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ABSTRACT

The profound effect of substituents at C-5 of glycosyl sialosides on their stereoselectivity is well-known although the exact nature of this effect is
somewhat less understood. Presented herein is a comparative study of a rangeof novel sialyl donorswith variousO-substituents. It is demonstrated that
O-substituents at C-4 and C-7 may also have a significant effect on the reactivity of sialyl donors and on the stereoselectivity of chemical sialylation.

Sialic acid containing glycoconjugates are natural pro-
ducts that, in the past two decades, have become extremely
important synthetic targets, due to their direct involvement
in numerous biological phenomena.1,2 Unfortunately, the
stereoselective synthesis of the glycosidic linkage between
sialic acid and a glycoconjugate chain is still a major
synthetic challenge. In fact, sialylation reactions are often
plagued by low yields of the desired target (R-anomer) due,
in part, to the low stereoselectivity of the reaction itself and
the concomitant elimination reaction that is sometimes
observed. Among the many sialyl donors that have been
investigated, thosemodified at C-5 have probably been the
most exploited.3 From the first modifications as N-acet-
ylacetamido and trifluoroacetamido byBoons et al.4 to the
azido modification of Wong et al.5 and the oxazolidinone

trans-fused ring and its N-acetyl derivative, introduced by
Takahashi,6,7 De Meo,8,9 and Crich,10,11 there has been a
general belief that C-5 modifications can dramatically
improve the synthesis of R-sialosides. Thus, we were
extremely intrigued when we found a series of results with
N-benzoylacetamido per-O-benzoylated sialyl donor 1a

reported by Ye et al.12 that led to the unnatural β-anomer
whencoupledwithglycosyl acceptors2 and 3 (Figure 1 and
Scheme 1). In our opinion, these results posed the question
of whether it was the 5-N-benzoyl modification, or rather
the presence of O-benzoyl groups (or a combination of
both), that actually led to the unanticipated enhanced
β-stereoselectivity (theuseofO-benzoylatedbuildingblocks13

is ratheruncommon insialicacidchemistry). It seemsunlikely
that the high β-stereoselectivity obtained with sialyl donor
1amight be related to the use of CH2Cl2 as a replacement
for the common stereocontrolling solvent acetonitrile
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(Ye reported a lack of activation in acetonitrile). Recent
sialylations have been successfully performed in several
solvents, including dichloromethane.10,14,15 To help under-
stand the effect that N- or O-benzoyl groups may have
on stereoselectivity, we synthesized two sialyl donors bear-
ing mixed protecting group patterns: per-O-benzoylated
sialyl donor 1b and sialyl donor 1c benzoylated only at N-5
(Figure 1; see the Supporting Information (SI) for the
synthesis of all building blocks reported herein).

The comparative testing of sialyl donors 1b�d with
glycosyl acceptors 2 and 3 was performed under the same
experimental conditions as those reported by Ye for the
glycosidation of 1a, i.e. NIS/TfOH in dichloromethane
at �72 �C (entries 1 and 2, Table 1). Per-O-benzoylated
sialyl donor 1b lacking the N-benzoyl substituent still
showed a preference for β-stereoselectivity leading to the
correspondingdisaccharides4b (R/β=1/1.4) and5b (R/β=
1/6.0, entries 3 and 4). On the other hand, N-5 benzoylated
sialyl donor 1c gave the corresponding disaccharides 4c

and 5c with a shift toward R-stereoselectivity (R/β = 2.0/1
and 1.1/1, respectively, entries 5 and 6), although the
overall stereoselectivity remained unimpressive. It is note-
worthy that, as reported by Ye, the introduction of a
benzoyl group at C-5 creates two rotamers around the
C5�N bond. Hence, to achieve high resolution signals, all
1H NMR spectra of N-benzoylated mono- and disaccha-
rides had to be recorded at 80 �C inDMSO,whereas spectra
recorded at �40 �C clearly showed two distinctive groups
of signals corresponding to each rotamer.
To acquire comparison data, traditional sialyl donor 1d

was also coupled to acceptors 2 and 3 under the same

reaction conditions. In our hands, a modest R-stereoselec-
tivity for the synthesis of 4d (R/β = 1.5/1) and a notable
shift toward β-stereoselectivity for the synthesis of 5d

(R/β=1/4.0) were noted (entries 7 and 8). It is noteworthy
thatwhile sialylationswith benzoylated compounds1band
1c were completed within 20 min, sialylations with stan-
dard acetylated donor 1d occurred at a much slower rate
(6�9 h). In our opinion, the data summarized in Table 1
suggest that, while a concomitant per-N,O-benzoylation
has a strong β-directing effect (donor 1a), the major
β-directing contribution is probably due to per-O-benzo-
ylation as seen in the case of donor 1b.

In accordance with the initial goal of our investigation,
this preliminary comparative study suggests that it is not
the N-5 modification alone that is responsible for the high
β-stereoselectivity observed in the coupling of 1a. Instead,
this initial study (vide supra) clearly shows that the impact
of O-protection on the stereoselectivity of sialylations is
also of very high significance. It should be noted that while
the effect ofO-protectinggroupson theoutcomeof common
glycosylation reactions is well-known,16 to the best of our
knowledge, no systematic study ofO-modifications has yet
been reported for sialyl donors. To begin a systematic
study of this effect, we decided to focus on the O-4 and

Scheme 1. Unusually High β-Stereoselectivity Obtained with
Sialyl Donor 1a, as Reported by Ye et al.12

Figure 1. Sialyl donors 1a�d for comparative study.

Table 1. Comparison of Sialyl Donors 1a�d in Couplings with
Glycosyl Acceptors 2 and 3

aReaction conditions: donor/acceptor ratio 1.5:1, NIS/TfOH,
CH2Cl2, �72 o C. bThe anomeric stereochemistry was assigned based
on the chemical shift of H-3eq. cThe yield was determined after
Sephadex LH-20 size exclusion chromatography. dDonor/acceptor
ratio is 1:1.5.
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O-7positions.Our rationale isbasedontheassumptionof the
existence of a conformational equilibrium of the oxacar-
benium ion, with one all-axial conformation that placesO-7
in close proximity to the anomeric center and an axial O-4
withapotentially relevant stereoelectroniceffect.Theexistence
of different conformations of the oxacarbenium ion for
simpler heterocyclic systems has been described byWoerpel
and others.17�20 Although no extensive mechanistic studies
have been reported for derivatives of sialic acid, the syntheses
of 2,7-anhydro, 1,7-lactone, and 1,5-lactam derivatives21�25

suggest the existence of a reaction intermediate conforma-
tion with an all-axial orientation of substituents.

To obtain a general and very preliminary working
hypothesis on the nature of the effect of the O-7 position,
we designed sialyl donor 1e that has only one structural
variant, the 7-O-acetyl group, in comparison to that of per-
benzoylated sialyl donor 1b (Scheme 2). Sialylation of 1e
with acceptor 2 in dichloromethane gave the correspond-
ing disaccharide 4e in 15min. The anomeric ratio observed
(R/β = 1.4/1) was a modest shift toward the R-anomer
formation in comparison to the stereoselectivity obtained
with sialyl donor 1b (R/β = 1/1.4). However, a more
dramatic enhancement in R-stereoselectivity was obtained
in acetonitrile, in which disaccharide 4e was obtained as a
R/β = 5/1 anomeric ratio vs R/β= 1.6/1 for 4b.
Inouropinion, this set of results clearly indicates that the

7-O-protecting group alone may play a significant role in
providing enhanced β-stereoselectivity obtained with per-
O-benzoylated donors 1a and 1b. However, whether the
nature of this effect shall be attributed to the increased

steric bulk of benzoyl vs acetyl or the change in the
electronic profile with the benzoyl substituent being mar-
ginally more electron-withdrawing than acetyl26 remained
unclear. To expand upon these findings we synthesized a
range of new donors 1f�h (Scheme 3), where we also
included protection at O-4 with a bulky tert-butyldi-
methylsilyl (TBDMS) group. Strategically, we chose to
introduce the 4-O-TBDMS group, taking into account the
experimental convenience, to eliminate the possible effect
of an electron-withdrawing substituent at O-4. Finally,
since all sialyl donors of the new series are equipped with a
4-O-TBDMS group it would still allow for direct side-by-
side comparison. However, direct comparison with the
previously investigated series can be onlymade between 1d
and 1f, which only differ by the pretecting group at O-4.
The latter comparison would then allow insight into the
effect of the substituent at O-4.
The initial set of coupling reactions of new sialyl donors

1f�h with acceptor 2 was performed in dichloromethane
at �72 �C. For the coupling of 7-O-acetylated 1f, we
observed a relatively long reaction time (3 h) along with
the preference toward the formation of the R-anomer of 4f
(R/β=2.8/1, Table 2, entry 1). Interestingly, 7-O-benzoy-
lated donor 1g showed a dramatic increase in the reactivity
toward sialylation and also provided a further shift toward
R-sialylation. Thus, disaccharide 4g was obtained in only
15 min (R/β = 4.3/1, entry 2). Upon activation of 7-O-
TBDMS protected sialyl donor 1h, the slowest reaction
time (5 h) within this series was recorded along with the
bias toward β-linked disaccharide 4h (R/β = 1/2.2,
entry 3). Thus, upon activation of sialyl donor 1g, mainly
R-disaccharide 5g was obtained in 10 min (R/β = 2.5/1,
entry 5). Conversely, activation of donor 1h resulted in
the slow formation of 5h with the predominance of the
β-anomer (R/β=1/2.3, entry 6). Interestingly, no reaction
of 1f and acceptor 3 took place (entry 4). This unusual
behavior of 1f may be related to the existence of a
mismatched donor�acceptor pair27 or a double stereodif-
ferentiation effect.28 This observation cannot be explained
by the currently accepted monomolecular mechanism of
sialylation29 (the activation of a leaving group should not
be influenced by the nature of the nucleophile) and clearly
raises questions for future studies.
As mentioned earlier, the solvent effect in sialylations is

known to be the most significant factor influencing the
stereoselectivity (and often reactivity) of sialyl donors.
Since it is commonly accepted thatCH3CNhelps to obtain
high R-stereoselectivity, a vast majority of chemical sialy-
lations are performed using this solvent.30,31 As reported
by Ye et al., per-N,O-benzoylated sialyl donor 1a cannot
be activated in acetonitrile. Our further experimentation

Scheme 2. Comparison of Stereoselectivity Provided by Sialyl
Donors 1b and 1e
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showed that per-O-benzoylated donor 1b and N-benzoy-
lated donor 1c show similar reaction times and yields in
either acetonitrile or CH2Cl2. In terms of R-stereoselectiv-
ity, significant enhancement was recorded for donor 1b in
acetonitrile, whereas almost no changes were detected in
the case of donor 1c (see the SI for additional experimental
data). Hence, the investigation of whether CH3CN can
further impact the stereoselectivity of sialylation with
novel sialyl donors 1f�h appealed to us as an important
subsequent step.
A very dramatic change in the sialylation outcome was

observed in couplings of sialyl donor 1f with acceptors 2
and 3 in CH3CN vs CH2Cl2. Previously, disaccharide 4f

was obtained as an R/β = 2.8/1 mixture of anomers in
CH2Cl2 (entry 1); herein, the R-anomer of 4f was formed
exclusively in CH3CN (entry 7). The coupling of 1f with
glycosyl acceptor 3 now proceeded rapidly (recall no
reaction inCH2Cl2, entry 4), and the resultant disaccharide
5f was obtained in 10 min as a pure R-anomer (entry 11).
These reactions stood out due to the exceptionally high
stereoselectivity, even in comparison with the standard
donor 1d leading to disaccharide 4d (R/β=4.4/1, entry 8).
This was a very clear indication that the substituents on
O-4 have a very profound effect on sialylation. Results
obtained with 7-O-benzoyl donor 1g varied dramatically
depending on the nature of the glycosyl acceptor. For the
coupling of 7-O-benzoyl donor 1g, while a negligible
decrease in R-stereoselectivity was detected with acceptor
2 (compare entries 2 and 9), a 5-fold increase was noticed
with acceptor 3 (compare entry 5 vs 12). In all cases of
sialylation with 7-O-TBDMS donor 1h, lower R-stereo-
selectivity, in comparison to that of the standard per-
acetylated donor 1d, was recorded (entries 10 and 13).
In conclusion, a rangeof novel sialyl donorswithvarious

O-substituents have been investigated. Our preliminary
data suggests the following: (1) a bulky 7-O-benzoyl
group alone (e.g., donor 1g) cannot lead to preferential

β-sialylation; (2) the influence of acetonitrile seems to be in
direct correlation with the nature of the O-protecting
groups, ranging from the inversion of the anomeric con-
figuration for donors 1b and 1h and marginal effect on
donor 1c to complete R-stereoselectivity for donor 1g; (3)
the presence of a bulky substituent at C-4 can also exert a
strong influence on the stereoselectivity of sialylations. In
fact, the dramatic enhancement in R-stereoselectivity ob-
served with sialyl donor 1f is of high significance and may
lead to the development of new methodologies for R-
sialylation. To expand upon these findings and conduct a
further search of activating and/or R-directing groups at
C-4 and C-7, other studies are currently underway in our
laboratories.
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Table 2. Comparison of Sialyl Donors 1f�h in Couplings with
Acceptors 2 and 3 in CH2Cl2 and CH3CN

Scheme 3. Synthesis of a Series of 4-O-TBDMS-Protected Sialyl
Donors 1f�h
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