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GLYCOSYLATION

Palladium catalysis enables cross-coupling-like
Sn2-glycosylation of phenols

Li-Fan Deng't, Yingwei Wang?t, Shiyang Xu', Ao Shen', Hangping Zhu', Siyu Zhang,

Xia Zhang', Dawen Niu'*

Despite their importance in life and material sciences, the efficient construction of stereo-defined
glycosides remains a challenge. Studies of carbohydrate functions would be advanced if glycosylation
methods were as reliable and modular as palladium (Pd)-catalyzed cross-coupling. However, Pd-catalysis
excels in forming spZ-hybridized carbon centers whereas glycosylation mostly builds sp>-hybridized
C-0 linkages. We report a glycosylation platform through Pd-catalyzed Sy2 displacement from phenols
toward bench-stable, aryl-iodide-containing glycosyl sulfides. The key Pd(ll) oxidative addition
intermediate diverges from an arylating agent (Csp? electrophile) to a glycosylating agent (Csp®
electrophile). This method inherits many merits of cross-coupling reactions, including operational
simplicity and functional group tolerance. It preserves the Sy2 mechanism for various substrates and is
amenable to late-stage glycosylation of commercial drugs and natural products.

he utility of glycosides in medicinal chem-

istry, materials, and biological science

is well appreciated (7, 2) but difficulties

in their synthesis by glycosylation pose

substantial obstacles to exploring their
functions. Both reactants in glycosylation—
the glycosyl donors and acceptors—are often
structurally complex, and the properties of
products are profoundly affected by the ab-
solute configuration of glycosidic centers. There-
fore, an ideal glycosylation method needs to
simultaneously address chemo- and stereo-
selectivity issues, two persistent challenges
in synthesis.

Glycoside synthesis has been propelled by
the introduction of new donors and their ac-
tivating approaches. Most reported glycosylation
methods proceed under (Lewis) acid-promoted
conditions, which convert glycosyl donors to
(equivalents of) oxocarbenium ions for sub-
sequent trapping by acceptors (3, 4). These
techniques have been the cornerstones in car-
bohydrate synthesis and have allowed for pre-
paration of complex structures (5-8). However,
controlling or predicting stereoselectivity re-
mains nontrivial as the glycosylation mechanism
often shifts within the Sy1/Sx2 continuum (9),
depending on the properties of reactants and
reaction parameters (10). Issues can also arise
when labile donors or harsh activating con-
ditions are needed, complicating reaction setup.
Among the venues to overcome these obsta-
cles, developments include the Yu group (11),
which exploits selective gold-alkyne interac-
tions; the Jacobsen group (72, 13), which ex-
plores mild hydrogen-bond catalysis; the Miller
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group (14, 15), which harnesses the strong Ca-F
bond-forming energy; the Nguyen group (16)
that employs Lewis base catalysis; and the
Codée (17), Takemoto (I8), and Loh groups (19),
which utilize halogen-bond catalysis, and others
based on transition metal catalysis (20, 21). We
have reported radical activation of glycosyl
donors (22). Despite this progress, there is
still a high demand for methods with a gen-
eral scope to prepare stereodefined glycosides
in a simple and predictable manner, which
continues to fuel mechanistic and methodo-
logical advancements.

The modularity and reliability inherent in
Pd-catalyzed cross-coupling reactions have
made them indispensable tools in organic
synthesis (23, 24). If O-glycosylation could be
as straightforward and robust as Pd-catalyzed
cross coupling, the downstream exploration of
glycosides would be greatly facilitated. However,
Pd-catalysis is typically effective in activating and
forging sp>-hybridized carbon centers, whereas
glycosidic bonds are mostly sp®>-hybridized C-O
linkages. Strategies that can bridge this gap
and channel the power of Pd-catalyzed cross
coupling into the field of glycoside synthesis
hold considerable potential. O’Doherty and
others have applied Pd-catalyzed allylic substi-
tution, followed by alkene (di)hydroxylation,
for the de novo synthesis of O-glycosides (25, 26).
Here, we report a Pd-catalyzed Sy2 glycosyl-
ation method that commences with the oxida-
tive addition (OA). The utility of this approach
is showcased in a general and simple Sy2 gly-
cosylation of phenols, a prominent challenge
in O-glycoside synthesis.

Reaction design

General and straightforward methods for syn-
thesizing stereodefined phenolic O-glycosides
are highly valuable but remain nontrivial
(14, 27, 28). Phenols—glycosylated or not—are
abundant in both naturally occurring and man-
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made compounds (Fig. 1A) (29). Introdu Updates

carbohydrate moieties into phenols has pr¢. .-
to be an effective approach for modifying their
physical and biological properties in drug dis-
covery endeavors. Glycosylation of phenols (3)
is complicated as they exhibit modest nucleo-
philicity compared with alcohols under acidic
conditions (1 to 2; Fig. 1B). Moreover, phenols
are ambident nucleophiles, potentially resulting
in either O-glycosylated (4) or C-glycosylated
products (5).

Pd-catalyzed cross-coupling reactions
(Fig. 1C, left cycle) are usually initiated by
Pd(0)-mediated OA (6 to 7), followed by ligand
exchange (7 to 8) and reductive elimination
(8 to 9) to give the desired products (here O-
arylated phenols 9). Recognizing the limita-
tion of this cycle in activating/building Csp®
centers (30), we designed a strategy (Fig. 1C,
right cycle) that uses bench-stable, ortho-
iodobiphenyl-substituted sulfides (31, 32)
11 as glycosyl donors. The aryl iodide unit in
11 readily undergoes oxidative addition with
Pd(0) catalysts, forming an OA complex 12
that acts as an effective glycosyl (Csp®) elec-
trophile, likely driven by its tendency to un-
dergo Csp>-S reductive elimination (indicated
by dashed lines). Nucleophilic attack to 12
by phenoxides 10 proceeds through a clean
and general Sy2 mechanism, resulting in in-
version of the glycosyl center and genera-
tion of 13.

As aresult of the donor activation mechanism,
this glycosylation method exhibits a notable
tolerance toward functional groups and al-
lows using unprotected glycosyl donors. No
O-arylation side products are observed from
the process (Fig. 1C), indicating that our ap-
proach directs the Pd-containing OA complex
(such as 12) to transition from an arylating
agent (Csp?) to a glycosylating agent (Csp?),
unveiling an unprecedented reactivity. The
OA complex 12 behaves uniformly as an Sy2
electrophile, from fully oxygenated to fully
deoxygenated donors, a rarity in carbohydrate
chemistry. This method grants access to either
isomer of the phenolic O-glycoside products in
a predictable manner, many of which were pre-
viously challenging to obtain. The transforma-
tion occurs under mildly basic conditions and
can be performed as easily as a Pd(0)-catalyzed
cross-coupling reaction.

Reaction validation and condition optimization

Our study commenced with the model reaction
between sulfide 14« or 15 and 4-methoxy phenol
(16) to make O-glycoside 17 or 18 (Fig. 2). The
stereoselective synthesis of 2-deoxyglycosides
of phenols (e.g., 17/18) has been difficult due to
the lack of a C2-substituent as a stereodirect-
ing auxiliary and the susceptibility of the
2-deoxyglycoside products to acid-promoted
hydrolysis. Guided by the reaction design
in Fig. 1C, we established conditions to make
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Fig. 1. Glycosylated phenols: background and synthetic approaches. (A) Representative examples of glycosylated phenols. (B) Glycosylation of phenols:
challenges and limitations. (C) Comparison of Pd-catalyzed C-0 cross-coupling and Pd-catalyzed Sy2 glycosylation (this work). FG, functional group.

O-glycosides 17/18 from 14/15 in high yields,
with dibenzothiophene (19) formed as a
byproduct. The B-O-glycoside 17 was obtained
from the a-S-glycoside 14, and a-O-glycoside 18
formed if B-S-glycoside 15 was employed. The
clean inversion of the glycosidic centers in 14/15
suggests that this Pd-catalyzed glycosylation pro-
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ceeds by means of an Sy2-type mechanism. Gen-
eral and operationally simple Sy2-glycosylation
methods remain rare, despite their high value
as tools (12, 34-36) to access stereodefined
glycosides. Even scarcer are methods that can
afford both stereoisomers, as accessing the cor-
responding donors with defined and stable con-

2023

figurations is not always simple. In our case,
sulfide donors (with general structure 11) could
be prepared from the corresponding 1-glycosyl
thioacetates in one pot at decagram scales (see
SM section 3) and stored for months without
precautions to avoid air or moisture. Employ-
ing the Pd(0)-mediated OA as a donor-activating
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Divation from standard Conditions

Entry (with 15 used) Conversion Yield (c:p)
1 none 100% 92% (>19:1)
2 no Pd(0)-Xantphos 0% 0%
3 no K,CO3 7% 5% (>19:1)
4 Cs,CO3 instead of K,CO3 100% 94% (>19:1)
5 TEA instead of K,CO3 45% 20% (>19:1)
6 TMG instead of K,CO3 79% 54% (2:3)
7 K>CO3 aq. 87% 71% (9:1)
8 room temperature 21% 19% (>19:1)
9 MeCN instead of Toluene 41% 40% (1:1)
10 no XantPhos 77% 75% (>19:1)
1 NiXantPhos instead of XantPhos 100% 85% (4:1)
12 DavePhos instead of XantPhos 67% 56% (>19:1)
13 dppb instead of XantPhos 100% 90% (3:1)
14 Addition of TEMPO 100% 91% (10:1)
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Fig. 2. Reaction validation and condition optimization. Reactions in this table were performed at 0.05 mmol
scale at 0.1 M concentration for 24 hours. Yields and conversions are determined by *H NMR analysis using 1,3,5-
trimethoxy benzene as an internal standard. Diastereomeric ratios were determined by NMR analysis of crude
reaction mixture. TMG, 1,1,3,3-tetramethylguanidine; TEMPO, (2,2,6,6-tetramethylpiperidin-1-yl)oxyl; Bn, benzyl.

approach, this method provides either isomer of
the phenolic O-glycosides. The reaction proceeds
at 60°C and only requires K,CO3 as base and a
catalytic amount (2 mol%) of Pd(0) catalyst as-
sembled from Pd(dba), and Xantphos.

‘We conducted control experiments to iden-
tify factors influencing the performance of this
method. Little reaction occurred in the absence
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of Pd(0) catalyst (entry 2) or a suitable base
(entry 3). Inorganic bases K,COj3 (entry 1) and
Cs,CO3 (entry 4) exhibited better effects than
organic bases such as Et;N (entry 5) and TMG
(entry 6). A saturated aqueous solution of KoCOs
could be used (entry 7), suggesting that the re-
action has a good tolerance to water. When the
reaction is conducted at room temperature

24 November 2023

(roughly 25°C), the conversion is relatively low
within the same time period (entry 8). The use
of more polar solvents such as MeCN greatly
eroded the stereochemical purity of products
(entry 9). The added ligands exert pronounced
effects on the reaction efficiency (entries 10 to
13), likely through modulating the properties
of OA complex such as 12 in Fig. 1C. Unlike
phosphine-based ligands, nitrogen-based ligands
and N-heterocyclic carbene ligands we tried
were less effective (see SM, section 4)). Addition
of a stoichiometric amount of TEMPO was fully
tolerated, essentially excluding a radical-based
mechanism (entry 14) (22, 37).

Substrate scope

It is rare for a glycosylation method to hold
high efficiency for a broad array of substrates
as the reaction mechanism (and outcome) often
varies with the reactivities of donors and ac-
ceptors (38-41). Our method accommodates
diverse glycosyl units (Fig. 3), providing ei-
ther of the two possible stereoisomers with high
purities (22a-m). For example, donors bearing
benzyl (22a, 22Kk, 221), acetyl (22b, 22f),
benzylidene (22d) and silyl-protecting groups
(22¢, 22e) could all be used. Various other
2-deoxypyranosyl groups (22f-j) were in-
stalled with similar efficiencies. Our meth-
od could be adopted to construct the more
electron-rich furanosyl linkages: both iso-
mers of 2-deoxyribosides were generated
cleanly (22K). This method is not limited to
2-deoxy sugars, and the Sy2 mechanism op-
erates with fully oxygenated (221 and 38g/h
in Fig. 4) and fully deoxygenated tetrahydro-
pyranyl (22m) donors. 2-O-acetyl or 2-N-acetyl
protected donors were unsuccessful, likely be-
cause of interference from these neighbor-
ing participating groups (fig. S6). Aliphatic
alcohols are almost inert under the current
conditions, allowing the use of unprotected
glycosyl donors, as shown by examples 22g-j.
The results attest to the exceptional func-
tional group tolerance of this OA-initiated
glycosylation method. It is worth highlight-
ing that many of the glycosyl units in Fig. 3
are deoxygenated and electron rich. To obtain
the corresponding O-glycosides with high
stereochemical purities would be tedious
by conventional methods, due to dearth of
suitable donors, lack of stereo-directing auxil-
iaries, and susceptibility of products to acid-
promoted hydrolysis.

Both electron-rich (22w, 22ae, 22ah) and
electron-deficient phenols (22n-r) were ac-
commodated, with no product arising from
C-glycosylation observed. Phenols bearing an
ortho-substituent were competent substrates
(22u-w, 22y-z). Functional groups such as
aldehydes (22q), esters (22r), secondary amides
(22af), nitriles (22p), and ketones (22x) were
tolerated. The terminal alkene group in 22v did
not isomerize to conjugate with a phenyl ring.
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Fig. 3. Substrate scope. Unless otherwise noted, reactions in this table were performed at 0.1 or 0.2 mmol scale in toluene (0.1 M) for 24 hours, using Pd(PPhs),
(2 mol%), Xantphos (4 mol%), and K,COs. Isolated yields are reported. Diastereomeric ratios were determined by NMR analysis of crude reaction mixture. The
%reaction was run at 80°C; °Ni-XantPhos was used instead of XantPhos; °Cs,CO5 as base. See SM, section 5 for experimental details.

Potentially chelating heterocycles including
dioxolanes (22t), thiazoles (22aa), quinolines
(22ab), pyridines (22ac), oxazoles (22ad), and
morpholines (22ae) were incorporated. Protic
hydrogen atoms in secondary amides (22af)
were compatible. Tyrosine derivatives could

Deng et al., Science 382, 928-935 (2023)

be glycosylated (22af), and the o-stereocenter
in the amino acid backbone stayed intact. Aryl
bromides/chlorides (22n, 22u, 22y-z) did
not interfere with this method, likely because
the oxidative addition to aryl iodide units in
donor 14 or 15 is a faster process. The remain-

24 November 2023

ing aryl halide groups could serve as handles
for further derivatizations (see below). Partic-
ularly noteworthy is that aryl boronic esters
(22s) survived the reaction conditions with-
out undergoing a Suzuki-Miyaura reaction,
highlighting the distinctive reactivity of our
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Fig. 4. Synthetic application. (A) Glycosylation of natural products and commercial drugs. (B) One-pot, multistep, multicomponent reactions. Reactions in this table
were performed at 0.1 or 0.2 mmol scale in toluene (0.1 M) for 24 hours, using Pd(PPhs), (2 mol%), Xantphos (4 mol%), and Cs,COs. Isolated yields are reported.
Diastereomeric ratios were determined by NMR analysis. ?K,CO5 used as base; PReaction performed at 100 °C. See SM sections 6 and 7 for experimental details.

PA(IT) OA complexes (i.e., 12 in Fig. 1C) as
glycosyl (Csp?) electrophiles.

Synthetic application

To demonstrate the utility of this method, we
applied it in the modification of natural prod-

Deng et al., Science 382, 928-935 (2023)

ucts and commercial drugs (Fig. 4A). Simple
phenols such as vanillin (25) and triclosan (34
were glycosylated smoothly. Internal alkene
groups are accommodated, as exemplified by
the formation of 30-31 and 35. The tertiary
amine groups in drug molecules may inter-

24 November 2023

fere with acid-promoted glycosylation meth-
ods, but show excellent compatibility with our
conditions (26-27, 33). Under our conditions,
protection of aliphatic alcohols is unnecessary
(29, 33). In the case of chrysin (23), the C7-
OH is glycosylated with high regioselectivity.
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Fig. 5. Mechanistic studies. (A) OA complex 45, formation, isolation, structure and reactivity. (B) Computed energetics for potential reaction pathways. Free
energies are computed by B3LYP-D3/def2-tzvp/SMD(toluene)//B3LYP-D3/def2-svp. (C) Reactivity of various phenols. Procedures to determine relative rate kg:
phenol (0.1 mmol), substituted phenol 48 (0.1 mmol) and glycosyl donor 15 (0.1 mmol) are allowed to react under standard conditions and stopped at ~30%

conversion. k., conversion of substituted phenol divided by conversion of phenol. The results are the average of three runs. Error bars represent standard deviations.

See SM section 8 for experimental details.

For polyphenols such as icaritin (37), two gly-
cosyl units can be installed at a time, both with
high selectivities. Glycosylated anthraquinones
are ubiquitous in nature and we show that

Deng et al., Science 382, 928-935 (2023)

2-hydroxylanthraquinone is a competent sub-
strate in our reaction (24). O-glycosylated cou-
marins are frequently employed as fluorescent
probes for detection of glycosidases (42), and

24 November 2023

coumarins are glycosylated cleanly (32). Ster-
iodal phenols such as estrone (28) and estradiol
(29) are modified. A glycosyl unit was installed
onto ezetimibe (86), a cholesterol absorption
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inhibitor containing a sensitive -lactam unit.
SN-38 is a potent anticancer agent derived from
camptothecin (43) but is poorly soluble in wa-
ter. Conjugation with a sugar may improve the
pharmacological profile of the parent molecule;
see Afeletecan in Fig. 1A. We mounted an array
of glycosyl units, including both C2-deoxygenated
(88a-f) and C2-oxygenated sugars (38g-h), onto
an SN-38 derivative (Fig. 4A).

Pd-catalyzed Sy2 glycosylation could be
performed in tandem with other Pd-catalyzed
cross-coupling reactions, affording carbohydrate-
containing compounds by one-pot, multistep
processes in which a single Pd(0)-complex
catalyzes two distinct steps (Fig. 4B). Mixing
glycosyl donor 14 or 15, m-bromo phenol (39),
and aryl boronic ester in one pot with a Pd(0)-
catalyst and a base, the Pd-catalyzed glycosyla-
tion and the Suzuki-Miyaura coupling proceed
in sequence, to give loratadine derivative 41
or L-tyrosine derivative 40 in useful overall
yields. The glycosylation could also be merged
with Buchwald-Hartwig (44, 45) coupling if
the ligand is switched to Brettphos (46) and
m-toluamide as the third coupling partner;
consecutive formation of Csp®>-O and Csp*-N
bonds delivered 42 smoothly. Lastly, a sequence
composed of glycosylation/Sonogashira cou-
pling provides ethisterone-sugar conjugate
43 in 61% overall yield. These examples il-
lustrate selectivity of our Pd-catalyzed glyco-
sylation and suggest a rapid approach to make
glycoconjugates.

Mechanistic studies

Acetyl-protected sulfide donor 44 reacted with
Pd(PPhs), smoothly, and the OA complex 45
could be isolated from the mixture by column
chromatography (Fig. 5A). The facility of the
OA step may be attributable to the sulfur atom
in 44, which could pre-coordinate with Pd(0).
Complex 45 is a crystalline solid and its mo-
lecular structure was verified by x-ray crystal-
lography. Similar to other classical Pd(IT) OA
complexes (47), the Pd center in 45 adopts a
(slightly twisted) square planar configuration,
with the two neutral ligands (i.e., sulfur and
phosphine atoms) occupying para positions.
From the solid-state structure of 45, we noted
that the C1-S bond is slightly elongated (1.83 to
1.87 A) and the C1-O bond is shortened (1.41 to
1.39 A) from their normal lengths (48), indicating
buildup of a positive charge at the C1 position.

Treating 45 with 4-methoxy phenol (16) in
the presence of K,COj3 afforded 22b with de-
cent efficiency and inverted configuration. Ad-
dition of external ligand Xantphos gave similar
results. A small amount of 45 (2 mol%) could
catalyze the reaction between 44 and 16 to
form 22b. These results support 45 as a re-
active intermediate in our process.

‘We next performed DFT calculations (B3LYP-
D3/def2-tzvp/SMD(toluene)//B3LYP-D3/def2-svp)
employing 45 and phenoxide 46 (or cesium

Deng et al., Science 382, 928-935 (2023)

phenoxide, see SM section 9) as model sub-
strates (Fig. 5B). Two potential pathways were
examined: In principle, reductive elimination
of C-S bond in 45 to yield sulfonium Int-I (by
means of TS-I), followed by phenoxide attack
from 46 could afford glycoside 4/7. Alterna-
tively, direct attack of phenoxide 46 toward
45 by means of TS-II, followed by reductive
elimination of the C-S bond (45) in Int-IT
would provide 47 as well, affording 19 as a
byproduct and regenerating Pd(0) catalyst.
Upon comparing the free energies of species
TS-I and TS-II (note: with different charge
states), we observed that the pathway through
TS-II exhibits lower barriers. Presumably, co-
ordination of the sulfur atom to the Pd center
polarized the C-S bond in 45 and made it
electrophilic enough toward phenoxide attack.
We also considered a scenario where the iodine
anion dissociates early from 45 before Sy2 dis-
placement by 46 (see SM, section 9).

We also compared the relative reactivities
of various phenols bearing different para-
substituents (48) in our glycosylation reaction
(Fig. 5C). In internal competition experiments,
those with electron-withdrawing substituents
(49) react at faster rates, presumably because
they are more easily deprotonated under basic
conditions. By external competition experi-
ments, we found that the turnover frequency,
as inferred from the conversion of 15, increases
with the electron-withdrawing ability of the
para-substituent. The absence of phenol 48
resulted in essentially no reaction. These re-
sults indicate the involvement of phenoxide
nucleophiles in the turnover-determining step
and in turn lend some further support for
the pathway through TS-II. Although addi-
tional experiments are warranted to elucidate
mechanistic details, the ability of Pd-containing
OA complex to serve as a glycosyl (Csp®) elec-
trophile was quite general (see examples in
Figs. 3 and 4).

Conclusions

We developed a strategy that exploits Pd(0)-
mediated oxidative addition—the initial step
in classical cross-coupling reactions—as a tool
to activate glycosyl donors. The key to this
success was the use of aryl iodide-containing
glycosyl sulfides as donors, which upon re-
action with Pd(0)-catalysts furnished Pd(II)-
containing OA complexes that act as glycosyl
(Csp®) electrophiles. The following glycosidic
bond-forming stage caused clean inversion of
the glycosyl centers in donors, and either ste-
reoisomer could be obtained in a predictable
manner. This approach enabled a general meth-
od for Sy2-glycosylation of phenols, allowing
for the synthesis of phenolic O-glycosides that
were previously challenging to access.

The mechanism grants this reaction oper-
ational simplicity and functional group tol-
erance. No acid or cryogenic conditions are
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required, and the reaction can be set up sim-
ilarly to other Pd-catalyzed C-O cross-coupling
reactions. Moreover, the method is amenable
to late-stage glycosylation of a wide range of
commercial drugs and natural products. The
generality and mildness of the method is fur-
ther showcased in several one-pot, multistep,
multicomponent reactions. We anticipate that
this study will bring opportunities in Pd-mediated
glycosylation reactions, enabling advancements
in carbohydrate synthesis and its application in
various fields.
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Editor’'s summary

Glycosylations are an important feature of many natural products, but methods to install sugars can suffer from
limitations on stereospecificity because many reactions proceed through an oxocarbenium intermediate in which
stereochemistry is lost. Deng et al. developed a versatile palladium-catalyzed reaction for the glycosylation of phenols
that resembles palladium-catalyzed aryl carbon—oxygen cross-coupling reactions. Palladium oxidative addition to an
easily prepared ortho-iodobiphenyl S-glycoside yields a complex that reacts with a wide range of phenolates through a
SN2 mechanism to afford the glycosylated phenols with inversion of stereochemistry. This reaction works well with, but

it is not limited to, 2-deoxy sugars and can be performed in one pot with other palladium-catalyzed cross-couplings to
yield complex O-glycosides. —Michael A. Funk
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