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a b s t r a c t

3-Deoxy-ᴅ-manno–oct-2-ulosonic acid (Kdo) is widely distributed in bacteria, and the synthesis of Kdo-

containing oligosaccharides is important for the development of novel antibiotics and immunological

agents. We have recently developed a strategy to achieve α-stereocontrolled glycosylation using a C3-

p-tolylthio-substituted Kdo phosphite donor. The wide substrate scope and high reactivity of the donors

enabled the efficient synthesis of a series of Kdo-containing glycosides with complete α-stereoselectivity

and without the formation of 2,3-ene byproducts. In this study, we improved the method by replacing

the leaving group diethyl phosphite with fluoride, which enhanced the stability of the donor and led to

cleaner reaction. Furthermore, the substrate range was expanded by synthesizing a series of Kdo O/C/S/N-

glycosides, which also opened up a new avenue for the synthesis of CMP-Kdo synthase inhibitors.

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

Medica, Chinese Academy of Medical Sciences.

The overuse of antibiotic has led to the emergence of drug-

resistant bacteria [1]. As a result, the development of new an-

timicrobial drugs and vaccines has attracted the increasing atten-

tion of scientists [2]. 3-Deoxy-ᴅ-manno–oct-2-ulosonic acid (Kdo)

is an eight-carbon monosaccharide widely distributed in bacterial

lipopolysaccharides (LPS) and capsule polysaccharides (CPS) [3,4].

In the biosynthesis of LPS, several sequential enzymatic reactions

are necessary for the synthesis of Kdo from ᴅ-ribulose-5-phosphate

and attaching it to lipid A [5]. In this biosynthetic pathway, CMP-

Kdo plays a crucial role as a key intermediate [5]. Its derivatives

have the potential to act as inhibitors of CMP-Kdo synthase (CKS),

thereby obstructing the LPS biosynthesis pathway and ultimately

disrupting the production of the bacterial outer membrane [6].

Thus, analogs of Kdo have the potential to act as CKS inhibitors

and serve as novel antimicrobial agents.

As a deoxy sugar [7,8], Kdo glycosylation is one of the most

challenging glycosylation reactions because of the low reactivity,

the uncontrolled stereoselectivity and the formation of 2,3-ene

byproducts [9-14]. Therefore, the highly efficient and stereoselec-

tive synthesis of Kdo glycosides remains an unmet need in gly-

cosylation methodology, which limits the investigation of the bio-

logical activities of Kdo-containing oligosaccharides. Currently, Kdo
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glycosylation methods can be broadly divided into direct and in-

direct methods [15]. Using the direct methods, the target glyco-

sidic bonds can be achieved in a single step by utilizing steric hin-

derance effect [16-31], special intermediate formation [32-34], re-

mote participation effect [35], solvent and ion effect [36,37] and

side chain conformation (Scheme 1A) [38]. The selection of pro-

tective groups in the direct methods is intricate, often resulting in

the formation of additional 2,3-ene byproducts. Using the indirect

methods, an auxiliary group (such as S [39], I [40-43], O [44-45]) is

added at Kdo’s C3 position to modulate the anomeric stereoselec-

tivity (Scheme 1B). After glycosylation, the auxiliary group can be

removed by additional steps. Compared with direct methods, in-

direct methods simplify protecting group operations and enhance

reaction efficiency while preserving complete stereoselectivity and

generating less 2,3-enes [15].

Our team has previously developed a strategy for Kdo α-

glycosylation utilizing a C3-p-tolylthio-substituted Kdo phosphite

donor 1 via the classical neighboring group participation effect

(Scheme 1B) [15]. The sulfur-positive tricyclic intermediate re-

stricted the acceptor to attacking from the α side of the sugar

ring only. Consequently, single α-stereoselective Kdo glycosides

were produced without the formation of 2,3-enes. However, the

high reactivity of the modified phosphite donor 1, which must be

used immediately after preparation, is a drawback of this strategy.

In this study, we investigated the reaction of the C3-p-tolylthio-
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Scheme 1. Kdo glycosylation methods developed in previous studies and the present study.

Table 1

Effect of temperature, donor consumption and concentration on Kdo fluoride donor

2 glycosylation.a

Entry T (°C) Donor

consumption

(equiv.)

Donor

concentration

(mol/L)

Yield (%)b Ratio of

α/βc

1 −20 1.5 0.10 Trace α only

2 0 to r.t. 1.5 0.10 42 α only

3 0 to r.t. 1.5 0.05 97 α only

4 0 to r.t. 1.5 0.03 75 α only

5 0 to r.t. 1.2 0.05 96 α only

a Glycosylations were conducted with Kdo fluoride donor 2 and acceptor 3a (1.0

equiv.) under the activation of BF3·OEt2 (2.0 equiv.) in anhydrous CH2Cl2 (Concen-

trations were calculated based on donor) for overnight.
b Isolated yield.
c The α/β ratio was determined by analysis of 1H NMR.

substituted Kdo fluoride donor 2 and demonstrated its increased

stability (Scheme 1C). The complete α-stereoselectivity and broad

substrate scope proved the superiority of introducing a thioether

at the C3 position of Kdo donors. In addition, we synthesized a se-

ries of Kdo O/C/S/N-glycosides via fluoride donor 2, which have the

potential to act as important precursors of candidate molecules for

CKS inhibition.

According to the previous work [15], the C3-p-tolylthio-

substituted Kdo hydroxy sugar S1 was synthesized with 2,3-ene

by a two-step reaction of addition and hydrolysis. Subsequently,

the α-Kdo fluoride donor 2 was prepared by fluorination of S1

in a satisfactory yield of 89% (Scheme S1 in Supporting informa-

tion). Notably, donor 2 maintained stability for more than one year

at room temperature, which was considerably more stable than

donor 1.

Under the classical conditions for the activation of glycosyl

fluoride [41-43], the glycosylation of donor 2 (1.2 equiv.) was

conducted with 4-penten-1-ol 3a (1.0 equiv.) in the presence of

BF3·OEt2 (2.0 equiv.), 4 Å molecular sieves (MS) at 0 °C to room

temperature in anhydrous CH2Cl2 (Table 1, entry 2, 0.10mol/L, cal-

culated based on donor). Surprisingly, the coupling reaction be-

tween 2 and 3a provided the Kdo glycoside 4a in a moderate

42% yield as the sole α-isomer without the formation of 2,3-ene

byproduct. Similar to the phosphite donor 1, the axial orientation

of the thio group at C3 of the fluoride donor 2 prevented the elim-

ination reactions, while efficiently enhanced α-stereoselectivity via

neighboring group participation effects [15]. The stereoconfigura-

tions of Kdo glycosides was confirmed via the non-decoupling 13C

NMR (3JC1, H3ax < 1.0Hz) [27]. Considering that the adsorption of

hydrogen fluoride formed during the reaction by molecular sieves

can drive this reaction [41-43], we adjusted the ratio of molecu-

lar sieve and donor by modifying the concentration of the reaction

solution (MS: 100mg/mL). The experiment demonstrated that the

reaction afforded glycoside 4a in 96% yield with outstanding α-

stereoselectivity when the donor concentration reached 0.05mol/L

(Table 1, entry 5).

Subsequently, we investigated the O-glycosylation scope of

donor 2 (1.2 equiv.) with various acceptors (3a-3p) under the

optimal conditions (Scheme 2, donor: 1.2 equiv., acceptor: 1.0

equiv., BF3·OEt2: 2.0 equiv., CH2Cl2: 0.05mol/L calculated based

on donor, 4 Å MS: 100mg/mL calculated based on solvent, 0

°C→r.t.). To our satisfaction, we were able to synthesize the

fully α-stereoselective Kdo glycosides 4a-4f in excellent yields of

89%−99% without the formation of 2,3-enes through glycosyla-

tion of donor 2 with simple alcohols, including primary alcohols

(3a: 4-penten-1-ol, 3b: n-heptanol), secondary alcohols (3c: cyclo-

hexanol, 3d: 2-adamantanol, 3f: ʟ-menthol), and tertiary alcohol

(3e: 1-adamantanol). For the reacions with glycosyl acceptors, the

glycosylation process between donor 2 and acceptor 3g-3m pro-

duced sole α-isomer Kdo oligosaccharides 4g-4m with yields rang-

ing from 88% to 97%. It was noteworthy that the fluoride donor 2

reacted with Kdo glycal acceptors 3k and 3l, resulting in the suc-

cessful formation of di-Kdo saccharides 4k (95%) and 4l (96%) in

excellent yields through α-(2→4)- and α-(2→8) linkages. In partic-

ular, the Kdo-α-(2→6)-GlcN-β-(1→6)-GlcN trisaccharide 4m is the

essential component of several bacterial LPS structures [19,22]. Un-

der the optimized free radical reduction conditions developed by

our team [15], the thioether groups of the glycosides 4a-4m were

successfully removed, leading to the formation of 5a-5m in high

yields of 82%−96%. In addition, the glucosamine thioglycosides ac-

ceptors 3n-3p coupled with donor 2 and afforded the desired Kdo-

containing disaccharides 4n (34%), 4o (93%) and 4p (87%) with-

out activation of the thioglycosides. Among them, the reaction be-

tween inactive 4-OH acceptor 3n and 2 was incomplete with reac-

2



A. Sun, Z. Li, S. Li et al. Chinese Chemical Letters 36 (2025) 109972

Scheme 2. Substrate scope of the Kdo O-glycosylation. a Glycosylations were conducted with Kdo fluoride donor 2 (1.2 equiv.) and acceptor 3a-3p (1.0 equiv.) under the

activation of BF3·OEt2 (2.0 equiv.) in anhydrous CH2Cl2 (0.05mol/L, calculated based on donor) for overnight. b Isolated yield, and the α/β ratio was determined by analysis

of 1H NMR. c Free radical reduction reactions were conducted with glycosyl thioether (4a-4h; 4j-4l, 1.0 equiv.), initiator (AIBN, 4.0 equiv.) and reducing agent (n-Bu3SnH,

6.0 equiv.) under oxygen-free environment in anhydrous toluene at 110 °C. d Free radical reduction reactions were conducted with glycosyl thioether (4i and 4m, 1.0 equiv.),

initiator (AIBN, 4.0 equiv.) and reducing agent (Ph3SnH, 6.0 equiv.) under oxygen-free environment in anhydrous toluene at 110 °C. e Yields based on the consumed acceptors.

TBDPS= tert–butyldiphenylsilyl, NPhth=phthalimido, AIBN=2,2′-azoisobutyronitrile.

tants remained, and only 34% of the disaccharide 4n was obtained

(86% yield based on the consumed acceptors). Overall, the glycosy-

lation efficiency of fluoride donor 2 with acceptors that are mod-

erately or highly active is comparable to that of phosphite donor

1 [15]. For inactive acceptors, reaction yields of donor 2 can be

improved through recycling reactants. In another experiment, ac-

ceptor 3h was coupled with donor 1 and 2 separately, and the re-

action solutions were filtered to remove molecular sieves, concen-

trated without column chromatography separation, and analyzed

by NMR (Fig. 1). The 1H NMR spectra of the crude products reveals

that the reaction system of fluoride glycosylation was very clean

(Fig. 1b).

CMP-Kdo is a key intermediate in LPS biosynthesis [4]. There-

fore, Kdo derivatives have the potential to be developed as CKS

inhibitors, which can block bacterial cell wall synthesis. Addition-

ally, C/S/N-glycosides possess distinct properties compared to O-

glycosides, and exhibit resistance to enzymatic degradation while

preserving the structural integrity of the glycosides [46]. No-

Fig. 1. 1H NMR spectrum of the reaction crude of disaccharide 4h. (a) 1H NMR spectrum of disaccharide 4h purified by column chromatography. (b) 1H NMR spectrum of

the reaction crude of fluoride donor 2 and acceptor 3h. (c) 1H NMR spectrum of the reaction crude of phosphite donor 1 and acceptor 3h.
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Scheme 3. Substrate scope of the Kdo S/C/N-glycosylation. (a) Glycosylations were conducted with Kdo fluoride donor 2 (1.0 equiv.) and nuclephiles 6a-6k under the

activation of BF3·OEt2 (2.0 equiv.) in anhydrous CH2Cl2 (0.05mol/L, calculated based on donor) for overnight. (b) Isolated yield, and the α/β ratio was determined by analysis

of 1H NMR. TMS= trimethylsilyl.

Scheme 4. Synthesis of glycosylated unnatural amino acid 9. Boc= t-butyloxy car-

bonyl.

tably, some of the CKS inhibitors being investigated are Kdo car-

boglycoside or thioglycoside derivatives [6]. Thus, we attempted

to broaden the structural type of Kdo derivatives by coupling

Kdo fluoride donor 2 with common nucleophilic reagents 6a-6k

(Scheme 3).

Under standard glycosylation conditions, donor 2 was coupled

with TMSN3, resulting in 95% yield of Kdo azide 7a. Subsequently,

protected ʟ-propargylglycine 8 was reacted with 7a under click re-

action conditions to produce glycosylated unnatural amino acid 9

in 51% yield (Scheme 4). Compound 9 has the potential to be used

in glycopeptide synthesis and serves as an intermediate for Kdo

derivatization and bioactivity research [47-49]. Interestingly, donor

2 reacted with 6b to yield phenolic glycoside 7b, which is different

from the phosphoglycoside products obtained from the reaction of

fluoride with 6b as reported [50]. It is possible that the reaction

underwent the following process. Under acidic conditions, triph-

enyl phosphite 6b is easily hydrolyzed to form phosphoric acid

and phenol. Molecular sieves can absorb the resulting phosphoric

acid and the fluoride 2 is subsequently activated in the presence

of boron trifluoride ether and preferentially undergoes glycosyla-

tion process with the phenol to produce 7b rather than Arbuzov

reaction. In addition, donor 2 reacted with several sulfur nucle-

ophilic reagents (6c-6f) to produce the corresponding thioglycoside

derivatives 7c-7f in yields ranging from 87% to 96%. The carbogly-

coside products 7g-7j were obtained in high yields (75%−92%) by

using carbo nucleophilic reagents 6g-6k and donor 2. Moreover,

the alkyne group in compound 7g could undergo further deriva-

tization via click reaction. It is worth noting that all of the afore-

mentioned Kdo derivatives exhibit complete α-stereoselectivity.

The construction of compound libraries containing Kdo deriva-

tives and the evaluation of their bioactivity are currently

in progress.

Scheme 5 shows the proposed reaction mechanism of glyco-

sylation with C3-p-tolylthio-substituted Kdo fluoride donor 2 pro-

moted by BF3·OEt2. Boron trifluoride activates the fluoride donor

2, breaking the carbon-fluorine bond and forming a ternary cyclic

episulfonium intermediate. Due to the neighboring group partici-

pation effect, the episulfonium blocks the β-side of the Kdo sugar

ring, allowing the nucleophilic reagent to attack from the α-side

only. After proton dissociation, complete α-stereoselective of Kdo

glycosides are formed.

In summary, we synthesized C3-p-tolylthio-substituted fluoride

donor 2 to increase the stability of the Kdo phosphite donor 1

and investigated the reactions of donor 2 in Kdo α-glycosylation.

The results of this study along with previous reports support that

the Kdo glycosylation reaction can be treated as two categories:

(1) For acceptors with medium to high reactivity, the glycosylation

reaction can be performed more conveniently by using the more

stable fluoride donor 2, resulting in cleaner reactions. (2) For low-

reactivity acceptors, more reactive phosphite donor 1 can be used

for efficient glycosylation reactions. These two methods demon-
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Scheme 5. Proposed mechanism of BF3·OEt2 promoted glycosylation with C3-p-

tolylthio-substituted Kdo fluoride donor 2.

strated the superiority of introducing a thioether at the C3 posi-

tion of the Kdo donors. Furthermore, the substrate range was fur-

ther expanded by utilizing donor 2 to react with various C/S/N-

nucleophilic reagents, resulting in high yields and complete α-

stereoselectivity of Kdo derivatives. These Kdo derivatives repre-

sent new structural types for designing CKS inhibitors.
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