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Abstract. A stereoselective synthesis of C1-β-D-
xylopyranoside derivatives had been developed via 
intramolecular 1,3-acyloxy migration/Ferrier 
rearrangement stategy from readily available propargylic 
carboxylates and D-xylal. A combined catalytic system of 
chloro(triphenylphosphine)gold(I) (Ph3PAuCl) and silver 
hexafluoroantimonate (AgSbF6) was found to possess the 
most effective of the reaction, and 20 examples tested the 
wide functional compatibility for these transformation. 
Nuclear magnetic resonance (NMR), infrared spectrum 
(IR), high resolution electrospray ionization mass 
spectroscopy (HRESIMS) and isotopic labelling 
experiments were utilized to investigate the C1-
glycosylation process. The relative configuration for the 
products was determined by two-dimensional (2D) NMR 
NMR and electronic circular dichroism spectroscopy. 3-
(4,5)-Dimethylthiahiazo(-z-y1)-3,5-diphenytetrazoliumro-
mide (MTT) cell viability assays indicated that three of 
them showed strong anti-proliferative activities against 
human gastric cancer HGC-27 cells with IC50 values of 
17.09-38.88 μM. This method opened up new horizons for 
the synthesis of bioactive C-glycosylated molecules. 

Keywords: C1-glycosylation; 1,3-acyloxy migration; 
Ferrier rearrangement; gold (I) catalysis; cytotoxicity 

 

Compared to O- and N-glycoside, the C-glycoside 
comprises a carbohydrate unit attached to an aglycone 
or another carbohydrate unit through a C-C bond 
linkage. Due to the stability toward hydrolysis of C-
glycosides, the mimics of O-glycosides have been 
widely reported with potent biologically activities in 
natural products and synthetic drugs in recent years, 
such as (-)-Dysiherbaine[1], (-)-Neodysiherbaine A[2], 
Deoxyfrenolicin[3], Pro-XylaneTM[4],(-)-Kendomycin[5], 

Lactoquinomycin A[6] and (+)-Ambruticin S[7] (Figure 
1). Because of the potential bioactivity as well as the 
synthetic challenges, these carbohydrate moieties 
have attracted considerable interest in the total 
synthesis and glycosylation  methodologies[8]. 

 

Figure 1. Some natural products and drugs containing C-

glycosides. 

Generally, C-glycosylation reactions can involve 
glycosyl electrophilic/cationic species, anionic 
species, radical species, or transition-metal complexes. 
Therefore, the synthesis of C-glycosylation usually 
involves the metal reagents as glycosyl donors or 
catalysts, and the process is much more sluggish due 
to the air and moisture sensitivities[9]. Although lots of 
transitional metal-catalyzed cross coupling including 
Heck, Suzuki, Stille and Negishi-type reactions have 
been developed for the synthesis of C-glycosides 
using glycals, the functional regioselectivity and α/β 
stereoselectivity at the anomeric carbon constitute are 
still one of the most challenging issues in 
carbohydrate chemistry[10]. For example, Ernest’s 
group utilized Pd0-mediated cyclo-etherification of 1-
acetoxy-2,3-dideoxy-oct-2-enitols to produce C-vinyl 
α- and β-glycopyranosides with high stereoselectivity 
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using (S,S) or (R,R)-DACH ligands in 2014[11], and 
then Martin’s group produced epimeric mixture of C-
vinyl deoxyriboside by the Lindlar hydrogenation of 
the epimeric mixture of C-ethynyl deoxyriboside[12]. 
Liu’s group reported a palladium-catalyzed one-pot 
Tsuji-Trost type decarboxylative allylation/Wittig 
reaction to synthesize β,(E)-selective C-vinyl 
glycosides with pyridyl group containing aldehydes 
and β,(Z)-selective C-vinyl glycosides with 
nonpyridyl aldehydes in 2017, which had potential to 
be applied in synthesizing C-vinyl glycosides in high 
efficiency with controlled diastereoselectivity[13]. 

 

Scheme 1. The synthesis of C-vinyl glycosides 

For facial construction of synthetically valuable 
complex C-glycosides, the intramolecular 
rearrangements including Claisen rearrangement, 
Ramberg-Bäcklund rearrangement, and 1,2-Wittig 
rearrangement have become powerful tools for the C-
glycosylations[14]. The homogeneous gold catalysis, 
an exciting new synthetic tool to build synthetically 
valuable complex molecules, has become a hot spot in 
organometallic chemistry since 2005[15], which could 
activate alkenyl, allenyl and alkynyl p-bonds based on 
the strong p-acidic character of complexes of Au(I) 
and Au(III)[16]. Among them, cationic phosphine-gold 
(I) complexes are especially versatile and selective 
catalysts for a growing number of synthetic 
transformations[17]. Recently, β-xylopyranosides have 
attracted renewed interest due to the development of 
interesting biological activities and material usage[18]. 
As continuation of previous studies on the C-
glycosylation reaction using homogeneous gold 
catalysis by Ferrier rearrangement[19], the one-pot 
intramolecular cross coupling reactions of propargylic 
acetates and diacetyl-D-xylal via 1,3-acyloxy 
migration and Ferrier rearrangement was investigated 
in this work. 

In order to screen the proper conditions for C1-
glycosylation from propargylic acetate (1a) and 
diacetyl-D-xylal (2a), seven transitional metals were 
evaluated the abilities of inducing the Ferrier 

rearrangement of 2a to give the C1-alkylation 
products, however, gold (III) chloride was found to be 
the effective catalyst to transform the propargylic 
ester to the nucleophillic allene intermediate and give 
the final Ferrier rearrangement C1-glycosylation 
product 3a in 24% isolated yields (Table 1, entries 1-
7). This positive result promoted us to further search 
more appropriate catalyst to improve the efficiency of 
the reaction, and then the gold (I) complex and silver 
(I) salts could catalyze the reaction in comparative 
yields (entries 8-10). To our surprise, we found that 
the combined catalytic system exhibited superior to 
the single catalyst (entries 11-14). Therefore, 
Ph3PAuCl and AgSbF6 system was selected as the 
best catalyst for the high yield of 58% yields, and 
further optimization of solvent contributed to improve 
the yield of 3a in 75% yields (Table 1, entries 14-20). 
Finally, the C1-glycoside could be smoothly prepared 
from propargylic acetate and diacetyl-D-xylal under 
the catalytic Ph3PAuCl/AgSbF6 in nitromethane at 
ambient temperature. 

Table 1. Optimization of C1-glycosylationa 

 

Entry Catalyst Solvent Yieldb 

1 AgNO3 CH2Cl2 N.D. 

2 Pd(OAc)2 CH2Cl2 N.D. 

3 Cr(OAc)3 CH2Cl2 N.D. 

4 Cu(OAc)2 CH2Cl2 N.D. 

5 PdCl2 CH2Cl2 N.D. 

6 SrCl2 CH2Cl2 N.D. 

7 AuCl3 CH2Cl2 24% 

8 Ph3PAuCl CH2Cl2 45% 

9 AgSbF6 CH2Cl2 35% 

10 AgOTf CH2Cl2 20% 

11 Ph3PAuCl+ AgOTf CH2Cl2 50% 

12 AuCl3+ AgOTf CH2Cl2 42% 

13 AuCl3+ AgSbF6 CH2Cl2 38% 

14 Ph3PAuCl + AgSbF6 CH2Cl2 58% 

15 Ph3PAuCl + AgSbF6 CH3NO2 75% 

16 Ph3PAuCl + AgSbF6 CHCl3 37% 

17 Ph3PAuCl + AgSbF6 Toluene 43% 

18 Ph3PAuCl + AgSbF6 EtOAc N.D. 

19 Ph3PAuCl + AgSbF6 CH3CN N.D. 

20 Ph3PAuCl + AgSbF6 HCON(CH3)2 N.D. 
a) General conditions: propargylic carboxylate (1a, 1.0 

equiv.), diacetyl-D-xylal (2a, 1.0 equiv.), Ph3PAuCl and 

AgSbF6 (5 mol %). Solvent: 2 mL. b) Isolated yield. N.D. = 

not detected. 

Under the optimized reaction condition, the 
substrate scope of the C1-glycosylation reaction was 
examined (Scheme 2). The electron-donating groups 
connected on the phenyl group (R1) of propargylic 
acetate resulted in poor β-stereoselectivity at the 
anomeric carbon and lower yields (62%-70%) for the 
C1-β-D-xylopyranoside derivatives (compounds 3k-
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3q), while the electron-withdrawing groups usually 
resulted in better stereoselectivity and yields (79%-
85%, compounds 3f-3k). Further exploration of the 
substrate scope was focused on the aliphatic 
substituted group or heterocyclic group (R1) on the 
triple bond of propargylic acetate, which also gave 
moderate yields (68%~80%) for compounds 3r-3t. It 
was worth noticing that the Boc-protecting-D-xylal 
failed to give the C1-β-D-xylopyranosides (3) under 
the same reaction condition. 

The relative β-configuration for 3d was confirmed 
by NMR and electronic circular dichroism 
spectroscopy. In NOESY, the correlation between H-
1 (5.32 ppm) and H-7 (6.38 ppm) could be observed, 
and its relative β-configuration could be defined as 
trans-isomer for the anomeric carbon with the 
observed coupling constants of 5-Ha (4.27 ppm, dd, J 
= 10.8, 5.2 Hz, 1H) and 5-Hb (3.59 ppm, dd, J = 10.8, 
7.6 Hz, 1H), which were consistent with previuos 
reported[20]. Furthermore, the absolute configuration 
of the C1-glycoside was also tested by experimental 
electronic circular dichroism spectroscopy, and its 
possible configurations were calculated by DFT 
B3LYP method of gaussian software[21]. The result 
was found to be consistent with the β-anomer’s 
calculations and the product configuration was 
inferred to be the β-configuration.  

 

Scheme 2. Substrate scope for C1-β-D-xylopyranoside 

derivatives 

Based on the experimental results and related 
literatures[22], the following mechanistic pathways 
were proposed. At first, the formation of allylic 
oxocarbenium ion (B) from diacetyl-D-xylal (2a) via a 
Ferrier rearrangement was promoted by gold catalyst, 
then transformation of the propargylic carboxylate (1) 
into the nucleophilic allenic intermediate (A) through 
a 1,3-acyloxymigration which subsequently attacked 
intermediate (B) to give the oxocar benium ion (3'). 
Finally, the hydrolysis of oxocarbenium ion (3') 
delivered the target C1-β-D-xylopyranosides (3). 
Owing to the stability of the equatorial conformation 
for large substituents, the stereo-structure for the C1-
β-D-xylopyranosides was finally obtained (Scheme 3). 

 Scheme 3. Proposed mechanism for C1-β-D-xylopyranosyl

ation reaction 

In order to confirm this reaction mechanism, 31P 
NMR experiment, infrared detection experiment, 1H 
NMR detection experiments and isotopic labeling 
experiments were carried out to monitor the catalyst 
combination way and reaction process more clearly. 
Considering the proposed mechanism for the 
synthesis of the C1-β-D-xylopyranosides (Scheme 3) 
and the prerequisite for the generation of 
nucleophillic allene intermediate (A) from 
propargylic acetate (1), the monitored infrared 
spectrum experiment was also carried out to observe 
the spectrum properties of intermediate and the 
synchronous monitoring results were shown in Figure 
2. Notably, a peak signal at the wavelength of 2435 
cm-1 could be observed when the catalyst was added, 
which disappeared after quenching. This signal might 
be attributed to the allene intermediate (A) from 
propargylic carboxylate (1) (Figure 2a). Furthermore, 
allene experiment in the same condition further 
confirmed this result (Figure 2b). 

To assess the product more clearly, 1H NMR 
detection experiment was carried out in CDCl3 
solution[23]. As shown in Figure 3, before adding the 
catalyst, the multiplet 1H NMR peaks appeared 6.52 
ppm which be longed to 1-H signal of the diacetyl-D-
xylal. With the catalyst added in, this proton signal  
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Figure 2.  IR monitoring of the reaction progress. 
a  propargylic carboxylates (1a, 0.05 mol), diacetyl-D-xylal 

(2a, 0.05 mol) and (Ph3P)AuSbF6 (5% mol). b allenic 

intermediate (0.05 mol), D-xylal (0.05 mol) and 

(Ph3P)AuSbF6 (5% mol). 

disappeared because of Ferrier rearrangement. Two 
minutes later, a new doublet appeared at 6.38 ppm 
when the catalyst was added, which might attribute as 
the olefinic proton of H-7 in the enone skeleton.  

 

Figure 3. 1H NMR monitoring of the reaction progress. 

The mechanism was further confirmed through 
isotopic labeling experiments by performing the 
reaction with 18O-labeled propargylic carboxylate 1m-
18O according to related literatures[24]. The 18O-labeled 
ketone’s carbon signal at 197.2 ppm could be clearly 
found in the 13C NMR of 3w-18O, where ESI-HR-MS 
analysis also showed the presence of 18O in the 
product, which indicated the success of the 1,3-
acyloxy rearrangement and nucleophilic C1-
glycosylation process (Scheme 4). 

As our continuous interest in search of the 
biological antitumor agents[25], all the target  

 

Scheme 4. Isotopic labeling experiment 

compounds were also evaluated for in vitro anti-
proliferative activities against two human cancer cell 
lines (HGC-27 and Caski) for 48 h at 37゜C by MTT 
assays[26]. Unfortunately, just three of them (3c, 3f, 3l) 
were found to possess the better anti-cytotoxic 
activities against HGC-27 cells with IC50 values of 
17.09~38.88 μM (Table 2). Compound 3l also 
showed cytotoxic activities against Caski cells with 
IC50 63.63 μM. These results indicated the 
introduction of phenyl resulted in increasing 
cytostatic effect while unsubstituted phenyl group 
shows better inhibition rate than substituted. Notably, 
these C1-β-D-xylopyranosides exhibited low toxicity 
against to the normal human hepatic LO2 cells (IC50 > 
500 μM). The further structural exploration and anti-
tumor mechanism study for these C1-β-D-
xylopyranosides are under way in our research group. 

Table 2. Calculated antiproliferative IC50 values for some 

cytotoxic compounds 

Compounds 
IC50 values (μM) 

HGC-27 Caski LO2 

3c 17.09 >100 >500 

3f 30.12 >100 >500 

3l 38.88 63.63 >500 

 

Figure 4. Inhibition against HGC-27 cells for 48 hours 

In conclusion, a highly stereoselective synthesis of 
bioactive C1-β-D-xylopyranosides was developed 
based on strategy of intramolecular 1,3-acyloxy 
migration/Ferrier rearrangement process. The 
versatility and flexibility of this method was evident 
from its extensive substrate scope. Remarkably, high 
yields and exclusive regioselectivity and 
diasteroselectivity were obtained, demonstrating that 
the reaction tolerates a wide range of substituents. In 
addition, the potential of employing this method to 
construct synthetically valuable complex molecules 
will be their increasing applications in synthesizing of 
structurally diverse and functional natural products. 

Experimental Section 

Typical procedure for the synthesis of 1-phenylhept-1-

yn-3-yl acetate (1a) 
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Phenylacetylene (0.91 g, 7.0 mmol) was added to the 

reaction flask and then nitrogen protection, after that, added 

in re-steamed THF (6 mL) to stir for 5 minutes. n-BuLi 

(2.4 mol/L, 2.9 mL, 7mmol) was injected at a low 

temperature (-78℃), after the mixture was stirred for 5 min 

under the dewar, added the 1-butyraldehyde (0.435 g) and 

stirred at room temperature until the starting material was 

completely consumed. The mixture was concentrated in 

vacuo. Purification of the residue by flash chromatography 

on silica gel (petroleum ether / ethyl acetate = 100:1, V/V) 

and afforded the propargylic carboxylate (1a) as colorless 

oil. 

 

Typical procedure for the synthesis of (3R,6S)-6-((Z)-1-

oxo-1-phenylhex-2-en-2-yl)-3,6-dihydro-2H-pyran-3-yl 

acetate (3a) 

A solution of diacetyl-D-xylal (2a, 0.2 mmol) and 1-

phenylhex-1-yn-3-yl acetate (1a, 0.2 mmol) in anhydrous 

CH3NO2 (2.0 mL) was stirred at room temperature for 10 

min. Ph3PAuCl (4.9 mg, 5.0 mol %) and AgSbF6 (2.6 mg, 

5 mol %) was added sequentially. The reaction was stirred 

at room temperature until the starting material was 

completely consumed. The mixture was filtered through a 

plug of silica and concentrated in vacuo. Purification of the 

residue by flash chromatography on silica gel (petroleum 

ether / ethyl acetate = 100:1, V/V) and afforded the C-

xylopyranoside (3a). 
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