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ABSTRACT: The significance of 2-deoxy glycosides in bio-
logically active compounds is well-established, as they frequently
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play a pivotal role in modulating the efficacy of therapeutic agents. (R'O)n‘*\’zo + ROH Phen RO
The 2-deoxy sugar embodies a distinctive class of carbohydrates & QASTECE’E(;EO(;:W) ¥

characterized by marked differences in stability, reactivity, and
selectivity compared to their counterparts bearing C2-oxygen or
other heteroatoms. As a result, the stereoselective synthesis of this
carbohydrate class is complicated by its sensitivity to acidic conditions and propensity for hydrolysis and elimination reactions.
Furthermore, the lack of C2-oxygen functionality presents an additional challenge in controlling stereoselectivity. In this study, we
report the application of commercially available phenanthroline as an effective additive in the stereoselective glycosylation of
aliphatic alcohols and phenolic nucleophiles with 2-deoxy glycosyl chlorides, facilitating efficient access to a variety of a-2-deoxy
glycosides in high yields with synthetically useful stereoselectivity. Kinetic analyses suggest that phenanthroline plays a crucial role in

« Operationally simple glycosylation method e Reaction selectivity a:5= 80:20 to only o
e Moderate to excellent yields e Structurally diverse scope of glycosyl acceptors

modulating the selectivity of the reaction.

B INTRODUCTION

2-Deoxy sugars, which lack oxygen functionality at the C2
position, constitute a significant class of carbohydrates.
Specifically, 2-deoxy and/or 2,6-dideoxy sugars are commonly
present in bioactive natural compounds and clinical agents,
such as antibiotics, antiparasitics, and anticancer agents.1 In
nature, the structural diversity of 2-deoxy carbohydrates plays a
pivotal role in eliciting essential biological activities.”
Modifying the sugar composition of these 2-deoxy sugars can
significantly impact their biological activity.” Despite significant
progress in innovative glycosylation methodologies, the
stereoselective synthesis of 2-deoxy oligosaccharides remains
challenging.* Several key factors complicate the stereoselective
synthesis of 2-deoxy glycosides, including their high reactivity,
sensitivity to acidic conditions, and propensity for hydrolysis
and elimination reactions. Furthermore, the lack of functional
groups at the C2 position presents an additional challenge in
controlling stereoselectivity during synthesis.” The influence of
glycosyl acceptor nucleophilicity on the stereoselectivity of
glycosylation reactions involving 2-deoxy thioglycosides and
alcohol nucleophiles has been investigated. Notably, glycosyl
acceptors characterized by reduced nucleophilicity enhanced
the stereoselectivity. This observation illustrates the role that
the electronic characteristics of glycosyl acceptors play in
modulating glycosylation reaction outcomes.

Methodologies for synthesizing a-2-deoxy-O-glycosides
involve C2-position defunctionalization to produce the 2-
deoxy derivatives through dehalogenation,7 deamination,® and
desulfurization processes (Scheme 1a).” Although this indirect
approach vyields a high degree of stereoselectivity, the
requirement to modify the functional group at the C-2
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position in preparation for subsequent defunctionalization
introduces complexity into the synthetic process. Recent
advancements in the stereoselective synthesis of a-2-deoxy
oligosaccharides have utilized various novel strategies,
including the utilization of glycals'® and readily accessible 2-
deoxy glycosyl donors™' > facilitated by metal catalysis,
chiral organocatalysts, and the incorporation of remote
directing groups (Scheme 1b). Notably, the Galan group has
successfully harnessed cyclic silyl-protecting groups to
modulate selectivity.'” Bennet reported a dehydrative
glycosylation method to synthesize 2-deoxy-O-glycosides with
high a-selectivity (Scheme 1c).'* The Herzon group reported
the nucleophilic attack of glycosyl organolithium, generated in
situ, to attain the stereoselective synthesis of 2-deoxy
glycosides.”” In 2023, the Niu group employed palladium
catalysts to enhance the activation of leaving groups, thereby
achieving a stereospecific synthesis of 2-deoxy-O-glycosides
through Sy2-like mechanisms (Scheme 1d)."* Recently, the
Jacobsen group reported the use of macrocyclic thiourea
catalysts to mediate the f-selective formation of 2-deoxy-O-
glycosides."

There remains strong interest in developing stereoselective
glycosylation methods for 2-deoxy sugars under mild, opera-
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Scheme 1. Strategies for Stereoselective Preparation of -2-
Deoxy-O-glycosides
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tionally simple conditions that exhibit high efficiency and
broad functional group tolerance. Glycosyl halides are w1dely
used as electrophilic donors in glycosylation reactions'® and
hold the potential for the stereoselective synthesis of 2-deoxy-
O-glycosides. Our group has previously demonstrated that
readily available phenanthrolines can function as organo-
catalysts to stereoselectively synthe31ze 1,2-cis glycosides from
pyranosyl and furanosyl bromides.'” Building on these earlier
successes, we hypothesized that phenanthroline could
effectively displace the halide leaving group from a-2-deoxy
glycosyl chlorides to form the f-phenanthrolinium intermedi-
ate, followed by nucleophilic attack to yield the desired a-2-
deoxy glycosides. The extension of this strategy to 2-deoxy
sugars remains unknown. The 2-deoxy sugar represents a
distinct class of carbohydrates that differs significantly from
other sugars in terms of reactivity and selectivity. Con-
sequently, our previous phenanthroline protocol for other
sugar classes ~ may not produce the same results with the 2-
deoxy sugars.

In this study, we present the application of phenanthroline
as an additive in the stereoselective synthesis of a-2-deoxy
glycosides from various 2-deoxy glycosyl chlorides, which are
prepared in situ from their corresponding glycals, along with a
variety of alcohols and phenols (Scheme 1). The chloride
leaving group was used as a substitution for the previously
employed bromide leaving group. This choice is based on the
observation that 2-deoxy sugars exhibited markedly lower

stability compared to sugars that contain C2-oxygen or other
heteroatoms.

B RESULTS AND DISCUSSION

We initiated our investigation by selecting 2-deoxy-3,4,6-tri-O-
benzyl-a-p-glucopyranosyl chloride 1 and 1,2;3,4-di-O-isopro-
pylidene-a-p-galactopyranoside 2 as the model coupling
partners (Table 1). Given the high reactivity and inherent

Table 1. Evaluation of Phenanthroline Additives on the
Outcome of the Glycosylation Reaction”

BnO o
BnO
Me, o OH Bno&'
BnO P
o) Me/( O 10 mol% additive o]
Bnéjo + (o] — " . Me, o
n - .
4 | MTBE/DGE (1:1) Me/( N
1 C 2 O 25°C,5h,05M 0
Me““€ 5
Me 3 M (0]
ehw
ield®, o «
y aff e
" e () {5
y \ N N
4 N\
_ _ _ _ 4 N\
N N N N
—N =
Phen Bhen NPhen

83% (a:p=90:10) 91% (a:3 = 80:20)

MeQ OMe e Me  Br Br
CHD w e TR

MeOPhen MePhen BrPhen
85% (a:p=87:13) 86% (a:f=85:15) 89% (8= 75:25)

R R Me
&=9 ® ®
N N N™ "Ph Me”™ 'N° "Me

PhPyr
90% (/3 = 80:20)

84% (i = 86:14)

TriMePyr

BiPyr: 91% («:3 = 82:18) 96% (ccj = 83:17)
o (ap= B

R = t-Bu
t-BuBiPyr: 95% (a:f = 83:17)

</ ;2 \>
/O\ —N Hl\?i C|®

DiMePyr [PhenHI*[CI]
83% (o= 83:17) 83% (3= 81:19)

“All reactions were conducted with donor 1 (0.2 mmol), primary
alcohol acceptor 2 (0.10 mmol), and 10 mol % additives Wlth respect
to 1 in MTBE/DCE (1:1) at 25 °C at 0.5 M concentration. “Isolated
yield. “Selectivity (a/f) of disaccharide product 3 was determined
using '"H NMR.

instability of 2-deoxy glycosyl halides, we generated glycosyl
chlorides in situ by reacting the corresponding glycals with
HCI, which were used immediately in the glycosylation
reaction (see the Supporting Information for their synthesis).
The glycosylation reaction involving 1 and 2 was initially
conducted utilizing 10 mol % 1,10-phenanthroline (Phen) in a
1:1 solvent mixture of MTBE and DCE. Encouragingly, the
initial reaction successfully yielded the desired 2-deoxy
disaccharide 3 in 83% yield with a/f = 90:10, favoring the
a-isomer. Subsequently, we investigated the impact of
phenanthroline derivatives on the reaction’s selectivity. We
assessed the influence of substituents on the phenanthroline

18701 https://doi.org/10.1021/acsomega.5c00189
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scaffold by screening several electron-donating and electron-
withdrawing derivatives (Table 1), including BPhen, NPhen,
MeOPhen, MePhen, and BrPhen. Unfortunately, no significant
increase in a-selectivity was observed in the reaction. Further
exploration focused on the necessity of the fused ring system
inherent to the catalyst for promoting a-selectivity. This
hypothesis was substantiated by substituting 1,10-phenanthro-
line (Phen) with bipyridine-based cores (BiPyr and t-
BuBiPyr), an alteration that resulted in diminishing a-
selectivity.

These findings suggest that the rigid fused ring structure of
1,10-phenanthroline is pivotal to achieving optimal selectivity.
Additionally, the assessment of pyridine-based additives (Table
1), including 2,4,6-trimethylpyridine (TriMePyr), 2,6-lutidine
(DiMePyr), and 2-phenylpyridine (PhPyr), further highlighted
the critical role of the two nitrogen atoms present in the 1,10-
phenanthroline structure in influencing the selectivity toward
the formation of 2-deoxy-O-product 3. Considering that the
reaction was conducted in the absence of a stoichiometric acid
scavenger, we also sought to elucidate the impact of the singly
protonated phenanthrolinium species ([PhenH]*[CI]™) that
arises during the coupling reaction. The introduction of the
phenanthroline salt ([PhenH]*[Cl]~) resulted in a decrease in
the a-selectivity (a/f = 81:19). Finally, we investigated the
effects of variations in the loading of the Phen additive,
reaction concentration, and solvent choice on the a-selectivity
outcomes. Our findings indicate these modifications did not
significantly impact a-selectivity (see Tables S1, S2, and S3).
Ultimately, 10 mol % of Phen additive in MTBE/DCE (1:1) at
0.5 M concentration at 25 °C was selected as a standard
reaction condition. Next, we turned our attention to
determining the role of the phenanthroline additive in the
glycosylation reaction (Table 2). In the control experiment
conducted without the inclusion of the 1,10-phenanthroline
additive, the synthesis of disaccharide 3 was achieved with a
comparable yield; however, the resulting selectivity was
significantly lower (a/f = 70:30, entry 2). This observation
underscores the significance of Phen in enhancing a-selectivity.

The introduction of various acid scavengers, such as isobutyl
oxide (IBO), 2,6-di-tert-butyl-4-methylpyridine (DTBMP),
and 4A MS, resulted in decreased selectivity. This is
demonstrated by the observed ratio (a/f = 82:18 — 85:15,
entries 3 and $S—6) in contrast to the experiment conducted
without an acid scavenger (a/f = 90:10, entry 1).
Interestingly, substituting the Phen additive with a stoichio-
metric amount of isobutyl oxide (IBO) (Table 2, entry 4)
produced 3 with selectivity comparable to that observed in the
experiment with the Phen additive (Table 2, entry 3). These
experiments highlight the critical role of unbound HCl released
from glycosyl chloride 1 during its reaction with nucleophile 2
in the presence of a Phen additive and that the introduction of
a stoichiometric amount of acid scavengers decreases the
effectiveness of the Phen additive as a stereochemistry
modulator. Using ([PhenH]*[Cl]”) yielded product 3
(Table 1) with a yield comparable to that obtained under
standard conditions. However, it was observed that the
stereoselectivity associated with this approach was somewhat
diminished compared to the condition in entry 1 in Table 2.
Collectively, these experimental results underscore the
importance of 1,10-phenanthroline, along with the presence
of unbound HC], in enhancing the a-selectivity.

The Lemieux study on halide ion-catalyzed-coupling
reactions'® was applied to evaluate the impact of stoichio-

Table 2. Effect of Acid Scavengers and Various Additives

BnO
BnO O
OH BnO
BnO Me, o 10 mol% Additive A
0 ' ) y
B"O&ﬁ me”] (Lo _Acid Scavenger _ Me, o
oo o MTBE/DCE (1:1) Me’g o
1 “ 2 ©025°,5h,05M
Me:! ( 3 0 0
Me Me! «

Entry Additive Acid Scavenger Yield (%)° a3 ratio®

1 Phen None 83 90:10
2 None None 80 70:30
3 Phen IBO (2 equiv) 65 82:18
4 None IBO (2 equiv) 72 80:20
5 Phen DTBMP (2 equiv) 74 82:18
6 Phen 4A Ms 87 85:15
7 BuyNBr (2 equiv) None 76 86:14
Phen
+ None 85 87:13

BuyNBr (2 equiv)

0
/ \ / o) Me ﬁ
_ _ _ _/o
N N N HN=/g Me 18y N tBu
Phen [PhenH]*[CI]" IBO DTBMP

“All reactions were conducted with donor 1 (0.2 mmol), primary
alcohol acceptor 2 (0.10 mmol), and 10 mol % additives with respect
to glycosyl donor 1 in MTBE/DCE (1:1) at 0.5 M concentration at
25 °C. YIsolated yield. “Stereoselectivity (a//3) was determined by 'H
NMR.

metric quaternary ammonium salt on stereoselectivity (Table
2, entries 7 and 8). When the stoichiometric amount of TBAB
replaced the Phen additive (entry 7), the yield remained
similar, but the selectivity improved (a/f = 86:14), as
compared to the control (a/f = 70:30, entry 2). Although
this selectivity was slightly lower than observed under Phen-
mediated conditions (entry 1), using both Phen and TBAB
(entry 8) also yielded 3 with the same selectivity (a/f =
87:13) but still lower than under Phen conditions.

The presence of TBAB enhances the stereoselectivity of the
reaction (Table 2, entries 7 and 8). This improvement is likely
attributed to the formation of more reactive p-glycosyl
bromide species, which upon nucleophilic attack by 2 yield
a-glycoside 3 (entry 7, Table 2). When both additives (TBAB
and Phen) are included in the reaction (entry 8), TBAB
influences stereoselectivity due to its higher concentration.
Furthermore, investigations into the role of external HCI
demonstrated the significance of unbound HClI released during
the reaction, contributing to the observed increase in a-
selectivity (Table S4). Additionally, kinetic studies of the
reaction between 1 and 2 were conducted in the presence and
absence of Phen, with the concentration of product 3
measured at 15 min intervals over 1.5 h (Scheme 2). No
notable difference in the rate of product formation was
observed, suggesting that Phen does not act as a catalyst but
functions as an additive that modulates the selectivity of the
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Scheme 2. Kinetic Studies of the Glycosylation Reaction in the Presence and Absence of Phen Additive
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reaction (see the Supporting Information for the proposed
mechanism).

Next, we evaluated the scope of the common 2-deoxy sugars
found in natural products. This evaluation encompassed the
incorporation of diverse protecting groups and explored the
reactivity of these 2-deoxy motifs with both primary and
secondary hydroxyl acceptors (Table 3). Starting with the
scope of glycosyl chloride donors (Table 3A and Figure S1), 2-
deoxy disaccharides 3—7 were obtained in 68—92% yield with
a/p ratio varying from 81:19 to the @ configuration only, as
observed specifically in the case of 2-deoxy galactosyl chloride
(product 4). Considering the recent findings reported by the
Galan group, which highlighted an improved a-selectivity
utilizing 2-deoxy %l?rcals incorporated with 3,4-fused cyclic
protecting groups, © we investigated the scope of glycosyl
chlorides bearing 3,4-O-disiloxane protecting groups (Table
3A). This strategic modification yielded the corresponding 2-
deoxy disaccharides 8—11 with significantly higher a-selectivity
(a/p = 92:8 — only a) as compared to their benzyl-protected
disaccharides 3 and 5—7 (a/f = 81:19 — 93:7). These results
are consistent with previous ﬁndings101 that underscores the
effectiveness of 3,4-O-disiloxane protecting groups in enhanc-
ing the a-selectivity of the 2-deoxy glycosylation reactions.
Next, we shifted our focus to the nucleophilic acceptor scope
(Table 3B and Figure S2). A range of primary and secondary
hydroxyl groups proved to be effective coupling partners,
producing disaccharides 12—19 in 52—91% yields with a high
degree of a-selectivity (a/ff = 88:12—only ). Biologically
relevant noncarbohydrate alcohols, such as serine and menthol,
also demonstrated as competent nucleophiles, resulting in 2-
deoxy glycosides 20—24 in 77—90% yields and with a/f ratio
ranging from 89:11 to only a. Additionally, hindered glycosyl
acceptors, such as cholestanol and oleanolic acid methyl ester,
produced 2-deoxy glycosides 25 and 26 in 71% and 78% yield,
respectively, as a single isomer. Moreover, the observed pattern
regarding the influence of cyclic protecting groups on the
glycosyl chloride donors was consistent across the 2-deoxy p-
glucosyl substrates (14 versus 15 and 20 versus 22), the 2-
deoxy-L-arabinosyl substrate (16), and the 2-deoxy-L-rhamno-
syl substrates (17 and 23), regardless of whether primary or
secondary hydroxyl groups were employed in these glyco-
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sylation reactions. In these instances, the utilization of 3,4-O-
disiloxane protecting groups resulted in a high degree of a-
selectivity of the glycosylation products. In addition to the
tribenzyl and disiloxane substrates, we explored glycosylation
using triacetyl 2-deoxy glycosyl chloride. However, this
substrate exhibited significantly lower reactivity than its
tribenzyl and disiloxane counterparts. As a result, only a
minimal amount of the desired product was observed, along
with a notable formation of the byproduct 2-deoxy hemiacetal,
which arises from the hydrolysis of the starting material, 2-
deoxy glycosyl chloride.

Aryl O-glycosides are an abundant motif found in natural
products and pharmaceuticals.'” Achieving stereoselective
synthesis of such compounds via direct coupling of the
glycosyl electrophile and phenol acceptor remains challeng-
ing.20 Therefore, there is a continued interest in the
development of synthetic methodologies to access O-aryl
glycosides stereoselectively.”' Accordingly, we applied our
developed protocol to the stereoselective glycosylations of
phenols with 2-deoxy glycosyl halides (Table 4). As expected,
2-deoxy Dp-galactosyl chloride exclusively provided coupling
products 29 and 30 as the a-isomers. In the case of 2-deoxy
glucose substrate, the incorporation of the fused cyclic 3,4-O-
disiloxane protecting group into 2-deoxy glycosyl chloride
donors resulted in the formation of the corresponding aryl O-
glycosides 31 and 32, which exhibited significantly higher a-
selectivity, as compared to the benzyl-protected compounds 27
and 28, respectively. This result is in agreement with the
findings of the Galan group.'” However, for the 2-deoxy L-
rhamnose substrate that features the 3,4 O-disiloxane
protecting groups, phenolic acceptors (34 and 35, Table 4)
demonstrated lower a-selectivity than aliphatic hydroxyl
acceptors (11 and 17, Table 3). The formation of aryl O-
glycoside products exhibited relatively modest yields, which
can be attributed to the low reactivity of phenol nucleophiles
compared with their aliphatic hydroxyl counterparts. Notably,
unreacted glycosyl chloride starting materials persisted in the
reactions with phenols even after 24 h, indicating incomplete
conversion. The increment in the equivalents of phenol
acceptors and the extension of the reaction time exhibited

https://doi.org/10.1021/acsomega.5c00189
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Table 3. Scope of Donors and Acceptors Under Phenanthroline-Assisted 2-Deoxy Glycosylations”
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“All reactions were conducted with glycosyl chloride donor generated in situ from the corresponding glycal (0.2 mmol, 2.0 equiv), alcohol acceptor
(0 1 mmol, 1.0 equiv), and Phen (0.02 mmol, 0.1 equiv with respect to glycal) in DCE/MTBE (1:1) at 0.5 M concentration at 25 °C for S h.

"Yields were determined based on isolated products. “The (@/f) ratios were determined by "H NMR analysis for inseparable mixtures of isomers
and based on a ratio of isolated isomers in cases wherein separation was successful.
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Table 4. Scope of Phenol Glycosyl Acceptors Under Phenanthroline-Assisted 2-Deoxy Glycosylations”
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“All reactions were conducted with glycosyl chloride donor generated in situ from the corresponding glycal (0.2 mmol, 2.0 equiv), alcohol acceptor
(0.1 mmol, 1.0 equiv), and Phen (0.02 mmol, 0.1 equiv with respect to glycal) in DCE/MTBE (1:1) at 0.5 M concentration at 25 °C for § h.
"Yields were determined based on isolated products. “The (@/f) ratios were determined by "H NMR analysis for inseparable mixtures of isomers
and based on a ratio of isolated isomers in cases wherein separation was successful.

negligible effects on the conversion rates or selectivity of the
reactions.

B CONCLUSIONS

In summary, we have developed a mild, operationally simple
method for the synthesis of 2-deoxy a-glycosides using in situ
generated 2-deoxy glycosyl chloride donors from glycals in
combination with a substoichiometric amount of 1,10-
phenanthroline (Phen) as an additive. This protocol capitalizes
on the unique synergistic effect of phenanthroline with the
HCI released during the reaction, enabling the -efficient
production of synthetically useful a-selective products with
yields ranging from good to excellent. Our kinetic studies
reinforce the significant role of phenanthroline, revealing that
while it does not function as a catalyst, it is crucial for attaining
selectivity, particularly when working with unbiased 2-deoxy
glycosyl chloride donors. This finding highlights the additive’s
importance in refining glycosylation methodologies and
overcoming challenges faced in the stereoselective synthesis
of 2-deoxy glycosides. Overall, by integrating an easily
accessible additive like phenanthroline, we provide a cost-
effective strategy for the synthesis of 2-deoxy glycosides.

18705

B MATERIALS AND METHODS

General Experimental Details. All reactions were
performed in oven-dried flasks fitted with septa under a
nitrogen or argon atmosphere unless otherwise stated.
Commercially available starting materials and reagents were
used without purification unless otherwise stated. Organic
solutions were concentrated by using a Buchi rotary evaporator
and a water bath. Thin-layer chromatography (TLC) was
carried out with 250 um glass-backed silica gel plates with a
fluorescent indicator (254 nm). TLC plates were visualized
with UV light or by submersion in iodine, ceric ammonium
molybdate, or 10% sulfuric acid in ethanol, followed by heating
on the hot plate. Flash column chromatography was performed
using 40—63 silica gel (SiliaFlash F60 from Silicycle). Nuclear
Magnetic Resonance (NMR) spectra of all compounds were
obtained in CDCl; (§ 7.26 and 77.00 ppm, respectively) or
CD,Cl, (8 5.32 and 53.84 ppm, respectively) using Bruker S00
MHz or Varian 600 MHz or DRX-400 400 MHz instruments.
The chemical shifts (5) are calculated with respect to the
residual solvent peak and are given in ppm. Multiplicities are
abbreviated as follows: s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet), and br (broad). High-resolution mass
spectra (HRMS) were obtained on a Micromass LCT Premier
XE instrument using electrospray ionization (ESI).
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The following abbreviations are used in experimental
glycosylation protocols and optimization procedures: Phen
(1,10-phenanthroline), MTBE (methyl tert-butyl ether), and
DCE (1,2-dichloroethane). Glycal precursors: 3,4,6-tri-O-
benzyl-D-glucal,ml 3,4-0-(1,1,3,3-tetraisopropyldisiloxane-1,3-
diyl)-6-O-benzyl-D-glucaI,101 3,4-di-O-benzyl-L-thamnal,”* 3,4-
O-(1,1,3,3-tetraisopropyldisiloxane-L-rhamnal),101 3,4-di-O-
benzyl-L-fucaL23 3»,4.6-tri-O-benzyl-D-galactal,10C and 3,4-di-O-
benzyl-1-arabinal®* were prepared following the literature-
reported protocols.

General Procedure for the Phenanthroline-Assisted
Glycosylation Reaction. To a solution of glycal (0.2 mmol, 2
equiv) in anhydrous THF (0.5 M) was added HCl (4 M
solution in dioxane, 0.1 mL, 0.4 mmol, and 4 equiv), and the
reaction mixture was allowed to stir for 1 h. After such time,
K,CO; (13.8 mg, 1 mmol, 10 equiv) was added to the reaction
mixture, and the resulting suspension was stirred for 1 h,
followed by filtration through a pad of Celite. Additionally, the
filter cake was washed with dichloromethane. The filtrate was
collected and concentrated in vacuo to give crude glycosyl
chloride, which was used without further purification. An oven-
dried 10 mL Schlenk flask was charged with crude 2-deoxy
glycosyl chloride (0.2 mmol, 2.0 equiv), acceptor alcohol (0.1
mmol, 1.0 equiv), 1,10-phenanthroline (0.02 mmol, 10 mmol
% with respect to glycosyl chloride), and 0.2 mL of a mixture
of methyl tert-butyl ether and 1,2-dichloroethane (1:1), and
the resulting solution was stirred at room temperature for S h.
After such time, the reaction mixture was concentrated to
dryness and purified by column chromatography on silica gel
eluting with hexanes/EtOAc (0 — 40% EtOAc) to give the
desired product.

2-Deoxy-3,4,6-tri-O-benzyl-a-p-galactopyranosyl-(1—6)-
1,2,3,4-di-O-isopropylidine-a-p-galactopyranoside (4). Pre-
pared according to the general procedure at room temperature
for S h. The desired product 4 was obtained as a colorless oil
(62.3 mg, 92%, a only) with spectral data identical to that
reported in the literature.'”” 'H NMR (600 MHz, CDCL,): &
7.36—7.27 (m, 14H), 7.26—7.22 (m, 1H), 5.52 (d, ] = 5.0 Hz,
1H), 5.04 (d, ] = 3.5 Hz, 1H), 4.92 (d, ] = 11.6 Hz, 1H), 4.65—
4.55 (m, 4H), 449 (d, J = 11.8 Hz, 1H), 443 (d, J = 11.8 Hz,
1H), 4.31 (dd, J = 5.0, 2.4 Hz, 1H), 3.99—3.92 (m, 4H), 3.75
(dd, J = 10.7, 6.8 Hz, 1H), 3.67 (dd, J = 10.7, 6.4 Hz, 1H),
3.63 (dd, J = 9.3, 7.5 Hz, 1H), 3.55 (dd, ] = 9.2, 5.6 Hz, 1H),
223 (td, ] = 12.2, 3.6 Hz, 1H), 2.05—-1.98 (m, 1H), 1.52 (s,
3H), 143 (s, 3H), 1.33 (s, 6H). ®C NMR (150 MHz,
CDCL): & 1389, 138.6, 138.1, 128.4, 12821, 128.16, 127.8,
127.6, 127.44, 127.43, 127.3, 109.3, 108.5, 97.5, 96.3,
74.7,74.3,73.4, 72.9,71.1, 70.7, 70.6,70.4, 69.8, 69.2, 65.8,
65.5, 31.1, 26.1, 26.0, 24.9, 24.5. ESI HRMS: caled for
C3oH gNaO,, [M + Nal*, 699.7928; found, 699.7925.

2-Deoxy-3,4-0-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-
a-L-fucopyranosyl-(1—6)-1,2,3,4-di-O-isopropylidine-a-p-
galactopyranoside (10). Prepared according to the general
procedure at room temperature for 5 h. The desired product
10 was obtained as a colorless oil (57.8 mg, 84%, a only). 'H
NMR (600 MHz, CDCl,): § 5.52 (d, ] = 5.0 Hz, 1H), 4.93 (4,
J=3.5 Hz, 1H), 4.59 (dd, ] = 7.9, 2.4 Hz, 1H), 4.33—4.28 (m,
2H), 4.24 (dd, ] = 7.9, 2.0 Hz, 1H), 3.97—3.90 (m, 3H), 3.78
(dd, J = 10.0, 6.6 Hz, 1H), 3.55 (dd, J = 10.0, 6.6 Hz, 1H),
2.02 (td, ] = 12.4, 3.7 Hz, 1H), 1.84 (dd, J = 12.5, 4.6 Hz, 1H),
1.53 (s, 3H), 1.43 (s, 3H), 1.34—1.30 (m, 6H), 1.22 (d, ] = 6.4
Hz, 3H), 1.10—0.87 (m, 28H). '*C NMR (150 MHz, CDCl,):
6 109.0, 108.5, 97.8, 96.3, 73.5, 71.1, 70.64, 70.57, 70.5, 66.7,

66.5, 65.0, 32.9, 26.1, 25.9, 24.9, 24.5, 17.64, 17.59, 17.5, 17.41,
17.394, 17.389, 17.3, 17.23, 17.19, 14.2, 14.1, 13.1, 12.5. ESI
HRMS: calcd for CyHNaO,,Si, [M + Na]*, 655.3310;
found, 655.3315.

B ASSOCIATED CONTENT

Data Availability Statement
The data underlying this study are available in the published
article and its Supporting Information.

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.5c00189.

General information, general experimental procedures
for phenanthroline-assisted glycosylation, extended
reaction optimizations, proposed mechanism, spectro-
scopic characterization of all synthesized disaccharides,
and copies of 'H and *C NMR spectra (PDF)

B AUTHOR INFORMATION

Corresponding Author
Hien M. Nguyen — Department of Chemistry, Wayne State
University, Detroit, Michigan 48202, United States;
orcid.org/0000-0002-7626-8439; Email: hmnguyen@
wayne.edu

Authors

Chun-Xiao Li — Department of Chemistry, Wayne State
University, Detroit, Michigan 48202, United States

Connor K. English — Department of Chemistry, Wayne State
University, Detroit, Michigan 48202, United States

Daniil A. Ahiadorme — Department of Chemistry, Wayne
State University, Detroit, Michigan 48202, United States;

orcid.org/0000-0001-8816-3872

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.5c00189

Author Contributions

fC-XL, CKE., and D.AA. contributed equally. H.M.N.
conceived and supervised the project, while C.-X.L. developed
the phenanthroline-assisted glycosylation protocol and per-
formed substrate scope studies. C.K.E. performed substrate
scope studies. D.A.A. performed additional optimization
reactions and substrate scope studies. C.-X.L., C.K.E., and
D.AA. wrote the manuscript and incorporated revisions by
H.M.N.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

H.M.N. gratefully acknowledges the financial support received
from Carl Johnson and A. Paul Schaap Endowed Chair and
NIH (R35GM149213). The Wayne State Lumigen Center was
supported by NIH (S100D028488 for NMR and
RO1GMO09828S for Mass Spectrometry).

B REFERENCES

(1) (a) He, X; Agnihotri, G.; Liu, H.-w. Novel enzymatic
mechanisms in carbohydrate metabolism. Chem. Rev. 2000, 100
(12), 4615—4662. (b) He, X.; Liu, H.-w. Mechanisms of enzymatic C-
O bond cleavages in deoxyhexose biosynthesis. Curr. Opin. Chem. Biol.
2002, 6 (S), 590—597. (c) Weymouth-Wilson, A. C. The role of

https://doi.org/10.1021/acsomega.5c00189
ACS Omega 2025, 10, 18700—18708


https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c00189/suppl_file/ao5c00189_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00189?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c00189/suppl_file/ao5c00189_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hien+M.+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7626-8439
https://orcid.org/0000-0002-7626-8439
mailto:hmnguyen@wayne.edu
mailto:hmnguyen@wayne.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chun-Xiao+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Connor+K.+English"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniil+A.+Ahiadorme"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8816-3872
https://orcid.org/0000-0001-8816-3872
https://pubs.acs.org/doi/10.1021/acsomega.5c00189?ref=pdf
https://doi.org/10.1021/cr9902998?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr9902998?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S1367-5931(02)00367-8
https://doi.org/10.1016/S1367-5931(02)00367-8
https://doi.org/10.1039/np9971400099
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c00189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

carbohydrates in biologically active natural products. Nat. Prod. Rep.
1997, 14 (2), 99—110.

(2) Elshahawi, S. I; Shaaban, K. A.; Kharel, M. K.; Thorson, J. S. A
comprehensive review of glycosylated bacterial natural products.
Chem. Soc. Rev. 2015, 44 (21), 7591—7697.

(3) (a) Nicolaou, K. C; Li, Y.; Sugita, K; Monenschein, H.;
Guntupalli, P.; Mitchell, H. J.; Fylaktakidou, K. C.; Vourloumis, D.;
Giannakakou, P.; O’Brate, A. Total synthesis of apoptolidin:
completion of the synthesis and analogue synthesis and evaluation.
J. Am. Chem. Soc. 2003, 125 (50), 15443—15454. (b) Langenhan, J.
M.,; Peters, N. R; Guzei, I. A;; Hoffmann, F. M.; Thorson, J. S.
Enhancing the anticancer properties of cardiac glycosides by
neoglycorandomization. Proc. Natl. Acad. Sci. U.S.A. 2008, 102 (35),
12305—12310. (c) Iyer, A. K. V,; Zhou, M,; Azad, N.; Elbaz, H,;
Wang, L,; Rogalsky, D. K; Rojanasakul, Y.; O’Doherty, G. A;
Langenhan, J. M. A direct comparison of the anticancer activities of
digitoxin MEON-neoglycosides and O-glycosides. ACS Med. Chem.
Lett. 2010, 1 (7), 326—330.

(4) (a) Méndez, C.; Salas, J. A. Altering the glycosylation pattern of
bioactive compounds. Trends Biotechnol. 2001, 19 (11), 449—456.
(b) Daniel, P. T.; Koert, U.; Schuppan, J. Apoptolidin: Induction of
apoptosis by a natural product. Angew. Chem,, Int. Ed. 2006, 45 (6),
872—893.

(5) Halder, S.; Addanki, R. B,; Sarmah, B. K; Kancharla, P. K.
Catalytic stereoselective synthesis of 2-deoxy a-glycosides using
glycosyl ortho-[1-(p-MeOphenyl)vinyl]benzoate (PMPVB) donors.
Org. Biomol. Chem. 2022, 20 (9), 1874—1878.

(6) Beaver, M. G.; Woerpel, K. A. Erosion of stereochemical control
with increasing nucleophilicity: O-glycosylation at the diffusion limit.
J. Org. Chem. 2010, 75 (4), 1107—1118.

(7) Wang, H.; Tao, J.; Cai, X.; Chen, W.; Zhao, Y.; Xu, Y; Yao, W,;
Zeng, J; Wan, Q. Stereoselective synthesis of a-linked 2-deoxy
glycosides enabled by visible-light-mediated reductive deiodination.
Chem.—Eur. J. 2014, 20 (52), 17319—17323.

(8) Berger, K. J; Driscoll, J. L; Yuan, M; Dherange, B. D,;
Gutierrez, O.; Levin, M. D. Direct deamination of primary amines via
isodiazene intermediates. J. Am. Chem. Soc. 2021, 143 (42), 17366—
17373.

(9) Luo, T.; Guo, Y.-F,; Xu, T.-T.; Dong, H. Visible-light-promoted
desulfurization to synthesize deoxyglycosides. J. Org. Chem. 2023, 88
(13), 8024—8033.

(10) (a) Hou, M,; Xiang, Y.; Gao, J.; Zhang, J.; Wang, N.; Shi, H;
Huang, N.; Yao, H. Stereoselective synthesis of 2-deoxy glycosides via
iron catalysis. Org. Lett. 2023, 25 (5), 832—837. (b) Balmond, E. I;
Coe, D. M,; Galan, M. C.; McGarrigle, E. M. A-selective
organocatalytic synthesis of 2-deoxygalactosides. Angew. Chem., Int.
Ed. 2012, S1 (36), 9152—9155. (c) Sau, A.; Williams, R.; Palo-Nieto,
C.; Franconetti, A,; Medina, S.; Galan, M. C. Palladium-catalyzed
direct stereoselective synthesis of deoxyglycosides from glycals. Angew.
Chem., Int. Ed. 2017, 56 (13), 3640—3644. (d) Palo-Nieto, C.; Sau,
A; Galan, M. C. Gold(I)-catalyzed direct stereoselective synthesis of
deoxyglycosides from glycals. J. Am. Chem. Soc. 2017, 139 (40),
14041—14044. (e) Palo-Nieto, C.; Sau, A.; Williams, R.; Galan, M. C.
Cooperative bronsted acid-type organocatalysis for the stereoselective
synthesis of deoxyglycosides. J. Org. Chem. 2017, 82 (1), 407—414.
(f) Zhao, G.; Wang, T. Stereoselective synthesis of 2-deoxyglycosides
from glycals by visible-light-induced photoacid catalysis. Angew.
Chem., Int. Ed. 2018, 57 (21), 6120—6124. (g) Ghosh, T.;
Mukherji, A,; Kancharla, P. K. Sterically hindered 2,4,6-tri-tert-
butylpyridinium salts as single hydrogen bond donors for highly
stereoselective glycosylation reactions of glycals. Org. Lett. 2019, 21
(10), 3490—3495. (h) Palo-Nieto, C.; Sau, A.; Jeanneret, R.; Payard,
P.-A.; Salamé, A.; Martins-Teixeira, M. B.; Carvalho, I.; Grimaud, L.;
Galan, M. C. Copper reactivity can be tuned to catalyze the
stereoselective synthesis of 2-deoxyglycosides from glycals. Org. Lett.
2020, 22 (5), 1991—1996. (i) Liu, X.-L.; Mu, Q.-Q.; Xu, L.; Cai, X,;
Li, C.-J.; Zheng, Z.-B.; Zhang, H.-H.; Wang, A.-D.; Xu, L.-W. Cobalt-
catalyzed highly a-stereoselective glycosylation of glycals. Org. Lett.
2024, 26 (48), 10248—10252. (j) Lin, H.-C.; Pan, J.-F.; Chen, Y.-B,;

Lin, Z.-P,; Lin, C.-H. Stereoselective glycosylation of endo-glycals by
microwave- and AlCl;-assisted catalysis. Tetrahedron 2011, 67 (34),
6362—6368. (k) Xu, C; Rao, V. U. B.; Weigen, J.; Loh, C. C. J. A
robust and tunable halogen bond organocatalyzed 2-deoxyglycosyla-
tion involving quantum tunneling. Nat. Commun. 2020, 11 (1), 4911.
() Balmond, E. L; Benito-Alifonso, D.; Coe, D. M.; Alder, R. W;
McGarrigle, E. M.; Galan, M. C. A 3,4-trans-fused cyclic protecting
group facilitates a-selective catalytic synthesis of 2-deoxyglycosides.
Angew. Chem., Int. Ed. 2014, 53 (31), 8190—8194. (m) Kim, H.; Men,
H.,; Lee, C. Stereoselective palladium-catalyzed O-glycosylation using
glycals. J. Am. Chem. Soc. 2004, 126 (5), 1336—1337. (n) Yao, H.; Vu,
M. D,; Liu, X.-W. Recent advances in reagent-controlled stereo-
selective/stereospecific glycosylation. Carbohydr. Res. 2019, 473, 72—
81. (o) Bennett, C. S.; Galan, M. C. Methods for 2-deoxyglycoside
synthesis. Chem. Rev. 2018, 118 (17), 7931—798S. (p) Liu, M.; Liu,
K.-M,; Xiong, D.-C.; Zhang, H.; Li, T.; Li, B.; Qin, X.; Bai, J.; Ye, X.-S.
Stereoselective electro-2-deoxyglycosylation from glycals. Angew.
Chem., Int. Ed. 2020, 59 (35), 15204—15208. (q) Sherry, B. D,;
Loy, R. N; Toste, F. D. Rhenium(V)-catalyzed synthesis of 2-deoxy-
a-glycosides. J. Am. Chem. Soc. 2004, 126 (14), 4510—4S511.
(r) Kumar, M.; Reddy, T. R;; Gurawa, A.; Kashyap, S. Copper(1I)-
catalyzed stereoselective 1,2-addition vs. Ferrier glycosylation of
“armed” and “disarmed” glycal donors. Org. Biomol. Chem. 2020, 18
(25), 4848—4862. (s) Kumar, M.; Gurawa, A.; Kumar, N.; Kashyap,
S. Bismuth-catalyzed stereoselective 2-deoxyglycosylation of dis-
armed/armed glycal donors. Org. Lett. 2022, 24 (2), 575—580.

(11) (a) Meng, L.; Wu, P.; Fang, J.; Xiao, Y.; Xiao, X;; Tu, G.; Ma,
X.; Teng, S.; Zeng, J.; Wan, Q. Glycosylation enabled by successive
rhodium(II) and brensted acid catalysis. J. Am. Chem. Soc. 2019, 141
(30), 11775—11780. (b) Liu, H,; Liang, Z.-F.; Liu, H.-J,; Liao, J.-X;
Zhong, L.-J; Tu, Y.-H,; Zhang, Q.-J.; Xiong, B.; Sun, J.-S. Ortho-
methoxycarbonylethynylphenyl thioglycosides (MCEPTs): Versatile
glycosyl donors enabled by electron-withdrawing substituents and
catalyzed by gold(I) or Cu(II) complexes. J. Am. Chem. Soc. 2023,
145 (6), 3682—3695. (c) Ma, X.; Zhang, Y.; Zhu, X.; Wei, Y.; Zhang,
L. Directed Sy2glycosylation employing an amide-functionalized 1-
naphthoate platform featuring a selectivity-safeguarding mechanism. J.
Am. Chem. Soc. 2023, 145 (22), 11921—11926. (d) Jiang, Y.; Zhang,
Y.; Lee, B. C.; Koh, M. J. Diversification of glycosyl compounds via
glycosyl radicals. Angew. Chem., Int. Ed. 2023, 62 (38),
No. €202305138. (e) Bradshaw, G. A,; Colgan, A. C.; Allen, N. P,;
Pongener, I; Boland, M. B.; Ortin, Y,; McGarrigle, E. M.
Stereoselective organocatalyzed glycosylations — thiouracil, thioureas
and monothiophthalimide act as brensted acid catalysts at low
loadings. Chem. Sci. 2019, 10 (2), 508—514. (f) Wever, W. J.; Cinellj,
M. A; Bowers, A. A. Visible light mediated activation and O-
glycosylation of thioglycosides. Org. Lett. 2013, 15 (1), 30—33.
(g) Dimakos, V.; Liu, J. J. W.; Ge, Z.; Taylor, M. S. Copper-mediated
anomeric O-arylation with organoboron reagents. Org. Biomol. Chem.
2019, 17 (23), 5671—-5674. (h) Dong, Y.; Yuma, M.; Mei, Y.; Jiang,
N.; Yang, G,; Wang, Z.; Zhang, J. Copper-catalyzed stereoselective
synthesis of 2-deoxygalactosides. Synlett 2020, 31 (11), 1087—1093.
(i) Jeanneret, R.; Walz, C.; van Meerbeek, M.; Coppock, S.; Galan, M.
C. AuCl;-catalyzed hemiacetal activation for the stereoselective
synthesis of 2-deoxy trehalose derivatives. Org. Lett. 2022, 24 (34),
6304—6309. (j) Park, Y.; Harper, K. C.; Kuhl, N.; Kwan, E. E.; Liu, R.
Y.; Jacobsen, E. N. Macrocyclic bis-thioureas catalyze stereospecific
glycosylation reactions. Science 2017, 355 (6321), 162—166. (k) Liu,
D.; Sarrafpour, S.; Guo, W.; Goulart, B.; Bennett, C. S. Matched/
mismatched interactions in chiral brensted acid-catalyzed glycosyla-
tion reactions with 2-deoxy-sugar trichloroacetimidate donors. J.
Carbohydr. Chem. 2014, 33 (7—8), 423—434. (1) Ling, J.; Bennett, C.
S. Recent developments in stereoselective chemical glycosylation.
Asian J. Org. Chem. 2019, 8 (6), 802—813. (m) Mizia, J. C.; Bennett,
C. S. Reagent controlled direct dehydrative glycosylation with 2-deoxy
sugars: Construction of the saquayamycin z pentasaccharide. Org. Lett.
2019, 21 (15), 5922—5927.

(12) (a) Nogueira, J. M.; Bylsma, M.; Bright, D. K.; Bennett, C. S.
Reagent-controlled a-selective dehydrative glycosylation of 2,6-

https://doi.org/10.1021/acsomega.5c00189
ACS Omega 2025, 10, 18700—18708


https://doi.org/10.1039/np9971400099
https://doi.org/10.1039/C4CS00426D
https://doi.org/10.1039/C4CS00426D
https://doi.org/10.1021/ja030496v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja030496v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.0503270102
https://doi.org/10.1073/pnas.0503270102
https://doi.org/10.1021/ml1000933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ml1000933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0167-7799(01)01765-6
https://doi.org/10.1016/S0167-7799(01)01765-6
https://doi.org/10.1002/anie.200502698
https://doi.org/10.1002/anie.200502698
https://doi.org/10.1039/D1OB02502C
https://doi.org/10.1039/D1OB02502C
https://doi.org/10.1021/jo902222a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo902222a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201405516
https://doi.org/10.1002/chem.201405516
https://doi.org/10.1021/jacs.1c09779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c09779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.3c00046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.3c00046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c04379?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c04379?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201204505
https://doi.org/10.1002/anie.201204505
https://doi.org/10.1002/anie.201612071
https://doi.org/10.1002/anie.201612071
https://doi.org/10.1021/jacs.7b08898?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b08898?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b02498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b02498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201800909
https://doi.org/10.1002/anie.201800909
https://doi.org/10.1021/acs.orglett.9b00626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b00626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b00626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b04525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b04525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.4c03637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.4c03637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tet.2011.05.124
https://doi.org/10.1016/j.tet.2011.05.124
https://doi.org/10.1038/s41467-020-18595-2
https://doi.org/10.1038/s41467-020-18595-2
https://doi.org/10.1038/s41467-020-18595-2
https://doi.org/10.1002/anie.201403543
https://doi.org/10.1002/anie.201403543
https://doi.org/10.1021/ja039746y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja039746y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.carres.2018.10.006
https://doi.org/10.1016/j.carres.2018.10.006
https://doi.org/10.1021/acs.chemrev.7b00731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202006115
https://doi.org/10.1021/ja031895t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja031895t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0OB01042A
https://doi.org/10.1039/D0OB01042A
https://doi.org/10.1039/D0OB01042A
https://doi.org/10.1021/acs.orglett.1c04008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c04008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b04619?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b04619?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c13018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c13018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c13018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c13018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c02792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c02792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202305138
https://doi.org/10.1002/anie.202305138
https://doi.org/10.1039/C8SC02788A
https://doi.org/10.1039/C8SC02788A
https://doi.org/10.1039/C8SC02788A
https://doi.org/10.1021/ol302941q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol302941q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9OB01022J
https://doi.org/10.1039/C9OB01022J
https://doi.org/10.1055/s-0040-1707098
https://doi.org/10.1055/s-0040-1707098
https://doi.org/10.1021/acs.orglett.2c02530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c02530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aal1875
https://doi.org/10.1126/science.aal1875
https://doi.org/10.1080/07328303.2014.927882
https://doi.org/10.1080/07328303.2014.927882
https://doi.org/10.1080/07328303.2014.927882
https://doi.org/10.1002/ajoc.201900102
https://doi.org/10.1021/acs.orglett.9b02056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b02056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201605091
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c00189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

dideoxy- and 2,3,6-trideoxy sugars. Angew. Chem., Int. Ed. 2016, S5
(34), 10088—10092. (b) Nogueira, J. M.; Nguyen, S. H.; Bennett, C.
S. Cyclopropenium cation promoted dehydrative glycosylations using
2-deoxy- and 2,6-dideoxy-sugar donors. Org. Lett. 2011, 13 (11),
2814—2817. (c) Romeo, J. R; McDermott, L; Bennett, C. S.
Reagent-controlled a-selective dehydrative glycosylation of 2,6-
dideoxy sugars: Construction of the arugomycin tetrasaccharide.
Org. Lett. 2020, 22 (9), 3649—3654. (d) Mizia, J. C; Syed, M. U;
Bennett, C. S. Synthesis of the oa-linked digitoxose trisaccharide
fragment of kijanimicin: An unexpected application of glycosyl
sulfonates. Org. Lett. 2022, 24 (2), 731-735.

(13) (a) Hoang, K. M; Lees, N. R;; Herzon, S. B. Programmable
synthesis of 2-deoxyglycosides. J. Am. Chem. Soc. 2019, 141 (20),
8098—8103. (b) Hoang, K. M,; Lees, N. R.;; Herzon, S. B. General
method for the synthesis of a- or f-deoxyaminoglycosides bearing
basic nitrogen. J. Am. Chem. Soc. 2021, 143 (7), 2777—2783.

(14) Deng, L.-F.; Wang, Y,; Xu, S;; Shen, A;; Zhu, H.; Zhang, S.;
Zhang, X,; Niu, D. Palladium catalysis enables cross-coupling-like
Sx2-glycosylation of phenols. Science 2023, 382 (6673), 928—935.

(15) Beyer, P. D.; Nielsen, M. M.,; Picazo, E.; Jacobsen, E. N. B-
selective 2-deoxy- and 2,6-dideoxyglucosylations catalyzed by bis-
thioureas. J. Am. Chem. Soc. 2024, 146 (40), 27318—27323.

(16) (a) Koenigs, W.; Knorr, E. Ueber einige derivate des
traubenzuckers und der galactose. Ber. Dtsch. Chem. Ges. 1901, 34
(1), 957-981. (b) Coté, G. L; Flitsch, S.; Ito, Y.; Kondo, H;
Nishimura, S.-i.; Yu, B. Glycoscience: Chemistry and chemical biology;
Springer Science & Business Media, 2008. (c) Singh, Y.; Geringer, S.
A.; Demchenko, A. V. Synthesis and glycosidation of anomeric
halides: Evolution from early studies to modern methods of the 21st
century. Chem. Rev. 2022, 122 (13), 11701—11758.

(17) (a) Yu, F; Li, J; DeMent, P. M; Tu, Y.-J; Schlegel, H. B;
Nguyen, H. M. Phenanthroline-catalyzed stereoretentive glycosyla-
tions. Angew. Chem., Int. Ed. 2019, 58 (21), 6957—6961. (b) Li, J.;
Nguyen, H. M. A mechanistic probe into 1,2-cis glycoside formation
catalyzed by phenanthroline and further expansion of scope. Adv.
Synth. Catal. 2021, 363 (16), 4054—4066. (c) DeMent, P. M.; Liu, C.;
Wakpal, J.; Schaugaard, R. N.; Schlegel, H. B.; Nguyen, H. M.
Phenanthroline-catalyzed stereoselective formation of a-1,2-cis 2-
deoxy-2-fluoro glycosides. ACS Catal. 2021, 11 (4), 2108—2120.
(d) Ramakrishna, B. S.; Rani, N; Xu, H.; Alan-Lee, C.; Schlegel, H.
B.; Nguyen, H. M. Why is thiol unexpectedly less reactive but more
selective than alcohol in phenanthroline-catalyzed 1,2-cis O- and S-
furanosylations? Org. Biomol. Chem. 2025, 23 (2), 328—342. (e) Xu,
H.; Schaugaard, R. N,; Li, J; Schlegel, H. B.; Nguyen, H. M.
Stereoselective 1,2-cis furanosylations catalyzed by phenanthroline. J.
Am. Chem. Soc. 2022, 144 (16), 7441—7456. (f) Alom, N.-E.; Rani,
N.; Schlegel, H. B.; Nguyen, H. M. Highly stereoselective synthesis of
a-glycosylated carboxylic acids by phenanthroline catalysis. Org.
Chem. Front. 2024, 11 (20), 5769—5783. (g) Li, J.; Nguyen, H. M.
Phenanthroline catalysis in stereoselective 1,2-cis glycosylations. Acc.
Chem. Res. 2022, S5 (24), 3738—3751.

(18) Lemieux, R. U.; Hendriks, K. B.; Stick, R. V.; James, K. Halide
ion catalyzed glycosidation reactions. Syntheses of.Alpha.-linked
disaccharides. J. Am. Chem. Soc. 1975, 97 (14), 4056—4062.

(19) Veitch, N. C.; Grayer, R. ]J. Flavonoids and their glycosides,
including anthocyanins. Nat. Prod. Rep. 2011, 28 (10), 1626—1695.

(20) (a) Dimakos, V.; Taylor, M. S. Recent advances in the direct O-
arylation of carbohydrates. Org. Biomol. Chem. 2021, 19 (3), 514—
524. (b) Jensen, K. J. O-glycosylations under neutral or basic
conditions. J. Chem. Soc., Perkin Trans. 1 2002, No. 20, 2219—2233.
(c) Mahling, J.-A,; Schmidt, R. R. Aryl C-glycosides from O-
glycosyltrichloroacetimidates and phenol derivatives with trimethyl-
silyl trifluoromethanesulfonate (TMSOTY) as the catalyst. Synthesis
1993, 1993 (03), 325-328. (d) Li, Y.,; Wei, G,; Yu, B. Aryl C-
glycosylation of phenols with glycosyl trifluoroacetimidates. Carbo-
hydr. Res. 2006, 341 (16), 2717—2722.

(21) (a) McKay, M. J.; Naab, B. D.; Mercer, G. J.; Nguyen, H. M.
Selective formation of f-o-aryl glycosides in the absence of the C(2)-
ester neighboring group. J. Org. Chem. 2009, 74 (13), 4705—4711.

18708

(b) St-Pierre, G.; Dafik, L.; Klegraf, E.; Hanessian, S. Stereocontrolled
synthesis of phenolic a-D-glycopyranosides. Synthesis 2016, 48 (20),
3575—3588. (c) Wadzinski, T. J.; Steinauer, A.; Hie, L.; Pelletier, G.;
Schepartz, A.; Miller, S. J. Rapid phenolic o-glycosylation of small
molecules and complex unprotected peptides in aqueous solvent. Nat.
Chem. 2018, 10 (6), 644—652. (d) Lai, J.; Wy, S.; Zhou, Z.; Liu, H;
Tu, Y,; Zhang, Q.; Wang, L. Stereoselective aromatic O-glycosylation
of glycosyl chloride with arylboronic acid under an air atmosphere. J.
Org. Chem. 2023, 88 (15), 10721—10734.

(22) Belhomme, M.-C.; Poisson, T.; Pannecoucke, X. Copper
catalyzed f-difluoroacetylation of dihydropyrans and glycals by means
of direct C-H functionalization. Org. Lett. 2013, 15 (13), 3428—3431.

(23) Hanessian, S.; Rogel, O. Synthesis of glycophostones: cyclic
phosphonate analogues of biologically relevant sugars. J. Org. Chem.
2000, 65 (9), 2667—2674.

(24) Li, J.; Jiang, X. C-aryl glycosylation via interrupted pummerer
rearrangement. Chin. J. Chem. 2023, 41 (21), 2843—2847.

https://doi.org/10.1021/acsomega.5c00189
ACS Omega 2025, 10, 18700—18708


https://doi.org/10.1002/anie.201605091
https://doi.org/10.1021/ol200726v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol200726v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c01153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c01153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c04190?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c04190?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c04190?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b03982?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b03982?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c11262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c11262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c11262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.adk1111
https://doi.org/10.1126/science.adk1111
https://doi.org/10.1021/jacs.4c11560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c11560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c11560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cber.190103401162
https://doi.org/10.1002/cber.190103401162
https://doi.org/10.1021/acs.chemrev.2c00029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.2c00029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.2c00029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201901346
https://doi.org/10.1002/anie.201901346
https://doi.org/10.1002/adsc.202100639
https://doi.org/10.1002/adsc.202100639
https://doi.org/10.1021/acscatal.0c04381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c04381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D4OB01593B
https://doi.org/10.1039/D4OB01593B
https://doi.org/10.1039/D4OB01593B
https://doi.org/10.1021/jacs.2c02063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D4QO00710G
https://doi.org/10.1039/D4QO00710G
https://doi.org/10.1021/acs.accounts.2c00636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00847a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00847a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00847a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c1np00044f
https://doi.org/10.1039/c1np00044f
https://doi.org/10.1039/D0OB02009E
https://doi.org/10.1039/D0OB02009E
https://doi.org/10.1039/b110071h
https://doi.org/10.1039/b110071h
https://doi.org/10.1055/s-1993-25859
https://doi.org/10.1055/s-1993-25859
https://doi.org/10.1055/s-1993-25859
https://doi.org/10.1016/j.carres.2006.08.022
https://doi.org/10.1016/j.carres.2006.08.022
https://doi.org/10.1021/jo9002807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo9002807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-0035-1561461
https://doi.org/10.1055/s-0035-1561461
https://doi.org/10.1038/s41557-018-0041-8
https://doi.org/10.1038/s41557-018-0041-8
https://doi.org/10.1021/acs.joc.3c00776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.3c00776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol401483j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol401483j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol401483j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo991696l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo991696l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cjoc.202300308
https://doi.org/10.1002/cjoc.202300308
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c00189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

