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Abstract

We report a new method for stereoselective O-furanosylation reactions promoted by a precisely 

tailored bis-thiourea hydrogen-bond-donor catalyst. Furanosyl donors outfitted with an anomeric 

dialkylphosphate leaving group undergo substitution with high anomeric selectivity, providing 

access to the challenging 1,2-cis substitution pattern with a range of alcohol acceptors. A variety 

of stereochemically distinct, benzyl-protected glycosyl donors were engaged successfully as 

substrates. Mechanistic studies support a stereospecific mechanism in which rate-determining 

substitution occurs from a catalyst–donor resting-state complex.

Graphical Abstract

INTRODUCTION

Oligo- and polyfuranosides, although less prevalent than corresponding pyranose-based 

saccharides, are distributed broadly in mammals, plants, and bacteria.1-4 Furanosides 

bearing 1,2-cis-O-glycosidic linkages are found in many biologically important 

oligosaccharides, such as the complex cell-wall polysaccharide rhamnogalacturonan II,5-7 

the cellular marker poly-(ADP)ribose involved in DNA repair and apoptosis,8,9 and the cell-
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wall constituent arabinogalactan found in mycobacteria.10-14 These 1,2-cis-linkages present 

significant synthetic challenges, some common to any glycosylation, and others intrinsic to 

furanosylations. Traditional anchimeric assistance approaches produce 1,2-trans-glycosides, 

and are generally not applicable to 1,2-cis-glycosylation.15,16 The conformational and 

electronic properties of furanoses render them more prone than pyranoses to SN1 pathways,
17 and while deep insight has been gleaned into the factors controlling facial selectivity in 

additions to the intermediate cyclic oxocarbenium ions, no general solutions exist.18-21 

Approaches relying on stereospecific substitution of an anomerically pure donor are 

rendered difficult by the faster anomerization rate for furanoses relative to pyranoses.22-26 

Taken together, these considerations imply that many of the methods developed for selective 

pyranosylations will not translate readily to furanosylations, especially those that rely on 

substrate control.

Motivated by the importance of the targets and the fundamental challenges outlined above, 

several research groups have developed elegant strategies for the construction of 1,2-cis-O-

furanoses, including intramolecular aglycone delivery,27-29 conformationally-locked 

oxocarbenium formation,30-35 and selective opening of 2,3-anhydro sugars,36 among others.
37-49 These strategies are highly effective in specific cases, but they each rely on specialized 

protecting and/or directing groups on the glycosyl donor, thereby limiting their generality.

Inspired by enzymatic glycosylations that proceed via stereospecific displacement of 

phosphate leaving groups,50-62 our group recently discovered that bis-thiourea hydrogen-

bond donors such as 4a (Figure 2) catalyze the stereospecific addition of alcohol acceptors 

to pyranosyl phosphate donors (Figure 1B).63 The catalysts are hypothesized to engage the 

anomeric phosphate leaving group through a network of hydrogen bonds, while activating 

the acceptor through a general base interaction with one of the amides on the catalyst. With 

the goal of developing general protocols for 1,2-cis-furanosylation reactions, we envisioned 

extending this strategy to furanose substrates through the discovery of an appropriate 

phosphate leaving group and complementary hydrogen-bond-donor catalyst.

RESULTS AND DISCUSSION

The coupling of arabinofuranosyl phosphates 1 and galactose bis-acetonide 2a was 

investigated as a model reaction (Figure 2).64 Proper selection of the phosphate leaving 

group proved critical: diarylphosphates (e.g. 1a)65-68 were too unstable to allow isolation, 

whereas acyclic dialkylphosphates (e.g. 1b)69-71 were poorly reactive in the presence of bis-

thiourea 4a. In contrast, the cyclic phosphate donor 1c underwent substitution with increased 

reaction rates.72,73 We observed nearly complete inversion at the anomeric center, providing 

initial evidence for a catalyst-promoted stereospecific pathway. As previously observed in 

related hydrogen-bond-donor catalyzed glycosylations of pyranosyl phosphates, the use of 

ethereal solvents and inclusion of molecular sieves in the reaction medium proved critical.63 

We hypothesize that the sieves mitigate unproductive hydrolysis of the donor, and sequester 

the phosphoric acid byproduct, which could exert a detrimental effect on anomeric 

selectivity.
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Bis-thiourea catalysts closely related to 4a were found to be uniquely effective in catalyzing 

the model furanosylation with good reaction rates and stereospecificity, prompting catalyst 

optimization through subtle variations to this dimeric scaffold (Table 1).74,75 We selected 

threonine derivative 2b as a relatively challenging model secondary alcohol acceptor during 

catalyst optimization. We found that reactions employing 2b furnished the desired 

furanoside 3b more slowly than reactions conducted with primary alcohol acceptor 2a, but 

the β-selectivities remained comparable. Product yield could be used as an approximate 

gauge of reaction rate since the reactions were found to be clean and well-behaved, with no 

evidence of catalyst deactivation and continued conversion beyond the standard 18 h 

reaction time. Conducting the model reaction with the enantiomeric catalyst ent-4a resulted 

in a slightly lower reaction rate and a significantly lower β-selectivity, which is consistent 

with a match/mismatch effect with the donor and/or the acceptor. Other modifications—

addition of methyl substituents on both arylpyrrolidines (4b), epimerization of the aryl 

substituent on the bottom pyrrolidine (4c), or removal of one carbon from the linker (4d)—

failed to generate catalysts that improved both yield and β-selectivity. However, we observed 

improved reaction rates with catalysts lacking substitution on the bottom pyrrolidine (4e–

4g), which was coupled with excellent β-selectivity when the top arylpyrrolidine was also 

outfitted with a methyl substituent (4f).

Additional improvements to catalytic efficiency could be achieved through modification of 

the aryl group on the top pyrrolidine (Table 2A). Generally, expanded 2-aryl substituents 

improved both stereoselectivity and conversion, leading to the identification of the 2-

naphthyl derivative 4i as the optimal catalyst. A series of control experiments were 

conducted, highlighting important structural features of the optimal catalyst and revealing 

the unique ability of this precisely linked bis-thiourea scaffold to catalyze the furanosylation 

in high yield and β-selectivity (4l, ent-4i, and 4m, Table 2).

The scope of acceptors in the arabinosylation reaction using phosphate ester 1c and catalyst 

4i was examined (Table 3) Reactions were carried out using 2 equiv. of the acceptor, 

although only slightly diminished rates and comparable b selectivities were also obtained 

with lower ratios (Tables S3, S4, and Figures S16, S18). A variety of glycosyl acceptors 

participate effectively in the catalytic reaction, yielding the desired 1,2-cis products with 

high stereoselectivities and generally good yields (Table 1). For example, both primary and 

secondary pyranose- and furanose-derived acceptors with differing stereochemical patterns 

undergo reaction to afford the β-glycosides selectively. In this manner, the biologically 

important β-arabinose (1→2) arabinose linkage could be constructed using the C2-hydroxy 

arabinofuranose acceptor 2o.10-14 Primary and secondary alcohol-containing carbamate-

protected amino esters were also effective substrates. The reaction conditions proved to be 

compatible with a variety of protecting groups, including benzylidene acetals (2h), 

acetonides (2a, 2e–2g), and tert-butyl carbamates (2b, 2p–2r), providing access to the β-

arabinose-4-hydroxyproline glycoside 3r found in cell-wall glycoproteins (see also Figure 

3).76-81 In nearly all cases examined, significant increases in β selectivity were observed 

under the optimized catalytic conditions when compared to the standard TMSOTf activation 

protocol (Table 3).82 Some limitations to the methodology were identified nonetheless. For 

example, all mannose-derived acceptors examined were found to be unreactive. Coupling 
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with 1-O-methyl-2,3,4-tri-O-acetyl-α-D-glucose afforded product in high yield (~95%), but 

only moderate selectivity favoring the α-anomer (α:β 2.5:1). In that case, the uncatalyzed 

reaction afforded only α product and proceeded at a rate comparable that of the catalyzed 

reaction (Scheme S6).

The scope of the catalytic furanosylation protocol was evaluated with respect to the glycosyl 

donor using acetonide-protected 6-hydroxy galactopyranose 2a (6-gal) as a representative 

acceptor (Table 4). Sugars harboring the same stereochemical pattern as arabinose 

performed well in the catalytic reaction (see Table 4A, 5a–5c). Closely related 

fucofuranosyl83,84 and galactofuranosyl85,86 phosphate derivatives 5a and 5b underwent 

reaction to the desired disaccharides (6a and 6b) in excellent yield and with good β-

selectivity, demonstrating tolerance for variation of the C5-substituent. A C2-fluoro analog 

of arabinose 5c displayed lower reactivity, although glycosylation could be accomplished in 

good yield and only slightly diminished anomeric selectivity by increasing reaction time and 

temperature (6c).87-89

Furanose derivatives stereoisomeric to D-arabinose were also employed as glycosyl donors 

(Table 2). Using the enantiomeric catalyst ent-4i, L-arabinose was found to react in a similar 

fashion to D-arabinose to yield 6d, with the slightly different outcomes ascribable to the 

stereochemistry of the acceptor. Ribose—the C2 epimer of arabinose—was prepared as the 

β-phosphate donor 5e and found to undergo invertive displacement to form the 1,2-cis-

configured α-glycoside product 6e in the presence of ent-4i. Lyxofuranose phosphate—the 

C3 epimer of arabinofuranose—was primarily isolated as the α-phosphate glycosyl donor 

(1:3 β:α), and was completely unreactive with either enantiomer of catalyst (data not 

shown). Xylofuranose phosphate 5f—epimeric at both C2 and C3 relative to arabinose—was 

primarily isolated as the β-phosphate glycosyl donor (20:1 β:α).83 However, unlike all of the 

other donors examined, it underwent reaction with net retention of configuration to form the 

β-configured disaccharide product 6f.

To probe the stereospecific nature of the developed protocol, the effect of the donor 

anomeric composition on the reaction outcome was tested using arabinofuranose phosphate 

1c, ribose phosphate 5e, and xylofuranose phosphate 5f. For arabinose and ribose, 

decreasing the anomeric purity of the donor led to a decrease in reaction selectivity, 

providing evidence for a dominant stereospecific pathway (Table 5). These reactions are not 

perfectly stereospecific, which may be ascribed to donor epimerization (see below). In 

contrast, the anomeric purity of the xylofuranose phosphate donor 5f had no effect on the 

selectivity of the reaction; we have not yet elucidated the unique mechanistic characteristics 

of that particular substrate.

Kinetic experiments were performed using 6-gal 2a and N-Boc-L-threonine methyl ester 2b 
as acceptors and arabinose phosphate 1c as the donor. Examination of the time course data 

revealed that epimerization of the arabinose phosphate donor occurs slowly and in 

competition with the desired substitution reaction (Figures 4, S2-S6 and Tables S6-S14).
23-25 Slight deterioration of product anomeric selectivity was observed as the reaction 

progressed, consistent with glycosylation proceeding via an invertive mechanism from either 

anomer of the phosphate donor. Conversely, when using xylofuranose phosphate as the 
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donor, the reaction proceeded with increasing product anomeric selectivity and a 

concomitant decrease of donor anomeric purity (Figure S21-S22 and Tables S42-S44), 

suggesting that the unexpected retentive substitution outcome may be ascribed to selective 

reaction of the less-stable α-anomer.90

Kinetic analysis of the arabinosylation reaction revealed that both the glycosylation and the 

epimerization pathways are accelerated by the bis-thiourea catalyst (Figures S9-S10 and 

S16-S20, and Tables S21-S26). In contrast, the concentration of the acceptor affected the 

rate of glycosylation but not the rate of epimerization, consistent with rate-determining 

substitution catalyzed by the bis-thiourea hydrogen-bond donor through a stereospecific 

SN2-like pathway. The rate of glycosylation was significantly less sensitive to the arabinosyl 

phosphate donor concentration relative to acceptor and catalyst concentration, but accurate 

determination of the kinetic order in donor was not possible due to its low solubility in 

ethereal solvents. However, the existence of a resting-state catalyst–donor complex under 

catalytic conditions was confirmed through 31P NMR binding studies (Figures S23-S26).91

The epimerization pathway was found to be dependent on the concentration of the 

arabinosyl phosphate donor and could also be promoted by the phosphoric acid byproduct. 

The latter effect was studied in kinetic experiments carried out in the absence of molecular 

sieves; phosphoric acid 9 formation was monitored (Figure S27-S30), with competitive 

binding to the bis-thiourea catalyst observed by 31P NMR. Decreases in the rate of 

glycosylation and in the anomeric purity of both the donor and the disaccharide product are 

observed in reactions carried out in the absence of molecular sieves, along with undesired 

hydrolysis product. Consequently, the molecular sieves are proposed to sequester 

adventitious water and the phosphoric acid byproduct, thus enhancing reaction rate, yield, 

and stereoselectivity.

A catalytic cycle that accounts for the experimental observations is provided in Scheme 1. 

We propose that a resting-state bis-thiourea–glycosyl phosphate complex I-7 undergoes 

stereospecific and rate-limiting substitution in competition with an epimerization pathway 

promoted by the catalyst and an additional phosphate source (phosphoric acid 9 or substrate 

1c). The epimerization pathway is minimized through the addition of molecular sieves, 

which sequester the phosphoric acid byproduct efficiently.

CONCLUSION

In conclusion, a furanosylation reaction catalyzed by precisely designed bis-thiourea 

organocatalysts was developed. Substitution of an arabinosyl phosphate derivative with a 

variety of primary and secondary alcohol acceptors affords 1,2-cis-linked products 

selectively and in high yields. The methodology was extended successfully to other furanose 

donors bearing different substitution and stereochemical patterns. Kinetic experiments and 

ground-state binding studies are consistent with rate-determining stereospecific substitution 

of the furanosyl-phosphate donors by alcohol acceptors. Continuing efforts seek to extend 

the new methodology to other classes of non-hydroxylic nucleophiles.
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Figure 1. 
A) Key differences between furanoses and pyranoses regarding reactivity at the anomeric 

position, and B) hydrogen-bond activation of anomeric phosphates in Nature vs. proposed 

hydrogen-bond activation using synthetic bis-thiourea catalysts.
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Figure 2. 
Reaction optimization with respect to the identity of the anomeric phosphate leaving group 
[a] Yield determined through 1H NMR integration against an internal standard.
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Figure 3. 
X-Ray crystal structure of product 3r. Thermal ellipsoids are shown at the 30% probability 

level.
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Figure 4. 
Reaction progress analysis of the coupling of arabinose phosphate 1c with N-Boc-L-

threonine methyl ester 2b.
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Scheme 1. 
Proposed Catalytic Cycle.
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Table 2.

Optimization of Catalyst Aryl Substituent and Control Experiments

Standard reaction conditions: reactions were performed with arabinose phosphate 1c (0.018 mmol, 1.0 equiv.), protected threonine 2b (0.036 mmol, 
2.0 equiv.), the specified catalyst (0.0009 mmol, 5 mol%), 1,3,5-trimethoxybenzene (0.018 mmol, 1.0 equiv.), 45 mg 4 Å molecular sieves in iPr2O 

(0.45 mL). Product anomeric ratios were determined 1H NMR spectroscopy. Yields and anomeric ratios were determined by 1H NMR 
spectroscopy.
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Table 3.

Acceptor Scope for the Arabinofuranose Phosphate Glycosylation

Standard reactions conditions: Reactions were performed with 0.2 mmol arabinose phosphate, 0.4 mmol acceptor in nPr2O (5 mL) using 5 mol% 

catalyst and 500 mg 4 Å molecular sieves with constant stirring at 40 °C for 18 h. Product anomeric ratios were determined 1H NMR spectroscopy. 

Yields given for the catalytic reaction are isolated yields, while yields for the TMSOTf reaction were determined by 1H NMR spectroscopy. [a] 

Reaction time: 3 h. [b] Reaction time: 48 h.
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Table 4.

Donor Scope and Stereochemical Permutations for the Furanose Phosphate Glycosylation.

Standard reactions conditions: Reactions were performed with 0.2 mmol arabinose phosphate, 0.4 mmol acceptor in nPr2O (5 mL) using 5 mol% 

catalyst loading and 500 mg 4 Å molecular sieves with constant stirring at 40 °C for 18 h. Yields given are isolated yields after purification. Yields 

and anomeric ratios were determined 1H NMR spectroscopy.
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Table 5.

Influence of Donor Anomeric Composition on the Selectivity of Furanose Glycosylation.

Standard reaction conditions: Reactions were performed with 0.2 mmol arabinose phosphate, 0.4 mmol acceptor in nPr2O (5 mL) using 5 mol% 

catalyst loading and 500 mg 4 Å molecular sieves with constant stirring at 40 °C for 18 h. Yields given are isolated yields after purification. Yields 

and anomeric ratios were determined 1H NMR spectroscopy.
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