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a b s t r a c t

Pseudomonas aeruginosa is an opportunistic pathogen responsible for severe nosocomial infections. This

multidrug-resistant bacterium can cause pneumonia and cystic fibrosis, both of which are associated with

high morbidity and mortality rates. The lipopolysaccharide of P. aeruginosa serves as an attractive target

for the development of effective glycoconjugate vaccines. In this article, we report the first chemical syn-

thesis of the highly challenging tetrasaccharide repeating unit of the P. aeruginosa serotype O3 O-antigen

using a two-directional [1+(2+1)] glycosylation strategy. The synthesis is particularly challenging due to

the poor nucleophilicity of the axial C4 hydroxyl group of l-galactose and the steric hindrance imposed

by the 3S-hydroxybutyryl (Hb) chain. Furthermore, the presence of an acetyl group at the ortho position

relative to the glycosylation site on l-galactose can lead to undesirable acetyl migration. Additionally, it

is noteworthy that the selective removal of a 2-naphthylmethyl ether (Nap) during the late stages of syn-

thesis, particularly in the presence of multiple benzyl groups, can be somewhat challenging to predict.

Through the careful selection of synthetic strategies, building blocks, and optimized reaction conditions,

we achieved the stereoselective glycosylations, selective oxidation of primary alcohols, remarkable en-

hancement of acceptor activity, and efficient introduction of the 3S-Hb group. The synthetic methodology

presented in this work serves as a valuable reference for the preparation of structurally related oligosac-

charides. By incorporating an aminopropyl linker, the target tetrasaccharide facilitates glycan microarray

preparation and in vivo immunological assessments, thereby accelerating progress toward a synthetic gly-

coconjugate vaccine for P. aeruginosa.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Pseudomonas aeruginosa, a Gram-negative opportunistic

pathogen known for its remarkable environmental adaptability [1],

is a leading cause of nosocomial infections [2]. Immunocompro-

mised individuals are particularly vulnerable to its severe man-

ifestations, which include antibiotic-resistant wound infections,

ventilator-associated pneumonia (VAP), and chronic pulmonary

colonization in patients with cystic fibrosis (CF) [3,4]. The reported

overall mortality rates associated with P. aeruginosa exceed 70%,
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with the directly attributable fatality rate reaching as high as 40%

[5]. Although P. aeruginosa infections are primarily treated with

antibiotics, their effectiveness is increasingly compromised by both

intrinsic and acquired resistance mechanisms [6,7]. Conventional

antibiotic therapies often fail to completely eradicate the bacteria

and may inadvertently contribute to the emergence of resistance

[8]. Consequently, there is an urgent need for alternative strategies

to treat and prevent P. aeruginosa infections. Vaccines targeting

this pathogen present a promising strategy to disrupt the infection

cycle and mitigate the spread of antibiotic resistance, particularly

among high-risk populations [9]. However, currently, there are no

commercially available vaccines against P. aeruginosa [10].

https://doi.org/10.1016/j.cclet.2025.111875
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Fig. 1. Representative structures of bacterial glycans containing α-l-GalNAcA-(1→3)-β-d-Bac disaccharide or similar motifs.

The lipopolysaccharide (LPS) is recognized as a major virulence

factor of P. aeruginosa. Strains expressing LPS O-antigens are clas-

sified into 20 serotypes under the International Antigenic Typ-

ing System (IATS), based on the chemical composition of their O-

antigens [11]. Extensive research has demonstrated that O-antigen

based vaccines can elicit the production of specific antibodies that

exhibit protective efficacy in preclinical animal studies [12]. Re-

search on carbohydrate-based vaccines, particularly those target-

ing O-antigens, has persisted for decades. In 1971, Fisher et al.

developed the first vaccine targeting P. aeruginosa by extracting

O-antigens from seven different serotypes (O1, O2, O3, O5, O6,

O10, and O11). Clinical trials indicated that the vaccine induced

high-titer antibodies in most participants; however, significant ad-

verse effects hindered its clinical adoption [13]. In 1989, the Swiss

Serum and Vaccine Institute developed a conjugate vaccine, Aeru-

gen, which combined the O-antigens of eight serotypes (O1, O2,

O3, O4, O5, O6, O11, and O12) with exotoxin A [14]. Although

promising, this vaccine failed to demonstrate sufficient efficacy in

Phase III trials for preventing P. aeruginosa infections in cystic fi-

brosis patients, leading to its discontinuation [15]. Despite these

setbacks, O-antigens continue to show promise in the development

of glycoconjugate vaccines. Chemical synthesis is well-known for

facilitating the production of uncontaminated O-antigens and as-

sisting in the identification of key epitopes, thereby making them

central to carbohydrate vaccine research [16–18]. In recent years,

several O-antigen-related glycans of P. aeruginosa have been syn-

thesized. For instance, Li et al. synthesized the O-antigen trisac-

charide of the P. aeruginosa serotype O7 in 2017 [19]. Kulkarni et al.

and our team prepared the trisaccharide O-antigen of serotype O11

[20,21]. Additionally, the O10 and O19 trisaccharide repeating units

were synthesized by Gao et al. and our team [22,23]. More recently,

we also synthesized the O-antigen repeating units of serotypes O4,

O5, and O17 [13,24,25]. According to Lu and colleagues, serotype

O3 accounts for 4.1 % of all clinical infections caused by P. aerugi-

nosa [5].

The O3 O-antigen structure of P. aeruginosa has been shown to

consist of a rare tetrasaccharide repeating unit characterized as fol-

lows: [→2)-α-l-Rha-(1→6)-α-d-GlcNAc-(1→4)-α-l-GalNAc3OAcA-

(1→3)-β-d-Bac2NAc4NSHb-(1→] (Fig. 1) [26]. Approximately 40%

of these repeating tetrasaccharides feature an acetyl group at the

3-O position of l-rhamnose (l-Rha). Noteworthily, nonstoichiomet-

ric O-acetylation is frequently observed within the LPS of P. aerug-

inosa [26]. This tetrasaccharide, which contains three rare amino

sugars, possesses various functional groups at specific positions

[27,28]. A 3S-hydroxybutyryl (Hb) amide linker is attached to the

C4 position of the d-bacillosamine (d-Bac) unit, while both the l-

galactose (l-Gal) and d-glucose (d-Glc) units carry an acetylamino

group at the C2 position. The unique composition of rare sugars,

combined with an unusual side chain, is seldom found in host cel-

lular structures, rendering this tetrasaccharide O-antigen a promis-

ing candidate for vaccine development [29,30]. The identification

of the d-Bac unit has revealed correlations with pathogenicity in

specific contexts, establishing this tetrasaccharide as a compelling

focus for pathogenicity studies [31]. Although the α-l-GalNAcA-

(1→3)-β-d-Bac disaccharide motif and its derivatives are prevalent

in many bacterial polysaccharides [22,32–35], there have been no

reports of the selective oxidation of the primary alcohol on the l-

Gal unit to galacturonic acid in the presence of the 3S-Hb group

on the d-Bac unit (Fig. 1). Current research on the use of the l-

Gal unit as an acceptor in disaccharide assembly is notably limited,

especially when the linkage site is at the C4 hydroxyl group and

both acetyl and carboxyl electron-withdrawing groups are simulta-

neously present. Recently, the Gao group reported the synthesis of

the LPS O-antigen of P. aeruginosa ATCC 2757 using an artificially

tuned sequence, positioning the l-Gal unit at the non-reducing end

to avoid the construction of the (1→4)-l-Gal glycosidic bond [22].

Our team also reported the synthesis of the LPS O-antigens of P.

aeruginosa serotypes O10 and O19, where the (1→4)-l-Gal glyco-

sidic linkage was constructed; however, their synthetic sequences

lacked an acetyl group on the l-Gal unit [23], thereby increasing

the synthetic challenge of this work. To date, the chemical synthe-

sis of the O3 O-antigen tetrasaccharide repeating unit of P. aerug-

inosa has not been reported, presenting significant synthetic chal-

lenges. First, the monosaccharides corresponding to this LPS, in-

cluding d-GlcNAc, l-GalNAc3OAcA, and d-Bac2NAc4NSHb, are rare

sugars that are not commercially available. Second, when an acetyl

2
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Fig. 2. Retrosynthetic analysis of the P. aeruginosa serotype O3 O-antigen tetrasaccharide 1.

group is located in the ortho position relative to the glycosyla-

tion site of l-galactose, it may induce undesirable acetyl migration.

Third, glycosylation at the C4 hydroxyl group of the l-Gal unit is

particularly challenging due to its low reactivity in the presence of

electron-withdrawing groups at adjacent positions. Fourth, the tar-

get structure contains various functional groups, including acetyl,

carboxyl, acetamido, and a 3S-hydroxybutyryl (Hb) chain, with the

3S-Hb group contributing significant steric hindrance. Therefore,

adopting a well-considered orthogonal protection strategy and a

carefully designed reaction sequence is essential to ensure the

feasibility and efficiency of the synthesis. Herein, we report the

first chemical synthesis of the P. aeruginosa serotype O3 O-antigen

tetrasaccharide. A linker featuring a free amino group was incorpo-

rated at the reducing end of the tetrasaccharide, allowing for sub-

sequent modifications or conjugation with other molecules [36,37].

This advancement will significantly enhance biological and im-

munological investigations of this O-antigen.

The synthesis of the target tetrasaccharide 1 was envisioned

to be accomplished through a [1+(1+(1+1))] strategy, initiated

from the reducing end (Fig. 2). Retrosynthetic analysis revealed

that tetrasaccharide 1 could be derived from protected glycan 2

through functional group interconversions (FGI) followed by global

deprotection. This linear glycosylation approach employed building

blocks 4, 6, 7, and 8. An orthogonal amine linker containing a β-

O-glycosidic linkage was incorporated into the synthetic oligosac-

charides to enable subsequent conjugation or immobilization. In-

spired by the work of the Kulkarni group, the 3S-Hb group was

introduced at the C4 amino position of building block 7 during the

monosaccharide stage [38]. The levulinoyl (Lev) group on the C6

hydroxyl of 6 acted as a remote participating group to promote

the stereoselective assembly of the α-d-GlcNAc linkage and served

as a temporary protecting group for (1→6) branching. Moreover,

the neighboring Lev group of 4 was strategically utilized to effi-

ciently construct the 1,2-trans-l-Rha linkage. An electron-donating

2-naphthylmethyl ether (Nap) was used to protect the C3 hydroxyl

of 8, thereby enhancing the reactivity of the adjacent C4 hydroxyl

group. Compounds 6 and 8 featured a non-participating azido

group at their C2 positions, which served as a masked amino group

to facilitate 1,2-cis-glycosylation. Furthermore, the azido group ex-

hibited stability under various reaction conditions, including oxida-

tive steps commonly used in carbohydrate synthesis, and could be

easily converted into the desired acetamido group through selec-

tive reduction followed by N-acetylation. Conversely, a trichloroac-

etamido (TCA) group was selected to protect the amino group

on 7 to facilitate the stereoselective formation of the β-glycosidic

bond. The amino group in the linker at the reducing end of the

Scheme 1. Synthesis of building blocks 4 (b) and 7 (a).

glycan was protected using benzyl (Bn) and benzyloxycarbonyl

(Cbz) groups, allowing for clear differentiation from other amino

functionalities. Given that galacturonic acid typically exhibits low

reactivity in glycosylation reactions [39], we devised a strategy

to replace l-galacturonic acid with 4,6-O-benzylidene-protected l-

galactose during the synthesis process. This intermediate could be

converted into l-galacturonic acid through post-glycosylation oxi-

dation, ensuring efficient assembly while overcoming the reactivity

limitations associated with the direct use of l-galacturonic acid in

glycosylation.

We initiated the synthesis by preparing orthogonally protected

rare sugar building blocks (Scheme 1). The synthesis of build-

ing blocks 6 and 8 was conducted using modified procedures

based on established literature methods [40,41]. The synthesis

of acceptor 7 commenced from known d-Bac derivatives [42].

As depicted in Scheme 1a, glycosylation of donor 9 with a pro-

tected amino-pentanol linker (N-Bn-N-Cbz-5-aminopentane-1-ol),

promoted by trimethylsilyl trifluoromethanesulfonate (TMSOTf)

and N-iodosuccinimide (NIS) as activators, afforded product

10 in 86% yield with exclusive β-stereoselectivity (anomeric

proton of the donor residue: 4.85ppm, 3JH1/H2 =8.4Hz). The

3
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Scheme 2. Attempts to synthesize disaccharide acceptor 17.

Nap protecting group was removed through 2,3-dichloro-5,6-

dicyano-1,4-benzoquinone (DDQ)-mediated oxidative cleavage.

Subsequently, the azide functionality underwent Staudinger reduc-

tion to produce the corresponding amine, which was then coupled

with 3S-hydroxybutyric acid under 1-ethyl-3-(3-dimethylamino-

propyl)carbodiimide (EDC), hydroxybenzotriazole (HOBT), and

sodium bicarbonate (NaHCO3) conditions, resulting in the C4-

amide acceptor 7 with an overall yield of 72% across both steps.

The synthesis of building block 4 from the known l-rhamnose diol

12 is shown in Scheme 1b [43]. A tin-mediated regioselective pro-

tection of the C3 hydroxyl group with dibutyltin oxide (Bu2SnO)

and benzyl bromide (BnBr) produced 13 in 95% yield. Treatment

with levulinic acid (LevOH) and EDC efficiently converted 13 into

the corresponding ester 14 in 96% yield. Following the levuliny-

lation of the C2 hydroxyl group, the thioglycoside 16 was further

transformed into the trifluoroacetimidate donor 4, achieving an

overall yield of 75%.

With all building blocks in hand, we proceeded to synthesize

disaccharide 17 (Scheme 2). The construction of the galactosidic

linkage commenced with the glycosylation of donor 8 with ac-

ceptor 7, affording disaccharide 15 in 79% yield with complete α-

stereoselectivity (anomeric proton of the donor residue: 4.94ppm,
3JH1/H2 =3.4Hz) [44]. Disaccharide 15 was subsequently treated

with trifluoroacetic acid (TFA) in the presence of water, yield-

ing diol 16 in 72%. Attempts to selectively oxidize the C6 hy-

droxyl group to the corresponding carboxylic acid using 2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPO) and (diacetoxyiodo)benzene

(BAIB) were unsuccessful. To obtain the target compound 17, we

evaluated a series of oxidation methods under varying experimen-

tal conditions (Table S1 in Supporting information) [13,45–49], but

none proved effective. Drawing upon foundational studies con-

ducted by our group, we undertook preliminary confirmatory ex-

periments to investigate this outcome. We observed that the se-

lective oxidation of primary alcohols proceeded efficiently on com-

pound S3 (see Supporting information), but not on compound 16.

The primary structural difference between the two disaccharides

is the presence of the 3S-Hb group in 16. It is plausible that the

steric hindrance introduced by this substituent interferes with the

selective abstraction of the α-hydrogen from the primary alcohol

by the TEMPO intermediate, thereby impeding the oxidation pro-

cess [50,51].

Subsequently, we adopted an alternative synthetic route that in-

volved the selective oxidation of the C6 hydroxyl group to produce

l-galacturonic acid 21 (see Supporting information). The TMSOTf-

catalyzed glycosylation of acceptor 7 with donor 21 afforded the

desired α-glycoside 18 (anomeric proton of the donor residue:

5.08ppm, 3JH1/H2 =3.7Hz) with a yield of 62% (Scheme 3). The

subsequent removal of the levulinyl group transformed 18 into dis-

accharide acceptor 17. Unfortunately, several attempts to synthe-

size trisaccharide 19 through the glycosylation of disaccharide ac-

Scheme 3. Attempts to synthesize trisaccharide 19.

Fig. 3. Design and retrosynthetic analysis of a tetrasaccharide A.

ceptor 17 using selenoglycoside 20 and the corresponding trifluo-

roacetimidate 6 were unsuccessful. The failure of this coupling re-

action is likely attributed to the inherently poor nucleophilicity of

the axial C4 hydroxyl group of l-galactose in compound 17, which

limits its reactivity toward glycosyl donors. Furthermore, the steric

hindrance imposed by the 3S-Hb group may further contribute to

the failure of the glycosylation reaction.

Given the challenges posed by the rare l-galacturonic acid unit

in glycosylation reactions and the limited historical precedent con-

cerning its behavior as a glycosyl donor or acceptor, we priori-

tized the construction of the l-galactoside bond within our syn-

thetic strategy. To mitigate the steric hindrance imposed by the

3S-Hb group, we tentatively protected the amine using a 2,2,2-

trichlorethoxycarbonyl (Troc) group. After thorough consideration,

we designed and implemented a [1+(2+1)] synthetic strategy for

the preparation of the target tetrasaccharide (Fig. 3).

The union of acceptor 22 with trifluoroacetimidate donor 6,

in the presence of TMSOTf at 0 °C, afforded disaccharide 23

with a yield of 62% and complete α-selectivity (anomeric pro-

ton of the donor residue: 5.50ppm, 3JH1/H2 =3.6Hz) (Scheme 4)

[41]. The removal of the allyl group was accomplished by using

[Ir(COD)(CH3Ph2P)2]PF6, resulting in the complete conversion of

23 into the corresponding vinyl ether. Following this, hydrolysis

with iodine (I2) and water in tetrahydrofuran (THF) yielded the

desired alcohol quantitatively. The introduction of the trifluoroace-

timidate then furnished donor 24 with an overall yield of 87%. Un-

fortunately, the glycosylation of disaccharide donor 24 with accep-

tor 7 was unsuccessful. Analysis revealed the presence of decom-

posed donor byproducts and unreacted acceptor, suggesting that

the steric hindrance from the 3S-Hb group in 7 may impede the

glycosylation reaction. Furthermore, we hypothesize that disaccha-

rides inherently exhibit greater steric hindrance than monosaccha-

rides when acting as donors, which further limits the nucleophilic

attack of the acceptor. To address these challenges, disaccharide 24

4
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Scheme 4. Synthesize tetrasaccharide 28 by altering the synthetic strategy.

was utilized to glycosylate acceptor 30 (see Supporting informa-

tion) in the presence of TMSOTf, a condition that proved effective

for trisaccharide formation. We successfully obtained trisaccharide

25 (α:β =8:1, α: anomeric proton of the donor residue: 5.13ppm,
3JH1/H2 =3.4Hz) in 59% yield. Subsequent cleavage of the levuli-

noyl ester using hydrazine acetate yielded trisaccharide acceptor

26, which was further glycosylated with building block 6 to pro-

duce tetrasaccharide 27 (anomeric proton of the donor residue:

4.66ppm, 1JC1/H1 =171.4Hz) in 61% yield. The conversion of the

azide to the corresponding acetamido was accomplished by using

thioacetic acid (AcSH) in pyridine, resulting in the acetamido-sugar

28 in 77% yield. However, oxidative cleavage of the Nap ether with

DDQ resulted in a low yield (Table S2 in Supporting information,

entry 1). Increasing the equivalents of DDQ or extending the re-

action time led to significant degradation of the starting materials

(Table S2, entries 2 and 3) [52]. We attempted to substitute 1,2-

dichloroethane (DCE) for dichloromethane or to add the additive

β-pinene to facilitate the removal of Nap ether (Table S2, entries

4 and 5) [53,54]; however, only trace amounts of products were

detectable by matrix-assisted laser desorption/ionization time-of-

flight mass spectrometry (MALDI-TOF). Ceric ammonium nitrate

(CAN) and HF·pyridine were also evaluated as alternative methods,

but did not yield the expected amount of the product (Table S2,

entries 6 and 7) [55,56]. Lowary and co-workers reported that se-

lectively cleaving Nap ethers in the presence of abundant benzyl

ethers (seven in this case) is particularly challenging due to com-

petitive debenzylation [52].

Disappointed by these results, we revised our synthetic route

by replacing the Nap ether with an acetyl ester (Ac). As depicted

in Scheme 5, we synthesized acceptor 31 (for details, see Support-

ing information). Unfortunately, glycosylation of acceptor 31 with

donors 6 and 20 was unsuccessful; instead, the acceptor was quan-

titatively recovered unchanged after workup. Achieving glycosyla-

tion at the C4 position of l-galactose is particularly challenging

when both an acetyl group and a carboxyl group are present, as

Scheme 5. Assembly of tetrasaccharide 1.

5
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these electron-withdrawing groups significantly diminish the reac-

tivity of the acceptor. To address this limitation, we selectively pro-

tected the C6 hydroxyl group using a tert–butyldiphenylsilyl (TB-

DPS) ether to enhance the reactivity of the C4 hydroxyl group

derivative 33a for subsequent glycosylation [57,58]. However, we

observed the migration of the acetyl group to the adjacent C4 hy-

droxyl group of the l-Gal unit under alkaline conditions. Notably,

acetyl migration rarely occurs during the reaction itself and is typ-

ically significant only after the concentration of the reaction solu-

tion. Encouragingly, the prompt separation and purification of the

crude product enabled us to maintain the acetyl migration within

an acceptable threshold (<7%). Fortunately, monosaccharide allyl

derivative 33a was glycosylated with donor 6, activated by TM-

SOTf, to generate disaccharide 34 (anomeric proton of the donor

residue: 5.12ppm, 3JH1/H2 =3.7Hz) with a yield of 70% and high

α-stereoselectivity. Disaccharide 34 was subsequently transformed

into disaccharide donor 35 by removing the allyl group and in-

stalling an N-pentyltrifluoroacetimidate on the anomeric hydroxyl,

resulting in 86% yield over two steps. Donor 35 was then glycosy-

lated with acceptor 30, leading to a mixture of α and β anomers

of trisaccharide 36 (α:β =10:1, α: anomeric proton of the donor

residue: 5.07ppm, 1JC1/H1 =172.6Hz) in 61% yield. After success-

fully obtaining the protected trisaccharide, the C6-OTBDPS group in

compound 36 was cleaved using HF·pyridine. Subsequent oxidation
mediated by TEMPO and BAIB, followed by benzyl ester forma-

tion using BnBr and NaHCO3 in N,N-dimethylformamide (DMF), af-

forded trisaccharide 37 with a yield of 59% over three steps. Cleav-

age of the levulinoyl ester using hydrazine acetate then furnished

the C6-OH trisaccharide acceptor 38 in 78% yield. Monosaccharide

donor 4 was coupled with trisaccharide acceptor 38 to generate

the desired α-glycoside tetrasaccharide 39 (anomeric proton of the

donor residue: 4.53ppm, 1JC1/H1 =170.3Hz) in 57% yield. Reduction

of the two azide groups using AcSH in pyridine was followed by

treatment of the tetrasaccharide with excess zinc powder in acetic

acid at 55 °C, effectively removing the Troc group and reducing

the N-trichloroacetamide to the corresponding N-acetamide. Sub-

sequent coupling of the resulting C4 amino group with the 3S-

hydroxybutyryl acid derivative afforded the desired tetrasaccharide

40 in 42% yield over three steps. Finally, removal of the levulinoyl

group followed by hydrogenation delivered the target tetrasaccha-

ride 1 with a yield of 63% over two steps.

In summary, the target tetrasaccharide of the P. aeruginosa

serotype O3 O-antigen was synthesized for the first time through

the careful design and implementation of an elaborate synthetic

strategy. We observed that significant steric hindrance from the

3S-Hb not only impeded the oxidation of primary alcohols but

also negatively impacted the efficiency of glycosylation reactions.

The inability to selectively cleave the Nap ether necessitated a re-

vision of the synthetic route. Notably, the selective removal of a

Nap ether during the late stages of synthesis, particularly in the

presence of multiple benzyl groups, remains challenging to predict.

During disaccharide assembly, we found that the reactivity of the

C4 hydroxyl group in the acceptor was significantly influenced by

substituent effects. Replacing the C6 carboxylate ester with a TB-

DPS group in the l-Gal acceptor proved to be an effective strategy

for enhancing the efficiency of glycosylation assembly. Additionally,

we observed acetyl migration under alkaline conditions, empha-

sizing the necessity for rapid workup to minimize migration dur-

ing purification. The complex synthesis of tetrasaccharide 1 pro-

vided meaningful insights into the assembly of other aminoglyco-

sides with functionalized structures, particularly those incorporat-

ing the 3S-hydroxybutylamino group. Furthermore, the installation

of a linker containing a free amino group at the glycan reducing

end enables subsequent conjugation or immobilization, facilitating

the immunological evaluation of the O3 O-antigen and the devel-

opment of an anti-P. aeruginosa synthetic glycoconjugate vaccine.
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