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Commentary on diastereoselectivity in chemical glycosylation reactions, and dismissal of the influence of
stereoelectronic effects analogous to the anomeric effect in kinetically controlled reactions.

Introduction

In a chemical glycosylation reaction, a glycosyl donor bearing
an anomeric leaving group reacts with an alcohol nucleophile,
the glycosyl acceptor, to form a glycosidic bond. A new stereo-
genic centre is created at the anomeric position (C1) of the
carbohydrate (Scheme 1).

Generalised efficient universal oligosaccharide synthesising
machines,' > equivalent to the technologies available for oligo-
peptides and oligonucleotides, do not yet appear to be available,
and this is one factor that holds back progress in glycobiology.
Problems with automation of glycosylation will include control
of the stereochemistry of the newly created glycosidic bond, as
well as purification of the oligosaccharide product from unde-
sired diastereomeric by-products, this second issue being a direct
result of the failure to adequately solve the first. For progress to
be made, it is helpful to have a good mechanistic understanding
of the chemistry involved, and with this in mind, I address the
current state of understanding of some aspects of anomeric selec-
tivity in glycosylation reactions.
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Scheme 1 General view of a chemical glycosylation reaction, showing
the two possible diastereomeric glycoside products.

Experimental evidence for intrinsic
diastereoselectivity in glycosylation

The question as to whether intrinsic o/ selectivities exist at all
should possibly be straightforward to answer, given the massive
amount of published experimental data on the results of glycosy-
lation reactions. However, there are several problems with this.
In the main, the data remains widely dispersed and its compre-
hensive collation into an interpretable form would be extremely
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tedious. An exception is Hindsgaul’s catalogue of the glycosyla-
tion reactions of 1994,* and this dataset may be used as a model.
A second problem is that diastercoselectivities are not always
reported. For example, where the object of a reaction is the syn-
thesis of a particular diastereomer that is then to be taken further
in a synthetic sequence, the exact amount of the undesired dia-
sterecomer may be deemed uninteresting. Thirdly, multiple
examples to examine the scope of “interesting” (which may be
synonymous with “unusual”) diastereoselectivities may result in
their being overrepresented in the literature. Fourthly, the effect
of solvents’ on glycosylation diastereoselectivity, and the
influence of protecting groups — the possible participation of C2
esters is well documented, but remote protecting groups® ® may
also play a role — result in a very complex picture.

A brief statistical analysis of the 1994 data* was carried out
for glucose, galactose and mannose donors with non-participat-
ing protection of C2, and excluding (vide infra) imidate donors
or bromide donors activated by tetrabutylammonium bromide.
No account was taken of the glycosylation solvent, and neither
were reactions that may have been run under thermodynamic
control (a matter that is not obvious from the presented data —
and as mentioned below, not always obvious from the original
papers either) excluded from the analysis. These results are
shown in Table 1.

From these data, galactose and mannose appear to have some
general overall preference for o glycoside formation, while
glucose shows little general overall preference. The variation in
diastereoselectivity, though, is high, and the sample sizes are
small.

Thermodynamic control — the anomeric effect

The anomeric effect is a term used to refer to the phenomenon
whereby electronegative axial substituents on carbons adjacent
to the ring-oxygen in tetrahydropyran derivatives are stabilised
relative to what might be expected from a consideration of A-
values (i.e. steric factors: 1,3-diaxial interactions) alone.”'”
Often — or usually — the size of the effect is sufficient that the
stability of the axial anomer exceeds that of the equatorial
anomer, resulting in a preponderance of the axial configuration
at equilibrium. It is helpful to distinguish the effect from its

This journal is © The Royal Society of Chemistry 2012

Org. Biomol. Chem., 2012, 10, 2503-2508 | 2503


http://dx.doi.org/10.1039/c2ob06696c
http://dx.doi.org/10.1039/c2ob06696c
www.rsc.org/obc
http://dx.doi.org/10.1039/c2ob06696c
http://pubs.rsc.org/en/journals/journal/OB
http://pubs.rsc.org/en/journals/journal/OB?issueid=OB010013

Downloaded by UNIVERSITY OF NEBRASKA on 09 March 2012
Published on 16 February 2012 on http://pubs.rsc.org | doi:10.1039/C20B06696C

View Online

Table 1 Diastereoselectivity data for pyranoside formation by
glycosylation reactions with non-participatory (ether) C2 protection from
Hindsgaul’s 1994 data* summary. Mean values with standard deviations
and sample sizes (n)

Donor configuration % o-Configured product n

Galacto 84 +31 16
Gluco 53+£32 57
Manno 71 +£27 12

cause. A number of explanations have been advanced to explain
the effect, including a dipole argument and an orbital argument
relying on n — o* overlap (Fig. 1)."" The anomeric effect is a
stereoelectronic effect, which means that it is conformationally
sensitive. The fact that it is manifested as a difference in stability
of configurational isomers (diastereomers) of carbohydrates is a
result of the existence of essentially only one low-energy ring
conformer (i.e. *C; in the b series) for the common pyranoses.
Similarly, the exo-anomeric effect refers to the higher occupancy
(which is the same as the greater stability) of certain confor-
mations of the glycosidic bond in which the aglycon is orien-
tated such that the C1-O5 bond and the O1 lone pair have a
180° relationship;'? it has been proposed that this effect may be
explained by analogous models to those used to explain the
(endo)-anomeric effect.

It is not uncommon for authors to attribute o-selectivity in
chemical glycosylation reactions to the “anomeric effect”. The
majority of glycosylation reactions for glycoside formation in the
chemical laboratory are run under kinetic control, that is to say
that the two possible anomeric products do not interconvert
under the reaction conditions; or, equally, that the less stable of
the two products does not irreversibly convert into the more
stable under the reaction conditions (or under quasi-thermodyn-
amic conditions in which some product interconversion has
taken place but equilibrium has not been reached by the time the
reaction is quenched). This is possibly a wild assertion, as such
interconversion is often not tested. However, it seems likely that
it is often true as:

i) the promoters used are specifically chosen to suit the
leaving group. They are hence often thiophilic (for thioglyco-
sides), halophilic (for halides) etc. and often not particularly
acidic or oxophilic, and not acidic enough to promote anomerisa-
tion. Exceptions could be the Lewis acids (even Brensted acids)
used as promoters for glycosyl fluorides, or possibly trichloro-
acetimidates (or acetates, whose use as glycosyl donors is less
common), or the case when stoichiometric strong acid HX is pro-
duced as a by-product of the glycosylation reaction, which is

Fig. 1 Ground-state situation, illustrated for glucose. Orbital overlap to
explain the anomeric effect; a p lone pair on oxygen has significant sta-
bilising overlap with a ¢* antibonding C1-O1 orbital in the o configur-
ation and *C; conformation (although these orbitals are not completely
antiperiplanar), whereas in the B configuration, the p lone pair is almost
orthogonal to the C1-O1 bond in the *C; conformation.

actually a common scenario when the reaction is run in the
absence of base or basic molecular sieves.'?

i) during glycosylation reactions, the formation of anomeric
mixtures at C1 of monosaccharide constituents of oligosacchar-
ides other than the one at which the new glycosidic bond is
formed tends not to be reported, which implies not observed.

iii) in those cases where it has been tested, the glycosylation
has often been found to run under kinetic control (but not
always).

That said, a number of ancient and modern reactions do exist
in which thermodynamic control of the anomeric selectivity is
achieved. For example: i) The classical Fischer glycosylation'*
in which a reducing sugar is heated in an alcoholic solvent in the
presence of acid can be and is usually run under thermodynamic
control to form the equilibrium mixture of glycosides by endo-
cyclic C-O bond-cleavage and reclosure. Usually (for aldo-
hexoses) this will consist of a mixture of pyranosides (at the
expense of first-formed furanosides), with the o anomer often
predominating to a greater or lesser extent, in accordance with
the anomeric effect.'”> Total anomeric stereocontrol is rarely
achieved. ii) A 2,3-carbamate protecting group on N-acetyl glu-
cosamine B-glycosides facilitates anomerisation to give the
a-glycosides under Lewis acid catalysis by endocyclic C-O
bond-cleavage and reclosure.'® iii) Glucuronic acid B-glycosides
are anomerised to the a-glycosides under Lewis acid catalysis by
endocyclic C—O bond-cleavage and reclosure.!” iv) B-Manno-
sides are anomerised particularly easily using a particular Lewis
acid catalyst, by endocyclic C-O bond-cleavage and reclosure.'®
Of course, in all of these cases, the anomeric effect is important
in determining the reaction outcome.

Kinetic control — introduction

When the glycosylation reaction is run under kinetic control,
clearly the anomeric effect (influencing the relative stability of
the two anomeric products) can have no bearing on the diaster-
eoselectivity of the reaction, which would be governed rather by
the relative stability of the lowest energy transition states leading
to each of the two diastereomeric products. A so-called “kinetic
anomeric effect”'®*® has been invoked as an explanation for a
high degree of o selectivity in glycosylation reactions.

A high degree of diastereoselectivity might in itself be termed
a kinetic anomeric effect; the “effect” being the formation of,
say, more o product due to the lower energy transition state
leading to its formation than that leading to the formation of the
rival B anomer. But that explanations analogous to those that
have been invoked to explain the anomeric effect (such as
orbital overlap or dipole interaction) may be used to explain
such a “kinetic anomeric effect” does not follow. In the ground
state of the common hexopyranosides, the conformation is essen-
tially fixed in the *C; chair, and the required orbital interactions
that explain the anomeric effect (Fig. 1) are either present (o
case) or they are absent (B case).

To consider the possibility that an “anomeric effect” influ-
ences the diastereoselectivity of a glycosylation reaction, we
must consider kinetic factors, specifically, the relative energies of
the transition states leading to the o and p anomers. This in turn
requires a consideration of the reaction mechanisms and the
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orbital interactions in the different possible transition states. The
question as to whether glycosylation reactions go via Syl,
Sx2 mechanisms, or intermediate mechanisms is pertinent, and
the answer is almost certainly different for the many different
chemical glycosylation reactions that have been conducted.
Usually, when considering diastereoselectivity in nucleophilic
substitution reactions, we are considering Sy1 reaction mechan-
isms, as Sy2 reactions are normally characterised by a stereo-
specific inversion of configuration. Hence when a kinetic
anomeric effect is invoked to explain diastereoselectivity, nor-
mally this might be expected to involve an Sy1 mechanism.

Reactions via glycosyl cations: the Sx1 extreme

For mechanisms with oxacarbenium ion intermediates, i.e.
Sx1 mechanisms, a discrete carbocationic intermediate is formed
with an empty p orbital on the sp” hybridised C1. It is almost
universally accepted that glycosyl cations are intermediates in
glycosylation reactions.>' The conformation of the pyranose ring
is expected to change to accommodate this, adopting a confor-
mation in which orbital interactions between the ring-oxygen
lone pairs and the empty p orbital on C1 can be maximised. This
covers conformations in which C5, O5, C1 and C2 are coplanar,
and allowed conformations include B, s, 25B, 3H,, *H, (Fig. 2)
(and also higher energy variants such as Es, °E, ‘E and E,).
Woerpel’s work on the glycosylation of polydeoxypyranoses has
led to a model based on half-chair conformations,?* but given: i)
the conclusions from enzymatic glycosylation that some manno-
sidases operate with the sugar in a B, 5 conformation;* ii) the
well known tendancy for mannonolactone, with an sp® hybri-
dised ClI, to occupy a B, 5 conformation (in contrast to say glu-
conolactone, which occupies a half-chair);** iii) recent
suggestions that even ground state f-mannose has conformations
close to B, s as the lowest energy conformations after 0
ruling out the possibility of boat conformations for putative
glycosyl cations in chemical glycosylation of fully functionalised
sugars, and of mannose in particular could be rash.*® However,
as the possible B or H conformers are necessarily identical in the
local environment of C1 from a stereoelectronic point of view,
any arguments on the nature of a so-called kinetic anomeric
effect apply equally, irrespective of whether the conformation is
BorH.

Diastereoselectivity in Syl reactions arises from the different
tendencies of the nucleophile to attack each of the two distinct
diastereotopic faces of the glycosyl cation, which is quantified as

Z,SB
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Fig. 2 Boat and half-chair conformations satistying the requirement of
coplanarity of C5-O5-C1-C2. The reference plane used to name the
conformations is shaded.

the relative energies of the two possible transition states (Fig. 3).
The Sy1 transition states, which are the crucial determinant of
diastereoselectivity are expected (Hammond postulate) to have
structures closely resembling a cationic intermediate, much more
so than the ground state of the products. This means that the
reaction of the glycosyl cation to form the glycoside (product) is
expected to have an early transition state, and that using the gly-
cosyl cation geometry as a model of the transition state would be
reasonable. Within the broader class of oxacarbenium ions in
general, glycosyl cations might be expected to have a higher
reactivity — and an earlier transition state — due to the multiple
electron-withdrawing groups present on the pyranosyl ring.”” In
this scenario, there will be no anticipated difference in orbital
interactions between the two diastereomeric transition states
(Fig. 4), and also conformationally the pyranosyl ring in the two
transition states would be very similar, meaning that differences
in transition state energies must be dominated by other factors,
such as sterics.

In the Woerpel model (Scheme 2) the preference for attack at
one or other of the two diastereotopic faces of one of two poss-
ible half-chair conformers (*H5 and *Hy) of an intermediate gly-
cosyl cation is said to be predicted by the conformation of the
product developing at the transition state, which would be either
a chair (favoured) or a skew-boat (S) (disfavoured).>> Which of
the possible half-chair conformers is chosen as being the one
leading to reaction could either be the more stable or the more
reactive of the two (in a Curtin—Hammett scenario with rapid
conformational exchange of the cation intermediate). But the
difference in the energies of these different possible transition
states does not come from the presence or absence of particular
orbital interactions. Even if we were to extrapolate all the way to
the product in what is assumed to be its initially-formed confor-
mation — a long way energetically, and structurally, from the tran-
sition state — the two possible conformations, skew-boat and
chair, are stereoelectronically identical at C-1. Moreover, the
same would also be true of the two possible product diastereo-
mers (in their initially-formed conformations) formed from the
alternative conformer of the glycosyl cation intermediate
(Scheme 2). Hence, even if the transition states for o and B gly-
coside formation in Sy1 reaction mechanisms do not have copla-
narity for C5, OS5, C1 and C2, the local symmetry between o
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Fig. 3 Diastereoselectivity in Syl reactions arises from the difference
in energy of the o and P transition states relative to a common intermedi-
ate glycosyl cation. One may imagine a situation (a) in which the o tran-
sition state is kinetically favoured or (b) in which the B transition state is
kinetically favoured. The relative stability of the products is governed by
the anomeric effect, which is conformationally dependent and does not
apply at the transition states.
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Fig. 4 Transition state situation. Illustration of generalised Syl tran-
sition states and the leading to o and B glycosyl bonds: the local identity
of orbital interactions and geometry rules out any generalised orbital-
based explanations for the so-called kinetic anomeric effect (a.k.a. o/f
diastereoselectivity) that would be analogous to those used for the
anomeric effect (i.e. based on certain interactions only being present for
the o anomer). Different possible conformations of the pyranose rings
(meaning the positions of C3 and C4) are deliberately not shown here as
this will not influence the stereoelectronics at C1 — they are shown in
Fig. 2.

and P transition states means that in the immediate vicinity of the
reaction centre, orbital interactions at the respective transition
states will be the same for a and  bond-forming reactions. Any
difference in energies of the o and f transition states is therefore
expected to arise from factors other than differences in orbital
interactions, which may include conformational factors®® (intra-
molecular steric clashes), or differences in steric crowding of the
two faces.

Reactions proceeding with inversion of configuration
at the anomeric centre: the S2 situation and the
Sn1-Sn2 crossover situation

Sn2 mechanisms are conspicuous by their requirement for
stereospecific inversion of configuration. However, the possi-
bility of multiple SN2 substitutions (or at least multiple stereo-
specific substitutions with inversion of configuration) by
potential leaving groups prior to final attack by an alcohol

nucleophile to deliver the product blurs this diagnostic phenom-
enon. This describes the Lemieux o glucosylation®’ where the
substitution of bromide by bromide equilibrates the more stable
o bromide with the more reactive B bromide prior to rate-deter-
mining O-glycoside formation. In such a scenario, diastereo-
selectivity will operate. This may be governed by the relative
energies of the two possible diasterecomeric transition states as
described by the Curtin—Hammett principle (Fig. 5).

Further to the Lemieux o-glucosylation, and despite the near-
universal acceptance of Syl (like) mechanisms, a number of
other examples of glycosylation reactions with SN2 character-
istics can be considered. The displacement of glycosyl chlorides
by thiolate in the gluco series, but not the manno, has been
shown to obey a rate-law consistent with SN2 kinetics, and as
such represents a bona fide S\2 process.>”

Inversion of configuration (of starting materials or of reactive
intermediates) has been invoked to explain the stereochemical
outcome of some glycosylation reactions. For example, in
Schmidt’s trichloroacetimidate methods (predominant inversion
of configuration of the starting imidate in the gluco series, but
not the manno);’' in the Crich B mannosylation (predominant
o — B inversion of an o-triflate intermediate in the manno series,
but not the gluco);’*>* and in the reactions of glycosyl sulfo-
nium salts by Boons and others (apparent predominant § — o
inversion in the gluco series).>* The acetonitrile “effect”, in
which a preponderance of B product is seen (in the gluco series,
but not the manno), has been explained by solvent participation
and a proposed predominant oo — B inversion.”> Also in enzy-
matic glycoside hydrolysis and glycosylation,*® reactions tend to
be stercospecific with inversion or double inversion.’” This
apparent inversion of configuration that has been cited implies
some characteristics of Sy2 mechanisms, without necessarily
fulfilling all the criteria of an S\2 process.

A continuum of mechanisms between Sy1 and Sn2 extremes
has been proposed, with the distinction being blurred to the

R'O
oured OR oR observed e
R'O ‘a\'/ RO \g\/1 major ;
| a, 'C
\4@ OR' OrR' 4 product
RO %7\/ ROH
SHy OR' T R'O RD OR'
(®) OR'
. .
OR RO o
ROOR o ag RO OR B.'Cs
' A
ROOR' :
X OR 5
B, 4C1 . K
OR
RO , — OR' .
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Scheme 2 Woerpel model for diastereoselectivity exemplified by an L-gulosylation reaction described by the Leiden group.>” Note that the ' C, con-
formation is favoured for the L-guloside products. Orbital interactions are expected to be the same for a/l four considered transition states.
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Fig. 5 Curtin—Hammett situation for glycosylation with inversion. The
o and B donors are in rapid equilibrium, and the absolute difference in
the energies of the two transition-state energies leading to o or B glyco-
sides determines the diastereoselectivity (as is seen in practice for
glucose in the Lemieux o-glucosylation).

extent that a plateau of energies can exist.’® In what way and to
what extent a reaction described as Sy2-like is Sy2-like is not
always made clear. We must imagine what this means from a
structural point of view. In the Syl extreme, at the transition
state in the bond-forming reaction, a glycosyl-cation-like C-1 is
becoming associated with a nucleophile. In moving through the
hypothetical mechanistic continuum towards a more Sy2-like
scenario, a nucleophile and a leaving group — or a moiety pre-
viously considered as the counter-ion to the glycosyl cation —
both become more associated with the reaction centre at the tran-
sition state. In an Sy2 extreme, the nucleophile and leaving
group are maximally associated at the transition state. A scenario
whereby the nucleophile and leaving group are equally associ-
ated at the transition state can only exist when the leaving group
and nucleophile are identical.

The Sn1-Sn2 borderline in nucleophilic substitution reactions
at acetal carbons has been examined from a molecular orbital
standpoint,>® and a significant conformational difference
between these transition states has been noted in simple (acyclic)
systems, which should have important consequences for a pro-
posed mechanistic continuum in glycosylation. Just as for the
Syl extreme with its intermediate cation, also in the Sy2
extreme, C1 becomes sp” hybridised at the transition state, but
with the crucial difference that while the p orbital on C1 is
empty in the Syl intermediate glycosyl cation, at the Sy2 tran-
sition state it is filled. This means that those conformations
around the O5-C1 bond in which orbital interactions between
the ring-oxygen lone pairs and the C-1 p orbital are maximised
(i.e. those conformations most favoured in the Sy1 mechanism)
become energy maxima in the SN2 extreme, and the ideal con-
formation of the torsion C5—O5-C1-C2 becomes that in which
the oxygen lone-pair p orbital and the C1 p orbital are ortho-
gonal, i.e. 90° (Fig. 6).%°

A molecular model®® of such a structure reveals that this
requirement is satisfied by a somewhat distorted version of the
*C, chair (Fig. 7). Clearly the two sites occupied by the nucleo-
phile and leaving group are very different steric environments,

a) N p\(filled) b) np (filled)
" X ;
R—GD\ pH(empty) 5&)\\ pH(fI||ed)
R R x
X = leaving group,
nucleophile

Fig. 6 Illustration of the orbital interactions and conformational conse-
quences at an acetal carbon at (a) Sy! (intermediate cation) and (b) Sy2
(transition state) extremes, from ref. 39.

a) b)

c)

Fig. 7 (a) Naive model of an (unprotected) pyranosyl Sn2 transition
state fulfilling the stereoelectronic ideal for an acyclic system,** and
comparison with (b) chair and (c) half-chair conformations.

the one under the ring being extremely crowded, and it is very
likely that the constraints of the cyclic environment in the pyra-
nose ring may cause the stereoelectronically favourable confor-
mation (as determined in an acyclic system) to be overruled on
steric grounds.*' What should be clear, though, is that as reaction
mechanisms become more Sy2-like (meaning as the nucleophile
and leaving group become more associated with the reaction
centre at the transition state), the stereoelectronic constraint that
puts C5-05-C1-C2 coplanar becomes weaker, although the pre-
dicted move away from coplanarity is sudden rather than
gradual®® It may be possible to exactly define an intermediate
point on the continuum between extreme Syl and
Sn2 mechanisms, an Sy2-like extreme of the Sy 1 mechanism, as
being the point at which the leaving group and nucleophile are
maximally associated at the transition state for which the confor-
mation of the ring still resembles a glycosyl cation (like) confor-
mation (i.e. with C5-O5-CI1-C2 coplanar or close to
coplanar).*' And in those glycosylation reactions with an SyI-
like ring-conformation (coplanarity around the O5-C1 bond),
even where the leaving group is still associated at the transition
state, giving some Sy2-like characteristics (meaning stereo-
specific substitution reactions, including multiple stereospecific
substitution reactions), orbital interactions — hence stereoelectro-
nic factors — are apparently similar for the rival transition states
leading to o and B products.

Conclusions

It should be clear that a statement such as “a high diastereoselec-
tivity was achieved [in a kinetically controlled glycosylation]
due to the anomeric effect” is always wrong. To say “a high dia-
stereoselectivity was achieved [in a kinetically controlled glyco-
sylation] due to the kinetic anomeric effect” is meaningless and
misleading, and at best is a pleonasm. At least molecular orbital
arguments cannot account for diastereoselectivities in glycosyla-
tion reactions. I hope that an increased clarity in explanation of

This journal is © The Royal Society of Chemistry 2012
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the results of glycosylation reactions will help facilitate discus-
sion and explanations of the reaction mechanism of chemical
glycosylation, and thus ultimately facilitate progress towards the
goal of efficient and automated glycosylation.
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