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Herein, we report an efficient, stereoselective synthesis of 2,3-unsaturated glycosides under mild con-
ditions through a novel Ferrier rearrangement of reasonably designed glycal donors with C3-position
ortho-2,2-dimethoxycarbonycyclopropylbenzoyl (CCBz), facilitated by user-friendly, eco- and environ-
mental-friendly Cu(OTf), or Fe(OTf)s. The newly devised rearrangement tactic is highly a-stereoselective
and applies to a broad scope of nucleophile acceptors, enabling the construction of 2,3-unsaturated O-,
S-, N-, and C-glycosides, with exceptional yields and stereoselectivities. DFT calculations were conducted

Received 30th April 2024, to elucidate the reaction mechanism, unveiling the dual role of the metal catalysts in activating the glycal
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donor through promoting ring-opening of the intramolecularly incorporated donor—acceptor cyclopro-
pane (DAC) of CCBz and directing the following a-face-preferential nucleophilic attack of the incoming
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Introduction

Carbohydrates feature essential roles in manifold physiological
processes, including cellular respiration, cell-cell contact and
adhesion, modulating transcription and sophisticated cas-
cades, inflammation, and post-translational modifications.
Among the diverse carbohydrate structures, 2,3-unsaturated
glycosides stand out for their significant pharmacological pro-
perties and retrofittable potential in organic synthesis
(Fig. 1A). The naturally occurring unsaturated sugar derivative
blasticidin S, fortuitously discovered in the 1950s,”> prevents
rice blast disease. Synthetic compounds containing 2,3-unsatu-
rated sugars also show potent bioactivities. 7-O-(4,6-di-O-
acetyl-hex-2-enea-p-erythro-pyranosyl) genistein, a genistein
derivative, suppresses tumor growth.** Stavudine, a synthetic
t-nucleoside that has been approved as the fourth anti-HIV
drug, inhibits the HIV reverse transcriptase with fewer adverse
effects on bone marrow stem cells and mitochondrial DNA
replication® than the predecessor AZT. Meanwhile, the 2,3-ole-
finic bond in a pyranose ring is amenable to facile functionali-
zation at C2- and C3-positions via a variety of well-established
reactions such as asymmetric dihydroxylation, amino hydroxy-
lation, hydrogenation, and epoxidation, underscoring the wide
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acceptor mediated by H-bond interactions.

applications of this type of scaffold in synthesizing diverse
functionalized sugar structures.®

Glycals have long been exploited as synthons for chemical
derivatizations to various sugar adducts and derivatives. The
Ferrier I rearrangement of glycals proves to be a facile and
efficient approach for creating 2,3-unsaturated pyranose
scaffolds. In a classical Ferrier I rearrangement, glycal with a
good leaving group (LG) at the C3-position, such as acetate,
carbonate, or trichloroacetimidate, is first activated, then
an allylic rearrangement on the pyranose ring occurs,
accompanied by the dissociation of the C3-LG and the ensuing
attack of a nucleophile at the anomeric position, affording the
2,3-unsaturated glycoside (Fig. 1B, a).” Many Ferrier rearrange-
ment reactions under mild conditions with short reaction
times consume stoichiometric amounts of Lewis acids as pro-
moters, while other transformations are either promoted by
Bronsted acids® or transition metal catalysts.”'® A Ferrier-type
O-glycosylation through a radical pathway employing
single-electron transfer reagents'' and chemical oxidants
like 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) or ceric
ammonium nitrate (CAN) has also been reported (Fig. 1B, c).*?
Recently, Nagaki and coworkers reported flash electrochemical
and superacid-promoted pathways leading to nitrogen-contain-
ing 2,3-unsaturated C-aryl glycosides and C-alkyl glycosides
respectively via short-lived intermediates (Fig. 1B, b)."® Despite
these advancements, current Ferrier reactions are often
limited to narrow substrate scopes and poor-to-moderate
a-selectivities during glycosidic linkage formation, which is
influenced by multiple factors of the vinylogous anomeric
effect (VAE)" that is affected by the orientation of the C4-sub-

This journal is © the Partner Organisations 2024


http://rsc.li/frontiers-organic
http://orcid.org/0000-0003-3170-0723
http://orcid.org/0000-0001-6410-0906
http://orcid.org/0000-0002-8327-6664
https://doi.org/10.1039/d4qo00410h
https://doi.org/10.1039/d4qo00410h
https://doi.org/10.1039/d4qo00410h
http://crossmark.crossref.org/dialog/?doi=10.1039/d4qo00410h&domain=pdf&date_stamp=2024-08-01
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4qo00410h
https://pubs.rsc.org/en/journals/journal/QO
https://pubs.rsc.org/en/journals/journal/QO?issueid=QO011016

Open Access Article. Published on 25 June 2024. Downloaded on 10/21/2025 4:40:18 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Organic Chemistry Frontiers

i A) Natural and tural sugar deri

AcO
NHz O o /P OYN\ NH, Og° OS\C
: N Q N\J AcO N\
H = OAc
N 0. Q 0. I
Genistein glycosides

| Meo

/& Blasticidin S

! HNT SNH

i B) Conventional and recent Ferrier | type rearrangement

Nu=C b) Nagaki's work: Flash electrolysis

a) Typical Ferrier rearrangement

Lewis acids; Brgnsted acids
Transition metal catalysts
Single-electron transfer reagents

Nu=C
m c) Chemical oxidants (DDQ, CAN etc.)

: C) Our previous work:

OR
<
Nu |

. = Leaving group
R = Protective group

a-glycoside
(anomeric effect) !

MeOOC_ COOMe

i—o 2 [ s |
o] Nu=0O,N, S

. = 0-2,2-dicarbonylcyclopropylbenzoates (CCBz)

(©) Universal substrates

¢/ ;—0
DCM, rt. % > Nu () synthetic application

O Stable yet highly reactive

D) This work:
R®_R4 @ or @ R®_R4 R'=CCBz
RQ% + m = 5 R 0 R2=H,R®= OAc
ROz DCM, rt. = orR2=0Ac, R =H
Nu=0,N,S,C Nu R*= OAc, or H

a-glycoside

O Environment- and eco-friendly O High yield and a-stereoselectivity

O Wide substrate scope O Further functional modification

Fig. 1 Significance of and synthetic approaches to 2,3-unsaturated gly-
cosides and our strategy.

stituent, 1,3-diaxial interactions, the substituents at C5,° as
well as the solvent effect in most cases."®"”

Our group is long devoted to the development of novel
glycosylation methodologies,'® and we have developed a
novel ortho-2,2-dimethoxycarbonylcyclopropylbenzoate (CCBz)"®
leaving group which can readily be activated by the Sc(OTf)s
recently (Fig. 1C). The ring-strain release of intramolecular
incorporated donor-acceptor cyclopropanes (DACs) in CCBz
during LG dissociation efficiently drives glycosylation reactions
with various O-, S-, and N-nucleophiles.?® Drawing inspirations
from the synthetic prowess of the CCBz LG, herein, we report
the development of a novel Ferrier rearrangement for stereo-
selective construction of 2,3-unsaturated a-glycosides employ-
ing low-cost Cu(OTf), or Fe(OTf); catalysts under mild con-
ditions by introducing CCBz to C3-position of glycal. Results
from DFT simulations of the reaction pathways reveal that the
a-stereoselectivity of the Cu(OTf),-catalyzed Ferrier rearrange-
ment arises from the face-preferential directed nucleophilic
attack mediated by the non-covalent interactions between
metal-bound triflate and the incoming alcohol, denoting a
dual-tasked Cu(OTf), (Fig. 1D). Our approach provides facile,
efficient, and stereoselective access to the synthetically valu-
able 2,3-unsaturated pyranose (pseudo-glycals) as chiral pre-
cursors for numerous further chemical transformations.
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Results and discussion

We commenced our study by evaluating the feasibility of the
proposed reaction and optimizing reaction conditions, using
t-menthol 2a as the model acceptor substrate. The results,
detailed in Table 1, showed that employing glucal 1a as the
donor had an impressive 98% conversion but unsatisfactory
stereoselectivity using Sc(OTf); as the catalyst in dichloro-
methane (DCM, entry 1). Interestingly, significant improve-
ments in stereoselectivities were observed employing Cu(OTf),
or Fe(OTf);, supplying the desired products in 98% yields with
10:1 o-selectivity (entries 2 and 3). Lowering the catalyst
loading of Fe(OTf); in the reaction system resulted in a drastic
decrease in yield, while the stereoselectivity was not affected
(entry 4). In contrast to Fe(OTf);, FeCl; produced minimal
product conversion, probably due to its hygroscopic and deli-
quescent nature (entry 6). The ferrous salts with lower valence
(+2) iron ions were ineffective for catalyzing the reaction
(entries 5-7). Similarly, non-chelatable Lewis acids and
Brensted acids did not facilitate the reaction (entries 8 and 9).
A screening of reaction solvents revealed that 1,2-dichlor-
oethane (DCE) was also an efficient solvent (entries 10 and
11). However, utilizing Et,O resulted in moderate yield and

Table 1 Reaction optimization

3 OAc
cat, AcO o
- — ~
5 A MS, solvent (0.1 M) Ou
2a rt, 2h 3a \Q

Entry Donor Catalyst Solvent Yield of 3a %" a: Bl
1 1a Sc(OTf); DCM 98 4:1
2 1a Cu(0Tf), DCM 98 10:1
3 1a Fe(OTf);  DCM 98 10:1
47 1a Fe(OTf);  DCM 53 10:1
5 1a Fe(OTf),  DCM® N.R. N.D./
6 1a FeCl, DCM 6 —

7 1a FeCl, DCM N.R. N.D.
8 1a TMSOTf  DCM N.R. N.D.
9 1a TfOH DCM N.R. N.D.
10 1a Cu(OTf), DCE/ 98 10:1
11 1a Fe(OTf);  DCE 98 10:1
12 1a Cu(OTf),  Et,0 65 10:3
13 la Fe(OTf); Toluene 12 10:1
14 1a Fe(OTf);  ACN? N.R.” N.D.
15 5a Cu(0Tf), DCM N.R. N.D.
16 5a Fe(OTf);  DCM N.R. N.D.
17 6a Cu(0Tf), DCM 74% 3:1
18 6a Fe(OTf);  DCM 69% 3:1

“Unless otherwise noted, all reactions were carried out with 1a or 5a
(0.1 mmol, 1.0 equiv.), 2a (1.2 equiv.), catalyst (0.1 equiv.) and 5 A MS
(50 mg) in corresponding solvent (1.0 mL, 0.1 M) under nitrogen atmo-
sphere for 2 h. ?Isolated yields. “The «:p ratios were determined by
'H NMR analysis. 0.05 equiv. of catalyst. *DCM = dichloromethane.
SDCE = 1,2-dichloroethane. £ ACN = acetonitrile. ” N.R. = no reaction.
*N.D. = not detected.” MS = molecular sieve.
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stereoselectivity (entry 12), and this reaction failed to proceed
in toluene and acetonitrile (ACN) at room temperature (entries
13 and 14). Subjecting the contrast donor 3-O-benzoyl-4,6-di-O-
acetyl-glucal 5a to the optimized conditions did not lead to the
formation of the corresponding product. This result suggests
that the catalyst’s activation of the DAC site occurs through
chelation with two carbonyl groups (entries 15 and 16).*!
Lastly, when tri-O-acetyl-o-glucal (6a) as a donor to the opti-
mized conditions did not obtain the desired product 3a in
great yield and a-stereoselectivity (entries 17 and 18).

To explore the substrate scope of the Cu(OTf),- or Fe(OTf);-
catalyzed Ferrier reaction, we subjected a library of structurally
diverse acceptors (2b-2u) to the reaction with 1a under the
optimized reaction conditions, as depicted in Table 2. This set
of acceptors included aliphatic alcohols with primary, second-
ary, and tertiary hydroxyl groups, sugar alcohols, phenol, and
heteroatom nucleophiles. The results were encouraging, yield-
ing corresponding 2,3-unsaturated glucosides in 56% to 98%
yields. Notably, the reaction results were predominantly o
selectivities (: = 3:1 to a only, determined by "H NMR ana-
lysis). Additionally, the strain-release glycosylation effectively
promoted the reaction of 1a with thioglycoside acceptors, pro-
ducing unsaturated disaccharide thioglycosides (31 and 3k).
Interestingly, the typical aglycone transfer often seen with thio-
glycoside acceptors was not observed.”” Although reactions
with 2m and 2o took 12 hours to complete, acid-sensitive acet-

Table 2 Acceptors scope studies
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onides were well tolerated, forming 3m and 3o products.
Under our mild reaction conditions, we selectively constructed
the a-O-glycosidic bond with the C2-OH of mannoside 2p and
the C4-OH of rhamnoside 2n. Notably, only Cu(OTf), success-
fully promoted the Ferrier rearrangement of 2n, while Fe(OTf);
resulted in a complex reaction mixture. A similar result was
also observed when para-methoxyphenol 2d was subjected to
reaction with 1a under the catalysis of Fe(OTf);, possibly due
to the oxidation of the para-methoxyphenyl group by the oxi-
dizing ferric ion. We further applied this methodology to the
syntheses of complex and bioactive natural products and
drugs. The o-O-glycosides building block was successfully
installed onto the C3-OH of cholesterol 2g, diosgenin 2h and
triterpene oleanolate 2i, affording the respective glyconjugates
3g, 3h and 3i in good yields and stereoselectivities (72% to
89%, o: p = 10:1 to 12:1). Additionally, the hormone pregne-
nolone (2f) and the antihyperlipidemic drug simvastatin (2j)
were also compatible with our method, although longer reac-
tion times were required.

Heteroatom glycosidic linkages, i.e., which are glycosidic
bonds where the anomeric oxygen in the hemiacetal sugars is
replaced with a different atom, are widely found in a variety of
important biological molecules, including glycoconjugates,
glycopeptides,> glycosylamines,** glycolipids,”® as well as in
DNA, RNA, and coenzyme A.*® To our delight, we confirmed
that our Ferrier rearrangement applies to the synthesis of 2,3-

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Conditions: unless otherwise noted, all reactions were carried out with 1a (0.1 mmol, 1.0 equiv.), 2b-u (1.2 equiv.), Cu(OTf), (0.1 equiv.) and 5 A
MS (50 mg) in distilled DCM (1.0 mL, 0.1 M) under nitrogen atmosphere at the room temperature. “ Fe(OTf); (0.1 equiv.) and 5 A MS (50 mg) in
distilled DCM (1.0 mL, 0.1 M) under nitrogen atmosphere at the room temperature.  Sc(OTf); (0.1 equiv.) and 5 A MS (50 mg) in distilled DCM
(1.0 mL, 0.1 M) under nitrogen atmosphere at the room temperature. MS = molecular sieve; DCM = dichloromethane.
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unsaturated S-, N-, and C-glycosides, through glycosylation of
the corresponding nucleophiles with 1a. Of note, in all suc-
cessful glycosylation instances with heteroatom nucleophiles,
there is no direct ring-opening of the DAC moiety. This
suggests that intramolecular cyclization may be kinetically
favored even in the presence of a heteroatom nucleophile.
Following the hard-soft-acid-base (HSAB) principle, oxygen
nucleophiles, being hard bases, preferentially add to the hard
acid center at C1. Conversely, soft bases like sulfonamide and
thiol moieties are inclined to add to the soft acid center at
C3.” Interestingly, we did not observe any C3-substituted
byproducts. Under our conditions, 3s was produced with high
yield and stereoselectivity, though the reaction of 1a with 2q
and 2r yielded 3q and 3r with moderate yields and imperfect
stereoselectivities, respectively. The relatively low yields for 3q
and 3s were attributed to the unconsumed starting materials
in lieu of the C3 attack of the acceptors. It is noteworthy that
Fe(OTf); was rarely effective in forming C-S bonds. Neither
Cu(OTf), nor Fe(OTf); was effective in creating unsaturated
C-glycosides when allyltrimethylsilane was used as a nucleo-
phile. Pleasingly, our initial catalyst, Sc(OTf);, facilitated the
formation of allyl C-glycosyl derivatives 3t with good yield
(77%) and remarkable stereoselectivity (>30: 1). Regarding the
selectivity preference, according to Danishefsky’s work,?® in
our reaction, the preferred stereoselectivity in the construction
of C-glycosides is not because of the function of the catalyst,
but because of the own nature of the allyl nucleophilic
reagent. This allylic rearrangement, leveraging ring-strain-
release technology, is instrumental in synthesizing the key
synthon of 1,6-anhydrosugar 3u with excellent yield (83%).
According to the literature, 1,6-anhydrosugars like 3u can be
transformed into polyfluorinated carbohydrates.”® These com-
pounds, known for their challenging synthesis and impact on
lipophilicity, have garnered significant research interest in
recent years as chemical probes or potential therapeutic
agents.’*?' Additionally, 1,6-anhydrosugar 3u can be used to
synthesize biologically relevant polymers found in the cell wall
of Mycobacterium tuberculosis,> and it serves as a suitable
intermediate for the total synthesis of bleomycin A2, and
heparin-like oligosaccharides,* as reported
studies.

A series of differentially protected glycals were prepared
including conformationally constrained donor CCBz 1b, galac-
tal donor CCBz 1c, and r-rhamnal CCBz 1d. These donors were
reacted with three types of acceptors, namely, r-menthol (Nu')
as an aliphatic nucleophile, phenyl 2,3,4-O-tri-benzoyl-1-thio-
B-glucopyranoside as a sugar nucleophile (Nu?), para-methoxyl-
phenol as a phenol nucleophile (Nu®). The results were
showed in Table 3. Most cases had good-to-excellent yields and
a-selectivities, leading to the formation of 2,3-unsaturated
Ferrier-type products. While the 4,6-O-constrained glucal 1b
afforded desired products in lower yields of 49%-82% with
little change in stereoselectivity (a:f = 9:1 to 30:1). Like
glucal CCBz 1a, galactal CCBz 1c could be coupled with Nu',
Nu?, and Nu® to give the desired products in 65%-91% with
nearly perfect a-stereocontrollability (a only). The three types

in previous
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Table 3 Glycal donors scope with different acceptors
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A P
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HO OH :
Nu' = Nu? = BzO Nu® = i
Bz0 OMe !

% Conditions: unless otherwise noted, all reported yields are isolated
and purified products. For Ferrier rearrangement glycosylation reac-
tions of Nu', Nu?, and Nu?, 1.0 equiv. of the donor 1b-d, 1.2 equiv. of
the acceptor Nu'™, and 0.1 equiv. of Cu(OTf), was used. r.t. = room
temperature; DCM = dichloromethane; Nu = nucleophile; Bz = benzoyl;
Ac = acetyl; Ph = phenyl.

of acceptors reacted with the r-rhamnal CCBz 1d to obtain the
required compounds in 59%-93% and mostly o-selectivity
(¢:p = 11:1 to a only). It is worth noting that the aglycon
transfer of thioglycoside acceptor was not observed for most
glycal CCBz donors, highlighting this method’s potential for
synthesizing more valuable oligosaccharides.

Finally, galactal donor CCBz 1c was reacted with 6 (from
dapagliflozin which is a drug treating type 2 diabetes) to
produce a disaccharide compound 7 with perfect a-selectivity
(Scheme 1, a). The rich chemistry of double bonds in this com-
pound supplied a flexible handle for chemical modification to
access structurally diverse sodium-glucose cotransporter-2
(SGLT 2) inhibitors.>* In addition, when deprotected donor 2u
is subjected to Fe(OTf);-catalyzed conditions, it can undergo
synthesis to produce 1,6-anhydrosugar 3u in high yields on a
gram-scale. Likewise, donor 1a can be effectively treated with
diosgenin, a bioactive biomolecule known for its various med-
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Scheme 1 The application to modifiable dapagliflozin and gram-scale
synthesis. Conditions: this reaction was carried out with 1c (0.1 mmol,
1.0 equiv.), 6 (1.2 equiv.), Cu(OTf), (0.1 equiv.); DCM = dichloromethane;
DMF = dimethylformamide; Et = ethyl; Ac = acetyl; TBDPS = tert-
butyldiphenylsilyl.

icinal properties such as hypolipidemic, hypoglycaemic, anti-
oxidant, anti-inflammatory, and antiproliferative activities,?” to
synthesize saponin compound 3h with a high yield and
a-selectivity on a gram scale in using Cu(OTf), as a catalyst.
The successful implementation of gram-scale reactions signifi-
cantly enhances the competitiveness and appeal of the
approach in pharmaceutical synthesis.

To shed light on the stereoselectivity of the glycosylation
reaction, we simulated employing model donor 1a and
model acceptors methanol (MeOH), and p-methoxyphenol
(p-OMePhOH) (see ESIT), and Cu(OTf),, Sc(OTf); as the cata-
lysts, we proposed that our Cu(OTf),-catalyzed Ferrier
rearrangement with a-selective glycosylation proceeds in three
stages: Firstly, the copper(u)-promoted DAC ring of the CCBz
opening resulting in the dissociation of C3-substituent and
the migration of the 1,2-double bond, giving rise to an ion pair
of the LG anion and glycosyl oxocarbenium. Then another
copper(u) species coordinates to the 2,3-position of the glycosyl
oxocarbenium IM4aq, from either o- or p-face, bringing the co-
ordinated alcohol acceptor to the proximity of the glycosyl oxo-
carbenium. Finally, a directed nucleophilic a-attack by the
alcohol at the anomeric position forms the glycosidic bond
(Scheme 2). We assumed that the metal center participating in
coordination carries an accompanying triflate anion, which
serves as a proton acceptor in the final O-glycosylation step.
Structures of reagents, products, catalysts, proposed intermedi-
ates, and transition states were built with GaussView6.0 and
pre-optimized at B3LYP/def2-SV(P) level of theory®® with
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Scheme 2 Proposed stepwise Ferrier rearrangement followed by
directed a-face O-glycosylation (alcohol attack).

Grimme’s empirical dispersion D3(BJ),*” and the pre-opti-
mized structures were subjected to geometry optimization and
frequency analysis at MN15-L/def2-TZVP/SMD (solvent = DCM)
level of theory.>®*° Accurate electronic energy is calculated
from the optimized structures at MN15-L/ma-def2-TZVPP/SMD
(solvent = DCM) level of theory.*' Gibbs free energies of the
intermediates were electronic energy calculated as the sum of
thermal corrections and the accurate. All calculations were per-
formed with Gaussian 16 software.*>

Results indicate that in the most stable conformation of the
model glucal 1a, the C3-position CCBz is positioned at the
B-face. Coordination of the metal center to the carbonyl groups
on CCBz affords IM1, with moderate stabilization of the
system (AG = —5.5 kcal mol™"). Opening of the activated CCBz
ring then occurs on IM1, and passing through TS1 (AG%S1 =
+30.2 kecal mol™") to give the C3-ring-opened intermediate
IM2. Inspection of the structure of IM2 indicated that opening
of the strained cyclopropane ring in IM1 did not directly lead
to breakage of the C-O bond, and IM2 swiftly passes through a
following transition state TS2 (AGiTS2 = +3.3 kecal mol™) to give
the ion pair constituting the glycosyl oxocarbenium and the
dissociated C3-position LG anion 4a, which remains co-
ordinated to the Cu(OTf), and stay close to the glycosyl oxocar-
benium at the p-face of the pyranose ring. We have also
explored an alternative C3-activation route for CCBz ring
opening and dissociation, starting from a stabler intermediate
with the Cu(OTf), coordinated to both the CCBz carbonyls, C1
and C2 from the B-face, IM10ra, yet the reaction route from
this IM1.40ra pass through transition states with higher energy
barriers, probably due to internal strains (see ESIf), and is
hence kinetically disfavored. Sc(OTf); the opening and dis-
sociation of the C3-position CCBz following the same route
with a similar free energy profile (see ESIT). Upon dissociation
of the C3-substituent, the close contacting LG 4a may linger
closely at the p-face of the pyranose ring and block the incom-
ing nucleophiles, resulting in nucleophilic attack from exclu-
sively o-face. Alternatively, if the LG 4a can freely move away
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from the glycosyl oxocarbenium, the calculated NBO charge of
the atoms in the oxocarbenium indicated that C1 carries a sig-
nificant positive charge whilst C2 and C3 do not (NBO charge
C1 =+0.37, C2 = —0.38, C3 = +0.02), and a new incoming metal
species bringing along with it the alcohol nucleophile (MeOH
or p-OMePhOH) can presumably coordinate to C2 and C3 on
the ring from either o- or p-face after the removal of LG 4a.
DFT simulations of the following nucleophilic addition pro-
cesses after glucal activation involving MeOH or p-OMePhOH
acceptors produce similar results leading to the same con-
clusions, with the a-product from p-OMePhOH being more
thermodynamically stable than the counterpart from MeOH
(AG = +0.3 kcal mol™" for p-glucoside from MeOH and
+2.6 kcal mol™" for B-glucoside from p-OMePhOH), which
plausibly contribute to the enhanced o-selectivity of larger
acceptors. (Structures from simulation employing MeOH are
shown here for discussion, see ESIf for the optimized struc-

View Article Online
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tures of intermediates and TSs along the reaction routes of
p-OMePhOH). The optimized structure of IM4a and IM4f with
copper(u) species coordinating from o- or f-face indicated that
the metal center can indeed coordinate to C2 and C3 from
a-face (Fig. 2c left), but not from f-face. Instead, in the p-face
coordination scenario (IM4f), the copper(u) center drifts
during geometry optimization and preferential coordinates to
C3 and carbonyl oxygen at the 4-position of glucal, bringing
the acceptor (MeOH or p-OMePhOH) away from the anomeric
position, and disfavoring directed nucleophilic attack.
Importantly, DFT simulations of putative intermediates of a
scandium(m) species coordinating to the C=C r-ally system
from either face resulted in optimized structures with the
metal center dissociated from the C=C system and precluded
the formation of stable Sc(OTf); coordinated intermediates
(see ESIt). Therefore, starting from the only stable copper(u)
coordinated intermediate IM4a and passing through a tran-

o7 M1
’ i
Tio- -Ch2. . :
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, A
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?:fu"'O\ OMe
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Fig. 2 DFT simulation of the reaction paths. (a) Optimized structures of important intermediates (IMs) and transition states (TSs) along the main
reaction route. (b) The free energy profile along the fastest-rate reaction route from the reagents 1la and MeOH to the a-glycoside product. The
Gibbs free energies are reported in kcal mol™, with the starting materials taken as reference (0.0). (c) Interaction region indicator (IRl) surfaces of

IM4q (left) and TS4a (right).*®
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sition state of directed nucleophilic attack TS4o (AG%SM =
+9.7 keal mol™) with moderate energy barrier gives rise to the
a-glycosylation product intermediate IM5. It is important to
note that in TS4«, the direction is not directly mediated by the
coordination of MeOH to the a-face metal center, but rather
the H-bond-like attractive non-covalent interaction between
the o-face MeOH and metal bound triflate at the same face
(Fig. 2c right). Therefore, DFT results suggest that the preferen-
tial a-face metal-triflate mediated direction results in the
observed o-stereoselectivity in the glycosylation, which is
absent when Sc(OTf); with a poorer capability to coordinate to
the n-allyl-system. Finally, dissociation of the copper(u) center
from IM5 produces the final a-glycoside.

Conclusion

We have developed a novel Ferrier rearrangement of rationally
designed glycal donors with C3-position CCBz, promoted by
low-cost and environment-friendly Cu(OTf), or Fe(OTf); cata-
lysts, enabling efficient synthesis of 2,3-unsaturated glycosides
under mild conditions. The new rearrangement approach exhi-
bits high o-stereoselectivity and applies to a wide scope of
nucleophile acceptors, affording 2,3-unsaturated O-, S-, N-, and
C-glycosides with excellent yields. We demonstrate the syn-
thetic potential of our method through the facile construction
of a library of natural products of pharmaceutical interest. DFT
calculations were performed to elucidate the reaction mecha-
nism, revealing that the high a-stereoselectivity arises from the
preferential and directed nucleophilic attack from the o-face
mediated by the H-bond interactions between the incoming
acceptor and the metal-bound triflate anion, demonstrating
the dual role of the catalyst along with the ability of bulky
leaving group in directing the stereoselective glycosylation
reactions.
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