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ABSTRACT: A method for the investigation of the influence of protecting groups on the
anomeric equilibrium in the sialic acid glycosides has been developed on the basis of the
equilibration of O-sialyl hydroxylamines by reversible homolytic scission of the glycosidic
bond following the dictates of the Fischer−Ingold persistent radical effect. It is found that a
trans-fused 4O,5N-oxazolidinone group stabilizes the equatorial glycoside, i.e., reduces the
anomeric effect, when compared to the 4O,5N-diacetyl protected systems. This effect is
discussed in terms of the powerful electron-withdrawing nature of the oxazolidinone system, which in turn is a function of its
strong dipole moment in the mean plane of the pyranose ring system. The new equilibration method displays a small solvent
effect and is most pronounced in less polar media consistent with the anomeric effect in general. The unusual (for anomeric
radicals) poor kinetic selectivity of anomeric sialyl radicals is discussed in terms of the planar π-type structure of these radicals
and of competing 1,3-diaxial interactions in the diastereomeric transition states for trapping on the α- and β-faces of the radical.

■ INTRODUCTION
The influence of protecting groups on the reactivity and
selectivity of glycosyl donors is a widely recognized and
exploited phenomenon.1−23 The corresponding influence of
protecting groups on the anomeric equilibrium, while evident
for many years,24,25 is less widely studied and exploited. Recent
examples of the latter include the recognition that 2N,3O-
oxazolidinones both facilitate anomerization in the 2-amino-2-
deoxyhexopyranosides and stabilize the axial over the equatorial
anomer,26−34 with similar effects being apparent in hexopyrano-
sides carrying a 2,3-O-cyclic carbonate group,32,35 and the
realization that cyclic 4,6-O-acetals modulate the anomeric
effect in the hexopyranoses.14,36,37 Our interest in the use of the
N-acetyl-4O,5N-oxazolidinone protected sialyl donors,38,39 and
their N-desacetyl counterparts,40,41 which have emerged as
some of the most powerful and equatorially selective systems
for the preparation of sialyl O-glycosides,42−58 as well as their
C-59,60 and S-counterparts,61 prompted us to examine the effect
of these systems on the anomeric equilibrium of sialyl
glycosides. The magnitude of the anomeric effect is typically
assessed either by mutarotation of anomeric hemiacetals or by
the Brønsted or Lewis acid-mediated equilibration of glyco-
sides, and such methods have been used to determine the
position of the anomeric equilibrium in both N-acetyl
neuraminic acid itself and its methyl glycoside,62−66 leading
to the conclusion that the axial glycoside is significantly more
strongly favored in the sialic acids (Figure 1) than in glucose
and that mutarotation of the hemiacetal takes place via a ring-
opening mechanism.65,66

The attempted synthesis of a N-acetyl-4O,5N-protected sialyl
hemiacetal 2 by hydrolysis of the corresponding thioglycoside 3
resulted in the formation of a complex mixture of the two
anomers of 2 and of the acyclic form 4, and its hydrate 5, as

determined by NMR spectroscopy, in which the latter two
species predominated (Figure 2). The complexity of the spectra
together with the predominance of the open-chain forms
revealed the strain placed on the pyranose forms by the
presence of the trans-fused oxazolidinone ring, even if no
distortion of the pyranose ring is evident from X-ray
structures,38,50 and precluded use of the standard methods in
this investigation.

Received: February 6, 2014
Published: March 7, 2014

Figure 1. Anomeric equilibrium in N-acetylneuraminic acid.

Figure 2. Compounds employed in and arising from the mutarotation
of an oxazolidinone-protected sialose derivative.
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Accordingly, we turned our attention to the use of neutral
methods for the equilibration of sialic acid glycosides such as
would not involve the intermediacy of the anomeric hemiacetal
and would be compatible with the readily cleaved38 activated
oxazolidinone ring. Precedent for the equilibration of anomeric
stereochemistry through the reversible homolytic cleavage and
reformation of anomeric C−H,67,68 C−Co,69 and C−Te
bonds,70 suggested that the answer might lie in radical
reactions. The need to approximate as closely as possible the
properties of O-glycosidic bonds suggested the synthesis and
equilibration of O-glycosyl derivatives of sterically hindered
N,N-disubstituted hydroxylamines by the Fischer−Ingold
persistent radical effect.71−73 Albeit less substituted than the
systems required for the radical equilibration process, glycosyl
hydroxylamines are found in nature in the enediyne antibiotics
calicheamicin γ1

I 674 and esperamicin 7,75 and simple
hydroxylamines have been employed as glycosidic bond
surrogates in neoglycoconjugates (Figure 3).76−81 Moreover,

the distinct conformational preferences of the O-glycosyl
hydroxylamine linkage have been advanced as a design element
used by nature to assist in the binding of calicheamicin to the
minor groove of DNA.82 O-Glycosyl hydroxylamines have been
identified as metabolites of various drugs,83 including glucosides
and glucuronides of the antioxidant 2,2,6,6-tetramethylpiper-
idin-1-ol.84

In a preliminary communication we established the concept
with sialyl glycosides of 2,2,4,4-tetramethylpiperidin-1-ol in a
single solvent.85 In this article we report in full on the synthesis
of the O-sialyl glycosides of two further hydroxylamines of
differing steric bulk and conduct equilibration studies in three
solvents spanning a broad range of polarities. The influence of
the sialyl protecting groups, solvent polarity, and hydroxyl-
amine steric bulk on the thermal equilibration reactions of the
sialyl hydroxylamines are presented and afford insight into the
influence of the trans-fused oxazolidinone group in sialic acid

chemistry. The lack of kinetic selectivity of sialyl anomeric
radicals is discussed from the viewpoint of their conformation,
which is based on literature electron spin resonance data of
cognate radicals.

■ RESULTS
Despite the presence of O-glycosyl hydroxylamines in various
enediyne antibiotics and their use in neoglycoconjugates,
literature methods for their synthesis are limited to the
glycosylation of (i) various N-acylated hydroxylamines, e.g.,
N-hydroxyphthalimide and N-carboethoxy hydroxyl-
amine,76,80,86−91 (ii) oximes,92,93 and (iii) nitrones,94−96 each
with subsequent manipulation of the functionality at nitrogen.
These methods are, however, not suitable for the synthesis of
the sterically hindered O-glycosyl N,N-dialkylhydroxylamines
required for this investigation, and we therefore turned to the
design of alternative routes. A brief investigation of the direct
glycosylation of N-hydroxy-2,2,6,6-tetramethylpiperidine with
efficient sialyl donors such as developed previously in our
laboratory39 was unfruitful, perhaps for reasons of steric
hindrance, and we turned therefore to radical reactions and
their relative indifference to steric constraints.97 Previous
workers have generated sialyl anomeric radicals for the
purposes of C-sialoside formation by the action of stannyl
radicals on sialyl chlorides,98,99 but we have preferred simple
photolysis of a readily available S-sialyl xanthate ester 8.100 We
note in passing that attempted photochemical equilibration of
xanthate 8 resulted, in a process reminiscent of the Barton−
Achmatowicz101,102 “game of bridge reaction”,103 only in the
known104 elimination product 9 (Scheme 1).

Fortunately, 254 nm photolysis of 8 through Pyrex in a
Rayonnet photoreactor in the presence of the stable nitroxyl
radicals TEMPO (10), TMIO (11),105 and SG1 (12)106

resulted in the formation of the desired O-glycosyl hydroxyl-
amines 14−16 as reported in Scheme 2. Attempted application
of this method to DBNO 13107 resulted only in the formation
of the glycal 9. That the photolysis of 8 can be interrupted with
appropriate radical traps before the formation of glycal 9
indicates that it takes place via a two-step process giving an
initial radical pair followed by disproportionation (Scheme 1).
This observation, which is critical to the success of the project,
differs from the original conclusion of the Barton and Porter
laboratories regarding the photoelimination of thiobenzoate
esters. Those workers preferred a concerted elimination from a
photochemically excited state of the thiocarbonyl ester on the
basis of (i) the observation of a short-lived transient on
irradiation of the thiobenzoate, and (ii) the inability to trap
radical intermediates with (unspecified) radical traps.101 We
also note, however, and more in line with the results observed

Figure 3. Natural products featuring the O-glycosyl hydroxylamine
moiety.

Scheme 1. Photochemical Elimination Xanthate 8
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here, that the photolysis of S-acyl xanthate esters is known to
proceed with homolytic scission of the S-acyl bond resulting in
acyl radical formation.108

Returning to the synthesis of the O-glycosyl hydroxylamines,
when the photolysis of 8 was conducted in the presence of
TEMPO (10) the product 14 was obtained as an approximately
1:2 mixture, favoring the isomer (β-) with the axial
hydroxylamino residue, in 69% yield together with 10% of
the glycal. With TMIO (11), the adduct 15 was obtained in
72% yield as an approximate 1:2.2 α:β mixture. Photolysis in
dichloroethane in the presence of racemic SG1 (12) gave only
the glycal 9, but the anomeric radical could be intercepted in
45% yield when neat SG1 (12 equiv) was used as solvent.
Finally, photolysis in the presence of di(t-butyl)nitroxide in
dichloroethane afforded only the glycal 9. Given the use of
racemic SG1, there are four potential diastereomers of 16, but
the product was isolated as a mixture of two predominant but
inseparable isomers, the major one of which we tentatively
assign as an equatorial (α-) adduct and the minor as an axial
(β-) adduct without commenting on the configuration at the
stereogenic center adjacent to the phosphoryl group. The
anomeric stereochemistry in each of the adducts 14−16 is
assigned on the basis of the 3J heteronuclear coupling constant
between the anomeric carboxyl carbon and the axial methylene
proton at C3 in the pyranose ring, which is diagnostic in the
sialic acid glycosides.109−113 These assignments are also
supported by NOE measurements for the axial (β-) anomer
of 14 and subsequent members of the same series (vide infra),
which reveal the spatial proximity of the axial H6 in the
pyranose ring and one or more of the methyl singlets in the
hydroxylamine moiety. Resubmission of 14 to the photolysis
conditions did not result in any change in the anomeric ratio
consistent with the lack of a suitable chromophore, and
indicating the products 14−16 to be kinetic mixtures. Rate
constants for the trapping of alkyl radicals by nitroxyl radicals,
while high (106 to 109 s−1), are nevertheless below the diffusion
controlled limit for stabilized alkyl radicals and are dependent

on steric bulk in both the radical and the trap.114−117 The
stereoselectivities observed in the formation of 14−16
therefore must factor in the inherent face selectivity of the
intermediate radical 18 (Figure 4) and the steric bulk of the
trap, which according to Bowry and Ingold, follows the trend
DBNO > TEMPO > TMIO on the basis of kinetic trapping
data (SG1 not being included in the study).114 We conclude
therefore that radical 18 shows a modest axial selectivity that
can be overridden by the use of the presumably more bulky
trap SG1. This modest axial selectivity is consistent with the
work of Paulsen and Matschulat, who recorded an axial/
equatorial trapping preference of 1.8:1 for the reaction of 18
with allyltributylstannane at 60 °C in THF,99 but not with the
work of Nagy and Bednarski, who reported an approximate
axial/equatorial ratio of 1:1 for the same reaction conducted at
room temperature under photochemical conditions.98

We depict radical 18 as a close to planar π-radical with
extensive delocalization onto the carboxyl oxygen resulting in
two distinct conformers about the exocyclic C1−C2 bond
(Figure 4) on the basis of literature ESR data for simple model
radicals. Thus, ESR studies of the tri-O-acetyl-2-deoxy-1-
glucosyl radical 19 show it to adopt a chair conformation
with an out of plane bend of ∼6° for the anomeric carbon
consistent with a radical that is 90% sp2 hybridized.118,119 The
methoxycarbonylmethyl radical 20 is a planar π-radical with
extensive delocalization onto the carboxyl oxygen and a barrier
to rotation about the CH2−CO2Me bond of ∼11 kcal mol−1,120
and the methoxy(methoxycarbonyl)methyl radical 21 displays
ESR parameters that closely mirror those of 20, including the

Scheme 2. Synthesis of Sterically Hindered O-Glycosyl
Hydroxylamines

Figure 4. Predicted structure of the intermediate radical 18 and
literature structures of the model radicals 19−23 with key ESR
parameters (hyperfine splitting constants a in mT).
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hyperfine splitting aHδ indicative of coupling to the ester methyl
hydrogens, which is diagnostic of extensive delocalization.121

Finally, the close model radicals 22 and 23 also show ESR
spectral parameters consistent with those for 20, including
hyperfine splitting by the ester methyl hydrogens and two
distinct rotamers about the C5−CO2Me bond.119,122 The two
radicals 22 and 23, isomeric at the β-position, adopt different
conformations so as in each case to maximize the overlap of the
β-acetoxy group with the singly filled orbital, a phenomenon
known as quasi-homoanomeric stabilization.119,122 It follows
that when the β-position is unsubstituted as in radicals 18 and
19, and the constraint of the quasi-homoanomeric interaction
absent, the chair conformation will be retained.
Presumably, it is the close to π-type, approximately planar

structure of radical 18 and the presence of the anomeric
carboxyl group that accounts for the low kinetic stereo-
selectivities in its reactions with radical traps, which contrast
with the high axial selectivity seen in the chemistry of simple

per acetylated glycosyl radicals, including 19, and their 1-alkoxy
derivatives.119,123−127 Thus, trapping of radical 18 along the
axial direction, while favored on stereoelectronic grounds and
leading directly to the chair conformation of the product,
involves a 1,3-diaxial interaction between the axial H4 and H6
and the partially formed C2−O bond, while equatorial trapping
results in 1,3-diaxial interaction of H4 and H6 with the fully
formed C2-CO2Me bond albeit while placing the incoming
bulky hydroxylamine in the sterically more accessible equatorial
position (Figure 5). This latter mode only begins to
predominate with the most bulky nitroxide trap, SG1 (12)
and the formation of 16 (Scheme 2). A similar rationale has
been previously invoked for exo−endo-selectivity, with compet-
ing steric interactions between a full covalent bond to a
substituent at the radical center and partially formed covalent
bond to an incoming trap for the bicyclic radical 24.128

With a series of glycosyl hydroxylamines in hand, and with a
view to examining the influence of protecting groups on the
anomeric equilibrium, a set of standard protecting group
manipulations were applied to 14 and 15, as illustrated in
Scheme 3, giving a number of derivatives for subsequent
equilibration studies.
A series of equilibration reactions were then conducted by

heating individually (0.05−0.1 M) solutions of substances 14,
15, and 30−33 to 90 °C in each of deuteriobenzene, deuterio-
1,2-dichloroethane, and deuterioacetonitrile, with periodic
monitoring by NMR spectroscopy until no further change
was observed (Table 1). Attempted equilibration of the SG1
derivative 16 resulted only in the formation of the elimination
product 9, for which reason, coupled with the problem of extra
diastereomers arising from the stereogenic center in the
aglycone, the SG1 series was not pursued further. A further
compound, the N,N-diacetyl TEMPO glycoside 25 was also
subjected to equilibration in deuterio-1,2-dichloroethane
(Table 1); however, further work with this compound was
not conducted in other solvents, nor was the TMIO analogue
prepared. The mechanism of the equilibration process involves

Figure 5. Competing transition states for the trapping of radical 18
showing 1,3-diaxial interactions with H4 and H6, and structure of the
radical 24.

Scheme 3. Preparation of Variously Protected Sialyl Hydroxylamines
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reversible homolytic scission of the glycosyl-hydroxylamine C−
O bond to an anomeric radical and a persistent aminoxyl radical
(Scheme 4). It is implicit in the Fischer−Ingold radical

effect71−73,129 that the recombination is intermolecular rather
than intramolecular within the confines of the initial radical
pair. The intermolecular nature of the process enables its use in
combinatorial library generation,130 and for the present
purposes it was readily demonstrated by a simple crossover
experiment. Thus, heating of 15 in the presence of an
equimolar amount of TEMPO in 1,2-dichloroethane to 90
°C for nine days, after which no further change was observed,
resulted in the formation of an approximately 1:2 mixture of 14
and 15, both as a mixture of anomers favoring the α-anomers.
The predominace of the TMIO sialosides 15 over the TEMPO
sialosides 14 in this equilibrated mixture indicates the greater
thermodynamic stability of 15 over 14, which is consistent with
the less hindered, more tied back nature114 and therefore less
persistent nature of the TMIO radical 11 in comparison to the
TEMPO radical 10.
Successful achievement of the equilibration process required

rigorous exclusion of oxygen, which was achieved by copious
sparring with argon, and possibly moisture, as with some

batches of deuterioacetonitrile a further type of byproduct
exemplified by 34 was observed (Scheme 5). While this thermal

oxidative decarboxylation process of a sialic acid glycoside is
certainly interesting in view of other sialic acid decarboxylation
processes, both oxidative131−133 and reductive,126 we have not
pursed it further at present, especially as it could be avoided by
degassing and use of fresh deuterioacetonitrile.
Several trends are evident in the data presented in Table 1.

First, as compared to sialic acid itself (Figure 1) and to simple
methyl sialosides62−66 the O-sialyl hydroxylamines studied all
show an inverted preference for the equatorial over the axial
glycosides. Second, there is a solvent effect on the position of
the anomeric equilibrium with the equatorial (α-) anomers
generally being more highly favored in the higher polarity
solvents. Third, the magnitude of this solvent effect is on the
whole greater in the TMIO series (Table 1, entries 2, 5, and 7)
than in the TEMPO series (Table 1, entries 1, 4, and 6).
Fourth, the anomeric ratio at equilibrium is a function of the
protecting groups employed with the same trends being seen
for the both the TEMPO and TMIO series of compounds.
The general preference of the equatorial over the axial

glycosides seen in Table 1, which contrasts sharply with the
strong anomeric effect in simple sialosides, reflects the
significant steric bulk of the hindered hydroxylamine aglycones
and the attendant destabilization of the axial glycosides through
classical 1,3-diaxial interactions. This reversal of the anomeric
preference between simple sialosides and those of hindered
hydroxylamines does not detract from the validity of
comparisons within the later series of compounds that form
the core of this article. The observed solvent effect, which is
consistent with the well-known25 general trend whereby the
anomeric effect is greatest in less polar solvents, simply reflects
the more polar nature of equatorial versus axial glycosides. The
greater solvent dependence of the TMIO series as compared to
the TEMPO series of compounds presumably arises from the
more polar nature of the TMIO group relative to the TEMPO
group, which is a function of the presence of the electron-
withdrawing arene in the TMIO moiety.134 The most
consistent trend, which holds for both the TEMPO and
TMIO series of compounds and for all three solvents assayed,
involves the change in anomeric ratio as a function of
protecting groups at the O4 and N5 positions. Thus, there is
generally a greater preference for the equatorial glycoside, or a
smaller anomeric effect, in the 4O,5N-oxazolidinone series
(Table 1, entries 4 and 5), than in the N-acetyl-4O,5N-
oxazolidinone series (Table 1, entries 6 and 7), which in turn
show a greater equatorial preference than the 4O,5N-diacetyl
series (Table 1, entries 1 and 2). Although less data is available,
the 4O,5N,5N-triacetyl compounds (Table 1, entry 3) appear to
fall between the diacetyl and the N-acetyloxazolidinones. This
trend is summarized in Figure 6.
Turning to the reasons underlying the general greater

preference for the equatorial glycosides (Figure 6) in the

Table 1. Solvent and Substituent Effects on the Equilibration
of O-Sialyl Hydroxylaminesa

aε = dielectric constant in Debye units.

Scheme 4. Equilibration by Means of the Fischer−Ingold
Persistent Radical Effect

Scheme 5. Unexpected Decarboxylative Lactone Formation
during Equilibration
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oxazolidinone series, we discount steric arguments based on a
smaller steric clash between the aglycone and the O4 protecting
group in the oxazolidinones because the usual exoanomeric
effect25,135,136 conformation about the glycosidic bond will
orient the aglycone toward the rear of the molecule and away
from O4 (Figure 7). Indeed, the typical exoanomeric effect

conformation with an N−O−anomeric C−ring oxygen torsion
angle of ∼-60° is evident in the X-ray crystal structure of a
calicheamicin derivative,74,137 in the X-ray structures of a simple
O-glycosyl hydroxylamine,138 and of various O-glycosyl oximes
and hydroxyimides,93,139−141 albeit a molecular mechanics-
based computational paper appears to suggest a N−O−
anomeric C−ring oxygen torsion angle of ∼170°.82
Rather we suggest that the influence of the oxazolidinone on

the anomeric effect is rooted in the highly polar nature of the
oxazolidinone system with its strong dipole moment aligned
with the axis of the carbonyl bond (Figure 8).142−144 Thus, as

illustrated in Figure 9, the oxazolidinone moiety exhibits a
powerful electron-withdrawing effect in the mean plane of the
pyranose ring due to the alignment of the carbonyl dipole with
the polar C4−O4 and C5−N5 bonds. This is to be contrasted
with the 4O,5N-diacetyl system in which, assuming the
standard minimum energy conformations of the ester and
amide groups145−147 with the latter apparent from the 180°
H5−C5−N5−NH torsion angle with 3JNH,H5 = 10 Hz, the two
carbonyl dipoles are oriented in opposite directions and
approximately perpendicular to the C4−O4 and C5−N5
bonds resulting overall in a smaller electron-withdrawing effect.
The electron-withdrawing effect of the N-acetyloxazolidinone
system, while still powerful because of the alignment of the
oxazolidinone carbonyl with the C4−O4 and C5−N5 bonds in
the mean plane of the pyranose ring, is moderated by the
orientation of the acetyl group, which, as is clear from the
available X-ray crystal structures38,50 and literature data with
simple models,144 is oriented so as to minimize the overall
dipole (Figure 8) at least in weakly polar environments.
If the anomeric effect is understood in terms of donation of

electron density from a lone pair (n) on the ring oxygen into
the synperiplanar C−O σ* orbital of the axial glycosidic
bond,25,148 the influence of the oxazolidinone can be attributed
to the lowering of the energy of the lone pair due to the
presence of the strongly electron-withdrawing group, which in
turn reduces the n−σ* interaction and so diminishes the
anomeric effect. In valence bond terms this equates to the
destabilization of the double bond−no bond resonance form
owing to the increased energy of the oxocarbenium ion arising
from the presence of the strongly electron-withdrawing
protecting group (Figure 10). It can also be argued in view

of the high dipole moment of the oxazolidinone group that
there is a dipolar component to the stabilization of the
equatorial glycosides. Thus, in the axial glycosides the vectors of
the oxazolidinone dipole and the anomeric carbon oxygen bond
dipole subtend an angle of approximately 90°, whereas in the
equatorial glycoside the angle subtended is approximately 60°,
suggesting that the equatorial glycosides will be more highly
stabilized in less polar media, as is the case (Table 1).

■ CONCLUSIONS
A new method of equilibration of sialyl anomeric C−O bonds
has been developed on the basis of the Fischer−Ingold
persistent radical effect. This method enables the investigation

Figure 6. Decreasing preference for the axial (β-) sialoside as a function of protecting group.

Figure 7. Newman projection about the hydroxylamine N−O bond
showing the typical exoanomeric effect conformation of the O-glycosyl
hydroxylamines.74,93,137−141

Figure 8. Dipole moments (Debye units) of open chain and cyclic
carbonyl functionalities in nonpolar solvents.

Figure 9. Orientations of the key O4 and N5 protecting group
carbonyl dipole moments in the O-sialyl hydroxylamines (side chains
omitted for clarity).

Figure 10. Influence of strongly electron-withdrawing protecting
groups on the anomeric effect.
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of protecting groups on the anomeric equilibrium and is
compatible with acid and base sensitive functionality. The trans-
fused oxazolidinone moiety is found by this method to stabilize
equatorial glycosides over their axial counterparts, i.e., to reduce
the magnitude of the anomeric effect. This effect, which adds to
a series of recent observations on the influence of cyclic
protecting groups on the anomeric effect,14,36 is a manifestation
of the strongly electron-withdrawing nature of the trans-fused
oxazolidinone, (and by extrapolation trans-fused cyclic
carbonates), which is a direct consequence of the highly
dipolar nature of such heterocycles. The strongly electron-
withdrawing nature of these groups manifest by the present
study more than likely also plays an important role in the high
kinetic selectivity observed in the trans-fused oxazolidinone
(and cyclic carbonate)-directed α-sialoside synthesis meth-
ods.38−40,45,149 The unusually poor kinetic diastereoselectivity
of anomeric radicals in the sialic acid series is a function of the
π-type planar nature of these radicals coupled with the existence
of competing 1,3-diaxial interactions in the diastereomeric
transition states for the formation of both anomers.
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