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ABSTRACT: Two N-acetyl 40,5N-oxazolidinone-protected
sialyl thioglycosides epimeric at the 7-position have been
synthesized and their reactivity and stereoselectivity in
glycosylation reactions have been compared. It is demon-
strated that the natural 7S-donor is both more reactive and
more a-selective than the unnatural 7R-isomer. The difference
in reactivity is attributed to the side chain conformation and
specifically to the proximity of O7 to the anomeric center. In
the natural 7S-isomer, O7 is closer to the anomeric center than
in its unnatural 7R-epimer and, therefore, better able to
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support incipient positive charge at the locus of reaction. The difference in selectivity is also attributed to the side conformation,
which in the unnatural 7R-series is placed perpendicularly above the a-face of the donor and so shields it to a greater extent than
in the 7S-series. These observations are consistent with earlier conclusions on the influence of the side chain conformation on
reactivity and selectivity derived from conformationally locked models in the glucose and galactose series and corroborate the
suggestion that those effects are predominantly stereoelectronic rather than torsional. The possible relevance of side chain
conformation as a factor in the influence of glycosylation stereoselectivity by remote protecting groups and as a control element
in enzymic processes for glycosidic bond formation and hydrolysis are discussed. Methods for assignment of the anomeric

configuration in the sialic acid glycosides are critically surveyed.

B INTRODUCTION

The development of efficient, stereocontrolled methods for
glycosidic bond synthesis is a key element in the continued
evolution of the field of chemical glycobiology."” The rational
development of such methods necessarily depends on an
understanding of the mechanisms of glycosylation and on the
factors that influence them.>™® In this respect, the influence of
side chain protecting groups and conformation on the reactivity
and selectivity of glycosyl donors is an area of considerable
current interest.'® Interest in the role of side chain conformation
stems from the discovery of Fraser-Reid and co-workers of the
retarding effect of cyclic protecting groups on the reactivity of
glycos?rl donors, which they termed the torsionally disarming
effect,” ' and from the critical role played by 4,6-O-benzylidene
acetals in f-mannopyranosylation.”"*~"> Bols and co-workers
dissected the benzylidene effect into torsional and electronic
components based on the relative rates of hydrolysis of a series of
cyclic 6-methoxy-7-carba-glucopyranoside probes (Figure 1a) 16
reaching the conclusion that the major part of the effect is
electronic and arises from the locking of the C5—C6 bond in the
tg (trans—gauche) conformation'”'® (Figure 2a). Subsequently,
however, the Bols laboratory working in the mannopyranosyl
series with related cyclic 7-carba analogs lacking the additional
methoxy group suggested that the torsional component plays a
larger role in the benzylidene effect than was originally thought."?
In our laboratory, we prepared a series of cis-fused 6-methoxy-7-
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carba-galactopyranoside probes, and determined their relative
rates of hydrolysis by the Bols protocol. We found the conformer
in which the 6-methoxy group is antiperiplanar to the C5—OS5 to
be the least reactive (Figure 1b) consistent with the earlier work
in the trans-fused gluco-system.”® Taking into account the
additional torsional interactions introduced by the replacement
of a —O—CH,— moiety in a benzylidene ring by a —CH,—
CH(OCH;)— group (Figure lab) or even by a simple
—CH,CH,— group,"” we concluded that the Bols-type probes
overestimate the torsional component of the disarming effect of
the fused ring and, therefore, that maximization of the electron-
withdrawing effect of the C6—06 bond is of the greatest
importance.”® This conclusion is re-enforced by our earlier
studies with a series of 6-fluoro-, 6,6-difluoro-, and 6,6,6-
trifluororhamnopyranosyl donors in which it was found that the
decomposition temperature and f-selectivity of the intermediate
rhamnosyl triflates increased with increasing fluorine content,
ie, that donor reactivity is related inversely to the electron-
withdrawing ability of substituents at the 6-position.”"
Continuing our studies on the effect of side chain
conformation on glycosyl donor reactivity, we have now turned
our attention to a comparison of the reactivity and selectivity of
sialic acid donors and their 7-epi-isomers (Figure 3). This study
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Figure 1. Relative rates of hydrolysis of 2,4-dinitrophenyl glycosides as a
function of conformation of the C6—06 bond, and numbering
convention for the 7-carba-sugars.

is based on the prediction that the two isomers will exhibit
different predominant side chain conformations and so different
reactivities and stereoselectivities. In so far as this study does not
make use of substrates with artificially restricted side chain
conformations, it obviates the problem of additional torsional
interaction that characterizes the Bols-type system. To exclude
any possibility that donors of different side chain configuration
might react via different conformations of the pyranose ring, we
elected to carry out this study with the rigid N-acetyl-40,5N-
oxazolidinone-protected donors**** which retain the *Cg
conformation in the crystal and in solution®*** and which,
along with the N-desacetyl analogs,zs’26 have proven to be some
of the most selective sialyl donors available for the synthesis of
0-77% C-*** and S-sialosides.*® The sensing of the side chain
conformation and configuration in the sialic acid series by
substituents at the anomeric position follows from the anomeric
configurational dependence in "H NMR spectra of (i) the *Jy; g
coupling constant,""** and (i) the Hy,Hy, chemical shift
difference,” both of which have been applied as methods for the
determination of anomeric configuration. Knowledge of the
influence of side chain conformation and configuration on
anomeric reactivity will ultimately contribute to our mechanistic
understanding of glycosylation and so to the design of improved
systems.

B RESULTS

We begin with a definition of the staggered conformations about
the exocyclic side bonds employed in this Article. With respect to
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Figure 2. Staggered conformations about the exocyclic bond in the
hexopyranoses (C5—C6 bond), the N-acetylneuraminic acids (C6—C7
bond), and the N-acetyl-7-epineuraminic acids (C6—C7 bond) with
preferred conformations of the latter two boxed.
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Figure 3. N-Acetylneuraminic acid and N-acetyl-7-epineuraminic acid
with predominant side chain conformations.

the hydroxymethyl groups of the hexopyranoses, the con-
formation is described by the stereochemical relationship
(gauche, or trans) of O6 to (i) the ring oxygen, and (ii) to C4
(Figure 2a)."”'® Thus, for example, the methylidene protected
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Scheme 1. Synthesis of an Advanced 7-Epineuraminic Acid 1-Adamantanyl Thioglycoside
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Scheme 2. Formation of Oxazolidinone and Oxazinone Derivatives
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glucose derivative 4 is described as having the tg conformer of its
“hydroxymethyl” group (Figure 2a). In the case of the higher
carbon sugars, as noted by Grindley for the sialic acids,"® formally
the definition of the conformation of the exocyclic bond is based
on the stereochemical relationship of the next carbon along the
chain to (i) the ring oxygen, and (ii) to C4 (CS in the sialic acids).
According to this definition, compounds 2 and 3 (Figure 2a) are
formally both tg conformers. For consistency, and to highlight
the importance of the C—O bond at the exocyclic position, all
conformations in this paper are defined by the relationship of the
C—0 bond at the exocyclic position to (i) the ring oxygen, and
(ii) to the ring carbon (C4 in the hexoses and CS in the
neuraminic acids) as was done in the earlier papers by Bols and
161920 T4 indicate structures in which a side chain
oxygen atom has been used as reference atom rather than a
formally more correct side chain carbon, the conformational
descriptors have been prefaced by the term [O].

Synthesis of a 7-episialyl donor began with the known
adamantanyl thiosialoside 9°* and proceeded through Zemplen
deacetylation, and standard installation of an 8,9-O-acetonide
giving 10.* Adapting literature methods,*~* reaction of diol 10
with acetyl chloride at —20 °C enabled the selective esterification
of the less hindered 4-OH giving 11, of which Parikh-Doering
oxidation®® then afforded the 7-keto sialyl donor 12. Selective
reduction of 12 with Luche’s reagent*” provided the 7-epi sialyl
donor 13 in 77% yield and 10:1 selectivity, and this was followed

ourselves.
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by treatment with Boc,O in the presence of DMAP in hot THF
to give the N,0-di-Boc-derivative 14 (Scheme 1).

Zemplen deacetylation of 14 followed by treatment with 3 M
HCI in methanol afforded the 7-epi neuraminate 15, which was
immediately converted into the 40,5N-oxazolidinone 16 by
treatment with triphosgene in the presence of Hiinig’s base at
—50 °C. We note in passing that the more conventional use of
trifluoroactic acid/water,™ or 2 M HCl in ether,*® or more dilute
solutions of HCl in methanol for the removal of the Boc groups
from 14 were complicated by formation of the oxazinone 18
alongside the desired 15, which we interpret as being due to the
rapid cleavage of the N-Boc group with subsequent cyclization
onto the remaining O-Boc moiety. Acetylation of 16 with acetic
anhydride in pyridine and then with acetyl chloride and Hiinig’s
base finally gave the requisite donor 17 (Scheme 2). With the
reaction of 15 with 4-nitrophenyl chloroformate and sodium
bicarbonate in aqueous acetonitrile, the regioisomeric SN,70-
oxazinone 18 was obtained in 67% yield (Scheme 2); subsequent
acetylation afforded the donor 19. The formation of the
oxazinone 18 provides a first indication of the influence of
stereochemistry at C7 on general reactivity in this series, as
application of the same protocol to the analogue 20 with the
natural stereochemistry reliably affords the 40,5N-oxazolidinone
21, two stage peracetylation of which gives the donor 22 as
described previously (Scheme 2).>
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With the stereoisomeric donors 17 and 22 in hand, we began
by comparing their reactivity toward activation with the N-
iodosuccinimide/triflic anhydride combination. To this end, a
1:1 mixture of 17 and 22 was activated with NIS/TfOH at —78
°C in a 2:1 mixture of dichloromethane and acetonitrile and 3 A
acid-washed molecular sieves in the presence of the acceptor 23
with quenching at —78 °C after 1 h by the addition of
triethylamine (Scheme 3). Examination of the crude reaction

Scheme 3. Competitive Reaction of Epimeric Donors 17 and
22 at —78 °C
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mixture by HPLC and 'H NMR spectroscopy revealed clean
preferential activation of the natural 7S-isomer 22 over the
inverted 7R-epimer 17. Consistent with this observation,
unreacted 17 was recovered from the reaction mixture in 96%
yield, while the glycoside 24 was isolated in 92% yield as a single
a-anomer in agreement with the original report on the coupling
of 17 and 23 under comparable conditions.”> This experiment
clearly demonstrates the influence of side chain configuration
(and conformation) on anomeric reactivity.

Subsequent experimentation revealed a temperature of around
—60 °C to be the lowest at which donor 17 was activated in a
reasonable time frame by the NIS/TfOH combination in the 2:1
CH,Cl,/acetonitrile solvent mixture in the presence of acid
washed molecular sieves. Accordingly, with a view to comparing
the stereoselectivity of the epimers 17 and 22, the two donors
were coupled separately with acceptors 23, 25, 26, and 27 under
a standard set of conditions giving rise to the products 24 and
28—34 presented in Table 1.

With donor 22 bearing the natural 7S-configuration, all
couplings were a-selective (Table 1) albeit and expectedly less so
than for comparable reactions™® previously conducted at —78 °C.
With the epimeric 7R-isomer 17, coupling to the relatively
unhindered primary carbohydrate acceptor 23 and to 1-octanol
27 (Table 1, entries 1 and 4) was a-selective, albeit to smaller
extent than with the natural 7S-configured donor 22. With the
two secondary alcohol acceptors studied, couplings to the
unnatural 7R-configured donor were moderately f-selective
(Table 1, entries 2 and 3). Therefore, the 7R-configured donor
17 is less a-selective than its 7S-isomer 22, and with the less
reactive alcohols, this selectivity is even inverted to a modest
preference for S-selectivity. When the galactose-3,4-diol 25 was
employed as acceptor, both couplings took place through the less

sterically hindered 3-OH, as is well-known in the field,*~5?
giving rise to the @,f-(2—3)-configured disaccharides 28 and 32.

Returning to the question of relative reactivity, we prepared
and isolated the anomeric sialyl phosphates 35 and 36 from 17
and 22, respectively, following the method of Wong and co-
workers (Scheme 4).%® Again, a difference in selectivity was
observed with the unnatural 7R-isomer 22 affording a 3:1 a:f-
mixture of phosphates 35, while the 7S-epimer gave a single f-
product 36.

Scheme 4. Preparation of Sialyl Phosphates 35 and 36
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Phosphates 35 and 36 were then examined by ESI mass
spectrometry when, using the standard cone voltage of 40 V, they
both showed clean sodiated molecular ions and the absence of
fragmentation. The ESI mass spectra were then recorded at
increasing cone voltages until the onset of fragmentation as
determined by the observation of a daughter ion resulting from
the loss of dibutylphosphoric acid. With the natural isomer 36,
fragmentation was detectable at a cone voltage of 85 V,
consistent with the literature,>> whereas the unnatural required
isomer 35 required a cone voltage of 98 V before fragmentation
was observed. While it is the case that the energies required for
mass spectral fragmentation of glycosides are dependent on
anomeric configuration,®® this experiment clearly demonstrates
that both anomers of 35 are considerably less susceptible to
decomposition in this manner than the f-isomer of 36, which is
considered to be the most stable anomer in view of previous
observations on the equilibration of sialyl glycosides.

With the 7R-oxazinone 19 in hand, we briefly examined
conditions for its activation and its selectivity in a glycosylation
reaction. Consistent with earlier work from our laboratory with
the analogous 7S-configured oxazinone 37,%* this donor was
substantially less reactive than the oxazolidinones. For this
reason, as in the previous work with 37, we employed the potent
diphenyl sulfoxide/triflic anhydride combination®® for activation.
With the use of 1-adamantanol as acceptor, the glycoside 38 was
obtained in 27% yield as a single @-anomer along with 70% of the
recovered donor (Scheme S). This selectivity of this coupling is
the opposite of that observed previously with 37 when the f-
glycoside 39 was the sole product (Scheme S), and indeed with
that observed by Tanaka and co-workers with the closer 75-
analog 40°°

The side chain conformation of thioglycosides 17 and 22, as
well as of a number of O-glycosides in both the natural and 7-epi
series, was examined by NMR spectroscopy. The NOE contacts
and the *J¢, coupling employed to this end along with the
predominant conformation about the exocyclic C6—C7 bond for
each substance studied are listed in Table 2. In the unnatural 7R-
configured oxazolidinone-protected series, strong NOE inter-
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Table 1. Glycosylation Stereoselectivity as a Function of Donor Side Chain Configuration
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actions between the axial ring hydrogen HS and the side chain
hydrogen HS8, together with *J,, coupling constants between 2.4
and 3.6 Hz, consistent with earlier observations by Bandgar and
Zbiral on simple peracetylated sialosides,** indicate that, with

two exceptions, an approximate [O]gt conformation about the
C6—C7 bond predominates in the unnatural series for both the
a- and f-glycosides (Table 2). Furthermore, the assignment of
the [O]gt side chain conformation to the protected 7-
episialosides is consistent with the observations of Zbiral and
co-workers on the side chain conformation of 7-epi-N-acetyl
neuraminic acid itself.>” Accordingly, we represent the side of
these substances in the [O]gt conformation in this Article. The
two exceptions to this rule are the a-glycosides 32 and 33 of
secondary alcohols, when the H8—HS NOE interaction, while
still present, is noticeably weaker and the *J, coupling constants
much larger at 7.2 Hz, suggesting an important contribution from
the [OJtg conformation. In the natural 7S-series, all oxazolidi-
none protected glycosides examined (Table 2), including the a-
glycoside of a secondary alcohol 29a, showed a strong NOE
correlation between the axial ring hydrogen H6 and the side
chain hydrogen H8. Together with their observed *J,, coupling
constants of 1.5—-2.4 Hz, this suggests a predominant [O]gg
conformation as is typically found in the N-acetyl neuraminic
acid series.”” ™%

B DISCUSSION

It is clear from the comparison of the reactivity of conforma-
tionally locked donors 17 and 22 under standard glycosylation
conditions, as well as from the differing minimum cone voltages
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Table 2. Diagnostic NOE Contacts and Scalar Coupling Constants for Determination of the Predominant C6—C7 Conformation

cmpd C7 config. key NOE contacts 8 Jo7 (Hz) predominant C6—C7 conform.
178 R H8—HS; H7—HS 24 [O]gt

226 S H8—H6; H7—HS 24 [O]gg

27 S H8—H6, H7—HS, H8-gal H6 LS [O]g

28a S H8—Hé6, H7—HS, H8-gal H4 LS [O]gg

286 S H8—H6, H7—HS 2.5 [0]gg

29a S H8-H6, H8-gal H4 1S [O]gg

29 S H8-H6, H7—H5 1.5 [O]gg

3la R H8—HS, H7-HS 3.6 [O]gt

318 R H8—HS, H7—-HS 3.0 [O]gt

32a R H8-HS, H8—H6, H8-gal H3 and 4, H7—HS, H7-ArH" 7.2 [O]gt < [O]tg
326 R H8—HS, H7—-HS 3.0 [O]gt

33a R H8—HS, H8—H6, H8-gal H3 and 4, H7—HS, H7-ArH® 72 [0]gt < [O]tg
334 R H8—HS, H7—HS 36 [0]gt

“Unassigned o-doublet of a benzyl group on the aglycone.

required to promote fragmentation of the isomeric glycosyl
phosphates 35 and 36, that the stereochemical configuration at
C7 in the N-acetylneuraminic acid series affects anomeric
reactivity. As the glycosylation reactions, whether they proceed
through associative Sy2-like or dissociative Syl-like pathways,
and the mass spectral fragmentations, whether stepwise or
concerted,”” proceed with an initial build-up of positive charge at
the anomeric position, this influence on reactivity must correlate
with the ability of the donor to support nascent positive charge at
the anomeric carbon. In the more reactive natural series, with the
7S-configuration, the [O]gg conformation predominates in all
systems studied (Table 2), whereas in the less reactive unnatural
7R-configured systems (Table 2), the [OJgt conformation
predominates with the exception of the two hindered a-
glycosides 32a and 33 to which we return later. The greater
reactivity of the system predominantly adopting the [O]gg over
the isomeric system with its predominant [O]gt conformation is
fully consistent with the findings of Bols and workers'® and of our
laboratory®® on the relative reactivities of conformationally
locked gluco- and galactopyranosyl donors (Figure 1). Making
the reasonable assumption that the side chains predominantly
adopt closely related conformations in any *Hy half chair-like
oxocarbenium ions as they do in both the @- and -glycosides, the
greater reactivity of the natural system with its [O]gg
conformation is best accounted for by the ability of O7 to
stabilize positive charge on the anomeric carbon through space
by virtue of the periplanar alignment of the C7—07 bond and the
vacant p-orbital on C2 (Figure 4a). Conversely, in the unnatural
7R system with its predominant [OJgt conformation, the C7—07
bond is inappropriately located to stabilize the z-system of any
anomeric oxocarbenium ion (Figure 4b). Parallel arguments
apply to reactions proceeding through Sy2-like mechanisms with
the [OJgg conformation better placed for stabilization of the
partial bonds at the transition state by the C7—O7 bond.

. H7 . H7
%Q -,C? %—Q 207

o)
b) 7R, [O]gt

a) 7S, [Olgg

Figure 4. Relationship of the C7—07 bond to the *H; conformation of
the sialyl oxocarbenium ion in (a) the natural 7S series with the [O]gg
conformation, and (b) the unnatural 7R-series with the [O]gt
conformation. All other substituents are omitted for clarity.
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Alternatively, O7 is spatially closer to the point charge (or partial
point charge) of the anomeric carbenium ion in the [O]gg
conformer than that in the [O]gt conformer and so better able to
provide electrostatic stabilization following the models of
Deslongchamps,63 Woods,** Woerpel,65 and Bols.°*®” The
overall situation is consistent with the result of DFT
computations by Yang and Woerpel (Figure S) according to

Meo% % Me%%ow‘e
OMe

gt, +0.4 kcal.mol™,
MeO-C1=41A"

g9, 0 kcal.mol™,
MeO-C1=37A°

Figure S. Relative energies (B3YLP/6-31G*) and O—Cl1 distances of
the g¢ and gt conformers of the 1-methoxy-S-(methoxymethyl)-
tetrahydropyranyl cation according to Yang and Woerpel.

which the gg conformation of the 1-methoxy-5-(methoxymeth-
yl)tetrahydropyranosyl cation is some 0.4 kcal-mol™" lower in
energy than the corresponding gt conformation.®® Self-evidently,
this rationalization only applies to the *Hy or closely related
conformation which is imposed on the system by the trans-fused
oxazolidinone ring in the systems under study.

While we have not conducted a thorough study of the
oxazinone-protected donors, we previously noted>* the lack of
reactivity of the 7S-configured 37 under the NIS/TfOH
conditions (Scheme S) which forced us to employ the more
potent diphenyl sulfoxide/Tf,0 activating system. Parallel
observations were made by Tanaka and co-workers with the
7S-configured donor 40 (Scheme 5).°° As reported here, the
unnatural 7R-configured donor 19 is relatively unreactive even
with activation by diphenyl sulfoxide/Tf,0 (Scheme S). The
main difference between the oxazinone-protected systems 19,
37, and 38, and the oxazolidinone-protected ones 17 and 22 is
the imposition of the [O]tg conformer in the oxazinones which
leads to a reduction in activity consistent with the earlier studies
on conformationally locked gluco and galactopyranosyl donors
(Figure 1)."9%° We refrain from interpreting differences in
reactivity between the oxazinones 19, 37, and 38 because of the
inconsistencies in the thioglycosides employed, in their anomeric
stereochemistry, and in the side chain protecting groups all of
which influence anomeric reactivity.>”
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Figure 6. Differential Steric Interactions in a-face attack on the natural (7S) and unnatural (7R) donors.

Turning to the influence of side chain configuration on
anomeric stereoselectivity, all glycosylation reactions with the
natural 7S-configured donor 22 were a-selective (Table 1)
consistent with the broad use of this class of oxazolidinone-
protected donor in the literature.”>">® When hindered secondary
acceptors were employed, the selectivity was lower than
previously reported,” a fact that we attribute to the higher
reaction temperatures necessitated by the comparative studies.
As we have discussed previously,> the high levels of a-selectivity
observed with donor 22 are best accommodated by associative
transition states proceeding with inversion of configuration at the
anomeric center, even if the exact nature of the leaving group has
yet to be pinpointed. Associative transition states are favored by
the oxazolidinone-protected class of sialyl donors because of the
strong electron-withdrawing nature of the oxazolidinone whose
dipole is in the mean plane of the pyranose ring and strongly
destabilizes positive charge at the anomeric center.>* As noted
above, the unnatural 7R-configured donor 17 is less reactive than
22, which is a consequence of the conformation of its side chain
and the reduced stabilization afforded to positive charge at the
anomeric position by O7. Donor 17 is, however, less selective
than donor 22 even if its relative reactivity suggests a higher
degree of association in its anomeric substitution reactions. This
reduced selectivity in the unnatural series is apparently a function
of the additional shielding of the a-face by the predominant [O]
gt conformation of the side chain, which retards approach of the
acceptor from that face and so promotes either a competing f-
selective associative mechanism or a more dissociative process.
The additional shielding of the a-face in the unnatural 7R-series
is illustrated in (Figure 6) for an associative displacement of an
unspecified leaving group; similar interactions can be expected to
be present in the product forming step of a dissociative
substitution.

The steric origin of the reduced selectivity of donor 17 is most
apparent with the secondary alcohol acceptors when the f-
anomeric products 32f and 33§ are favored (Table 1, entries 2
and 3). It is pertinent in this regard that the minor anomers 32«
and 33« are the only compounds in the unnatural 7R-series to
display a different side chain conformation to the otherwise
predominant [OJgt arrangement. This change in side chain
conformation presumably arises because of a more highly
developed form of the steric clash between C8 in the [O]gt
conformation and the aglycone that is the cause of the reduced
selectivity in this series. Conversely, in the oxazinone series, the
unnatural 7R-configured donor 19 is more a-selective than
comparable 7S-configured systems 37 and 40 (Scheme $).
Consistent with the above rationale for the greater a-selectivity
of 22 over 17, this is clearly the result of the axial side chain in 37
and 40 being located directly above the a-face of the system.

As the side chain conformations of both the natural 7S and
unnatural 7R N-acetyloxazolidinone protected sialosides found
in this work correspond to those found®”~®* in simpler systems
lacking the cyclic protecting group, we discount the possibility
that the oxazolidinone N-acetyl group interferes with the side
chain conformation of either epimer to any significant extent. As
illustrated in Figure 6, both systems adopt conformations in
which the C7—H?7 bond is oriented toward the oxazolidinone N-
acetyl group, thereby minimizing steric interactions with it.

The anomeric configuration of all compounds prepared in this
study was determined primarily by the measurement of the *J
coupling constant between the anomeric carboxylate carbon and
the axial H3 (Tables 3 and 4, Supporting Information), which
provided the *Cy chair conformation pertains is diagnostic,ég_72
and are supported by consistent NOE patterns such as those laid
out in Table 2. In the natural 7S-series, *Jc; 3, for the a-
glycosides was consistently found in the range 5.0—6.3 Hz, while
the corresponding f-glycosides showed *Jc; 3, = 0, in full
agreement with the literature.~”> On the other hand, in the
unnatural 7R-series of compounds, while the a-glycosides
displayed a similar range of 3]C1,H3ax (4.7—6.5 Hz) to the natural
series, the f-isomers deviated significantly from the norm and
were found in the range 0—3.8 Hz (Tables 1 and 2, Supporting
Information). This deviation from the 0 Hz for the J¢; yay
heteronuclear coupling constant in the 7-epi-f-sialosides is not a
consequence of a significant distortion of the MeO,C—C2—-C3—
H3ax dihedral angle from the ideal 60° (i.e., of a change in ring
conformation) as the 3]H33X7H4, 3]H4'H5, and 3]H5‘H6 homonuclear
coupling constants indicate the antiperiplanar nature of those
hydrogens in all cases. Rather, we consider this deviation from
the standard®®~"? pattern in the case of the 7-epi-B-glycosides to
be a consequence of the influence of the [O]gt side chain
conformation, either directly on the electron density of the
MeO,C—C2—C3—H3ax spin system or indirectly by its
influence on the glycosidic torsion angle, which in turn
modulates electron density on the MeO,C—C2—C3—H3ax
spin system. Generally, we are of the opinion that other systems’>
for the assignment of configuration in the sialic acid glycosides
based on chemical shifts of specific resonances and/or chemicals
shift differences of pairs of resonances (5H3>eq,74 S5H4, 1+
5H7,*"7S and 6HS8,*" 5) are unreliable even in the natural series,
particularly when only one anomer is available, as they are
somewhat dependent on the nature of the aglycone (Tables 1
and 2, Supporting Information). For example, compounds 28a
and 284 (in the natural series for which the rules are formulated)
display 6H4 of 3.95 and 4.5S, respectively, while glycosides 29«
and 29f (also in the natural series) have 6H4 of 4.11 and 3.4,
respectively, that is, with the inverted order. As the only
difference between glycosides 28a,f and 29, is the presence
(28) or absence (29) of a benzyl ether on O4 of the acceptor, this
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reversal of chemical shift order underlines the influence of the
aglycone and even its protecting groups on chemical shift
patterns within the glycoside. Methods for the assignment of
anomeric configuration based on side chain coupling constants
(3]7,8 coupling constant***) and chemical shift differences
between pairs of side chain resonances (A5 H9a and HOb*>"*)
cannot be transposed from the natural (7S) to the unnatural (7R)
series (Tables 1 and 2, Supporting Information) because of the
change in side chain conformation.

B CONCLUSION

The stereochemical configuration at C7 in the oxazolidinone-
protected sialyl donors influences both reactivity and stereo-
selectivity, as a consequence of the differing conformations of the
side chains. In the natural 7S-series, the C6—C7 bond
predominantly adopts the [O]gg conformation, which confers a
greater reactivity on the donor than the predominant [O]gt
conformation found in the unnatural 7R-series. This is a
consequence of the increased through space stabilization of
positive charge at the anomeric center in the [O]gg
conformation. The [O]gt side chain conformation found in the
unnatural series affords greater steric shielding to the a-face of
the donor resulting in lower stereoselectivity in its coupling
reactions. These observations are consistent with earlier
conclusions on the influence of the side chain conformation of
reactivity and selectivity derived from conformationally locked
models in the glucose'® and galactose® series and corroborate
the suggestion that those effects are predominantly stereo-
electronic rather than torsional.'®*® It follows from these
arguments that the use of atypical protecting group systems in
sialyl donors, such as the recent use of silyl ethers at O4 and/or
07,”° may influence anomeric selectivity through the modulation
of side chain conformation as well as more directly through their
arming or disarming nature. It also follows, however, that care
must be taken in the assignment of anomeric configuration in
such systems because standard empirical rules do not necessarily
transpose to the new system;*"**”>~7> the only reliable method
in our opinion being the magnitude of the ¥y heteronuclear
coupling constant between the anomeric carboxylate carbon and
the axial H3 for compounds with established chair conforma-
tions.

Although the results presented in this Article have been
developed through the use of N-acetyl neuraminic acid
derivatives and their 7-epimers, the conclusions on the influence
of the side chain configuration and conformation on glycosyl
donor reactivity and selectivity are likely to have broader
implications, not the least of which is in the formation of the
legionaminic and pseudaminic acid (Figure 7) glycosides found
in various pathogenic bacteria.””~®" Furthermore, insofar as the
side chain conformation of glycosyl donors might be influenced
by protecting groups at other positions around the pyranose ring,
for steric and or stereoelectronic reasons, it appears likely that
side conformation has a role to play in the continuing debate on

OH OH

OH OH

AcHN i O COZH AcHN O

AcHN OH AcHNOH

Pseudaminic Acid

CO,H

Legionaminic Acid

Figure 7. Structures of legionaminic and pseudaminic acid.

the influence of remote protecting groups on glycosylation
reactions.' %> 7%° Finally, it is interesting to speculate that Nature
may modulate the activity of enzymes involved in glycosidic
bond formation and/or hydrolysis through the evolution of
binding sites tailored to lock the side chain in suitable
conformations.

B ASSOCIATED CONTENT

© Supporting Information

Full experimental details and copies of 'H and *C NMR spectra
of all compounds. This material is available free of charge via the
Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
dcrich@chem.wayne.edu

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS
We thank the NIH (GM62160) for generous financial support.

B REFERENCES

(1) Walt, D. R.; Aoki-Kinoshita, K. F.; Bendiak, B.; Bertozzi, C. R;
Boons, G.-J.; Darvill, A.; Hart, G. W.; Kiessling, L. L.; Lowe, ].; Moon, R ;
Paulson, J.; Sasisekharan, R.; Varki, A. P.; Wong, C.-H. Assessing the
Importance and Impact of Glycomics and Glycoscience; National Academy
of Sciences: Washington, D.C., 2012.

(2) Wang, L.-X; Davis, B. G. Chem. Sci. 2013, 4, 3381—3394.

(3) Crich, D. Acc. Chem. Res. 2010, 43, 1144—1153.

(4) Crich, D. J. Org. Chem. 2011, 76, 9193—9209.

(5) Bohé, L.; Crich, D. C. R. Chim. 2011, 14, 3—16.

(6) Satoh, H.; Manabe, S. Chem. Soc. Rev. 2013, 42, 4297—4309.

(7) Ranade, S. C.; Demchenko, A. V. J. Carbohydr. Chem. 2013, 32, 1—
43.

(8) Walvoort, M. T. C.; van der Marel, G. A.; Overkleeft, H. S.; Codée,
J. D. C. Chem. Sci. 2013, 4, 897—906.

(9) Smith, D. M.; Woerpel, K. A. Org. Biomol. Chem. 2006, 4, 1195—
1201.

(10) Kim, K. S.; Suk, D.-H. Top. Curr. Chem. 2011, 301, 109—140.

(11) Fraser-Reid, B.; Wu, Z. C.; Andrews, W.; Skowronski, E. J. Am.
Chem. Soc. 1991, 113, 1434—1435.

(12) Andrews, C. W.; Rodebaugh, R.; Fraser-Reid, B. J. Org. Chem.
1996, 61, 5280—5289.

(13) Crich, D; Sun, S. J. Org. Chem. 1996, 61, 4506—4507.

(14) Crich, D.; Sun, S. J. Org. Chem. 1997, 62, 1198—1199.

(15) Aubry, S.; Sasaki, K.; Sharma, L; Crich, D. Top. Curr. Chem. 2011,
301, 141—-188.

(16) Jensen, H. H.; Nordstrom, M.; Bols, M. J. Am. Chem. Soc. 2004,
126, 9205—9213.

(17) Bock, K;; Duus, J. O. J. Carbohydr. Chem. 1994, 13, 513—543.

(18) Grindley, T. B. In Glycoscience: Chemistry and Chemical Biology;
Fraser-Reid, B., Tatsuta, K., Thiem, J., Eds.; Springer: Berlin, 2001; Vol.
1, pp 3—S1.

(19) Gylling Frihed, T.; Walvoort, M. T. C.; Codée, J. D. C.; van der
Marel, G. A;; Bols, M,; Pedersen, C. M. J. Org. Chem. 2013, 78, 2191—
2208S.

(20) Moumé-Pymbock, M.; Furukawa, T.; Mondal, S.; Crich, D. J. Am.
Chem. Soc. 2013, 135, 14249—14255.

(21) Crich, D.; Vinogradova, O. J. Am. Chem. Soc. 2007, 129, 11756—
11765.

(22) Crich, D.; Li, W. J. Org. Chem. 2007, 72, 2387—2391.

(23) Crich, D.; Li, W. J. Org. Chem. 2007, 72, 7794—7797.

(24) Liang, F.-F.; Chen, L.; Xing, G.-W. Synlett 2009, 425—428.

(25) Tanaka, H.; Nishiura, Y.; Takahashi, T. J. Am. Chem. Soc. 2006,
128, 7124—-7128S.

dx.doi.org/10.1021/ja410683y | J. Am. Chem. Soc. 2013, 135, 18999—19007


http://pubs.acs.org
mailto:dcrich@chem.wayne.edu

Journal of the American Chemical Society

(26) Farris, M. D.; De Meo, C. Tetrahedron Lett. 2007, 48, 1225—1227.

(27) Crich, D.; Wu, B. Org. Lett. 2008, 10, 4033—403.

(28) Hsu, C.-H.; Chy, K.-C;; Lin, Y.-S.; Han, J.-L.; Peng, Y.-S.; Ren, C.-
T.; Wy, C.-Y.,; Wong, C.-H. Chem.—Eur. J. 2010, 16, 1754—1760.

(29) Chy, K.-C; Ren, C.-T.; Lu, C.-P.; Hsu, C.-H.; Sun, T.-H.; Han, J.-
L.; Pal, B.; Chao, T.-A; Lin, Y.-F.; Wy, S.-H.; Wong, C.-H.; Wu, C.-Y.
Angew. Chem., Int. Ed. 2011, 50, 9391—9395.

(30) Chuang, H.-Y,; Ren, C.-T.; Chao, C.-A.; Wu, C.-Y; Shivatare, S.
S.; Cheng, T.-J. R.;; Wy, C.-Y.; Wong, C.-H. . Am. Chem. Soc. 2013, 13§,
11140—11150.

(31) Tanaka, H.; Tateno, Y.; Nishiura, Y.; Takahashi, T. Org. Lett.
2008, 10, 5597—5600.

(32) Tanaka, H; Nishiura, Y.; Takahashi, T. J. Org. Chem. 2009, 74,
4383—4386.

(33) Tanaka, H.; Kawai, T.; Adachi, Y.; Ohno, N.; Takahashi, T. Chem.
Commun. 2010, 8249—8251.

(34) Sun, B,; Jiang, H. Tetrahedron Lett. 2011, 52, 6035—6038.

(35) Wang, Y.-J,; Jia, J.; Gu, Z.-Y.; Liang, F.-F.; Li, R.-C.; Huang, M.-H,;
Xu, C.-S,; Zhang, ].-X.; Men, Y.; Xing, G.-W. Carbohydr. Res. 2011, 346,
1271-1276.

(36) Boltje, T.J.; Heise, T.; Rutjes, F. P. T.; van Delft, F. L. Eur. J. Org.
Chem. 2013, 5257—5261.

(37) Corcilius, L.; Payne, R. J. Org. Lett. 2013, 15, 5794—5797.

(38) Noel, A.; Delpech, B.; Crich, D. Org. Lett. 2012, 14, 1342—1345.

(39) Gu, Z.-y.; Zhang, X.-t.; Zhang, J.-x.; Xing, G.-w. Org. Biomol. Chem.
2013, 11, 5017—-5022.

(40) Noel, A.; Delpech, B.; Crich, D. Org. Lett. 2012, 14, 4138—4141.

(41) Paulsen, H.; Tietz, H. Angew. Chem., Int. Ed. 1982, 21, 927—928.

(42) Haverkamp, J.; Van Halbeek, H.; Dorland, L.; Vliegenthart, J. F.
G.; Pfeil, R;; Schauer, R. Eur. J. Biochem. 1982, 122, 305—311.

(43) Ogura, H; Furuhata, K.; Sato, S.; Anazawa, K. Carbohydr. Res.
1987, 167, 77—86.

(44) Bandgar, B. P.; Zbiral, E. Monatsh. Chem. 1991, 122, 1075—1088.

(45) Salunkhe, M.; Hartmann, M.; Schmid, W.; Zbiral, E. Liebigs Ann.
Chem. 1988, 187—189.

(46) Parikh, J. R; v. E. Doering, W. J. Am. Chem. Soc. 1967, 89, 5505—
5507.

(47) Luche, J.-L.; Rodriguez-Hahn, L.; Crabbe, P. J. Chem. Soc,, Chem.
Commun. 1978, 601.

(48) Rajender, S.; Crich, D. J. Carbohydr. Chem. 2013, 32, 324—335.

(49) Magnusson, G.; Nilsson, U. J. In Glycoscience: Chemistry and
Chemical Biology; Fraser-Reid, B., Kuniaki, T., Thiem, J., Eds.; Springer-
Verlag: Berlin, 2001; Vol. 2, pp 1543—1587.

(50) Hasegawa, A.; Kiso, M. In Preparative Carbohydrate Chemistry;
Hanessian, S., Ed.; Marcel Dekker: New York, 1997; pp 357—379.

(51) Boons, G.-J.; Demchenko, A. V. Chem. Rev. 2000, 100, 4539—
4565.

(52) Kancharla, P. K.; Navuluri, C.; Crich, D. Angew. Chem., Int. Ed.
2012, 51, 11105—11109.

(53) Denekamp, C.; Sandlers, Y. J. Mass Spectrom. 2005, 40, 765—771.

(54) Crich, D.; Wu, B. Tetrahedron 2008, 64, 2042—2047.

(55) Codée, J. D. C; van den Bos, L. J.; Litjens, R. E. J. N.; Overkleeft,
H. S.; van Boeckel, C. A. A; van Boom, J. H; van der Marel, G. A.
Tetrahedron 2004, 60, 1057—1064.

(56) Tanaka, H.; Ando, H.; Ishihara, H.; Koketsu, M. Carbohydr. Res.
2008, 343, 1585—1593.

(57) Christian, R;; Schulz, G.; Brandstetter, H. H.; Zbiral, E. Carbohydr.
Res. 1987, 162, 1—11.

(58) Brown, E. B;; Brey, W. S, Jr.; Weltner, W,, Jr. Biochim. Biophys.
Acta 1975, 399, 124—130.

(59) Flippen, J. L. Acta Crystallogr. 1973, B29, 1881—1886.

(60) Veluraja, K.; Rao, V. S. R. Biochim. Biophys. Acta 1980, 630, 442—
446.

(61) Rao, V. S. R; Qasba, P. K; Balaji, P. V,; Chandrasekaran, R.
Conformation of Carbohydrates; Harwood Academic Publishers:
Amsterdam, 1998.

(62) Sabesan, S.; Bock, K.; Lemieux, R. U. Can. J. Chem. 1984, 62,
1034—104S.

19007

(63) Miljkovic, M.; Yeagley, D.; Deslongchamps, P.; Dory, Y. L. J. Org.
Chem. 1997, 62, 7597—7604.

(64) Woods, R.].; Andrews, C. W.; Bowen, J. P. J. Am. Chem. Soc. 1992,
114, 859—864.

(65) Larsen, C. H.; Ridgway, B. H.; Shaw, J. T.; Smith, D. M.; Woerpel,
K. A. J. Am. Chem. Soc. 2005, 127, 10879—10884.

(66) Heuckendorff, M.; Pedersen, C. M.; Bols, M. Chem.—Eur. ].
2010, 16, 13982—13994.

(67) Jensen, H. H.; Bols, M. Acc. Chem. Res. 2006, 39, 259—265.

(68) Yang, M. T.; Woerpel, K. A. J. Org. Chem. 2009, 74, 545—553.

(69) Czarniecki, M. F.; Thornton, E. R. J. Am. Chem. Soc. 1977, 99,
8273—-8279.

(70) Hori, H.; Nakajima, T.; Nishida, Y.; Ohrui, H.; Meguro, H.
Tetrahedron Lett. 1988, 29, 6317—6320.

(71) Haverkamp, J.; Spoormaker, T.; Dorland, L.; Vliegenthart, ]. F. G.;
Schauer, R. J. Am. Chem. Soc. 1979, 101, 4851—4853.

(72) Prytulla, S.; Lauterwein, J.; Klessinger, M.; Thiem, J. Carbohydr.
Res. 1991, 215, 345—349.

(73) Duus, J. O.; Gotfredsen, C. H.; Bock, K. Chem. Rev. 2000, 100,
4589—4614.

(74) Dabrowski, U.; Friebolin, H.; Brossmer, R.; Supp, M. Tetrahedron
Lett. 1987, 20, 4637—4640.

(75) Okamoto, K.; Kondo, T.; Goto, T. Bull. Chem. Soc. Jpn. 1987, 60,
637—643.

(76) Premathilake, H. D.; Gobble, C. P.; Pornsuriyasak, P.; Hardimon,
T.; Demchenko, A. V.; De Meo, C. Org. Lett. 2012, 14, 1126—1129.

(77) Tsvetkov, Y. E.; Shashkov, A. S.; Knirel, Y. A,; Zihringer, U.
Carbohydr. Res. 2001, 335, 221-243.

(78) Glaze, P. A;; Watson, D. C; Young, N. M; Tanner, M. E.
Biochemistry 2008, 47, 3272—3282.

(79) Schoenhofen, I. C.; McNally, D. J.; Vinogradov, E.; Whitfield, D.;
Young, N. M;; Dick, S.; Wakarchuk, W. W.; Brisson, J.-R.; Logan, S. M. J.
Biol. Chem. 2006, 281, 723—732.

(80) Hopf, P. S; Ford, R. S; Zebian, N.; Merkx-Jacques, A;
Vijayakumar, S.; Ratnayake, D.; Hayworth, J.; Creuzenet, C. PLoS One
2011, 6, €25722.

(81) Shashkov, A. S.; Streshinskaya, G. M.; Kozlova, Y. I; Tul’skaya, E.
M.; Senchenkova, S. N.; Arbatskii, N. P.; Bueva, O. V.; Evtushenko, L. L.
Biochemistry (Moscow) 2012, 77, 511—517.

(82) Liu, Q-W.; Bin, H.-C; Yang, J.-S. Org. Lett. 2013, 15, 3974—3977.

(83) Kalikanda, J.; Li, Z. J. Org. Chem. 2011, 76, 5207—5218.

(84) Ngoje, G; Li, Z. Org. Biomol. Chem. 2013, 11, 1879—1886.

(85) Lourenco, E. C; Ventura, M. R. Tetrahedron 2013, 69, 7090—
7097.

dx.doi.org/10.1021/ja410683y | J. Am. Chem. Soc. 2013, 135, 18999—19007



