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I Catalyzed Stereoselective Glycosylation

Glycosylation via Transition-Metal Catalysis: Challenges and

Opportunities

Xiaohua Li*¥ and Jianglong Zhu*¥!

Abstract: Development of efficient, mild, and easily operable
stereoselective glycosylations is of critical importance to access
sufficient amounts of pure and structurally well-defined carbo-
hydrates for studies of their biological functions. Such studies
will facilitate our understanding of the role of complex oligosac-
charides and glycoconjugates in biological processes as well as

the development of carbohydrate-based effective therapeutic
agents. This review highlights recent advances in the transition
metal catalyzed stereoselective glycosylations for the synthesis
of a variety of structurally complex and biologically significant
O-, N-, C-, and S-glycosides.
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1. Introduction

During the past a few decades, tremendous efforts in glycobio-
logical studies have proved that oligosaccharides and glycocon-
jugates, such as glycoproteins, glycopeptides, peptidoglycans,
glycolipids, and lipopolysaccharides, play essential roles in nu-
merous biological processes.'! In addition, deoxy sugars'?! are
an important class of carbohydrates existing in a wide range of
bioactive natural products and clinical agents and are known
to influence their physical, chemical, and biological proper-
ties.®] The quality understanding of the function of complex
oligosaccharides and glycans demands the availability of suffi-
cient amounts of pure and structurally well-defined carbohy-
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~ reactions and synthesis of biologically active molecules.
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drate molecules. Unlike the other two classes of biopolymers,
i.e. polypeptides and polynucleotides, which can be synthesized
via modular assembly following well-established protocols, the
highly intrinsic complexity of carbohydrate structures renders
their stereocontrolled synthesis extremely challenging. Such a
challenge, indeed, has inspired the development of numerous
chemical glycosylation methods and strategies™ for the synthe-
sis of complex oligosaccharides and glycoconjugates for biolog-
ical studies. Despite such great success, efficient stereoselective
synthesis of complex carbohydrates remains a non-trivial proc-
ess. In traditional glycosylations, stoichiometric amounts of pro-
moters are often utilized for the activation of glycosyl donors,
which generates substantial amounts of chemical wastes. In ad-
dition, in order to achieve high stereo-, chemo- and regio-se-
lectivity and yields in glycosylation, extensive studies of ano-
meric leaving groups, promoters, and solvents as well as careful
protecting group manipulations are required. Therefore, it is of
constant interest to develop mild, “green”, efficient, and “easy-
operable” stereoselective glycosylation methodologies for the
synthesis of complex carbohydrates.

Recently, the power of transition-metal catalysis has been
successfully harnessed for efficient and stereoselective synthesis
of oligosaccharides/glycoconjugates and has demonstrated ad-
vantages over traditional glycosylations. First, the use of cata-
lytic amounts of transition metal complexes as promoters mini-
mizes the production of chemical waste which is usually a prob-
lem in traditional glycosylation reactions as stoichiometric
amounts of Lewis acid promoter or electrophilic activator is in-
volved. In addition, stereoselective glycosylations can be
achieved by tuning the stereoelectronic nature of the ligands
to the transition metals or through the coordination of transi-
tion metals to the hetero-atoms (e.g., oxygen and nitrogen) of
glycosyl donors and acceptors, in contrast to most of the cur-
rent methods relying on the nature of the substrates or protect-
ing groups. Furthermore, the development of various transition
metal complexes-promoted chemoselective activation of ano-
meric leaving groups has enriched the “toolbox” for orthogonal
glycosylation strategies.

In early 2012, the authors wrote a review article!™ on “transi-
tion-metal catalyzed O-glycosylations” which specifically sum-
marized the efforts involving the use of transition metal com-
plexes in catalytic glycosylation reactions for the synthesis of O-
linked glycosides.’”! Besides the O-glycosides, transition metal
catalysis has also been widely used for the synthesis of C-, N-,
and S-linked glycosides during the past years. In this Review,
recent advances in stereoselective synthesis of O-, N-, C-, and S-
linked glycosides via transition metal catalysis has been system-
atically discussed in the order of group numbers of the transi-
tion metals according to the Periodic Table of the Elements,
from Group 3 to Group 11. In each section, glycosylation reac-
tions and their associated mechanisms are generally surveyed
chronologically, from earliest discovery to the most recent
accomplishments. This Review briefly comments on those
efforts mentioned in our previous article™ and highlights the
most recent development in this field, with a special emphasis
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2. Synthesis of O-, N-, C-, and S-Glycosides by
Group 3 Metal (Sc, Lanthanides) Catalysis

Group 3 transition metals, e.g., scandium and lanthanides, have
been used as environmentally friendly Lewis acid catalysts or
promoters for a varierty of chemical transformations, including
glycosylations.l”? Scandium(lll) salts, especially scandium(lll) tri-
flate [Sc(OTf);], were extensively studied over the past two dec-
ades as catalysts for activation of various glycosyl donors. For
instance, Kobayashi and Hachiya first reported the use of scan-
dium(lll) perchlorate [Sc(ClO,4)s] as catalyst for activation of 1-
O-acetyl-2,3,5-tri-O-benzyl-B-b-ribofuranose which then reacted
with trimethylsilylated nucleophiles to afford the corresponding
a-N- and C-ribofuranosides in high yields with good selectivi-
ties.®] The catalyst could be recovered and reused. Later, scan-
dium(lll) triflate was investigated by a number of groups as cat-
alyst for various type of glycosylations: 1) activation of glycosyl
acetates for the synthesis of O- and C-glycosides;'™ 2) activation
of glycals for the synthesis of 2,3-unsaturated O-alkyl and aryl
glycosides, glycosyl cyanides, glycosyl azides, and thioglycopyr-
anosides via Ferrier rearrangement reported by Yadav and co-
workers;!1% 3) activation of unprotected carbohydrates in aque-
ous media for the synthesis of C-glycosides;!'"! 4) activation of
glycosyl orthoesters for the synthesis of O-glycosides.'? In ad-
dition, Sato and co-workers described scandium cation-ex-
changed montmorillonite catalyzed direct C-glycosylation of a
1,3-diketone, dimedone, with unprotected sugars in aqueous
solution.['3! Recently, Li and co-workers reported an efficient C-
glycosylation reaction between p-glucose and dimedone using
a novel nanospherically ordered mesoporous Lewis acid poly-
mer Sc(OTf),-NSMP as catalyst, prepared by functionalizing the
mesoporous phenol-formaldehyde polymer framework with
scandium triflate groups. It was shown that other xanthone
glycosides can also be obtained from various sugars with mod-
erate to good yields. Furthermore, the catalyst can be easily
recovered and reused at least seven times without loss of cata-
lytic activity.'¥

In 1994, Kiessling and Sanders reported that Yb(OTf); and
Ho(OTf); were effective catalysts for activation of a-p-glucopy-
ranose-1,2-cyclic sulfites for the stereoselective synthesis of (3-
O-glycosides."™ Later, various lanthanide triflates, such as
Yb(OTf)3, Sm(OTf)s, La(OTf);, Dy(OTf);, and Nd(OTf);, were also
studied for promoting glycosylations; however, it was found
that Sc(OTf); was superior in terms of reaction rate.®d Ytter-
bium(lll) triflate, Yb(OTf)s, was used by Yamanoi and Yamazaki
as efficient catalyst for activation of glycosyl acetates which re-
acted with triaryloxyborane acceptors to afford aryl O-glycos-
ides in excellent yields.!"® Ytterbium(lll) triflate was also re-
ported to activate orthoesters for glycosylations, 225! |n the
presence of catalytic amount of Lewis acid Yb(OTf); and N-iodo-
succinimide (NIS) as oxidant, exquisitely regioselective glycosyl-
ations of diol acceptors can be carried out with N-pentenyl or-
thoesters (NPOEs), while the use of stronger Lewis acid Sc(OTf);
gave double glycosylation as the major reaction.[2? In addition,
it was found that glycosylation of disarmed and armed N-pent-
enyl glycoside donors (NPGs) can only be triggered by the

on homogeneous transition metal complexes catalyzed stronger Lewis acid salt Sc(OTf);, not by Yb(OTf);.'?3 Recently,
glycosylations. Rauter and co-workers demonstrated that praseodymium tri-
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flate [Pr(OTf)s] was an effective catalyst for direct glycosylation
of an unprotected flavanone with unprotected and reducing
sugars to access C-glycosylflavanones. It was also discovered
that the efficiency of this method was significantly improved
when the reactions were assisted by ultrasound irradiation.

In summary, scandium(lll) and lanthanide(lll) complexes
serve as general environmentally friendly oxophilic Lewis acids
for activation of a number of glycosyl donors. In particular, they
are water tolerable and can be applied to the activation of un-
protected carbohydrates in aqueous media. Experimental evi-
dences indicated that scandium(lll) triflates are more acidic than
those lanthanide triflates and can activate less reactive glycosyl
donors, while milder lanthanide salts can be more selective. To
the best of our knowledge, there has no report on using actin-
ides as catalysts for glycosylations.

3. Synthesis of O-, N-, C-, and S-Glycosides by
Group 4 Metal (Ti, Zr, Hf) Catalysis

In our previous review,"”! we discussed the synthesis of 1,2-cis-
[-arabinofuranosides catalyzed by titanium complex reported
by Kobayashi and co-workers.['”? As shown in Scheme 1, in the
presence of an oxophilic titanium catalyst, generated from [1,2-
benzenediolato(27)-0,0"loxotitanium (3) (0.2 equiv.) and tri-
methylsilyl triflate (TMSOTf, 0.1 equiv.), benzyl 2,3,5-tri-O-
benzyl-B-p-arabinofuranoside (4) was obtained in 91 % yield
(a/p = 1:9) from 1-O-trimethylsilyl-2,3,5-tri-O-benzyl-p-arabino-
furanose (1) and benzyl trimethylsilyl ether (2). The mechanism
of this titanium catalyzed O-glycosylation was reviewed previ-
ously.”!

Another example of O-glycosylation involving titanium catal-
ysis was reported in 2002 by Mahrwald and co-workers.['8] In
the presence of catalytic amounts of titanium tert-butoxide and
mandelic acid, furanoid glycosides were exclusively produced
from unprotected and unactivated carbohydrates and simple
alcohols in moderate to excellent (3/a selectivity.

Besides titanium, zirconium and hafnium complexes have
also been utilized as catalysts for glycosylations. For instance,
zirconium(IV)-chloride-catalyzed synthesis of 2,3-unsaturated O-
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, N-, C-, and S-glycosides via Ferrier rearrangement was reported
independently by Reddy"® and Venkateswarlu.?” In addition,
hafnium(lV) triflate was also used by Zhao and co-workers as a
highly efficient catalyst in Ferrier rearrangement for the synthe-
sis of O- and S-glycosides.?"! Furthermore, lkegami and co-
workers described a hafnium(IV)-triflate-catalyzed decarboxy-
lative glycosylation for the B-selective synthesis of glycosides
from acyl-protected sugar donors.[??!

In summary, similar to group 3 metal complexes, group 4
metal (Ti", Zr", and Hf"V) complexes are also generally regarded
as oxophilic Lewis acids for activation of glycosyl donors includ-
ing unprotected carbohydrates.

4, Synthesis of 2-Deoxy O-, N-, and S-
Glycosides by Group 7 Metal (Re) Catalysis

4.1 Synthesis of O-Glycosides by Re Catalysis

Previously, we reviewed™ the stereoselective synthesis of 2-de-
oxy-a-glycosides from glycals bearing equatorial C3 substitu-
ents using a high-oxidation-state rhenium-oxo complex,
[ReOCl;(SMe,)(Ph3P0)], reported by Toste and co-workers.23! As
shown in Scheme 2, in the presence of 1 mol-% [ReOCl;-
(SMe,)(Ph3PO)], 3,4,6-tri-O-benzyl-p-galactal (6) and 3,4,6-tri-O-
benzyl-b-glucal (8) reacted with acceptor diacetone-p-galactose
(5) to afford 2-deoxy-a-disaccharides 7 and 9 in 60 % yield (o
only) and 64 % yield (a/p = 3.5:1), respectively. This method
tolerates a range of sugar-derived alcohol acceptors and com-
monly employed protecting groups; however, glycals bearing
O-3 ester protecting group are unreactive in this rhenium catal-
ysis. In general, high a-selectivity can be obtained with glycals
bearing C4-axial substituents, while moderate a-selectivity was
obtained with glycals bearing C4-equatorial substituents. The
mechanism of this rhenium(V)-catalyzed glycosylation has pre-
viously reviewed."

Based on Toste's work, Zhu and co-workers disclosed a rhe-
nium(V)-catalyzed stereoselective synthesis of [-digitoxosides
from 6-deoxy-p-allals bearing axial C3-substituents later in
2013.24 For instance, in the presence of 10 mol-% [ReOCls-

O\
[Ti=0 0" Ph
o

3 (0.2 equiv.)

BnG Bcr)| OTMS
+  Ph” OTMS

BnO
1 2

O
BnO
A<
TMSOTf (0.1 equiv.), CH,Cl;,

BnO

-23°C, 91%, o/p = 1/9 4

Scheme 1. Titanium-catalyzed stereoselective synthesis of 1,2-cis-B-arabinofuranosides.

OBn BnO
BnO O Bno’ﬁ
BnO BnO —
8 (1.5 equiv.
>(O (o] - ( quiv.) o
o228, 1mok% ReOCIy(SMe,)(PhsPO),
0 PhCH3 0 °Ctor.t., 64%,
\(/0 /B =351
9

BnO _OBn BnO OBn
OH &S B O&%
— n
o BnO 6 (1.5 equiv.)
= o O
O 5 1mol-% ReOCly(SMe,)(Ph;PO), Y o]
\v PhCH; 0°C tor.t., 60%, o only 5

Scheme 2. Rhenium-catalyzed stereoselective synthesis of 2-deoxy-a-glycosides from glycals.
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PMBO 0 Hé“i@&f 10 mol-% ReOCly(SMe,)(PhsPO),  PMBO 0 ge o
+ o ) benzene, r.t. p
OTBS A > OTBS 0
Me™ e 65%, B/ot = 13/1 Me)ﬁv,e
10 (1.0 equiv.) 11 (1.5 equiv.) 12
Scheme 3. Rhenium-catalyzed stereoselective synthesis of 3-digitoxosides.
e Me 1. 10 mol-% ReOCI Me Me
. K 4(SMe,)(Ph;PO),
TBSO’t; , HO 0 benzene, r.t. ° O/ﬁ
OBn BnoMeCspn 2 TBAF, THF, r.t., 64% for two steps OBn BnoMeOgpn
13 (1.5 equiv.) 14 (1.0 equiv.) 15

digitoxin and C1'-epi-digitoxin -

10 mol-% ReOCl5(SMe,)(PhsPQ),
13, benzene, r.t., 75%

Me Me Me
OBn OBn ¢ BnoMeCspr

Scheme 4. Application of Re" catalysis for the synthesis of the digitoxin trisaccharide.

(SMe,)(Ph3PO)], 6-deoxy-p-allal 10 reacted with L-rhamnose-de-
rived secondary alcohol 11 to afford desired -digitoxosides 12
in 65 % yield (B/a = 13:1) (Scheme 3). The stereoselective for-
mation of the [3-anomers was probably because the production
of corresponding a-anomers is disfavored due to 1,3-diaxial in-
teractions.

This method was successfully applied to the synthesis of the
trisaccharide subunit of digitoxin.?4 As shown in Scheme 4,
ReV-catalyzed glycosylation between 6-deoxy-p-allal 13 and ac-
ceptor 14 followed by tetra-n-butylammonium fluoride (TBAF)-
mediated desilylation afforded disaccharide 15 in 64 % vyield
over two steps. A second ReV-catalyzed glycosylation between
6-deoxy-p-allal 13 and disaccharide acceptor 15 gave rise to f3-
linked trisaccharide 16 in 75 % yield which was subsequently
used in the synthesis of digitoxin (B-isomer) and C1’-epi-digi-
toxin.24!

4.2 Synthesis of 2-Deoxy-N-glycosides by Re Catalysis

In addition, Toste demonstrated the synthesis of 2-deoxy-N-
glycoside by rhenium catalysis. As shown in Scheme 5, 2-deoxy-
B-N-glycoside 22 in 81 % yield (0/f = 1:3.3)was obtained from
3,4,6-tri-O-benzyl-p-galactal (6) and p-toluenesulfonamide in
the presence of 1 mol-% Re" catalyst.!?3!

BnO _-OBn 1 mol-% ReOCly(SMe;)(Ph;PO), OBn
o] PhCH; 0°Ctor.t, 81%, o/ = 1/3.3 B 0’&&/
Bnogf) = "Bno NHTSs
6 TsNH, 17

Scheme 5. Rhenium-catalyzed stereoselective synthesis of 2-deoxy-N-linked
glycosides.

HS
Bno OBN Bzo«g:o
BzO 19
o]
Bno B20 ome PhSH Bn0 08"
S - - 0
BzO 0 1 mol-% ReOCl;(SMe,)(PhsPO), 1 mol-% ReOCl5(SMe,)(PhsPO),
B20 PhCHs 0 °C to r.t., 81%, @ only PhCHs, 0 °C to .., 94%, a only SPh
20 BzO ‘ 18
OMe
Me Me
TBSO Q PMBO ¢
Me o ) 13 = 10 Me
TBSO SPh Bn OTBS o]
- PhSH » PMBO SPh
OBn 1 mol-% ReOCly(SMe,)(PhsPO), 1 mol-% ReOCl;(SMe,)(PhsPO), OTBS
22 PhCHj, 0 °C tor.t., 98%, p only PhCHj 0°Ctor.t., 96%, B only 21

Scheme 6. Rhenium-catalyzed stereoselective synthesis of 2-deoxy-S-linked glycosides.
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4.3 Synthesis of 2-Deoxy-S-glycosides by Re Catalysis

Not only was the ReV catalysis employed for the stereoselective
synthesis of 2-deoxy-O- and -N-glycosides, it was also applied
to the synthesis of 2-deoxy-S-glycosides (thioglycosides). As
shown in Scheme 6, in the presence of 1 mol-% Re catalyst,
3,4,6-tri-O-benzyl-p-galactal (6) reacted with thiophenol and
methyl 2,3,4-tri-O-benzoyl-6-deoxy-6-mercapto-a-b-gluco-
pyranoside (19) to afford a-thioglycosides 18 and 20 in 94 %
and 81 % yield (a only), respectively.?>! In addition, Zhu and
co-workers also reported that 6-deoxy-p-allals 10 and 13 re-
acted with thiophenol under Re" catalysis to afford p-thioglyc-
osides 21 and 22 in 96 % and 98 % vyield (§ only), respec-
tively.[?4

4.4 Summary

Among group 7 transition metals, rhenium(V) complex,
[ReOCl3(SMe,)(Ph3PO)], has been the only one reported for acti-
vation of glycals for the stereoselective synthesis of 2-deoxy-O-
, N-, and S-glycosides. The glycosylations involving Re" as cata-
lyst are atom-economic and have been demonstrated in the
preparation of complex biologically significant oligosaccharides.

5. Synthesis of O-, N-, and C-Glycosides and
Glycosyl Bromides by Group 8 Metal (Fe, Ru)
Catalysis

5.1 Synthesis of O- and N-Glycosides by Fe Catalysis

The use of iron salts as promoters for glycosylations can be
traced back to late 1970s when Kiso and Anderson reported
anhydrous ferric chloride (FeCls)-promoted glycosylation of 2-
acylamido-2-deoxy-f3-p-glucopyranose 1-acetates with simple
alcohols.?”! Later, they extended this method to the synthesis
of B-linked disaccharides by coupling of 2-acylamido-2-deoxy-
[-p-glucopyranose 1-acetates with protect sugar acceptors us-
ing ferric chloride as the promoter.2®! A year after that, Kiso and
co-workers described the synthesis of glycolipids using ferric
chloride as the promoter.?”! In all the above-mentioned re-
search, stoichiometric amounts of anhydrous ferric chloride
were used. In 1990, Lerner reported the use of a combination
of ferric chloride-molecular sieves for the synthesis of [3-p-ribo-
furanosy [3-p-ribofuranoside hexabenzoate from L-O-acetyl-
2,3,5-tri-O-benzoyl-p-p-ribofuranose or 1,2,3,5-tetra-O-benzoyl-
B-p-ribofuranose.?® In the presence of either catalytic or stoi-
chiometric amounts of ferric chloride, -p-ribofuranosy [3-p-ri-
bofuranoside hexabenzoate was obtained in moderate yields.
Later in 1998, Nuhn and Chatterjee described the stereoselect-
ive synthesis of peracetylated a-glucosides, a-galactosides, and
a-mannosides from their corresponding peracetylated sugar
precursors using stoichiometric amounts of ferric chloride as
the promoter.?®! Recently, Du and co-workers disclosed a FeCls-
promoted a-glycosidation of glycosamine pentaacetates for the
synthesis of a-N-acetylglycosaminides, such as fluorogenic Tn-
antigen probes and an a-GalNAc-Ser derivative.3"
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5.1.1 Synthesis of O-Glycosides by Fe Catalysis

The first practical O-glycosylation using catalytic amount of iron
salts was reported by Zhang and co-workers.B" As shown in
Scheme 7, in the presence of 1T mol-% ferric sulfate hydrate
[Fe,(SO4)3:xH, 0], tri-O-acetyl-D-glucal 23 reacted with cyclohex-
anol (3 equiv.), via Ferrier rearrangement, to give desired 2,3-
unsaturated D-O-glucoside 24 in excellent yields with exclusive
a-selectivity. Although the reactions can be carried out with
or without microwave irradiation, it was found that microwave
irradiation really speeded up this type of Ferrier rearrangement.
This method tolerates per-benzylated glucal and a variety of
alcohol acceptors. In addition, Fe(OTf); was also reported as an
effective Lewis acid catalyst for direct glycosylation of GalNAc
1- pivalate donors with alcohols to afford corresponding O-glyc-

osides.l3?
OH
0 @ 3 equiv.
0. .0
g 0
AcO" 1 Mol-% Fey(SO4)s xHa0 AcO® F
OAc
23 24

Condition A: CH3CN, 60 °C, 2 h, 89% yield
Condition B: 80 °C, MW, 400 W,10 min, 94% yield

Scheme 7. Ferric sulfate hydrate-catalyzed Ferrier O-glycosylation of glucals.

5.1.2 Synthesis of N-Glycosides by Fe Catalysis

Most recently, Chen and co-workers described a highly efficient
and mild method for the synthesis of 1,2-trans glycosyl azides
via FeCls-catalyzed azido glycosylation of glycosyl [3-peracet-
ates.33 As described in Table 1, in the presence catalytic
amounts of FeCl;, peracetylated D-glucose, D-galactose, D-
mannose, and protected p-glucosamine reacted with TMSN; in
dichloromethane at room temperature to afford desired 1,2-
trans glycosyl azides 25-29 in excellent yields. In addition, the
authors demonstrated that, for the first time, FeCl; in combina-
tion with copper powder can promote 1,3-dipolar cycloaddition
of azido glycosides with terminal alkynes to provide corre-
sponding 1,2,3-triazoles as exclusively a single regioisomer in
good to excellent yields.

Table 1. FeCls-catalyzed synthesis of 1,2-trans glycosyl azides.

S

(0] OAc

E\/\r 5 mol-% FeClj

TMSN; (1.5 equiv.)

N

(OAc), CH,Cl, rt, 15-72h (OAC),
OAc Aco -OAc AcO— pac
o}
Achgﬂ/ Ny ACO Ny AcO
OAc OAc N,

25 96% vyield, p only 26 96% vyield, p only 27 89% yield, a only

OAc OAc
Ag(goiéﬁz N3 AcO Ny
NPhth NHAC

29 93% vyield, B only

28 91% yield, B only (20 mol% FeCl, was used)
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5.2 Synthesis of O- and C-Glycosides and Glycosyl
Bromides by Ru Catalysis

5.2.1 Synthesis of O-Glycosides by Ru Catalysis

Due to the fact that visible light photoredox catalysis enables
efficient single electron transfer (SET) redox transformation, its
application in organic synthesis has increasingly attracted the
attention of synthetic community.*4 In 2013, Ragains and co-
workers reported a mild visible light photocatalytic activation
of selenoglycoside donors for the selective synthesis of 1,2-cis-
a-pyranosides.?>! For instance, blue LED irradiation of a mixture
of 1-phenylselenyl-2,3,4,6-tetra-O-benzyl glucoside 30 and cy-
clohexanol (3.0 equiv.) in the presence of 5 mol-%
Ru(bpy)s(PFe), 1.1 equiv. of the electron acceptor tetrabromo-
methane, and 1.2 equiv. of 2,6-di-tert-butyl-4-methylpyridine
(DTBMP) in CH5CN for 5 hours resulted in complete consump-
tion of 30 and a 53 % yield of glycosylation product 31 (a/p =
8.5:1) (Scheme 8).

Presumably, visible light irradiation of tris(2,2’-bipyridyl)ru-
thenium(ll) [Ru(bpy)s]** should lead to a photoexcited Ru" spe-
cies [Ru(bpy)s2**] which may then be oxidized by oxidant, e.g.,
tetrabromomethane, to form [Ru(bpy)s3*]. Subsequent one-
electron oxidation of selenoglycoside (30) by [Ru(bpy)s>*]
should lead to the formation of resulting selenoglycoside radi-
cal cation 32 and regeneration of [Ru(bpy);]>*. Selenoglycoside
radical cation 32 may be unstable and disproportionate to the
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requisite glycosyl cation 33 which then reacts with glycosyl ac-
ceptors to afford desired glycosylated products 34 (Scheme 9).
Notably, this type of O-glycosylation is also effected by an or-
ganocatalyst, diphenyldiselenide.

Besides the use of ruthenium complexes for photoredox syn-
thesis of O-glycosides, in 2014 Kashyap and co-workers re-
ported ruthenium(lll) chloride catalyzed synthesis of 2,3-unsatu-
rated a-glycosides and disaccharides via Ferrier glycosyl-
ation.!®®! As shown in Scheme 10, treatment of a mixture of
3,4,6-tri-O-acetyl-p-glucal 23 and diacetone-p-galactose 5 with
catalytic amounts of ruthenium(lll) chloride in acetonitrile at
room temperature for 16 hours selectively afforded 2,3-unsatu-
rated o-glycosides 35 in 86 % yield (o/f3 = 86:14). This method
tolerates various acceptors as well as several sensitive groups,
such as isopropylidene, olefins, acetylene, Fmoc, ether, and es-
ters.

In addition, Kashyap and co-workers disclosed “one-pot” ac-
cess to a-D-mannopyranosides from glycals employing ruth-
enium catalysis followed by dihydroxylation later.3”) As shown
in Scheme 11, in the presence of 5 mol-% RuCls, glycosylation
reaction of 3,4,6-tri-O-acetyl-p-glucal 23 and D-mannose-de-
rived acceptor 36 proceeded smoothly to give the correspond-
ing 2,3-unsaturated glycosides which upon in situ dihydroxyla-
tion of resultant C(2)-C(3) olefin in pyran ring by introducing
aqueous solution of NalO,4 as secondary oxidant in the presence
of catalytic amount of CeCl;5-7H,0 at 0 °C and subsequent per-

OBn OH OMe
o 5 mol-% Ru(bpy)s(PFe)2 _ MeO 0
BnO S . > o}
BnO ePh . ) MeO
DTBMP (1.2 equiv.), CBr4 (1.1 equiv.), MeO
OBn 4 A mol. sieves, MeCN, 5 h,
30 3 equi blue LEDs, 31
equiv. 53% yield, o/p = 8.5/1
Scheme 8. Ru(bpy)s(PF¢),-catalyzed photoredox synthesis of O-glycosides.
0OBn
— - 2+ .
Bgﬁ&&éeph 2
SBn [Ru(bpy)l**
OBn
BnO o - visible light
Bnofé\\,swh
OBn
30
[Ru(bpy)s** [Ru(bpy)s[** *
oxidant
OBn OBn one-electron reduced oxidant

) ®
AN Q¢ MoR, 0
S BnO BnO
BnO ePh BnO p BnO OR

OBn
32 -1/2 (PhSe), 33

Scheme 9. Proposed mechanism of Ru(bpy)s(PFe),-catalyzed photoredox synthesis of O-glycosides.
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Scheme 10. RuCls-catalyzed Ferrier glycosylation.

1. 5 mol-% RuCl; CH4CN, r.t,;
2. EtOAc, NalO, Ho0, CeCly 7H,0
0°C tor.t, totally 40 min

CH4CN, 25°C, 16 h
86% yield, o/p = 86/14
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Scheme 11. RuCls-catalyzed one-pot glycosylation-dihydroxylation.
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Scheme 12. Proposed mechanism for ruthenium(lll)-catalyzed glycosylation-dihydroxylation.

acetylation afforded a-pD-mannopyranoside 37 as major product
and f-allopyranoside 38 as minor product in combined 76 %
yield (37/38 > 88:12). This Ru-catalyzed synthesis of a-p-man-
nopyranosides from glucal is found to be amenable to a variety
of acceptors, including carbohydrate-derived and amino-acid
containing alcohols.

The mechanism for this RuCls-catalyzed one-pot glycosyl-
ation-dihydroxylation is described in Scheme 12. Thus, activa-
tion of the C3-acetate in 23 by Ru(lll) would lead to the forma-
tion of allyloxycarbenium ion 39 which may exist as half chair
conformation. Preferentially attack of the alcohol nucleophile
from the a-face to this carbenium ion would lead to the select-
ive formation of 2,3-unsaturated a-glycosides 40, probably due
to anomeric effect and steric effect. Next, oxidation of Ru(lll) to
Ru"" by 10,~ followed by [3+2]-syn-cycloaddition of RuO, to the
C(2)-C(3) olefin from the less sterically hindered face should
furnish cycloadduct 41. This cycloadduct upon oxidation fol-
lowed hydrolytic cleavage of Ru-complex should provide de-
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sired a-p-mannosides 42 as major product which can be further
converted to the per-acetylated glycosides 43.

5.2.2 Synthesis of C-Glycosides by Ru Catalysis

In 2010, Gagné and co-workers reported an interesting
Ru(bpy)s(BF,4),-catalyzed photoredox synthesis of C-linked glyc-
osides.?® As shown in Scheme 13, photo-irradiation of a mix-
ture of 5 mol-% [Ru(bpy)s1(BF,4),, a-glucosyl bromide 44, methyl
acrylate (2.0 equiv.), N,N-diisopropylethylamine (3.0 equiv.), and
Hantzsch ester (2.0 equiv.) in dichloromethane at room temper-
ature overnight with a 14 W fluorescent bulb provided a-C-
glycoside (45) in 92 % yield. It was found that use of Hantzsch
ester as hydrogen radical donor successfully suppressed the oli-
gomerization.

A plausible mechanism for this ruthenium-catalyzed photo-
redox synthesis of C-glycosides is described in Scheme 14. Elec-
tron transfer from [Ru(bpy)s]*, obtained via photo-activation of
[Ru(bpy)s]** and subsequent reduction by N,N-diisopropylethyl-
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Bz0 iProNEt (3.0 equiv.), Hantzsch ester (2.0 equiv.), 5
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Scheme 13. Ru(bpy)s(BF,),-catalyzed photoredox synthesis of a-C-linked glycosides.
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(Ru(bpy)s]" )
BzO iPrNEt
BzO
CO,Me
e
iPrNEt

Scheme 14. Proposed mechanism.

amine, to glycosyl bromide 44 selectively generates the more
stable a-anomeric radical 46,%! which can be added to the
alkene of methyl acrylate to afford radical 47. Subsequent ter-
mination of the carbon radical 47 by Hantzsch ester gave the
desired C-glycoside 45. Further studies®? by the same
group indicated that Ru(dmb);?* (dmb = 4,4’-dimethyl-2,2"-bi-
pyridine) was more effective than [Ru(bpy)s]?*. This method was
also applied to the continuous photoredox synthesis of C-
glycoamino acids and C-glycolipids in a photoflow reactor.["]

5.2.3 Synthesis of Glycosyl Bromides by Ru Catalysis

In 2014, Xue and co-workers reported the synthesis of a-glyc-
osyl bromides using visible light photocatalysis.*?! For instance,
in the presence of 5 mol-% Ru(bpy)sCl,, 2.0 equiv. of tetra-
bromomethane and 2.0 equiv. of tetrabutylammonium
bromide, Blue LEDs irradiation of 2,4,6-tri-O-acetyl-3-O-benzyl-
p-glucopyranose 48 in N,N-dimethylformamide for 15 hours
afforded desired a-glycosyl bromide 50 in 88 % isolated yield
(Scheme 15). This method was found to tolerate various com-
monly used protecting groups, such as acetals, silyl ethers,
acetates, benzyl ethers, and benzoates. Mechanistically, a Vils-
meier-Haack reagent or its variant may be generated in situ
from carbon tetrabromide and N,N-dimethylformamide by irra-
diation in the presence of a photocatalyst, Ru(bpy);Cl,.3 This

OAc OAc
5 mol-% Ru(bpy);Cl,
A0~ Q > Ao 2
n i "
OAc OH  CBry (2.0 equiv.), AcO g,

tetrabutylammonium bromide (2.0 equiv),
48 blue LEDs, 49
N,N-dimethylformamide, r.t., 15 h

88% yield, a only

Scheme 15. Ru(bpy)sCl,-catalyzed photoredox synthesis of glycosyl bromides.
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Vilsmeier-Haack reagent or its variant then reacts with sugar-
derived lactols to afford corresponding a-glycosyl bromides.

5.3 Summary

Of the group 8 transition metals, iron(lll) and ruthenium(lll) salts
have been used as Lewis acid catalysts for activation of glycosyl
acetates or glycals for glycosylation. In particular, iron is one of
the earth abundant metals and the development of iron-cata-
lyzed glycosylations is appealing due to its cost effectiveness.
In addition, new visible light photoredox chemistry developed
based on Ru'" complexes has been applied to the glycosylations
for the stereoselective synthesis of O- and C-glycosides as well
as glycosyl bromides. Although the Ru'-catalyzed visible light
photoredox O-glycosylation has been limited to the use of elec-
tron rich selenoglycoside donors, use of this Ru"-based chemis-
try have been well demonstrated in the continuous photoredox
synthesis of C-glycosides.

6. Synthesis of O- and C-Glycosides by
Group 9 Metal (Co, Rh, Ir) Catalysis

6.1 Synthesis of O-Glycosides by Co Catalysis

In 2015, Galan and co-workers reported the first time using
(salen)Co complexes as a new class of bench-stable catalysts
for stereoselective glycosylation involving trichloroacetimidate
glycosyl donors at room temperature.®* As shown in
Scheme 16, in the presence of 10 mol-% oligomeric (salen)Co
catalyst 52 bearing triflate as counter ion, perbenzylated gluco-
syl trichloroacetimidate 50 reacted with glycoside acceptor 51
in acetonitrile at room temperature to selectively give desired

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Eur|OC

European Journal

@ *ChemPUbSOC of Organic Chemistry
Dol Europe Microreview
BnO o ]
BnO fo) ol
e Y\/ \/Y
O NH BnO o
50 Y BnO 0
CCly BnO
+ 10 mol-% 52 BnO o
HO —_— BnO ‘ Bu [t
BnO (o] solvent, r.t. BnO N, /O
B0 S 53 BnOoMme O’ Co—OTf Tf0 Co
OMe
51
solvent: CH5CN, 92% yield, a/p = 1/4
solvent: CH,Clp, 89% vyield, o/p = 1/2.6 }\/\ /\/R
solvent: Et;0, 96% yield, a/f = 2.6/1

oligomeric (salen)Co catalyst 52 7~ 1-3

Scheme 16. (salen)Co catalyst-promoted glycosylations using glycosyl trichloroacetimidate donors.

[-disaccharide 53 in 92 % yield (0/ff = 1:4). User of dichloro-
methane as solvent led to the inferior yield and anomeric se-
lectivity. Notably, when diethyl ether was employed as solvent,
a-disaccharide 53 was found to be the major anomer (a/ff =
2.6:1), albeit the yield of 53 was slightly better. The authors also
discovered that monomeric (salen)Co complexes were not as
effective as oligomeric (salen)Co catalyst, such as 52. It is note-
worthy that molecular sieves, which are typically used in glyc-
osylation reactions to remove traces of water, were not needed.
This glycosylation method is amenable to different types of
glycosyl donors and acceptors and tolerates various common
hydroxyl protecting groups, such as acetates, benzoates, alkyl
and benzyl ethers and acetals, as well as thioglycoside function-
ality.

6.2 Synthesis of C-Glycosides by Rh Catalysis

In 2001, Maddaford and co-workers described stereoselective
synthesis of C-glycosides by a rhodium(l)-catalyzed 1,4-addition
of arylboronic acids to glycal-derived enones.*>! As shown in
Scheme 17, in the presence of 5 mol-% rhodium complex
Rh(COD),BF,, the addition of phenylboronic acid to p-glucal-
derived pyranone 54 occurred in a mixture of 1,4-dioxane and
water at 100 °C to afford C-aryl glycoside 55 in 76 % yield.
Among various arylboronic acids, it was found that electron-
poor boronic acid furnished C-aryl glycoside (cf. 56, 50 %) in

@/\,B(OH}Z
59

Scheme 17. Stereoselective synthesis of C-glycosides by Rh'-catalyzed 1,4-addition of aryl boronic acids to glycal-derived enone.
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lower yield than the electron-rich one (cf. 57, 81 %). Interesting,
addition of alkenyl boronic acid 59 to pyranone 54 also
successfully provided C-alkenyl glycoside 60 in 56 % vyield.
Notably, only the a-C-glycosides were observed in all cases.
The plausible mechanism for this rhodium(l)-catalyzed 1,4-
addition of arylboronic acid derivatives to enone is shown in
Scheme 18. First, transmetalation of the aryl group from boron

ArB(OH), + Rh(COD),BF,

v

ArRh(COD), AcO 0 |
ArB(OH), AO”

o]
54
HOR(COD),
O LA (¢] A
AcO ~AT Ao wAr
_—
- e
AcO" Rh(COD), AcO’
o] ORh(COD);
61 62
AcO O Ar
H,0
AcO”
(o]

55 R =H, 76% yield

56 R = 4-Cl, 50% yield
57 R = 4-OMe, 81% yield
58 R = 2-Me, 74% vyield

56% vyield
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to rhodium occurs to form rhodium complex ArRh(COD),. This
rhodium complex ArRh(COD), then adds stereoselectively to
the a-face of the olefin of enone 54 to afford intermediate 61
which probably is in equilibration with its isomer 62. Subse-
quent hydrolysis of intermediates 61 or its isomer 62 provides
the desired a-C-glycosides and rhodium complex HORh(COD),
which reacts with arylboronic acid to regenerate rhodium com-
plex ArRh(COD),.*!

6.3 Synthesis of O-Glycosides by Ir Catalysis

Use of visible light photoredox catalysis for the synthesis of O-
glycosides involving iridium catalyst was first reported by Bow-
ers and co-workers.*®! This chemistry was inspired by recent
increasing application of visible light photoredox catalysis in
organic synthesis!' and electronic activation of thioglycos-
ides.*”] For example, visible light irradiation of a mixture of S-
(p-methoxy)phenyl-tetra-O-methyl-thioglycosides 63, 1-ada-
mantanol (2 equiv.), 5 mol-% Ir[dF(CFs)ppyl.(dtbbpy)PF4 cata-
lyst 64, 2 equiv. of bromotrichloromethane, and 10 equiv. of
hexafluoroisopropanol (HFIP) in anhydrous acetonitrile using
blue LEDs at room temperature for 9 hours afforded desired 1-
adamantyl glycoside (65) in 96 % (o/p} = 1.6:1) (Scheme 19). In
addition, the symmetric bis(p-methoxyphenyl) disulfide could
be isolated in near-quantitative yield. Notably, it was found that
63 can not be activated by Ru(bpy)sCl,, probably due to the
known oxidation potentials. It is also worth noting that when
the hydroxyl groups were protected as acetates (disarmed do-
nor), the corresponding glycosyl donors can not be activated
under the aforementioned conditions. This type of reactions
afforded the O-glycosides as a mixture of a- and (-anomers
with poor selectivity, probably due to the non-participating
group at C2. Although a-O-glycosides were usually formed as
the major anomer, (3-anomers were selectively produced in
some cases.

The authors found that this iridium complex-catalyzed syn-
thesis of O-glycosides is light-dependent and decomposition of
an oxidatively generated sulfur radical cation and propagation
via reduction of the thiol side product is involved. As illustrated
in Scheme 20, the excited iridium complex IrLs3**, generated
via photoactivation of IrL;3*, is oxidized to IrLs*" by bromotri-
chloromethane (initially, A) or by S-(p-methoxy)phenylthiol radi-
cal or radical cation (during propargation, B). The IrL;** complex
then oxidizes the thioglycoside 63 to the corresponding thio-
glycoside radical cation 66. Decomposition of thioglycoside
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radical cation 66 leads to the formation of corresponding oxo-
carbenium ion which reacts with alcohol acceptors to afford
desired O-glycosides.

PMPSH (or PMPS )

" )
PMPSH (or PMPS) B /éim
MeO 0
MeO OR
MeO
IrLs** e
- PMPS
, HOR
g *
s OMe
o +
Mﬁg&,spmp
MeO 66
visible light OMe
IrLg® o
Mﬂgo SPMP
A = initiation by reduction of C-Br bond MeO 63

B = propargation by reduction of thiol radical

Scheme 20. Proposed mechanism for iridium complex-catalyzed photoredox
O-glycosylation.

Recently, Tang, Guo and co-workers disclosed an interesting
iridium-catalyzed dynamic kinetic isomerization of dihydropy-
ranone hemiacetal to 3,4-dihydro-2-pyrone for the expedient
synthesis of carbohydrates via Achmatowicz rearrangement.[*8]
This was an excellent addition of using iridium complex for De
novo carbohydrate synthesis.

6.4 Summary

The group 9 transition metal complexes have not been well
explored for catalytic glycosylations. Thus far, (salen)Co com-
plexes were reported to catalyze the activation of glycosyl tri-
chloroacetimidate donors. In addition, the rhodium(l)-catalyzed
1,4-addition of arylboronic acids to enones has been extended
to the synthesis of C-glycosides through the use of glycal-de-
rived enones as substrates. By engaging visible light photore-
dox chemistry, the use of iridium complex and aforementioned
ruthenium complex has gained some success for catalytic acti-
vation of reactive thioglycosides and selenoglycosides under
mild conditions, respectively; however, the scope of this
method is rather limited.

OMe
MeO O tBu
MegérA, SPMP OMe
63 MeO o
5 mol-% catalyst 64 Mﬁgo o g PFg
o * » MeO F ’ \N =
BrCCly (0.25 equiv.), |
MeCN, blue LEDs, 9 h a5 Ny =gy
\
F
B Fcr, N

71% yield, /B = 1.6/1

[I{dF(CF3)ppy}(dtbpy)]PFg (64)

Scheme 19. [I{dF(CF3)ppy},(dtbpy)IPFs-catalyzed photoredox synthesis of O-glycosides.
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7. Synthesis of O-, N-, C-, and S-Glycosides by
Group 10 Metal (Ni, Pd, Pt) Catalysis

7.1 Synthesis of O-, N-, and C-Glycosides by Ni Catalysis
7.1.1 Synthesis of O-Glycosides by Ni Catalysis

Previously in our review,'™ we discussed cationic nickel(ll) com-
plexes catalyzed O-glycosylation of C2-benzylideneamino tri-
chloroacetimidates to furnish «-2-deoxy-2-amino glycosides
with excellent a/f selectivity, reported by Nguyen and co-work-
ers.*! This method was applied to p-glucosamine and p-galac-
tosamine trichloroacetimidate donors as well as a range of pri-
mary, secondary, and tertiary alcohol nucleophiles to provide
the desired O-linked 1,2-cis-a-pyranosides in good yields with
excellent a-selectivity. Experimental results indicated that the
presence of benzylidene functionality at the C2-amino position
of glycosyl donors is critical for the high a-selectivity observed
in the coupling products. In addition, a-orientation of the C1-
trichloroacetimidate group as well as the presence of the exter-
nal alcohol nucleophile is necessary for the facile ionization of
glycosyl trichloroacetimidate donors.>® The Nguyen group also

0
NHCbz

5 mol-% Ni(4-F-PhCN),(OTf),
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demonstrated that a-2-deoxy-2-amino glycosides bearing C2-
benzylideneamino substituent can be converted to the natu-
rally occurring 1,2-cis glycosides and glycoconjugates contain-
ing C2-acetamide and C2-sulfonamide functionality, such as Tn-
tumor associated antigen and structural analogue of heparin
derivatives.

For instance, Ni(4-F-PhCN),(OTf), effectively catalyzed a glyc-
osylation of a-C(2)-para-(trifluoromethyl)benzylidenamino tri-
chloroacetimidate donor 67 with Cbz-protected threonine resi-
due 68 to afford glycosyl amino acid 69 in 81 % yield with (a/
B = 15:1) (Scheme 21). However, employing 5 mol-% of Ni(4-F-
PhCN)4(OTf), to promote the coupling of donor 67 with Fmoc-
protected amino acid 71 only afforded desire a-glycosyl amino
acid in poor yield and anomeric selectivity.®" Later, it was
found that this problem can be solved by the use of N-phenyl
trifluoroacetimidate 70 as the glycosyl donor. As shown in
Scheme 21, in the presence of 10 mol-% Ni(4-F-PhCN),4(OTf),,
N-phenyl trifluoroacetimidate 70 reacted with Fmoc-protected
amino acid 71 in dichloromethane at 35 °C for 12 hours to give
desired a-glycosyl amino acid 72 in 66 % yield (a only, 3.77

AcO _OAc

N H
o M
\ + Vcogen
CCI3 OH

68 81% yield, o/B = 15/1

AcO _OAc

éﬁ

NHFmoc

10 mol-% Ni(4-F-PhCN)4(OTf),

CH,Cl,, 25°C

AcO _OAc

@]
cO NHFmoc

- | O\I/\COzAIIyI

CH,Cl, 35°C, 12 h

Al
+ Me\/\
\ COAllyl
CFa OH ) ,
71 66% yield, o only, 3.77 g scale CF;

72
Scheme 21. Cationic Ni'-catalyzed synthesis of a-glycosyl amino acids.
S(2-CF4-Ph)
A
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10 mol-% Ni(4-F-PhCN),(OTf),, CHZCIE O o)
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Scheme 22. Cationic Ni'-catalyzed synthesis of 1,2-cis-2-amino glycosides bearing anomeric sulfide group.
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gram scale).®" This method tolerates a number of Fmoc-pro-
tected threonine amino acids to afford the desired 1,2-cis-2-
amino glycosides in good yields with excellent a-selectivity. The
desired 1,2-cis-2-amino glycoside 72 can be readily converted
into the Fmoc-protected GalNAc-threonine and Tn antigen in a
few steps.

In addition, Nguyen and co-workers investigated this cationic
Ni'-catalyzed synthesis of 1,2-cis-2-amino glycosides bearing
anomeric sulfide group which can serve as donor for another
glycosylation reaction.®?! As shown in Scheme 22, employing
5 mol-% of Ni(4-F-PhCN)4(OTf), as catalyst, glycosylation of p-
glucosamine-derived electron deficient 2-trifluoromethylphenyl
thioglycoside 73 with acceptor 74 bearing 2-trifluoromethyl-
phenyl sulfide gave the desired disaccharide 75 in 98 % vyield
(o0 only). The sulfide transfer from acceptor 74 to donor 73, a
common problem observed during traditional glyosylation, was
found to be completely blocked in this case. Next, disaccharide
75 can be employed as glycosyl donor which reacted under
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traditional glycosylation condition with diacetone-p-galactose
5 to furnish desired trisaccharide 76 in 84 % yield.

This cationic Ni'-catalyzed O-glycosylation chemistry was
also employed in the synthesis of GPI anchor pseudo-oligosac-
charides bearing 1,2-cis-2-amino glycoside moiety.>3! As shown
in Scheme 23, Ni'-catalyzed glycosylation of N-phenyl trifluoro-
acetimidate 77 bearing TES protecting group at the C4 position
with C6-hydroxyl of myo-inositol 78 proceeded smoothly to af-
ford pseudodisaccharide 79 in 61 % yield and with 11:1 o/p
ratio. After removing the TES ether of 79, the resulting disac-
charide acceptor 80 was then employed in a glycosylation with
tetrabenzylated p-mannose trichloroacetimidate 81 catalyzed
by TMSOTf to provide a-pseudotrisaccharide 82 exclusively in
56 % yield.

This cationic Ni"" catalysis was further utilized in the formal
synthesis of mycothiol.>* As shown in Scheme 24, Ni'-catalyzed
glycosylation of N-phenyl trifluoroacetimidate 73 with C1-
hydroxyl of myo-inositol 83 furnished pseudo-disaccharide 84

0°C, 3 h, 56%

OAc
TESOﬂ AcO OBn
AcO HO OBn TESO
N 'O. _NPh Aco—ﬂﬁ\OBn 8 AcO AcO OBn
¢ I O reo k7 ogen
CFy 10 mol-% Ni(4-F-PhCN)4(OTf), CHZC|2 d OBn
0y 0
S - 25-35°C, 10 h, 61% yield, o/ = 11/1 o, "
TBAF, AcOH/THF,
pH 7, 84%
BnO OBn BnO Og"
BnO O BnO
gno’ﬁq’ OAc Bngﬁﬁ 0
o 0 81 o ‘A0 \ AcO OBn
AcO AcO OBn | O pco_ A7 080
Ngo OBn — CCI3 OBn
| AcO OBn o
20 mol-% TMSOTF, GH,Cl,, 80
cF, 82

Scheme 23. Cationic Ni'-catalyzed synthesis of GPI anchor pseudo-oligosaccharides.
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|
CFa 10 mol-% Ni(4-F-PhCN),(OTf), CH,Cl,
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OH

1. Pd(OH); Hy tBuOH
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Y
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>0
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mycothiol

2. NaOMe, MeOH
55% for two steps

Scheme 24. Utilization of cationic Ni'" catalysis for the formal synthesis of mycothiol.
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in 78% vyield (a only). The 2-trifluoromethyl-benzylidene
group in 84 was removed with 5 N HCl and the resulting salt
85 underwent sequential hydrogenolysis and de-acetylation to
give pseudo-disaccharide 86 in 55 % yield over two steps,
which can be converted to mycothiol following the known liter-
ature precedents.

7.1.2 Synthesis of N-Glycosides by Ni Catalysis

In 2009, Nguyen and co-workers reported a new method for the
stereoselective synthesis of a-glycosyl ureas via nickel-catalyzed
[1,3]-rearrangement of glycosyl trichloroacetimidates.’>> For ex-
ample, in the presence of 2 mol-% Ni(dppe)OTf, generated in
situ from 2 mol-% Ni(dppe)Cl, and 4 mol-% AgOTf, perbenzyl-
ated D-glucopyranosyl trichloroacetimidate 87 underwent
smooth [1,3]-rearrangement to provide a-trichloroacetamide 88
in 94% vyield with excellent a-selectivity (a/p 11:1)
(Scheme 25). During the studies, a variety of palladium and
nickel catalysts were screened and Ni(dppe)OTf was proven to
be the most efficient catalyst for this type of transformation.
This method is amenable to a number of trichloroacetimidate

2 mol-% Ni(dppe)Cl,,

BnO 5 4 mol-% AgOT,

Bg%% CH,Cl, 25°C, 1h,
BnO &

NH
87 Y

CcCly

94% vyield,
a/p=111

88

BnO
BnO BnO

HN___O >

Eur|OC

European Journal
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substrates. In addition, the a-glycosyl trichloroacetamides can
be directly converted into a-glycosyl ureas in the presence of
amines. As shown in Scheme 25, a-trichloroacetamide 88 re-
acted with piperazine derivative 89 in DMF in the presence of
cesium carbonate as base to afford a-glycosyl urea 90 in 93 %
yield.

Later in 2104, Nguyen and co-workers investigated the scope
and mechanism of this nickel-catalyzed transformation of glyc-
osyl trichloroacetimidates to glycosyl trichloroacetamides.®! As
shown in Scheme 26, the nickel catalyst may first coordinate
the imidate nitrogen and the C2-ether oxygen of substrate 87
to form complex 91. Subsequent ionization of complex 91 via
departure of the trichloroacetimidate may lead to the formation
of oxocarbenium intermediate 92. Selective delivery of the tri-
chloroacetamide group to the anomeric center from the a-face
of 92 provides the corresponding complex 93 (Pathway A). Sub-
sequent dissociation of the cationic nickel(ll) catalyst will pro-
vide the desired a-glycosyl trichloroacetamide 88. Alternatively,
92 can dissociate to generate tight ion pair 94 (Pathway B),
which then recombines in a stereoelectronically favored mode

=
=N

E:J

BnO
B"Ok
BnO BnO

Cs,CO; DMF
93% 90 o

=

CCly

Scheme 25. Cationic Ni'-catalyzed [1,3]-rearrangement of glycosyl trichloroacetimidates and synthesis of glycosyl ureas.

BnO
BnO O
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BnO o__NH i
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87 CCl,

BnO
BnO
BnO g

L.Ni-..

91

BnO @ HN_ O
BnO :
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o
BnO Q ; +
94 L, Ni-—N=
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Scheme 26. Proposed mechanism of cationic Ni'-catalyzed [1,3]-rearrangement of glycosyl trichloroacetimidates.
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to form o-trichloroacetamide 88 as the major product and f3-
trichloroacetamide 95 as minor product. Experimental eviden-
ces suggested that this transformation does not proceed in an
exclusively intramolecular fashion, and that there is competition
between the redelivery of the trichloroacetamide group by
nickel catalyst (Pathway A) and an intermolecular ion pair (Path-
way B).

7.1.3 Synthesis of C-Glycosides by Ni Catalysis

In 2000, Marsden and co-workers reported a nickel-catalyzed
synthesis of C-glycosides from glycosyl bromides.””! As shown
in Table 2, a-bromotetraacetyl-p-glucose 96 and a-bromotet-
raacetyl-p-mannose 97 reacted with ten-fold excess of radical
acceptors in the presence of catalytic amounts of nickel(ll) (tet-
ramethylcyclam) tetrafluoroborate salt, diphenylphosphine
(1 equiv.) as hydride source, and co-reductant powdered man-
ganese (2 equiv.) in THF to provide desired a-C-glucosides and
a-C-mannosides 98-106 in moderate to excellent yields, re-
spectively. The participation of the nickel salts as catalyst was
indispensable, since no reaction was observed in the absence
of Ni(tmc)(BF,),. The yields of 89 were moderate to excellent in
both the glucose and mannose series with the electron defi-
cient radical acceptors methyl/butyl acrylate, methyl methacryl-
ate and acrylonitrile. In most cases, the yields in the glucose
series were slightly higher than those for the mannose series,
which may reflect the increased instability of the a-glycosyl rad-
ical in the latter case. This reaction was also applied to the
synthesis of C1-deoxysugars in the absence of radical acceptors.

Later in 2007, Gagné and co-workers described the synthesis
of C-alkyl glycosides via room temperature Negishi cross-cou-
pling reactions of glycosyl halides and functionalized alkyl zinc
reagents.”®! As shown in Table 3, in the presence of 10 mol-%

Eur

European Journal
of Organic Chemistry

Microreview
Table 2. Nickel-catalyzed synthesis of C-glycosides from glycosyl bromides.

R'I

20 mol-%
OAc Ni(tmc)(BF,)g, OAc
2 equiv. Mn,
96 X =H, Y =0Ac 1 gquiv. PPh,H, 98-106
97 X=0Ac,Y=H THF, reflux

98, 69% vield, X=H, Y = OAc, R = CO,Me, R2=H
99, 62% yield, X = OAc, Y = H,R'=CO,Me, R2=H
100, 98% yield, X = H, Y = OAc, R' = CO,Me, R? = Me
101, 48% yield, X = OAg, Y = H, R' = CO,Me, R? = Me
102, 46% yield, X =H, Y = OAc, R' = CO,Bu, R =H
103, 53% yield, X = OAc, Y =H, R" = CO,Bu, R? = H
104, 76% yield, X =H, Y = OAc, R'=CN, R2=H

105, 49% yield, X = OAc, Y =H,R'=CN, R®=H

106, 51% yield, X = H, Y = OAc, R' = CO,Me, R2 = NHZ

catalyst (PyBox)NiCl,, in situ generated from 10 mol-% NiCl,
and 15 mol-% PyBox, a-glucosyl bromide 96, a-mannosyl
bromide 97, and a-galactosyl bromide 107 reacted with
Ph(CH,)3ZnBr (3 equiv.) in DMI (N,N’-dimethylimidazolidinone)
at room temperature for 12 h to afford corresponding C-alkyl
glycosides 108-110 in moderate to good yields, respectively. A
small amount of corresponding glycals were also detected. The
anomeric selectivity was found to be high for mannosyl brom-
ide, but modest for glucosyl and galactosyl bromides. This reac-
tion tolerates various functional groups on the zinc reagent,
such as acetal, ester, alkene, thiophene, and phthalimide, as well
as both armed (benzyl) and disarmed (ester) protecting groups

Table 3. Nickel-catalyzed synthesis of C-alkyl glycosides via room temperature Negishi cross-coupling reactions of glycosyl halides and functionalized alkyl

zinc reagents.

Ph(CH,)3ZnBr (3 equiv.)

( oy

NiCl; (10 mol-%)

_ [/O/Tﬂ\/\pth[/ﬁ o |N‘: o

(OAc), PyBox (15 mol-%) (OAQ), (CAC),4
DMI, r.t., 12 h Pybox
Entry Glycosyl bromides Products Yields, o/p ratio Glycal
AcO
1 AcO™ 53% (1:2.5) 9%
AcO
2 75% (8:1) 9%
AcO”
o .B
AcO = AcO
3 y 43% (1:2) trace
AcO OAc AcO
OAc

107
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on the carbohydrate. In addition, glycosyl chlorides were also
suitable substrates for this type of reaction.

Next, Gagné and co-workers attempted to extend the afore-
mentioned Ni-catalyzed Negishi cross-coupling approach for
the synthesis of C-aryl glycosides.* As shown in Table 4, by
employing Ni(COD),/tBu-Terpy as the optimal catalyst, peracety-
lated a-glucosyl bromide 96 reacted with PhZnl-LiCl in N,N-di-
methylformamide (DMF) to provide desired C-aryl glycoside
111 in 71 % yield with excellent 3-selectivity together with a
small amount of tri-O-acetyl-p-glucal as the side product (entry
1, Table 4). In contrast, the use of (PyBox)NiCl, as catalyst for
this reaction in DMI or DMA (N,N-dimethylacetamide) as solvent
afforded only trace amount or 20 % yield of C-aryl glycoside
111, respectively, while formation of tri-O-acetyl-D-glucal via
elimination was found to be the main problem. This type of
reaction was compatible to both electron-rich and electron-
poor aryl zinc species and desired C-aryl glycosides 111-118
were isolated in moderate to good yields with excellent 3-se-
lectivity (entries 1 and 2). While meta- and para-substituted ar-
ylzinc species were tolerated, ortho-substituted arylzinc rea-
gents were not effective in this type of reaction. In addition,
heteroaromatic zinc reagents, such as thiophene or furan-de-

Table 4. Nickel-catalyzed synthesis of C-aryl glycosides.

o}

Br
AcO - ArZnX-LiCl (1.5 equiv.)

AcO

AcO™ "OAc  Ni(COD), (10 mol-%)
tBu-Terpy (15 mol-%)

DMF, r.t., 12 h

tri-O-acetyl-D-glucal

AcO™

Eur

European Journal
of Organic Chemistry
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rived arylzinc reagents reacted with a-glucosyl bromide 96 to
give corresponding C-heteroaryl glycoside 119-122 in good
yields with excellent 3 selectivity (entries 3-6). However, 2-pyr-
idylzinc iodide/lithium chloride reagent did not work in this
type of reaction. Furthermore, although alkenylzinc reagent re-
acted with a-glucosyl bromide 96 to afford desired C-alkenyl
glycoside 123 in 60 % yield, no anomeric selectivity was ob-
served (entry 7).

During their continuous studies in the preparation of C-glyc-
osides, in 2009 Gagné and co-workers reported a mild tin-free
Ni-catalyzed reductive coupling of glycosyl bromides with acti-
vated alkenes for the stereoselective synthesis of a-C-alkylglyc-
osides.’® As shown in Table 5, in the presence of 10 mol-%
Ni(COD),, 15 mol-% (R)-Ph-Pybox ligand, Zn as the reductant,
and NH,Br as the proton source, a-glucosyl bromide 96 reacted
with methyl acrylate to afford desired a-C-glucoside 124 in
70 % yield. A trace amount of tri-O-acetyl-p-glucal was isolated
through the elimination of 96. In addition, a-mannosyl bromide
97 and a-galactosyl bromide 107 also reacted with methyl
acrylate under the same conditions to give corresponding a-C-
glycoside 125 and 126 in good yields, respectively. The scope
of the nickel-catalyzed reductive coupling was investigated

tBu

tBu-Terpy

Entry Arylzinc reagents Products Yields («/p ratio) Tri-O-acetyl-D-glucal
Znl-LiCl 111 X=H, 71% (1/12) 7%
112 X=Cl, 75% (1/13) 5%
1 113 X=Br, T7% (1/14) trace
X 114 X =CO,Me 72% (1/14) 8%
Znl-LiCl 115 X=1, 30% (1/10) trace
2 116 X =CO,Me 66% (1/10) trace
117 X =OMe 64% (1/13) 11%
X 118 X=CN 79% (1/>12) trace
S
3 @—ZnBr-LiCI 119 78% (1/16) 14%
S \ H 0, 0y
4 — Znl-LiCl 120 83% (1/16) 5%
MeO,C o
5 U ZnBrLiCl 121 65% (1/14) n.d.
¢s
(0] 0 o
6 J\[T\)72n|-LiC| 122 80% (1/>10) n.d.
60% (1/1) n.d.

. _ Znl-LiCl
7 @A“ 123
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Table 5. Tin-free Ni-catalyzed reductive coupling of glycosyl bromides with activated alkenes for the stereoselective synthesis of a-C-alkylglycosides.

Z>C0Me (3 equiv.

CY :

) [Oj_.“\\/coﬂ\de ‘

0o N
Ni(COD), (10 mol-%) &f
(OAc), (R)-Ph-Pybox (15 mol-%)  (OAc), N N
Zn, NH,Br, DMA Ph Ph
(R)-Ph-Pybox
Entry Glycosyl bromides Products Yields, o/p ratio
AcO w~_-CO;Me
1 70% (o onl
AcO" "OAc o (o only)
OAC 424
O .~_ _CO,Me
AcO R
2 ¢ 76% (o only)
AcO™ OAc
OAc 125
AO O._.w~_-COsMe
3 ) 60% (o only)
AcO “OAc

with various glycosyl bromides and acrylate derivatives, and in
general coupling products were isolated in moderate to good
yield with excellent levels of a-selectivity. Notably, diastereose-
lective coupling with 2-substituted acrylate derivatives was
made possible through the use of 2,4-dimethyl-3-pentanol as a
proton source.

In 2014, Ye and co-workers disclosed an indirect approach
for the synthesis of aryl-C-glycosides involving nickel-catalyzed
“ring-opening-ring closure” strategy.®" This strategy exploited
the nickel-catalyzed regioselective [(3-O-elimination of glycals
through reactions with various aryl boronic acids or potassium
aryltrifluoroborates to yield the ring-opened products, which
underwent the Lewis acid, protonic acid, PhSeCl, or NBS medi-
ated ring closure reactions to afford diverse aryl-C-glycosides.

7.2 Synthesis of O-, N-, C-, and S-Glycosides by Pd
Catalysis

Heterogeneous and homogeneous palladium catalysts have
been widely used for organic transformations,’®? including

Pd,(dba), (5 mol-%)
PPh, (20 mol-%),

ACO""'(:_>=O —10 °C, CH,Cl,
o}

OAc

Y

127

128 OAc

Scheme 27. Palladium-catalyzed stereoselective O-glycosylation of 6-acetoxy-2H-
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hydrogenation, cross-coupling reactions, and C-H activations.
Recently, the use of palladium complexes in catalytic stereose-
lective glycosylations has been developed and applied in the
synthesis of complex oligosaccharides and glycoconjugates.

7.2.1 Synthesis of O-Glycosides by Pd Catalysis

7.2.1.1 Palladium-Catalyzed Stereoselective O-Glycosylation of 6-
Acetoxy-2H-pyran-3(6H)-ones

In 1999, Feringa and co-workers reported a palladium-catalyzed
stereoselective synthesis of optically active 5-alkoxy-2(5H)-fur-
anones and 6-alkoxy-2H-pyran-3(6H)-ones using corresponding
glycosyl ester donors and simple alcohol acceptors,®3 which
we previously reviewed.™ This type of glycosylation was cata-
lyzed by 5 mol-% Pd(OAc), and 20 mol-% PPh; and believed to
proceed through allylpalladium intermediates with nearly com-
plete retention of stereochemistry. Later in 2003, they found
that by use [Pd,(dba)s/PPhs] as catalyst, 6-acetoxy-2H-pyran-
3(6H)-one 127 can react with sugar-derived acceptor 128 to
afford disaccharide 130 (65 % yield, de = 91 %) probably via
allylpalladium intermediate 129 (Scheme 27).164

OAc

o}

OAc
130 65% yield, de = 91%

7dL,
¢ }O AcO..
o}

129

pyran-3(6H)-ones.
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7.2.1.2 Palladium-Catalyzed Stereoselective O-Glycosylation Using
Glycosyl Donors Bearing tert-Butyl Carbonate as Leaving Group

Previously, we also discussed palladium-catalyzed stereoselect-
ive O-glycosylation using glycosyl tert-butylcarbonate (Boc) do-
nors developed by O'Doherty and co-workers.[6>©9! |t was found
that use of glycosyl donor bearing tert-butyl carbonate as leav-
ing group led to significantly faster and cleaner reactions than
those bearing ester as leaving group and with complete stereo-
chemical retention. As shown in Scheme 28, sugar-derived alco-
hol acceptor 131 reacted with 132a and 132f in the presence
of 0.5 mol-% [Pd,(dba);]-CHCl; and 2.5 mol-% PPh; in CH,Cl, at
room temperature to afford glycosides 133 and 134 in 85 %
and 83 % yields, respectively. The versatile ketone and alkene
functionality in 133 and 134 can be further functionalized to
enable the de novo synthesis of complex oligosaccharides.!*”!
This palladium-catalyzed O-glycosylation reaction was later suc-
cessfully applied to the de novo synthesis of a number of com-
plex oligosaccharides and bioactive natural molecules bearing
complex oligosaccharides, including trehalose analogues,®®
daumone,®®  homoadenosine,’®?  manno-disaccharide frag-
ments of mannopeptimycin-E,”" aza-analogues of the glycosyl-
ated tyrosine portion of mannopeptimycin-E,”? p- and L-Swain-
sonine,l”3! digitoxin and digitoxigenin analogs,”# kaempferol
glycoside SLO101 and its analogs,'””! anthrax tetrasaccharide,”®!
trisaccharide portion of landomycin A,””! trisaccharide portion
of PI-080 and vineomycin B,,”® deoxyaltropyranoside,”* cleis-
trioside and cleistetroside natural products,’®® disaccharide por-

BocO —(j>:O
o—,

Eur

European Journal
of Organic Chemistry

Microreview

tion of SCH-47554,8" cleistriosides,® complex oligosacchar-
ides,’®! and merremoside D.[5#

Recently, O'Doherty and co-workers achieved the synthesis
of mezzettiaside family of natural products via nucleophilic
boron/electrophilic palladium catalyzed regio- and stereo-se-
lective glycosylations.®>! As shown in Scheme 29, under the
optimal condition {2.5 mol-% [Pd,(dba);]-CHCl3, 10 mol-% PPhs,
30 mol-% Ph,BOCH,CH,NH, in CHsCN/THF(10:1)}, a mixture of
acceptor 135 and donor 136 (135/136 = 1:1.1) was coupled to
provide desired disaccharide 139 in 77 % vyield as the major
regioisomer (regioselectivity is 7.5:1). This reaction is proposed
to proceed via boron-activation®® of the cis-diol of 135 to gen-
erate intermediate 137 which attacks the electrophilic allylpal-
ladium intermediate 138 in regio- and stereo-selective manner.
Disaccharide 139 was further utilized for the synthesis of mez-
zettiaside family of natural products.

7.2.1.3 Palladium-Catalyzed Stereoselective O-Glycosylation Using
Glycal Donors

We also previously reviewed™ palladium-catalyzed stereose-
lective O-glycosylation using glycal donors, an interesting work
disclosed by Lee and co-workers.®”! In this type of highly effi-
cient stereoselective O-glycosylation, 2,3-unsaturated-O-glycos-
ides were obtained via Ferrier rearrangement employing glycal
3-acetate or carbonate and zinc(ll) alkoxide acceptors. In these
glycosylation reactions, the anomeric stereochemical outcome
was influenced by ligand coordinating to the palladium. Specifi-

O._ OAllyl

y 2 equiv. #\O\w‘ "NHTFA
1320 (l)TBS 0—<i>:o
_«OAllyl 133 85% © ‘-"‘fOTBS
0.5 mol-% Pda(dba);- CHCI,
TNHTEA 2.5 mol-% PPhy CH,Cly, r.t.
_<OAllyl
131 BOCO""‘(i>:O "NHTFA
0 % 2 equiv. 0'""(}:0
132 (‘DTBS 134 83% © *_oTBS

Scheme 28. Palladium-catalyzed stereoselective O-glycosylation using glycosyl donors bearing tert-butyl carbonate as leaving group.

OCgH,7 _

PentCO, L2

HO
OH 2.5 mol-% Pda(dba)s"CHCI;
+ 10 mol-% PPhs,
OBoc 30 mol-% Ph,BOCH,CH,NH,

o CH3CN/THF (10:1)

—

135

136

OCgH17 OCathis
PentCO, 2 PentCO Q
Cog 137 =%
B OH
o o]
Pd(PPhs),
138 | ¢

the mezzettiaside family of natural products

Scheme 29. Synthesis of mezzettiaside family of natural products via nucleophilic boron/electrophilic palladium catalyzed regio- and stereo-selective glycosyla-

tions.
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BnO o]
—
Ph’\‘c;O o
o]

1420 62% (o/p 12/1) OMe

Scheme 30. Palladium-catalyzed stereoselective O-glycosylation using glycal donors.

cally, a complex of palladium acetate and 2-di(tert-butyl)phos-
phinobiphenyl (DTBBP) catalyzed the formation of exclusive 3-
glycosides, while the same reaction using trimethyl phosphite
ligand furnished the a-anomer as the major product. As shown
in Scheme 30, glycal 140 bearing C3-acetate reacted with ac-
ceptor 141 in the presence of 10 mol-% Pd(OAc),, 15 mol-%
DTBBP, and 0.5 equiv. Et,Zn to provide major anomeric 3-glyc-
oside 142f in 69 % yield (3/a > 25:1), while change the ligand
to P(OMe); resulted in the selective production of a-glycoside
1420 in 62 % yield (a/f = 12:1). Similarly, the glycosides con-
taining versatile alkene moiety, e.g., 142, can be further func-
tionalized to complex oligosaccharides which are otherwise dif-
ficult to prepare.

Recently, inspired by work from the Lee group, Zawisza and
co-workers reported synthesis of 2,3- and 3,4-unsaturated -O-
arylglycosides via arylation of 6-O-tert-butyldiphenylsilyl-3,4-di-
O-isobutyloxycarbonyl-p-glucal with various phenols in the
presence of a catalytic amount of palladium(0).18 The reactions
were found to be highly stereoselective, and only the f-
anomers were formed in all cases.

7.2.1.4 Palladium-Catalyzed Stereoselective O-Glycosylation Using
Glycal Imidate Donors

We also discussed™ Palladium-catalyzed stereoselective a-O-
glycosylation using glycal imidate donors developed by Nguyen
and co-workers.'®! This type of reaction was found to be inde-
pendent of the nature of protecting groups on the glycal do-
nors and anomeric selectivity was controlled by palladium-bi-
aryl phosphine catalyst-glycal donor complexation. As depicted
in  Scheme 31, under optimal condition {2.5 mol-%

[PA(PhCN),Cl5], 2.5 mol-% DTTBP, acceptor (1.5 equiv.), Et,Zn
(0.75 equiv.), 2,6-di-tert-butylphenol (0.5 equiv.), CH,Cl,/PhCH;,
room temp.}, glycal imidate donor 143 reacted with acceptor
144 (1.5 equiv.) to furnish a-glycoside 145 bearing 2,3-unsatu-
ration in 67 % yield and excellent a-selectivity. Notably, when
aliphatic alcohols or sugar-derived alcohol acceptors were used
it was necessary to add 2,6-di-tert-butylphenol as the proton
donor to facilitate the catalyst turnover. When phenols were
used as acceptors, desired O-aryl glycosides were obtained in
good yield with excellent a-selectivity without the use of 2,6-di-
tert-butylphenol. This reaction tolerates a variety of protecting
groups and a-glycoside products bearing 2,3-unsaturation can
be functionalized to access a-mannosides and a-altrosides, de-
pending on the reaction conditions.

7.2.1.5 Cationic Palladium(ll)-Catalyzed Stereoselective
Glycosylation with Glycosyl Trichloroacetimidates

Cationic palladium(ll)-catalyzed stereoselective glycosylation
with glycosyl trichloroacetimidates was developed by Nguyen
and co-workers.®® This reaction employed a catalytic amount
of cationic palladium(ll) as activator which enabled synthesis of
a variety of disaccharides and glycoconjugates. As shown in
Scheme 32, in the presence of 5 mol-% [Pd(CH3CN)4(BF,),] glyc-
osyl trichloroacetimidate 146 reacted with acceptor 144
(1.3 equiv.) to afford B-disacchairde 147 in 73 % yield and excel-
lent (-selectivity. It was proposed that cationic palladium(ll)
may reversibly coordinate to the imidate nitrogen to facilitate
ionization to generate oxocarbenium intermediate which may
be attacked by nucleophiles to provide corresponding O-glyc-
oside products, in most cases anomeric stereochemistry is con-

iPr PtBu,

LW,
iPr

DTTBP

OBn

TrO o
Pivcn/%)
- Ho;&ﬂ

2.5 mol-% Pd(PhCN),Cl,
2.5 mol-% DTTBP,

+
ol
CI3CANH 0

143 144 (1.5 equiv.)

EtoZn (0.75 equiv.),
2 ,6-di-tert-butylphenol (0.5 equiv.),
CH,Cl,/PhCHj r.t.

TrO
Pivo’ﬂ OBn
—
\ Zeg
°

145 67% (u only)

Scheme 31. Palladium-catalyzed stereoselective O-glycosylation using glycal imidate donors.
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Scheme 32. Palladium-catalyzed stereoselective O-glycosylation using glycosyl trichloroacetimidates.
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.
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Scheme 33. Palladium-catalyzed (-selective O-glycosylation using glycosyl trichloroacetimidates without C2-ester group.

trolled by steric and anomeric effect as well as neighbouring
group participation (NGP). This reaction tolerates a variety of
donors and acceptors bearing various protecting groups.

Nguyen and co-workers also found that, in the presence of
cationic palladium catalyst, glycosyl trichloroacetimidates with-
out traditional C2-ester group can react with acceptors to di-
rectly form [-glycosides. To improve this reaction, they discov-
ered that by using cationic palladium catalyst, [Pd(PhCN),-
(OTf),], generated in situ from [Pd(PhCN),Cl,] and AgOTf, glyc-
osyl trichloroacetimidate 148 reacted with acceptor 149 to pro-
vide [-linked disaccharide 150 in 80 % vyield (a/f =
(Scheme 33).°" This glycosylation reaction proceeded under
mild conditions with low catalyst loading and was applied to a
number of glucose donors with benzyl, allyl, and p-methoxy-
benzyl groups incorporated at the C2-position as well as tri-
benzylated xylose and quinovose donors to prepare various di-
saccharides and trisaccharides with good to excellent [3-select-
ivity.

In addition, Nguyen and co-workers later successfully applied
this cationic palladium(ll)-catalyzed direct (3-glycosylation for

stereoselective synthesis of 3-O-aryl glycosides.®? This B-glyc-
osylation reaction was highly diastereoselective and typically
employed 2-3 mol-% of [Pd(CH5CN),]1(BF,), to activate glycosyl
trichloroacetimidate donors at room temperature. It was found
that electron-donating, electron-withdrawing, and hindered
phenols were also suitable to this methodology. In all cases, the
facile rearrangement of the resulting p-O-aryl glycosides to the
corresponding C-aryl glycosides was not observed in the cou-
pling.

7.2.1.6 Synthesis of [3-Glycosides by Palladium-Catalyzed
Decarboxylative Allylation

In 2013, Liu and co-workers reported synthesis of [3-glycosides
by palladium-catalyzed decarboxylative allylation of glycals
bearing C3-arylcarbonates.®>! As shown in Table 6, treatment
of glycal bearing C3-arylcarbonate or C3-thioarylcarbonate 151
with 10 mol-% [Pd,(dba)s], 20 mol-% 1,1"-bis(diisopropylphos-
phino)ferrocene (DiPPF), PhCHs, 60 °C 12 h to provide desired
[p-O-aryl glycosides (152 and 154) and (3-S-arylglycoside 153
(thioglycoside) in good vyields, respectively. For glycal bearing

Table 6. Synthesis of 3-O- and S-glycosides by palladium-catalyzed decarboxylative allylation.

R?0 R20
R'O Condition A or B
ondaition or R10 o
- > — xAR
‘R 151 X=0orS 152-157

PMP—N"O
0 ] o

152 93% (Condition A)

155 84% (Condition B)

fBu
PMP V0 o OMe tgy-Si~
=5 N o

1563 76% (Condition A)
PMP"Y‘
R )RR
ey o 0

156 60% (Condition B)

L,

154 52% (Condition A)

PMP”Y‘O o
g (o}
BnO O
BnO
BnO,

M
157 83% (Condition B) OMe

e

Condition A: 10 mol-% Pda(dba)s, 20 mol-% DiPPF, PhCH, 60 °C 12 h
Condition B: 10 mol-% Pdy(dba)s, 20 mol-% DtBPF, PhCH3, 80 °C 12 h
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C3-alkyl or sugar-derived alkyl carbonate, changing the ligand
from DiPPF to DtBPF[1,1"-bis(di-tert-butylphosphino)ferrocene]
and elevating the reaction temperature to 80 °C were required
to afford the desired -O-glycoside 155-157 in good yields. In
all these cases, the aryloxy, arylthio, or alkoxy group from the
C3-carbonate were intramolecularly transferred to the anomeric
carbon in highly stereoselective manner (only -anomers were
observed). This reaction tolerates various protecting group on
the glycals.

Based on previous mechanistic studies of palladium-cata-
lyzed decarboxylation® and the results from competition ex-
periments, the authors proposed the mechanism as shown in
Scheme 34. It is believed that the catalytic cycle begins with the
formation of the palladium-DiPPF or palladium-DtBPF complex
PdL,. After the binary coordination of PdL, complex to both
the olefin double bond and the carbonyl group of the glycal

Pd,(dba)s

DnPF’F or DIBPF
R?0

\ Rb&)

PdLn

co,

Scheme 34. Proposed mechanism.
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carbonate from the p-face, intermediate 158 is produced. In
nonpolar solvents such as toluene, a subsequent decarboxyla-
tion of the intermediate 158 generates an ion-pair intermediate
159. Subsequent intramolecular nucleophilic addition and the
elimination of the palladium complex PdL,, result in the desired
B-glycosides, completing the catalytic cycle.

As described above, the aforementioned synthesis of 3-glyc-
osides by palladium-catalyzed decarboxylative allylation in-
volves the intramolecular transfer of the aryloxy, arylthio, or
alkoxy group from the C3-carbonate to the anomeric carbon,
which requires the pre-installation of those groups to the C3-
carbonate and limits the reaction scope. A year later, Liu and
co-workers developed a new protocol for the synthesis of f3-
glycosides by palladium-catalyzed decarboxylative allylation in-
volves the use of external nucleophiles.®> As shown in Table 7,
in the presence of 10 mol-% [Pd,(dba);], 20 mol-% DtBPF[1,1’-
bis(di-tert-butylphosphino)ferrocene], and cesium carbonate
(2 equiv.), glycal-derived ethyl carbonate 160 reacted with vari-
ous phenols, alcohols, and sugar-derived alcohol acceptors in
PhCH; at 60 °C for 12 hours to afford desired [3-O-glycosides
(155, 156, 161-164) in good yields, respectively. It was found
that the phenols bearing electron-donating groups afford the
desired B-O-aryl glycosides in higher yields than those with
electron-withdrawing groups, while substitution pattern has lit-
tle influence on this reaction. In some cases, the side products
p-O-ethyl glycosides (cf. 167, Scheme 35), obtained via ethox-
ide addition, were observed as the major products when phen-
ols with electron-withdrawing groups were used.

On the basis of the experimental results and precedent work
on palladium-catalyzed reactions, a plausible mechanism for
this intermolecular glycosylation is proposed as shown in
Scheme 35. Initially, b-glucal-derived ethyl carbonate 160 reacts
with palladium complex to generate the palladium intermedi-
ate 166 via 165 through coordination from the (-face and a
subsequent decarboxylative reaction. In the absence of other
nucleophiles, the intramolecular product 167 is then obtained

Table 7. Synthesis of (3-glycosides by palladium-catalyzed decarboxylative allylation using external nucleophiles.

10 mol-% Pd,(dba)s,

PMP—X-0
0 o]
OYO = o+

20 mol-% D{BPF, Cs,CO3
HOR ——————————
PhCH3 60°C 12 h

PMP—-0\
O™\ 1\ _or

OEt 160 155, 156, 161-164
PMP—-0 Me
PMP/\‘C‘)O o 5 ’%ﬁ/ PMP”\(‘)O o
=0 OMe =0 = 0“[ l
OMe
161 93% OMe 162 78% 163 69%

BnO
PMP—-0 P o0 PMP/%O’%/O o
<~ = BnOome

155 88%
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OYO = PMP"%_ ;
DtBPF :
OEt 160 OX__) 165
¢ -CO,
L
L
\
Nu NuH, base \ @ %Et PMP/Y‘O
PMP’VO o PMP—-0 0 % oet
- ~ om % ) R =
H
69 low temperature 167
Nu-H at high temperature, nucleophiles
HOEt can approach allylpalladium cation

PMP—X-0O o
0 — Nu

170
Scheme 35. Proposed mechanism.

through an elimination of the palladium species. In the pres-
ence of an external nucleophile, the reaction is intercepted by
a proton transfer between the ethoxide anion and the external
nucleophile, yielding Pd intermediate 169. Thereafter, the de-
sired PB-product 170 is obtained with the elimination of the
palladium species. In addition, besides the proton transfer, a
nucleophile addition to the allylpalladium cation from the a-
face, which can furnish the a-product, can take place simultane-
ously at high temperature. Under such conditions, a mixture of
a- and PB-product 168 is thus observed.

7.2.1.7 Palladium-Catalyzed O-Glycosylation Using 3-O-Picoloyl
Glycal Donors

Recently, Liu group described an efficient palladium catalyzed
O-glycosylation using 3-O-picoloyl b-glucal donors.®! As shown
in Table 8, in the presence of 10 mol-% [Pd(PPhs),] as a catalyst

from o face

PR,
o]
H = Nu

168

and 20 mol-% 1,4-bis(diphenylphosphino)butane (dppb) as a
ligand, 3-O-picoloyl p-glucal donor 171 reacted with various
phenols (regarded as soft nucleophiles) in CH,Cl, at 60 °C for
48 h to afford a-O-aryl glycosides 172-174 in good to excellent
yield and excellent anomeric selectivity. Notably, attempts to
replace the 4,6-O-p-methoxybenzylidene on donor 171 with
other protecting groups, including benzyl and di-tert-butylsilyl,
resulted in poorer yields and selectivity.

Interestingly, when aliphatic or sugar-derived alcohols (re-
garded as hard nucleophiles) were used as acceptors, this reac-
tion required triethylamine (EtsN) as base and afforded -O-
glycosides, such as 157, 164, and 175 in good to excellent yield
and excellent anomeric selectivity. All substrates gave the de-
sired products in lower chemical yield and unsatisfactory [3-se-
lectivity in the absence of triethylamine. The addition of trieth-

Table 8. Palladium-catalyzed synthesis of O-glycosides using 3-O-picoloyl glycal donors.

=

10 mol-% Pd(PPhg),,
20 mol-% dppb,
CH,Cl, 60°C 48 h

PMP—X-0 o
© H
—
o
NS
172174 || R
=

=
x

PMP"Y‘O o
C} =

HOR PMP—V0N o
— OR

N 10 mol-% Pd(PPhs),. H
20 mol-% dppb, Et;N

157, 164, 175
CH,Cl, 60 °C 48 h S

171

R
e} o]
—
0o OMe
172 88% (o/p =20/1) /j: :OMe

OMe

PMP—S-0
/\5%0)/0\@

175 92% (a/f = 1/20)

173 56% o only
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Scheme 36. Proposed mechanism.

ylamine resulted in significant improvement on stereo-out-
comes of the reactions. Notably, the selectivity for acceptors
with electron-withdrawing groups was poorer than that of elec-
tron-donating groups. Use of phenoxides as nucleophiles also
gave B-O-arylglycosides in excellent yields and anomeric select-
ivity.

It is believed that coordination of PdL, complex with both
of the olefin and the nitrogen atom of the picoloyl group of
171 generates the intermediate 176 in which the p-face is
blocked by palladium complex. In pathway A, nucleophilic addi-
tion of soft nucleophiles, such as phenols, occurs at the allylic
carbocation and the a-glycoside is afforded. Regeneration of
PdL, complex completes the catalytic cycle. In pathway B, ioni-
zation of the picoloyl group generates the intermediate 177 as
a palladium m-allyl complex. In this structure, the palladium ion
is considered to be a harder Lewis acid, while the allylic carbo-
cation site is considered a softer Lewis acid. Aliphatic alcohols
or phenoxide, having stronger nucleophilicity, prefer to coordi-
nate to the palladium(ll) center to generate the intermediate
178 with the elimination of picolinic acid. The presence of tri-
ethylamine likely enhances the nucleophilicity of the acceptor
and facilitates its addition to the palladium(ll) center. Following
intramolecular nucleophilic addition, the B-glycoside is formed
and PdL, complex is regenerated (Scheme 36).

7.2.2 Synthesis of N-Glycosides by Pd Catalysis

In 2007, Nguyen and co-workers first reported a novel palla-
dium(ll)-catalyzed stereoselective synthesis of a- and 3-N-glyc-
osyl trichloroacetamides using glycal C3-imidates in the ab-
sence of acceptors.’”! As shown in Table 9, in the presence of
2.5 mol-% of [Pd(PhCN),Cl,], 2.5 mol-% tris(2,4,6-trimethoxy-
phenyl)phosphine (TTMPP), and 10 mol-% salicylaldehyde, -
glucal C3-imidates 179 can undergo rearrangement in CH,Cl,
at room temperature to afford corresponding B-N-glycosyl tri-
chloroacetamides 180-183 bearing 2,3-unsaturation in good to
excellent yields with poor to good f-selectivity. When 2.5 mol-
% of [Pd(CH3CN),I(BF,), was used as the catalyst, rearrange-
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o-glycoside
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— PMP"\B%) 2 . Oﬂm

178 p-glycoside

ment of glycal C3-imidates in the presence of 2 mol-% salicylal-
dehyde provided a-N-glycosyl trichloroacetamides 184-187
bearing 2,3-unsaturation in good to excellent yields with excel-
lent a-selectivity. Thus, the a- and B-selectivity at the anomeric
carbon depends on the nature of the palladium-ligand catalyst.
While the cationic palladium(ll) promotes the a-selectivity, the
neutral palladium(ll) favors the B-selectivity.

The observed anomeric selectivity may be explained in the
Scheme 37. In the presence of the cationic palladium, the
[Pd(CH3CN),4]1(BF,),—salicylaldehyde complex coordinates to the
imidate nitrogen of 179 to form 188 which subsequently un-
dergoes ionization to generate allylic cation and palladium tri-
chloroacetamide complex 189. Regioselective addition of tri-
chloroaacetamide from the a-face to the allylic cation provides
a-anomer. In contrast, use of the [Pd(PhCN),]1Cl,-TTMPP-salicyl-
aldehyde complex promotes a cyclization-induced rearrange-
ment.® In this pathway, the palladium catalyst coordinates to
the double bond of 179 to form m-complex 190, which is acti-
vated toward nucleophilic attack by the imidate nitrogen. Sub-
sequent cyclization of 190 provides complex 191 which upon
Grob-like fragmentation followed by dissociation furnishes the
[-anomer.

As glycosyl urea was found in nature as a structural unit of
glycocinnamoylspermidine antibiotics,®® the authors demon-
strated the utilization of a- and B-N-glycosyl trichloroacet-
amides bearing 2,3-unsaturation for the synthesis of glycosyl
ureas (Scheme 38). Diastereoselective dihydroxylation of the
olefin moiety of 181 and 186 followed by urea formation and
per-acetylation afforded p-mannose-type ureas 192 and 193 in
good yields over three steps, respectively. This method was
later applied to the synthesis of disaccharides and trisaccharide-
derived unsymmetrical glycosyl ureas.['%”

In addition, use of palladium catalysis for the synthesis of N-
aryl glycosides was reported by Chida.'®" In his studies,
[Pd,dbas] (10 to 200 mol-%) and large excess of ligand
(2.5 equiv. to Pd) were used to catalyze the coupling of per-O-
benzylated p-glucopyranosylamine with activated bromoarenes
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Table 9. Palladium-catalyzed stereoselective synthesis of a- and (3-N-glycosyl trichloroacetamides.
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(OP)
(O\ﬁ}i 2.5 mol-% Pd(PhCN),Cly, (OP), \~0
b, \fo 2.5 mok-% TTMPP, UN. O w 2.5 mol-% Pd(CHaCN)4(BF ).
i - > HN__O
CClz 10 mol-% salicylaldehyde cal 2 mol-% salicylaldehyde
CH,Cly, r.t,, 46 h 3179 CH.Clz, rt,, 1h CCly
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180 95% (a/p = 1/10) 181 83% (a/p = 1/4) 182 96% (/B = 1/2)

183 84% (/B = 1/1)
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Scheme 37. Proposed mechanism.
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Scheme 38. Synthesis of glycosyl ureas.

(2 to 15 equiv.) to afford N-aryl glycosides as a mixture of ano-  this method demon

mers (0/f = 2.4:1 to 1:9.3), albeit in satisfactory yields. Although
4746
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strated the possibility of using of glycosyl-

amines as nucleophiles for transition metal catalysis, but it was
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Table 10. Synthesis of $-N-glycosyl imidazole analogues.
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Scheme 39. Proposed mechanism.

not practical due to the high loading of catalyst and excess
bromoarenes.

Recently, Liu and co-workers reported a one-pot synthesis
of B-N-glycosyl imidazole analogues via a palladium-catalysed
decarboxylative allylation."®? As shown in Table 10, (-N-
glycosyl imidazole analogues 195-201 were produced in excel-
lent yields and anomeric selectivity under the optimal reaction
condition: glycal 194 (1.0 equiv.), CDI (carbonyldiimidazole,
1.5 equiv.), [Pd(PPhs),] (0.05 equiv.) in dichloromethane at room
temperature for 2 h. 3-N-glycosyl 1,2,4-triazole analogues 202
and 202’ were isolated as an inseparable mixture of regioiso-
mers.

To explain the f-selectivity of palladium catalyzed N-
glycosylation, it is believed that initially glycal 194 reacts with
CDI to form the carbamate intermediate 203. In the presence
of [Pd(PPhs3),], double coordination of the palladium catalyst to
203 resulted in the formation of key intermediate 204 with the
palladium species on the P-face. Subsequently, intermediate
205 was generated through a palladium catalyst-promoted de-

Eur. J. Org. Chem. 2016, 4724-4767 www.eurjoc.org
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carboxylative reaction. Next, nucleophilic addition gave com-
pound 206 and 206" with B-selectivity and the elimination of
the palladium catalyst. For asymmetric CDI analogues, since
both of the nitrogen can serve as a nucleophile in the next step,
two regioisomeric products (cf. 202 and 202’) can be obtained
(Scheme 39).

7.2.3 Synthesis of C-Glycosides by Pd Catalysis

Use of palladium catalysis for the synthesis of C-glycosides has
been extensively studied over the past a few decades.'®! In
general, palladium-catalyzed synthesis of C-glycosides can be
classified into the following two categories: 1) use of glycals in
palladium catalysis for the synthesis of C-glycosides; and 2) use
of 1-substituted glycals in palladium catalysis for the synthesis
of C-glycosides.

7.2.3.1 Palladium-Catalyzed Synthesis of C-Glycosides Using
Glycals as Coupling Partners

Use of unfunctionalized glycals in palladium catalysis for the
synthesis of C-glycosides has been widely investigated. In 1985,

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 40. Palladium-catalyzed C-glycosylation of p-glucal bearing C3-trifluoroacetate leaving group.

RajanBabu reported the first palladium-catalyzed C-glycosyl-
ation.l'®¥ Due to the difficulty of ionization of glycals bearing
C3-acetate or phosphate, p-glucal bearing C3-trifluoroacetate
207 was employed to facilitate the ionization for the formation
of m-allyl palladium species. As shown in Scheme 40, in the
presence of catalytic amount of [Pd(dba),] and ligand 1,2-bis(di-
phenylphosphino)ethane (DIPHOS), p-glucal 207 reacted with
the potassium salts of dimethyl malonate and 2-methylcyclo-
pentane-1,3-dione to afford desired $-C-glycoside 208 and 209
in 56 % and 63 % yield, respectively.

Besides enolates as nucleophiles, arylboronic acids, aryl hy-
drazines, and arylsulfinates were also employed as coupling
partners for glycals for the synthesis of C-aryl glycosides via
palladium catalyzed Ferrier-type coupling reaction (Scheme 41).
In 2001, Maddaford and co-workers reported the palladium cat-
alyzed synthesis of a-C-aryl glycosides, such as 210-213 in
good yields from 3,4,6-tri-O-acetyl-p-glucal 23 and various aryl-
boronic acids.!"®! It was found that arylboronic acids bearing
electron-withdrawing groups afforded the desired a-C-aryl glyc-
osides in inferior yields. In 2013, Liu and co-workers described
the synthesis of a-C-aryl glycosides, such as 210 and 214-217
in good to excellent yields from 23 and various aryl hydrazi-
nes.1%! Recently, Liu and co-workers also disclosed the synthe-

10 mol-% Pd(OAC);,
CH4CN, r.t.

i
HZNHN@

B(OH),

sis of a-C-aryl glycosides, such as 210, 213, and 215-216 in
good yields from 23 and various arylsulfinates.!'”) Notably, un-
der this condition the C-aryl glycoside 213 bearing chlorine at
para-position was obtained in higher yield than the Madda-
ford's method.

In addition, Liu and co-workers developed a palladium-cata-
lyzed decarboxylative allylation using glycals bearing C3-3-keto
esters for the stereoselective synthesis of 3-C-glycosides.!'%81 As
shown in Table 11, in the presence of 5 mol-% Pd(OAc), and
10 mol-% 1,1-bis(diisopropylphosphino)ferrocene (DiPPF),
heating glycals bearing C3-f3-keto esters 217 in toluene at 60 °C
for 2 h afforded desired -C-glycosides 218-223 in good to ex-
cellent yields and excellent anomeric selectivity. This method
tolerates both electron-donating and electron-withdrawing
group on the aromatic ring (cf. 222 and 223) and was also ap-
plied to the formal synthesis of aspergillide A. In addition, Liu
and co-workers also reported the synthesis of C-glycosides via
palladium and N-heterocyclic carbene-catalyzed decarboxylat-
ive allylation through addition of (o-azaaryl)carbaldehyde to
glycals bearing C3-ethylcarbonate.!'%%)

Synthesis of a-C-aryl glycosides via palladium-catalyzed
Heck-type coupling of glycals with aryl halides were also re-
ported. As shown in Scheme 42, Yang and co-workers disclosed

AcO o
AcO™NTT 210 R=H, 82%
211 R = 4-MeO, 79%
AN 212 R = 4-CF, 55%
R 213 R=4-Cl,57%
Y
AcO -
s 210 R=H, 90%

214 R=4-F, 79%

5 mol-% Pd(OAc),

10 mol-% PdCl,, 10 mol-% CuCls,
10 mol-% LiCl, CH5CN, 75 °C, air

10 mol-% 1,10-phenanthroline,
, Oy, HOAC, 65 °C

215 R =4-Br, 85%
R 216 R =4-Me, 86%
217 R=4-CO,Me, 51%

210 R=H, 70%
213 R=4-Cl, 74%
215 R =4-Br, 58%
216 R =4-Me, 68%

Scheme 41. Palladium-catalyzed C-glycosylation of glycals with various coupling partners.
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Table 11. Synthesis of §-C-glycosides by palladium-catalyzed decarboxylative allylation.

R'O o R'O
R20 o 5 mol-% Pd(OAc),, R20 o
0 0 - 10 mol-% DiPPF, — R
ER 217 PhCH3 60 °C, 2 h 0
X 218-223
BnO _-0Bn
TBSO
— = —
—
o} o 0 o}
218 90% 219 83% 219 90% 220 52%

PMP—X-0
PMP"Y&O o PMP— -0 o (0] Q OCH;
— o\ NO, =
0 4 0

221 88% 222 82% 223 88%
}
aro\_o TN/ @eauv) Bno 224 Ar=Ph, 81%
n = 5 o
BnO-\e > Bno&\; 225 R = 4-OMe-Ph, 75%
5 mol-% Pd(OAc),, TBAB (1.0 equiv.), Bn 226 R = 1-Naph, 78%
8 K,COj3 (3.0 equiv.), DMF, microwave, 170 °C Ar
R
ch 228 Ar=Ph, 92%
B e O =
» TB =AYzt N, 597
TBSO M > .I.‘;go ~—Q 231 R = 4-CF;-Ph, 75%
10 mol-% Pd(OAC),, Ag,CO; (0.6 equiv.), 232 R = 4-CI-Ph, 92%
227 Cu(OAc), (2.0 equiv.), CHsCN, air, 40 °C, 24 h Ar 233 R=2-CHy-Ph, 99%

234 R = 1-Naph, 95%

Scheme 42. Palladium-catalyzed Heck-type C-glycosylation of glycals with aryl halides.

palladium-catalyzed Heck-type coupling of 3,4,6-tri-O-benzyl-p-
glucal 8 with various aryl bromides in the presence of 5 mol-%
Pd(OAc),, TBAB (tetra-n-butylammonium bromide) (1.0 equiv.),
and K,COj3 (3.0 equiv.) in DMF under microwave irradiation at
170 °C afforded a-C-aryl glycosides 224-226 in good yields and
excellent anomeric selectivity.'’® In the same year, Ye and co-
workers described palladium-catalyzed Heck-type coupling of
3,4,6-tri-O-tert-butyldimethylsilyl-p-glucal 227 with various aryl
iodides in the presence of 10 mol-% Pd(OAc), Ag,COs
(0.6 equiv.), and Cu(OAc), (2.0 equiv.) in CH3CN under air at
40 °C for 24 h provided a-C-aryl glycosides 228-234 in good to
excellent yields and excellent anomeric selectivity.[''" Notably,
under Ye's condition, neither 3,4,6-tri-O-benzyl-p-glucal 8 nor
3,4,6-tri-O-acetyl-p-glucal 23 was an effective substrate.
Synthesis of a-C-aryl glycosides via palladium-catalyzed
Heck-type coupling of glycals can also be carried out using aryl
boronic acids as coupling partners.l''? The structures of the a-
C-aryl glycosides obtained in this type of reaction depends on
the condition or choice of oxidants. As shown in Scheme 43,
Coupling of 3,4,6-tri-O-tert-butyldimethylsilyl-D-glucal 227 with
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phenylboronic acid in the presence of 10 mol-% Pd(OAc), and
Cu(OACc),/0, afforded a-C-aryl glycosides 228 in 94 % yield. In
addition, changing the oxidant from Cu(OAc),/O, to benzoquin-
one provided C3-oxo a-C-aryl glycosides 235 in 84 % yield. No-
tably, while 3,4,6-tri-O-benzyl-p-glucal 8 was found to be less
effective than 3,4,6-tri-O-tert-butyldimethylsilyl-p-glucal 227
and gave the corresponding C3-oxo a-C-aryl glycosides in 32 %
yield, use of 3,4,6-tri-O-acetyl-p-glucal 23 did not afford any
product. Furthermore, changing the oxidants to DDQ led to the
formation of enone-type C-glycosides 236 in 69 % yield.

In adiditon, Liu and co-workers developed a palladium-cata-
lyzed Heck-type decarboxylative C-glycosylation of glycals with
benzoic acids for the synthesis of a-C-aryl glycosides.'’3! Al-
though 3,4,6-tri-O-acetyl-D-glucal 23 was not a suitable sub-
strate in both Yang!'® and Ye's method,""""""? it was found
that 23 was an effective substrate under Liu's condition. As
shown in Table 12, in the presence of 10 mol-% Pd(OAc),,
0.4 equiv. PhsP, and Ag,COs (3.0 equiv.), heating a mixture of
glycals and various benzoic acids in a DMSO/DMF (1:20) solvent
80 °C afforded a-C-aryl glycosides 237-248 in moderate to
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227

TBSO
TBSO o]
TBSO—*== 228 94%
10 mol-% Pd(OAc),,
Cu(OAc); (2.0 equiv.),
0O, CH4CN
TBSO
10 mol-% Pd(OAc),, , CH,CN  TBSO Q
benzoquinone (2.0 equiv.) 0]
> 235 84%
10 mol-% Pd(OAc),, TESO
DDQ (2.0 equiv.), CHsCN TBSO 0
0= 236 69%

Scheme 43. Palladium-catalyzed Heck-type C-glycosylation of glycals with aryl boronic acids.

Table 12. Palladium-catalyzed Heck-type decarboxylative C-glycosylation of glycals.

R'O coon 10 mok% Pds(dbal;, PhoP (0.4 equiv.),
R?0 0 TR Ag,CO5 (3.0 equiv.),
R3O — + R_I - -
DMSO/DMF, 80 °C
RO RO _OR
= 0,
RO ° 522 E = §°’ o o) 242 R = Ac, 80%
RO =Bn, 70% = ?
- o, RO N 243 R =Bn, 60%
239 R=TBS, 73%
MeO OMe oo e 244 R = CO,Et, 69%
240 R =Piv, 65% MeO OMe 245 R = Bz 214
241 R = Boc, 55% =Bz, 71%
AcO AcO
AcO AcO 0 0
AcO — AcO
AcO % o 0 AcO AcON=
AcO AcO—Ns OMe MeO OMe
OAc
MeO OMe
Br
246 45% 247 4509 OMe 248 43 %

good yields. This reaction tolerates various protecting group on
glycals and electron-rich benzoic acids with different substitu-
tion patterns.

7.2.3.2 Palladium-Catalyzed Synthesis of C-Glycosides Using 1-
Substituted Glycals as Coupling Partners

Use of 1-substituted glycals in palladium catalysis for the syn-
thesis of C-glycosides has also been extensively studied. Typi-
cally, the synthesis involves the standard cross coupling of
glycal-derived metal species with sp?-halide (aryl or alkenyl) or
halo-glycal with alkyl or aryl metal species.

Tius and co-workers utilized palladium-catalyzed Negishi-
type coupling for the synthesis of C-aryl glycosides.''¥ As
shown in Scheme 44, Negishi coupling of p-glucal-derived zinc
species 249 with aryl iodide 250 afforded desired product 251
in 79 % vyield. Stereoselective reduction of enol ether of 251

Eur. J. Org. Chem. 2016, 4724-4767 www.eurjoc.org
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was achieved by exposing 251 to NaBHs;CN and HCl in EtOH
and 2-deoxy-f3-C-aryl glycoside 252 was isolated in 87 % yield.
This 2-deoxy-B-C-aryl glycoside 252 was further functionalized
to complete the synthesis of antitumor antibiotic Vineomycin-
one B2 Methyl Ester.

Beau and co-workers described palladium-catalyzed Stille
coupling glycal-derived stannanes with organic halides to form
corresponding C-glycosides.l'" Friesen and co-workers also
disclosed the synthesis of C-aryl glucals via Stille coupling of
glucal-derived stannanes with aryl bromides.''® In addition,
Werz and co-workers reported the synthesis of (1—2)-, (1-3)-,
and (1—4)-C-disaccharides employing Stille-type reaction of
stannylglycals and exocyclic bromoolefins."'”1 Recently, Zhu
and co-workers used a similar strategy for the synthesis of anti-
tumor antibiotic derhodinosylurdamycin A which involves a
Stille coupling of p-glucal-derived stannane and aryl ioide fol-
lowed by stereoselective reduction.['®
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Vineomycinone B2 methyl ester - TE;I'SBCS)‘;O OOO
252 OMOM

Scheme 44. Synthesis of 2-deoxy-3-C-aryl glycosides by palladium-catalyzed Negishi coupling followed by stereoselective reduction.

In 2008, Miyaura and co-workers reported the synthesis of C-
glycosides by palladium-catalyzed cross coupling of haloarenes,
benzyl bromide, and allyl bromide with glucal-derived organob-
orons (or borylglucals)."™ The glucal-derived organoborons
were obtained via iridium complexes-catalyzed vinylic C-H bor-
ylation of cyclic vinyl ethers by bis(pinacolato)diboron or pina-
colborane. In 2003, Minehan and co-workers reported the syn-
thesis of C-aryl glycals by palladium-catalyzed cross coupling of
glucal-derived indium reagents with aryl halides.!"?

Friesen and co-workers also disclosed the synthesis of C-aryl
glucals via Stille coupling of 1-iodoglucal aryl zinc, boron, and
stannanes.!"" In addition, Tan and co-workers reported synthe-
sis of C1-alkyl- and acyl-glycals by palladium-catalyzed Suzuki-
Miyaura cross coupling of 1-iodoglycals with alkylboranes.!'?"]
In 1997, Nicolaou and co-workers described the synthesis C1-
vinyl glycals using palladium-catalyzed cross coupling of glycal-
derived cyclic ketene acetal phosphates with vinylstannane.!'??
Most recently, Wu, Ye and co-workers discovered a new ap-
proach for the synthesis of diverse C-aryl glycals (aryl-C-A'2-
glycosides, cf. 256-263, Table 13) from various 1-iodoglycals

254 and N-quinolyl benzamides 253 via palladium-catalyzed
ortho-C-H activation.">3! As shown in Table 13, various C-aryl
glycals 256-263 were obtained in good to excellent yields un-
der optimal condition {10 mol-% Pd(OAc),, 30 mol-% ligand
(255), 2 equiv. of NaHCO;, tert-amyl alcohol/H,O (10:1), 1 atm
oxygen, 100 °C, 10 h}. This method tolerates both electron rich
and electron poor substituents on various substitutions on the
aromatic substrates. It was found that use of an amino acid-
derived ligand (255) was crucial in order to improve the yield
and suppress the formation of bis-C-glycosylated products. This
approach bypasses the pre-functionalization of aromatic cou-
pling partners and leads to improved synthetic efficiency. Ye
also demonstrated that the C-aryl glycals, e.g., 256-263, were
utilized for the concise synthesis of the skeletons of several bio-
active natural products or molecules.

The proposed mechanism for the abovementioned couping
reaction is shown in Scheme 45. Coordination of palladium(ll)
acetate to N-quinolyl benzamides 253 followed by C-H activa-
tion leads the palladacycle intermediate 264 which undergoes
oxidative addition to 1-iodoglycals 254 to afford palladium(IV)

Table 13. Synthesis of C-aryl glycals via palladium-catalyzed C-H functionalization.

10 mol-% Pd(OAc),, (o]
30 mol-% ligand (255),
NaHCO; (2 equiv.), Rt

= NHAQ §

t-AmylOH/H,0 (10/1),
1 atm O,, 100 °C, 10 h

- P4

- = AQ =
o~ Ok "/

256-263

260 83%

261 83% (2 equiv. of
K;CO3 was used)
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= OTIPS F

262 77%
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258 74%

QTIPS
OTIPS

263 91%
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intermediate 265. The amino acid ligand 255 may coordinate
to the palladium and decrease the reaction rate of the oxidative
addition to the 1-iodoglycals. Reductive elimination of palla-
dium(lV) intermediate 265 gives desired C-aryl glycals 266 and
regenerates the catalyst.

253
0
= N
Rt H || -————
= N
Oy
(OP),
266

Scheme 45. Proposed mechanism.

Hayashi and co-workers reported the synthesis of carbo-
hydrate-containing carbocyclic coumpounds by palladium cata-
lyzed cross coupling of 2-bromoglucal Br with alkene or vinyl-
stannane followed by Diels-Alder reaction.'?*! Werz and co-
workers reported the synthesis of (1—6)-C-glycosides employ-
ing Sonogashira coupling of 1-iodoglucal with sugar-derived
C5-alkyne followed by hydrogenation.['?*! They also described
the synthesis of alkynyl C-glycosides using Sonogashira cou-
pling of 1-iodinated and 2-brominated glycals using several aro-
matic and aliphatic alkynes.!'2%!

7.2.4 Synthesis of S-Glycosides by Pd Catalysis

In 2013, Liu and co-workers reported synthesis of 3-S-arylglyc-
oside 153 (thioglycoside) by palladium-catalyzed decarboxylat-
ive allylation (Table 6).1°%! In addition, use of palladium catalyst
for the synthesis of S-glycosides has also been achieved via
coupling of aryl halide and glycosyl thiols. As shown in
Scheme 46, N-glycosyl phenylthioglycosides 269 bearing both
C-N and C-S B-glycosidic bonds could easily be prepared in
70 % vyield via a Pd-catalyzed coupling reaction of N-4-iodoaryl
glycosides 267 with glycosyl thiol 268.1'%”)

OAc

A0 SN
c c H
AN oo Sy
AcO \@\ NHAC
_ =
[ Pd

(OAc),, Xantphos,
267

Scheme 46. Synthesis of S-glycosides by Pd catalysis.
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7.3 Synthesis of 2-C-Branched O-Glycosides by Pt Catalysis

The use of platinum complexes for catalytic glycosylations was
rare. To the best of our knowledge, there was only one report
by Madsen and co-workers which described platinum-catalyzed
synthesis of a-2-C-branched carbohydrates via ring opening of
1,2-cyclopropanated sugars.l'?8) As shown in Table 14, in the
presence of 3.7 mol-% of Zeise's dimer [Pt(C,H4)Cl5],, various
1,2-cyclopropanated sugars 270-274 were able to react with
simple alcohols to selectively afford 2-C-branched a-glycosides
275-279 in good to excellent yields and good anomeric select-
ivity. This method also tolerates other type of oxygen nucleo-
philes, such as water, monosaccharides, and phenol acceptors,
to afford corresponding lactols, disaccharides, and O-arylglyc-
osides, respectively. In addition, it was found that 1,2-cyclo-
propanated sugars bearing carboalkoxy and alkoxy groups are
less reactive towards platinum catalysis as compared to those
containing unsubstituted cyclopropanes.

When 1,2-cyclopropanated sugar 270 was subjected to deu-
terium labeling experiment involving monodeuterated benzyl
alcohol (BnOD), the corresponding 2-C-branched glycoside was
found to be completely monodeuterated at the 2-C-methyl
group. Based on this observation, the authors proposed the
mechanism for this platinum-catalyzed glycosylation as shown
in Scheme 47. Initially, an intermediate platinacyclobutane 280
is formed by oxidative addition of the cyclopropane to plati-
num(ll). Platinacyclobutane 280 is believed to have substantial
oxocarbonium ion character (cf. 281) as previously observed for
certain palladium species. Nucleophilic attack of the O-nucleo-
phile, e.g., alcohols and water, gives the glycoside/hemiacetal
282 with the a-anomer dominating according to the anomeric
effect. Reductive elimination from 282 completes the catalytic
cycle to give the C-branched sugar 283 and regenerating plati-
num(ll).

OBn

OBn OBn
(&)
BnO 0 o) o o
BnO BnO N
5"0‘% BnO > m.c?é{;mcb
PICI,
272 280 281
P(II)
BnO 0Bn HOR
0
Bgﬁo’ﬁ*ﬁ BnO (o]
Me ‘OR BnO OR
283 282 -PiCl

Scheme 47. Proposed mechanism.

268

269 70% yield
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o [PH{C,H4)Clo]2 (3.7 mol-%) 0
(PO);= > (PO) 7 \»OR
HOR (2 equiv.), CH,Cly, .t. Me
270-274 275-279
Entry 1,2-Cyclopropanated sugars Products Yields, o/p ratio
OBn BnO Me
o]
1 Bnoﬂ 270 B“Oﬂ 95% (a/p = 12/1)
oS BnO o8 275
OBn
BnO _.OBn BnO [ e
o]
2 Bno@ 271 BnO 0/\ 276 84% (a/p = 2411)
OBn BnO
o]
3 Bho0 272 Bgﬁ;ﬂ 277 80% (a/B=7/)
Me OMe
BnO _-OBn BnO _OBn
o
4 & 0 87% (a/p =71
B0 273 BRO 278 o (/B )
Me OBn

Me (@]
5 BnO 274

Bnow | 279
BnO Me

96% (a/p = 12/1)

7.4 Summary

The group 10 transition metal complexes, especially those de-
rived from nickel and palladium, have been widely employed
for catalytic stereoselective glycosylations. By taking advantage
of azaphilic nature of cationic nickel(ll) complexes, synthesis of
1,2-cis-0-2-deoxy-2-aminoglycosides has been realized via acti-
vation the corresponding trichloroacetimidate donors. In addi-
tion, cationic nickel(ll) complexes were also used for [1,3]-rear-
rangement of glycosyl trichloroacetimidates to provide corre-
sponding a-trichloroacetamides which can be utilized for prep-
aration of glycosyl ureas. Furthermore, nickel complexes were
also employed for stereoselective synthesis of C-glycosides from
glycosyl halides, presumably via Negishi type cross-coupling or
radical type mechanism. Palladium complexes, especially palla-
dium(0) catalysts, have been extensively investigated for cata-
lytic stereoselective synthesis of a variety of O-, N-, C-, and S-
glycosides under mild conditions owning to its power in the
formation of allylpalladium intermediates as well as cross cou-
pling reactions. Besides, cationic palladium(ll) catalysts were
also utilized for activation of glycosyl trichloroacetimidates for
the synthesis of O- and C-glycosides. In contrast, the use of
platinum complexes for glycosylations is rather under explored.

5 mol-% CuCl, 5 mol-% AgCIO,

8. Synthesis of O-, N-, C-, and S-Glycosides by
Group 11 Metal (Cu, Ag, Au) Catalysis

8.1 Synthesis of O- and N-Glycosides by Cu Catalysis

8.1.1 Synthesis of O-Glycosides by Cu Catalysis

Although copper complexes-promoted glycosylations have
been known,'?°! reports on copper-catalyzed glycosylations are
rare. In our previous review," we discussed the synthesis of 1,2-
trans-p-ribofuranosides via Cu'-catalyzed dehydrative glycosyl-
ation reported by Hiroi and co-workers.['*? As described in
Scheme 48, under the catalysis of Cu" complex prepared from
CuCl,, bis(diphenylphosphino)ferrocene, and AgClO,4, a mixture
of 2,3,5-tri-O-benzyl-p-ribofuranose 284 and cyclohexanol in
chloroform afforded preferentially more stable (3-ribofuranoside
285 in 95 % yield in the presence of CaSO, as a dehydrating
agent. Experimental results suggested that Cu(ClO,), is the ac-
tive catalyst in this glycosylation.

In addition, it was found that, in the presence of LiCIO, as
additive, the synthesis of 1,2-cis-a-ribofuranosides via Cu'-cata-
lyzed dehydrative glycosylation can be achieved.''? As shown
in Scheme 49, a mixture of 284 and acceptor 52 in chloroform

al,

BnO

fo
-

BnO OBn

BnO 0
/\;-?MOH . O/OH 5 mol-% dppf
BnO  OBn CaS0, CHCl; rt.
284

Scheme 48. Copper-catalyzed synthesis of p-ribofuranosides.
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OH 5 mol-% dppf, LiCIO,
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+ Bno— > BnO o)
BnO  OBn " N0 o CaSOs CHCIy rt. BnO  OBn “gno -~
n
oM
284 52 286 (82% yield, «/p = 98/2) ©

Scheme 49. Copper-catalyzed synthesis of a-ribofuranosides in the presence of LiClO,.

Table 15. Copper-catalyzed synthesis of [3-N-aryl glycosides.

Cu(OAc); (20 mol-%) o. N
pyridine (1.0 equiv.)

CH,Cl, air, r.t., 24 h

O. _NH, R/
(AcO)n—U N QB(OH)z
287

288 85% 289 77%
H
N
AcO \@
AcO "0Ac
OAc OAc
292 84% 293 25%

291 15%

H
N

"“’o;c©

294 70%

under the catalysis of Cu" complex prepared from CuCl,, bis(di-
phenylphosphino)ferrocene, and AgClO, in the presence of Li-
ClO, afforded a-ribofuranoside 286 in 82 % yield (o/f} = 98:2).
Addition of LiClO, led to the reversed stereoselectivity, proba-
bly because LiCIO, was able to suppress the isomerization of
initially formed a-ribofuranoside to the more stable B-ribofur-
anoside.

8.1.2 Synthesis of N-Glycosides by Cu Catalysis

In 2013, Alami and Messaoudi reported stereoselective synthe-
sis of B-N-aryl glycosides via copper-catalyzed Chan-Lam-Evans
coupling!"3" of various glucosamines 287 and arylboronic acids
at room temperature.'?”? As shown in Table 15, using 20 mol-
% Cu(OAc),, a variety of aryl N-glucosides 288-290, galactoside
292, as well as N-aryl disaccharide 294 were obtained in good
to excellent yields with exclusive 3-selectivity. This method
seemed not to tolerate ortho-substituents on the aromatic bor-
onic acids as aryl p-N-glucoside 291 was formed in 15 % yield.
In addition, a-N-aryl mannoside 293 was obtained in poor yield.

8.2 Synthesis of O-Glycosides by Ag Catalysis

Silver(l) salts, such as silver triflate (AgOTf) and silver perchlor-
ate (AgClO,), are usually employed with other metal (e.g., Ni,
Cu, Pd, and Au) chlorides for the generation of more reactive
cationic metal complexes for activation of corresponding glyc-
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osyl donors. Recently, silver salts were also reported as Lewis
acid catalysts for activation of glycosyl donors. For instance, Du
and co-workers reported that silver triflate (AgOTf) can be effi-
cient and mild alternative catalyst for activation of glycosyl tri-
chloroacetimidate donors."3? In those glycosylations sensitive
to trimethylsilyl triflate (TMSOTf), use of AgOTf as catalyst was
found to suppress the migration and decomposition signifi-
cantly. In addition, O'Doherty and co-workers described that
cationic silver(l) salt was able to catalyze an efficient synthesis
of L-pyranone derived a-glycosides.['33] As shown in Scheme 50,
in the presence of 5 mol-% silver hexafluoroantimonate
(AgSDbFy), tert-butyl L-pyranone glycosyl carbonate 295 (used as
a mixture of a/f isomers) reacted with dihydrocholesterol in
THF at =20 °C for 30 min to afford the corresponding o-glyc-
oside 296 in 81 % yield (0/f = 9.3:1). This glycosylation protocol
tolerates various primary, secondary, and tertiary alchol accept-
ors and provides the desired a-glycosides in good yields and
anomeric selectivities.

In contrast to the previous Pd%-catalyzed glycosylations de-
veloped by the same group which involve allylpalladium inter-
mediates,[°>6¢ this cationic silver(l)-catalyzed glycosylation is
believed to undergo different mechanism. As depicted in
Scheme 51, activation of glycosyl donor 295 through coordina-
tion of cationic silver(l) to the carbonyl oxygen may lead to the
formation of onium 298 and tert-butyl silver carbonate 299 (via
intermediate 297). Reaction of onium 298 with alcohol accept-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



® xChemPubSoc
V Europe

KTO
Boco™ ~07 "Me 295
5 mol-% AgSbFg
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dihydrocholesterol THF, =20 °C, 30 min

Scheme 50. Silver-catalyzed synthesis of L-pyranone derived a-glycosides.

tBuO

CO, + tBuOH 4L4

{BuO

299

Scheme 51. Proposed mechanism.

ors affords desired a-.-300 as the major anomer and releases a
proton, while cationic silver(l) catalyst is regenerated by decom-
position of tert-butyl silver carbonate 299 in the presence of
acid.

8.3 Synthesis of O-, N-, C-, and S-Glycosides by Au
Catalysis

Due to the particular affinity of gold to alkynes, gold catalysts
have been widely used in organic synthesis through the activa-
tion of alkynes.'>" The capability of gold complexes in chemo-
selective activation of alkynes under mild conditions renders it
appealing to of synthetic carbohydrate chemists. As a result,
development of new glycosylation modes based on the gold
catalysts has been realized by several groups.

8.3.1 Synthesis of O-Glycosides by Au Catalysis

8.3.1.1 Gold(lll)-Catalyzed O-Glycosylation with Propargy!
Glycoside Donors

Previously in our review,”! we discussed several gold-catalyzed
stereoselective synthesis of O-glycosides. For instance, use of
gold catalyst for O-glycosylation was first reported by Hotha
and co-workers in 2006."3*1 As shown in Scheme 52, under
gold(lll)-chloride catalysis, propargyl glycosides 301 reacted
with acceptor 52 in acetonitrile at 60 °C to form a o,f3-mixture

Y
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296 (81% yield, a/p = 9.3/1)

(\f—-ff

298 a-L-300
major anomer

of disaccharides 302 in good yield. This reaction took advan-
tage of the high alkynophilicity of Au(lll) for anomeric activation
of propargyl glycosides to furnish corresponding oxonium ion
which then reacted with various aglycones. However, this type
of gold-catalyzed glycosylation does not tolerate acyl protected
propargyl glycoside donors. Later in 2009, Finn and Mamidyala
successfully applied this gold(lll) chloride-catalyzed glycosyl-
ation to the synthesis of glycosides using unprotected prop-
argyl glycosyl donors.'39 Later in 2012, Hotha discovered a
more effective propargyl glycoside donor, 1-ethynylcyclohex-
anyl glycoside, which can be activated by 5 mol-% AuCl; and
5 mol-% AgSbF¢ at room temperature.l'3”!

8.3.1.2 Gold(lll)-Catalyzed O-Glycosidation with Propargyl 1,2-
Orthoesters

Due to aforementioned limitation of Au(lll)-catalyzed O-glyc-
osylation using propargyl glycoside donors, Hotha and co-work-
ers later developed AuBrs-catalyzed O-glycosylation using prop-
argyl 1,2-orthoesters (cf. 303 and 304) as useful glycosyl donors
for the synthesis of 1,2-trans glycosides and glycoconjugates
305 and 306, respectively (Scheme 53).['38 This method toler-
ates a variety of aglycones comprising aliphatic, alicyclic, stero-
idal and sugar alcohols. Presumably, AuBr; may activate the alk-
yne resulting in the formation of a 1,2-dioxolenium ion and also
behave as a Lewis acid to facilitate the attack of the glycosyl
acceptor.

OBn

OBn OH
K (o]
o ‘ BHO'é% mrne agiR
n BnO BnO 0
(o] n BnO
BnO /\Q} BnOd e CH4CN, 60 °C BRO
BnoOM
301 52 302 74% o/p=0.7/1 e

Scheme 52. Gold(lll)-catalyzed O-glycosylation with propargyl glycosides.
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Scheme 53. Gold(lll)-catalyzed O-glycosylation with propargyl 1,2-orthoesters.
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Scheme 54. Gold-catalyzed synthesis of 1,2-trans-a-arabinofuranosides.
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Scheme 55. Synthesis of 1,2-trans-f-ribofuranosides via gold catalysis.
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Hotha and co-workers also demonstrated orthogonal activa-
tion strategy using propargyl 1,2-orthoesters as glycosyl donors.
They discovered that AuBrs-catalyzed selective activation of
propargyl 1,2-orthoesters can be achieved in the presence of
propargyl glycosides and propargyl ethers 2008.['3°! Later, they
found that propargyl 1,2-orthoesters can be selectively acti-
vated with AuBr; in the presence of n-pentenyl glycosides,
while pentenyl 1,2-orthoesters can be selectively activated with
NIS/Yb(OTf); in the presence of propargyl glycosides.'*® This
AuBr;-catalyzed O-glycosylation using propargyl 1,2-O-ortho-
esters as donors was later applied to the stereoselective synthe-
sis of 1,2-trans protected glycosyl amino acids,['*" glycomono-
mers,['42] tetrasaccharide motif of the Leishmania donovani li-
pophosphoglycan,['*3! pentaarabinofuranoside of the mycobac-
terial cell surface,!"* and pyrimidine nucleosides.!'#*

Recently, Hotha and co-workers exploited the use of prop-
argyl 1,2-orthoesters of arabinose for the synthesis of 1,2-trans-
a-arabinofuranosides via gold catalysis. Accordingly, the prop-
argyl 1,2-orthoester of arabinofuranose 307 was subjected to
standard gold-catalyzed glycosylation condition (AuCls/4 A
powdered molecular Sieves. /CH,Cl,/25 °C) with acceptor 149
to give 1,2-trans furanoside 308 in 78 % yield (Scheme 54).1'49]

In addition, 1,2-trans-B-ribofuranosides were also readily ac-
cessed by the above delineated propargyl 1,2-orthoester strat-
egy. As shown in Scheme 55, ribofuranosyl donor 309 was sub-
jected to the aforementioned gold catalyzed glycosidation with
acceptor 310 to obtain corresponding p-ribofuranosides 311 in
78 % yield.'46!

8.3.1.3 Gold(lll)-Catalyzed O-Glycosylation Involving Methyl
Glycoside Donors

Hotha and co-workers also disclosed that stable methyl glycos-
ides, such as 312, can also be employed as glycosyl donors in
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the presence of AuBr; catalysis.'"¥”? As shown in Scheme 56,
“armed” p-mannose-derived methyl glycoside donor 312 re-
acted with “disarmed” b-mannose-derived methyl glycoside ac-
ceptor 313 in the presence of 10 mol-% AuBr; to afford desired
a-disaccharide 314 in 61 % vyield. Notably, “disarmed” methyl
glycoside donors can not be activated by AuBrs catalyst. This
method tolerates a diverse range of aglycones, such as ali-
phatic, alicyclic, steroidal and sugar alcohols. In addition, this
methodology enabled the synthesis of tri- and tetra-saccharides
from respective di- and tri-saccharides.

BnO OBn
BnO &
BnO BnO OBn
OMe BnO (@]
10 mol-% AuBr; BnO
+ > o OBz
BzO O
BzO

CHzCN, 70 °C
OMe

314 61%, o only

Scheme 56. Gold(lll)-catalyzed O-glycosylation involving methyl glycoside do-
nors.

Hotha and co-workers demonstrated that various 1,6-an-
hydro sugars can be prepared utilizing these gold-catalyzed
glycosylations of 6-hydroxy propargyl/methyl monosaccharides,
disaccharides, and trisaccharides.® In addition, 2-C-branched
methyl glycosides reacted with various alcohols under gold ca-
talysis to provide a-configured 2-C-nitromethyl glycosides.[4!
Furthermore, gold(lll) bromide was shown as a suitable catalyst
for the stereoselective cyclization of 2-C-malonyl carbohydrates
to the anomeric center under retention of one ester group.['>”
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Moreover, Hotha and co-workers reported that gold(lll)-cata-
lyzed glycosylation were suitable for the synthesis of furano-
sides.l'> Interestingly, propargyl/methyl p-ribofuranosides and
p-lyxofuranosides gave only 1,2-trans glycosides, whereas p-ara-
binofuranoside and p-xylofuranoside resulted in a mixture of
1,2-trans and 1,2-cis glycosides.

8.3.1.4 Gold(l)-Catalyzed O-Glycosylation with Glycosyl ortho-
Alkynylbenzoate Donors

In 2008, Yu and co-workers first reported the use of homogene-
ous cationic gold(l) catalyst for O-glycosylation involving glyc-
osyl ortho-alkynylbenzoates as donors (Scheme 57).1'>2 This
glycosylation method was inspired by a report from Asao and
co-workers which disclosed gold-catalyzed etherification and
Friedel-Crafts alkylation using ortho-alkynylbenzoic acid alkyl
ester as an efficient alkylating agent.!">3 The glycosyl ortho-
hexynylbenzoate donors (cf. 315 and 316) can be readily pre-
pared as a mixture of anomers by condensation of the corre-
sponding lactols with o-hexynylbenzoic acid. Experiments indi-
cated that a- and f-anomers of glycosyl ortho-hexynylbenzoate
donors showed comparable reactivity toward the gold catalysis.
As shown in Scheme 57, in the presence of 10 mol-% PhsPAu-
OTf, glycosyl ortho-hexynylbenzoate donors 315 and 316 re-
acted with acceptor 317 to provide corresponding O-glycosides
318 and 319 in good yields, respectively. Mechanistically, acti-
vation of the benzylic triple bond with cationic Au' followed by
nucleophilic attack of the proximal carbonyl oxygen should re-
sult in the cleavage of the glycosidic bond to give oxocarbe-
nium and gold-isocoumarin complex, which was discussed in
our previous review.™ The mechanism of this glycosylation was
later studied by the authors in details."> Since the oxocarb-
enium is formed as the key intermediate for O-glycosides, the
anomeric stereochemistry was controlled by steric and ano-
meric effect, neighbouring group participation as well as sol-
vent and temperature.

w0 -

315 R=Bz 317
316 R=Bn

10 mol-% PhzPAuOTf RO
_  » R

CH,Cl, 4 AMS, rt.
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The Yu group discovered that gold(l)-catalyzed glycosylation
of glycosyl ortho-hexynylbenzoates with acceptors bearing
both carboxylic acid and alcohol functionality was able to
chemoselectively provide the corresponding ester glycosides in
high yields in the presence of BF5-Et,O and DBU.['>*! In addition,
by employing glycosyl ortho-hexynylbenzoates as donors and
cationic gold(l) as catalyst, a highly efficient glycosylation initi-
ated cationic ring-opening polymerization (CROP) of tetra-
hydrofuran occurred to afford novel glycopolymers which could
self-assemble into nanostructures.!'>®!

This gold(l)-catalyzed glycosylation using glycosyl ortho-alk-
ynylbenzoates as donors was later successfully applied to the
synthesis of a number of O-linked glycosides and glycoconju-
gates,">”! such as B-N-acetylglucosaminidases inhibitor TMG-
chitotriomycin,['>8 cyclic triterpene saponin,!'>*! kaempferol 3-
0-(3”,6”-di-O-E-p-coumaroyl)-B-p-glucopyranoside,['*® nucleo-
side,'®"  ginsenoside Rh2 and chikusetsusaponin-LT8,!'%%
kaempferol 3-0-(3”,6”-di-O-E-p-coumaroyl)-a-L.-rhamnopyrano-
sides,!'®3! lupane-type saponins,['® digitoxin,['®>! kaempferol
3,7-O-bisglycosides,'*® saponin P57,['%”! N-O linked sacchar-
ides,['%8] Starfish Saponin Goniopectenoside B,['®?! diverse gin-
senosides,"”% Nucleoside Antibiotic A201A,"”" Linckosides A
and B,1'7? astrosterioside A,"'”3! Tunicamycins,!'7#! immunosup-
pressant periploside A.l'7]

Besides cationic Ph;PAuOTf, during the course of research Yu
and co-workers developed several versions of gold catalysts for
the activation of glycosyl ortho-hexynylbenzoates, such as
Ph;PAUNTf,, a Au' m-bis(tert-butyldimethylsilyl)acetylene tri-
phenylphosphine complex,'7®! a polystyrene-bound triphenyl-
phosphine gold(l) catalyst.['””!

Recently, this homogeneous cationic gold(l) catalyst for O-
glycosylation involving glycosyl ortho-alkynylbenzoates as do-
nors has been employed in the stereoselective synthesis of [3-
mannopyranosides.l'”8 As shown in Scheme 58, while Yu and

OBn

(0]
BnO
R

318 R=Bz 81%, p only
319 R=Bn 71% a/p =21

Scheme 57. Gold(l)-catalyzed O-glycosylation with glycosyl ortho-alkynylbenzoate donors.

PO oo OBn ‘ -
HO (o] reaction conditions
BnO
BnO
OMe
317

Condition A: 20 mol-% PhzPAuOTf, CH5Cl,, 4 A MS, 0 °C, 3 hours
Condition B: 10 mol-% (4-MeOPh);PAuCI, 20 mol-% AgB(CgFs)s,

CH,Cl,, 4 AMS,0°Ctort.

ph—-0—, TEN OBn
o O .o 0
BnO BnO
BnOoMe
321

Condition A: 89%, B/e = 4.3/1 (if «-320 was used)
89%, Bl = 4.5/1 (if p-320 was used)

Condition B: 90%, B only (a mixture of a- and
B-320 was used)

Scheme 58. Synthesis of 4,6-O-benzylidene protected -mannopyranoside by gold catalysis.
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Scheme 59. Synthesis of 4,6-di-O-benzoyl-protected -mannopyranoside by gold catalysis.

co-workers found that glycosylation of 4,6-O-benzylidene pro-
tected (Crich-type) p-mannosyl ortho-alkynylbenzoate a- or f3-
donor 320 with acceptor 317 catalyzed by Ph;PAUOTf afforded
desired -mannopyranosides 321 in 89 % yield (B/a ratio, ca.
4:1, Condition A),1'78l i and co-workers discovered the use of
(4-MeOPh);PAUB(C¢Fs), provided (-mannopyranosides 321 in
90 % yield (B only, Condition B).['78°! |n addition, Li and co-
workers applied this gold-catalyzed (-mannosylation to the
synthesis of acremomannolipin A and its analogue.!'78"]

In additin, Yu and co-workers observed that replacement of
the triflate in gold(l) complex PhsPAUOTf with less nucleophilic
counter anions (e.g., "NTf,, “SbFe, “BF,, and “BAr,") led to com-
plete loss of B-selectivity with the p-mannosyl ortho-alkynyl-
benzoate B-donors (cf. 320-f). If p-mannosyl ortho-alkynyl-
benzoate a-donors (cf. 320-a) were used, under the catalysis of
PhsPAuBAr,” {BAr,” = tetrakis[3,5-bis(trifluoromethyl)phenyl]-
borate} these mannosylation reactions were found to be highly
B-selective and can tolerate a broad scope of substrates.['782
For the ortho-alkynylbenzoate (3-donors, an anomerization and
glycosylation strategy can be employed to ensure the highly 3-
selective mannosylation. NMR experiments indicated that the 1-
a-mannosyloxy-isochromenylium-4-gold(l) complex, generated
upon activation of the a-mannosyl ortho-alkynylbenzoate with
Ph3PAUBAr," at -35 °C, accounts for the high p-selectivity of the
mannosylation.

Interestingly, Yu and co-workers also found that 4,6-di-O-
benzoyl-a-mannosyl ortho-hexynylbenzoate donor 322 without
4,6-0O-benzylidene protecting group can also be employed as
efficient glycosyl donor for the preparation of corresponding f3-
mannopyranoside 323 in excellent yield and anomeric selectiv-
ity (Scheme 59).'78 |t was found that the occurrence of 1-
a-mannosyloxy-isochromenylium-4-gold(l) complex, generated
upon activation of the a-mannosyl ortho-alkynylbenzoate (322)
with PhsPAuBAr,f, accounts for the high p-selectivity in the
mannosylation. Based on this observation, Yu and co-workers
developed stereoselective synthesis of f-rhamnopyranosides
via gold(l)-catalyzed glycosylation with a-rhamnopyranosyl 2-
alkynyl-4-nitro-benzoate donors.!'”?}

Inspired by the work from the Yu group, Balamurugan and
co-workers discovered a gold(lll)-catalyzed glycosylation using
glycosyl ester donors bearing branched bis-alkyne functionality,
an readily accessible leaving group.['® Evaluation of various
copper, silver, gold, and platinum complexes indicated the a
combination of AuCl; and AgSbFg was the optimal catalyst sys-
tem for this glycosylation.

8.3.1.5 Gold(l)-Catalyzed Glycosylation with Stable Alkynyl
Glycosyl Carbonates

Early this year, Hotha and co-workers developed cationic
gold(l)-catalyzed glycosylation using stable alkynyl glycosyl
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carbonate donors.!"8" Previously, Yu and co-workers reported
cationic gold can activate ortho-alkynyl esters but not 2-butynyl
carbonates even at an elevated temperature.'> Hotha rea-
soned that the failure to activate 2-butynyl carbonates may be
attributed to the possible higher degree of freedom of the leav-
ing group. Based on their observed acceleration of glycosyl-
ation by replacing propargyl with ethynylcyclohexyl glycoside
donors owing to the well-understood Thorpe-Ingold ef-
fect,['37a] Hotha prepared a number of alkynyl glycosyl carb-
onate donors and found that those bearing 1,1-dialkylpropargyl
glycosyl carbonate donors (e.g., 324, Table 16) showed excellent
reactivity towards activation by Au(lll) and cationic Au'. As
shown in Table 16, under optimal condition (8 mol-% gold com-
plex 325, 8 mol-% AgOTf, powdered molecular sieves (4 A),
CH,Cl,, 25 °C, 15 min ), various glycosyl donors bearing ethynyl-
cyclohexyl carbonate functionality 324 reacted with glycosyl
acceptors to afford corresponsing glycosides 326-329 in excel-
lent yield and anomeric selectivity. In the absence of neighbor-
ing group participation, disaccharide 330 was obtained in 94 %
yield as a mixture of a- and B-anomers. This operationally sim-
ple glycosylation method was utilized for the efficient synthesis
of a variety of nucleosides, amino acids, phenolic and azido
glycoconjugates, as well as highly convergent synthesis of tride-
caarabinomannan reminiscent of mycobacterium tuberculosis
cell wall lipoarabinomannan.['>%!

The proposed mechanism for this glycosylation is shown in
Scheme 60. Activation of the alkyne group of the donor 324 by
either cation gold(l) or Au-Ag complex followed by 5-exo-dig
attack of the anomeric oxygen and subsequent ionization af-
fords the oxocarbenium ion and alkenylgold cyclic carbonate
332 (via intermediate 331). Reaction of oxocarbenium ion with
acceptor provides the O-glycosides as well as a proton. Protode-
auration of alkenylgold cyclic carbonate 332 regenerates the
gold(l) catalyst and cyclic carbonate 333.

8.3.1.6 Gold(l)-Catalyzed Glycosidation with 1,2-Anhydrosugars

Yu and co-workers also discovered a gold(l)-catalyzed glycosyl-
ation of 1,2-anhydrosugars donors. As shown in Scheme 61,
1,2-anhydrosugars donor 334 reacted with acceptor 335 in the
presence of 10 mol-% PhsPAuOTf to give desired [-glycoside
336 with a free C2-hydroxyl group.'®? 1,2-Anhydrosugars (cf.
334) can be prepared from corresponding glycals by DMDO
epoxidation following known procedurel'®3! and were previ-
ously used in various Lewis acid promoted glycosylation. This
glycosylation catalyzed by cationic gold(l) complex, Ph;PAuOTf,
was able to provide desired glycosides (cf. 336) with signifi-
cantly higher yield compared to the conventional use of anhy-
drous zinc chloride (> 1 equiv.) as a promoter.
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Table 16. Gold(l)-catalyzed glycosidation with stable alkynyl glycosyl carbonates.

gold complex 325 (8 mol-%),

Q AgOTTf (8 mol-%)
—0 — g o 0
(PO);W’\'»O)\\O = > (PO
4 A mol. sieves powder,
324 CH,Cl,, 25 °C, 15 min 326-330
OBz OBn
OBn Bz0 OBz o | BnO—. OBn
BzO 0 o) 0 (o) o]
BzO o o< BnO
B0 BnO BzO o BnO OBn
z BnO BzO
OMe BnO 0 O
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OBn 328 92% OMe
BnO o]
BnO (o}
OBz BnO BzO o]
AuCl
BzO 0 Bz0 B20) {Bu ‘UC tBu
BzO “~ OMe 0-P—0
Bz0 OBz 330 94% (/B = 3.3/1) ‘
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@
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Scheme 60. Proposed mechanism.
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Scheme 61. Gold(l)-catalyzed glycosylation with 1,2-anhydrosugar donors.
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8.3.1.7 Gold-Catalyzed Synthesis of Glycosides Using S-But-3-ynyl
Thioglycoside Donors

In 2012, Zhu and co-workers reported the use of 2-deoxy-S-but-
3-ynyl thioglycoside donors (cf. 337, Table 17) in cationic gold(l)
catalysis for the synthesis of 2-deoxy-a-glycosides.'® As de-
picted in Table 17, treatment of a mixture of 2-deoxy- or 2,6-
dideoxy-S-but-3-ynyl thioglycoside donor 337 and alcohol ac-
ceptors with 5 mol-% (4-CF3-Ph)sPAuCl and 10 mol-% AgOTf in
the presence of molecular sieves (4 A) in anhydrous CH,Cl, at
room temperature for 30 min afforded corresponding glycos-
ides 338-344 in good to excellent yields and a-selectivity.
Based on the identification of 2,3-dihydrothiophene as by-
product, Zhu and co-workers proposed a mechanism for this
gold-catalyzed glycosylation. As shown in Scheme 62, activation
of the alkyne functionality of S-but-3-ynyl thioglycoside 337 by
cationic gold(l) catalyst followed by attack of exo-sulfur atom
provides sulfonium ion 345. Subsequent cleavage of the glyc-
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osidic bond of 345 results in the formation of oxocarbenium
ion and 2,3-dihydrothiophen-4-yl-gold(l) complex 346. Nucleo-
philic addition of alcohol acceptor to the oxocarbenium ion
provides selectively desired 2-deoxy-a-glycosides and a mol-
ecule of triflic acid. Proto-deauration of 2,3-dihydrothiophen-4-
yl-gold(l) complex 346 leads to the formation of 2,3-dihydro-
thiophene and regeneration of the cationic gold(l) catalyst.

In addition, Zhu and co-workers later reported the use of
gem-dimethyl S-but-3-ynyl thioglycoside donors in gold cataly-
sis for the synthesis of other types of glycosides (2-oxy- and
2-deoxy-2-amino sugars).l'®! Experimental results indicate that
gem-dimethyl S-but-3-ynyl thioglycoside donors are more react-
ive than their S-but-3-ynyl thioglycoside counterparts, probably
due to the Thorpe-Ingold effect. Furthermore, Yu and co-work-
ers disclosed the use of ortho-alkynylphenyl thioglycosides as a
new type of glycosylation donors under the catalysis of gold(l)
complexes.!'8°!

Table 17. Gold-catalyzed synthesis of 2-deoxy-a-glycosides using S-but-3-ynyl thioglycoside donors.

5 mol-% (4-CF3Ph)sPAUCI
10 mol-% AgOTF, CH,Cl,

H
o]
=
(Po)n/‘Jﬁms/\// + HOR

HO
—
(PO),,”\JS,H

H OR
mol. sieves, r.t., 30 min

337 338-344
OAc
AcO 0 >{ 0
AcoléAHo OAc AcO oéﬁ OBn
BzO Q AcO BzO 0 BrO
BzO o BzO

BnO OMe

BzO ome BzO e
338 96%, 3.2:1 (a/p) 339 99%, 2.7:1 (a/p) 340 88%, a only 341 80%, o only
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Me—7~07"0 0 Me N0 OBn (d;
AcolﬁA\TA Bnoéﬁ ) o y o o "o v
OAc BnO OMe B8O e (¢]
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! \ OAc
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u 0 /
OAc \{ Ao S/\/
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AcO O H*
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SD“AUL AcO 0
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®
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AcO ('S/;\AUL
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Scheme 62. Proposed mechanism.
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8.3.1.8 Gold-Catalyzed Activation of O-Glycosyl
Trichloroacetimidate Donors

In 2009, Kunz and co-workers reported the use of Au' chloride,
a soft Lewis acid, for activation of glycosyl halides and glycosyl
trichloroacetimidates.['® In particular, this AuCl-catalyzed O-
glycosylation using glycosyl trichloroacetimidate donors was
found to tolerate acid-sensitive protecting groups.

Recently, Schmidt described the use of gold(lll) chloride as
catalyst for O-glycosyl trichloroacetimidate activation.'88! As
shown in Table 18, premixing of AuCl;, molecular sieves, and
alcohol acceptors in dichloromethane followed by addition of
a-glycosyl trichloroacetimidate donors 347 at -70 °C afforded
corresponding [-glycosides (e.g., 348-350) in good to excellent
yields and excellent anomeric selectivity. However, use of o-b-
mannosyl trichloroacetimidate donors in this type of reaction
provided only a-p-mannoside 351 in good yield. This glycosyl-
ation also tolerates partially protected glycosyl acceptors to fur-
nish desired B-glycosides (e.g., 352-354) in good to excellent
yields and excellent anomeric selectivity.

It was discovered that catalyst (AuCl or AuCls) showed low
affinity to the glycosyl donor but high affinity to the hydroxy
group of the acceptor alcohol moiety, thus leading to catalyst-
acceptor adduct formation (Scheme 63). It is believed that
charge separation in this catalyst-acceptor adduct increases the
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proton acidity and the oxygen nucleophilicity. Interaction of
this catalyst-acceptor adduct with glycosyl trichloroacetimidate
donors leads to transition state 355 which enables acceptor
transfer in a hydrogen-bond mediated Sy2-type reaction to af-
ford the B-glycoside as major anomer.

Catalytic activation of glycosyl trichloroacetimidate donors
by AuCl; or AuCls-phenylacetylene was also reported by Vankar
and co-workers."® |t was found that the AuCls-phenylacetyl-
ene catalyst provided the desired glycosides in higher yields in
most cases. In addition, Vankar and co-workers demonstrated
that Au(lll) halide-phenylacetylene catalyst system was also able
to activate 1-O-acetylfuranoses and pyranose 1,2-orthoesters
for glycosylations.[' It was proposed by the authors that
Au(lll) halide forms a relay catalyst entity with phenylacetylene
and this AuXsz/phenylacetylene complex activates the anomeric
trichloroacetimidate, acetate, or 1,2-orthoester. Furthmore, Bala-
murugan and Koppolu reported a AuCls-catalyzed Ferrier-type
O-glycosylation using per-O-acetylated glycal donors.['9"

8.3.2 Synthesis of N-Glycosides by Au Catalysis

Although there have intense studies on the O-glycosylation us-
ing gold catalyst, synthesis of N-glycosides by Au catalysis has
been rare. In 2012, Yu and co-workers reported the synthesis of
2’-deoxy-p-ribonucleosides via gold-catalyzed stereoselective

Table 18. AuCls-catalyzed synthesis of O-glycosides using glycosyl trichloroacetimidate donors.

\--/O
10 to 15 mol-% AuCl
(PO)y ™~ \fﬁ o 3 0
| 0. N4 + HOR » (PO} »==OR
4 A mol. sieves, —70 °C, CH,Cl,
347 cal 348-354
3
BRO OBn BnO OBn BnO OBn B 0 082
n
BnO BnO BnO
BnO BnO Bnoé—ﬁf“‘ g\\\/ \(
BnO \(
BnO OMe . .
348 84%, 12:1 (B/o) 349 82%, 111 (B/a) 350 87%, p only 351 81%, o only
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Scheme 63. Proposed mechanism.
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Scheme 64. Synthesis of 2’-deoxy-f3-ribonucleosides via gold-catalyzed stereoselective N-glycosylation.
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Scheme 65. Synthesis of 2,3-unsaturated C- and S-glycosides by gold catalysis.

N-glycosylation."®2! As shown in Scheme 64, in the presence of
10 mol-% Ph3PAuNTf, as catalyst, 3,5-di-O-p-methoxybenzoyl-b-
ribofuranosyl ortho-hexynylbenzoate 356 reacted with purine-
derived base 357 and silylated pyrimidine-derived base 359 at
low concentration (1 mm) to afford desired 2’-deoxy-f3-ribonu-
cleosides 358 and 360 in excellent yield and anomeric selectiv-
ity, respectively. It is believed that the high p-selectivity is attrib-
uted to the low-concentration facilitated remote-participation
of 3-O-p-methoxybenzoyl group. In fact, it was found that in-
creasing the concentration leads to the dramatic loss of the
stereoselectivity.

8.3.3 Synthesis of C- and S-Glycosides by Au Catalysis

AuCls-catalyzed Ferrier type C- and S-glycosylation strategy was
recently reported by Balamurugan and Koppolu.l'®" During
their attempts to access 2,3-unsaturated O-glycosides, they in-
vestigated the use of carbon- and sulfur nucleophiles in the
gold-catalyzed Ferrier reaction for the synthesis of 2,3-unsatu-
rated C- and S-glycosides. As shown in Scheme 65, in the pres-
ence of 0.5 mol-% AuCl; catalyst, tri-O-acetyl-p-glucal 23 re-
acted with ethyl acetoacetate to give 2,3-unsaturated C-
glycoside 361 in 80 % yield (a/p = 4.4:1). Use of benzyl thiol or
thiophenol as nucleophiles afforded 2,3-unsaturated S-
glycoside 362 and 363 in good to excellent yields with moder-
ate anomeric selectivity. This method also tolerates other types
of glycals, such as p-galactal and L-rhamnal.

Synthesis of S-linked glycosides (thioglycosides) via gold ca-
talysis using propargyl glycoside donors was also reported by
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362 R=Bn, 18 h, 82% (a/f = 3:1)
363 R=Ph, 1h, 97% (w/p = 4:1)

Hotha and co-workers.['?3! As shown in Scheme 66, in the pres-
ence of 10 mol-% gold(lll) bromide, propargyl glycoside 364
reacted with thiophenol to afford corresponding phenyl thio-
glycosides 365 in 61 % yield as a mixture of a- and [-isomers.
Similarly, synthesis of S-linked glycosides and 1-thiotrehaloses
was also accomplished by Hotha and co-workers using prop-
argyl 1,2-orthoester donors via gold catalysis.!"*¥

BzO OBz BzO OBz
BzO 0 AuBr; (10 mol-%), BzO Q
BzO PhSH BzO

(0] ., (0]
L AN S
n
BnO \/& R BnO  “SPh
364 365

Scheme 66. Synthesis of S-linked glycosides using propargyl glycoside do-
nors.

8.4 Summary

The group 11 (Cu, Ag, Au) complexes have been applied as mild
oxophilic Lewis acid catalysts for activation of oxygen-contain-
ing leaving groups. In addition, based on well-developed Chan-
Lam-Evans coupling, copper(ll) acetate was used as the efficient
catalyst in stereoselective synthesis of 3-N-aryl glycosides. The
utilization of gold catalysts in glycosylation has mainly focused
on the activation of glycosyl donors with various carefully de-
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signed alkyne-containing leaving groups under mild conditions,
which may provide opportunities for orthogonal glycosylations.
However, in many cases the relatively high loading of gold cata-
lysts limits their practicality in the scaling up the carbohydrate
building blocks.

9. Conclusions and Outlook

Unlike traditional glycosylations involving the use of stoichio-
metric amounts of promoters, transition metal catalysis has
opened a new venue for activation of glycosyl donors for
stereoselective synthesis of a variety of complex O-, N-, C-, and
S-linked oligosaccharides and glycoconjugates. Use of transition
metal catalysis has provided efficient, mild, and easily operable
approaches for stereoselective glycosylations, minimized the
generation of chemical waste, and enriched the “toolbox” for
orthogonal glycosylation strategies through chemoselective ac-
tivation of the anomeric leaving group. In addition, the ano-
meric selectivity of glycosylations can be controlled by transi-
tion metal complexes, rather than depending on the stereo-
chemical nature and protecting groups of the glycosyl donors
and acceptors.

Group 3 metal complexes, especially scandium and lanthan-
ide triflates, have been widely used as environmentally friendly
and water-tolerant Lewis acid catalysts for various glycosyl-
ations via different activation mechanisms. It was found that
scandium triflate is a stronger Lewis acid in comparison with
lanthanide triflates and is able to accelerate the reaction rate or
activate less reactive glycosyl donors. Due to their less Lewis
acidity, lanthanide triflates, such as Yb(OTf)s, are more selective
and able to achieve regioselective glycoyslations when accept-
ors bearing more than one unprotected alcohols.

Group 4 transition metal, including titanium, zirconium, and
hafnium, complexes have been explored for glycosylations. By
taking advantage of its oxophilic nature, Kobayashi used tita-
nium catalyst for the synthesis of 1,2-cis-3-O-arabinofuranosides
and later Mahrwald employed catalytic amounts of titanium
tert-butoxide and mandelic acid for the synthesis of O-furanoid
glycosides from uprotected and unactivated carbohydrates and
simple alcohols. In addition, Reddy and Venkateswarlu used zir-
conium(lV) chloride and Zhao employed hafnium(lV) triflate for
the synthesis of 2,3-unsaturated O-, N-, C-, and S-glycosides via
catalytic Ferrier rearrangement. Furthermore, hafnium(lV) tri-
flate-catalyzed decarboxylative glycosylation for the 3-selective
synthesis of glycosides from acyl-protected sugar donors was
also developed by lkegami and co-workers.

Use of group 7 transition metals for catalytic glycosylation
has limited to the element rhenium. The Toste group initially
used oxophilic Re¥ complex for the synthesis of 2-deoxy-a-O-
and S-glycosides as well as 2-deoxy-f3-N-glycosides from glycals
bearing C3-equatorial substituents. Inspired by Toste's work, the
Zhu group was able to prepare 3-O- and S-linked digitoxosides
from 6-deoxy-p-allals bearing C3-axial substituents. The ano-
meric selectivity in ReV-catalyzed glycosylation relies on the
stereochemical nature of the substrates.

Among the group 8 transition metals, limited studies have
been reported using iron (Fe) and ruthenium (Ru) catalysts for
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the synthesis of O-, N-, and C-glycosides. For instance, iron(lll)
and ruthenium(lll) salts were utilized as catalysts for synthesis
of 2,3-unsaturated O-glycosides via Ferrier rearrangement, as
reported by Zhang and Kashyap, respectively. In addition, Chen
disclosed the synthesis of glycosyl azides catalyzed by FeCls.
Based on recent development of using ruthenium complexes
in visible-light photoredox catalysis, Ragains reported a mild
ruthenium-catalyzed activation of selenoglycoside donors for
the selective synthesis of 1,2-cis-a-pyranosides, while Gagné
and Xue used ruthenium catalysts for the synthesis of a-C-glyc-
osides as well as a-glycosyl bromides.

Use of group 9 transition metals for glycosylation has also
not been well explored. As to cobalt, use of oligomeric cobalt
(Co) salen catalyst for activation of glycosyl trichloroacetimidate
donors for the synthesis of O-glycosides has been the only ex-
ample as reported by Galan. Another member of this group,
rhodium (Rh), has solely been used by Maddaford for synthesis
of C-glycosides via rhodium(l)-catalyzed 1,4-addition of aryl or
alkenyl boronic acids to glycal-derived enones. Recently, Bowers
utilized iridium (Ir) complex as visible-light photoredox catalyst
for O-glycosylation.

Nickel and palladium, two group 10 elements, have been
extensively studied for the synthesis of complex O-, N-, C-, and
S-glycosides during the past a few decades, while there was
only one report involving the use of platinum (Pt) complex in
the preparation of 2-C-branched O-glycosides. By taking advan-
tage of the aza-philic nature of cationic nickel complexes, The
Nguyen group has applied cationic nickel complexes in the effi-
cient and stereoselective synthesis of 1,2-cis-2-deoxy-2-amino-
O-glycosides and glycosyl ureas. In addition, nickel catalysts
have also been employed by Marsden and Gagné to prepare C-
glycosides through coupling of glycosyl halides with organome-
tallic reagents or activated alkene radical acceptors. Based on
the power of palladium complexes in the formation of palla-
dium mt-allyl species, palladium catalysts have been widely used
for stereoselective O-glycosylations. The low reactivity of glycals
in the formation of palladium m-allyl species can be tuned by
employing more reactive leaving groups at C3, such as trifluoro-
acetate (RajanBabu), acetate (Lee), trichloroacetimidate
(Nguyen), picoloyl (Liu), and carbonate (Liu, via decarboxylative
allylation). In addition, due to the low reactivity of Pd-m-allyl
complexes formed from glycals, several strategies have been
invented to solve such a challenge: 1) use of activated cyclic
pyranones for generation of more electrophilic Pd-m-allyl com-
plexes reported by Feringa and O'Doherty; 2) use of zinc(ll) alk-
oxide acceptors as more reactive nucleophiles in glycosylations
(Lee); 3) use of decarboxylative allylation strategy to facilitate
the glycosidic bond formation (Liu). Besides the utilization of
palladium mt-allyl species for glycosylation, use of cationic palla-
dium(ll) catalysts for activation of glycosyl trichloroacetimidate
was also demonstrated by Nguyen for the direct synthesis of 3-
glycosides in the absence of classical C2-ester-induced neigh-
bouring group participation. Palladium catalysts have also been
used for the synthesis of N-glycosides, e.g., N-glycosyl trichloro-
acetamides and ureas (Nguyen), and -N-glycosyl imidazole an-
alogues (Liu). Synthesis of C-glycosides via palladium-catalyzed
decarboxylative allylation,cross coupling of glycals or 1-substi-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



{®xChemPubSoc
e Europe

o

tuted glycal derivatives, or C-H functionalization have been ex-
tensively investigated by many research groups, such as Liu,
RajanBabu, Maddaford, Yang, Ye, Tius, Beau, Friesen, Werz, Miya-
ura, Minehan, Tan, Nicolaou, and Hayashi. However, there have
only few examples involving the use of palladium catalysts for
the synthesis of S-glycosides.

While there are some reports on the use of catalytic amounts
of copper and silver complexes for the synthesis of O- and N-
glycosides, main efforts involving the group 11 transition metal
catalysts in the synthesis of O-, N-, C-, and S-glycosides has fo-
cused on the gold complexes. As to the copper-catalyzed glyc-
osylation, Hiroi reported copper-catalyzed synthesis of 1,2-
trans-B3- and 1,2-cis-a-ribofuranosides, and Alami and Messao-
udi described stereoselective synthesis of [-N-aryl glycosides
via copper-catalyzed Chan-Lam-Evans coupling. Due to the
well-known high affinity of gold complex to alkynes, gold cata-
lysts have been widely employed for the stereoselective synthe-
sis of O-glycosides via chemoselective activation of a number
of alkyne-containing glycosyl donors, such as propargyl glycos-
ides, propargyl 1,2-orthoesters, and conformationally restricted
alkynyl glycosyl carbonates as reported by Hotha, ortho-alkynyl-
benzoate donors and ortho-alkynylphenyl thioglycosides re-
ported by Yu, S-but-3-ynyl thioglycoside donors developed by
Zhu, glycosyl ester donors bearing branched bis-alkyne func-
tionality described by Balamurugan. A few other types of glyc-
osyl donors, such as stable methyl glycoside donors (Hotha),
1,2-anhydrosugars (Yu), and O-glycosy! trichloroacetimidate do-
nors (Kunz and Schmidt), can also be activated by gold catalysis
for stereoselective synthesis of O-linked glycosides. In addition,
some studies on gold-catalyzed synthesis of N-, C-, and S-linked
glycosides has also been reported by Yu, Balamurugan, and
Hotha.

Despite such remarkable success, there are several challen-
ges and opportunities in the development of transition metal
catalysis for glycosylations: 1) As discussed above, a majority of
efforts involving transition metal catalysis in glycosylations have
focused on the late transition metal complexes, such as nickel,
palladium, and gold. In contrast, use of early and middle transi-
tion metals has not been extensively explored in glycosylations.
How to discover new reactivity of cheap and earth abundant
transition metals, such as iron (Fe), titanium (Ti), and manga-
nese (Mn) and utilize them in catalytic stereo-, regio- and
chemo-selective glcosylations is of a challenge. 2) To the best
of our knowledge, no transition metal catalyzed glycosylation
has been utilized in the solid phase synthesis of complex carbo-
hydrate structures thus far. Therefore, development of suitable
glycosylation methods involving transition metal catalysis for
solid phase carbohydrate synthesis is surely of particular inter-
est and also poses a challenge to the synthetic chemists. 3) De-
velopment of solid-supported transition metal complexes, espe-
cially those from precious metals, for efficient glycosylation is
appealing and challenging, as recycling precious and expensive
transition metals would greatly save the cost and improve the
practicality of such glycosylation processes. As an excellent ex-
ample, Yu has developed a polystyrene-bound triphenylphos-
phine gold(l) catalyst for glycosylation.!'””! 4) Despite some suc-
cess, use of transition metal catalysis for stereoselective con-
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struction of challenging glycosidic linkages, such as 2-deoxy-a-
and -glycosides, 1,2-cis-glycosidic linkages (e.g., a-glucosides
and (-mannosides), and a-sialosides, has been rather limited.
Such a challenge also poses a great opportunity for synthetic
chemists to develop new transition metal-catalyzed glycosyl-
ations for stereoselective construction of those difficult glyc-
osidic linkages.

As looking forward, development of cooperative transition
metal catalysis and organocatalysis!'! for synergistic stereo-,
regio- and chemoselective glycosylations would also be appeal-
ing. An eminent example by O'Doherty has demonstrated the
use of palladium catalyst in conjunction with borinic acid cata-
lyst for regio- and stereoselective glycosylations.®! In addition,
strategic combination of efficient catalytic chemical glycosyl-
ation and enzymatic syntheses!'®®! would be a great approach
to access complex oligosaccharides and glycoconjugates, such
as complex glycoproteins, for biological studies.

Acknowledgments

The authors thank The University of Toledo and University of
Michigan-Dearborn for supporting our research. We would also
like to thank members of the Zhu research group at University
of Toledo for their contributions to the development of transi-
tion metal-catalyzed glycosylations.

Keywords: Homogeneous catalysis -
Glycosides - Carbohydrates

Glycosylation -

[1] a) A. Varki, Glycobiology 1993, 3, 97-130; b) C. R. Bertozzi, L. L. Kiessling,
Science 2001, 291, 2357-2364.

[2] a) R. F. Gould (Ed.), Deoxy Sugars, American Chemical Society, Washing-
ton, D.C. 1968, p. 259 pp; b) R. M. De Lederkremer, C. Marino, Adv. Carbo-
hydr. ChemBioChem 2008, 61, 143-216; c) A. Kirschning, A. F-W. Bech-
thold, J. Rohr, Top. Curr. Chem. 1997, 188, 1-84.

[3] a) A. C. Weymouth-Wilson, Nat. Prod. Rep. 1997, 14, 99-110; b) V. Kren,
L. Martinkova, Curr. Med. Chem. 2001, 8, 1303-1328.

[4] a) S. S. Nigudkar, A. V. Demchenko, Chem. Sci. 2015, 6, 2687-2704; b)
S. C. Ranade, A. V. Demchenko, J. Carbohydr. Chem. 2013, 32, 1-43; c) X.
Zhu, R. R. Schmidt, Angew. Chem. Int. Ed. 2009, 48, 1900-1934; Angew.
Chem. 2009, 121, 1932-1967; d) T. J. Boltje, T. Buskas, G.-J. Boons, Nat.
Chem. 2009, 1, 611-622; e) A. V. Demchenko (Ed.), Handbook of chemical
glycosylation, Advances in stereoselectivity and therapeutic relevance,
2008, p. 501 pp; f) P. Fuegedi, The Organic Chemistry of Sugars (Eds.: D. E.
Levy, P. Fuegedi), CRC Press, 2006, p. 89-179; g) D. P. Galoni¢, D. Y. Gin,
Nature 2007, 446, 1000-1007; h) K. Toshima, K. Tatsuta, Chem. Rev. 1993,
93, 1503-1531.

[5] X. Li, J. Zhu, J. Carbohydr. Chem. 2012, 31, 284-324.

[6] For additional review on transition metal catalyzed glycosylations, see:
M. J. McKay, H. M. Nguyen, ACS Catal. 2012, 2, 1563-1595.

[7] M. Shibasaki, S. Matsunaga, N. Kumagai, Lanthanide Lewis acid (Eds.: H.
Yamamoto, K. Ishihara), Acid Catalysis in Modern Organic Synthesis 2008,
vol. 2, p. 635-720.

[8] 1. Hachiya, S. Kobayashi, Tetrahedron Lett. 1994, 35, 3319-3320.

[9] a) N. Hashizume, S. Kobayashi, Carbohydr. Lett. 1996, 2, 157-163; b) A.
Ben, T. Yamauchi, T. Matsumoto, K. Suzuki, Synlett 2004, 225-230; c) T.
Yamanoi, Y. Oda, I. Yamazaki, M. Shinbara, K. Morimoto, S. Matsuda, Lett.
Org. Chem. 2005, 2, 242-246; d) T. Yamauchi, M. Shigeta, T. Matsumoto,
K. Suzuki, Heterocycles 2005, 66, 153-160; e) T. Yamauchi, Y. Watanabe,
K. Suzuki, T. Matsumoto, Synthesis 2006, 2818-2824; f) T. Yamanoi, N.
Misawa, M. Watanabe, Tetrahedron Lett. 2007, 48, 6458-6462; g) H. Chris-
tensen, M. S. Christiansen, J. Petersen, H. H. Jensen, Org. Biomol. Chem.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



,@**ChemPubSoc
Dol Europe

2008, 6, 3276-3283; h) H. Osman, D. S. Larsen, J. Simpson, Tetrahedron
2009, 65, 4092-4098; i) T. Yamanoi, T. Ishiyama, Y. Oda, S. Matsuda, M.
Watanabe, Heterocycles 2010, 81, 1141-1147.

[10] a) J. S. Yaday, B. V. S. Reddy, C. V. S. R. Murthy, G. M. Kumar, Synlett 2000,
1450-1451; b) J. S. Yadav, B. V. S. Reddy, P. K. Chand, Tetrahedron Lett.
2001, 42, 4057-4059; c) J. S. Yadav, B. V. S. Reddy, V. Geetha, Synth.
Commun. 2003, 33, 717-722.

[11] S. Sato, T. Akiya, T. Suzuki, J.-i. Onodera, Carbohydr. Res. 2004, 339, 2611-
2614.

[12] a) K. N. Jayaprakash, B. Fraser-Reid, Carbohydr. Res. 2007, 342, 490-498;
b) K. N. Jayaprakash, S. R. Chaudhuri, C. V. S. R. Murty, B. Fraser-Reid, J.
Org. Chem. 2007, 72, 5534-5545.

[13] S. Sato, Y. Naito, K. Aoki, Carbohydr. Res. 2007, 342, 913-918.

[14] F. Zhang, C. Liang, X. Wu, H. Li, Angew. Chem. Int. Ed. 2014, 53, 8498-
8502; Angew. Chem. 2014, 126, 8638-8642.

[15] W. J. Sanders, L. L. Kiessling, Tetrahedron Lett. 1994, 35, 7335-7338.

[16] T. Yamanoi, |. Yamazaki, Tetrahedron Lett. 2001, 42, 4009-4011.

[17] T. Mukaiyama, M. Yamada, S. Suda, Y. Yokomizo, S. Kobayashi, Chem. Lett.
1992, 1401-1404.

[18] M. Pfaffe, R. Mahrwald, Org. Lett. 2012, 14, 792-795.

[19] G. Smitha, C. S. Reddy, Synthesis 2004, 834-836.

[20] N. R. Swamy, M. Srinivasulu, T. S. Reddy, T. V. Goud, Y. Venkateswarlu, J.
Carbohydr. Chem. 2004, 23, 435-441.

[21] Y. Liu, T. Song, W. Meng, Y. Xu, P. G. Wang, W. Zhao, Tetrahedron Lett.
2016, DOI: 10.1016/j.tetlet.2016.05.026.

[22] I. Azumaya, M. Kotani, S. Ikegami, Synlett 2004, 959-962.

[23] B. D. Sherry, R. N. Loy, F. D. Toste, J. Am. Chem. Soc. 2004, 126, 4510-
4511.

[24] K. N. Baryal, S. Adhikari, J. Zhu, J. Org. Chem. 2013, 78, 12469-12476.

[25] M. Kiso, L. Anderson, Carbohydr. Res. 1979, 72, C12-C14.

[26] M. Kiso, L. Anderson, Carbohydr. Res. 1979, 72, C15-C17.

[27] M. Kiso, H. Nishiguchi, A. Hasegawa, Carbohydr. Res. 1980, 81, C13-C15.

[28] L. M. Lerner, Carbohydr. Res. 1990, 207, 138-141.

[29] S. K. Chatterjee, P. Nuhn, Chem. Commun. 1998, 1729-1730.

[30] G. Wei, X. Lv, Y. Du, Carbohydr. Res. 2008, 343, 3096-3099.

[31] G. Zhang, Q. Liu, L. Shi, J. Wang, Tetrahedron 2008, 64, 339-344.

[32] M. R. Rasmussen, M. H. S. Margvorsen, S. K. Kristensen, H. H. Jensen, J.
Org. Chem. 2014, 79, 11011-11019.

[33] S. B. Salunke, N. S. Babuzb, C.-T. Chen, Chem. Commun. 2011, 47, 10440-
10442.

[34] J. M. R. Narayanam, C. R. J. Stephenson, Chem. Soc. Rev. 2011, 40, 102-
113.

[35] M. Spell, X. Wang, A. E. Wahba, E. S. Conner, J. R. Ragains, Carbohydr. Res.
2013, 67, 42-47.

[36] B. Srinivas, G. Narasimha, P. R. Krishna, S. Kashyap, Synthesis 2014, 46,
1191-1196.

[37] , T. R. Reddy, P. R. Krishna, S. Kashyap, RSC Adv. 2014, 4, 46327-46331.

[38] R. S. Andrews, J. J. Becker, M. R. Gagné, Angew. Chem. Int. Ed. 2010, 49,
7274-7276; Angew. Chem. 2010, 122, 7432-7434.

[39] a) T. Cohen, J. R. Matz, J. Am. Chem. Soc. 1980, 102, 6900-6902; b) T.
Cohen, M. T. Lin, J. Am. Chem. Soc. 1984, 106, 1130-1131; ¢) T. Cohen,
M. Bhupathy, Acc. Chem. Res. 1989, 22, 152-161; d) S. D. Rychnovsky,
D. E. Mickus, Tetrahedron Lett. 1989, 30, 3011-3014; e) S. D. Rychnovsky,
A. J. Buckmelter, V. H. Dahanukar, D. J. Skalitzky, J. Org. Chem. 1999, 64,
6849-6860; f) K. N. Baryal, D. Zhu, X. Li, J. Zhu, Angew. Chem. Int. Ed.
2013, 52, 8012-8016; Angew. Chem. 2013, 125, 8170-8174.

[40] R. S. Andrews, J. J. Becker, M. R. Gagné, Org. Lett. 2011, 13, 2406-2409.

[41] R. S. Andrews, J. J. Becker, M. R. Gagné, Angew. Chem. Int. Ed. 2012, 51,
4140-4143; Angew. Chem. 2012, 124, 4216-4219.

[42] X. Yuan, S. Cheng, Y. Shi, W. Xue, Synthesis 2014, 46, 331-335.

[43] C. Dai, J. M. R. Narayananam, C. R. J. Stephenson, Nat. Chem. 2011, 3,
140-145.

[44] S. Medina, A. S. Henderson, J. F. Bower, M. C. Galan, Chem. Commun.
2015, 51, 8939-8941.

[45] J. Ramnauth, O. Poulin, S. S. Bratovanov, S. Rakhit, S. P. Maddaford, Org.
Lett. 2001, 3, 2571-2573.

[46] W. J. Wever, M. A. Cinelli, A. A. Bowers, Org. Lett. 2013, 15, 30-33.

[47] a) C. Amatore, A. Jutand, J.-M. Mallet, G. Meyer, P. Sindy, J. Chem. Soc.,
Chem. Commun. 1990, 718-719; b) S. Yamago, K. Kokubo, O. Hara, S.
Masuda, J.-I. Yoshida, J. Org. Chem. 2002, 67, 8584-8592; c) S. Suzuki, K.

Eur. J. Org. Chem. 2016, 4724-4767 www.eurjoc.org

4765

Eur|OC

European Journal
of Organic Chemistry

Microreview

Matsumoto, K. Kawamura, S. Suga, J.-I. Yoshida, Org. Lett. 2004, 6, 3755-
3758; d) T. Nokami, A. Shibuya, H. Tsuyama, S. Suga, A. A. Bowers, D.
Crich, J-i. Yoshida, J. Am. Chem. Soc. 2007, 129, 10922-10928; e) T. Nok-
ami, A. Shibuya, J.-I. Yoshida, Trends Glycosci. Glycotechnol. 2008, 20, 175-
185; f) K. Saito, K. Ueoka, K. Matsumoto, S. Suga, T. Nokami, J.-i. Yoshida,
Angew. Chem. Int. Ed. 2011, 50, 5153-5156; Angew. Chem. 2011, 123,
5259-5262.

[48] H.-Y. Wang, K. Yang, S. R. Bennett, S.-R. Guo, W. Tang, Angew. Chem. Int.
Ed. 2015, 54, 8756-8759; Angew. Chem. 2015, 127, 8880-8883.

[49] E. A. Mensah, H. M. Nguyen, J. Am. Chem. Soc. 2009, 131, 8778-8780.

[50] E. A. Mensah, F. Yu, H. M. Nguyen, J. Am. Chem. Soc. 2010, 132, 14288-
14302.

[51] F. Yu, M. S. McConnell, H. M. Nguyen, Org. Lett. 2015, 17, 2018-2021.

[52] F. Yu, H. M. Nguyen, J. Org. Chem. 2012, 77, 7330-7343.

[53] M. S. McConnell, E. A. Mensah, H. M. Nguyen, Carbohydr. Res. 2013, 381,
146-152.

[54] M. S. McConnell, F. Yu, H. M. Nguyen, Chem. Commun. 2013, 49, 4313—
4315.

[55] N. H. Park, H. M. Nguyen, Org. Lett. 2009, 11, 2433-2436.

[56] M. J. McKay, N. H. Park, H. M. Nguyen, Chem. Eur. J. 2014, 20, 8691-8701.

[57] S. K. Readman, S. P. Marsden, A. Hodgson, Synlett 2000, 1628-1630.

[58] H. Gong, R. Sinisi, M. R. Gagné, J. Am. Chem. Soc. 2007, 129, 1908-1909.

[59] H. Gong, M. R. Gagné, J. Am. Chem. Soc. 2008, 130, 12177-12183.

[60] H. Gong, R. S. Andrews, J. L. Zuccarello, S. J. Lee, M. R. Gagné, Org. Lett.
2009, 71, 879-882.

[61] C-F. Liu, D-C. Xiong, X.-S. Ye, J. Org. Chem. 2014, 79, 4676-4686.

[62] J. Tsuji (Ed.), Palladium in Organic Synthesis. Top. Organomet. Chem. 2005,
332 pp, Springer, Berlin, Germany.

[63] H. Van Der Deen, A. Van Oeveren, R. M. Kellogg, B. L. Feringa, Tetrahedron
Lett. 1999, 40, 1755-1758.

[64] A. C. Comely, R. Eelkema, A. J. Minnaard, B. L. Feringa, J. Am. Chem. Soc.
2003, 125, 8714-8715.

[65] R. S. Babu, G. A. O'Doherty, J. Am. Chem. Soc. 2003, 125, 12406-12407.

[66] X. Yu, G. A. O'Doherty, ACS Symp., Ser. 2008, 990 (Chemical Glycobiology),
3-28.

[67] R. S. Babu, M. Zhou, G. A. O'Doherty, J. Am. Chem. Soc. 2004, 126, 3428-
3429.

[68] R. S. Babu, G. A. O'Doherty, J. Carbohydr. Chem. 2005, 24, 169-177.

[69] H. Guo, G. A. O'Doherty, Org. Lett. 2005, 7, 3921-3924.

[70] S. R. Guppi, M. Zhou, G. A. O'Doherty, Org. Lett. 2006, 8, 293-296.

[71] R. S. Babu, S. R. Guppi, G. A. O'Doherty, Org. Lett. 2006, 8, 1605-1608.

[72] S. R. Guppi, G. A. O'Doherty, J. Org. Chem. 2007, 72, 4966-4969.

[73] a) H. Guo, G. A. O'Doherty, Org. Lett. 2006, 8, 1609-1612; b) H. Guo, G. A.
O'Doherty, Tetrahedron 2008, 64, 304-313; ¢) J. N. Abrams, R. S. Babu, H.
Guo, D. Le, J. Le, J. M. Osbourn, G. A. O'Doherty, J. Org. Chem. 2008, 73,
1935-1940.

[74] a) M. Zhou, G. A. O'Doherty, Org. Lett. 2006, 8, 4339-4342; b) M. Zhou,
G. A. O'Doherty, J. Org. Chem. 2007, 72, 2485-2493; c) M. Zhou, G. O'Do-
herty, Curr. Top. Med. Chem. 2008, 8, 114-125; d) H.-Y. L. Wang, Y. Rojana-
sakul, G. A. O'Doherty, ACS Med. Chem. Lett. 2011, 2, 264-269; e) H.-Y. L.
Wang, B. Wu, Q. Zhang, S.-W. Kang, Y. Rojanasakul, G. A. O'Doherty, ACS
Med. Chem. Lett. 2011, 2, 259-263; f) J. W. Hinds, S. B. McKenna, E. U.
Sharif, H.-Y. L. Wang, N. G. Akhmedov, G. A. O'Doherty, ChemMedChem
2013, 8, 63-69.

[75] a) M. Shan, G. A. O'Doherty, Org. Lett. 2006, 8, 5149-5152; b) M. Shan,
G. A. O'Doherty, Org. Lett. 2010, 12, 2986-2989; c) M. Li, Y. Li, R. M.
Mrozowski, Z. M. Sandusky, M. Shan, X. Song, B. Wu, Q. Zhang, D. A.
Lannigan, G. A. O'Doherty, ACS Med. Chem. Lett. 2015, 6, 95-99.

[76] a) H. Guo, G. A. O'Doherty, Angew. Chem. Int. Ed. 2007, 46, 5206-5208;
Angew. Chem. 2007, 119, 5298-5300; b) H. Guo, G. A. O'Doherty, J. Org.
Chem. 2008, 73, 5211-5220.

[77] M. Zhou, G. A. O'Doherty, Org. Lett. 2008, 10, 2283-2286.

[78] X. Yu, G. A. O'Doherty, Org. Lett. 2008, 10, 4529-4532.

[79] M. Shan, Y. Xing, G. A. O'Doherty, J. Org. Chem. 2009, 74, 5961-5966.

[80] B.-L. Wu, M.-S. Li, G. A. O'Doherty, Org. Lett. 2010, 12, 5466-5469.

[81] X. Yu, M. Li, G. A. O'Doherty, Heterocycles 2011, 82, 1577-1584.

[82] P. Shi, M. C. Silva, H.-Y. L. Wang, B. Wu, N. G. Akhmedov, M. Li, P. J.
Beuning, G. A. O'Doherty, ACS Med. Chem. Lett. 2012, 3, 1086-1090.

[83] R. S. Babu, Q. Chen, S.-W. Kang, M. Zhou, G. A. O'Doherty, J. Am. Chem.
Soc. 2012, 134, 11952-11955.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



,@**ChemPubSoc
Dol Europe

[84] E. U. Sharif, H.-Y. L. Wang, N. G. Akhmedov, G. A. O'Doherty, Org. Lett.
2014, 16, 492-495.

[85] S. O. Bajaj, E. U. Sharif, N. G. Akhmedov, G. A. O'Doherty, Chem. Sci. 2014,
5, 2230-2234.

[86] a) D. Lee, C. L. Williamson, L. Chan, M. S. Taylor, J. Am. Chem. Soc. 2012,
134, 8260-8267; b) L. Chan, M. S. Taylor, Org. Lett. 2011, 13, 3090-3093;
¢) C. Gouliaras, D. Leg, L. Chan, M. S. Taylor, J. Am. Chem. Soc. 2011, 133,
13926-13929.

[87]1 H. Kim, H. Men, C. Lee, J. Am. Chem. Soc. 2004, 126, 1336-1337.

[88] A. Kubiak, R. Kolodziuk, S. Porwanski, A. Zawisza, Carbohydr. Res. 2015,
417, 34-40.

[89] B. P. Schuff, G. J. Mercer, H. M. Nguyen, Org. Lett. 2007, 9, 3173-3176.

[90] J. Yang, C. Cooper-Vanosdell, E. A. Mensah, H. M. Nguyen, J. Org. Chem.
2008, 73, 794-800.

[91] E. A. Mensah, J. M. Azzarelli, H. M. Nguyen, J. Org. Chem. 2009, 74, 1650
1657.

[92] M. J. McKay, B. D. Naab, G. J. Mercer, H. M. Nguyen, J. Org. Chem. 2009,
74, 4705-4711.

[93] S. Xiang, Z. Lu, J. He, K. L. M. Hoang, J. Zeng, X.-W. Liu, Chem. Eur. J.
2013, 79, 14047-14051.

[94] a) J. D. Weaver, A. Recio, A. J. Grenning, J. A. Tunge, Chem. Rev. 2011,
111, 1846-1913; b) B. M. Trost, J. Y. Xu, T. Schmidt, J. Am. Chem. Soc.
2009, 731, 18343-18357.

[124]

[125]

[126]
[127]

[128]

[129]

[130]

[131]

[95] S. Xiang, J. He, Y. J. Tan, X.-W. Liu, J. Org. Chem. 2014, 79, 11473-11482. [134]
[96] S. Xiang, K. L. M. Hoang, J. He, Y. J. Tan, X-W. Liu, Angew. Chem. Int. Ed.  [135]
2015, 54, 604-607; Angew. Chem. 2015, 127, 614-617. [136]
[97] J. Yang, G. J. Mercer, H. M. Nguyen, Org. Lett. 2007, 9, 4231-4234. [137]
[98] M. Waltson, L. E. Overman, R. G. Bergman, J. Am. Chem. Soc. 2007, 129,
5031-5044. [138]
[99] a) G. A. Ellestad, D. B. Cosulich, R. W. Broschard, J. H. Martin, M. P. [139]
Kunstmann, G. O. Morton, J. E. Lancaster, W. Fulmor, F. M. Lovell, J. Am. [140]
Chem. Soc. 1978, 100, 2515-2524; b) K. Dobashi, K. Nagaoka, Y. Wantan-
abe, M. Nishida, M. Hamada, H. Naganawa, T. Takita, T. Takeuchi, H. [141]
Umezawa, J. Antibiot. 1985, 38, 1166-1170.
[100] G.J. Mercer, J. Yang, M. J. McKay, H. M. Nguyen, J. Am. Chem. Soc. 2008, [142]
130, 11210-11218.
[101] N. Chida, J. Synth. Org. Chem. Jpn. 2008, 66, 1105-1115. [143]
[102] S. Xiang, J. He, J. Ma, X.-W. Liu, Chem. Commun. 2014, 50, 4222-4224. [144]
[103] G. D. Daves, Acc. Chem. Res. 1990, 23, 201-206. [145]
[104] T. V. RajanBabu, J. Org. Chem. 1985, 50, 3642-3644.
[105] J. Ramnauth, O. Poulin, S. Rakhit, S. P. Maddaford, Org. Lett. 2001, 3, [146]
2013-2015.
[106] Y. Bai, L. M. H. Kim, H. Liao, X.-W. Liu, J. Org. Chem. 2013, 78, 8821- (1471
8825. [148]
[107] J. Ma, . Xiang, H. Jiang, X-W. Liu, Eur. J. Org. Chem. 2015, 949-952. (149
[108] J. Zeng, J. Ma, S. Xiang, S. Cai, X.-W. Liu, Angew. Chem. Int. Ed. 2013,
52, 5134-5137; Angew. Chem. 2013, 125, 5238-5241. [150]
[109] Y. Bai, W. L. Leng, Y. Li, X.-W. Liu, Chem. Commun. 2014, 50, 13391-
13393 151
[110] M. Lei, L. Gao, J.-S. Yang, Tetrahedron Lett. 2009, 50, 5135-5138.
[111] H-H. Li, X-S. Ye, Org. Biomol. Chem. 2009, 7, 3855-3861. [152]
[112] D.-C. Xiong, L-H. Zhang, X.-S. Ye, Org. Lett. 2009, 11, 1709-1712. (53]
[113] S. Xiang, S. Cai, J. Zeng, X-W. Liu, Org. Lett. 2011, 13, 4608-4611. ns4]
[114] M. A. Tius, J. Gomez-Galeno, X. Q. Gu, J. H. Zaidi, J. Am. Chem. Soc.
1991, 113, 5775-5783.
[115] a) E. Dubois, J-M. Beau, J. Chem. Soc, Chem. Commun. 1990, 1191-  [155]
1192; b) E. Dubois, J.-M. Beau, Carbohydr. Res. 1992, 228, 103-120. [156]
[116] R. W. Friesen, R. W. Loo, C. F. Sturino, Can. J. Chem. 1994, 72, 1262-  [157]
1272. [158]
[117] D. C. Koester, E. Kriemen, D. B. Werz, Angew. Chem. Int. Ed. 2013, 52,  [159]
2985-2989; Angew. Chem. 2013, 125, 3059-3063.
[118] H. R. Khatri, H. Nguyen, J. K. Dunaway, J. Zhu, Chem. Eur. J. 2015, 21,  [160]
13553-13557.
[119] T. Kikuchi, J. Takagi, H. Isou, T. Ishiyama, N. Miyaura, Chem. Asian J.  [161]
2008, 3, 2082-2090.
[120] U. Lehmann, A. Awasthi, T. Minehan, Org. Lett. 2003, 5, 2405-2408. [162]
[121] J. S. Potuzak, D. S. Tan, Tetrahedron Lett. 2004, 45, 1797-1801. [163]
[122] K. C. Nicolaou, G.-Q. Shi, J. L. Gunzner, P. Gértner, Z. Yang, J. Am. Chem.
Soc. 1997, 119, 5467-5468. [164]
[123] M. Liy, Y. Niu, Y.-F. Wu, X.-S. Ye, Org. Lett. 2016, 18, 1836-1839. [165]
Eur. J. Org. Chem. 2016, 4724-4767 www.eurjoc.org 4766

Eur|OC

European Journal
of Organic Chemistry

Microreview

M. Hayashi, K. Tsukada, H. Kawabata, C. Lamberth, Tetrahedron 1999,
55, 12287-12294.

D. C. Koester, M. Leibeling, R. Neufeld, D. B. Werz, Org. Lett. 2010, 12,
3934-3937.

D. C. Koester, D. B. Werz, Beilstein J. Org. Chem. 2012, 8, 675-682.

A. Bruneau, J.-D. Brion, M. Alami, S. Messaoudi, Chem. Commun. 2013,
49, 8359-8361.

J. Beyer, P. R. Skaanderup, R. Madsen, J. Am. Chem. Soc. 2000, 122,
9575-9583.

For examples involving copper-promoted glycosylations, see: a) S. Sato,
M. Mori, Y. Ito, T. Ogawa, Carbohydr. Res. 1986, 155, C6-C10; b) H. Ya-
mada, T. Hayashi, Carbohydr. Res. 2002, 337, 581-585; c) R.-Z. Mao, F.
Guo, D.-C. Xiong, Q. Li, J. Duan, X.-S. Ye, Org. Lett. 2015, 17, 5606-5609.
T. Suzuki, S. Watanabe, T. Yamada, K. Hiroi, Tetrahedron Lett. 2003, 44,
2561-2563.

a) D. M. T. Chan, K. L. Monaco, R. P. Wang, M. P. Winters, Tetrahedron
Lett. 1998, 39, 2933-2936; b) P. Y. S. Lam, C. G. Clark, S. Saubern, J.
Adams, M. P. Winters, D. M. T. Chan, A. Combs, Tetrahedron Lett. 1998,
39, 2941-2944; c) D. A. Evans, J. L. Katz, T. R. West, Tetrahedron Lett.
1998, 39, 2937-2940.

G. Wei, G. Gu, Y. Du, J. Carbohydr. Chem. 2003, 22, 385-393.

W. Liu, Q. Chen, J. Liang, Z. Dua, K. Zhang, X. Zheng, G. A. O'Doherty,
Synlett 2015, 26, 1683-1686.

R. Dorel, A. M. Echavarren, Chem. Rev. 2015, 115, 9028-9072.

S. Hotha, S. Kashyap, J. Am. Chem. Soc. 2006, 128, 9620-9621.

S. K. Mamidyala, M. G. Finn, J. Org. Chem. 2009, 74, 8417-8420.

a) A. K. Kayastha, S. Hotha, Chem. Commun. 2012, 48, 7161-7163; b)
A. K. Kayastha, S. Hotha, Beilstein J. Org. Chem. 2013, 9, 2147-2155.
G. Sureshkumar, S. Hotha, Tetrahedron Lett. 2007, 48, 6564-6568.

G. Sureshkumar, S. Hotha, Chem. Commun. 2008, 4282-4284.

S. R. Vidadala, S. A. Thadke, S. Hotha, J. Org. Chem. 2009, 74, 9233-
9236.

A. Y. Shaikh, G. Sureshkumar, D. Pati, S. Sen Gupta, S. Hotha, Org. Bio-
mol. Chem. 2011, 9, 5951-5959.

S. A. Thadke, M. Kar, S. Sen Gupta, S. Hotha, Carbohydr. Res. 2011, 346,
1511-1518.

G. Sureshkumar, S. Hotha, Glycoconjugate J. 2012, 29, 221-230.

S. A. Thadkea, S. Hotha, Org. Biomol. Chem. 2014, 12, 9914-9920.

B. V. Rao, S. Manmode, S. Hotha, J. Org. Chem. 2015, 80, 1499-1505.
a) S. A. Thadke, B. Mishra, S. Hotha, Org. Lett. 2013, 15, 2466-2469; b)
S. A. Thadke, B. Mishra, S. Hotha, J. Org. Chem. 2014, 79, 7358-7371.
S. R. Vidadala, S. Hotha, Chem. Commun. 2009, 2505-2507.

S. A. Thadke, S. Hotha, Tetrahedron Lett. 2010, 51, 5912-5914.

S. R. Vidadala, T. M. Pimpalpalle, T. Linker, S. Hotha, Eur. J. Org. Chem.
2011, 2426-2430.

T. M. Pimpalpalle, S. R. Vidadala, S. Hotha, T. Linker, Chem. Commun.
2011, 47, 10434-10436.

S. R. Vidadala, G. Gayatri, G. N. Sastry, S. Hotha, Chem. Commun. 2011,
47, 9906-9908.

Y. Li, Y. Yang, B. Yu, Tetrahedron Lett. 2008, 49, 3604-3608.

N. Asao, H. Aikawa, S. Tago, K. Umetsu, Org. Lett. 2007, 9, 4299-4302.
a) Y. Zhu, B. Yu, Angew. Chem. Int. Ed. 2011, 50, 8329-8332; Angew.
Chem. 2011, 123, 8479-8482; b) Y. Tang, J. Li, Y. Zhu, Y. Li, B. Yu, J. Am.
Chem. Soc. 2013, 135, 18396-18405.

Y. Yang, Y. Li, B. Yu, Tetrahedron Lett. 2010, 51, 1504-1507.

Y. Li, B. Yu, Chem. Commun. 2010, 46, 6060-6062.

Y. Yang, X. Zhang, B. Yu, Nat. Prod. Rep. 2015, 32, 1331-1355.

Y. Yang, Y. Li, B. Yu, J. Am. Chem. Soc. 2009, 131, 12076-12077.

Y. Li, X. Yang, Y. Liu, C. Zhu, Y. Yang, B. Yu, Chem. Eur. J. 2010, 16, 1871~
1882.

W. Yang, J. Sun, W. Lu, Y. Li, L. Shan, W. Han, W.-D. Zhang, B. Yu, J. Org.
Chem. 2010, 75, 6879-6888.

Q. Zhang, J. Sun, Y. Zhu, F. Zhang, B. Yu, Angew. Chem. Int. Ed. 2011,
50, 4933-4936; Angew. Chem. 2011, 123, 5035-5038.

J. Liao, J. Sun, Y. Niu, B. Yu, Tetrahedron Lett. 2011, 52, 3075-3078.

Y. Li, W. Yang, Y. Ma, J. Sun, L. Shan, W.-D. Zhang, B. Yu, Synlett 2011,
915-918.

Y. Li, J. Sun, B. Yu, Org. Lett. 2011, 13, 5508-5511.

Y. Ma, Z. Li, H. Shi, J. Zhang, B. Yu, J. Org. Chem. 2011, 76, 9748-9756.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



potat

o

[166]

[176]
[177]

[178]

[179]

[180]

[181]

[182]
[183]

Eur. J.

:\\; :ChemPubSoc

Europe

W. Yang, J. Sun, Z. Yang, W. Han, W.-D. Zhang, B. Yu, Tetrahedron Lett.
2012, 53, 2773-2776.

J. Zhang, H. Shi, Y. Ma, B. Yu, Chem. Commun. 2012, 48, 8679-8681.

J. Yu, J. Sun, B. Yu, Org. Lett. 2012, 14, 4022-4025.

G. Xiao, B. Yu, Chem. Eur. J. 2013, 19, 7708-7712.

J. Yu, J. Sun, Y. Niu, R. Li, J. Liao, F. Zhang, B. Yu, Chem. Sci. 2013, 4,
3899-3905.

S. Nie, W. Li, B. Yu, J. Am. Chem. Soc. 2014, 136, 4157-4160.

D. Zhu, B. Yu, J. Am. Chem. Soc. 2015, 137, 15098-15101.

Y. Dai, B. Yu, Chem. Commun. 2015, 51, 13826-13829.

J. Li, B. Yu, Angew. Chem. Int. Ed. 2015, 54, 6618-6621; Angew. Chem.
2015, 127, 6718-6721.

X. Zhang, Y. Zhou, J. Zuo, B. Yu, Nat. Commun. 2015, 6, 5879, DOI:
10.1038/ncomms6879.

D. Zhu, X. Cao, B. Yu, Org. Chem. Front. 2015, 2, 360-365.

Y. Zhuy, S. Laval, Y. Tang, G. Lian, B. Yu, Asian J. Org. Chem. 2015, 4,
1034-1039.

a) Y. Zhu, B. Yu, Chem. Eur. J. 2015, 21, 8771-8780; b) P. Sun, P. Wang,
Y. Zhang, X. Zhang, C. Wang, S. Liu, J. Lu, M. Li, J. Org. Chem. 2015, 80,
4164-4175.

Y. Zhu, Z. Shen, W. Li, B. Yu, Org. Biomol. Chem. 2016, 14, 1536-1539.
S. R. Koppoluy, R. Niddana, R. Balamurugan, Org. Biomol. Chem. 2015,
13, 5094-5097.

B. Mishra, M. Neralkar, S. Hotha, Angew. Chem. Int. Ed. 10.1002/
anie.201511695.

Y. Li, P. Tang, Y. Chen, B. Yu, J. Org. Chem. 2008, 73, 4323-4325.

S. J. Danishefsky, M. T. Bilodeau, Angew. Chem. Int. Ed. Engl. 1996, 35,
1380-1419; Angew. Chem. 1996, 108, 1482-1522.

Eur|OC

European Journal
of Organic Chemistry

Microreview

S. Adhikari, K. N. Baryal, D. Zhu, X. Li, J. Zhu, ACS Catal. 2013, 3, 57-60.
S. Adhikari, X. Li, J. Zhu, J. Carbohydr. Chem. 2013, 32, 336-359.

F. Yang, Q. Wang, B. Yu, Tetrahedron Lett. 2012, 53, 5231-5234.

S. Goetze, R. Fitzner, H. Kunz, Synlett 2009, 3346-3348.

P. Peng, R. R. Schmidt, J. Am. Chem. Soc. 2015, 137, 12653-12659.

R. Roy, A. K. Palanivel, A. Mallick, Y. D. Vankar, Eur. J. Org. Chem. 2015,
4000-4005.

A. Mallick, Y. Mallikharjunarao, P. Rajasekaran, R. Roy, Y. D. Vankar, Eur.
J. Org. Chem. 2016, 579-588.

R. Balamurugan, S. R. Koppolu, Tetrahedron 2009, 65, 8139-8142.

F. Yang, Y. Zhu, B. Yu, Chem. Commun. 2012, 48, 7097-7099.

S. R. Vidadala, S. A. Thadke, S. Hotha, S. Kashyap, J. Carbohydr. Chem.
2012, 31, 241-251.

B. Venkateswara Rao, S. Manmode, S. Hotha, Carbohydr. Res. 2015, 417,
103-108.

C. Zhong, X. Shi, Eur. J. Org. Chem. 2010, 2999-3025.

a) J. Zhang, J. Shao, P. Kowal, P. G. Wang, Enzymatic synthesis of oligosac-
charides (Ed.: C.-H. Wong), Carbohydrate-Based Drug Discovery 2003, 1,
p. 137-167; b) N. A. Karst, R. J. Linhardt, Curr. Med. Chem. 2003, 10,
1993-2031; ¢) S. Hanson, M. Best, M. C. Bryan, C.-H. Wong, Trends Bio-
chem. Sci. 2004, 29, 656-663; d) L.-X. Wang, Carbohydr. Res. 2008, 343,
1509-1522; e) S. Muthana, H. Cao, X. Chen, Curr. Opin. Chem. Biol. 2009,
13, 573-581.

Received: April 18, 2016
Published Online: July 21, 2016

Org. Chem. 2016, 4724-4767 www.eurjoc.org

4767

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



