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Abstract

A critical review of the state-of-the-art evidence in support of the mechanisms of glycosylation
reactions is provided. Factors affecting the stability of putative oxocarbenium ions as intermediates
at the Sy1 end of the mechanistic continuum are first surveyed before the evidence, spectroscopic
and indirect, for the existence of such species on the timescale of glycosylation reactions is
presented. Current models for diastereoselectivity in nucleophilic attack on oxocarbenium ions are
then described. Evidence in support of the intermediacy of activated covalent glycosyl donors is
reviewed, before the influence of the structure of the nucleophile, of the solvent, of temperature,
and of donor-acceptor hydrogen bonding on the mechanism of glycosylation reactions are
surveyed. Studies on the kinetics of glycosylation reactions and the use of kinetic isotope effects
for the determination of transition state structure are presented, before computational models are
finally surveyed. The review concludes with a critical appraisal of the state of the art.
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1 Introduction

This review surveys the evidence in support of the mechanism(s) of “traditional”
glycosylation reactions, namely those involving displacement of a leaving group from a
glycosyl donor by a glycosyl acceptor usually with the assistance of a promoter (Scheme 1).
It is therefore a review of the mechanism(s) of nucleophilic substitution at sp> carbon with
emphasis on the subset of electrophiles carrying an ether oxygen at the electrophilic site.

Nucleophilic substitution at sp* carbon is usually considered in terms of two limiting
mechanisms, the unimolecular, dissociative Sy1 process involving a discrete carbenium ion
intermediate, and the bimolecular SN2 process proceeding through an associative transition
state in a single step. The gap between these two extremes is generally considered to be
spanned by a continuum of more or less tightly associated ion pair mechanisms, and has
been the focus of intense interest by physical organic chemists for more than half a century.
Such studies typically involve the determination of reaction kinetics, and of stereoselectivity,
the characterization of possible discrete reaction intermediates, and the investigation of
substituent effects in both the electrophile and nucleophile, ideally in the form of linear free
energy relationships. Much emphasis is placed on the identification and prediction of
possible discontinuities in the continuum of ion pair mechanisms that might be regarded as
representative of the switch between the two limiting mechanisms.! Such information is
obviously of practical importance as it enables the prediction of reaction conditions favoring
a specific desired outcome.

Glycosylation is a microcosm of nucleophilic substitution at sp> carbon in which one of the
substituents at the carbon undergoing substitution is an ethereal oxygen atom, usually
encapsulated within either a five (furanosyl) or six-membered (pyranosyl) ring that itself
carries multiple C-O bonds.? Glycosyl donors present themselves as one or the other of two
possible diastereomers, known as anomers, or as a mixture of the two. The usual continuum
mechanism for substitution consequently expands in two directions away from the oxygen-
substituted carbenium ion, the oxocarbenium ion, that is the central intermediate in the
limiting dissociative process, to include sets of diastereomeric ion pairs (Scheme 2). Such
ion pair mechanisms for glycosylation were first described in the open literature by Rhind-
Tutt and Vernon,3 and reiterated by various authors,*¢ including the seminal contribution of
Lemieux and coworkers with its more graphical presentation.’

As noted by Horenstein,3 while there has been much work on the mechanisms of glycosidic
bond hydrolysis — chemical and enzymatic, physical organic studies on actual glycosidic
bond forming reactions that go beyond the observance of frequently small changes in
stereoselectivity as a function of substituents and conditions have been relatively limited
until recently. This review, while certainly not neglecting the importance of stereoselectivity
from both the mechanistic and practical standpoints, focuses on the detection and
characterization of intermediates and on investigations into the kinetics of glycosylation.
The reader is referred to several other books and reviews for complementary perspectives of
the field.>~2* The concepts of stereodirecting neighboring group participation and
anchimeric assistance in glycosylation are not covered in this review.
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With the notable exception of the early workers, who provided clear kinetic evidence of
associative mechanisms in several cases and of which more below,25-27 most practitioners
of the art rationalize their stereochemical results in terms of dissociative mechanisms
featuring oxocarbenium ion intermediates. Consistent with this mostly oxocarbenium ion
centric universe, the review begins with a brief treatment of carbenium ions and the
influence of substituents on them before moving on to the physical evidence in support of
glycosyl oxocarbenium ions and other intermediates in glycosylation. It continues with an
overview of models for the facial selectivity of nucleophilic attack on glycosyl
oxocarbenium ions before going on to discuss the many studies that have identified and
characterized activated covalent intermediates in glycosylation reactions. The effect of the
acceptor, solvent, temperature, and hydrogen bonding are covered before consideration is
given to the determination of reaction kinetics and of kinetic isotope effects. A final section
reviews computational work in the field.

2. Carbenium lons and Glycosyl Oxocarbenium lons

Meerwein first reported the isolation of stable crystalline oxocarbenium ions formed by the
reaction of triethyloxonium tetrafluoroborate with aldehydes and ketones in a series of
papers beginning in 1937.28:2% Oxocarbenium ions, whose non-carbohydrate members have
been reviewed,3C are resonance stabilized carbenium ions and, in many organic chemistry
textbooks, serve as one of the prime examples of the concept of resonance stabilization
(Figure 1). An alternative representation of oxocarbenium ions advocated by
Deslongchamps uses Pauling’s concept of two bent tau bonds between the carbon and
oxygen atoms rather than the standard model of a sigma and a pi bond (Figure 2).3! In this
review we adopt the classical sigma and pi representation, referring only to the tau model in
regard to the stereoselectivity of addition to oxocarbenium ions.

The notion of the stability of oxocarbenium ions due to resonance delocalization is deeply
ingrained in organic chemistry and nowhere more so than in carbohydrate chemistry where
glycosyl oxocarbenium ions are widely drawn as reaction intermediates. Much less
consideration, however, is given to the extent of this resonance stabilization and, most
importantly in carbohydrate chemistry, the influence of B- rather than a-C-O bonds on
carbenium ion stability. It is appropriate, therefore, to begin with a consideration of the
magnitude of the influence of both a- and B-C-O bonds on carbenium ion stability and

reactivity.

Relative carbenium ion stabilities can be estimated by comparison of their gas phase hydride
ion affinities (HIAs). From the data of Keeffe and More O’Ferrall (Table 1),32 the
methoxymethyl cation is approximately 2 kcal.mol~! less stable than the tert-butyl cation, 3
kcal.mol~! more stable than the benzyl cation, and 31 kcal.mol~! more stable than the ethyl
cation. Addition of one and then a second methyl substituent at the sp? carbon increases the
stability of the methoxymethyl cation in a comparable manner to the ethyl cation (Table 1).
Thus, in the absence of electron-withdrawing effects from - and more remote C-O bonds,
simple oxocarbenium ions are clearly of comparable stability to similarly substituted
benzylic and allylic carbenium ions. Indeed, this recognition recently prompted the Bennet
and Withers laboratories to compare substituted cyclohexenyl mono- and dinitrophenyl
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ethers with the corresponding glycosides. It was found that the allylic ethers display kinetic
parameters for their spontaneous hydrolysis that are closely analogous to those of the
correspondingly substituted mono- and dinitrophenyl glycosides, and moreover that they are
subject to hydrolysis by certain glycosidase enzymes for which they can also serve as
covalent inhibitors.33-34

An alternative measure of the stability gained by delocalization of the positive charge in an
oxocarbenium ion can be obtained from measurements of the barrier to rotation about the C-
O bond. Such measurements were made by the Winstein group who determined a barrier of
18.4 kcal.mol~! for the 7-methoxy-7-norbornyl cation by VT NMR spectroscopy in
fluorosulfonic acid (Scheme 3).3> The barrier for syn-anti equilibration of the 2-methoxy-2-
norbornyl cation was higher and estimated to be at least 19.5 kcal.mol~!-35 While there is
considerable variation between the stabilization of ~30 kcal.mol~! calculated from the
hydride ion affinities and the barriers to rotation, on the whole they are in reasonable
agreement with estimates of there being approximately 60% m-character in oxocarbenium
ions derived by alkylation or protonation of aldehydes and ketones as judged by Olah and
others on the basis of 170, 'H, and 13C chemical shift measurements.30:37

When resonance stabilization is not possible, a-oxygen substitution of a carbenium ion is
highly destabilizing. This is readily apparent from the relative rates of solvolysis of 1-
adamantanyl tosylate and of its 2-oxa derivative, as determined by Meyer and Martin, which
differ by a factor of more than one hundred (Figure 3).38 The stability of 2-oxa-3-cyano-1-
adamantanyl triflate, a compound that is unchanged by filtration over alumina and which has
a melting point of 94.5-97.5 °C,38 and of 7,7-di(trifloxy)norbornane, which can be purified
by sublimation and has a melting point of 42 °C,3” underlines the electron-withdrawing
nature of an a-oxygen substituent when resonance stabilization of the cation is prevented
either by steric inhibition of resonance or removal of the electron density by a further
electron-withdrawing substituent (Figure 4).

3 Influence of C-O Bonds and Other Substituents on the Formation of

Oxocarbenium lons

Carbohydrate-based oxocarbenium ions differ from simple aliphatic ones by the presence of
multiple C-O bonds at the - and more remote sites. As these C-O bonds are electron-
withdrawing they exert considerable influence on the stability, lifetime, and reactions of
oxocarbenium ions. A measure of the magnitude of these effects can be gained from the
effect of B-C-O bonds on solvolysis reactions proceeding via simple carbenium ions; work
by the Lambert and Kirmse laboratories is instructive. Thus, it was demonstrated that the
acetolysis of 2-endo-norbornyl tosylate at 25 °C is retarded more than three thousand-fold in
the presence of a synperiplanar acetoxy group in the 3-endo position.*? Similarly, the
solvolysis of 2-endo-norbornyl brosylate at 25 °C was retarded some 10°-fold by inclusion
of a gauche oxygen in the norbornyl framework at the 6-position (Figure 5).! Clearly, B-C-
O bonds that are stereoelectronically not available for anchimeric assistance very strongly
retard solvolysis reactions of simple alkyl sulfonates; it is not surprising that they retard
glycosylation reactions similarly.
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The influence of electron-withdrawing B-C-O bonds on the stability of glycosyl
oxocarbenium ions is nicely illustrated by the chemistry of the phenylthiomethyl glycosides,
which on activation with N-iodosuccinimide and triflic acid in dichloromethane at —30 °C in
the presence of various alcohols afforded the corresponding alkoxymethyl glycosides in
good yield (Scheme 4).42 Fragmentation of the anticipated intermediate trifloxymethyl
glycoside to the corresponding glycosyl triflate and formaldehyde did not occur under these
conditions as evidenced by the absence of formation of simple glycosides.

Comparable results were reported for the acid catalyzed hydrolysis of isopropenyl a- and -
glucopyranosides, which occurs with exclusive cleavage of the vinyl-O bond as opposed to
the glycosyl-O bond (Scheme 5).43*4 The use of protected isopropenyl glycosides as
glycosyl donors is, however, more complex and affords either the acetal or the glycoside
dependent on the promoter and solvent.*3

Classically, studies on the acid-catalyzed hydrolysis of methyl glycosides provided useful
information on the influence of C-O bonds (Table 2),46 but more extensive and informative
data is provided by work from the Withers laboratory on the spontaneous hydrolysis of 2,4-
dinitrophenyl glycosides (Table 3).4748 It is noteworthy here that the 2-deoxy glucosyl
system, lacking the B-C-O bond, could not be studied because of the instability of the
dinitrophenyl glycoside. It is important to understand in passing that such studies of the
hydrolysis of glycosides are typically carried out under pseudo-first order conditions in
aqueous media that mask any concentration dependence of the nucleophile.

Similar studies have provided strong evidence that the imposition of the £z conformation*?
on the carbohydrate side chain, either through use of a 4,6-O-acetal or in a designed bicyclic
model system, maximizes the electron withdrawing effect of the C6-06 bond (Table 4).50-1
Based on the retarded hydrolysis of a further #rans-fused bicyclic model in which the
electron-withdrawing O6 was replaced by a methylene group, it was suggested that this so-
called benzylidene-effect is mainly due to torsional effects, as originally advanced by Fraser-
Reid based on a comparative study of pentenyl glycoside activation and on computational
work.253 This argument, however, does not take into account the extra torsional
interactions introduced into the model by the C for O replacement.>!

Extensive data from the Wong group on the relative reactivity values of a broad range of
thioglycosides on activation under a standard set of conditions provide further information
on the influence of C-O bonds on the reactivity of glycosyl donors, and extensive
information on the modulation of the effects of C-O bonds by the appended protecting
groups (Table 5).5453 Similar work by the Ley group is also informative in this regard.®->
Following earlier work by Oscarson and coworkers on the quantification of the relative
reactivity of various alkyl and aryl thioglycosides,’® the Huang lab used a comparable
method to assess the influence of substituents in the arylthioglycoside moiety on activation
with NIS and TfOH (Table 6).59 It must be clear, however, that these extensive databases on
the influence of C-O bonds and protecting groups do not distinguish between effects arising
because of destabilization of the respective oxocarbenium ions and those due to reduction in
the rates of reaction of the thioglycosides themselves with the promoter.
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The effect of electron-withdrawing groups on the stability of oxocarbenium ions is most
readily appreciated by consideration of the extensive efforts of several groups to characterize
them by NMR spectroscopy. The NMR spectra of simple oxocarbenium ions, ie, ones
lacking B-C-O bonds, have been available in superacidic media since the 1960’s and have
been reviewed.!7-30 More recently, Yoshida and coworkers were able to generate stable
solutions of simple oxocarbenium ions in deuteriodichloromethane at low temperature in the
presence of tetrabutylammonium tetrafluoroborate and record their NMR spectra.®9
However, all attempts to extrapolate this method to the glycosyl oxocarbenium ions failed
because of the inability to prevent reaction of the oxocarbenium ions with nucleophiles,
including tetrafluoroborate and disulfides, in the reaction mixture.00-02 A report of the NMR
spectroscopic detection of a glycosyl oxocarbenium ion generated by an electrochemical
method, with a lifetime of 1 second at —78 °C in the presence of the non-nucleophilic
tetrakis(pentafluorophenyl)borate anion and stabilized by co-ordination to a diaryl disulfide,
is not supported by the necessary 13C chemical shift data.6!

In posters presented at conferences in 2013 and 2014, Akien and Subramanian reported the
NMR spectra of the per- O-methyl fructofuranosyl and per- O-methyl-2-deoxyglucopyranosyl
oxocarbenium ions obtained by dissolving the corresponding methyl glycosides in
superacidic media.63-64 Unfortunately, details of these experiments have yet to appear in the
open literature. In an important advance, Blériot and coworkers reported in 2016 the
successful recording of the 'H and 3C NMR spectra of per-O-acetyl 2-deoxy-
glucopyranosyl and 2-bromo-2-deoxyglucopyranosyl oxocarbenium ions generated from the
corresponding glycosyl acetates on dissolution in the superacidic HF/SbF5 medium.5%-660
These oxocarbenium ions, which were stable to room temperature under the reaction
conditions, were found to have all three acetoxy groups protonated and to exist
predominantly in the *E and #Hs conformations, respectively (Scheme 6). Additionally, in
the 2-bromo-2-deoxy case the oxocarbenium ion was stabilized by disymmetric bridging of
the bromine atom. The !3C NMR spectra of the two oxocarbenium ions displayed anomeric
chemical shifts of 6 229 and 6 198 in line with those of simple oxocarbenium ions in either
superacids or dichloromethane. Attempts to generate the corresponding oxocarbenium ions
from per- O-acetyl glucopyranose and per- O-acetyl-2-azido-2-deoxy glucopyranose failed
due to the formation of the bridging dioxalenium ion in the former case, and because of lack
of activation in the latter. Use of the corresponding per-O-acetyl 2-deoxy-2-
fluoroglucopyranose precursor resulted in complex spectra.®

Exploiting the additional stabilization afforded by charge delocalization onto a second
oxygen atom, Woerpel and coworkers generated simple monobenzyloxy tetrahydropyranosyl
dioxacarbenium ions by alkylation of the corresponding lactones. NMR investigations in
CD,Cl,, computational work, and single crystal X-ray diffraction studies converged on half
chair-like ground state conformations in which the benzyloxy group adopts a pseudoaxial
position (Figure 6).%7 In contrast, the corresponding methyl substituted dioxacarbenium ions
preferred the half chair conformation with the substituents pseudo-equatorial.®” Subsequent
NMR spectroscopic studies revealed the dioxacarbenium ion derived by alkylation of 2-
deoxy-3,4,6-tri- O-benzyl-D-glucuronolactone also adopts a half-chair conformation with all
substituents pseudo-axial. Application of the lactone alkylation method to tetra- O-
benzylmannonolactone, however, failed to provide a stable dioxacarbenium ion suggesting
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that even the presence of the additional second stabilizing C-O bond is insufficient to
compensate for the destabilizing influence of a C-O bond at the 2-position.®8 Overall,
Woerpel’s findings are in agreement with extensive computational studies and suggest that
pseudoaxial C-O bonds stabilize the oxocarbenium ions through space electrostatically,
67.69-72 gimilar to the way in which axial C-O bonds stabilize piperidinium ions,”3:74 of
which more below. The contrast between the conformations of these systems and those
reported by the Blériot team for the per- O-acetyl 2-deoxy and 2-bromo-2-deoxy
glucopyranosyl oxocarbenium ions (Scheme 6), with pseudo-equatorial acetoxy groups, is
best understood in terms of the repulsive electrostatic interactions between the protonated
acetoxy groups and the oxocarbenium ion in the superacid media.63-66

It is widely appreciated that furanosides are less stable than pyranosides, and so that
furanosyl donors are more reactive than pyranosyl donors, even if quantification is rare.
Sinnott offers a benchmark and estimates that a ribofuranoside is hydrolyzed approximately
an order of magnitude faster than the corresponding glucopyranoside of the same
configuration.!3 The clear implication is that a furanosyl oxocarbenium ion is more stable
than the corresponding pyranosyl one, for which the underlying reasons are two-fold. First, a
furanosyl oxocarbenium ion perforce contains one less electron-withdrawing C-O bond than
the corresponding pyranosyl system. Second, the introduction of an sp? center into a five-
membered ring results in a significant loss of torsional strain whereas the opposite is true for
six-membered rings.”> In spite of this, beyond the preliminary report of Akien and
Subramanian, spectroscopic observation of furanosyl oxocarbenium ions has yet to be
reported.63

Although oxocarbenium ions also are commonly written as intermediates in sialic acid
chemistry, there have been no reports of the spectroscopic identification of such species in
the literature. Indirect evidence for the existence of sialyl oxocarbenium ions in organic
solution, however, was provided by De Meo and coworkers who studied the reactions of
sialyl thioglycosides stereospecifically labelled with deuterium at the 3-position on
activation with NIS and triflic acid.”® The results of these elimination reactions (Scheme 7)
were interpreted as being consistent with the generation of oxocarbenium ions sufficiently
long-lived for conformational equilibration and cleavage of the weaker C-H bonds from a
pseudo-axial position (Scheme 7). Differences in the H/D elimination ratio between the
acetamides and the corresponding trifluoroacetamides were taken as indicative of the
influence of the electron-withdrawing ability of the amide group on the conformational
equilibrium of the oxocarbenium ion. The preferential elimination of deuterium from the
oxazolidinone was judged to be the result of the reduced conformational mobility of this
bicyclic system (Scheme 8). The possibility of an alternative £, mechanism for elimination
from a set of rapidly equilibrating sialosyl triflates was considered unlikely by the authors
but cannot be completely excluded.

The inability to observe glycosyl oxocarbenium ions in all but superacidic media is
indicative of oxocarbenium ion lifetimes that are short on the NMR timescale. Attempts to
measure actual glycosyl oxocarbenium ion lifetimes date to the 1989 work of Amyes and
Jencks using diffusion-controlled trapping by external azide in conjunction with the
common ion effect as a clock reaction in the solvolysis of a-azido ethers. On this basis, the
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glucopyranosyl oxocarbenium ion was estimated to have “a short but significant lifetime in
aqueous solution of 1 x 10712 s” at 25 °C,”7 revised by Bennet and coworkers in subsequent
work to 2.5 x 10712 s (Table 7),’8 which was considered to be too short to allow complete
diffusional equilibration with solute and even solvent molecules. It was further concluded
that rapid internal return is likely to preclude the existence of contact ion pairs containing
glycosyl oxocarbenium ions in water, and consequently that if such cations do exist they
must be in the form of solvent-separated ion pairs. Extrapolating from this borderline
existence in water, Sinnott boldly deduced that “if such intimate ion pairs of glycosyl cations
and anions are too unstable to exist in water, a fortiori they have no real existence in organic
solvents and mechanistic proposals, which invoke them are simply in error”.!3

In subsequent work Bennet and coworkers, studying the hydrolyses of 2-deoxy
glucopyranosyl pyridinium ions in the presence of added azide arrived at lifetimes of 1.4 x
10~ s and 2.7 x 107! s for the ion pair encounter complexes originating from the p- and
a-salts, respectively, and concluded that the 2-deoxyglucopyranosyl oxocarbenium ion is not
fully solvent equilibrated in water (Table 7).79-80 Extrapolating the azide clock method to the
solvolysis of CMP N-acetyl neuraminate, Horenstein and Brunner determined a lifetime of
3 x 101 s at pH 5 for the N-acetyl neuraminate oxocarbenium ion (Table 7), and
concluded that the a-carboxylate stabilizes the oxocarbenium ion.8! This latter suggestion is
in agreement with Horenstein’s early computational work in which it was found that the a.-
carboxylate stabilizes the oxocarbenium ion electrostatically by 110 kcal.mol™! relative to
the carboxylic acid in the gas phase, but only by 17 kcal.mol~! in water.32

Crich and coworkers designed a series of cyclization reactions for use as unimolecular cation
clock reactions in organic solution.83-84 Working in both the 4,6- O-benzylidene protected
and the corresponding per- O-benzyl mannopyranosyl series, it was found that activation of
either sulfoxide-based or trichloroacetimidate donors afforded mixtures of the cis- and trans-
fused products from the cyclization reaction (Scheme 9). This result was interpreted in terms
of formation of a covalent a-glycosyl triflate in equilibrium with a transient oxocarbenium
ion triflate ion pair from which cyclization takes place. As the formation of the trans-fused
product can only occur from the B, 5 conformation, the oxocarbenium ion must have
sufficient lifetime to undergo conformational exchange in dichloromethane solution at the
—72 °C of the reaction.

In the corresponding glucopyranose series, the use of sulfoxide-based donors was not
successful owing to an intramolecular sulfenyl transfer to the allylsilane on activation,3> but
the activation of the trichloroacetimidate afforded the cyclized product in the form of a
single cis-fused isomer (Scheme 10).34 Activation of a cognate 2-O-(3-
hydroxypropyl)glucopyranosyl sulfoxide at low temperature resulted in the formation of a
bicyclic acetal demonstrated to have the B-configuration by NMR and crystallographic
methods (Scheme 11).8% The reversal of stereoselectivity on switching from the allylsilane
to the more nucleophilic alcohol is best rationalized in terms of a change in mechanism.
With the alcohol, direct nucleophilic attack on the intermediate a-glucosyl triflate formed on
activation of the sulfoxide rationalizes the observed product, whereas the intramolecular
Sakurai product, arising from the weaker nucleophile, is the result of an Sy1-type process on
a transient oxocarbenium ion.848> The B-selectivity of the acetal-forming reaction, which
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contrasts with the a-selective intermolecular O-glycosylation reactions of benzylidene-
protected glucopyranosyl triflates, is explained in terms of the high effective molarity of the
nucleophile in the cyclization.®3

In yet another series of cyclization reactions, Amarasekara and Crich observed differing
diastereomeric ratios on activation and cyclization of two anomeric hydroxyl esters, albeit
both favoring the formation of the p-(axial) C-O bond (Scheme 12).80 The implication is
that mixed mechanisms are observed in which a pathway involving a common intermediate
from both anomers, either a transient oxocarbenium ion or an a.-glycosy] triflate, provides
the background to competing Sn2 displacement on the activated thioglycoside. The latter
being accelerated when it leads directly to the formation of the axial C-O bond.

Overall, although lifetimes are too short for observation by conventional NMR methods,
growing evidence supports the existence of glycosyl oxocarbenium ions in organic solution
with lifetimes sufficient to permit conformational inversion and trapping by intramolecular

nucleophiles.

4 Mass Spectrometric Methods for Probing the Influence of Substituents on

Oxocarbenium lon Generation

While most work aimed at characterizing glycosyl oxocarbenium ions and the influence of
substituents and protecting groups on them has been conducted by NMR methods, mass
spectrometry provides an alternative means of exploration. Building on a number of earlier
studies, Denekamp and Sandlers used collision-induced fragmentation-ESI mass
spectrometry to study the influence of anomeric stereochemistry on the fragmentation of the
ammoniated peracetyl a- and B-D-glucopyranose ions. The observation that the B-isomer
with the frans-disposition of the 1,2-acetoxy groups undergoes fragmentation to the
oxocarbenium ion more readily was rationalized in terms of anchimeric assistance.8” It was
also demonstrated that peracetyl galactopyranosides, with the axial acetoxy group at the 4-
position undergo fragmentation more rapidly than their gluco-isomers.87 Subsequently, the
same authors studied the influence of protecting groups at the 2- and 4-positions on the CID
ESI mass spectra of a series of glycopyranosyl thioglycosides. On the basis of the ratios of
the relative intensities of the ammoniated molecular ions to the oxocarbenium ions they
concluded that the order of stabilization of the oxocarbenium ions in the gas phase by
protecting groups at C2 and/or C4 are Bz > Ac > (CH3)3Si > alkyl, 88 clearly showing the
importance of neighboring group participation and even presaging the later studies described
below on silyl protected superarmed donors.89-90

Crich and coworkers, adopting a poor man’s approach with a standard ESI mass
spectrometer, determined the threshold cone voltage necessary for the anomeric
fragmentation of a series of sialyl dibutyl phosphates. The data were correlated with the
electron-withdrawing ability of the protecting group pattern at the 4- and 5-positions as
suggested by the expected dipole moments (Scheme 13).°! In effect, the more electron
withdrawing oxazolidinone and cyclic carbonates, with a single large dipole in the plane of
the pyranose ring required the greatest energy for fragmentation. A caveat arises from the
possible formation of the observed ion by McLafferty rearrangement rather than stepwise
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fragmentation and deprotonation. It was considered, however, that this would not negate the
results as the fragmentation would nevertheless involve a substantial partial positive charge
at the anomeric position. The use of thioglycosides as anomeric leaving groups in this study
was thwarted by the preferential loss of an acetoxy group from the side chain.?! Indeed, in
subsequent work on the CID-ESIMS of sialyl $- and O-glycosides, Chizhov and coworkers

also found the loss of carboxylate groups to compete with that of the anomeric functionality.
92,93

5 Generation of Glycosyl Oxocarbenium lons from Glycosylidene Carbenes

The chemistry of the glycosylidene carbenes studied by the Vasella laboratory presents an
alternative approach to the generation of glycosyl oxocarbenium ions and provides unique
insight into their reactivity and selectivity arising from their generation in the absence of a
counter-ion other than the nucleophilic alkoxide.?*%5 These ambiphilic to nucleophilic
alkoxy carbenes are best generated by thermolysis or photolysis of glycosylidene diazirines.
In the presence of alcohols they are protonated to generate oxocarbenium ion — alkoxide ion
pairs (Scheme 14).96

In the tetra- O-benzylglucopyranosyl series illustrated no facial selectivity is observed with
weakly acidic alcohols in dichloromethane as solvent, whereas more acidic alcohols and
phenols are somewhat B-selective;”’ no selectivity is seen with a 2-deoxy system.”8 It was
argued that as protonation takes place in the o-plane of the carbene and the subsequent
nucleophilic attack occurs in the t* orbital, the alcohol that functions as proton donor is not
the nucleophile. Rather, the initial alkoxide deprotonates a further molecule of acceptor that
is positioned above or below the g-plane so as to solvate the carbene. The lack of selectivity
with typical alcohols suggests that collapse of the ion pair to afford the glycosides is
essentially barrierless and so not subject to stereoelectronic control as subsequently argued
by Woerpel for the reaction of oxocarbenium ions with nucleophilic alcohols.”® With
phenols and more acidic alcohols, for which collapse of the ion pair is slower, other factors
intervene. Thus, it was suggested that in such systems the oxocarbenium ion is stabilized by
participation of the benzyloxy group at the 2-position resulting in preferential attack on the
B-face. The absence of selectivity in the 2-deoxy series is then understood in terms of the

absence of participation.”8

6 Piperidinium lons as Models for Substituent Effects in Glycosyl

Oxocarbenium lons

In an important series of papers the Bols laboratory has provided strong support for the
hypothesis of through space electrostatic stabilization of oxocarbenium ions by pseudo-axial
C-O bonds. The concept draws parallels between oxocarbenium ions and ammonium ions
and employs data from pKa measurements on an extensive series of mono and bicyclic
substituted piperidinium ions.”3 A series of substituent constants were derived (Table 8) that
clearly indicate axial substituents to be more stabilizing toward positive charge than the
corresponding equatorial substituents, which was rationalized in terms of the greater spatial
proximity of the axial electronegative atom to the center of positive charge resulting in
greater electrostatic stabilization. Conversely, other than at the 2-position, equatorial
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substituents are more destabilizing. A strong correlation was found between the negative
logarithm of the rate constant for spontaneous hydrolysis of a series of 2,4-dinitrophenyl
glycosides and the summed stereoelectronic constants of the substituents for a given system
(Figure 7) thereby validating the use of piperidinium ions as models for the influence of
substituents on the developing positive charge at the anomeric center during hydrolysis.”>

The general concept was subsequently extended to the study of the influence of protecting
groups on the stabilization of positive charge at the anomeric center (Table 9).7# The results
are consistent with the general trends evident in the Wong RRV series for the influence of
protecting groups on glycosylation (Table 5),54:100 with the corresponding Ley series, -’
and with the more limited earlier studies of the Fraser-Reid,!01-102 Paulsen,103 and
Glaudemans labs.194 Notably, plots of substituted piperidinium pKa values against the rate
constants for the methanolysis of the corresponding glycosides on activation with NIS/TfOH
and against the Wong RRV values were more or less linear indicating that the general trends
apply to glycosylation as well as to glycoside hydrolysis.”* In yet a further study, Bols and
coworkers investigated the influence of configuration on the basicity of a series of
aminosugars and confirmed the enhanced ability of axial alcohols to stabilize positive charge
as compared to their equatorial isomers.!%3 Finally, it was demonstrated that while the
stabilizing ability of multiple axial hydroxyl groups for positive charge in piperidinium ions,
and by extrapolation glycosyl oxocarbenium ions, is approximately additive, steric
interactions between multiple axial groups eventually intervene to limit the effect.!00

The stabilizing effect of axial and pseudoaxial C-O bonds on nascent positive charge at the
anomeric center manifests itself in the so-called super-armed donors developed by Bols and
coworkers?0-107-108 in parallel with early demonstrations by the Yamada group.8%-109 In
these systems repulsive gauche interactions between vicinal diequatorial siloxy groups,!10
perhaps assisted by attractive van der Waals interactions between 1,3-diaxial siloxy groups,
HO.IT canse per-silylated glycosyl donors to preferentially adopt inverted chair and twist
boat conformations rich in axial and pseudo-axial C-O bonds,!!2:113 resulting in

correspondingly high reactivity as glycosyl donors (Figure 8).

7 Facial Selectivity of Nucleophilic Attack on Putative Glycosyl

Oxocarbenium lons

The facial selectivity of nucleophilic attack on putative glycosyl oxocarbenium ions is
governed by a number of factors, including their conformational equilibria, stereoelectronic
factors, and steric effects. As discussed above most current thinking favors oxocarbenium
ion conformations in which peripheral C-heteroatom bonds at all but the 2-position occupy
pseudoaxial positions so as to provide electrostatic stabilization through space to the locus of
positive charge. In the case of six-membered cyclic oxocarbenium ions taking up a half-chair
conformation, and in the absence of pervading steric interactions, nucleophilic attack along
the Burgi-Dunitz angle is then considered to take place preferentially in such a way as to
provide the product directly in a chair-conformation with the newly introduced substituent in
an axial position. Attack on the opposite face of the same half-chair conformer affords the
product in an initial twist boat conformation and is, accordingly, considered less favorable.
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24.72.114 Tndeed, the stereochemical outcomes of the reaction of the relatively weakly
nucleophilic! !5 allylsilanes with partially substituted pyranosyl oxocarbenium ions conform

to this model (Scheme 15).24.72.114

However, with more highly substituted systems such as the tetra- O-benzyl gluco- and
mannopyranosyl ones steric effects can come to dominate. For example, nucleophilic attack
on either face of the 3 Hj conformer of the glucopyranosyl oxocarbenium ion is subject to
steric impediment and reaction therefore takes place via the inverted * H5 conformer with
which it is in dynamic equilibrium (Scheme 16). Many substitution patterns have been
studied by the Woerpel laboratory, and both Woerpel and van der Marel, Codée, and their
coworkers have published extensive reviews to which the reader is referred for broader
coverage of this important topic.24:68.72

Support for pseudoaxial attack on the a-face of the 4H5 conformer of the 2-
deoxyglucopyranosyl oxocarbenium ion by weak nucleophiles is provided by the work of
Blériot and coworkers. Thus, it was demonstrated that hydride transfer from
perdeuteriocyclohexane to the experimentally determined proximal #E conformation of the
fully protonated tri- O-acetyl-2-deoxyglucopyranosyl oxocarbenium ion (Scheme 6) takes
place with 98:2 selectivity on the a-face.®> It must be noted, however, that the type of Curtin
Hammett kinetic scenario invoked in Scheme 16 becomes increasing unlikely as the
energetic differences between the interconverting conformers increases, and also as the
lifetimes of the intermediate oxocarbenium ions decrease with increasing numbers of
electron-withdrawing C-O bonds.

When the nucleophile is a heteroatomic one the direct conversion of the oxocarbenium ion
into a chair conformation with an axial C-X bond further benefits from the gain in
stabilization due to the anomeric effect; a phenomenon that has come to be known as the
kinetic anomeric effect.!1-117 This latter effect has been challenged by Sinnott,! 18 whose
views were endorsed by Cumpstey,!1? on the grounds that it contravenes the Hammond
postulate. Thus, nucleophilic attack on an oxocarbenium ion is considered to be highly
exothermic and should have a correspondingly early transition state that is little influenced
by the existence or not of anomeric effects in the product. This argument can be rebutted by
consideration of the fact that the oxocarbenium ion is necessarily stabilized by the presence
of a counterion and that product formation is accompanied by deprotonation, or related
transformation, of the nucleophile, both of which reduce the exothermicity of the step and
provide for a more advanced transition state.

The influence of the pyranosyl side chain conformation on the reactivity and selectivity of
nucleophilic attack on glycosyl oxocarbenium ions has also been considered by Woerpel,
using 1-alkoxyoxocarbenium ions as models. NMR spectra, backed up by computational
modelling point to a 3Hj rich conformation for both the 2,3-dideoxy-4,6-di- O-benzyl-1-
ethoxy and 2-deoxy-3,4,6-tri- O-benzyl-1-ethoxy glucopyranosyl oxocarbenium ions (Figure
9). In the less substituted system, the side chain adopts a conformation in which the C6-06
bond projects over the face of the oxocarbenium ion and in doing so provides additional
electrostatic stabilization to it. With the additional C-O- bond on the B-face at the 3-position
steric effects cause the C5—C6 bond to adopt what is assigned as effectively a zg
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conformation.®®-120 In a simpler system lacking C-O bonds on the pyranose ring the
oxocarbenium ion adopts a half-chair conformation in which the side chain takes up a
pseudoequatorial orientation and the gg-conformation about the C5-C6 bond (Figure 9).

In subsequent work, Kancharla and Crich found substantial differences in reactivity and
selectivity in the glycosylation reactions of two sialyl donors differing simply in
configuration at the 7-position. These differences were rationalized in terms of the differing
and in this case competing steric and stereoelectronic influence of the side chain imposed by
the change in configuration (Figure 10).!2!

The question of the influence of the side chain conformation was further probed by
Dharuman and Crich who prepared a series of bicyclic mannopyranosyl donors with the C6—
O bond locked in either the gg, gt, or tg conformations.!?2 The system with the enforced gg
conformation was found to be the least B-selective (Figure 11) consistent with greater
stabilization of incipient positive charge at the anomeric center by the spatially proximal
axial C-O bond and with the earlier observation of the Bols and Crich groups on the relative
rates of glycosidic bond hydrolysis in comparable systems (Table 4).359>! In a study of the
organocatalyzed addition of alcohols to glycals conformationally locked with the aid of a
3,4-di- O-tetraisopropyl disiloxane group Galan and coworkers found a 6- O-triisopropylsilyl
protected system to be more a-selective than the corresponding 6-deoxy system. This
observation was rationalized, with the help of a computational study, by the adoption of the
gg-conformation in the siloxy system.!23

Woerpel has studied the selectivity of nucleophilic addition to five-membered cyclic
oxocarbenium ions, and has proposed a model whose central feature is attack on the inside
face of an envelope conformation so as to minimize torsional strain in the transition state.!24
When conflated with the propensity of a C-O bond at the 3-position to take up a pseudo-
axial orientation so as to afford maximum electrostatic stabilization to the charge at the
anomeric center, this results in high 1,3-cis-selectivity in the 2-deoxy series (Scheme 17).125
In the arabino-series, the combination of the syn-pentane interaction between the
substituents at the 2- and 4-positions and the clash between the incoming nucleophile and
the pseudo-axial 3-substituent are such that inside attack on the alternate envelope
conformation is competitive and selectivity is lost (Scheme 17). When a cyclic protecting
group spans the 3- and 5-positions selectivity is a function of the size of the appended ring
and its nature.126:127

Considerable support for the Woerpel inside attack model was provided by Lowary and
coworkers,!?8 and more recently by Filippov, Codée and coworkers who conducted a
thorough experimental and computational study for the reaction of deuteriotriethylsilane
with the conformationally unrestricted arabino-, lyxo-, ribo- and xylo-configurations of the
oxocarbenium ion.!2? In each case 1,2-cis selectivity was observed and rationalized on the
basis of a full conformational analysis of the oxocarbenium ions, which were mostly found
to react preferentially on the inside face of an envelope conformation as illustrated for the
lyxose isomer (Scheme 18).
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A comparable inside attack model also has been used to rationalize the facial selectivity of

simple nucleophiles for seven-membered cyclic oxocarbenium ions of possible relevance to

the septanosides. 30

8 tau Bond Model Interpretation of Stereoselective Addition to

Oxocarbenium lons

In the bent bond (t) model advanced by Parent and Deslongchamps (Figure 2)
oxocarbenium ions are formulated as two bent bonds above and below a nodal plane
between the constituent C and O atoms (Figure 2). The equivalence of the two bonds in the
parent system is perturbed by interaction with substituents at adjacent stereogenic centers
such that the energy of a T bond is reduced by the presence of an antiperiplanar electron-
withdrawing C-X bond. Nucleophilic attack then is considered to take place antiperiplanar to
the lowest energy t-bond, and consequently syn to the electron-withdrawing C-X bond, and
in such a manner as to generate the product in a staggered conformation with a lone pair at
oxygen antiperiplanar to the newly formed C-nucleophile bond.3! Following studies with a
number of simple bicyclic compounds, this model was used to explain the known
stereoselectivity of O- and C-glycosylation of 4,6- O-benzylidene-protected gluco- and
mannopyranosides. For the gluco-configuration, it is suggested that an intermediate
oxocarbenium ion adopts the 4 Hz conformation, which places the electron-withdrawing C2-
O bond antiperiplanar to the t-bond on the B-face thereby lowering its energy and directing
attack to the a-face resulting overall in the axial product in a chair conformation (Scheme
19). Conversely, adopting current thinking, the corresponding mannosyl oxocarbenium ion is
assigned to a B, s-conformation with its C2-O bond antiperiplanar to the t-bond on the a-
face. The requirement for antiperiplanar attack of the nucleophile on the lowest lying bond
therefore results in preferential reaction of the p-face and formation of the product in an
initial 155 conformation (Scheme 19).3!

9 Generation and Characterization of Covalently-Bound Activated Glycosyl

Donors

In the simplest of all glycosylation reactions the initial glycosyl donor is displaced directly
by the alcohol to give the glycosidic bond, however, such reactions are relatively rare. More
commonly, the donor requires activation by a promoter into an activated form that then
undergoes the glycosylation reaction. Two broad cases of this latter scenario can be
envisaged. In the first and simplest case, the promoter simply increases the nucleofugacity of
the initial anomeric leaving group. In the second, the initial leaving group is displaced by a
new entity, derived either from the promoter itself or from an additive to the reaction
mixture, affording a new and more reactive glycosyl donor in situ. In principle, activated
donors of either kind can be detected spectroscopically when generated prior to the addition

of the acceptor.

Studies of this type were initiated by the 1970 work of Igarashi and coworkers on the
formation and isolation of glycosyl perchlorates on activation of glycosyl halides with silver
perchlorate. Thus, it was demonstrated that an isolable perchlorate was obtained on reaction
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of either a- or B-per-G-acetyl glucopyranosyl chloride with silver perchlorate in either sulfur
dioxide, diethyl ether, or toluene with the reaction rate correlating with solvent polarity
(Scheme 20).13! Similarly, setting the precedent for subsequent observations,50-132:133
Igarashi and coworkers reported that activation of glycosyl chlorides by silver
tetrafluoroborate resulted in the formation and isolation of glycosyl fluorides.!32 Subsequent
work by Schuerch and coworkers on the metathesis of glycosyl halides with silver sulfonates
led to the formation and identification by NMR spectroscopy of a range of glycosyl
sulfonates (Scheme 21),43-134-136 including the first glycosyl triflate although this latter was
not sufficiently stable to permit spectroscopic characterization.!3’

However, it was not until the 1997 demonstration by Crich and Sun of the formation of
glycosyl triflates from glycosyl sulfoxides on activation with triflic anhydride using low
temperature NMR spectroscopy (Scheme 22)!38 that such covalent intermediates came to be
widely studied and accepted. The chemistry of the glycosyl sulfonates has been reviewed
several times subsequently,!39-146 and a comprehensive review of the detection of
glycosylation intermediates by NMR methods was published in 2015147 to which the reader
is referred for full coverage. Subsequent to the 2015 review the NMR spectroscopic
characterization of a variety of activated glycosyl donors continues to be reported in the
literature. Beyond numerous further glycosyl triflates,!48-152 mesylates and other sulfonates
(Scheme 23),133-155 these reports include the observation of a trans-fused bicyclic glycosyl

156

thienium ion formed on activation of a 2- O-(2-thienylmethyl) trichloroacetimidate,'>° other

157 glycosyl oxyphosphonium salts

cis and trans-fused bicyclic glycosyl sulfonium ions,
(Scheme 24),198 and glycosyl oxysulfonium ions.!#8:150 In yet further studies NMR
spectroscopy has identified the formation and subsequent displacement of glycosyl

159 and

phosphates from glycosyl trichloroacetimidates in the presence of phosphoric acids,
of glycosyl fluorides from glycosyl trichloroacetimidates with retention of configuration on
activation by BF3-etherate.!33 The characterization and chemistry of the bicyclic glycosyl
sulfonium ions and related species have been reviewed recently. 60

Returning to the detection of glycosyl oxocarbenium ions in more typical glycosylation
solvents, it is important to note that the anomeric '3C chemical shift of a glycopyranosyl
triflate!38 (or of related covalent species)!47 is around 100—105 ppm in the region of typical
acetal carbons, and much removed from those of typical oxocarbenium ions (200-250 ppm).
Any dynamic equilibrium therefore very strongly favors the covalent form over the ion pair
and argues against the possibility of detecting the oxocarbenium counterion pair below the

coalescence temperature.

147 the glycosyl sulfonium,!®! pyridinium, and

As also described in full in a 2015 review,
even phosphonium ions!62 have been characterized as possible intermediates in
glycosylation reactions. Most recent work has involved intramolecular participation by
tethered sulfides, %3 selenides,!®* and pyridine groups!'© and so is not formally part of this
review. Work by the Turnbull group is noteworthy in so far as X-ray crystal structures of two
bicyclic glycosyl sulfonium ions were obtained (Figure 12), in spite of which the
glycosylation reactions were considered more likely to take place via the Sy 1 manifold on
the basis of a study of substituent effects and DFT calculations.23:10 Notably this

conclusion is at odds with the subsequent kinetics-based one of Boons and coworkers (vide

Chem Rev. Author manuscript; available in PMC 2019 September 12.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Adero et al.

Page 16

infra),!03 whereby related bicyclic sulfonium ions were found to react via Sn2-like
mechanisms with inversion. The importance of kinetic studies in distinguishing associative
and dissociative glycosylation mechanisms, to which we return below, is thereby underlined.
In addition to characterization by low temperature NMR spectroscopy, simple monocyclic
glycosyl sulfonium ions have also been characterized by cold-spray mass spectrometry.!67

In yet a further study on the stereodirecting effects of bicyclic sulfonium ions, Boltje and
coworkers identified a cis-fused bridged bicyclic sulfonium ion by low temperature NMR
spectroscopy in the triflic anhydride-mediated a.-selective mannosylation of a
carboxybenzyl-type donor (Scheme 25).168 A related frans-fused cyclic sulfonium ion was
observed as the predominant species at —20 °C on activation of a mannurono-3,6-lactone-
based donor indicative of stereodirecting participation by this engineered group (Scheme
26). However, the cognate 2- O-benzyl ether was also highly B-selective, and further studies,
including NMR work at lower temperatures, identified participation by the 4-O-benzyl ether
and/or a glycosyl triflate as possible underlying causes of the selectivity (Scheme 27).168

The impact of additives beyond counterions obligatorily generated in the activation process
on the outcome of glycosylation reactions has long been known, and many covalent
intermediates generated in this manner have been characterized. Thus tetramethylurea,
introduced by Hanessian and Banoub as a mild base to scavenge triflic acid,'®? is known to
form glycosyl uronium salts, which themselves are subsequently displaced by acceptor
alcohols (Scheme 28).!70 N, N-Dialkyl acetamides and formamides behave similarly and
numerous O-glycosyl imidates have been characterized by NMR spectroscopy.!71-175
Glycosyloxy sulfonium salts were characterized by Gin and coworkers following activation
of hemiacetals with combinations of a sulfoxide reagent and triflic anhydride.!76
Glycosyloxy sulfonium salts are also formed by reaction of glycosyl triflates with sulfoxide

176 and on activation of thioglycosides with diarylsulfoxides and triflic anhydride.

reagents,
177.178 The NMR detection and characterization of intermediates in glycosylation reactions

was reviewed in 2015,147 and the use of additives in general in 2014.179

The additive tetraethylammonium bromide was employed by Lemieux and coworkers in
their halide-ion catalyzed approach to axial glycosides from glycosyl bromides. In this
seminal work, in what amounts to a demonstration of the Curtin-Hammett principle, the
added bromide was considered to displace bromide from the initial axial donor to populate
the less stable but more reactive equatorial bromide, which itself was subsequently displaced
by the alcohol (Scheme 29).7-180 Guindon and coworkers extended the Lemieux in situ
anomerization concept to the synthesis of nucleosides. On activation of furanosyl
hemiacetals with dimethylboron bromide they observed the formation of equilibrating
mixtures of anomeric bromides by NMR spectroscopy that, on subsequent addition of a
silylated base, underwent Sn2-like displacement to give the corresponding nucleosides
(Scheme 30).181

The question of in situ anomerization of donors is one that is not limited to the anomeric
halides and one that is frequently invoked in discussions of mechanism.!80-182 Actual studies
of the rate of anomerization as compared to the overall rate of glycosylation are however
sparse. Recently, D’ Angelo and Taylor provided a solution to this problem in the form of
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NMR exchange spectroscopy (EXSY).!53 In this method the rate of anomerization is
obtained by irradiation of the anomeric signal of one of the anomers, while observing the
integral for the second anomer for a range of mixing times. Conducting the experiment with
a pair of 2,3,4,6-tetra- O-benzyl glucopyranosyl mesylates in CDCl3 necessarily containing
one equivalent of an ammonium mesylate at 25 °C, the authors obtained rate constants of
1.02 x 1072 and 9.3 x 10~* s~! for the B—a and a—P conversions, respectively, consistent
with the NMR-determined equilibrium ratio of a:f = 10:1 (Scheme 31). Working with
added tetrabutylammonium mesylate, a linear relationship between mesylate concentration
and rate of anomerization was determined, thereby establishing the Sn2-like nature of the

inversion process.

In a study of the triphenylbismuth ditriflate promoted reactions of ethyl 2,3,4,6-tetra- O-
benzyl-p-D-thiogalactopyranoside Pohl and coworkers found that epimerization to the a-
anomer preceded the actual glycosylation reaction. Moreover, albeit the actual mechanism of
activation is unclear in view of the lengthy induction periods observed, it was found that the
a-anomer was the more reactive of the two under the reaction conditions described, 82
thereby drawing attention to the fact that equatorial glycosides are not necessarily more
reactive than their axial counterparts in all instances. Indeed, a subsequent study by Zhu and
coworkers comparing the relative reactivities of the two anomers of a set of glucopyranosyl
thioglycosides under NIS/TMSOTT activation revealed an interesting albeit unexplained
dependence on the protecting group pattern and configuration (Figure 13).183 The role of
anchimeric assistance by esters at the 2-position in the activation of the 1,2-frans-
thioglycosides is clear from this reaction order, as noted earlier by Crich and Li!3* with
subsequent commentary from Bols and coworkers.!83 It is equally clear that for the 2-O-
benzyl series, the relative reactivity of the two anomers is a function of the remaining
protecting groups and, contrasting with the work of Pohl and coworkers, either the
configuration at the 4-position or the promoter or both. The observation of Yoshida and co-
workers on the greater reactivity of an authentic NMR-characterized a-glucosyl sulfonium
ion as contrasted to the B-anomer, rationalized simply in terms of the higher ground state
energy of the axial sulfonium ion, may be relevant (Figure 14).167 Thus, in so far as the
activation of thioglycosides generally can be considered to take place via the formation of
glycosyl sulfonium-like ions, more tightly-associated and consequently more sulfonium-like
thioglycoside promoter pairs would be expected to display greater reactivity in the sterically
disfavored axial anomer.

Perhaps the most widely used additive, frequently employed in the form of solvent, is
acetonitrile, which promotes the formation of equatorial glycosides in the absence of
neighboring group participation through the in situ formation of axial glycosyl nitrilium
ions. Intermolecular trapping studies with benzoic acids by the Sinay and Fraser-Reid labs,
and related observations by Briner and Vasella, demonstrated the validity of this concept
(Scheme 32).97:186.187 Subsequent work by Crich and Patel, in which the nitrilium ions were
captured by the acceptor alcohol to afford imidates, established that such glycosyl nitrilium
ions are also formed in the manno and rhamnopyranosyl series, '8 even though the usual
effect favoring equatorial glycoside synthesis is not seen in such configurations.!8%-190
Intramolecular trapping experiments 121197 further support the formation of glycosyl
nitrilium ions as does the isolation and characterization of a cyclic imidate formed on
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activation of a donor carrying a 2- O-(2-cyanobenzyl) ether followed by addition of
chlorobenzoic acid (Scheme 33).198 Initial spectroscopic evidence for glycosyl nitrilium ions
was provided by Sinay and coworkers working in deuterioacetonitrile at —30 °C. On the
basis of 15N chemical shifts and long range proton couplings associated with molecular
mechanics calculations, it was determined that the tetra- O-benzyl-a.-D-glucopyranosyl
nitrilium ion adopted a conformation close to the °.5, twist boat (Figure 15).1%° Turnbull and
coworkers subsequently characterized an a-D-xylofuranosyl nitrilium ion by NMR
spectroscopy in deuterioacetonitrile solution at room temperature and noted that it was stable
for several days under those conditions (Figure 15).200

In the sialic acid series, acetonitrile or mixtures of acetonitrile with dichloromethane are the
solvents of choice for equatorial glycoside synthesis and the axial glycosyl nitrilium ions are

189.201-203 a1peit no direct evidence of either spectroscopic or

assumed as intermediates,
chemical nature was available for many years. Recently, however, working with an
intramolecular alcohol as nucleophile Amarasekara and Crich observed an apparent cyclic
imidate by mass spectrometry on activation of a thiosialoside in the presence of acetonitrile.
On work up hydrolysis took place to afford the corresponding N-sialyl acetamide (Scheme

34).86

In contrast to the usual assumption of the greater stability of the axial nitrilium ion, using
PM3-level semi-empirical calculations, Martichonok and Whitesides estimated the
equatorial nitrilium ion in the per- O-acetyl- N-acetylneuraminic acid methyl ester series to be
1.46 kcal.mol~! more stable than its axial isomer.204 However, as such low level semi-
empirical calculations are unlikely to treat the anomeric effect effectively2%5 and,
presumably, neither solvent nor counterion were included, this result should be treated with

considerable caution.

While the generation of highly reactive glycosyl donors on activation of an initial donor in
the presence of an additive and absence of the acceptor is well-established, the participation
of such intermediates in glycosylation reactions when the activation is conducted in the
presence of the acceptor continues to be controversial for all but the glycosyl nitrilium ions.
At the heart of the problem is the ability of the additive to compete with the acceptor alcohol
for the capture of a first formed transient oxocarbenium ion or related species, as suggested
in the original mechanistic proposal of Crich and Sun for the 4,6- O-benzylidene-protected -
mannosylation reaction (Scheme 35). In that study it was found that working with a 2-O-
tert-butyldimethylsilyl mannosyl sulfoxide in ether rich mixtures of ether and benzene at
—78 °C preactivation with triflic anhydride prior to addition of primary acceptors gave 8-
selective reactions, whereas activation in the presence of the acceptor afforded mainly the a-
mannoside.2% This pattern of reactivity was framed in terms of a hypothesis whereby the
preactivation protocol leads to the generation of the a-mannosyl triflate, that is primed for
Sn2-like reaction with the alcohol when it is subsequently added resulting in the formation
of the B-mannoside, whereas activation in the presence of the alcohol simply results in a-
selective trapping of the oxocarbenium ion by the alcohol (Scheme 35).207-208 It was soon
recognized that dichloromethane gave better selectivities than ether in the preactivation
protocol and allowed the use of secondary alcohols as acceptors.!>-207-208 Consequently
preactivation in dichloromethane became the conditions of choice enabling the successful
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synthesis of numerous B-mannosides in the Crich laboratories and elsewhere,!43:209:210

However, reports soon emerged from other laboratories on the observation of modest to
good B-selectivity on activation of various benzylidene-protected mannosyl donors in
dichloromethane in the presence of the acceptor alcohol, indicating, reasonably, that triflate
is not the only viable leaving group and that the mechanism of Scheme 35, derived from
reactions conducted in ether, might be an over-generalization.2!1-219 Pertinently, Fukase and
coworkers reported the B-selective couplings of either anomer of a N-phenyl
trifluoroacetimidate on activation with trimethylsilyl tetrakis(pentafluorophenyl)borate, thus
in the complete absence of triflate (Scheme 36),22° while Bols and coworkers, reported p-
selective mannosylation reactions on activation of 4,6- O-silylene and benzylidene-protected
mannosyl thioglycosides in the presence of only catalytic triflic acid or on activation with
silver perchlorate in the absence of triflate (Scheme 37).218.219

As aresult of their findings with a trichloroacetimidate-based donor activated with
trimethylsilyl triflate Weingart and Schmidt earlier argued that the benzylidene-directed
mannosylation is best explained by a B-selective attack on a twist boat conformation of an
oxocarbenium ion imposed by the presence of the benzylidene acetal.2!2 Fukase and
coworkers suggested a *E conformation for the putative benzylidene-protected mannosyl
oxocarbenium ion for their system (Scheme 36) on the basis of B3LYP/6-31** calculations,
220 while Bols and coworkers on the other hand suggested their results to be best explained
by the B-selective attack on an intermediate of a 4,6-O-benzylidene or silylene protected
oxocarbenium ion in the B, s-conformation (Scheme 37), akin to the one deduced by Crich
and coworkers (Scheme 9) on the basis of their intramolecular Sakurai reaction.83-84-221
Thus, over the course of approximately fifteen years three different laboratories, two with

218-220 gy ggested three different conformations for the

the aid of computational modelling,
benzylidene-protected and related mannopyranosyl oxocarbenium ion and the selective
formation of B-mannosides. Such oxocarbenium ion centric proposals are, however, not
consistent with the kinetics of the benzylidene-directed mannosylation as determined either
by KIE measurements or cation clock methods (vide infra).83:34.222 Thys, the anomer-
independent selectivity observed by Fukase (Scheme 36) can be rationalized by in situ
anomerization of the imidates with direct displacement of the protonated a-imidate by the
acceptor alcohol. In this respect the close analogy between the N-phenyltrifluoroacetamide
byproduct (or its silylated derivative) of the imidate coupling and the 3,3-difluorooxoindole
nucleophilic catalyst discovered later by the Demchenko group?2? (vide infra) is pertinent.
An alternative explanation for the Bols observation (Scheme 37), and indeed those of other
authors working in dichloromethane in the presence of sub-stoichiometric triflate is that
triflate is simply a better nucleophile than the acceptor alcohol resulting in the formation of
the a-mannosyl triflate as key intermediate in the usual way. Reactions conducted in the
presence of perchlorate in place of triflate can be adequately explained by the formation of
an a-mannosyl perchlorate that is subsequently displaced by the acceptor. Indeed, there is
considerable literature evidence that both triflate and perchlorate are powerful nucleophiles
toward cation-like electrophiles.22%225 It was further noted by Bols and coworkers that
activation of a benzylidene-protected a-mannosyl trichloroacetimidate with BF3.0Et; and
the acceptor alcohol gave none of the expected glycoside owing to competing fluoride
abstraction by the activated glycosylating agent. Inclusion of lithium triflate in the reaction
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mixture, however, restored the formation of the f-mannosides, clearly indicating triflate to
be a better nucleophile than the fluoride ion donor and prompting the authors to comment on
the beneficial catalytic effect of the triflate anion (Scheme 38).219

The hypothesis of triflate as a catalytic nucleophile is supported by the work of Zhu and Yu
who noted that activation of a B-alkynyl benzoate with triphenylphosphinogold (I) triflate in
the presence of acceptor alcohols afforded the B-mannosides with excellent selectivity,
whereas the use of gold complexes with non-co-ordinating anions (triflimide,
hexafluoroantimonate, and tetrakis(pentafluorophenyl)borate) resulted in the formation of
the a-mannoside by direct Sn2-like displacement of the glycosyl isochromenylium complex
(Scheme 39).226 When generated in the absence of triflate or acceptor the B-chromenylium
complex underwent isomerization to its more stable a-anomer, which was both
spectroscopically observable and afforded the f-mannoside on addition of the alcohol.

In a similar vein Kowalska and Pedersen reported the formation of a-mannosides on
activation of a B-mannosyl trichloroacetimidate with TMS triflimide, and contrasted this
with the B-selective mannosylation of a comparable B-mannosyl trichloroacetimidate on
activation with TMSOTT in the presence of the acceptor alcohol reported by Schmidt
(Scheme 40).2%7 Clearly, the counterion-dependent selectivity is best explained by
displacement of the activated trichloroacetimidate by a double inversion process involving
an intermediate a-mannosyl triflate when the activating agent is TMSOTT.

In a related work a combination of 'H and !°F diffusion ordered NMR spectroscopy
(DOSY) was used to probe the activation of a glucopyranosyl trichloroacetimidate by
TMSOTf, TMSNTT,, and BF3.0Et,.15! With TMSOTf in CD,Cl, at =55 °C the imidate was
rapidly converted to the a-glycosyl triflate, which was identified from its typical NMR
signature and its DOSY characteristics, especially the incorporation of the glucosyl and
triflate but not the trimethylsilyl moieties into a single molecular entity as judged by their
diffusion coefficients. With TMSNTT, on the other hand, under the same conditions the
TMS and glucosyl residues, but not the NTf, moiety, exhibited the same diffusion
coefficients resulting in a species formulated as the N-silylated trichloroacetimidate in loose
association with the triflimide counterion (Scheme 41). In the absence of acceptor alcohol
the initially formed a-anomer was found to equilibrate to the B-anomer, which eventually
predominated in the mixture (Scheme 41).15! When BF3.0Et, was employed to activate the
trichloroacetimidate in the absence of acceptor, the anomeric glycosyl fluorides were the
only sugar-based substances identified.

Sasaki and coworkers described the configuration dependent preparation of B-glycosides of

228 according to which the a-donors gave significantly greater B-

mannurono-2,6-lactones,
selectivity than the corresponding B-anomers (Scheme 42). This observation held with
trichloroacetimidate donors activated with a gold(III) chloride-thiourea combination or with
iodide donors activated with triphenylphosphine oxide and Hunig’s base, and clearly
suggests a high degree of association in the reactions of the a-donors as was confirmed by

the concentration dependence of the selectivity.
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Further support for the action of perchlorate and triflate as nucleophiles in glycosylation
reactions is provided by the work of Demchenko in which it was demonstrated that a
somewhat disarmed 3,4,6-tri- O-benzoyl-2- O-benzyl-p-D-glucopyranosyl thioimidate and a
comparable thioglucoside gave significantly greater a-selectivity when activated with silver
perchlorate and silver triflate-based reagents than silver tetrafluoroborate or
hexafluorophosphate ones (Scheme 43).22% The implication here is that reaction occurs
through the higher energy p-glucosyl triflate and/or perchlorate in a Lemieux-type kinetic
scheme. The reduced influence of the counterion with the analogous tetra- O-benzyl-
protected donors simply arises from the more armed nature of this system and the
consequent shift toward the more dissociative end of the mechanistic spectrum. Yet further
examples of the influence of nucleophilic counterions were described by the Toshima and
Poletti laboratories, this time for glycosylations in ionic liquids. Thus, it was demonstrated
that the use of glycosyl fluorides and trichloroacetimidates was equatorially selective in
imidazolium triflate, whatever the configuration of the initial donor, but depended heavily on
the donor configuration in imidazolium hexafluorophosphates, tetrafluoroborates, and
triflimides.230-232 Jensen and coworkers found enhanced B-selectivity in the glycosylation
of simple alcohols by 4,6- O-benzylidene protected mannosyl 3,5-dinitrosalicylates under
microwave heating in M-methylpyrrolidinone in the presence of added lithium triflate,
suggestive of the possible intermediacy of a mannosyl triflate; no increase in selectivity was

observed, however, with lithium perchlorate or with the corresponding trichloroacetimidate.
233

Demchenko and coworkers have employed 3,3-difluoro-2-oxindole (HOFox) as nucleophilic
catalyst in BFj.etherate promoted reactions of glycosyl bromides. It was demonstrated that
the rate of coupling of simple glycosyl bromides with acceptor alcohols was significantly
enhanced in the presence of as little as 10 mol% of the catalyst, a feature that was attributed
to the slow background reaction of the bromide with the alcohol as compared to its reaction
with HOFox to give the more reactive OFox glycoside (Scheme 44).234

Overall, there is growing evidence for the participation of triflate, and other nucleophilic
anions, through the formation of covalent glycosyl triflates and related species in
glycosylation reactions even when they are present in only catalytic amounts. This is
supported by the evidence of the nucleophilicity of triflate toward cation-like electrophiles in

225 and by a computational study pointing to the

other branches of organic chemistry,
increased intrinsic reactivity of triflate as compared to methanol.233 Careful quantification of
the nucleophilicity of the triflate and other anions and their inclusion in Mayr-type
nucleophilicity scales!15-236-238 would be an important contribution to the area. Also
noteworthy in this respect is Mayr’s observation that DMSO is a significantly stronger
nucleophile toward benzyhydryl cations than water or ordinary alcohols.! This clearly points
to the intervention of the reagent as nucleophile in systems activated by combinations of
sulfoxides and triflic anhydride, and consequently of glycosyloxy sulfonium ions as

intermediates even when the activation is conducted in the presence of the acceptor alcohol.
177,239

A number of studies have focused on the use of chiral phosphoric acids, either alone or in
combination with thioureas and other additives, as promoters of glycosylation reactions, and

Chem Rev. Author manuscript; available in PMC 2019 September 12.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Adero et al.

Page 22

the field has been reviewed.240-241 Fairbanks and coworkers were the first to describe the use
of binol-derived phosphoric acid catalysts for the activation of a per-O-benzyl a-D-
galactopyranosyl trichloroacetimidate; significant changes in anomeric selectivity were
observed as a function of the chirality of the catalyst pointing to the inclusion of the
phosphate in the product determining step of the reaction (Scheme 45).242 In related work
with a per-O-benzyl-a-D-glucopyranosyl trichloroacetimidate donor, Toshima and
coworkers demonstrated that the anomeric selectivity of the reaction was a function of the
combination of the absolute configuration of both the binol-derived phosphoric acid catalyst
and the simple racemic alcohols employed as acceptors, the later enabling kinetic resolution
of the acceptor. However the phenomenon did not extend directly to the use of the
corresponding B-trichloroacetimidate, prompting the authors to suggest a three component
cyclic transition state in which the phosphoric acid plays the dual role of Brgnsted acid,
activating the donor, and of Brgnsted base, activating the acceptor (Figure 16), rather than
the formation of covalent glycosyl phosphate intermediates or phosphate-based ion pairs
with the oxocarbenium ion.2*3 Subsequent work by Bennett and coworkers with tri- O-
benzyl 2-deoxyglucopyranosyl trichloroacetimidates further underlined the interdependence
of the anomeric configuration of the donor with the absolute configuration of the binol-
phosphate catalyst and thus the role of the chiral anion in the mechanism.244

It was subsequently demonstrated by Nagorny and coworkers that the above kinetic
resolutions of racemic alcohols by glycosyl trichloroacetimidates in the presence of chiral
phosphoric acids could be extended to the regioselective glycosylation of macrolide-based
polyols and to the desymmetrization of meso-diols, and in particular a protected version of
2-deoxystreptamine.2*-246 A computational study of the mechanism of the polyol
desymmetrization indicated a double inversion sequence to be lower in energy than one
involving oxocarbenium ion phosphate ion pairs. Subsequent NMR experiments identified
the formation of glycosyl phosphates from the trichloroacetimidate donors, and
demonstrated that these phosphates themselves functioned as donors, with inversion of
configuration, on addition of model diols (Scheme 46).245

Nagorny and coworkers also conducted a detailed study of the mechanism of the
spirocyclization of 1-(n-hydroxyalkyl)glycals under catalysis by chiral phosphoric acids. A
Hammett study using a benzo-fused glycal demonstrated the build-up of considerable
positive charge at the anomeric center at the transition state, while use of a 2-deuterio
substrate revealed the syzn-selective nature of the addition and ruled out the possible
intermediacy of a long-lived fully-fledged oxocarbenium ion as intermediate. Computational
studies then suggested an asynchronous concerted mechanism in which the phosphoric acid
serves as a proton shuttle between the nucleophilic alcohol and the 2-position of the glycal
(Scheme 47).159

10 Dual Acid-Base Catalysis in Glycosylation

In addition to the above described studies on the influence of chiral phosphoric acids on
glycosylation, the concept of dual acid-base catalysis of glycosylation reactions is
experiencing increased popularity. This approach, patterned on the eight-membered cyclic
transition state invoked for the invertive substitution of glycosyl trichloroacetimidates by
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247 249

phosphoric acids?#7 and some carboxylic acids,24® has been explored by Schmidt,?*° and
others.24! Considerable work has been done with thioureas as catalysts both for the addition
of alcohols to glycals resulting in the formation of 2-deoxyglycosides and in the activation
of glycosyl donors, and the field has been reviewed recently.24!-249 Multicomponent
transition states have been drawn by several authors to account for the synergy exhibited by
combinations of a thiourea and a second catalyst, sometimes a Brgnsted acid, and sometimes
a transition metal, but these are rarely supported by physical evidence and so are only briefly
commented here. 241249 For example, Schmidt and coworkers proposed a four-component
transition state to account for the co-operativity observed in the activation of
trichloroacetimidates between a thiourea and a diaryl phosphoric acid (Figure 17).250
Surprisingly in view of the generally greater nucleophilicity of thioureas compared to ureas,

170

and of the demonstrated participation by tetraalkyl ureas,' ¥ glycosyl isothiouronium ions

have yet to be advanced as potential intermediates in thiourea-catalyzed glycosylations.

One theme that does consistently emerge is the use of 2-deuterioglycals to probe the
stereoselectivity of addition of alcohols as reported, inter alia, by Galan and coworkers, and
again rationalized on the basis of a multicomponent transition state (Scheme 48).251

The most compelling work in this area, however, was described by the Jacobsen group and
involves the use of a chiral macrocyclic bisthiourea to promote Sn2-like glycosylations of
armed axial glycosyl chlorides. Computational studies and kinetic isotope effect experiments
were advanced in support of a mechanism in which one of the two thioureas serves to co-
ordinate and activate the departing chloride, while the second functions as a hydrogen bond
acceptor in such a way as to position and activate the acceptor alcohol (Figure 18).252:253
Catalysis of various glycosylation reactions by gold(I) and (III) complexes has been
described by several authors and reviewed recently,24! but mechanistic studies are sparse.
Nevertheless, Peng and Schmidt have demonstrated by low temperature NMR spectroscopy
that tetra- O-benzyl-a-D-glucopyranosyl trichloroacetimidate and gold(III) chloride form
only a very loose interaction in CDClj at —55 °C, whereas greater changes were observed in
the NMR spectrum of isopropanol on addition of AuCls. This led to the suggestion of dual
acid base catalysis of the glycosylation reaction with the metal salt activating both the donor
and the acceptor and resulting in an Sn2-like displacement with a seven-membered cyclic
transition state. Gold(I) chloride catalysis of the same reaction was stated to follow a similar

pattern.2>4

11 Influence of the Acceptor

The influence of the acceptor on the outcome of glycosylation reactions, evident to every
practitioner of the art, and the source of Paulsen’s oft-quoted comment on every
glycosylation reaction being different,2% is illustrated many times over in Barresi and
Hindsgaul’s catalog of all glycosylation reactions published in the year 1994.256 Systematic
studies, however, are more limited and begin with the 1991 publication of Spijker and van
Boeckel comparing the silver triflate-promoted reaction of a pair of enantiomeric fucosyl
bromides with a single enantiomerically pure acceptor (Scheme 49),257 for which the
reversal in selectivity was interpreted in terms of Horeau’s concept of double
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diastereodifferentiation and matched and mismatched pairs.238:259 Further examples of the
same phenomenon were reviewed through 2009 by Bohé and Crich,200 and the effect
continues to be invoked even if not always rigorously established.201-265 It followsZ%0 from
the concept of double diastereodifferentiation that different glycosyl donors will exhibit
differing regioselectivity in their coupling reactions with di- and polyols and, self-evidently,
with different acceptor alcohols as commented in the reciprocal donor acceptor selectivity
principle of Fraser-Reid and coworkers. 266,267

Beaver and Woerpel correlated diastereoselectivity with acceptor reactivity in the coupling
reactions of a series of primary alcohols of varying nucleophilicity with 2-deoxy
glucopyranosyl thioglycosides on activation with N-iodosuccinimide in acetonitrile (Table
10). The inverse correlation of selectivity with nucleophilicity was interpreted in terms of
diffusion-controlled unselective trapping of intermediate oxocarbenium ions by the highly
reactive ethanol gradually being replaced by stereoelectronic control with decreasing
nucleophilicity of the acceptor.2® Similarly, trimethylsilyl cyanide reacts in a less selective
diffusion-controlled manner with tetrahydropyranosyl oxocarbenium ions than the less
nucleophilic allyltrimethylsilane.269

Codée and coworkers extended Woerpel’s concept to a broader range of glycosyl donors,
examining the selectivity of benzylidene protected gluco and mannopyranosyl donors as
well as mannuronic acid donors with alcohols of varying nucleophilicity.2’? For each of the
three systems the more reactive alcohols were found to afford greater B-selectivity than their
less reactive counterparts (Table 11). These results were interpreted in terms of the more
reactive alcohols being capable of Sy2-like displacement of covalent glycosyl triflates in
contrast to their less nucleophilic counterparts, which necessarily follow a more Sy1-like
mechanism. For each of the three donors, the shift from Sy2-like to Sy1-like mechanisms
and selectivity occurred at a different point on the scale of alcohol nucleophilicity, consistent
with the general pattern of stability of the glycosyl triflates. The same pattern of nucleophile
dependent selectivity was subsequently observed with a series of 2-deoxy-2-
azidofucopyranosyl donors,!#8 with a set of 4,6-O-benzylidene and 4,6- O-silylene-protected
2-deoxy-2-azido glucopyranosyl donors,!? and other systems.!4 The latter two studies also
included an investigation of the influence of the donor protecting groups on the selectivity,
whose results were consistent with the overall picture. Thus, the more electron-withdrawing
the donor protecting groups, the more stable the covalent glycosyl triflate or comparable
species, and the greater the spectrum of alcohol nucleophilicity compatible with the
associative reaction mechanism (Table 12).

The differences between the observations of the Woerpel (Table 10) and Codée (Tables 11
and 12) laboratories can be reconciled on the basis of the vastly different reactivities of the
donors studied, the different solvents employed, and the associated shifts in the key
equilibria between the covalently bound intermediates and the various ion pairs. Thus, the
Woerpel system lacking the strongly electron-withdrawing C-O bond at the 2-position of the
donor, and employing the more polar acetonitrile as solvent, is expected to be much closer to
the Sn1 end of the mechanistic spectrum.
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While the tendency is to interpret the above correlations of selectivity with alcohol
nucleophilicity in terms of a shift away from SN2 toward Sy 1 mechanisms with less
nucleophilic alcohols, other explanations are possible. Thus, on the basis of the evidence
provided it cannot be ruled that the more reactive alcohols are sufficiently nucleophilic to
take part in SN2 reactions with the more stable and highly populated of the two equilibrating
activated covalent anomeric donors, while the less reactive alcohols react through an Sn2-
like process with the more reactive, but less populated anomer of the activated donor. The
shift of the selectivity inflection point from one donor to another (Tables 11 and 12) in such
a Curtin-Hammett scenario is then related to the change in anomeric effect from one donor
to another, which effectively changes the energy difference between the two anomers of the
activated donor. For example, it is well known that the anomeric effect in mannopyranose is
greater than in glucopyranose such that reaction through the higher energy anomer can be
expected to be less important for a given mannose donor than its glucose counterpart.
Equally, it has been demonstrated in several systems that for a given configuration of donor
the protecting group system affects the magnitude of the anomeric effect.2’1-272 Distinctions
between the two hypotheses can only be made on the basis of kinetic analyses or through the
investigation of transition states by the measurement of kinetic isotope effects as discussed
further below.

Pedersen, Bols, and coworkers prepared an extensive series of aminodeoxy sugars and
determined the pKa value of the conjugate ammonium salts, some of which are presented in
Table 13.105 It was found that acidity correlates with the number of vicinal C-O bonds, such
that the most basic amines have fewer vicinal C-O bonds. For an equal number of vicinal C-
O bonds the greatest reduction in amine basicity was found for an antiperiplanar relationship
with the C-N bond. Taking amine basicity as a surrogate for alcohol nucleophilicity, and
ignoring steric effects, this study provides a measure of understanding of the relative
reactivity of acceptor alcohols that agrees with oft—quoted trends.25?

The regioselective glycosylation of polyols with the aid of catalysts designed to enhance the
nucleophilicity of one among two or more hydroxyl groups is a field of considerable current
interest with the most elegant advances made by the Taylor and Toshima laboratories. Most
importantly, Taylor and coworkers provided kinetic evidence for the involvement of borinate
complexes of diols in the rate determining step of two distinct glycosylation reactions, thus
pointing to SN2-like mechanisms, one heterogeneous and one homogeneous (Schemes 50
and 51).155:273 The latter case employing the glycosyl mesylates is particularly revealing.
Thus, in the absence of the catalyst the reaction was first order in acceptor and selective for
formation of the a-anomer of the product indicating an Sn2-like glycosylation in which the
relatively weak nucleophile displaces the leaving group from the more reactive of the two
equilibrating glycsoyl mesylates. On addition of the catalyst the reaction was found to be
zero order in alcohol but first order in catalyst and to be B-selective suggesting that the more
nucleophilic catalyst-acceptor complex preferentially rapidly displaces the leaving group
from the more concentrated of the two equilibrating mesylates (Scheme 51).

Work from the Toshima laboratory employed arylboronic or diarylborinic acids to promote
the regio and stereoselective coupling of diols with 1,2-anhydrosugars. Boronate or borinate
esters serve as Lewis acids to activate the epoxide and in doing so also both activate and

Chem Rev. Author manuscript; available in PMC 2019 September 12.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Adero et al.

Page 26

position the diol for coupling to the transient oxocarbenium ion. The general concept is
illustrated for the formation of a B-mannoside (Scheme 52).274-276 1t ig noteworthy that, in
contrast to the enormous majority of glycosylation reactions, the success of this method
depends on the inclusion of several equivalents of water to hydrolyze the bridging boronate
ester that is the immediate product of the reaction and so facilitate turnover. In the complete
absence of water this bridging boronate itself catalyzes off-cycle glycosylations resulting in

complex reaction mixtures.

The extensive work of the Vasella laboratory on the determination of intramolecular
hydrogen bonding networks in carbohydrate polyols and the relative acidities of the various
individual hydroxyl groups should prove of considerable use as the field of selective polyol
glycosylation advances in the coming years.?*277-279 Also of interest in this context is an
extensive study by Schmidt and coworkers on the reasons underlying the regioselective
monobenzoylation of polyols by benzoyl cyanide,28 which can be summarized as selective
activation of the most acidic hydroxyl group by the weakly basic cyanide ion.

12 Influence of Solvent

As with any reaction, solvents exert a significant influence on the outcome of glycosylation
reactions.281-282 With regard to the general glycosylation reaction this influence can be
readily understood in terms of the differing ability of solvents to stabilize positive and
negative charge. Unfortunately, with the exception of nitrile-based solvents discussed above,
few studies extend beyond the observation of solvent-based changes in glycosyl
stereoselectivity. Participation by ethereal solvents in the form of O-glycosyl oxonium ions
is frequently invoked in explanation of anomeric stereoselectivity phenomena, but actual
physical organic evidence for the existence of such species has yet to be provided.!??

In general, the greater the ability of the solvent to support charge separation and/or to
stabilize oxocarbenium ions and their associated anions through solvation, the closer the
mechanism to the Sy1 end of the spectrum. Taken to the extreme, superacidic solvents
enable the direct NMR spectroscopic observation of at least a limited range of glycosyl
oxocarbenium ions as discussed above.®> Conversely, lower polarity, less solvating systems
should promote more Sy2-like glycosylations. Such was demonstrated by Crich and Dudkin
who observed improved f-mannosylation of a tetrabutylammonium dialkyl phosphate in
toluene at —78 °C compared dichloromethane (Scheme 53).283 The use of such non-polar
solvents to promote Sn2-like reactions, however, is limited by their ability to dissolve most
common glycosyl donors, acceptors, and promoters in sufficiently high concentrations. A
more extensive study of solvent effects on C- and O-glycosylation selectivity later was
conducted by Woerpel and coworkers who concluded that trichloroethene is the optimum
solvent for intended Sn2-like glycosylations at low temperature in view of its low polarity,
low freezing point, and ability to dissolve typical substrates.28%

A recent study disclosed the use of supercritical CO, as solvent for glycosylation of alcohols
by glycosyl halides. The influence of pressure, temperature, protecting and leaving groups
on these reactions, which were conducted in the absence of external promotor, were noted
but a satisfactory explanation awaits further work.283
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The conventional wisdom on concentration and solvent effects in glycosylation reactions has
been challenged by Kononov and coworkers who advanced the concept of supramolecular
aggregates, or supramers, in support of their observations.236-289 The supramer hypothesis
adopts the notion of concentration-dependent mesoscale structuring of solvent and solute
according to which mesoscale inhomogeneities and microemulsions influence reaction
outcome. The concept has found broadest application in sialidation reactions where
intermolecular hydrogen bonding networks between amide residues afford a mechanism for
mesoscale organization. As presented in a recent review, the reactivity and selectivity of a
given donor or acceptor vary according to the extent to which it is involved in a hydrogen
bonded network. Reasonably, the degree of association is considered to vary with solvent
and concentration, and can be disrupted by the inclusion of tertiary imides, such as N-methyl
acetimide, capable of accepting but not donating hydrogen bonds, with supporting evidence
provided by IR measurements. The observation of non-linear effects and discontinuities in
correlations of concentration with physical phenomena of the bulk solution (IR absorptions
and specific rotations) and with reaction outcomes (yield and selectivity) resulted in the
proposal of mixed supramers. While the concept originated, and continues,286-287-290 wjth
hydrogen-bonding as the organizing motif for supramer formation, it has recently been
extended to other systems. Thus, the reactivity and selectivity of an arabinofuranosylation
sequence were demonstrated to vary in a non-linear fashion, with the optimal concentration
correlating loosely with a discontinuity in the concentration dependence of specific rotation
of a solution of donor (Figure 19).291

13 Influence of Temperature

Consideration of the general glycosylation mechanism (Scheme 2) suggests that associative
Sn2-like glycosylation mechanisms, with their greater entropic penalty, will be favored over
dissociative Sy1-like mechanisms at lower temperatures. It will also be noted that the
various equilibria of Scheme 2 are shifted toward the covalent donors and away from the ion
pairs at lower temperatures because of the reduced entropy, again favoring the associative
Sn2-like mechanisms. Application of these fundamental principles simply suggests that
selectivity for the SN2-like mechanisms can be optimized by lowering the reaction
temperature. Unfortunately, while there are many reports on the influence of reaction
temperature on the outcomes of glycosylation reactions, few are systematic. A good example
of this effect, however, is given by the influence of temperature on the selectivity of
sialidation reactions conducted with several 5-azido-5-desacetamido-sialyl donors. Thus it
was reported by several groups over a number of years that such donors only gave good
yields of the desired equatorial glycosides in couplings to primary alcohols.292-29 This led
to the general impression that azido protected sialyl donors were poorly selective with
secondary alcohols and their consequent abandonment in most synthetic schemes.2%7 It was
subsequently found, however, that if a suitably reactive donor is used and activated at

—78 °C, as opposed to the earlier temperatures of >40 °C excellent equatorial selectivities
are obtained in the 5-azido-5-desacetamido sialoside series.2%8

Notwithstanding the above example, it must be understood that the use of lower reaction
temperatures necessitates the use of longer reaction times such that a compromise must
frequently be found. The complexity of the problem is nicely illustrated by a recent study
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from the Kononov lab, which revealed a discontinuity in the Arrhenius-type plot of
selectivity against reciprocal temperature in the above mentioned arabinofuranosylation
(Figure 19).2°! Such break points are indicative of changes in the predominant reaction
mechanism with temperature, and are most readily understood in terms of the temperature
dependence of the Sy 1-Sn?2 threshold. Kononov has pointed out, however, that alternative
explanations exist, most notably the influence of temperature on the mesoscale structuring of
the solution.2%!

Variable temperature NMR spectroscopy can be used to determine the influence of
temperature on the activation of glycosyl donors and on the stability of activated
intermediates. Thus, Lowary and coworkers used VT NMR spectroscopy to investigate the
activation of isomeric 2,3-anhydrofuranosyl sulfoxides by triflic anhydride, resulting in the
identification of —40 °C as the optimal reaction temperature below which formation of the
critical glycosyl triflate was in efficient (Scheme 54).2%°

VT-NMR has been widely applied to determine decomposition temperatures of numerous
glycosyl triflates. 138:147.148.150.300 gych studies, carried out under standard conditions of
solvent and concentration, provide valuable information on the role of protecting groups on
the stability of activated glycosyl donors. They should not, however, be interpreted as
absolute measures of the stability of a given system as it follows from the general
mechanism and the common ion effect that operating in the presence of added triflate anion
will increase the decomposition temperature of any given glycosyl triflate (and retard
substitution at any given temperature).

14 Hydrogen Bonding and H-Atom Transfer

The notion that acceptor-donor hydrogen bond formation plays a critical role in many
glycosylation reactions is attributed to Whitfield and co-workers who observed such
interactions in their computational studies of alcohols with oxocarbenium ions,30! leading
them to suggest that such interactions can be important factors in the stereoselectivity of
glycosylation reactions. For example, it was suggested that f-mannosylation is directed by a
hydrogen bond from the acceptor to O-3 of the oxocarbenium ion in a 1S5 twist boat
conformation, whereas a.-glucosylation is facilitated by hydrogen bonding to O-2 of the
oxocarbenium ion (Figure 20).31 Comparable hydrogen bonds were subsequently found by
Crich, Pratt and coworkers in their computational study of Sn2-like transition states for the
4,6-O-benzylidene-directed B-mannosylation and a-glucosylation reactions.?22

The importance of the computationally revealed hydrogen bonds in the 4,6- O-benzylidene-
directed B-mannosylation and a-glucosylation was questioned early by Crich and Sharma
who pointed out that C-mannosylation and C-glucosylation of the same donors with typical
carbon-based nucleophiles exhibits the same sense of facial selectivity as O-glycosylation
albeit without the possibility of hydrogen bonding.3%2 However, subsequent kinetic evidence
revealing the mechanistic divergences of the C- and O-mannosylations and glucosylations in
questions enables reconciliation of the two opposing viewpoints.8* Thus, it is possible that
the Sn2-like B-O-mannosylation is facilitated by acceptor-O3 hydrogen bonding, whereas
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the Sy1-like B-C-mannosylation on the B, 5-conformation of the oxocarbenium ion has no
such requirement.

An important conclusion drawn from the computational studies of Whitfield on acceptor-
donor hydrogen bonding concerns the timing of proton transfer in glycosylation. The authors
found that early proton transfer is associated with bimolecular Sn2-like reactions, whereas
late proton transfer is a feature of monomolecular Sx1 reactions,303-306

The role of acceptor-donor hydrogen bonding has gained broader acceptance since
Demchenko’s discovery of the stereodirecting effects of remote hydrogen bond-accepting
picolyl and picolinyl groups in the donor as illustrated, for example, by the f-mannosylation
presented in Scheme 55.307-310 Tt must be noted that, while the effect is most readily
understood in terms of positioning of the nucleophilic alcohol for attack on one face of an
oxocarbenium ion (Scheme 55), it is equally consistent with proximity-induced acceleration
of an Sn2-like glycosylation. In other words acceptor-donor hydrogen bonding serves to
provide a high effective molarity of the acceptor on one face of the system and so accelerates
associative displacement from the appropriately configured covalent donor.

Subsequent work in the Demchenko and other groups397-312 has extended the central idea to
a number of other donor systems, and it is clear that stereodirecting donor-acceptor
hydrogen bonding is a concept that is ripe for further exploitation, both in terms of the
development of new systems, and of simplifying explanations to previous experimental
observations. In this latter vein, Boons and coworkers computationally located a hydrogen
bond from the incoming acceptor to the carbonyl group of an equatorial ester at O3 in their
a-glucosylation system (Figure 21) thereby providing a possible explanation for the greater
selectivity observed with the ester protected systems,'93 and, incidentally, the high levels of
a-selectivity previously observed by numerous investigators with donors carrying esters at
the 3-position.313-316 A5 physical organic studies beyond the computational work have yet
to be conducted and as the area has been recently reviewed3%® it is not covered further here.

15 Kinetic Measurements

Despite the many studies catalogued above on the detection and characterization of
glycosylation intermediates, a true distinction between associative and dissociative
glycosylation mechanisms can only be made with the help of kinetic measurements.

Rhind-Tutt and Vernon carried out kinetic studies of the reactions of 2,3,4,6-tetra- O-methyl-
a-D-glucopyranosyl and a-D-mannopyranosyl chlorides with two acceptors of different
nucleophilic strength (methanol and thiophenoxide).? The methanolyses of both donors were
found to follow first order kinetics indicative of Sy1-like reactions. However, whereas an
almost completely inverted product was obtained from the glucosyl donor, the mannosyl
isomer led to a ~1:1 mixture of anomeric glycosides. The almost complete inversion in the
unimolecular glucosylation reaction was attributed to the shielding effect of the departing
anion in an initial ion-pair (CIP). The addition of external chloride to the methanolysis of the
glucosyl donor resulted in a sharp increase in the proportion of the a-glycoside, which was
rationalized in terms of chloride competing with methanol for the initial ion pair, resulting in
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the formation of an intermediate B-glucosyl chloride with subsequent rapid displacement by
methanol leading to the a-glucoside (Scheme 56). This important but often overlooked
paper therefore contains the first published application of the Winstein ion pair theory to
glycosylation and the elements of what would later become Lemieux’s halide-ion catalyzed
approach (Scheme 29) to the synthesis of axial glycosides. The lack of selectivity observed
with the mannosyl chloride was attributed to the involvement of a relatively free
oxocarbenium ion.3

The reaction of the glucosyl donor with thiophenoxide ion in propanol was found to follow
second-order kinetics and to take place with clean inversion of configuration clearly
supportive of an SN2 mechanism. However, with the mannosyl donor the predominant
product was a mixture of propyl mannosides with no significant rate increase observed in the
presence of thiophenoxide. The difference in behavior of the two donors was attributed to
steric factors, according to which steric repulsion between the incoming acceptor and the
axial 2-methoxy-group disfavored the formation of an associative transition state from the
mannosyl donor.>

Overend and coworkers carried out kinetic studies of the displacement of halide from a
series of acetyl glycosyl halides by lithium thiophenoxide.?> Three tetra- O-acetyl-
hexopyranosyl bromides (a-D-gluco, a-D-galacto and a-D-manno), two chlorides (a-D-
gluco, B-D-gluco), three tri- O-acetyl-6-deoxy homologues (a-D-gluco, a-L-manno and 6-
iodo-a-D-gluco) and three per- O-acetylpentopyranosyl bromides (a-D-xylo, B-L-arabino
and B-D-ribo) were reacted with lithium thiophenoxide in #-pentanol-toluene mixtures at
22°C. In all cases but one second order kinetics were observed indicative of a bimolecular
mechanism. The exception to the general rule was provided by the reaction of thiophenoxide
with tetra- O-acetyl-a-D-mannosyl bromide when the rate of consumption of the acceptor
was slower than that of the donor, leading to the conclusion that, under the reactions
conditions studied, bimolecular substitution of tetra- -acetyl-a-D-mannosyl bromide was
retarded by steric hindrance, recalling the conclusion of Rhind-Tutt and Vernon.3

Lemieux and Hayami carried on the halide-ion catalyzed anomerization of the tetra- O
acetyl-D-glucopyranosyl chlorides in acetonitrile. The employment of 36Cl-labelled chloride
and the determination that the process was first order in chloride revealed these reactions to
proceed by a bimolecular substitution mechanism with inversion of configuration (Scheme
57).26

In a similar vein Paulsen and coworkers studied the displacement of bromide from variously
protected 2-azido-2-deoxy-a-D-pyranosyl bromides with tetraethylammonium chloride in
acetonitrile.!03 The inverted B-chlorides were shown to be the kinetic products, but were
slowly transformed to their a-anomers with longer reaction times. In both the gluco- and the
galacto configurations the rate of formation of the B-chloride was found to be a function of
the concentration of both the substrate and the tetracthylammonium chloride leading the
authors to propose an Sy2-like mechanism.!93 Moreover, in the gluco-series the rate of the
inversion reaction was dependent on the nature of the protecting groups at the 3- and 4-
positions, being most rapid for the dibenzyl ether and slowest for diesters indicating that the
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Sn2-reaction at the anomeric center is retarded by electron-withdrawing groups (Table 14).
103

However, no such correlation was found in the galacto-series.
Johnson and coworkers studied the alcoholysis of tetra- O-acetyl-a-D-glucopyranosyl
bromide with four primary (methanol, ethanol, propanol and butanol) and two secondary
alcohols (isopropanol and cyclohexanol), and determined initial rate constants and activation
energies for isopropanol and the four primary alcohols.2” The lower activation energy of the
propan-2-olyses as compared with the primary alcoholyses (12.3 kcal mol~! vs 19-21 kcal
mol~1) and the large increase in rate observed on addition of bromide ion suggested an SN2
mechanism with inversion at the anomeric center for the formation of the secondary
glycosides. A time-dependent increase in the fraction of the a-glucopyranoside was
attributed to the anomerization of a-glucosyl bromide and subsequent alcoholysis of the 8-
D-bromide.

Eby and Schuerch studied the reactions of two 1-O-tosyl-D-glucopyranose derivatives
(2,3,4,6-tetra- O-benzyl- and 2,3,4-tri- O-benzyl-6- O-(/N-phenylcarbamoyl)-) with several
alcohols at various concentrations in diethyl ether.* At the lowest alcohol concentrations
(donor:alcohol = 1:1), the rates of reaction were lower for the more hindered alcohols, but at
higher alcohol concentrations (donor: alcohol <1:5) the rates were almost independent of
the alcohol size, thus disfavoring a bimolecular substitution mechanism. The lack of clear
dependence of the reaction rate on the structure of the alcohol and the absence of second-
order kinetics led the authors to advance an Sy1-like mechanism with the intermediacy of an
oxocarbenium ion and a series of interchanging tight ion-pairs intermediates reminiscent of
Rhind-Tutt and Vernon’s proposal (Scheme 56).3 To account for the anomeric ratios
observed at high concentrations of alcohol it was suggested that reaction of the B-ion pair
must be faster than that of the a-ion pair under the conditions employed. The enhanced
fraction of a-glycosides observed at low alcohol concentrations was considered to be the
result of rapid equilibration of the ion pairs coupled with rapid invertive substitution of the

[B-ion pair (Scheme 58).

Wallace and Schroeder studied the mechanism of the mercury(II) cyanide-promoted
reactions of 2,3,4,6-tetra- O-methyl-a-D-glucopyranosyl bromide with cyclohexanol in
benzene-nitromethane mixtures (1 : 1 v/v) in the temperature range of 2 °C to 20 °C, with
predominant formation of cyclohexyl 2,3,4,6-tetra- O-methyl-B-D-glucopyranoside.® First-
order kinetic dependences on the glucosyl bromide and mercury(II) cyanide concentrations
were observed, but the rates were independent of cyclohexanol concentration. Nevertheless,
the selectivity for formation of the B-glucoside increased with increased alcohol
concentrations and with lower reaction temperatures. These facts suggested a mechanism
involving the Hg(II)-assisted heterolysis of the C-Br bond to form an oxocarbenium ion
intermediate in the rate-determining step. The influence of alcohol concentration on the
subsequent product-determining step suggested that the initial a-contact ion pair suffered
alcohol dependent substitution giving the B-product in competition with equilibration with a
solvent separated ion pair that was the source of the minor a-isomer of the product.

Wulff and Rohle studied the mechanism of the Koenigs-Knorr reaction of 2,3,4,6-tetra- O-
acetyl-a-D-glucopyranosyl bromide with alcohols in the presence of silver carbonate in
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diethyl ether and found the reaction rate to depend on the concentration of both donor and
acceptor, leading them to propose an associative transition state for glycoside formation that
occurs on the catalyst surface (Figure 22).317

Banait and Jencks investigated the reaction of a-D-glucopyranosyl fluoride with anionic
nucleophiles in water at 30 °C, and found the first-order rate constants for the disappearance
of the donor to depend linearly on the concentration of the nucleophile.3!8 Further, the
products of the reactions with azide and acetate ions, B-D-glucopyranosyl azide and 1-O-
acetyl-p-D-glucose, respectively, showed almost complete inversion of anomeric
configuration, all of which supported concerted bimolecular Sn2-type mechanisms. The
alternative bimolecular reaction of an ion pair was ruled out as not significant in good
ionizing solvents, such as water, where the rate of ion pair separation is expected to be more
rapid than diffusion controlled attack by the dilute nucleophile.

Tan and coworkers studied the stereoinvertive methanol-catalyzed epoxide-opening and
spirocyclization of substituted 1-aryl-1,2-anhydro sugars, which showed a second order
dependence on added methanol concentration. Low-temperature NMR studies in
combination with a Hammett analysis suggested an SN2 or Sy2-like mechanism of
spirocyclization in which the transition state is supported by two molecules of methanol, one
serving to activate the epoxide oxygen and a second serving as an organizing bridge between
the ring and nucleophilic oxygens (Scheme 59).319

Boons and coworkers studied the mechanism of glycosylation of trifluoroacetimidate donors
carrying their 2- O-[(1.5)-phenyl-2-(phenylsulfanyl)ethyl] group and leading selectively to
1,2-cis-a-glycosides via in situ generated bicyclic (frans-decalin like) sulfonium ions. A
kinetic study showed that the initial rate of glycosylation increases with increased acceptor
concentration and fit a second order rate equation, suggesting that nucleophilic attack of the
acceptor alcohol at the bicyclic sulfonium ion follows a bimolecular Sy2-like mechanism. A
computational study gave more insight into the reaction path indicating the initial formation
of a hydrogen-bonded complex between the bicyclic sulfonium ion and the acceptor, with
both O2 and the 3- O-acetyl group serving as H-bond acceptors in a complex that ideally
positioned the acceptor for an Sy2-like attack leading to an a-glycoside (Figure 21).163

Taylor and coworkers developed the borinic acid-catalyzed regioselective
monoglycosylation of vicinal and 1,3 diols and investigated the kinetics of these reactions.
320 A first study?73 of the Koenigs-Knorr reactions of glycosyl halide donors with
polyhydroxylated glycosyl acceptors highlighted the efficiency of the borinate ester derived
from diphenylborinic acid and ethanolamine as a catalyst, and revealed first order kinetics
with respect to the glycosyl bromide, the acceptor, and the catalyst, indicative of an Sn2-like
mechanism (Scheme 51). A subsequent kinetic and computational study of the
monotosylation of cyclohexane 1,2-diol in homogeneous media and using the same catalyst
supported the role of cyclic borinate esters as key intermediates in the turnover limiting step
of the catalytic cycle.32!

More recently, in a study of the regio- and stereoselective couplings of diols and triols with
glycosyl mesylates, D’ Angelo and Taylor studied uncatalyzed and diaryl boronic acid-

Chem Rev. Author manuscript; available in PMC 2019 September 12.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Adero et al.

Page 33

catalyzed reactions. Both the uncatalyzed and catalyzed glycosylations show kinetics
consistent with associative Sy2-like mechanisms leading to products generated by inversion
of configuration of the mesylate (Scheme 51).! It was further suggested that the modest
preference for the a-configured glycoside product in the absence of catalyst appears to
reflect the higher reactivity of the minor B-mesylate, consistent with the Curtin—-Hammett
principle; in the presence of the catalyst the displacement of the a-mesylate is accelerated,
leading to the selective formation of the B-glycoside.

16 Kinetic Isotope Effect Measurements

An alternative to the measurement of actual kinetic data is the determination of kinetic
isotope effects by NMR methods, ideally at natural abundance by the Singleton method.322
Crich and Chandrasekera, using a mannosyl sulfoxide partially enriched in deuterium at the
anomeric position and in the benzylidene acetal, studied the formation of a f-mannosyl
linkage to a relatively unreactive glucopyranosyl alcohol via the corresponding a-mannosyl
triflate in deuteriodichloromethane. They determined a secondary a-deuterium KIE of 1.16—
1.21 at =78 °C, corresponding to 1.10 at 25 °C.323 This value is in good agreement with a
subsequent calculated secondary a-deuterium KIE of 1.12 for the coupling of the same a.-
mannosyl triflate to isopropanol and is consistent with a loosely associative mechanism for
this displacement (Figure 23).222 Subsequently, working at natural abundance with an 800
MHz NMR spectrometer Crich and coworkers measured primary '3C KIEs for the reaction
of 4,6-O-benzylidene protected a-manno and glucopyranosyl triflates with isopropanol in
deuteriodichloromethane leading to the a- and B-glycosides (Figure 23).222 Three of the
four cases gave results close to the range (1.03—1.08) expected for a bimolecular reaction32*
and consistent with computed KIEs for associative mechanisms proceeding via exploded
associative transition states. Thus, the formation of the B-manno- and glucosides are
understood as direct displacements on the a-triflates, whereas the a-glucoside is viewed as
formed by associative displacement of a minor but more reactive f-glucosyl triflate in
dynamic equilibrium with its a-anomer. The a-mannoside, however, displayed a 13C
primary KIE (1.005 + 0.002) that is distinct from that calculated (1.023) for the bimolecular
mechanism, but within the range (1.00-1.01) expected for a monomolecular Sy1-type
mechanism.32# The problem of spontaneous ion pair collapse, discussed further below,
prevented the computation of an Sy1-like transition state.

Working with a donor partially deuteriated at the anomeric position and in the acetate group
as internal standard, Gervay-Hague and coworkers measured secondary a-deuterium KIEs
of 1.16 and 1.19 for the formation of the B- and a-glycosides in the reaction of oxetane with
a 6- O-acetyl-2,3,4-tri- O-benzyl-a-mannosyl iodide in deuteriobenzene at room temperature
(Scheme 60).325 These values were compared with computed transition states for associative
displacements leading to the suggestion that both reactions proceeded via exploded Sn2-like
transition states, albeit the formation of the a-glycoside displayed a significantly longer
partial C-I bond than the f-anomer. Clearly this result, with both anomers of the product
formed via Sy2-like transition states with inversion of configuration, requires the rapid in
situ anomerization of the a-mannosyl iodide used as substrate. While no experimental
values were measured, transition states with secondary a-deuterium KIEs of 1.01 and 1.31
were also computed for the reaction 4,6- O-methylidene protected a-and B-mannosyl
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iodides, respectively, and taken as suggestive of a looser process for the formation of the a.-
anomer.32 It is noteworthy that in an actual reaction 4,6- O-benzylidene-2,3-di- O-benzyl-a-
D-mannopyranosyl iodide gave exclusively the B-mannoside on reaction with oxetane
suggesting, by comparison with the results of Scheme 60, that the presence of the cyclic
acetal suppresses in situ anomerization of the iodide.

Using a !%F NMR spectroscopic method, 20 in conjunction with the more classical
polarimetric quasi-racemate method327 and a series of isotopically enriched substrates,
Bennet and coworkers measured a suite of primary and secondary KIE values for the
invertive substitution of a-D-glucopyranosyl fluoride by azide in aqueous buffer at pH 6.
The full suite of experimental KIEs were used to inform a computed transition state for the
displacement, which is best considered as an exploded associative transition one (Table 15).
328 Knowledge of this mechanism enabled Miller, Schepartz, and their coworkers to develop
a method for the O-glycosylation of simple alcohols from unprotected glycosyl fluorides
using calcium salts as promotors.32?

Zimmerman, Nagorny and their coworkers investigated the mechanism of the stereoselective
spiroketalizations of substituted cyclic enol ethers (including glucals) catalyzed by chiral
non-racemic phosphoric acids. Using deuteriated substrates the reaction was found to be
syn-selective (Scheme 47). A Hammett study with a substituted system indicated the
development of positive charge in the transition state but less than expected for a Sy1
mechanism involving an intermediate oxocarbenium ion. Finally, a secondary deuterium
kinetic isotope effect of 0.85 was measured leading to the proposal of an asynchronous
concerted mechanism with a relatively short-lived polar transition state and highlighted the
dual function of the phosphoric acid, as a Brgnsted acid catalyst and a Lewis base in
deprotonation following ketalization (Scheme 47). Quantum mechanical calculations further
supported this hypothesis.1>?

Using a modification of the Singleton method with use of a DEPT sequence to enhance
sensitivity, Jacobsen and coworkers have examined the reaction of 2,3,4,6-tetra- O-methyl-a.-
D-galactopyranosyl chloride with benzyl alcohol with catalysis by a tailored chloride-
complexing thiourea.253 Operating in toluene at room temperature in the presence of
isobutylene oxide to trap the expelled chloride, the experimental '3C KIEs were consistent
with loose Sn2-like transition state with a high degree of oxocarbenium ion character (Table
16 and Figure 18).

In the corresponding mannose series, starting from the axial chloride, secondary a.-
deuterium KIEs of 1.15 and 1.25 were measured for both the f- and a-anomers of the
product using isotopically enriched samples. The results are consistent with a loose
asynchronous associative transition state for the formation of the B-isomer and an Sy1-like
mechanism for the a-anomer (Scheme 61).252

Using the Singleton NMR method??2 and a substrated partially enriched in deuterium
Takahashi, Toshima and coworkers measured primary !3C and secondary a-deuterium KIEs
of 0.9999 and 1.055, respectively, for the regio- and stereospecific boronic acid-catalyzed
coupling of a 1,2-anhydroglucopyranose to polyols.2’® Based on DFT calculations, and the
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fact that the couplings are run in the presence of several equivalents of water without
competing hydrolysis, the authors favored a highly dissociated Syi mechanism (Scheme 62).
Computational analysis of the evolution of the relevant bond orders over the course of the
reaction revealed that cleavage of the C1-O2 bond very significantly preceeds formation of
the glycosidic bond and cleavage of the nucleophilic B-O bond suggesting the mechanism to
be close to the Sy1 end of the mechanistic spectrum. Indeed, the experimental !3C primary
KIEs of 0.9999 is closer to the 1.005 measured by Crich and coworkers for the Sy1-like 4,6-
O-benzylidene-directed a-mannosylation (Figure 23) than to the closest computed value of
1.009 for the Sni reaction. The absence of hydrolysis in the presence of several equivalents
of water would then be explained simply by the high effective molarity of the intramolecular
nucleophile. Computational analysis of the competing Syi transition state leading to the
formation of the regioisomeric 1—6-linked product revealed it to be more sterically
congested and some 3 kcal.mol~! higher in energy. With the 1,2-anhydromannopyranose
donor (Scheme 52) the opposite regioselectivity is observed in the glycosylation of 4,6-diol,
which is again explained in terms of a less congested transition state. This switch in
regioselectivity with configuration of the donor effectively constitutes another example of
the match and mismatch phenomenon. 260

Finally, using material partially enriched in deuterium at the anomeric position and in the
remote acetate as internal standard, Lowary and coworkers determined the secondary a.-
deuterium KIE for the coupling of the a-2,3-anhydrolyxofuranosyl thioglycoside to benzyl
alcohol (and to a primary carbohydrate-based alcohol) on activation with molecular sieves
(or copper(Il) triflate).!28 The results were consistent with migration of the arylthio moiety
to give furanosyl oxocarbenium ion, rather than an episulfonium ion, as rate determining
step (Scheme 63). Computational work was in agreement with this conclusion and pointed to
a preferred 3 E conformation for the oxocarbenium with trapping from the inside face

consistent with the Woerpel model!24:330 and the subsequent studies of Filippov and Codée.
129

17 Use of Cation Clocks to Determine Molecularity

Inspired by the Jencks azide clock’’ and the use of radical cyclizations as clocks for
intermolecular reactions,>3! Crich and coworkers developed a cation clock method to
determine the molecularity of glycosylation reactions. In this approach a unimolecular
reaction (cyclization) is set up in competition with the glycosylation such that a plot of the
glycosylation/cyclization product ratio against acceptor concentration reveals any
dependence of the glycosylation product on concentration.83-8¢ A marked increase in the
ratio of glycosylation to cyclization products with increasing acceptor concentration reveals
an Sn2-like associative mechanism. Alternatively, a glycosylation to cyclization ratio
showing low acceptor concentration dependence is characteristic of an Sy1-like dissociative
mechanism. This method allows one to localize the mechanism of a given reaction in the
Sn1-SN2 continuum of mechanisms of glycosylation!7-20 by a simple product study. The
concept is illustrated (Scheme 64) for 4,6- O-benzylidene-directed f-mannosylation using
the intramolecular Sakurai clock examined in more detail in Scheme 9 above.
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The method was employed to probe the molecularity of C- and O-glycosylations in the
mannopyranosyl and the glucopyranosyl series using diversely protected
trichloroacetimidate and sulfoxide donors.84 In the case of the 4,6- O-benzylidene protected
mannosyl donors it was evident from the glycoside to cyclized product ratios (Figure 24)
that B- O-mannosylation displayed a much stronger concentration dependence on the
acceptor than a-O-mannosylation, whereas B-C-mannosylation was still less dependent.
These results were interpreted as consistent with an Sn2-like associative path for formation
of the B-O-glycosides and with a much more dissociative Sy1-like mechanism for that of the
a-anomers. These results were in excellent agreement with the previously discussed kinetic
isotope effects.222 The very low concentration dependence of the C-mannosylation reaction
was interpreted as consistent with a highly dissociative mechanism proceeding via an
oxocarbenium ion only loosely associated with the counterion. In the corresponding
benzylidene-protected glucopyranose series formation of both the a.- and B-O-glycosides
shows significant dependence on the concentration of the acceptor, suggesting both to
proceed via Sy2-like mechanisms,3+ again consistent with the earlier KIE studies.

While cation clock methods provide much valuable information on the molecularity of
glycosylation reactions, an estimation of the influence of concentration on selectivity can
also be obtained simply by studying selectivity as a function of concentration. In the course
of their investigation into their supramer concept, numerous such studies were reported by
Kononov and coworkers for various sialidation reactions.286-290 A curious inverse
dependence on acceptor concentration in certain sialidation reactions was reported by Xing
and coworkers and attributed to a change on supramer constitution.332 Yet further examples
have been provided by Kononov who showed, inter alia, the influence of donor
concentration on the stereochemical outcome of the reaction of an arabinofuranosyl bromide
with dibutyl phosphate (Scheme 65).333

18 Computational Studies

The considerable body of computational work on the structure of glycosyl oxocarbenium
ions published prior to 2009 has been reviewed.20% The broad availability of DFT
calculations has meant that computational work now complements many experimental
studies, as presented in the relevant sections above, to the extent that no attempt has been
made to cover computational work in a comprehensive manner in this review. Nevertheless,
some conceptually important studies are discussed below.

The tendency for spontaneous collapse of oxocarbenium ion — anion pairs in quantum
calculations results in the enormous majority of computational work either excluding the
anion altogether or resorting to artifact to prevent collapse. Computations that exclude
counterions focus only on intermediacy of oxocarbenium ions and consequently on
selectivity in the Sy1 wing of the general mechanism. While such studies provide much
needed insight into the conformations and reactivity of free oxocarbenium ions they exclude
from consideration any alternative associative mechanism and so necessarily fail to give a
complete appraisal of the full range of possibilities.
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In an early attempt to circumvent the problem and include the necessary counter ion
Whitfield and coworkers incorporated a lithium ion at a fixed distance from the anomeric
center so as to neutralize the charge on the departing triflate and prevent spontaneous
collapse of any ion pairs in computations directed at the reaction of tetra- O-methyl a.- and p-
glucopyranosyl triflates with methanol.393 Later, in a QM/MD study of the reactions of
tetra- O-methyl-D-glucopyranosyl triflate in various solvents (acetonitrile, ether, dioxane,
toluene) and in the gas phase, Satoh, Hiinenberger, and their co-workers employed distance
constraints to prevent the collapse of ion pairs.33* Their MD simulations showed that in
acetonitrile the oxocarbenium ion preferentially adopts a 0.5, or, to a lesser extent, a 3 Hj
conformation, with the counter ion loosely associated with the anomeric carbon and
distributed nearly equally between the a- and B-faces. In contrast, in lower polarity solvents,
the oxocarbenium ion was found to adopt a 3 Hy conformation with the counter ion tightly
associated with the anomeric carbon and predominantly on the B-face (Figure 25). Overall,
the results suggested that increased solvent polarity leads to weaker association of the triflate
ion with the oxocarbenium ion and to a progressive shift of its preferential positioning from
the B- to the a-face of the ring. Selected configurations of the oxocarbenium-counterion
complex were extracted from the simulations in acetonitrile and dioxane and subjected to
QM geometry optimization ultimately leading the authors to formulate their “conformer and
counter ion distribution hypothesis”, according to which stereoselectivity is dictated by the
conformational properties of the reactive oxocarbenium-counter ion complex as a whole.

Sn2-like transition states for the displacement of triflate from covalent a- and p-gluco and
mannopyranosyl triflates carrying 4,6- O-formylidene acetals and methyl ethers at the 2- and
3-positions, including a-deuterium kinetic isotope effects, were first computed by Li,33 and
were in general agreement with the subsequent calculations of Pratt, Crich and coworkers on
closely related systems (Figure 23).222 A common theme in transition state computations
that include the leaving group is the finding of associative transition states, albeit with
relatively long partial bonds to both the nucleophile and the leaving group reminiscent of the

exploded transition states favored by the mechanistic enzymologists.

An important aspect of QM calculations of glycosylation reactions is the provision of
theoretical kinetic isotope data to corroborate experimental measurements. Thus, the primary
13C-KIEs computed by Pratt, Crich and coworkers for the associative displacement of
triflate from 4,6- O-benzylidene protected a-mannopyranosyl and a- and B-glucopyranosyl
triflates were in good agreement with the experimental values and so provided strong
support for Sn2-like mechanisms for these reactions. The computed primary 13C KIE for the
associative formation of the corresponding a-mannoside from the p-mannosyl triflate was,
however, significantly different from the experimental value causing the authors to conclude
that this latter reaction was more Sy1-like in nature (Figure 23).222 The direct computation
of KIEs for the dissociative transition was not possible because of the collapse of the
necessary ions pairs in the calculation.

The problem of spontaneous ion pair collapse was eventually solved by Hosoya and
coworkers by the solvation of the triflate anion with three explicit molecules of
dichloromethane through C-H---O hydrogen bonding and a further molecule of solvent to
stabilize the positive charge on the oxocarbenium ion. In this manner it proved possible to
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compute the relative energies of a series of permethylated gluco and mannopyranosyl
triflates as well as the corresponding contact and solvent-separated ion pairs for the first time
without recourse to artifact as illustrated for the gluco series in Figure 26.336-337 The method
was subsequently extended to the 4,6- O-alkylidene protected manno- and glucopyranosyl
triflates and the corresponding ion pairs leading to the conclusion that the cyclic acetal
stabilizes a manno a- contact ion pair to a greater extent than in the gluco-configuration
where a solvent separated ion pair is indicated.?3® Importantly, while differing in method
and detail, both the Hiinenberger and Satoh,33% and Hosoya models338 underline the
importance of the counter ion and its location on the relative energy and conformation of the

associated oxocarbenium ion.

In their experimental and theoretical study of the organocatalyzed displacement of chloride
from various glycosyl donors, Jacobsen and coworkers measured a series of secondary
deuterium KIE values, which were found to be small and normal for the formation of the -
glycoside from per-O-methyl-a-D-mannopyranosyl chloride, consistent with an associative
mechanism (Figure 18). The formation of the minor a-anomer from the same reaction was
found to be accompanied by a larger normal secondary deuterium KIE indicative of a
dissociative mechanism.22 Subsequently, 'H to 13C polarization transfer was used to
enhance signal to noise ratios and so reduce acquisition times in a Singleton-type322 natural
abundance NMR determination of 13C primary and secondary KIEs for the thiourea-
catalyzed displacement of per- O-methyl-a-D-galactopyranosyl chloride by benzyl alcohol.
253 QM calculations were used in the normal manner to obtain the anticipated KIEs for the
asynchronous Sn2-like displacements, which showed reasonable agreement with the
experimental values. In an interesting twist, however, and following the work of Berti on
hydrolytic reactions,>3° the authors argued that the equilibrium isotope effect is a
satisfactory model for the KIE of the dissociative mechanism enabling them to calculate
primary and secondary !3C KIEs for the competing Sy1 reaction.2>3

In the furanoside series Filippov, Codée and coworkers!2? carried out a computational and
experimental study to gain insight into the stereoelectronic effects that govern the highly
stereoselective formation of 1,2-cis glycosides regardless of the configuration of the
furanosyl donor at C2 (Scheme 18). For each of the arabino, lyxo, ribo, and xylo
configurations the relative energies of a total of two hundred and forty three ring and side
chain conformations were computed for the per- O-methyl oxocarbenium ions, and
correlated with the experimentally observed selectivities for reduction of the furanosyl
acetates with deuteriotriethylsilane in the presence of trimethylsilyl triflate. Overall, the
experimental stereoselectivities were adequately explained by inside attack of the acceptor
on the lowest energy conformer of the corresponding oxocarbeniums consistent with the
Woerpel model.”2124.125

DFT studies of the effect of the rotation of the C2—O2 bond on the conformation of ether-
protected glycosyl oxocarbenium ions by Whitfield indicated a strong syn preference for the
configuration of the C2—H2 and the O2-R bonds, where R is the O2 ether, as revealed by the
H2-C2-02-R torsion angles < 20°.295 This conformational preference was attributed to
hyperconjugative interaction between a lone pair on O2 and the LUMO of the C1-O5
double bond.340 Realizing that covalent intermediates and contact ion pairs (CIPs) are not
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necessarily subject to the same conformational restrictions, Whitfield and Kumar
hypothesized that the dependence of glycosylation selectivity on the configuration of a chiral
02 protecting group would be indicative of an oxacarbenium ion intermediate.3*! In the
event the change in selectivity observed between the R- and S-isomers on coupling of both
armed and disarmed 2- O-[ R, 5-1-(cyclopropyl)ethyl]-protected D-glucopyranosyl donors
with various alcohols was not sufficient to allow meaningful conclusions to be drawn.

With regard to the influence of substituents on the reactivity of glycosyl donors,
computational work was performed in support of an experimental study showing that a 3-O-
(a-mannopyranosyl) moiety on p-tolyl 2,4- O-benzyl-6- O-triisopropylsilyl-a.-D-
thiomannopyranoside is more disarming than an acetyl group at the same position. On the
basis of the DFT calculations it was suggested that the presence of the bulky 3- O-glycosyl
moiety increases the torsional strain engendered in the O2-C2-C3-03 system as the system
deforms from the 4C1 chair (60 °) of the donor to the 4H3 (45 °) of the putative
oxocarbenium ion as compared to smaller groups at O3, resulting in a higher activation
energy.342

19 Conclusions

While NMR spectroscopic evidence for glycosyl oxocarbenium ions has been provided in
superacid media in recent years, it is still lacking in organic solvents owing either to
decomposition or combination with the counterion to form covalent species. In this latter
regard it is well to recall that the anomeric '3C chemical shift of a glycopyranosyl triflate is
around 100-105 ppm in the region of typical acetal carbons and much removed from the
chemical shifts measured for oxocarbenium ions (200-250 ppm). Any dynamic equilibrium
therefore very strongly favors the covalent form, which argues against the possibility of
detecting the oxocarbenium counterion pair below the coalescence temperature. Regardless,
the isolation of frans-fused products in intramolecular Sakurai reactions in the benzylidene
protected mannose series requires a sufficient lifetime to allow conformational inversion of
the oxocarbenium ion. In contrast, the spectroscopic evidence for the formation of a wide
variety of activated covalent glycosyl intermediates under preactivation conditions, typified
but by no means limited to the glycosyl triflates, is extensive. Moreover, the evidence is
mounting that nucleophilic counterions play an important role in glycosylation through the
formation of covalent intermediates, even when used in substoichiometric quantities.
Another important advance that bears on the glycosylation mechanism is the study of the
nucleophilicity of the alcohol in relation to selectivity.

Ultimately, the question of whether a particular glycosylation reaction hews more to the Sy1
than the SN2 end of the mechanistic continuum, or vice-versa, can only be answered by
kinetic measurements. Early workers readily established that substitutions of several
glycosyl halides by strong anionic nucleophiles proceeded by Sn2-like mechanisms, but
early work with model alcohols as nucleophiles was mostly conducted under pseudo-first
order solvolytic conditions or in polar solvents resulting in an apparent preference for
dissociative Sy 1-like mechanisms for glycosylation reactions. More recent work, with either
indirect cation clock methods or direct kinetic methods, conducted in more typical solvents
such as dichloromethane has revealed a strong concentration dependence of several O-
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glycosylation reactions on nucleophile concentration pointing to Sn2-like processes. The use
of kinetic isotope effects to probe transition state structure, an area where preparative
carbohydrate chemistry lags far behind enzymatic glycosylation, has also provided strong
evidence for associative mechanisms in some modern preparatively useful glycosylation
reactions. Further kinetic and kinetic isotope effect studies are needed to inform the
mechanisms of a broader spectrum of modern glycosylation reactions and so provide
preparative chemists with the information needed to optimize the selectivity of current
processes and rationally design improved ones.

Computational studies of glycosylation reactions, which for many years provided a very one
sided oxocarbenium ion centric picture of events because of the unavoidable collapse of ion
pairs in quantum calculations, are undergoing a transformation with new methods for the
stabilization of ion pairs through the explicit solvation of the counterion. Such techniques,
which will doubtless be subject to further improvement, promise to be a more reliable

companion for the experimental chemist.

All told, studies on the mechanisms of glycosylation reactions have evolved considerably in
the last twenty years but the range of reactions that have been subjected to careful scrutiny,
especially from the critical kinetic view point, remains limited. Such studies are of great
importance in the design and elaboration of new, improved and more robust glycosylations
suitable for routine use by a broader spectrum of glycoscientists beyond the current group of
more specialized organic chemists.
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Carbenium and Resonance Stabilized Oxocarbenium Ions
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Figure 2.
The o-1t and T Bond Models for Oxocarbenium Ions
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Figure 3.
Relative Rates of Solvolysis of 1-Adamantanyl Tosylate and 2-Oxa-1-adamantanyl Tosylate
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Stable a-Oxa Triflates
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Figure 5.
Retardation of Relative Rates of Solvolysis by B-C-O Bonds
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Figure 6.
Structure and Preferred Conformations of 1-Alkoxyoxocarbenium Ions as a Function of the

Substituent
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Figure 7.
Plot of the Negative Logarithm of the Rate Constant for Spontaneous Hydrolysis of 2,4-

Dinitrophenyl Glycosides versus the Sum of Stereoelectronic Constants for the Substrate
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Dominant Solution Conformations of the 2,3-Dideoxy-4,6-di- O-benzyl-1-ethoxy, 2-

Deoxy-3,4,6-tri- O-benzyl-1-ethoxy glucopyranosyl, and 1-Ethoxy-5-

Benzyloxymethyltetrahydropyranosyl Oxocarbenium Ions with Emphasis on the Side Chain

Conformation
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Enforced gg Conformation Reduces Equatorial Selectivity in Mannopyranosylation
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Figure 12.
Crystallographically Established Structures of Bicyclic Glycosyl Sulfonium Ions
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Figure 13.
Reactivity Sequence of a Series of Thioglycosides Toward Activation by N-Iodosuccinimide

and Trimethylsilyl Triflate
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Figure 14.
Relative Reactivity Order of Two NMR Characterized Glycosyl Sulfonium Ions
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Glycosyl Nitrilium Ions Characterized by NMR Spectroscopy
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Figure 16.
Three Component Transition State with Dual Function of the Phosphoric Acid
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Figure 17.
Hypothetical Four-component Transition State Accounting for the Roles of a Thiourea and a

Phosphoric Acid in Organocatalyzed Glycosylation with a Trichloroacetiomidate Donor

Chem Rev. Author manuscript; available in PMC 2019 September 12.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Adero et al.

MeO OMe
O
MeO ;
MeO !
e

FsC

Figure 18.

I|3n
-0
\
H
\é\ N
I}l S
H HN
@]

Page 76

\/Q FaC
NVO S
[ j %N

catalyst

Computationally Derived Transition State for Macrocyclic Bisthiourea Promoted Sn2-Like

Galactosylation

Chem Rev. Author manuscript; available in PMC 2019 September 12.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Adero et al.

TFAO

TFAO BzO

[a]um

95

85

75

70

65

Page 77

TFAO

OTIPS BzO— OH NIS, AgOTf TFAO
SPh OCEP

CICH,CH,CI, 4AMS BZO—%EOM
OCEP

(0)]
TIPSO

CEP = 4-(CICH,CH,0)CgHy4 BzO
1A - 25
LY
1,' N —@— Specific optical rotation
_: \\ [ﬂ]nza P
-" L™ --g=--Anomericratio(B/a)
\‘~~
o L 15
- --"-h..----’
- 1
| —a - - 0.5
I i I I I 0
0 0.02 0.04 0.06 0.08 0.1 0.12
C/ mol.L?
Figure 19.

Correlation of Anomeric Selectivity and Specific Rotation of the Solution in an
Arabinofuranosylation Reaction
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Computationally-Located Transition State for the Sy2-Like Opening of a Bicyclic
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Figure 24.
Plot of Mannoside to Cyclization Ratio vs Acceptor Concentration for Mannosylation

Following Scheme 64.
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Schematic Representation of the Change in the Per- O-methylmannopyranosyl
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When ion Pair Collapse is Prevented
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Figure 26.
Computed Per- O-Methyl Glucopyranosyl Oxocarbenium Ion Pairs with Explicit

Dichloromethane-Solvation
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Equilibration and Cyclization of a Transient Mannopyranosyl Oxocarbenium Ion in CH,Cl,
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Computed Hydride Ton Affinities Relative to the fer-Butyl Cation (kcal.mol~!).32

Table 1

Carbocation | AHIA(g)
MeCH,* 33.8
Me,CH* 14.7

MeOCH,* 2.1
MeOC(Me)H* -15.7
MeOCMe,* -26.7

PhCH,* 5.0
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Table 2
Selected Relative Rates of Acid-Catalyzed Hydrolysis of Methyl Glycosides in 2 NHCI at 58 °C.

Glycoside Krel
OH
HO % 1
HO
HOO Me
OH
HO 20904
OMe
Glycoside Krel
o H 20
HOOMe
OH 40
0]
HO
HOOMe
In 0.1 NHCL
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Table 3

Selected Relative Rates of Spontaneous Hydrolysis of 2,4-Dinitrophenyl Glycosides at pH 6.5 in 25 mM
Sodium Phosphate Buffer and 0.40 M KClI at 37 °C.

Glycoside Krel
OH
HO O NO;
HO 1.0
9% NO,
OH
HO O NO;
4.0
HOo NO,
Glycoside Krel
O H 22.4
O NO,
HO
HO NO,
H3C 4.7
HO O  NO,
HO
o < NO,
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Table 4

Relative Rates of Spontaneous Hydrolysis of Bicyclic Dinitrophenyl Glycosides at pH 6.5 at 37 °C.50-1

Substrate (glu) Conf | Kral

OMe

Mo

2

ODNP - 1
MeO

OMe

s

MO ODNP | # | *°
oM

®

MO ODNP | o | 21
OM

®

ODNP 0 |
OMe

@]
MeO

Substrate (gal) Conf | Kre

MeO OMe

4

MeO ODNP o IR

oM

0]

AWe;
O

292 2.5

MeO ODNP

OMe

gt 14

MeO ODNP
OM

(1]
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Substrate (gal) Conf | Kre
@]
MeO-
1z 1
MeO ODNP
OMe
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Table 5

Selected Examples of Wong Relative Reactivity Values (RRVs) for the Activation of Thioglycosides by NIS-
TfOH in Dichloromethane at Room Temperature.

Substrate RRV
AcO OAc
Aco§|0:

AcO 1
STol

BnOOBn

an 72 %104

O STol

BnO OBn
O 4
BnOéS/SToI 1710
BnO
Ph
@]
@]
185.4
@)
ClIAcO STol
BnO
Ph
O
O
118.7
O
ClAco&;,SToi
BzO
Ph
Lo

@]

102.0
@)
mmogg,sm

PhthN
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Substrate

RRV

HO OBz

BzO STol

£

BzO

Ph

O

CIAcO STol

g
O
K

ClAcO

Substrate

RRV

BzO OBz

HO STol

4

BzO

289

0
>

OO
ZLO

24.1

BzO

ClAcO STol

BzO OBz

Bzoki;gx,sm 176
OH

BzO OH

BZO&OQ,STOI 13.1
BzO

BzO OBz

BzOég&/STol 37
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Substrate RRV
OAc
AKCC)O STol 27
AcO
OAc
(@)
AcO STol | 17
PhthN
OBz
BZBE_JO STol 13
BzO
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Table 7
Oxocarbenium Ion Lifetimes in Water.
Oxocarbenium ions Estimated lifetime (s)
OH
o@
HO 1 x 10712 (2.5 x10712)
HO >
OH
OH
®
HO @) o 1.4-2.7 x 1011
\
HO & N;
>3 x 1071

ss1p:M complex where M = 4-bromoisoquinoline.

b_. e . . .
Different lifetimes were reported for the two anomeric substrates leading to the range given
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Table 8

Stereoelectronic Substituent Effects on pKa of Piperidinium Ions in Water at 25 °C?
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R
RmNHZ Fgl'b R,‘mNH2 &NHZ
@ R ©] ®
R group
OH 1.3 0.5 0.6 0.2
F 23 1.5 1.0
COOMe 1.2 0.2
CONH, 1.5 1.3
COO~ 0.5 -0.2 0.2
CN 2.8 3.0
CH,0OH 0.4 0.5

a . . T . .
ogvalues in pH units. The pKa of a piperidinium ion is decreased by the sum of the appropriate substituent values.
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Table 9

pK, Values of Piperidinium Ions as Models for the Influence of Protecting Groups on Oxocarbenium Ions

Structure pKa

OBz

6.4

BzO @
‘NH, 6.9
®
NH; 7.7

NH, | 87

®
BzO NHy | 5,
BzO
®
AcO NHp | 55
AcO

OAc

e
o

Structure pKa

®
Ph—X0
HO |

OH
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Structure pKa
OBn
®
BnO NH, 6.0
BnO
OBn
OMe
®
MeO NH, 6.0
MeO
OMe
OH
®
OH
OoH
N 72
H
OH OH
TBSO /TBS
OoH
N ~8.5b
H
TBSO OTBS

“Measured in 65:35 THF:H0.

b_ . T
Estimated from NMR spectroscopic titrations.
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Influence of Acceptor Nucleophilicity as Judged by the Field Inductive Effect Parameter F'on Glycosylation
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Table 10
Stereoselectivity
03" RCH,OH Og“
B30 Bgso R
sgt  NIS, CHiCN,0°C -
RCH,0H F a:f
CF;CH,OH 0.38 83:17
F,CHCH,OH 0.29 67:33
FCH,CH,OH 0.15 56:44
BrCH,CH,OH 0.14 55:45
CICH,CH,0H 0.13 56:44
CH;CH,0H 0.00 51:49
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Table 11

Page 164

Influence of Acceptor Nucleophilicity on Stereoselectivity with Different Donors

820 SPh

a:B, % yield

P Y0\ o
80 SPh
BnO

a:p, % yield

MeO,C Ogn
Agcr?o SPh

a:p, % yield

E{OH
S 42 0015 115,70 1:10, 68 1:8, 95
FC,H,0H

2 o1sb 135,86 1:3,70 1:6,70
F,C,H;0H

2 020b 1:5, 90 5:1,70 1:5, 87
F3C,H,0H
117 oag 1:4,78 >20: 1,64 1:2.5,85
AllyITMS

1 Gyga b <1:20, 44 >20:1,42 >20:1, 40

3Mayr’s nucleophilicity parameter.

bField inductive effect parameter
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Table 12

Page 165

Influence of Acceptor Nucleophilicity on Stereoselectivity as a Function of Donor Protecting Groups

Fh"%o 0 tBUgSI*\-C-)O o Ph’%O 0
BnO SPh BRO SPh BzO SPh
BnO N3 Ns
a:B, % yield a:p, % yield a:B, % yield
E{OH b 1:10, 68 <1:20, 65 <1:20, 86
7.44.0.01
FC,H,0H
b 1:2.8,70 1:5,79 1:6.5, 83
-4.0.15
F,C,H;0H
5:1,70 2.7:1,76 2.7:1, 84
-2,0.29
F3C,H,0H 1.114, 0.380 >20:1, 64 >20:1, 82 >20:1, 86

Mayr’s nucleophilicity parameter.

b
Field inductive effect parameter
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Table 12

pK, Values of Conjugate Acids of Aminosugars as Models for the Nucleophilicity of Hydroxy Groups on

Sugar Rings
Structure pKa
OH 7.5
Hgoﬁgg
OH,N
% OMe
OH 7.8
HO O
®  Ho
OMe
OH 6.8
®
HsN O
HO s
OMe
e 8.9
NH;
HO O
HO HO
OMe
Structure pK,
HO OH 79
0]
HO
OH,N
OMe
HO ~OH 50
@ 0]
H3N
HO
OMe
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Structure

pKa

@ 7.3
HsN _-OH
O
HO
HO
OMe
=) 8.9
HO _~NH;
O
HO
HO
OMe
Structure pKa
o) 72
HO—  NH,
HO %
HO

8.1

72

Me
@ 9.0
H3N—  OH
Ho*‘:g\;],ob
HO
OMe
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Table 14

Second Order Rate Constants for Bromide Ion Displacement by Chloride
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Structure K&
Oéc 93
BnO
nO N
3
Br
OSC 4.6
AcO
CBnO
N3
Br
Oéc 4.0
N
BhO
N3
Br
oéc 2.7
BnO
AcO
N3
Br
Oéc 1.7
BzO
ZBzO
N3
Br
OAc 155
O
AcO
AcO
N3
Br
Structure K&
11.6
BnO OAc
@]
BnO
N3
Br
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Structure K&
10.9
B2Q _o4c
0]
BzO
N3
Br
9.0
BnO OAc
o]
Acogﬁ
N3
Br
3.4
AcO OAc
0
Acogﬁ
N3
Br
3.2
AcO OAc
O
Bno%
N3
Br

a, 1. . . .
Second order rate constants (L.mol 1mm 1) for reactions conducted in acetonitrile at room temperature
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Table 15

Experimental and Computed KIEs for the Displacement of Fluoride from a-D-Glucopyranosyl Fluoride by
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Azide

HO N3
HO O .194A
HO Ho & H
1275 A
£
Isotope | KIE by ?F NMR | KIE (cald) TS
a-D 1.192 % 0.006 1.197
B-D 1.046 % 0.007 1.041
v-D(C5) | 0.987 +0.004 0.986
a-13¢ 1.024 % 0.006 1.034
a-80 0.981 +0.003 1.011
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Computed and Experimental KIE Values Supporting a Loose Associative Transition State for the

Table 16

Page 171

Displacement of Chloride from Per- O-methyl-a-D-galactopyranosyl Chloride Promoted by a Macrocyclic
Bisthiourea (Figure 18).

method C1 Cc4 C5 Cé6
HF/cc-pvVQZ 1.033 | 1.03 | 1.036 | 1.039
MP2/cc-pVTZ 1.015 | 1.016 | 1.036 | 1.019
CCSD/cc-pVDZ 1.024 | 1.022 | 1.019 | 1.029
B3LYP/cc-pVQZ | 1.023 | 1.018 | 1.022 | 1.028
experimental 1.022 | 1.019 | 1.024 | 1.028

Chem Rev. Author manuscript; available in PMC 2019 September 12.



	Abstract
	Graphical Abstract
	1 Introduction
	2. Carbenium Ions and Glycosyl Oxocarbenium Ions
	3 Influence of C-O Bonds and Other Substituents on the Formation of Oxocarbenium Ions
	4 Mass Spectrometric Methods for Probing the Influence of Substituents on Oxocarbenium Ion Generation
	5 Generation of Glycosyl Oxocarbenium Ions from Glycosylidene Carbenes
	6 Piperidinium Ions as Models for Substituent Effects in Glycosyl Oxocarbenium Ions
	7 Facial Selectivity of Nucleophilic Attack on Putative Glycosyl Oxocarbenium Ions
	8 tau Bond Model Interpretation of Stereoselective Addition to Oxocarbenium Ions
	9 Generation and Characterization of Covalently-Bound Activated Glycosyl Donors
	10 Dual Acid-Base Catalysis in Glycosylation
	11 Influence of the Acceptor
	12 Influence of Solvent
	13 Influence of Temperature
	14 Hydrogen Bonding and H-Atom Transfer
	15 Kinetic Measurements
	16 Kinetic Isotope Effect Measurements
	17 Use of Cation Clocks to Determine Molecularity
	18 Computational Studies
	19 Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12
	Figure 13
	Figure 14
	Figure 15
	Figure 16
	Figure 17
	Figure 18
	Figure 19
	Figure 20
	Figure 21
	Figure 22
	Figure 23
	Figure 24
	Figure 25
	Figure 26
	Scheme 1
	Scheme 2
	Scheme 3
	Scheme 4
	Scheme 5
	Scheme 6
	Scheme 7
	Scheme 8
	Scheme 9
	Scheme 10
	Scheme 11
	Scheme 12
	Scheme 13
	Scheme 14
	Scheme 15
	Scheme 16
	Scheme 17
	Scheme 18
	Scheme 19
	Scheme 20
	Scheme 21
	Scheme 22
	Scheme 23
	Scheme 24
	Scheme 25
	Scheme 26
	Scheme 27
	Scheme 28
	Scheme 29
	Scheme 30
	Scheme 31
	Scheme 32
	Scheme 33
	Scheme 34
	Scheme 35
	Scheme 36
	Scheme 37
	Scheme 38
	Scheme 39
	Scheme 40
	Scheme 41
	Scheme 42
	Scheme 43
	Scheme 44
	Scheme 45
	Scheme 46
	Scheme 47
	Scheme 48
	Scheme 49
	Scheme 50
	Scheme 51
	Scheme 52
	Scheme 53
	Scheme 54
	Scheme 55
	Scheme 56
	Scheme 57
	Scheme 58
	Scheme 59
	Scheme 60
	Scheme 61
	Scheme 62
	Scheme 63
	Scheme 64
	Scheme 65
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5
	Table 6
	Table 7
	Table 8
	Table 9
	Table 10
	Table 11
	Table 12
	Table 12
	Table 14
	Table 15
	Table 16

