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Iron-catalyzed activation of conventional thioglycosides using the
iodonium ion enabled the selective synthesis of 1,2-cis furanosides.
This strategy accommodates diverse furanosyl donors (p-ribose,
p-arabinose, L-arabinose) and various O-nucleophiles (1°, 2°, 3°).
Additionally, 1,2-cis hexaribofuranoside was synthesized, and the
influence of the C2 functional group on selectivity was investigated.

The synthesis of furanosides has garnered significant attention
due to their essential role in biological systems and their
presence as core structures in approved drugs, deoxyribonucleic
acid (DNA) and ribonucleic acid (RNA)." Stereochemically, fur-
anosides exist in two distinct forms: (1) 1,2-cis and (2) 1,2-trans.’
While the synthesis of 1,2-trans furanosides is well-established
through anchimeric assistance, constructing 1,2-cis furanosides
remains a formidable challenge for synthetic chemists.® Several
catalytic approaches® have been developed, employing chiral
bis-thiourea,” phenanthroline,® gold,” and copper catalysis.?
Although these strategies are elegant, they pose significant
limitations, such as the laborious synthesis of chiral thiourea
catalysts, multiple steps to access furanoside donors, and reli-
ance on precious metals (Scheme 1a). A carefully designed and
efficient strategy is required to address these challenges, which
employs (1) an inexpensive, non-toxic catalyst with a high turn-
over number and (2) a furanosyl donor that can be easily
accessible and remains benchtop stable for extended periods.
Iron (Fe), the second most abundant metal in Earth’s crust
(~5%),” is essential in biological systems, where it functions as a
key component of various enzymatic processes.'® Its abundance,
low cost, non-toxicity, and environmentally benign nature make it
an attractive alternative to toxic, rare, and expensive coinage and
platinum group metals (PGMs)."" Given these advantages, iron
holds great potential as a catalyst for the stereoselective synthesis
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of 1,2-cis furanosides in a cascade manner. However, its use in
such transformations remains underexplored, primarily due to its
tendency to rapidly cycle through multiple oxidation states during
chemical reactions.”” Identifying suitable additives to mitigate
these limitations, along with easily accessible benchtop stable
glycosyl donors, could enhance the efficiency of iron-catalyzed
glycosylation.

Thioglycosides are particularly robust and versatile glycosyl
donors, valued for their prolonged stability, which makes them
ideal for the automated synthesis of complex oligosaccharides.*®
Notably, they can be synthesized in a single step from commer-
cially available materials."* However, their activation tradition-
ally requires potent stoichiometric activating agents, presenting
a challenge for catalytic transformations.'® Interestingly, sulfur’s
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(a) Catalytic approaches for 1,2-cis furanosylations. (b) Our
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Table 1 Optimization of the reaction conditions?

BnO o
o SR BnO
ML, (20 mol%), o
RIoH ¥ OBn OBn * N=X CH,Cly, 4A MS
glycosyl thiofuranoside ° t°C, time (h) 6 8o %
acceptor donor(s)  aqditive(s) | . B0 Bne
1 (1.0 equiv.) (2, 1.2 equiv) @) R = -3 o : 1,%;;::3
2a,R=Ph  3a,X=Cl B ;
2b, R =Tol 3b, X =Br AASIRIFNNY
2¢, R =Et 3¢, X=1 LT OMe
Entry 2 3 (equiv.) ML, t(°C) Time (h) 4,yield” 4, drg
1. 2a 3a(1.5) Fe(OTf); rt 1 28% 2:1
2. 2a 3b(1.5) Fe(OTf); rt 1 46% 3:1
3. 2a 3c(1.5) Fe(OTf); rt 1 63% 5:1
4. 2a 3c(1.5) Fe(OTf); 0 1.5 81% 6:1
5. 2a 3c(1.5) Fe(OTf); —10 2 79% 6:1
6. 2b 3c(1.5) Fe(OTf); 0 1.5 73% 5:1
7. 2¢ 3c(1.5) Fe(OTf); 0 1.5 86% 5:1
8. 2a 3c(1.0) Fe(OTf); 0 1.5 94(91%)° 6:1
9 2a 3c(1.0) — 0 17 61% 3:1
10. 2a — Fe(OTf); 0 24 n.r. n.d.
11 2a 3c(1.0) Fe(OTf), 0 2 83% 5:1
12.  2a 3c(1.0) Cu(OTf), 0 2 62% 5:1
13.  2a 3c¢(1.0) Zn(OTf), O 2 72% 5:1
14. 2a 3c(1.0) Ag(OTf) o0 2 59% 2:1
“All the reactions were performed with acceptor (0.025 mmol,
1.0 equiv.), donor (0.03 mmol, 1.2 equiv.), additive (0.025 mmol,

1.0 equiv.), and metal catalyst (0.005 mmol, 0.2 equiv.), molecular
sieves MS (100 wt%), and CH,Cl, (0.05 M). ” Yields were calculated
after analyzing '"H-NMR using 1,3,5-trimethoxybenzene as internal
standard. ° Isolated yield.

unique reactivity with halonium ions under metal-catalyzed
conditions enables the catalytic activation of thioglycosides.'®

Here, we propose a synergistic approach leveraging iron cata-
lysis, halonium ion activation, and conventional thioglycosides to
achieve challenging furanosidic linkages. This strategy enables a
one-pot cascade activation, where thioglycosides are first activated,
forming an oxocarbenium ion. Subsequent C2-O-iron coordination
directs the approach of the glycosyl acceptor from the cis face, as
demonstrated in our previous research.® Utilizing these stable
thioglycosides, this methodology provides access to unique and
synthetically challenging 1,2-cis hexaribofuranosides (Table 1).

To optimize the reaction conditions, we initially selected phenyl
2,3,5-tri-O-benzyl-1-thio-p-ribofuranoside (2a) as the model furano-
syl donor, methyl 6-OH-2,3,4-tri-O-benzyl-o-p-glucopyranoside (1a)
as the glycosyl acceptor, and N-chlorosuccinimide (NCS, 3a) as the
halonium ion source. Based on our previous studies highlighting
the role of triflate ions in glycosylation chemistry,"”” we chose
Fe(OTf); as the iron catalyst, considering its efficiency in promot-
ing glycosylation reactions. Upon activation of donor 2a, we
obtained the desired furanoside in low yield with moderate
selectivity («: 8 = 2:1, entry 1). Introducing N-bromosuccinimide
(NBS, 3b) as an additive improved both the yield and selectivity
(entry 2). A further enhancement was observed when N-
iodosuccinimide (NIS, 3¢) was employed, significantly increasing
both yield and selectivity (o:: f = 5:1) under ambient conditions
(entry 3). To refine the reaction parameters, we tested lower
temperatures (entries 4 and 5, see Table S-1 in ESIt), finding that
0 °C was optimal, delivering a higher yield with improved
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selectivity (o:: f = 6:1). Next, we screened alternative thioglycoside
donors, including tolyl 2,3,5-tri-O-benzyl-1-thio-p-ribofuranoside
(2b, entry 6) and ethyl 2,3,5-tri-O-benzyl-1-thio-p-ribofuranoside
(2¢, entry 7). Reducing the additive amount to 1 equivalent under
the optimized conditions further improved the yield (entry 8). To
probe the role of Fe(OTf);, we conducted the reaction without the
catalyst (entry 9). As expected, the yield declined significantly, and
the reaction proceeded sluggishly with reduced selectivity
(x:p = 3:1), underscoring the catalyst’s importance. Additionally,
when the reaction was performed without an additive (entry 10), no
product formation was observed even after 24 hours, highlighting
the essential role of the iodonium ion in initiating the reaction.
These findings demonstrate the synergistic effect between the
iodonium ion and the iron catalyst in driving the glycosylation
process. To further evaluate the catalytic system, we screened other
earth-abundant metal triflate salts, including Fe(OTf), (entry 11),
Cu(OTY), (entry 12), and Zn(OTf), (entry 13). Among these, Fe(OTf);
emerged as the most effective catalyst. Screening AgOTY (entry 14)
resulted in a marked decrease in yield and diastereoselectivity. We
also screened triflic acid (TfOH) as a catalyst, with and without
molecular sieves, and it produced lower yields and a mixture of
diastereomers (see Table S-1, entries 1 and 2 in ESIt). In summary,
thioglycoside donors 2a and 2c were identified as the most
efficient, with 2a showing superior performance. The optimized
conditions were found to be Fe(OTf); as the catalyst, NIS (3c) as the
most suitable additive, and a reaction temperature of 0 °C.

With the optimized reaction conditions in hand, we explored
the substrate scope for 1,2-cis (o)-furanosylation using p-ribosyl
donor 2a and a diverse range of glycosyl acceptors. We began by
evaluating the deactivated glucosyl acceptor, methyl 6-OH-2,3,4-
tri-O-benzoyl-a-p-glucopyranoside (1b), which reacted efficiently
to afford the desired furanoside 5 with excellent selectivity. Next,
we investigated mannose acceptors 1c¢ and 1d, representing both
activating and deactivating systems. Despite literature reports
suggesting poor reactivity due to the axial C2 stereochemistry,>®
our methodology proved highly effective, delivering the corres-
ponding furanosides 6 and 7 in high yields with excellent 1,2-cis
selectivity. Given the efficient reactivity of primary nucleophiles
with donor 2a, we extended our study to secondary nucleophiles,
which are typically less reactive due to their lower nucleophili-
city. Using methyl 4-OH-2,3,6-tri-O-benzoyl-o-p-glucopyranoside
(1e) as a model secondary acceptor, we successfully obtained
furanoside 8 in high yield with excellent selectivity, overcoming
its previously reported low reactivity. To further expand the
scope, we tested isopropanol and the bioactive natural product
t-menthol. Both exhibited high reactivity and selectivity, yielding
furanosides 9 and 10, respectively. Finally, we examined the
tertiary alcohol 1-adamantanol, which coupled efficiently with
the ribosyl donor to afford furanoside 11 in excellent yield and
selectivity. Late-stage modification of bioactive and pharmaceu-
tically relevant molecules remains a major challenge in synthetic
chemistry, making such transformations highly valuable.'® In
this regard, we successfully achieved late-stage 1,2-cis furanosy-
lation of biologically important molecules, including cholesterol
and oleanolic acid, yielding the desired compounds (12, 13) with
high efficiency and selectivity."® Having successfully established
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1,2-cis (o)-furanosylation, we next focused on achieving 1,2-cis
(B)-selectivity using r- and p-arabinose thioglycoside donors
(2d, 2e). We began by examining the activated glucosyl acceptor
(1a) and the deactivated glucosyl acceptor (1b), both of which
coupled efficiently with the r-arabinose donor 2d to furnish
disaccharides 14 and 15 in good yields with high selectivity.
Similarly, the deactivated mannose acceptor (1d) performed well,
yielding furanoside 16 with excellent selectivity. For p-arabinose,
both activating and deactivating glycosyl acceptors, including
glucose- and mannose-derived acceptors (la-1d, 1f), reacted
efficiently, affording the desired furanosides (17-21) with high
1,2-cis selectivity. Expanding the scope beyond sugar-based
acceptors, the secondary nucleophile r-menthol once again
demonstrated high reactivity, producing furanosides 22 in excel-
lent yield and selectivity. Additionally, the tertiary alcohol 1-
adamantanol coupled successfully with the arabinose donor,
delivering furanoside 23 with remarkable efficiency. Oligosac-
charides are vital biomolecules with crucial functions in biolo-
gical systems, yet their synthesis remains a significant challenge.
Constructing 1,2-cis oligosaccharides is notoriously difficult due
to steric hindrance from the C2 position, and efficient strategies
for assembling furanose-based oligosaccharides are limited.”®
To overcome this hurdle, we utilized our newly designed donor
2f to achieve the iterative synthesis of a hexaribosaccharide.
Remarkably, our method enabled the construction of the target
hexaribosaccharide 32 with high 1,2-cis selectivity over nine
steps, yielding the final product in good yield. This success

1,2-Cis («) D-ribofuranosides
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highlights the effectiveness of our approach in streamlining
the synthesis of complex 1,2-cis oligosaccharides (Scheme 2).

To investigate the influence of C2-functional groups on
stereoselectivity (Scheme 3a), we examined donors with OMe
(2g, coordinating but less bulky), OTIPS (2h, coordinating and
bulky), and Nj; (2i, weakly coordinating and linear). The con-
sistent selectivity outcomes observed in the resulting furano-
sides (33-35) further reinforce the role of chelation control in
selectivity induction. In our previous reports, we discovered C2-
copper chelated stereoselectivity induction.®

These mechanistic studies provide valuable insight into the
reaction pathways involved. Initially, Fe(OTf); undergoes ligand
exchange with the glycosyl acceptor, while the thioglycoside
donor I gets activated through chelation with NIS, forming
complex II. This intermediate then dissociates to generate inter-
mediate IV, with the concurrent release of succinimide IIL. The
intermediate IV subsequently transforms into the reactive oxo-
carbenium ion VI, a key intermediate in glycosylation chemistry,
along with the formation of phenylsulfenyl iodide V. This
oxocarbenium ion adopts two envelope conformations: E; (VII,
more stable) and *E (VIII, less stable).® The nucleophilic attack
occurs from the inner face of each conformer (see Fig. S-6 in
ESIY), facilitated by the iron-chelation with C2-heteroatom in E;
conformation, furnishing the major 1,2-cis furanoside IX and the
°E conformation leading to the minor 1,2-trans furanoside X.

In conclusion, we have developed iron-catalyzed activation
of conventional thioglycosides for 1,2-cis furanosylation. In this

late-stage furanosylations
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Effect of C2-functional groups on stereoselectivity
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Scheme 3 Mechanistic studies and plausible reaction pathways for
1,2-cis selectivity.

work, we have successfully reported the synthesis of a challeng-
ing 1,2-cis hexaribosaccharide. Installation of different chelat-
ing functional groups at the C2 position probed the iron
chelation-induced cis selectivity.
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