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1. Introduction 

The search for an environmentally and economically 

sustainable process for biofuel production has focused on 

biomass feedstock. Thereby, it is important that the source 

material does not compete with feed and food production such 

as waste biomass and biomass grown on degraded and 

abandoned agricultural lands.
[1,2]

 Arabinoxylan (AX) is one of 

the major components of feedstocks that are currently being 

investigated as a source of 2
nd

 generation biofuels.
[3,4]

 AXs are 

composed of β-(1→4)-D-xylopyranose, partially substituted 

by α-L-arabinofuranose residues on the second and third 

position of the xylan residues. Many enzymes are required for 

efficient AX degradation, and among them, we find 

endoxylanases, α-L-arabinofuranosidases and to complete the 

process, β-D-xylosidases.
[5]

 To optimize the production of 2
nd

 

generation biofuel a better understanding of the carbohydrate-

protein interactions that govern biomass degradation, is 

needed. A versatile approach for mapping the active site of 

glycosyl-hydrolases is to utilize enzyme resistant substrates 

which are competitive inhibitors, like thiooligosaccharides 

where the oxygen of one or more glycosidic bonds are 

replaced by a sulfur atom.
[6–9]

  

There are two general approaches for the synthesis of 

thiooligosaccharides.
[10,11]

 The first approach is a 

glycosylation with a saccharide thiol as the glycosyl 

acceptor.
[12,13]

 The second method is an “inverse” 

glycosylation, using an anomeric thio function, which is 

introduced first to yield the anomeric thiol or thiolate and then 

reacted with a saccharide electrophile, to form the inter-S-

glycosidic linkage through an SN2 displacement reaction.
[8]

 

Both approaches are commonly used, but the latter approach, 

where the anomeric configuration of the product is more 

easily controlled has received the most attention. The 

stereochemistry at the anomeric center is controlled during the 

formation of the anomeric thiol function and not during the 

coupling reaction. Furthermore, replacement of oxygen with 

sulfur to create S-thioglycosides presents other synthetic 

challenges than the mere formation of the thio-linkage itself 

due to the difference in chemical properties of the two 

elements. Firstly, sulfur atoms are incompatible with catalytic 

hydrogenolysis
[14]

, which complicates the use of benzyl ethers 

as protective groups, and secondly, thiols easily form 

disulfides, both as glycosyl donors and acceptors.
[15]

  

Using a thiol as the acceptor facilitates the utilization of most 

of the known O-glycosylation methods and allows for the 

variation of the donor to find the right “match” for the thiol 

acceptor. However, only glycosylation methods using 

promoters that are not thiophilic can be employed, which 

disqualifies some of the O-glycosylation methods (e.g. 

thioglycosides). In the past, mostly anhydrosugars
[16]

 and 

glycals
[17]

 were used as donors and more recently 

trichloroacetimidates.
[12,13]

  

The challenges of the second method are the stereospecific 

introduction of the anomeric sulfur group and its activation 

into the corresponding thiolate, in addition to the nature of the 

electrophile. Because they can be selectively cleaved to form 

the thiol in the presence of ester protecting groups, almost 

only thiourea salts and thioacetates have been used as 

intermediates in the synthesis of anomeric thiols.
[18,17,19–26]

  

In this work, we present the effective synthesis of the 

tetraxylan 1, which bears a glycosidic thiolinkage on the first 

glycosidic bond from the non-reducing end by using both 

mentioned synthetic strategies. Moreover, a comparison 

between the two mentioned methods for preparing 

thiolinkages with a special focus on the challenges 

encountered and main byproducts is also presented.  

 

Arabinoxylans (AX) are a major class of hemicellulose and an important polysaccharide component of lignocellulosic 

biomass. To utilize the glycan polymer effectively, it is desirable to learn more about the enzymatic hydrolysis of AXs. Well-

defined glycans can help to elucidate these processes. Here, we report the efficient synthesis of a mixed O- and S-linked 

tetraxylan. This thio-oligosaccharide has been developed as a putative inhibitor of arabinoxylan degrading enzymes used for 

the saccharification of biomass. Two common approaches for the synthesis of thio-oligosaccharides, either involving 1-

thioglycoside donors or thioacceptors, are presented and compared regarding byproduct formation and yields. Both methods 

have shown to be useful for the synthesis of thiolinkages in oligoxylans assembly. However, the success of the reaction is 

highly dependent on the “match” between donors and acceptors.    



The length of the target structure is four units as this is the 

minimal length recognized by endo-β-1,4-xylanases
[27]

, but 

also a suitable length for studying β-xylosidases, therefore, a 

possible interesting candidate for the investigation and the 

characterization of AX degrading enzymes.  

 
Figure 1: A proposed retrosynthetic strategy for the synthesis of 

tetraxylan 1. 

 

2. Results and Discussion 

The synthesis of target 1 is based on a 2 + 2 block strategy 

between the S-disaccharide donor 3 and the O-disaccharide 

acceptor 4 (Figure 1). The acceptor 4 can be obtained by the 

employment of thioglycoside 5, which can be used as a donor 

but also converted in the desired acceptor in a few steps. S-

disaccharide 6 is envisioned to be obtained through a 

glycosylation reaction between a trifluoroacetimidate donor 7 

and thioacceptor 8, but also by employing acceptor 9 and 

thiodonor 10 (Figure 2). We decided to initially investigate 

the first method involving a thiodonor as the nucleophile to 

produce the thiolinkage. 

 
Figure 2: Different approaches for the synthesis of S-linked 

disaccharide 6. 
 

Acceptor 10 was prepared from allyl β-L-arabinopyranoside 

11, which was first functionalized at C4-OH with a 

chloroacetyl protecting group followed by benzoylation of the 

remaining positions (Scheme 1).
[28,29]

 Compound 13 was 

subsequently deprotected to afford 10.  

 

 

Scheme 1: a) i. Trimethyl chloro-orthoacetate, p-TsOH, CH3CN, 

40 ˚C, 10 min, ii. TFA, CH3CN, 22 ˚C, 1 h, b) BzCl, DMAP, Et3N, 

CH2Cl2, c) thiourea, NaHCO3, TBAI, THF. 
 

The thioacetate donor 9 was obtained from the corresponding 

bromide 14 by reaction with KSAc in DMF (Scheme 2; 

α:β = 1:4).
[16,30]

 Compound 9 was selectively deprotected with 

NaSMe, and the resulting crude intermediate 15 was treated 

with NaH in THF and mixed with the triflate 16, which was 

freshly prepared from compound 10 and Tf2O/pyridine 

(Scheme 3.1).
[31]

 The glycosylation yielded S-disaccharide 6 

in 52% yield.  

 
Scheme 2: KSAc, DMF, 22 ˚C, 1 h. 
 

However, the coupling reaction gives a degree of uncertainty 

about the effective amount of donor and acceptor used in the 

reaction because their crude mixtures are employed. To 

investigate alternatives, we decided to vary the approach 

slightly according to Driguez and co-workers.
[32]

 The method 

still uses the thioacetate 9 as a glycosidic donor and involves 

the employment of cysteamine for the removal of the acetate 

in situ and dithioerytritol (DTE) as reducing agent and 

scavenger (Scheme 3.2).
[33,34]

 The coupling reaction between 

9 and the activated acceptor 16 was performed at room 

temperature for 16 h and yielded merely the β-1,4 linked S-

disaccharide 6 in 78%. We assume that the 9 anomer 

epimerizes during the coupling reaction, since we do not 

detect the corresponding -1,4 linked S-disaccharide. 

 

Scheme 3: One pot syntheses of S-disaccharide 6; 1 a) Tf2O, 

pyridine, CH2Cl2, 22 ˚C, 30 min, b) NaSMe, CH2Cl2/MeOH (1:1), c) 

NaH, THF, then 16, DMF, 0 ˚C , 1 h,  2 d) cysteamine, DTE, DMF, 

22 ˚C, 16 h. 
 

The most typical side reactions in these type of coupling are 

the elimination of the triflate and the anomerization of the 

thiol.
[35]

 We observed mainly the elimination of triflic acid 

from compound 16 as a byproduct. However, we also 

identified the presence of the disulphide originating from 

dimerization of the thiol donor 9.  

 
Scheme 4: a) i. Tf2O, pyridine, CH2Cl2, 30 min, ii. KSAc, DMF, 

22 ˚C, 2 h, b) NaSMe, CH2Cl2/MeOH (1:1). 
   

Next, we investigated the coupling of thiol acceptor 8 and the 

imidate 7. To this end, 10 was treated with Tf2O and pyridine, 

followed by reaction with KSAc in DMF
[36]

 and selective 



deprotection to thiol 8 with NaSMe
[37]

 (Scheme 4). The 

coupling reaction to the desired S-disaccharide 6 was 

performed at −35 
°
C in CH2Cl2 with TMSOTf as a promoter 

(Scheme 5).  

 
Scheme 5: a) TMSOTf, CH2Cl2, -35 ˚C, b) Cs2CO3, DMF, 22 ˚C, c) 

AgOTf, 2,4,6-collidine, CH2Cl2, -20 °C. 
 

We envisioned the successful use of N-phenyl 

trifluoroacetimidate 7, due to its lower propensity to undergo 

side reactions and rearrangements to acetamide during 

glycosylations
[38]

 compared to trichloroacetimidates. 

Unfortunately, no S-linked disaccharide 6 was detected in the 

reaction mixture. One of the major problems was the 

dimerization of the acceptor into the corresponding 

disulphide, which was found to be stable to several reducing 

agents. We investigated the possibility of reducing 

disulphides to thiol acceptors both before the glycosylation 

and in situ using NaCNBH3, P(OCH3)3, DTT, P(n-Bu)3, or 

PPh3. However, conversion to the thiol 8 was only obtained 

employing PPh3, and when this was added to the 

glycosylation reaction, the yield of disaccharide 6 was still 

unsatisfactory (< 25%). Another byproduct isolated in the 

reaction mixture was the glycal and hydrolyzed donor. This 

result was found to be consistent with previous reports from 

other groups.
[39]

 Changing the ratio of acceptor to donor, the 

concentration, the solvent as well as the promoter did not lead 

to the formation of 6. We concluded that the N-phenyl 

trifluoroacetimidate 7 was not applicable under these 

conditions.  

Cao et al. reported the successful synthesis of an S-linked 

heparan sulfate trisaccharide employing halides as donors, 

where acetimidate donors failed.
[40]

 Inspired by these results, 

glycosylation between bromide 18 and thioacceptor 8 was 

performed using two different promoter systems (Scheme 5). 

Disappointingly, neither reaction afforded disaccharide 6. 

 
Scheme 6: TMSOTf, CH2Cl2, -35 ˚C. 
 

We hypothesized that the reactivity between the chosen 

donors 7 or 18 and acceptor 8 was poorly matched. Therefore, 

we were prompted to try a different donor with higher 

reactivity like trichloracetimidates, as the group of Pinto et al. 

showed the applicability of these in the synthesis of S-linked 

glycans.
[12]

 Using trichloracetimidate 19 to glycosylate 

acceptor 8 afforded 6 in 57% yield (Scheme 6). The choice of 

the trichloroacetimidate donor seems to be critical for this 

reaction, as it appears to favor the glycosylation to 6 over the 

dimerization of the thiol 8. 

 
Scheme 7: a) 2,3-butanedione, CH(OMe)3, CSA, MeOH, 22 ˚C, b) 

Tf2O, pyridine, CH2Cl2, 22 ˚C, c) 9, 21, cysteamine, DTE, DMF, 

22 ˚C. 

We believed it would be of interest to investigate not only the 

possible influence of different protecting groups but also the 

possibility of extending the reaction to other substrates. 

Therefore, acceptor 20 and triflate 21 were obtained from the 

allyl protected L-arabinose 11 (Scheme 7). The acid-catalyzed 

reaction of 11 with 2,3-butanedione in methanol allowed 

protection of the trans-diequatorial hydroxyl groups on the 2- 

and 3-positions with a cyclic butane diacetal to afford 

compound 20 in 59% yield. The yield of the reaction between 

triflate 21 and thioacetate 9 affording 22 was not as high as it 

was for the analogue thiol acceptor 16. We can hypothesize 

that due to the diacetal, the transition state of the more 

strained 21 is disfavored compared to 16. Also side reactions 

such as the elimination of the triflate group in 21 as well as 

the corresponding disulphide dimer of 9 were observed.  

 

 
Scheme 8: a) i. Tf2O, pyridine, CH2Cl2, ii. KSAc, DMF, 22 ˚C, b) 

NaOMe, MeOH. 

The thioacceptor 24 was obtained from 20 in three steps 

(Scheme 8). The epimerization of 20 to thioacetate 23 was 

performed with Tf2O and pyridine, followed by KSAc in 

DMF.
[36]

 The acetate 23 was converted to the corresponding 

thiol 24 under Zémplen conditions in 91% yield. 

Glycosylation of thioacceptor 24 with trichloroacetimidate 19 

afforded 22 in a good yield of 64% (Scheme 9).  

 

Scheme 9: a) TMSOTf, CH2Cl2, -40 ˚C, b) i. Pd(PPh3)4, AcOH, 

60 ˚C, ii. CCl3CN, DBU, CH2Cl2.  

The anomeric position of the reducing end of the S-

disaccharides 6 and 22 was deprotected with Pd(0). Allyl 

deprotection of 22 at 40 ˚C did not proceed to completion. 

Therefore, the reaction was performed at 60 ˚C for 15 min 

affording the hemiacetal in 86%. The deallylated structures 

were then converted in the corresponding 

trichloroacetimidates 25 and 3 under standard conditions 

(Scheme 9 and 10).
[41,42]

  

 
Scheme 10: i. Pd(PPh3)4, AcOH, 40 ˚C, ii. CCl3CN, K2CO3, CH2Cl2. 

The synthesis of the O-disaccharide acceptor 4 starts with 

benzoylation of diol  26, which was prepared following 



literature procedures (Scheme 11).
[43–46]

 The anomeric 

thioacetal of 5 was hydrolyzed and benzoylation afforded 

compound 27 in 70% yield
[47]

. The 4-position was deprotected 

with DDQ to provide acceptor 28 in 74% yield.
[48]

  

 

 
 

Scheme 11: a) BzCl, pyridine, b) i. NBS, acetone/H2O (10:1), ii. 

BzCl, Et3N, CH2Cl2, c) DDQ, CH2Cl2/H2O (9:1). 

The coupling between thioglycoside donor 5 and acceptor 28 

afforded 29 in 92% yield by employing the promoter system 

NIS/TMSOTf. The PMB group of 29 was removed to gain 

acceptor 4, which was reacted with the S-disaccharide donor 3 

in CH2Cl2 and TMSOTf affording tetrasaccharide 2 in 78% 

yield. Glycosylation with disaccharide 25 resulted in an /β-

ratio of 1:1 and was not pursued further. The final step to gain 

S-linked tetraxylan 1 was global deprotection under basic 

conditions. 

 
Scheme 12: a) NIS, TMSOTf, CH2Cl2, -35 ˚C, b) DDQ, 

CH2Cl2/H2O (9:1), c) TMSOTf, CH2Cl2, MS 4Ǻ, -30 ˚C, d) 1 M 

NaOH, MeOH. 

Different strategies for the assembly of S-linked disaccharides 

have been investigated, both involving 1-thioglycoside donors 

and thioacceptors. In the latter strategy, the leaving group of 

the donor proved to be critical for the success of the coupling. 

When the procedure involved 1-thioglycosides, the protecting 

groups present on the acceptor was shown to influence the 

stability of the C4-triflate acceptor greatly and therefore also 

affect the yield of the coupling reaction. In both routes, side-

products were determined, where disulphide formation and 

elimination of the triflate were observed as the major 

challenges. Both approaches have shown to be useful for the 

synthesis of the thiolinkages in oligoxylans assembly. 

However, the method involving 1-thioglycosides was found to 

be often preferable due to the minor amounts of byproducts 

obtained in the reaction mixture.  

Target 1 has been synthesized by a 2+2 block-strategy, which 

involves the final coupling of an S-disaccharide and an O-

disaccharide. The synthesis of other S-linked oligoxylans, as 

well as their application as enzyme inhibitors, is undergoing 

in our laboratories.    

References 

[1] D. Loqué, H. V Scheller, M. Pauly, Curr. Opin. Plant Biol. 

2015, 25, 151–161. 

[2] S. Haghighi Mood, A. Hossein Golfeshan, M. Tabatabaei, 

G. Salehi Jouzani, G. H. Najafi, M. Gholami, M. Ardjmand, 

Renew. Sustain. Energy Rev. 2013, 27, 77–93. 

[3] B. C. Saha, J. Ind. Microbiol. Biotechnol. 2003, 30, 279–

291. 

[4] A. Ebringerová, Z. Hromádková, Biotechnol. Genet. Eng. 

Rev. 1999, 16, 325–346. 

[5] F. Peng, P. Peng, F. Xu, R.-C. Sun, Biotechnol. Adv. 2012, 

30, 879–903. 

[6] P. Lalégerie, G. Legler, J. M. Yon, Biochimie 1982, 64, 

977–1000. 

[7] H. Driguez, Chembiochem 2001, 2, 311–318. 

[8] H. Driguez, Top. Curr. Chem. 1997, 187, 85–116. 

[9] Y.-W. Kim, A. L. Lovering, H. Chen, T. Kantner, L. P. 

McIntosh, N. C. J. Strynadka, S. G. Withers, J. Am. Chem. 

Soc. 2006, 128, 2202–3. 

[10] D. H. Hutson, J. Chem. Soc. C 1967, 442–444. 

[11] M. Hrmova, T. Imai, S. J. Rutten, J. K. Fairweather, L. 

Pelosi, V. Bulone, H. Driguez, G. B. Fincher, J. Biol. Chem. 

2002, 277, 30102–30111. 

[12] J. S. Andrews, B. D. Johnston, B. M. Pinto, Carbohydr. Res. 

1998, 310, 27–33. 

[13] B. D. Johnston, B. M. Pinto, Carbohydr. Res. 1998, 310, 

17–25. 

[14] L. J. Hoyos, M. Primet, H. Praliaud, J. Chem. Soc. Faraday 

Trans. 1992, 88, 3367. 

[15] E. Repetto, V. E. Manzano, M. L. Uhrig, O. Varela, J. Org. 

Chem. 2012, 77, 253–65. 

[16] L. Wang, J. Chem. Soc. Perkin Trans. 1 1990, 1677–1682. 

[17] M. Blanc-Muesser, J. Defaye, H. Driguez, Carbohydr. Res. 

1978, 67, 305–328. 

[18] F. M. Ibatullin, K. A. Shabalin, J. V Jänis, S. I. Selivanov, 

Tetrahedron Lett. 2001, 42, 4565–4567. 

[19] D. Horton, M. L. Wolfrom, 1961, 27, 1794–1800. 

[20] M. Blanc-Muesser, J. Chem. Soc. Perkin Trans. 1 1982. 

[21] J. Defaye, H. Driguez, E. Ohleyer, C. Orgeret, C. Viet, 

Carbohydr. Res. 1984, 130, 317–321. 

[22] E. Fischer, B. Helferich, P. Ostman, Berichte der Dtsch. 

Chem. Gesellschaft 1920, 53B, 873–886. 

[23] S. Muller, A. Wilhelms, Berichte der Dtsch. Chem. 

Gesellschaft 1941, 74B, 698–705. 

[24] W. Schneider, R. Gille, K. Eisfeld, Berichte der Dtsch. 

Chem. Gesellschaft 1928, 61B, 1244–1259. 

[25] J. Bogusiak, I. Wandzik, W. Szeja, Carbohydr. Lett. 1996, 

1, 411–416. 

[26] F. D. Tropper, F. O. Andersson, S. Cao, R. Roy, J. 

Carbohydr. Chem. 1992, 11, 741–750. 

[27] P. Biely, Z. Kratky, M. Vrsanska, Eur. J. Biochem. 1981, 

119, 559–564. 

[28] P. Finch, Carbohydr. Res. 1991, 210, 319–325. 

[29] S. Oscarson, U. Tedebark, J. Carbohydr. Chem. 1996, 15, 

507–512. 

[30] H. G. Fletcher, C. S. Hudson, J. Am. Chem. Soc. 1947, 69, 

921–924. 

[31] L.-X. Wang, Y. C. Lee, J. Chem. Soc. Perkin Trans. 1 1996, 

581. 

[32] M. Blanc-Muesser, L. Vigne, H. Driguez, J. Lehmann, J. 

Steck, K. Urbahns, Carbohydr. Res. 1992, 224, 59–71. 

[33] V. Moreau, J. C. Norrild, H. Driguez, Carbohydr. Res. 

1997, 300, 271–277. 

[34] F. Ratajczak, L. Greffe, S. Cottaz, H. Driguez, Synlett 2003, 

2003, 1253–1254. 

[35] A. V. Demchenko, Handbook of Chemical Glycosylation: 

Advances in Stereoselectivity and Therapeutic Relevance, 

2008. 

[36] R. V. Stick, K. A. Stubbs, Tetrahedron: Asymmetry 2005, 

16, 321–335. 



[37] C. O’Reilly, P. V Murphy, Org. Lett. 2011, 13, 5168–71. 

[38] S. I. Tanaka, M. Takashina, H. Tokimoto, Y. Fujimoto, K. 

Tanaka, K. Fukase, Synlett 2005, 2325–2328. 

[39] H. M. Christensen, S. Oscarson, H. H. Jensen, Carbohydr. 

Res. 2015, 408, 51–95. 

[40] H. Cao, B. Yu, Tetrahedron Lett. 2005, 46, 4337–4340. 

[41] J.-H. Kim, H. Yang, J. Park, G.-J. Boons, J. Am. Chem. Soc. 

2005, 127, 12090–7. 

[42] L. Chen, F. Kong, Carbohydr. Res. 2002, 337, 2335–2341. 

[43] Naoki Toyooka, A. Nakazawa, H. Toshiyuki, H. Nemoto, 

Heterocycles 2003, 59, 75–79. 

[44] R. Lopez, A. Fernandez-Mayoralas, J. Org. Chem. 1994, 59, 

737–745. 

[45] M. Gao, Y. Chen, S. Tan, J. H. Reibenspies, R. A. Zingaro, 

Heteroat. Chem. 2008, 19, 199–206. 

[46] Y. Du, Q. Pan, F. Kong, Carbohydr. Res. 1999, 323, 28–35. 

[47] M. Bols, H. C. Hansen, G. Widmalm, R. Papiernik, L. G. 

Hubert-Pfalzgraf, K. Li, R. K. MIlanova, H. Nakata, A. 

Nasiri, T. Tsuda, Acta Chem. Scand. 1993, 47, 818–822. 

[48] M. Shiozaki, T. Tashiro, H. Koshino, R. Nakagawa, S. 

Inoue, T. Shigeura, H. Watarai, M. Taniguchi, K. Mori, 

Carbohydr. Res. 2010, 345, 1663–84. 

 

Acknowledgments 

We acknowledge financial support from the Danish Council 

for Independent Research “A biology-driven approach for 

understanding enzymatic degradation of complex 

polysaccharide systems” (Grant Case no.: 107279), the 

Carlsberg Foundation, the Danish Strategic Research Council 

(GlycAct and SET4Future projects), the Villum Foundation 

(PLANET project) and the Novo Nordisk Foundation 

(Biotechnology-based Synthesis and Production Research).  
 

 


