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1 Introduction

The recent past has seen extensive documentation of the
general chemical and biological aspects of carbohydrates and
their furanose and pyranose ring structures.1 Several older
reviews outline the mechanistic aspects of glycosyl transfers
and the tools necessary for the study of such reactions.2

Although numerous contemporary articles on the mechanism
of action of glycosidase enzymes have been published,3 there
are few recent treatises on the non-enzymatic processes. A

forthcoming book chapter delineates the use of multiple kinetic
isotope effects in combination with theoretical calculations to
provide insight into transition state structure for both enzym-
atic and non-enzymatic glycopyranosyl and glycofuranosyl
transfer reactions.4 The present document deals with recent
physical organic and kinetic studies that have led to elucidation
of the mechanism for transfer of glycopyranosyl moieties from
various substrates such as O-glycopyranosides, glycopyranosyl
fluorides, and glycopyranosyl pyridinium salts to acceptors,
the most notable of which is water. Glycofuranosyl transfer
reactions are not within the scope of the present review.

In the following report, a minor modification of the Winstein
ion-pair mechanism 5 (Scheme 1) is used for the analysis of ion-

pair intermediates. Specifically, the intimate ion-pair has been
omitted in view of a paucity of information with respect to the
occurrence, or lack thereof, of “internal return” at the stage
of the intimate ion-pair, and as to whether the intimate ion-pair
is in an energy well or is a transition state leading to the solvent-
separated complex.

For the purpose of this discussion, the lifetime of a cation
(τ) is defined as being equal to the reciprocal of the pseudo-
first-order rate constant for reaction of the cation with solvent
(1/kSOH). This period of time (τ) is equal to the average time
that elapses before the intermediate reacts with solvent.6 In the
presence of other nucleophiles such as azide ion, the pseudo-
first-order rate constant for capture of the cationic intermediate
(kcap) is equal to the sum of the two pseudo-first-order rate
constants (kSOH) and (kNuc[Nuc�]) (Scheme 2).7 This means that
as the concentration of an added nucleophile is increased, there
is a decrease in the average time that elapses before the cation
reacts.

In the case of a carbenium ion with a lifetime that is sufficient
(≥10�10 s) to allow equilibration of the solvent around the
cation prior to capture of the intermediate, the lifetime can be
estimated using the “azide clock” methodology of Jencks and
co-workers, where fN3

� is the fraction of azide product formed
[eqn. (1)].8 This methodology relies on the assumption that
azide ion reacts with a free, solvated carbenium ion at the dif-
fusional rate (kdif = kN3

� ≈ 5 × 109 M�1 s�1; Scheme 2, kNuc),
8,9

the validity of which has been confirmed by McClelland and
co-workers via laser flash photolysis technique measurements
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of the diffusion-controlled second-order rate constants for the
reactions of triarylmethyl,10 diarylmethyl,10,11 and p-methoxy-
phenylethyl 11 carbenium ion with azide ion.

The term “nucleophilic solvent participation” 12 is used
herein for cases in which the solvent acts as a nucleophile at the
reaction transition state, i.e., a concerted ANDN (SN2) reaction,
whereas the term solvation (or dipolar solvation) is reserved for
situations in which the interaction of the solvent with the
carbenium ion is dipolar in nature. Solvent deuterium KIEs
(kH2O/kD2O) for the hydrolyses of glycopyranosides are inter-
preted using the principles of isotopic fractionation factor
analysis [eqn. (2)].13 Eqn. (2) expresses the relationship between
the rate constants observed in D2O and H2O, and the fraction-
ation factors �i

TS and �j
R refer to the exchangeable protons

undergoing change in their bonding at the transition and react-
ant states, respectively.13 The solvent deuterium KIE analysis
can be simplified based on the following approximations: (1)
hydrogen fractionation factors (�) refer to the tightness of
bonding and are significantly less than unity for hydrogen
atoms undergoing rate-limiting transfer “in flight” between two
oxygen atoms. For hydrogen bonding situations in which the
overall bonding is loose, the fractionation factors are less than
unity, and this gives rise to normal solvent KIEs (kH2O/kD2O >
1);13b (2) D3O

� is a stronger acid in D2O than is H3O
� in H2O

(� = 0.69); (3) OD� is a stronger nucleophile/base in D2O than is
OH� in H2O; either specific-base or nucleophilic catalysis
would be expected to proceed faster in D2O unless there are
other compensating factors such as protons “in flight” as a
part of the rate-limiting step; and (4) fractionation factors for
non-transferring protons are given by eqn. (3), where α is the
fraction of progress towards product at the transition state.13a

This review employs the IUPAC recommended nomenclature
for reaction mechanism terminology as summarised by Guthrie
and Jencks,14 while the naming of carbohydrates and their
simple derivatives adheres to the nomenclature recommended
by IUPAC in 1996.15 For example, the replacement of an
oxygen atom by sulfur is designated as thio, i.e., 5-thioxylo-
pyranose (1), and the glucopyranosyl cation is referred to as the
glucopyranosylium ion (2) 15 whereas generic cations such as 3,
4, and 5 are referred to as carbenium,16 oxacarbenium, and
thiacarbenium ions, respectively, because in standard IUPAC
nomenclature replacement of a CH2 group by either an oxygen
or a sulfur atom is designated by the terms oxa or thia, respect-
ively.17 In addition, conformations of glycopyranosides are
designated based on IUPAC recommended nomenclature rules.18

As an example, Fig. 1 shows the conformations adopted by the

Scheme 2

(1)

(2)

(3)

pyridinium salts of β-xylopyranosyl, α-glucopyranosyl and
α-xylopyranosyl: the 4C1 chair, the 1S3 skew-boat, and the 1C4

chair, respectively.19 

With respect to glycopyranosyl transfer reactions, the present
report details the stoichiometry and, where applicable, char-
acteristics such as lifetime (τ) and partitioning to the various
substitution products (R–OS and R–Nuc; Scheme 2) of the
carbenium ion intermediate.

Three basic mechanisms (shown by pathways a, b, and c in
Scheme 1) have been identified for the glycopyranosyl transfer
process: (a) concerted (ANDN, SN2); (b) dissociative via ion-pair
intermediates (DN * AN, SN1); and (c) dissociative via a solvent-
equilibrated intermediate (DN � AN, SN1). These three pro-
cesses differ in the timing of the events involving C1–Nuc bond
formation and C1–Lg bond cleavage. Within this mechanistic
manifold, departure of the aglycon (Lg, Scheme 1) can occur
with acid-, base-, or water-catalysis. Accordingly, this review
has been organised into sections that are based on the aglycon
of the glycopyranoside. In view of the fact that 5-thioglyco-
pyranosides and related analogues are being investigated by
several research groups as potential glycopyranosidase inhib-
itors,20 we will conclude with a brief summary of the effects
on the hydrolytic mechanism of substitution of the ring
oxygen atom by a sulfur atom. Specifically, we will focus on the
kinetic accessibility and reactivity of the thiacarbenium ion
intermediate, relative to the analogous oxacarbenium ion.

Finally, mention should be made of a 1992 American
Chemical Society publication that contains several articles in
which the well-documented anomeric effect and the kinetic
reactivity of glycopyranosides are analysed in support 21 of
Deslongchamps’ stereoelectronic theory,22 or are presented as
evidence that such stereoelectronic effects are very weak 23 or
absent 24 during glycopyranosyl transfer reactions. Since pub-
lication of his book,22 Deslongchamps and co-workers have
proposed that synperiplanar lone pairs are as effective as
antiperiplanar lone pairs in prompting acetal hydrolysis.25 For
the purpose of the current article, a detailed discussion of
stereoelectronic effects is unwarranted: (1) it is apparent that
stereoelectronic effects in other systems are absent;26 (2) as their
proponents suggest, both syn- and antiperiplanar lone pairs are
effective in displacing a nucleofuge from an acetal centre; and
(3) for all conformations of the flexible glycopyranosides either
an aligned (within 30�) syn- or antiperiplanar lone pair is

Fig. 1 Conformations of gluco- and xylopyranosyl pyridinium salts in
water.
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present. A final point with respect to this stereoelectronic
theory is that the important interactions are envisioned
using localised sp3 orbitals rather than delocalised orbitals in
which the HOMO is dominated by a p-type orbital on the
heteroatom.27

2 Glycopyranosides

2.1 Glycopyranosyl transfer from alkyl glycopyranosides

2.1.1 Acid-catalysed reactions in water

The more general elements of alkyl glycopyranoside hydrolysis
in aqueous acid have been known for over thirty years: 2 (1)
there is a linear dependence of the experimental rate constant
on [H3O

�];2 (2) fission of the glycopyranosyl–oxygen bond
occurs, except in the case of aglycons such as tert-butyl,28 where
alkyl–oxygen bond cleavage yields kinetically more accessible
carbenium ion intermediates; (3) the second-order rate con-
stants for reaction in deuterium oxide are larger (kD3O

�/
kH3O

� ≈ 1.8–2.5) 28,29 than those for the analogous reaction in
water; and (4) in general, entropies of activation are strongly
positive (∆S ‡ ≈ �40–80 J mol�1 K�1).30 The ensuing reaction
mechanism prototype, a specific acid-catalysed process in which
there is formation of a cyclic oxacarbenium ion intermediate, is
shown in Scheme 3.

This mechanism was refined further when in 1986, Bennet
and Sinnott reported a detailed kinetic isotope effect (KIE)
study on the acid-catalysed hydrolyses of methyl α- and
β-glucopyranosides.31 The important positions of isotopic
substitution are shown in Fig. 2 (R = CH2OH).

Results from this study reveal that the acid-catalysed
hydrolyses proceed via C–O exocyclic bond cleavage, that no
nucleophilic solvent participation is present at the hydrolytic
transition state, and that strengthening of the endocyclic C–O
bond lags behind C–O bond cleavage. The reported leaving
group 18O KIEs for methyl α- and β-glucopyranoside (1.026
and 1.024, respectively) 31 are consistent with the occurrence of
exocyclic C–O bond cleavage during methyl glucopyranoside
hydrolysis (Scheme 3). The conclusion that there is no nucleo-
philic solvent participation at the transition state was derived
from the results of measured anomeric 13C KIE for these
hydrolysis reactions (k12/k13) of approximately 1.01,31 a value
which is in the range typically associated with dissociative DN �
AN reactions (SN1; k12/k13 = 1.00–1.01),32 rather than associative
ANDN reactions (SN2; k12/k13 = 1.03–1.08).32 In support of the
third key conclusion, the magnitudes of the KIEs associated
with the ring oxygen, although inverse (k16/k18 < 1), are close to
1 (k16/k18 ≈ 0.991–0.996),31 and these results suggest that little

Scheme 3

Fig. 2 Positions of isotopic labelling used in the KIE studies on the
hydrolysis of methyl xylo- and glucopyranosides.

strengthening of the endocyclic C–O is present at the hydrolytic
transition states.

Based on the magnitude of the conformationally dependent
β-secondary deuterium 33 and ring 18O KIEs,31 Bennet and
Sinnott also proposed that the transition state conformations
for the hydrolysis of methyl α- and β-glucopyranoside are a
distorted 1S3 skew-boat and a flattened 1C4 chair, respectively. It
was assumed that the hyperconjugative interaction σ(C2–H) 
np(C1) at the transition state for hydrolysis of the α-anomer was
greater than that for the corresponding β-anomeric transition
state [the measured β-secondary KIEs (kH/kD) for the α- and
β-anomers are 1.073, and 1.045, respectively].31 Recent work by
Lewis and Schramm has shown, however, that ground state
force constant differences are likely to be present between the
two anomeric glucopyranosides, as revealed by the existence
of an equilibrium isotope effect (EIE; H/DKβ/α) of 1.027 ± 0.005
for the mutarotation of glucopyranose between its α- and
β-anomers (Scheme 4; L2 = D, L1 = H).34

In their study Lewis and Schramm used various levels of
theory up to RHF/6-31G**, including an Onsager dipole
model correction (e = 78.8), in calculations that showed the
β-EIE originates from differences in np(O2)  σ*(C2–H)
orbital overlap between the two anomers, differences that result
from variations in the preferred H–C2–O2–H torsional angle.
Clearly, the strength of the np(O2)  σ*(C2–H) orbital inter-
action will be mediated by solvent and, thus, the influence of
this interaction on the magnitude of the measured β-SDKIEs
(β-secondary deuterium KIEs) for the acid-catalysed hydrolysis
reactions will be modulated by solvent reorganization along the
reaction coordinate. As a result, derivation of transition state
conformations will require explicit inclusion of solvent into the
theoretical calculations. Another important result reported by
Lewis and Schramm is the magnitude of the EIE on muta-
rotation of (1-2H)-glucose, a value of 1.043 ± 0.004 (Scheme 4;
L1 = D, L2 = H).34 Thus, the ratio of measured α-SDKIEs
(kH/kD) for the hydrolysis of methyl glucopyranosides (KIEα =
1.137, KIEβ = 1.089) 31 is roughly equal to the EIE for inter-
conversion of the parent sugar [eqn. (4)].

Since the origin of an α-SDKIE is considered to arise mainly
from the weakening of an out-of-plane Cα–H(D) bond bending
vibration as hybridisation at the reaction centre changes from
sp3 to sp2, the larger observed α-SDKIEs associated with reac-
tion of the α-anomer has been used as the basis for the proposal
that reactions of α-glycopyranosides have later transition states
than β-glycopyranosides. Not only are α-SDKIEs unreliable for
distinguishing between unimolecular and bimolecular tran-
sition states in glycopyranosyl transfer reactions,35 but also the
use of such effects to analyse the “lateness” of glycopyranosyl

Scheme 4

(4)
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transition states is tenuous if the magnitude of ground-state
EIEs are not considered.

It is clear that the acid-catalysed hydrolysis reactions of
methyl α- and β-glucopyranosides proceed via dissociative tran-
sition states, although at the time of Bennet and Sinnott’s
paper, there was uncertainty as to the type of cationic inter-
mediate, either solvent-separated or solvent-equilibrated
(Scheme 1), that is produced in these reactions. In regard to
this problem, Amyes and Jencks estimated that the lifetime of
the glucopyranosylium ion (2) in water is approximately 1 ×
10�12 s,9 a value that was obtained by extrapolating the calcu-
lated lifetimes of acyclic oxacarbenium ions formed during the
hydrolysis reactions of α-azido ethers such as 6. In this partic-
ular reaction, trapping of the oxacarbenium ion intermediate
by added azide ion re-forms the starting azido ether (Scheme 2,
Lg� = N3

�). 

In 1995, hydrolysis reaction data from a glucopyranosyl ring
system lacking the 2-hydroxy group was used by Bennet and
co-workers to estimate a lifetime for the glucopyranosylium ion
(2) of at least 2.5 × 10�12 s (section 2.2.1).36 With estimated rate
constants of 1.0 × 1011 s�1 for reorganisation within an
ion-pair 37 and 1.6 × 1010 s�1 for diffusional separation of the
ion-pair,38 it is clear that insufficient time is available for the
short-lived glucopyranosylium ion to become equilibrated with
dilute solutes or solvent molecules prior to its capture. As a
consequence, homologues of 2 that are generated in glyco-
pyranosyl transfers will react with external nucleophiles, includ-
ing solvent, at the stage of the solvent-separated complex
(Scheme 1).

In an attempt to determine whether the conclusions that
emerged from the mechanistic study on methyl glucopyrano-
sides can be extended to other glycopyranosides, Induragalla
and Bennet performed an in-depth KIE study on the acid-
catalysed hydrolysis of methyl α- and β-xylopyranosides.39 The
results from this study reveal several similarities and, perhaps
surprisingly, some significant differences between the hydrolytic
transition states for methyl xylo- and glucopyranosides (Fig. 2,
R = H, or CH2OH, respectively). For instance, at the 95% con-
fidence level, the following KIEs were indistinguishable for each
of the corresponding anomers in the two systems: (1) anomeric
13C; (2) β-SDKIE (C2–H/D); (3) α-SDKIE (C1–H/D); and
(4) leaving group 18O KIE. On the other hand, the measured
ring 18O and solvent KIEs for the acid-catalysed hydrolyses of
methyl gluco- and xylopyranosides are significantly different.
Specifically, the ring 18O KIE (k16/k18) for hydrolysis of methyl
α- and β-xylopyranoside are 0.983 and 0.978,39 but the respect-
ive values for the two glucopyranosides are 0.996 and 0.991.31

Also, the measured solvent KIEs (kD3O
�/kH3O

�) for the
hydrolyses of methyl α- and β-xylopyranosides are 2.31 ± 0.09
and 2.24 ± 0.01, respectively,39 yet the reported value for the
hydrolysis of methyl α-glucopyranoside is 1.8.29 Based on the
magnitude of the observed aglycon 18O KIEs, it can be con-
cluded that both anomers of methyl glucopyranoside and
methyl xylopyranoside react via an acid-catalysed exocyclic
C–O bond cleavage pathway. The differences observed between
the ring 18O KIEs for the anomeric pairs of xylo- and gluco-
pyranosides are indicative of stronger np(O5)  p(C1) inter-
actions occurring at the xylopyranosyl transition states than
at the corresponding transition states for glucopyranoside
hydrolysis. Furthermore, the observed 18O KIEs for both of the
methyl xylopyranoside anomers are similar to EIEs calculated
at the HF/4.31G level of theory for the acid-catalysed forma-
tion of an oxacarbenium ion from methanediol (Scheme 5, ring

18O ≈ 0.977 and leaving group 18O ≈ 1.020).40 Although these
calculations were performed on the smallest possible model
compound, it is clear that significant exocyclic C–O bond cleav-
age and endocyclic C–O bond strengthening are critical attrib-
utes of the two anomeric xylopyranosyl hydrolytic transition
states.

The differences in the magnitude of the solvent KIEs
presumably result from unequal secondary KIE contributions
that originate from dissimilar solvation requirements at the
respective transition states rather than any involvement of a
general-acid catalysed pathway.

As mentioned previously, the magnitudes of the ring-18O and
the β-secondary deuterium KIEs were used as the basis for the
proposal that methyl α- and β-glucopyranosides hydrolyse via
flattened 1S3 skew-boat and flattened 4C1 chair transition state
conformations, respectively.31 With what is known at present,
the use of measured β-SDKIEs on glycopyranoside hydrolysis
reactions in order to derive conformational information is an
approach that is more complicated than had been previously
assumed. That being said, any ground-state β-EIE perturbation
of the magnitude of the measured β-SDKIE for hydrolysis of
methyl α--glucopyranoside would require that the H–C2–
C1–Lg dihedral angle in the transition state be larger than the
previously-estimated range of 31–43�. Therefore, the transition
state structure would be further removed from that of the
ground-state 4C1 chair conformation than from that of the
proposed flattened 1S3 skew-boat. Of particular note, the likely
transition state conformations for the acid-catalysed hydrolysis
of methyl α- and β-xylopyranosides are close to the struc-
ture of the oxacarbenium ion itself, probably a 4H3 half-chair
conformation.

At this point, stop and consider why tert-butyl β--gluco-
pyranoside undergoes alkyl–oxygen bond cleavage during acid-
catalysed hydrolysis,28 given that the tert-butyl carbenium ion
[(CH3)3C

�] has an estimated lifetime of 1 × 10�12 s,41 which is a
value of less than or equal to that of 2 (1–3 × 10�12 s). Based
simply on carbenium ion stability as defined by lifetime τ

(1/kHOH), a portion of the hydrolysis reaction would be expected
to occur via cleavage of the glycosidic C–O bond. As a con-
sequence, the dominance of alkyl C–O bond cleavage in the
case of tert-butyl β--glucopyranoside can be regarded as fur-
ther evidence for the occurrence of imperfect synchronisation
during the hydrolysis of glucopyranosides. That is, because
endocyclic C–O bond strengthening lags behind exocyclic C–O
bond cleavage, the hydrolysis reactions of glucopyranosides
exhibit higher-than-expected intrinsic barriers for exocyclic
C–O bond cleavage.

2.1.2 Acid-catalysed reactions in other solvents

Capon and Thacker reported that the methanolysis (CD3OD)
of methyl β-glucopyranoside occurs with <2% retention of the
original methyl group in the newly formed α-glucopyranoside
and that greater than 80% of glucopyranosylium ion capture
with CD3OD occurs from the opposite face to give the α-
anomer.42 In contrast, acid-catalysed anomerisation of methyl
glucofuranosides has been proposed to occur via endocyclic
cleavage of the furanose ring to give an acyclic acetal.42,43 These
mechanistic conclusions were further refined by two recent
studies on the acid-catalysed alcoholysis of methyl and ethyl
4-O-methyl-α- and β--glucopyranosides,44 and of methyl
and ethyl 5-O-methyl-α- and β--glucofuranosides.45 In these
two reports, Konradsson and co-workers show that the iso-
meric glycosides solvolyse by different mechanisms: pyrano-
sides react via a DN � AN exocyclic C–O cleavage, while the

Scheme 5
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Scheme 6

furanosides react via an ANDN endocyclic cleavage pathway.
Scheme 6 illustrates the respective reactions and initial products
for the methanolysis of ethyl 4-O-methyl-α--glucopyranoside
(7) and ethyl 5-O-methyl-α--glucofuranoside (8), compounds
that subsequently undergo acid-catalysed anomerisations.

At the moment, it appears that the 2-hydroxy group is an
important determinant for the mechanism of anomerisation.46

Specifically, the results from a recent study of the acid-catalysed
methanolysis of methyl 2-deoxy-β--arabino-hexopyranoside 47

suggest that for 2-deoxyglycopyranosides both exo- and endo-
cyclic C–O bond cleavage mechanisms occur simultaneously,46

although at the present time it is not clear whether the ring-
opening pathway occurs with or without nucleophilic solvent
participation.

Other solvents that have been used for mechanistic studies of
the acid-catalysed reactions of glycopyranosides include mix-
tures of acetic anhydride and acetic acid.48 Results with these
solvent systems are consistent with the formation of both cyclic
and acyclic oxacarbenium ion intermediates. However, given
the much lower polarity of such solvent mixtures as judged by
permittivities (acetic acid ε = 6.2, acetic anhydride ε = 20.7)
relative to water (ε = 78.5), it is likely that these reactions pro-
ceed via preassociation complexes or that they are concerted
reactions.

2.1.3 Water-catalysed reactions

In the absence of H3O
� catalysis, the water-promoted

hydrolysis of unactivated glycopyranosides such as methyl
β-glucopyranoside is exceedingly slow, with estimated rate con-
stants of the order of 5 × 10�15 s�1 at 25 �C, or half-life values of
approximately 20 million years.49 It is of note that these reac-
tions, which were monitored at temperatures of 180–260 �C, do
not involve alkyl–O cleavage; instead, reaction occurs at the
anomeric centre.49 The large negative entropies of activation
associated with the water-catalysed hydrolysis of methyl α- and
β-glucopyranosides (∼∆S ‡ = �100 J mol�1 K�1) 49 are presum-
ably a consequence of the reaction circumventing the formation
of highly charge-localized species that would arise from the
attack of neutral water. It is likely that these reactions involve
highly-ordered transition states that incorporate several water
molecules acting simultaneously to solvate both the departing
aglycon and the attacking nucleophilic water (Fig. 3).50 Highly-
ordered transition states (such as that shown in Fig. 3) which

Fig. 3 Possible transition state structure for the spontaneous
hydrolysis of methyl β--glucopyranoside.

include protons “in flight” should generate sizable solvent KIEs
(kH2O/kD2O). No such study has been reported.

The measurement of hydrolysis reactions at such high
temperatures introduces an unavoidable bias in favour of
mechanisms that possess large ∆H‡ values (∆H‡ ≈ 125 kJ
mol�1 in this case). Thus, it is possible that at ambient temp-
eratures, a concerted mechanism for the spontaneous hydrolysis
of alkyl glycopyranosides that involve a cyclic array of water
molecules may be preferred. Such a mechanism avoids the
formation of charged species.

As a final point, it has yet to be established whether these
uncatalysed processes involve exo- or endocyclic cleavage and
whether the mode of cleavage depends on the reaction temp-
erature. Indeed, Liras et al. described a glycopyranoside model
(9) in which as the temperature is lowered, acid-catalysed
hydrolysis gives rise to a greater fraction of reaction via endo-
cyclic C–O bond cleavage.51 

2.2 Glycopyranosyl transfer from glycopyranosyl pyridinium
salts

2.2.1 Spontaneous reactions in water

Glycopyranosyl transfer reactions that utilize pyridinium
derivatives such as 10 and 11 (R = CH2OH) as substrates are
more amenable to mechanistic studies involving modification
of the reaction nucleophile simply because the nucleofuge
(aglycon) does not require catalysis for departure. As a con-
sequence, rate constants for hydrolyses of α- and β--
glycopyranosyl pyridinium salts are typically independent of
pH between pH 4 and 9.52 Linear free energy relationships
(LFER) such as the Swain–Scott correlation can therefore be
probed with anionic nucleophiles that would otherwise be pro-
tonated at the acid concentrations necessary to hydrolyse alkyl
glycopyranosides. 

In contrast to most glycopyranosyl derivatives, the ground-
state conformations for the α-pyridinium salts are not 4C1

chairs, but instead are 1S3 skew-boat and 1C4 chair conform-
ations for glucopyranosyl (10, R = CH2OH) and xylopyranosyl
(10, R = H) compounds, respectively (Fig. 1).52

The measured Brønsted βLg values for glycopyranosyl
transfer reactions in water provide confirmation that the
spontaneous cleavage of the C–N bond is a component of the
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rate-determining step. Specifically, the βLg values for 10 (R =
CH2OH), 10 (R = H), and 11 (R = H) are �1.06 ± 0.12, �1.28 ±
0.08, and �1.2 ± 0.2, respectively.52 Spontaneous reaction in
water of the two xylose anomers 10 and 11 (R = H, Y =
4-bromoisoquinolin-2-iumyl) also display only small salt effects
on the hydrolytic rate constants, and the neutral nucleophile
thiourea has no effect on the observed rate constants.31 Taken
together, these results lead to the conclusion that the reactions
of aldopyranosyl derivatives in water are unimolecular reac-
tions.31 Amyes and Jencks re-analysed this data in 1989 53 in
light of the well known steric hindrance to ANDN (SN2) reac-
tions on six-membered rings.54 Just as the reaction of iodide
with cyclohexyl bromide is approximately 100-fold slower than
the corresponding reaction with 2-bromopropane,55 Amyes
and Jencks concluded that the reported rate constant data for
reaction of 10 (R = H, Y = 4-bromoisoquinolin-2-iumyl, X =
bromide) 31 in the presence and absence of azide ion was con-
sistent with nucleophilic participation at the reaction transition
state.53

Recently, Bennet and co-workers ruled out this possibility
based on the results from a comprehensive series of experi-
ments on the hydrolysis reactions of 2-deoxy-α- 56 and β- 36

-arabino-hexopyranosyl pyridinium salts (12 and 13) in the
presence of various anionic nucleophiles. A solvolytic study
was also performed on 12 and 13 (Y = 4-bromoisoquinolin-
2-iumyl, X = tetrafluoroborate) in aqueous methanol, eth-
anol and trifluoroethanol, and binary mixtures of ethanol and
trifluoroethanol (TFE).57 

Critical observations made from the experiments involving
the β-anomeric substrates (13) are as follows: (1) the calculated
Brønsted βLg value is �1.0 ± 0.16; (2) the calculated Swain–
Scott sensitivity parameter is 0.03 ± 0.05; (3) the reaction in
the presence of azide ion (1.98 M) gives a substantial quantity
of substitution product (∼50%), and this material is predom-
inantly the α-anomer 14 (∼96%); (4) reaction in the presence
of azide ion (0.99 M) and another anion (0.99 M) gives a
quantity of retained azide substitution product (15) that is
related to the second anion’s nucleophilicity; and (5) the
small variance in the hydrolytic rate constants for 13 (Y = 4-
bromoisoquinolin-2-iumyl) follow the order kobs(F

�) > kobs-
(Cl�) > kobs(Br�).36 

Based on the observed large negative Brønsted βLg value
and reaction rate insensitivity to the nature of the added
nucleophile, it was concluded that the rate-determining step for
reaction of 13 involves a unimolecular cleavage of the
anomeric-pyridinium C–N bond.36 Given that the rate of reac-
tion is independent of nucleophile concentration and yet the
majority of the azide substitution product is the α-anomer
(i.e., reaction has occurred with inversion of configuration),
capture of the cationic intermediate must occur prior to solvent
equilibration of the oxacarbenium ion.

In keeping with these observations, a proposed mechanistic
outline for the nucleophilic substitution reactions of 2-deoxy-β-
-arabino-hexopyranosyl pyridinium salts is shown in Scheme 7.
In this scheme, a solvent-separated preassociation complex (14)
generates the first-formed cationic intermediate, a solvent-
separated complex in which the anionic nucleophile is associ-
ated with the newly-formed oxacarbenium ion (15). Collapse of
this complex to give inverted azide product (16, X = N3; Scheme

7) occurs via ion pair reorganisation (kipr), a process that is
expected to occur with a rate constant of 1 × 1011 s�1.37 Given
that approximately equal quantities of substitution products
are formed from azide ion or water attack on this intermediate,
the lifetime for the 2-deoxy--arabino-hexopyranosylium ion is
estimated to be 1 × 10�11 s (i.e., kHOH = kipr). Another strong
piece of evidence in support of this scheme is the observation
that in the presence of an additional anion (i.e., both azide and
a second anion are present simultaneously), the quantity of
retained azide product (17) follows the order Br� > Cl� > F�,
whereas the reverse trend is observed for the rate constants, i.e.,
kobs(F

�) > kobs(Cl�) > kobs(Br�). These results argue for the for-
mation of a greater quantity of a second transient intermediate
in the presence of bromide ion (16, X = Br), and this species can
then react with azide ion via an ANDN (SN2) mechanism to give
17 (see Section 2.3).

The notion of solvent-separated complexes can explain the
trend in rate constants seen for the halide ions. That is, the
greater the dipolar solvation of the developing carbenium ion
the lower the energy of the transition state. The smaller, more
basic fluoride ion forms stronger hydrogen bonds to the sur-
rounding water molecules and as a result, effects a lowering
of the transition state energy for formation of the solvent-
separated complex via polarization of the solvating water
molecules.

Similarly, the solvolysis reactions of α-anomeric pyridinium
salts (12) display a Brønsted βLg value of �0.84 ± 0.08 and
a Swain–Scott sensitivity parameter of 0.03 ± 0.10.56 The
substitution reactions in the presence of azide ion for the two
anomeric 2-deoxy--arabino-hexopyranosyl 4-bromoisoquin-
olin-2-ium salts give different product ratios: in the presence of
2 M sodium azide the α-anomer gives more inverted and
retained azide product (70 and 6%, respectively) 56 than does the
β-anomer (50% inverted; 2% retained).36 These observations
suggest that in the absence of a second nucleophilic anion, the
retained azide product is the result of diffusional reaction of a
cationic intermediate with free azide ion (kdif, Scheme 7).56

Clearly, these dissociative glycopyranosyl transfer reactions do
not proceed through a common intermediate; the 2-deoxy--
arabino-hexopyranosylium ion is not solvent-equilibrated in
water.

In a recent study on the spontaneous reactions of pyridinium
α--N-acetylneuraminides,58 Chou et al. found that the rate of
C–N bond cleavage for these substrates displays two first-order
rate constants k1 and k2 and an ionisation constant (Ka) for
their ionisable carboxylic acid group (Scheme 8).

Scheme 7
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During the C–N bond cleavage reactions, the carboxylate
group does not act as a nucleophile to effect transient formation
of an α-lactone. In comparison to an expected rate increase
of at least 104-fold for nucleophilic attack by an acetate–acetic
acid pair,59,60 the zwitterionic form of pyridinium α--N-
acetylneuraminides only reacts about three times more rapidly
than the cationic form. Also consistent with these reactions
proceeding via dissociative transition states are the observations
that βLg values for the two first-order processes are identical for
the cationic (k1) and the zwitterionic (k2) forms (�1.22 ± 0.16
and �1.22 ± 0.07, respectively), and that the ∆S ‡ value is 28 ±
4 J mol�1 K�1 for reaction of the zwitterionic form of 18. 

Despite the presence of the electron withdrawing carboxylic
acid group, 18 reacts approximately 60-fold more rapidly than
19. This is in contrast to the two 4-methoxybenzyl derivatives
where the carboxylic ester 20 reacts 1

40 times as rapidly as the
unsubstituted compound 21.61 Thus, on approach to the
oxacarbenium ion-like transition state, relief of ground state
1,3-diaxial (gauche) interactions in 18 must be more dominant
than the unfavourable electronic interactions introduced by the
electron-withdrawing CO2H group.

2.2.2 Spontaneous reactions in alcoholic solvents

In aqueous alcoholic solvent mixtures, the anomeric 2-deoxy--
arabino-hexopyranosyl 4-bromoisoquinolin-2-ium salts 12 and
13 give m values of �3.64 ± 0.34 and �4.78 ± 0.33 respect-
ively,57 for solvolytic rate constant data that is fitted to the
standard Grunwald–Winstein eqn. (5),62 where the Y� par-
ameter is calculated from the solvolysis of 1-adamantyl-
dimethylsulfonium triflate.63

Small increases in the rate constants for solvolysis of com-
pounds 12 and 13 are associated with a decrease in solvent
polarity.64 Negative derived m values indicate that a change in
the ionising power of the solvent has a more pronounced effect
on the charge-localised ground state than on the delocalised
oxacarbenium ion-like transition states, a situation which is
in contrast to that seen with 1-adamantyldimethylsulfonium
triflate.57 The larger m value obtained from the β-anomer (13)
reaction data is consistent with greater charge delocalisation
occurring at the transition state for solvolysis of the β-anomer.
This conclusion is in agreement with the reported ring oxygen

Scheme 8

log (kobs/k0) = mY� (5)

kinetic isotope effects (18O-KIEs) for the specific acid-catalysed
hydrolyses of methyl glycopyranosides (see section 2.1.1).

As is the case for alkyl glycopyranoside hydrolysis reactions
(section 2.1.1), nucleophilic solvent participation is unimport-
ant in these solvolysis reactions since short-lived, cationic
intermediates such as the 2-deoxy-β--arabino-hexopyranosyl-
ium ion 22 are expected to display an increased nucleophilic
selectivity [kROH/kHOH, eqn. (6)] 65 upon reduction of the solvent
polarity. In reality, the selectivity is lower in less polar, more
nucleophilic, alcoholic solvents such as EtOH and MeOH. 

The observed nucleophilic selectivities obtained from reac-
tions run in alcoholic solvent mixtures can also be used to
estimate the lifetime of cationic intermediates. In mixtures of
5 : 45 : 50 (v/v) EtOH–TFE–H2O, the nucleophilic selectivity
values (kEtOH/kTFE) for the capture of substituted 1-phenylethyl
carbenium ions (23) 38 and 2-deoxy-β--arabino-hexopyranosyl-
ium ion (22) 57 in conjunction with the lifetime estimates for
the 1-arylethyl cations in 50 : 50 (v/v) TFE–H2O

8b generate a
computed lifetime for the 2-deoxy-β--arabino-hexopyranos-
ylium ion (22) that falls between 1.0 × 10�12 and 3.3 × 10�10 s.
This range of extrapolated values agrees remarkably well with a
value estimated by azide trapping experiments of approx-
imately 1.0 × 10�11 s for the lifetime of the 2-deoxy-β--arabino-
hexopyranosylium ion in water.36

Capture of the cationic intermediates formed from 12 and 13
occurs prior to solvent equilibration and thus, stereoselectivity
values as defined by eqn. (7) give information concerning the
mechanism of trapping of these short-lived intermediates. The
lower stereoselectivity of the α-anomer (12) in the solvolysis
reactions probably results from a greater degree of general-base
catalysed solvent capture by the departing aglycon at the trans-
ition state for formation of the retained product (Scheme 9).

Moreover, a significant fraction of the solvolysis products
formed during the reactions of 12 and 13 in the poorly nucleo-
philic yet polar solvent TFE results from intramolecular

(6)

(7)

Scheme 9
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capture of the cationic intermediate by the 6-hydroxy group
to give 1,6-anhydro-2-deoxy-β--arabino-hexopyranose (25).
Formation of 25 in solvents containing a high proportion of
TFE suggests that the cationic intermediate possesses a longer
lifetime (1/kSOH) in these solvents, thereby allowing enough time
for the intermediate to attain the necessary conformation for
ring closure (Scheme 10).

2.2.3 Base-promoted reactions

At pH values of �10, a base-promoted process is evident in the
reactions of glycopyranosyl pyridinium salts (10 and 11).52

Products from the base-promoted reaction of 10 (R = CH2OH,
Y = 3-bromopyridiniumyl) are obtained via two distinct path-
ways: 90% of the reaction occurs by attack on the anomeric
centre, a process that generates both glucose and 1,6-anhydro-
glucose as products, while the remaining 10% of the reaction
proceeds via attack on the pyridine ring, a pathway that prob-
ably involves intramolecular attack by an ionised sugar hydroxy
group.52 Why does hydroxide ion react in a bimolecular fashion
with glycopyranosyl pyridinium derivatives while azide ion does
not? At the present time this question is unanswered. It is pos-
sible that proper alignment of the hydroxide ion for nucleo-
philic displacement occurs through its hydrogen bonding with
the sugar hydroxy groups. Relative to other nucleophiles, OH�

displays greatly enhanced reactivity with α--glucopyranosyl
fluoride (section 2.3.2).

At this point, stop and consider why the two oxacarbenium
ions 22 36 and 24 66 have similar estimated lifetimes in water (τ ≈
10�11 s) and yet exhibit different azide ion capture character-
istics. In the case of 22, significant quantities of azide substi-
tution products are generated,36,56 but with 24 there is little or
no trapping with azide ion.66 The oxacarbenium ions 22 and 24
are generated from cationic and neutral substrates, respectively.
By virtue of electrostatic interactions, the cationic substrate will
form a greater concentration of azide ion-containing pre-
association complexes than will the corresponding neutral
substrate. Thus, the cationic substrate should give more solvent-
separated complexes (Scheme 7) and this will result in greater
trapping by the associated azide ion.

2.3 Glycopyranosyl transfer from glycopyranosyl fluorides and
phosphates

The synthesis 67 of glycopyranosyl fluorides and their use in
both the enzymatic 68 and the non-enzymatic 67a,69 formation of
glycopyranosides have been reviewed recently. Despite the fact
that glycopyranosyl fluorides have been known for many years,
few thorough non-enzymatic mechanistic studies of them have
been performed.

2.3.1 Acid-catalysed reactions of glycopyranosyl fluorides

Barnett reported that the acid-catalysed hydrolyses (0.5–3.0 M
HClO4) of α--gluco-, α--xylo-, α--galacto-, and β--arabino-
pyranosyl fluorides (26, 27, 28, and 29 respectively) proceed via
a specific-acid-catalysed dissociative mechanism, a conclusion
that was based on measured activation entropies (∆S ‡) in the
range of �22 to �50 J mol�1 K�1 for these four fluoroacetals.70

Scheme 10

In contrast, β--glucopyranosyl fluoride (30) displays an
enhanced reactivity relative to its α-anomer and has an
associated ∆S ‡ of �26 J mol�1 K�1.70 From this study it was
concluded that β--glucopyranosyl fluoride undergoes acid-
catalysed hydrolysis via an intramolecular ANDN reaction
that generates the 1,2-epoxide (31) as an intermediate (Scheme
11).70

In 1991 Banait and Jencks reported a thorough study of the
nucleophilic substitution reactions of α--glucopyranosyl
fluoride (26).71,72 Their work revealed that hydrolysis of 26
occurs via a general-acid-catalysed mechanism in which the
rate-limiting step involves a proton “in flight”. This reaction is
characterised by a shallow Brønsted slope (α = 0.15), although
the value for α increases to 0.4 if the catalytic constant for H3O

�

is included in the correlation.72 The solvent KIE effect for the
hydronium ion-catalysed reaction of 26 (kH3O

�/kD3O
� = 1.4) is

consistent with rate-limiting proton transfer. Specifically, sub-
stitution of the derived Brønsted α value of 0.4 into eqn. (3)
generates a fractionation factor (�TS) of 0.86 for the two non-
transferring protons. When this value and the measured solvent
KIE are entered into eqn. (2), a transition state fractionation
factor (�TS) of 0.3 can be calculated for the “in flight” proton
(Scheme 12).

Presumably this reaction occurs without nucleophilic solvent
participation because the electrophilic catalysis provided by the
general-acid should obviate the need for nucleophilic catalysis
to assist the fluoride anion departure.

In summary, Barnett’s conclusion that these reactions involve
specific-acid catalysis is invalid. Clearly, departure of the
fluoride ion commences prior to installation of the proton. The
conjugate acid of 26 is not an intermediate in these reactions.

2.3.2 Base-catalysed reactions of glycopyranosyl fluorides

Hydrolysis reactions of 27 and 29 at high base concentrations
(0.2–5.0 M NaOH) give the corresponding aldose as the sole
reaction product. These base-catalysed reactions presumably
occur by direct nucleophilic attack of hydroxide ion on the
pentopyranosyl fluoride.70 In contrast, when treated under
identical conditions, both 26 and 28 produce a substantial
quantity of a cyclic anhydro sugar; their respective bicyclic

Scheme 11

Scheme 12
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products are the result of intramolecular ANDN reactions as is
illustrated for α--glucopyranosyl fluoride in Scheme 13.70

In basic solutions β--glucopyranosyl fluoride (30) also
reacts to generate the anhydrosugar 32 as the main reaction pro-
duct. However this chemical conversion presumably involves two
sequential intramolecular ANDN reactions (Scheme 14).70

As proposed by Barnett,70 the measured solvent KIE
(kOH�/kOD� = 0.67) 72 for the reactions of 26 is in accord with the
occurrence of two specific-base pathways: (1) rate-limiting
attack of an ionised 6-OH group on the anomeric centre
(Scheme 13); and (2) concerted nucleophilic displacement
(ANDN) of the fluoride ion by hydroxide ion (not depicted).71

Hydrolysis of α--glucopyranosyl fluoride also occurs via a
general-base catalysed reaction, and this process is character-
ised by a Brønsted β coefficient of 0.06 to give glucose and
methyl β--glucopyranoside as the two products when the reac-
tion is run in aqueous methanol solutions.72 Fig. 4 illustrates the

likely transition state for hydrolysis of 26 in a reaction catalysed
by phosphate dianion in which the solvent KIE (kH2O/kD2O) is
1.9.72

β-Glucopyranosyl fluoride (30), which also undergoes
general-base catalysed hydrolysis,73 is catalysed more efficiently
by the monoanion than the dianion of succinic acid. Thus, this
particular reaction probably occurs via a pre-equilibrium
deprotonation (specific-base) followed by a general-acid cat-
alysed reaction (i.e., the kinetic equivalent of general-base
catalysis).73 Furthermore, this catalysed reaction displays an
anomeric 13C KIE of 1.06, thereby supporting a transition state
structure such as that shown in Fig. 5 in which a C2 oxyanion
displaces the anomeric fluoride with general-acid assistance
from the neutral form of succinic acid.73

Scheme 13

Scheme 14

Fig. 4 Transition state structure for the general-base catalysed
hydrolysis of α--glucopyranosyl fluoride.

2.3.3 Spontaneous reactions of glycopyranosyl fluorides in
water

The pH–rate profile for hydrolysis of 26 is flat for reactions
conducted between the pH values of 4 and 10,72 indicating that
in this pH region neither H3O

� nor HO� catalyses the reaction.
Banait and Jencks noted that within this pH regime, anionic
nucleophiles react with 26 via an ANDN (SN2) reaction that is
characterised by a Swain–Scott nucleophilic sensitivity par-
ameter (s) of 0.18, to give a stable inverted substitution product
when azide ion is the nucleophile.71 It is of particular interest
that the neutral nucleophile pyridine produces no β--gluco-
pyranosyl pyridinium salt when reacted with α--glucopyranosyl
fluoride.72 Based on the principle of microscopic reversibility, it
must be concluded that anionic nucleophiles cannot react with
β--glucopyranosyl pyridinium salts via ANDN mechanisms
(Section 2.2.1) and, therefore, only anionic nucleophiles and
solvent (vide infra) are capable of displacing the fluoride ion
from α--glucopyranosyl fluoride via a concerted ANDN mech-
anism.71 Microscopic reversibility dictates that the reaction of
β--glycopyranosyl fluoride with fluoride ion and, presumably,
other anions also proceeds via an ANDN mechanism, although
to date, detailed kinetic and product studies on this topic have
not been reported.

In 1994, Zhang et al. reported a detailed KIE study on the
spontaneous hydrolyses of α- and β-glucopyranosyl fluorides
(26 and 30, respectively) and on the nucleophilic substitution of
26 with azide ion.73 Key conclusions that emerged from this
study are: (1) measured anomeric 13C KIEs for the nucleophilic
substitution reactions of α-glucopyranosyl fluoride (26) with
either azide ion (1.085) or water (1.032) are consistent with
these reactions occurring via concerted ANDN mechanisms;32

(2) the hydrolysis of β-glucopyranosyl fluoride (30) occurs via a
transition state that features little or no nucleophilic solvent
participation (k12/k13 = 1.017); and (3) the spontaneous
hydrolyses of both anomeric glucopyranosyl fluorides proceed
via transition states in which significant charge build-up on the
ring oxygen atom has occurred (ring 18O-KIEs for the reactions
of 26 and 30 are 0.984 and 0.985, respectively).73

2.3.4 Spontaneous reactions of glycopyranosyl fluorides in
alcoholic solvents

The solvolysis reactions of α--glucopyranosyl fluoride in
aqueous solutions of methanol and ethanol–trifluoroethanol
(1 : 1 v/v) unexpectedly gave glucose as the only observed pro-
duct, even when the organic solvent component was present in
large excess (up to 90% v/v methanol and 95% 1 : 1 ethanol–
trifluoroethanol).71 These observations led the authors to
postulate that during solvolysis of α--glucopyranosyl fluoride,
development of high charge density at the transition state is
facilitated by a localised solvent effect in which the presence of
water is favoured in the restrictive environment at the anomeric
carbon.71 This remarkable nucleophilic selectivity for attack by
water vanishes when either the fluoride ion leaving group is
associated with a general-acid 72 or the leaving group is changed
to a neutral molecule such as a pyridine.57

A 1980 study by Sinnott and Jencks 74 presents glucopyran-
osyl fluoride solvolysis results from reactions run in an equi-
molar mixture of EtOH and TFE that give the four substitution
products 33–36. Their data agrees with the conclusion that
α-glucopyranosyl fluoride requires greater assistance for
departure of the fluoride ion than does the β-fluoride.73 For

Fig. 5 Possible transition state structure for the reaction of β--
glucopyranosyl fluoride with the monoanion of succinic acid.
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these reactions of α--glucopyranosyl fluoride, electrophilic
catalysis of fluoride departure by trifluoroethanol results in
the formation of more retained than inverted trifluoroethyl
glucopyranoside in the product mixture (Scheme 15).

2.3.5 Acid-catalysed and spontaneous reactions of
glycopyranosyl phosphates

The hydrolysis of α--glucopyranosyl phosphate (37) to give
glucose has been shown to proceed via the kinetic pathways
illustrated in Scheme 16.75 Reaction of the monoanionic form of

α--glucopyranosyl phosphate (k2) occurs with P–O bond
cleavage, while both the spontaneous (k1) and the acid-catalysed
(kH�) reactions of the neutral compound proceed exclusively
with C–O bond cleavage, giving H2PO4

� and H3PO4 as the
respective leaving groups.75a

In 1986, Withers and co-workers monitored hydrolysis in
1.0 M HClO4 of the four deoxyfluoro derivatives of α--
glucopyranosyl phosphate (38–41, R = F).76 In addition, the
hydrolysis of 2-deoxy-2-fluoro-α--arabino-hexopyranosyl
phosphate (38, R2 = F) was followed over a pH range of
1.0–6.2. 

At low pH, the order of hydrolytic reactivity for these glyco-
pyranosyl phosphate compounds is glucopyranosyl (37) >
6-fluoro (41, R6 = F) > 3-fluoro (39, R3 = F) > 4-fluoro (40,
R4 = F) > 2-fluoro (38, R2 = F), an order that is consistent with
the neutral phosphate reacting with C–O bond cleavage via

Scheme 15

Scheme 16

oxacarbenium ion-like transition states in which the positive
charge is delocalised over C1 and O5.76 The observed pH–rate
profile for hydrolysis of the 2-deoxyfluoro compound 38 (R2 =
F) 76 is similar in appearance to that reported for the parent α--
glucopyranosyl phosphate (37).75a Introduction of a 2-fluoro
group onto the parent structure affects the kinetic term k1, caus-
ing a 64-fold rate reduction, while k2 is hardly affected. This
result is expected, given that hydrolysis of the neutral species
involves reaction via an oxacarbenium ion-like transition state
and that the energy of this species will be raised by the presence
of the electron-withdrawing fluorine atom. In contrast, the
mechanistic pathway that involves P–O bond cleavage (k2) is
accelerated slightly by the introduction of the 2-fluoro group
and this enables the oxyanion of 2-deoxy-2-fluoro-arabino-
hexopyranoside to function as a better leaving group than does
the corresponding anion of glucose.

In an extension of their previous work, Withers and co-
workers reported the hydrolytic rate constants for the reaction
in 1.0 M HClO4 with a series of deoxyglycopyranosyl phos-
phates (38–41, R = H).77 The reactivity order for these deoxy
compounds of 6-deoxy (41, R6 = H) < 3-deoxy (39, R3 = H) < 4-
deoxy (40, R4 = H) < 2-deoxy (38, R2 = H) is the reverse of that
for the deoxyfluoro derivatives. These reactivity orders suggest
that the dominant effect of a substituent in the hydrolytic rate
constant is its field effect (see also section 2.4.3).77

In 1996, Horenstein and Bruner reported a kinetic study of
the hydrolysis of the sugar-containing cytidine monophosphate
derivative of N-acetylneuraminic acid CMP-β--N-acetylneur-
aminide 42.78 Because this biologically important carbohydrate
contains two ionisable groups, a mechanistic scheme for both
the acid-catalysed and spontaneous reactions, shown in Scheme
17, is relevant (compound 42 is represented by AH2 in the
scheme).

Horenstein and Bruner analysed a pH–rate profile that was
measured between 3.23 and 7.16 and found it to be in accord-
ance with three distinct reaction pathways: (1) acid-catalysed
hydrolysis of the monoanion (k2H�); (2) acid-catalysed
hydrolysis of the dianion (k3H�) or the kinetically-equivalent
spontaneous hydrolysis of the monoanion; and (3) spontaneous
hydrolysis of the dianion (k3).

78 At a pH of 5, the majority of
the reaction (91%) proceeds via pathway 2, and the rate of reac-
tion is independent of buffer concentration. Given that this
pathway is associated with a large β-secondary deuterium KIE
(kH2

/kD2
 = 1.25), it is apparent that the reaction proceeds with

C–O bond cleavage. The reaction is analogous to the α--
glycopyranosyl phosphate reaction in that it involves departure
of a phosphate anion which is, in this case, the oxyanion of
CMP. The measured 14C KIE of 1.030 at the anomeric carbon
corresponds to a 13C KIE of about 1.016 79 which is indicative
of a dissociative (DN * AN or DN � AN) reaction.32 The
conclusion that this is a dissociative reaction agrees with the

Scheme 17
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solvolysis products formed in aqueous methanol, products that
include both anomers of methyl N-acetylneuraminide (43 and
44).78 

In a subsequent manuscript, Horenstein and Bruner refined
their proposed mechanism for the hydrolysis of CMP-β--N-
acetylneuraminide (42).80 Based on an observed solvent KIE
(kH2O/kD2O) of 0.45 at pH 5, they suggested that the reaction
involves protonation on the glycosidic oxygen atom.80 However,
this measured isotope effect is also consistent with equilibrium
protonation on a non-bridging phosphorus-oxygen atom.13

Indeed, it seems unlikely that the productive reaction channel
for hydrolysis involves protonation on the glycosidic oxygen
atom because the principal of microscopic reversibility requires
that the N-acetylneuraminyl oxacarbenium ion be captured by
the P–OH oxygen atom of the monoanion of CMP (pathway a,
Scheme 18) rather than by one of the two oxygen atoms which
formally share the negative charge (pathway b, Scheme 18).

The reaction of 42 in the presence of azide ion shows a small
dependence on the concentration of azide ion and, importantly,
both of the anomeric N-acetylneuraminyl azides 45 and 46 are
formed.80 Horenstein and Bruner analysed the nucleophilic
substitution reactions of 42 in terms of three separate reaction
channels: (a) capture of a tight ion-pair; (b) capture of a
solvent-separated ion-pair; and (c) capture of a free oxacarb-
enium intermediate (Scheme 19; pathway b is not shown in
order to simplify the diagram).80 From their data, Horenstein
and Bruner estimated the lifetime of the N-acetylneuraminyl
cation in water to be ≥3 × 10�11 s,80 a value which is slightly
larger than that estimated by Bennet and co-workers for the
2-deoxyglucopyranosylium ion (section 2.2.1).36

Given that the leaving group for CMP-β--N-acetylneur-
aminide hydrolysis at pH 5 is anionic (or dianionic if the catalytic
proton is on the carboxylate group), similarities can be seen
between this azide ion-promoted reaction and the substitution

Scheme 18

reactions of α--glucopyranosyl fluoride. That is, if the azide
ion is properly aligned to attack the nascent oxacarbenium ion,
then the tight ion-pair (47, Scheme 19) cannot be a discrete
intermediate 71 and the observed second-order reaction will
occur via a direct displacement ANDN mechanism. This type of
mechanism should produce a large anomeric 13C KIE.73 On the
other hand, if reorganisation within the triple ion pair is rate
limiting, then the anomeric 13C KIE should be similar in magni-
tude to that for formation of an oxacarbenium ion intermediate
(i.e., k12/k13 ≈ 1.01). No such study has yet been reported.

2.4 Glycopyranosyl transfer from aryl glycopyranosides

Reminiscent of the α--glucopyranosyl fluoride reactions dis-
cussed previously, hydrolysis of aryl glycopyranosides can
occur via acid- and base-catalysed, as well as by spontaneous
reaction pathways.

2.4.1 Acid-catalysed reactions of aryl glycopyranosides

Acid-catalysed hydrolyses of aryl glycopyranosides are associ-
ated with Brønsted βLg values that are either close to zero 81 or
slightly positive,82 values which are consistent with rate-limiting
exocyclic C–O cleavage of the substrate’s conjugate acid. The
hydrolytic mechanism is expected to change from specific- to
general-catalysis as the pKa of the leaving group’s conjugate
acid decreases. In particular, as the aryl-oxygen atom becomes
less basic, the lifetime of the conjugate acid of the aryl glyco-
pyranoside becomes shorter and the overall result is a change in
hydrolytic mechanism from specific- to general-catalysis.

For aryl β-glucopyranosides the mechanistic change occurs
when the leaving group is 4-nitrophenol.83 It is remarkable that
the reactions of 4-nitrophenyl β-glucopyranoside (48) appear to
be balanced finely between the two types of acid-catalysis as
demonstrated by both 1-18O and solvent KIEs. At a temper-
ature of 50 �C, the two KIEs are consistent with the occurrence
of general-acid catalysis (k16/k18 = 1.035 84 and kH3O

�/kD3O
� =

1.01 83) yet at 80 �C, the 18O-KIE value is in the range normally
associated with specific-acid catalysis (1.025),83 and the solvent
effect is significantly smaller at this higher temperature (0.71).83

The acid-catalysed reaction of neutral aryl α--N-acetyl-
neuraminides exhibits a βLg value of 0 and, when taken together
with the observed solvent KIE (kH3O

�/kD3O
�) value for the 4-

nitrophenyl compound (49) at a pH of 1.36, is consistent with
a general-acid catalysed DN � AN mechanism as depicted in
Scheme 20.85

Scheme 19
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Scheme 20

Ashwell et al. also proposed that the hydrolysis of aryl
α--N-acetylneuraminides at pH values around 3 is dominated
by a general-acid-catalysed mechanism that is similar to that
depicted in Scheme 20 except that the carboxylic acid group is
deprotonated.85

2.4.2 Base-catalysed reactions of aryl glycopyranosides

Base-catalysed hydrolysis of aryl glycopyranosides generally
occurs via a mechanism that involves an intramolecular nucleo-
philic attack by an ionised sugar hydroxy group on either the
anomeric centre (ANDN) 82,86 or the ipso-carbon of the aromatic
ring (AN � DN; SN2Ar).87 The base-catalysed reactions of aryl
glycopyranosides are much slower than those of the corre-
sponding glycopyranosyl fluorides because fluoride ion is a
better leaving group than a phenoxide ion of similar basicity.88

As a consequence, the more severe reaction conditions required
for the base-catalysed hydrolysis of aryl glycopyranosides can
give rise to extensive product decomposition during the reac-
tion. As an example, Scheme 21 illustrates the postulated

reaction pathway for base-catalysed hydrolysis of aryl α--N-
acetylneuraminides in which the intramolecular nucleophilic
attack of the ionised C9-hydroxy group on the C6 atom gives a
highly substituted furan derivative (50) that is unstable under
the 0.1 M NaOH, 50 �C reaction conditions.85

2.4.3 Spontaneous reactions of aryl glycopyranosides

In contrast to the situation with alkyl glycopyranosides, the
spontaneous hydrolysis of aryl glycopyranosides containing
weakly basic aryl oxide ion leaving groups has been known for
many years.89 Spontaneous reactions of aryl glycopyranosides
are greatly accelerated by the addition of electron-withdrawing
groups on the aromatic ring, as can be seen by the Brønsted
parameter βLg estimate of �1.08 for the reactions of aryl
galactopyranosides.88 In a recent mechanistic study, Namchuk
et al. monitored the hydrolyses of a series of 2,4-dinitrophenyl
β--glycopyranosides in which the various carbohydrate
hydroxy groups were substituted by either a fluorine or a hydro-
gen atom.90 Two of the series of compounds studied employed
the glucopyranoside skeleton modifications and are illustrated
below (51, 52). 

The observed relative rates for hydrolysis of these glyco-
pyranoside derivatives followed the order 2-deoxy > 4-deoxy >
6-deoxy ≈ 3-deoxy > glycopyranoside > 6-fluoro > 3-fluoro >
4-fluoro > 2-fluoro.90 In addition, when the observed rate
constants for reaction of each series were plotted according to
the Hammett equation, eqn. (8), derived for systems in which
only inductive or field effects are possible, the analysis indicated

Scheme 21

a general order for the calculated ρI values of 6-substitutents
(ρI ≈ �2) > 3-substitutents (ρI ≈ �3) > 4-substitutents (ρI ≈ �4)
> 2-substitutents (ρI ≈ �9).90

The expected relative rate constants for substituted 2,4-
dinitrophenyl glucopyranosides were calculated using eqn. (9),
where θ is the angle between a line of length R joining the centre
of the substituent’s dipole and the centre of charge develop-
ment, and eC1 and eO5 are the fractional transition state charges
on C1 and O5, respectively.

From these results, Namchuk et al. concluded that for the
glucopyranoside series the major determinant of their relative
hydrolytic rates is the field effect of the substituent on the
oxacarbenium ion-like transition state in which substantial
positive charge is present on the ring oxygen atom. A possible
concern with the above analysis is the basic assumption that all
of the aryl glycopyranosides in the study react by the same
mechanism, in this case a dissociative mechanism. It seems
eminently reasonable that the hydrolysis of 2,4-dinitrophenyl
β--glucopyranoside does occur via a DN * AN dissociative
mechanism since this compound 31 and several glycopyranosyl
pyridinium salts,31,36,56 compounds that react via such a mech-
anism (section 2.2.1), display very similar salt effects. However,
the hydrolytic mechanism for substituted glycopyranosides
must change at the point where the oxacarbenium ion inter-
mediate becomes so reactive that it cannot become a discrete
entity. That is, a dissociative reaction (DN * AN) that generates a
non-equilibrated cationic intermediate will become a weakly
associative reaction (ANDN) when the solvent’s role changes
from that of dipolar solvation to one of nucleophilic solvent
participation. Amyes and Jencks reported 9 that for acyclic
acetal derivatives a 600-fold change in rate of oxacarbenium ion
formation is associated with a 4-fold change in the cation’s life-
time (τ = 1/kHOH). If a similar relationship holds for aryl glyco-
pyranosides, then the 40-fold faster reaction of 51 (R2 = OH)
compared to 51 (R2 = F) suggests that the lifetime of the
2-deoxy-2-fluoroglucopyranosylium cation would be about one
half that of the parent cation (2).91 There is evidence to suggest
that 2-deoxy-2-fluoroglycopyranosyl systems have crossed,
or are close to, the boundary between DN * AN and ANDN

mechanisms. In Hammett plots of reaction rate data for
2-substituted glucopyranosides (51, R2 = H, OH and F) and

log (k) = ρIσI � log (k0) (8)

(9)
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Scheme 22

mannopyranosides (structures not shown), the 2-deoxy-2-
fluoro data points display positive deviations from corre-
lations that are based solely on the 2-deoxy and 2-hydroxy
compounds.90 As a consequence, the application of other
mechanistic probes such as anomeric 13C KIE, salt effects, and
solvolysis product analysis would be useful for exploring
the possibility that spontaneous hydrolyses of aryl 2-deoxy-
2-fluoroglycopyranosides occur via weakly associative mech-
anisms (ANDN).

In a recent study, Dean et al. noted that 2-(4-nitrophenyl)-
tetrahydropyran (53) undergoes spontaneous hydrolysis 4 times
faster than the tetramethyl analogue 54.92 In light of the
expected 30-fold increase in hydrolytic rate upon incorporation
of methyl substituents, this reactivity difference provides evi-
dence in support of torsional effects slowing glycopyranosyl
transfer reactions.92 Such torsional effects, however, clearly per-
turb the process of charge delocalisation onto the ring oxygen
atom, and this results in imperfect synchronisation between
endocyclic C��O bond formation and exocyclic C–O bond
cleavage at the hydrolytic transition state (see ring 18O-KIE dis-
cussion in section 2.1.1). It is not clear how such torsional
effects alter the lifetime of the oxacarbenium ion intermediate:
based on microscopic reversibility, if the transition state for
oxacarbenium ion formation is unbalanced, then a similar
imbalance will be evident at the transition state for capture of
the cationic intermediate.

The spontaneous hydrolyses of aryl α--N-acetylneur-
aminides are more facile than those for the corresponding aryl
glycopyranosides. For instance, spontaneous hydrolysis of 2,4-
dinitrophenyl β--glucopyranoside (51, R2 = OH) at 50 �C is
estimated to occur with a rate constant of 1.72 × 10�5 s�1,90

while an extrapolation using the published βLg value for aryl
α--N-acetylneuraminides yields an estimated rate constant
of 2 s�1 for hydrolysis of 2,4-dinitrophenyl α--N-acetyl-
neuraminide at 50 �C.85 Scheme 22 illustrates the proposal
of Ashwell et al. that spontaneous hydrolysis of aryl α--N-
acetylneuraminide occurs with some participation of the C1
carboxylate at the reaction transition state, although such an
effect would not necessarily generate a transient α-lactone.85

Indeed, the Brønsted plot for hydrolysis of aryl α--N-acetyl-
neuraminides shows an upward curvature that is consistent
with greater participation occurring with the poorer phenoxide
leaving groups. Again, it would be instructive to utilise other
mechanistic probes such as anomeric 13C KIEs to help identify
possible intramolecular participation of the ionised carboxylate
group during hydrolysis of aryl α--N-acetylneuraminides.
However, such participation during the hydrolysis of CMP
β--N-acetylneuraminides 80 and pyridinium α--N-acetylneur-
aminides has been ruled out.58

3 Thioglycopyranosides

3.1 Glycopyranosyl transfer from alkyl 5-thioglycopyranosides

Compared to glycopyranosides, 5-thiopyranosides adopt a
more puckered ring conformation due to the longer C–S bond
and the smaller C–S–C angle.93 Other ground state effects in
alkyl 5-thiopyranosides include a larger anomeric effect than
their oxygen containing counterparts 94,95 and this enhanced
tendency for an electronegative group to adopt an axial orient-
ation is caused mainly by electronic factors.96 Furthermore,

both experimental results 97 and theory 98 suggest that an
adjacent sulfur atom stabilizes a carbenium ion to a greater
extent than does an adjacent oxygen atom.

3.1.1 Acid-catalysed reactions of alkyl 5-thioglycopyranosides

In 1963, Whistler and Van Es noted that methyl 5-thio-α--
xylopyranoside (55) hydrolyses approximately ten times faster
than does methyl α--xylopyranoside (56) and that the corre-
sponding rate difference for the β-homologues is about fourteen
times faster for the thio- than the non-thio compound (57 and
58, respectively).99 Recently, Induragalla and Bennet reported a
detailed KIE study for the acid-catalysed hydrolyses of 56 and
58, reactions that yield 5-thioxylose as the sole carbohydrate
reaction product.39 These hydrolysis reactions are specific-
acid-catalysed as determined by the magnitude of the solvent
deuterium KIEs (kD3O

�/kH3O
�) for 56 and 58 of 2.37 and 2.63,

respectively. In addition, the respective measured leaving group
18O-KIEs for 56 and 58 are 1.027 and 1.035. Thus, pre-
equilibrium protonation occurs on the exocyclic oxygen atom
followed by rate-limiting exocyclic C–O cleavage to generate
a 5-thioxylopyranosylium ion (59) as the first-formed inter-
mediate (Scheme 23).39 

The larger leaving group and solvent (kD3O
�/kH3O

�) KIEs for
methyl 5-thio-β--xylopyranoside relative to those of their α-
diastereomer are consistent with a later transition state for C–O
bond cleavage in the acid-catalysed reactions of this anomer.
Hydrolysis of 56 and 58 gives observed anomeric 13C KIEs of
1.031 and 1.028, respectively, values that are larger than those
expected for a dissociative DN � AN reaction (1.00–1.01).32

The larger anomeric 13C-KIEs for the thio- versus oxygen-
containing glycopyranosides probably originate from a lower
degree of synchronisation between C–S bond strengthening
and C–O bond breaking at the transition state for hydrolysis of
5-thioxylopyranosides compared to that associated with the
corresponding endo- and exocyclic bonds in xylopyranosides.
This conclusion is in accord with a higher intrinsic barrier for
formation of a thiacarbenium ion than for formation of the
analogous oxacarbenium ion.97

Scheme 23
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3.2 Glycopyranosyl transfer from 5-thioglycopyranosyl
fluorides

3.2.1 Spontaneous reactions of 5-thioglycopyranosyl fluorides

A recent publication by Johnston et al. presents an in-depth
study of the mechanism of hydrolysis for a 5-thioglyco-
pyranosyl fluoride.100 Prior to this report, mention had been
made in a footnote that 5-thio-α--glucopyranosyl fluoride
hydrolyses rapidly in the absence of enzyme catalysis.101 Not-
ably, the hydrolytic rate constant for 60 is independent of pH in
a range of at least 7.5–10.0 and thus the reaction is neither acid-
nor base-catalysed.100 When tested at 30 �C with I = 2.0 M
NaClO4, compound 60 hydrolyses about 800-fold more rapidly
than α--glucopyranosyl fluoride (26). Presumably, this
enhanced reactivity is due, in part, to ground state destabilis-
ation of compound 60, the result of a smaller ground-state
stabilisation in the S–C–F system than in the O–C–F system.102

As mentioned previously (section 2.3.3), α--glucopyranosyl
fluoride (26) reacts with azide ion via a weakly associative
ANDN mechanism to give β--glucopyranosyl azide,71 although
the observed first-order rate constants (kobs) for reaction of 60
as a function of various anion concentrations are essentially
invariant.100 In D2O solutions, the observed pseudo-first-order
rate constant for reaction of 60 at an azide ion concentration of
1.0 M is only about 1.19-fold faster than that for the corre-
sponding reaction run in the absence of azide ion.100 Given the
above observation, a substitution mechanism involving an
ANDN reaction would be expected to generate reaction products
that consist of about 16% 62 and 84% 63. The actual product
percentages formed under these conditions are 24, 52, and 24%
of 61, 62, and 63, respectively.100 From these results, it is clear
that the reactions of 60 occur via a dissociative mechanism.

Using the “azide clock” methodology of Jencks and co-
workers,8 Johnston et al. estimated a lifetime for the 5-thio-
glucopyranosylium ion (64) of 1.1 × 10�9 s,100 sufficient time for
the intermediate to become solvent-equilibrated.103 In contrast,
the estimated lifetime for the glucopyranosylium ion is around
(1–3) × 10�12 s.9,36 Clearly, substitution of the ring oxygen by a
sulfur atom increases the lifetime of the cyclic carbenium ion at
least 360-fold. The solvent KIE of 1.24 ± 0.11 measured for the
hydrolysis of 60 suggests that the rate-limiting departure of
fluoride ion occurs with some electrophilic assistance origin-
ating from H-bonding to water (Scheme 24).

Scheme 24

Bennet and co-workers also noted that the ratio of the two
azide substitution products 61 and 62 increases concordantly
with the azide ion concentration.100 Such a change in product
ratios is consistent with either the occurrence of concurrent
ANDN and DN � AN reactions or non-equilibrated carbenium
ion intermediates. Simultaneous ANDN and DN � AN reactions
have been postulated for sterically unencumbered secondary
alkyl systems in which the carbenium ion has a short lifetime
(≤ 2.5 × 10�10 s).8b Therefore, the pseudo-first-order rate con-
stant for capture of the 5-thioxylopyranosylium ion (kSOH �
kNuc[Nuc�], Scheme 2) is probably similar to that for conform-
ational interconversion of the various half-chair and boat con-
formations. In other words, the observed changes in product
ratio reflect reactions from different conformational ensembles
of the cation.100

4 Miscellaneous

Recently, Chenault and Chafin studied the mechanism for acid-
catalysed hydrolysis of the two anomeric isopropenyl gluco-
pyranosides.104 Key observations reported in this study are: (1)
the initial products of hydrolysis are α--glucopyranose and
β--glucopyranose for the reactions of the α-anomer (65) and
the β-anomer (not shown), respectively; (2) no 18O is incorpor-
ated into the carbohydrate product when the reaction is run in
18O-water; (3) the reactions are general-acid catalysed; and (4)
the solvent KIEs (kH3O

�/kD3O
�) are approximately 3 for both

anomers.104 These vinyl acetals hydrolyse via rate-limiting pro-
tonation on the terminal carbon of the alkene to generate an
oxacarbenium ion intermediate that, following attack by water,
ultimately generates glucopyranose and acetone as the two
reaction products. Scheme 25 illustrates the proposed mechan-
ism for acid-catalysed hydrolysis of 65.104

In summary, isopropenyl glycopyranosides are a third class
of glycopyranosides that, in addition to aryl glycopyranosides
containing electron-withdrawing groups on the aromatic ring
and alkyl glycopyranosides generating stabilised carbenium
ions, react with cleavage of the aglycon C–O bond.

5 Conclusions

This review summarises the general pathways by which glyco-
pyranosyl groups are transferred non-enzymatically between
various acceptor molecules. An underlying theme common to
these glycopyranosyl transfer reactions is the intrinsic attribute
of these systems to span the mechanistic borderline between
dissociative (SN1) and associative (SN2) reactions. For instance,
a reaction parameter alteration such as changing from one
particular nucleophile or leaving group to another can modify
the mechanism from ANDN to DN * AN. Acid-, and to a lesser

Scheme 25
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extent base-catalysis operates in these systems. Catalysis of
these types are most effective when employed on reaction steps
that have high energetic barriers. In the case of methyl gluco-
pyranoside, when acid-catalysis is absent, the water-promoted
reaction is exceedingly slow because methoxide is a very poor
leaving group. However, for aglycons such as fluoride, 2,4-
dinitrophenyl, and pyridinium which can react without electro-
philic catalysis, spontaneous cleavage of the glycopyranosyl-
aglycon bond occurs readily.

Yet another characteristic of these glycopyranosyl transfer
reactions is that the glucopyranosylium ion has a very short
lifetime in aqueous solutions when anionic nucleophiles are
absent. Consequently, when both the leaving group and the
nucleophile are anionic, the nucleophilic substitution reactions
of glycopyranosyl derivatives occur via associative transition
states. On the other hand, except for reactions with hydrox-
ide ion or an ionised sugar hydroxy group as the nucleophile,
neutral leaving groups such as pyridine engender a dissociative
mechanism for glycopyranosyl transfer.

In summary, with respect to the reaction mechanism, glyco-
pyranosyl transfer appears to be a true “borderline” reaction in
which the mechanism in aqueous solution depends on: (1)
charge on the nucleophile; (2) leaving group charge; (3)
anomeric configuration; (4) presence of acid- or base-catalysis;
and (5) type of catalysis (i.e., general or specific).
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