° NA770

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

" NIH Public Access
A 5 Author Manuscript

2 eSS

Published in final edited form as:
J Org Chemn. 2011 November 18; 76(22): 9193-9209. doi:10.1021/j02017026.

Methodology Development and Physical Organic Chemistry: A
Powerful Combination for the Advancement of Glycochemistry

David Crich
Department of Chemistry, Wayne State University, 5101 Cass Avenue, Detroit, Ml 48202

David Crich: dcrich@chem.wayne.edu

Abstract
SPh
BnO- OBn
PRS0\ ] -
80— -0 0 Q
Bnaﬁ-ﬁ..cow B%M Ph-. o‘ﬁ\#
OR SR cn =Y OBn
2-deoxy-f-glycosides [-mannosides L- (and D-) f-rhamnosides
O.l\c:
RN Ac,nj;sfcwe
B”O e SPh-4-OMe
cxgluoosmes D- (and L-)- [5 -arabinofuranosides a-sialosides

This perspective article outlines work in the Crich group on the diastereoselective synthesis of the
so-called difficult classes of glycosidic bond; the 2-deoxy-B-glycopyranosides, the -
mannopyranosides, the a-sialosides, the a-glucopyranosides and the B-arabinofuranosides with an
emphasis on the critical interplay between mechanism and methodology development.

Introduction

A recent report from the National Research Council highlights the importance of the
burgeoning area of glycoscience and draws attention to the need for improved chemical
methods for the synthesis of oligosaccharides and glycans.! The size of the human
glycome,? the growing importance of carbohydrates in medicinal chemistry,3 the appearance
on the market of the first totally synthetic oligosaccharide-based drug,* and well-known
problems with the reliability of oligosaccharide-based medicines isolated from biological
sources,” all combine to provide many opportunities and challenges for chemists in the field
of synthetic oligosaccharide and glycoconjugate research.®

The central reaction around which all synthetic projects in the area revolve, and the focus of
this Perspective, is that of glycosidic bond formation. The difficulties inherent in this
process are apparent from the highly empirical nature of the field and the proliferation of
obscure terminology describing strategies for oligosaccharide synthesis. Hindsgaul’s
excellent 1995 paper in which are tabulated all glycosylation reactions published in the
calendar year 1994 helps to put the problem in context.” The more than 700 glycosidic bond
forming reactions listed for the one year attest to the vigor of the field, but the enormous
variety of donors, promoters, solvents, and temperatures used to achieve them cannot but
focus attention on the high level of empiricism that prevails. Certainly, advances have been
made in the 17 years since the publication of Hindgaul’s paper, and many of these have been
covered in several recent review articles,528 but one suspects that a similar compilation
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constructed for the year 2010 would contain a comparable diversity of methods and
conditions.

Although other creative methods exist,? glycosidic bonds are usually formed®f by the
reaction of a glycosyl donor with a glycosyl acceptor aide d by a promoter, perhaps with the
intermediacy of a glycosyl oxocarbenium ion (Scheme 1).

Among the various classes of glycosidic bonds, three are commonly reputed as being
particularly difficult to prepare stereoselectively, namely the 2-deoxy-a-glycopyranosides,
the B-mannopyranosides (and the closely related B-rhamnopyranosides), and the a-sialosides
(Fig. 1). All are equatorial glycosides and thus thermodynamically disfavored as they do not
benefit from anomeric stabilization to the same extent as their axial epimers. Two of the
three are deoxy sugars, generally meaning that they are activated toward oxocarbenium ion
formation, and one is tertiary with all the additional complications arising from the need to
conduct substitution at a congested center. The B-mannospyranosides suffer from the
complication of the axial C2-O2 bond that hinders approach of the acceptor to the p-face of
the donor and which precludes the use of any type of participating protecting group at that
position. The other classes of difficult glycosidic bond (Fig 1) are the a-glucopyranosides,
which cannot be prepared with the help of participation by neighboring ester in the classical
manner, and the B-arabinofuranosides, ie, the furanoside equivalent of the -
mannopyranosides. The primary focus of this Perspective is on the three main classes — the
2-deoxy-B-glycosides, the B-mannopyranosides, and the a-sialosides - as studied in the
author’s laboratory over a period of 25 years, with minor diversions into both the a-
glucopyranosides and the B-arabinofuranosides as appropriate. Not covered here are
ketosides'9 and the mannuronic acid glycosides!! for which much interesting chemistry also
has been developed.

As complete newcomers to the glycosylation field, we were struck by the strong reliance of
most practitioners of the art,12 as continues to be the case today,828f on variations on the
classical approach that derives its origins in the venerable Koenigs-Knorr and Helferich
reactions of a century or more ago. We were equally struck by the less than perfect anomeric
selectivities observed in the majority of cases and by the bewildering diversity of conditions
reported in the literature. Rather than trying to carve out a niche in a well-surveyed area, we
elected to investigate alternative methods of setting the stereochemistry of glycosidic bonds
with the perhaps naive hope that a fresh look at the field would yield useful results. We also
deliberately chose to focus on the more difficult classes of glycosidic bond generally feeling
that any meaningful success here could be readily applied to the supposedly more routine
classes of linkage.

2-Deoxy-B-glucopyranosides

Our first goal was the 2-deoxy-B-glycosides!3 for which we designed methods based on an
intended stereoselective hydrogen atom transfer to an alkoxyglycosy! radical, following
pioneering work on diastereselective a-C-glycoside formation from simple anomeric
radicals by the Baldwin, Giese, and Vasella laboratories.1* With respect to the
alkoxyanomeric radicals, the Beckwith and Ingold groups had shown by esr spectroscopy
that simple conformationally locked 2-alkoxytetrahydropyran-2-yl radicals were rapidly
inverting sp3-hybrized species in which the singly occupied orbital predominantly adopted
an axial position. More pertinently, the same workers demonstrated that axial hydrogen
atom abstraction from the 2-position of 2-alkoxytetrahydropyrans by alkoxy and related
radicals took place some 8 times more rapidly than that of the corresponding equatorial
hydrogens. Applying the principle of microscopic reversibility, it was therefore reasonable
to expect that hydrogen atom transfer to 2-alkoxytetrahydropyran-2-yl radicals by suitable
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donors would show a strong preference for axial delivery. Although not our first choice,®
we selected simple ulosonic acid glycosides as the precursors to the alkoxy glycosyl radicals
by means of the Barton decarboxylation reaction.16 The principle was rapidly established
and a number of simple 2-deoxy-B-glycosides were accessed with good selectivity in this
manner (Scheme 2).17 In parallel work Kahne and coworkers accessed the analogous
radicals, and demonstrated comparable selectivity in their quenching, by the reaction of
tributylstannane with anomeric monothioorthoesters.1819

The methodology was extended to the synthesis of 2-deoxy-B-C-glycosides?0 and to that of
B-glucosides,?! the latter of which revealed an interesting reversal of anomeric selectivity in
the presence of a 1,2-O-isopropylidene group. Thus, while radical decarboxylation of the
fully ether-protected system 5 gave the B-glucoside 6 with excellent selectivity, application
of the same reaction conditions to a system 7 bearing a 1,2-O-acetonide resulted in the
formation of a product 8 arising from radical trapping on the p-face (Scheme 3).22 This
intriguing result suggests that the preference of the dioxolane ring for cis-fusion to a six-
membered ring, well-known in carbohydrate chemistry, largely outweighs the preference of
the alkoxy anomeric radical to place the singly occupied orbital in a pseudo-axial site.

Finally, the decarboxylative radical approach to 2-deoxy-p-glycosides was applied to the
synthesis of the olivomycin C disaccharide?3 in the course of which a mixture of four
diastereomers was converted into largely a single stereoisomer through a radical process
(Scheme 4).

While the diastereoselective radical reactions described in Schemes 2 and 4 vindicated the
design principle they could not be described as practical solutions to the problem of 2-
deoxy-B-glycoside synthesis as they simply side stepped the issue and converted it into one
of the equally difficult synthesis of 3-deoxyulosonic acid glycosides — congeners of the
sialic acid glycosides to which we turn later in this Perspective.

B-Mannopyranosides

We returned briefly to the problem of the synthesis of the ulosonic acid glycosides in the
mid-1990°s as we turned our attention from the 2-deoxy-p-glycosides to the f-mannosides
and again found excellent selectivity in the decarboxylation reaction (Scheme 5) but, again,
the complexity of the synthesis of the ulosonic acid glycoside 11 conspired against any
practical use of this radical approach.24

The excellent stereoselectivity in the quenching of the alkoxyglycosy! radicals, however,
inspired us to search for other entries to these reactive intermediates. In particular we
examined an approach to the B-mannosides 14 based on intramolecular 1,5-hydrogen atom
from the anomeric position of an a-mannoside 13 by a radical tethered to mannose O2
followed by intermolecular hydrogen atom transfer with inversion of stereochemistry.2>
This on paper simple approach was complicated by the unanticipated competing 1,4-
hydrogen abstraction from the 2-position leading to 16 (Scheme 6). Intramolecular hydrogen
atom abstraction reactions, while typically preferring 6-membered cyclic transition states,
are subject to subtle conformational factors that can have a major impact on
regioselectivity.? In this respect it is apparent that the rigid bicyclic framework imposed by
the presence of the 4,6-O-benzylidene acetal combines with the presence of the B-oxygen
bond at C2,27 that retards hydrogen atom abstraction by destabilization of the polar
transition state,28 to slow abstraction from the anomeric position to an extent that the
unusual 1,4-abstraction is able to compete. Curran and coworkers contemporaneously
adopted a parallel approach to the inversion of a- to f-mannosides based on 1,6-hydrogen
atom abstraction with a benzy| radical precursor located on O2 and encountered the
analogous problem, namely competing 1,5-hydrogen abstraction from the 2-position.2
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In seeking to optimize this process and above all to extend it beyond the commercial methyl
a-mannopyranoside we needed to prepare more complex a-mannosides whose anticipated
accessibility, in view of the very widely reported difficulty of accessing the B-anomers by
classical glycosylation reactions,?330 was a key design principle in the radical inversion
route to the B-mannosides. To accomplish this task we selected Kahne’s excellent sulfoxide
glycosylation reaction because of its ability to introduce a sugar moiety onto even the most
hindered of alcohols.3! For simple reasons of ease of regioselective protection, necessary for
installation of the tethered radical precursor to O2, we elected to make use of the 4,6-O-
benzylidene acetal as a protecting group and were surprised to find that in diethyl ether as
solvent at —78 °C the selectivity of the coupling reaction was variable and depended on the
order of addition of the reagents. When triflic anhydride was added to a cold, premixed
solution of a glycosyl acceptor, the sulfoxide 17,32 and a hindered non-nucleophilic base the
a-mannoside 20 was obtained as anticipated.25? On the other hand, when triflic anhydride
was added to a mixture of the sulfoxide 17 and base, followed by addition of the acceptor,
the B-mannoside 22 was obtained directly with good to excellent selectivity.33 We
hypothesized that activation of the sulfoxide 17 in the presence of the acceptor resulted in
direct quenching of an intermediate glycosyl oxocarbenium ion 19 by the acceptor itself,
leading to the a-mannoside 20, whereas preactivation of the sulfoxide 17 by triflic anhydride
led to the formation of an a-mannosyl triflate 21 that was displaced in an Sy2-like manner
on subsequent addition of the acceptor to give the B-mannoside 22 (Scheme 7). The obvious
importance of this discovery, coupled with the (at the time) controversial postulation of the
intermediacy of glycosyl triflates stimulated us to employ low and variable temperature
NMR techniques to demonstrate the existence and probe the stability of the glycosyl
triflates.34 Such methods have proved critical in much of our subsequent work in the area3®
and have been widely adopted by the community.

Our desire to characterize all reaction products from the sulfoxide glycosylation reaction led
us to the understanding that benzenesulfenyl triflate activates the glycsoyl sulfoxide more
rapidly even than triflic anhydride,3* and is capable of converting thioglycosides rapidly and
cleanly to the glycosyl triflates.33¢:36 The instability of benzenesulfenyl triflate at room
temperature, and the consequent need to prepare it in situ from silver triflate and
benzenesulfenyl chloride,37 itself only moderately stable at room temperature, prompted us
to search for alternatives such as the combination of the stable and commercially available
4-nitrobenzenesulfenyl chloride and silver triflate.38 Initially, however, the work of Oae on
the reaction of trifluoroacetic anhydride with thiosulfinates3? led us to examine the reaction
of these latter species with triflic anhydride and resulted in the development of the MPBT
reagent for the activation, in conjunction with triflic anhydride, of thioglycosides.*? The
modest reactivity of the MPBT combination and mechanistic considerations led us to
introduce the more potent BSP reagent,*! which has subsequently enjoyed wide success.
Building on earlier work by Gin and coworkers on the use of hemiacetals as glycosyl
donors,*2 the van Boom group subsequently showed the combination of diphenyl sulfoxide
and triflic anhydride to be an even more potent reagent for thioglycoside activation at low
temperature.43 Numerous related reagents have subsequently been developed by other
groups.** In terms of practical improvements we also introduced TTBP as a less
hygroscopic, more crystalline and less volatile alternative to the widely employed non-
nucleophilic 2,6-di-tert-butylpyridine bases.*®

iy gho Lo

MPBT BSP TTEBP
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With respect to the mechanism of the B-mannosylation reaction following formation of the
a-mannosyl triflate 23, the rapidity of the substitution on addition of the acceptor at —78 °C
precluded us from carrying out standard kinetic measurements with the tools available to us
at the time and drove us to apply a modification of Singleton’s NMR method for the
measurement of kinetic isotope effects. A secondary deuterium KIE of 1.2 at —78 °C,
corresponding to 1.1 at room temperature, led us to the conclusion the reaction is
dissociative in nature and involves either a contact ion pair (CIP) 24 or at best an “exploded
transition state”#6 25 in which the nucleophile and the leaving group are both loosely
associated with the putative glycosyl oxocarbenium ion (Scheme 8).47 Recent computational
work supports this conclusion.*8

On this basis we developed a mechanistic hypothesis according to which the B-mannosides
are formed by attack on the CIP and any a-mannosides by reaction with the solvent
separated ion pair (SSIP) with which it is in equilibrium,35P and a kinetic expression to
account for the mixture of isomers formed3°C that derives from Winstein’s ion pair theory
for solvolysis reactions.# This mechanistic scheme, which closely resembles that advocated
earlier for glycosylation in general by Rhind-Tutt and Vernon, by Fréchet and Schuerch, and
by Lemieux and coworkers (Scheme 9),%0 requires the inclusion of a second CIP and a
covalent B-glycosyl triflate for completeness even if our NMR experiments to date have
provided no evidence for such species in the mannose series. It must be noted, however, that
B-glycosyl triflates have been observed spectroscopically in the mannuronic acid

series. 11251

Consideration of this mechanism leads to the hypothesis that the explanation of any factors
affecting the stereochemistry of glycosylation reactions is related to the manner in which
they influence the contact and solvent separated ion pair equilibria. Thus, polar solvents
support charge separation better than non-polar solvents and are expected to shift the
equilibrium toward the solvent separated ion pair and increase the extent of a-glycoside
formation. The difference in selectivity between the use of diethyl ether and
dichloromethane as solvent,33P and the increased selectivity for p-mannoside formation with
weaker nucleophiles in toluene 2 are readily understood on this basis. The importance of
alcohol concentration on selectivity is also apparent from the kinetic expression as is that of
triflate ion concentration. To favor f-mannoside formation it is necessary to shift the contact
ion pair-solvent separated ion pair equilibrium as far as possible toward the contact ion pair.
However, any factors favoring the contact ion pair over the solvent separated ion pair will
likely favor the covalent glycosyl triflate over the ion pairs and will therefore retard the
overall reaction. The stability of the covalent glycosyl triflate with respect to the
oxacarbenium ion (pairs) will be reflected, to a first approximation, in the decomposition
temperature of the covalent triflate. In agreement with this postulate tetra-O-methyl o-
mannosyl triflate has a decomposition temperature of —30 °C whereas the corresponding p-
selective 4,6-O-benzylidene protected system decomposes at —10 °C.34

Although glycosyl oxocarbenium ions form a central part of our mechanistic reasoning
(Scheme 9), and indeed of almost all glycosylation mechanisms presented in the literature, it
is important to note that even the simplest such cation has yet to be observed in organic
solution.>3 Physical organic chemists have estimated by indirect methods the lifetimes in
aqueous solution of the glucosyl cation®#, the 2-deoxyglucosyl cation,?*2 and of the sialyl
cation presented in Fig 2,24-55 but very little work has been done in organic solution.

Attempts to detect protected glycosyl cations in organic solvents have focused on NMR
methods and, while very simple acyclic and cyclic systems can be observed in
deuteriodichloromethane at low temperatures (Fig 3),%® the permethy! glucosyl cation has so
far evaded detection owing to its high reactivity and its immediate capture by nucleophiles
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such as triflate,>” tetrafluoroborate (by fluoride abstraction),>® and perchlorate, etc.%8 Even
the use of the extremely non-nucleophilic counterion tetrakis(pentafluorophenyl)borate
(BARF) did not allow detection of the glycosyl cation owing to its reaction with a diaryl
disulfide generated in the course of activation.>® Moreover, even in highly polar solvents
such as ionic liquids it has been observed that glycosyl triflates exist as covalent entities
rather than as ionic species.%0

Although actual glycosyl cations have yet to be observed, mechanistic work has revealed
zero order kinetics for the alcohol in several glycosylation systems®08:6162 and we are forced
to the conclusion®3 that glycosyl oxocarbenium ions most likely do have a real existence,
however fleeting, in organic media. Indeed, some of the most elegant and convincing
explanations of stereoselectivity in C- and O-glycoside formation in general derive from the
conforrrggtional analyses of glycosyl oxocarbenium ions presented by the Woerpel and other
groups.

A similar problem exists in the computation of glycosyl oxocarbenium ions to that of their
actual experimental observation. Thus, while numerous very helpful computational studies
on glycosyl oxocarbenium ions in the absence of counterions have been reported,® attempts
to compute ion pairs are thwarted by collapse to the covalent species unless artificial means
are resorted to. Very recent in work in this direction, however, provides a possible solution
making use of a combination of quantum mechanical and molecular dynamics methods.5°

Whatever the finer points of the mechanism, the 4,6-O-benzylidene directed f3-
mannosylation reaction has been applied successfully to other glycosylation methods®®
beyond the glycosyl sulfoxides and thioglycosides and has found application in the synthesis
of numerous glycosides, glycoconjugates, and oligosaccharides. Much of this synthetic work
has been reviewed®” and we limit ourselves here to a single example taken from the recent
work of the Kobayashi group on the synthesis of the antibiotic TMC 151C (Scheme 10).68
The intramolecular aglycone delivery method provides a useful alternative in many cases to
the benzylidene directed mannosylation and has also been widely applied in synthesis, but it
does require the extra step of tethering the donor to the acceptor prior to glycosylation.9¢-69
The use of more conformationally labile B-mannosyl donors lacking the benzylidene acetal
also continues to be explored in numerous groups around the world. However, with the
exception of small reactive acceptors’9 and of well-matched pairs,’! selectivities are mostly
moderate and require the use of multiple electron-withdrawing protecting groups’? in line
with our earlier work on rhamnopyranosyl donors to which we return below.

While the synthesis of many p-mannopyranosides has become almost routine by the 4,6-O-
benzylidene directed method, as always it is the exceptions to the rule that are all the more
interesting and that continue to give pause for thought. Perhaps one of the more important
issues that has come to light, and that one pertains to the much broader question of
stereoselective glycosylation in general especially when conducted in an automated manner
so0 as to provide large arrays for screening, is that of matched and mismatched donor
acceptor pairs. A report of apparent matching in the synthesis of a mannan fragment has
appeared in the literature,’! but, as we have discussed elsewhere,’3 it is the growing number
of examples of mismatching’# that sound the warning bells.

More interesting from a mechanistic point of view are the strongly a-directing effects of a
2,3-O-carbonate group and a 3-O-carboxylate group both of which completely override the
B-directing effect of the 4,6-O-benzylidene acetal.”®

The effect of the 2,3-O-carbonate group may be understood in terms of the half-chair
conformation that the cis-fused cyclic protecting group imposes on the pyranoside ring at the
level of the thioglycoside and, by extrapolation, of the glycosyl triflate.”® The
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conformational barrier to formation of the glycosyl oxocarbenium ion from the glycosyl
triflate is therefore essentially removed by the presence of the 2,3-O-carbonate and the effect
is seen to be a manifestation of ground state destabilization that has the effect of causing the
chemistry of the oxocarbenium ion (SSIP) to predominate over that of the glycosyl triflate.
The a-selective nature of the 2,3-O-carbonate donor 30 is clearly seen from the synthesis of
the branched trisaccharide unit 32 of the common core pentasaccharides presented in
Scheme 11.41 2,3-O-Carbonates in the glucose series on the other hand are trans-fused and
promote the modestly selective formation of B-glucopyranosides in the absence of
neighboring group participation, presumably by opposing oxocarbenium ion formation.’” It
is fascinating that nature appears to use a related strategy in a group of a-mannosidase
enzymes in which a Ca%* ion is bound between O2 and O3 of the substrate thereby
distorting it toward the transition state for hydrolysis.”8

When the carbonate group is relocated to span the 3- and 4-positions it affords a moderately
B-selective donor, eg, 33, that can be advantageously employed in f-rhamnoside synthesis
(Scheme 12).76¢ This selectivity depends on the combination of both the strong electron-
withdrawing power of the cyclic carbonate group and the conformational rigidity it imposes
on the pyranose ring, as its replacement by either two acetyl groups’® or by a Ley-type
cyclic bis-acetal system’® does not afford any B-selectivity.

Like the 2,3-O-carbonate group, a single 3-O-carboxylate ester completely overrides the p-
directing effect of a 4,6-O-acetal and results in a highly a-selective coupling reactions.
Although we originally inclined toward to a mechanism involving participation by the
ester,3%3.75 sybsequent work in our laboratory using a 3-O-tert-butyloxycarbonate protected
donor, that also gave high a-selectivity, strongly indicates that this is not the case.’”® Kim
and coworkers have subsequently argued strongly in favor of a participation mechanism for
the directing effect of esters at the 3-position and even at the 6-position,’2¢:80 however, on
the basis of what we suggest32P-35¢ to be an overly nucleophilic probe that is a poor mimic
of a carboxylate ester. The question of the origin of the directing effect of the 3-O-ester is
therefore an open one that is being actively addressed in our and other laboratories.8?
Whatever the origin, the effect is a powerful one as is apparent from the complete reversal of
selectivity in the two couplings presented in Scheme 13 simply on changing the 3-O-
protecting group in an otherwise common donor.82

B-Rhamnopyranosides

The critical need for the benzylidene acetal or its surrogate83 in f-mannosylation reactions,
best explained by Bols in terms of the locking of the C5-C6 bond in the tg (trans-gauche)84
conformation that maximizes the electron-withdrawing ability of the C6-06 bond,85 is also
the main limitation of the method and has been the driving force for further methodological
development. This limitation is most apparent in the synthesis of the 6-deoxy-B-mannosides,
otherwise known as the p-rhamnosides,87P:6986 3 class of glycosides that are commonly
found, in the form of either enantiomer, in bacterial capsular and lipopolysaccharides. We
considered that the use of a 4,6-O-benzylidene protected donor followed by regioselective
deoxygenation after B-selective glycosylation, by a modification of either the Hanessian-
Hullar8” or the Roberts’®8 acetal fragmentation chemistries, would be a suitable way to
address this problem. We devised a method based on earlier work®® for the generation of a
benzylidene centered radical by a cascade of reactions beginning with cyclization of a
stannane-generated aryl radical onto the sulfur center of a thioester followed by loss of
carbon monoxide.? Once the benzylidene radical is accessed it undergoes highly selective
contrathermodynamic fragmentation of the primary C6-O6 bond (rather than of the
secondary C4-04 bond), because of a less-strained transition state as explained by Roberts,
to bring about the required regioselective deoxygenation.88 Following cleavage of the
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chloroacetate ester from 39 the method was applied to the saccharide 40 to give a
trisaccharide 41 containing both an a- and a B-D-rhamnopyranoside (Scheme 14).82

A second generation method was subsequently developed that features replacement of the
thioester radical precursor by a more robust cyanoacetal 42, activated for radical
fragmentation by a Beckwith radical cyano group migration to a suitably placed aryl radical
(Fig 4).91 This methodology, which has been reviewed,57°:92 was subsequently applied to
the synthesis of a p-1,3-D-rhamnan®3 and to the 6-deoxy-B-D-mannoheptosides.?* Seeking a
perhaps more practical third generation method we turned to 6-deoxy-6-thia mannosyl
donors with the 4,6-hydroxythiol unit tied up in a monothioacetal. Bearing in mind the
existence of both the D- and L-rhamnosides in bacteria we developed syntheses of the two
enantiomeric donors 43 and 44 (Fig 4) and demonstrated that they gave excellent -
selectivity in glycosylation reactions on activation with BSP and triflic anhydride in the
usual manner. After glycosylation treatment with Raney nickel in hot methanol cleanly
affected desulfurization to give the B-rhamnosides while at the same time removing any
benzyl protecting groups.9295 The cyano group present in the monothioacetal function of
donors 43 and 44 is a critical component and functions to prevent activation of the cyclic
thioacetal by the BSP and triflic anhydride mixture used for glycosylation while at the same
time improving stereoselectivity because of its electron-withdrawing nature.92:95

An alternative approach to the p-rhamnosides (and indeed to the B-mannosides themselves)
not requiring the use of a cyclic protecting group spanning positions 4 and 6 focuses on the
use of non-participating but electron-withdrawing protecting groups on the donor. Following
early but seminal work by Schuerch and coworkers,”2-1.96 we surveyed a number of such
groups of which the best were the 2-O-sulfonate esters and particularly those bearing an
electron-withdrawing trifluoromethyl group.9” These systems gave the best selectivities
when used in conjunction with an additional electron-withdrawing group at O4 such as a
benzoate ester as in donor 45.973 Unfortunately, as we and other groups have found, such

systems rarely afford the same level of selectivity as the 4,6-O-benzylidene
acetals.2¢:80,97-98,99

Our work on the rhamnopyranosides also provided perhaps one of the clearest
demonstrations of the influence of remote protecting groups on glycosylation
stereochemistry in a system in which nucleophilic participation is unambiguously excluded.
Thus, a set of three rhamnosyl donors 46 substituted with one, two, or three fluorine atoms
at the 6-position were prepared and their stereoselectivities in coupling to a standard alcohol
examined. The trifluoro system gave the highest p-selectivity and the mono the lowest
consistent with increased destabilization of the oxocarbenium ion with increased fluorine
substitution. This conclusion was also supported by the trend in the decomposition
temperatures of the intermediate glycosy! triflates which increased with increasing fluorine
content (Scheme 15).100

B-Glucopyranosides

Undeniably one of the more interesting and ultimately one of the more informative
discoveries made in the course of our attempts to extrapolate the 4,6-O-benzylidene directed
B-mannosylation was realization that the same protecting group is strongly a-directing when
applied in the glucopyranose series.101 This type of donor, whose chemistry also involves an
intermediate a-glycosyl triflate, provides an interesting and very straightforward entry into
the highly stereoselective synthesis of the a-glucopyranosides, for which other elegant
solutions have been devised recently,192 and has been applied in synthesis to such ends
(Scheme 16).103
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Seeking to understand the reasons underlying the contrasting selectivities obtained with the
4,6-0-benzylidene protected mannosyl and glucosyl donors we prepared a number of 2-
deoxy and 2-deoxy-2-fluoro donors as well as the corresponding 3-deoxy and 3-fluoro
donors in both the mannose and glucose series (Fig 5).104

None of these donors showed the same level of selectivity as their simple manno- and gluco-
counterparts leading us to the realization of the importance of the C3 substituent and to
conclude that the difference between the B-selective mannosyl donors and their o-selective
glucosyl diastereomers is a function of the differing interactions between the C2-O2 and C3-
03 bonds as the glycosyl triflates (in the 4C4 conformation) are converted to the
oxocarbenium ions (in either the *Hg, By 5, or 4E conformations).30:35¢.104b Thys, as the
mannosyl triflate is converted to the oxocarbenium the 0O2-C2-C3-03 torsion angle is
compressed from 60° to 45° if the latter adopts the “Hs conformation computed for it,84105
or remains unchanged if the more or less degenerate B; 5 form is taken up (Scheme 17). On
the other hand the same torsion angle in the glucose series is expanded from 60° to either
75° or 90° as the glycosyl triflate fragments to either the “Hs or the 4E conformations of the
oxocarbenium that are preferred according to computational studies (Scheme 17).64.105 The
difference in these key torsional interactions between the mannose and the glucose series is
reflected in the energy barrier for the conversion of the glycosyl triflates to the
oxocarbenium ions and thus in the extent to which the chemistry is dominated by the
oxocarbenium ion; the barrier is lower in glucose resulting in an increased role for the
oxocarbenium ion and a-selectivity.35P.35¢,104b

The importance of the C3-substituent is also apparent in the 3-amino-3-deoxy series of
mannosyl donors, when only a benzylidene imine protecting system gives rise to high p-
selectivity,196 and in the influence of the bulk of the O3 protecting group with silyl groups
being overly large and considerably eroding selectivity.197 We and others have implemented
a number of novel protecting groups for O2 and/or O3 to counteract the effect of steric bulk
at the O3 position,198 such as the propargyl ether 28 used to good effect by the Kobayashi
group in their synthesis of TMC 151C illustrated above (Scheme 10).%8 It is again
fascinating that the C3 substituent also plays an important role in substrate recognition by
glycosidase enzymes.109

B-Arabinofuranosides

The obvious parallels between the B-mannopyranosides and the p-arabinofuranosides led us
to hypothesize that a benzylidene acetal or related group spanning the 3- and 5-positions of
the latter would assist in stereoselective glycosylation.110 However, it rapidly became
apparent that the 3,5-O-benzylidene furanosides are very different in nature to the 4,6-O-
benzylidene pyranosides. Thus, we encountered considerable difficulty in the installation of
a 3,5-0O-benzylidene acetal onto arabinofuranosy! thioglycosides by the usual methods
applied in the pyranoside series thereby explaining the absence of such species from the
literature at the time. Eventually we succeeded in this task, albeit by a roundabout route, and
established the structure of the acetal 62 crystallographically. Interestingly, this acetal (Fig
6) was considerably less stable than the 4,6-O-benzylidene acetals in the pyranoside series,
thereby explaining the initial difficulties in its installation. We also prepared a rather more
accessible and stable 3,5-O-di(tert-butyl)silylene acetal 63 (Fig 6) and examined
glycosylation reactions of the benzylidene and silylene protected species under the standard
BSP/triflic anhydride conditions, only to find very poor selectivity.

Curiously, oxidation of the silylene protected thioglycoside to the corresponding sulfoxide
66 followed by application of a preactivation strategy with triflic anhydride before addition
of the alcohol resulted in acceptable B-selective coupling reactions with a range of primary
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alcohols (Scheme 18).110 In the same timeframe, Boons and coworkers investigated the
activation of the silylene-protected arabinofuranoside donors 63 (Fig 6) with NIS and silver
triflate and found generally very good selectivities, 11 while Ito and coworkers studied a set
of siloxane-protected donors 64 (Fig 6) and found moderate to good selectivites.112 Perhaps
most interestingly, Kim and coworkers reported excellent -selectivities with a perbenzyl
arabinofuranosyl donor 65 (Fig 6) based on their carboxylbenzyl glycoside system that is
activated at low temperature with triflic anhydride.113

The Boons group explain their selectivities based on 1,2-cis-attack on an E3 conformer of
the L-arabinofuranosyl oxocarbenium ion imposed by the presence of the cyclic acetal (Fig
7). In particular cis-attack avoids the strong eclipsing interaction with the C2-H2 bond. Ito
and coworkers also advanced a rationale for their B-selectivity based on minimization of
torsional strain during attack on a furanosyl oxocarbenium ion following an earlier proposal
of Woerpel in his work on C-glycoside formation.114 On the basis that furanosides are
generally more susceptible to hydrolysis than comparable pyranosides,11° and that sp?
centers are more easily accommodated in five rather than six-membered rings,11¢ proposals
such as these for furanosylation involving naked furanosyl oxocarbenium ions are
reasonable and also provide a suitable explanation for our results (Scheme 18).

C-Glycosides

Just as donors, acceptors play a critical role to play in any glycosylation reaction.53¢.73 To
this end we demonstrated early on that carbohydrate-based thiols are excellent acceptors in
the 4,6-O-benzylidene directed p-mannosylation process.117 Less predictably, as we have
showed recently, simple carbon-based nucleophiles such as allyl silanes and stannanes and
silyl enol ethers show the same selectivity patterns as alcohols in these glycosylation
reactions. Thus, in the glucose series high a-selectivity is seen while in the mannose series
high B-selectivity is observed when the donors carry ether protecting groups on O2 and O3
(Scheme 19).118 Even more interesting is the fact that a 4,6-O-benzylidene protected
mannoyl donor 71 carrying a 3-O-ester results in the formation of the a-C-glycoside 72
(Scheme 19)119 exactly as with alcohols as acceptors. It is the common pattern of
stereochemical outcomes shared by O- and C-glycosyl acceptors that cause us to downplay
the influence of donor-acceptor hydrogen advocated by some8# as a stereodetermining factor
in glycosylation.

Derivatives of N-Acetylglucosamine

Our interest in the influence of acceptors and their substituents inevitably brought us to
examine the well-known case of the poor reactivity of the 4-OH group in the N-
acetylglucosamine series. We provided evidence that intermolecular hydrogen bonding
between amide groups is part of the problem and offered suggestions as to how to disrupt
this.220 Similar hypotheses and conceptually related solutions have been advanced recently
to explain the poor reactivity of donors in the N-acetylneuraminic acid series.121 Ultimately
however, the best explanation for the low reactivity of the N-acetylglucosamine 4-OH is that
of Auzanneau and coworkers who, following an early report by Sinay,122 demonstrated that
the amide group captures either the electrophilic promoter for the glycosylation reaction or
the glycosyl donor itself through formation of an imidate.123 In our laboratory we devised a
practical solution to the problem based on the tying back of the O3 protecting group away
from the 4-OH to be glycosylated. We achieved this through the formation of an
oxazolidinone between N2 and O3, and acetylated the oxazolidinone nitrogen so as to
preclude the possibility of its taking place in any hydrogen bonding network. So-protected
acceptors, eg, 73, proved considerably more reactive toward a bank of a glycosyl donors
than the standard 3-O-benzyl ethers of N-acetylglucosamine (Scheme 20).124 Kerns and
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coworkers reported a closely related oxazolidinone protected glucosamine also to be a good
glycosyl acceptor but noted that glycosylation of the oxazolidinone NH was an important
competing reaction, thereby underlining the importance of the N-acetyl group in our
system.12° Interestingly, when the B-anomer of the N-acetyl acceptor was employed the
oxazolidinone could be cleaved selectively with barium hydroxide leaving the acetamide in
place, while no such selectivity could be coaxed out of the a-epimer causing us to resort to
exhaustive saponification followed by reintroduction of the amide (Scheme 20). We
rationalized this difference of reactivity toward saponification according to the anomeric
configuration by a change in the manner of substrate coordination to the Ba2* cation
(Scheme 20).124

In the course of the preparation of the oxazolidinone protected acceptors we also noted the
unusually facile anomerization of a B- to an a-glycoside of an N-acetyloxazolidinone
protected glucosamine derivative on reduction of a benzylidene acetal with sodium
cyanoborohydride and hydrogen chloride in ether (Scheme 21),1240 conditions which
normally do not affect the anomeric position.126

Oscarson and coworkers demonstrated the N-acetyloxazolidinone protected glucosyl donor
76 (Fig 8) to be highly B-selective in coupling reactions when promoted with a catalytic
quantity of silver triflate, and that the kinetic 3-anomer isomerized cleanly to its
thermodynamic a-epimer on continued exposure to the silver salt, for which they proposed a
mechanism involving endocyclic ring cleavage.12” On the basis of an X-ray crystal structure
of the donor the possibility that the kinetic B-selectivity arose from neighboring group
participation by the acetyl group was excluded.127P Related observations on the kinetic
nature of the B-product with subsequent anomerization to the a-anomer were reported by
Ye.128 The use of various oxazolidinone protected glucosamine derivatives as glycosyl
donors had been previously investigated by the Kerns with selectivities that depended on the
nitrogen protecting group and on the reactivity of the acceptor (77).125.129 |to and coworkers
showed the N-benzyloxazolidinone protected glucosamine donor 78 (Fig 8) to be unselective
at low temperatures and a-selective at room temperature and, like Oscarson, came to the
conclusion that this was the result of an equilibration process involving endocyclic
cleavage.130

a-Sialosides

Our successful application of the N-acetyloxazolidinone protecting in the glucosamine series
coupled with the knowledge that a trans-fused 3,4-O-carbonate ester exerts a significant
influence on rhamnopyranosyl donors (Scheme 12) stimulated us to investigate the 4-O,5-N-
acetyloxazolidinone protecting group system for the formation of sialic acid glycosides.13
A great deal of effort has been devoted to the synthesis of the a-sialosides but their
stereocontrolled synthesis still represents a formidable challenge to the synthetic chemist.
The area has been reviewed a number of times32 and we concentrate here only on recent
advances using cyclic protecting groups.

We began, however, with an attempt to detect intermediates in sialidation reactions by low
temperature NMR spectroscopy. Attempts to detect intermediates in sialidations are plagued
by their relative instability and the facility with which elimination to give the 2,3-glycal
typically occurs. This latter process is such that neither sialyl sulfoxides nor sialyl
trichloroacetimidates have been described in the literature; fortunately, in recent years the
Yu group demonstrated that stable N-pheny! trifluoroacetimidates of sialic acid derivatives
could be prepared and employed.133 Adapting Gin’s dehydrative glycosylation method,134
as generally developed for thioglycoside activation by the van Boom group,*32 we were able
to activate sialyl thioglycosides in dichloromethane solution with combinations of diaryl
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sulfoxides and triflic anhydride.13% Working with a single equivalent of sulfoxide and in the
absence of an acceptor the 2,3-glycal 79 was the only observed product, pointing to the
instability of any putative glycosyl triflate intermediates and of the oxocarbenium ion.
However, on activation with three equivalents of sulfoxide and one of triflic anhydride
followed by the addition of the acceptor alcohol goods yields of glycosides were obtained
with moderate selectivities without the need for the use of a nitrile solvent. Inspection of
reaction mixtures by low temperature NMR spectroscopy prior to the addition of the
acceptor revealed the formation of two isomeric species, tentatively assigned to the
glycosyloxy sulfonium salts 80 (Fig 9).135-136 With respect to other intermediates
acetonitrile, by far the most common solvent for sialidation reactions,37:137 is generally
considered to afford selectivity through the formation of an intermediate axial nitrilium ion
81 although such an intermediate has yet to be demonstrated convincingly (Fig 9).137¢.138

In terms of the influence of protecting groups on sialidation reactions, in the last decade it
became apparent that strongly electron-withdrawing groups on N5 of sialyl donors enhance
a-selectivity for reactions conducted in the presence of acetonitrile. Such groups include
N,N-diacetyl systems, 139 N-trifluoroacetamides, 140 N-trichloroethylcarbamates,141,
trichloroacetamides, 142 phthalimido groups,141¢ and azides,143 and progress in this area has
been reviewed, 144 and useful comparative studies made.1418.141¢ Based on computational
work, Fukase and coworkers suggested that the N-Troc group interacts electrostatically more
strongly with the sialyl oxocarbenium ion than the simple acetamide and thereby more
effectively shields the p-face from attack by the acceptor.141¢ For the phthalimido system
the same workers proposed that the fixed dipole of the phthalimido group, which lies in the
mean plane of the oxocarbenium ion, interacts with and stabilizes one or both of the
oxocarbenium ion or the nitrilium ion through dipole-dipole interactions — a similar effect is
expected for the N,N-diacetate but of reduced magnitude owing to the two conformations,
and hence dipoles, possible for this imide.141¢ Alternatively, Kononov and coworkers
suggested that the N,N-diacetyl and phthalimido effects arise from disruption of an
intermolecular hydrogen bonding network present for the simple acetamide, 1212 and went on
to demonstrate that the addition of external imides, such as N-methylacetimide had a
beneficial effect on glycosylations conducted with simple N-acetyl sialyl
thioglycosides.121a145 Thjs thought-provoking concept related to that we had advanced
earlier for the low reactivity of the N-acetyl glucosamine-based acceptors,120 however, does
not provide a complete explanation as typical KDN donors, sialic acids lacking the amide
function, suffer most of the same problems as their more common and better studied N-
acetyl neuraminic acid analogs.

Taking into account the beneficial effect of cyclic protecting groups in many glycosylation
systems?46 and that of electron-withdrawing groups on N5 discussed above, the groups of
Takahashil4” and De Meo48 introduced the O4,N5-oxazolidinone protecting group for
sialyl donors 82 and 83 to good effect (Fig 10).24° In our laboratory the advantages of the
oxazolidinone and of the N,N-diacetyl system were combined in the N-acetyl-O4,N5-
oxazolidinone donor 84 that associated the advantages of high a-selectivity in most cases
with selective cleavage of the oxazolidinone under mild conditions that left the acetamide
group in place.130 The main disadvantage of this latter system, as with most other systems
based on sialic acid thioglycosides, arises from the lack of reactivity of the thioglycoside
toward the NIS/TfOH activating system in the presence of acetonitrile much below —30 °C.
Indeed, this lack of reactivity had previously prevented the use of sialic acid thioglycosides
in Wong-type one pot glycosylation protocols, 151 thereby necessitating the use of orthogonal
systems based on the activation of the sialyl thioglycoside in the presence of a glycosyl
fluoride-based acceptor alcohol.2412 On the basis of work by Lahman and Oscarson showing
secondary alkyl thioglycosides to be more reactive than primary alkyl ones,152 we next
developed the tertiary adamantanyl thioglycoside 85 of the N-acetyl oxazolidinone protected
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sialyl donor (Fig 10). This system could be activated at —78 °C in mixtures of
dichloromethane and acetonitrile by the NIS/TfOH system when it generally gave excellent
a-selectivities. 123 Tackling the same problem of the poor reactivity of sialic acid
thioglycosides, Wong and coworkers1>4 subsequently converted the N-acetyloxazolidinone-
protected tolylthio glycoside to the corresponding dibutylphosphates 86 by treatment with
dibutylphosphoric acid in the presence of NIS and TfOH (Fig 10). Interestingly, the two
anomeric phosphates prepared in this manner could be separated and displayed different
reactivity, with the axial B-isomer being somewhat more reactive at —78 °C on activation
with TMS triflate in dichloromethane. Under these conditions excellent a-selectivity was
obtained from both the a- and B-phosphates in their reactions with a broad range of glycosyl
acceptors without the need for added acetonitrile. An important feature of the oxazolidinone
protected sialic acid donors, in addition to the high a-selectivity they typically employ is the
virtual absence of formation of the 2,3-glycal side product that is an inevitable feature of
almost all other systems.

We demonstrated the applicability of the sialyl adamantyl thioglycosides in one pot
glycosylation by the preparation of a series of trisaccharides, eg, 90, in which the first step
was the activation of an adamantyl N-glycolyl neuraminate ester thioglycoside protected
with an oxazolidinone ring 88 (Scheme 22).1%% In the example given an overall yield of 55%
was obtained for the two glycosylation reactions with excellent selectivity at both anomeric
centers.

Subsequently, in our laboratory we employed an analogous 04,05 cyclic carbonate
protected donor in the KDN series 91 and found it to give excellent a-selectivities in
contrast to the diacetate protection usually employed at that locus (Scheme 23)156 As with
the oxazolidinone protected sialic acid donors, these systems were essentially free from the
formation of the 2,3-glycal of which a sample was obtained by elimination from a glycosyl
sulfoxide.

Overall, it is evident that a five-membered cyclic protecting group spanning positions 4 and
5-of the sialic acid framework (either an oxazoldinone for the neuraminic acids or a
carbonate for KDN) permit the highly selective synthesis of many a-sialosides. The same
groups also have the significant advantage in terms of reaction yield of very largely
suppressing the formation of the 2,3-glycals that plagues most other sialidation methods.
Thus, many years after our initial foray into the area en route to the 2-deoxy-p-glycosides,
an effective solution to this problem is now at hand. Clearly, the trans-fused five membered
ring severely limits the conformational space available to any intermediate oxocarbenium
ion, but it is tempting to suggest that the directing influence arises from the existence of a
single strong dipole in the plane of the pyranose ring that destabilizes any glycosyl
oxocarbenium ions and leads to the formation of tighter and more selective ion pairs (Fig
11). It will be noted that the dipole imposed by the presence of the carbonate and/or
oxazolidinone is oriented in the opposite direction to that due to the presence of the
phthalimido system discussed abovel41¢ and must therefore act in a different manner.

The X-ray crystallographic structure of an N-acetyl oxazoldinone protected sialyl
thioglycoside 84150 shows the pyranose ring to adopt an almost perfect chair
conformation, 1% and that such remains the case in solution is indicated by the large trans-
diaxial coupling constant between H’s 4 and 5 in both the oxazolidinone and carbonate
systems. 1901538156 The reasons underlying the absence of 2,3-glycal formation are not clear
at the present time, but might be related to increased strain due to the presence of the
oxazolidinone or carbonate.1®” Alternatively, it may simply be that in the case of the more
common acetate protected systems the pseudo-axial acetate at O4 acts as a general base to
catalyze deprotonation of the oxocarbonium ion.
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An alternative cyclic protecting group for N-acetylneuraminic acid, the N5,07 oxazinone
system, 94 and 95, introduced by ourl>8 and the Ando groups,1°9 was designed to mimic the
4,6-0-benzylidene system that is so beneficial in mannopyranosylation, but was generally
found to afford p-sialosides preferentially (Fig 12), perhaps because of the pseudo-axial
orientation imposed on the pendant side chain. Taking the concept a step further, Hanashima
and coworkers studied a series of doubly locked donors, eg, 96, in which, in addition to the
oxazolidinone bridging O4 and N5 a tert-butylsilylene group was used to bridge N5 and O7
(Fig 12). In a series of coupling reactions conducted in dichloromethane at —40 °C using the
NIS/TfOH activating system good to excellent a-selectivities were observed depending on
the acceptor alcohol.160

Conclusion

In conclusion, what began as an exercise in demonstrating diastereoselectivity in radical
reactions, evolved into a career-long fascination with the stereocontrolled formation of the
glycosidic bond and with understanding the factors controlling reactivity at the anomeric
center in general. This exercise has resulted in the development of practical solutions to the
synthesis of two of the more difficult classes of glycosidic bond; the B-mannopyranosides
and the a-sialosides. It is clear from the work described above that fundamental work on the
mechanisms of glycosylation reactions has had and will continue to have an important role
in the development of improved glycosylation methods. In the broader context,
carbohydrates are an excellent teaching ground for the principles of reactivity and
conformational analysis for both the specialist and the non-specialist. It is equally clear that,
although enormous progress has been made in controlling anomeric stereochemistry over the
last twenty five years by many groups worldwide, glycosidic bonds are very rarely formed
with perfect, or even near-perfect, stereocontrol and that unpleasant surprises await the
unwary particularly in the form of mismatched donor/acceptor pairs. It is evident therefore
that many challenges remain to tax the creativity and imagination of organic chemists, and
even that our initial premise of the need for alternative approaches to glycosidic bonds, and
of novel mimics of them, remains valid today. The work presented in this Perspective relies
heavily on the use of protecting groups, not only to block hydroxyl and other functionalities,
but to control reactivity and stereoselectivity; the development of new systems for
glycosidic bond formation with minimal use of protecting groups, in keeping with the
general need in organic synthesis to reduce our dependence on such expensive systems,161 is
one obvious major and largely unmet need that would benefit from wider attention.162
Finally, important parallels have emerged in recent years between factors controlling
stereoselectivity in chemical glycosylation reactions and those operative, at least in some
instances, in glycosidase enzymes and certainly merit closer attention.
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Scheme 19.

Stereoselectivity of C-glycoside formation and its dependence on configuration and

protecting groups
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Use of the N-acetyloxazolidinone protected glucosamines as acceptors and dependence of

oxazolidinone hydrolysis on anomeric stereochemistry
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Scheme 21.

Facile anomeric inversion in an N-acetylglucsoamine oxazolidinone
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Scheme 22.
One pot trisaccharide synthesis initiated with an adamantanyl thiosialoside
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Scheme 23.
4,5-O-Carbonate-directed formation of an a-KDN glycoside
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