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Deutsche Zusammenfassung

C-Glycoside sind weit verbreite Strukturmotive, welche in Naturprodukten und kommerziell
erhaltlichen Arzneimittelmolekilen vorhanden sind. Aufgrund der Stabilitdt glykosidischer
Ci C-Bindungen gegeniber chemischer und enzymatischer Hydrolyse, wurden
ausschlief3lich C-Glykoside als synthetische Ersatzstoffe von O-Glykosiden verwendet und
synthetisiert. Die Forschung zur Entwicklung einer stereoselektiven C-Glykosylierung fur
den Zugang von Kohlenhydratanaloga hat an grof3er Bedeutung gewonnen. Dennoch ist
der prazise Aufbau glykosidischer C1 CABindungen seit langem eine grol3e Herausforderung
in der stereokontrollierten Synthese von Kohlenhydraten. In den letzten Jahren haben sich
Ubergangsmetallkatalysierte Glykoslierungsreaktionen auf Grund ihrer Vielseitigkeit,
Effizienz und Stereoselektivitdt fir die Synthese verschiedener C-Glykoside und
Glykokonjugate etabliert. Die langwierige Synthese von Glykosyldonoren und der Bedarf an
toxischen und empfindlichen metallorganischen Reagenzien mindern jedoch eine breite
Anwendbarkeit dieser Reaktionen.

Daher wurde die C1 H-Glykosylierung im spaten Stadium der Synthese entwickelt. Zunachst
wurde eine Palladium-katalysierte C(sp®) T -8lykosylierung von Aminosauren mithilfe von
Triazol als Isoster fir Peptide etabliert. Dies ermdglichte die vielseitige Synthese von
Glykoaminosauren, Glykopeptiden und BODIPY-markierten Glykoaminoséuren. Des
Weiteren entwarfen wir einen konzeptionell neuen C-Glykosyl-Akzeptor mittels Palladiumi
kat al y s i-Aktivierung vad iGKkosiden. Ausgestattet mit Glykaliodid-Donoren wurde
die selektive Palladium-k at al y s i-@lykosgieru@g vuen Glykosiden zum effizienten
Aufbau von Oligosacchariden erforscht. Dartiber hinaus wurde die Methode zur selektiven
C(sp?) 1 -8lykosylierung von Arenen mit einem stabilen Glykosylbromid-Donor mittels
Ruthenium-Katalyse entwickelt. Bemerkenswerterweise ermoglichte die entfernte meta-
C(sp?) 1 -8lykosylierung den effizienten Aufbau biologisch wichtiger meta-C-Arylglykoside.
Weiterhin wurde eine Domino-Reaktion fir den Aufbau von meta-C-Alkylglykosiden in einer
einzigen katalytischen Reaktion mit leicht verfligbaren Ausgangsmaterialien entwickelt.
AbschlieRend wurde die rhodiumkatalysierte positionsselektive Tryptophanpeptid-C7-

Amidierung mit leicht zuganglichen Dioxazolonen erreicht.
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1. Introduction

During the last decades, there has been an increasing focus on the environmental
issues. Correspondingly, new and efficient processes that aimed to modify or replace
traditional technologies are increasingly emerging. This trend is also evident in the
molecular assembly of compounds with transformative applications in drug
developments, energy storage and material science. In this context, Catalysis
represents a significant approach that allows for efficient, green and economic
transformations to minimize the environmental footprint, as was defined by Anastas
and Werner in their 12 Principles of Green Chemistry.[!l Additionally, catalysis offers
new disconnections from simple precursors, making it an attractive option for the
practitioners.”)  From an atom- and step-economy perspective, the direct
functionalization of CiH bond to CiC and CiHet bonds is among the most
straightforward and valuable approach in molecular synthesis.

1.1. Transition Metal-Catalyzed Ci H Functionalization

Since the discovery and extensive exploration of metathesis!®! and palladium-catalyzed
cross-couplingst, both in catalytic modes and in industrial applications, the way we
synthesize organic compounds has been revolutionized. A shift from step-intensive
functional group interconversions to palladium-catalyzed cross-couplings reaction has
emerged, for example with the Kumada-Corriu,® Negishi,!®! Magita-Kosogi-Stille,["!
Suzuki-Miyaura,® Hiyamal® cross-couplings via the cross-coupling of aryl halides or
pseudo-halides with various organometallic nucleophiles (Scheme 1.1.1). These
valuable synthetic methods for the formation of C1 C bonds were honored with the
Nobel Prize in Chemistry in 2010, not only for their efficiency in organic synthesis, but
also for revolutionizing the way we think about these bond-formation.!'® However, the
requirement of pre-functionalized starting materials leads to additional processes for
their preparation. Furthermore, some organometallic nucleophiles are either air- or
moisture-sensitive, such as organomagnesium reagents for Kumada-Corriu cross-
couplings, organozinc reagents for Negishi cross-couplings and toxic organostannane
reagents for Stille couplings. In addition, the chemical waste associated with the
preparation of those starting materials and the stoichiometric byproducts of these
reaction significantly limits further applications.

I n this context, the combination of di

an efficient and environmentally benign platform for developing novel and valuable

rect

C
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products in synthetic chemistry.l11 In this approach, the organometallic nucleophile is
replaced by an inert Ci H bond, therefore eliminating the need for multi-step sequences

for accessing the sensitive and potentially toxic organic nucleophile (Scheme 1.1.1).

(traditional functional group interconversions)

—— 0—-0 \;‘ G

n x waste

(catalyzed cross-couplings)

o
O O —
waste waste -MX Y

X =1 Br, M = BR,, SnR;, waste
Cl etc. MgX, ZnX etc.

(catalyzed C-H activation)

.-
@/\

waste

Scheme 1.1.1. Conceptual advantages of Ci H functionalization over classical cross-couplings.

1.2. Mechanistic Manifolds

Due to the inherent benefits of the Ci H functionalization approach, efforts on the
mechanistic and computational studies for transition metal-catalyzed CiH
functionalization have been devoted to the understanding of the Ci H cleavage step.
Several distinct transition states could be considered in the CT H met al ati on
(Scheme 1.2.1). The mechanistic modes!'? include: oxidative addition (OA), U-bond
metathesis, 1,2-addition, electrophilic substitution and base-assisted metalation. Ci H
bond cleavage by oxidative addition is typically observed at electron-rich metal centers
(Scheme 1.2.1a). The key interaction of the 0* orbital of the Ci H bond with the metal
center induces a formal two-electron transfer from the metal to the ligand. G-bond
metathesis proceeds with high-valent early transition metals, especially for metal
hydride and metal alkyl complexes (Scheme 1.2.1b). The 1,2-addition with a M=X bond
mostly observed with group IV and V metal imido-complexes (Scheme 1.2.1c). Ci H

2
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cleavage via electrophilic substitution is generally observed with cationic electron-poor
late-transition metals (Scheme 1.2.1d). The base-assisted metalation is related to

complexes bearing a carboxylate chelating base (Scheme 1.2.1e).

a) oxidative addition

LM+ —_H

LI

LM ~—| ———>
H

+
3 -
LM ! } > LM

b) o-bond metathesis

t
L,M-R' + —H ———> |LM_ H ——— » LM—+ R—H
R
c) 1,2-addition
t
LM=X" + —H — > LnM’\\X/H —_— LnM\XH

d) electrophilic substitution

® . iy
LMX + (= ———> LM H ——————— LM+ XH

e) base-assisted metalation
.0 e
LM \>—R' + -_H > ! ’ —_— L”M\O
o |
R‘)\OH
Scheme 1.2.1. Different modes of Ci H bond metalation step.

Ci H cleavage mediated by the base-assisted metalation pathway can be further
categorized (Scheme 1.2.2).1'% For a deprotonation transition state as first put forward
by Sakaki,l**l Fagnou coined the term @&oncerted metalation-deprotonation6(CMD).[*]
The agostic interaction between the Ci H bond and the metal center was also studied
by Macgregor and Davies and the named ambiphilic metal ligand activation (AMLA).[16]
Due to the deprotonation, a preferential activation of electron-deficient substrates is
observed through kinetic Ci H acidity control. In contrast, the base-assisted internal
electrophilic substitution (BIES) was introduced by Ackermann for the preferred and
predominant activation of electron-neutron and electron-rich substrates and proceeds

in a deprotonative/electrophilic substitution-type pathway.7]
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BIES

Scheme 1.2.2. Transition state structure in base-assisted metalation.

1.3. Selectivity Control of C1 H Functionalization

Functionalization of unreactive Ci H bonds utilized as latent functional groups allowed
for a straightforward approach towards molecules complexity. However, organic
molecules typically embody multiple CT H bonds with similar dissociation energies.
Thus, the selective functionalization of a specific C1 H bonds of given molecules is
highly challenging. During the last decade, various approaches have been developed
for addressing this position-selectivity (Scheme 1.3.1). Selective modification can be
achieved through the inherent properties of the molecule based on the electronic or
steric differences. Alternatively, the installation of functional groups with Lewis-basic
functionalities enabled the site-selective ortho-Ci H functionalization of aromatics or

remote CI H transformation.

Strategies for selectivity control

a) Electronic bias (pKa-Value) b) Steric control c) Directed functionalization
DG..
N~ X 29.3 46.5 37.7 - H
L ‘e i
40.3 “ N 46.3 N U
N© R 421} H™ Y
Me ’ Me H H

Scheme 1.3.1. Strategies for regioselectivity control. a) Electronic bias; b) Steric control; ¢) Directed

functionalization.

1.4. The Importance of C-Glycosides

Together with nucleic acids, proteins and lipids, carbohydrates belong to the most
important classes of organic natural products. They contribute to a great variety of
functions. First, they constitute the major source of metabolic energy. Second, versatile
glycoconjugates exist in the cell wall and the extracellular matrix. Third, they provide
recognition sites on the cell surfaces, and are therefore involved in numerous biologic
processes. After the first isolation of pseudouridine from t-RNA in 1957, many natural
C-glycosides, such as showdomycin, minimycin, pyrazomycin, formycin, papulacandin

4
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and chaetiacandin, have been isolated and shown potent biological activities (Scheme
1.4.1).81 For example, compared to KRN7000, its C-glycoside analogue was
reported to be 1000 and 100 times more effective against mouse malaria and mouse
melanoma, respectively (Scheme 1.4.2).1° Furthermore, compared with O- and N-
glycoconjugates, C-glycosides have been considered as more chemically and
enzymatically stable. Thus, research on C-glycosides synthesis has recently attracted
wide interest because of the great importance of their potent biological activities. In
particular, C-glycosides are well known to have potent antiviral, antibacterial, and

antitumor activities.[20l

~"""OH hd "OH
HO 15 HO
Pseudouridine Pirazomycin Showdomycin Minimycin Formycin
(antiviral) (antibacterial, antitumor) (antibiotic) (antiviral)
OH o oH 0
\)J\ HO O)J\/E/\/\/Me
Me XN X (o)
Me Me HO"

D OH 0

Papulacandin
Me/\/\/\/\)\/\/\\\)J\

Medermycin Galtamycinone Vineomycinone B2 methyl ester
(antibiotic) (antibiotic and antitumor) (antibiotic and antitumor)
O
protein\n/N,,, N/protein
o H
|
O
HO ~TON
H
HO OH
OH
Dapagliflozin Canagliflozin
(antidiabetic) (against type 2 diabetes) C-mannosyl-Trp
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Scheme 1.4.1. Selected examples of C-glycosides.

/]/i(CHZ)BCHB

o} NH OH

0._.0
HO ‘ \/Y\(CH2)130H3
HO “on O

OH

KRN7000

L(CH2)230H3

NH OH

ﬁ/\j \/Y\<CH2)130H3

C-glycosides of KRN7000

1000-fold activity against mouse malaria
100-fold activity against mouse melanoma

Scheme 1.4.2. Comparison of KRN7000 and i t Gsgfycoside.

1.5. C-Glycosylation through Nucleophilic Addition

1.5.1 Lactone as an Electrophilic Carbohydrate

isg CHzny p ~Me rigy Cs LiCH,SO,Ph
~ ~ CHj3 ILHA290,
CH,~

< e 1
(Tebbe reagent) (Petasis regeant)

OLi

M = Mg, Li
2 3

o) O
o—<"
5
Nucleophilic addition

Scheme 1.5.1.1 Traditional methods for C-aryl glycosides assembly.

Traditionally, C-glycosylation have been wildly explored with glyconolactones 5,

featuring a anomeric carbonyl group (Scheme 1.5.1.1). The direct nucleophilic addition

of organometallic reagents (e.g., aryl lithium, aryl and alkyl Grignard reagents) or

nucleophiles, such as enolate 4121 and carbanion 1 stabilized by a sulfonyl group!??! or

Wittig reagents 3,[2% to protected glyconolactones at the anomeric C1 position. The

resulting hemiacetal 7 could be further reduced with EtsSiH in the presence of Lewis

acids such as TMSOTf or BFsOEt: to afford C-glycosides.l?! In addition, simple

methylation of sugar lactone was carried out by titanium-based reagents, including the

Tebbe and Petasis reagents (Me2TiCp2)[? or the methylation of lactone by a Julia

coupling.[?8]
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0._0
BnO
™S BnO"
@B Br OBn
;
0/ 12
s: 1) LDA MeO 1) n-BulLi
MeO""
0.__0 2) NaCNBHj3, EtOH
MeO ) 3 OMe 2) NaCNBHj3, EtOH

11, 55%

_ MeO

MeO""

kidamycin Group IlI

Scheme 1.5.1.2 C-Glycosylation for kidamycin group Il synthesis.

This method was greatly exemplified by the total synthesis of kidamycin group Ill, a C-
aryl glycoside antibiotic.?l The key intermediate 2,4-diglycosyl furan 13 could be
prepared by sequential addition of metalated furan to the glucosyl lactone, followed by
hydride reduction of the resulting lactol intermediates. Then, a Diels-Alder reaction with
benzynes and acid-catalyzed rearrangement delivered the Group Ill C-aryl glycoside
(Scheme 1.5.1.2).

1.5.2 Anhydrosugar as an Electrophilic Carbohydrate

1,2-Anhydrosugar has been used as an efficient glycosyl donor for C-glycosylation,
especially for oligosaccharide assembly?®l and glycosylated natural product
synthesis.l?®! |t could be easily prepared by a epoxidation reaction of glycal with
dimethyldioxorane (DMDO). The thus formed glycal epoxide is well-explored due to its
high reactivity with organometallic reagents (Scheme 1.5.2.1a). The stereoselectivity
with organometallic reagents is predictable based on the Lewis acidity and
nucleophilicity of organometallic reagents. It was found that a Sn2 reaction pathway
might be involved at the anomeric position when Grignard reagents and mild Lewis
acids were probed,i?% giving b-stereoselectivities (Scheme 1.5.2.1b). Noteworthily, the
use of strong Lewis acids, such as aluminum reagents,3! afforded U-C-glycosides,
through the formation of oxocarbenium ion (Scheme 1.5.2.1b).

7
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a) C-glycosylation with anhydrosugar.

RO RO OH
OR OR
14 15
b) Stereoselectivity control.
o 0__Nu o M
RO > Nu RO RO .,
\\O —— WO—LA
OR OR OR
14 15a
&)
ROy v = RO M T ro oS
RO ‘ RO “OH | Ro oM
OR OR OR
14 15b

Scheme 1.5.2.1 C-Glycosylation with anhydrosugar and stereoselectivity.

Selected examples for the C-glycosylation with glucal epoxide 16 are shown using

different nucleophiles (Scheme 1.5.2.2).

(6] (6] Nu
BnO/\Q:KO Nu BnO/\Q
s B — e s ‘v,

BnO THF or CH,Cl, BnO OH

OBn OBn
16 17

_~_MgCl \/Mgm o Mgcl Me,CuLi

(5, 82%) (B, 18%) (B, 57%) (5, 82%)
S8 MesAl B ()20

+ 3 /\9’3 A
BusSnOTf
(B, 57%) (a, 82%) (a, 70%) (@, 57%)

Scheme 1.5.2.2 C-Glycosylation with versatile organometallic reagents.

1.6. C-Glycosylation through Anomeric Radical Addition
1.6.1 Giese-Type Addition for C-Glycosylation

The pioneering work on anomeric radical addition for C-glycosides synthesis was
exploited by treatment of glycosyl halides with allyl-n-butylstannane.l®?l In 1983, Giese
reported a highly U-selective C-glycosylation of acrylonitrile with acetyl protected
glucosyl bromide 18.[33 The transformation occurred via UV photolysis in the presence
of acrylonitrile 19 and BusSnH in refluxing Et2O. The authors proposed that halophilic

tributylstannyl radical may abstract bromine atom from glycosyl bromide to generate
8
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glycosyl radical. Subsequent polarity-match addition of nucleophilic glycosyl radical to
electro-deficient acrylonitrile and newly formed radical abstract hydrogen atom from
BusSnH deliver C-alkyl glycoside product 20 (Scheme 1.6.1). EPR studies suggested
a boat (B25) conformation for the glucosyl radical, in which the electron-rich SOMO
overlaps withthe G *or bi t al of t he psed@ovhiohiafle¢tst@T O b on

stereochemical outcome.

ZCN
19 0 CN
SN
Aco«@-“Br BusSnH AcO
w & AcO™ “OAc
AcO OAc
hv, reflux, Et,0
OAc 2 OAc
18 20
O O .Br ACO o_. ZCN B .
c Bu3Sn . I I 19 E AcO E
AcO™ “OAc  ~BusSnBr AcO" "OAc | o :
OAc OAc I AcO :
18 AcO i
O « CN O .‘\\\/CN E
AcO SN BusSnH AcO | OAc
AcO" “IOAG -Bu3Sn- AcO" “"OAc : SOMO at C1 '
OAc OAc + overlaps with C2C-Ooc* E

. '

Scheme 1.6.1.1 C-Glycosylation with Giese-type addition.

Gi esebds seminal c¢ on tCeglycdogylationset the stage for eannembarr e a o f
of additional contributions with the use of thioglycoside, glycosyl selenide or
nitroglycoside as glycosyl radical precursors.4 Among these reports, the combination
of BEts and air as the radical initiator to replace tin reagents greatly improved its utility.
Another important tin-free variant of the early C-glycosylation with visible-light
photoredox catalysis was made by the Gagné group (Scheme 1.6.1.2).3% Irradiation
of the photosensitizer Ru(bpy)s(PFs)2 in the presence of glycosyl bromide 18,
diisopropylethylamine (iPrNEt2), Hantzsch ester and Michael acceptors 21 resulted in
the C-glycosylation product 22. The reaction pathway was suggested that the oxidizing
excited state Ru(bpy)s®** accepts an electron by SET from the iPrNEt2 to generate
strongly reducing Ru(bpy)s* catalyst. Then, ruthenium(l) species donates an electron
to glycosyl bromide to deliver bromide anion and expected glycosyl radical, which is
mechanistically different for the tin-mediated anomeric radical formation. Subsequent
addition to electron-deficient alkene and hydrogen atom transfer from the Hantzsch

ester form the desired Giese-type addition reaction product 22.
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Z>CoMe
21

Ru(bpy)s(PFg)2 (5.0 mol %) o com 5 EtOzCncozEt !
AcO N UMe E E

AcO O _.Br Hnatzsch ester (1.1 equiv)
ACO™ N “OAc /PINEt, (3.0 equiv) AcO"

OAc hV, CHzclz
18
o+
iPrNEt,
iPrNEt,
Ru(bpy)s®** Ru(bpy)s**

0
AcO .
AcO™ “'OAc

hv SET OAc
Ru(bpy)s?*
O_ .B
AcO S
AcO™ “'OAc
OAc
18

Scheme 1.6.1.2 C-Glycosylation with photoredox catalysis.

OAc
OAc Hantzsch ester
22,94% 0 CTTTTTmTmmTmomooooooes
ZCoMe  pco O w~\_-COzMe
21 . ,
AcO" “OAc

OAc

Hantzsch ester

or .,
iPrNEt,
O CO,Me
AcO N2
AcO" “OAc
OAc
22

In 2021, the Niu group firstly employed the glycosyl sulfoxides donor 23 as anomeric

radical precursor in the presence of EtsB and air, along with a boron-carbene complex

24.13¢81 Capitalizing on a facile radical substitution reaction at the sulfur atom, this

method likewise allowed the generation of valuable glycosyl radicals with completely

free hydroxyl group in agueous media and enabled the same transformation (Scheme

1.6.1.3a). Also recently, the Koh group!®”! explored that heteroaryl glycosyl sulfones

donor 25 can undergo desulfonylative anomeric radical addition by the use of Hantzsch

ester and CsOAc under photo irradiation.[*8 The in-situ formed Hantzsch ester-CsOAc

complex contributes to trigger single electron transfer that activate the sulfone and

further generate the glycosyl radical. This approach featured broad substrate scope

and great applicability and scalability (Scheme 1.6.1.3b).
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a) C-glycosylation with glycosyl sulfoxides. Me

N
o [/>—BH3 o
N
) " 24, (1.5 equiv) ‘\\\\)J\OMe

0
0__S M AcO -
AcO /\[( OMe ° . ¢
\ : ' o} BEt, (1.5 equiv) AcO"™ “OAc
AcO" “OAc | s(l>eq
3

OAc
OAc
2 21 22, 94%

b) C-glycosylation with heteroaryl glycosyl sulfone.

o o /@ HE (1.5 equiv) e) o
Me \ o, WA CsOAc (15 . Me R (0) .
MZ(;\\;_Z‘S“ N | sOAc (1.5 equiv) Me7<0\ . \/[4

3 . /\[(os

OBn
O. 0O (0] DMSO, Blue LED O. O
Me Me Me Me
25 26 27, 93%

Scheme 1.6.1.3 C-Glycosylation with different glycosyl donors.

1.6.2 Samarium Mediated C-Glycosylation

Samarium diiodide (Sml2) has long beenused for C1 C bond f
synthesis of natural product.3¥ Likewise, it was proved efficient for the reduction of
glycosyl pyridyl sulfone, glycosyl phenyl sulfone and glycosyl phosphatel*! to the
corresponding anomeric radicals,*! thus enabling diversified C-glycosides
construction. By virtue of installation of radical acceptors through a tether,*?
intramolecular radical C-glycosylation was secured with high stereoselectivity
controlled by the configuration of the hydroxyl group (Scheme 1.6.2.1). In 1994, the
Sinay group reported a disaccharide synthesis with glycosyl phenyl sulfone 28a by
treatment of a solution of Smlz in THF containing HMPA (Scheme 1.6.2.2).1%1 The
resulting anomeric radical proceeded with a 9-endo-trig mode of radical cyclization,
giving silicon-tethered disaccharide 32. Thereafter, Smlz>-mediated intermolecular
radical addition with aldehyde or ketones 35 has been well-exploited for C-
disaccharide assembly 36 (Scheme 1.6.2.3).[44]

11
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u\é
ojﬁ%w ~INZ~R smi, CtvaR
Q\ TEA/DMAP TBAF \OH
OH
28 29
N o X Ph O._Et
Bno” NN S-P Bno BnO
BnO" Yy “OH BnO"™ OH BnO" OH
OBn OBn OBn
29a, 76% 29b, 64% 29c, 80%
Scheme 1.6.2.1 Smlz-mediated intramolecular C-glycosylation.
OBn
OBn OH (e} .\\SOZPh
0. .SO,Ph O._.OMe ) ‘ ) 0. .OMe
nBuLi BnO“ 0 0 .
I~ “IoH + ., > \Si/
" o6 OBn Me,SiCl, OBn wa “/0Bn
n OBn e Me OBn
28a 30 31, 82%
OBn
BnO—, M
3 HO O0._..OMe
Sm|2 o 10BN HF
e o 1y
HMPA OBn HMPA | OBn
BnO,,, " [9] HO OBn
v —S. o
0 Me
- - ~, ~OBN
MeO" O Me BnO g
OBn
32 33, 50%

Scheme 1.6.2.2 Smlz-mediated intramolecular C-glycosylation.

36a, 83%
OBn OBn
BnO B
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BnO :
HO" ~~ YOBn
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Scheme 1.6.2.3 Smlz-mediated intermolecular C-glycosylation.
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The stereoselectivity of intermolecular C-glycosylation strongly depends on the given
carbohydrates (Scheme 1.6.2.4). It was proposed that the SET from Sml2 to glycosyl
sulfone generates thermodynamically stable U-anomeric radical. It could be further
reduced by Sml2 to glycosyl anion, which adopts a boat-like conformation in the case
of mannose to avoid the repulsive interactions between the Sm-anion and endocyclic
lone-pair of the ring oxygen, resulting in U-C-glycosides (Scheme 1.6.2.4b). Regarding
glucose and galactose, there is an equilibrium of boat-like conformation of samarium
anion 37a and 37b, samarium positioned at axial position will deliver the glycal

byproduct via a syn-elimination. By contrast, the equatorial samarium anion gives a b-

C-glycosides (Scheme 1.6.2.4b).[41¢]

a) Stereoselectvity with mannosyl sulfone 34c.

OBn

OBn
34c, Man

OBn

W
Sml, %7

OBn
P

BnO"

OBn

BnO OBn e
B”O% — |
BnO Sml, -
BnO

syn-elimination OBn

BnO

BnO
BnO C Oanm|2 __ o oa-C-glycsoide

b) Stereoselectvity with glycosyl sulfones 34a and 34b.

OBn
OBn
0. ,SO,Ph ©Bn o S
Sml, O.. Sml, mi2
., _ '
BnO OBn Bno™ “IoBn BnO “OBn
OBn
OBn OBn
34a/34b, Glc/Gal 37a/37b
BnO
BnO Q ,
OBn BnO Sml; S-C-glycsoide
O .Sml, W BnO
BnO “/OBn \ OBn
OBn fasl BnO
BnBOO 1) Sml, — ‘
: BnO"
OBn syn-elimination OBn

Scheme 1.6.2.4 Stereoselectivity rational.
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1.7. C-Glycosylation with Glycal
1.7.1 Ferrier-Type C-Glycosylation with Glycal

Glycal donors with an endocyclic 1,2-double bond, have been likewise exploited for
the construction of anomeric carbon-carbon bonds. The majority of C-glycosylation
reaction types employing glycals include Ferrier-type rearrangement and palladium-
catalyzed Heck-type reaction. It was found that glycals bearing an acetoxyl group at
the C3 position will generate oxocarbenium ion with Lewis acid as promoters. The
formed oxocarbenium ion can be attacked by a carbon nucleophile. The
stereoselectivity is mainly governed by the conformation of oxocarbenium intermediate
and the attack pathway. The bottom face attack leads to favored half-chair
conformation °Hs, instead of the top face attack, giving the disfavored boat
conformation 14B. Thus, the U-anomer is typically the major product (Scheme 1.7.1.1).

Ferrier rearrangment

O
AcO | lewis acid Aco/\r\j /\(Oj.\\ Nu
AcO™ AcO™ O NF

OAc
38 39

AcO O Nu
i ACO ___o pr— . :
' OAc  disfavored _s¢» — AcO" =
H O Nu~ 1,4 i
EACOﬂ f p "B

OAc O

\_ NU- a H Aco/\Cj'\\Nu g
favored : . i
Nu CO\\ = :

..................................................................................

Scheme 1.7.1.1 Ferrier-type C-glycosylation.

Silyl nucleophiles, such as allylic silanes, propargyl silanes and also vinyl silyl ethers,
were ideal nucleophiles. The reaction with acetyl-protected glucal 38 which can be
activated with Lewis acids such as TiCls, InCls and BFs.OEtz, led to the formation of
2,3-unsaturated glycosides 39. The stereochemical outcome of the reactions generally

favors the U-isomer (Scheme 1.7.1.2).
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(e}

AcO O_.N
(o /\|/\‘J Promoter ACO/\';j'\ u
AcO™ L

— Ao\
OAc Nu ¢
38 39

Promoters: TiCly, InCl3, Yb(OTf)3, FeCls, ZnCls,
AuClsz, TMSOTf, TBSOTf, BF3'OEt,

Nu~:

A = TMSCN

Scheme 1.7.1.2 Lewis acid promoted C-glycosylation.

The Du Bois group found that the halide-lithium exchange of aryl halide enabled the
in-situ formation of aryl zinc reagents, and proved amenable for the Ferrier
rearrangement, giving the C1 arylated glycosides. 42 (Scheme 1.7.1.3a).[! In 2003,
Yadav disclosed a novel one-pot synthesis of new benzo-fused heterobicycles from
glucal 38 and aryl amines 43 using a catalytic amount of InBrs under mild reaction
conditions (Scheme 1.7.1.3b).14¢l

a) Ferry reaarangment with glycal 40.

X
RO © tBuLi, ZnCl, o
: e
RO" N
Et,0 RO
OAc 2 ©
40 4

42

b) InBrz-mediated Ferry reaarangment with glucal 38.

NH
0 2 O
AcO | InBrg ACO/\r\j'
AcO™ ’ AcO" INH
OAc
38 43 44

CH,Cl,

Scheme 1.7.1.3 Ferrier rearrangement for C-glycosylation.
1.7.2 Mizoroki-Heck Type C-Glycosylation with Glycal

The 2010 Nobel-winning Mizorokii Heck reaction is commonly used to construct Ci C
bond in organic syntheses. Given the vinyl motif of glycals, the Mizorokii Heck reaction
is expected to be a reliable synthetic method toward C-glycosides. A general
mechanism of Mizorokii Heck C-glycosylation reaction is shown below (Scheme
1.7.2.1). The oxidative addition is initiated by palladium(0), generating
organopalladium(ll) complex. Then coordination and subsequent migratory insertion
followed to form glycosyl palladium complex Ill. This intermediate can undergo either
15
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b-hydride elimination or b-acetoxyl elimination. The released palladium(ll) can be
reduced to regenerate palladium(0) for the next catalytic cycle.

Pd(0)
® ArX

Reduction OA

O_\A
XPd(IH ACO/\KJ' r
() Ao NF ArPdX

or 0
S-OAc eliminlation AcO (m
42a = |
AcO'
O_\A
AcO AT 38 OAC
A"

OAc
S-H eliminlation

55

XPd(I1)OAc
(v)

syn-addition

AcO

H
AcO C

O
N
H deAr

)

Scheme 1.7.2.1 Catalytic cycle of Mozoroki-Heck type C-glycosylation.

Mozoroki-Heck type C-glycosylation has emerged as an efficient method for biological
molecular synthesis. Efficient coupling of iodo-derivatives of anthracycline aglycons

with furanose and pyranose with pyranosyl glycals was achieved in the presence of
palladium acetate and a tertiary amine in DMF solution (Scheme 1.7.2.2a).[4] It
provided an effective route to 2,3-unsaturated aryl glycosides 47 via b-heteroatom
elimination. Similarly, 5-iodouracil 49 as the coupling electrophile undergoes regio- and
stereoselective coupling with ribofuranoid glycal 48.1481 The resulting enolate C-
glycoside 50 derived froma b-hydr i de el i mination could be
deoxypseudouridineby 51 by a desilylation/reduction sequences (Scheme 1.7.2.2b).
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a) C-glycosylation with pyransoyl glucal 46.

OMe
0 Pd(OAc), (20 mol%)
TBSO | OO BuzN (20 mol%)
. +
TBSO' O Na,COs (1.0 equiv)
OTBS I 0 Et DMF
o
45 46 g % 47
n o
b) C-glycosylation with furanosyl glucal 48. j\ 0
0 AsPh; (20 mol%) HN" NH HN™ “NH

_— -

HO/j/\O) HNJ\NH Pd(OAc), (10 mol%) K/go 1) TBAF K/go
/ +

TBDPSO %o BusN (1.5 equiv) o 2) NaHB(OAc)s fo
| DMF /

48 49 TBDPSO HO 7
HO HO

~\

50 51

Scheme 1.7.2.2 Examples of Mozoroki-Heck type C-glycosylation.

Thereafter, Maddaford devised a practical and convenient stereoselective method for
the synthesis of C-aryl glycosides with the use of aryl boronic acids 52 in the presence
of catalytic amounts of palladium acetate.[*°! It was proposed that the syn- addition of
aryl palladium(ll) complex and anti-b-elimination will generate the C-Ferrier products
42a preferentially under mild condition (Scheme 1.7.2.3a). Furthermore, the substrate
scope for C-aryl glycosides was extended to aryl hydrazine 53 as the coupling
partner,!*° which avoids the use of highly explosive and decomposable diazonium salts
(Scheme 1.7.2.3b). The pure U-C-glycosides were obtained with glycal bearing an
equatorial C3-acetoxyl group, whereas Ub mixtures were observed with C3 axial
acetoxyl protected glycals. Liu found that replacing aryl hydrazine with commercially
available benzoic acids will deliver C-aryl glycosides in the presence of silver
carboxylate and catalytic palladium acetate in DMSO/DMF via a b-hydride elimination
pathway (Scheme 1.7.2.3c).PY However, the palladium-catalyzed decarboxylative C-
glycosylation is limited to electron-rich benzoic acids. Aryl sulfonyl chlorides as aryl
source were involved in various transformations. The desulfitative direct C-arylation of
glycal was thus disclosed by Mukherjee with the use of Pd(PPhs)2Cl2 as catalyst and
Li2COz in dioxane, albeit at high temperature (Scheme 1.7.2.3d).552
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a) C-glycosylation with aryl boronic acids 52.

/\(‘J B(OH), Pd(OAc), (20 mol%) O
@ =0
N
OAC CH4CN, rt AcO

b) C-glycosylation with aryl hydrazines 53.

Pd(OA 5 mol% 0
NHNH, )z (5 mol%) o}
‘/ 1,10-phenanthroline (10 mol%) Aco/\LJ'
0, (1 atm.) WINF
OAc AcO

HOAc

c) C-glycosylation with benzoic acids 54.

9 o
ACO (0] COH Pd(OAc), (10 mol./o) AcO o
. | N Ag,CO3 (3.0 equiv) L
AcO' PPhs (40 mol%) AcO
OAc

DMSO/DMF, 80 °C OAc

55
d) C-glycosylation with aryl sulfonyl chlorides 56.
PdCl,(PPh3), (10 mol%)
@ SOLCl Li,CO3 (3.0 equiv) AcO o
AcO" . N~
1,4-dioxane, 140 °C AcO
OAc
56

Scheme 1.7.2.3 Mozoroki-Heck type C-glycosylation with versatile coupling partners.

1.8. C-Aryl Glycosides Synthesis by Cross Couplings
1.8.1. 2-Deoxy C-Aryl Glycosides Synthesis by Cross Couplings

Cross-couplings have been utilized as an efficient tool for the 2-deoxy C-aryl
glycosides assembly, especially Stille cross-coupling reactions, which was well
documented with the benzyl protected 1-tributylstannyl glycal 57 and aryl bromide 41a
under palladium(0) catalysis (Scheme 1.8.1.1a).58] The limitation is the lengthy
synthesis for the preparation of tributylstannyl glycal 57 derived from unsaturated
sulphones, thus triisopropyl silyl protected glycosyl iodide 59 as electrophile was
employed for pseudo-C-glycoside synthesis with aryl zinc nucleophiles 60 (Scheme
1.8.1.1b).54 The 1-iodo-glycal 59 could be readily available via a one-pot two-step
sequence with selective Cl-stannylation and tin-iodide exchange, but they are
inherently unstable. In 2012, Sakamaki adopted non-toxic, easy-to-hand glucal
boronates as nucleophiles,’®® and its robustness was further demonstrated by the
synthesis of bergenin derivative (Scheme 1.8.1.1c).1%¢! In 2019, bench-stable 1-sulfonyl

glycals 63 was used as an alternative to the 1-iodo-glycal 59 as the electrophilic
18
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coupling partners for a nickel-catalyzed Suzuki-Miyaura cross-coupling reaction with
phenyl boronic acid 52 (Scheme 1.8.1.1d).571 Very recently, a facile approach to C-aryl
glycosides was updated with Hiyama cross-coupling reaction, in which a protecting
group-free and scalable 1-diisopropylsilyl-o-glucal 64 was used under mild reaction
conditions (Scheme 1.8.1.1¢e).58!

a) 2-Deoxy glycoside synthesis with C1-tributylstannyl glycal 57.
0._SnBujy Br
BnO/\q Pd(PPhs), (10 mol%)
BnO" ¥ ‘ .
OBn PhMe, 110 °C
41a

b) 2-Deoxy glycoside synthesis with C1-iodide glycal 59.

ol zZnl.LiCl
TIPSO | L Pd(PhsP),Cl, (10 mol%)

N +
TIPSO THF, rt
OTIPS

c) 2-Deoxy glycoside synthesis with C1-boronate glycal 62.

TIPSO O -BPin Br PA(PhyP),Cly (5 mol%) o
) | . K5,CO3 (2.0 equiv)
TIPSO DME, 60 °C TIPSO"
OTIPS OTIPS
62 4a 61

d) 2-Deoxy glycoside synthesis with C1-glycosyl sulfones 63.
Ni(COD), (10 mol%)

0. _SO,Ph B(OH),
Bno/\q CysP.HBF 4 (20 mol%)
\ +
BnO KOH (2.0 equiv)

OBn THF, 60 °C

e) 2-Deoxy glycoside synthesis with C1-diisopropylsilyl glycal 64.

Pre__ipr | [PdCl(allyl)], (10 mol%)
H OAROJ,SI\H ' TMAF.4H,0 (20 mol%)
+
HO' ‘® DMF, rt, 16 h
OH
64 41b

Scheme 1.8.1.1 Cross couplings for 2-deoxy C-aryl glycoside assembly.

In addition, the unsaturated pseudo-C-glycoside bearing an endocyclic vinyl moiety
could be stereo-selectively converted into diversified glycosides, such as U- and b-C-
aryl glycosides, as well as 2-deoxy-glycosides, and thus emerged as important
precursors for the synthesis of targeted natural products and drugs. For example,

dapagliflozin, an approved inhibitor for the treatment of type 2 diabetes, could be
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efficiently constructed via a Hiyama cross-coupling and hydroboration-oxidation
sequences (Scheme 1.8.1.2a).1%8 Since the high cost of organic soluble and corrosive
fluoride reagents used for nucleophilic activation of glycosyl silanol donors 67 to form
pentacoordinate siliconate, a fluoride-free Denmark-Hiyama cross-coupling reaction
was developed and offered an efficient tool for the total synthesis of Papulacandin D
(Scheme 1.8.1.2b).5%1 The potential utility of Suzuki-Miyaura cross-coupling was also
demonstrated by the synthesis of Ipragliflozin with sulfonyl glycal 63 and aryl boronate
72 (Scheme 1.8.1.2c).[60
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a) Dapagliflozin synthesis.
O"F’f\S,,iPr
[N )
HO | H I [PdCl(allyl)], (10 mol %)
N
HO™ cl OEt TMAF.4H,0 (20 mol %)
OH DMF, it, 16 h
64 65

1) BH;
2) H202/NaOH

Pd,(dba); CHCl; (5 mol %)

BnO .
:@i\opw NaOtBu (2.0 equiv) o
+
BnO | tBu-Si

PhMe, 50 °C

By OPiv
OTIPS
67 68 69, 72%
OBn BnO OBn
OBn 1) m-CPBA
. i NaHCO4
DiBAL-H o CH,Cl,
tBu—SI,i . ?
CHCly, 78°C BBl OH 2) HC tBu—Si_
OTIPS CHCl, t By L
70, 86% 71,91%
OH
—_—
—_—
Me Me Papulacandin D
Ni(COD), (10 mol %)
PinB Cy3P.HBF 4 (20 mol %)
KOH (2.0 equiv)
THF, 60 °C
63 72

1) BH3 THF

BnO

2) H,0,/NaOH HO
BnO\\\ 3) TBAF HO\“ "/OH
OBn 73, 88% OH Ipragliflozin, 49%

Scheme 1.8.1.2 Synthetic application of cross-couplings to bioactive saccharides.

21



Introduction

1.8.2 C-Aryl Glycosides by Cross-Couplings

Although pseudo C-glycoside could be easily transformed into C-aryl glycosides, and
also readily available via cross-couplings with versatile electrophilic or nucleophilic
glycal, the tedious synthetic steps restricted its further application. Alternatively, the
glycosyl halide as electrophiles was directly utilized. The pioneering work from Gagne
group was developed with the nickel-catalyzed Negishi cross-coupling reaction to fully
oxygenated C-aryl glycosides 76. Reactions employing Ni(COD): as catalyst and tBu-
Terpy as ligand in DMF provided C-glucosides with high b-selectivity (Scheme
1.8.2.1a). Noteworthily, when mannosyl bromide as electrophile gave C-aryl
mannoside 76 with moderate selectivity by the combination of a Ni(COD)2 and PyBox
ligand. These findings indicated that the stereochemical control of C-aryl glycsoides
relied on the substrate and the catalyst. Meanwhile, Lemaire and Knochel found that
C-aryl glycosides could be obtained directly with aryl zinc reagents 78 and pivaloyl
protected glycosyl bromides 77 (Scheme 1.8.2.1b).16% The metal-free approach was
explained by the anchimeric assistance of the C2 pivaloyl group. Thereafter, 3d metal
catalysis was also reported for the C-aryl glycoside synthesis, such as cobalt catalysis
(Scheme 1.8.2.1c)62 and iron catalysis (Scheme 1.8.2.1d).163 In 2017, Walczak
described the preparation of glycosyl anomeric stannanes 81, and allowed the
synthesis of pure U- or b-glycosyl stannanes nucleophiles.l®¥ Equipped with such
glycosyl donor reagents, the coupling partner of the often toxic or dangerous
organometallic aryl nucleophile could be replaced with commercially available aryl
halides (Scheme 1.8.2.1e). Thus, glycosyl cross-coupling was established with
catalytic Pd2(dba)s and a bulky JackiePhos ligand, resulting in high anomeric

selectivity.
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a) Gagne, 2012 ArZnl.LiCl, 75
o. Br Ni(COD), (10 mol%)
AcO PyBox (15 mol%)
AcO™ OAc DMF, rt
OAc
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OAc 1 ™S
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C
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THF, 0 °C AcO" OAc
OAc OAc
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e) Walczak, 2017 Arl, 41b OMe
Pd,(dba); 2.5 mol% O
BnO (0] SnBU3 CuCl (30 eqUiV) BnO MeO P(3,5'CF3-C6H3)2
) ) ) iPr iPr
BnO" “OBn KF (2.0 equiv) BnO"
OBn PhMe, 110 °C JackiePhos
81 iPr

Scheme 1.8.2.1 Cross-couplings for C-glycosylation.

In 2018, Molander reported cross-coupling reactions of glycosyl dihydropyridine 83

with aryl halides 84 in the presence of photoredox and nickel catalysts.[®%! The dual

catalysis reaction proceeded by visible-light irradiation with inexpensive organic dye 4-

CzIPN, along with NiBr2DME and dMeObpy with dihydropyridine glycosides and aryl

halides in acetone to generate aryl-C-glycosides 85 (Scheme 1.8.2.2a). The proposed

mechanism involved two interdependent catalytic cycles. Irradiation of 4-CzIPN with
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blue LEDs results in the strongly oxidizing excited state 4-CzIPN*, and then the SET
reduction by glycosyl dihydropyridine to afford a radical cation (I), followed with
fragmentation to a generate glycosyl radical (I11). Meanwhile, the nickel complex Ln[Ni°
], generated from NiBr2DME, undergoes rapid reaction with the glycosyl radical (lll) to
generate nickel(l). Then oxidative addition proceeds with aryl bromide to generate
nickel(lll) complex. The high oxidation state of the nickel complex then follows with a
reductive elimination to deliver C-aryl-glycoside 85 and nickel(l) complex. The SET
process between photo-reduced 4-CzIPN radical anion and Ln[Ni'] to finish the
catalytic cycle, and regenerate the La[Ni°] (Scheme 1.8.2.2b). A silmilar transformation
for the synthesis of C-acyl glycoside 88 was also developed with carboxylic acids 87
through in-situ formation of acyl carbonate with dimethyl dicarbonate under photoredox

and nickel catalysis (Scheme 1.8.2.2c).[68]
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a) Photoredox-catalyzed C-aryl glycosides synthesis.
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NiBroDME (5.0 mol %) e

e
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c) Photoredox-catalyzed C-acyl glycosides synthesis.

dimethyl dicarbonate (2.0 equiv)
4-CzIPN (2.0 mol %) 0
0.,..0

NiCly(dtbpy)H,O (6.0 mol %)  Ph Me
"o Me

Blue LED, acetone/iPrOAc, RT O

0
Me
Me

88, 94%, dr = 4.3:1)

From glycosyl aldehyde

Scheme 1.8.2.2 C-Glycosylation with glycosyl dihydropyridine.

Subsequently, Wang devised a glycosylation redox ester 89 derived from glycsoyl
carboxylic acids.[5"] It allowed the efficient synthesis of C-glycosyl amino acids 91 with

HE under visible light irradiation, in which U-imino esters serve as electrophiles in a
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chemo-selective addition reaction with nucleophilic glycosyl radicals (Scheme
1.8.2.3a).

a) Photoredox catalyzed C-glycosamino acids synthesis.

F
i . i F
iProNEteHBF,4 (1.0 equiv) (:)OZEt
OMe HE (1.5 equiv) N ~ O._..OMe
3 H
%Q 1OBn Nﬁ 34 W, Blue LED, CH4CN, RT BnO" "/0OBn

cl 0 CO,Et OBn
90 91, 90%

b) Photoredox catalyzed C-aryl glycosides synthesis.

CO,Me
EtOzC Me B 4-CzIPN (1.0 mol %)
r
NiBr,'DME (5.0 mol %)
BnO bpy (7.0 mol %)
Etozc Me Na,COj3 (1.8 equiv)
BnO : : o /
Bn CO,Me 1,4-dioxane, 84 °C, 10 h .
Blue LED BnO OBn
92 93 94, 72%

c) Photoredox catalyzed C-acyl glycosides synthesis.

dimethyl dicarbonate (2.0 equiv)

EtO2C Vo 4-CzIPN (2.0 mol %) Ve, O o
o .
COM NiCl,*DME (6.0 mol %) Me><o
diMeObpy (7.0 mol %) O
+ LN
A\
EtOzC Blue LED, 1,4-dioxane, RT g 9

o o)

Me Me Me" Me
95 96 97, 84%

Scheme 1.8.2.3 C-Glycosylation with glycosyl dihydropyridine-derived glycosyl ester.

Although those transformation enabled the synthesis of C-aryl glycosides, the
synthesis of dihydropyridine-derived glycoside or glycosyl redox ester 89 involved
labor-intensive and time-consuming multiple synthetic procedures. In this context, a
simpler and more efficient synthetic protocol was disclosed by the Diao group.68 The
easily available glycosyl anomeric hydroxide was utilized for the preparation of
dihydropyridine-based glycosyl anomeric ester 92, and involved in the
photoredox/nickel cross-coupling reaction, demonstrating the applicability for the C-

aryl and C-acyl glycosides assembly 94 and 97 (Scheme 1.8.2.3b and 1.8.2.3c).
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4-CzIPN (5.0 mol %)

NiCl, (10.0 mol %)
o 2
o (0]
. oH T
BnO 0Bn NC K,CO3 (2.0 equiv) BnO OBn
o 99 Blue LED, DMF, 30 °C 100, 85%

o ArBr, 99
BnO 7 ogn La[Ni"Br
BnO O—.
(98) NG U] /_O
BnO 3 "'OBn
BnO
A (n
r
\r\\\]\_ , O
B\"N\ n’s. SO
OBn
BnO m OBn

Arn. 2y > 0Bn
BnO OBn
(100)

Scheme 1.8.2.4 C-Glycosylation with glycosyl carboxylic acid 98.

In 2019, the Wang group reported on the decarboxylative arylation of ribosyl carboxylic
acid 98 through a photoredox/nickel dual catalysis.®¥ The reaction proceeded
smoothly with the cost-effective and user-friendly catalyst, allowing stereoselective
synthesis of diverse C-aryl nucleosides 100. It was proposed that the nucleophilic
ribosyl radical was formed by the SET reduction of glycosyl carboxylic acid 98.
Concurrent with generation of reducing photocatalyst, the active Ni(0) species in-situ
formed via two SET reductions of the (bpy)Ni(ll)Br2. The following oxidative addition of
aryl bromide 99 delivers AryINi(Il)Br (I), and then rapidly intercept anomeric ribosyl
radical (I1), give aryl Ni(lll)-ribosy complex (lll), which should undergo reductive

elimination to produce the desired product 100 (Scheme 1.8.2.4).

1.9. C-Glycosylation by C1 HFunctionalization

1.9.1. Directed Ci H Functionalization of Glycosides

27



Introduction

a) C(2)-H arylation of 2-deoxy glycosides 101.

Pd(OAC), (20 mol %)

Ag,CO3 (1.5 equiv)
1,4-dioxane, 120 °C, 24-72 h

b) C(1)-H arylation of 1,2-deoxy glycosides 103.
o}

Aco/\O | Pd(OAc); (20 mol %)
NS Ag,CO3 (1.5 equiv)
AcO Y 2LU3
S @
HN R
) tAmOH, 120 °C, 16 h
(e}

103 41b 104

c) C(1)-H arylation of 1-deoxy glycosides 105.

Pd(cod)Cl, (20 mol %)

0
BnO v N ' AgOAC (1.5 equiv)
N N
BnO\ * @
OBn O K,COj3 (3.6 equiv)
105 41b

Citric acid (85 mol %)
PhMe, 130 °C, 16 h
d) C(1)-H alknylation of 1-deoxy glycosides 107.

Ni(OAc),"4H,0

o o FZ
BnO | NZ | TIPS (20 mol %) BnO | H N~ |
=
BnO ’ Br/ NayCOj3 (5.0 equiv) BnO N
108

ZT

OBn O PhMe, 140 °C, 16 h OBn O

107

Scheme 1.9.1.1 C-Gl y ¢ o0 s y | a HifunctiondlizatiorCof glycosides.

By rational design of glycosides, the selective functionalization of glycosides enabled
the late-stage modification of glycosides. Here, the Messaoudi group reported the
diastereoselective C(sp®) H arylation of glycosides 101, paving the avenue to access
series of C(2)-aryl glycosides 102 (Scheme 1.9.1.1a).['% This approach exhibited for
the first time a 2,3-trans arylation selectivity. Then, by introducing the picolinic amide
auxiliary at the C(3) axial position of glycosides 103, the same group developed a new
approach to the anomeric selective arylation (Scheme 1.9.1.1b).I"Y Detailed
experimental and computational mechanistic studies proved that the anomeric
arylation control is governed by the spatial positioning of the directing group.
Installation of the bidentate aminoquinoline auxiliary at the C(2) position of 1,2-

unsaturated glycal 105 and 107, Ferry group likewise accomplished C(1)-arylation
28



Introduction

(Scheme 1.9.1.1¢c)"@ and C(1)-alkynylation (Scheme 1.9.1.1d)"®! by palladium
catalysis and nickel catalysis, respectively.

1.9.2. Non-Directed CT H Functi on6&lydalzati on of

a) C(2)-H alkenylation of glycal 38. Me
o} HOHO
(0] AcO HO
AcO | I HO 0
- N R ——— a0 R —
AcO' HO
oA OAc OH "OH
c 11 Bradyrhizose
38 110
Liu, 2011 Backvall, 2013 Yu, 2015
a) Pd(OAc), (10 mol %) b) Pd(OAc), (5.0 mol %)
Cu(OTf), or Cu(OAc),, O, BQ (10 mol %) , Fe(pc) (2.5 mol %), O,
DMA/ACOH (1:1), 65-70 °C, 24 h DMA/ACOH (1:1), 70 °C, 24 h

b) C(2)-H alkenylation of glycal 112.

Me

.\\o\,LMe Pd(OAc), (10 mol %)

0 \ o .
"0 10 Cu(OAc),-H,0 (3.0 equiv)
W +
, Me
ng\cg acd 07 Me Pyridine (2.0 equiv)
Me dioxane, 80 °C
Me 112 113

Scheme 1.9.2.1 C-Vinyl glycoside by C 1 Hilkenylation of glycal.

The Liu group reported on the palladium(ll)-catalyzed cross-coupling reaction of glycal
38 with activated alkene 110 (Scheme 1.9.2.1aa).[’4l Sine the C(2) position is more
electron-rich, the electrophilic Ci H palladation allowed the selective activation of glycal
38, and then followed with migratory insertion, b-hydride elimination and regeneration
of palladium(ll) catalyst by stochiometric amounts of copper oxidant under an O:2
atmosphere. The non-directed Ci H glycosylation featured excellent E-selectivity and
its robustness was further exemplified by the total synthesis of bradyrhizose by Yu
group.l”® Thereafter, a more general protocol was devised by Backvall for non-directed
C(2)-glycal alkenylation with activated and inactivated olefins (Scheme 1.9.2.1ab).["8]
The reaction condition is more environmentally benign with the use of catalytic
amounts of catalyst and oxidant loading. The BQ and Fe(Pc) were utilized as redox
moderators in the presence of Oz, and thus avoided the stoichiometric amount of the
copper oxidant. Then, Mukherjee also developed the cross dehydrogenative coupling

strategy for the C(2)-pyran and C(2)-furan alkenylation (Scheme 1.9.2.1b).l""]
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a) C-Nucleoside synthesis via S-acetyl elimination R
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= + | \( o N.
AcO' N. PivOH (3.0 equiv) ACO/\L) R
R A O
OAc o) Co\
15

THF, 80 °C, 12 h A

38 1

b) C-Nucleoside synthesis via g-hydride elimination
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stereo- and regioselectivity S-H and p-OAc eliminlation

Scheme 1.9.2.2 C-Vinylgl y c 0 s i d ealkénylatiad ofldlycal.

Palladium(ll)-catalyzed regio- and stereo-selective C-nucleoside synthesis was
explored by the Mukherjee group with pyranoid glycal 38 and uracils 115 (Scheme
1.9.2.2).["81 Slightly different reaction conditions allowed to access b-hydride or b-acetyl
eliminated C-nucleosides 116 and 117 selectively. Mechanistic studies revealed that
the first electrophilic Ci H palladation selectively occurred at the C5 position of uracil,
instead of the C2 position of glycal. The formed organopalladium species then attacked
the glycal regio-selectively and stereo-selectively. Due to the steric hindrance of C3
acetyl group, the migratory addition was only favored from the U-face. Meanwhile, the
C(2) glycosyl palladacycle in “C1 conformer feature lower activation energy due to the
C(3) acetyl coordination. The anti-elimination of acetate and palladium gave the Ferrier
C-nucleosides product 116 (Scheme 1.9.2.2a). When changing the solvent from THF
to polar DMF, it undergoes syn-hydride elimination to give 117 (Scheme 1.9.2.2b).

1.9.3.Non-Di r e c t e @lycGgylHtion

Heteroaryl C-glycosides possess a wide range of biological activity, such as

glycosidase inhibition, antibacterial and antifungal activity. Hence, a general synthetic
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approach for heteroaryl C-glycoside synthesis is valuable. Based on various methods
for the arylation of heterocycles with palladium and copper catalysis, the non-directed
glycosylation of heteroarenes was envisioned.!” It was demonstrated that a set of
heteroarenes 118 including thiazoles, benzothiazoles, imidazole, benzimidazoles and
benzoxazoles were compatible with a Pd(OAc)2 and Cul catalytic system in a highly
regioselective Ci H activation manner with glycal iodide 59 as the electrophile (Scheme
1.9.3.1).
Pd(OAc), (10 mol %)

o | Cul (20 mol %) —OTIPS
X TIPSO | Phen (20 mol %) AN ( 0o—
Sap i~y TIPSO' LiOtBu (6.0 equiv) Sy /
OTIPS 1,4-dioxane, 100 °C, 24 h OTIPS
118 59 119

Scheme 1.9.3.1 C-Arylgl y c 0 s i d eglydogylation. H

1.9.4. DirectedCT H Gl ycosyl ati on

Equipped with a bidentate quinoline auxiliary, Ye developed a straightforward strategy
for ortho-C(sp?)i H glycosylation of benzamides with triisopropylsilyl-protected 1-iodo-
glycal 59 (Scheme 1.9.4.1).18% The utility of amino acid ligand 121 proved crucial to
afford mono-selective glycosylation product 122. This ligand-controlled CiH
glycosylation protocol was efficient for late-stage glycosylation of various
heteroaromatic amides 120 and enabled to applied to rhamnose- and galactose-based

1-iodo-glycal coupling partners.

TIPSO  OTIPS
Pd(OAc), (10 mol%)

i TIPSO o ! Ligand 121 (30 mol%)
H ] TIP;q NaHCOj3 (2.0 equiv)
N OTIPS AmylOH/H,0, 100 °C |
120 59
HO

\CNBOC

121 Co,Me

Scheme 1.9.4.1 2-Deoxy C-aryl glycoside synthesis b y  Cgly¢bsylation.
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(1 Product

Reductive eliminlation H

Nge) 2 ; ;
J N (120)
E;N/ Z? Pd(ll)

o

C-H Palladation
Pd” j >>
"N

Scheme 1.9.4.2 Catalytic cycle of C1 H glycosylation.

'OTIPS
OTIPS

Oxidative addition
TIPSO |

TIPSO"

(59)OTIPS

This proposed catalytic cycle starts with Ci H palladation at the ortho-position of arene
to form a five-membered palladium(ll) palladacycle intermediate (l). Duo to the
stabilizing effect of the auxiliary, the formed palladacycle intermediate (1) reacts with 1-
iodo-glycal 59 via oxidative addition and followed reductive elimination to give C-

glycosylated product (Scheme 1.9.4.2).

OBn OBn
N7 Pd(OAc), (10 mol %) B0~~~
H \
o. N | Bno N0 ¢ Aclle-OH@omol %) KO N
+ _ H H
X) BnO" OBn KOAc (1.5 equiv) X X)\?\/N
OBn PhMe, 110 °C
x =C,N,0 0
=0, 1
"23 124 125

Scheme 1.9.4.3 C-Aryl glycoside synthesis b y  Cdlyebsylation.
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Scheme 1.9.4.4 Catalytic cycle of Ci H glycosylation.

A related simple, yet powerful strategy for the stereoselective synthesis of C-aryl
glycosides 125 via palladium-catalyzed ortho-directed C(sp?)i H glycosylation of
arenes and heteroarenes 123 with easily accessible glycosyl chloride donors 124 was
reported by the Chen group (Scheme 1.9.4.3).[81 They proposed that the palladium
acetate works as a Lewis acid to allow the activation of the glycosyl chloride donor into
oxocarbenium ion (II). Meanwhile, the catalytic palladacycle intermediate (I) is
generated via the directed Ci H palladation provides a soft aryl nucleophile, and then
followed with a stepwise oxidative addition of palladacycle intermediate to
oxocarbenium ion to give palladium(lV) intermediate (Ill). Reductive elimination,
protonation regenerated the palladium(ll) intermediate and the desired C-aryl
glycosides (Scheme 1.9.4.4). After that, the Liang group also achieved the same
transformation with nickel catalysis, albeit with limited scope and lower catalytic

efficiency.82
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MeO,C (0] Pd(OAc), (10 mol %)
o_ .Cl ) NH
NN BnO Ac-lle-OH (30 mol %) MeO,C
H * . . BnO OB
N\ N~ BnO" 0Bn KOAc (1.5 equiv) n
N OBn PhMe, 110 °C N\, OB
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126 124 H 27 OBn
OH
H o ©
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H = H : H
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. :
Cam-HrTH-I

Scheme 1.9.4.5 C1 H glycosylation for synthesizing Cam-HrTH-I .

Cam-HrTH-I, a decamer glycopeptide hormone, from the stick insect Carausius
morosus featured a C(2)-U-Man-Trp unit. Equipped with a bidentate isoquinoline-1-
carboxylic acid auxiliary at the N-terminus 126. A streamlined stereoselective
synthesis of C-U-mannosyl tryptophan 127 via palladium-catalyzed Ci H glycosylation
of tryptophan with mannosy! chloride donor 124 was achieved (Scheme 1.9.4.5).[8]

\H/w\ Pd(OAc), (10 mol%) T(A)\
128 Boc-Ava-OH (30 mol %)

K,CO3 (1.5 equiv) B O‘
n

o .Cl
BnO . 1,4-dioxane, 12 h, 110 °C OBn
129
BnO“ OBn

OBn
124

Scheme 1.9.4.6 C-Vinyl aryl glycoside synthesisb y  Cgly¢bsylation.

To expand the palladium-catalyzed glycosylation strategy, the vinyl Ci H glycosylation
was exploited with removable auxiliary, which allows the late-stage functionalization of
9-CiH bonds of allylamine and 0-CiH bond of homoallyl amine 128 (Scheme
1.9.4.6).184 The resulting C-vinyl glycosides 129 can be further converted to a variety

of C-alkyl glycosides. Compared to the developed cross-couplings by employing vinyl
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Grignard reagents!®? or stochiometric amounts of reductant,® such as zinc. The Ci H
glycosylation featured mild and benign reaction medium and broad substrate scope.

R Cl R
@E\g E/Q\K Pd(OAc), (5 mol %) /
+ W N—,
N 9 DCE, 130 °C, 13 h N= |

\

\ \ g o _ q
N\)/J Me,\ﬁ“o O\MiMe Q\_//Ni\’(;/\(:@

R =H, 132a, 66% 132b, 91% 132c¢, 82%

Scheme 1.9.4.7 C1 Hjlycosylation of indole derivatives.

Given the bifunctional roles of palladium acetate as Lewis acid for glycosyl chloride
activation and Ci H activation for selective Ci H cleavage, selective Ci H glycosylation
of indole moiety 130 was developed (Scheme 1.9.4.7).188 |t was found that the
diglycosylated products 132a were obtained when there was no substituents at C(3)
position. Mechanistic studies revealed that the C(3) electrophilic palladation
preferentially occurred. Moreover, this transformation was successfully extended to the

late-stage Ci H glycosylation of tryptophan 132b.
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a) Nishimura, 2019

?ACOAC
_ [ICI(COD)], (2.5 mol %) ”"»é\\‘OAC
: o .
=N ACO | NaBArF, (10 mol %) 0 ~ N
* ACO" (R) or (S)-BINAP (6 mol %) * P
OAc PhMe, 60-80 °C, 24 h
133 38 (S)-BINAP, B
134 135

b) Chen and He, 2022

g N Z
R/\§ TN O °N OBn
- o | [IrCI(COD)], (2.5 mol %) @ 130
no"

136 NaBArF, (10 mol %)
’ ° or
or OBn (S)-BINAP (6 mol %)
PhMe, 110 °C, 24 h Ro i O~
O, R 138 N LJ\ OBn
/>_N )§ ; OBn
N Me [e) N Y
) e
137
140
c) Liu, 2021
© RE *0Bn
o, D
R\|\ \ BnO | [Ir(COD)BF4] (25 mol /o) \ / \ . O—s
AN O™ KB(CeFs)s (10 mol %) N oBn
: <
/N OBn rac-BINAP (6 mol %) N 5Bn
141 ) THF, 80 °C, 24 h “~ |
= 138 142

Scheme 1.9.4.8 Iridium(l)-catalyzed 2-deoxy C-glycoside synthesis.

2-deoxyl C-aryl glycosides represent a class of carbohydrates and its stereoselective
synthesis has two major challenges. One is the anomeric selectivity control due to the
lack of a C(2) participating group. Another problem is the formation of Ferrier-type
C(aryl)-glycosides byproduct due to b-elimination pathway. The Nishimura group
provided an elegant strategy for the efficient synthesis of 2-deoxyl C(aryl)-glycosides
134 and 135 via iridium(l)-catalyzed hydroarylation of glycals 38 (Scheme 1.9.4.8a).187]
It was found that the stereoselectivity can be well-controlled by the chiral BINAP.
However, the limitation is the removal of directing group. Thus, a removable auxiliary
(benzoxazole) 136 was devised for iridium-catalyzed Ci H glycosylation under similar
reaction conditions by Chen group (Scheme 1.9.4.8b).188! In addition, this method also
enabled the methyl Ci H glycosylation of methyl substituted secondary amines 137.

The N-linked benzoxazole group could be easily removed by nucleophilic cleavage.
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Alternatively, 2-indolyl-C-deoxyglycosides 142 could also be generated via iridium
catalysis under a slightly different reaction conditions with rac-BINAP as ligand,

featuring exclusive b-anomeric selectivity (Scheme 1.9.4.8c).[8%
1.9.5. Ci1 H GI yCatellany-Type Reaction b y

Since the discovery of the Catellani reaction,®@ it has been wildly employed for
streamlined synthesis of polysubstituted arenes.!® By use of the unique aryl norbornyl
palladacycle (ANP) intermediate, versatile electrophiles can be installed at the ortho-
position, while nucleophiles could be coupled at the ipso-position. In addition, the chiral
norbornene (NBE) design recently enabled the efficient introduction of chiral elements
in molecular synthesis.[®d In this context, key contributions were made by Cheng!®
and Liang!® independently for the modular and stereoselective synthesis of C-aryl
glycosides 143 via Catellani reaction (Scheme 1.9.5.1). Although a range of
functionalized alkyl halides as electrophiles were previously examined,!! but alkylating
reagents are generally limited to less sterically hindered primary alkyl halides due to
the facile hydride elimination of secondary alkyl palladium intermediates.°®! Based on
oxocarbenium ion generated from the glycosyl chloride activation by palladium acetate.
The reaction of ANP intermediate with oxocarbenium ion was favored via Sn1 pathway,
combined with the terminal ipso-Heck reaction, hydrogenation, Sonogashira and

Suzuki couplings, thus affording diversified C-aryl glycosides.
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Scheme 1.9.5.1 C1 Hylycosylation and catalytic cycle.

Very recently, unstrained hybrid cycloolefin ligands were designed for the Catellani
reaction by Jiao.’”l The ligands bear a P or S coordination site to mimic the function of
phosphine ligand and a cyclopentenyl moiety as an alternative to NBE. The robustness
of new ligands was also demonstrated by the ortho-glycosylated difunctionalization of

iodoarenes 41b in a highly efficient and selective manner.
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R-X
Pd(OAc), (5 mol %)

(ONG
' BnO o L (10 mol %)
@ + .
H BnO" OBn Cs,CO;3 (3.0 equiv)

OBn THF, 100 °C, Ny, 12 h

6Bn

R =H, 147a, 84%

Scheme 1.9.5.2 C1 Hylycosylation by Catellani-type reaction.

Although the Indolyl-C-glycoside skeleton could be formed by transition metal-
catalyzed CiH glycosylation via Ci H activation.l®88] The employment of strong
directing group limited its application, and the current methods mainly focus on the
C(2) selective glycosylation. Regarding the naturally and biologically important indolyl-
C-glycosides, strategies for the synthesis of diversified glycosyl indole skeletons, such
as 3-indole-C-glycosides®® and 4-indole-C-glycoside, remain to be in demand. The
Liang group used structurally modified norbornadiene as the coupling partner in the
Catellani reaction to realize the construction of C(4)-glycosylated indoles 149,
combined with a reverse Diels-Alder reaction of the norbornadiene (Scheme
1.9.5.3).°9

Pd(OAc), (10 mol %)
TFP (20 mol %)

O0_..Cl
I BnO ' L (3.5 equiv)
+ .
NHR BnO" OBn Cs,CO;3 (4.0 equiv)

OBn 1,4-dioxane, 90 °C, N,, 12 h
Ts
148 124 7
L

Scheme 1.9.5.3 C1 Hlycosylation by Catellani-type reaction.
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1.9.6. C-Alkyl Glycosides Assembly by C(sp?®)1 H Glycosylation

o

H
N\)J\OtBu

N 150 Cu(OTf), (20 mol %) \
(S)-Phanephos (22 mol %)

N\

DABCO (2.0 equiv)

R
° o
)L@,OMe DMAC, tt, 12 h, blue LED
N-o
0 6><6 ‘ PPhs
151 Mé Me O

PPhs
(S)-Phanephos

Scheme 1.9.6.1 C(sp3) 1 #lycosylation for the synthesis of glycoamino acids.

Glycine is the simplest amino acid and the late-stage glycosylation of the glycine
residue could provide a variety of glycoamino acids. However, the selectivity control of
both the stereocenters of the two coupling partners is quite challenging. In this context,
Xu and Liang developed the visible-light-promoted copper-catalyzed stereoselective
C(sp®)i H glycosylation of glycine residue 150 towards glycoamino acids 152 (Scheme
1.9.6.1).11%I |t was proved that the radical coupling product was determined by the
chiral copper catalyst!'°l and the stable conformation of the resulting glycosyl radical
intermediate. It is noteworthy that it could be also amenable for more structurally

complex molecules, such as peptides and disaccharides.
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2. Objectives

Late-stage saccharide C1 Hactivation as a special case in the area of late-stage
functionalization is challenging because it involves selectively functionalizing inert C1 H
bonds of a given molecule in the presence of a myriad of other functionalities. Despite
the difficulties, the modular nature of the late-stage Ci H activation strategy allows for
an atom- and step-economical exploration of the chemical space. Therefore, the
development of novel and robust Ci H functionalization strategies is crucial for the
efficient late-stage functionalization of biomolecules, such as amino acids,
peptides,[11h 1021 and carbohydrates.['%3! As such, the aim of this thesis is to develop
effective strategies forthelate-st age CT H f uncti on al,whchwili
ultimately lead to the creation of structurally complex molecular architectures.

The direct manipulation of a side chain onto a peptide for the synthesis of O- or N-
glycoamino acids, mediated by the nucleophilic nature of the side chains, has been
well established. C-glycosides, which are stable isosteres of O/N-glycosides, embody
improved metabolic stability. However, efficient and sustainable methods for the
synthesis of C-alkyl glycopeptides 155 continue to be rare. To address this issue,
palladium catalyzed peptide-saccharide conjugation was envisioned by the assistance

of

of peptide bond isosteric triazole in a selective C(sp®) TH gl ycosyl ati on

Meanwhile, equipped with C(1)-glycal iodides 154 and 59 as glycosylation reagents,
the C(sp?) T H gl y c wasyalsaexploced for the modular assembly of C-aryl
glycosides 157 (Scheme 2.1). These methods complement the numerous strategies
of metal-catalyzed cross-couplings for the construction of C-aryl glycoside with two

prefunctionalized substrates.

o)
o PhthN,, R
R (6] | H
PhthN, R | O
., N + W 1
H TIPSO R | R
HY "R OTIPS TIPSO
153 154 OTIPS 155

R
NR + |
@ H TIPSO
H OTIPS
156 154

Scheme 2.1. Envisioned palladium-catalyzed C(sp®) T H/ & (1 sipcosylation.
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Despite of indisputable advances in the assembly of O-oligosaccharides, such as
enzymatic biosynthesis and solid-phase synthesis, the methodologies for the
construction of C-oligosaccharides remain rare, likely due to a lack of efficient and
selective strategies for the assembly of the interglycosidic Ci C linkages. In the context

of late-stage CT H f unct i oweadkcidedatd iexplare t h e selective
functionalization of carbohydrates 158 in order to provide a versatile and robust

strategy for the synthesis of structurally complex C-oligosaccharides. The C(1)-glycal

iodide 154 as the glycosylation partner was employed for palladium-catalysed
saccharides stitching strategy (Scheme 2.2).

o o)
o)
o _lI
© NHQ R | rRo-C NHa
RO— 7 oo ) O OTIPS
H
OTIPS
158 154 159 : OTIPS
OTIPS

Scheme 2.2. Palladium-catalyzed C(sp®) TH gl ycosyl at foofistdednd gl ycosi des
oligosaccharide synthesis.

Although the activation of C(sp?) H bonds, adjacent to a directing group, has been

well explored, the remote C(sp?) H functionalization is more challenging due to the

intrinsic inertnesso f  C1 H ahdahe difficulty of regioselectivity control. Based on

the pioneering studies on ruthenium-c at al y z e d remot el®™ GNeH al k.
proposed a ruthenium-catalyzed Ci H glycosylation (Scheme 2.3). C-Aryl glycosides,

especially meta-C-aryl glycosides 162, represent an important carbohydrate scaffold,

which were widely exploited in a variety of pharmacologically relevant drugs.

Therefore, we wondered whether a versatile ruthenium(ll)-catalyzed meta-Ci H
glycosylation could be established to construct meta-C-aryl glycosides 162 from

readily available glycosyl bromide donors 161.

Het. o Br Het.

- U0 ;
’

160 161 162 R/

Scheme 2.3. Ruthenium-catalyzed meta-Ci H glycosylation.

42



Objectives

43

Anomeric radical involved Giese-type reaction provided the access to C-alkyl glycoside
synthesis, the anomeric radical mediated multicomponent reaction is rare. To enrich
the viable C-alkyl glycoside, robust and efficient approaches with readily available
starting materials are still demanding. Given the robustness of the ruthenium catalysis
for meta-Ci H functionalization of arenes, we combine the ruthenium catalysis and
Giese-type addition to achieve diverse meta-C-alkyl glycosides 163 synthesis in one-
pot reaction with readily available heteroarenes 160, glycosyl bromides 161 and vinyl
arenes 110 (Scheme 2.4).

Het. o Z R 110 "
St e
H R / R

160 161 R 163

Scheme 2.4. Ruthenium-catalyzed meta-C(sp?) T Blomino ethyl glycosylation.

Tryptophan (Trp) residues are of particular interest in the modification of peptides due
to their unique chemical reactivity and biological function. Although few examples are
developed for C(7) 1 tdhansformations of indole moiety with bulky auxiliaries, such as
pivaloyl and phosphine-derived directing groups, the methods available for tryptophan
Ci H functionalization are currently severely limited to the activated C(2)-position.
Herein, the highly modular and easily accessible dioxazolones 165 were chosen as
amidation reagents. We decided to probe a strategy for the C(7)-selective amidation
of tryptophan-containing peptides 164 with pyrimidine at N(1)-position as directing

group under rhodium(lll)-catalysis (Scheme 2.5).

N-O, H 0
0 Py \/:O - ,N\)J\ | peptide
H\/U\ peptide R™ O peptide ” ™ H
peptide ™ N~ 165
= H
7 ) N—H
\ (rn) .
H \ 4 \
N 0-~__NH 2-py(m)
Ho 2by(m) T e

164

Scheme 2.5. Rhodium-catalyzed tryptophan C(7) amidation.
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3. Results and Discussion

3.1. Late-Stage C(sp®) TH Gl ycosyl ati on SymthesisGl ycopepti de

3.1.1. Introduction

Glycoamino acids are key building blocks of the glycopeptides and glycoprotein which
play essential roles in the cell-cell recognition, fertilization and the docking of viruses
and bacteria on cells. The incorporation of glycosyl scaffold into the analgesic peptide
could significantly improve metabolic stability and enhanced drug delivery.l1%] As
estimated that more than half of all the proteins carry carbohydrate side chain, with the
majority being N/O-glycopeptides due to the high nucleophilicity of side residue of the
amino acids. However, the instability of N/O-glycosides on account of the chemical and
enzymatic hydrolysis under physiological conditions limits the utilities in the drug
discoveries.['%! Instead, C-glyco-amino acids bearing glycosidic CT C bonds have been
proved more stable to chemical and enzymatic conditions, thus being promising
inhibitors of cell-surface recognition events and regulators of glycoside metabolism,
but the methods for the synthesis of such privileged glycopeptides are rare due to the

challenging associated with the selective glycosylation of aliphatic side.[103a 107]

(0] O
HO NH; HO JOH A
CO,H
OH &/\r 2 on N O
HO o J 0
HO N
OH H
OH OH
Mannosylpyranosyl-L-tryptophen P-C-Galactosyl alanine Nikkomycin Z
Me
HN \)\\ O HO \—OH .
HoN \
0 Me
OH OH
Amipurimycin Polyoxin D Lincomycin

Scheme 3.1.1.1 Selected examples of C-glycoamino acids.

The available strategies for the synthesis of C-glycosyl amino acids through the
installation of amino acid moiety to the glycoside relied on the use of well-known U-

amino acids synthesis, such as alkylation of U-amino acids, Giese type addition,!20¢!
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Strecker reactions, 1% hydrogenation of dehydroamino acids,!*1% Beginelli reaction(*11
and multicomponent Ugi reaction**? with sugar derivatives (Scheme 3.1.1.2). Despite
of these advances, the lengthy synthetic steps and harsh reaction conditions limited
further applications. Thus, we devised a modular assembly strategy with CTH

glycosylation to efficiently stitch amino acids and glycosyl framework.

o CHO Ugi or Strecker o NHz  Giese type o Br
( r r
RO— —— > RO—C CO.H R—\j
Beginelli 2

168 167 161

Scheme 3.1.1.2 Conventional methods for the synthesis of C-glyco-amino acids.
3.1.2. Optimization Studies forC(sp®) TH Gl ycowsyl ati o

We initiated our studies by exploring reaction conditions for the challenging secondary

Csp® TH glycosylation of tri azl63ay(Tablé3nien)hy |l met |
Preliminary optimization indicated that 60 °C was not suitable temperature for this
transformation (entry 1), but a slight increase the temperature to 80 °C led to the

formation of product 155aa in 85% yield with Pd(TFA)2 as the catalyst, 1,4-dioxane as

the solvent and AgOAc as the additive (entry 2). When replacing AgOAc with other

silver salts (AgTFA, Ag2COs, AgBF4), Ag2COs stood out, providing glycopeptide 155aa

in 95% yield (entries 315). Not abdioggnewsur t her
the solvent of choice, while DCE, PhMe, THF provided diminished yields or trace

amounts of the product (entries 618).
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Table 3.1.2.1 Optimization of C(sp®)i H glycosylation of amino acids.

TIPSO © | !

TIPSO

OTIPS
59

OMe Mo PA(TFA), (10 mol %) PhthN/"ﬁLNMN’B”
H /

PhthN,, _Bn 1-AdCOH (30 mol %) o . N=
ELNM,N ; TIPSO e N

H

e N=N AgX (2.0 equiv)
Ph 15338 Solvent, 80 °C, 10 h TIPSO I os 1550

Entry [Ag] Solvent Yield (%)
1 AgOAc 1,4-dioxane 492
2 AgOAc 1,4-dioxane 85
3 AgTFA 1,4-dioxane trace
4 Ag2COs3 1,4-dioxane 95
5 AgBF4 1,4-dioxane trace
6 Ag2CO3 DCE 45
7 Ag2CO3 PhMe 28
8 Ag.COs 1,4-dioxane <5

Reaction conditions: 153aa (0.10 mmol), 59 (0.15 mmol), Pd(TFA)2 (10 mol %), Ag=CO3 (0.2
mmol), 1-AdCO2H (30 mol %), solvent (0.5 mL), 80 °C, 10 h. Yields of isolated product. 2
Reaction at 60 °C.

We wondered whether the powerful palladium-catalyzed C(sp®) T H gl y c caslgt beat i on
applicable with 8-aminoquinoline (AQ) as the auxiliary. When 8-aminoquinoline (AQ) was
installed at the C-terminal of alanine, the reaction also efficiently proceeded, albeit under
modified reaction conditions (Table 3.1.2.2). We found that the reaction generated a dien-
byproduct 155e in 79% vyield, which might derived from the C(3)-OTIPS-elimination (entry 1).
Lowering the reaction to 40 °C efficiently afforded the desired product 155ba in 85 yield after
8 h (entries 2 and 3). Further optimization of different additives, the combination of K,COz and

catalytic amount of BQ gave the product in 93% vy

Table 3.1.2.2 Optimization of C(sp®)i H glycosylation of amino acids.
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0
o N
PhthN,, H
J)LH 1] TIPSO Ny
H TIPSO
OTIPS
153ba Pd(OAc), (10 mol %) 155ba
additive
’ AgTFA (2.0 equiv) ’ o
TIPSO 0] | I 1,4-dioxane, T, 8 h |
TIPSO" Nx
OTIPS
59
Entry Addtive T/°C Yield (%)

1 / 100 2
2 / 40 69
3 / 40 85P
4 K2COs3 40 82¢
5 (BnO),POH 40 27
6 K2CO3/BQ 60 93¢
7 K2COs/Ac-Gly 60 88

a Reaction conditions: 153ba (0.10 mmol), 59 (0.15 mmol), Pd(OAc)2 (10 mol %), AgTFA (0.2
mmol), 1,4-dioxane (0.5 mL), 100 °C, 16 h, isolated 155e, 79%. Yields of isolated product. °
Reaction time, 8 h. ¢ Addition of K2CQOz (0.10 mmol ). ¢ Addition of BQ (50 mol %), K2COs (0.10
mmol).

3.1.3. Scope of the Late-Stage C(sp®) TH Gl ycosyl ati on

With the best reaction condition in hand, we first probed the generality of C-terminal
triazole-directed C(sp®) TH gl ycosyl at B.b.rPhefyRlarine dedvatiSes 1 .
bearing a variety of functional groups, such as, arene, ester or aldehyde, were well
tolerated, leading to the formation of products 155aa-155ae with high yields and high
level of diastereoselectivities. Besides the glucal 59, the reaction with rhamanose-
derived glycal 154a as coupling partner also proceeded efficiently. Furthermore,
primary C(sp®) TH bonds of d e-deuterated talarihe were likewise
amenable to generate products 155ag and 155ah in 88% and 91% yield, respectively.
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In addition, when amino acids with the 8-amino quinolone installed at the C-terminal
as the auxiliary were also examined with our C(sp®) T H g | y c (155pal185bf). b n
was proved that both primary and secondary C(sp®) T H b o ndibe furctionalized
selectively without any racemization at the stereo-center. Noteworthy, when
deuterated L-U-aminobutyramide was utilized as substrate, deuterium-labelled

glycoamino acid 155bg was obtained.
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0
o R o__l PhthN,, _R
PhthN, R | [Pd] (10 mol %) N
+ O -
Nt H TIPSO 1,4-dioxane, 80 °C R | W OR!
H R OTIPS
TIPSO
153 59 and 154 155

R = TAMB": Pd(TFA),, (1-Ad)CO,H (30 mol %), Ag,CO5 (2.0 equiv)
R = AQ: Pd(OAc),, K,CO3 (1.0 equiv), BQ (50 mol %), AgTFA (2.0 equiv)

o} 0 o}
PhthN,, EJ\N/TAMB” PhthN,, N/TAMB” PhthN,, N/TAMB”
H H H
. O O
TIPSO ° | “Ph TIPSO | TIPSO o
TIPSO" TIPSO Ph TIPSO™ o
OTIPS OTIPS oTPs  0—/

155aa: 95%, d.r. > 20:1

155ab: 62%, d.r. = 10:1

155ac: 65%, d.r. > 20:1*

0
PhtN,, L TAMP" PhthN,, . TAM®" PhthN,, N/TAMB”
H H H
O O .
TIPSO l\“ TIPSO lw Me:@w Ph
TIPSO™ 0 TIPSO™ TIPSO” >
OTIPS OEt OTIPS OTIPS

155ad: 51%, d.r. > 20:1

155ae: 56%, d.r. > 20:1"

155af: 86%, d.r. >20:1

0 0 o)
_TAMB" _TAMB" PhthN,, _AQ
N N : N
H H o H
TIPSO TIPSO TIPSO
TIPSO™ TIPSO" TIPSO
OTIPS OTIPS OTIPS
155ag: 88% 155ah: 91% 155ba: 85%
0 o]
A PhthN, A
y-AQ , y-AQ
H o H
TIPSO TIPSO W pp
TIPSO™ TIPSO” Y TIPSOY
OTIPS OTIPS OTIPS
155bb: 79% 155bc: 52% 155bd: 93%, d.r. = 10:1
0 0 o]
PhthN, Y PhthN, A PhthN, A
. Ay-AQ . N Q . N Q
O O O
TIPSO | W TIPSO | » TIPSO | WNCD,
TIPSO™ 07 OEt TIPSO™ TIPSO
OTIPS OTIPS  NPhth OTIPS

155be: 92%, d.r. = 6:1

155bf: 92%, d.r. = 6:1

155bg: 90%, d.r. = 4:1

Scheme 3.1.3.1. Palladium-catalyzed C(sp®) 1 #¢lycosylation. *Done by Felix Kaltenhauser.
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o)
o o i Pd(TFA), (10 mol %) PhEAN,, )
TIPSO (1-Ad)CO,H (30 mol %)
PhthN,, R | o . H
. v o 1
H TIPSO Ag,CO; (2.0 equiv) TIPSO | R
HY "R OTIPS 1,4-dioxane, 80 °C, 16 h TIPSO
OTIPS
153 59 155¢
o)
0 Bn
. PhthN,, _TAM
PhthN,, TAM
O
O TIPSO \
TIPSO A | H
| N.__CO,M TIPSO" N., ~COMe
w e .
TIPSO T2 J/
OTIPS o OTIPS e
Me/\Me |
155ca: 62%"! 155¢ch: 51%"! Me
o) o)
PhthN,, N,TAM Bn PhthN,, N/TAMB”
O O
TIPSO | N TIPSO | v
TIPSO N -COzBn TIPSO™
2 OTIPS .
OTIPS O Npp MeO,C~ “NHAc
155¢cc: 50% 155¢d: 32%
Me CO,Me
O Me Me O Me Me
N 0 Me PhthN,, _ o]
N OMe N OMe
H Ny \)J\N 0 Ny \)J\N
TIPSO H TIPSO Ho 4
TIPSO" , TIPSO™ ,
. 0/ * o o/ *
OTips  155¢e: 66% OTips  155¢f: 62%
Me Me
O Me Me Me O Me Me Me
PhthN,, A 0 PhthN,, A\ A o] H
M N M
o H N\N'N\)J\N OMe o H N:N'N\)]\N \:/COQ e
TIPSO H TIPSO H :
o] 0 =

TIPSO

OTIPS

155¢g: 65%"!

TIPSO™

OTIPS

155ch: 67%"!

Scheme 3.1.3.2 Late-stage C(sp®) 1 ¢ycosylation of terminal peptides. ** Done by Dr. Nikolaos

Kaplaneris,; *2 Done by Felix Kaltenhauser.

Next, we studied the C(sp®) 1T H

gl y c o sy lcanjugations tof form vetsatile

glycopeptides (Scheme 3.1.3.2). When alanine derivatives, bearing amino acids at the

alanine side chain, employed in this reaction, products 155ca-155cd were obtained by

late-s t ag e

structural complex peptides. Then, the robustness of C(sp3® 1T H

Ci1

H glycosyl ati on,

thereby expandin

glycosyl atio

explored with triazole as isosteric peptide bond at the internal. Various value-added

peptides 155ce-155ch were formed under significantly mild reaction condition. It is
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noteworthy that the sterically congested gem-disubstituted substrates are required for
the high conversion.

Among various fluorescent labels, BODIPYs as colour-tunable and biocompatible dyes
were found to be crucial for biochemistry and molecular biology studies, such as
biology sensors and cell imaging fluorescein, due to their structural diversity, high cell-
permeability, large stock-shift, broad emission wavelength and high quantum yields. 12l
By virtue of palladium-catalyzed C(sp®) H activation, versatile BODIPY labelled amino
acids were synthesized. Then, the C(sp®) T Hlycosylation was explored for the
preparation of important BODIPY labelled glycoamino acids 155da-155de (Scheme
3.1.3.3). As a result, the excellent conversion and high level of stereoselectivities (d.r.

> 20:1) were observed.
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RO

OTIPS 0
0 59 and 154

PhthN, _TAMBn Pd(TFA); (10 mol %)
T N (1-Ad)CO,H (30 mol %) o)

H' @ Ag,CO; (2.0 equiv)
1,4-dioxane, 80 °C

TIPSO

PhthN,,

Me/,,, o

TIPSO” Y
OTIPS

PhthN,,

Me/,,' (0]

I
OMe TIPSO’Qj

=z OMe
OTIPS

o)
PhthN,,
TIPSO © | N
TIPSO™
OTIPS

155de: 72%

Scheme 3.1.3.3. Late-stage C(sp®) 1 glycosylation of BODIPY labelled amino acids

3.1.4. Mechanistic Studies

To shed light into the working mode of the palladium(ll)-catalyzed C(sp®) T H
glycosylation, mechanistic studies were conducted (Scheme 3.1.4.1). First, deuterated
alanine [Ds]-153aa was synthesized with 90%D incorporation. Then, the kinetic
isotope effect (KIE) experiment with kn/kp = 1.0 indicated that the C(sp®) 1 éleavage

is not the kinetically relevant step of the palladium-catalyzedCi H gl ycosyl ati on
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0 Pd(OAC), (10 mol %) O
PhenN,, L TAMEn _ PhthN,, HJ\N/TAM Bn
H AcOD, 90 °C, 24 h N
Me CDs
153aa [D3]-153aa, 90D%
oI
TIPSO |
TIPSO"
59 OTIPS
9 . PA(TFA), (10 mol %)
PhthN.,, H/TAM 1-AdCO,H (30 mol%)
Me/CD; Ag,CO; (2.0 equiv)
1,4-dioxane, 80 °C, 3 h OTIPS
kH/kD =1.0

153aa/[D3]-153aa

155aa/[D3]-155aa

Scheme 3.1.4.1. H/D exchange and KIE experiment.

I n order to gain further i n s i glybosysatiom,nt o t |

DFT calculations were performed at the ¥ B97X-D/6-311++G(d,p), SDD(Pd, I,
Ag) + SMD(1,4-dioxane)//¥ B97X-D/6-31G(d), LANL2DZ(Pd, I, Ag) level of
theory by Dr. Shao-Fei Ni. The calculated barrier for the initial CT H activation is
19. 4 k@ afteAtlmo CT H activation, the dissociation of acetic acid and
association of 59 lead to afford the stable intermediate |11, which could be
stabilized by Ag2COQOs. This process is highlythus
making the step irreversible. In 11 as shown in scheme 3.1.4.2, Cil bond
cleavage occurs with the assistance of silver via bimetallic transition state TS1-
2 to afford the oxidized Pd(IV) intermediate 12, with a barrier of 19.3 kcalAnol*
with respect to I1. In this transition state, it is possible to observe attractive
dispersive interactions between the imide of the substrate and Ag2COs, which
subsequently becomes evident by the bond distances between both moieties as
shown in scheme 3.1.4.3. This could be further confirmed by visualizing the NCI

(non-covalent interactions) plot. The reaction continues with the reductive

Xer go.

elimination via TS2-3 wi t h a barrier Ttod flLi8n &1 ikzcea | tAm

formation process, followed by subsequent protonation to release the desired

product.
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TIPSO :
TIPS

o,

AGg, (kcal-mol-1)

TIPSO
TIPSO! -

|—[ oxidative addition ] H ( reductive elimination ]—|

L

Scheme 3.1.4.2. Calculated Gibbs free energy profiles for the oxidative addition and reductive
elimination stlaps tihe -6EBPIFHGHmp), SDD(P, I, Ag) + SMD(1,4-
di ox ane)-DB-318BA) DANL2DZ(Pd, I, Ag) level of theory. *Done by Dr. Shao-Fei Ni.
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P Ag1-01=2.361AAg2- = 2.929A ¥,
“{ 02-H1 = 2.165A03-H2 = 2.163A

..................

TS1-2 NCI Plot TS1-2

Scheme 3.1.4.3. The 3D structures and the non-covalent interactions visualized through NCI-
plots of transition state TS1-2 (strong and week attractive interactions are given in blue and
green, respectively, while red corresponds to strong repulsive interactions). *Done by Dr. Shao-
fei Ni.
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3.2. Synthesis of C-OligosaccharidesviaC(sp®) TH Gl ycosyl ati on

3.2.1. Introduction

The occurrence of complex oligosaccharides motifs as epitopes at the cell surface
interferes with cell-cell and antibody-cell adhesion.l''*l The integration of
oligosaccharides into the repertoire of therapeutic, diagnostic and nutritional agents
facilitates the pharmacological investigation of carbohydrate-based drugs.'1® Practical
syntheses of O-oligosaccharides are well exploited to provide opportunities for a
comprehensive understanding of structure and function of O-oligo- and O-
polysaccharides. Of particular interest are C-oligosaccharides as nonhydrolyzing
antimetabolites due to their significantly improved stability to chemical hydrolysis and
enzymatic degradation. Oligosaccharides with a glycosidic C-linkage are embedded in
numerous naturally occurring biomolecules, such as, dodecodiulose, (an analogue of
trehalose),11¢! structurally complex natural products, such as anthelmintic
hikizimycin[*1"] and neurotoxic Maitotoxin!*18l embody interglycosidic Ci C bonds. Thus
glycosidic Ci C bond formation strategies are of current topical interest for the

discovery of new therapeutic agents (Scheme 3.2.1.1).[119

Natural products featuring interglycosidic C-C bond

OH
OH
(0]
HO OH HO
HO o o OH HoN
dodecodiulose HO o
HO
O _~OH
HO o i . .
H,N sz Maitotoxin
HO HO OH
OH
Tunicamine

Scheme 3.2.1.1. Selective examples of C-glycosides.

Commonly used C-disaccharides construction strategies were developed via
photoinduced radical mediated Ci C bond formation®® or electrochemical reductive
radical dimerization.[*?%! However, both approaches showed limited diastereoselectivity
and restricted substrate scope. The central synthetic step for interglycosidic linked Ci
C bond formation also realized via ring closing metathesis (RCM),*2% hetero-Diels-

Alder cycloaddition (HDA),[*?2 Stille-like cross-coupling*?®l or Ramberg-Backlund
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rearrangement reactions,*?4 which greatly relied on the use of specifically designed
glycosyl precursors (Scheme 3.2.1.2).

Methodologies for C-disaccharide synthesis

S @” SN o

RO
aa, ab, bb
170

X = Br, SePh, 169

@ poor diastereoselectivity

o
WH v\\A\g/\o\/o'q ROX&/S/E/\\\\OR RO§Z%8nBU3
1

173 174

171 72

@ carefully designed precursors

Scheme 3.2.1.2. Methods for the C-oligosaccharide synthesis.

Alternatively, Inoue unprecedentedly devised a radical-radical homo-coupling/cross-
coupling of sugar-derived U-alkoxyacy! tellurides 175 and 176 using EtsB/O2 at room
temperature (Scheme 3.2.1.3a),[*?® which exemplified the remarkable utility of the
dimerization by one-step assembly of the protected C1i C11 oxygenated carbon chain
of the anthelmintic hikizimycin (Scheme 3.2.1.3b), but the diastereoselectivity of the
dimerization could still not be well controlled. And then this methodology was well
extended to the convergent total synthesis of hikizimycin enabled by intermolecular
anomeric radical addition to aldehyde 181, affording interglycosidic Ci C bond of 182
(Scheme 3.2.1.3c).[128]
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a) radical-radical cross coupling

(¢}
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eO:C)r‘\TePh BzO o OBz
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" >~ 177-SR, 5.2% (BB, 345412
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Me Me Me Me
(210(3,_0 Me Me Me Me Me Me Me Me Me Me
PhTe ) o O O o© O 0 0o 0o 0 O
O 6. 0 MeO,, E ; { 3 F
N - 3 N
Me Me BzO g OXO o__0 Oo_ .0 GXO
5 NPhth
176 BzO M Me M Me Mé Me Md Me
177-SS, 17% 179, trace
b) total synthesis of hikizimycin
Me Me Me Me
O O O ©o©
MeO,, g 7 —
' \ - OH
BzO v o_ 0O —_
5 NPhth X
BzO Me Me 10 steps
177-SS hikizimycin
c) radical addition
(0] 5 steps
AcO,, O,
L/fj\-reph Me Me
BzO Y NPhth OH 0O~ SO
OBz AcO,, O, A
180 i z
Et3B, air o) 0 OBz
+ BzO Y z
Me Me CH,Cl, BzO EMe Me
O 0O ©
Z 182, 65%
Ho af=22:1
0__0O0 OBz
Me Me
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Scheme 3.2.1.3. C-oligosaccharides synthesis with glycosyl acyl tellurides.

Thus, we became interested into the efficientc onstructi on of @l ycosi

We envisioned that initial Ci H activation of deoxy sugar with palladium(ll) acetate
would give the cyclopalladaglycoside complex 184. This palladacycle would serve as

the key C-glycosyl acceptor for the saccharide assembly by the subsequent reaction
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with 1-iodo-glucal donor 185 (Scheme 3.2.1.4). Thus, the chemical space of the
oligosaccharide | ibrary wil!@ be expanG@ed by
oligosaccharides 186.

C-glycosyl acceptor design and selective C-H glycosylation

o

XH O —,
—_—
183 184
O/S/N- Glycosyl acceptor novel C-glycosyl acceptor
unpredictable diasteroselectivity selective C-H activation

|
0
N
184 - Q)\H |
", O Na

185
glycosyl donor

Scheme 3.2.14.C-gl ycosyl acceptor design and selective CTH g

3.2.2. Optimization Studies for C(sp®) TH Gl ycosyl ati on

We initiated our studies by exploring reaction conditions with 2-deoxy-b-glycoside
158aa and glycosyl donor 1-iodo-glucal 59 as model substrates for the CT H
glycosylation for saccharide assembly. After brief optimization of all reaction
parameters (Table 3.2.2.1), we observed that the C(sp®)i H activation of glycoside
158aa in 1,4-dioxane delivered the equatorial C(sp®)i H glycosylated product 159aa in
73% vyield with Ag20 and AcOH as additives (entry 1). A slightly reduced catalytic
efficiency was observed in the absence of AcOH when other silver salts were probed
(entries 2-4). Additives, such as acetyl protected glycine and trifluoroacetic acid, were
also examined, giving the product in 56% yield with Ac-Gly-OH (entries 5 and 6). Then,
the base showed that acetate saltsper f or med better for the CIH
7). Furthermore, different solvents, such as THF, DCE and PhMe, were tested,
delivering the product in moderate yields (entry 8). Lower loadings of the palladium

catalyst or silver salt proved less efficient for the saccharide assembly (entries 9 and
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10). In addition, control experiments verified the essential roles of the catalyst and the
silver salt (entries 11 and 12).

Table 3.2.2.1 Optimization of C(sp®)i H glycosylation of glycoside 158aa.

TIPSO ° | !
TIPSO™
59 OTIPS Q
Pd(OAc), (20 mol%) AcO NHQ
AcO ‘ Ag,0 (2.0 equiv) . ACO™ "/,,EOJ:\\OTIPS
AcO AcOH (2.0 equiv) Ohe ~NOTIPS
158aa 1,4-dioxane, 100 °C, 24 h 159aa OTIPS
Entry Deviation from standard conditions Yield (%)
1 None 73
2 Ag-0 instead of Ag.O/HOAC 59
3 AgOAc instead of Ag.O/HOAC 53
4 Ag.COsinstead of Ag.O/HOACc 51
5 Ac-Gly-OH instead of HOAc 56
6 TFA instead of HOAc trace
7 K2CO3;or NaOAc instead of HOAC 19/63
8 THF or DCE or PhMe as solvent 62/68/61
9 5 mol % or 10 mol % of Pd(OAc)- 29/65
10 0.5 equiv or 1.0 equiv of Ag.0O 45/65
11 No Pd(OAc): -
12 No Ag.O -

Reaction conditions: 158aa (0.10 mmol), 59 (0.15 mmol), Pd(OAc)2 (20 mol %), Ag=0 (0.2 mmol), AcOH
(0.2 mmoal), 1,4-dioxane (1.0 mL), 100 °C, 24 h. Yields of isolated product.

3.2.3.ScopeforC(sp®) TH Gl ycosyl ati on

With the best reaction condition in hand, we examined the generality of the C(sp3)i H

glycosylation (Scheme 3.2.3.1). First, quinolines with different substituents (158aa-
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158ac) were found to be compatible. Second, 2-deoxy-glucoside with benzoyl groups
delivered the desired glucosyl-C-[2Y 1]-glucal 159ba. Third, methyl and benzyl ethers
proved feasible (159bb-159bc). When the C(sp®)i H glycosides glycosylation was
applied to galactosides, excellent catalytic efficiencies were observed for the
galactosyl-C-[2Y 1]-glucal 159ca-159cc construction. 2,6-Deoxy-rhamnoside and 2,6-
deoxy-fucose, important components of naturally occurred C-glycosides, could be
used for the preparation of rhamnosyl-C-[2Y 1]-glucal 159d and fucosyl-C-[2Y 1]-
glucal 159e. 1-lodo-galactal 154b was utilized for the saccharide assembly, and
proved powerful for the construction of various C-disaccharides, such as glucosyl-C-
[2Y 1]-galactal 159fa-159fc, galactosyl-C-[2Y 1]-galactal 159g, rhamnosyl-C-[2Y 1]-
galactal 159h and fucosyl-C-[2Y 1]-galactal 159i with selective trans- C(sp®)iH
glycosylation. In addition to the glycals 59 and 154b, glycosyl donor 154a derived from
rhamnose also proved amenable to 2-deoxy-glucosides, galacotosides, delivering
disaccharides 159ja-159jd and 159k in moderate to excellent yields. Especially, this
approach provided facile access to the rhamnosyl-C-[2Y 1]-rhamnal 159l that would
be challenging to prepare by conventional methods. Arabinoside bearing a C3
equatorial group was investigated, and the elimination product was not formed (159m).
The catalytic efficiency of 2-deoxy-xyloside with an axial-OAc functional group at C3
position was suppressed due to the steric effect of the C3 axial protecting group along
with b-eliminated product 159n. To demonstrate transition-metal catalyzed
diversification of our saccharide assembly strategy with C(sp3)i H glycosylation of
glycosides, elaborately designed glycosides with the removable picolinic acid was
employed and precisely aimed for the anomeric C(sp3)i H glycosylation for the
construction of interglycosidic (1Y 1)-C-oligosaccharides. To our delight, we observed
that glycosides bearing an axial picolinic amide at C3 position allowed for the formation
of altrose-C-[1Y 1]-glucal 1590a and 1590b with exclusive U-selectivity.
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Pd(OAc), (20 mol%)
Ag,0 (2.0 equiv)

AcOH (2.0 equiv)
1,4-dioxane, 100 °C, 24 h

RO NHQ
s O W
RO @ OTIPS
R
© ~~ YOTIPS
OTIPS

R = Me (159bb): 90%
R=Bn (159bc): 64%

159d: 64%
O

RO NHQ

- W) O
RO' @ SOoTIPS
OR <" OTIPS
OTIPS
R = Me (159fb): 97%

R=Bn (159fc): 64%

R=H (159aa): 73%

R = OMe (159ab): 76%

R=Cl (159ac): 70%"
o}

Q No

)

AcO NHQ
vy O
AcO '/Q\OTIPS
A
OAc S\ Notips
OTIPS

159ca: 82%

159e: 80%
O

BnO NHQ
BnO ""/@”‘“\OHPS
OBn \o1iPs

OTIPS

1599: 66%

62

BzO NHQ
o O NN
BzO @ OTIPS
OBz S orips
OTIPS

159ba: 61%

o)

RO NHQ
) O
RO "u\OTlps
R
© < NOTIPS
OTIPS

R =Me (159cb): 95%
R =Bn (159cc): 90%

(0]

AcO NHQ
- ) _OL
AcO' @ SOoTIPS
A .
OAc S ~o1iPs
OTIPS

159fa: 66%

i
Me/,, (0] '\\\J\NHQ

“SoTIPS

<" OTIPS
OTIPS
159h: 69%
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Pd(OAc), (20 mol%)

ol
R | Ag,0 (2.0 equiv)
TIPSO AcOH (2.0 equiv)
OTIPS
154 1,4-dioxane, 100 °C, 24 h 159 z OTIPS
OTIPS
NHQ NHQ NHQ
“SoTIPS Me Me
<~ "OTIPS “'OTIPS “OTIPS
OTIPS OTIPS OTIPS
159i: 76% R =Ac (159ja): 84% R =Me (159jc): 95%
R = Bz (159jb): 54% R =Bn (159jd): 64%
(|) o)
NHQ Me., O “‘\\J\NHQ NHQ
Me BnO Me BnO ""'@‘\OHPS
. . B
‘OTIPS ‘OTIPS OBn S\ orips
OTIPS OTIPS OTIPS
159k: 84% 1591: 75% 159m: 15%

159n: 24% (1590a): 43%

NHCOPy
(1590b): 50%

Scheme 3.2.3.1. Versatile and robustness of C(sp3)i H glycosylation of glycosides. *Performed by

Adelina Kopp.
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0
o Pd(OAc), (20 mol%) o
oI
0 R Ag,0 (2.0 equiv) RO NHQ
RO—K NHQ | v, O
_ OTIPS
—H TIPSO AcOH (2.0 equiv) |
H OTIPS OTIPS
158 154 1,4-dioxane, 100 °C, 24 h 159
OTIPS
o) 0

NHQ

(nPr)zN/\ e osr;l’/@\\onps N
~ YOTIPS “OTIPS
159p, 55% OTIPS 150q,56%  O1'PS
o) 0

0]

BnO NHQ

O\

0. 0"
BnO

OTIPS

OBn

BnO
TN T OTIPS 00"
L L Y
y <~ YOTIPS .
BnO ‘OBn - BnO “OBn oTiPS
OBn

From lactose From lactose
159r, 91% 159s, 68%
(0]

BnO NHQ
- 0, O W
0.0 é “SoTIPS
BnO oBn |
X . ; OTIPS
BnO' ‘OBn z
OTIPS
OBn
From cellobiose From maltose
159t, 49% OBn 159u, 36%
BnO.__~_ ,O0Bn
10Uy
BnO__

o 0O NHQ
O WL

BnO" @ OTIPS
OB
" S"SoTiPs

From isomaltose OTIPS

159v, 56%

Scheme 3.2.3.2. Late-stage Ci H glycosylation for saccharide assembly.

Then, we examined the influence of the absolute configuration at the anomeric center.
When anomeric U-glucoside 187 was subjected to the modified conditions, the b-OAc
eliminated product 188 was selectively formed (Scheme 3.2.3.3). In this case, a cis-
Ci H activationl’ favored a C(sp®)i H activation along with a b-acetoxyl- elimination.
2-Deoxy-xyloside 189 with an axial acetoxyl group at C(3) position gave a suppressed

catalytic efficiency due to the steric effect of the C(3) axial substituent. Furanosides
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derived from 2-deoxy ribose with different leaving groups gave the b-eliminated
products 192 and 194 with excellent selectivities.

ol
TIPSO |
TIPSO"
o fj’\ 59 OTIPS
AcO “"SNHQ Pd(OAC), (20 mol%)
AcO™ AgOAc (2.0 equiv)
OAc > -
1,4-dioxane, 120 °C, 24 h OTIPS
187 188, 57%
|
TIPSO © |
TIPSO"
0 59 OTIPS
CJ)LNHQ Pd(OAc), (20 mol%)
- Ag,0 (2.0 equiv
ACO™ 920 ( )
OAc AcOH (2.0 equiv) H
. . oTIPS
189 1,4-dioxane, 120 °C, 24 h 190, 30%
ol
TIPSO |
TIPSO" o
59 OTIPS
o Pd(OAc), (20 mol%) BnO NHQ
o) .
AgOAc (2.0 equiv)
BHOWNHQ - "
BnO AcOH (2.0 equiv) \ OTIPS
191 1,4-dioxane, 100 °C, 24 h TIPSO OTIPS
192: 56%
|
TIPSO © |
TIPSO™
59 OTIPS o)
0,
o Pd(OAc), (20 mol%) ACO O
o) Ag,0 (2.0 equiv)
AcO NHQ
S AcOH (2.0 equiv) N
AcO 1,4-dioxane, 100 °C, 24 h S OTIPS
193 A-dioxane, : TIPSO OTIPS

194: 75%

Scheme 3.2.3.3. b-Elimination of various glycosides.

Treatment of disaccharide 159aa with a palladium catalyst and molecular hydrogen
afforded product 195 bearing a newly formed tetrahydroquinoe hydrogen bond donor.
The amide-linked quinoline could also be successfully cleaved under mild reaction
conditions via a two-step sequence, resulting in either the primary alcohol 196 or the

ester 197. Finally, a Diels-Alder reaction set the stage for the efficient construction of
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polycyclic product 198 with four newly formed stereocenters with defined configuration
in a single step (Scheme 3.2.3.4).

Pd/C (10 mol%)

AcO H, (1 atm) AcO o
. - ) O
. AcO' z “SoTIPS
AcO MeOH/EtOAc, rt, 24 h OAc |
< YOTIPS
OTIPS
195, 87%
OH
1) Boc,0 (1.6 equiv)
DMAP (1.08 equiv) MeO
MeO CH4CN, rt, 24 h . W Ou
MeO™ . . MeO "fl ~SoTIPS
2) LiAIH, (4.0 equiv OMe
THF, 0°C, 2 h T OTIPS
OTIPS
196, 84%
Q OMe
HN 1) Boc,O (1.6 equiv)
DMAP (1.08 equiv) MeO e}
MeO 8 CHZCN, rt, 24 h ‘ Ol w
MeO" "'uu‘\om’s 2 MeO" @ OTIPS
K,CO3 (3.5 equiv OMe
OMe 2LU3
<" YOTIPS MeOH, rt, 12 h Y~ TOTIPS
OTIPS OTIPS
159bb 197, 65%
Me
OQ(E?O
AcO —
. (1.5 equiv)
AcO" “SoTips -
toluene, 110 °C, 24 h
< NOTIPS
OTIPS /
176 198, 53%

Scheme 3.2.3.4. Quinoline amide transformation.

3.2.4. Mechanistic Studies

To gain insights into the C(sp®)i H palladation, we conducted transformations with

isotopically labelled CD3CO:2D as the solvent. The H/D exchange experiment showed

that the equatorial hydrogen was selectively deuterated to give compound [Deq]-158bb

(Scheme 3.2.4.1). This finding was indicative of a trans-C(sp®)i H palladation.
O

MeO Pd(OAc), (20 mol %)

MeO
MeO MeO

CD4CO,D, 120 °C, 48 h
158bb [Deql-158bb, 90%
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Scheme 3.2.4.1. H/D exchange of 2-deoxy-glucoside 158bb.

Furthermore, cyclopalladaglycoside complexes [Pd]-1 and [Pd]-2 were independently

prepared with 2-deoxy-glucoside 158bb and 2-deoxy-rhamanoside 158e via CiH

activation (Scheme 3.2.4.2). The selective Ci H bond cl ea

demonstrated.

OMe

Ho o
M&Om
m d(OAc), (1.5 equiv) e0 N
0 - MeCN-~Pd™
CH4CN, 65 °C, 4 h N
=

158bb [Pa]-1, quant.
o)
Me (o)
—N
d(OAc), (1.5 equiv) M
OBn 7\
OBn QN
O
CH3CN, 65°C,4 h O y
)
158e [Pa]-2, quant.

Scheme 3.2.4.2. Cyclopalldaglycosides synthesis.

The cyclopall adacycle intermedi ates were uti
the desired products 159bb and 159e were isolated in comparable yields and exclusive

trans-C1 H gl ycosyl at (Saheme p.2.403) ule taddition. Then, the
stochiometric amounts of the cyclopalladaglycoside complexes were identified as

catalytic relevant for the saccharide assembly of 159bb and 159e.
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Scheme 3.2.4.3. Catalytic and stoichiometric reactions with cyclopalldacycle intermediates.

Intermolecular competition experiments provided strong support for a facile Ci H
metalation with a minor kinetic isotopic effect (KIE) of kn/kp & 1.1, which suggested that

thetrans-CT H c | ei;notdetee rate-determination step (Scheme 3.2.4.4).
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