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[ABSTRACT] Most bacterial cell surface glycans are structurally unique, and have been considered as ideal target molecules for the
developments of detection and diagnosis techniques, as well as vaccines. Chemical synthesis has been a promising approach to prepare

well-defined oligosaccharides, facilitating the structure-activity relationship exploration and biomedical applications of bacterial
glycans. L-Galactosaminuronic acid is a rare sugar that has been only found in cell surface glycans of gram-negative bacteria. Here, an
orthogonally protected L-galactosaminuronic acid building block was designed and chemically synthesized. A synthetic strategy based

on glycal addition and TEMPO/BAIB-mediated C6 oxidation served well for the transformation of commercial L-galactose to the cor-
responding L-galactosaminuronic acid. Notably, the C6 oxidation of the allyl glycoside was more efficient than that of the selenoglyc-
oside. In addition, a balance between the formation of allyl glycoside and the recovery of selenoglycoside was essential to improve ef-
ficiency of the NIS/TfOH-catalyzed allylation. This synthetically useful L-galactosaminuronic acid building block will provide a basis

for the syntheses of complex bacterial glycans.
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Introduction

Cells are generally coated by a carbohydrate layer, such
as N-glycans, O-glycans and glycosaminoglycans in mam-
malian cells, lipopolysaccharides (LPS) and capsular polysac-
charides (CPS) in bacterial cells. Compared with the mam-
malian cell surface glycans, bacterial cell surface glycans are
structurally more diverse as reflected in the monosaccharide
composition and modification !". Structurally unique bacteri-
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al glycans act as a barrier between the cell wall and the envir-
onment, structural components of biofilms, and is essential
for host-pathogen interactions "', Thus, bacterial glycans have
been widely used in the development of vaccines against bac-
terial infectious diseases. Currently, carbohydrate-based vac-
cines against Streptococcus pneumoniae, Neisseria meningit-
idis, Salmonella typhi and Haemophilus influenzae are pro-
tecting people worldwide . To improve the medical applica-
tion of bacterial cell surface glycans, an important natural
product resource, it is necessary to explore their structure-
activity relationship. Since degradation of isolated glycans
usually produces structurally heterogeneous fragments, chem-
ical synthesis is a more effective approach to prepare struc-
turally well-defined and pure oligosaccharides '”, facilitat-
ing the structure-activity relationship exploration "',
Various deoxyaminosugars, the most important structur-
al characteristic of bacterial glycans, have been considered as
potential active sites and attractive synthesis targets . In
nature, L-galactosaminuronic acid has been only found in cell
surface glycans of some gram-negative pathogenic bacteria,
such as Pseudomonas aeruginosa O3 and 010 O-antigens "',
Arenibacter palladensis KMM 39617 O-antigen ' Vibrio
vulnificus YJ016 """ and CECT 5198 O-antigens "*, and
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Pseudoalteromonas haloplanktis ATCC 14393 O-antigen """
(Fig. 1). Notably, all the reported L-galactosaminuronic acids
exist in natural glycans in an a-configuration. This rare and
specific aminouronic acid is thought to play roles in patho-
gen colonization and infection, as well as modulating host
immune response. Yokota ef al. had evaluated the immunolo-
gical activity of isolated P. aeruginosa LPSs, and found that
N-acetyl-L-galactosaminuronic acid was an epitope common
to the serotypes A and H (Homma) O-polysaccharides recog-
nized by a protective human monoclonal antibody . Never-
theless, a comprehensive understanding of the biological
roles of glycans containing L-galactosaminuronic acid still
needs access to rationally designed synthetic fragments and
derivatives.

The synthetically useful L-galactosaminuronic acid
building block is essential for the construction of complex
bacterial glycans and their derivatives. Although intense ef-
forts have been devoted for the synthesis of amino-L-
sugars "7 chemical synthesis of L-galactosaminuronic acid
has not yet been reported. Syntheses of other aminosugars
and glycuronic acids have taught valuable lessons for the pre-
paration of synthetically useful L-galactosaminuronic acid
building block. Nucleophilic substitution and glycal addition
are two widely used methods for introducing amino groups
into sugar rings. Nucleophilic substitution can be used to in-
stall amino or azido group at each position of the sugar ring
accompanied by inversion of configuration *"*"). Glycal addi-
tion is specific to installation of an azido group at C2 of the
peracetylated glycal with a sugar type-dependent stereose-
lectivity ®**". Azido group, the most frequently used precurs-
or and protecting group of amino group, is stable under acid-
ic, basic and oxidation conditions and can be efficiently re-
duced using various methods . Due to the non-participa-
tion nature, azido group has been employed to improve the
outcomes of glycosylation reactions, such as C2 azido group
in glycosyl donors can enhance the construction of 1,2-cis-2-
amino a-glycosidic bonds, C3 azido group in glycosyl donors

OH O
/'\J\Nﬁ&/o:‘f

HO

NHAc
H
0oc ﬁQiNHAc
OH

can avoid an intramolecular cyclization side reaction "\, In
addition, the C4 hydroxyl group of a 2-azidoglycosyl accept-
or was more nucleophilic than that of 2-aminosugars bearing
other amino-protecting groups ", Glycuronic acids can be
prepared from neutral sugars by the 2,2,6,6-tetramethyl-1-
piperidinyloxyl, free radical (TEMPO)-mediated oxidation
which has regioselective specificity towards primary hy-
droxyl groups #"*.

The most suitable starting material for the synthesis of
rare L-galactosaminuronic acid is the commercially available
L-galactose, which can be obtained from natural sources (sea-
weeds ™ or flaxseed **), from D-galactose via 1-O-protec-
ted L-galactitol ®>*?, from L-xylose via 1-deoxy-1-nitro-L-
galactitol B3 from D-mannose via oxidative decarboxylation
of intermediate heptanoic acid ®”, from non-sugar com-
pounds such as quebrachitol B8 furfural %, 2-butene-1,4-di-
ol ™ or L-ascorbic acid ™. Here, we report a study on the
chemical synthesis of an orthogonally protected L-galactosa-
minuronic acid building block, which will be helpful for the
assembly of complex glycans.

Result and Discussion

Retrosynthetic analysis

The L-galactosaminuronic acid hemiacetal 1 was de-
signed as an orthogonally protected building block, and can
be easily converted to the corresponding glycosyl donor, such
as imidate *”), thioglycoside, o-alkynylbenzoate ™ *! and 2-(2-
propylsulfinyl)benzyl glycoside ™ *! (Fig. 2). Since all the
reported L-galactosaminuronic acids exist in nature in an a-
configuration, an azido group was chosen as precursor of the
C2 amino group to enhance the a-selectivity of glycosylation
reactions. On the other hand, the azido group can be easily
transformed to an acyl-protected amino group to facilitate the
[-glycosylation. The C3 and C4 hydroxyl groups were pro-
tected by 2-naphthylmethyl ether (Nap) and levulinoyl ester
(Lev), respectively, allowing the orthogonal deprotection for
regioselective glycosylation. The C6 carboxylic acid group

HO O
HoﬁO Ho)ﬁ\l
OH

AcHN) HOOC—~0 AGHN 0
NHAc 0
HO HO HOOC
HOO 0 G OH HO HO _OH

HOW

w0 2527
T OAc
HO
HO 0}
O
AcHN ¢ 5

AcO e

Pseudomonas aeruginosa
03 O-antigen

ﬁ&iox{ HOOC

. o CONH2

0 - 0 0
AcHN HN.

AcHN COOH
Vibrio vulnificus
YJ016 O-antigen

Pseudomonas aeruginosa
010 O-antigen

Vibrio vulnificus
CECT 5198 O-antigen

O O
HO o) O 5‘
NHAc
AcHN

Arenibacter palladensis
KMM 39617 O-antigen

HO 0 AcHN

o o]
%?l IR o
o . COOH
NH X 9 o 0
AcHN
H >=NH ¢ oﬁ\/ HO
AcHN | 0Ac
0
HO

AcO HOOC O NH O NHAc
(0] Aan NH
e )

HOOCFQiNH ;\ACcHN
OH

I

AcO (§

Pseudoalteromonas haloplanktis
ATCC 14393 O-antigen

Fig. 1 Representative structures of bacterial glycans containing L-galactosaminuronic acid
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Fig. 2 Retrosynthetic analysis of L-galactosaminuronic acid building block 1

was protected using benzyl (Bn) group, which can be effi-
ciently removed by alkaline hydrolysis or Pd/C hydrogena-
tion. The L-galactosaminuronic acid 1 can be obtained from
L-galactosamine 3 through regioselective protection/depro-
tection and C6 oxidation. Azidoselenation was employed to
produce 3 from L-galactal 4, which in turn can be obtained
from commercial L-galactose.
Attempt to prepare L-galactosaminuronate 9

Peracetylation of L-galactose quantitatively produced
compound 5 ©7 4 19
through a bromination of anomeric position and subsequent
zinc-mediated elimination reaction in 82% overall yield
(Scheme 1). The diphenyl diselenide (Ph,Se,)/trimethylsilyl
azide (TMSN;)-mediated azidoselenation of 4 gave C2 azide
sugar 6 “* in 86% yield without any detectable stereoisomer.
After deacetylation, the triol 3 was protected by 4,6-O-ben-
zylidene to produce compound 7 in 83% overall yield. Alco-
hol 7 was treated with 2-naphthylmethyl bromide (NapBr)
and sodium hydride at room temperature to afford 3-O-Nap
derivative 8 in 89% yield. Treatment of 8 with 80% acetic
acid aqueous solution at 55 °C, a generally employed method,
failed to efficiently remove the 4,6-O-benzylidene protecting

, which was converted to L-galactal

Ac,0, py.,

group. The removal of 4,6-O-benzylidene was achieved by
using trifluoroacetic acid at room temperature in 96% yield,
indicating that the acidic stability of 4,6-O-benzylidene in L-
galactose is higher than that in other sugar types.
TEMPO/[bis-(acetoxy)-iodo]benzene (BAIB)-mediated  se-
lective oxidation of the C6 hydroxyl group in compound 2,
and subsequent benzyl esterification of the thus-formed
carboxylic acid furnished 9 in only 15% overall yield. The
low yield of oxidation reaction mainly resulted from a de-
composition of the selenoglycoside 2. Although TEMPO/
BAIB-mediated oxidation has proved to be useful for the se-
lective oxidation of C6 hydroxyl group in thio- and selen-
oglycosides, the only two cases of C6 oxidation of selen-
oglycosides with this method gave corresponding selen-
oglycuronic acids merely in moderate yields ™" *¥. It was in-
dicated that the selenoglycoside 2 may not be a suitable pre-
cursor for the preparation of L-galactosaminuronic acid. To
address this challenge, it was decided to change the anomeric
protecting group of the L-galactosamine intermediate.
Synthesis of allyl glycoside 10

The allyl group, a mildly and selectively removable ano-
meric protecting group, was employed to replace the selen-
i) 33% HBr-AcOH,

Ac,0, DCM, 1t, 5 h;

ii) I-methylimidazole,
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_ _ ~ c N . HO N
50 Cto—10 C,5h then H'—resin, 4 h 60 °C, 15 h
- > & N, —MM— 7N, 227 Q N;
0, 3
86% jpee quant. HodH 83% lZSO ou
6 3 7
Ph
80% AcOH i) BAIB, TEMPO,
s O°C ;0 W 50 DCM, H,0, 1t, 6 h;
NapBr, NaH, SePh > > 270 SePh ii))NaHCO,, BnBr, SePh
DMF, 0 C, 2 h 07 N Ho o DME 1,230 Br00C—~07
89%, ’ \_/ 15% over two steps :
(—O ONap ONap HO ONap
TFA, DCM, H,0,
ph 8 o 2 ?
0 °C, 6 h,96%

Scheme 1 Attempt to prepare L-galactosaminuronate 9
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ophenyl group due to its higher oxidative stability. Consider-
ing the compound 6 was the most abundant intermediate in
our hand, this selenoglycoside was used as a glycosyl donor
to react with allyl alcohol (AlIOH). To enhance the stereose-
lectivity of allylation, the N-iodosuccinimide (NIS)/trifluoro-
methanesulfonic acid (TfOH)-promoted glycosylation was
performed in MeCN, a f-selectivity-enhancing solvent ™.
According to the reported glycosylations with phenyl selen-
oglycosides ", the compound 6 and AIIOH (10 equiv) were
treated with 0.25 equiv of TfOH and 5 equiv of NIS at —35 °C.
After 3.5 hours of reaction, selenoglycoside 6 was com-
pletely consumed and converted to desired allyl glycoside 10
in only 36% yield (Table 1, entry 1). Considering the thiog-
lycosides are generally activated by 1-3 equiv of NIS B it
was speculated that the low yield of glycosylation might be
due to the excess of NIS (5 equiv). A glycosylation with an
increased ratio of AIIOH (20 equiv) and a decreased ratio of
NIS (1.2 equiv) furnished product 10 in 31% yield, alongside
recovering donor 6 (48%) after 27 hours of reaction (entry 2).
Notably, the yield of allyl glycoside 10 based on recovered 6
was 60%, which was significantly higher than that of the pre-
vious trial. This result indicated that the addition ratio of NIS
was essential for the outcome of this glycosylation. Further
study of condition optimization suggested that the most ap-
propriate addition ratio of NIS might be higher than 1.2 equiv
to promote the conversion of compound 6. In addition, the
allyl glycoside was obtained with exclusive pf-selectivity,
which may be greatly attributed to the solvent effect of
MeCN. While the addition of NIS was increased up to 2.5
equiv, no significant increase in the production of 10 can be
detected by TLC after 6 hours of reaction. Although product
10 was obtained in a higher yield (53%), the yield based on
recovered 6 was only slightly increased due to the lower re-
covery rate of 6 (22%) (entry 3). The increase in the addition
ratio of NIS (3 equiv) and the prolongation of the reaction
time (10 and 12 hours) failed to further improve the yield of
10 (entries 4, 5).

Since the 3 equiv seems to be an appropriate addition ra-
tio of NIS, an optimization of the addition ratio of TfOH may
be useful for improving the productivity. After 12 hours of
reaction, a glycosylation promoted by 0.3 equiv of TfOH and

Table 1 Stereoselective allylation of selenoglycoside 6

3 equiv of NIS afforded product 10 in 58% yield and in 76%
yield based on recovered 6 (24%) (entry 6). These results
suggested that the conversion of the selenoglycoside 6 under
NIS/TfOH-promoted glycosylation may have reached its ulti-
mate limit, and maximizing the recovery of 6 is the key to
improving the efficiency of this reaction. It was found that
shortening reaction time to 8 hours efficiently improved the
recovery rate of 6 (44%) (entry 7). Finally, the target allyl
glycoside 10 can be stereoselectively produced in 54% yield
and in 96% yield based on recovered selenoglycoside 6.
Synthesis of L-galactosaminuronic acid building block 1

The synthesis of L-galactosaminuronic acid building
block 1 commenced with quantitative removal of the acetyl
groups in 10 under Zemplén condition to obtain 11
(Scheme 2). Treatment of triol 11 with benzaldehyde di-
methyl acetal and p-toluenesulfonic acid (p-TsOH) at 60 °C
afforded 4,6-O-benzylidene protected compound 12 in 86%
yield. Installation of O3-Nap and subsequent removal of the
4,6-O-benzylidene group furnished 14 in 84% overall yield.
TEMPO/BAIB-mediated oxidation of the C6 hydroxyl group
in diol 14, and subsequent benzyl esterification of the corres-
ponding carboxylic acid proceeded smoothly to give L-
galactosaminuronate 15 in 65% overall yield. The C4 hy-
droxyl group in 15 was further protected by levulinoyl (Lev)
group ™ to afford 16 in 97% yield. The allyl glycoside 16
was treated with SeO, and AcOH in 1,4-dioxane under re-
flux to produce the target L-galactosaminuronic acid build-
ing block 1 in 81% yield.

Conclusion

Chemical synthesis of an orthogonally protected L-
galactosaminuronic acid building block 1 was achieved.
Glycal addition served well for the transformation of com-
mercial L-galactose to the corresponding L-galactosamine.
The L-galactosaminuronic acid was successfully obtained
from 4,6-diol derivative with TEMPO/BAIB-mediated regi-
oselective oxidation. Notably, the C6 oxidation of the allyl
glycoside 14 was more efficient than that of the selenoglycos-
ide 2 bearing the same protecting groups. The NIS/TfOH-
catalyzed glycosylation of selenoglycoside 6 with AlIIOH in
MeCN, a f-selectivity-enhancing solvent, afforded allyl glyc-

SePh AIIOH, TfOH, NIS,

AR 0 MeCN, 4 AMS. 35 ¢ 2O 0-—7—0All
AcO 07 Aco 0%
6 10
Entry AllOH/equiv  TfOH/ equiv  NIS/equiv t/h Yield/% Recovery of 6/%  Yield based on recovered 6/%
1 10 0.25 5 3.5 36 0 36
2 20 0.25 1.2 27 31 48 60
3 20 0.25 2.5 6 53 22 68
4 20 0.25 3 10 46 31 67
5 20 0.25 3 12 49 32 72
6 20 0.3 3 12 58 24 76
7 20 0.3 3 8 54 44 96
®
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Scheme 2 Synthesis of L-galactosaminuronic acid building block 1

oside 10 with exclusive S-selectivity. In addition, a balance
between the formation of allyl glycoside and the recovery of
selenoglycoside is a key to improve efficiency of the allyla-
tion. The C2 azido group in 1 was designed to enhance the a-
selectivity of glycosylation, and can be easily transformed to
amino or amide groups. The O3-Nap and O4-Lev in 1 will al-
low the orthogonal deprotection for regioselective glycosyla-
tion. This orthogonally protected L-galactosaminuronic acid
building block will be useful for the syntheses of complex
bacterial glycans.

Experimental

All detailed experimental data were provided in supple-
mentary material.
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