans and nodulation factors associated with leguminous plants.
Glucosamine is the most common amino sugar and is generally found as
an N-acetylated and f-linked glycoside. Among the bioactive amino
sugars, the N-function can also be derivatised with fatty acids and
sulfates, and several polyamino oligosaccharides possess variously dif-
ferentiated N-acyl residues.

The chemical synthesis of complex oligosaccharides containing amino
sugars is the focus of extensive research and requires amino protecting
groups that are compatible with common protecting group manipulations
and glycosylations. Such groups must be capable of being removed or
exchanged readily and chemoselectively under mild conditions. Further-
more, as for the preparation of glycosides with a 2-hydroxyl, a
participating protecting group is required when a 1,2-zrans glycoside is
desired, whereas a nonparticipating group is essential for the synthesis of
a 1,2-¢is 2-amino-glycoside.

Traditionally, 2—acetamid0-2—deoxy—glycosy1 donors were used for the
synthesis of 1,2-zrans glycosides. Activation of anomeric acetates or
chlorides leads to the formation of relatively stable 1,2-oxazolines
(Scheme 4.11a). These compounds can be isolated and used in a
subsequent acid-catalysed glycosylation to give B-linked disaccharides,
Yields are generally high for primary alcohols but modest for secondary
alcohols. For the glycosylation of secondary alcohols, more reactive
donors have to be used that do not react through 1,2-oxazolines.

To prevent oxazoline formation, 2-deoxy-phthalimido protected
glycosyl donors have been introduced. These derivatives are often the
compounds of choice for the preparation of 1,2-trans-glycosides of 2-
amino-2-deoxy-glycosides (Scheme 4.11b). The phthalimido group is
compatible with many glycosylation protocols and gives high yields when
primary as well as secondary glycosyl acceptors are used. The
introduction and cleavage of this group is discussed in Chapter 2. In
some cases, the relatively harsh conditions tequired for the cleavage of
the phthalimido group is problematic. Furthermore this protecting group
can be damaged by strong basic conditions. Recently, the tetrachlor-
ophthalimido, dichlorophthalimido, n-pentenoyl, dithiosuccinoyl, and
N,N-diacetyl groups have been proposed as alternatives to the N-
phthalimido group. These groups can be removed under milder reaction
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Scheme 4.11  Preparation of 2-amino-2-deoxy-glycosides.

conditions. The problem of these protecting groups, however, is that they
are less stable to basic reaction conditions and will tolerate only a limited
range of reaction conditions,

N-alkoxy carbonyl groups have also been applied for the synthesis of
1,2-trans glycosides (Scheme 4.11¢). These groups are neighbouring-
group active and effectively guide the glycosylation via a cyclic
oxocarbenium ion to give 1,2-trans glycosides. In these cases, oxazeoline
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formation is less likely because of the presence of the alkoxy substituent.
As anomeric groups, bromides, trichloroacetimidates and thioglycosides
have been applied. In some cases the formation of cyclic carbamates has
been observed.

The synthesis of o linked O-glycosides of glucosamines and galactosa-
mines requires a nonparticipating functionality at C(2) and traditienally
the azido group has been selected for this purpose (Scheme 4.11d). To
obtain high o selectivities, the reaction should proceed through an in situ
anomerisation process. As with other nonparticipating functionalities at
C(2), B-linked glycosides can be prepared by using acetonitrile as the
solvent. An azido group can be introduced using several different methods,
which are discussed in Chapter 3, and can be reduced using a wide range of
reducing reagents to give an amino group. An azido group is compatible
with many different glycosylation protocols. Furthermore, the group has
the additional advantage of being stable to rather acidic and basic reaction
conditions, making it compatible with many chemical manipulations.

4.5 Formation of glycosides of N-acetyl-neuraminic acid™'

The aforementioned methods for stereoselective glycosylation are mainly
applicable to aldoses with a substituent at C(2). However, there are other
types of glycoside, the preparation of which requires special considera-
tion. N-Acetyl-a-neuraminic acid (Neu5Ac) frequently terminates oligo-
saccharide chains of glycoproteins and glycolipids of cell membranes and
plays vital roles in their biological activities. The use of derivatives of
Neu3SAc as glycosyl donors is complicated by the fact that no C(3)
functionality is present to direct the stereochemical outcome of
glycosylation (Scheme 4.12a). In addition, the electron-withdrawing

{a) Glycosyl donors of NeusAc

HO oH CO,Me AcQ  Oac CO,Me AcO  pac COMe
HO-.) O AcOw) AcQ.]
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Q
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X =ClBr, F, SR, ¥ =Cl, Br, F, OP{OEY),
OP(OEt)s, SC(S)OE! X = BPh, SePh, Br, OC{=5}OPh,
OC(S)Ph

Scheme 4.12  Glycosylation of N-acetyl-neuraminic acid (NeuSAc) by direct and indirect
approaches.
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(b) Direct glycosylation of Neu5Ac
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carboxyl group at the anomeric centre makes these derivatives prone to
elimmation. Finally, the glycosylation of NeuSAc has to be performed
at a tertiary oxocarbenium ion. Before discussing the approaches for
glycosylation of Neu5Ac donors, a closer look needs to be taken at the
sugar ring conformation and the nomenclature of the anomeric configu-
ration of this monosaccharide derivative. As can be scen in Scheme 4:12a,
the sugar ring of NeuSAc adopts a 'C, conformation. In this case, the
bulky side chain and C(5) acetamido derivative are in an equatorial orien-
tation. In this particular case, the equatorial glycoside is the o anomer
and the axial one the B glycoside. In natural oligosaccharides, glycosides
of NeuSAc are in an « configuration.

Glycosides of N-acetyl neuraminic acid can be introduced by direct or
indirect approaches. In a direct approach, a fully protected Neu5Ac
derivative having a leaving group at C(2) is coupled with a sugar alco-
hol (Scheme 4.12a,b). Silver or mercury salt promoted activation of
bromides and chlorides of N,O-acylated neuraminic acid esters give,
particularly with secondary sugar hydroxyl groups as acceptors, only
modest yields of the desired a-linked coupling products. Thioglycosides
of neuraminic acid derivatives have been used successfully as sialyl
donors.”? These compounds are readily available, stable under many
different chemical conditions and undergo glycosylations in the presence
of activators such as AN-iodosuccinimide—triflic acid (NIS-TfOH),
dimethyl(methylthio)sulfonium triflucromethanesulfonate (DMTST)
and phenyl selenyl triflate (PhSeOTf). For example, NIS- TfOH
mediated coupling of a galactosyl acceptor having free hydroxyls at
C(2), C(3) and C(4) with a thioglycoside of NeuSAc in acetonitrile gave
only the «-(2,3)-linked disaccharide in a yield of 61%. Apart from the
coupling product, an elimination product (glycal) was also isolated.
The regioselectivity of this reaction is due to the greater reactivity of the
equatorial alcohol compared with the axial C(3) hydroxyl. Furthermore,
the C(2) hydroxyl has a lower nucleophilicity as a result of the electron-
withdrawing effect of the anomeric centre. When a similar glycosylation
was performed with a galactosyl acceptor having only a free C(3)
hydroxyl group, the yield and anomeric stereosclectivity was significantly
reduced. It should be realised that the preparations of glycosyl acceptors
with several free hydroxyls are often easier. Hence, such approaches may
offer shorter routes to oligosaccharides. Sialylations have also been
successfully performed using phosphites™ or xanthates™ as the anomeric
leaving group. Furthermore, the reactivity of these donors can be further
improved by conversion of the N-acetyl group into an N-acetyl acetamido
functionality (NAc,).*>

Several indirect glycosylation methods have been described which
take advantage of a temporary functionality at C(3) in NeuSAc (Scheme
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4.12a,¢).>® These C(3) functionalities perform neighbouring-group
participation during a glycosylation and suppress possible elimination
reactions. An efficient C(3) auxiliary is the thiobenzoyl moiety, which
can be introduced via a five-step procedure from NeuSAc. Thus, 2,3-
dehydroneuraminic acid is sterecoselectively dihydroxylated with a
catalytic amount of OsQ, and N-methylmorpholine N-oxide (NMQO). A
C(3)-thiobenzoyl group is then regioselectively introduced with N,N-
dimethyl-a-chlorobenzimidium chloride and hydrogen sulfide, and the
anomeric hydroxyl is converted into a phosphite by treatment with
diethyl chlorophosphite. The resulting glycosyl donor has proven to be a
suitable substrate for the glycosylation of the 8-OH of a NeuSAc
acceptor. This hydroxyl has a very low reactivity in glycosylations
probably because of hydrogen bonding with the carboxyl group at the
anomeric centre. Glycal derivatives of NeuSAc can be used as glycosyl
acceptors to minimise this unfavourable hydrogen bonding. The
thiobenzoyl group is usually removed by reaction with tributyltin hydride
and azobisisobutyronitrile (AIBN). Despite the fact that the indirect
methods provide reliable approaches for the preparation of a-sialic acid
derivatives, they are all hampered by the rather laborious nature of the
synthetic sequence that is required. It should be noted that particular
glycosides of Neu5Ac can efficiently be prepared by an enzymatic
approach (see Section 4.10.1).

4.6 The introduction of 2-deoxy glycosidic linkages®’

The macrolides, anthracyclines, cardiac glycosides and aureolic acids are
important classes of glycosylated compounds that share the same feature;
that is, they contain 2,6-di-deoxy-glycosides. The introduction of 2-
deoxy-o/B-glycosidic linkages requires special consideration. The absence
of a functionality at C(2) excludes neighbouring-group-assisted glycosyl-
ation procedures, and therefore control of anomeric selectivity is
problematic. Additionally the glycosidic linkages of 2-deoxy derivatives
are much more acid sensitive. This feature can easily be explained by
the fact that cleavage of the anomeric moiety proceeds through an
intermediate oxocarbenium ion, which is destabilised by an electron-
withdrawing oxygen at C(2). Thus, replacement of a 2-hydroxyl by a
hydrogen will result in less destabilisation of this intermediate. Glycosyl
donors of 2-deoxy glycosides are much more reactive than their 2-
hydroxy counterparts for the same reason that the oxocarbenium ions of
these derivatives are of considerable stability and therefore easier to form.

While 2-deoxy-glycosyl halides have been employed in glycosidic bond
synthesis, the yields and stereochemical outcomes can often be rather
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disappointing. The increased stability, case of preparation and excellent
reactivity of 2-deoxy-thioalkyl(phenyl) glycosides and glycosyl fluorides
make these derivatives a better choice for use as glycosyl donors,
Reliable approaches for obtaining 2-deoxy glycosides are based on the
introduction of a temporary directional functionality at C(2) and, in this
respect, glycals are often employed (Scheme 4.1 3a).** Several electrophilic
reagents add stereoselectively to the electron-rich enol-ether double bond
of a glycal, leading to a three-membered cyclic cationic intermediate
which can regioselectively be opened by alcohols leading to the formation
of 1,2-trans glycosides. Removal of the anchimeric group (B) furnishes
the 2-deoxy glycoside (Scheme 4. 13a). The stereochemical outcome of this
reaction needs further discussion. The electrophile can add to either the o
or the B face of the glycal derivative, leading to intermediates A or B,
respectively. Intermediate B, in which the electrophile adopts a pseudo-
equatorial orientation at the anomeric centre, is stabilised by the reverse
anomeric effect. This favours a charged substituent at the anomeric centre
tends to adopt an equatorial orientation (see Chapter 1). Nucleophilic
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Scheme 4.13  Preparation of 2-deoxy glycosides.
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{b) Preparation of a f-2-deoxy-glycoside
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Scheme 4.13  (Continued).

ring opening of B by an alcohol would also be preferred over the ring
opening of A. First, nucleophile attack at the anomeric centre is
electronically much more favourable than attack at C(2). This observa-
tion can be explained by assistance of the ring oxygen in the departure of
an anomeric leaving group making this the preferred mode of attack.
Second, nucleophilic ring opening of intermediates A and B follows the
same rules as epoxide opening. Thus, a 1,2-rrans diaxial opening is the
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stereoelectronically preferred reaction mode. Nucleophilic ring opening
at the anomeric centre of A would give a trans-diequatorial product and
would be less favourable stereoelectronically. On the other hand, opening
of B would give the preferred trans-diaxial product. Based on this
discussion, it is clear that intermediate B will be the one that will lead
to product formation. N-iodosuccinimide (NIS) is often used as the
electrophilic reagent. In this case, the iodonium ion (I") adds to the
double bond of the glycal derivative in a reversible manner. After
glycosylation, the iodide at C(2) of the glycosylation product is usually
removed by radical dehalogenation using Bu;SnH.

The stereoselective synthesis of 2-deoxy-B-glycosides is still a major
challenge, and the most reliable methods are based on an equatorially
installed heteroatom substituent that guides the course of the glycosyl-
ation by anchimeric participation and is removed reductively to give the
B linked 2-deoxy-glycosides.*® The following C(2) substituents have been
successfully applied: bromides, selenides, sulfenides and thiobenzoates.
Alternatively, a thioglycoside having an axial phenoxythiocarbonyl ester
on C(2) will, upon activation with iodonium ions, give a 1,2-cyclic
sulfonium intermediate which can react with a glycosyl acceptor to afford a
1,2-trans glycoside having a § anomeric configuration (Scheme 4.13b). In
this reaction, the phenoxythiocarbonyl ester is activated by an iodonium
ion rather than the anomeric thio functionality. Raney-nickel-mediated
desulfurisation of the SPh moiety gives the required product in high yield.
a-Linked 2-deoxy-glycosides can be obtained when a gluco-type glycosyl
donor is used in this reaction. The regioselective opening of the 1,2-cyclic
sulfonjum intermediate merits some further discussion. Normally, 1,2-
cyclic sulfonium ions are opened in a trans diaxial fashion. In the present
case, this would require attack to take place at C(2). However,
electronically attack is preferred at the anomeric centre. The latter factor
is the overriding determinant of the regioselective outcome of the reaction.

Toshiba er al. have designed conformationally rigid glycosyl donors
which possess a thio ether bridge between the C(2) and C(6) position, and
these compounds have been used for the stereoselective synthesis of 2,6-
di-deoxy glycosides (Scheme 4.13¢).* Chemoselective activation of the
anomeric thiophenyl moiety with NIS/TMSOTf and reaction with the
glycosyl acceptor gave mainly o-linked disaccharide in high yield.
The chemoselectivity of this reaction is based on the greater reactivity
of the 2,6-anhydro-2-thio-glycosyl donor compared with that of the 2,6-
anhydrosulfenyl sugar. This observation can easily be explained: the
fomation of an oxocarbenium ion is probably the rate-determining step in
the glycosylation. The sulfenyl moiety is strongly clectron-withdrawing
and will disfavour positive charge development at the anomeric centre.
As a result, such derivatives are of low reactivity in glycosylations
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(see Section 4.8 for other chemosclective glycosylations). The sulfoxide
moiety was reduced with lithium aluminium hydride and the product was
glycosylated with cyclohexanol. Finally, reductive cleavage of the
thioethers gave 2,6-dideoxy glycosides.

4.7 <Convergent block synthesis of complex oligosaccharides

Oligosaccharides can be prepared by a linear glycosylation strategy or by
block synthesis. In a linear glycosylation strategy, monomeric glvcosyl
donors are added to a growing saccharide chain. Such an approach is less
efficient than when oligosaccharide building blocks are used as glycosyl
donors and acceptors (convergent approach). Glycosyl bromides have
been used in block synthesis; however, results were often rather dis-
appointing, especially with labile bromides.

Nowadays a variety of glycosyl donors are available which can be
prepared under mild conditions, are sufficiently stable to be purified and
stored for a considerable period of time. Many donors also undergo
glycosylation under mild conditions, and by selecting appropriate reaction
conditions they give high yields and good «/p ratios. These features allow
the preparation of oligosaccharides by efficient block synthesis.

The favourable properties of the trichloroacetimidate methodology
have been exploited in the block synthesis of the prominent tumout-
associated dimeric antigen Lewis X (Le®).*! The retrosynthetic strategy is
depicted in Figure 4.3. In order to make efficient use of common building
blocks, it was decided to disconnect the octasaccharide into two trimeric
units and a lactoside residue. The trisaccharide was further disconnected
into a fucose and a lactosamine moiety. The lactoside was readily
available from lactose. Thus, the strategy was designed in such a manner
that optimal use could be made of the cheaply available disaccharide
lactose. In such an approach, the number of glycosylation steps would be
considerably reduced. The key building blocks for the preparation of the
target compound I were 1, 2 and 3.

The azido-lactosyl building block 2 was prepared by azidonitration of
lactal (see Chapter 3), followed by selective protection. The selectively
protected lactoside 3 was readily available from lactose via a sophis-
ticated protecting group interconversion strategy. o-Fucosylation of
acceptor 2 with the very reactive fucosyl donor 1 gave trisaccharide 4 in
an 89% yield (Scheme 4.14). The trisaccharide 4 was converted into the
required glycosyl donor 5 and acceptor 6. Thus, removal of the anomeric
tert-butyldimethyl silyl (TBDMS) protecting group of 4 with tetra-n-
butylammonium fluoride (TBAF) and treatment of the resulting lactol
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Figure 4.3 Retrosynthetic analysis and building blocks for the assembly of SLe™.

with trichloroacetonitrile in the presence of DBU afforded trichloroaceti-
midate 5 in a good overall yield. However, cleavage of the isopropylidene
moiety of 4 under mild acidic conditions furnished 6. Coupling of
glycosyl donor § with acceptor 6 in the presence of BFy* Et,O as catalyst
gave the hexasaccharide 7 in a 78% yield. In the latter reaction, the higher
acceptor reactivity of the equatorial 3-OH group with respect to the axial
4-OH was exploited. The synthesis of octasaccharide 10 required a
repetition of the above-described strategy, that is, conversion of the
anomeric TBDMS group into a trichloroacetimidate functionality and
coupling of the trichloroacetimidate 9 with lactoside unit 3 (64%).
Finally, target molecule I was obtained by reduction of the azido group of
10, foliowed by acetylation of the amino group and hydrogenation under
acidic conditions. Using a similar approach, a spacer containing dimeric
and trimeric Lewis X antigen was synthesised.*'®

The described glycosylation strategy was highly convergent and made
optimal use of the common trisaccharide 4. It also exploited the
commercially available disaccharide lactose. Another noteworthy aspect
of this synthesis was that the trichloroacetimidates were prepared in high
yield, and these donors performed very well in the glycosylation reactions
(high yields and high anomeric selectivities). The latter point deserves
further comment. It should be realised that some types of glycosidic
linkages can be constructed rather easily whereas others impose great
difficulties. In planning a synthetic scheme, the disconnections have to be
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Scheme 4.14 Preparation of SLe® by the trichloroacetimidate methodology.

chosen in such a way that the block assembly will not impose problems.
Furthermore, difficutt glycosylations should be performed in an early
stage in the synthesis.

For some oligosaccharide target molecules it may be advantageous to
use a range of different anomeric leaving groups in the glycosylation
strategy. For example, a fragment of the capsular polysaccharide of
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Group B type 111 Streptococcus was prepared by employing thioglycosyl,
cyanoethylidene, and pentenyl glycosides (Scheme 4.15).*>* The
heptasaccharide 17 was assembled from the building blocks 11, 12, 14
and 16 and several important strategic aspects featured in the overall
synthetic plan. For the preparation of building blocks 14 and 16, readily
available lactose was selected as the starting material as this reduced the
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Scheme 4.15 Convergent synthesis of the oligosaccharide of Group B type III Streptococcus.
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number of glycosylation steps that needed to be performed. Trtyl ethers
are convenient glycosyl acceptors and it has been shown that secondary
trityl ethers are in general much more reactive than primary trityl ethers.
These features permit first galactosylation of the trityl ether at C(4) in 12
followed by lactosylation of the trityl at C(6) with 14. The different
reactivities of n-pentenyl and thioglycosides allow thioglycosides to be
activated in the presence of an N-pentenyl glycoside. These combinations
of chemical feature facilitated the assembly of 10 in a convergent manner
from the building blocks 11, 12, 14 and 16 without a single protecting
group manipulation. Corpound 11 was easily prepared by the strategy
outlingd in Section 4.5. Coupling of thioglycoside 11 with di-O-trityl
thioglycosyl acceptor 12 in the presence of MeOTf proceeded with
absolute regio- and stereoselectivity, and disaccharide 13 was obtained in
a quantitative yield. To prevent cleavage of the trityl ethers, the reaction
was performed in the presence of a relatively large amount of activated
molecular sieves (3 A). The preclusion of hydrolysis was very important
as it was observed that an analogous saccharide having a free 4-hydroxyl
group could not be glycosylated, confirming that tritylation activates a
hydroxyl for glycosylation, It 1s also important to note that the C(5)
acetamido group of the Neu5Ac derivative was protected as an N-acetyl-
acetamido to prevent N-methylation by methyl triflate. The additional N-
acetyl group also improved the preparation of disaccharide 11. Next, the
less reactive primary trityl ether of 13 was glycosylated with the
cyanoethylidine derivative 14 in the presence of a catalytic amount of
trityl perchlorate to furnish pentasaccharide 15 in a good yield. The
pentenyl moiety of pentasaccharide 15 remained intact throughout the
synthetic steps leaving it available to serve as an efficient anomeric leaving
group. Thus, coupling of 15 with 16 in the presence of NIS/TMSOTTF gave
the requisite heptasaccharide 17 in an accepiable yield.

4.8 Chemoselective glycosylations and one-pot
multistep glycosylations

An important requirement for convergent oligosaccharide synthesis is
ease of accessibility of oligosaccharide building blocks. Fraser-Reid and
co-workers introduced® a chemoselective glycosylation (armed—dis-
armed glycosylation strategy) which allows the preparation of this type of
unit with a minimum number of protecting group manipulations. It was
shown that pentenyl glycosides having a C(2) ether protection could be
coupled chemoselectively to C(2) benzoylated pentenyl glycosides. The
chemoselectivity relies on the fact that an electron-withdrawing C(2) ester
deactivates (disarms)} and an electron-donating C(2) ether activates
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(arms), the anomeric centre. Thus, coupling of an armed donor with a
disarmed acceptor, in the presence of the mild activator iodonium
dicollidine perchiorate (IDCP), gave a disaccharide as an anomeric
mixture in a yield of 62% (Scheme 4.16). Next, the disarmed compound
was further glycosylated with an acceptor, using the more powerful
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Scheme 4.16 Chemoselective glycosylations with pentenyl glycosides,

activating system N-iodosuccinimide/catalytic triflic acid (NIS/TfOH) to
yield a trisaccharide (60%). Thus, this chemosclective glycosylation
approach allows the preparation of a trisaccharide without a single
protecting group manipulation during glycosylation.

The difference in reactivity between alkylated and acylated pentenyl
glycosides can be rationalised as follows: the elctrophilic iodonium ion
will add to the double bond of the pentenyl moiety to give a cyclic
iodonium jon. Nucleophilic attack by the oxygen will lead to an
oxonium ion intermediate which then forms an oxocarbenium ion and
an iodo-tetrahydrofuran derivative. The aglycone oxygen will be of low
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nucleophilicity when the pentenyl derivative has an electron-withdrawing
ester at C(2). On the other hand, protection of C(2) with an electron-
donating ether substituent will increase the nucleophilicity and, hence,
this substrate will react considerably faster. The effect of protecting
groups upon anomeric reactivity has been known for many years;
however, Fraser-Reid e al. were the first to exploit this effect in
chemoselective glycosylation.

Chemosclective glycosylations have also been developed for thioglyco-
sides*, glycals®, phosphorus-containing leaving groups*® and fluor-
ides.*’ In the case of thioglycosides, a relatively wide range of glycosyl
donors and acceptors with differential reactivities has been developed
which allows the preparation of larger oligosaccharide building blocks.*®

Several methods have been reported to perform chemoselective glyco-
sylations as a one-pot procedure. Kahne and co-workers described a
glycosylation method that is based on activation of anomeric phenylsulf-
oxides with triflic anhydride (Tf,0) or triflic acid (TfOH).'* Mechanistic
studies revealed that the rate limiting step in this reaction is triflation of
the sulfoxide; therefore the reactivity of the glycosyl donor could be
influenced by the substituent in the para position of the phenyl ring and
the following reactivity order was established OMe > H > NO,. The
reactivity difference between a p-methoxyphenyl suifonyl donor and an
unsubstituted phenylsulfonyl glycosyl aceeptor is large enough to permit
selective activation. In addition, silyl ethers are good glycosyl acceptors
when catalytic triflic acid is the activating agent but react more slowly
than the corresponding alcohol. These features opened the way for a one-
pot synthesis of a trisaccharide from a mixture of three monosaccharides
{(Scheme 4.17).* Thus, treatment of the mixture with triflic anhydride
resulted in the formation of the expected trisaccharide in a 25% yield. No
other trisaccharides were isolated and the only other coupling product
was a disaccharide. The products of the reaction indicate that the
glycosylation takes place in a sequential manner. First, the most reactive
p-methoxyphenylsulfenyl glycoside is activated to react with the alcohol
but not with the silyl ether. In the second stage of the reaction, the less
rcactive silyl ether of the disaccharide reacts with the less reactive
sulfoxide to give the trisaccharide. The phenylthic group of the
trisaccharide can be oxidised to a sulfoxide, which is used in a subsequent
glycosylation. The obtained product is part of the natural product
Ciclumycin 0 and despite the relatively low yield of the coupling reactions
this methodology provides a very efficient route to this compound.

Several variations of this concept have been reported.”” > For
example, Ley and Priepke®® prepared the trisaccharide unit, which is
derived from the common polysaccharide antigen of a group B
Streptococci by a facile one-pot two-step synthesis (Scheme 4.18). In this
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strategy, a benzylated activated thioglycosyl donor was chemoselectively
coupled with the less reactive cyclohexane-1,2-diacetal (CDA) protected
thioglycosyl acceptor to give a disaccharide. Next, a second acceptor and
more activator were added to the reaction mixture, which resulted in the
clean formation of a trisaccharide. The lower reactivity of the CDA
protected thioglycoside reflects the torsial strain inflicted upon the
developing cyclic oxonium ion, the planarity of which is opposed by the
cyclic protecting group. The one-pot two-step glycosylation strategy
allows the construction of several glycosidic bonds without time-con-
suming work-up and purification steps. It should, however, be realised
that this type of reaction will only give satisfactory results when all the
glycosylations are high yielding and highly diastereoselective. For
example, by exploiting neighbouring-group participation, it is relatively
easy to form selectively 1,2-trans glycosides. Also, in general, mannosides
give very high « selectivities. Other types of glycosidic linkages may
imposc problems.

4.9 Solid-phase oligosaccharide synthesis

Inspired by the success of solid-phase peptide and oligonucleotide
syntheses, in the early 1970s several research groups attempted to develop
methods for solid-supported oligosaccharide synthesis.”® However, since
the early methods for glycosidic bond formation were rather restricted,
the success of these solid-phase strategies was limited and only simple di-
and trisaccharides could be obtained.

In 1987, van Boom and co-workers reported® the solid-supported
synthesis of a p-galactofuranosyl heptamer. Their synthetic approach is
illustrated in Scheme 4.19. A selectively protected L-homoserine was
linked to the Merrifield polymer chloromethyl polystyrene (PS = polys-
tyrene) to give a derivatised polymer. The loading capacity of the polymer
was 0.5mmolg ' of resin. After acid hydrolysis of the trityl ether, the
galactofuranosyl chloride was coupled with the immobilised homoserine
residue under Koenigs—Knorr conditions to give a polymer-linked
homoserine glycoside. It was observed that the coupling reaction had not
gone to completion and, to limit the formation of shorter fragments, the
unreacted hydroxyl groups were capped by acetylation with acetic
anhydride in the presence of pyridine and N,N-dimethylaminopyridine
(DMAP). Elongation was performed as follows: the levulinoyl (Lev)
group was removed by treatment with a hydrazine/pyridine/acetic acid
mixture and the released alcohol was coupled with the chloride. Again
unreacted hydroxyl groups were capped by acetylation. After repeating
this procedure five times (n =6} the heptasaccharide was released from
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Scheme 4.19  Solid-phase oligosaccharide synthesis with glycosyl donors in solution.

the resin by basic hydrolysis. Under these conditions the benzoyl (Bz) and
pivaloyl (Piv) protecting groups were also removed. Finally, cleavage of
the benzyloxycarbonyl (Z) group by hydrogenolysis over Pd-C gave the
target compound in an overall yield of 23%.

Several other strategies have been described for solid-phase oligosac-
charide synthesis (Figure 4.4). For example, it has been shown that
anomeric sulfoxides are efficient donors in solid-phase oligosaccharide
assembly. In this approach, a glycosyl acce 5ptor is immobilised on tentagel
through an anomeric thiophenyl linkage.” The latter linkage can easily
be cleaved by hydrolysis with a thiophilic reagent such as mercury
trifluoroacetate. These synthetic tools were employed for the synthesis of
a saccharide library. A similar thioglycosyl linker attached to polystyrene
or controlled pore glass has also been used in combination with
trichloroacetimidate donors.*® Also, photo-cleavable linkers have been
reporied which are stable to a wide range of reaction conditions but
which can be cleaved by irradiation with ultraviolet (UV) light.-*®




OLIGOSACCHARIDE SYNTHESIS 141

Immobilised saccharide/ Glycosyl donor/ Cleavage
polymer activator conditions
g OPiv
P o Q . o O Hg(OCOCFy)
HO S —0-CHAB PO I
N ivO S‘Ph
3 OPiv
tentagel TH.0
QH ’ OTBDMS
o NQa o
BzQ BnO
BzO 0 FmocO SPh LV
0Bz OBz
polystyrene DMTST
O\§¢§,® *
OAc
OBn o
BnaO -0 o @ OBEJBn
N Bno -Q W
NOQ H BnQ
NIsTESOTF  OPent
OBn
OH OBn
BnO -0 OR
BnO BnD -Q NBS/THF-MeCH
S\/\/S BnO
@ 0. NH
controlled pore glass or TMSOTF Y
palystyrene CCla
QBr
9__/—®
0—-S AcO Q Nal
é') TBDMSO
Q
AcO PhS o _NH
TESO I TMSOTT
polystyrene CCly

Figure 4.4 Oligosaccharide synthesis on insoluble polymers.

2-Deoxy-glycosides have been prepared on solid support by employing a
sulfonate-based linker that can be cleaved by nucleophilic attack.>

A feature all these procedures have in common is that the anomeric
centre of a saccharide is linked to the solid support and that the glycosyl
donors are added to the growing chain. Danishefsky et a/. reported® an
inverse approach which used the incoming sugars as glycosyl acceptors
and the immobilised saccharide as a donor. The basics of the strategy
involves attachment of a glycal to a polymer suppeort, and epoxidation to



142 ORGANIC SYNTHESIS WITH CARBOHYDRATES

provide a 1,2-anhydro derivative. This polymer-bound glycosyl donor is
then treated with a solution of a protected glycal, acting as a glycosyl
acceptor, to give a polymer bound disaccharide. Reiteration of this
reaction sequence provides larger oligosaccharides, which ultimately are
retrieved from the support (Scheme 4.20). The commercially available 1%
divinylbenzene - styrene copolymer was employed and the glycal was
attached to this resin by using a diisopropylsilyl ether linker. Such a
linker is stable under the employed reaction conditions but can be cleaved
by fluoride-ion treatment. In previous studies, a diphenyldichlorosilane
linker was used; however, it was shown that this linker was inferior to
the diisopropylsilyl linker. Lithiation of the copolymer followed by
quenching with diisopropyldichlorosilane provided silyl chloride modi-
fied resin.

The silylated polymer was reacted with a solution of partially protected
galactal in dichloromethane and Hiinig’s base to give the corresponding
saccharide-linked polymer construct. The loading of the solid support
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Scheme 4.20 Solid-phase oligosaccharide synthesis using an immobilised glycosyl donor.
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was 0.9 mmol g ! of resin. The double bond of the polymer-bound glycal
was activated by epoxidation with 3,3-dimethyldioxirane and the
epoxide, thus obtained, was reacted with a tetrahydrofuran solution of
a galactal acceptor in the presence of ZnCl, to give the polymer-bound
dimer, The glycosidation procedure required a sixfold to tenfold excess
of solution-based glycosyl acceptor and two to three equivalents of
‘promoter. However, in some reactions less acceptor and shorter reaction
times were used. Tt should also be noted that no glycosylation at the 2-
position was observed. Twice repetition of this two-step procedure
{epoxidation, glycosylation) provided a polymer-bound tetrasaccharide,
which was released from the solid support by treatment with tetra-»-
butylammonium fluoride (TBAF). The method allowed the preparation
of the tetrasaccharide in a 74% overall yield. An advantageous aspect of
this solid-supported approach is that no capping step is required because
any unreacted epoxide will hydrolyse in the washing procedure. However,
in the case of a very difficult glycosylation step, most of the solid-
supported linked glycosyl donor may decompose, lowering the overall
yield. In traditional solid-phase synthetic procedures, excess donor can be
used to achieve acceptable yields in difficult glycosylation reactions.

Oligosaccharides can also be assembled on a solid support by using a
two-directional approach.®! In this strategy, an immobilised saccharide
first acts as a glycosyl acceptor and in the next step acts as a glycosyl
donor. This approach requires glycosyl donors that can be orthogonally
activated, and it was found that thioglycosides and anomeric trichloro-
acetimidates provide such a set (Scheme 4.21). A succinoyl-based linker
was used and attachment to the solid support was achieved by amide
bond formation. Cleavage was ecasily accomplished by base-mediated
hydrolysis of the ester linkage. In an alternative approach, the im-
mobilised material first acts as a donor and then as an acceptor. The two-
directional strategy makes very good use of the immobilised saccharides
and requires no protecting-group manipulations for the synthesis of a
trisaccharide. In addition, it proves to be very efficient for the preparation
of trisaccharide libraries.

The rate of reactions on a solid support is generally reduced compared
with solution-based methods. Krepinsky and co-workers addressed this
problem by using a polymer—supported solution synthesis of oligosac-
charides.5? This strategy is based on the fact that polyethyleneglycol
(PEG) polymer supported saccharides are soluble under conditions of
glycosylation but insoluble during the work-up procedure (PEG is soluble
in many organic solvents but can be precipitated in ether), As can be seen
in Figure 4.5, several different linkers have been employed for attachment
of a saccharide to the PEG. A polyethyleneglycol based polymer has also
been used in combination with an inverse procedure using glycosyl
fluorides and thioglycosides as acceptors and donors.®®
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Scheme 4.21 Two-directional solid-phase oligosaccharide synthesis.

4.10 Enzymatic glycosylation strategies

The need for increasingly cfficient methods for oligosaccharide synthe-
sis has stimulated the development of enzymatic approaches.®* The
enzymatic methods bypass the need for protecting groups since the
enzymes control both the regioselectivity and stereoselectivity of a
glycosylation. Two fundamentally different approaches for enzymatic
oligosaccharide synthesis have been developed: (1) the use of glycosyl
transferases and (2) the application of glycosyl hydrolases.

Glycosyl transferases are essential enzymes for oligosaccharide
biosynthesis. These enzymes can be classified as enzymes of the Leloir
pathway and those of the non-Leloir pathway. The glycosyliransferases
of the Leloir pathway are involved in the biosynthesis of most N-linked
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Figure 4.5 Oliposaccharide synthesis on polyethyleneglycol (PEG).

and O-linked glycoproteins in mammalians and utilise sugar nucleotide
monophosphates or diphosphates as glycosyl donors. In contrast,
glycosyltransferases from the non-Leloir pathway use sugar phosphates
as substrates.

Glycosyl transferases are highly regioselective and stereoselective
enzymes and have been successfully applied in enzymatic synthesis of
oligosaccharides. Glycosyl transferases can be isolated from milk and
serum and are most commonly purified by affinity column chromato-
graphy using immobilised sugar nucleotide diphosphates. Several
glycosyl transferases have been cloned and overexpressed and are now
readily available in reasonable quantities. However, the number of easily
available glycosyl transferases is still very limited. Furthermore, these
enzymes are highly substrate-specific and therefore the possibilities of
preparing analogues are limited.

Nature employs glycosyl hydrolases for the degradation of oligosac-
charides. However, the reverse hydrolytic activity of these enzymes can
also be exploited in glycosidic bond formation. This method allows the
preparation of several disaccharides and trisaccharides. Glycosyl hydro-
lases are much more readily available than glycosyl transferases but are
generally less stercoselective and the transformations are lower yielding.
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Combined approaches have been developed to overcome problems
associated with chemically and enzymatically based methods. In such
an approach, glycosidic linkages that are very difficult to introduce
chemically are introduced enzymatically and vice versa. The enzymatic
approach has proven to be extremely valuable for the introduction of
neuramic acid units in a synthetically prepared oligosaccharide.

4.10.1 Glycosyl transferases

B-(1-4)-Galactosyltransferase is one of the most commonly used enzymes
for glycosidic bond synthesis and catalyses the transfer of galactose from
uridine diphosphate-Galp (UDP-Galp) to the 4-position of a GlcNAcp
residue.®® For example, N-acetyl lactosamine was obtained by condensa-
tion of galactosyl-UDP with N-acetyl glucosamine in the presence of B-
(1—4)-galactosyltransferase, and this reaction proceeded with complete
absolute stereoselectivity and regioselectivity (Scheme 4.22). The UDP
that is formed during the reaction is an inhibitor of the enzyme and

HO _-OH OH HO -OH OH
0 HO O galactosyl 0] o 0
HO&ﬁ + HB&A/OMB transferase HO HO. OMe

HOG_Lupp NHAG (60%) . Ho Lo NHAC
+

Scheme 4.22  Glycosy! transferases in stereoselective glycosidic bond synthesis.

decreases the yield of the transformation. To accelerate the enzymatic
glycosylation it is desirable to remove the UDP. Indeed, when the
galactosylation is performed in the presence of calf intestinal phos-
phatase, an enzyme that degrades UDP, the yvield of the disaccharide is
increased from 60% to 83%.% The convenience of the transformation
can be further improved by in situ enzymatic synthesis of UDP-Gal
from the inexpensive UDP-glucose (UDP-galactose 4'-epimerase). The B-
(1-4)-galactosyltransferase tolerates some modifications in the glycosyl
donor and acceptor.** For example, D-glucose, D-xylose, N-acetylmura-
mic acid and myo-inositol have been utilised as a glycosyl acceptor.
Furthermore, derivatisation at the 3 and 6 positions of the glycosyl
acceptor are tolerated and, for example, the disaccharide a-L-Fucp-
(1-6)-GlcNAcp is a substrate for the enzyme. Fucosyl transferases,®’
sialyl transferases,5® N-acetylglucosaminyltransferases® and mannosyl
transferases’™® are other glycosyl transferase enzymes that have been
applied for glycosidic bond synthesis.

The nucleotide diphosphates can be obtained by different approaches.
Chemical synthesis provides an aftractive route to these activated

-
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substrates but the methods developed are rather laborious. Alternatively,
nucleotide diphosphates can be obtained by enzymatic synthesis.
However, the most elegant way to utilise nucleotide phosphates is by in
situ regeneration, An example of such an approach is illustrated in
Scheme 4.23.71 A catalytic amount of UDP-Galp was used to initiate the
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Scheme 4.23  The use of glycosyl transferases in combination with in sitw co-factor regeneration.
E, —galactosyl tranferase; E;=pyruvate kinase, E;=UDP-Glc-pyrophosphorylase; E; =
galactose-1-phosphate uridyl transferase; E; = galactokinase.

glycosylation of N-acetylglucosamine to give lactosamine and UDP.
Next, UDP is converted by a multienzymatic process into UDP-Gal. The
reaction requires a stoichiometric amount of galactose-6-phosphate.
Other co-factor regeneration processes have been developed.”” Apart
from using catalytic amounts of expensive nucleoside diphosphate, in situ
co-factor regeneration offers the advantage of having low concentrations
of uridine diphosphate in the reaction. As the latter compound is an
inhibitor of the enzyme, under the in sify regeneration conditions, the
transformation will proceed to completion.

Wong, Paulson and co-workers have emploved glycosyl transferases
for the preparation the tetrameric SLe* ligand.”® They overexpressed
galactosyl, fucosyl and neuramyl transferases and used in situ regenera-
tion of the nucleotide diphosphate. This methodology makes it possible
to prepare multigram quantities of the SLe* tetrasaccharide.
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4.10.2  Glycosyl hydrolases

Glycosidic bonds have been prepared using glycosidases and these
transformations have been accomplished under kinetic (transglycosyla-
tion) and thermodynamic (reverse hydrolysis) controlled conditions.
The reverse hydrolysis is based on a shift of the reaction equilibrium,
normally in favour of the hydrolysis of glycosidic linkages in aqueous
medium, towards synthesis. Thermodynamic considerations indicate that
this shift in equilibrium can be achieved by either increasing the substrate
concentration or decreasing the water content of the reaction solvent. The
best results have been obtained bdy using an alcoholic solution contain-
ing a small proportion of water.” For example, B-p-allyl glucoside was
isolated at a yield of 62% when glucose in an aqueous solution of allyl
alcohol (10% water) was treated with almond B-p-glucosidase at 50°C for
48 h (Scheme 4.24). Galactosides and mannosides have been prepared by

OH OH
HO Q OH alfyl alcohol/water (9/1) HOHE&OA/O Al
HO almend p-D-glucosidase

HO (62%) HO

Scheme 4.24 Reverse activity of glycosyl hydrolases under thermodynamic conditions.

employing galactosidases and mannosidases, respectively. Furthermore,
the methodology has been used for the preparation of benzyl, pentenyl, 6-
hydroxyhexyl and 2-(trimethylsilyljethyl glycosides. The amount of water
to be used depends on the enzyme and alcohol and in general between 8%
and 20% water gives the highest rate of conversion. In general, the more
hydrophobic the alcohol, the more water is needed in the medium to
maintain the enzyme in an adequately hydrated state.

Kinetically controlled glycosylation is based on trapping a reactive
intermediate with a glycosyl acceptor to form a new glycosidic linkage.
The reactive intermediates can be obtained by a transglycosylation of
disaccharides and oligosaccharides, aryl glycosides and glycosyl fluorides.

An example of a transglycosylation is given in Scheme 4.25.”> Reaction
of p-nitrophenyl w-fucopyranoside with methyl galactoside in the
presence of a-L-fucosidase gave a mixture of two disaccharides. Thus,
the enzyme hydrolyses the aryl glycosidic linkage to form an activated
glycosyl—enzyme intermediate. This intermediate can now react with a
wide range of exogenous nucleophiles including saccharides, alcohols and
water. Surprisingly, despite the enormous amount of water that is present
in the reaction medium, the glycosyl-enzyme intermediate reacts
preferentially with a galactosyl acceptor. This feature is probably because




OLIGOSACCHARIDE SYNTHESIS 149

;\j HO ~OH
HO O &y ;\\‘j
aq.-fucomdase
+ HO

HO
6.5% 0%

Scheme 4.25 Glycosylation with glycosyl hydrolases under kinetic cenditions.

of recognition of the glycosyl acceptor by the enzyme. Many factors
determine the outcome of a glycosidase-mediated glycosylation. For
example, the product ratio of the fucosidase catalysed reaction could be
influenced by selecting different reaction solvents.

The reaction time of a transglycosylation may also be an important
determinant of the product outcome. For example, the (1—4) linked
disaccharide (V,N'-diacetylchitobiose) was the initial product formed
when a mixture of N-acetyl-D-glucosamine and p-nitrophenyl p-p-2-N-
acetyl glucosamide was treated with B-galactosidase from Aspergillus
oryzae (Scheme 4.26).7° The only other transfer product observed was the
corresponding (1-6) linked disaccharide formed at 10% of the total
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Scheme 4.26 Glycosyl hydrolases in oligosaccharide synthesis, (i) = N-acetylhexosaminidase
from A. oryzae; (ii)= f-mannosamine from A. orzyae.
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transfer products. After the donor had been consumed, the ratio between
the disaccharides continued to evolve with a relative increase in the
concentration of the initial minor product. At the point of disappearance
of the glycosyl donor the ratio of (1—4) to (1-6) transfer products was
9:1. At the extreme during continued evolution of the disaccharide
mixture, this ratio was reversed to 8:92. This result can be explained if it
is assumed that during the second stage of the reaction, the accumulated
(1-4) product acts as a glycosyl donor, transferring an N-acetyl-B-p-
glucosaminyl residue to the C(4) and C(6) hydroxyl of N-acetyl-b-
glucosamine increasing the overall relative and absolute concentration of
the (1-6) linked product. At the same time, both are undergoing
hydrolysis to the monosaccharide, the (1-4) disaccharide at a faster rate
than the (1-6) disaccharide. After purification by charcoal-celite column
chromatography, the disaccharide could be isolated in a yield of 22%.
When the disaccharide mixture (9:1) was treated with N-acetylhexosa-
minidase from Canavalia ensiformis (Jack bean), the (1—6) isomer was
sclectively hydrolysed. In the presence of a mannosyl transferase from A.
oryzae, a mannosyl unit from p-nitrophenyl p-b-mannopyranoside could
be transferred to a disaccharide to give a trisaccharide in a yield of
26%. This trisaccharide is part of the core trisaccharide of N-linked
glycoproteins,”’
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5  The chemistry of O- and N-linked glycopeptides
G.-J. Boons

5.1 Introduction

For a long time, carbohydrates and peptides were considered as separate
classes of natural products. However, it is now well established that most
proteins of eukaryotic cells are glycoproteins; they are covalently link-
ed to saccharide portions. Various functional roles for carbohydrate
moieties of glycoproteins have been postulated,’? and glycosylation
strongly affects physiochemical properties as well as biological functions.
Uptake, distribution, excretion and proteolytic stability, immunological
masking of peptide epitopes, as well as the initiation and control of
protein folding are examples of the important influences of glycosyla-
tion.” Protein-bound carbohydrates have been identified as ligands that
are involved in cell—cell interactions and are recognition sites for viruses
and bacteria. Several studies have revealed that saccharide attachment to
peptides, which are not glycosylated in nature, can influence pharmaco-
logical and pharmacokinetic properties of peptides functioning as enzyme
inhibitors, neuropeptides and hormones.

Glycopeptide linkages can be divided into two principal groups:
(1) the N-linked group, bearing an N-glycosidic linkage to the site chain
of 1.-asparagine and (2) the more diverse O-linked group, bearing an
O-glycosidic linkage to L-serine, L-threonine, 4-hydroxy-L-proline, or
8-hydroxy-1.-lysine (Scheme 5.1). In living systems, post-translational
construction of the N-linked g}‘ycoprotein begins while the nascent
protein is still on the ribosome.* The context for this process is well
defined,” and N-linked glycoproteins show even less structural diversity in
the linkage region than their O-linked counterparts, which are assembled
in the trans-Golgi apparatus and its membranous extensions. Typically,
the N-linked glycoproteins contain a GlcNAcp—p-(1 — 4) GlcNAcp—
P(1 — N) linkage to Asn-Xxx-Ser or Asn-Xxx—Thr {chitobiose — Asn
linkage), whereas the O-linked glycoproteins display at least four distinct
types of linkages, which vary both in terms of the carbohydrate
attachment, as well as in the identity of the amino acid carrier. Unlike
serine and threonine, the hydroxyproline and hydroxylysine residues are
created after protein assembly by post-translational modification of the
assembled protein prior to glycosylation.?

Despite the tremendous amount of research that has been committed
to unveil the biosynthetic pathways and biological effects of protein
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(a) N-lLinked glycopeptides
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Scheme 5.1 N- and O-linked glycopeptides.

glycosylation, even for the more extensively studied classes of glycopro-
teins the biological role of the saccharide moiety of these compounds are
not well understood® and the synthesis and structural analysis of simpler
glycopeptides is required.’

3.2 Strategies for the chemical synthesis of glycopeptides

A short introduction to peptide synthesis will be given before the
synthesis of glycopeptides is discussed. Proteins are assembled by a
nucleic acid templated reaction from a menu comprising 19 L-o-amino
acids of general structure 1 and the amino acid L-proline (2) (Figure 5.1).
Nature synthesises proteins by a stepwise assembly of amino acid
building blocks. Since these compounds are readily available in
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Figure 5.1 Amino acid and peptide structures. 1 = general structure; 2 = L-proline.

homeochiral form, this is also the most obvious way for the chemist to
proceed in the laboratory. The condensation of two amino acids will give
a complex mixture of compounds (different dimers and oligomers). In
order to obtain a particular dipeptide, the amino group of one amino acid
and the carboxyl group of the other amino acid both need to be blocked
selectively (Scheme 5.2a).

The most commonly used amino protecting groups are the
t-butoxycarbonyl (Boc) and fluorenylmethoxycarbonyl (Fmoc) groups.
The Boc group is stable to catalytic hydrogenolysis and to basic and
nucleophilic reagents. However, the Boc group is conveniently removed
by treatment with the moderately strong acid trifluoroacetic acid (TFA).
The Fmoc group is very stable to acidic conditions, but is cleaved with
mild basic reagents, and 20% piperidine in dimethylformamide (DMF) is
routinely used. The carboxyl acid is frequently protected as a benzyl or ¢-
butyl ester. These groups can be removed by catalytic hydrogenolysis or
by TFA, respectively. Alternatively, the carboxylic acid can be used to
immobilise an amino acid to a solid support. Some functional groups of
side chains may interfere with amide bond formation and therefore need
protection. The amino and guanidino groups of lysine and arginine, the
carboxylates of aspartic and glutamic acids, and the nucleophilic thiol
and imidazole groups of cysteine and hystadine, respectively, are usually
protected.

There are many methods of carboxylate activation. A coupling reaction
should allow complete coupling without affecting the rest of the mol-
ecule. N,N-Dicyclohexylcarbodiimide (DCC or DDCI) is a widely used
coupling reagent. [t provides a high level of activation and therefore all
the reactive side chains usually need to be blocked. Extensive racemisa-
tion may take place with particular activated amino acids. Addition of 1-
hydroxybenzotriazole (HOBU) to the coupling reaction will greatly reduce
the danger of racemisation. Tn order to synthesise a tripeptide, either the
amino protecting group or the carboxylic acid protecting group of a
dimer has to be removed without effecting the other protecting groups. It
is common practice to remove the amino protecting group. The carboxyl
of an amino acid monomer will be activated and coupled with the di-
peptide to give a tripeptide. This process is repeated until the whole
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peptide is assembled. Finally, all protecting groups are cleaved to give the
target compound.

Two approaches can be considered for the synthesis of glycopeptides.
The convergent strategy entails the glycosylation of properly protected
oligopeptides. The success of O-glycosylation of peptides is limited be-
cause of the low solubility of peptides under the conditions commonly
employed for glycosylation and the low reactivity of the side-chain
hydroxyls of serine and threonine. Condensation of a glycosylamine and
a peptide containing an aspartic acid residue has been accomplished in
the synthems of N-linked glycopeptides.® The major problem of this reac-
tion is the intramolecular aspartimide formation with the C-terminal
amide group upon activation of the aspartic side chains.

The second method is based on the preparation of glycosylated amino
acids, which are used in the stepwise synthesis of glycopeptides (Scheme
5.2b). In this strategy, an oligosaccharide is prepared and coupled to a
properly protected amino acid and this building block used in
glycopeptide assembly. The stepwise approach is more reliable than
block synthesis and can be performed in solution or on solid support.
However, it should be realised that many methods and reaction
conditions that are commonly used for peptide synthesis cannot be
applied for the preparation of glycopeptides. These limitations arise from
the chemical lability of glycopeptides. For example, the O-serine and
threonine glycosidic hnkages are base sensitive and can undergo B
elimination (Scheme 5.3).° Strong basic conditions can also racemise the
stereogenic centres of peptides. Furthermore, glycosidic bond linkages
are sensitive under strong acidic conditions. In early synthetic studies

{a) Acid-mediated cleavage of the glycopeptide linkage

o]
\ ot /é
RO NJ [ RO \A " H,N\g 'l_|
(b) Base-mediated cleavage of the glycopeptide linkage
‘hase
~ g 1 {
QO _ -~
RO—— NO N7 N ROE\//A/O + E)J\E
, \g H/ \g

Scheme 5.3 Chemical lability of O-linked glycopeptides.
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unnecessary precautions were taken to prevent [ elimination but
systemaltic studies have shown that the O-glycopeptide linkages are
stable to conditions used for Fmoc cleavage (piperidine} and to catalytic
NaOMe in methanol, conditions that are used for cleavage of acetyl
protecting groups. These reaction conditions will not racemise chiral
centres in the peptide backbone. Glycosidic bonds are cleaved by strong
acids such as HF but saccharides are stable to short treatment with TFA
and therefore many side-chain protecting groups that are cleaved under
these conditions can be used for glycopeptide synthesis. However, care
has to be taken when a saccharide contains a fucosidic linkage since this
type of glycosidic bond is more labile than normal glycosidic linkages.

5.3 Protecting groups in glycopeptide synthesis

The reaction conditions applied for the protecting group manipulations
should be compatible with the glycopeptide structure and in general
strong acidic and basic conditions should be avoided. As discussed in
Chapter 2, benzyl cthers are often employed as permanent protecting
groups during oligosaccharide synthesis; however, this type of protection
is rarely used in the syntheses of glycopeptides that contain cysigine
residues. The problems of using benzyl groups arise from poisoning of the
Pd catalyst by the sulfur atom of cysteine. Thus, benzyl-protecting groups
can be used for the assembly of oligosaccharide moieties but have to be
replaced by other protecting groups prior to the synthesis of such
glycopeptides. Often acetyl protecting groups are used for the protection
of the oligosaccharide. This protecting group can be removed by
treatment with a catalytic amount of sodium methoxide in methanol or
with saturated ammonia in methanol. These reaction conditions do not
affect the glycopeptide structure. The use of O-acetates has an additional
advantage in that glycosidic linkages are stabilised by this electron-
withdrawing protecting group. Thus, it is often advantageous to remove a
glycopeptide from a solid support with acid and follow this by cleavage of
the acetyl protecting groups.

The fluorene-methoxy-carbonyl (Fmoc)'” group is often employed as a
temporary amino protecting group on glycosylated amino acid building
blocks. Cleavage of the Fmoc can best be accomplished by the weak base
morpholine as it gives a cleaner reaction product than when piperidine or
1.8-diazabicyclo[5.4.0Jundec-7-ene {DBU) is used. The t-butyloxycarbo-
nyl (Boc) group,'' which can be cleaved with TFA, has been used as
an amino protecting group in solution-phase glycopeptide synthesis,
The Boc methodology often cannot be used for solid-phase synthesis
because the linkers used for these approaches require strong acidic
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conditions for cleavage (e.g. HF) and glycosidic bonds frequently do
not survive this treatment,

Allyl, benzyl, phenylacyl and t-butyl esters are commonly used for
protection of the carboxyl group. These esters can be removed without
affecting the Fmoc group, and the resulting deprotected glycosylated
amino acids can be used in glycopeptide synthesis.

5.4 Chemical synthesis of serine O-glycoside derivatives

The Koenigs Knorr methodology gives low yields when serine or
threonine residues of properly protected amino acid or peptides frag-
ments are glycosylated."” ' The disappointing yields are probably
because of the low reactivity of serine and threonine hydroxyls. One
suggested explanation for the poor reactivity of serine-containing
peptides (serine amides) is that unfavourable intramolecular hydrogen
bonding (N—H —:0OH) reduces the nucleophilicity of the serine
hydroxyl.'®® Thus, by protecting the serine or threonine amine as an
imine moiety, the unfavourable hydrogen bonding pattern can be
reversed (C=N: — H—0), leading to enhanced reactivity of the hydroxyl
group in the Koenigs-Kndrr reaction. By running side-by-side reactions
under identical conditions, it was demonstrated that the nature of the
amino protecting group plays an important role in the course of the
Koenigs—Knorr reaction with tetra-O-acetyl-glucosyl bromide and
various serine esters (Scheme 5.4).%® Competition experiments showed

N=CPh;

ACO N=CPh, HQ{CN);  AcO o :
AcO o] : HygBro AcO 0\/\
AcO + HO\/\ — AcO COOMe
% coome ~

Br favourable H-bonding

i X
Me
me M Hg(CN)2 N7 ToBn
AcO N”  OBn AcO ) :
o . : HgBry  AcO :
Ao + HOL -~ AcO O coome
COOMe -40% A0
AcO, e
Br )
no H-bonding
0
1 )K
AcO o H’SAOB” Hﬁf;%hff a0 0 Ry omn
AcO . HO. ‘e O™
AcQ N EO0Me <20% i COOMe
AcO
Br

unfavourable H-banding

Scheme 5.4 The effect of hydrogen bonding in the Koenigs—Knérr reaction.
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that the benzophenone Schiff base esters of serine are more nucleophilic
than their benzyloxycarbonyl protected (Cbz, Z-protected) counter-
parts.’” Tt is Interesting to note that Z-protected y-hydroxy-proline
derivatives, which are presumably not capable of intramolecular H-
bonding because of geometrical constraints, glycosylate more easily than
their unconstrained B-hydroxy analogues.'® To provide useful synthetic
methods for solid-phase synthesis, this approach to serine glycosides
requires hydrolysis or hydrogenolysis of the Schiff base nitrogen and
subsequent N-acylation (Fmoc), thus adding to the number of steps
required to incorporate the glycoside-bearing residue into a peptide.
Despite the reduced nucleophilicity of N-acylated serine derivatives,
direct glycosylation of Fmoc protected serine and threonine esters is
feasible, and has become a popular appreach to O-linked glycopeptides
(Scheme 5.5).'° In this approach, the pentafluorophenyl (Pfp) ester has a

Aco—, OR AgOTF AcO—, OR
A%OO%O + HO ,?IHFT)(:’Cfp ; Aox2
C \/\”/ CH20|2 Cf NHFH’IOC

Br o (80%) 0 OPfp
R = a-D-Man-({OAc), \/j'l;
Ay OR
e
AcO NHFmoc ® Dhbt-OH ®
O\/YNH -peptide “DME_ HeN-peptide
0

Scheme 5.5 Pentafiuorophenyl (Pfp) ester as a protecting and activating Broup.

dual role; first, it acts as a protecting group during the glycosylation
process and subsequently it functions as an activating group during
peptide bond formation. Potential problems with the Pfp ester glycosides
include hydrolysis of the activated ester, during isolation and chromato-
graphy of the amino acid precursor, and modest reactivity of the Pip
esters during the peptide coupling reaction. It is noteworthy that the use
of racemisation suppressors such as hydroxybenztriazole®®?' accelerate
peptide bond formation.'®

Fmoc protected serine and hydroxyproline can be glycosyled with 1,2-
trans-glycosyl peracetates, using Lewis acids (BF- Et,O or SnCl) as
promoters (Scheme 5.6).2 Thus, in this approach, the carboxylic acid of
the amino acids is unprotected, Surprisingly, coupling of the glucosyl
penta-O-acetate with an Fmoc protected serine derivative gave a lower
yield of coupling product. The vields reported for this approach are
modest (34%-65%), but the starting materials are readily available, and
the products can be used directly in solid-phase glycopeptide assembly.
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Scheme 5.6 Direct glycosylation of Fmoc protected amino acids.

Perhaps more troublesome than the moderate yields is the necessity for
reversed-phase high-performance liquid chromatography (HPLC) to
purify the Fmoc protected amino acid glycosides. Tt has been reported,
that the carboxylic acid moiety of an amino acid can be protected as a
phenacyl ester and after glycosylation be removed with HOAc/Zn®
(Scheme 5.7). Thus, a thioglycosyl donor, having a nonparticipating
functionality at C(2), was reacted with the Fmoc protected phenacyl ester

QA DAc
AcO ¢ AcO o I}lHFmoc\i
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Scheme 5.7 Glycosylation of Fmoc and ‘Boc esters,
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to provide a mixture of anomers (a: B=2:1). Subsequent reduction of the
azide moiety with thioacetic acid, followed by acylation, led to the desired
2-deoxy-2-N-acetyl glycosides. It is noteworthy that azides can con-
veniently be reduced under a variety of conditions to give an amino
functionality and the azido group has proven to be an attractive
nhonparticipating masking functionality for an amino group in glycocon-
Jugate and oligosaccharide synthesis (see Chapters 2 and 4). Furthermore,
this approach gives glycosylated amino acids in higher yields but is more
laborious than the method employing Pfp esters.

An even earlier Helferich-type glycosylation of the Boc and benzyl
protected scrine derivative with a glycosyl donor, having a participating
N-acetyl functionality at C(2), gave a coupling product in modest yield.
The benzyl ester of the product could subsequently be removed by
hydrogenolysis.®* The first linkage type [e-GalNAc (1 —+ O-Ser] is by
far the most abundant type found in naturally occurring  O-linked
glycoproteins,® and the second type [B-GleNAc—(1 — O-Ser] has been
found only within nuclear glycoproteins.® It should be noted that the
glycosyl donor contarning an N-acetyl moiety reacts via an oxazolidine
intermediate leading to trans-B-glycosides and has the advantage that
N-deprotection and subsequent reacylation is not necessary. However,
oxazolidines are rather unreactjve glycosyl donors and give poor results
with unreactive acceptors. 2-Amino-glycosyl donors having N-trichloro-
ethoxycarbonyl (Troc) as protection for the amino functionality have
also been used in glycosylations with serine and threonine derivatives as
acceptors, "0 26 Thjs participating group favours B glycosides, as does
the classical N-phthalimide. It is important that the N protection of the
glycosyl donor is orthogonal to the N protection of the amino acid ac-
ceptor, and it is essential that any N deprotection performed after peptide
assembly does not destroy the newly formed peptide bonds.

Although very reactive sulfoxides, derived from thioglycosides
(Scheme 5.8), can be useful in the synthesis of highly congested glycosidic
linkages,?’ their use with serine and threonine acceptors led to anomeric
mixtures.?® Use of the classical Koenigs-Knérr procedure with a silver
catalyst (AgClO,) in conjunction with an azido sugar bromide and an
imine protected acceptor gave superior results.’*® Thisg reaction system
has provided high « stereoselectivities (a: B> 10 I} as well as excellent
overall chemical yields of » glycosides.

The trichloroacetimidate methodology has been successfully applied to
the synthesis of sialyl and asialyl Ty epitopes (Scheme 5.9).%% The use of
this methodology can lead to predominant orthoester formation with
2-0-acetyl protected glycosyl donors, but acceptable results can be
obtained with 2-azido-glycosyl donors. The complexity of the tetra-
saccharide donor probably contributes to the poor chemical yield of this
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Scheme 5.9 Trichloreacetimidate methodology.

glycosylation, as well as the modest (¢:B < 3:1) anomeric selectivity.
The principal value of the trichloroacetimidate approach is that fairly
complex oligosaccharides may be assembled from saccharide building
blocks in a convergent manner prior to glycosylation of the serine or
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threonine moiety. The thioglycoside approaches also share this advantage
and the anomeric thio moiety can function as an efficient anomeric pro-
tecting group prior to glycosylation.

Recently, a.2-azido-galactosyl fluoride was coupled with an allyl/Fmoc
protected serine derivative and, in this case, the coupling product was
obtained with high o selectivity.™® After a protecting group interconvei-
sion step, the derivative obtained was used as a glycosyl acceptor, and
subsequent glycosyl donors were added to give a glycotetraosyl peptide
structure which represented a predominant substructure in complex
glycan-glycoproteins present in human blood group A ovarian mucin,

5.5 The synthesis of N-glycopeptides

The preparation of N-glycopeptides requires a completely different
strategy because an anomeric amide has to be introduced instead of
a glycosidic linkage. The most commonly employed methods for the
preparation of N-glycopeptides proceeds through a glycosyl azide which
1s reduced to a labile intermediate glycosylamine which is subsequently
condensed with an appropriately protected aspartic acid derivative.®! For
example, treatment of 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-o-p-gluco-
pyranosyl chloride with silver azide gave the corresponding B-p-gluco-
pyranosyl azide (Scheme 5.10). Hydrogenation of the anomeric azide
with Pd-C resulted in the formation of glucopyranosyl amine as a mixture
of anomers. Coupling of the anomeric mixture of amines with an aspartic
acid derivative in the presence of dicyclohexylcarbodiimide (DCC)
yielded B-linked glycopeptides in a reasonably good vield. Surprisingly,
o anomers are never observed in this condensation. Other activat-
ing reagents that have been used to introduce the N-glycosidic link-
age include ethyl-2-ethoxy-1,2-dihydroquinoline-1-carboxylate (EEDQ),
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Scheme 5.10 Formation of B-N-glycosides.
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2-i-butoxy-carbonyl-1,2-dihydroquinoline (IIDQ) or the water-soluble
carbodiimide 1-ethyl-3-(3'-dimethylaminopropyl)-carbodiimide (EDC).

It has been shown that glycosyl azides can be prepared in higher yields
by using phase-transfer conditions.**> Furthermore, an anomeric amino
group can be introduced by reaction of 2-acetamido-2-deoxy-glucose
with ammonium hydrogen carbonate.’® In the latter approach, the
anomeric amino group was protected as an Fmoc group which aided
purification. Treatment of anomeric acetates with TMSN; represents
another interesting entry to glycosyl azides.**

5.6 Solution-phase and solid-phase glycopeptide synthesis

Properly protected glycosyl amino acids have been used for incorporation
into peptide chains using standard methods for peptide coupling. The
Fmoc/Boc protecting group combination is most commonly applied
using the coupling reagent 2-ethoxy-1-ethoxycarbonyl-2,2-dihydroquino-
line for the incorporation of a giycosyl amino acid.’® In addition,
pentafluorophenyl  esters,®  3,4-dihydroxy-4-oxo-1,2,3-benzotriazine
(Dhbt)*” or DCC/HOBt*® have been successfully used. The reactivity of
the Pfp esters can be increased by the addition of HOBt. Solution-phase
techniques have made it possible to synthesise glycopeptides that contain
10-12 amino acid residues and one or more P%lycosyl side chains. An
example of the synthesis of the divalent Lewis™ containing hexapeptide
is given in Scheme 5.11. Thus, a trisaccharide B-linked to N-Boc pro-
tected a-aliyl-aspartate was obtained as detailed in Section 5.5. The
Boe protecting group of the N-glycosyl asparagine derivative was cleaved
by treatment with HCI in diethylether, and the deprotected amino
functionality was condensed with Boc-glycine. Next, the Boc group of
the glycosylated dipeptide was removed using standard conditions. The
second glycosylamino acid was prepared by cleavage of the allyl ester of
the starting N-glycosyl asparagine derivative using Wilkinson’s catalyst.
This derivative was coupled with the glycosylated dipeptide employing
a water-soluble carbodiimide (EDC) to give a tripeptide that has two
saccharide attachments. The N-terminal Boc group of glycotripeptide was
replaced by a biological compatible acetyl group followed by cleavage of
the allyl ester. Next, the carboxyl function of this product was easily
condensed with the amino group of a tripeptide to give a glycohexapep-
tide. Finally, the t-butyl ester of this compound was cleaved by formic
acid and the acetyl groups of the saccharide moiety were removed by
treatment with NaOMe in methanol.

Solid-phase-based methods offer a faster approach to the synthesis
of more complex glycopeptides and also enable multiglycopeptide
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Scheme 5.11 Solution-phase glycopeptide synthesis.

synthesis® and the construction of glycopeptide libraries.*® Only a few
standard methods for solid-phase-based synthesis of peptides are ap-
plicable to the preparation of glycopeptides. This restriction is a result of
the acid lability of glycosidic linkages. Therefore, solid-phase synthesis
that involves cleavage of the product from the resin with HF is not
applicable. The linkers summarised in Figure 5.2 have been successfully
applied and allow cleavage under neutral or mild acidic conditions.
However, a persistent problem in the glycosidic linkage between the
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Figure 5.2 Linkers for solid-supported glycopeptide synthesis.

hydroxyl of serine and threonine is that they can be readily cleaved via
¢limination under basic conditions (Scheme 5.3).

Polystyrene polymers cross-linked with divinyl benzene are commonly
used for solid-phase glycopeptide synthesis; however, for continuous-flow
synthesis the kieselguhr-supported polydimethyl acrylamide resin is
preferred.”’ Recently, the use of the PEGA resin (polyethylene glycol-

polyacrylamide copolymer) was described.*? The high swelling capacity
and disaggregating properties of this resin allows high rates of mass
transfer, resulting in fast reactions.

A successful approach for the synthesis of a diglycosylated decapeptide
is depicted in Scheme 5. 12 Fmoc protected and pentaﬂuorophenyl
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Scheme 5.12 Solid-phase glycopeptide synthesis.

11% yield overall

activated amino acids and a glycosylated threonine derivative were
used for the assembly which was performed on a Rink linker. After
disassembly of the product, the azides were reduced with thioacetic
acid and the revealed amino functionality was acetylated with acetic
anhydride. The product was cleaved from the solid support by treatment
with TFA, resulting in amide formation at the C terminus. Finally, the
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acetyl groups were cleaved with sodium methoxide in methanol. The
electron-withdrawing acetyl group of the saccharide stabilised the gly-
cosidic linkages during the acid-mediated release from the solid support.

5.7 Enzyme-mediated glycopeptide synthesis

Proteases have proven to be useful catalysts for the stereoselective and
racemisation-free coupling of peptide fragments. Wong et al. applied
proteases for the preparation of glycopeptides, and a range of N- and
O-glycosyl amino acids and peptides were coupled under kinetically
controlled conditions using the serine proteases subtilusin BPN’ and
thiosubtilusin (Scheme 5.13).*® The latter protease is genetically
engineered and favours aminolysis over hydrolysis. It can be used in
anhydrous DMF as well as in aqueous selutions and is more stable then
the wild protease. Coupling of the N-protected O-glycopeptide with
dipeptides in the presence of thiosubtilisin in an aqueous solution at 50°C
gave the glycopeptides in reasonable yields. Thus, the enzyme catalyses
the transesterification of the methyl ester of the glycopeptide with the
amine of the dipeptide. To combine the use of glycosyl transferases
and proteases in the synthesis of glycopeptides, the glycopeptide was
galactosylated using a galactosyl transferase. The galactosylation in-
volved regeneration of UDP-Gal (see Chapter 4), It was also found that
N-protected dipeptide esters with either a peracetylated or an unprotected
B-GlcNac moicty are suitable substrates for subtilusin BPN'.

o}
Il
Z—Ala—Ser—-OMe Z—Ala—Ser—Gly—Ala—C-~NH,

2
H-Gly—Ala—C~NH,

HO’&\;&/O thiosubtilisin HO 0 (|)
HO @1%) HM/

OH

] 2 steps UDP-Gal
O
(40%) 4 enzymes ( Gal-transferase
upp (21%)

Z—Ala—Ser-0OMe

+

OH
ACO o HO Z—Ala—Ser—Giy— AIa—C —NH;
Acm AN

OH

Scheme 5.13 Enzymatic glycopeptide assembly.
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The enzymatic synthesis of glycopeptides does not require protection of
the functional groups of the amino acid side chains and sugar hydroxyls,
because of the high stercoselectivity and regioselectivity of proteases.
However, the substrate selectivity of these enzymes may limit a wider
range of applications.
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Part B

Natural Product Synthesis from Monosaccharides

In Part B, we analyse and discuss some recent enantiospecific natural product
syntheses that have utilised monosaccharides as chiral starting materials. The
coverage is not meant to be exhaustive or extensive but, rather, illustrative of
the way in which monosaccharides are currently being used in asymmetric
natural product synthesis. For more exhaustive coverage of this field, the
reader is referred to several fine monographs and reviews.!®
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6  (—)-Echinosporin
K.J. Hale

6.1 Introduction

(—)-Echinosporin (XK-213) is a novel antitumour antibiotic isolated'
from the fermentation broths of Strepiomyces echinosporus. It is of great
pharmacological interest on account of its significant anticancer effects in
several rodent tumour models. (—)-Echinosporin was recently synthesised
in enantiomerically pure form by A.B. Smith and coworkers starting
from L-ascorbic acid.? Their synthesis is described below.

6.2 Smith’s retrosynthetic analysis of {—)-echinosporin

Because the lactone ring in (—)-echinosporin is very highly strained, and
susceptible to ring-opening by nucleophilic addition, Smith and cow-
orkers opted to defer its construction until the final step of their total
synthesis. Two strategic possibilities appeared to exist for lactone ring-
closure (Scheme 6.1). Either the hemiacetal hydroxyl of 1 could be con-
verted to a reactive leaving-group L, and cyclisation initiated by internal
attack of the carboxylic acid group (path A), or, alternatively, the
carboxylic acid unit could be activated and ring-closure effected by path
B. If the latter strategy were followed, a reactive x-epoxy-lactone would
almost certainly form, whose carbonyl would be inappropriately posi-
tioned for subsequent intrameolecular attack by the hemiacetal OH.
Recognition of this fact led Smith to formulate a synthetic end-game
based on path A. Specifically, his plan was to prepare dihydroxyacid 1
and implement a Mitsunobu lactonisation® to obtain the target (Scheme
6.2). Compound 1 was disassembled by protecting its carboxylic acid as
a methyl ester, and ring-opening its enolised hemiacetal. This afforded
the enolate-aldehyde 3 (Scheme 6.2), which was then subjected to an
intramolecular aldol transform to obtain 4. Compound 4 was an at-
tractive intermediate for a forward synthesis, since it could potentially be
derived from a [2+ 2]-photocycloaddition between 7 and 2-cyclopentene-
1-one (Scheme 6.2). In such an addition, the cyclopentenone would add
to the less-hindered exo-face of 7 (see Section 6.4), which would help
guarantee the 6,5-cis-ring-junction stereochemistry. A correct regiochem-
ical outcome was predictable on electronic grounds. Obviously, in the
synthetic direction, two key transformations would be neceded to
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{=)-Echinosporin

Scheme 6.1 Strategic possibilities for lactonisation in (—)-echinosporin,

convert 4 into 1, namely, a base-mediated retro-aldol reaction, and a
hemiacetalisation. The retro-aldol process could be expected to occur
spontancously, as a result of considerable strain in the cyclobutane ring
of 4. Hemiacetal formation could also be predicted to be facile. Smith
concluded his retrosynthetic analysis by correlating the C(2)-stereocentre
of 7 with the C{4)-stereocentre of vitamin C (r-ascorbic acid). With this
as background, we now examine Smith’s synthesis of (—)-echinosporin in
detail. '

6.3 Smith’s {—)-echinosporin synthesis

Smith’s route’ to (—)-echinosporin began with the regioselective pro-
tection of L-ascorbic acid with 2,2-dimethoxypropane (Scheme 6.3). This
afforded the 5,6-C-isopropylidene acetal 8 as the sole reaction product, in
77% vyield. The 2 3-acetal was not formed in this reaction because of
excessive ring strain. Compound 9 was accessed by oxidative degradation
of 8 with basic hydrogen peroxide.* Hydroxyl protection and esterifica-
tion next followed to form 10. After partial reduction of the methyl ester
to the aldehyde, ring-closure to D-threose 11 was initiated by removing
the isopropylidene group with pyridinium-p-toluene sulfonate (PPTS) in
methanol. O-Isopropylidenation of 11 provided 12 in high yield. The cis-
fused 1,2-acetal emerged exclusively from this reaction, due to significant
ring strain in the alternative trans-fused 1,2- and 2,3-acetals that could
have formed. The next three steps of the synthesis were Swern oxidation,
N-tosylhydrazone formation, and base-mediated Bamford-Stevens reac-
tion® to prepare glycal 7. Although Bamford-Stevens reactions are
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Scheme 6.2 Smith’s retrosynthetic analysis of {—)-echinosporin.

sometimes low-yielding, for compound 13 the process proved highly
efficient.

The key [2+ 2]-photocycloaddition reaction between 7 and cyclopente-
none afforded a mixture of three photoadducts 14, 20, and 21, in which
the head-to-tail products 14 and 20 predominated (Scheme 6.4). The
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major isomer 14 was isolated in 50% vyield. Smith next set about
converting 14 into enol-triflate 6. The requisite enolate was generated
under kinetically-controlled conditions, by reacting 14 with lithium

{ii) 30% aq. Hps,
HO, o. o CaGD;, 0°C,
K () MepCG, MepC{OMe},, >( warm to 40 °C far,
HO — HCl, rt, 1 h, (77%) 05h then add
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HO OH (78%)
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(i @
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Scheme 6.3 Smith’s total synthesis of (—}-echinosporin from L-ascorbic acid.
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{xiii) KIN{SiMex)s,
20% HMPA
in THF, -78 °C,
2 h, then add
{+)-(camphor-
sulfonyi)oxaziridine,
(80-94%)

{xiv) Bio-Rad AG 50W-X2
H* resin, 50% aq. MeCN,
i, 72 h, (69%)

(xv} Pda(DBA);.CHCI,,
80 °C, (All0)CO,

MeCN, 80°C, 3 h,
(54%)

(2vi) NH4CH, MeOH,
0°C, then r..,

20 h, (86%)

{xvii) 50q-py, MesS0,
CHaCly, EtsN, {viii) 3.6 N HCI, r.1., 48 h

(100%)

1 h, (46%)

(xvii) BusP, EtO,C-N=N-CO,Et,

THF, 4 AMS,-15°C1a r.t,
avermight, (30%)

CONH,

{-)-Echinosporin

Scheme 6.3 (Continued).

diisopropylamide (LDA) in tetrahydrofuran (THF) at low temperature.
Being a very bulky base, LDA preferentially abstracted the more
sterically accessible «-carbonyl proton from 14, to produce the less
stable enolate of the two that could have potentially formed. Trapping of
this enolate with N-phenyltriflimide® afforded the desired product 6. It
proved a relatively ‘straightforward task to transform 6 into the a,p-
unsaturated ester 15 via palladium(0)-catalysed carbonylation.” The
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(L?L hv, pentane, uranium
o filter, 22 h

Scheme 6.4 [2+ 2]-Photocycloaddition reaction.

resulting enolate 15 was then subjected to y-deprotonation with potassium
hexamethyldisilazide. This created an extended enolate that reacted with
[+ J-camphorsulfonyloxaziridine® to produce 5 (see Section 6.4). The fact
that the enolate and oxidant had ‘matched’ chirality clearly helped
reinforce the stereoselectivity of this oxidation through double asym-
metric induction. Hexamethylphosphoric triamide (HMPA) was added
to the reaction mixture solely to enhance the reactivity of the enolate
through coordination to the metal counterion. Typically, electrophilic
hydroxylation proceeded in 90-94% yield. Smith now focused on de-
taching the O-isopropylidene group from 5 with acidic resin in aqueous
acetonitrile. The resulting lactol 16 was then oxidised to lactone 17 with
diallyl carbonate and palladium(0).

Since lactones are generally more susceptible to nucleophilic attack
than ordinary alkyl esters, Smith found it possible to selectively ring-open
17 with ammonium hydroxide to form 18. A selective oxidation was then
performed with the Parikh—Doering reagent [SOs-py/dimethylsulfoxide
(SO5-py/DMS0)]'? to obtain 4. Sclectivity was possible in this reaction
because of the higher acidity of the amide a-hydroxyl in 18. This con-
ferred much greater nucleophilicity on this OH towards the activated-
DMSO reagent. Once generated, a-ketoamide 4 (see Scheme 6.2)
underwent a spontaneous de Mayo-type'' retro-aldol fragmentation to
relieve ring strain. This afforded the w-ketoamide enolate 3, which
immediately cyclised to hemiacetal 19. Because hemiacetal 19 readily
decomposed when treated with strong base, Smith hydrolysed its methyl
ester with 3.6 N HCI (see Scheme 6.3). This furnished 1 in quantitative
yield. The finale of Smith’s (—)-echinosporin synthesis was his Mitsunobu
lactonisation® of hydroxyacid 1. Here the less-hindered hemiacetal
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hydroxyl was selectively converted to a reactive glycosyl phosphonium
ion, which then underwent internal displacement by the pendant acid. It
provided {—)-echinosporin in 28-30% yield.

Smith’s synthesis of (—)-echinosporin stands out for its good stereo-
and regiocontrol at every stage. Its large number of highly chemoselective
reactions, and its use of an asymmetric [2+ 2]-photocycloaddition
reaction for constructing the cis-fused 6,5-bicyclic core are also com-
mendable. The latter reaction provides a beautiful illustration of how
properly harnessed photochemistry can be decisively deployed for the
stereocontrolled synthesis of complex natural products.

6.4 Mechanistic analysis of some key reactions employed
in the Smith (—)-echinosporin synthesis

The conversion of 8 to 9

After conjugate addition of the hydroperoxide anion to the chelated o, p-
unsaturated lactone, the resulting enolate counterattacks the proximal
B-hydroperoxide group to form an epoxide. The latter then ring-expands
to create another enolate, which captures a proton from water. The prod-
uct hemiacetal finally undergoes ring-opening and saponification to
produce 9 (Scheme 6.5).

o, O % o, o (o . 9 ‘Lo
ey ; /A e
0 P o} o] ~
_ A g O
/ofo 0\ /O H—QOY 0O Q Ca/O
H Ca Ca %
i
7LO HCO
e 7Z\0 O—H
O (0] 0 g ‘:1 \ | (— Q OH
\/;\r | Ca+ \/Io 9 \/_< CaZ+
> e}
0" o7 o7 ~—Ca* €O,
H‘/ /Cr 0 b 4 ©) 2
L
H
Scheme 6.5.

The conversion of 13 to 7
The classical Bamford-Stevens reaction® is a two-step elimination process
involving a hydrazone dianion intermediate. The latter sequentially
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expels p-toluenesulfinate anion and nitrogen to give a vinyl anion which is
protonated (Scheme 6.6).
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Ts, ) TsQ
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o, ;
N R
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Q 8]
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Scheme 6.6.

The conversion of 7 to 14
It is widely believed that enone—alkene photoadditions proceed through
an exciplex (excited complex). For cyclopentenone and 7, the exciplex
forms from the photoexcited enone in its triplet state and the glycal in its
ground-state. The regiochemistry of addition probably reflects a preferred
alignment of the addends in the exciplex. Because a photoexcited enone
probably has considerable diradical character, it is reasonable to assume
that the more electrophilic a-keto radical would prefer to bind to the
more nucleophilic portion of the alkene, since this would maximise
attractive interactions within the complex. The reaction of 7 with cyclo-
pentenone would thus favour the formation of diradical 22, which would
then ring-close to cyclobutane 14 (Scheme 6.7).

The stereochemical outcome of this photoaddition ¢an be rationalised
by the cyclopentenone adding on to the less hindered exo-face of the
bicyclic dihydrofuran 7, as shown in Figure 6.1.

The conversion of 6 into 15

Initially the Pd(0) complex oxidatively adds to enol triflate 6 to form a
vinyl-Pd(II) species. Carbon monoxide then inserts into the new Pd—C
a-bond to yield a palladium(IT}-acyl complex which captures methanol.
The methanolysis step is formally a reductive elimination reaction in
which the Pd(O) catalyst is regenerated to propagate the catalytic cycle
(Scheme 6.8).”
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Figure 6.1 Unhindered and hindered faces of bicyclic hydrofuran.
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MeQ
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Scheme 6.10.

The conversion of 15 into 5

Kinetic enolisation of 15 generates a dicnolate which reacts on its less
hindered underside with the Davis [+ ]-camphorsulfonyloxaziridine
reagent® as shown in Scheme 6.9.

The conversion of 16 to 17

Here the Pd(0) complex reacts with diallyl carbonate to form a n-allyl
palladium alkoxide that ligates to 16. The resulting intermediate then
undergoes ﬁ—hgdride climination to produce the lactone and propene
(Scheme 6.10),
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7  (+)-Zaragozic acid C
K.J. Hale

7.1 Introduction

Zaragozic acid C is a novel metabolite of the fungus Leprodontium
elatius.' Tt functions as a picomolar inhibitor of squalene synthase, an
enzyme thought to play a role in human cholesterol biosynthesis. It is
widely believed that zaragozic acid C might function as a cholesterol-
lowering agent in humans. As a result, there has been considerable syn-
thetic interest in this and related family members. The first enantiospecific
total synthesis of (+ )}-zaragozic acid C was achieved by Carreira and Du
Bois,” using p-isoascorbic acid as the chiral starting material. We now
analyse their synthesis, which is outstanding for its excellent planning and
execution,

7.2 Carreira’s retrosynthetic analysis of (+)-zaragozic acid C

Carreira’s opening retrosynthetic move on zaragozic acid C disengaged
its C(6) O-acyl side chain, and blocked its three carboxyls as acid-labile
t-butyl esters (Scheme 7.1). The C(7)-hydroxyl was then protected as
an acid-labile t-butyl carbonate group to provide compound 1 as a
subtarget. Carreira felt that protection of this hydroxyl was necessary
because previous work on O(6)-deacylated zaragozic acid had shown that
the C(7)-OH was more susceptible to (Q-acylation, possibly for electronic
reasons. The same study also revealed that the C(4) tertiary OH could be
left unmasked during such a forward acylation.

Carreira’s plan for introducing the tertiary alcohol group within 1
was to add a lithium acetylide reagent onto ketone 3. Chelation of the
organolithium with the C{(7)-pivaloyloxy group in 3 would help guide its
addition to the more hindered B-face of the ketone. Multiple oxidation of
2 was then envisaged for transforming it into . Carreira next performed
an imaginary reduction on 3 and manipulated its protecting groups to
access 4. This permitted unravelling of the unusual bicyclic ketal array by
retrosynthetic acid hydrolysis; the result was ketone 5. Because the ketal
stereochemistry of 4 was identical to that found in the zaragozic acids,
Carreira naturally assumed that this had to be the most energetically
stable arrangement that the acetal could adopt. As a result, he envisaged
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Scheme 7.1 Carreira’s retrosynthetic plan for the synthesis of (+)-zaragozic acid C.

assembling it under thermodynamically-controlled (equilibrating) trans-
acetalation conditions. These would favour formation of the most
energetically stable acetal product. The terminal diol group in 5 was then
retrosynthetically protected as an acid-labile O-pentanonide acetal, to
allow selective clearance of the hydroxvls « and B to the ketone, and
reveal enone 6 as a subtarget. Since trans-disubstituted enones are often
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good substrates for the Sharpless asymmetric dihydroxylation (AD)
reaction,” this protocol appeared ideal for introducing this functionality
in the forward direction, The selection of an enone subtarget also opened
up the possibility of exploiting an alkynone precursor 7 in the synthesis
(Scheme 7.2). Tactically, it is often good practice to work towards a 1,2-
disubstituted alkyne in a retrosynthetic analysis, since 1,2-disubstituted
alkynes can often be readily disconnected at either o-bond into viable
electrophile and acetylenic anion partnerships. The incorporation of an
acetylenic diadduct into a synthetic plan can thus allow for quite
dramatic retrosynthetic simplification of a target molecule. In the case of
7, Carreira’s use of this transform led to the selection of 8 and 9 as
subtargets. A further application of this procedure on 10 revealed ketone
I1 and trimethylsilylethynylmagnesium bromide as possible reactants.
Thus, in one fell swoop quite considerable molecular simplification was
achieved. The final phase of the retrosynthetic planning was chirality
matching of 12 to a readily available chiral starting material. Carreira
appreciated that the two stereogenic centres present within 12 could be
readily equated with the C(4) and C(5) hydroxyls of p-isoascorbic acid.
This abundant, yet much underused, starting sugar was therefore selected
as the optically active starting material for this synthesis.

7.3 Carreira’s total synthesis of (+)-zaragozic acid C

Early attention focused on the need for developing a viable synthetic
route to 16, the precursor required for the assembly of ketal 17 (sec
Scheme 7.4). Utilising technology first introduced by Cohen and co-
workers at Hoffmann-La Roche,? p-isoascorbic acid was oxidatively
degraded with basic hydrogen peroxide, and the crude product lactonised
with 6N HCI (Scheme 7.3). The lactone ring of 13 was then opened up
with dimethylamine, and the terminal diol regioselectively protected with
3,3-dimethoxypentane to access 12. Although in principle three acetals
could have potentially arisen from this reaction, only one product was
observed in practice, this being compound 12 for steric reasons. After
protection of the hydroxyl as an O-benzyl ether, exposure of the product
to ethoxyvinyllithium afforded ketone 11, by nucleophilic addition—
elimination. The next objective was stereoselective positioning of the
chiral tertiary alcohol unit within 10. This was achieved by a chelation-
controlled addition of trimethylsilylethynylmagnesium bromide to ketone
11. Ozonolysis then selectively cleaved the double bond in 10 to provide
ethyl ester 14. Note how the alkyne unit survived this oxidation step.
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Scheme 7.2 Carreira’s retrosynthetic plan for the synthesis of (+)-zaragozic acid C.
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Scheme 7.3 Carreira’s total synthesis of (+ yzaragozic acid from p-isoascorbic acid.

In order to side-step potential problems with hydroxyl-directed hydro-
metallation of the alkyne, ester 14 was reduced with sodium borohydride
in methanol. This also led to a small amount of alkyne desilylation (5%—
10%). Fortunately, however, this was the next step of the synthesis. After
selective protection of diol 15 to obtain 8, the stabilised acetylenic anion
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was generated. This reacted with aldehyde 9 to produce a mixture of
alcohols that readily underwent oxidation to alkynone 7 when exposed to
the Dess—Martin reagent (Scheme 7.3).

Although CrCl, and CrSOj, are the two low-valent chromium(II) salts
typically used® to reduce ynones to trans enones, both reagents failed to
give satisfactory yields of product when applied to 7. However, when
[Cr(OAc); - HOl, was employed for this reduction (Scheme 7.4), a 60%
yield of product was obtained. Double O-desilylation was next performed
to access diol 6, the substrate needed for the Sharpless AD reaction.”

One of the most striking features of alkene 6 is its pre-existing chirality
close to the double bond soon to be dihydroxylated. Given the presence
of this stereogenicity, the confident prediction of product stereochemistry
from the AD clearly becomes difficult. In the event, an identical mixture
of products (1.7:1 in favour of 16) emerged from the reaction of 6 with
either (DHQD),-PHAL./OsO, or (DHQ),-PHAL/0Os0,. Such behaviour
was most unexpected. Given the structural complexity of this alkene, a
reliable rationalisation of this result currently seems beyond our grasp.
However, such a finding clearly emphasises the need for exercising great
caution when predicting the stereochemical outcome of AD reactions
where there is an asymmetric centre in the vicinity of the double bond
undergoing reaction,

With tetraol 16 in hand, it now proved possible to investigate the key
internal ketalisation reaction needed to obtain 4 (see Scheme 7.1 for the
structure of 4). The best protocol for initiating ring-closure exposed 16 to
conc. HCI in methanol (Scheme 7.4). Compound 4 was then selectively
O-silylated with TBSCI, and O-pivaloylated to access compound 17.
Hydrogenolytic cleavage of the O-benzyl group followed next. The
product alcohol was then oxidised to ketone 3 (see Scheme 7.1} under
standard Swern conditions, and a chelation-controlled addition executed
with lithium trimethylsilylacetylide (see Scheme 7.4). This installed the
tertiary alcohol present within the target. A 6.1:1 ratio of epimers was
observed in this reaction in favour of the desired addition product. The
synthesis continued with a silver-nitrate-mediated cleavage of the alkynyl
trimethylsilyl group to obtain 2. Diisobutylaluminium hydride (DIBAL)
was then employed to reductively cleave the pivaloyl esters from 2 to
generate the corresponding triol. After O-acetylation, a semi-hydrogen-
ation of the alkyne with a poisoned Pd on C catalyst afforded the de-
sired alkene. Buffered HF-pyridine then effected global (-desilylation
to access 18.

The closing stages of Carreira’s synthesis of (+)-zaragozic acid C
{Scheme 7.4) began with the Dess—Martin oxidation® of 18. An ozon-
olysis next yielded trialdehyde 19, and a buffered sodium chlorite oxi-
dation provided the corresponding triacid. Of particular interest here was
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the compatibility of the tertiary alcohol unit, the bicyclic ketal, and the
acetate esters with this three-step oxidation sequence. N,N-Diisopropyl-
O-t-butylisourea’ was next used to anchor the 7- butyl esters within 20,

{xiii) [Cr{OAC)2.HaDlp, THF, Hp0, (60%)
(xiv) n-BusNF, THF, (83%)

{xv) (DHQD):PHAL, cat. 0504, NMO,
MeSO;NHz, Me;CO, +BuQH,
ri., 12 h, (95%)

OBn OH O OPv

(19) {xiv) conc. HCl, MeOH, 0°Ctort.,
+ Isomeric Tetraol stir 2 h, (86%)
{xv) t-BuMesSiCl, EtgN, DMAP,
CHxCly, 1.1, 46 h, (81%)
{ovi) PYClL (CICH)s, DMAP, (979%)

{xvii) Hz (1 atm), Pd(OH)-C, Pd-CaCOs, EtOH, 7 d, (999%)
(xviiiy {COCI), MeaSQ, EtgN, CHoCly, -78 °C, (96%)
(Xix) TMSC=CLi, E1;0, MagN, -7810 -20°C, 2 h
{x} AgND3, THF, Hy0, EICH, 2,5-Iutidine,

3.5 h, (67%, 2 steps)

() /-BugAlH, CHoClz, PhMe, (84%)
podl) AceQ, DMAR, py, CH,Cly, (94%)

(i) Hz, Pd-C, py
(xxiv) HF-BY, THF, PY (64%, 2 steps)

Scheme 7.4 Carreira’s total synthesis of (+ )-zaragozic acid from p-isoascorbic acid.
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Scheme 7.4 (Continued).

under nonacidic conditions, Conventional methodology for installing
t-butyl esters (i.e. conc. H,80, and isobutene) would almost certainly
have faltered here, because of the presence of the bicyclic ketal array.
Introduction of the C(6)-0O-acyl side chain was accomplished in a further
three steps. The first step entailed selective transesterification of the more
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electrophilic C(6)- and C(7)-O-acetates with potassium methoxide, A
selective O-acylation of the more reactive C(7)-hydroxyl next followed
with Boc,0O. Finally, esterification with acid 21 and z-butyl deprotection
with trifluoroacetic acid completed this most impressive synthesis of ( +)-
zaragozic acid C.

7.4 Mechanistic analysis of some of the key steps
in Carreira’s synthesis of (+)-zaragozic acid C

The conversion of 11 to 10

The sole formation of 10 is consistent with a chelated five-membered
transition state operating in this reaction, involving both the a-benzyloxy
group and the carbonyl oxygen. At low temperatures, such a chelate
would rigidly hold the carbonyl in the position shown (Scheme 7.5), and
favour approach of the alkynyl Grignard reagent syn to the C—H
bearing the o-benzyloxy group, that is, from the less-hindered direction.

Br
SiMeg Mg-R
Et Il (d oBn Et
EI7LO 0
[») MgBr )(O - E._
: THF, R, H MNu
oBn OEr 78°C ©
1 Nucleophilic addition to the
an least-hindered face of

chelated-carbonyt

Scheme 7.5.

The conversion of 7 to 23

Orne can ascribe the stereospecificity of this reduction to the tripartite
transition state shown opposite. In this mechanistic proposal,® two very
rapid and successive single-clectron transfers occur from the Cr(11)
reagent to opposite sides of the triple bond. This leads to a vinyl-
dichromium species 22 that subsequently protonates with retention of
configuration to produce the srans-enone 23 (Scheme 7.6).

The conversion of 6 to 16

This is the Sharpless asymmetric dihydroxylation reaction;® one of the
most powerful and versatile catalytic asymmetric reactions ever to be
discovered. The Sharpless AD reaction owes its success to the presence of
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Scheme 7.6.

two Cinchona alkaloid ligands, (DHQD),-PHAL and (DHQ),-PHAL
(Figure 7.1). These complex OsOy4 via their quinuclidine nitrogens to
form a pair of chiral oxidants that can enantioselectively dihydroxylate
all classes of substituted alkene. For 1,2-trans-disubstituted and trisubsti-

MeO OMe

(DHQD),-PHAL (DHQ)»-PHAL

Figure 7.1 Two Cinchona alkaloid ligands: (DHQD).-PHAL and (DHQ),-PHAL.

tuted alkenes, the enantioselectivity of dihydroxylation is usually very
high. However, for monosubstituted alkenes the product enantiomeric
excesses (ees) can sometimes be lower. Sharpless has formulated a sim-
ple rule for predicting product stereochemistry in AD reactions with
(DHQD);PHAL-0s0, and (DHQ),PHAL-0OsO, {(Scheme 7.7). The des-
ignations L, M, and S refer to substituents that are large, medium, and
small, respectively. It is noteworthy that even though both oxidants are
formally diastereoisomers, they still usually give rise to enantiomeric
products. For the vast majority of substituted achiral alkenes, the
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HO OH )
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Scheme 7.7 Sharpless rule for predicting product stereochemistry.

Sharpless AD face-selection rule works very well. However, there are
some categories of 1,1-disubstituted® and monosubstituted alkenes® for
which violations have occurred. For chiral alkenes, the rule should be
applied with caution, since pre-existing chirality within a substrate can
also often aifect the stereochemical outcome sometimes in an unpredict-
able manner,'""" as Carreira’s experience” with alkene 6 shows. For this
substrate, an 1dentlcal mixture of diols (1.7:1) was observed with cither
Cmchona alkalmd oxidant. Similar behaviour was encountered by Smith
and coworkers'! for the chiral alkenes 24 and 25 (Scheme 7.8). Smith’s

observations led him to propose that with some chiral substrates ‘steric

Major isomer

(DHQD) ,PHAL-030,,
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(DHQ)PHAL-Os0y,

KaFe{CN)g, KxCO3, HO
#-BUQH-H,0 (1:1),

TBOMSO,

] /
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OBN "5 oc, (g3 87%) OH O8n
(24) >20:1 Selectivity
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{DHQD)aPHAL-Os0y, °

ar
(DHQ),PHAL-0s0,,
K3FB(GN]5, K2003.
1-BuOH-H,0 (1:1), HO
0 °C, (80-85%) CH
5:1 Selectivity

g ]
TBDPSC

OBn 0Bn

Scheme 7.8 Exceptions to the Sharpless rute.
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interactions may disfavor the normal AD transition states, causing both
the matched and unmatched reagents to behave as bulky but effectively
achiral species’."’

Eyring plot data gathered over a very wide temperature range by Gobel
and Sharpless,' and '2C/'3C kinetic isotope work by Corey et al.'? and
Sharpless ez al.,"* both support an AD mechanism in which the alkene
reversibly coordinates to ligand-bound OsQy, prior to participating in an
irreversible [3 + 2]-cycloaddition. Although we recognise that the most
favourable [3 + 2]-transition state adopted by a particular alkene will
depend upon its precise structure, we have schematically depicted the AD
mechanism in Figure 7.2

Me o\"'-

=N
0 ™~ (DHQD),PHAL-Os0y

ke

Figure 7.2 The asymmetric dihydroxylation mechanism.

The conversion of 5 to 4

It is likely that protonation of the ketone-carbonyl in 5 facilitates an
internal nucleophilic attack by either of the hydroxyls that ultimately
form part of the bicyclic acetal array. Initially nucleophilic addition will
afford a hemiketal whose exo-hydroxyl can protonate and ultimately be
lost as water. This would lead to a stabilised oxonium ion that could
cyclise to 4. In Scheme 7.9, we present one mechanism which satisfies
the above discussion, but we emphasise that a myriad of mechanistic
pathways can potentially operate.

The conversion of 3 into 26

Molecular models of 3 clearly indicate that the C(7)-0-pivaloyl group is
appropriately positioned to engage in chelation with the alkynyllithium
reagent in the manner shown overleaf. Chelation of this sort would
obviously help guide in the nucleophile to the more-hindered top face of
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Scheme 7.9,

ketone 3. A tetrameric organolithium is depicted in Scheme 7.10, pri-
marily because simple ether solvents and tertiary amines are known to
promote the formation of tetrameric aggregates for alkynyl-lithiums."”

Scheme 7.10.
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8 (+)-Neocarzinostatin
K.J, Hale

8.1 Introduction

Synthetic interest in the enediyne antitumour antibiotics has been
enormous in recent years,’ primarily because of their novel structures
and their ability to cleave DNA selectively. One conspicuous member of
this class is (+)-neocarzinostatin. Its most noteworthy feature is its
unusual nine-membered epoxydienediyne core, which is saddled onto a
highly functionalised, monoglycosylated, cyclopentene ring. The signifi-
cant ring strain present within this molecule, coupled with its unique
arrangement of reactive functional groups, its rare o-linked 2-methyl-
aminofucosamine unit, and its exceedingly labile epoxy dienediyne motif,
all add to the challenges it provides for asymmetric total synthesis. To
date, only one synthetic pathway? to {+)-neocarzinostatin has been de-
vised, and that is due to Myers and his co-workers, now at Harvard.

8.2 Myers’ retrosynthetic planning for the synthesis
of (+)-neocarzinostatin

From a tactical perspective, early retrosynthetic removal of the epoxy
dienediyne core must dominate all synthetic planning for (+)-neocarzi-
nostatin, since its presence in any intermediate will render that molecule
highly susceptible to nucleophilic attack, and will Jeopardise the success
of all the remaining chemistry. In essence, it would be strategically advis-
able to install the epoxy dienediyne unit late in a forward total synthesis
of (+ )-neocarzinostatin.

Although early attachment of the sugar moiety could potentially
overcome the thorny issue of having to glycosidate with a fully-armed
aglycone, the premature presence of the sugar could necessitate imple-
mentation of a more elaborate protecting group strategy. Logistically,
therefore, postponement of glycosylation until the final stages of a
synthesis would probably be best.

Good retrosynthetic planning for (+)-neocarzinostatin would also
make every effort to identify nine-membered carbocycle precursors that
were considerably less strained. Such molecules should be far casier to
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construct in a forward route. Obviously, retrosynthetic functionalisation
of the dienediyne array could assist in the identification of these less
strained and less reactive intermediates.

Sound strategic planning would also attempt to pinpoint those
features, already present in the epoxydienediyne core, which could
greatly assist in assembly of the nine-membered carbocycle. Clearly, such
structural elements would have to be retained in any prospective cycli-
sation precursor. With these things in mind, we will now examine Myers’
retrosynthetic plan for this target.

Myers’ first disconnection was made across the O-glycosidic bond of
(+)-neocarzinostatin to furnish 1 and 2 as subtargets (Scheme 8.1). A
Schmidt O-trichloroacetimidate glycosidation reaction® was envisaged for
constructing the difficult 1,2-cis-O-glycosidic bond found in the target,
since the stereochemical outcome of such glycosidations is often con-
trollable through variation of the reaction solvent or the Lewis acid
promoter. Two examples® of this behaviour are shown in Scheme 8.2.

In addition, Nicolaou® had already successfully used a Schmidt
glycosylation during his synthesis of the enediyne antibiotic, calichea-
mycin y' (Scheme 8.3). Myers therefore felt reasonably confident that
success could accrue from following such an approach. Nevertheless, in
his proposed union of 1 with 2, Myers was still testing the scope of the
Schmidt glycosidation beyond all past boundaries, for never before had it
been successfully used on a 2-methylamino glycosyl donor, nor had it
been employed to attach an aglycone containing quite such a delicate
array of reactive functionality. It was not at all clear, therefore, whether
this methodology could match up to the requirements of the present
situation. Indeed, all previous reports on the use of the Schmidt protocol
for building o-linked 2-amino glycosides, had utilised 2-azido-1-O-
trichloroacetimidates as glycosyl donors, and had reduced the azido
function after glycosidation had been achieved.” Obviously, the prospects
for achieving a fruitful reductive N-methylation in the present system
would be remote to say the least. Hence, Myers quickly discounted this
particular option.

Before departing completely from the topic of retrosynthetic glycosi-
dation, it is perhaps worthwhile reflecting on why Myers selected O-
triethylsilyl (TES) ethers as sugar protecting groups for this coupling step.
As we have already seen in Nicolaou’s calicheamycin work,* TES ethers
can often withstand the low temperature, Lewis acid-mediated, coupling
conditions needed to execute the Schmidt glycosidation. Myers therefore
felt reasonably confident that these groups could withstand his proposed
coupling of 1 with 2. Myers was also aware that TES ethers can often be
detached under mild conditions that do not interfere with other sensitive
functionality that might be present within a target molecule. The example
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Scheme 8.1 Myery® retrosynthetic plan for the synthesis of (+)-neocarzinostatin,

given in Scheme 8.4 saliently illustrates this point. Thus, Myers’ adoption
of TES ethers for the problem at hand seemed ideal.

Myers next task was to disassemble aglycone 1 (see Scheme 8.1). This
offers numerous opportunities for retrosynthetic simplification, since it
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Scheme 8.2  Control of anomeric selectivity in glycosidations via Schmidt’s trichioroacetimidate
method.

Me O

Me,

o] Me
S%O\fo%ﬁo CCly
TESO

O OMe OTES

NH
Me~7~0 OMe E}NW
TESO Froc

OMa +
MeC  orEs

BF3'Et,0 (3 eq), Et,0, CH,Cls,
-78 °C (40% )

o OMe EtN O
Fmod OMe

Me
TESO
MeQ  Greg

Scheme 8.3 Nicolaou’s use of the Schmidt O-trichloroacemidate glycosidation protocol during
his synthesis of calicheamycin v'.
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Scheme 8.4 Nicolaon’s deprotection of TES ethers during his calicheamycin ' synthesis.

contains four readily disconnectible alkynyl o bonds (a,b,c and 4). It also
possesses two alkenes that are amenable to retrosynthetic functionalisa-
tion followed by bond cleavage. As mentioned previously, it would be
strategically advantageous to attempt a partial retrosynthetic clearance of
the epoxydienediyne unit quite early on in proceedings, since this would
reduce the reactivity of many intermediates in the forward synthesis. It
would also relieve the considerable ring-strain present within the nine-
membered carbocycle, which again would greatly facilitate its construc-
tion. Accordingly, Myers hydrated diene 1 in a 1,3-manner, to prime the
alkynyl o bonds @ and b for retrosynthetic cleavage. Although, con-
ceptually, both these bonds can be disconnected concurrently to give a
stabilised dianion and an a-aldehydocyclopentenone as precursors of
3, the corresponding forward reaction would almost certainly produce a
mixture of regioisomers if successful, which clearly would not constitute
good synthetic planning if efficiency was the goal. Myers therefore stag-
gered his order of bond cleavage. He initially disconnected bond »1in 3 to
obtain alkynyl aldehyde 4, and he proposed closure of the medium-ring

ool T e il




(+)NEOCARZINOSTATIN 205

by intramolecular nucleophilic addition of an acetylenic anion onto the
tethered aldehyde group. One might now ponder about why Myers would
wish to preserve two potentially reactive epoxides in compound 4 during
such a ring-closure, since surely these could potentially engage in
undesired side-reactions with the acetylenic anion. Fortunately, a survey
of the literature reveals that acetylenic anions do not react readily with di-
or trisubstituted epoxides at low temperatures (e.g. —78°C), particularly
in the absence of strong Lewis acids, chelating ligands, or dipolar aprotic
solvents. Aldehydes, on the other hand, usually react rapidly at these
temperatures, without promoters. The example shown in Scheme 8.5
from Danishefsky's synthesis of calicheamicinone,® nicely illustrates the

MeC MeQ
Br Br
Z AN KN{SiMes)s (2.1 eq), OH
TMSO 5 ~CHOo _ 3-Ethyl-3-pentanol (2.7 eq), _ TMSO
THF, PhMe, -78 °C, 20 min,
| | {60%) \ /
WA

Scheme 8.5 Acetylenic anion ring-closure in Danishefsky’s calicheamicinone synthesis.

siriking difference in electrophilicity between these two functional groups.
Thus, the chemoselectivity issue facing Myers was not quite as serious as
one might initially think. Let us now return to the question of why Myers
would want to perform the aforementioned cyclisation with the diynyl-
epoxide present. Probably his main reason for retaining the epoxide was
to facilitate ring-closure. The presence of a cis-epoxide would assist in
bringing the two reactive termini of 4 into reasonably close proximity to
one another. Restricting the rotational degrees of freedom of a medium-
ring precursor is often a good ploy for facilitating cyclisation, so long as
the restraining element correctly positions the two termini in an
otrientation where they can intramolecularly react. Sometimes, a con-
straining group can be employed for the opposite purpose, of keeping two
reactive groups apart, thereby preventing cyclisation. However, this was
clearly not the intention here for compound 4!

Let us now give some thought to Myers’ retrosynthetic analysis of 4
(Scheme 8.1}, After a partial clearance of reactive epoxide functionality
from within 4, Myers disconnected bond a in compound 5 to yield the
partially protected diyne 7 and ketone 6 as possible building blocks. Note
how one of the terminal alkyne units in 7 has been retrosynthetically
protected with a z-butyldimethylsilyl group to permit regiospecific alkynyl
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anion generation in the impending forward synthesis. Tt will also be
appreciated that the reactive aldehydo group in 4 has been temporarily
protected as a dimethyl acetal, to allow the prospective nucleophilic
addition to ketone 6 to proceed successfully. Retrosynthetic clearance of
the O-isopropylidene and epoxide groups from 7 followed next. This led
to the enediyne alcohol 8. It is now that the possibility of introducing the
epoxide unit by Sharpless asymmetric epoxidation’ starts to become
apparent. It will also be seen that the absolute stereochemistry of 8
matches that of (R)-glyceraldehyde acetonide 9. It should not be a sur-
prise, therefore, to learn that Myers selected this as the chiral starting
material for his eventual total synthesis.

8.3 Myers’ total synthesis of (+)-neocarzinostatin

The first issue confronted by Myers was preparation of homochiral
epoxide 7, the key intermediate needed for his intended nucleophilic
addition reaction to cnone 6. Its synthesis began with the addition of
lithium trimethylsilylacetylide to (R)-glyceraldehyde acetonide (Scheme
8.6).° This afforded a mixture of propargylic alcohols that underwent
oxidation to alkynone 10 with pyridinium dichromate (PDC). A Wittig
reaction next ensued to complete installation of the enediyne unit within
H. A 3:1 level of selectivity was observed in favour of the desired olefin
isomer. After selective desilylation of the more labile trimethylsilyl group
from the product mixture, deacetalation with 1IN HCl in tetrahydrofuran
(THF) enabled both alkene components to be separated, and compound
12 isolated pure,

In order to prevent competing homoallylic asymmetric epoxidation
(AE, which, it will be recalled, preferentially delivers the opposite
enantiomer to that of the allylic alcohol AE), the primary alcohol in
12 was selectively blocked as a thexyldimethylsilyl ether. Conventional
Sharpless AE’ with the oxidant derived from (-)-diethyl tartrate,
titanium tetraisopropoxide, and r-butyl hydroperoxide next furnished
the anticipated o,8-epoxy alcohol 13 with excellent stereocontrol (for a
more detailed discussion of the Sharpless AE see section 8.4). Selective
O-desilylation was then effected with HF-triethylamine complex. The
resulting diol was protected as a base-stable O-isopropylidene acetal
using 2-methoxypropene and a catalytic quantity of p-toluenesulfonic
acid in dimethylformamide (DMF). Note how this blocking protocol was
fully compatible with the acid-labile epoxide.

Deprotonation of the terminal acetylene in epoxydiyne 7 was next
attempted with lithium hexamethyldisilazide in toluene at low tempera-
ture. The resulting lithium acetylide added readily to cyclopentenone 6°
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at —78°C to provide the 1,2-addition product § with >20:1 selectivity.
The nucleophile preferentially approached the B face of ketone 6 because
of the bulky OTBDMS group hindering attack from the o side. After
global C- and O-desilylation, the less hindered secondary alcohol was
selectively reprotected as an OTBDMS ether to obtain 14. A
transketalisation was then implemented with p-toluenesulfonic acid and
acetone to unmask the dimethoxyacetal. These were conditions that left
the O-1sopropylidene and the OTBDMS groups undamaged. The tertiary
alcohol was now protected as a trimethylsilyl ether. The sole product of
silylation was aldehyde 15, obtained in 88% yield. Diisobutylaluminium
hydride (DIBAL) was the reagent of choice for the selective reduction of
enal 15 to the primary allylic alcohol. Sharpless AE’ with (+)-diethyl
tartrate [(+)-DET] (seec Section 8.4.1) and Dess—Martin oxidation'®
subsequently afforded the o,B-epoxy aldehyde 4 in good yield. This was
the key cyclisation precursor needed for constructing the nine-membered
ring.

It transpired that epoxy aldehyde 4 cyclised efficiently when alkyne
deprotonation was attempted with lithium diphenyltetramethyldisila-
zide'' at low temperature; LiCl was added to the reaction mixture as a
mild Lewis acid promoter. The end result was compound 3, formed as a
single entity in 79% yield. After protection of the newly created alcohol
as an O-chloroacetate ester, chemoselective O-desilylation with HF-
triethylamine complex furnished diol 16. Again, the capacity of the two
acid-sensitive epoxides to withstand these deprotection conditions is
worthy of comment. By attaching the O-chloroacetate group to the nine-
membered carbocycle, it now became possible selectively to acylate the
cyclopentanol with napthoic acid 17. An amine work-up sufficed for
cleaving the more electrophilic O-chloroacetate group to provide com-
pound 18.

In yet another powerful display of highly chemoselective chemistry, the
O-isopropylidene group of 18 was selectively detached with p-toluene-
sulfonic acid in methanol. Significantly, transesterification or epoxide
ring-opening did not compete. The resulting terminal 1,2-diol was then
selectively converted to a cyclic carbonate with carbonyldiimidazole, and
the phenolic and secondary hydroxyls blocked as O-triethylsilyl ethers,
This paved the way for an efficient dehydrative elimination of the tertiary
alcohol with Martin sulfurane'? to obtain epoxyenediyne 19 (see section
8.4 for mechanistic details). After cleavage of the two O-triethylsilyl
groups from 19, a dehydrative epoxide ring-opening was performed with
triphenylphosphine and iodine!* to integrate the 1,3-diene unit into the
nine-membered ring system (see Section 8.4). It is ironic that relief of
angular strain within the three-membered epoxide ring serves as the
driving force for an increase in strain in the nine-membered ring!
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However, it is the high P—0 bond energy in Ph,P=0 which clearly helps
offset this dubious energy trade-off.

With the neocarzinostatin aglycone 1 now successfully assembled, the
time had arrived for connecting the sugar unit to the cyclopentene ring. %’
Somewhat' surprisingly, a wide range of Lewis acid promoters proved

) LIC=CTMS Lt -

o THF, -78°C, 0 TMs () PhPCH,C=CTEDMS Br

4 (81%) g 4 KN(TMS)p THF, -78°C,
—_—_—
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Scheme 8.6 Myers’ total synthesis of the (+ Jneocarzinostatin aglycone.
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successful at instigating the desired a-glycosidation between 1 and 2. The
optimal coupling conditions exposed 1 and 2 to BF1+ Et;O in toluene at
—30°C for 1 h. This led exclusively to the a-linked product 20 {Scheme

It is likely that the phenolic hydroxyl of 1 is much less nucleophilic than
the allylic OH because of its involvement in strong intramolecular
hydrogen bonding with the orthe carbonyl of the ester. This would
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Scheme 8.7 Myers’ total synthesis of { + }-neocarzinostatin,

explain the high regiospecificity observed in this glycosidation, which
is most striking. The last step of the total synthesis was deprotection
of the OTES groups, a process that was complete within one hour.
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(+)-Neocarzinostatin was isolated in 49% yield. When one considers the
high chemical instability of this molecule, this really was a superlative
recovery of the final product,

Myers’ total synthesis of ( + )-neocarzinostatin” is outstanding not only
for its bold use of chemoselective and regioselective reactions, but also for
its powerful expansion of the scope of the Schmidt trichloroacetimidate
glycosylation protocol.>> The unearthing of this highly stereocontrolled
method for forming 1,2-cis-linked 2-alkylamino-glycosides represents a
major advance in giycosidation chemistry, and provides a powerful
illustration of how ‘real-life’ complex molecule synthesis can drive
important methodological breakthroughs. There can be no doubt that the
Myers synthesis of (+ )-neocarzinostatin is a rour de force of the modern
synthetic age.

8.4 Mechanistic analysis of the key steps in Myers’
{+)-neocarzinostatin synthesis

The conversion of 21 (o 22
This is an example of the Sharpless asymmetric epoxidation reaction
of allylic alcohols;” one of the most versatile, reliable, and synthetically

S

}-DET-derived [O] OH
(Attacks from above the plane) ()-DET E10,C CO.EL
OH
. , OH
g (+)-DET EtOzC/\E/ COE
OH

(+)-DET-derived [O]

(Attacks from below the plane)

Ry, Rz HO f\
- 3 Ry = O
HO (0; Rs

Scheme 8.8 Sharpless rule for predicting product stereochemistry.
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useful reactions ever discovered. As with the asymmetric dehydroxylation
reaction, Sharpless has formulated a very simple rule for predicting the
stereochemical outcome of the AE, which is shown in Scherme 8.8
Basically, the chiral oxidant obtained from (—)-diethyl tartrate (DET),
titanium tetraisopropoxide and r-butyl hydroperoxide preferentially
epoxidises allylic alcohols from the top side when the alcohol group is
positioned in the SW quadrant. The enantiomeric oxidant preferentially
epoxidises the same substrate from its underside when drawn in the same
arrangement. The enantiomeric excesses (ees) attained in the AE are
always very high (>90%), which has made this one of the most popular
reactions currently used in modern-day asymmetric synthesis,

The mechanism of the AF has been studied in considerable detail
by Sharpless and co-workers." For compound 21, it is outlined in
Scheme 8.9.

OTMS
.,
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(+)-DET, Ti(OPs-i)s, | B
+BuCsH, 4A MS, Ro'u,,T“‘\\Om,,TE-D,‘
- NG
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o 7
K Bu-t
TBDMSG EtO
(1) l
OTMS
s,
E o g
- } : OTBDMS
~ Alinge T
| EL
1 E O
O Bu-f

3 EtQ
TBDMSG

(22} {22)

Scheme 8.9. E = CO,Et

The conversion of 22 to 4

Mechanistic studies on the Dess-Martin oxidation have shown that the
alcohol exchanges with one of the acetate groups in the periodinane to
create a new iodinane which then undergoes « C—H bond cleavage in the
manner shown in Scheme 8.10.
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The conversion of 23 to 19

The Martin sulfurane is an excellent reagent for the rapid dehydration
of tertiary alcohols.? Mechanistically, the dehydration involves ligand
exchange around sulfur, diphenylsulfonium ion formation, and El
elimination of diphenylsulfoxide to give the alkene (Scheme 8.11).

The conversion of 24 to 1

It seems likely that this dehydrative elimination proceeds via the inverted
iodide 26 (Scheme 8.12),"* although this intermediate was never detected
in the reaction mixture.

Scheme 8.12,
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Moyers attributes™ the o selectivity of this coupling to hydrogen bonding
between the incoming alcohol and the 2-methylamino group of the gly-
cosyl cation. This guides in the alcohol cis to the methylamino group ¢
(Scheme 8.13).

The conversion of I into 20 ‘

BFa
CliC fNH
R 1,
- N i
N G Me ‘o O Me RO. 0. .Me E
o 7 \v/\/_) ot A i
—= H —_—- i
MeHNT >y “OTES MeHN” ¢ “OTES MeHN” ;7 “OTES 1“
oTES OTES OTES

Scheme 8.13.
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9 (+)-Castanospermine
K.J. Hale

9.1 Introduction

{+ )-Castanospermine is a polyhydroxylated alkaloid found in the plant
Castanospermum australe.' Its ability to function as a selective inhibitor
of o« and P glvcosidases has made it the focal point of much synthetic
activity in recent years.” One particularly elegant synthesis of (+)-
castanospermine is that of Pandit and Overkleeft® Tt features a
remarkable intramolecular olefin metathesis reaction for indolizidine
ring assembly. We now analyse this interesting route, which showcases
many important reagents and reactions used in contemporary organic
synthesis.

9.2 The Pandit retrosynthetic analysis of (+)-castanospermine

Examination of the structure of (+)-castanospermine reveals that it is a
close cousin of D-glucose, in which the ring-oxygen has been replaced by
a ring-nitrogen, and a two-carbon bridge has been used to tether C(6) to
this nitrogen. When considered in this way, most seasoned carbohydrate
chemists will immediately start thinking about using p-glucose as a chiral
starting material for its synthesis. So what, in principle, would one have
to do to manipulate D-glucose into (+ )-castanospermine? Pandit’s retro-
synthetic analysis of this problem (Scheme 9.1) had him selectively pro-
tecting the three piperidine ring hydroxyls as O-benzyl ethers, and
oxidatively functionalising adjacent to the ring nitrogen. These combined
retrosynthetic manoeuvres not only facilitated disconnection of the
target, but also more clearly defined its structural relationship with the
six-carbon framework of this starting sugar.

Pandit’s next retrosynthetic move was to syn-hydroxylate at the carbon
next to the pyrrolidine hydroxyl to create diol 1. Establishing a syn-
relationship between these two hydroxyls was tactically advantageous for
it allowed these stereogenic centres to be installed by OsQ,4 dihydroxyla-
tion. The latter reaction would almost certainly proceed from the f face
of 2 to give 1, owing to the C(4)-O-benzyl group sterically shielding the o
side of the cyclopentene ring, a fact that can be readily confirmed by
examination of molecular models.
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Deoxygenation and Dihydroxylation
deprotection
HQ /
HO Ho &
HO N —>  Bno N > Bno N
HO BnO BnQ
HO B O BnQ O .
(+)}-Castanospermine (1) 2)
Grubbs ring-closing
Intramolecular metathesis
reductive amination

N

0OBn 0OBn
BnO 0 BnO ==0
snEéﬁ po— Bn(;&(NHQ —
BnO 0
)

BnO CH
{5) (4 3

Scheme 9.1 Pandit’s retrosynthetic analysis of (+ )-castanospermine.

Whenever a target molecule contains a cyclic alkene, it is often
worthwhile exploring the possibilitics for disconnecting and reforming
the alkene ring-system by ring-closing metathesis (RCM).* Pandit’s
application of an RCM transform to 2 yielded diene 3 as a subtarget. The
N-allyl group and enoate double bond of 3 were the next features he
selected for clearance. Further structural simplifications then led to keto
amide 4. In a forward synthesis, iminium ion formation from 4, followed
by reduction from the « side (as shown in Scheme 9.3), could be predicted
to deliver the desired trihydroxylated piperidine ring system. Tracing
back the lineage of 4 to commercially available 2,3,4,6-tetra-O-benzyl-n-
glucose now becomes quite straightforward.

9.3 Pandit’s total synthesis of (+)-castanospermine

The first step in Pandit’s synthesis was a Moffatt oxidation of tetra-0-
benzyl-p-glucose 5 with acetic anhydride and dimethylsulfoxide (DMSQ)
to obtain the 1,5-glucuronolactone (Scheme 9.2). The lactone ring was
then fissured with concentrated ammonia in methanol to obtain 6.
Another Moffatt oxidation converted the C(5)-OH to the ketone needed
for stereospecific intramolecular reductive amination® with sodium
cyanoborohydride and formic acid. Having securely ensconced the
ring-nitrogen within 7, Pandit next performed an N-allylation under
phase-transfer conditions, and chemoselectively cleaved the C(6)
O-benzyl ether by acetolysis and base hydrolysis. Alcohol 8 was then
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Scheme 9.2 Pandit’s total synthesis of (+)-castancspermine.
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oxidised with the Dess-Martin periodinane, and the C(6)-aldehyde
condensed with the stabilised ylide methyl (triphenylphosphoranylidene)
acetate to obtain 3 in 85% yield. Despite the widely-held belief that
o,B-unsaturated esters are not generally good substrates for the ring-
closing metathesis reaction, Pandit forged ahead and implemented the
RCM process on 3. Significantly, when performed in toluene at reflix in
the presence of 5mol% of the Grubbs ruthenium catalyst 9,7 the
aforementioned RCM process worked extremely well, it delivering the
cyclic alkene 2 in a sturdy 70% yield! So why did this reaction perform so
admirably? In our view, a likely explanation comes from the acrylonitrile
cross-metathesis work of Crowe and Goldberg.® These workers observed
that when 1 mol% of the Schrock complex, Mo(CHCMe,Ph)(NAr)
[OCMEe(CF3),)s,” is mixed with a pair of alkenes, one electron-rich, the
other electron-poor, the cross-metathesis reaction between both alkenes
generally works well. However, when a similar cross- or self-metathesis
reaction is attempted between two clectron-deficient alkenes, the react-
ions often do not proceed at all. It will be seen that with diene 3, we now
have a situation where one electron-rich and one electron-deficient alkene
arc both present. By analogy, therefore, one might expect this substrate to
cross-metathesise successfully with 9, and indeed it did!

Having assembled the five-membered cycloalkene ring system, atten-
tion was directed towards installing the pyrrolidine-hydroxyl of the target
by syn-dihydroxylation. Steric shielding by the C(4) O-benzyl group
helped ensure that the desired diol predominated in the 5:1 mixture of
diastereomers 10 that emerged. Without separation, both constituents
were converted to the cyclic sulfates 11 and 12 via the Sharpless method.®
Sharpless views cyclic sulfates rather like reactive epoxide synthons.?®°
They readily undergo ring-opening with a wide range of nucleophiles,
which include carbanions. In the present case, sodium borohydride was
the active nucleophile in dimethylacetamide. Tt regioselectively deoxyge-
nated 12 at the less hindered cyclic sulfate carbon.

Earlier work™ by Miller and Chamberlin had already shown that
borane-dimethyl sulfide was the reagent of choice for deoxygenating the
amide of 13. The final step of the synthesis was O-debenzylation by
catalytic hydrogenation. Note how the addition of acid helped prevent
the catalyst from getting poisoned by the amine, ensuring that de-
protection was rapid and efficient.

Pandit’s synthesis of (+)-castanospermine stands out for its seminal
demonstration of the applicability of the Grubbs RCM reaction® to
dienes containing one electrophilic alkene and one nucleophilic alkene.
When considered alongside Crowe and Goldberg’s landmark work on the
cross-metathesis of electron-deficient alkenes,® Pandit’s synthesis has
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contributed enormously to improving our understanding of the types of
diene that can perform well in the RCM process.

9.4 Mechanistic analysis of the Pandit synthesis
of (+)-castanospermine

The conversion of 4 into 7

Treatment of amide 4 with formic acid triggers a nucleophilic addition of
the amide NH2 to the protonated ketone, and an elimination of water, to
give iminium ion 14. Reduction of 14 then occurs cxcluswely from the o
face, probably via the half-chair transition state shown in Scheme 9.3.

BnO
B0 NaCNBHs, HCOH,
MeCN, 4,2 h
BnD O \ (4 8
BnO S
OBn o
BnO
BHO&N \ /
Bn
BnO "0 CN
Scheme 9.3.

This maximises overlap of the developing nitrogen lone pair with the
lactam carbonyl.'®

The conversion of 3 into 2
Mechanistically, one can think of this RCM reaction proceeding as
shown in Scheme 9.4.

The ‘electrophilic’ Ru alkylidene complex 9 initially engages in a
[2 + 2J-cycloaddition'! with the less hindered ‘nucleophilic’ terminal
alkene of 3 to give the metallocyclobutane 15. A cycloreversion then
takes place to generate 16, an intermediate in which the Ru alkylidene can
be consid- ered nucleophlhc As a result it willingly participates in a
second, intramolecular, [2+ 2]-cycloaddition with the nearby electrophilic
enoate to generate 17. Finally, after yet another cycloreversion, and a loss
of the ‘electrophilic’ Ru complex 18, the catalytic cycle rekindles in the
manner shown (Scheme 9.4).
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10 (—)-Silphiperfolene
K.J. Hale

10.1 Introduction

{—)-Silphiperfolene is an unusual ses?uiterpenoid triquinane obtained
from the roots of Silphium perfolatium.' Its structure was first deduced in
1980 by Bohlmann and co-workers, and its synthesis in enantiomerically
pure form was first achieved by Paquette ef af. in 1984.% Tt is probably fair
to say that if most organic chemists were asked to devise a synthetic route
to (—)-silphiperfolene, many would probably not consider utilising a
monosaccharide as their chiral starting material, primarily because the
target is devoid of heteroatom functionality, and it bears little real
resemblance to a carbohydrate. However, when the eminent carbo-
hydrate chemist Bert Fraser-Reid set his mind to this problem, he did see
a potential link between (—)-silphiperfolene and p-mannose, a relation-
ship that culminated in its eventual total synthesis in 1990.% In the coming
paragraphs, we will retrace Bert Fraser-Reid’s retrosynthetic footsteps on
the (—)-silphiperfolene problem, and comment on the synthesis that was
eventually developed. His route provides a beautiful illustration of how
one can cleverly exploit the conformational bias and multiple chiral cen-
tres of a pyranoside to assemble multiring carbocyclic target structures.

10.2  The Fraser-Reid retrosynthetic analysis of (—)-silphiperfolene

The disconnection of enantiopure carbocycles is never an easy task, but
this is especially so when the target molecule pussesses multiple ring
systems comprised entirely of carbon and hydrogen atoms linked together
via o bonds. When confronted with such structures it is often advisabie
(or even necessary) to retrosynthetically functionalise one or more of the
ring systems present to permit a simplifying disconnection to be made.
Once a hydroxyl, an amine, a carbonyl, or some other multiply bonded
unit is positioned within a ring, this usually primes adjacent or nearby
bonds for immediate disconnection, or for further functionalisation fol-
lowed by disconnection.

The presence of a tetrasubstituted C=C bond in the A-ring of (-)-
silphiperfolene provides a logical starting point from where to commence
retrosynthetic disassembly. Tt was Fraser-Reid’s view that the option
of further functionalisation followed by disconnection was the more
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strategic in this particular instance. He performed an imaginary
hydration reaction on the double bond in ring A to obtain chiral tertiary
alcohol I (Scheme 10.1). He then disconnected the C(4)-exo-methyl group
to access ketone 2. Then, rather than retrosynthetically introducing the
C(5) methyl group of 2 by enolate chemistry, he resolved to retro-
synthetically reduce and block the C(4) carbonyl group, in order to

Dehydration Grignard addition
Me \ Me Ma
)~ ME}S\ \ b
M / = B 0 z
AL Me HO™T! = Me % iaMe
Chy = 05 =
ms H Me me H
(-)-Silphiperfolene 0 6]
Deprotection and
oxidation
5-Exo-trig radical cyclisation
QC(S)0P & Me
» ogeorn W P!
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Me Me Mg H
5 @ -~ &)
Vasella reductive ring-opening,
aldehyde reduction,
and thionoacylation 2) N-Bromosuccinimide mediated
acetal ring-opening
Zn T /
Hal—, Me Ph—-0\ M¢
BzO [ e} el
) e ————— ‘
OMe © \ D OMe
W S
{6)

1) Deoxygenation 0

Scheme 10.1 Fraser-Reid's retrosynthetic analysis for (—)-silphiperfolene
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explore the effect of antithetically rupturing bond  in subtarget 3. Aware
that highly functionalised five-membered carbocycles can often be readily
constructed through S5-exo-trig free radical ring-closure,* Fraser-Reid
implemented this transform on compound 3 to obtain the alkenyl thio-
nocarbonate 5 as a subtarget. It is now that the experienced carbohydrate
chemist can start to see the six-carbon hexopyranose framework
emerging from within 5, particularly if they are aware of the Vasella
reductive ring-opening reaction of 6-halo-hexopyranosides.® This is a
novel reductive elimination that allows sugar hexopyranosides to be con-
verted to acyclic olefinic aldehydes under very mild conditions. Fraser-
Reid knew of this methodology, and retrosynthetically used it to very
powerful effect on 5 to acquire 6.

Having identified the ‘hidden’ carbohydrate framework within (—)-
silphiperfolene, Fraser-Reid next attempted to dismantle the complex
bicyclooctane ring system of 6, which now is an array consisting entirely
of C and H atoms linked together via o bonds. Significantly, the presence
of an exo-methyl group in ring-C of 6 helped guide a retrosynthetic
oxidation of that ring to provide ketone 7 as a subtarget. In turn, this one
operation opened up a plethora of disconnective possibilities for 5-exo-
trig radical ring-cleavage of the bonds B to the newly introduced carbonyl
that is, bonds &, ¢, 4 and e in ketone 7 (Scheme 10.1).

Me Me
Ph— Ph/'iao o Ph/\:ao o
0O O 0
OMe OMe
M Me M
(8)
Me Me
Ph—"%-0 Ph o] Ph O
. g oo
O o} o} X
OMe \ OMe
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O
o -0
N OMe
é ¢
@
Me
O
\ OMe
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Scheme 10.2 Retrosynthetic radical cleavage of bonds 6 and ¢in 7. Disadvantages: the cleavage
of bonds b and ¢ does not afford precursors that have been significantly simplified. It leads to
highly functicnalised medium ring precursors that will be very difficult to synthesise.

It will soon be appreciated that rupture of bonds b, ¢ and e offers no
real tactical advantages. For example, radical cleavage of bond b creates
an cight-membered unsaturated carbocycle 8 that is even more
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challenging to synthesise than 7 (Scheme 10.2). Under no circumstances
can this be viewed as a simplifying transform. Likewise, cleavage of bond
¢ disturbs the pyranoside framework, and provides the equally
demanding problem of having to create a remotely functionalised nine-
membered ether ring fused onto a cyclopentenone (as in compound 9).
Disconnection of bond ¢ also offers the daunting prospect of having to
generate a bond between two highly hindered quaternary carbon centres,
whilst simultaneously controlling their relative and absolute stereoche-
mistries. Again, even for most highly seasoned synthetic campaigner, this
would be a dreaded task! By retrosynthetically analysing subtarget 7, in
this methodical way, Fraser-Reid eventually fractured bond 4 to obtain
10 (Scheme 10.3). Tt will soon be appreciated that a cyclisation of this sort
would generate a stabilised a-keto radical that would prefer to abstract a

Me (7) Me Me
P50 Ph—%-0 Ph~"0
o -0 0 -Q o -G
O o} e}
\ OMe OMe OMe
Mé:‘ f Me Me |

(10$)
Bond d is more
strategic for disconnection

Scheme 10.3 Free radical retrosynthetic disassembly of boud 4 in 7. Advantages: it does not
necessitate the construction of a functionalised medium-sized ring. 1t forms the bicyclooctane
ring system by a favourable 5-¢xo-trig pathway. Conformational and steric bias will allow the
stereochemistry of the methyl o to the ketone to be controlled.

hydrogen atom from BusSnH, from the exo-side of the newly formed
tricyclic array, for steric reasons. The correct ring junction stereochem-
istry would emerge as a consequence of the stereochemical arrangement
between the substituents at C{2) and C(3) in the pyran framework. As an
added bonus, retrosynthetic olefination of ring C to obtain 10 would
facilitate disassembly of this ring system by regioselective double-bond
hydration and retro-aldol reaction (Scheme 10.4). In a forward synthesis,
the prospects for achieving an aldol reaction/dehydration in a single step
from 11 would be excellent, which added to the attractiveness of this
simplifying operation.

Thus, by using logical retrosynthetic thinking, Fraser-Reid was able
to reduce the (—)-silphiperfolene problem to the issue of setting two
quaternary carbon stereocentres at adjacent positions within a hexopy-
ranoside framework. Fortunately, he had already provided a partial
solution to this particular methodological challenge in the mid-1980s,
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Scheme 10.4 Fraser-Reid’s retrosynthetic analysis for (—)-silphiperfolene.

after he showed that C(3)-allylic vinyl ethers, such as 13, readily engage
in stereospecific Claisen rearrangements® to form hexopyranosides with
quaternary stercocentres at C(3). Because compound 13 could now po-
tentially be derived from enoate 14, a Witiig disconnection now appeared
feasible, which consequently allowed ketone 15 to be selected as a sub-
target. It is now that the possibilities for performing a C(2)-enolate
double alkylation on 15 become apparent. Since ketone 15 was available
from the O-benzylidene acetal cleavage of 16 with #-BuLi, Fraser-Reid
opted to examine the viability of this strategy in more detail.
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10.3 Fraser-Reid’s total synthesis of (—)-silphiperfolene

Fraser-Reid’s synthesis of (—)-silphiperfolene (Scheme 10.5) commenced
with a regioselective and chemoselective cleavage of the dioxolane acetal
in methyl 2,3;4,6-di-O-benzylidene-a-p-mannopyranoside 16 with #-
BuLi.” This afforded an enolate that reacted with ethyl bromoacetate
to produce 17.%° It is likely that the axial alkylation product is initially
formed in this reaction, and that this then isomerises to the more stable
equatorial isomer, under the basic reaction conditions. A second
enolisation was then effected at C(2) with potassium hydride in
tetrahydrofuran (THF).® Again alkylation proceeded from the less-
hindered axial direction, but now the lack of an acidic hydrogen at
C(2) precluded loss of stereochemical integrity at this position. Because
Wittig and Peterson technology both failed to olefinate this ketone, an
alternative strategy had to be put in place to convert it to the primary
allylic alcohol 20. One pathway added vinyl magnesium bromide to the
ketone, from the less-hindered f face to provide the tertiary allylic alco-
hol 18. After ester reduction and alcohol protection, a thionyl-chloride-
induced rearrangement on 19 yielded the primary allylic chloride. The
latter was then subjected to a nucleophilic displacement with sodium
acetate, and a transesterification reaction, to obtain the desired allylic
alcohol 20 in good overall yield.

Alcohol oxidation and Grignard addition were next implemented to
access 21, along with its hydroxy epimer. The undesired alcohol was
recycled by a two-step procedure, involving a Mitsunobu reaction with
benzoic acid, and ester cleavage with methyllithium. Compound 21 was
converted into enol ether 13, and a Claisen rearrangement cffected to
obtain 12 as a single product. After addition of ethylmagnesium bro-
mide to 12, Swern oxidation and ozonolysis subsequently provided
keto-aldehyde 11. Intramolecular aldol condensation and dehydration,
mediated by potassium f-butoxide, transformed 11 into the desired
spirocyclopentenone 22. O-Desilylation and iodination finally yielded the
B-ring radicai cyclisation precursor 10. Treatment of this iodide with
tributylstannane brought about the desired radical conjugate addition to
produce ketone 7 with the correct methyl group stereochemistry at C(10).

Since the C(11) keto group in 7 had fulfilled its role in assembly of the
diquinane unit, it was converted to the enol triflate 23,” and deoxygena-
tion effected by palladium(0)-catalysed hydrogenolysis.'® The benzylidene
acetal of 24 was then cleaved by a Hanessian Huller reaction,'’ and
bromide 25 converted to iodide 26 by a Finkelstein reaction with sodium
iodide. Reductive acetal ring-cleavage with zinc amalgam® next provided
aldehyde 27, which was reduced to the alcohol and thionoacylated'
to obtain 5. Radical-mediated ring-closure of 5 furnished a mixture of
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methyl epimers at the newly-introduced stereocentre. This loss of stereo-
chemical control was of httle real consequence, however, since this
carbon was later to become sp’-hybridised in the target.

In order to arrive at ketone 2, benzoate 3 was reduced with lithium
aluminium hydride, and the resulting alcohol oxidised with pyridinium
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Scheme 10.5  Fraser-Reid’s synthesis of (—)-silphiperfolene.
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|

dichromate. Addition of methyllithium to 2 delivered a mixture of
tertiary alcohols 1, that underwent smooth dehydration to the target, (—)-

silphiperfolene, in good vield.
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10.4 Mechanistic analysis of the Fraser-Reid
(—)-silphiperfolene synthesis

The conversion of 19 to 29, and 29 1o 30

The first step is an allylic chloride displacement on a chlorosulfite ester
gencrated from the tertiary vinyl carbinol and thiony! chloride. Atfack
of chloride on an allylic carbocation intermediate can equally well be
envisaged. The subsequent conversion is simply an Sy2 displacement by
acetate ion (Scheme 10.6).

Me Me
h Ph o)
P /\SO -0 50CI, py, THF, /1{; -0 (28)
(19 v 0°C.1h e,
Co / ome cl 0 / OMe
3 Yo H; o=s,
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Me Me
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;E- -Q KOAg, DMF /—YC; -Q
4 OMe ACO-/\\ / OMe
AcO CL)
OTEDMS OTBDMS
(30) (29)
Scheme 10.5,

The conversion of 13 into 12
Here a thermally-induced [3,3]-sigmatropic rearrangement occur {Scheme
10.7).° 1t probably proceeds via the chair-like transition state shown,

Me
PR30
o -0

CHC

Xylene, A, 24 h

s OMe

Me

OTBDMS

CTBDMS
{13) (12)

Scheme 10.7.
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11  (—)-Allosamizoline
K.J. Hale

11.1 Introduction

In 1986 the novel chitinase inhibitor (—)-allosamidin was discovered
in fermentation broths of Streptomyces sp. 1713 by Sakuda and co-
workers,! (—)-Allosamidin is unusual inasmuch as it contains two M-
acetyl-n-allosamine residues glycosidically linked B-1,4 to one another.
In turn, this disaccharide is connected to a cyclopentanoid known as
(—)-allosamizoline in the manner shown in Figure 11.1.

OH

HO

Figure 11.1 (—)-Allosamidin.

Synthetic interest in (—)-alloasamizoline has risen steadily ever since its
structure was first announced in the mid-1980s. Trost and Van Vranken?
were the first to report a racemic synthesis, in 1990, and there later
followed two enantiospecific syntheses by Kuzuhara ef al.> and Simpkins
and Stokes* in 1991 and 1992, respectively,

A careful comparison of the {—)-aliosamizoline structure with that of
D-glucosamine reveals a perfect heteroatom chirality match at carbons
2, 3, and 4 (Scheme 11.1). Conceptually, one can arrive at {(—)-allosami-
zoline if one establishes a C—C bond between C(1) and C(5) in p-
glucosamine, and one then appends an amino-oxazoline ring onto the

(-)-Allosamizoline D-Glucosamine

Scheme 11.1 The conceptual conversion of (—)-atlosamizoline to n-glucosamine.
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newly formed cyclopentane. Although this assessment of the problem can
make it seem ever so straightforward, the stereocontrolled construction of
highly functionalised cyclopentane rings is anything but a trivial task,
with special tactics often being required before such systems succumb to
total synthesis. In the coming section, we will examine the different
synthetic strategies used by Kuzuhara® and Simpkins* and their co-
workers in their respective total syntheses of (—)-allosamizoline.

11.2 The Kuzuhara retrosynthetic analysis of {—)-allosamizoline

One very useful stratagem for assembling heavily substituted rings is to
construct a more readily accessible system of larger ring size (often with
more functionality), and then to attempt its ring contraction. Whilst some
target molecules can readily vield to this line of retrosynthetic thinking,
others, such as (—)-allosamizoline, often require detailed analysis before
such a transform becomes apparent. Clearly, planning of this type ben-
efits enormously from a thorough working knowledge of the reactions
available for ring contraction. In Scheme 11.2 we list some ring-
contraction processes that have previously been used to build up smaller
ring systems from larger ring precursors.’ These include the diazotisation
reaction of cyclic-1,2-aminoalcohols,® the reductive 1,2-hydroxytosylate
rearrangement,’ and the Taguchi dibutylzirconocene-mediated ring-
contraction® of monosaccharide cyclic allylic acetals.

Let us return now to the (—)-allosamizoline question. If Kuzuhara's
intention was to derive three of the target’s chiral centres from

NH:z
N +
S T e e
Bu “0OH -
O\H Bu

MG EsB.

Me (o]
o LiEt,BH Me o Me, Q. __“.OMe Me, Q. “\‘\OI\«'Ie
HO —_—i- _ O - » Y
TS0 Spe BB ) ’
™ OMe Et;B—0  CHO HO  CHOH
1t
ZrCp, BF3 21Cp
Y ome (\DMe CO OH
CDQZ"(BU)Q /—\1
then BF4- E120
OBn : BnO— OBn
BnO / G

Scheme 11.2 Examples of ring-contraction processes.
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p-glucosamine, then obviously he would have to avoid disrupting these
carbons during his retrosynthetic analysis. Bearing this in mind, his
application of a reductive 1,2-hydroxy-tosylate rearrangement tactic® to
(—)-allosamizoline demanded that this rearrangement be confined to
C(1), C(5) and C(6) of a potential six-membered carbocycle precursor.
After careful consideration of the various options, Kuzuhara concluded
that hydroxy-tosylate 2 would be the ideal candidate for such a ring-
contraction. He then retrosynthetically cleaved the tosyloxy group from
2 to obtain diol 3, and retrosynthetically installed its cis-diol unit by a
syn-dihydroxylation on alkene 4 (Scheme 11.3). Because the latter had
functionality on either side of the double bond, retro-Sn2' type dis-
connection did appear feasible at either allylic position. However, owing
to the necessity for preserving stereochemical integrity at O(4), through-
out the retrosynthetic analysis, Kuzuhara opted to implement this
transform in a manner that allowed simultaneous disjunction of the di-
methylaminooxazoline ring. This enabled the allylic mesylate § to be
selected as a subtarget. Kuzuhara’s positioning of an allylic O-mesylate at
C(5) was highly strategic since it permitted oxygenation of the cyclitol at
that position, which allowed enone 6 to be selected as the progenitor of
5. In turn, enone 6 was considered accessible from the modified D-
glucosamine derivative 7 by Ferrier rearrangement. ? With these tactical
considerations in mind, we now outline the Kuzuhara synthesis® of (—)-

allosamizoline from p-glucosamine.

11.3 The Kuzuhara total synthesis of {—)-allosamizoline

Kuzuhara’s journey towards (—)-allosamizoline® began with the conver-
sion of D-glucosamine hydrochioride 8 into known 9 in five steps.
Compound 9 was then N-acylated with dimethylcarbamyl chloride and
O-debenzylidenation performed under mildly acidic conditions to obtain
diol 10 (Scheme 11.4). Selective iodination of the less hindered primary
hydroxyl in 10 was accomplished by treatment with N-iodosuecinimide
and triphenylphosphine.'® The resultmg iodide was O-silylated with fert-
butyldimethyl silyl (TBDMS) triflate’' to give 11 in 71% yield for the last
two steps. E2-elimination of the iodo group from 11 was then performed
with potassium f-butoxide in tetrahydrofuran (THF). Glycal 7 was then
subjected to Ferrier rearrangement with mercuric sulfate in acidic
acetone.’ The mixture of P-hydroxy ketones that emerged was next
subjected to O-mesylation and in situ Elch elimination to provide enone
6. After stereoselective reduction of the keto group in 6 with
NaBH,-CeCl;- 7TH,0, the resulting allylic alcohol underwent an
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Scheme 11.3 Kuzuhara’s retrosynthetic analysis of (—)-allosamizoline.

internal Sn2' reaction when mesylated with methanesulfonic anhydride
and triethylamine. Although the stereochemical outcome of this
reduction was not specified, topological considerations suggest that it
probably proceeded from the less hindered P side of ketone 6. Given also
the preference for Sn2' reactions to proceed via transition states which
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Scheme 11.4 The Kuzuhara synthetic route to (—)-allosamizoline.

position the incoming nucleophile syn to the leaving group,'? it also seems
likely that 4 arises from 5.

Osmylation of 4 proceeded stereospecifically from the B face of the
double bond to give diol 3 as the sole of the product reaction. The
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stereochemical outcome of this reaction can again be attributed to steric
hindrance in the approach of the reagent to the « face of the alkene. Diol
3 was selectively sulfonylated with p-toluenesulfonyl chloride at its less
hindered OH. Although equatorial hydroxyls on six-membered cyclitols
are generally more susceptible to O-sulfonation than their axial counter-
parts, the presence of a bulky OTBDMS group next to the equatorial
hydroxyl of 3 helped hinder sulfonylation of this alcohol. In turn, the
correct positioning of the leaving group at C(6) in 2 now permitted
reductive rearrangement® with L-selectride. The advantage of using 1-
selectride to mediate this reaction lay in the fact that the initially-formed
aldehyde was reduced immediately to the primary alcohol 1. As a result,
{—)-allosamizoline was obtainable in only two more steps, by acid-
promoted O-desilylation and hydrogenolytic cleavage of the O-benzyl
group at C(3).

Clearly, in the Kuzuhara synthesis of (—)-zllosamizoline, we have seen
yet another powerful strategy for ring synthesis, namely ring-contraction,
being used to excellent effect.

11.4 Mechanistic analysis of the Kuzuhara (—)-allosamizoline synthesis

The conversion of 7 into 6

The first step is a Ferrier mercuration” reaction on the enol ether double
bond, which initiates ring-opening of the pyranoside to form 13 (Scheme
11.5). An intramolecular aldol addition reaction then ensues to give 14.
After O-mesylation, 15 undergoes an Elch elimination reaction via
enolate 16.

The conversion of 2 into 1

This is an example of a reductive hydroxy-tosylate 1,2-rearrangement.
For such a rearrangement to proceed, the migrating bond must be
antiperiplanar to the C—O bond of the leaving group. Initially, treatment
of 2 with L-sclectride® leads to aldehyde 18, which is then reduced in situ
to 1 (Scheme 11.6).

11.5 Simpkins’ retrosynthetic strategy for (—)-allosamizoline

The most outstanding feature of Simpkins’ retrosynthetic analysis* of
(—)-allosamizoline was its proposed useage of a Bartlett monosaccharide-
oxime radical cyclisation reaction'® to assemble the amino-cyclopentane
ring system of the target. Simpkins recognised that this methodology was
tailor-made for solving the C(1)-C(5) bonding issue. His remaining
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analysis therefore focused on the design of a viable pathway for the
selective deamination and stereospecific oxygenation of C(1), which again
would be far from trivial tasks (Scheme 11.7).

Amination and deprotection Oxidative cleavage,
reduction, and

oxazolidinone formation

NMEE
HO 0 AcO ACG  NOH
S N(HC) ~NHZ
S ——
HO oM A AcG  OAc
{(-)-Allosamizoline (19) (20)
Oxidation

Regioselective protection,
oximation, and

imidazolethionocarbonylation Radical cyclisation

/ ACO  NHOBn

NHZ

A0 OAc
(21)

Scheme 11.7 Simpkins’ retrosynthetic analysis of (—)}-allosamizoline.

11.6 Simpkins’ total synthesis of (—)-allosamizoline

After converting p-glucosamine hydrochloride 8 into the Z-protected
peracetate 23 in two steps, Simpkins attempted a chemoselective
transesterification of the more reactive O(1)-acetate to acecess the hemi-
acetal (Scheme 11.8). This was then reacted with O-benzylhydroxylamine
hydrochloride in pyridine and dichloromethane to bring about ring-
opening and formation of the oxime. Compound 24 was then reacted
with thiocarbonyldiimidazole to obtain 22, and a Bartlett 5-exo-trig
free-radical cyclisation'? was implemented with tributylstannane and
azobisisobutyronitrile (AIBN) to form the cyclopentane 21 in moderate
yield. Simpkins’ next task was oxygenation at C(1), a transformation that
required two more steps. Initially 21 was oxidised to the oxime 20 with
m-chloroperoxybenzoic acid (m-CPBA).'* A second oxidation was then
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Scheme 11.8 Simpkins’ enantiospecific route to (—)-allosamizoline.
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performed with ozone!® to create a secondary ozonide which underwent
reduction to alcohol 25. The latter was isolated in 20-40% overall yield
from 20.

The next phase of the synthesis was installation of the dimethylamino-
oxazoline ring system. This was constructed from the oxazolidinone
precursor 19, Oxarzolidinone formation occurred when 25 was reacted
with thionyl chloride. The more nucleophilic carbonyl of 19 was then O-
alkylated with the Meerwein reagent to give an iminium ion that readily
participated in a nucleophilic addition/elimination reaction with dime-
thylamine to give 26. The final step of the synthesis was (-deacetylation
of 26 with sodium methoxide to provide (—)-allosamizoline hydrochlor-
ide in 98% vyield after acidification.

11.7 Mechanistic analysis of some key steps in the Simpkins
(—)-allosamizoline synthesis

The transformation of 22 into 21

In the Bartlett monosaccharide-oxime free-radical cyclisation reaction,
the thionocarbonylimidazolide grouping is initially attacked by a tri-n-
butyltin radical at its sulfur terminus (Scheme 11.9). This leads to a highly

13

OAc SSnBug

AcO NHOBnN
NHZ
* —f———————
AcG - OAc

@n

Scheme 11.9.
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stabilised tertiary free radical which fragments to a carbon-centred
secondary free radical. The latter then cyclises to give a highly reactive
nitrogen-centred free radical which then goes on to abstract a hydrogen
atom from tri-n-butyltin hydride to produce 21.

The conversion of 21 into 20
One possible mechanism for this reaction is shown in Scheme 11.10. Tt
commences with a nucleophilic attack of the nitrogen grouping on the

Ar Q
4

B
{0 ok

1
H:\N OBn

AcO

- AcO

Scheme 11.10.

highly electrophilic terminal OH of the peroxyacid. This causes fission of
the very weak O—O bond to give m-chlorobenzoic acid and intermediate
29. After proton transfer and loss of benzyl alcohol from 30, the nitroso
intermediate 31 tautomerises to produce 20.

The formation of oxazolidinone 19 Srom 25

The reaction of 25 with thionyl chloride almost certainly leads to the
chlorosulfite ester 32 (Scheme 11.11). An internal nucleophilic displace-
ment then occurs by the adjacent benzyloxycarbonyl group to form the
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AcO 0‘(/

- PhCH.Gt
—-—

(33)

Scheme 11.11,

O-alkylated oxazolidinone 33, SO, and chleride ion. The liberated
chloride then attacks the activated benzyl group to form benzyl chloride
and 19.

11.8 Epilogue

The most striking difference between the Kuzuhara and Simpkins
syntheses lies in their respective lengths, the Simpkins synthesis being
much shorter, because of its more rapid assembly of the cyclopentane
ring system by [Tee-radical chemistry. However, both routes are clegant in
their own right, ecach marvellously showcasing the utility of monosacchar-
ide starting materials for the construction of complex natural products.
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12 (—)-Reiswigin A
K.J. Hale

12.1 Introduction

(—)-Reiswigin A is a naturally-occurring diterpene collected from the
marine organism Epipolasis reiswigi at depths of 330 m (Figure 12.1).' It
has a potent antiviral profile, with specific activity against Herpes simplex
virus type 1 and murine A59 hepatitis virus. Kim and co-workers recently
reported? a fully stercocontrolled route to (—)-reiswigin A which again
highlights the utility of the Johnson orthoester Claisen rearrangement
for fashioning stereocentres and stereodefined olefin systems. Below, we
discuss their synthesis.

Figure 12.1 (—)-Reiswigin A.

12.2 The Kim retrosynthetic analysis of (—)-reiswigin A

The presence of an alkene in the seven-membered ring of (—)-reiswigin A
provides an immediate disconnection point for this'target. Kim and co-
workers capitalised on this fact and retrosynthetically cleaved this ring to
obtain keto-phosphonate 1 (Scheme 12.1).> A further clearance and pro-
tection of the reactive functionality within 1 then led to cyclopentane 2.

While scission of the three bonds « to the ester in 2 provides a very rich
bounty of stabilised anion/electrophile partnerships, a detailed evaluation
of each respective forward reaction reveals that only one is tactically
viable. For example, the cleavage of bond a in 2 would not be strategic
for it would require enolate 11 to undergo methylation from its more
hindered top-face (Scheme 12.2), which would be most unlikely. Such a
plan would almost certainly lead te a product with incorrect stereo-
chemistry at the newly introduced quaternary carbon centre. In similar
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Scheme 12.1 The Kim retrosynthetic analysts of (—)-reiswigin A.

vein, heterolytic fission of bond & in compound 2 would produce the
enolates 12 and 13 (Scheme 12.3). Careful scrutiny of these intramole-
cular alkylations again reveals tactical flaws. The cyclisation of 12 would
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Scheme 12.2.

Scheme 12.3.

require a leaving group (L) to be displaced from a secondary carbon
atom that is branched. Geometric constraints would also deter cyclisa-
tion. The internal Sp2’' alkylation/hydrogenation sequence needed to
convert 13 into 2 would likewise be potentially problematic. Not only
would elimination of the leaving group be a possible side reaction, the
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cyclisation itself would afford a product with incorrect stereochemistry at
the newly established ring junction. In light of these considerations, both
disconnective possibilities can be discounted.

Cleavage of bond ¢, however, looks most expedient. The formation of
enolate 14 seems perfectly feasible (Scheme 12.4), as does its cyclisation to
2. The latter reaction would be predicted to be facile as the carbon mow

Me L
@
. U,<
————> Me Sy
N
MOM Me

2 (14)

Scheme 12.4.

undergoing displacement is primary and unhindered. This disconnection
has added value in as much as it is highly simplifying, it dismantling the
cyclopentane ring system and one of the quaternary carbon stereocentres
simultaneously. This was the stratagem cventually selected by Kim and
co-workers for their synthesis (see Scheme 12.6).

The three contiguous alkyl stereocentres present within 3 (Scheme 12.1)
offer a special challenge for retrosynthetic simplification. As discussed
already, the successful dismantling of a target can often require the func-
tionalisation of a previously unfunctionalised C—C bond within a
carbon skeleton. With this in mind, Kim retrosynthetically positioned a
C=C bond adjacent to the OMOM group in 3 and converted its O-tosyl
ester to a more robust OTBDMS group to obtain 4. Although, in
principle, Kim had the option of retrosynthetically breaking bond 4 in 4
to obtain enolate 15 and halide 16 (Scheme 12.5), a more circumspect
evaluation of this operation reveals that the forward reaction is tactically
compromised by a potentially competitive Sp2 alkylation. Given this
weakness, Kim decided to evaluate other methods for breaching the
allylic C—C bond of 4. One artifice that is always worth considering,
when dismantling allylic side-chains containing two or more carbon
atoms, is the reverse Johnson orthoester Claisen rearrangement.* This
transform invariably leads to a chiral allylic alcohol of defined stereo-
chemistry, when made at an allylic asymmetric centre. Kim’s use of this
tactic on 4 led to the stercodefined alcohol 5 (Scheme 12.1). After
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Scheme 12.5.

retrosynthetic oxidation of the CH,OTBDMS group in 5 to an ester, and
protection of the secondary allylic alcohol as an O-benzyl ether, a further
opportunity for applying a Johnson orthoester transform manifested
itself, which allowed compound 7 to be derived from 6.

Despite the obvious possibilities for disengaging the allylic methyl
group of 7 by retro-Sy2’ reaction, Kim preferred to disjoin this molecule
by a (Z)-selective Wittig reaction to obtain aldehyde 9 and ylide 8. Since
further analysis of 9 also indicated that it could potentially be reached
from the readily available 5-deoxy-p-xylose derivative 10, this was the
strategy eventually settled upon.

With this as background, we now give an account of Kim's synthetic
route to (—)-reiswigin A.*

12.3 The Kim total synthesis of (—)-reiswigin A

Compound 10 had previously been prepared from p-xylose by Kiss and
co-workers.” It was transformed into 9 by the following sequence
(Scheme 12.6). Initially, compound 10 was reacted with iodine in
methanol® to bring about transacetalation of the 1,2-O-isopropylidene
group. The resulting «,p mixture of methyl furanosides was then O-
benzoylated to give 17. Ring-opening and thioacetalation with etha-
nethiol, followed by protection of the remaining hydroxyl with
methoxymethyl chloride next provided 18. Finally, the aldehyde group
was unmasked from 18 by dethioacetalation with iodine in aqueous
acetone at low temperature. The base-mediated Wittig reaction’ of 9 with
phosphonium salt 19 (prepared according to Scheme 12.7) produced a
single geometrical isomer when performed in the presence of hexa-
methylphosphoric triamide (HMPA). Saponification of the benzoate
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ester from 7 subsequently provided the key alcohol precursor needed for
the first Johnson orthoester Claisen rearrangement.® The latter reaction
was performed under mildly acidic conditions with triethy! orthoacetate,
and initially produced a mixed ketene acetal that [3,3)-sigmatropically re-
arranged to the (E)-y,5-unsaturated ester 6 in high yield.

{0 1% 5, MeOH,
Me, 0 80°C,1.5h Me o] {iil) E1SH {4 eq), BFyEt0 (2 eg),
\QWO @2%) WOMQ GHoCl, -20°C. 3 h (87%)
-—_— - —— Y=
\ ""‘OX (i} BCI, BN, - iiv) MOM-GI {15 eq), i-ProNEt
$ CHoCly, F 2 69}, CHyClp, 0°C. T htort,
Bnd rL, 10 h, BnO OBz 15h, [92%)
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: : Me;CO-Ha0 (15:7), : : 0/>
MOMO OBz 20°°C, 1 h {68%) MOMO OBz Phgt
(18) ©

BnQ
Me Me (Vi) KoCO;s (2 eq). MeOH,
: > 40 °C, 5 h, (95%)
MOMG OBz MeT 9 e {vill) MeC(OEt);, EtCOaH
— cat., 120 °C, 4 h, (93%)
N
CTBDMS
#0) Li 8 eq), OH r
NHaTHF/EXQH
(3:13': ) 7RG, {xi) EXC{OEL)5,
0.5 h, (92%) cat. phenal,
(%) +-BuMegSic|, 130°C, 3 h,
imidazola, 92%)
DMF, G °C for
2h,thenrt.,5h,
185%;)
Me OTs

{xii) Ha (60 psi}, P10, (0.1 eq),
EICH, EtgN, r.t., 3 h, (87%)
{xiil} n-BusNF (2 eq), THF, rt.,
2 h, {§2%) H
(xiv) TsCI (1.5 ag), py (2 eq). MOMO
CHGly, rt., 18 h, {96%)

{rv) KN(SIMeg)» (5 eq), THF,
78 °C for 2 h, then

-40 °C for 3 h, {92%)
e
o
3 Me
@ (]

Scheme 12.6 Kim’s synthesis of (—)-reiswigin A.
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Scheme 12.7 Kim’s route to the phosphonium salt 19 used in the synthesis of (—)-reiswigin A,

The next step was reduction of the ester and O-benzyl ether groups in
6 with lithium in liquid ammonia. Note how the allylic alcohol sur-
vived these reduction conditions. Sometimes, allylic deoxygenation can



254 ORGANIC SYNTHESTS WITH CARBOHYDRATES

be problematic in dissolving metal reductions. It now proved necessary
to block the primary hydroxyl in the product selectively as a TBDMS
cther to obtain 5. This set the stage for a second Johnson orthoester
Claisen rearrangement,* on this occasion with triethyl orthopropionate.
This reaction proceeded smoothly at 130°C over 3 h to deliver alkene 4
in 92% yield. ’

Hydrogenation of olefin 4, followed by O-desilylation and O-tosylation
next procured tosylate 3, which cyclised readily when exposed to excess
potassium hexamethyldisilazide. Elaboration of the ketophosphonate
side chain of 20 was accomplished by condensing ester 2 with the lithiated
anion of dimethyl methylphosphonate. After concurrent removal of the
1,3-dioxolane acetal and the MOM ether from 20, the resulting secondary
alcohol was oxidised with pyridinium chlorochromate (PCC) to produce
methyl ketone 1,

The last step of the synthesis was a regioselective Wadsworth—Horner—
Emmons cyclisation® to give (—)-reiswigin A in 85% yield. Although, in
principle, both a seven- and an eight-membered ring could have resulted
from this cyclisation, only the product with smaller ring size was observed
in practice for entropic (less loss in rotational freedom) and enthalpic
(lower strain energy) reasons.

12.4 Mechanistic points of interest in the (—)-reiswigin A synthesis

The conversion of 10 into 27

The cleavage of acetals with catalytic iodine in methanol is a reaction first
reported by Walter Szarek and co-workers® in the 1980s. Although a
mechanism has never been proposed in the literature, it is conceivable
that the C(1)-exo-acetal oxygen of 10 could attack iodine to form 25 and
iodide ion (Scheme 12.8). Loss of the C(1)-O-substituent could then occur
to create 26, which could capture iodide ion and methanol to form 27 and
acetone. Such a mechanism would regenerate the catalytic quantity of
iodine needed to propagate the catalytic cycle.

The formation of 31 from 17

One mechanistic possibility for this thioacetalation reaction invokes
furanoside ring-opening of 17, initiated by complexation with boron
triflnoride etherate (Scheme 12.9). Oxonium ion 28 could then get
intercepted by the ethanethiol to produce 29. After further complexation
with BF;, in the manner shown, thionium ion formation can again occur
to give 30, which can then engage in yet another nucleophilic addition
with the ethanethiol to produce 31 after protonation.
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The conversion of 6 into 32
Two reductions occur concurrently in this dissolving-metal reaction
(Scheme 12.10). The first is a Birch reduction® of the benzyl ether to give a
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radical anion that protonates and captures an electron to create anion
35 (Scheme 12.11). This then eliminates to form the requisite alcohol and
36. The latter species is probably only generated transiently, it being

immediately converted to toluene.

In dissolving-metal ester reduction, the ester carbonyl is believed to ac-
cept an electron to form a radical oxyanion 37 (Scheme 12.12). Chelation
with a lithium counterion then ensues to produce a tertiary radical 38
which then captures a second electron to become a carbanion. Proto-
nation of 39 next vields 40, whose fate is to collapse to aldehyde 41.
Another multiple electron transfer/protonation sequence subsequently

yields the product alcohol 46.
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13 (—)-Octalactin A
K.J. Hale

13.1 Introduction

{(—)-Octalactin A is an unusual medium ring lactone of marine origin that
displays powerful cytotoxic effects against murine and human tumour cefl
lines (Figure 13.1)." Tts remotely functionalised eight-membered ring is
significantly strained due to it adopting a boat-chair conformation with
unfavourable cis-lactone geometry. The latter feature causes significant
intramolecular dipolar repulsion. Given this demanding topography, and
the potential sensitivity of this molecule to acids, bases, and strong
nucleophiles, it poses quite a significant challenge for total synthesis, In
this chapter we will examine how Buszek addressed the issues of remote
stereocontrol and medium-ring lactone construction in his synthetic route
to (—)-octalactin A2

HO.,,

\“" *
;
Me

Figure 13.1 (—)-Octalactin A.

13.2  The Buszek retrosynthetic analysis of (—)-octalactin A

When attempting to devise a retrosynthetic plan for (—)-octalactin A, it is
important to remember that its significantly strained lactone ring will
readily fracture if the molecule is exposed to powerful nucleophiles or
strong bases. Two features that confer particular lability upon it are the
cis-ester unit, which can split apart by nucleophilic addition—elimination,
and the B-hydroxy ester motif, which can cleave through base-mediated
retro-aldol reaction. Given these synthetic snares, it would probably be
prudent to defer lactonisation until late in a total synthesis, for, once
installed, the lactone ring will clearly jeopardise all further synthetic
manoeuvring, and will thus compromise the entire success of the
venture,
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As a countermeasure to the possibility of retro-aldol cleavage, Buszek
took the precaution of retrosynthetically g)rotecting the C(3)-hydroxyl
group as a p-methoxybenzyl (PMB) ether” (Scheme 13.1). This would
allow the C(3)-OH to be unmasked at the final step of the synthesis with
dichlorodicyanoquinone (DDQ).* Although in principle, the C(13)-
hydroxyl could also be protected as a p-methoxybenzyl (PMB) ether,
teri-butyldiphenyl silyl (TBDPS) protection was eventually selected,
primarily because further retrosynthetic analysis indicated that the
C(10}-C(16) sector could be derived from a known starting material
which contained this protecting group. Furthermore, this mode of pro-
tection was equally well suited to the task at hand. The next stage of the
analysis was retrosynthetic reduction of the C(9)-ketone to obtain a 2,3-
epoxy alcohol, and clearance of the epoxide moiety. A hydroxyl-directed
epoxidation* on 1 was envisaged for stereospecifically installing the latter
motif. Nucleophilic epoxidation of an enone was not deemed appropriate
here owing to the presence of the base-sensitive lactone.

Because a ketone resides at C(9) in (—)-octalactin A, the issue of con-
trolling alcohol stereochemistry at this site in 1 only takes on relevance
from the perspective of determining the stereochemical outcome of the
hydroxyl-directed epoxidation. Buszek’s plan for introducing the allylic
hydroxyl of 1 was to perform a Nozaki Kishi-Takai Ni(I1)~Cr(II)
coupling’® between vinyl iodide 3 and aldehyde 2. Although it is difficult
to see why any stereocontrol should be observed for this reaction, if poor
stereoselectivity was encountered, Buszek had the option of oxidising the
allylic alcohol mixture, and performing a stereocontrolled reduction of
the enone with one of the Corey—Bakshi-Shibata (CBS) reagents.® Some
examples of successful CBS enone reductions performed in the presence
of ester and lactone functionality are shown in Scheme 13.2.

Thus, Buszek’s plan for unifying 2 with 3 (Scheme 13.1) had a potential
fall-back position, which is always desirable when planning a synthetic
route.

After retrosynthetic aldehyde reduction and protection to obtain 4,
Buszek next dismantled the eight-membered ring system. Recognising
that formation of a saturated medium ring is often accompanied by a
significant loss in rotational freedom and entropy, Buszek decided to
reduce significantly the degrees of freedom in his cyclisation-precursor,
during his first generation synthesis of 4 (Scheme 13.3). This was ac-
complished by positioning a cis-olefin unit within the chain. It was also
cxpected that this device would assist in bringing the reactive hydroxy
and thiopyridyl ester termini into close proximity. Whilst this tactic did
eventually prove very successful at closing the lactone ring of 11, it later
transpired that the double bond of this molecule could not be reduced
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under any of the conditions studied, which caused Buszek to rethink his
approach to 4.

In his second generation analysis of 4 (which is presented in full in
Scheme 13.1), Buszek decided to attempt the much more difficult ring-
closure of hydroxy-thiopyridyl ester 5. This is a particularly challenging
reaction to try, not only because of severe product ring strain, but also
because adverse entropy effects conspire seriously to disfavour cyclisa-
tion. Notwithstanding these adverse considerations, however, there were
some design features present within 5 which could potentially override
these obstacles and favour ring-closure. The foremost of these was the
Corey—Nicolaou thiopyridyl estet’ that was incorporated to activate the
C(1)-carbonyl. The main reason why these esters are so successful at
closing many medium- and large-ring lactones stems from their ability to
engage often in intramolecular hydrogen bonding with the terminal
hydroxyl that is present within the chain. Not only does this greatly assist
in internally bringing the two key termini into one another’s vicinity, it
also enhances the leaving-group potential of the thiopyridyl heterocycle,
whilst significantly increasing the nucleophilicity of the attacking
hydroxyl. Thus, when all three effects act synergistically, they can com-
bine to favour markedly a lactonisation process that would ordinarily be
predicted to be disfavoured.

Buszek also intended to add a ‘soft acid’ silver(I) salt® to the reaction
mixture. Its role would be to complex with the ‘softly basic’ sulfur atom
of the thioester moiety, and thereby assist in this group’s departure. Thus,
it will be recognised that every possible artifice was employed by Buszek
to maximise his chances of forming 4 from 5.

Having settled upon the intermediacy of ring-precursor 5 for his syn-
thesis, Buszek next retrosynthetically converted it to 6, and incised the
latter at its midpoint to obtain 7 and 8. Although high stereoselectivity
would not be expected for this coupling, this strategy did guarantee the
C(8)-methyl group sterecochemistry for 6. Furthermore, even if contra-
selectivity did arise, it would not be an insurmountable problem to
rectify, since recourse could be made to a Mitsunobu inversion tactic.
Buszek therefore directed his attention at establishing the anzi-relation-
ship between the two stereocentres present within 7. For this, he en-
visaged performing a stercoselective conjugate addition reaction on 10
with Me,Culi. In this, the oligomeric cuprate would preferentiaily add to
the less-hindered underside of the butenolide to furnish 9 after reductive
elimination. The latter could then be transformed into 7. Significantly,
compound 10 showed a stereochemical match with C(4) and C(5) in L-
ascorbic acid. Buszek therefore deemed it an ideal starting material from
where to commence a total synthesis of (—)-octalactin A.



264 ORGANIC VSYNTHESIS WITH CARBOHYDRATES

13.3  Buszek’s total synthesis of (—)-octalactin A

The key butenolide needed by Buszek, for his synthesis of (—)-octalactin
A, had already been prepared by Godefroi and Chittenden and co-
workers some years earlicr (Scheme 13.4).7 Their pathway to 10 provides
itin excellent overall yield, in three straightforward steps from L-astorbic
acid. The first step entails stereospecific hydrogenation of the double
bond to obtain L-gulono-1,4-lactone 13. Reduction occurs exclusively
from the sterically less-encumbered « face of the alkene in this reaction.
Tetraol 13 was then converted to the 2,6-dibromide 14 with HBr and
acetic anhydride in acetic acid. Selective dehalogenation of 14 with
sodium bisulfite finally procured 10. Tt is likely that the electron-
withdrawing effect of the carbonyl in 14 preferentially weakens the
adjacent C—Br bond, making this halide more susceptible to reductive
elimination under these reaction conditions.

Although lower-order cuprate reagents will often engage in displace-
ment reactions with alkyl halides, such reactions are usually slow.
They are generally much less facile than 1,4-addition reactions to a,p-
unsaturated enones or enoates. The latter Processes are particularly facile
when trimethylsilyl chloride is employed as an additive. Tt was Corey and
Boaz'® who first recognised the accelerating effect of trimethylsilyl
chloride on cuprate addition reactions to a,B-unsaturated carbonyls.
Buszek therefore capitalised on Corey’s earlier observations in his
reaction of 10 with lithium dimethylcuprate to obtain 15.

In order to deoxygenate 15 at C(5), and subsequently reoxygenate at
C(6), a reductive elimination was attempted with zinc dust in aqueous
acetic acid to obtain lactone 9. The lactone was then reduced with 9-
borobicyclo[3.3.1]Jnonane (9-BBN), and the double bond simultaneously
hydroborated and oxidised, to obtain triol 16. P-Methoxybenzylidenation
and bromination then furnished 17. The latter underwent a rapid
halogen-metal exchange reaction when treated with -Buli in ether and
pentane at —90°C to produce the organolithium reagent 7. This reacted
readily with aldehyde 8 to provide a 1:1 mixture of 18 and 6 which were
separated by chromatography. The undesired alcohol 18 was recycled
towards 6 by a Mitsunobu inversion tactic. This entailed reacting 18 with
triphenylphosphine, diethylazodicarboxylate, and p-nitrobenzoic acid to
obtain the inverted nitrobenzoate ester, and then converting this ester to
alcohol 6 by transesterification with potassium methoxide. A fter O-
acetylation, reductive acetal cleavage with sodium cyanoborohydride and
trimethylsilyl chloride furnished 19. A two-step protocol was used to
oxidise 19 to acid 20. The latter was then converted to the hydro-
Xythiopyridyl ester 5, and this heated with silver tetrafluoroborate in
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boiling toluene for 96h, to instigate the desired lactonisation to 4.
Lactone 4 underwent smooth O-desilylation, when exposed to tetra-n-
butylammonium fluoride in acid buffered tetrahydrofuran (THF). The
buffering helped prevent lactone ring-opening with this slightly basic
reagent. The resulting alcohol was oxidised to aldehyde 2 with the Dess—
Martin periodinane.

A Kishi-Nozaki-Takai Ni(I1}-Cr(II) coupling® was next implemented
between vinyl iodide 3 and aldehyde 2. This afforded a separable 1.5:1
mixture of the two diastereoisomers 1 and 21. Of particular note here was
the superb chemoselectivity of this coupling, the labile lactones in 2, 1 and
21 all surviving intact from this critical C—C bond forming step.

Having successfully knitted together the entire carbon skeleton of (—)-
octalactin A, all that now remained was to form the epoxy ketone and
deprotect. Pleasingly, compound 1 underwent hydroxyl-directed epo-
xidation with complete stereocontrol to give 22. Oxidation to the ketone,
and protecting group cleavage under standard conditions, then completed
this fine total synthesis of (—)-octalactin A.

It also proved possible to convert compound 21 into the target by the
sequence shown in Scheme 13.4. This pathway was, however, much less
satisfactory owing to its epoxidation step being nonstercoselective. The
latter reaction afforded a 1:1 mixture of epoxides that required chro-
matographic separation. Nevertheless, further useful quantities of the
natural product were obtained.

The Buszek (—)-octalactin A synthesis is notable for its useage of the
Corey—Nicolaou thiopyridyl ester’ protocol for saturated gight-mem-
bered lactone construction. Prior to this synthesis, no eight-membered
lactone ring had ever been prepared in high yicld from the cyclisation of
a saturated hydroxy carboxylic acid precursor. This reaction therefore
broke important new ground in the arena of complex natural product
synthesis.

13.4 Items of mechanistic interest in the Buszek
(—)-octalactin A synthesis

The conversion of 20 into 4

Thiopyridyl ester 5 was prepared using the methodology of Mukaiyama
et al.'! This entailed reacting hydroxyacid 20 with 2,2'-dipyridyldisulfide
and triphenylphosphine in CH,Cl,. Mechanistically, this reaction com-
mences with a nucleophilic attack of the phosphine on the disulfide
(Scheme 13.5). This produces a reactive thiopyridylphosphonium salt that
reacts with 20 to give the acylphosphonium ion 24. The latter then gets
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Scheme 13.5.

attacked by the liberated thiopyridone anion to form the thiopyridyl ester
5. Itis likely that complexation between the silver salt, the thioester group
of 5, and the tethered hydroxyl mutually assists in bringing these reactive
groups close together, as well as in simultaneously activating the thioester
unit for intramolecular nucleophilic attack. Intramolecular hydrogen-
bonding between the thiopyridyl nitrogen and the hydroxyl would fur-
ther serve to reinforce this metal-templating effect. The cyclisation itself
almost certainly proceeds by a nucleophilic addition-elimination
mechanism.

The conversion of 3 into 1/21

This is an example of the Kishi-Nozaki-Takai reaction. In this process a
catalytic quantity of a nickel(II) salt is reduced by excess chromous(II)
chloride to a nickel(0) species (Scheme 13.6). This then oxidatively adds
to the vinyl iodide to form an alkenylnickel(II) intermediate 25, with
retention of olefin geometry. Transmetallation is then presumed to occur
with a Cr(ITI) salt to give 26, which engages in nucleophilic addition to
the aldehyde carbonyl. Clearly, the transmetallation step regenerates the
nickel(IT) catalyst for re-entry into the catalytic cycle. The great beauty of
these vinylchromium(III) reagents lies in their high reactivity towards
aldehydes. Ketones, esters, nitriles, and epoxides are usually mert to such
reagents.
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14 (—)-ACRL toxin I
K.J. Hale

14.1 Introduction

A particularly harmful fungus of the genus Alternaria citri has recently
been identified as producing a mixture of toxins that cause considerable
damage to lemon and lime crops throughout the world.! The major
component of this mixture is the (—)-ACRL toxin I. In 1991 Lichtenhaler
and co-workers successfully achieved the first total synthesis of the (—)-
ACRL toxin I from p-glucose® by a route we will now discuss.

14.2  The Lichtenhaler retrosynthetic analysis of (—)-ACRL toxin I

Lichtenhaler’s protecting group strategy” for the (—)-ACRL toxin I
masked the C(13)-hydroxyl as a tert-butyldimethyl silyl (TBDMS) ether
and tied up the C(7)- and C(9)-hydroxyls as an O-isopropylidene acetal.
These blocking groups were selected for T (Scheme 14.1), partly for their
ease of removal at the final stages of the synthesis by acid hydrolysis,
and partly for their known compatibility with carbanion chemistry. An
imaginary lactone hydrolysis was next petformed to obtain the cor-
responding B keto acid from 1. The latter was then retrosynthetically
protected to obtain the I,3-dioxinone 2. This operation actuated the
C(4)—C(5) bond for scission, yielding the aldehyde 3 and extended
dienolate 4 as subtargets. In the forward direction, a vinylogous aldol
reaction was contemplated for connecting these two fragments together.
Although enolate 4 could potentially add at either its o or Y positions,
past literature precedent® suggested that such an addition would occur
preferentially at the more sterically accessible ¥ site of the enolate. The
prospects for controlling the stereochemical outcome of this reaction
were far less certain, however. Based on Still and Schneider's earlier
findings that organolithium reagents add to x-unsubstituted B-alkoxy-
aldehydes with low levels of stereocontrol,* one could expect poor
stercoselectivity to result in the addition of 4 to 3. However, one could
reach an opposite conclusion if one was aware of the recent work of
Vandewalle ef al. on bryostatin 1.°> They showed that a single dia-
stereoisomer was formed in the aldol addition of lithium enolate 11 to
aldehyde 12 (Scheme 14.2). From a predictive perspective, therefore, one
could argue that this latter result shows that Lichtenhaler’s proposed
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Scheme 14.1 The Lichtenhaler retrosynthetic analysis of {(—)-ACRL toxin L.



272 ORGANIC SYNTHESIS WITH CARBOHYDRATES

Ma Me Mg Me
. e :
+ GHC _:,E'F—ﬁi—— :
n H
TBDPSQ Ol 0OBn OPMB min77%)  tppps0 O OH OBn OPMB
(an ' 12) {(13)

Scheme 14.2  Aldol addition of a lithium enolate to an aldehyde.

vinylogous aldol reaction was a perfectly sound and logical disconnection
a priori. At this peint, it is perhaps worthwhile reflecting on Professor Sir
Jack Baldwin’s sage words with regard to synthetic planning:

Detailed mechanistic analysis can on occasion stifle the possibility
of the unexpected, since frequently processes which appear mecha-
nistically unsound or without precedent are discounted.

JLE. Baldwin®

To continue with Lichtenhaler’s analysis of the (—)-ACRL toxin I, his
next disconnection was made across the C(10)—C(11) olefinic bond of 3.
Because this alkene is (E)-1,2-disubstituted, and it has a nearby alkyl
substituent located at C(12), Lichtenhaler reasoned that a Julia-Lythgoe-
Kocienski olefination’ between 5 and 8 would be strategic for establishing
this alkenic linkage. Such olefinations are usually very successful at
providing (E)-1,2-disubstituted olefins from complex fragments.

Having settled upon the intermediacy of 5 and 8, Lichtenhaler next
attempted to equate their chirality with members of the monosaccharide
pool. Once again, p-glucose emerged as an ideal starting material for the
preparation of both pieces. If one conceptually superimposes the struc-
ture of p-glucose onto aldehyde 8, a chirality congruence immediately
becomes apparent between carbons 7 and 9 in 8, and carbons 2 and 4 in
p-glucose. To convert D-glucose into 8 would require a methyl group
being introduced at C(3) with inversion of configuration, and the C(6)-
hydroxymethyl group being oxidatively excised. One very useful deri-
vative of D-glucose, which allows C(3) to be readily modified, is 1,2;5,
6-di-O-isopropylidene-p-glucose. Its 5,6-O-isopropylidene group is also
more acid labile that its 1,2-acetal. This could therefore allow a periodate
cleavage/reduction tactic to be used to remove the C(6)-hydroxymethyl as
required. The use of 7 as a chiral starting material could therefore provide
a potentially very rapid entry into 8.

In like fashion, if one overlays the structures of 5 and p-glucose, a
chirality match immediately registers between the allylic hydroxyl of
the subtarget and the C(4)-hydroxyl of p-glucose. As with 8, the C(3)-
hydroxyl of p-glucose would again need to be converted to an inverted
C(3)-methyl group. However, for 5, the controlled degradative removal
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of C(1) would also now be a requirement. A stereoselective two carbon-
olefination at C(5) would additionally be needed. Yet again, 1,2;5,6-di-
O-isopropylidene-p-glucose appears an excellent candidate for the
preparation of this fragment.

In the coming section, we will detail how Lichtenhaler put such retro-
synthetic thinking into practice in his synthesis of the (—)-ACRL toxin I.

14.3 Lichtenhaler’s total synthesis of the (—)-ACRL toxin 1

The nucleophilic displacement of 1,2;5,6-di-O-isopropylidene-3-O-tosyl-
D-glucose with lithium dimethylcuprate would probably not be a vi-
able reaction for introducing the methyl stereocentre of 15. Such a
displacement would probably suffer from severe dipolar repulsions in the
Sn2 transition state, and would also be sterically impeded by the 1,2-0-
isopropylidene group.® O-Desulfonylation would also be a likely side
reaction. A less direct but more assured route to 15 was therefore sought.
Previous work by Rosenthal and Sprinzl® had shown that 15 could be
prepared from 7 in four relatively casy steps. The reactions needed are
oxidation of the C(3)-alcohol to the corresponding ketone, Wittig ole-
fination of the ketone with PhyP=CH,, stereospecific hydrogenation of
alkene 14, and graded acid hydrolysis of the 5,6-O-isopropylidene group
from the hydrogenation product (Scheme 14.3).

The oxidative removal of C(6) from 15 thereafter proved very
straightforward, it being readily accomplished with aq. NalQ, in EtOH.
Rather than isolating the product aldehyde, it was reduced in situ with
sodium borohydride to obtain 10. After protection of the primary alcohol
in 10 as a benzoate ester, an acid-catalysed acetal ring-opening was
performed with ethanethiol to obtain thioacetal 9 in good yield. Acetal
exchange with 2,2-dimethoxypropane, and thioacetal hydrolysis with
methyl iodide in aqueous acetone, next followed to provide aldehyde 16.
This was then subjected to one-carbon Wittig homeologation and base-
hydrolysis to access thioenol ether 17. Swern oxidation completed the
synthetic sequence to fragment 8.

To gain access to methyl ketone 18 (Scheme 14.4), it was necessary to
deoxygenate diol 15 at C(6) and oxidise the resulting deoxy sugar at C(5).
Deoxygenation was achieved in two steps through selective tosylation of
the C(6) hydroxyl, and sulfonate reduction with lithium aluminium
hydride. The C(5) ketone was obtained by oxidation of the alcohol with
pyridinium chlorochromate on alumina.'® Wittig olefination of 18 with
cthyl(triphenyl)phosphonium bromide and n-butyllithium next provided
a 4.1:1 mixture of Z/E olefin isomers that readily isomerised when
irradiated with ultraviolet (UV) light and phenyldisulfide. The double
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Scheme 14.3 Lichtenhaler’s route to sub-target 8 in his (—)-ACRL toxin I synthesis,

bond isomerisation process afforded a 6.6:1 mixture of geometrical iso-
mers, enriched in the desired (E)-olefin 19. The latter was isolated pure in
67% yield. The 1,2-O-isopropylidene group was now detached from 19
by acid hydrolysis. Oxidative degradation of the 1,2-diol in 6 followed
next. This furnished an aldehyde that was readily reduced by sodium
borohydride. Selective tosylation and silylation of 20 delivered alkene 21.
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Scheme 14.4 (Continued).

This paved the way for an Sn2 displacement with potassium thiophen-
oxide, and sulfide oxidation to obtain phenylsulfone 5. Metallation of
5 was accomplished at —78°C with m-butyllithium in tetrahydrofuran
(THF). The resulting o-phenylsulfonyl anion added readily to aldehyde
8 to afford a mixture of p-alkoxysulfones that underwent smooth O-
acylation with acetic anhydride. The mixture of P-acetoxysulfones so
formed was then reacted with 6% Na/Hg amalgam in methanol and ethyl
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acetate at —30°C to produce a 4:1 mixture of E/Z alkenes, from which the
pure (E )-isomer 23 was separated in 70% yield.

After mercury(Il)-assisted hydrolysis of the thioenol ether, aldehyde 3
was obtained. This was then subjected to the critical vinylogous aldol
reaction needed to complete the carbon backbone of the natural product,
The latter process furnished a 3.5:1 mixture of the ¥ to « addition products.
The stereoselectivity observed in the installation of the C{5)-hydroxyl
{(natural product numbering) was only 2:1. Fortunately, the predominant
isomer was the desired product 2. In retrospect, it can be seen that the level
of selectivity attained conformed to the predictions of the Still model.*

After purification, the dimethyl 1,3-dioxinone unit of 2 was hydrolysed
with mild base to furnish the B-keto acid. Acidification then brought
about lactonisation to the enolised B-keto lactone 1. To facilitate work-up
and isolation, the latter was converted to the vinylogous ester 24 with
potassium carbonate and dimethylsulfate in acetone. Mild acid hydrolysis
of 24 with 0.1 N H,80, in EtOAc eventually furnished (—)-ACRL toxin 1
in good yield after six days, completing this very elegant and beautifully
crafted synthesis.

14.4 Items of mechanistic interest in the Lichtenhaler synthesis
of the (—)-ACRL toxin I

The isomerisation of 25 to 19

Irradiation of phenyldisulfide cleaves the weak S—S bond to give a pair
of thiophenyl radicals. One of these then adds to the less-substituted
olefinic carbon of 25 to generate the tertiary alkyl radical 26 (Scheme
14.5). Bond rotation then ensues to give the more stable rotamer 27 in
which there is minimal steric repulsion between the C(7)-methyl and the
tetrahydrofuran framework. Elimination of the thiophenyl radical from
27 finalises the isomerisation to alkene 19.

The Julia-Lythgoe—Kocienski olefination reaction”

between 5 and 8 to obtain alkene 23

The first step in this multistage reaction is the nucleophilic addition
of sulfone anion 28 to aldehyde 8 (Scheme 14.6). This produces a f-
alkoxysulfone intermediate 29 which is trapped with acetic anhydride.
The resulting P acetoxysulfone mixture 22 is then subjected to a reductive
elimination with Na/Hg amalgam to obtain alkene 23. The tendency of
Julia-Lythgoe—Kocienski olefinations to provide (E)-1,2-disubstituted
alkenes can be rationalised if one assumes that an z-acyloxy anion is
formed in the reduction step, and that this anion is sufficiently long-lived
to allow the lowest energy conformation to be adopted. Clearly, this will
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Scheme 14.5 Radical mediated photoisomerisation of an olefin.
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Scheme 14.6  The Julia—Lythgoe-Kocienski olefination method.

place the bulkiest R groups trans to one another, to minimise steric
repulsions. Such an intermediate can then undergo Elch climination to
give the desired (E)-1,2-disubstituted alkene as the predominant product.
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14.5 FEpilogue

Lichtenhaler’s synthesis of the (—)-ACRL toxin I shows good levels of
stereocontrol except for the installation of one stereocentre, the C(5)-
hydroxyl. Its longest lincar sequence of only 20 steps, for installing six
asymmetric centres and two stereodefined double bonds, corresponds to
2.5 steps per stereogenic unit; a benchmark that many of us would be
satisfied with when completing the first total synthesis of a natural
product as complex as this one. Lichtenhaler’s route provides vet another
enchanting illustration of how one can cleverly exploit the topography of
a monosaccharide framework to predictably solve difficult issues of
regiosclective functionalisation and stereochemical control.
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15 (+)-Gabosine E
K.J. Hale

15.1 Iptroduction

(+)-Gabosine E belongs to an interesting family of pseudo-sugars that
weakly inhibit the biosynthesis of cholesterol.! (+)-Gabosine E has re-
cently been synthesised by Barry Lygo’s group at Salford University, by a
route which utilises b-ribose as the chiral starting material.?

15.2 The Lygo retrosynthetic analysis of (+)-gabosine E

The fact that (+)-gabosine E possesses three contiguous hydroxy
stereocentres, buttressed within a cyclohexenone framework, suggests
that there might be some tactical advantage gained if its synthesis was
attempted from a monosaccharide precursor. For example, 1.-lyxopyr-
anose has a perfect chirality match with (+)-gabosine E at its C(2}, C(3)
and C(4) hydroxyls, and, on paper at any rate, looks an excellent chiral
building block from which to commence a total synthesis (Figure 15.1).
Unfortunately, however, L-lyxose is an exceedingly rarc sugar in nature,
it being prohibitively expensive to buy. This makes its use unattractive for
such a significant synthetic undertaking. Overlaying the structures of -
gulopyranose and  +)-gabosine E, likewise, reveals a good stereochemi-
cal correlation between both molecules. Now, however, it is not sugar
availability that is the issue, it is the problem of finding a reasonably short
pathway to the target from that starting sugar. Indeed, all the paper
syntheses that we devised for obtaining (+)-gabosine E from readily-
available 1,4-p-gulonolactone proved excessively lengthy, primarily

250
oy 2
HO' v 1 "OH
OH
p-Gulopyranose (+)-Gabosine E L-Lyxopyranose

Figure 15.1 D-Gulopyranose, (+)-gabosine E and L-lyxopyranose.
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because extensive protecting group adjustments were required. Another
sugar that shows good stereochemical overlap with (+)-gabosine E is p-
ribose. Its C(2) and C(3) hydroxyls both have appropriate absolute
stereochemistry for this target, but its C(4) hydroxyl needs to be inverted.
Because a ketone sits at C(5) in (+)-gabosine E (sugar numbering), there
is the possibility of adjusting the C(4) stereochemistry of a D-ribose-
derived precursor by base-mediated epimerisation. An awareness of this
possibility led Lygo to select enone 1 as a subtarget (Scheme 15.1). A
simple Elech elimination and an epimerisation were considered appro-
priate for generating 1 from 2. In turn, the presence of a B-hydroxy
ketone within 2 opened up the possibility of introducing this unit by an
intramolecular nitrile oxide-alkene cycloaddition reaction.? In order to
apply this retrosynthetic transform, one has to conceptually convert the
target B-hydroxy ketone to a B-hydroxyimine (Scheme 15.2). A bond then
needs to be established between the imine nitrogen and the B-hydroxyl to
form a cyclic oxime. This then fashions the isoxazole that will emerge
from the required intramolecular nitrile oxide cycloaddition reaction.
Implementation of a 1,3-dipolar cycloreversion then procures the ap-
propriate nitrile oxide and alkene needed for the forward synthesis. The
former should, in turn, be derivable from an aldehyde oxime.

Lygo’s application of this transform intramolecularly to 2 led to
the selection of alkenyl oxime 4 as an intermediate (Scheme 135.1).

Deprotection p-Elimination
o OH — 0 OH e, O OH
HO. THFO. THFO,,
- . — . ,
o o™ o —
OH )TO )‘—o
{+)-Gabuosine E [4}] @
N—O bond cleavage
Isopropylidenation,
Grignard agdition,
protection, _OH INOC reaction
oH / oximatlon N — N—0O
HO.,, ro,, | P o,
CHO
HO“\‘\ : O Y 0Bz o Y oz
&M _,\\—0 )Yd
p-Ribose @) 3

Scheme 15.1 Lygo’s retrosynthetic analysis of {+ }-gabosine E.
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Scheme 15.2 The intramolecular nitrile oxide cycloaddition retrosynthetic pathway to adducts.

Conceptualily, the key steps needed for converting p-ribose into 4 are
protection of the C{2) and C(3) hydroxyls with a base-stable block-
ing group, a two-carbon homologation of C(1) with a suitable vinyl
carbanion, and oxime formation at C(5). In the coming section, we will
show how Lygo put all this planning into practice.

15.3 The Lygo synthesis of (+)-gabosine E

Lygo’s synthesis begins with the selective O-isopropylidenation of b-
ribose* with dimethoxypropane and camphorsulfonic acid in acetone
{(Scheme 15.3). This afforded the mono-isopropylidene derivative 5.
Treatment of 5 with excess vinylmagnesium bromide initially caused
hemiacetal ring-opening to the open-chain alkoxyaldehyde, which then
underwent chelation-controlled Grignard addition® to provide 6. The
less-hindered primary alcohol of 6 was now blocked selectively as a rert-
butyldimethyl silyl (TBDMS) ether, and the more nucleophilic allylic
alcohol selectively O-benzoylated with benzoyl chloride and pyridine.
The remaining secondary alcohol was then protected as an acid-labile O-
tetrahydrofuranyl ether. Tetra-n-butylammonium fluoride deprotected
the primary alcohol of 7 to permit Swern oxidation to the aldehyde, and
oxime formation. Oxime 4 was converted to the reactive nitrile oxide
by oxidation with sodium hypochlorite.” The internal 1,3-dipolar cyclo-
addition delivered 3 as a single reaction product in 60% yicld. Raney
nickel then successfully brought about N—O bond cleavage’® to give a
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Scheme 15.3 Lygo’s synthesis of (+)-gabosine E.

B-hydroxy imine, which subsequently lost ammonia, to provide the (-
hydroxy ketone 2 in excellent yield. The final stages of the synthesis were
a base-mediated epimerisation a to the carbonyl to obtain the correct
hydroxyl group stereochemistry at C(4), and an in situ P elimination of
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the benzoate group from C(1). It was essential not to expose the desired
product 1 to the 1,4-diazobicyclo[2,2,2]octane (DABCQ) for more than
24h, otherwise the C(4)-centre would re-epimerise to give a 2:1 equi-
librium mixture of enone epimers enriched in 1. Deprotection of pure 1
with trifluoroacetic acid finally afforded (+ )-gabosine E in excellent yield.

15.4 Points of mechanistic interest
in the Lygo (+)-gabosine E synthesis

The reaction sequence of most interest in this route is the conversion of 4
into 3 (Scheme 15.4). Presumably, the NaOCl that is present in the
reaction mixture chlorinates the deprotonated oxime nitrogen to create
an N-chloro-nitrone 9 which then climinates HCI to generate the alkenyl
nitrile oxide 10. The latter then undergoes the anticipated 1,3-dipolar
cycloaddition reaction to form 3.

e

~ -

r‘ﬁ/d)
THFO,,

L

. 7

-Et;NHCI 67/
0Bz

(%) H

,SYS

(10)

Scheme 15.4.

The conversion of 3 to 2
This is believed to involve a free radical cleavage of the isoxazoline to the
B-hydroxy imine 11, which then undergoes hydrolysis (Scheme 15.5).°
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16 (—)-Augustamine and (—)-amabiline
K.J. Hale

16.1 Introduction

Alkaloids of the Amaryilidaceae family have long captured the imagina-
tion of organic chemists, not only for their unusual structures, but also
for their intriguing pharmacological effects.’ Two representative members
of this class are (—)-augustamine and (—)-amabaline. Their syntheses®
from a common monosaccharide precursor are now described.

16.2 The Pearson retrosynthetic analysis of (—)-augustamine

After detailed evaluation of the (—)-augustamine problem, Pearson”
considered that the C—C bond connecting the aryl ring to the acetal was
the bond most prime for initial retrosynthetic disjunction (Scheme 16.1).
This was because heterolysis of this bond produced the doubly stabilised
dioxonium ion 1, in which the activated aryl ring was perfectly positioned
for nucleophilic attack upon the cationic centre. The desired electrophilic
substitution pathway would probably be the one most favoured since this
would lead to the product with least unfavourable steric interactions
between the two dioxolane units. Pearson next considered how cation 1
could be generated in a forward synthesis. One possible progenitor could
be the cyclic orthoester 2, since this could readily eject methanol if treated
with acid. Pearson recognised that 2 could potentially be derived from
acetal 3 by protecting group interchange. The retrosynthetic manoeuvre
that followed next was an exceedingly bold, and enormously simplifying,
transform. Pearson heterolytically disconnected the N-methyl bond of 3
to generate a pyrrolidino anion, He then migrated this pair of electrons
into the ring to induce rupture of the two o,B-bonds adjacent to the ring
nitrogen and create the stabilised 2-azaallyl anion 4. In electronic terms,
he performed what was tantamount to a 1,3-anionic-cycloreversion re-
action! When one considers what would now be required in the forward
direction, it would be an intramolecular [rds+n2s] 2-azaallyl-olefin
cycloaddition reaction® on 4. It transpires that the cycloaddition of 2-
azaallyl anions to alkenes can, under appropriate circumstances, be a
very good method for making pyrrolidines,* as the cxamples in Scheme
16.2 show.
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Scheme 16.1 Pearson’s retrosynthetic analysis of (—)-augustamine.

In more recent times, 2-azaallyl anions have been much more con-
veniently generated by the transmetallation of l-aminoalkylstannanes.
Thus for the forward synthesis of {—)-augustamine, this would mean that
the 2-azaallylstannane 5 would be the key intermediate needed.
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Scheme 16.2 Examples of cycloaddition of 2-azaallyl anions to alkenes.

One of the primary dividends resulting from this disconnection was its
exposure of a possible relationship between the target and a mono-
saccharide precursor. After systematic analysis, Pearson saw that the
stereochemistry of 5 correlated perfectly with lactone 7. Furthermore,
lactone 7 had a structure appropriate for easy synthetic elaboration into
6 since it was functionally differentiated at C(1) and C(4). It therefore
appeared fully capable of being selectively modified in the manner
required to obtain 5.

16.3 The Pearson total synthesis of (—)-angustamine

Lactone 7 (derived from p-isoascorbic acid) reacted readily with the
aryllithium formed from bromide 8 to produce lactol 9 (Scheme 16.3).
The latter underwent a facile ring-opening and Wittig olefination with
methylenetriphenylphosphorane to give 6 in excellent overall yield. After
O-triflation, a two-carbon chain extension was performed on 10 with
the azaenolate derived from N-cyclohexylacetaldimine 11 and lithium
diisopropylamine (LDA). After acid hydrolysis of the product imine,
aldehyde 12 was isolated in 83% yield for the two steps. The (2-
azaallyl)stannane 5 was prepared from aldehyde 12 in quantitative yield
by treatment with (aminomethyDtri-n-butylstannane.

The intramolecular anionic cycloaddition proceeded rapidly at —78°C
after transmetallation with n-BuLi. The resulting N-lithiopyrrolidine was
N-alkylated with methyl iodide to give a 1:5 mixture of 13 and 14 in
which 14 predominated. Without purification, the isopropylidene group
was cleaved from the unpurified mixture of 13 and 14, and the resulting
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Scheme 16.3 Pearson’s {—)-aupustamine synthesis,

hvdrochlorides mixed with trimethyl orthoformate to obtain 2. Treat-
ment of 2 with excess methanesulfonic acid in CH,Cl, finally afforded
(—)-augustamine in 44% overall yield from lactone 7.
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16.4 Pearson’s synthesis of (—)-amabiline

Interestingly, when the aforementioned N-lithiopyrrolidine was trapped
with water rather than methyl iodide, a mixture of 15 and 16 was
obtained in 74% yield (Scheme 16.4). This gave Pearson the opportunity
to make (—)-amabiline. For this, 16 was reacted with Eschenmoser’s salt
to produce the reactive iminium ion 17 which then underwent electro-
philic aromatic substitution to give {—)-amabiline in excellent yield after
acid-mediated transketalisation of the O-isopropylidene group.

L

{vi) n-BuLi (1.9 eqg), 0,
THF. -78°C
- then HO + N
N~ “SnBug {74%) g H
(5} (15) (16)
Ratio of 15:16=1:5
o
a v OH
N + R HO 0
(vii) MeoN=CHy I, (viiij HCI, MeOH <l
MeCN, & ;l {85%, 2 steps) 0
HOW T/
(17) {-}-Amabiline

Scheme 16.4 Pearson's route to (—)-amabiline.

The Pearson syntheses of (—)-augustamine and (—)-amabiline by a
common strategy are very noteworthy. They brilliantly show how the
awesome power of intramolecular 2-azaallyl anion—olefin cycloadditions
can be marshalled for the rapid assembly of complex pyrrolidineg
alkaloids with excellent efficiency and atom economy.

16.5 Mechanistic analysis of the (—)-augustamine
and (—)-amabiline syntheses

The complete mechanism of the conversion of 2 into (—)-augustamine is
shown in Scheme 16.5.
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17 (—)-FK506
K.J.'Hale

17.1 Introduction

In 1987, Tanaka and associates at the Fujisawa Pharmaceutical Company
in Japan reported their discovery of the powerful immunosuppressant
(—~)>-FK506 in the culture filtrates of Streptomyces tsukubaensis.! (-)-
FK506 is of great medical interest on account of its ability to inhibit
interleukin 2 production, the mixed lymphocyte culture response, and
cytotoxic T-cell generation at 100 times lower concentration than
cyclosporin A, the most effective immunosuppressant available pre-
viously.® These powerful immunosuppressive properties later manifested
themselves in several very promising human organ-transplantation
trials.> To date, four total syntheses* and three formal total syntheses’
of {(—)-FK506 have been accomplished, and numerous synthetic ap-
proaches to various subunits of (—)-FK506 have been recorded.®*’ In
this chapter, we will give an overview of the formal total syntheses
reported by Danishefsky™® and Smith,*® since both exploit monosacch-
arides as sources of chirality. Both routes aiso construct advanced inter-
mediates which have previously been converted to (—)-FK506 by
the Merck Process Team during their first total synthesis*® of this
molecule.

17.2 The Danishefsky retrosynthetic analysis of (—)-FK506

For their formal total synthesis of (—)-FK506, Danishefsky and co-
workers™ made the Merck advanced intermediate 34 (see Scheme 17.8)
their primary synthetic goal. This had previously been transformed into
(—)-FK506 by T.K. Jones et al*® in twelve steps (see Section 17.4).
Danishefsky’s plan for the assemblage of (—)-FK506 called for the
implementation of two stereoselective Julia—Lythgoe-Kocienski olefina-
tions’ to fashion the C(19)—C(20) and C(27)—C(28) (E)-trisubstituted
alkenes in 2 (Scheme 17.1). The first Julia transform allowed 3 and 4 to be
selected as retrosynthetic reaction partners, the second enabled 7 and 9 to
be chosen (Scheme 17.2). Danishefsky envisioned accessing phenylsulfone
7 from a regioselective functionalisation sequence on chiral acid 8.
Although p-talose might initially be adjudged to be an appropriate
precursor of 9, because of its chirality overlap with the C(24) and C(26)
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Scheme 17.1 Danishefsky’s retrosynthetic analysis of (- )-FK 506.

hydroxyls of the target, the added necessity for a stereospecific
methylation at C(3) in this starting sugar suggested that a n-talo epoxide
such as I1 might be a more synthetically appropriate intermediate for the
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Scheme 17.2 Danishefsky's retrosynthetic analysis of aldehyde 3.

task at hand (Schemc 17.2). Accordingly, Danishefsky proposed to ring-
open epoxide 11 in trans d1ax1a1 fashion with the Lipshutz dilithium
dimethylcyanocuprate reagent.® This would nicely fashion the stereotriad




{—)-FK506 295

present within 10, Danishefsky next envisioned constructing 11 through
a hydroxyl-directed Henbest epoxidation” on alkene 12 with m-chloro-
peroxybenzoic acid (m-CPBA). Alkene 12 would, in turn, be derivable
from D-galactal by a Lewis-acid-mediated Ferrier rearrangement'® with
methanol.

If one now considers what would probably be needed in the synthe-
tic direction once aldehyde 5 had been reached, a sym-selective Evans
asymmetric aldol reaction'' with boron enolate 6 could potentially set
the C(21) and C{(22) stereocentres in 3. All that would be required
subsequently would be product liberation from the auxiliary by re-
duction, and oxidation at C(20). With compound 3 in hand the stage
would then be set for implementation of the second Julia olefination
tactic.

In like fashion, by careful stereochemical correlation of the three
masked hydroxy stereocentres in 4 [ie. C(13), C(14) and C(15) using
FK506 numbering] with various monosaccharide derivatives (Scheme
17.3), Danishefsky was able to establish an appropriate chirality match
with the C(2), C(3} and C(4) stereocentres of p-galactose. Methyl B-D-
galactopyranoside was therefore selected as the starting material for his
synthesis of 4.

17.3 The Danishefsky formal total synthesis of (—)-FK506

Scheme 17.4 illustrates the synthetic pathway that was developed to
secure the C(10)-C(19) sector 4. The route commenced with a selective O-
silylation of the C(6) hydroxyl in 18 with s-butyldimethylsilyl chloride.
This was followed by a highly regioselective benzylation of OH(3) using
O-stannylene acetal technology.!? The remaining hydroxyls were then O-
methylated with sodium hydride and iodomethane in tetrahydrofuran
(THF) to obtain 19, and a cleavage of the O-silyl ether and methyl gly-
coside simultaneously performed with aqueous acid. Undoubtedly, the B-
configuration of this glycoside aided this step by conferring good acid
lability on the acetal. Reduction of lactol 17 next afforded the ring-
opened triol, whose terminal 1,2-diol was protected as an acetonide. The
remaining aicohol was then oxidised to the aldehyde. Compound 15
readily participated in a fully stereocontrolled Wittig olefination with 16
to obtain enocate 14. After reduction to the allylic alcohol, chlorination
was effected with triflyl chloride and lithium chloride in dimethylforma-
mide (DMF). This was the prelude to cyanide displacement for obtention
of the nitrile 20. The latter was isolated in 69% yield, along with a 22%
yield of the 2,p unsaturated nitrile. Multiple reduction of the cyanc group
in 20 furnished alcohol 21, which was converted to the corresponding
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Scheme 17.3 Danishefsky’s retrosynthetic analysis of phenylsulfone 4.

tetraol by sequential O-debenzylation and acetonide hydrolysis. Period-
ate cleavage of the terminal 1,2-diol next revealed an aldehyde that was
converted to enoate 13 by olefination and selective G-benzoylation.

At this juncture, Danishefsky decided to investigate the possibility of
setting the C(11) and C(17) methyl stereocentres of 23 by hydroxyl-
directed hydrogenation.® Some years earlier, Evans had shown that
cationic rhodium— and iridium—pheosphine complexes can mediate highly
diastereoselective reductions of trisubstituted homoallylic alcohols.
However, for excellent stereoselectivities to generally be observed, it
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Scheme 17.4 Danishefsky’s synthesis of the C(10}-C(19) segment of (—)-FK506.

was usually necessary for the alkene component to have a preexisting
allylic stereocentre.’” For alkene 13, this criterion was fulfilled on two
counts. Accordingly, when Danishefsky attempted the Rh-catalysed
hydrogenation of 13, it was not surprising to find that a 19:2.1:1 mixture
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of three diastereoisomers was formed in which 23 predominated. After
separation of this mixture, mild acid treatment of 23 was sufficient to
cause lactonisation. Reduction of 24 next led to the lactol, which was
ring-opened to 25 by thioketalisation and O-silylation. A further four
steps were necessary to convert 25 into the methylated phenylsulfone 4.
The route eventually formulated for reaching 3 is depicted in Schemes
17.5 and 17.6. It sets off with a stannic-chloride-mediated Ferrier
rearrangement’” on D-galactal with methanol (Scheme 17.5). O-
Deacetylation and selective (-silylation of the primary hydroxyl then
followed to yield the allylic alcohol 12. A Henbest hydroxyl-directed syn-
epoxidation® on 12 nicely negotiated the issue of having stereospecifically
to form an epoxide with D-falo stereochemistry. Significantly, epoxy
alcohol 11 then underwent a highly regioselective frans-diaxial ring
opening at C(3) with the Lipschutz higher-order cuprate reagent
Li,Me,CuCN*! to give 10 in excellent yield. Diol 10 was next protected
as a p-methoxybenzylidene acetal. (O-Desilylation and iodination sub-
sequently afforded iodide 26. A two-step sequence involving reductive
elimination with zinc dust, and acetal equilibration with mild acid,
allowed aldehyde 9 to be obtained. This readily condensed with the lithio
anion derived from phenylsulfone 12 to give a mixture of two P
ketosulfones 27 after Dess—Martin oxidation. Happily, both these pro-
ducts underwent smooth desulfonylation with lithium napthalenide, to
give a single ketone that reacted readily with methyl magnesium bromide.,
The pair of tertiary methyl carbinols that emerged were now dehydrated
with the Burgess reagent.!* This led to a 6:1.5:1 mixture of three olefins in
which the desired C(27)—C(28) (E)-isomer predominated. After protect-
ing group interchange in the cyclohexyl ring to obtain 28, a hydrobora-
tion and Dess—Martin oxidation secured the desired (E)-aldehyde 5. The
latter participated in a syn-selective Evans aldol reaction with the (Z)-
boron enolate formed from chiral oxazolidinone 29 to give 30 after
O-silylation. This protection step permitted efficient cleavage of the
auxiliary with lithium benzyloxide, and reduction of the benzyl ester to the
primary alcohol. Swern oxidation completed subtarget 3 (Scheme 17.6).
The anion derived from sulfone 4 coupled readily to aldehyde 3
{Scheme 17.7) to give a mixture of B hydroxysulfones that could be
converted to a 2.5:1 mixture of the olefins 2 and 32, after acylation and
reductive desulfonylation. Unfortunately, problems were subsequently
encountered during the attempted removal of the acetal unit from 2 and
32 with pyridinium p-toluenesulfonate in propanol and acetonitrile.
Apparently, silyl ether cleavage competed with the desired deacetalation
process. Notwithstanding this, the C(24),C(26) diol was isolated pure in
33% yield, along with 28% yield of recovered starting material, This diol
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Scheme 17.5 Danishefsky’s route to the C(22}-C(34) sector 28 of {—)-FK506.

was then selectively monosilylated at C(24) with excess triisopropylsilyl
triflate to give 33 (Scheme 17.8). This operation allowed the protected
pipecolic acid moiety to be cleanly introduced at C(26). Danishefsky
finally arrived at the Merck aldehyde 34 after transketalisation of the
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Scheme 17.7 Danishefsky’s route to alkene 2 and its (Z)-isomer 32.
1,3-dithiane with methanol, and hydrolysis of the dimethylacetal with

pyridinium p-toluenesulfonate in dichloromethane. This completed a very
elegant formal total synthesis of (—)-FK506.
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Scheme 17.8 The final steps in Danishefsky’s route to the Merck intermediate 34.

17.4 The Merck endgame used in the first total
synthesis of (—)-FK506

T.K. Jones and co-workers had already converted the Danishefsky
intermediate 34 into (—)-FK-506 using the chemistry outlined in Schemes
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17.9 and 17.10.** The C(8) and C(9) carbons were appended by a syn-
selective Evans asymmetric aldol reaction. Lithium hydroperoxide freed
the aldol adduct from the chiral auxiliary with high efficiency. The #-Boc
protecting group on nitrogen was then removed by sequential treatment
with triethylsilyl triflate and silica gel. The latter hydrolysed the
intermediary silyl carbamate to liberate the desired amino acid 38. This
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Scheme 17.9 The Merck synthetic endgame for (—)-FK306.
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Scheme 17.10 The Merck synthetic endgame for (—)-FK3506.

then underwent a highly efficient macrolactamisation reaction after the
carboxylic acid group was activated with 2-chloro-1-methylpyridinium
iodide.

The final stages of the Merck synthesis involved differential oxidation
of the C(9), the C(10) and the C(22) secondary hydroxyl groups. Initially,
the C(9)-p-methoxybenzyl group was oxidatively cleaved with 2,3-di-
chloro-3,6-dicyano-1,4-benzoquinone (DDQ), and the C(10)-triethylsilyl
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ether hydrolysed with aqueous trifluoroacetic acid. This supplied the
diol needed for the Swern oxidation to diketoamide 39. Agqueous
hydrofluoric acid in acetonitrile then detached the remaining silyl
protecting groups from 39 to provide 22-dihydro-FK-506. F ortunately,
it proved possible selectively to O-silylate the hydroxyls at C(24) and
C(32) with triethylsilyl chloride to obtain 40. This permitted oxidation of
the C(22) alcohol with the Dess-Martin reagent. Deprotection with
hydrofiuoric acid in acetonitrile finally provided (—)-FK-506 in 81% yield.

17.5 Smith’s retrosynthetic analysis of (—)-FK506

A.B. Smith and co-workers®® have also devised a synthetic strategy for
(—)-FK506 which again intersects with an advanced intermediate 41 on
the Merck pathway (Scheme 17.11). Smith’s retrosynthetic plan for
41 called for the intermediacy of B-hydroxy ketone 42 as a subtarget,
and proposed a chelation-controlled syn reduction'” for stereospecific
installation of the C(24) hydroxyl. Retrosynthetic conversion of the
C(24) ketone in 42 to a 1,3-dithiane’® subsequently primed  the
C(23)—C(24) bond for reverse anionic cleavage into dithiane 43 and
iodide 44.

Retrosynthetic simplification of the C(21)-allyl unit now appeared
timely, when accompanied by reverse transketalisation and O-benzyla-
tion (Scheme 17.12). These combined manoeuvres ultimately afforded
45 as an intermediate. The existence of a 1,3-anti-relationship between
the two methyl ether stereocentres in 45 lured Smith into considering
a hydroxyl-directed anti-reduction'” on 46 for creation of the C(%
stereocentre. Smith was attracted to the idea of using 46 as an inter-
mediate since it Jooked amenable to construction from phenylsulfone 47
and methyl ester 48.'* The latter, in turn, would be accessible from alkene
52 by stercoselective hydrogenation on the less-hindered P face of the
double bond,'” opposite to the axial methoxy group at C(1). There were
two main advantages associated with selecting 52 as an intermediate. The
first derived from the fact that it had previously been prepared in six steps
by Inch and Lewis® from methyl a-pD-glucopyranoside. The second
dividend arose from its guaranteed stereochemical integrity for the C(13)
and C(14) stereocentres in 48.

Although there are numerous sites in 47 for potential retrosynthetic
disassembly, Smith considered the o-bond linking the C(20) and C(21)
carbons the one most strategic for breakage, since this offered the
opportunity for simultaneously controlling the stereochemistry of the
C(19)-C(20) alkene and the C(21) stereocentre through a vinylalanate
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Scheme 17.11 Smith’s retrosynthetic analysis of (—)-FE506.

disubstituted epoxide ring-opening between 49 and epoxide 50. The use of
a C2-symmetrical epoxide for this coupling would sidestep any issues
associated with site regioselectivity during epoxide ring-opening. Epoxide
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Scheme 17.12 Smith’s retrosynthetic analysis of the C{10)-C(23) sector of (—)-FK506.

50 had added attraction, in as much as it had previously been prepared
by Nicolaou ef al. during their synthesis of the ionophore antibiotic

X-14547A.%



308 ORGANIC SYNTHESIS WITH CARBOHYDRATES

Smith’s stratagem for the controlled introduction of the trisubstituted
alkene in dithiane 43 rested upon the successful creation of enol triflate 53
under kinetically controlled enolisation conditions. It would then be
employed, for a McMurry-Scott cross-coupling reaction®? with lithium
dimethylcuprate (Scheme 17.13). Molecular models of keione 55
suggested that the bulky side-chains emanating from either side of the
carbonyl would probably prefer to orientate themselves trans to one
another to minimise destabilising steric interactions. As a consequence, it
was postulated that kinetic deprotonation of 55 at low temperature would
markedly favour the stereoselective formation of Z-enolate 54, which
would give 53 after O-triflation. Since cuprate cross-coupling reactions
usually proceed with retention of olefin geometry in the parent enol
triflate, Smith felt satisfied that this technology would successfully con-
trol the (E)-geometry of the C(27)}-C(28) trisubstituted olefin. Further
functionalisation and disconnection of 56 pointed to sulfone 57 and
aldehyde 58 as appropriate progenitors,

17.6 The Smith formal total synthesis of (—)-FK506

Smith’s route to 48 was founded on the use of olefin 52 for assembly of
the C(10)-C(15) subunit of {(—)}-FK506. The latter was available in six
steps from methyl a-D-glucopyranoside using chemistry developed by
Inch and Lewis®™ (Scheme 17.14). Stereoselective hydrogenation of 52
with palladium on charcoal in ethanol produced a 3.5:1 mixture of 66:65
from which 66 was isolated in pure condition in 67% yield after re-
crystallisation. A second hydrogenation with palladium hydroxide next
allowed the benzylidene acetal to be cleanly detached from 66. The most
satisfactory protocol for selectively benzoylating® the primary position
of this diol exploited the Mitsunobu reaction. The remaining hydroxyl in
67 was then blocked as a ters-butyldimethylsilyl ether. In order to prevent
silyl migration from O(4) to the sterically less crowded O(6) position, the
aforementioned benzoate was cleaved with diisobutylaluminium hydride
to obtain the primary alcohol 68. This underwent Sharpless oxidation®*
to the carboxylic acid with catalytic ruthenium tetraoxide. Esterification
was then effected with methyl iodide and potassium carbonate in N,N-
dimethylformamide.

Sulfone 47 was prepared in nine steps from known iodide 69 by the
sequence shown in Scheme 17.15. After initial conversion of 69 into
aldehyde 70 by cyanide displacement and reduction with diisobuiyl-
aluminium hydride (DIBAL), a Corey Fuchs alkynylation® yielded
alkyne 51, the key substrate needed for the proposed carboalumination-
epoxide ring-opening step. Carboalumination®® was achieved by treating
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Scheme 17.13 Smith’s retrosynthetic analysis of C{24C(34)} sector of (—)-FK506.

51 with two equivalents of trimethylaluminium and a catalytic quantity
(0.1equiv.) of zirconocene dichloride in 1,2-dichloroethane. After 2h
stirring at room temperature, excess trimethylaluminium and solvents
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Scheme 17.14 Smith’s route to the FK 306 C(10x-C(15) pyranoside 48.

were removed by vacuum distillation, and the putative vinylalane
intermediate converted to its aluminate complex by treatment with n-
butyllithium in hexanes at 0°C. The latter coupled smoothly to homo-
chiral epoxide 50! to give alkene 71 after aqueous work-up. Alkene
71 was subsequently (-benzylated, O-desilylated, converted to the
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Scheme 17.15 Smith’s route to the (—)-FK306 C(10y-C(23) triol 73.

thiophenyl ether, and oxidised under the Trost-Curran®’ conditions to
obtain phenylsulfone 47.

Two equivalents'® of the anion derived from sulfone 47 were needed to
obtain a satisfactory yield of the p-ketosulfone mixture 72 (Scheme 17.15)
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from the coupling reaction with ester 48, The use of excess sulfone anion
was necessary for this reaction because of the acidity of the two j-
ketosulfone adducts, which partially quench the parent sulfone anion.
Owing to 72 resisting desulfonylation by standard literature procedures,
Srmith developed a new reaction for this purpose.” This entailed heating
72 with excess tri-r-butyltin hydride and azobisisobutyronitrile (ATBN} int
toluene at reflux. It accomplished the desired transformation to 98 (see
Section 17.7) very cleanly and rapidly in 84% vyield.

O-Desilylation of this ketone with HF-pyridine complex next furnished
the f-hydroxy ketone 46, which was subjected to Evans hydroxyl-directed
reduction with tetra-n-methylammonium triacetoxyborohydride in acetic
acid and acetonitrile at —40°C."” This reaction afforded a 20:1 mixture of
anti.syn 1,3-diols which proved readily separable by flash chromatogra-
phy. The major diol was O-methylated under standard conditions to
obtain 45, and O-debenzylation effected by dissolving metal reduction.
In order to protect the terminal 1,2-diol of 73 regioselectively, to allow
further elaboration at C(21), Smith reacted 73 with 2,4-dimethyl-3-
pentanone dimethyl ketal and p-TsOH in THF (Scheme 17.16). The
desired acetal was isolated as a single isomer in 90% vield. Tosylation
next led to 74 which underwent nucleophilic displacement with lithium
acetylide—ethylenediaminetetra-acetic acid (EDTA} complex in dimethyl-
sulfoxide (DMSO) to provide the expected alkyne. Its structure was
verified by X-ray crystallography. A standard Lindlar reduction®
transformed this alkyne into 75 in high yield. Interestingly, when the
Lipshutz higher-order vinyl cyanocuprate reagent>® (CuCN, vinyllithium,
Et,Q, 0°C) was used to elaborate 74 into 75, the desired product was
formed only in a rather meagre 37% vield, the major product being the
desulfonylated alcohol which was obtained in 44% yield.

Five steps were required to convert 75 into the iodide coupling partner
44 needed for union with dithiane 43 (Scheme 17.16). Thioacetal form-
ation®’ and concomitant deketalisation were instigated by reacting 75
with 1,3-propanedithiol under Lewis acid conditions. Triol 76 was
isolated in 65% vyield. The less-hindered primary hydroxyl of 76 was then
selectively O-tosylated, and the remaining hydroxyls masked as teri-
butyldimethyl silyl (TBDMS) ethers. lodide displacement on 77 with
sodium iodide and copper bronze*’ and transketalisation with N-
chlorosuccinimide (NCS)/silver nitrate® finally secured 44.

Smith exploited a Lewis-acid-mediated asymmetric Diels—Alder reac-
tion®* between 1,3-butadiene and the Oppolzer acryloyl camphorsultam
78 to set the remote C(29) stercocentre in phenylsulfone 57 (Scheme
17.17). This tactic procured acid 8 in 93% enantiomeric excess {ee), after
base-promoted hydrolysis of the chiral auxiliary. Utilising a procedure
published by Martin and co-workers,” Smith iodolactonised acid 8, and
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Scheme 17.16 Smith’s synthetic pathway to iodide 44.

¢liminated the resulting iodide with 1,8-diazobicyclo [5.4.0] undec-7-ene
(DBU) to access alkene 80. The strained lactone in 80 was readily reduced
to the corresponding diol with lithium aluminium hydride, and this
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Scheme 17.17 Smith’s asymmetric Diels—Alder strategy to phenylsulfone 57.

chemoselectively thioetherified with tri-n-butylphosphine and phenyldi-
sulfide®® at its less-hindered primary hydroxyl. O-Methylation with
ethereal diazomethane and BF;-ctherate® provided 81. A Trost-Curran
oxidation on 81 with oxone finally afforded the alkenylphenylsulfone 82.

Previous work by Pasto®*® and by Schreiber’® had already shown that
the hydroboration and oxidation of 3-alkoxycyclohexenes generally
results in the installation of a hydroxyl vicinal and trans to the 3-alkoxy
group. It was not that surprising, therefore, to find that when 82 was
hydroborated and oxidised, a 17.5:1.7:1.0 mixture of three products was
obtained, enriched in the desired isomer. The latter was isolated in 71%
yield after flash chromatography. O-Silylation with ¢-butyldiphenylsilyl
chloride blocked this hydroxyl group and produced the crystalline deri-
vative 57, whose structure was verified by X-ray crystallopraphy.

Let us turn now to the other coupling partner, aldehyde 58; it was
synthesised by the pathway shown in Scheme 17.18. The first step was a
Sharpless catalytic asymmetric epoxidation on (E )-crotyl alcohol with the
oxidant derived from (—)-diethyl tartrate. An in sifu derivatisation with
t-butyldiphenylsilylchloride was then performed. The desired epoxide
59 was readily isolated in 76% overall yield after chromatography.
Treatment of 59 with 2-lithio-1,3-dithiane in THF and 1,3-dimethyl-
3,4,5,6-tetrahydro-2(1 A }-pyrimidinone (DMPU; also known as N,N-




(—}FK506 315

(i) 2-Lithio-1,3-dithiane,

(i Sharpless AE, . THF, DMPU, 0°C
HO™ 7 Me D-()-DET,CH,Clh,  TBDPSO™ ™ i ™Me (il n-BusNF, THF, ri.
——— 3 s,
it silu TBDPSCI, o (7v) Anisaldehyde dimethyl
Et3N, DMAP, DMF acetal, DMF, p-TsOH,
(61) (59) 55°C, (95%, 2 steps)
s 5
OH Me Me
/\/\(H (V) FBULAM, : (v SOs.py,

o . Me CHoClo, \\/-\rs Me;SO, OHC\_/YS
-78° Et;N, 0 °
}—o (7980;:)- PME SJ N0 oMBo S\J

(83) 4 {58)

Ouin

Scheme 17.18 Smith’s synthesis of aldehyde 58.

dimethylpropyleneurea) at 0°C afforded the C(3) ring-opened product
exclusively, owing to the C(3) position being considerably less sterically
crowded than C(2). Note how this epoxide-opening nicely controlled the
syn-stereochemical relationship between the C(25) and C(26) stereo-
centres. Given that a direct p-methoxybenzylation of the product alcohol
was not achievable under all the conditions tested, a three-step protocol
was eventually devised for positioning this protecting group at O(26).
The sequence involved O-desilylation, p-methoxybenzylidenation of the
terminal 1,2-diol, and regioselective acetal reduction™ of 83 with DIBAL.
This last reaction afforded a 5:1 mixture of regioisomers enriched in the
desired alcohol 84. Although the majority of oxidants investigated caused
significant epimerisation at the C(26) stereocentre in 58, this side-reaction
could be avoided if the SO;-pyridine/DMSO oxidant of Parikh and von
Doehring®® was used.

Aldehyde 58 reacted efficiently with the anion derived from phenylsul-
fone 57 to provide a diastereomeric mixture of f-hydroxysulfones 85
in 89% yield Scheme 17.19. Oxidation of 85 to the corresponding p-
ketosulfones was best accomplished with excess trifluoroacetic anhydride
and DMSO™* at low temperature. Desulfonylation could be reatised with
Al/Hg amalgam®® in aqueous THF under the Corey—Chaykovsky
conditions. Having secured a viable pathway to ketone 55, effort was
now concentrated on sterecoselectively transforming it into the (Z)-enol
triflate 53. Significantly, when DMPU?* was added to the reaction mixture,
it not only promoted O-triflation of the (Z)-enolate generated from
ketone 55, but it also improved the stercoselectivity of O-sulfonylation
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Scheme 17.19  Smith’s pathway to the C(24)-C(34) sector of (—)-FK506.

from 9:1 in favour of 53 to exclusively this product. Treatment of 53 with
excess lithium dimethylcuprate in Et,O at 0°C gave rise to two products in
7:1 ratio according to high-performance liquid chromatography (HPLC)
analysis. The major product was the desired (E )-olefin isomer which was
isolated in 73% yield after flash chromatography. The other product was
not the (Z)-alkene, but another by-product, possibly the alkyne. A one-
step protecting group interchange was now implemented to convert the
newly-formed (E)-alkene into 43.

Having successfully developed syntheses of the two key fragments
needed to access the Merck advanced intermediate 41, Smith next set
about joining these two subunits together. The best conditions for
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efficiently generating the desired 1,3-dithiany] anion deprotonated 43 with
two equivalents of 7-BuLi in THF with 10% hexamethylphosphoric
triamide (HMPA) as a cosolvent. Fortunately, the resulting anion proved
highly reactive, it readily engaging in an efficient C-alkylation reaction
with primary iodide 44. Gratifyingly, this trapping process was complete
within half an hour at —78°C, the desired product 86 being isolable in a
noteworthy 74% yield (Scheme 17.20). After deprotection of the dithiane,
the p-methoxybenzyl (PMB) ether was removed with DDQ™* to unveil the
requisite f-hydroxy ketone 42, A Tow-temperature hydroxyl-directed syn
reduction'® with lithium aluminium hydride and lithium iodide now
furnished the desired syn-1,3-diol as a single diastereoisomer. The final
step of Smith’s formal synthesis was a selective protection of the C(24)
hydroxyl as a triisopropylsilyl ether. Compound 41 was obtained in 55%
overall yield from 87. The Merck group had previously converted 41 into
the natural product.

17.7 Items of interest in the Danishefsky
and Smith total syntheses of (—)-FK506

The conversion of § to 88

This is an example of the Evans asymmetric aldol reaction.'! The syn
selectivity observed in this addition almost certainly derives from the (Z)-
enolate geometry of 6 (Scheme 17.21}, and from the great desire of these
enclates to engage in cyclic chair-like transition states which minimise
repulsive steric interactions between the groups of both reaction partners.
It is the vacant p orbital associated with the trivalent boron atom which
allows chelation to the aldehyde carbonyl. In such highly compacted
transition states, unfavourable 1,3-diaxial interactions tend to be mag-
nified by the very short length (1.36-1.47A) of the B—O bond. The
transition state arrangement most readily adopted is the one which
reduces the number of 1,3-diaxial interactions between the groups of both
participants. The absolute stereochemical outcome of these reactions is
controlled by the bulky isopropyl group on the oxazolidinone, which
permits approach of the aldehyde to the enolate from only one direction.
For enolate 6 and aldehyde 5, the most favoured transition state assembly
is shown in Scheme 17.22.

For comparison purposes, a disfavoured chair transition state (TS) is
also depicted (Scheme 17.23). This would lead to the anti-aldol product
91. It will soon be realised that this transition state is plagued by a
seriously destabilising 1,3-diaxial interaction between the oxazolidinone
unit and the bulky R-group protruding from the aldehyde. A similar
interaction can be seen for the B-Bu and R groups:
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Scheme 17.20 The final stages of Smith’s formal synthesis of (—)-FK506.
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The conversion of 51 into 71

The first event in this multistage reaction is a Negishi*® zirconium-
catalysed carboalumination on alkyne 51 to obtain vinylalane 96 (Scheme
17.24), a protocol that proceeds with excellent stereo- and regiocontrol.
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Mechanistically,*’ this reaction can be thought of as operating through a
concerted four-centre transition state in which one of the Me—Al bonds
adds cis to the alkyne unit, by a pathway that is not far removed from
that in hydroboration. In essence, the zirconocene dichloride enhances
the electrophilicity of trimethylaluminium and makes it a much more
willing participant in the carbometallation process. Addition of »n-
butyllithium later fashions the ate complex 49 from 96. The former is a
much more potent nucleophile than 96, it rapidly opening epoxide 50 by a
traditional Sn2 pathway. Significantly, this was the first example of a
trisubstituted vinylalanate complex being used to open 4 disubstituted
epoxide. Thus, in this powerful new tandem process, an (E)-trisubstituted
olefin and a new allylic asymmetric centre were stereo- and regiospeci-
fically constructed in a simple one-pot operation. Versatile chemistry
indeed, and a significant augmentation of earlier work by Negishi.

It is also worthwhile noting, in passing, that Peter Wipf and Sungtaek
Lim*® at Pittsburgh have discovered that Cp,ZrCl;-Me;Al carboalumi-
nation reactions can be dramatically accelerated by the addition of a
stoichiometric amount of water. A mechanistic rationale of this rather
curious behaviour was presented in their report.

The conversion of B-ketosulfone 72 into ketone 98
Two possible reaction pathways can be visualised for this reaction
(Scheme 17.25). One invokes an attack by a tributyltin radical on the

OBn 0OBn

n-BusSnH (4.0 eq),
PhMe, A, add

AIBN (2.0 eq.),
over 0.5 h, (84%)

(72) (98)

Scheme 17.25.

phenylsulfone oxygen atom, the other an attack on its sulfur atom
(Scheme 17.26). Both processes can lead to a stabilised x-keto radical that
can abstract hydrogen from the alkylstannane to give 98.

Although one can equally well envision a mechanism whereby a tin
radical adds to the carbonyl oxygen to furnish a ketyl radical, this
intermediate would have to eliminate a phenylsulfonyl radical and form
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an enolate to arrive at the product. Because Smith was unable to intercept
a putative tributylstannyl enolate, this mechanism was considered far less
likely. Likewise a range of electron-transfer mechanisms that can also
generate enolate intermediates have been discounted.

As the following examples show, the Smith-Hale desulfonylation
method is now being used increasingly in natural product synthesis. The
first example in Scheme 17.27 depicts a desulfonylation reported in 1992
by Treland ez al.*’ on an even more elaborate FK 506 intermediate 99. The
second sequence in Scheme 17.27 shows how this method was applied by
Davies et al. *® for the synthesis of a cis-2,7-disubstituted oxepane related
to the marine natural product isolaurepinnacin,

The transformation of 46 into 105

Evans has proposed'’ that the anti-selective reduction of B-hydroxy
ketones with Mey;NBH(OAc); proceeds through an alkoxydiacetoxy
kerning borohydride intermediate, which internally delivers hydride to
the proximal ketone by a chair-like transition state, in which repulsive
1,3-diaxial interactions are minimised. For compound 46 (Scheme 17.28),
two possible chair transition states can be envisaged. However, only the
assembly that leads to the ansi-1,3-diol (i.e. 106) negates the creation of a
destabilising 1,3-diaxial interaction between the ketone R group and the
axial acetoxy group on boron. As a consequence, this transition state is
believed to be considerably more favoured than the one (107) that would
produce the 1,3-syn-diol 108.

It is important to recognise that it is only through alkoxy/acetoxy
interchange around the parent triacetoxyborohydride that a sufficiently
reactive hydride donor can be generated that can perform the ketone
reduction at an acceptable rate. Ordinarily, Me,NBH(OACc); will reduce
ketones exceedingly slowly.

The conversion of 78 1o 79

Oppolzer and co-workers™ have attributed the high topological bias
observed in this [4 +2]-cycloaddition to the chelated endo transition state
shown in 109, wherein the diene adds to the less-hindered o face of the
rigidly-held acrylimide (Scheme 17.29). This orientation for the alkene
component appears to minimise steric repulsions between it and the
camphorsultam framework.

The conversion of 53 into 43

The McMurry-Scolt cross coupling reaction® between enol triflates and
organocuprates generally proceeds with retention of the configuration in
the parent enol triflate component. In these reactions it is widely assumed
that a planar alkenylcopper(ITl) intermediate is formed by oxidative
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Scheme 17.28.

addition of the d” cuprate to the enol triflate. In the present system, this
intermediate would probably have a structure resembling 110 (Scheme
17.30). The latter would then undergo a rapid reductive cis-elimination to
furnish the coupled product 43.

The conversion of 42 into 87
Suzuki and co-workers'” have found that B-alkoxy and p-hydroxy
ketones can be reduced with high syn-stereoselectivity using the LiAIH4—
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Lil reagent system. It is widely believed that the high syn-selectivity
originates from a chelate formed between the B-hydroxy ketone and the
lithium cation. This locks the ketone into a rigid conformation that is
preferentially reduced from the least-hindered direction. For compound
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18 (35,55)-5-Hydroxypiperazic acid
K.J. Hale

18.1 Introduction

{(35.,55)-5-Hydroxypiperazic acid is a rare hexahydropyridazine encoun-
tered in the monamycin family of antifungal antibiotics. These are
architecturally novel cyclodepsipeptides first isolated and characterised
by Hassall and co-workers in the carly 1970s."? Quite recently, (35,55)-5-
hydroxypiperazic acid has been synthesised in optically pure form for the
first time by the Hale group,” as part of their total synthesis programme
on monamycin Dy, Their retrosynthetic planning and synthetic strategy
for this molecule are presented below.

18.2 The Hale retrosynthetic analysis
of (35,55)-5-hydroxypiperazic acid

Although the five-carbon framework, and (55)-alcohol stereochemistry,
of this target both suggest that it could potentially be derived from a b-
pentose precursor, a careful analysis of possible routes from such starting
materials soon reveals that many are tactically compromised by their
significant length. Hale and co-workers theretfore evaluated the possibi-
lities for deriving this target from an appropriately functionalised D-
glyceraldehyde synthon. Conceptually, this would require a two-carbon
chain extension being performed at one terminus of such a starting sugar,
and a hydrazination at the other terminal carbon. The (55)-hydroxyl
stereochemistry would emanate from the starting sugar. A Wittig reaction
with a suitable PhyP=CHCO;R synthon could be envisaged for in-
stalling the appropriate two-carbon fragment, if it were combined with a
hydrogenation reaction to remove the resulting double bond. However,
this would still leave the issue of stereospecific hydrazination and
formation of the hexahydropyridazine ring system. Since Evans and
Vederas had both introduced good technology for the asymmetric
electrophilic hydrazination of N-acyloxazolidinone enolates,*> thought
was given to the possibility of introducing the (35)-hydrazino grouping
using such a reaction. Because these reactions invariably lead to the
formation of a terminal hydrazino anion, it was felt that it might be
possible to trap this anion in a tandem Sy2 ring-closure process, provided
a suitable leaving group was positioned at the terminal carbon of an
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appropriate valeryl enolate. The summary of this retrosynthetic think-
ing is presented in Scheme 18.1. A key element of this strategy was its
proposed usage of a phosphonoacetate that already incorporated the
Evans oxazolidinone chiral auxiliary. It would be condensed with the
known triose 7 to give Wittig product 3, which could then be saturated
and brominated at its terminal carbon to provide the key cyclisation

I\:a'le
Me. A~ O
\/Hl NH OH
N o | :
tN [#] O/'u,,$ O
Me :> _NH
O 50N HOLC™ N

L i
HNY N (38,58)-5-Hydroxy-
Me piperazic acid (1)

Monamygcin Dy

O
I

Tandem electrophilic
hydrazination-

Li nucleophilic cyclisation
o A g 0
| (‘0 )L ~OBn
o)\N N0 T QN Yy
BOC-NQ/’—‘ (‘B\Y (3) SBOC-N\N‘ <
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Scheme 18.1 The Hale retrosynthetic analysis of (35,55)-5-hydroxypiperazic acid.
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precursor 4. The latter would then be subjected to the tandem
electrophilic hydrazination-Sy2 ring closure tactic needed to arrive at 2.

18.3 The Hale total synthesis of (35,55)-5-hydroxypiperazic acid

Triose 7 had previously been prepared by Welzel et af.® in five steps from
D-mannitol. When treated with known phosphonate 6,” under the
Roush-Masamune conditions,® aldehyde 7 underwent a facile Wittig—
Horner olefination to produce the crystalline alkene 5 as a single
geometrical isomer (Scheme 18.2). The silyl group was detached from 5
by exposing it to 40% aq. HF in tetrahydrofuran (THF)/MeCN. This
gave the alcohol 9 in 85% overall yield from 8. The double bond of 9 was
then chemoselectively hydrogenated, without disturbing the O-benzyl
ether, to produce the desired alcohol in good yield. The latter underwent
bromination with excess PhyP and carbon tetrabromide in dry THF at
room temperature to furnish 4 as an oil in 83% yield from 9. This pre-
pared the substrate needed for the key tandem electrophilic hydrazination—
nucleophilic cyclisation process.’

Low-temperature enolisation of bromide 4 with lithium diisopropyl-
amide (LDA) gave the chiral bromovaleryl enolate 3 which underwent in
stantaneous hydrazination™® with di-tert-butylazodicarboxylate (DBAD)
with high diastereocontrol. For the desired tandem cyclisation to pro-
ceed efficiently, it was found necessary to add dry 1,3-dimethyl-3,4,5,6-
tetrahydro-2(1/)-pyrimidinone (DMPU) to the reaction mixture, and
then to warm it to room temperature for ca. S0min. After chro-
matographic purification, the desired product 2 was typically isolated in
50-65% yield. It transpired that the best protocol for removing the chiral
auxiliary from 2 was to react it with sodium methoxide in CH,Cl, and
methanol at —30°C for 15 min. This regime generally delivered 10 as an
oil in 93% yield after chromatography. The following set of reactions
proved most satisfactory for completing the synthesis of 1. First, the O-
benzyl cther was cleaved by catalytic hydrogenolysis over Pd(OH), in
methanol. The product alcohol was then O-acetylated to obtain 11. A
clean and high yielding deprotection of the two Boc groups was next
effected with trifluoroacetic acid. Crude 12 was finally reacted with excess
LiOH in THF and H;O for 1 h at 0°C to obtain 1. The latter was purified
by reverse-phase C,g chromatography.

This synthesis of 1 is noteworthy for its seminal demonstration of the
utility of tandem electrophilic hydrazination-nucleophilic cyclisation®
for preparing functionalised homochiral cyclic & hydrazino acids.'® 1t
highlights, yet again, the great utility of functionalised glyceraldehyde
synthons for the installation of remote hydroxy sterecocentres in natural
product target molecules. '
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Scheme 18.2 Hale's enantiospecific synthesis of (35,55)-5-hydroxypiperazic acid

18.4 Points of mechanistic interest in the Hale
(35,55)-5-hydroxypiperazic acid synthesis

The stereochemical outcome of the conversion of & into 2

The stereochemical outcome of this hydrazination can be explained if
one assumes that the (Z)-lithium enolate 3 is internally chelated to the
oxazolidinone carbonyl at low temperature. This would hold the enolate
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Scheme 18.3.

in a fairly rigid conformation in which one side of the enolate double
bond is sterically shiclded by the phenylmethyl group of the auxiliary.
Evans® has suggested that there are two possible chair-like six-centred
transition states that can in principle be adopted during such hydrazina-
tions. However, steric considerations strongly suggest that only one of
these is adopted in practice. The favoured transition state is that shown
above. Note how this invokes the azodicarboxylate approaching the
enolate from the face that is opposite to the phenylmethyl group.
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Mitsunobu lactonisation 175, 180
Mitsunobu reaction 87, 229

Moffatt oxidation 218

monosaccharides 1

monosulfation 89

mutarotation 15

neighbouting-group-assisted procedures
111-112

NeuSAc 135

nitrilium ion 119

non-Lelior pathway 144

oligosaccharides 1
one-pot multistep glycosylations 135-39
one-pok two-step synthesis 137
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orthoester farmation 112
asmylation 238
OTBDMS group 207, 250
.1, 2-oxazolines 122
oxime 82-84

ozonolysis 229

solvent participation !18-120
stannylene acetal 295
Streptomyces echinasporus 175
sugar phosphates 89

D sugars 3

L sugars 3

sulfonates 72, 74

sulfoxides 164

Swern conditions 191

Swern oxidation 176, 229, 298, 305

palladium(0)-catalysed carbonylation 179
Parikh-Doering reagent 180
r-pentenoy| 122

N-pentenyl glycoside 135

pemteny] glycosides 119, 134, 135, 136
phase-transfer techniques 31
phosphates 119 thiocyanates 118

phosphite triester methods 92 thioglycosides 104, 109-110, 119, 134, 137. 143,
phosphonium and ammonium jons 63 166

phosphorus-containing leaving groups 137 thioglycosyl acceptor 139

phosphotriester methods 91 thioglycosyl donor 163

(2 + 2]-photocycloaddition 175, 177, 181 Tipson-Cohen reaction 69

phthalimides 52 tosylates 77, 87

pivaloyl group 197 tosylation 274, 312

polyethyleneglycol 143 transacetalation 187

polyethylene glycolpolyacrylamide copalymer 169 transglycosylation 148

polysaccharides 1 transketalisation 312

polystyrene polymers 169 trichloroacetimidates 104, 107, 119, 132, 143, 164,
principle of least molecular motion 22 201,211

proteases |71 triethylsily] (TES) ethers 38-40, 201
pseudo-sugars 280 triflates 77, 117

pyranose 2, 3,7 triflate displacements 63

pyrrolidine 220 trimethylsilyl proup 206

triphenylmethyl ethers 37-38

trityl ethers 1335, 139

two-directional approach 143

tetrachlerophthalimido 122
thicacetalation 254

radical 321

radical bromination 63

radical cyclisation 239, 241, 243
radical dehalogenation 130
radical deoxygenation 74-76

uropic acids 3

radical ring-cleavage 226
reductive elimination 264
regioselective debenzylation 31
reiro-aldol fragimentation 180
retro-aldol reaction 176
reverse anomeric effect 14, 119
reverse hydrolysis 148

Vilsmejer-Haack reagent 107
Vilsmeier's imidoyl chloride 59
vinyl glycosides 119

Wittig-Horner olefination 331
Wilttig olefination 273, 288, 295
Wittig reaction 206, 251, 329

D-ribose 280, 281, 282
ring-closing metathesis 218
ring-contraction 235

Rink linker 170
Rudinger’s terminology 35

D-xylose 251

selectivity 103

Sharpless asymmetric dihydroxylation 188, 194
Sharpless asymmeltric epoxidation 206, 211, 314
sigmatropic rearrangement 232, 252

silicon tether 120

silyl ethers 38-40, 137, 298

silyation 314

SLex 147

solid-phase oligosaccharide synthesis 139-144
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