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Abstract—Glycoconjugates containing sialic acid are involved in a large variety of biological phenomena, including cell-cell adhe-
sion, recognition by viruses and bacteria, and oncogenesis. Therefore, they are important synthetic targets for the design of drugs
and vaccines. In the last decades, different methodologies that improve yield and stereoselectivity in sialylation reactions have been
investigated. This review summarizes the latest developments in the synthesis of C-5 modified sialic acid glycosyl donors and
glycosyl acceptors and their application in the synthesis of a-sialosides.
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1. Introduction

Glycoconjugates containing sialic acid are important
synthetic targets due to their active participation in a
wide variety of biological phenomena, ranging from
cell-cell adhesion and recognition, to pathogen attack
and oncogenesis.' * The most widespread sialic acid is
N-acetyl-neuraminic acid (Neu5Ac, Fig. 1), which is
naturally found a-(2—3) or a-(2—6)-linked to galactose

*Corresponding author. Tel.. +1 618 650 3170; e-mail:
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and o~(2—-6)-linked to N-acetyl-galactosamine (e.g.,
a-NeuSAc-(2—-3)-Gal, a-NeuS5Ac-(2—6)-Gal, and o-
Neu5Ac-(2—6)-GalNAc). The disialosyl structures
a-NeuSAc-(2—8)-NeuSAc and a-NeuSAc~(2—9)-NeuSAc
have also been found as constituents of glycoproteins
and glycolipids (Fig. 1).2

The stereoselective synthesis of a-sialosides in high
yield is extremely challenging mainly due to the destabi-
lizing presence of the C-1 carboxylic group and to the
lack of a hydroxyl group at C-3. Thus, upon the depar-
ture of the leaving group, the resulting carbocation is
not assisted by a sterecocontrolling neighboring group
and therefore an anomeric mixture is often produced.
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Figure 1. N-Acetyl-neuraminic acid and its natural linkages.
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Figure 2. Proposed H-bonds of 8-OH.

In addition, competition with E1 elimination and nucleo-
philic attack of water (hydrolysis) are other factors that
decrease the overall yield (Scheme 1). The synthesis of
the disialosyl structure a-NeuSAc-(2—8)-NeuSAc link-

ages is further complicated by the low reactivity of the
hydroxyl group at C-8 in the sialosyl acceptor, which
has been related to its involvement in H-bonds
(Fig. 2).>®
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Scheme 2. Reagents and conditions: (a) Ba(OH),, H,0, 90 °C, 19 h or
NaOH, 100 °C, 48 h; (b) MsOH, MeOH, 65 °C, 24 h.

To improve the glycosylation outcome toward the de-
sired a-anomer, different strategies have been proposed
in the past decades, including varying the nature of the
leaving group, solvent, and promoters. Structurally
modified derivatives at C-1, C-3, and C-5 have been also
investigated.” '* This review summarizes the most recent
developments in the C-5 modification strategies for the
synthesis of a-sialosides, and discusses their advantages
and disadvantages. A detailed description of the follow-
ing C-5 structural modifications is provided: N-acety-
lacetamido (NAc,), azido (N3), N-trifluoroacetyl
(NHTFA); N-trichloroethoxycarbonyl (NHTroc), 5-
N.4-0-oxazolidinone and its N-acetylated version. The
last part of the review is dedicated to very recent or
less exploited developments: the use of 1,5-lactams, 5-
N-t-butoxycarbonylacetamido (NAcBoc), phthalimido
(NPhth) and 5-N,7-0-oxazinone groups.

2. Acetamido deprotection methods: an overview

The majority of the N-modifications investigated re-
quires a complete deprotection of the natural acetamido

HO _oBz
AcO
1R=H
2R=Ac
BnO_ OH  coome
1 + ACOII,, o OTE
ACzN
OAc

6

TE = (CHy),TMS

OAc OA(C)A
C
Ao coome  a AO $oOMe
AcHN ZZQ/*sMe AcN SMe
AcO 1 b AO

Scheme 3. Reagents and conditions: (a) CH,=C(CH3)OAc, TsOH,
65 °C, 99%; (b) (i) MeONa, MeOH; (ii) Ac,0O, pyridine.

group to yield a free amine. The removal of the 5-N acet-
yl group can be accomplished under basic (hydra-
1415 50dium'® or barium!” hydroxide) or acidic
conditions (methanesulfonic acid).'® In general, both
conditions offer high yields of the deprotected product
(~70-90%); however, deprotection in acidic media offers
the advantage of maintaining the methyl ester function-
ality (if present), which is otherwise lost in the presence
of a base (Scheme 2).

3. N-Acetylacetamido (NAc,)

The introduction of an additional acetyl group is
undoubtedly the most straightforward and simple proce-
dure of all investigated C-5 modifications, as neither
N-acetylation nor N-deacetylation requires additional
synthetic steps for protecting group manipulations.
The additional acetyl group at the C-5 position can, in
fact, be easily introduced directly from the fully depro-
tected NeuSAc with concomitant O-acetylation (or from
the N-monoacetylated donor 1). It is removed under
Zémplen deacetylation conditions with concomitant O-
acetyl group removal (Scheme 3). The higher reactivity
of methylthio 5-N-acetylacetamido derivative 2, in com-
parison to the corresponding mono-N-acetylated donor
1, was initially reported by Boons and Demchenko for
the synthesis of a-(2—3)-linked disaccharides and o-
(2—8)-linked dimers.'**
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Scheme 4. Reagents and conditions: (a) NIS, TfOH, MS 3 A, MeCN, —40 °C.
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Scheme 5. Reagents and conditions: (a) AgOTf, MeSBr, MS 3 A, MeCN, CH,Cl,, —45 °C; (b) Ph,SO, TTBP, Tf,0, CH,Cl,, —78 °C.
Thus, when sialosyl donor 2 was coupled with galact- OAc
. . . . OAc
osyl acceptor 3, the desired disaccharide 4 was obtained OAC cooMe OAc
) . . AcO aorb COOMe
in less than 5 min in 72% yield, whereas the monoacetyl- g o _aorb _ AcO
L . : AcHN SR Q/ SR
ated donor 1 gave the corresponding disaccharide 5 in A N3
61% yield after a much longer reaction time (2-6 h, c AcO
Scheme 4). Acetylation of the acetamido group at C-5 16a: R = Et 17aR = Et
has been also used for the synthesis of a~(2—8) dimeric 16b: R = Tol 17b R = Tol

linkages, which are complicated by the low reactivity of
the acceptor, as mentioned above. Thus, when sialosyl
donor 1 was coupled with sialosyl acceptor 6, also bear-
ing an acetylacetamido group at C-5, the desired dimer 7
was obtained in 50% yield as 2:1 o/p anomeric mixture.
Similar glycosylations using common 5-acetamido do-
nors and acceptors gave low yield of the product,?! sug-
gesting an important role of the C-5 protecting group
also in the reactivity of sialosyl acceptors. In this respect,
it has been proposed that the reactivity of the C-8
hydroxyl is inversely correlated to the basicity of nitro-
gen at C-5. Thus, electron withdrawing substituents at
the C-5 amino group would weaken the H-bond with
8-OH, increasing therefore its nucleophilicity (Fig. 2).%

Modification at C-5 such as NAc, has been used in
combination with other synthetic strategies such as
C-3 modifications (indirect sialylation) and promoter

Scheme 6. Reagents and conditions: (a) (16a ) (i) KOH, EtOH; (ii)
TfN3, DMAP; (iii) Ac,O, pyridine; (iv) CH,N,, 63% overall yield; (b)
(16b): (i) MsOH, MeOH, 55%; (ii) TfN3;, CuSO4-5H,0, MeOH; (iii)
Ac,0, pyridine, 66% over two steps.

phenyl-5-N-acetylacetamido donor 8 gave higher yields
than the corresponding monoacetylated donor 9 with a
series of different glycosyl acceptors. In particular, sialyl-
ation of 8 with glycosyl acceptor 10 gave the o dimer 11
in 44% yield, whereas the corresponding monoacetyl-
ated counterpart 9 gave the a-linked dimer 12 in 28%
yield (Scheme 5).>*** More recently, high yields were
reported when sialosyl donor 13 was coupled with differ-
ent acceptors using the Ph,SO-TTBP-Tf,O promoter
system. For example, coupling of 13 with galactosyl
acceptor 14 gave the desired disaccharide 15 in 92%

investigations.>>2>  For example, ethylthio-3-thio- yield as the o-anomer only.*
OA(%AC COOMe o OAc COOMe
s 1 o) - otBDPS _2 @OTBDPS
17b R=Nj3, Ry =Tol ’

1 R =NHAc, Ry =SMe

Scheme 7. Reagents and conditions: NIS, TfOH, MS 3 A, MeCN, —40 °C.

19 R=Nj, 53% o = 10:1
20 R =NHAc, 45% o/f = 1:1.25
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Scheme 8. Reagents and conditions: (a) NIS, TFOH, MS 3 A, MeCN,

Ac,0, Py.

4. Azido (N3)

Conversion of the C-5 position of N-acetyl-neuraminic
acid into an azido (Nj3) group has been accomplished
by enzymatic’®>° and chemical methods.*'* In gen-
eral, enzymatic synthesis of 5-azido sialic acid can be
accomplished by treatment of the 2-azido-2-deoxy man-
nose precursor in the presence of sodium pyruvate and
N-acetyl-neuraminic acid aldolase. As example of chem-
ical methods, it is possible to convert thiosialosyl donors
16a,b in azido-bearing donors 17a,b using trifluorometh-
anesulfonyl azide (triflic azide, TfN3) as the diazo trans-
fer reagent (Scheme 6).°*%% Removal of the azido
group can be accomplished by catalytic hydrogenolysis
to give a free amine that can be further derivatized.’*>’

The higher stereocontrol of azido-bearing sialyl donor
17b has been demonstrated by coupling with glycosyl
acceptor 18 for the synthesis of o~(2—6) linkages,
obtaining the desired disaccharide 19 in 53% yield as
10:1 o/B mixture. Similar glycosylation using C-5 acet-

27 R = p-CIBz 45%, only o

—40 °C; (b) TMSOTS, MS 3 A, MeCN, —40 °C; (c) (i) NaOMe, MeOH; (ii)

amido thiomethyl donor 1 gave the corresponding disac-
charide 20 as 1:1.25 o/p mixture (Scheme 7).

Higher stereoselectivities have also been reported for
the synthesis of a-(2—9) dimers. Thus, coupling of sialo-
syl donor 17b with sialosyl acceptor 21 also bearing N3
at C-5 gave the desired (2—9) linked dimer 22 in 65%
yield as the a-anomer only (Scheme 8). Similarly, selec-
tive activation of phosphite donor 23 over thioglycoside
acceptor 24 gave disaccharide 25 in 51% yield as the o
anomer only.* Protecting group manipulations con-
verted 25 into the fully acetylated glycosyl donor 26,
which was coupled with glycosyl acceptor 21 to give tri-
mer 27 in 45% yield with complete stereoselectivity.

Similar results have been reported using 5-azido sialyl
fluoride donor.*® Unfortunately, the azido group’s high-
er control on stereoselectivity in glycosylation reactions
is also associated with a deactivating effect when com-
pared to the acetamido counterpart. This effect becomes
more prominent for the coupling with sterically hin-
dered and/or less reactive secondary acceptors, such as

OA8A OASA

C c

AcO SMe _a AcO SMe

AcHN ZQ/ coome TFAHN 07 COOMe
AcO 1(B) AcO 28

Scheme 9. Reagents and conditions: (a) (i) MsOH, MeOH, 65 °C; (ii)) CF;COOMe, Et;N, MeOH; (iii) Ac,O, pyridine.
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Scheme 10. Reagents and conditions: (a) NIS, TfOH, MS3 A, MeCN, —35°C.

the synthesis of a-(2—3) galactosyl derivatives and o-
(2—8) dimers. For the latter, the coupling between a
5-azido perbenzylated thioglycoside donor and a 5-azido
sialyl acceptor did not give any dimeric product.®

5. Trifluoroacetamido (NHTFA)

The introduction of a trifluoroacetyl group can be
accomplished by complete deprotection in acidic condi-
tions followed by selective N-acylation with methyl
trifluoroacetate in the presence of triethylamine and O-
acetylation.'®*" Thus, conversion of sialosyl donor 1
into 5-trifluoroacetamido donor 28 was accomplished
in three steps in 73% yield (Scheme 9).** The removal
of the TFA group can be performed under basic condi-
tions in the presence of sodium hydroxide.??

For the synthesis of an a-(2—3) glycosyl linkage, tri-
fluoroacetyl-modified sialyl donors gave high yields
and stereoselectivities when coupled with hindered
glycosyl acceptors. For example, sialosyl donor 28 was
coupled with glycosyl acceptor 29 to give the desired
disaccharide 30 in 84% yield as the a-anomer. Similar

BnO OH  coome
28 + AcO.... 0 OTE a
TFAHN - .
OAc
33

AcO

H

N
OAc
35 36

results were obtained by coupling 28 with galactosyl
acceptor 31 (Scheme 10). On the other hand, when 28
was coupled with more reactive/less hindered secondary
acceptors or primary acceptors, a decrease in regioselec-
tivity and stereoselectivity was also observed.*!

Perhaps the most efficient application of trifluoroace-
tamido modification is to the synthesis of a-(2—8) and
0-(2—9) linked dimers.?***** Thus, coupling of sialosyl
donor 28 with sialosyl acceptor 33 also bearing at C-5 a
trifluoroacetamido group, gave dimer 34 as only the
o-anomer in 55% yield.”* Additional improvement was
observed when 1,5-lactam acceptor 36 was coupled with
thiophenyl donor 35. As a result, the corresponding a-
anomer 37 was obtained with a remarkable yield of
71% (Scheme 11).%

TFA-modification has been also applied to the selec-
tive coupling of phosphite donor 38 with thiosialosyl
acceptor 39 for the synthesis of o-(2—9) oligomers
(Scheme 12).* Also in this case, higher degree of a-ano-
meric selectivity as compared to conventional sialyl do-
nors was detected. Thus, N-TFA phosphite donor 38
was coupled with N-TFA thioglycoside acceptor 39
thereby leading to the a-linked dimer 40 with 77% yield.

O
C
AcO COOMe
TFAHNZL7 ™
AcO COOMe
BnO~—\_7~o-7~0TE
TFAHN:
AcO OAc

34 55%, only o

AcO

H
OAc 0 BnO |
o COOMe o b PAC coome 70 N—P
oo 7207 sPn ¥ Bn Ao SPh A0l g oo SPh
OAc C OAc C OAc

37 71%, only o

Scheme 11. Reagents and conditions: (a) NIS, TfOH, MS3 A, MeCN, —35°C; (b) NIS, TfOH, MS 3 A, EtCN, —80 °C.
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Scheme 12. Reagents and conditions: (a) TMSOTSf, MS 3 A, MeCN,

dibenzyl N,N-diisopropylphosphoramidite, MeCN.

The STol moiety of 40 was then replaced with phos-
phite. By iterating these coupling-reprotection steps,
higher-order oligomeric sialosides were obtained in high
yields (Scheme 12).

6. Trichloroethoxycarbonyl (NHTroc)
The introduction of trichloroethoxycarbonyl group at

C-5 has been described by Wu and co-workers*® and
Kiso and co-workers*’ via deprotection of the N-acetyl

Or8a

C

AcO COOMe

AcHN O/*SPn
AcO 46

aorb

ac G43n=1,70% a/p = 4/1
(44n=2,74% o/p = 1.6/1
45n =3, 45% o/B = 1/1.3

—40 °C; (b) (i) Ac,0, pyridine; (ii) NBS, acetone, H,O; (c) 1H-tetrazole,

phenylthioglycoside derivative 46 under acidic condi-
tions and selective N-protection using succinimidyl
2,2,2-trichloroethyl carbonate or trichloroethylchloro-
formate, respectively (Scheme 13). Conversion of N-
Troc derivatives into the corresponding free amine can
be casily accomplished in the presence of zinc in acetic
acid.*’

The higher reactivity of 47 in comparison with
C-5 acetamido donor 46 was first noticed by Kiso and
co-workers*” in the coupling with galactosyl acceptor
48, obtaining initially a decrease in stereoselectivity

OA

C
OAc
Aco,z&;ioom
SPh
o N

§(
Cl,cCH,0 A% 47

Scheme 13. Reagents and conditions: (a) (i) MsOH, MeOH; (ii) TrocSu, NaHCOs, 77% (2 steps); (iii) Ac,O, pyridine, 94%:% (b) (i) MsOH, MeOH;

(i) TrocCl, Et;N, MeOH; (iii)Ac,O, pyridine, 68% (three steps).*’

OAc
OAc COOMe HO OBn
AcO . 0
RHN Z~Q7/"SPh HO OMP
AcO OBn
46 (o) R=Ac 48
47 R = Troc

Scheme 14. Reagents and conditions: (a) NIS, TfOH, MS3 A, for 46 (o)

o
a C
AcG cooMe -
RHN /0 OWOMP
AcO 0

HO OBn
49 R = Ac, 23%, only o

50 R =Troc, 52%, only o

: MeCN-CH,Cl,, —25 °C; for 47, EtCN, —50 °C.
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Scheme 15. Reagents and conditions: (a) 47, 51, NIS, TfOH, MS 3 A, MeCN, —35 °C; then 52 , NIS, TfOH, CH,Cl,, —30 °C; (b) TMSOT{, MS

3 A, CH,Cl,-MeCN (2:3), —78 °C.

(o 5.4:1 for 50 in 20 min vs only o for 49 after 16 h).
However, an improvement in the stereoselectivity was

OAc
OAc
OAc
ACO OAc COOM a AcO COOMe
AcHN ZZ=Q7 sPh RNZ Q7 sPh
58 R=Ac

Scheme 16. Reagents and conditions: (a) MsOH, MeOH, 65 °C, 80%;
(b) NPCC, NaHCO3, MeCN, H,O0, 3 h, 80%; (c) Ac,0, pyridine, 16 h,
90%; (d) DIPEA, AcCl, CH,Cl,, 0 °C, 94%.

OBn OCIAc OBnO

H
CIACO.. COOMe yo... COOMe
Hjl_ 07°sPh * HN_LZQ7 OCeHy; —
0 o}
© 59 0 60

OBn

RO

HL\JL_
o}

59+62 o o

63 n
64 n

a-b C

a

recently reported and the desired disaccharide 50
was obtained as the o-anomer in 52% yield
(Scheme 14).4®

The applicability of the N-Troc modification for a
different class of sialyl donors has been reported by
Takahashi and co-workers for the synthesis of the o-
(2—6)-sialyl T antigen by one-pot glycosylation and
the synthesis of a~(2—8)-linked dimers using N-phenyl
trifluoroacetimidate as a leaving group (Scheme
15).4°° Thus, coupling of sialosyl donor 47 with glyc-
osyl acceptor 51 and in situ addition of donor 52 gave
2,6-sialyl T antigen trisaccharide 53 in 77% overall yield
(Scheme 15).°! Similarly, coupling of N-phenyl trifluoro-

COOMe

O,

HO, COOMe

Q/ OCgH,7

b < 61 R = CIAc 86% only a

62R=H

=1, 89% only o
=2,57% only o

Scheme 17. Reagents and conditions: (a) NIS, TfOH, MS 3 A CH,Cl,, —78 °C; (b) thiourea, 2,6-lutidine, DMF, 70 °C.
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acetimidoyl donor 54 with glycosyl acceptor 55 for the
synthesis of a-(2—8) linkages gave the dimeric product
56 in 55% yield as a 5:1 o/p anomeric mixture.”® More
recently, Seeberger and co-workers. described the syn-
thesis of sialyl Lewis X and sialylated glycans having
0-(2—3) and a-(2—6) linkages, using N-Troc modified
thiophenyl and phosphite sialosyl donors.”*>*

7. 5-N,4-0-oxazolidinone group and its N-acetylated
version

Modification at C-5 of thiophenyl sialosyl donor 46 by
introduction of a trans-fused oxazolidinone ring can
be accomplished by deprotection in acidic medium fol-
lowed by N-functionalization by treatment with p-nitro-
phenylchloroformate (NPCC), and then O-acetylation
to afford glycosyl donor 57.>* Additionally N-acetyla-

OAc

tion of 57 with acetyl chloride in diisopropylethylamine
(DIPEA) leads to compound 58 in 94% yield (Scheme
16).>> Removal of oxazolidinone in 57 can be performed
in the presence of a strong base, such as barium or
lithium hydroxide, to yield a free amine.>*>® On the
other hand, the N-acetylated version 58 offers the
advantage of removal under milder basic conditions in
the presence of sodium methoxide in methanol.”

The first to evaluate the proprieties of oxazolidinone
protecting group in sialylations were Takahashi and
co-workers>® for the synthesis of a-(2—8)-sialic acid
oligomers. Thus, coupling of oxazolidinone protected
sialosyl donor 59 with sialosyl acceptor 60, also bearing
a C-5 oxazolidinone protection, gave the desired dimer
61 with a remarkable yield of 86% as the o anomer.
Selective deprotection to afford the free 8-OH gave 62
as glycosyl acceptor, which was coupled with glycosyl
donor 59 to allow trimer 63 in 89% yield with complete

O 00Me 0 OH Monc
RN
g0

57R=H 65
58 R=Ac
OAc

65 ACO’

4—0
o 68 0

OAc
AcO! .z\;oowle 5
AcN 0O~/>~S-Ada — AcN
b —

&O

66 R =H 90%, a/f 10:1
67 R=Ac 90%, 0/$10:1

X .
Qo0

OAc
() 0 Ada =
e

69 90% only o

Scheme 18. Reagents and conditions: (a) NIS, TfOH, MS 3 A, MeCN, —40 °C; (b) NIS, TfOH, MS 3 A, CH,Cl,-MeCN (1:1), =78 °C.
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Scheme 19. Reagents and conditions: (a) NIS, TfOH, MS 3 A, CPME, —40 °C; (b) Ph,SO, Tf,O, TTBP, MS 4 A, CH,Cl,, —78 °C.
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stereoselectivity. The iterative deprotection and cou-
pling gave tetrasaccharide 64 as o-anomer only in 57%
yield (Scheme 17). Similar results were also obtained
for the synthesis of 0-(2—9) dimers.>®

For the synthesis of a-(2—3) and a-(2—6) linkages to
galactose, sialosyl donors 57°* and 58°° were coupled
with a wide range of glycosyl acceptors. Thus, for the
coupling of primary acceptors and alcohols high yields
and stereoselectivities were observed for both donors.
For example, coupling of 57 with galactosyl acceptor
65 gave the desired disaccharide 66 as a 10:1 o:3 anomer-
ic mixture in 90% yield (Scheme 18). Similar results were
observed for the N-acetylated donor 58, suggesting that
in this case the additional acetyl group does not influ-
ence the glycosylation outcome. An improvement of
the methodology has been reported by Crich with the

O,

I

O

1549

use of 1-adamantyl thiosialosyl donor 68, and disaccha-
ride 69 was obtained in this case as only the o anomer.>’

8. Miscellaneous substituents

Modifications of the C-5 acetyl group into other conven-
tional protecting groups, such as N-f-butyloxycarbonyl
(Boc),!” N-benzyloxycarbonyl (Cbz,Z),>® phthalimido
(NPhth),>®" and  N-t-butyloxycarbonylacetamido
(NAcBoc)®>% as well as into less conventional polycy-
clic compounds, such as 1,5 lactam** (as sialosyl accep-
tor) and 5,7-N,O oxazinanone protected sialosyl donor®*
have been recently reported. For example, combination
of NAcBoc modification and laurylthiol leaving group
as in sialosyl donor 70 gave quantitative yield when cou-

Ac
R
ac0?ONe coome a0, SN AO. PR coome B NP
7. n z
TRocHN ZQ7 ~SPh * ANo77SPh AcOr g o~ Aoz s
AcO AcO TrocHN AcO
OAc OAc OAc
47 R = Troc
36 b <75 R = H 49%, only o
76 R = CBz
C
OAc OH

BnO

OR
R¢HN COOMe 80
AcO BnO o
CBZHN: o
AcO OAc BnO 0
03 OTE

8166% BnO

f

BnO

OAc

(0]
&/OTE OR
. Acoégﬁwe

1 (0]
R¢HN COOMe
AcO Bno o
CBzHN= SPh
Acd OAc
d( 77 Ry =Troc, R=Ac
e

<78R1=AC,R=H

79 Rs=Ac, R=Lev

Scheme 20. Reagents and conditions: (a) NIS, TfOH, MS 3 A, EtCN, -80 °C; (b) CbzOSu, DMAP, pyridine, 79%; (c) (i) EE3N, H>0, MeCN, 40 °C;
(i1) Mel, K,CO;3;, DMF, 79%; (d) Zn, AcOH, THF, 94%; (e¢) LevOH, DCC, DMAP, CH,Cl,, 95%; (f) NIS, TfOH, MS 3 A, EtCN, —80——-60 °C.
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Scheme 21. Reagents and conditions: (a) TMOTS, MS 4 A, EtCN, —78°C.
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pled with acceptor 65 (Scheme 19).°> A dramatic de-
crease in stereoselectivity has been reported in the case
of C-5 modification as 5,7-N,0 oxazinanone group.
For example, coupling of sialosyl donor 72 with accep-
tor 73 gave compound 74 in 81% yield as the unnatural
B-anomer (Scheme 19).

Activation of the 8-OH in a sialosyl acceptor has been
reported by modification into 1,5-lactam 36 (Scheme 11
and 20). Thus, thiophenyl sialosyl donor 47 gave 49% of
the a-anomer when coupled with glycosyl acceptor 36,
while only traces of the desired dimer were observed
without the conformational strain of the lactam.
Conversion of compound 75 into N-Cbz protected and
lactam ring opening gave dimer 77 as glycosyl donor.
Subsequent protecting group manipulations and glyc-
osylation of glycosyl donor 79 with glucosyl acceptor
80 gave trisaccharide 81 in 66% overall yield.

High yields and stereoselectivities have been reported
by Fukase and co-workers °*®' when N-phthaloyl
protected sialosyl donor 82 was coupled with acceptor
83 for the synthesis of a-(2—6) linkages. Thus, disaccha-
ride 84 was obtained in 92% yield as the a-anomer only.
Similar results were obtained for the synthesis of a-
(2—3) linkages by coupling 82 with acceptor 85
(Scheme 21).

9. Conclusions
Although it is clear that modifications at the C-5 posi-

tion of N-acetyl-neuraminic acid influences reactivity
and stereoselectivity in glycosylation reactions, each

Table 1. Summary of various C-5 modified NeuSAc donors

Table 2. Comparison of glycosidations of different N-protected
thioglycosides with 87°!

Entry Donor Yield o/p ratio
1 46 47 6:1

2 47 91 8:1

3 13 65 2:1

4 88 68 5:1

5 89 — —

6 90 44 7:1

7 91 91 6:1

8 35 92 11:1

9 92 83 10:1

protecting group has to be selected based on the nature
of the desired glycosidic bond, for example (2—3) and
(2—6), as well as the nature of the glycosyl acceptor
(e.g., protecting groups). In addition, the glycosylation
yields and stereoselectivities have to compensate for
the number of added steps required for the protection
and deprotection.

For its easy introduction and removal, N-acetylace-
tamido can be the modification of choice for primary
acceptors and some secondary acceptors. High yields
and stereoselectivities can be accomplished with less
reactive acceptors by using the trifluoroacetamido
group, while the azido group can be a suitable choice
when the coupling with primary alcohols is desired. Tri-
chloroethoxycarbonyl allows an efficient armed—dis-
armed approach for the synthesis of (2—9) dimers, but
in general gives lower yields and stereoselectivities than
the azido and trifluoroacetamido approaches (Table 1).
The oxazolidinone protection is clearly one of the best

C-5 modification

Advantages

Suitable for

Ac, Easy introduction and removal by Zemplen deacetylation

N; Can be removed in the presence of acetyl groups

TFA High yields and stereoselectivities observed with a wide
range of acceptors

Troc Can be removed in the presence of acyl groups and acid/base

5-N,4-0-oxazolidinone

labile groups, such as amino acids
High yields and stereoselectivities observed with a wide range of acceptors

Primary alcohols
Primary alcohols
Hindered, less reactive alcohols

Armed-disarmed approach

Primary acceptors, dimers synthesis

OAc
" 4 o AcO OAc CO;Me
O + BnO 0 c
R'RN— CO,Me BnO . | 5
AcO OAc BnO R'RN ; Bpno )
OMe AcO OAc BhO
87 93 BnO OM
46(B)R' =Ac,R=H 89R=Boc,R=H e

47(B)R' = Troc, R=H 90 R'=Alloc, R=H

13R'=R=Ac
88R=ZR=H

91 R'=Fmoc,R=H
35R'=TFA,R=H
92R'=TCA,R=H

Scheme 22. Reagents: NIS, TfOH, MS3 A, MeCN.
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O---H\N> 0 — 5 (@) low reactivity of acetamido donor due to H
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» (b) formation of mixed aggregates increases

the reactivity of acetamido donor

O OAc
OAC coome

= 7.
N_. = AcN o4 G

g AcO

6]

Scheme 23. Possible explanation of the change of reactivity order observed in competitive glycosylations.

modification for the synthesis of o(2—8) dimers, as well
as some primary acceptors, while it is not so activating
and stereocontrolling for the secondary galactosyl
acceptors (Table 1).

It has been proposed that the reactivity of C-5 modi-
fied sialosyl donors is inversely correlated to the nitro-
gen nucleophilicity, which is decreased when electron
withdrawing groups are present. This factor might
explain the reactivity increase in the following sequence:
acetamido < acetylacetamido < trifluoroacetamido. On
the other hand, another set of competitive glycosylation
data suggests a different order of reactivity, according to
which the acetylacetamido derivative is more reactive
than its trifluoroacetamido counterpart.*’ For the azido
derivatives, the high stereoselectivity was also attributed
to steric and electronic effects, considering the electron-
withdrawing and linear character of the azido group. On
the other hand, the higher reactivity and its stereocon-
trol of N-phthalimido sialosyl donor has been related
to the presence of a fixed dipole stabilizing effect.®!

Comparative study of the glycosidation of differently
N-protected thioglycosides with methyl glucoside 87 was
reported by Tahashashi et al. (Scheme 22 and Table 2).!
Based on these results, sialosyl donors bearing N-Troc
(47, entry 2), N-TFA (35, entry 8), and N-trichloroace-
tate (92, entry 9) gave the best yields and stereoselectiv-
ity. Another interesting set of comparison data has been
provided by Fukase and co-workers.®!

Based on the aforesaid, the relative order of reactivity
of C-5 modified derivatives is not so straightforward,
and a possible explanation for these contradicting data
has been offered by Kononov et al.®> Based on these

studies, the low reactivity of acetamido donor was ex-
plained by its ability to form H-bond aggregates
(Scheme 23a). In a mixture of NAc, and NHAc, the
reactivity of NHAc donor is now relative to the presence
of the other sialyl donor and its ability to make H-bonds
(Scheme 23b). According to this scenario, an acetamido
donor can be more reactive in the presence of N-acetyl-
acetamido donor than alone.

All the groups described herein offer advantages and
disadvantages for specific building blocks, and therefore
the choice of the C-5 modification to be used is mainly
dependent of the nature of the glycosyl acceptor and
its protecting groups. It is clear that a better understand-
ing of the influence of the C-5 position in sialic acid
chemistry is a key factor for the design of a versatile ap-
proach that would give the highest performance regard-
less of the nature of the glycosyl acceptor, donor,
promoter or the type of glycosidic bond to be
synthesized.
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