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Abstract

Site-selective functionalization of complex molecules is a major challenge in
organic synthesis. Saccharides are key building blocks in bioactive and natural
compounds. In this thesis, three novel methods for the site-selective C(sp*)-H
alkylation of saccharide derivatives using photocatalysts were developed. The methods
offer unique and efficient approaches to functionalize saccharides.

In Chapter 1, I introduced the site-selective alkylation of saccharide derivatives
and its potential applications in various fields. Saccharides are important natural
products, and their modification provides versatile derivatives for studies in
glycobiology and glycochemistry. The modification of hydroxy groups and C(sp*)-H
bonds of saccharides are important methods in synthetic glycochemistry. The site-
selective C(sp*)-H alkylation of saccharides, which preserves the biological activity
and functions of saccharides, is a significant research area. This chapter briefly
discussed the different approaches for modifying saccharides, emphasizing the

importance and application of the site-selective C(sp>)-H alkylation of saccharides.
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In Chapter 2, we investigated of C(sp®)-H alkylation of 2,3:4,5-bis-O-(1-
ethylethylidene)-f-D-fructopyranose methyl sulfamate using an iridium photocatalyst
under blue LED. This reaction enabled the introduction of various functional groups
(such as ester, carbonyl, cyano, and sulfonyl groups) to the fructopyranose derivative
by 1,6-HAT strategy. Furthermore, the N-methyl sulfamate group, acting as a hydrogen

abstractor from the fructopyranose derivative, was converted to a hydroxy group.



Additionally, the siloxy group located at the introduced alkyl chain could be easily

removed, providing a free hydroxy group.
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In Chapter 3, we developed site-selective C(sp>)—H alkylation of saccharides with
electron-deficient alkenes using anthraquinone and tetrabutylammonium decatungstate
(TBADT). Interestingly, the reaction sites were switched by changing the
photocatalysts. Anthraquinone-catalyzed C(sp’)-H alkylation occurred at the weak
bond dissociation energy (BDE) of C(sp>)-H bond of saccharides. On the other hand,
the site-selectivity of TBADT-catalyzed C(sp®)-H alkylation was dominated by steric
effects. In the TBADT-catalyzed C(sp*)-H alkylation, the mono-alkylated product was
obtained in excellent yield, even on a gram scale. The reactions were compatible with
several electron-deficient alkenes and some saccharides, and provided a variety of C-

saccharides.
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Overall, the results presented in this thesis offer promising methods for the site-

direct HAT

selective C(sp®)-H alkylation of saccharides and provide new platforms for the
construction of complex saccharide derivatives. These methods can potentially be used
in the synthesis of new bioactive molecules, which have important applications in the

field of drug discovery.



Chapter 1. Introduction: Site-selective Alkylation of Saccharide

Derivatives and Its Expected Applications

1.1 Introduction

Saccharides are aldehydes or ketones with multiple hydroxy groups and are
composed of carbon, hydrogen, and oxygen atoms. In addition, saccharides are widely
distributed in nature, including monosaccharides, disaccharides, and polysaccharides.

In the initial studies of saccharides, they are traditionally classified into 'energy
substances,' such as glycogen and starch, which serve as stored sources of energy, and
'structural substances,' such as cellulose and proteoglycans, which play vital roles in
cell walls, cartilage, and connective tissues, providing support and organization.! Until
1970s, their structures and many biological functions are gradually revealed.” At present,
saccharide derivatives play important roles in the investigations and developments of
new drugs, biological materials, and other life sciences.® For example, Topiramate 1-1
is a medication used to treat epilepsy,* and sialic acids 1-2 are widely distributed in
animal tissues and are closely associated with the development of many diseases, such

as, myopathy, cardiovascular diseases, and tumors (Scheme 1-1).°

Scheme 1-1. Structures of Topiramate and sialic acids.
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The history of glycochemistry was traced back to the discovery and cultivation of
sugarcanes as sweeteners. Over time, people learned to extract sugars from sugarcane
and beets, making sugars an important component of the human diet. The early research
activities on saccharides were developed slowly, limited by the scientific research level
at that time. Until 1806, Georg Ernst Stahl established that a functional group of
saccharides was an aldehyde or a ketone.® In the early 20th century, scientists, such as

Emil Fischer and Henri Braconnot, investigated saccharide synthesis, structures, and
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properties, which provided the basis for modern studies of saccharide chemistry.” In
recent years, significant progress has been made in saccharide chemistry, largely due to
the continuous development of advanced imaging and molecular biology technologies.

However, the study of saccharides lags behind that of proteins and nucleic acids.
Due to their complex and diverse structures, it is challenging to extract saccharides from
natural sources that meet research needs. As a result, chemical synthesis remains an
important method for obtaining pure saccharides.® Therefore, the studies on the
chemical synthesis and modification methods of saccharides are very vital to the
development of glycochemistry and glycobiology. In this chapter, I will briefly
summarize the research activities and development prospects of site-selective
modification of saccharide derivatives.

C—C bonds are found extensively in organic compounds, and their construction
plays a crucial role in enhancing substance diversity and synthesizing compounds with
novel chemical properties. This is particularly important in the development of new
drugs, agrochemicals, and functional materials. Aryl-aryl cross-coupling reactions,
such as Negishi, and Suzuki-Miyaura reactions, have been developed relatively
maturely, with a wide substrate scope and good functional group compatibility.
However, alkyl-alkyl coupling is still challenging to improve the compatibility and
suppress the byproducts from homocoupling and p-hydride elimination.” In 1855,
Wurtz reported the C(sp®)—C(sp*) homocoupling of two alkyl halides in the presence of
sodium. Although the yields of the products were low, it encouraged the development
of C(sp*)~C(sp®) coupling reactions.!” The traditional methods of constructing alkyl-
alkyl structures are based on Suzuki-Miyaura and Negishi reactions and nucleophilic
reaction using Grignard reagent. Most nucleophiles used in the traditional methods are
primary nucleophiles, and there are few studies except for nickel and palladium
catalysts. For example, the Phillips group published palladium-catalyzed Suzuki-
Miyaura C(sp*)—C(sp’) cross-coupling in the total synthesis of the polyketide (+)-
spirolaxine methyl ether 1-5 (Scheme 1-2a).!! The Watson group reported a nickel-
catalyzed Negishi C(sp®)-C(sp?) cross-coupling between the alkylpyridinium salt 1-6
and organozinc 1-7 (Scheme 1-2b).!? In addition, Kambe et.al succeeded in the
development of copper-catalyzed C(sp’)-C(sp’) cross-coupling with the Grignard

reagent 1-10 in the presence of 1,3-butadiene or phenylpropyne (Scheme 1-2c¢)."
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Scheme 1-2. C(sp®)-C(sp°) cross-coupling reactions.

a) Suzuki-Miyaura C(sp®)-C(sp?) cross-coupling
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The direct transformations of C(sp>)-H bonds to construct C(sp*)-C(sp*) bonds
are atom economy because they do not require the prefunctionalization of substrates.'*
These strategies can be summarized into three categories: a) insertion of highly reactive
metallocarbenes into C(sp®)-H bond.! The rate-determining step in this reaction is to
form the metallocarbene intermediate 1-15 from the metal complex and diazo
compound 1-13. Subsequently, the reactive intermediate 1-15 undergoes an attack on
the C(sp*)-H bond, resulting in the formation of the alkylated product 1-14 through the
three-membered ring transition state 1-16 (Scheme 1-3a); b) directing group-assisted
C(sp*)-H transformations.'¢ The reaction energy barriers are reduced by the chelation
of the directing group with the metal complex, allowing C(sp*)-H bond cleavage by
metalation and deprotonation pathways. Then, the electrophilic substrate 1-20 is
transformed into the metallacycle 1-21 through oxidative addition. The reactive

intermediate 1-21 allows reductive elimination to generate the desired alkylation
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product 1-19 and release the catalyst (Scheme 1-3b); and c¢) photocatalyzed C(sp*)-H
transformation.!” Excited photocatalyst induces C(sp*)-H cleavage to form the carbon
radical 1-25, which reacts with the electron-deficient alkene 1-23 to generate C(sp’)—
C(sp®) bond. Then, the alkyl radical intermediate 1-26 is hydrogenated to produce the
alkylated product 1-24 (Scheme 1-3c). Hence, site-selective C(sp*)-H transformation
of saccharides is a prominent subject and challenging work due to the inert C(sp’)-H

bonds with similar reactivities.

Scheme 1-3. Transformations of C(sp*)-H bond to form C(sp*)-C(sp®) bond.

a) Insertion of metallocarbene into C(sp®)-H bond
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The site-selective modification of saccharides plays a crucial role in
glycochemistry, as it allows for the precise manipulation of saccharide structures and
properties. In particular, the selective C—H bonds activation of saccharides to construct
C—C bonds has become an intriguing and challenging research area. This is attributed
to the inertness and chemically similar properties of C(sp*)-H bonds of saccharides. In
my research, I aim to address this challenge by developing methods for the selective C—
H alkylation of saccharides, enabling the construction of desired C—C bond.

Fructose, as a crucial carbohydrate molecule with significant importance in
metabolism, nutrition, and as a sweetening agent in the food industry, serves as a
fundamental substrate in my research. By utilizing a fructose derivative as model
substrate, I aim to investigate the site-selective C(sp®)-H alkylation. Here, I briefly
analyze the structure of fructose to facilitate the understanding of fundamental
characteristics of saccharides (Scheme 1-4). Fructose has chain and ring forms. In
aqueous solution, approximately 70% of fructose exists as pyranose (a six-membered
ring), 22% of it as furanose (five-membered ring), and the remaining portion adopts
other forms, including open-chain structures. The ring configuration 1-28a is formed
by the nucleophilic attack of the OH group at C6 onto the carbonyl group at C2 of the
chain configuration 1-27. In its natural state, the ring configuration 1-28a is more stable
than chain configuration 1-27. In the modification of ring configuration 1-28a, only O—
H and C—H bonds can be modified without altering the carbon skeleton. There are three
types of hydroxy groups in fructose: 1) a primary hydroxy group at C1; 2) secondary
hydroxy groups at C3, C4, and C5; 3) a tertiary hydroxy group at C2. The OH at C2 is
known as anomeric OH, and it more easily subject to functionalization. The
modification of saccharides can be simply classified into three types: 1) the
modification of OH group at the anomeric position, 2) the site-selective protection and
oxidation of OH group(s) at other positions, and 3) the site-selective C—H bond(s)

modification of saccharides.



Scheme 1-4. Chain and ring configurations of fructose.
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1.2 Hydroxy Group Modification of Saccharides at Anomeric Position
1.2.1 Traditional Methods

Glycoconjugates are important biomolecules that consist of saccharides linked to
proteins, lipids, peptides, and other compounds. They play essential roles in various
biological processes. Research in glycobiology is relevant to fields such as molecular
and cellular biology, proteomics, and medicine, as it helps us understand how
disruptions in these processes can lead to severe diseases. Glycoconjugates are typically
large molecules, and researchers have synthesized simplified versions, known as
artificial glycosides, to explore their potential in drug development.'® For instance,
Canagliflozin 1-32 (C-glycoside) and Phlorizin 1-33 (O-glycoside) are recognized as
inhibitors of sodium-glucose co-transporter 2 (SGLT2) and have demonstrated their
effectiveness in lowering plasma glucose levels.!”. The proximity of the anomeric
hydroxy group to the oxygen atom facilitates its conversion into a suitable leaving
group, such as acetoxy, alkylthio groups, or halogen atoms. Subsequently, a substitution
reaction occurs at this position, resulting in the formation of C-glycosides,® N-
glycosides,”! O-glycosides,”” and S-glycosides.”> Various natural and artificial

glycosides exist, and specific examples can be found in Scheme 1-5.

Scheme 1-5. Several natural and artificial glycosides.
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In Scheme 1-6, acetoxy group, bromine atom and other suitable leaving groups
were introduced at the anomeric position by reactions, such as acetylation and
bromination. For example, selenoglycoside 1-39 was synthesized by the reaction of
acetyl group-substituted saccharide 1-38 with benzeneselenol (Scheme 1-6¢).
Thioglycoside 1-41 was synthesized by the reaction between acetyl group-substituted
saccharide 1-40 and dimethyl disulfide in the presence of hexamethyldisilane and
iodine (Scheme 1-6d). Saccharide 1-42 reacted with trichloroacetonitrile to introduce
trichloroacetimidate moiety, resulted in the formation of 1-43 (Scheme 1-6¢).
Subsequently, a-bromoglycosides (Scheme 1-6b) are utilized as initial substrates to
outline the synthetic routes for C-glycosides, N-glycosides, O-glycosides, and S-
glycosides.?*

Scheme 1-6. Introduction of several leaving groups at the anomeric position.

a) Acetylation
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1) Synthesis of C-glycosides
Merino et al. reported that the Sn2 nucleophilic addition of allyl Grignard reagent
1-45 to a-bromoglycoside 1-44 gave C-glycoside 1-46 (Scheme 1-7).%°

Scheme 1-7. Synthesis of C-glycoside from a-bromoglycoside.

AcOo ~OAc AcO OAc
0 BrM 0
Rogﬁ + I RO%
1-44 1-45 1-46

R = O-acetyl glucan

2) Synthesis of N-glycosides

To realize the synthesis of N-glycoside 1-49, one way is the reaction of the a-
bromo saccharide 1-47 with NaNj to give glycosyl azide 1-48 under mild conditions,?
and the successive treatment of glycosyl azide 1-48 with acyl chloride to produces

glycosyl amide 1-49. In this method, the stereoselectivity was well controlled (Scheme

1-8).7

Scheme 1-8. Synthesis N-glycoside from a-bromoglycoside.
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Br AcO
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0
OAc
CI)J\C7H15 AcO o
PhP  acO N\fo
CH,Cl, AcO Mo
1-49

3) Synthesis of O-glycosides

Compared with the synthetic methods of other glycosides, there have been many
research efforts on O-glycosides which contains some mature synthesis methods, such
as Koenigs—Knorr glycosylation,?® Schmidt glycosylation,” and Yu glycosylation.*° In

1901, Koenigs and Knorr reported the substitution reaction of a-bromosaccharides with
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an alcohol under silver carbonate as the promoter.?® Based on the report, the synthesis
of diverse oligosaccharides was developed. The example is that Hanessian and Banoub
reported the synthesis of disaccharide 1-52 by the silver salt-promoted etherification of
acetobromoglucose 1-50 with methyl 4,6-O-benzylidene-a-D-glucopyranoside 1-51
(Scheme 1-9).%!

Scheme 1-9. Synthesis of O-glycoside from a-bromoglycoside.
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OAc i (@]
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c
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c

1-50 1-51 1-52

4). Synthesis of S-glycosides

The anomeric oxygen of O-glycosides was replaced with sulfur, nitrogen, and
carbon nucleophiles, providing S-, N-, and C-glycosides, respectively. They are
tolerated under acidic and basic conditions and enzymatic hydrolysis in organisms.*?
And some S-glycoproteins were reported.’® The synthetic method of thioglycosides
involves treating a-bromosaccharides with compounds containing a thiol group, taking
advantage of the higher nucleophilicity of the thiol group compared to the hydroxy
group. For example, Schmidt’s group reported the synthesis of S-glycopeptide 1-55 by
the reaction of a-bromosaccharide 1-53 with SH-containing amino acid derivative 1-54

in aqueous solution (Scheme 1-10).3

Scheme 1-10. Synthesis of S-glycoside from a-bromoglycoside.

HS
N "COzMe
NHBoc
1-54
OAc NaCO, OAc
o TBAHS
Ac&géﬁ - AN s P com
AcO, H,O/EtOAC ~ T 2Me
r NHBoc
1-53 1-55

TBAHS = tetra-n-butylammonium hydrogen sulfate
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1.1.2 Light-mediated Glycosylation Reactions: Direct Photolysis and
Photocatalysis

In recent years, researchers such as MacMillan, Stephenson, Rovis, and others
have made significant advancements in photocatalytic C—C cross-coupling reactions.
This emerging field of photocatalysis offers a promising approach to construct C(sp*)—
C(sp°) structures in saccharides.*> The light-mediated glycosylation has facilitated the
synthesis of O-glycosides and C-glycosides in recent years, owing to its
environmentally low toxicity and mild reaction conditions.*
1) Light-mediated O-glycosylation

Ultraviolet (UV) and visible light are used as the light sources to mediate
glycosylation. UV light has high energy, which can directly cleave the C—X (C-S, C—
Se) bonds and generate a glycosyl radical. The disadvantage of the ultraviolet light-
excited reactions is that free radical by-products is easily generated because the
excitation energy is high. Ye’s group reported the transformation of thiosaccharides to
O-glycosides under UV light irradiation in the absence of photocatalysts.’’
Thioglycoside 1-56 was homolytically cleaved under UV irradiation to produce C
radical 1-59, which was oxidized to oxocarbenium ion 1-60 by an oxidant, and then
reacted with hydroxy-containing compound 1-57 to form O-glycoside 1-58 (Scheme 1-
11).

Scheme 1-11. UV-mediated O-glycosylation.

OBz

OX|dant uv BZBO/é&/O
BzO + BzO z0 B20
BzO STol BzO B0 0
BzO
BzO

1-56 1-57 1-58 OMe
OBz
BZO/% OX|dant BzO o +
The C-S bond was BzO BzO
cleaved by UV. BzO BzO
1-59 1-60

oxidant: Cu(OTf),, CuSQy, InCl3, InBr;
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Visible light-mediated reactions usually necessitate the use of photocatalysts, in
contrast to UV-mediated reactions. This is due to the lower energy of visible light
compared to UV. Notably, photocatalysts have been utilized in the synthesis of
thiosaccharides. Bowers’s group reported that the single electron transfer (SET) from
the p-methoxyphenyl-tetra-O-benzyl-thioglycoside 1-61 to the excited iridium catalyst
resulting in the formation of the radical cation of thioglycoside 1-64. Subsequently, it
dissociated to oxocarbenium intermediate 1-65 and p-methoxyphenylthio radical. The
intermediate 1-65 reacted with the alcohol 1-62 to give O-glycosylated product 1-63
(Scheme 1-12).%

Scheme 1-12. Photoredox-catalyzed O-glycosylation.

OMe cat. Ir OMe
BrCCls, HFIP
. + CH3(CH,);OH > ]
M?\,%Oé&spmp (CH O — — M?\A%OéSwO(Cthcm
MeO blue LED MeO
1-61 1-62 1-63
OMe OMe I
M?\Aooégpgpmp — *SPMP M?V,Oog&
cat. Ir e O Meo | CHa(CH2),0H
1-64 1-65

PMP = p-methoxyphenyl; HFIP = hexafluoroisopropanol

2) Light-mediated C-glycosylation

For light-mediated C-glycosylation, there are two reported methods. First method
is that the generated nucleophilic C radical 1-66 reacted with electron-deficient alkene
1-67 to form a new C—C bond (Scheme 1-13a). Second method is the addition between
the generated C radical 1-69 and aryl halide 1-70 in the presence of a transition metal
catalyst to form a high-valence metal complex, and subsequently, the reductive

elimination occurred to form a new C—C bond (Scheme 1-13b).
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Scheme 1-13. Two methods of light-mediated C-glycosylation.

a) Addition process without metal catalysts
0]
N, + “ewe — mom EWG
1-66 1-67 1-68
b) Addition process with metal catalysts
0] ML, e}
N, + Ar—X — N A
1-69 1-70 1-71
EWG: electron-withdrawing group; X: halogen; M: metal; L: ligand

Gagné’s group investigated the reaction of brominated saccharides with electron-
deficient alkenes in the presence of photocatalyst, Ru(bpy)s(BF4)..>” One electron was
transferred from [Ru(bpy)s;]" to brominated saccharide 1-72, generating glycosyl
radical 1-75. The radical species 1-75 had nucleophilicity and reacted with methyl
acrylate (an electron-deficient alkene) to obtain alkyl radical 1-76. Then, the radical
species 1-76 trapped a hydrogen atom from Hantzsch ester 1-73, resulting in the

formation of C-glycosylated product 1-74 (Scheme 1-14).

Scheme 1-14. Alkylation of brominated saccharides.
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o PN [Ru(bpy)s](BF4)2 AO o
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. 1 73
iPr,NEt

| , 172
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PProNEt j ACO
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[Ru'(bpy)s]"2" <— [Ru'l(bpy)sl? AcO Ao

hv CO,Me
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Molander’s group reported a method for synthesizing non-classical C-glycosides
by reacting saccharides, which have 1,4-dihydropyridine derivatives (DHPs) as leaving
groups, with aryl bromides. In this method, an electron transfer occurred from
saccharide derivative 1-77 to an excited 4CzIPN photocatalyst, resulting in the
formation of an unstable radical cation of 1-77. Swiftly, the radical cation underwent
cleavage, yielding the glycosyl radical 1-80 and a DHP derivative. Subsequently, the
radical 1-80 reacted with the nickel(0) catalyst to form the alkyl nickel(I) species 1-81.
Following that, the oxidative addition of aryl bromide 1-78 took place with the species
1-81, giving rise to the aryl nickel(Ill) complex 1-82. Ultimately, complex 1-82
underwent reductive elimination, resulting in the formation of the novel C-glycoside 1-

79 (Scheme 1-15).4°

Scheme 1-15. Arylation of a saccharide derivative with 1,4-dihydropyridine moiety.
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After briefly reviewing the modification methods of saccharides at the anomeric
position, it becomes evident that main approaches involve pre-functionalization of
saccharides. This is achieved by introducing effective leaving groups (such as —SPh, —
OTf, —-DHPs, etc.) or forming relatively weak bonds (such as C—Br, C—S, C—Se, etc.) at
the anomeric position. However, when it comes to directly and selectively modifying
other positions, particularly converting C—OH to active C—X bonds like C—Br and C—
SPh, significant challenges arise. Therefore, achieving selective modifications at

positions other than the anomeric position typically involves more complex strategies.*!
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1.3 Site-selective Hydroxy Group Modification of Saccharides at Non-
Anomeric Positions
1.3.1 Site-selective Protection of Hydroxy Groups of Saccharides
1) Equatorial-selective Protection of Hydroxy Group of Saccharide

Hernandez found that the reactivity of the equatorial hydroxy group with trityl
chloride was higher than that of the axial one due to kinetic factor.*? In 1980, Matta
reported that trityl chloride selectively reacted with the equatorial hydroxy group at C3-
position of methyl 2-O-benzyl-a-L-fucopyranoside 1-83 under DMAP catalysis
(Scheme 1-16).%

Scheme 1-16. Tritylation of equatorial hydroxy group.

OMe OMe
M DMAP M
©/ 27 oBn + Ph;CCl ©/ 27 oBn
1-83 1-84 1-85

2) Site-selective Protection of the Hydroxy Group of Saccharide Controlled by
Steric Effect

Bulky protecting groups, such as benzyl, trityl, and trimethylsilane groups, are
more likely to react with the primary hydroxy group due to less steric hindrance than
that of secondary or tertiary hydroxy groups. Flowers reported the benzylation of
methyl 2,3-di-O-benzyl-a-D-galactopyranoside 1-86 with benzyl chloride in the
presence of sodium hydride as a base in DMF to give methyl 2,3,6-tri-O-benzyl-a-D-

galactopyranoside 1-87 as a major product (Scheme 1-17).4

Scheme 1-17. Benzylation of primary hydroxy group.

HO OH HO OBn
0 BnCl, NaH o)
BnO OBn > BnO OBn
BnO BnO
1-86 1-87
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3) Site-selective Protection of the Hydroxy Group of Saccharide Controlled by
Chelation

The site-selective modification of hydroxy group(s) of saccharides was achieved
using the chelation of two hydroxy groups with metal compounds, such as organotin,*
silver,* copper,*’ and other transition complexes,*® and organic compounds, such as
organoboron and organosilicon compounds. Among them, organotin reagent is simple
to operate and has high selectivity and compatibility in sulfonation, glycosylation, and
oxidation. Nashed reported that the reaction of methyl 4,6-O-benzylidene-a-D-
mannopyranoside 1-88 with methyl iodide 1-89 in the presence of dibutyltin oxide 1-
90 gave methyl 4,6-O-benzylidene-3-O-methyl-a-D-mannopyranoside 1-91 (Scheme
1-18).%9

Scheme 1-18. Methylation of the equatorial hydroxy group by chelation.
Il

Sn
CH3(CH,)g™> (CH,)sCH
ph~ 200, 3( 2)31_90( 23CHs o ~-0\o,
Yo + CHyl Peo

1-88 Ome 1-89 191 OMe

N0 0
Ph OO%\S/;%

/ \
Bu BuOMe

1-92

4) Site-selective Protection of Hydroxy Groups of Saccharide Supported by
Different Protecting Groups

In the synthesis of oligosaccharides and glycoconjugates, a common strategy for
achieving site-selectivity is the selective protection and deprotection of hydroxy groups,
utilizing protecting groups with varying reactivities and steric hindrance. In this method,
undesired reaction sites (hydroxy groups) are converted to inert groups, and only the
exposed hydroxy group reacts with various compounds with functional groups. After
the sequential reaction is completed, the protection groups can be removed.’® Lowary
reported the synthetic process of a disaccharide (Scheme 1-19). The starting

monosaccharide, (p-tolyl 5-O-terbutyldiphenylsilyl-2,3-di-O-benzoyl-1-thio-a-D-
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arabinofuranoside), possessed three types of protecting groups: thio-p-tolyl,
terbutyldiphenylsilyl, and benzyl groups. In the presence of HF—pyridine, only the tert-
butyldiphenylsilyl group of saccharide 1-93 was deprotected to give compound 1-94.
In contrast, in presence of N-iodosuccinimide (NIS) and silver triflate, the thio-p-tolyl
group of 1-93 was deprotected to give compound 1-95. Then, the hydroxy group of 1-
95 reacted with trichloroacetonitrile in the presence of 1,8-diazabicyclo[5.4.0]Jundecane
(DBU) to afford compound 1-96. Finally, the hydroxy group of 1-94 reacted with
compound 1-96 in the presence of trimethylsilyl trifluoromethanesulfonate (TMSOTY)

to obtain di-D-arabinofuranoside derivative 1-97.°!

Scheme 1-19. Stepwise synthesis of disaccharide.
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1.3.2 Site-selective Hydroxy Groups Oxidations of Saccharides
1) Site-selective Oxidation Followed by Site-selective Protection of Hydroxy
Groups

Selective protection of hydroxy groups is widely employed in the synthesis of
polysaccharides and glycoconjugates, serving as a crucial step in achieving site-
selective modifications. In order to achieve selective oxidation of hydroxy groups of
the saccharide, a common approach involves the prior selective protection of hydroxy
groups. Then the unprotected hydroxy group is oxidized to a carbonyl group by an
oxidant, such as RuO4 and DMSO. Renaudet and Dumy reported the selective
protection of methyl-D-glucopyranoside 1-98 and subsequent oxidation of the
unprotected hydroxy group of 1-98 to a carbonyl group using RuO4 to give 4-ketose 1-
100 (Scheme 1-20).>

Scheme 1-20. Site-selective oxidation of hydroxy group via selective protection of

hydroxy groups on the saccharide.

OH 1. (Bu3Sn),0, toluene OBz o OBz
HO o) 2. BzCl, toluene HO o) RuQy4, CH,Cl, o)
HO > BzO ~BzO
HOOMe BZOOMe BZOOMe
1-98 1-99 1-100

2) Directly Site-selective Oxidation

Site-selective oxidation of unprotected or less protected saccharides is a promising
method to reduce reaction steps in the synthesis of glycoconjugates.’® Because both
primary and secondary hydroxy groups exist on most unprotected saccharides, selective
oxidation of them is challenging in the modification of saccharides.

There are several reports on the selective oxidation of the primary hydroxy group,
such as oxidation using organic catalysts,>* enzymatic catalysts,” and solid catalysts.>
Ramstrom’s group reported that (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)
efficiently and selectively oxidized the primary hydroxy group of unprotected dialdo-

glycoside 1-101 to the corresponding aldehyde 1-102 (Scheme 1-21).34
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Scheme 1-21. Selective oxidation of primary hydroxy group using TEMPO.
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To achieve the selective oxidation of the secondary hydroxy group, organotin
reagents,”’ palladium compounds,® and glycoxidases® are mainly used as oxidants.
Minnaard’s group reported Pd-catalyzed site-selective oxidation at the C3-position of
methyl a-D-glucopyranoside 1-103.5% Later, Chung and Waymouth pointed out that the
palladium catalyst simultaneously locked the two hydroxy groups at the C3- and C4-
positions of 1-103, and the hydroxy group at C3-position was preferentially oxidized.
Because the p-hydride elimination at C3-position of intermediate 1-106 is more

favorable (Scheme 1-22).5%

Scheme 1-22. Selective oxidation of secondary hydroxy group using Pd catalyst.
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3) Selective Oxidation by Photocatalyst

Recently, photoreaction has become an important research direction in the
modification of natural products due to the mild reaction conditions and
environmentally friendliness. Taylor’s group has made outstanding contributions to the
selective modification of saccharides under photoredox catalysis. They realized the site-
selective oxidation of saccharides using iridium photocatalyst, arylboronic acid, and
quinuclidine as a cooperative catalyst (Scheme 1-23). Cyclohexyl 5-O-benzoyl f-D-
ribofuranoside 1-108 was protected with arylboronic acid to lower the bond dissociation
energy of the C2—H bond. The hyrogen atom of C2—H bond was then abstracted by the
quinuclidine radical cation, leading to the formation of intermediate 1-110.
Subsequently, 1-110underwent the cleavage of the C3-O bond, resulting in the
formation of C3 radical 1-111. Finally, 1-111 was trapped with a hydrogen atom,

yielding product 1-109a, which was 2-ketone 3-deoxyfuanoside.®

Scheme 1-23. Site-selective photocatalytic oxidation of D-ribofuranoside derivertives.
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1.4 Site-selective C(sp’)-H Alkylation of Saccharides

The selective introduction of alkyl or aryl groups into saccharides using previous
methods is summarized in Scheme 1-24: 1) by the selective protection of hydroxy group:
Achieving the selective protection of a hydroxy group is accomplished by using
protecting groups, such as aryl, alkyl, and acyl groups (Scheme 1-24a). 2) oxidation of
unprotected alcohol: the unprotected hydroxy group is oxidized to a carbonyl group,
and then nucleophiles, such as the Grignard reagent, react with the carbonyl group to
form a new C—C bond (Scheme 1-24b). 3) by introducing a leaving group at the
anomeric position: by using promotors (silver carbonate, etc.), the saccharide with a
leaving group is converted to an oxocarbenium intermediate, which subsequently reacts
with an alcohol (Scheme 1-24c). 4) by introducing a functional group at the anomeric
carbon position: saccharides with a functional group to form oxocarbenium
intermediates in presence of oxidizing agents or photocatalysts under light irradiation,
which reacts with hydroxy-containing nucleophiles to give O-glycosides. If a glycosyl
C radical is generated by photocatalyst, the C radical reacts with electron-deficient
alkenes to produce C-glycosides (Scheme 1-24d).

Generally, in these methods, the hydroxy group of the saccharide serves as the
initial reactive moiety. However, direct transformation of the hydroxy group into an
alkyl group is challenging and necessitates a multistep process. If the C(sp®)-H bond of
saccharides could be directly arylated or alkylated, the reaction process would be more

concise and would not require the pre-functionalization of the starting saccharides.
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Scheme 1-24. Several methods of selective introduction of alkyl or aryl groups of

saccharides.
a) Selective protection of OH group on saccharide
Ar-X
OH Allyl-X OR
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(PG-0) v\ —  (PG-O) v\
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b) Selective oxidation of OH group on saccharide
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[0] 0 XMgR
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1.4.1 Pd-catalyzed Site-selective Arylation of C(sp*)-H of Saccharide Using
Directing Group

Messaoudi’s group reported Pd-catalyzed C(sp’)-H arylation of saccharide.
Saccharide 1-124, which possessed picolinic amide as a directing group, reacted with
Pd(OAc), to generate Pd(II) intermediate 1-127 through the metalation-deprotonation
process. Then the oxidative addition of phenyl iodide 1-125 to 1-127 to produce Pd(IV)
intermediate 1-128. The arylated saccharide 1-126 was obtained via reductive

elimination (Scheme 1-25).%!

Scheme 1-25. Pd-catalyzed C(sp*)-H arylation of saccharide.

OAc
OAc
0
ACO o | cat. Pd AcO
. \© Ag2COs NH Ph
HN K 120 °C o
o) - 7 N\
L B
1-124 1-125 1-126
— OAc OAc OAc ]
|
AcO O AcO 0 Ag2C03 Ao 0
[
- | ——————> - \Y
N——FPd N—rpdY o N Ph
N N pdlL | —
1 ° 1 Ad
_ _ \
SN
1-127 1-128 1120




1.4.2 Site-selective Alkylation of C(sp®)-H of Saccharide Through Remote
Hydrogen Atom Transfer under Photocatalysis

Transition metal-catalyzed activation of C(sp*)-H bond of saccharides typically
requires high reaction temperatures. However, the use of photocatalysts allows for a
decrease in reaction temperatures. In 2016, Knowles and Rovis independently reported
the N-H bond of amide substrates 1-130 can be oxidized by iridium photocatalyst to
generate amidyl radical intermediate 1-133, which abstracted the hydrogen atom of
unactivated C(sp*)-H to generate C radical 1-134 via 1,5-hydrogen atom transfer (1,5-
HAT) process. Finally, the nucleophilic C radical reacted with electron-deficient alkene
1-131 to form 1-132 (Scheme 1-26a).°? The direct C(sp®)-H alkylation via a remote
HAT process provides a new way to achieve regioselective transformation of
unactivated C(sp’)-H.®> Later, Rovis’s group reported a reaction in which the
saccharide derivative 1-135 reacted with electron deficient alkene 1-136 in the presence
of an iridium photocatalyst and K3PO4 under blue LED irradiation, resulting in the

formation of the alkylated product 1-137.%*
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Scheme 1-26. Direct C(sp®)-H alkylation via 1,5-HAT.

a) Knowles/Rovis's work
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1.4.3 Site-selective Photocatalytic C(sp’)-H Alkylation of Saccharides Controlled
by Bond Dissociation Energy

In the indirect HAT process, the photocatalyst is only responsible for electron
transfer with the abstractor. Then, the active abstractor abstracts the hydrogen atom
from the substrate (R—H). This process requires a photoredox catalyst and HAT catalyst.
For example, iridium complex and quinuclidine are photoredox and HAT catalysts,
respectively, (Scheme 1-28a). In the case of the direct HAT process, the excited
photocatalyst is the abstractor. For example, in Chapter 3, I investigated the C—H
alkylation of saccharides using anthraquinone and TBADT photocatalysts via the direct

HAT processes (Scheme 1-27).%

Scheme 1-27. Indirect and direct HAT processes.

a) Indirect HAT process b) Direct HAT process
h’v/ pC abstactor-H R_H H.PC-H R—H
/
pc’ ET X HAT PC HAT
e\ PCoxited  abstactor R " PC* R

PC: photocatalyst; ET: electron transfer; HAT: hydrogen atom transfer

In 2015, MacMillan et al. introduced an indirect HAT process for achieving
C(sp’)-H alkylation. They utilized an iridium photocatalyst to facilitate electron
transfer, which led to the formation of N radical cation 1-144 through interaction with
quinuclidine. This radical cation was able to abstract a hydrogen atom from the C6-H
bond of saccharide 1-140. To enhance the activation of the C6—H bond, the presence of
a hydrogen bond between tetrabutylammonium dihydrogen phosphate (TBAP) and
hydroxy group at Cé6-position was crucial, and TBAP lowered the C6—H bond
dissociation energy (Scheme 1-28a).°® Several research groups, including Minnaard,
Wang, and Taylor, independently explored diverse applications of the indirect HAT
process and successfully realized the alkylation of saccharide derivatives using a similar
photocatalyst system coupled with quinuclidine and various cocatalysts, such as TBAP,

diarylborinic acid, and diorganotin dihalide.’” In Minnaard’s work, the C(sp*)-H
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alkylation of less protected saccharides was achieved in the presence of iridium
photocatalyst, quinuclidine and TBAP. ¢’ Taylor’s group found that diarylborinic acid
(or organotin reagents) and the cis-diol of saccharide 1-146 formed intermediate 1-149
with 5-membered ring which affected the bond dissociation energies of C(sp>)-H bonds
linked to the cis-diol. The quinuclidine generated N radical cation 1-144 to abstract the
H atom of the C(sp®)-H bond with smaller bond dissociation energy to generate
glycosyl radical 1-150. And then, this radical reacted with electron-deficient alkene 1-
147 to obtain alkylated saccharide product 1-148 (Scheme 1-28).675¢

Scheme 1-28. C(sp®)-H alkylation of saccharide derivatives via indirect HAT process.
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1.5 Importance, Purpose, and Design of This Research
1.5.1 Importance of This Research

Many modification methods of O—-H and C-H bonds of saccharides were
introduced in sections 1.2, 1.3, and 1.4. C-glycosides and O-glycoside were synthesized
through these methods. C-glycosides are stable for acid, base, and enzymatic hydrolysis
than O-glycoside. At present, many natural C-saccharides have been discovered and
investigated, and artificial C-saccharides have been invented and applicated for drug
molecules and biological materials (Scheme 1-29).°® Kirin’s group demonstrated that
agelasphins 1-154 have a potent antitumor activity, and they proved that KRN7000 1-
155 is a slightly simpler analogue of the natural agelasphins and displayed key
biological effects.’® Franck and Tsuji used KRN7000 1-155 and its C-analogue 1-156
as immunostimulant drugs to perform an experimental model of malaria in mice and C-
analogue showed excellent activity.”® In addition, Pohl’s group also reported isobutyl-
S-D-galactoside (IBCG) 1-158 can replace isopropyl-f-D-thiogalactopyranoside (IPTG)
1-157 to control gene expression (Scheme 1-29). Moreover, IBCG has long half-life

and stable in gene induction system of animals.”!
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Scheme 1-29. Several C-saccharides.
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Molecules composed of saccharides bearing alkyl and aryl groups can be used in

the treatment of neurological diseases (biomolecules 1-157) and engineering

biomaterials (materials 1-159).7% In the case of C-glycosides linking to linear and cyclic

alkyl groups, they are used as surfactants 1-158.7* Carbohydrates are involved in almost

all life activities. Hence, glycochemistry is one of the important research areas in

biological, material, and organic chemistry (Scheme 1-30
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Scheme 1-30. Saccharides bearing alkyl and aryl groups.
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However, saccharides are complex and challenging to purify from natural sources
(such as plants, algae, bacteria), which hinders their synthesis, characterization, and the
exploration of their biological properties. Therefore, there is a significant need to
develop simple and practical synthetic approaches for site-selective modification of
saccharides. These methods would not only enable the synthesis of saccharides with
novel structures but also facilitate the study of their biological, material, and

pharmaceutical properties.
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1.5.2 Purpose of This Research

The direct transformation of C(sp®)-H bonds in a substrate using a photocatalyst
not only simplifies the experimental steps but also allows the reaction to proceed under
mild conditions. Therefore, we investigated selective C(sp’)-H alkylation of
saccharides using photocatalysts. Saccharides contain multiple C(sp*)-H bonds with
similar reactivities. Taking fructose as an example, C(sp>)-H bonds are present at the
C3-, C4-, and C5-positions (Scheme 1-31). The objective of this study is to switch the
reaction sites of C(sp’)-H alkylation at these positions by employing different

photocatalysts.

Scheme 1-31. The ring configuration of fructose.
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1.5.3 Design of This Research

I considered alkylation at C3—H bond using a remote HAT approach. Firstly, HAT
moiety was introduced at CI, and the N-H bond of the sulfamate ester was
homogeneously cleaved by the iridium photocatalyst and K3POs to obtain N radical,
and then the N radical abstracted the hydrogen atom of C3(sp*)-H via 1,6-HAT process,
to give C3 radical. Subsequently, the C3 radical reacted with an electron-deficient
alkene to give an alkyl radical, which was then trapped by a hydrogen atom to give an
alkylated product (the detail is described in Chapter 2).

In the section 3.2.1, we calculated the BDEs of C—H bonds of all possible reaction
sites of 2,3:4,5-di-O-isopropylidene-f-D-fructopyranose to predict the reaction site for
the C—H alkylation of saccharides. I screened aromatic ketones with different size as
photocatalysts for this reaction. When using anthraquinone as a photocatalyst, the main
product was alkylated at the C4(sp’)-H bond of 2,3:4,5-di-O-isopropylidene-3-D-
fructopyranose. For the higher BDE of C5(sp®)-H, its steric hindrance is the lowest
compared to the C3- and C4- positions. When using bulky TBADT as a photocatalyst,
the alkylation proceeded at C5(sp’)-H bond of 2,3:4,5-di-O-isopropylidene-3-D-
fructopyranose (the detail is described in Chapter 3).

Based on these three catalytic methods, the site-selective alkylation of other

saccharide derivatives was explored.
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Chapter 2. Site-selective C(sp®)-H Alkylation of a Fructopyranose
Derivative by 1,6-HAT

2.1 Introduction

The Hofmann-Loffler-Freytag reaction was discovered in 1882, which involves
the light- or heat-induced homolysis of nitrogen-halogen (N—X) bond of the amine 2-1
to form a N radical. The N radical then undergoes 1,5-hydrogen atom transfer (HAT)
through a six-membered transition state to generate a carbon-centered radical, which
combines with the halogen (X) radical to form a carbon-halogen (C—X) bond (Scheme
2-1a).! Because the bond dissociation energy (BDE) of the nitrogen-hydrogen (N-H)
bond in amide groups (BDE = 107-110 kcal/mol)? is higher than that of the carbon-
hydrogen (C-H) bond in alkanes (BDE = 88-100 kcal/mol),’ the generation of the C
radical proceeds easily. In Hofmann-Loffler-Freytag reaction, a C—X bond is ultimately
formed. To generate a new carbon-carbon (C—C) bond, it is necessary to replace the N—
X bond with N-H bond, allowing for the avoidance of introducing a halogen radical.
Recently, Knowles and Rovis ef al. discovered that iridium catalysts could cleave the
N-H bond of amide 2-2 in the presence of a phosphate. Then, the generated N radical
reacted with electron-deficient alkenes as alkylation reagents to construct a C(sp*)—
C(sp’) bond (Scheme 2-1b).* Roizen et al. followed the reaction and performed
regioselective C(sp®)-H alkylation of 2-4 to abstract the H atom via 1,6-HAT (Scheme
2-1c). They considered that the 1,6-HAT process formed a 7-membered ring, due to the
smaller O—S—N bond angle in the transition state 2-5 (Scheme 2-1¢) compared to the
C—C-N bond angle in the 6-membered ring transition state 2-3 (Schemes 2-1a and b).
The N radical and the C—H bond were linearly aligned, bringing the N radical in close
proximity to the H atom. This linear arrangement facilitated geometrically favorable

interaction, allowing the N radical to abstract the H atom from the C—H bond.’
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Scheme 2-1. Site-selective C(sp*)-H transformations via 1,5- or 1,6-HAT.
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In this chapter, 2,3:4,5-bis-O-(1-ethylethylidene)-f-D-fructopyranose methyl
sulfamate 2-6a was used as a model substrate to investigate C3(sp>)-H alkylation via

1,6-HAT using iridium photocatalyst under blue LED irradiation (Scheme 2-2).°

Scheme 2-2. This work: site-selective C(sp>)-H alkylation of 2-6a by 1,6-HAT.

) cat. Ir O
5
o) 10 © + R? base 0] o P
473 (2 O 0O R% —_— Q.0
ﬁ\o HI S ™ R Blue LED 0, /B8 Me
1 O/ \N/ e ue RS O/ \Nz
H R2 H
2-6
OO O OO O
"\ 1,6-HAT OW
/)\o H : o)
o Ho @
1 5:],3\\:0 \;\I’S\\:O
Me o Me o

45



2.2 Results and Discussion
2.2.1 Optimization of Reaction Conditions
1) Screening of Photocatalysts

Photocatalysts 2-P1-P8 were screened in the reaction, and the results are
summarized in Table 2-1. When 2-P1 ([Ir{dF(CF3)ppy}2(bpy)]PFs) was used as the
photocatalyst (entry 1), the yield of C—H alkylated product 2-8a was 32%. The yield
was slightly improved to 34% when using 2-P2 ([Ir{dF(CF3)ppy}2(dtbpy)]PFs) as the
photocatalyst (entry 2). However, 2-P3 ([Ir{dF(CF3)ppy}2(phen)|PF¢), 2-P4
([Ir{dF(CH3)ppy }2(dtbpy)]PFs), and 2-P5 ([Ir{dF(CH3)ppy}2(dtbpy)]PFs) did not
significantly change the yield of 2-8a (entries 3—5). Overall, the use of 2-P1 to 2-P5 as
photocatalysts resulted in the formation of desired product 2-8a. On the other hand, 2-
P6 ([Ir{dF(CH3)ppy}2(5,5'-dCF3bpy)|PFs) and 2-P7 ([Ir{dF(CF3)ppy}2(5,5'-
dCF3bpy)]|PFs) dramatically decreased the yields of 2-8a to 11% and 3% respectively
(entries 6, 7). The formation of 2-8a was not observed using 2-P8 (Ru(phen);Cl») as the
photocatalyst (entry 8).

Subsequently, the requirement of photocatalysts was considered. The following
two conditions are required to promote the reaction between the excited photocatalyst
and 2-6a: (1) the generation of a sufficient amount of excited photocatalyst, and (2) the
electron transfer between the excited photocatalyst and the aminosulfonyl group of 2-
6a. Regarding condition (1), the wavelength of the light source used in the experiments
should be important for the efficient photocatalyst cycle. In this study, the light source
wavelength ranged from 450 to 455 nm, which is close to the maximum absorption
wavelengths of the used photocatalysts 2-P1-P8. Regarding condition (2), the redox
potential of the excited photocatalyst need to be higher than the redox potential of the
sulfamate ester 2-6a. According to the report by the Duan group, the oxidation peak
potential of the sulfamate ester is over +2 V (vs. saturated calomel electrode, 0.05 M in
DMF). When KO'Bu was added to the solution, the peak potential shifted to +1.16 V.’
The redox potentials of the reported photocatalysts are as follows: 1) 2-P2:
E 1" FIr(IIN)/Ir(I1)] = +1.21 V, Amax = 470 nm (entry 2),2 2) 2-P8*": E1,™[*Ru(11)/Ru(1)]
=+0.82 V, Amax = 442 nm (entry 8).° Therefore, iridium catalyst can oxidize the anion
of substrate. Since the redox potential of the excited state of 2-P8 is lower than the

redox potential of sulfamate ester (+1.16 V), the reaction did not occur using 2-P8 as
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the photocatalyst (entry 8). In conclusion, the reaction requires the sufficient oxidizing

ability of the excited state of photocatalysts.

Table 2-1. Screening of photocatalysts.?

O)( photocatalyst (2.0 mol%) O)(
o O KsPO, (2 equiv) o O
Q 00 *t 7 COE - Q 0.0
ﬁ\ o H L s Me 1,2-DCE/H,0 ﬁ\o o Sy Me
o N 25°C, 36 h coet M
2.6a 2.7a 18W blue LED 2.8a
entry photocatalyst GC conv. (%) GC yield (%)
1 2-P1 85 32
2 2-P2 96 34
3 2-P3 84 31
4 2-P5 99 31
5 2-P6 85 29
6 2-P4 16 3
7 2-P7 36 11
8 2-P8 29 <1

2-7a (3 equiv); 1,2-DCE/H,0 (2:1, 0.05 M).
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2) Screening of Bases

Several bases were screened to improve the yield of 2-8a (Table 2-2-1). The
reaction proceeded smoothly using K3PO4, KoCO3, NaxCO3, and Cs>COs (entries 1-4).
Among them, the best yield (35%) was obtained using K3POj4 (entry 1). In contrast, the
reaction did not proceed using NaH>PO4, NaHPOs4, NaoHPO4:2H>O, KH>POs,
K>2HPO4, AcONa, AcOK, and NEt; (entries 5-12), demonstrating that the base was
important in the conversion of 2-6a. Knowles et al. reported that iridium-catalyzed C—
H alkylation of aliphatic amides 2-9 with electron-deficient alkenes in the presence of
tetrabutylammonium dibutyl phosphate as a base via 1,5-HAT. And they proposed that
the electron transfer process between the excited iridium photocatalyst and the N-H
bond was accompanied with the proton transfer between the base and the N—H bond.
This process was called proton-coupled electron transfer (PCET) (Scheme 2-3).!°
Therefore, I considered that the PCET process occurred among the excited iridium
catalyst 2-P2, the N—H bond of 2-6a, and the inorganic base (K3PO4, K2CO3, Na;COs,
and Cs2CO3) to generate N radical in this reaction.

To further explain the different results by different bases, I analyzed them based
on the pKp values of the bases.!! The pKy value of the N-H bond of aminosulfonyl
group is approximately 2.2 in water.!? From the pKy values of the bases used, it can be
observed that the pKy value of PO4* (pKs = 1.7) and the pKp, value of COs* (pKyp = 3.7)
are close to the pKy value of the N-H bond of aminosulfonyl group (entries 1-4).
Therefore, phosphates and carbonates can act as weak bases in this reaction.
Considering the pKy values of H,PO* and HPO4> (pKp = 6.8, 11.9), it is evident that
their basicity is weaker than that of 2-6a. As a result, NaH,PO4, NacHPOs,
NaHPO4¢2H>0, KH2PO4, and KoHPO4 did not promote the reaction (entries 5-7 and
10-11). Furthermore, the pKy value of AcO™ is 9.2, which is larger than that of 2-6a,
indicating that its basicity is weaker than that of 2-6a. Hence, acetates (AcONa and
AcOK) were also unsuitable bases (entries 8-9). However, despite having a pKy value
close to that of 2-6a, triethylamine did not lead to the conversion of 2-6a (entry 12). I
considered that the triethylamine reacted with the catalyst 2-P2. Because the redox
potential of triethylamine is +0.83 V that is smaller than that of 2-6a (+1.16 V).!3

In summary, the selection of bases and their pKy values played crucial roles in the

reaction outcome. Bases, such as phosphates and carbonates, with pKy values close to
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or slightly lower than that of the N-H bond of aminosulfonyl group were effective in

promoting the reaction, while bases, such as acetates, bicarbonates, monohydrogen

phosphates and dihydrogen phosphates, with weaker basicity did not facilitate the

desired conversion of 2-6a.

Table 2-2-1. Screening of bases.?

cat. 2-P2 (2.0 mol%)

base
+ ZOC0,Et
m \\’/ 1,2-DCE/H,0 (2:1) ﬁ\ )\’1 M
25°C,48h
18W blue LED COzEt
2-6a 2-7a 2-8a
entry base (2 equiv) pKs (in H2O) | GC conv. (%) GC yield (%)
1 K3POy4 1.7 95 35
2 K2CO;s 3.7 85 27
3 NaxCOs3 3.7 94 31
4 Cs2CO3 3.7 96 28
5 NaH>POq4 6.8 <1 <1
6 KH>PO4 6.8 <1 <1
7 KoHPO4 6.8 <1 <1
8 AcONa 9.2 <1 <1
9 AcOK 9.2 <1 <1
10 Na;HPO4 11.9 <1 <1
11 Na;HPO4¢2H,0O 11.9 <1 <1
12 NEt; 34 <1 <1

22-7a (3 equiv); 1,2-DCE/H20 (2:1, 0.05 M).
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Scheme 2-3. The PCET process.
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To optimize the yield of 2-8a, the amount of K3PO4 was further investigated, and
the results are summarized in Table 2-2-2. Adding 1.0 equivalent of K3PO4 resulted in
the formation of 2-8a in 29% yield (entry 1). Increasing the amount of K3PO4 to 2
equivalents led to the improvement of the yield to 35% (entry 2). However, further

increasing the amount of K3PO4 to 3.0 equivalents did not enhance the yield of 2-8a

(entry 3).

Table 2-2-2. Screening of the amount of K3PO4.?

entry K3PO4 (equiv) GC conv. (%) GC yield (%)
1 1.0 99 29
2 2.0 95 35
3 3.0 97 33

12-7a (3 equiv); 1,2-DCE/H,0 (2:1, 0.05 M).

3) Screening of Solvents
Several solvents were also investigated to improve the yield of 2-8a (Table 2-3-1).
By using 1,2-DCE as the solvent, and the yields of 2-8a and N-alkylated product 2-10

were 20% and 1%, respectively, and the ratio between 2-8a and 2-10 was 96:4 (entry
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1). When the solvent was changed to DCM, the yield of 2-8a did not increase, but the
ratio between 2-8a and 2-10 was 83:17, indicating the yield of 2-10 increased (entry 2).
When using PhCI, the yield of 2-8a decreased to 15%, and the ratio between 2-8a and
2-10 was 59:41 (entry 3). When PhCF3; was used as the solvent, the yield of 2-8a
dropped to 8%, and the ratio between 2-8a and 2-10 became 27:73 (entry 4). At this
point, the main product became to be the N—H alkylated product 2-10. When using
strong polar solvents DMF or MeCN, 2-6a was converted almost completely, and only
N-H alkylated product 2-10 was obtained in 42% and 63% yields, respectively (entries
5 and 6). We found that C—H alkylated product 2-8a was obtained using solvents with
smaller dielectric constants, such as 1,2-DCE, DCM, PhCl, and PhCF;. When using
solvents with larger dielectric constant, such as DMF and MeCN, only N-H alkylated
product 2-10 was obtained. As shown in Scheme 2-4, the formation of C—H alkylated
product 2-8a and N—H alkylated product 2-10 were competitive reactions in this system.
Only N-alkylated product 2-10 was obtained using polar solvent MeCN under dark
conditions (Table 3-3-2). This result indicates that K3PO4 abstracts proton form N-H
bond of 2-6a to form N anionic intermediate, which easily attacks electron deficient
alkene in MeCN. In contrast, the formation of 2-10 was difficult in less polar solvents.
When the mixed solvent (1,2-DCE/H>0 (2:1, 0.05 M)) was used, the yield of 2-8a
increased to 29% and the formation of by-product 2-10 was also suppressed, and the
ratio between 2-8a and 2-10 was improved to 98:2 (entry 7). In organic solvents without
adding water, small amount of decomposition product 2-17 was formed (entries 1-6). I
considered that K3PO4 served as a base to promote the decomposition of 2-6a. When
the mixed solvent (1,2-DCE/H>0 (2:1, 0.05 M)) was used, the formation of 2-17 was
inhibited (entry 7). I considered that K3PO4 was dissolved in the aqueous phase, which
made the less content of K3POs4 in the organic phase (1,2-DCE). Thus, the

decomposition of 2-6a was suppressed.
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Table 2-3-1. Screening of solvents.?

cat. 2-P2 (2.0 mol%) o)(

oK
o O K3PO, (1.0 equiv) 0
o)
OW 0.0 + 2 0,k ﬁ\ Q0
H 18W Blue LED o S\ y-M
ﬁ\o O/S\N,Me O ” ©
H

solvent, 25 °C, 48 h

CO,Et
2-6a 2-7a 2-8a
)( OO 6]
To r OW 0.9
OW * /)\o 80 Me
@] N
4
OH
27 210 Coet
2-17 2-8a 2-10

entry solvent dielectri1c4 conv. GC GC GC isomer

constant (%) yield | yield | yield | 2-8a:2-10
(%) (%) (%)

1 1,2-DCE 10 97 11 20 1.0 96:4

2 DCM 8.9 83 15 20 4.1 83:17

3 PhCl 5.6 89 10 15 10 59:41

4 PhCF3 9.4 86 11 8.2 22 27:73

5 DMF 37 98 21 <1.0 42 <1:99>

6 MeCN 38 99 19 <1.0 63 <1:99>

7 DC]IE,/ﬁzob - 94 2 29 <1.0 98:2

32-7a (2 equiv); K3PO4 (2 equiv); solvent (0.05 M);
®1,2-DCE/H>0 (2:1).

Table 2-3-2. Experiments under dark condition.?

cat. 2-P2 (2.0 mol%) O)(

% o PN KsPOy4 (2.0 equiv) o 0
? 00 *7 COEt Q.0
H N/ MeCN, 25 °C, 24 h o) S. .Me
(0] O,S\N,Me
H

O/ \N/

2-6a 2-7Ta 2-10 CO,Et

entry | photocatalyst conv. (%) 2-8a GCyield (%) | 2-10 GC yield (%)
1 2-P2 67 - 65

2 - 69 - 68

42-7a (2 equiv); MeCN (0.05 M).
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Scheme 2-4. Explanation of the formation of 2-8a and 2-10.
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A series of experiments were investigated for determining the optimal ratio of 1,2-
DCE/H>0 and the concentration (Table 2-3-2). By using 1,2-DCE/H>0, the yield of 2-
8a was increased, and the formation of N-H alkylated product 2-10 was suppressed
(Table 2-3-1, entry 7). Therefore, experiments were conducted using different ratios of
1,2-DCE to H2O (0.05 M) (Table 2-3-2 entries 1-3). The results indicated that the
highest yield of 2-8a was obtained when the ratio of 1,2-DCE/H20 was 2:1 (35% yield,
entry 2), while the yields were lower when the ratio was either increased (31% yield,
entry 1) or decreased (30% yield, entry 3) from this ratio.

After fixing the ratio of 1,2-DCE/H>0 at 2:1, the effect of the concentration on the
yield of 2-8a was investigated. The results showed that when the concentration was
higher than 0.05 M, the yield of 2-8a decreased (entries 4 and 5). Similarly, when the
concentration was lower than 0.05 M, the yield of 2-8a also decreased (entry 6). It is
speculated that the use of the mixed solvent, 1,2-DCE/H>0, improved the yield of 2-8a
because the inorganic base used in the reaction was easily soluble in water. A small
amount of water was unfavorable to the dissolution of the base, while excess water was

unfavorable to the stability of the transition state of 2-8a.
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Table 2-3-2 Screening of ratio of 1,2-DCE/H>0 and concentration.?

cat. 2-P2 (2.0 mol%)

o
O O K3POy4 (2.0 equiv) 0 o O
+ A CO,Et O\\,/O
ﬁ\o H 1,2-DCE/H50 (x:1, x M) ﬁ\ O/S\N,Me
H

25°C,48h
18W blue LED CO,Et
2-6a 2-7a 2-8a
entry 1,2-DCE/H,O conc. (mol/L) GC yield (%)

1 3/1 0.05 31
2 2/1 0.05 35
3 1/1 0.05 30
4 2/1 0.20 23
5 2/1 0.10 21
6 2/1 0.04 30

42-7a (3 equiv).

4) Screening of Reaction Time and Temperature

The reaction time and temperature were investigated to improve the yield of 2-8a
(Table 4). At 24 h, there was almost complete conversion of 2-6a, but the yield of 2-8a
was slightly lower than that at 36 h (29%, entry 1). This could be attributed to the
incomplete conversion of some reaction intermediates into products. Prolonging the
reaction time to 48 h resulted in the slightly lower yield of 2-8a (35%, entry 3). These
results showed that the optimal yield was 41% at 36 h (entry 2).

After determining the optimal reaction time, the temperature was investigated
(entries 4-7). The yield of 2-8a increased from 30% to 46% with increasing temperature
from 15 °C to 60 °C. This may be because some elementary reactions were endothermic,
and much lower temperature was not conducive to their progress. For instance, Dorigo
and Houk reported that the AG value of 1,6-HAT process from the 7-membered ring
transition state was greater than 0, indicating that the 1,6-HAT process was
thermodynamically unfavorable. However, the AH value was greater than 0 indicating
that the 1,6-HAT process was an endothermic reaction. Therefore, increasing the
temperature would facilitate the occurrence of this process.!* However, temperature
above 60 °C was unfavorable for the reaction (entry 7). From the above results, the
optimal reaction temperature was 60 °C at 36 h (entry 6), and temperatures lower or

higher than 60 °C were not favorable for the reaction.
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Table 4. Screening of reaction time and temperature.?

%

cat. 2-P2 (2.0 mol%)

X

o 0
OWO 5 + 20,6 KsPO, (2.0 equiv) O ° Y
ﬁ\o M5 Me 1,2-DCE/H,0 © o S - Me
H CO,Et
0.6 974 18W blue LED 2.89
entry time (h) T (°C) GC conv. (%) | GC yield (%)
1 24 25 99 29
2 36 25 99 41
3 48 25 95 35
4 36 15 97 30
5 36 40 92 45
6 36 60 86 46
7 36 75 95 38

22-7a (3 equiv); 1,2-DCE/H20 (2:1, 0.05 M).

56




2.2.2 Scope of Alkenes

Under the optimized reaction conditions shown in Table 4, entry 6, the substrate
scope of alkylation reagents was investigated (Scheme 2-5). Treatment of 2,3:4,5-bis-
O-(1-ethylethylidene)-f-D-fructopyranose methyl sulfamate 2-6a with methyl acrylate
(2-7b) or benzyl acrylate (2-7¢) provided alkylated products 2-8b and 2-8c in 40% and
48% yields, respectively. The alkylation also proceeded using methacrylates 2-7d and
2-7e, and the corresponding alkylated products 2-8d and 2-8e were obtained in 52%
and 40% yields, respectively, as a mixture of diastereomers. The reactions were not
inhibited by the steric hindrance from a methyl group at the f-carbon of the acrylate.
Acrylates 2-7f and 2-7g bearing a methoxy or siloxy group were also suitable for this
reaction and produced 2-8f and 2-8¢ in 46% and 52% yields, respectively. The
alkylation also proceeded using acrylamide 2-7h and acrylonitrile 2-7i, and the
corresponding alkylated products 2-8h and 2-8i were obtained in 28% and 23% yields,
respectively. The alkyl, aryl, methoxy, siloxy, amide, and cyano groups were versatile
functional groups that can be easily transformed to other functional groups and find

broad applications in organic synthesis, materials science, and pharmaceuticals.
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Scheme 2-5. Scope of alkenes.
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2.2.3 Scope of Saccharides

Under the optimized reaction conditions shown in Table 4, entry 6, the substrate
scope of saccharides was investigated (Scheme 2-6). When 2-6b was used as a substrate,
in which an electron-withdrawing trifluoroethyl group was attached to the sulfamate
group, the alkylated product 2-18 was not obtained. Instead, decomposition product 2-
17 was obtained in 43% yield. I considered that it becomes difficult to transfer one
electron from the sulfamate group to the excited iridium catalyst due to the electron-
withdrawing trifluoroethyl group. In addition, 2-6b underwent a decomposition
reaction to produce 2-17 in the presence of a base. When using 2-6¢ as a substrate, in
which protecting groups was replaced to methyl groups, alkylated product 2-19 was not
obtained. This result probably due to the steric hindrance of the methoxy group on C4,
which affected the 1,6-HAT reaction at C3—H. The yields of alkylated product was 46%
using 2-6d, but the site-selectivity was low (C1:C3:C4 = 1.0:0.9:2.2). This result
probably due to that these three places (C1, C3 and C4) are all suitable in space to form
7-membered ring transition state of 1,6-HAT. When using ribofuranose derivative 2-6e,
alkylated product 2-21 was not formed. It may be due to the close distance between C3-
H and aminosulfonyl group, and thus the 7-membered ring transition state cannot be
formed. To achieve C(sp*)—H alkylation, the following points should be fulfilled: 1)
one electron of nitrogen atom of animosulfonyl group can transfer to the excited iridium
catalyst; 2) there is less steric hindrance around the C—H bond; and 3) the distance

between C—H bond and animosulfonyl group should be appropriate.
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Scheme 2-6. Scope of saccharides.
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2.2.4 Proposed Reaction Mechanism

The proposed reaction mechanism of the site-selective C(sp’)-H alkylation of
fructopyranose derivative 2-6a is shown in Scheme 2-6: (1) upon blue LED irradiation,
the iridium photocatalyst (Ir') is excited to Ir'*species; (2) sulfamyl radical 2-11 is
formed through a proton-coupled electron transfer (PCET) by the excited Ir''"* and a
base. At the same time, Ir''™* species is deactivated and reduced to Ir'’; (3) carbon radical
2-12 is formed by 1,6-HAT; (4) the nucleophilic carbon radical reacts with an electron-
deficient alkene 2-7 to generate an alkyl radical intermediate 2-13; (5) Ir!! reduces the
radical intermediate 2-13 to give anionic intermediate 2-14 and Ir''is regenerated; and

(6) intermediate 2-14 is subsequently protonated to produce the alkylated product 2-8.

Scheme 2-7. Proposed reaction mechanism.
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2.2.5 Exploring the Application Potential of This Reaction

The N-methyl sulfamate group of alkylated fructopyranose derivative 2-8a can be
converted to a hydroxy group (Scheme 2-8). This can be used in organic synthesis
because hydroxy groups can participate in a wide range of chemical reactions, including
oxidation, esterification, and glycosylation, allowing for the synthesis of various
compounds. The hydroxy group can also act as a hydrogen bond donor, influencing the
physical and chemical properties, such as solubility and boiling point.

In this work, the treatment of fructopyranose derivative 2-8a with NaN3 in DMSO
at 100 °C for 24 h gave the deprotected product 2-15 in 71% yield. Interestingly, the
hydroxylation proceeded whereas an azide group is generally introduced by the
elimination of the N-methyl sulfamate group under the reaction conditions.'® This is
possibly due to the steric hindrance of C1 atom or the potential inhibitory effect by the
C2-0 bond in the SN2 reaction.

Scheme 2-8. Conversion of N-methyl sulfamate group of alkylated fructopyranose

oK

derivative 2-8a to a hydroxy group.

% Yo _ 00
o 6o O\\//O NaN; (5.0 equiv) O
ﬁ\o <o-Soy-Me DMSO, 100 °C, 24 h ﬁ\o OH
co,Et H CO,Et
2-8a 21571%

The silyl group of the alkylated fructopyranose derivative 2-8g can be easily
removed by the treatment of 2-8g with TBAF and glacial acetic acid, giving 2-16
bearing a free hydroxy group (Scheme 2-9). The hydroxy group of 2-16 offers various

possibilities for further functionalization.
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Scheme 2-9. Deprotection of silyl group of 2-16.
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2.3 Conclusion

This work achieved site-selective C(sp’)-H alkylation of a fructopyranose
derivative using 1,6-HAT, which is a departure from the conventional functionalization
approach of saccharides that involves converting the highly reactive primary and
secondary hydroxy groups and anomer positions. Notably, the hydroxy groups of the
fructopyranose derivative were preserved after the C(sp®)-H alkylation process.

During the investigation of optimal reaction conditions, it was found that the
choice of a catalyst and base had a substantial impact on the conversion of 2-6a. Since
fructopyranose derivative 2-6a undergoes a proton-coupled electron transfer (PCET)
process by the photocatalyst and base, resulting in the formation of sulfamyl radical.
The E12™ value of the catalyst and the pKy value of the base play a crucial role in
determining the feasibility of this process. Among the catalysts tested,
[Ir {dF(CF3)ppy }2(dtbpy)]PFs was found to be the most effective photocatalyst, while
K3PO4 was identified as the optimal base. During the investigation of the solvent effect
on the reaction, it was observed that while the solvent had a negligible impact on the
conversion of 2-6a, it had a significant effect on the proportion and yield of the product
2-8a and the by-product 2-10. The mixed solvent of 1,2-dichloroethane (1,2-DCE) and
water (2:1, 0.05 M) was the most optimal solvent for this reaction.

This reaction allows for the introduction of various functional groups by
employing electron-deficient alkenes with different functional groups. Moreover, the
N-methyl sulfamate group, which acts as a hydrogen abstractor from the fructopyranose
derivative, can be transformed into a hydroxy group. Additionally, the silyl group
located at the terminal position of the introduced alkyl chain can be easily removed by
the treatment with TBAF, thus providing a free hydroxy group.

The findings of this study offer valuable insights into sugar chemistry and C—H
transformations. Moreover, these results have a potential to drive further advancements
in saccharide chemistry as C(sp’)-H transformations can produce saccharide
derivatives that are not accessible through transformations at the hydroxy groups or

anomer position.
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2.4 Experimental Section
2.4.1 General

All reactions were carried out under nitrogen atmosphere unless otherwise noted.
Fructopyranose derivative 2-6 was prepared according to the literature procedure.!” 1,2-
Dichloroethane (1,2-DCE, Wako) was distilled over CaH> prior to use. H>O (deionized,
Takasugi Seiyaku), tetrahydrofuran (THF, anhydrous, Wako), N, N-dimethylformamide
(DMF, anhydrous, Wako), and dichloromethane (DCM, anhydrous, Wako) were used
as received from commercial sources. Other reagents were purchased from commercial
sources and used without further purification.

'H (400 MHz) and *C (100 MHz) NMR spectra were recorded using a JEOL
ECZ400 spectrometer. Proton chemical shifts are reported relative to residual solvent
peak (CDCls at 6 7.26 ppm). Carbon chemical shifts are reported relative to CDCI3 at
77.0 ppm. IR spectra were recorded on a JASCO FT/IR-4200. High resolution mass
spectra were recorded on JEOL JMS-700 (EI, FAB) spectrometer. Gel Permeation
Chromatography (GPC) was performed by Japan Analytical Industry LC-5060 with
series-connected JAIGEL-1H ( ¢ 20 mm x 600 mm) and JAIGEL-2H ( ¢ 20 mm x 600
mm). Photo reactions were carried out using PhotoRedOx TC (HepatoChem) with 18W
Blue LED (450 nm).
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Figure 2-1. Scope of saccharides.
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Figure 2-2. Scope of alkenes.
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2.4.2 Synthesis and Characterization of Substrates
1) Confirm the Reaction Site

In the DEPT-135 spectrum of 2-8a, eight signals were observed for CHz and CH
signals, and five signals were observed for CH» signals (Figure 2-3), indicating that the
results were consistent with the expected structure of 2-8a. DEPT-135 spectra of 2-8b—

2-8i were also measured and showed consistent results with the C—H alkylated products.
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Figure 2-3. DEPT-135 spectrum of 2-8a.

The NOESY spectrum of 2-8a showed a correlation between the hydrogen atoms
on carbons 1 and 2, indicating their proximity in space (Figure 2-4). This supports the
proposed structure of 2-8a. NOESY spectra were also obtained for 2-8b—2-8i, and the

results were consistent with the C(sp*)-H alkylation products.
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Figure 2-4. NOESY spectrum of 2-8a (600 MHz, CDCI5).
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ﬁ\o 2l
7~ ~ - e
(0] N
Co,Et M
NOE was observed

2) Synthesis of Compounds

Synthesis of compound 2-6a

\ 7/

Me

CI” N’
N\ H °
OO o (1.1 equiv) 0O O
OW NEt; (1.15 equiv) OW 00
\\ 7/
/)\O OH DCM’ 25 OC, 2h /)\O O/S\N,Me
217 2.6a 1

To a dichloromethane (18 mL) solution of methylsulfamoyl chloride, which was
prepared by the reaction of methylsulfamic acid (0.940 g, 8.50 mmol) with PCls (1.94
g, 9.30 mmol) in toluene (16 mL) at 80 °C for 5 h, was added 2-17 (2.00 g, 7.70 mmol).
Et;N (0.896 g, 8.85 mmol) was added dropwise to the mixture, and stirred at 25 °C.
After 2 h, the reaction was quenched by slow addition of 1.0 M aq. HC1 (9.2 mL). The
organic layer was collected, and the aqueous layer was extracted with dichloromethane
(1 x 18 mL) and ethyl acetate (1 x 18 mL). The combined organic fractions were dried
over NaxSOy, filtered, and concentrated under reduced pressure. The crude product was
purified by column chromatography on silica gel to give compound 2-6a (2.72 g, 98%).
"H NMR (400 MHz, CDCls) § 1.33 (s, 3H), 1.41 (s, 3H), 1.47 (s, 3H), 1.54 (s, 3H), 2.83
(d,/=5.2 Hz, 3H), 3.74 (d,J=12.8 Hz, 1H), 3.89 (d, /= 12.8 Hz, 1H), 4.07-4.12 (m,
2H), 4.18 (d, J=10.4 Hz, 1H), 4.23 (d, J= 8.0 Hz, 1H), 4.32 (d, /= 2.0 Hz, 1H), 4.57-
4.61 (m, 1H); *C NMR (100 MHz, CDCls) § 24.0, 25.1, 25.8, 26.5, 29.8, 61.3, 69.9,
70.1, 70.2, 70.6, 100.8, 109.18, 109.24.

General procedure: To a test tube, 2-P2 (2.20 mg, 2.0 umol, 2.0 mol%), K3PO4 (42.4
mg, 0.200 mmol, 2.0 equiv), 2-6a (35.3 mg, 0.100 mmol), 1,2-DCE (1.33 mL) and H>O

(0.67 mL) were added, and the mixture was frozen-thaw two times to remove air of the
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system. To the mixture, ethyl acrylate (2-7a, 30.0 mg, 0.300 mmol, 3.0 equiv) was
added via syringe, and the tube was sealed with a Teflon lined screw cap. The mixture
was stirred under the irradiation of 18W Blue LED at 60°C for 36 h. After cooling to
room temperature, the mixture was diluted with dichloromethane, washed with water,
brine, dried over Na>SO4 and concentrated in vacuo. The crude product was purified by

GPC.

Synthesis of compound 2-10
Following Procedure in Table 2-3-1 entry 6 (cthyl acrylate )(
o]

(2-7a, 0.200 mmol), 25 °C, 48 h). Compound 2-10 was O/FQ(OO 5
obtained as a colorless oil (19.8 mg, 44%) by GPC. ﬁ\o & Me
'H NMR (400 MHz, CDCl3) & 1.28 (t, J = 7.6 Hz, 3H), 1.35

(s, 3H), 1.43 (s, 3H), 1.49 (s, 3H), 1.56 (s, 3H), 2.67 (t, /= 6.9 CO,Et
Hz, 2H), 2.96 (s, 3H), 3.56 (t, J = 6.9 Hz, 2H), 3.77 (d, J =

12.8, 1H), 3.92 (d, J = 12.8, 1H), 4.10-4.19 (m, 4H), 4.25 (d, J = 7.8 Hz, 1H), 4.36 (d,
J=2.4Hz, 1H) 4.62 (dd, J = 7.8, 2.4 Hz, 1H); '3C NMR (100 MHz, CDCl;) & 14.1,
23.9,25.2,25.8,26.5,33.2,36.4,47.0,60.9, 61.3, 69.3, 69.8, 70.0, 70.6, 100.7, 109.13,

109.18, 171.1; HRMS (EI) exact mass calculated for C17H2sNO10S [M-CH3]" 438.1434,
found 438.1434; IR (v/cm™) 2986, 2936, 1734.

Synthesis of compound 2-8a

Following General Procedure (ethyl acrylate (2-2a, 0.300 )(
mmol), 60 °C, 36 h). Compound 3a was obtained as a OO o
(0]
colorless oil (18.1 mg, 40%) by GPC. 0,0
O O/S\N,Me

"H NMR (400 MHz, CDCls) § 1.26 (t, J= 7.0 Hz, 3H), 1.30
(s, 3H), 1.45 (s, 3H), 1.49 (s, 3H), 1.52 (s, 3H), 2.20-2.26 (m,
2H), 2.43-2.58 (m, 2H), 2.82 (d, /= 6.8 Hz, 3H), 3.73 (d, J= 14.4 Hz, 1H), 3.95 (dd, J
=12.8,2.8 Hz, 1H), 4.13 (dd, J=14.4, 7.6 Hz, 2H), 4.21-4.24 (m, 3H), 4.30 (d, /= 7.6
Hz, 1H), 4.65 (d, J = 15.2 Hz, 1H); *C NMR (100 MHz, CDCl3) § 14.2, 24.4, 26.2,
27.4,27.9,29.2,29.7,30.1,60.6,61.5,69.8,70.4, 71.1, 80.5, 104.0, 108.6, 110.0, 173.4;
HRMS (EI) exact mass calculated for CisH31NO oS [M+H]" 453.1669, found 453.1670;
IR (v/em™) 2981, 1734.

CO,Et
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Synthesis of compound 2-8b

Following General Procedure (methyl acrylate (2-7a, )(
0.300 mmol), 60 °C, 36 h). Compound 2-8b was obtained as OO 0
O
a colorless o0il (17.6 mg, 40%) by GPC. 0,0
O O/S\N,Me

'"H NMR (400 MHz, CDCls) § 1.30 (s, 3H), 1.45 (s, 3H),
1.48 (s, 3H), 1.52 (s, 3H), 2.20-2.28 (m, 2H), 2.45-2.59 (m,
2H), 2.83 (d, J=5.2 Hz, 3H), 3.68 (s, 3H), 3.73 (d, J=13.6 Hz, 1H), 3.95 (d, /= 13.6
Hz, 1H), 4.21-4.24 (m, 3H), 4.30 (d, /= 8.0 Hz, 1H), 4.48 (s, 1H); '>*C NMR (100 MHz,
CDCl) 6 24.4, 26.2, 27.74, 27.76, 28.1, 29.3, 30.0, 51.9, 61.6, 69.8, 70.3, 71.2, 80.6,
103.7,108.7,109.9, 173.7; HRMS (EI) exact mass calculated for C17H20NO10S [M+H]"
439.1512, found 439.1512; IR (v/em™) 2981, 1739.

COZMe

Synthesis of compound 2-8¢

Following General Procedure (benzyl acrylate (2-7c, )(

0.300 mmol), 60 °C, 36 h). Compound 2-8¢ was obtained as o Oo 0

a colorless oil (24.7 mg, 48%) by GPC. ﬁ\ o ?\\Sf? Me
"H NMR (400 MHz, CDCls) § 1.29 (s, 3H), 1.45 (s, 3H), Cozgn N

1.48 (s, 3H), 1.51 (s, 3H), 2.24-2.30 (m, 2H), 2.54-2.61 (m,

2H), 2.80 (d,J=5.2Hz, 3H), 3.73 (d,/J=12.8 Hz, 1H), 3.96 (d, /= 12.8 Hz, 1H), 4.20-
4.30 (m, 6H), 4.50 (d, J= 5.6 Hz, 1H), 7.32-7.39 (m, 5H); '*C NMR (100 MHz, CDCls)
024.4,26.2,27.7,27.9,28.1,29.3,30.0, 61.6, 66.6,69.8, 70.4, 71.1, 80.4, 103.5, 108.9,
109.7, 128.3 (2C), 128.4, 128.7 (2C), 135.8, 173.0; HRMS (EI) exact mass calculated
for C23H33NO10S [M+H]" 515.1825, found 515.1824; IR (v/em™) 2956, 1734,

Synthesis of compound 2-8d

Following General Procedure (ethyl methacrylate (2-7d, )(

0.300 mmol), 60 °C, 36 h). Compound 2-8d was obtained as o OO O o0 o

a colorless oil (24.3 mg, 52%) by GPC. ﬁ\o 8§ Me
'"H NMR (400 MHz, CDCls) & 1.20-1.26 (m, 6H), 1.33 (s, COZ(E)t i

3H), 1.42-1.49 (m, 6H), 1.61 (s, 3H), 1.87-1.98 (m, 1H), 2.28-2.47 (m, 1H), 2.76-2.86
(m, 4H), 3.70 (d, J = 14.4 Hz, 1H), 3.93 (dd, J= 13.4, 13.4 Hz, 1H), 4.01-4.16 (m, 1H),

3.96-4.38 (m, 5H), 4.61 (d, J = 8.4 Hz, 1H); '*C NMR (100 MHz, CDCl3) § 14.2, 19.3,
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24.6,26.3, 28.1, 29.1, 29.9, 34.9, 37.4, 60.4, 61.8, 69.8, 70.4, 71.6, 81.0, 103.7, 108.6,
110.0, 176.6; HRMS (EI) exact mass calculated for Ci9H33NO0S [M+H]" 467.1825,
found 467.1826; IR (v/cm™) 2961, 1724.

Synthesis of compound 2-8e

Following General Procedure (fert-butyl methacrylate (2-7e,

0.300 mmol), 25 °C, 48 h). Compound 2-8e was obtained as a OO)(O
colorless oil (19.8 mg, 40%) by GPC. %\ ) S
O .S, .M
'H NMR (400 MHz, CDCls) & 1.34 (s, 3H), 1.44-1.48 (m, 0N
co,Bu M

21H), 1.89 (dd, J = 14.0, 4.0 Hz, 1H), 2.30 (J = 14.0, 9.6 Hz,

1H), 2.65-2.75 (m, 1H), 2.83 (d, /= 5.2 Hz, 3H), 3.72 (dd, /= 14.4, 5.2 Hz, 1H), 3.94
(dd, J=12.8, 2.8 Hz, 1H), 4.23-4.25 (m, 3H), 4.55-4.65 (m, 2H); *C NMR (100 MHz,
CDCI3) 6 19.5,24.5,26.3, 28.0, 28.2, 29.3, 30.0, 35.6, 36.9, 61.8, 70.0, 70.7, 71.6, 80.1,
81.1, 103.8, 108.7, 110.1, 175.9; HRMS (EI) exact mass calculated for C21H37NO10S
[M+H]" 496.2216, found 496.2216; IR (v/cm™) 2981, 1729.

Synthesis of compound 2-8f

Following General Procedure (2-methoxyethyl acrylate (2- )(

7f, 0.300 mmol), 60 °C, 36 h). Compound 2-8f was obtained o %0 o

as a colorless oil (22.2 mg, 46%) by GPC. ﬁ\o OCS\S/’(\)N,Me
'H NMR (400 MHz, CDCls) 3 1.29 (s, 3H), 1.45 (s, 3H), 1.48 P OHH

(s, 3H), 1.51 (s, 3H), 2.21-2.28 (m, 2H), 2.54-2.60 (m, 2H),
2.82 (d, J = 5.2 Hz, 3H), 3.35-3.38 (m, 3H), 3.59-3.61 (m, 2H), 3.73 (d, J = 13.2 Hz,
1H), 3.95 (d, J = 12.8 Hz, 1H), 4.24-4.29 (m, 6H), 4.70 (d, J = 4.8 Hz, 1H); '*C NMR
(100 MHz, CDCl3) 6 24.4,26.2,27.6,27.8,28.2,29.3, 30.0, 59.0, 61.6, 63.8, 69,6, 70.3,
70.4, 71.1, 81.3, 103.5, 108.8, 109.7, 173.2; HRMS (EI) exact mass calculated for
C19H33NO11S [M+H]" 483.1774, found 483.1773; IR (v/cm™) 2956, 1729.
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Synthesis of compound 2-8g

Following General Procedure (2-((tert- )(
butyldimethylsilyl)oxy)ethyl acrylate (2-7g, 0.300 o OO OO .
mmol), 60 °C, 36 h). Compound 2-8g was obtained as a ﬁ\o O/\\S’/\ N’Me
colorless oil (30.4 mg, 52%) by GPC. 0 H

0]

'H NMR (400 MHz, CDCl3) & 0.06 (s, 6H), 0.89 (s, 9H),
1.31 (s, 3H), 1.46 (s, 3H), 1.49 (s, 3H), 1.53 (s, 3H), 2.20-
2.28 (m, 2H), 2.48-2.62 (m, 2H), 2.84 (d, J = 5.2 Hz, 3H), 3.74 (dd, J = 12.8, 1.6 Hz
1H), 3.80-3.82 (m, 2H), 3.96 (dd, J = 13.2, 2.8 Hz, 1H), 4.14-4.17 (m, 2H), 4.22-4.17
(m, 3H), 4.31 (d, J = 7.2 Hz, 1H) 4.56-4.60 (m, 1H); '*C NMR (100 MHz, CDCls) & -
5.2,18.4,24.4,25.9,26.3,27.7,27.8,28.2,29.4,30.0,61.3,61.7, 66.0, 69.9, 70.4, 71.2,
80.5, 103.6, 108.9, 109.8, 173.2; HRMS (EI) exact mass calculated for C24H4sNO1;SSi
[M+H]" 583.2483, found 583.2482; IR (v/em'") 2941, 1734.

OSiMe,Bu

Synthesis of compound 2-8h

Following General Procedure (N, N-dimethylacrylamide o Oo)(o
(2-7h, 0.300 mmol), 25 °C, 48 h). Compound 2-8h was )F/??( ‘fSO Ve
obtained as a colorless oil (12.8 mg, 28%) by GPC. CONOMe2 H

'"H NMR (400 MHz, CDCls) § 1.31 (s, 3H), 1.45 (s, 3H),

1.49 (s, 3H), 1.65 (s, 3H), 2.14-2.22 (m, 1H), 2.27-2.35 (m, 1H), 2.43-2.56 (m, 2H),
2.83 (d, J= 5.2 Hz, 3H), 2.94 (s, 3H), 3.03(s, 3H), 3.75 (d, J = 13.2 Hz, 1H), 3.97 (d, J
= 13.2 Hz, 1H), 4.22-4.36 (m, 4H), 5.12 (d, J = 5.2 Hz, 1H); 3C NMR (100 MHz,
CDCl) 024.6, 26.2, 26.7, 28.0, 28.2, 29.4, 30.0, 35.6, 37.2, 61.6, 69.7, 70.5, 71.5, 80.7,
103.7,108.9, 109.6, 172.4; HRMS (EI) exact mass calculated for C;sH32N>209S [M+H]*

452.1829, found 452.1831; IR (v/cm™) 2940, 1624.

Synthesis of compound 2-8i

Following General Procedure (acrylonitrile (2-7i, 0.300

mmol), 25 °C, 48 h). Compound 2-8i was obtained as a Oo)(o
colorless oil (9.2 mg, 23%) by GPC. %\O O/\é/,? ‘Me
"H NMR (400 MHz, CDCls) § 1.32 (s, 3H), 1.46 (s, 3H), CN © H

1.51 (s, 3H), 1.54 (s, 3H), 2.22-2.29 (m, 1H), 2.38-2.45 (m,
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1H), 2.54-2.58 (m, 2H), 2.82 (d, J = 5.6 Hz, 3H), 3.76 (d, J = 12.8 Hz, 1H), 3.94 (d, J
= 15.6 Hz, 1H), 4.14-4.19 (m, 2H), 4.22-4.26 (m, 1H), 4.32 (d, J = 7.6 Hz, 1H), 4.49
(d, J = 4.8 Hz, 1H); 3C NMR (100 MHz, CDCls) § 11.3, 24.3, 26.1, 28.0, 28.5, 29.5,
29.9, 61.4, 69.4, 70.2, 70.6, 80.0, 103.4, 109.1, 110.0, 119.3; HRMS (EI) exact mass
calculated for C16Ha6N20sS [M+H]" 406.1410, found 406.1411; IR (v/em™') 2930, 2323.

Synthesis of compound 2-15

oK oK

o oO° NaN; (5.0 equiv) 0 Ve
aN3 (5.0 equiv
ﬁ\ O\\//O ﬁ\
o) o S y-Me DMSO, 100 °C, 24 h © OH
co,et H COE
2-8a 213

To a test tube charged with a stir bar was added 2-8a (31.7 mg, 0.0700 mmol),
NaN3 (22.7 mg, 0.350 mmol) and DMSO (0.10 M, 0.70 mL). The mixture was then
heated to 100 °C and stirred for 24 h. The mixture was diluted with water (7.0 mL) and
extracted with dichloromethane (2 x 7.0 mL). The combined organic phase was washed
with water and brine. The solvent was removed under vacuum. The residue was further
purified by column chromatography on silica gel (eluted by hexane:ethyl acetate= 3:1)
to give compound 2-15 as colorless oil (17.9 mg, 71% yield). 'H NMR (400 MHz,
CDCI3) 6 1.26 (t,J=7.2 Hz, 3H), 1.32 (s, 3H), 1.45 (s, 3H), 1.48 (s, 3H), 1.52 (s, 3H),
2.14 (t,J=6.0 Hz, 1H), 2.28-2.38 (m, 2H), 2.43-2.58 (m, 2H), 3.74 (d, /= 6.4 Hz, 2H),
3.77 (dd, J=12.8, 0.8 Hz, 1H), 4.01 (dd, J = 12.8, 2.0 Hz, 1H), 4.13 (q, J = 14.4, 6.8
Hz, 2H), 4.21-4.24 (m, 1H), 4.31 (d, J = 8.0 Hz, 1H); 3*C NMR (100 MHz, CDCls) &
14.3,24.4,26.2, 27.6, 28.0, 28.2, 29.5, 60.7, 61.7, 64.5, 70.9, 71.0, 80.4, 105.5, 108.6,
109.1, 173.4. HRMS (EI) exact mass calculated for C;7H230s [M+H]" 360.1784, found
360.1784; IR (v/em™) 2986, 1729.
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Synthesis of compound 2-16

o o]
o o O glacial acetic acid o o O
- 2P oA 43wy - 2P
0 O/S\N,Me (4.3 mo 0)‘ o] O/S\N,Me
O H THF, 25°C, 12 h O H
o 0
2-8g OSiMe,Bu 2-16 OH

Alkylated fructopyranose derivative 2-8g (68.2 mg, 0.117 mmol, 1.0 equiv) was
dissolved in anhydrous THF (0.50 mL, 0.23 M) at 0 °C under nitrogen. To the solution,
glacial acetic acid (53.0 pL, 0.936 mmol, 8.0 equiv) and tetrabutylammonium fluoride
(0.10 M TBAF in THF, 50.9 uL, 4.3 mol%) were added dropwise. The mixture was
warmed to room temperature and stirred for 18 h. The reaction mixture was diluted with
EtOAc (2 x 2.0 mL) and was washed with sat. NaHCO3 (2.0 mL) and brine (2.0 mL).
The organic layer was dried over NaxSOs, filtered and concentrated under reduced
pressure. The residue was further purified by column chromatography on silica gel
(eluted by hexane:ethyl acetate = 1:5) to give compound 2-16 as colorless oil (28.3 mg,
52% yield). 'H NMR (400 MHz, CDCls) 6 1.31 (s, 3H), 1.45 (s, 3H), 1.49 (s, 3H), 1.52
(s, 3H), 1.87 (br, 1H), 2.23-2.37 (m, 2H), 2.50-2.64 (m, 2H), 3.81 (d, /= 5.2 Hz, 3H),
3.74 (dd, J=13.2, 1.6 Hz, 1H), 3.82 (q, 2H), 3.95 (dd, J=13.6, 2.8 Hz, 1H), 4.15-4.27
(m, 5H), 4.31 (d, J = 7.2 Hz, 1H), 4.93-4.97 (m, 1H); >*C NMR (100 MHz, CDCl;) §
24.4,26.2,27.8,28.0, 28.1,29.3, 29.9, 61.0, 61.6, 66.3, 69.5, 70.4, 80.5, 103.6, 108.9,
109.7, 173.5; HRMS (EI) exact mass calculated for C1sH3NO1S [M+H]" 469.1618,
found 469.1617; IR (v/em™) 2925, 1729.
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Chapter 3. Site-selective Direct Intermolecular C(sp*)-H Alkylation
of Saccharides and Switching of Reaction Sites by Changing
Photocatalysts

3.1 Introduction
3.1.1 Introduction of Anthraquinone Photocatalyst

Anthraquinones are a class of natural products widely distributed in nature.
Anthraquinones not only exhibit potential drug value due to their antibacterial,
anticancer, and other biological properties,! but they also find applications as organic
dyes in the textile industry.> Moreover, anthraquinones have garnered significant
attention as photoredox catalysts due to their affordability, commercial availability, and
relatively low toxicity.> Here, the activation process of C-H bonds using
anthraquinones was introduced, taking anthraquinone as an example, as illustrated in
Scheme 3-1. Initially, anthraquinone absorbs visible light and transitions to an excited
state. Subsequently, the excited anthraquinone abstracts a hydrogen atom from the

substrate, leading to the formation of a C radical, which is then further functionalized.

Scheme 3-1. Activation of C—H bond through HAT via anthraquinone.
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The mechanism of the anthraquinone-photocatalyzed reaction is similar to the
Norrish type II reaction reported by Norrish in 1937. In this reaction, the photoexcited
carbonyl compound 3-2 produced 1,4-diradical 3-3 via the intramolecular y-hydrogen
atom transfer (Scheme 3-2a).* Since then, there has been a growing body of research
on this intramolecular photochemical process of quinones, with numerous studies
reporting its mechanisms and applications.’ For example, Suzuki et al. reported the
intramolecular redox process of naphthoquinone derivative 3-5 including 1,5-hyrogen
atom transfer (HAT), in which the C(sp®)-H bond was oxidized and quinone was
reduced, and the ring-forming product 3-5 was obtained (Scheme 3-2b).® Recently,
Murafuji et al. reported on the C(sp®)-H alkylation of mono-alkylated tetrahydrofuran
3-6 using 2-chloroanthraquinone as photocatalyst. This reaction involved the
intermolecular HAT process between the excited 2-chloroanthraquinone and the
C(sp’)-H bond of 3-6. By employing 1,1-bis(phenylsulfonyl)ethylene 3-7 as the
alkylating agent, dialkylated product 3-8 was obtained. (Scheme 3-2¢).” However, the
site-selective C(sp®)-H alkylation of saccharides is challenging since they have
multiple C(sp®)-H bonds adjacent to oxygen atoms. In this work, site-selective C(sp*)—
H alkylation of fructopyranose derivatives with electron-deficient alkenes was achieved

(Scheme 3-2d).
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Scheme 3-2. Several photocatalytic reactions using anthraquinones and the related

compounds.
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3.1.2 Introduction of TBADT Photocatalyst

Tetrabutylammonium decatungstate (TBADT) is a polyoxometalate and its anion
composed by tungsten and oxygen atoms. Polyoxometalates, as versatile compounds,
possess multiple functionalities, including catalysis, ion exchange and supramolecular
chemistry. This multifunctionality allows for their wide application in fields such as
chemistry, energy, materials science, and the environment.! TBADT has emerged as a
promising photocatalyst for C(sp®)-H transformations, offering several advantages.’
Specifically, it can be excited by sunlight under mild reaction conditions. Furthermore,
after the reaction, it can be easily separated from the reaction system as a metal oxide
salt.

Notably, the highest occupied molecular orbital (HOMO) of TBADT is primarily
located on the oxygen atom, while the lowest unoccupied molecular orbital (LUMO) is
predominantly found on the tungsten atom. Under light irradiation, the ligand-to-metal
charge transfer (LMCT) effect occurs, enabling the transfer of one electron from the 2p
orbital of the oxygen atom to the 5d orbital of the tungsten atom, resulting in the
formation of an excited state.'” This excited state possesses +2.44 V oxidation potential
(vs. saturated calomel electrode, SCE). The reaction outcome is determined by the
oxidation potential of the reactant R—X. If the oxidation potential of R—X is lower than
+2.44 V (vs. SCE), single electron transfer (SET) occurs from R—X to the excited state,
generating the corresponding radical cation R—X"". On the other hand, if the oxidation
potential of the reactant R—H is higher than +2.44 V (vs. SCE), hydrogen atom transfer

(HAT) takes place, producing radical species R* (Scheme 3-3).!!
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Scheme 3-3. Mechanism of decatungstate-catalyzed reaction via SET and HAT.
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Ravelli et al. previously reported TBADT-catalyzed a-position-selective C(sp?)—
H alkylation of 1,3-dioxane 3-9 using phenyl vinyl sulfone 3-10 as an alkylation reagent
However, determining the specific reaction site in oxygen heterocycles with multiple
oxygen atoms is challenging (Scheme 3-4a).!2. Recently, Ryu’s group reported site-
selective TBADT-catalyzed alkenylation of 3,3-dimethylcyclohexanone 3-11. In this
reaction, the C2- and C4-positions did not react with the alkenylation reagent 3-12, due
to the polarity mismatch of the transition state and the steric hindrance between the
bulky PhSO, and methyl groups, respectively (Scheme 3-4b).!3 Herein we present a
novel approach utilizing TBADT for the mild and site-selective C(sp®)-H alkylation of
saccharides (Scheme 3-4c). By leveraging the unique electronic properties and steric
hindrance of TBADT, we aim to address the challenge of selective alkylation of

saccharides, which possess multiple C(sp®)—H bonds adjacent to oxygen atoms.
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Scheme 3-4. Several examples of TBADT-catalyzed C(sp®)-H transformations.
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3.2 Results and Discussion
3.2.1 Analysis of Reaction Sites of Boat Conformation of 3-1a
1) Chair and boat conformations of 3-1a

The free energy of boat conformation of 1a was 7.4 kcal/mol lower than that of
chair conformation of 1a using the B3LTP/6-31G(d) method!’ in Gaussian 16'¢ (for
data and 3D images, see the Supporting Information). Because of the diaxial interaction

between C2 and C4 of chair conformation, which increases the energy of the system.

Scheme 3-5. Chair and boat conformations of 3-1a.
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2) DFT Calculations of Bond Dissociation Energies of boat conformation of 3-1a
In 2005, Matsuo and Mayer observed that the log of the rate constants is
proportional to the bond dissociation energies (BDEs) of C-H bonds in HAT
reactions.'® Their findings indicated that HAT reactions tend to occur at the weakest
C(sp’)-H bond of organic molecules. We performed BDE calculations for all C-H
bonds at potential reaction sites of fructopyrinose derivative boat conformation of 3-1a
using the UB3LTP/6-31G(d) method'® in Gaussian 16'6. The obtained results are
illustrated in Scheme 3-6. The results showed that the C—H bond at the C4-position has
the weakest BDE (3-1a-C4-1, AAG™ =+ 82.8 kcal/mol), and the BDE of the C—H bond
at the C3-position was + 83.2 kcal/mol, which was close to the BDEs of C—H bonds at
the C4-position. There was steric hindrance between two C1-H bonds and C3-H
(Scheme 3-7a). Similarly, axial C6—H is affected by steric hindrance from the methyl
group of isopropylidene moiety on C2 and C3, whereas equatorial C6—H faced steric
hindrance from the adjacent oxygen atoms on C5 and C6 (Scheme 3-7b). These steric

interactions limited the accessibility of excited photocatalyst to the C—H bonds. The
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steric hindrance is observed from the 3D images of boat conformation of 3-1a (Figure

3-1). Therefore, alkylation proceeded at C4—H and C5—H due to less steric hindrance.

Scheme 3-6. C(sp®)-H bond dissociation energies of boat conformation of 3-1a.
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Front view Top view Side view

Figure 3-1. Boat conformation of 3-1a.

According to the Nernst equation (AG = —RT In K,), the ratio of the equilibrium
constant (K,4) of the C-H bond cleavage at C4- and C5-positions was estimated by
calculating the value of Kc4/Kcs at 298K, without being affected by steric hindrance.
The calculation result was that the ratio of the equilibrium constants for the C4—H to
C5—H bond cleavage was 1691. Therefore, without considering being affected by steric
hindrance, the yield of C—H alkylation at C4-position was much higher than that at C5-

position.
The calculation process is as follows:

AGes = —RTInKs (1)
AGey = —RT InKgy (2)
(D-(2):
AGes — AGey = —RTInKes + RT In Ky
AGes — AGey, = RT(InKpy —InK(5)
(AGes — AGeq)/RT = In(Key /Kcs)

@ = ¢(8Gcs—AGea)/RT

Kes

Putting the values:

Kea _ (87.2—-82.8)+4.184%1000/(8.31%298)
= 2.718
Kcs

K,
— ~ 1691
KCS
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We observed that the C(sp*)~H bond at the C4- and C5-positions exhibited lower
hindrance compared to the C3- and C6- positions. Moreover, the C(sp*)-H bond at the
C5 position possessed a higher BDE (AAG™ = +87.2 kcal/mol (3-1a-C5-1)) than that at
the C4 position. With these factors in mind, we conducted screening of several aromatic
ketones as potential photocatalysts for alkylation reaction. Interestingly, when
anthraquinone was employed as photocatalyst, the major product obtained was the C4-
alkylated derivative (3-3a). To facilitate the selective alkylation at the C5 position, we
utilized the bulky TBADT as the photocatalyst. Encouraged by these results, we
expanded our investigation to explore the site-selective alkylation of other saccharide
derivatives. Additionally, we proposed reaction mechanisms to elucidate the processes

involved (Scheme 3-8).

Scheme 3-8. Switching the reaction sites by catalyst control (This work).
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3.2.2 Screening of HAT Photocatalysts

Fructopyranose derivative 3-1a and ethyl acrylate (3-2a) were selected as a model
substrate and alkylation reagent, respectively, to investigate C(sp’)-H alkylation by
screening several organic photocatalysts (Table 3-1-1). When using benzophenone as
the photocatalyst, the total yields of alkylated products 3-3a, 3-4a, and 3-26 was 5%
(entry 1). The total yields increased to 58% when thioxanthenone was used as the
photocatalyst (entry 2). It is worth noting that when anthraquinone was employed, the
total yields of alkylated products 3-3a, 3-4a, and 3-26 was increased to 80% (entry 3).
However, the main product was dialkylated product where both the C—H bonds at C4-
and C5-positions were alkylated, and the ratio of 3-3a to 3-4a was 5.2 (entry 3). The
good performance of anthraquinone, due to big m-conjugation structure making the
excited sate more active. When the base was changed to K3POs, the total yields of
alkylated products 3-3a, 3-4a, and 3-26 was increased to 95% (entry 4). At the same
time, the formation of dialkylated products was suppressed, and the alkylated product
3-3a became the main product, and the ratio of 3-3a, 3-4a, and 3-26 was 2.8:1.0:1.2
(entry 4). Using 2-chloroanthraquinone resulted in total yields of 87% for alkylated
products, with a ratio of 2.7:1.0:0.8 for 3-3a, 3-4a, and 3-26 (entry 5). When 4'-
(trifluoromethyl)acetophenone was employed, the total yields of alkylated products was
34% (entry 6). When using 4'-(trifluoromethyl)acetophenone, a decrease in the ratio of
3-3a to 3-4a was observed compared to anthraquinone. Although the size of 4'-
(trifluoromethyl)acetophenone is smaller than anthraquinone. The steric hindrance still
affected the reaction with the C—H bond of 3-1a. The alkylated products were not
formed using 9-fluorenone, eosin Y, [Mes-Acr-Ph|BFs4, and acetophenone as
photocatalysts, with NaHCO3 as the base (entries 7-10). Finally, in the absence of
photocatalyst, the formation of alkylated products was not observed (entry 11). It

indicated that anthraquinone play as the catalyst in this reaction system.
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Table 3-1-1. Screening of organic photocatalysts for C(sp*)-H alkylation of 3-1a.?

><f organic photocatalyst (20 mol%) ><f
0" ™o base (1.0 equiv) 0" o

A~ EtO,C
N + 27 “CO,Et 2 ~ +
OWOH ’ MeCN, rt, 24 h %W/OH
/fo 365 nm /fo

3-1a 3-2a 3-3a

EtO,C

3-4a 3-26
. base GC GC ratio (3-
entry organic photocatalysts (1 equiv) conv. | yield® | 3a:3-4a:3-
(%) | () 26)

1 Benzophenone NaHCOs; | 33 5 1.8:1.0:0.46

2 Thioxanthenone NaHCO; | 60 58 2.7:1.0:1.5

3 Anthraquinone NaHCO; | >99 80 5.2:1.0:6.6

4 Anthraquinone K3POq4 97 95 2.8:1.0:1.2

5 2-Chloroanthraquinone K5POg4 92 87 2.7:1.0:0.8

6 | 4'-(Trifluoromethyl)acetophenone | K3PO4 38 34 2.1:1.0:0.3

7 9-Fluorenone NaHCO; | <1 - -

8 Eosin Y NaHCO; 2 - -

9 [Mes-Acr-Ph]|BF4 NaHCOs3 | <1 - -

10 Acetophenone NaHCOs3 | <1 - -

11 - NaHCO:s - -

23-2a (2 equiv), MeCN (0.1 M); *Total yields of 3-3a, 3-4a, and 3-26.
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Benzophenone Thiaxanthone Anthraquinone 2-Chloroanthraquinone
3-P1 3-P2 3-P3 3-P4

Tr|fIuoromethyl)acetophenone 9-Fluorenone Eosin Y
3-P5 3-P6 3-P7
)OJ\©
Acetophenone [Mes-Acr-Ph] BF,
3-P8 3-P9

To further explore the possibilities, we extended the investigation by screening
several metal photocatalysts (Table 3-1-2). When using TBADT as a catalyst, the total
yields of 3-3a, 3-4a, and 3-26 was 80%, and the ratio of them was <1:98:2 (entry 1).
Similarly, when NaDT was employed, the total yields of 3-3a, 3-4a, and 3-26 was 86%,
and the ratio of them was <1:91:9 (entry 2). The higher selectivity observed with
TBADT compared to NaDT can be attributed to the larger size of tetrabutylammonium
as the cation, which influences reaction outcomes (entries 1 and 2). When using iridium
photocatalysts 3-P12 ([Ir{dF(CF3)ppy}2(dtbpy)]PFs) and 3-P13 (Ir(ppy)s), and
ruthenium photocatalysts 3-P14 (RuClz(phen)s), 3-P15 (Ru(bpy)3Clo*6H>0) and 3-P16
(Ru(bpy)3(PF6),), the desired reaction did not proceed (entries 3 and 5-8). However, in
the presence of 3-P12, quinuclidine, and Na,COs3, alkylated products were formed with

40% yield and a ratio of <1:6:94 for 3-3a, 3-4a, and 3-26 (entry 4). This highlights the
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crucial roles of quinuclidine and Na;COj3 in the reaction. Only iridium photocatalyst 3-
P12 is unable to directly activate the C—H bond of fructose derivative 3-1a. The
involvement of quinuclidine is necessary, as it undergoes electron transfer with 3-P12,
generating N-radical that act as abstractors for the C—H bond of 3-1a. The mechanism
is shown in Scheme 3-9. Therefore, when using iridium photocatalyst 3-P12 as the
catalyst, the addition of quinuclidine and Na>COs is required for successful alkylation.
The experiments showed that both TBADT and NaDT produced alkylated product 3-
4a with high yield and site-selectivity (entries 1 and 2), indicating that the reaction
predominantly occurred at the C5—H bond, which has a larger bond dissociation energy.
However, based on the calculation results using the Nernst equation (section 3.2.1), the
reaction was expected to occur more favorably at the C4-position. I consider TBADT
and NaDT are larger size compared to anthraquinone, exhibited steric hindrance that

inhibited hydrogen abstraction from the C4-position.

Table 3-1-2. Screening of metal photocatalysts for C(sp*)-H Alkylation of 3-1a.?

>( metal photocatalyst (1.0 mol%) >(
0" ™o base (1.0 equiv) 0" o

A~ EtO,C

- + 2 C0,Et 2o +
OWOH ’ MeCN, rt, 21 h MOH
ﬁ\o 365 nm ﬁ\o

3-1a 3-2a 3-3a
Et0,C

Lo

3-4a 3-26
base | 9€ | 9C a0 (3-3a:3-
entry metal photocatalysts (1 equiv) conv. | yield 42:3-26)
(%) (%) '

1 TBADT NaHCOs3 87 80 <1:98:2

2 NaDT NaHCOs3 92 86 <1:91:9
3 | [Ir{dF(CF3)ppy}2(dtbpy)]PFs | NaHCOs3 <l - -

4° | [Ir{dF(CF3)ppy }2(dtbpy)]PFs | Na,CO; 45 40 <1:6:94
5 Ir(ppy)s NaHCO3 <1 - -
6 RuCla(phen)s NaHCO3 <1 - -
7 Ru(bpy)3;Cl*6H20 NaHCOs3 <l - -
8 Ru(bpy)3(PF6)2 NaHCOs3 <l - -

23_2a (3 equiv), MeCN (0.1 M); Pyield of 3-3a; “Quinuclidine (30 mol%), Na,COs (1.5

equiv).
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Scheme 3-9. The possible mechanism of Table 3-1-2, entry 4.
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3.2.3 Optimization of Reaction Conditions for Anthraquinone-catalyzed C(sp*)-H
Alkylation of 3-1a
1) Screening of Bases

In the experiments using anthraquinone as the photocatalyst, good conversion of
3-1a and yield of alkylated products were achieved (Table 3-1-1). Additionally, base
was found to impact the product ratio. Therefore, the influence of bases in
anthraquinone-catalyzed system was investigated to improve the yield of 3-3a (Table
3-2). when no base was added to the reaction system, the total yields of 3-3a and 3-4a
was 49% with a ratio of 3-3a:3-4a:3-26 of 2.5:1.0:0.75 (entry 1). This indicates that the
reaction process is different from proton-coupled electron transfer (PCET) process
observed in Chapter 2, where the involvement of a base is necessary for the PCET
process. When NaHCO3 was used as the base (entry 2), the total yields of 3-3a and 3-
4a was 54% with a ratio of 3-3a:3-4a:3-26 of 3.0:1.0:2.1. Similarly, when Na,COs3,
KHCOs3, KoHPO4 KH2POy4, and Cs>CO3 were employed as the base (entries 3—7), the
total yields of 3-3a and 3-4a were 56%, 49%, 57%, 46% and 65% respectively. Finally,
when K3PO4 was used as the base (entry 8), the total yields of 3-3a and 3-4a increased
to 71% with a ratio of 3-3a:3-4a:3-26 of 2.7:1.0:0.85. Comparing the result in entry 1,
the yield of 3-3a and 3-4a were improved by adding the base (NaHCO3, Na,COs,
KHCO3, KoHPO4 and Cs2CO3), indicating that the addition of a base can inhibit the
formation of by-products. Specially, compare the results of adding KHCO3 and K3POs4,
when adding K3POs4, the C5-H alkylated product 3-4a was inhibited. Hence, I
considered that the addition of base may inhibit the formation of by-products by altering
the activity of the C—H bond. This effect can be attributed to the influence of inorganic
salts on the reactivity of C—H bond activation. Photoexcited anthraquinone has strong
electrophilic oxygen and tends to abstract the hydrogen atom of the nucleophilic C—H
bond (Scheme 3-10a). And this normal HAT process is through three-center electron !’
In MacMillan’s work they reported the hydrogen bonding was formed between oxygen
anion of phosphate and hydrogen atom of hydroxy group in HAT process, changing the
activity of C-H linking to the hydroxy group (Scheme 1-28b)."® 1 considered the
hydrogen bonding effected the three-center electron HAT process showed in Scheme 3-
8b. The addition of a base may make low reaction activity of several C—H bonds of 3-

1a and the excited anthraquinone, and thus be inhibited. From the above experimental
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results and discussion, it was observed that the alkylation reaction could promote by

adding K5POg4 (entry 8).

Table 3-2. Screening of bases for anthraquinone-catalyzed C(sp®)-H alkylation of 3-

1a?

>( anthraquinone (20 mol%) O>(
o]

o) base (1.0 equiv) EtO.C
+ ZC0,Et 2 \/W/ +
2 (0] N OH
OWOH MeCN, rt., 20 h J o
ﬁ\o 365 nm ﬁ\

3-1a 3-2a
EtO,C
o
—-o
3-4a 3-26
entry base GC conv. (%) | GC yield® (%) | ratio (3-3a:3-4a:3-26)
1 - 92 49 2.5:1.0:0.75
2 NaHCO;3 97 54 3.0:1.0:2.1
3 Na,COs3 >99 56 3.4:1.0:2.9
4 KHCO;3 >99 49 5.4:1.0:6.4
5 K>HPO4 >99 57 3.2:1.0:2.3
6 KH2PO4 90 46 2.5:1.0:0.76
7 Cs2CO3 80 65 2.3:1.0:0.49
8 K5PO4 93 71 2.7:1.0:0.85

33-2a (2 equiv); MeCN (0.1 M); ®Total yields of 3-3a, 3-4a.

Scheme 3-10. The effect of bases.

a) Anthraquinone excited by light to generate abstractor O radical

O Qe
0] (0]

b) The three center transition state of HAT between O radical
and C-H effected by K3PO,4

0
K* g
O o
O HXC O---H---C
%(_/

3e
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2) Screening of Solvents and the Amount of Alkenes

Since the reaction was also occurred smoothly without adding base. Therefore,
when discussing the influence of the solvent effect, there was no base added (Table 3-
2-1). When using CHCl3, the conversion of 3-1a was 29% and the total yields of mono-
alkylated products (3-3a and 3-4a) was only 7% (entry 1). In contrast, when ethyl
acetate was used, the conversion of 3-1a increased to 55% and the total yields of mono-
alkylated products increased to 18% (entry 2). Using DCM, the conversion of 3-1a was
48% and the total yields of mono-alkylated products was only 12% (entry 4). When
acetone was used, the conversion of 3-1a was 87% and but the total yields of mono-
alkylated products was only 29% (entry 6). In case of using MeCN as a solvent, the
conversion of 3-1a was 92% and the total yields of mono-alkylated products was only
49% (entry 8). When THF, pyridine, DMF and DMSO were used, no alkylated product
was formed (entry 3, 5, 7, 9)

From the experimental results, alkylated products were obtained in CHCI3, ethyl
acetate, DCM, acetone, and MeCN. These solvents have dielectric constants of 4.2, 6.0,
8.9, 21, and 38, respectively. On the other hand, the reaction did not occur in THF,
pyridine, DMF, and DMSO, with dielectric constants of 7.6, 12, 37, and 47, respectively.
In conclusion, the dielectric constant was not the primary factor influencing the
occurrence of this reaction.

The HAT processes were similar in anthraquinone-catalyzed and TBADT-
catalyzed systems. In section 3.2.4.2, the excited decatungstate anion was converted to
reactive transient wQ, which possessed the oxyradical-like character. According to the
investigation by Seghrouchni ef al., the transient wO species of the decatungstate anion
exhibited high reactivity towards various organic solvents. However, W10O3*~ formed
strong precomplexes with MeCN and acetone, enabling effective reactivity of the wO
species in these solvents.!® In section 3.1.1, the excited anthraquinone also possessed
the reactive oxygen radical. I hypothesized that the excited anthraquinone also formed
strong precomplexes with MeCN and acetone, ensuring the effectiveness of the
reactive species. Therefore, we observed smooth formation of alkylated products 3-3a

and 3-4a in both acetone and MeCN (entries 1, 2, 4, 6, and 8).
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Table 3-2.1. Screening of solvents.?

o>( Oyo

0] anthraquinone (20 mol%) EtO.C
+ 2 C0,E ? MOHJ'
OWOH solvent, r.t.,, 20 h o ©
/fo 365 nm

3-1a 3-2a 3-3a

EtO,C

o
ﬁ\o
3-4a 3-26
entry solvent dielectric GC conv. | GCyield® | ratio (3-3a:3-4a:
constant (%) (%) 3-26)
1 CHCI3 4.2 29 7 1.9:1.0:<0.1
2 ethyl acetate 6.0 55 18 1.5:1.0:<0.1
3 THF 7.6 1 - -
4 DCM 8.9 48 12 2.1:1.0:<0.1
5 pyridine 12 <1 - -
6 acetone 21 87 29 2.3:1.0:<0.1
7 DMF 37 40 - -
8 MeCN 38 92 49 2.5:1.0:0.75
9 DMSO 47 33 - -

33_2a (2 equiv); solvent (0.1 M); °Total yields of 3-3a, 3-4a.

To investigate the influence of mixed solvents, a combination of MeCN and water,
the addition of K3POj4 as an inorganic base was considered (Table 3-2-2). When a mixed
solvent of MeCN/H>O (2:1) was used, the conversion of 3-1a was 74%, and the total
yields of 3-3a and 3-4a was 51% (entry 1). Increasing the MeCN/H>O ratio to 5:1
resulted in a higher conversion of 3-1a at 82%, and the total yields of 3-3a and 3-4a
increased to 63% (entry 2). Further increasing the MeCN/H>O ratio to 10:1 led to a
conversion of 3-1a at 88%, with 65% yield of 3-3a and 3-4a (entry 3). Based on the
experimental results, the addition of water to the reaction system had a negative impact
on the alkylation process. As the amount of water increased from 1/10 to 1/2, the yield
of mono-alkylated products decreased from 65% to 51%. Moreover, the proportion of
3-3a in the alkylation products did not increase. When anhydrous MeCN was used as
the solvent, the conversion of the reaction reached 93%, and the total yields of 3-3a and
3-4a was 71% (entry 4). Therefore, adding water in this reaction system was not

conducive to alkylation.
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Table 3-2.2. Screening of mixed solvents.?
y anthraquinone (20 mol%) OX

0" ™o K3PO,4 (1.0 equiv) E1O.C
2
o ~(_ oy * 7 COE %W/om
@) solvent, r.t., 20 h ﬁ\o
ﬁ\o 365 nm

3-1a 3-2a 3-3a

EtO,C,

)
3-4a 3-26
GC conv. | GCyield® | ratio (3-3a:3-
entry MeCN/H20 conc. (mol/L) (%) %) 42:3-26)

1 2:1 0.1 74 51 1.7:1.0:0.37
2 5:1 0.1 82 63 2.1:1.0:0.68
3 10:1 0.1 88 65 2.7:1.0:1.0
4 | anhydrous MeCN 0.1 93 71 2.7:1.0:0.85

33_2a (2 equiv); MeCN (0.1 M); ®Total yields of 3-3a, 3-4a.

To improve the yield of 3-3a, the amount of ethyl acrylate (3-2a) was investigated
(Table 3-2-3). When adding 1 equivalent of 3-2a, the total yields of 3-3a and 3-4a was
46% and the ratio of 3-3a:3-4a:3-26:0thers (alkylated products) was 1.6:1.0:0.20:<0.1
(entry 1). It was observed that the reaction was incomplete, resulting in lower yields of
multi-alkylated products. Increasing the amount to 2 equivalents of 3-2a resulted in 71%
total yields of 3-3a and 3-4a, with a ratio of 3-3a:3-4a:3-26:0thers 0f 2.7:1.0:0.85:<0.1
(entry 2). When 3 or 4 equivalents of 3-2a were added, the total yields of 3-3a and 3-
4a decreased to 35% and 21% respectively, and the ratio of 3-3a:3-4a:3-26:0thers
changed significantly (entries 3-4). Even with 6 equivalents of 2a, the total yields of 3-
3a and 3-4a was only 22%, with a ratio of 3-3a:3-4a:3-26:others of 3.5:1.0:5.7:3.0
(entry 5). The addition of more than 2 equivalents of 3-2a resulted in increased yields
of multi-alkylated products and a decrease in the proportion of mono-alkylated products
(entries 2-5). Therefore, the amount of ethyl acrylate (3-2a) was 2 equivalents, leading

to best results.
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Table 3-2.3. Screening of the amount of alkenes.?
>( anthraquinone (20 mol%) OY

0" "o K3PO, (1.0 equiv)
EtO,C
+ ZCO,E ? %w/ +
OH
OWOH 2 MeCN, r.t., 20 h )FO 0
ﬁ\o (x equiv) 365 nm

3-1a 3-2a 3-3a
EtO,C

+ others
0]
3-4a 3-26
entry 2a (equiv) GC yield (%) | ratio (3-3a:3-4a: 3-26:0thers)
1 1 46 1.6:1.0:0.20: <0.1
2 2 71 2.7:1.0:0.85:<0.1
3 3 35 14:1.0:28:5.2
4 4 21 3.5:1.0:2.7:0.2
5 6 22 3.5:1.0:5.7:3.0

"MeCN (0.1 M); *Total yields of 3-3a, 3-4a.

3) Screening of Reaction Time and Temperature

In Table 3-3, the effects of reaction time and temperature were investigated to
improve the yield of 3-3a. When the reaction time was 12 h (entry 1), total yields of
mono-alkylated products 3-3a and 3-4a was 65% with a ratio of 2.3:1.0:0.5 (3-3a:3-
4a:3-26). It indicated that the conversion of 3-la was incomplete. Increasing the
reaction time to 24 h (entry 2) resulted in total yields of 72% for mono-alkylated
products, with a ratio of 2.8:1.0:1.2. However, extending the reaction time to 36 h (entry
3) led to a decrease in the total yields to 53%, with a ratio 0f 2.9:1.0:1.8, while the yields
of multi-substituted products increased.

Regarding the reaction temperature, at 15 °C (entry 4), total yields of mono-
alkylated products 3-3a and 3-4a were 69% with a ratio of 2.9:1.0:1.0. Lowering the
temperature to 10 °C (entry 5) resulted in a slightly higher total yields of 72% for mono-
alkylated products with a ratio of 3.4:1.0:0.6. Further decreasing the temperature to 5 °C
(entry 6) led to a decrease in the total yields to 61% with a ratio of 2.3:1.0:0.2.

The experimental results reveal that both reaction time and temperature play

significant roles in the yield and selectivity of the mono-alkylated products. In summary,
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the results suggested that optimal reaction time of 24 h and temperature of 10 °C
provide the highest yield and selectivity for the desired mono-alkylated products.

Table 3-3. Screening of reaction time and temperature.®

>( anthraquinone (20 mol%) OB(

0" ™o K3POy4 (1.0 equiv)
EtO,C
o S on * 7 CO.Et ? %W/om
o) MeCN, t, T
/fo 365 nm 0

3-1a 3-2a
EtO,C
(@)
3-4a 3-26
entry | time (h) T (°C) GC yield (%)° ratio (3-3a:3-4a:3-26)

1 12 rt 65 2.3:1.0:0.5
2 24 rt 72 2.8:1.0:1.2
3 36 rt 53 2.9:1.0:1.8
4 24 15 69 2.9:1.0:1.0
5 24 10 72 3.4:1.0:0.6
6 24 5 61 2.3:1.0:0.2

23-2a (2 equiv); MeCN (0.1 M); *Total yields of 3-3a, 3-4a.
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3.2.4 Optimization of Reaction Conditions for TBADT-catalyzed C(sp’)-H
Alkylation of 3-1a
1) Screening of Bases

Several bases were screened to improve the yield of 3-4a (Table 3-4). When
Na;COs was used as the base (entry 1), the conversion of 3-1a was 96% and the yield
of 3-4a was 86%. Similarly, using KHCO3, Na,HPO4, NaH,PO4 and K3PO4 as bases
resulted in conversions of 3-1a were 97%, 95%, 89%, and 77%, respectively, and yields
of 3-4a were 83%, 89%, 88%, and 63%, respectively (entries 2—5). Interestingly, the
addition of K3PO4 to the TBADT-catalyzed system led to a decrease in both the
conversion of 3-1a and the yield of 3-4a, indicating its inhibitory effect on the alkylation
of C5-H. This observation was consistent with the findings in the anthraquinone
catalytic system, where the addition of K3PO4 inhibited the alkylation of C5-H, leading
to an increase in the proportion of 3-3a (at C4—H alkylation) and a decrease in the yield
of multi-alkylated products. When Cs2CO3 was added as the base (entry 6), a significant
decrease in both the conversion of 3-1a and the yield of 3-4a was observed, reaching
30% and 9% respectively. The results observed that the yield of 3-4a was inhibited in
the presence of any base. According to the report by Hill ef al., the HAT process of the
excited dectungstate anion with C—H bonds of substrates did not require a base, as
discussed in section 3.1.2.%° The reason of decreasing the yield of 3-4a by adding a base
likely inhibits the formation of the transition state of hydrogen atom abstraction of C5—
H bond by oxygen radical (similar to Scheme 3-7b).?! Therefore, the best result was
obtained without adding a base, where the conversion of 3-1a was 93% and the yield

of 3-4a was 92% (entry 7).
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Table 3-4. Screening of bases.?

Et0,C
)Y TBADT (1.0 mol%)
0" "o base (1.0 equiv)

- + ZCO,E -
OWOH MeCN, rt, 21 h
ﬁ\o 365 nm

(3 equiv)

3-1a 3-2a 3-4a
entry base GC conv. (%) GC yield (%)
1 Na;COs3 96 86
2 KHCO3 97 83
3 Na;HPOq4 95 89
4 NaH,POq4 89 88
5 K5POq4 77 63
6 Cs2CO3 30 9
7 - 93 92

"MeCN (0.1 M).

2) Screening of Solvents and the Amounts of Alkenes

Several solvents were investigated to improve the yield of mono-alkylated product
3-4a (Table 3-5-1). When solvents, such as CHCls, ethyl acetate, THF, DMF and DMSO
were used, 3-4a was not obtained (entries 1-3, 6, and 8). However, when pyridine was
used as the solvent, the yield of mono-alkylated product 3-4a was only 4% (entry 4).
On the other hand, when acetone was used as the solvent, the yield of 3-4a was 64%
(entry 5). The highest yield of 3-4a, reaching 92%, using MeCN as the solvent (entry
7).

From the above results, alkylated product 3-4a was observed using pyridine,
acetone, and MeCN as solvents, despite their different dielectric constants. The
dielectric constants of these solvents are 12, 21, and 38, respectively. In contrast, CHCl3,
ethyl acetate, THF, DMF, and DMSO have dielectric constants of 4.2, 6.0, 7.6, 37, and
47, respectively, but no significant formation of alkylation products was observed.
These results suggested that the yield of 3-4a did not show a clear correlation with the
dielectric constants of the solvents used in this study. In section 3.2.3, the solvent effect
was discussed in anthraquinone catalytic system, which shared similarities with HAT
reaction processes in TBADT catalytic system. Notably, similar results were obtained

in both systems, where acetone and MeCN were found to be favorable solvents.
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Seghrouchni, et al. investigated solvent effect of HAT reaction process. They found that
transient wO species of the decatungstate anion exhibited high reactivity with various
organic solvents. However, W19032*" formed strong precomplexes with MeCN and
acetone, allowing the wO to react effectively in these solvents. Our experimental results
were consistent with these findings, as we observed good yields of alkylated product 3-

4a in both acetone and MeCN (entries 5 and 7).

Table 3-5-1. Screening of solvents.?

O>(o TBADT (1.0 mol%)

+ ZCO,Et -
OW/OH 2 solvent, rt, 21 h
ﬁ\o 365 nm
(3 equiv)

3-1a 3-2a
entry | solvent (1.0 mL) | dielectric constant | GC conv. (%) | GC yield (%)
1 CHCI 4.2 <1 -
2 ethyl acetate 6.0 1 -
3 THF 7.6 <1 -
4 pyridine 12 7 4
5 acetone 21 67 64
6 DMF 37 43 -
7 MeCN 38 94 92
8 DMSO 47 8 -

solvent (0.1 M).

The ratio between MeCN and H>O in the mixed solvent was investigated to
improve the yield of 3-4a (Table 3-5-2). When H>O was used as the sole solvent, the
yield of 3-4a was only 2% (entry 1). This result indicates that the reaction was
significantly inhibited by H>O. When the mixed solvent MeCN/H2O (1:1) was added,
the yield of 3-4a was increased to 31% (entry 2). Increasing the MeCN/H-O ratio to 5:1
resulted in a higher yield of 3-4a at 55% (entry 3). Further increasing the MeCN/H>O
ratio to 20:1 led to the yield of 3-4a at 84% (entry 4). These results demonstrated that
as the amount of water decreased in the solvent mixture, the yield of 3-4a increased.
When anhydrous MeCN was used, the yield of 3-4a reached 92% (entry 5). Hence, the
addition of water in this reaction system was found to be unfavorable for the alkylation

process.
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The effect of solvent concentration on the reaction was also investigated. When
the concentration was increased to 0.2 M, the yield of 3-4a decreased to 89% (entry 6).
Similarly, when the concentration was reduced to 0.05 M and 0.025 M, the yields of 3-
4a decreased further to 63% and 46%, respectively (entries 7 and 8). These results
indicate that as the reaction concentration decreased, the yield of 3-4a gradually
decreased as well. The lower concentration may have hindered the reaction between the
excited TBADT and 3-1a, resulting in lower yields (entries 5, 7, and 8). Based on these
observations, it can be concluded that the optimized conditions for the reaction involve

using anhydrous MeCN with a concentration of 0.1 M.

Table 3-5-2. Screening of ratio of MeCN/H20 and concentration.

EtO,C
X

(o) TBADT (1.0 mol%)

+ ZC0,E -
OWOH MeCN/H,0, rt, 21 h
ﬁ\o 365 nm

(3 equiv)
3-1a 3-2a 3-4a
entry MeCN/H0 conc. (mol/L) GC conv. (%) | GCyield (%)
1 H>O 0.1 20 2
2 1:1 0.1 33 31
3 5:1 0.1 69 55
4 20:1 0.1 90 84
5 anhydrous MeCN 0.1 94 92
6 anhydrous MeCN 0.2 91 89
7 anhydrous MeCN 0.05 68 63
8 anhydrous MeCN 0.025 51 46

"MeCN (0.1 M).

The amount of ethyl acrylate (3-2a) was investigated (in Table 3-5-2). When 1
equivalent of 3-2a was added, the yield of 3-4a was 42% (entry 1). Increasing the
amount to 2 equivalents led to an improved yield of 77% (entry 2). However, in both
cases (entries 1 and 2), 3-1a did not completely react, likely due to an insufficient
amount of 3-2a. To address this, 3 equivalents of 3-2a were added, resulting in the
highest yield of 92% (entry 3). However, when the amount of 3-2a was further increased

to 4 equivalents, the yield of 3-4a decreased to 86% due to the formation of some by-
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products (entry 4). In summary, the optimal amount of 3-2a to achieve the highest yield

of 3-4a was found to be 3 equivalents.

Table 3-5-3. Screening of the amount of alkenes.?

o<

0] TBADT (1.0 mol%)

+ ZCO,Et
OWOH MeCN. rt, 21 h
ﬁ\o 365 nm

(x equiv)
3-1a 3-2a 3-4a
entry 3-2a (equiv) GC conv. (%) GC yield (%)
1 1 46 42
2 2 85 77
3 3 94 92
4 4 97 86

?Anhydrous MeCN (0.1 M).

3) Screening of Reaction Time

From the above experimental results, when the reaction time was 12 h, the yield
of 3-4a was 72% and 3-1a was not fully converted (entry 1). Therefore, the reaction
time was extended to 24 h (entry 2). As a result, the yield of 3-4a was 96%. Although
by the reaction time was prolonged to 36 h, the yield of 3-4a was slightly decreased and
by-products were formed (entry 3). Judging from the above experiments, the optimal

reaction time was 24 h.

Table 3-6. Screening of reaction time.?

(o) TBADT (1.0 mol%)

N + /\002Et L
O%OH MeCN, rt, t
ﬁ\o 365 nm

(3 equiv)

3-1a 3-2a 3-4a
entry time (h) GC conv. (%) GC yield (%)
1 12 77 72
2 24 97 96
3 36 99 95

?Anhydrous MeCN (0.1 M).
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3.2.5 Scope of Alkenes
1) Scope of Alkenes for Anthraquinone-catalyzed C(sp’)-H Alkylation of 3-1a
Under the optimized reaction conditions shown in Table 3-3, entry 6, the alkylation
reagents were investigated (Scheme 3-11). By using ethyl acrylate (3-2a), mono-
alkylated fructopyranose derivative 3-3a was obtained in 56% yield (total yields of 3-
3a and 3-4a were 72%). When tert-butyl acrylate (3-2b) was used, the corresponding
alkylated product 3-3b was produced in 60% yield, and total yields of 3-3a and 3-4a
were increased to 88%. This might be attributed to the larger size of the tert-butyl group,
which inhibited the formation of multi-alkylated products. When using ethyl
methacrylate (3-2¢) or ethyl crotonate (3-2d), the corresponding alkylated products 3-
3¢ and 3-3d were obtained in 48% and 8% yields, respectively. The yield of 3-3d was
lower than that of 3-3¢, probably due to the steric repulsion between the methyl group
of 3-2d and the substituents of 3-1a. Dimethyl fumarate (3-2e) gave mono-alkylated
product 3-3e in 42% yield. By using vinyl ketone 3-2f, vinyl sulfone 3-2g or
acrylonitrile 3-2h as the alkylation reagents, the corresponding alkylated products 3-3f,
3-3g, and 3-3h were obtained in 33%, 59%, and 52% yields, respectively. The C(sp*)—

H alkylation did not proceed in the case of fumaronitrile (3-2i).
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Scheme 3-11. Scope of alkenes for anthraquinone-catalyzed C(sp®)-H alkylation of 3-
1a®.

anthraquinone (20 mol%) R X
K3PO4 (1.0 equiv) 0" o

O><O R2 R2

N + 1 > - N
OWOH RSJVR MeCN, 10 °C, 36 h _ 0" \~OH
ﬁ\o 365 nm H\O

3-1a 3-2a-2i 3-3a-3i
< < <
EtO,C o 'Bu0,C 0 EtO,C o
0" NS0\ OH 0 NS\ OH 0 W o\ _OH
3 3 o
3-3a 56% (72%)° 3-3b 60% (88%) 3-3c 48%° (71%)°

MeO,C Oy

MeOC
o OH

Eto2 o
3 3d 8%(18%)¢ 3 3e 42%" (63%)¢ 3- 3f 33% (47%)

CN O
Pho?s\/w/ \/w/ M
3- 3g 59% (76%) 3 3h 52% (72%)° 3 3i <1% (<1%)°

3-2a (2.0 equiv). "The total yields of mono-alkylated products 3-3a—3i and 3-4a—4i
(see Scheme 3-6) is reported in parentheses. 24 h. 9r.t. °Diastereomers (1.4:1.0).

Diastereomers (1.6:1.0).

2) Scope of Alkenes for TBADT-catalyzed C(sp®)-H Alkylation of 3-1a

Under the optimized reaction conditions shown in Table 3-6, entry 2, the alkylation
reagents were investigated (Scheme 3-12). Treatment of fructopyranose derivative 3-
1a with ethyl acrylate (3-2a) or tert-butyl acrylate (3-2b) provided alkylated products
3-4a and 3-4b in 96% and 88% yields, respectively. The use of ethyl methacrylate (3-
2¢) or ethyl crotonate (3-2d) as substrates produced the corresponding alkylated
products 3-4c and 3-4d in 73% and 61% yields, respectively, as a mixture of
diastereomers. In the case of 3-2d, the alkylation reaction proceeded by avoiding steric

hindrance from the methyl group. Dimethyl fumarate (3-2¢) provided 3-4e in 80% yield,
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with a diastereomeric ratio of 2.5:1. Methyl vinyl ketone (3-2f) gave the desired
alkylated product 3-4f in 97% yield. Phenyl vinyl sulfone (3-2g) and acrylonitrile (3-
2h) also yielded the corresponding alkylated products 3-4g and 3-4h in 47% and 30%,
respectively. Finally, fumaronitrile (3-2i) was used as an alkylation reagent, and
alkylated product 3-4i was obtained in 71% yield. Overall, these results demonstrate
the broad alkenes scope and site-selectivity of the TBADT photocatalyzed C(sp*)-H

alkylation reaction, and its potential utility in the synthesis of complex molecules.

Scheme 3-12. Scope of alkenes for TBADT-catalyzed C(sp*)-H alkylation of 3-1a.

%

o R TBADT (1.0 mol%)

R1
N + 1
OWOH Rs&R MeCN, rt, 24 h o

ﬁ\o 365 nm
3 equiv

3-1a 3-2a-2i

tBUOzC

0
ik
3-4a 96% 3-4b 88% 3-4¢c 73% (1.1:1)?

Et0,C MeO,C MeOC
MeOQC

0] OH 0] OH
1o 0
3-4d 61% (4.7:1)>° 3-4e 80% (2.5:1)? 3-4f 97%
PhO,S NG

0 OH 9 3
e T

3-49 47% 3-4h 30%" 3-4i 71% (1.2:1)

“Ratio of diastereomers. "TBADT (5.0 mol%), 36 h.
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3.2.6 Scope of Saccharides
1) Scope of Saccharides for Anthraquinone-catalyzed C(sp?)-H Alkylation

Under the optimized reaction conditions shown in Table 3-3, entry 6, the scope of
saccharides was investigated (Scheme 3-13). The structures of saccharides 3-1b—1j are
shown in the Experimental Section. C(sp®)-H alkylation of 3-1b with 3-2a gave the
corresponding mono-alkylated product 3-5 in 72% yield (the total yields of mono-
alkylated products was 89%). C(sp*)-H alkylated product 3-6 was formed from 3-1¢
and 3-2b, and the yield of 3-6 was low. The corresponding mono-alkylated products 3-
7 and 3-8 were obtained in 35% and 79% yields, respectively. Using 3-1e and its
acetylated saccharide 3-1f as the substrates, C(sp>)-H alkylation proceeded and the
corresponding alkylated products 3-9 and 3-10 formed whereas the yields of the
products were not satisfactory and there was no selectivity observed in the formation
of alkylated products 3-9 and 3-10. Five mono-alkylated products were detected by GC-

MS in the reaction mixtures of 3-9 and 3-10.

Scheme 3-13. Scope of saccharides for anthraquinone-catalyzed C(sp*)-H alkylation.

(RO)m, anthraquinone (20 mol%)
RO
\\ )n + /\COZR RO,C ( \ )m
v = MeCN (0.1 M), rt, 24 h N
. 365 nm O
3-1b-3-1j 3-2a or 3-2a 3-5-3-10

o>( OH \%
EtO,C P 'BUO,C O‘P S
o~ o OAc o~ o N\ O
1o °

3-5 72% (89%)? 3-6 4% (26%)?

CO,Et . No selectivety

OAc | Et0,C  oH Et0,C  OAc

Meo\\\Zo OMe Meo\\\zo OMe
MeM MeM/
OMe OMe
3-9 15%3 3-10 42%3

3-879% (84%)?

aThe total yields of mono-alkylated products is reported in parentheses.
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2) Scope of Protected Saccharides for TBADT-catalyzed C(sp®)-H Alkylation
Under the optimized reaction conditions shown in Table 3-6, entry 2, the scope of
saccharides was investigated (Scheme 3-14). The alkylation of 3-1b, in which the
primary hydroxy group of 3-1a was protected by acetyl group, with ethyl acrylate (3-
2a) gave mono-alkylated fructopyranose derivative 11 in 70% yield. Saccharide 3-1¢
bearing a different protecting pattern compared with 3-1a reacted with tert-butyl
acrylate (2b) to give mono-alkylated product 12 in 70% yield. The alkylation of
saccharide 3-1d, which is the acetylated compound of 3-1¢, with ethyl acrylate (3-2a)
gave 13 in 65% yield. The desired mono-alkylated product 14 was obtained in 75%
yield by the reactions of D-galactopyranose derivatives 3-1e with 3-2a. The alkylation
also proceeded site-selectively using furanose as a substrate. Using 3-1i and its
acetylated saccharide 3-1j as the substrates, C(sp®)-H alkylation proceeded and the
corresponding alkylated products 16 and 17 formed whereas the site-selectivity of the
products were not satisfactory (The alkylation proceeded at C5- and C6- positions).
When acetyl group is used to protect C6—OH, the site-selectivity of C6—H was reduced,
probably due to the steric hindrance. Mono-alkylated sorbose derivatives 18 and 19
were produced in 40% and 54% yields, respectively, by the reaction of L-sorbofuranose

derivative 3-1g or its methylated saccharide 3-1h with 3-2a.
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Scheme 3-14. Scope of Protected Saccharides for TBADT-catalyzed C(sp’)-H

Alkylation.
R2
(RO)m R2 TBADT (1.0 mol%) R3
+ 1 (RO)
)N R’ R m
o R3J\/ MeCN (0.1 M), rt, 24 h e
365 nm o "
(n=0,1) (3.0 equiv) (n=0,1)
3-1b-1j 3-2a or 3-2b 3-11-19
‘BuO,C EtO,C

3-14 75%

AcO
EtOZC\/\BC6

MeO O OMe
MeO

OMe
317 41% (1:1)2

3-15 80%
CO,Et

3-18 40%

AcO o%
) ~O o
T

3-13 65%

HO
EtO,C

MeO\/\> o

O OMe
MeO

OMe
3-16 30% (4:1)7
CO,Et

3-19 54%

83-2a (1.0 equiv); The ratio of isomers is reported in parentheses.

3) Scope of Less or Unprotected Saccharides for TBADT-catalyzed C(sp’)-H

Alkylation

By the reactions of unprotected glucose 3-27 or galactose 3-28 with 3-2a, alkylated

products were not formed (Scheme 3-15a, b). Similarly, in the reaction of less protected

fructose 3-29 with 3-2b, alkylated product was not obtained (Scheme 3-15c). In the

second step of each reaction, the hydroxy groups of the reaction mixture were protected

with acetic anhydride after first step, in order to facilitate the detection of alkylated

product. I considered that saccharides contain many OH groups, which form strong
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hydrogen bonding with the decatungstate anion of TBADT, and thus the catalytic
activity of TBADT is inhibited.

Scheme 3-15. Scope of Less or Unprotected Protected Saccharides for TBADT-
catalyzed C(sp®)-H Alkylation.

H%é&

TBADT (1.0 mol%)

oH OH + /\CozEt > removed solvents
MeCN/H,0 (9:1, 0.1 M)
D-glucose (3.0 equiv) rt, 21 h, 365 nm
3-27 3-2a

acetic anhydride (6.0 equiv.)

» alkylated products

pyridine (0.1 M), 0°Ctort,3 h <1%
b)
H
HO o
0 TBADT (1.0 mol%)
HO + 2 CO,E removed solvents
oH OH MeCN/H,0 (9:1, 0.1 M)
D-galactose (3.0 equiv) rt, 21 h, 365 nm
3-28 3-2a
i hydride (6.0 iv.
acetic anhydride (8.0 equiv.) , alkylated products
pyridine (0.1 M), 0 °C to rt, 3 h <1%
c)
OYO TBADT (1.0 mol%)
+ Z>C0,Bu > removed solvents
OH "0"\OH MeCN (0.1 M), rt, 21 h
OH 365 nm
less protected
D-f:r;igtgose (3.(;_equuiv) acetic anhydride (4.0 equiv.) _ alkylated products
pyridine (0.1 M), 0°Ctort,3 h <1%

111



3.2.7 Proposed Reaction Mechanism
1) Radical Trapping Experiments

When adding 1.5 equivalents of TEMPO into anthraquinone-catalyzed C(sp*)-H
alkylation under the reaction conditions in Table 3-3, entry 6, alkylated products 3-3a
and 3-4a were not obtained. (Scheme 3-16). This result indicated that the C(sp*)-H

alkylation proceeded via a radical pathway.

Scheme 3-16. Radical trapping experiment of anthraquinone-catalyzed C(sp®)-H
alkylation using TEMPO.

TEMPO (1.5 equiv)
y anthraquinone (20 mol%) y
0" "o K3PO, (1.0 equiv) 0" "o

OWOH * /\CozEt > EtOzC\/W/
(0] MeCN, rt, 24 h
/fo 365 nm O
(3-1a 87% recov)
3-1a 3-2a 3-3a <1%

When 1.5 equivalents of TEMPO were added to the TBADT-catalyzed C(sp*)-H
alkylation under the reaction conditions described in Table 3-6, entry 2, a significant
decrease in the yield of 3-3a was observed (Scheme 3-17). Additionally, the formation
of TEMPO-adduct 3-20 was observed. This result strongly suggested that C(sp*)-H
alkylation proceeds through a radical pathway. The presence of TEMPO-adduct 20

indicated the generation of C5 radical during the reaction.
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Scheme 3-17. Radical trapping experiment of TBADT-catalyzed C(sp®)-H alkylation
using TEMPO.

_ EtO,C
>( TEMPO (1.5 equiv)
0 o TBADT(1.0 mol%)

N -~
- + 2 CO,Et -
OWOH *~ MeCN, 1t, 24 h 0
ﬁ\o 365 nm o)

(1a 59% recov)
3-1a 3-2a 3-4a 10%

N-O Oyo
OWOH
0
3-20 11%
(GC yield)

2) Plausible Reaction Mechanism of Anthraquinone-catalyzed C(sp*)-H
Alkylation

Based on the above results and previous reports, the plausible reaction mechanism
of anthraquinone-catalyzed site-selective C(sp®)-H alkylation of saccharides is shown
in Scheme 3-18a. For anthraquinone-catalyzed C(sp®)-H alkylation: (A-1) the
photoexcitation of anthraquinone to generate excited anthraquinone Al; (A-2) the
hydrogen abstraction from saccharide 3-1a—1j with A1 to give radical intermediate A2
and radical species A3; (A-3) the nucleophilic addition of radical intermediate A2 to
electron-deficient alkene 3-2a—2i to give radical intermediate A4; and (A-4) an electron
transfer from A3 to radical intermediate A4 to form anion intermediate AS and
regenerate anthraquinone photocatalyst. Finally, the intermediate A5 was protonated to
afford alkylated products 3-3a—3i and 3-5-3-10. In step A-4, the hydrogen bonding was
formed between K3PO4 and OH of A3, which facilitated one electron transfer from A3
to radical intermediate A4. The rate-determining step of the HAT process is the
generation of a carbon radical species.?” The small-sized anthraquinone serves as a HAT

photocatalyst, and site-selectivity was controlled by the C—H BDEs.
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Scheme 3-18a. Plausible reaction mechanism of anthraquinone-catalyzed C(sp’)-H

alkylation.
h v
(A 1)

+ \\/

W/OH OH
/r03-1 a—1] \+«H
(A-2) (A-4) R’ OB(O

X OA3 o/ \o OH

33a 3i,

A2 A4

3) Plausible Reaction Mechanism of TBADT-catalyzed C(sp®)-H Alkylation

The plausible reaction mechanism of TBADT-catalyzed C(sp®)-H alkylation is
shown in Scheme 3-18b: (B-1) the photoexcitation of the decatungstate [W10032]* to
generate the excited species [W10032]** (B1) by oxygen-to-metal charge-transfer
(LMCT) upon UV-LED irradiation;>* (B-2) the abstraction of a hydrogen atom from
saccharide 3-la—1j by photoexcited B1 to give radical intermediate B2 and
H'[W10032]°" (B3); (B-3) the nucleophilic attack of radical intermediate B2 to electron-
deficient alkene 3-2a-2i to generate radical intermediate B4; and (B-4) an electron
transfer from B3 to radical intermediate B4, to generate anion intermediate BS and
regenerate the decatungstate photocatalyst [W10032]*. Finally, the intermediate BS was
protonated to produce C(sp*)-H alkylated product 3-4a—4i and 3-11-3-19. In step B-2,
the reaction site is the sterically less-hindered C5 position to avoid the steric repulsion

between the bulky decatungstate B2 and substituent(s) of 3-1a—1j.
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Scheme 3-18b. Plausible reaction mechanism of TBADT-catalyzed C(sp’)-H

alkylation.

3-11-3-19

4) Exploration of the rate-determining step of in TBADT Catalytic System

In kinetic theory, if C—H bond activation is the rate-determining step, the reaction
rate depends on the activation energy of the C—H bond, which is the difference between
the zero-point energies of the reactants and the transition state. According to the
Einstein-Planck and Hooke’s laws, the vibrational energies of chemical bonds can be
calculated using equation (1).

Transition states are typically unstable, with weak bonds. Consequently, there is a
slight difference in the transition state energies between 3-1a and 3-1a-D (Scheme 3-
19). Additionally, due to the difference in reduced mass (), the zero-point energies of
3-1a and 3-1a-D also differ. The calculation processes for p of C—H and C-D bonds are
shown in equations (2) and (3) respectively. The calculated reduced masses of C—H and
C-D bonds are 1.1 and 2.8, respectively.

When the reduced mass is larger, the zero-point energy of the corresponding
substance is smaller. Therefore, the zero-point energy of 3-1a is higher than that of 3-
1a-D. Consequently, the activation energies of 3-la and 3-1a-D are primarily

determined by their zero-point energies. If the rate-determining step is the C—H bond
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cleavage, the reaction rate of 3-1a would be faster than that of 3-1a-D. This can be
supported by kinetic isotope effect (KIE) experiments.

The equation for the vibrational energy of a chemical bond is as follows:

E,=hv=nhn+ 1/2)\/% (1)

h is Planck constant; v is the vibration frequency; k is the force constant of the bond;

mq*my

U= reduced mass; n is energy level.

ml—mz’
_myxm, 12011+ 1.008
Ke-n = o m, ~ 12.011 — 1.008

=1.1(2)

_mirmy _ 12011+2274
Hep = o - = To011 —227a 283

Scheme 3-19. Activation energies of 3-1a and 3-1a-D.

Energy
""""""""" Transition states
Lo
: Activation energy of 1a
1a '
' ivati 1a-D
1a-D oy Activation energy of 1a

Time

The kinetic isotope effect (KIE) experiments of 3-1a and 3-1a-D

Based on the above analysis results, KIE experiments were conducted for 3-1a and
3-1a-D in TBADT-catalyzed C(sp®)-H alkylation as shown in Scheme 3-20. The
experimental results are shown in Table 3-7. Based on the experimental results, two
straight lines were obtained when the reaction times were plotted on the horizontal axis
and the yields on the vertical axis by least-squares method. The slopes of these lines
represent the rate equilibrium constants (K) for the respective reactions of 3-1a and 3-
1a-D. However, since 11% of 3-1a still existed in 3-1a-D, the calculation process of Kp

for 3-1a-D was shown in equation (4). The ratio of Ky for 3-1a to Kp for 3-1a-D was
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calculated to be 5.5. Generally, when the ratio of Ky to Kp is higher than 2, it indicates
that the cleavage of the C—H bond is the rate-determining step. Therefore, these results
suggested that the cleavage of the C—H bond in 3-1a is the rate-determining step.
Adjusted initial rate of deuterium species
0.1931 = Ky x 0.11 + K, X 0.89 (4)
Putting the K= 0.6651 in equation (4):
Kp = 0.1199

Then, the calculation of ratio of Ky to Kp:

Ky 06651

K, 0.1199 55

Scheme 3-20. Parallel reactions of the kinetic isotope effect (KIE) reaction.
a)

TBADT(1.0 mol%)

t0,C
>( MeCN, rt 2
H O "o 365 nm 0o

OWOH + ZCOEt -
K, O \O OH
/fo (3.0 equiv) . /ro
3-4a

3-1a 3-2a

b)

TBADT(1.0 mol%)

EtO,C
>( MeCN, rt 2 D
D 0" ™o 365 nm 0 ™o

OWOH + 2 COE -

O Ko o] 0 OH

—To —o
(89% D) (3.0 equiv)

3-1a-D 3-2a 3-4a-D

Table 3-7. KIE experiments of TBADT-catalyzed C(sp*)-H alkylation.

time (min) 3-4a yield (%) 3-4a-D yield (%)
10 10.6 1.6
20 18.3 3.5
30 23.7 6.1
40 28.7 7.5
50 36.4 9.4
60 453 11.3
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Yield (%)

50
45
40
35
30
25
20
15
10

®Yield (3-4a) Yield (3-4a-D)

y = 0.6651x + 3.8867
Rz =0.9907

y =0.1931x - 0.1933
R2 =0.9953

10 20 30 40 50 60
Time (min)

Figure 3-2. Kinetic analysis of the yields of 3-1a and 3-1a-D over time
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3.2.8 Exploring the Potential Application
1) Switching the Reaction Sites by Catalyst Control

The use of different catalysts, anthraquinone and TBADT, in the alkylation
reactions using saccharides 3-1a, 3-1b, and 3-1f as the substrates allowed for a switch
in the reaction sites. Under the anthraquinone-catalyzed system, the reaction between
3-1a and 3-2a resulted in the formation of both 3-3a and 3-4a, with 72% yield and the
ratio of 3-3a to 3-4a was 3.4 (Scheme 3-21a). In contrast, when using TBADT as the
catalyst, the same reaction exclusively yielded 3-4a with a higher yield of 96%. For the
reaction between 3-1b and 3-2a, the anthraquinone-catalyzed system produced both 3-
5 and 3-11 in 89% yield, with the ratio of 3-5 to 3-11 of 4.2 (Scheme 3-21b). However,
in the TBADT-catalyzed system, only compound 3-11 was obtained with 70% yield.
Similarly, when 3-1f reacted with 3-2a, the anthraquinone-catalyzed system yielded
both 3-8 and others in 84% yield, with the ratio of 3-8 to others of 17 (Scheme 3-21c).
On the other hand, the TBADT-catalyzed system exclusively produced 3-15 with 80%
yield.

Scheme 3-21. Switching the reaction sites by changing catalysts.

a) 3-1a was used as substrate

Z>CO,Et
3-2a (2.0 equiv) y
anthraquinone (20 mol%) 0" o
K3PO4 (1.0 equiv) EtO,C
MeCN (0.10 M), 10 °C, 24 h o~ ~o OH
365 nm /ro

Y 3-3a 56%
0

0 (3-3a:3-4a=3.4:1.0)

OWOH
/r J Et0,C
3-1a

O
2 C0,Et o
3-2a (3.0 equiv) o] ~o OH
TBADT (1.0 mol%) (0] .
MeCN (0.10 M), rt, 24 h 3-4a 96%
365 nm (3-3a:3-4a=<1:99)
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b) 3-1e was used as substrate

Z>Co,Et
3-2a (2.0 equiv)
anthraquinone (20 mol%)
K3POy4 (1.0 equiv)
MeCN (0.10 M), rt, 24 h

365 nm
Oyo
OWOAC
0
ﬁ 3-1b
Z>C0,Et

3-2a (3.0 equiv)

TBADT (1.0 mol%)
MeCN (0.10 M), rt, 24 h
365 nm

c¢) 3-1f was used as substrate

Z > CO,Et
3-2a (2.0 equiv)
anthraquinone (20 mol%)
K3POy4 (1.0 equiv)
MeCN (0.10 M), rt, 24 h

X

O

EtO,C

N\,

(o) O
0]

3-572%
(3-5:3-11=4.2:1.0)

OAc

EtO,C

3-11 70%
(3-5:3-11=<1:99)

365 nm
%OH O  3.879%
o /o OAc (3-8:0thers = 17:1)
C3 [c4
%o
- A
3-1f Z>C0,E o 0 OAc

3-2a (3.0 equiv) g e CO,Et

TBADT (1.0 mol%)
MeCN (0.10 M), rt, 24 h
365 nm

0
)( 3-15 80%

(3-15:others = 99:<1)

Given the superior selectivity of 3-1f compared to 3-la and 3-le in the

anthraquinone-catalyzed system, further investigations were conducted. DFT
calculations using the UB3LTP/6-31G(d) method in Gaussian 16 were employed to
evaluate the bond dissociation energies (BDE) of all C—H bonds of 3-1f (Scheme 3-21).
This analysis aimed to investigate the influence of C—H bond BDE on the reaction
selectivity. These results indicated that the C3—H bond exhibited the lowest bond
dissociation energy (BDE, 82.0 kcal/mol), which was the reaction position in
anthraquinone-catalyzed system. In contrast, TBADT-catalyzed reaction occurred at

C4-H position, and the BDE was 86.2 kcal/mol. The energy difference between these
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two positions was 4.2 kcal/mol. Due to steric hindrance, anthraquinone predominantly
reacted with C3(sp’)-H alkylation of 3-1f, while TBADT catalyzed C4(sp*)-H
alkylation of 3-1f. The remaining positions (C1-H, C2-H, C3-H, C5-H, C6—H) had
significant steric hindrance and thus the reactions were difficult to be promoted
(Scheme 3-22b). There was steric hindrance between C1-H bond and the methyl group
of isopropylidene moiety on C1 and C2 as well as the methyl group of isopropylidene
moiety on C3 and C4. The C2—H is affected by steric hindrance from the methyl group
of isopropylidene moiety on C1 and C2 as well as the adjacent oxygen atom on C3.
Additionally, steric hindrance was observed between the C3—H and the methyl group
of the isopropylidene moiety on C3 and C4. Furthermore, the C5-H was affected by
steric hindrance from the methyl group of isopropylidene moiety on C1 and C2 and

adjacent oxygen atom on C6. The C6—H encountered steric hindrance from the acetyl

group.
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Scheme 3-22. C—H bond dissociation energies of 3-1f and the steric hindrance at non-

reaction sites
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Front view Top view Side view

Figure 3-3. Chair conformation of 3-1f.

2) Exploring Potential Application of Anthraquinone-catalyzed C(sp?)-H
Alkylation
Synthesis of 3-3b on gram scale

Using 1.50 g of 3-1a and 2.22 g of 3-2b, in the presence of 1.22 g of K3PO4 and
anthraquinone catalyst, the reaction was carried out at room temperature for 84 h under
UV-LED (365 nm) irradiation (Scheme 3-23). As a result, a mixture of mono-alkylated
products, 3-3b and 3-4b, was obtained with 76% yield, and the ratio of 3-3b to 3-4b
was 2.6. The major product 3-3b was isolated by column chromatography on silica gel
to give 1.25 g. The result showed that 3-3b can be synthesized at the gram level without
affecting the yield of the reaction using the commercially available cheap
anthraquinone as photocatalyst. This provides a good synthetic method for C4-H

alkylation of fructose.

Scheme 3-23. Synthesis of 3-3b on gram scale.

ZC0,Bu
3 equiv ‘BuO,C
X anthraquinone (20 mol%) >< 2
0" "o K3PO, (1.0 equiv)

0
W/ - Bu0,C
Q 0"-OH MeCN (0.10 M), 25 °C, 84 h 0 0" \-OH
ﬁ\o 365 nm /fo

3-1a 3-3b 56% 3-4b 20%
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3) Exploring Potential Application TBADT-catalyzed C(sp*)-H Alkylation
Synthesis of 3-4a on gram scale

By utilizing 1.50 g of 3-1a, 1.97 g of mono-alkylated product 3-4a was obtained
in 95% yield, in the presence of TBADT catalyst. The reaction was conducted at room
temperature for 84 h under UV-LED (365 nm) irradiation (Scheme 3-24). The result
demonstrated that 3-4a could be synthesized at the gram level without affecting the
yield of the reaction using TBADT as photocatalyst. This provides a good synthetic
method for C5-H alkylation of fructose.

Scheme 3-24. Synthesis of 3-4a on gram scale.

%

o) TBADT (1.0 mol%)

- +  ZCOo,Et
OWOH MeCN, rt, 84 h
ﬁ\o 365 nm

3-1a 3-2a (3 equiv)

3-4a 95%

4) C(sp®)-H Alkylation of Glycoconjugates and Drug Molecules

This method was also applied to the site-selective C(sp®)-H alkylation of several
glycoconjugates and drug molecules (Scheme 3-25). The disaccharide 3-21, composed
of D-glucose and D-fructose, was successfully alkylated in 75% yield with perfect site-
selectivity at the C5-position of the D-fructose moiety. The corresponding dialkylated
product 3-22 was obtained in 72% yield from the disaccharide of D-fructose. The
protected glycosyl phosphate derivative provided mono-alkylated product 3-23 in 79%
yield with perfect site-selectivity. The glycolipid derived from D-fructose and stearic
acid produced alkylated product 3-24 in 64% yield. Alkylated topiramate 3-25 was
obtained in 92% yield.

The successful application of this method to diverse glycoconjugates and drug
derivatives showcases its potential for site-selective C(sp>)-H alkylation in a broad
range of bioactive and natural compounds. Glycoconjugates, including disaccharides
and glycosyl phosphates, serve as vital intermediates in biochemical metabolic
pathways and biosynthesis, respectively.?* The site-selective C(sp*)-H alkylation of

these compounds offers a powerful tool for synthesizing complex carbohydrates and
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glycoconjugates with precise stereo- and regiochemistry. Glycolipids are significant
molecules that play a crucial role in maintaining cell membrane stability and facilitating
cell recognition.”® The successful synthesis of alkylated products derived from a
glycolipid obtained from D-fructose and stearic acid opens new avenues for creating
structurally diverse glycolipids, which have profound implications in various biological
processes. Furthermore, the site-selective C(sp*)—H alkylation of the antiseizure drug,
topiramate, is of great significance as it provides a potential strategy for modifying its
pharmacological properties. Topiramate, used for treating epilepsy and migraines, has
demonstrated additional therapeutic effects, such as weight loss and alcohol

.26 The high-yield production of alkylated topiramate products

dependence treatment
presents an opportunity for further optimizing its therapeutic properties.

Additionally, the utilization of decatungstate as a catalyst in this reaction offers a
practical advantage, as it is a polyoxometalate that can be easily separated from the
organic mixture by filtration. This enhances the convenience and scalability of the
method for synthesizing large quantities of alkylated products. Overall, the successful
application of this method to a variety of glycoconjugates and drug derivatives

highlights its potential for efficiently and selectively synthesizing complex bioactive

and natural compounds with diverse functional groups.
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Scheme 3-25. TBADT-catalyzed C(sp*)-H alkylation of glycosyl derivatives.
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3.3 Conclusion

In Chapter 3, the site-selective intermolecular C(sp®)-H alkylation of saccharides
was realized under anthraquinone and TBADT photocatalysis without using a directing
group or a substrate HAT site.

When using 3-1a as the substrate, anthraquinone demonstrated better performance
compared to other photocatalysts. The addition of a base to the anthraquinone-catalyzed
reaction resulted in the reduction of side reactions, probably due to the polarity change
of C—H bond of substrate. Notably, the presence of K3POjs inhibited the C5-H alkylation
of 3-1a. During solvent screening, the good yield of 3-3a was obtained in acetonitrile
and acetone. According to the Nernst equation, the equilibrium constant for the
homolysis reaction of the C4—H bond was 188 times higher than that of the C5—-H bond
at room temperature, indicating a significantly higher reactivity of the C4-H bond
compared to the C5—H bond. However, despite the higher reactivity, the ratio of 3-3a
to 3-4a was 3.4 at 15 °C. This suggested that there was still steric hindrance between
the C4—H of 3-1a and excited anthraquinone. Therefore, further exploration is needed
to identify better catalysts that can improve the yield of 3-3a.

Consequently, metal photocatalysts were also investigated. Since the ammonium
cation of TBADT is larger than the sodium cation of NaDT, TBADT has greater steric
hindrance compared to NaDT. As a result, the TBADT-catalyzed alkylation exhibited
higher selectivity towards the C5-position than NaDT. Additionally, in the TBADT-
catalyzed reaction, the addition of a base likely inhibited the formation of 3-4a. The
screening of solvents revealed that acetonitrile and acetone also provided good yields.

Furthermore, these reactions allow for the incorporation of various functional
groups, including ester, carbonyl, cyano, and sulfonyl groups, into diverse saccharide
structures. Additionally, by altering the photocatalysts, especially in the case of fructose
and galactose derivatives, the reaction sites can be switched. Anthraquinone-catalyzed
C(sp*)-H alkylation targeted the weak BDE of C(sp*)-H bond of saccharides, whereas
the site-selectivity of TBADT-catalyzed C(sp®)-H alkylation was dominated by steric
effects. In TBADT-catalyzed C(sp’)-H alkylation, the mono-alkylated product is
obtained in excellent yield, even on a gram scale. This reaction was also applicable for

site-selective C(sp*)-H alkylation of glycoconjugates and drug derivatives. We hope
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that this strategy will contribute to the development of C(sp*)-H transformations in

bioactive and natural compounds, including saccharides.
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3.4 Experimental Section
3.4.1 General

'H (400 MHz) and *C (100 MHz) NMR spectra were recorded using a JEOL
ECZ400 spectrometer. 'H (600 MHz) and *C (150 MHz) NMR spectra were recorded
using a JEOL INM-ECAG600 spectrometer. Proton chemical shifts are reported relative
to the residual solvent peak (CDCIs at 7.26 ppm). Carbon chemical shifts are reported
relative to CDCI3 at 77.0 ppm. IR spectra were recorded on a JASCO FT/IR-4200.
High-resolution mass spectra were recorded on JEOL JMS-700 (EI, FAB) spectrometer.
Gel Permeation Chromatography (GPC) was performed by Japan Analytical Industry
LC-5060 with series-connected JAIGEL-1H (f 20 mm x 600 mm) and JAIGEL-2H (f
20 mm x 600 mm). Photo reactions were carried out UV-LED light head AC8361 (A =
365 nm, Controller 8332A (CCS)).

Acetonitrile (MeCN, Wako) was dried over with molecular sieve 4A and then was
frozen-thaw two times to remove air. 1,2-Dichloroethane (1,2-DCE, Wako) was
distilled over CaH> before use. HoO (Takasugi Seiyaku) was deionized. Saccharide
derivatives (Figure 3-4) were prepared according to the reported procedures.?® Other
reagents including alkenes (Figure 3-5) were purchased from commercial sources and

used without further purification.
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Figure 3-4. Structures of saccharide derivatives.

Z>C0,Et Z>C0,t-Bu /J\C O.Et S co,Et
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3-2a 3-2b 3-2¢ 3-2d
3-2e 3-2f 3-2g 3-2h 3-2i

Figure 3-5. Scope of alkenes.
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3.4.2 Synthesis and Characterization of Substrates
1) Conformation of alkylated products 3-3a and 3-4a

The conformations of alkylated products 3-3a and 3-4a were calculated. As shown
in the 3D images below, their conformations were twisted boat forms, which are similar

to the starting material 3-1a.

3D images of alkylated products 3-3a and 3-4a (Front view)
3-3a 3-4a

2) C—H bond lengths of 3-1a (DFT calculations)
The C—H bond lengths on methylene C1 and C6 were much shorter than those on
methine C3, C4 and C5. Because the C—H bond lengths on C3, C4 and C5 were almost

the same, it was difficult to discuss the steric hindrance by the bond lengths (Table 3-
8).

Table 3-8. C—H bond length of boat form of 3-1a.

Reaction site Bond length (A) BED (kcal/mol)
3-1a-C1-H 1.107 (1.106 and 1.108) 85.4
3-1a-C3-H 1.115 83.2
3-1a-C4-H 1.116 82.8
3-1a-C5-H 1.113 87.2
3-1a-C6-H 1.107 (1.105 and 1.109) 85.6
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3) Confirm the Reaction Site

Confirmation of the structure of 3-3g

COSY
c: ¢ N
E

NO )
PhO,S_ ¢ C4
[l ¢ OH
0]
3-3¢g

In DEPT-135 spectrum of 3-3g, nine upward and four downward signals were
assigned as CH; and CH signals and CH: signals, respectively (Figure 3-6). The
spectrum indicated that the bond cleavage occurred at the tertiary C(sp>)-H bond of 3-
1a. The result is suitable for 3-3g. The DEPT-135 spectra of 3-3a-3h were also

measured and the results were consistent with C(sp*)-H alkylated products.
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X : parts per Million : Carbon13

Figure 3-6. DEPT-135 spectrum of 3-3g (400 MHz, CDCI3).

In COSY spectrum of 3-3g, the correlation between hydrogen atoms on C1 and C2
was observed. This result showed that the hydrogen atoms are vicinal (Figure 3-7). This

result supports the structure of 3-3g.
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Figure 3-7. COSY spectrum of 3-3g (600 MHz, CDCI5).

In NOE spectrum of 3-3g, the correlation between hydrogen atoms on C2 and C5,
and C4 and C5 was observed. This result showed that the hydrogen atoms on CS5 are

close to hydrogen atoms on C2 and C4, and support the structure of 3-3g (Figure 3-8).

Figure 3-8. NOE spectrum of 3-3g (600 MHz, CDCl).

Confirmation of the structure of 3-4g

In DEPT-135 spectrum of 3-4g, nine upward and four downward signals were

assigned as CHj3 and CH signals and CH> signals, respectively (Figure 3-9). This result
133



indicated the bond cleavage occurred at the tertiary C(sp>)-H bond of 3-1a. The result
is suitable for 3-4g. The DEPT-135 spectra of 3-4a-4i were also measured and the

results were consistent with C(sp*)-H alkylated products.
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Figure 3-9. DEPT-135 spectrum of 3-4g (400 MHz, CDCI5).

In COSY spectrum of 3-4g, the correlation between hydrogen atoms on C3 and C4
was observed. This result showed that the hydrogen atoms are vicinal, and support the

structure of 3-4g (Figure 3-10).
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Figure 3-10. COSY spectrum of 3-4g (600 MHz, CDCI3).

In NOE spectrum of 3-4g, the correlation between hydrogen atoms on C1, C3 and
C5 was observed. This result showed that the hydrogen atoms on C5 are close to

hydrogen atoms on C1 and C3, and support the structure of 3-4g (Figure 3-11).
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Figure 3-11. NOE spectrum of 3-4g (600 MHz, CDCI3).

4) Synthesis of Compounds

General procedure A (Scheme 3-26): Saccharide 3-1a (26.0 mg, 0.100 mmol),
anthraquinone (4.2 mg, 20.0 umol, 20.0 mol%), K3PO4 (21.2 mg, 0.100 mmol, 1.0
equiv) and acetonitrile (1.0 mL) were added to a test tube under N> atmosphere. Then
alkylene (3-2, 0.200 mmol, 2.0 equiv) was added via a syringe into the tube and the
tube was sealed with a Teflon-lined screw cap. The reaction was carried out at rt for 24
h under 365 nm UV-LED irradiation. Then, the reaction mixture was evaporated and
extracted with dichloromethane (2 x 2 mL). The organic layer was washed with water
and brine, dried over Na>SOg, filtrated, and concentrated in vacuo. The reaction mixture

was purified by column chromatography on silica gel.

Scheme 3-26. Substrate scope of anthraquinone-catalyzed C(sp®)-H alkylation.

A >< anthraquinone (20 mol%) R%__R? X
0 o R? KsPO, (1.0 equiv) w
N + 1 R1 - N\
OWOH R3JVR MeCN, 10 °C, 36 h 0 0" \—~OH
—o (2 equiv) 365 nm —o
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Synthesis of compound 3-3a

X Ethyl acrylate (3-2a). Mixture of mono-alkylated

Etozc\/\?()s& products: Yellowish oil, 25.9 mg, 72% (3-3a:3-4a =
9 O"\~OH 33.10).
(0]

)F 'H NMR (400 MHz, CDCl3) 8 1.27 (t, J = 6.8 Hz, 3H),
1.39 (s, 3H), 1.44 (s, 3H), 1.45 (s, 3H), 1.53 (s, 3H), 2.16-2.21 (m, 2H), 2.41-2.49 (m,
1H), 2.56-2.64 (m, 1H), 3.69 (d, J = 2.0 Hz, 2H), 3.75 (d, J = 12.8, 1H), 3.93 (dd, J =
12.8, 2 Hz, 1H) 3.96 (d, /=2 Hz, 1H), 4.14 ((dq, J = 6.8, 2 Hz, 2H), 4.15 (s, 1H), (OH
is missing); '*C NMR (100 MHz, CDCls) § 14.2, 25.4,26.6,27.3,27.9, 29.2, 32.8, 60.5,
63.0, 65.2, 70.9, 78.5, 79.3, 103.5, 108.1, 111.3, 173.4; HRMS (EI") calculated for
C17H2505 [M+H]" 360.1784, found 360.1786.

Synthesis of compound 3-3b

Tert-butyl acrylate (3-2b), 36 h. Mixture of mono-
O

BuO,C Q alkylated products: Yellowish oil, 34.2 mg, 88% (3-3b:
WOH 3-4b =2.1:1.0.)

'H NMR (400 MHz, CDCl3) § 1.36 (s, 3H), 1.40 (s, 3H),
1.404 (s, 3H), 1.42 (s, 9H), 1.49 (s, 3H), 2.09 (dd, J = 10.0, 7.2 Hz, 2H), 2.26-2.36 (m,
1H), 2.44-2.52 (m, 1H), 3.64-3.66 (m, 2H), 3.70 (d, /= 12.8Hz, 1H), 3.89 (dd, /= 12.8,
2.0 Hz, 1H), 3.92 (d, J = 2.0 Hz, 1H), 4.11 (s, 1H), (OH is missing); *C NMR (100
MHz, CDCl) 98, 25.3, 26.5, 27.3, 28.0 (3C), 29.0, 29.1, 32.7, 63.0, 64.9, 70.8, 78.4,
79.3, 80.3, 103.4, 108.0, 111.1, 172.6; HRMS (EI") calculated for C19H320s [M+H]"
388.2097, found 388.2098.

Synthesis of compound 3-3¢

X Ethyl crotonate (3-2¢), rt, 36 h. Mixture of mono-

Etozc\g/& alkylated products: Yellowish oil, 26.5 mg, 71% (3-3c¢: 3-

%\O 0 OH ge= 2.1:1.0). The ratio of two diastereomers of 3-3¢ was
1.4:1.0.

'H NMR (400 MHz, CDCl3) & 1.19 (d, J = 6.8 Hz, 3H), 1.26 (t, J = 7.2 Hz, 3H), 1.39
(s, 3H), 1.41 (m, 6H), 1.53 (s, 3H), 1.90 (dd, J = 14.4, 4.4 Hz, 1H), 2.10 (m, 1H), 2.55

(dd,J=14.4,9.2 Hz, 1H), 2.70-2.79 (m, 1H), 3.90 (d, J=5.6 Hz, 2H), 3.73 (d, /= 12.8
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Hz, 1H), 3.87 (d, /= 2.0 Hz, 1H), 3.91 (dd, J = 12.8, 2.0 Hz, 1H), 4.01-4.16 (m, 1H),
4.41 (s, 1H); *C NMR (100 MHz, CDCl3) & 14.0, 18.8, 25.3, 26.6, 27.4, 28.8, 34.4,
423, 60.4, 62.8, 65.1, 71.0, 78.4, 79.5, 103.3, 107.9, 111.5, 176.6; HRMS (EI")
calculated for C1sH300s [M+H]" 374.1941, found 374.1940.

Synthesis of compound 3-3e
>( Dimethyl fumarate (3-2e), rt, 36 h. Mixture of mono-
M902C (o) . .

o alkylated products: Yellowish oil, 25.4 mg, 63% (3-3e: 3-

WOH S
Meoz%o 4e - 2.0.1.0).

'H NMR (400 MHz, CDCl3) 8 1.33 (s, 3H), 1.36-1.37 (m, 3H), 1.45-1.46 (m, 3H), 1.52
(s, 3H), 2.76-2.89 (m, 2H), 3.48 (d, J = 10 Hz, 0.5H), 3.61 (d, J= 10 Hz, 0.5H), 3.68-
3.73 (m, 3.5H), 3.76-3.80 (m, 3.5H), 3.90 (dd, J = 10.5, 1.2 Hz, 0.5H), 3.96 (d, /= 10.5
Hz, 0.5H), 4.20-4.23 (m, 1H), 4.35-4.36 (m, 1H), 4.39 (dd, J= 7.6, 2.6 Hz, 0.5H), 4.48
(d,J=2.6 Hz, 0.5H), 4.58-4.60 (m, 1H), (OH is missing); *C NMR (100 MHz, CDCl5)
0, 23.9, 24.0, 25.1, 25.2, 25.8, 25.9, 26.54 (2C), 37.3, 37.5, 51.96, 52.03, 52.2, 52.3,
60.9, 61.0, 69.7 (2C), 70.1 (2C), 70.9 (2C), 71.8, 71.9, 75.6, 76.0, 102.0 (2C), 108.5,
108.6, 108.8, 108.9, 170.2, 170.4, 171.2, 171.5; HRMS (EI") calculated for C1sH23010
[M+H]" 404.1682, found 404.1685.

The ratio of two diastereomers of 3-3d was 1.6:1.0.

Synthesis of compound 3-3f
Methyl vinyl ketone (3-2f), 36 h. Mixture of mono-

Meoc\/\yoﬁz/ alkylated products: Yellowish oil, 15.5 mg, 47% (3-3f: 3-
Q 7o O 4t=22:1.0).

ﬁ\ "H NMR (400 MHz, CDCl3) § 1.39 (s, 3H), 1.42 (s, 3H),
1.44 (s, 3H), 1.52 (s, 3H), 2.07-2.14 (m, 2H), 2.20 (s, 3H), 2.55-2.77 (m, 2H), 3.70 (s,
2H), 3.74 (d,J=12.8 Hz, 1H), 3.92 (dd, /= 12.8, 2.4 Hz, 1H), 3.97 (d, /= 2.4 Hz, 1H),
4.14 (s, 1H), (-OH, missing); *C NMR (100 MHz, CDCls) § 25.4, 26.6, 27.3, 29.2,
30.1, 31.4, 37.0, 63.0, 65.1, 71.0, 78.6, 79.3, 103.5, 108.1, 111.2, 208.1; HRMS (EI")
calculated for C16H2607 [M+H]" 330.1679, found 330.1676.
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Synthesis of compound 3-3g
X Phenyl vinyl sulfone (3-2g), 36 h. Mixture of mono-

Phozs\/\yoﬁz/ alkylated products: White solid, 32.5 mg, 76% (3-3g: 3-
9 e OH 4g=135:1.0).

ﬁ\ "H NMR (400 MHz, CDCl3) 8 1.13 (s, 3H), 1.34 (s, 3H),
1.37 (s, 3H), 1.48 (s, 3H), 2.07-2.14 (m, 1H), 2.29-2.37 (m, 1H), 3.21-3.40 (m, 2H),
3.57-3.66 (m, 2H), 3.71 (d, J=13.2 Hz, 1H), 3.87 (dd, /= 13.2, 2.4 Hz, 1H), 3.92 (d,
J=2.4Hz, 1H), 3.98 (s, 1H), 7.56-7.69 (m, 3H), 7.92-7.94 (m, 2H), (OH is missing);
B3C NMR (100 MHz, CDCls) §, 25.4,26.5, 27.1, 28.6, 30.6, 50.6, 62.8, 64.8, 70.5, 78.2,
78.6,103.4,108.4, 111.6, 128.1 (2C), 129.3 (2C), 133.8, 138.6; HRMS (EI") calculated
for C20H280sS [M+H]" 428.1505, found 428.1504.

Synthesis of compound 3-3h
y Acrylonitrile (3-2h), rt, 36 h. Mixture of mono-alkylated
NC 0" "o products: Yellowish oil, 22.5 mg, 72% (3-3h: 3-4h =2.6:1.0).
?\W/OH "H NMR (400 MHz, CDCls) & 1.42 (s, 3H), 1.46 (s, 6H),
1.54 (s, 3H), 2.07-2.15 (m, 1H), 2.30-2.38 (m, 1H), 2.51-
2.64 (m, 2H), 3.67-3.78 (m, 3H), 3.91-3.96 (m, 2H), 4.17 (s, 1H),(-OH, missing); '*C
NMR (100 MHz, CDCI3) 8, 11.1, 25.5, 26.6, 27.2, 29.3, 33.4, 62.8, 64.9, 70.2, 78.3,

78.8, 103.4, 108.5, 111.8, 119.5; HRMS (EI') calculated for CisH:sNOg [M+H]'
313.1525, found 313.1526.

Synthesis of compound 3-26

Following Procedure in Table 3-3-1 entry 3 (ethyl

acrylate (3-2a, 0.300 mmol), 25 °C, 24 h). Dialkylated
OH product 3-26: Yellowish oil, 18.4 mg, 40%.

'"H NMR (400 MHz, CDCI3) & 1.26 (t, J = 6.8 Hz, 3H),
1.27 (t,J=6.8 Hz, 3H),1.38 (s, 3H), 1.41 (s, 3H), 1.43 (s, 3H), 1.54 (s, 3H), 1.76-1.84
(m, 1H), 2.01-2.24 (m, 3H), 2.32-2.61 (m, 4H), 3.64-3.3.75 (m, 2H), 3.68 (d, J = 12.8,
1H), 3.81 (d,/=12.8, 1H), 4.13 ((q, /= 6.8 Hz, 2H), 4.15 ((q, J = 6.8 Hz, 2H), 4.18 (s,
1H), (OH is missing); *C NMR (100 MHz, CDCl3) § 14.3 (2C), 25.5, 26.4,27.5, 27.9,
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28.2,28.4,29.1,30.1,30.3,60.7, 65.8,67.1, 71.3, 80.6, 82.0, 104.0, 108.7, 109.9, 173.3,
173.5; HRMS (EI") calculated for C22H36010 [M+H]" 460.2308, found 460.2310.

General procedure B (Scheme 3-27): To a test tube, saccharide 3-1a (26.0 mg, 0.100
mmol), TBADT (3.3 mg, 1.00 umol, 1.0 mol%), and acetonitrile (1.0 mL) were added
under N> atmosphere. To the mixture, alkylene (3-2a-2i, 0.300 mmol, 3.0 equiv) was
added via a syringe, and the tube was sealed with a Teflon-lined screw cap. The mixture
was stirred at rt for 24 h under 365 nm UV-LED irradiation. Then, the reaction mixture
was concentrated under reduced pressure, and the crude mixture was purified by

column chromatography on silica gel.

Scheme 3-27. Substrate scope of TBADT-catalyzed C(sp>)-H alkylation.

R2
B O}(

0) R2 TBADT (1.0 mol%)

R
+ 1 >
OWOH RsJ\/R MeCN, rt, 24 h

ﬁ\o 365 nm
3 equiv

3-1a 3-2a-2i

Synthesis of compound 3-4a

EtO2C Ethyl acrylate (3-2a). 3-4a: colorless oil, 34.5 mg, 96% yield.
'"H NMR (400 MHz, CDCl3) § 1.26 (t,J= 7.2 Hz, 3H), 1.38 (s,

OH 3H), 1.40 (s, 3H), 1.44 (s, 3H), 1.56 (s, 3H), 2.23 (t, /= 8.2 Hz,
2H), 2.35-2.53 (m, 2H), 3.61-3.76 (m, 4H), 3.73 (q, J= 7.2 Hz,

2H), 4.28 (d, J = 3.2 Hz, 1H), 4.40 (d, J = 3.2 Hz, 1H); '3*C NMR (100 MHz, CDCl3) &

14.2,25.3,26.2, 26.5, 26.8, 28.6, 33.0, 60.6, 65.7, 66.0, 71.4, 75.4, 79.1, 103.4, 109.1,

109.6, 173.2; HRMS (EI") calculated for C17H2808 [M+H]" 360.1784, found 360.1784.

Synthesis of compound 3-4b
tert-Butyl acrylate (3-2b). 3-4b: white solid, 34.1 mg, 88%
yield.

OH '"HNMR (400 MHz, CDCl3) § 1.25 (s, 3H), 1.40 (s, 3H), 1.44

(m, 12H), 1.56 (s, 3H), 1.90 (t, J = 8.0 Hz, 2H), 2.26-2.44 (m,
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2H), 3.60-3.75 (m, 4H), 4.28 (d, J = 3.2 Hz, 1H), 4.40 (d, J = 3.2 Hz, 1H),(OH is
missing); 13C NMR (100 MHz, CDCls) 8, 25.3, 26.2, 26.5, 26.8, 28.0, 29.8, 33.1, 65.7,
66.0, 71.4, 75.4, 79.2, 80.5, 103.4, 109.1, 109.5, 173.4; HRMS (EI*) calculated for
C1oH3,05 [M+H]" 388.2097, found 388.2099.

Synthesis of compound 3-4¢

EtO,C Ethyl methacrylate (3-2¢). 3-4¢: colorless oil, 28.4 mg, 71%
yield. The ratio of two diastereomers was 1.1:1.0.

OH 'H NMR (400 MHz, CDCI3) § 1.16-1.27 (m, 6H), 1.34 (s,
1.5H), 1.37 (s, 1.5H), 1.40 (s, 4.5H), 1.44 (s, 1.5H), 1.53-1.63

(m, 1H), 1.55 (s, 1.5H), 1.57 (s, 1.5H), 2.13-2.28 (m, 1H), 2.53-2.73 (m, 1H), 3.59-3.85

(m, 4H), 4.06 (m, 2H), 4.22 (d,/J=3.2 Hz, 1H), 4.40 (d, /= 3.2 Hz, 1H), (OH is missing);

BC NMR (100 MHz, CDCl3) § 14.0, 14.1, 19.4, 19.6, 25.3, 25.4, 26.0, 26.1, 26.2, 26.5,

26.79, 26.83, 35.2 (2C), 42.0, 43.6, 60.4, 60.5, 65.7 (2C), 65.8, 66.0, 71.4, 71.5, 76.1,

76.3,79.1,79.5,103.35, 103.39, 109.0, 109.2, 109.6, 109.7, 176.4, 176.7, HRMS (EI")

calculated for C1sH300s [M+H]" 374.1941, found 374.1942.

Synthesis of compound 3-4d
EtO,C Ethyl crotonate (3-2d), TBADT (5 mol%), 36 h. 3-4d:

colorless oil, 22.8 mg, 61% yield. The ratio of two
0 OH diastereomers was 4.7:1.0. Because the signals of the minor
ﬁ\o diastereomer overlapped with those of the major diastereomer,
only the signals of the major diastereomer are assigned.
'"H NMR (400 MHz, CDCl3) § 1.06 (d, J = 7.2 Hz, 3H), 1.26 (t, J = 7.2 Hz, 3H), 1.40
(s, 6H), 1.45 (s, 3H), 1.57 (s, 3H), 2.00 (dd, J=15.6, 10.8 Hz, 1H), 2.25-2.36 (m, 1H),
2.67(dd,J=15.6,3.2 Hz, 1H), 3.64 (d,J=12.8 Hz, 1H), 3.71 (s, 2H), 3.74 (d, J=12.8
Hz, 1H), 4.14 (dq, J = 7.2, 2.4 Hz, 2H), 4.36 (d, /= 3.2 Hz, 1H), 4.42 (d, J= 3.2 Hz,
1H), (OH is missing); *C NMR (100 MHz, CDCls) § 14.2, 14.9, 25.4, 26.2, 26.8, 26.9,
37.3,37.5, 60.5, 63.3, 65.8, 71.2, 74.5, 82.0, 103.5, 109.1, 109.3, 172.8; HRMS (EI")
calculated for C1sH300s [M+H]" 374.1941, found 374.1940.

Synthesis of compound 3-4e
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Dimethyl fumarate (3-2e). 3-4e: Colorless oil, 32.4 mg, 80% yield. The ratio of two

diastereomers was 2.5:1.0.

Isomer 1 (23.0 mg)

MeO,C 'H NMR (400 MHz, CDCl3) & 1.39 (s, 3H), 1.41 (s, 3H),
VA o 1.44 (s, 3H), 1.58 (s, 3H), 2.77 (d, J = 7.6, 2H), 3.16 (t, J =
0" Y5 N\_OH 7.6 Hz, 1H), 3.67 (s, 3H), 3.73 (s, 3H), 3.67-3.73 (m, 3H),
)FO 3.83 (d, J = 13.2 Hz, 1H), 4.36 (d, J = 3.2 Hz, 1H), 4.52 (d,

J=23.2Hz, 1H), (OH is missing); *C NMR (100 MHz, CDCls) & 25.4, 26.2, 26.5, 26.8,
32.4,49.2, 52.0, 52.2, 63.2, 65.5, 71.0, 74.9 80.0, 103.3, 109.4, 110.2, 172.0, 172.1;
HRMS (EI") calculated for Ci1sH23010 [M+H]" 404.1682, found 404.1682.

Isomer 2 (9.4 mg)

"H NMR (400 MHz, CDCl3) 8 1.36 (s, 3H), 1.41 (s, 3H), 1.44

(s, 3H), 1.50 (s, 3H), 2.81-2.84 (m, 2H), 3.17 (dd, /=9.2, 6.0
OH Hz, 1H), 3.54 (d, J= 12.8 Hz, 1H), 3.65-3.73 (m, 2H), 3.67

(s, 3H), 3.70 (s, 3H), 3.93 (d, /= 12.8 Hz, 1H), 4.34 (d, J =
3.2 Hz, 1H), 4.80 (d, J = 3.2 Hz, 1H), (OH is missing); *C NMR (100 MHz, CDCl3) &
25.5,26.0, 26.1, 26.6, 31.7, 50.1, 52.0, 52.1, 62.1, 65.5, 71.0, 74.1 79.0, 103.2, 109.4,
109.6, 171.4, 172.5; HRMS (EI") calculated for Ci1gH23010 [M+H]" 404.1682, found
404.1683.

Synthesis of compound 3-4f

MeOC Methyl vinyl ketone (3-2f). 3-3f: Colorless oil, 32.1 mg, 97%
yield.

OH 'H NMR (400 MHz, CDCl3) § 1.37 (s, 3H), 1.39 (s, 3H), 1.44
(s,3H), 1.55 (s, 3H), 1.87-1.94 (m, 2H), 2.16 (s, 3H), 2.48-2.69

(m, 2H), 3.58-3.75 (m, 4H), 4.27 (d, /= 3.2 Hz, 1H), 4.39 (d, /= 3.2 Hz, 1H), (OH is

missing); *C NMR (100 MHz, CDCls) § 25.3, 26.2, 26.5, 26.8, 29.9, 31.8, 37.7, 65.7,

66.0,71.4,75.7.79.1,103.4, 109.1, 109.4, 207.6; HRMS (EI") calculated for C1sH2607

[M+H]" 330.1679, found 330.1679.
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Synthesis of compound 3-4g

Phenyl vinyl sulfone (3-2g). 3-4g: White solid, 20.2 mg, 47%
yield.

"H NMR (400 MHz, CDCls) § 1.24 (s, 3H), 1.37 (s, 3H), 1.39
(s, 3H), 1.46 (s, 3H), 1.98-2.04 (m, 2H), 3.08-3.16 (m, 1H),
3.26-3.34 (m, 1H), 3.50-3.71 (m, 4H), 4.22 (d, /J=3.2 Hz, 1H), 4.37 (d,J=3.2 Hz, 1H),
7.56-7.70 (m, 3H), 7.90-7.94 (m, 2H), (OH is missing); '*C NMR (100 MHz, CDCI;)
9, 25.3,26.1, 26.2, 26.7, 31.1, 51.1, 65.4, 65.6, 71.1, 75.7, 78.2, 103.3, 109.2, 109.9,
128.1, 129.4, 133.8, 138.6; HRMS (EI") calculated for C20H2s0sS [M+H]" 428.1505,
found 428.1505.

Synthesis of compound 3-4h

NC Acrylonitrile (3-2h), TBADT (5 mol%), 36 h. 3-4h: Colorless oil,
9.4 mg, 30% yield.

0 OH 'HNMR (400 MHz, CDCls) § 1.38 (s, 3H), 1.41 (s, 3H), 1.46 (s,
ﬁ\o 3H), 1.56 (s, 3H), 1.99 (t, J = 7.6 Hz, 2H), 2.39-2.59 (m, 2H),
3.65(d, J=12.4 Hz, 1H), 3.71 (s, 2H), 3.73 (d, J = 12.4 Hz, 1H), 4.28 (d, J= 3.2 Hz,
1H), 4.43 (d, J = 3.2 Hz, 1H), (OH is missing); 3*C NMR (100 MHz, CDCls) §, 25.3,
26.2, 26.6, 26.7, 29.7, 33.8, 65.4, 65.7, 71.5, 75.3, 78.4, 103.4, 109.3, 110.1, 119.4;
HRMS (ET") calculated for C1sH23NOg [M+H]" 313.1525, found 313.1525.

Synthesis of compound 3-4i

NG Fumaronitrile (3-2i). 3-4i: White solid, 23.9 mg, 71% yield. The
NC

ratio of two diastereomers was 1.2:1.0.

o} OH 'HNMR (400 MHz, CDCl3) & 1.42 (s, 1.5H), 1.43 (s, 3H), 1.480
ﬁ\o (s, 1.5H), 1.483 (s, 1.5H), 1.53 (s, 1.5H), 1.57 (s, 1.5H), 1.62 (s,
1.5H), 2.77-2.98 (m, 2H), 3.15-3.19 (m, 1H), 3.71-3.82 (m, 3.5H), 3.98 (d, /= 12.4 Hz,
0.5H), 4.44-4.46 (m, 1H), 4.50 (d, J=3.2 Hz, 0.5H), 4.65 (d, J=3.2 Hz, 0.5H), (OH is
missing); *C NMR (100 MHz, CDCl3) § 16.97, 17.05,25.3,25.4,26.2,26.3,26.7, 26.8,
26.86,26.91,35.9,37.3,63.7, 64.8,64.9 (2C), 70.2, 70.5, 74.6, 75.0, 78.5, 78.6, 103.30,
103.33, 109.9, 110.2, 111.8, 112.2, 115.66, 115.72, 115.8, 116.7;, HRMS (EI")

calculated for C16H22N206s [M+H]" 338.1478, found 338.1476.
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Synthesis of compound 3-5 (General Procedure A)
>( 6-0-Acetyl-2,3:4,5-di-O-isopropylidene-B-D-
0" ™o fructopyranose (3-1b), ethyl acrylate (3-2a). Mixture of

EtO,C
\/OW/OAC mono-alkylated products: Yellowish oil, 35.7 mg, 89%

(@]
)F (3-5: 3-11 = 4.2:1.0).

'H NMR (400 MHz, CDCL3) § 1.27 (t, J = 6.8 Hz, 3H), 1.38 (s, 3H), 1.44 (s, 6H), 1.52
(s, 3H), 2.12 (s, 3H), 2.18 (t, J = 7.6 Hz, 2H), 2.39-2.49 (m, 1H), 2.56-2.63 (m, 1H),
3.74 (d,J=13.2 Hz, 1H), 3.91 (dd, J= 13.2, 2.4 Hz, 1H), 3.96 (d, J = 2.4 Hz, 1H), 4.01
(d,J=12 Hz, 1H), 4.10 (s, 1H), 4.15 (dq, J = 6.8, 1.2 Hz, 2H), 4.43 (d, J= 12 Hz, 1H);
13C NMR (100 MHz, CDCl3) § 14.2, 21.0, 25.1, 26.6, 27.3, 27.9, 29.2, 32.8, 60.6, 62.9,
65.3, 70.9, 78.4, 79.2, 101.1, 108.4, 111.4, 170.2, 173.3; HRMS (EI") calculated for
C1oH3000 [M+H]" 402.1890, found 402.1888.

Synthesis of compound 3-8 (General Procedure A)
6-0O-acetyl-1,2:3,4-di-O-isopropylidene-B-D-galactopyranose

CO,Et

(3-1f), ethyl acrylate (3-2a). Mixture of mono-alkylated
products: Yellowish oil, 33.7 mg, 84% (3-8:3-15 = 17.0:1.0).
"H NMR (400 MHz, CDCl3) § 1.27 (t,J = 7.2 Hz, 3H), 1.31 (s,
3H), 1.42 (s, 3H), 1.43 (s, 3H), 1.49 (s, 3H), 2.08-2.19 (m, 5H),
2.38-2.49 (m, 1H), 2.55-2.63 (m, 1H), 3.95 (d, /=2 Hz, 1H), 4.00-4.03 (m, 1H), 4.11-
4.19 (m, 4H), 4.27 (dd, J = 11.6, 4.8 Hz, 1H), 4.50 (d, J = 4.8 Hz, 1H); '3*C NMR (100
MHz, CDCl3) 6 14.2,20.9, 24.9,26.3,27.5,28.1,29.2,33.1, 60.5, 63.4, 67.0, 71.4, 78.7,
79.6, 96.4, 108.8, 111.8, 170.9, 173.3; HRMS (EI") calculated for Ci9H30O9 [M+H]"
402.1890, found 402.1888.

OAc

Synthesis of compound 3-11(General Procedure B)
6-0-Acetyl-2,3:4,5-di-O-isopropylidene-B-D-fructopyranose
(3-1b), ethyl acrylate (3-2a). 3-11: Yellowish oil, 28.1 mg, 70%
OAc yield.
"H NMR (400 MHz, CDCls) § 1.25 (t, J = 6.8 Hz, 3H), 1.36

(s, 3H), 1.40 (s, 3H), 1.43 (s, 3H), 1.54 (s, 3H), 1.94 (t, J = 8.4 Hz, 2H), 2.10 (s, 3H),
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2.36-2.52 (m, 2H), 3.62 (d, J= 12.8 Hz, 1H), 3.70 (d, J= 12.8 Hz, 1H), 4.17 (d, J = 12
Hz, 1H), 4.13 (q, J = 6.8 Hz, 2H), 4.27 (d, J = 3.2 Hz, 1H), 4.36 (d, J = 3.2 Hz, 1H),
442 (d, J = 12 Hz, 1H); 3C NMR (100 MHz, CDCl3) § 14.2, 20.9, 25.2, 26.3, 26.6,
26.9, 28.6, 33.1, 60.6, 65.4, 65.8, 71.0, 75.5, 79.0, 101.9, 109.3, 109.6, 170.2, 173.1;
HRMS (EI') calculated for C1oH3000 [M+H]" 402.1890, found 402.1891.

Synthesis of compound 3-12(General Procedure B)

BuO,C 2,3:5,6-di-O-isopropylidene-B-D-fructopyranose(3-1c), fert-
OH OJ( Butyl acrylate (3-2b). 3-12: Yellowish oil, 27.1 mg, 70% yield.
o} 0 O 'HNMR (400 MHz, CDCl3) & 1.38 (s, 3H), 1.42 (s, 3H), 1.43
ﬁ\o (s, 9H), 1.44 (s, 3H), 1.51 (s, 3H), 1.91-2.00 (m, 2H), 2.23-
2.43 (m, 2H), 3.60 (d, /=12 Hz, 1H), 3.88 (d, /= 12 Hz, 1H), 3.96-4.02 (m, 3H), 4.18
(d, J = 4 Hz, 1H), (OH is missing); 1*C NMR (100 MHz, CDCls) § 25.6, 26.9, 27.0,
27.4,28.1(3C),29.9,32.9,67.4,70.0, 74.6, 78.3,79.8, 80.4, 103.0, 109.7, 110.3, 172.6;

HRMS (EI") calculated for C19H320s [M+H]" 388.2097, found 388.2096.

Synthesis of compound 3-13 (General Procedure B)
EtO,C 4-0-Acetyl-2,3:5,6-di-O-isopropylidene-p-D-fructopyranose
AcO O\P (3-1d), ethyl acrylate (3-2a). 3-13: White solid, 26.3 mg, 65%
© Ko} O yield.

ﬁ\o "H NMR (400 MHz, CDCl3) 8 1.26 (t, J= 7.2 Hz, 3H), 1.35 (s,
3H), 1.39 (s, 3H), 1.46 (s, 3H), 1.47 (s, 3H), 1.87-2.10 (m, 2H), 2.13 (s, 3H), 2.29-2.38
(m, 1H), 2.44-2.54 (m, 1H), 3.73 (d, J=12.4 Hz, 1H), 3.85 (d, /= 12.4 Hz, 1H), 3.98
(s, 2H), 4.10-4.16 (m, 3H), 5.33 (d, J = 4.8 Hz, 1H); '3*C NMR (100 MHz, CDCl;) §
14.2,20.8, 26.00, 26.03, 27.7, 27.8, 28.4, 32.3, 60.6, 66.7, 69.2, 74.0, 78.3, 80.3, 102.4,
110.2, 111.1, 169.7, 173.1; HRMS (EI") calculated for Ci9H30O09 [M+H]" 402.1890,
found 402.1892.
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Synthesis of compound 3-14 (General Procedure B)

% o 1,2:3,4-di-O-isopropylidene-pB-D-galactopyranose  (3-1e),
o WOH ethyl acrylate (3-2a). 3-14: Yellowish oil, 27.0 mg, 75% yield.
O o CO-Et 'H NMR (400 MHz, CDCls) § 1.26 (t, J = 6.8 Hz, 3H), 1.33
)( (s, 3H), 1.37 (s, 3H), 1.43 (s, 3H), 1.54 (s, 3H), 1.88-1.96 (m,

1H), 2.08-2.17 (m, 1H), 2.32-2.40 (m, 1H), 2.45-2.53 (m, 1H), 3.68 (dd, J = 6.8, 3.6
Hz, 1H), 3.79-3.85 (m, 2H), 4.14 (q, J = 6.8, 2H), 4.28 (d, J= 3.2, 1H), 4.43 (dd, J =
5.2,3.2Hz, 1H), 5.58 (d,J= 5.2 Hz, 1H), (-OH, missing); *C NMR (100 MHz, CDCI;)
5 14.2,24.9,25.7,27.0,27.1, 28.6, 30.8, 60.6, 61.6, 70.8, 72.0, 74.8, 80.4, 96.3, 109.3,
110.4, 173.1; HRMS (EI") calculated for C17H230s [M+H]" 360.1784, found 360.1784.

Synthesis of compound 3-15 (General Procedure B)

%/ 0 6-0O-acetyl-1,2:3,4-di-O-isopropylidene-B-D-galactopyra-
o 0 OAc nose, (3-1f) ethyl acrylate (3-2a). 3-15: Yellowish oil, 32.1
3 CO,Et ,
0 mg, 80% yield.
X "H NMR (400 MHz, CDCl3) & 1.25 (t, J=7.2 Hz, 3H), 1.32

(s, 3H), 1.36 (s, 3H), 1.42 (s, 3H), 1.51 (s, 3H), 1.91-2.01 (m, 1H), 2.07-2.16 (m, 1H),
2.08 (s, 3H), 2.34-2.55 (m, 2H), 3.83 (dd, J = 8.4, 2.4 Hz, 1H), 4.06 (dd, J = 12.4, 8.4
Hz, 1H), 4.13 (dq, J= 7.2, 1.6 Hz, 2H), 4.29 (d, J = 3.2, 1H), 4.40 (dd, J= 5.2, 3.2 Hz,
1H), 4.45 (dd, J = 12.4, 2.4 Hz, 1H), 5.56 (d, J = 5.2 Hz, 1H); 1*C NMR (100 MHz,
CDCls) 5 14.2,20.9, 24.9, 25.7, 27.0, 27.1, 28.6, 31.0, 60.6, 63.7, 70.0, 70.6, 74.9, 80.1,
96.3, 109.3, 110.5, 171.2, 173.0; HRMS (EI') calculated for CioH30o [M+H]'
402.1890, found 402.1889.

Synthesis of compound 3-18 (General Procedure B)
2,3:4,6-di-O-isopropylidene-a-L-sorbofuranose  (3-1g), ethyl
acrylate (3-2a). 3-18: Yellowish oil, 17.3 mg, 48% yield.
m(—r‘o "H NMR (400 MHz, CDCl3) § 1.25 (t, J = 6.8 Hz, 3H), 1.32 (s,
ﬁ\o\“ O)T 3H), 1.33 (s, 3H), 1.38 (s, 3H), 1.51 (s, 3H), 1.80-1.90 (m, 1H),
2.01-2.09 (m, 1H), 2.33-2.49 (m, 2H), 3.47-3.52 (m, 1H), 3.67-
3.78 (m, 2H), 4.12 (q, J= 6.8 Hz, 2H), 2.24-2.27 (m, 1H), 4.25 (s, 1H), 4.52 (s, 1H), (-

OH, missing); '*C NMR (100 MHz, CDCl3) § 14.2, 23.6, 24.0, 26.8, 27.6, 28.8, 30.3,
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60.4, 63.3, 71.4, 74.5, 83.8, 83.9, 100.9, 112.7, 115.8, 173.1; HRMS (EI") calculated
for C17H230s [M-CH3]" 345.1549, found 345.15438.

Synthesis of compound 3-19 (General Procedure B)
1-O-methyl-2,3:4,6-di-O-isopropylidene-a-L-sorbofuranose (3-
1h), ethyl acrylate (3-2a). 3-19: Yellowish oil, 19.4 mg, 54%

CO,Et

" 0 yield.

)OF q)( 'H NMR (400 MHz, CDCls) & 1.24 (t, J = 6.8 Hz, 3H), 1.31 (s,
6H), 1.38 (s, 3H), 1.50 (s, 3H), 1.78-1.88 (m, 1H), 2.00-2.09 (m,

1H), 2.32-2.48 (m, 2H), 3.43 (s, 3H), 3.43-3.48 (m, 1H), 3.52 (d, /= 10.8 Hz, 1H), 3.62

(d,J=10.8 Hz, 1H), 4.11 (q, J = 6.8 Hz, 2H), 2.22-2.25 (m, 1H), 4.23 (s, 1H), 4.51 (s,

1H); *C NMR (100 MHz, CDCl3) § 14.2, 23.7, 23.9, 26.6, 27.7, 28.8, 30.4, 59.8, 60.3,

71.3, 72.7, 74.7, 83.6, 83.8, 100.7, 112.7, 115.2, 173.1; HRMS (EI") calculated for

C17H2708 [M-CH3]" 359.1706, found 359.1704.

Synthesis of 3-3b on gram scale

2,3:4,5-di-O-isopropylidene-B-D-fructopyranose (3-1a, 1.50 g, 5.76 mmol),
anthraquinone (240 mg, 1.15 mmol, 20 mol%), K3PO4 (1.22 g, 5.76 mmol, 1.0 equiv)
and acetonitrile (57.6 mL) were added to a 100 mL round-bottomed flask under N»
atmosphere. Then tert-butyl acrylate (3-2b, 2.22 g, 17.3 mmol, 3.0 equiv) was added
and the mixture was stirred at rt, for 84 h under UV-LED (365 nm) irradiation. The
reaction mixture was evaporated to remove solvent, then added dichloromethane 20 mL,
washed with water and brine, dried over Na>SOs, and concentrated in vacuo. The
mixture of mono-alkylated products 3-3b and 3-4b was obtained in 76% yield and the
ratio of 3-3b: 3-4b was 2.6:1.0. The major product 3-3b was isolated by column

chromatography on silica gel to give 1.25 g.

Synthesis of 3-4a on gram scale

2,3:4,5-Di-O-isopropylidene-B-D-fructopyranose (3-1a, 1.50 g, 5.76 mmol),
TBADT (191 mg, 57.6 umol, 1.0 mol%), and acetonitrile (57.6 mL) were added to a
100 mL round-bottomed flask under N> atmosphere. Then ethyl acrylate (3-2a, 1.73 g,

17.3 mmol, 3.0 equiv) was added and the mixture was stirred at rt, for 84 h under UV-
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LED (365 nm) irradiation. The reaction mixture was evaporated to remove the solvent
and was extracted with dichloromethane (2 x 10 mL). The organic layer was washed
with water and brine, dried over Na;SQOy, filtered, and concentrated in vacuo. Mono-
alkylated product 3-4a was isolated by column chromatography on silica gel to give

1.97 g (95%) of 3-4a.

Isolation of compound 3-20

To confirm the structure of TEMPO-adduct 3-20, 3-20 was synthesized by another
route. 3-1a: (260 mg, 1.00 mmol), 3-2a (3.00 mmol, 3.0 equiv), TEMPO (1.50 mmol,
1.5 equiv), TBADT (33 mg, 10.0 pmol, 1.0 mol%), and acetonitrile (10 mL) were added
into a flask (50 mL) under N> atmosphere, and the mixture was stirred at rt for 24 h,
under UV-LED (365 nm) irradiation. The mixture was concentrated under reduced
pressure, and the crude mixture was purified by column chromatography on silica gel

to give 3-20 as a yellowish oil.

'H NMR (400 MHz, CDCl3) & 1.09 (s, 3H), 1.12 (s, 3H),

N-O oyo 1.20 (s, 3H), 1.35 (s, 3H), 1.40 (s, 3H), 1.40-1.58 (m, 6H),

OWOH 1.46 (s, 3H), 1.52 (s, 3H), 1.58 (s, 3H), 3.64-3.71 (m, 2H),

)FO 4.04 (d, J = 12.8 Hz, 1H), 4.16 (d, J = 12.8 Hz, 1H), 4.29

(d, J=2.4 Hz, 1H), 4.50 (d, J = 2.4 Hz, 1H), (OH is missing); '3C NMR (100 MHz,

CDCls) 5 16.8,20.2, 20.4, 25.1, 26.0, 26.3, 26.4, 34.0, 34.9, 40.3, 41.0, 60.0, 60.3, 61.3,

65.1, 72.3, 78.2, 103.0, 105.5, 108.4, 109.0; HRMS (EI") calculated for C21H305
[M+H]" 415.2570, found 415.2569.

General procedure: Glycoconjugate 3-21-25 (0.100 mmol), TBADT (3.3 mg,
1.0 umol, 1.0 mol%), and acetonitrile (1.0 mL) were added to a test tube under N>
atmosphere. To the mixture, ethyl acrylate (3-2a, 0.300 mmol, 3.0 equiv) was added,
and the mixture was stirred at rt for 24 h under UV-LED (365 nm) irradiation. The
reaction mixture was evaporated and extracted with dichloromethane (2 x 2 mL). The
organic layer was washed with water and brine, dried over Na>SOs, filtered, and
concentrated in vacuo. The reaction mixture was purified by column chromatography

on silica gel.
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Synthesis of compound 3-21

Et0,C 3-1k, ethyl acrylate (3-2a). 3-21: Yellowish oil, 51.8 mg,
75% yield.

"H NMR (400 MHz, CDCls) § 1.25 (t, J = 7.2 Hz, 3H),

ﬁ\o 0\OAc 1.33 (s, 3H), 1.36 (s, 3H), 1.40 (s, 3H), 1.52 (s, 3H),

1.91-1.95 (m, 2H), 1.99 (s, 3H), 2.01 (s, 3H), 2.02 (s,

3H), 2.07 (s, 3H), 2.34-2.51 (m, 2H), 3.57 (d, J = 12.4

Hz, 1H), 3.68-3.73 (m, 3H), 3.93 (d, J= 12.4 Hz, 1H), 4.10-4.15 (m, 3H), 4.21-4.26 (m,

2H), 4.45 (d,J=3.2 Hz, 1H), 4.64 (d, /= 8.4 Hz, 1H), 5.03 (t, /= 8.4 Hz, 1H), 5.08 (t,

J=9.6 Hz, 1H), 5.18 (t, J = 9.6 Hz, 1H); '3C NMR (100 MHz, CDCl3) & 14.2, 20.6,

20.7,25.4,26.3,26.6 (2C), 26.8 (2C), 28.7, 33.0, 60.6, 62.1, 65.7, 68.5, 69.9, 70.2, 71.3,

71.8, 73.1, 75.6, 79.2, 100.2, 102.3, 109.2, 109.4, 169.2, 169.4, 170.3, 170.6, 173.2;
HRMS (EI") calculated for C31HacO17 [M+H]" 690.2735, found 690.2736.

AcOAcO OAc

Synthesis of compound 3-22
EtO,C >( (}40 3-1‘1, ethyl acrylate (‘3-23). 3-22: White
0™ solid, 52.6 mg, 72% yield.

"H NMR (400 MHz, CDCl3) § 1.25 (t, J =
077/0 O/b 7.2 Hz, 6H), 1.36 (s, 6H), 1.38 (s, 6H), 1.42

¢ (s, 6H), 1.54 (s, 6H), 1.93 (t, J = 7.6 Hz,
4H), 2.34-2.51 (m, 4H), 3.61 (d, /= 12.4 Hz, 2H), 3.70 (d, J = 12.4 Hz, 2H), 4.11 (d, J
=11.6 Hz, 2H), 4.12 (q, J = 7.2 Hz, 4H), 4.27 (d, J = 3.2 Hz, 2H), 4.38 (d, /= 3.2 Hz,
2H), 4.44 (d, J = 11.6 Hz, 2H); *C NMR (100 MHz, CDCl;) § 14.2, 25.1, 26.3, 26.6,
26.8, 28.6, 33.0, 60.6, 65.8, 67.9, 70.6, 75.4, 79.0, 101.6, 109.5, 109.6, 154.4, 173.1;

HRMS (FAB") calculated for C34Hs1017 [M-CH3]" 731.3126, found 731.3124.

CO,Et

)

Synthesis of compound 3-23

EtO2C 3-1m, ethyl acrylate (3-2a). 3-23: White solid, 39.3 mg,
79% yield.

O\P/,O "H NMR (400 MHz, CDCI3) § 1.24 (t, J = 6.8 Hz, 3H),

o)
/fo ' “OEt
EtO 1.32 (dt, J= 6.8, 2.8 Hz, 6H), 1.35 (s, 3H), 1.40 (s, 6H),
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1.54 (s, 3H), 1.92 (t, J= 7.6 Hz, 2H), 2.33-2.51 (m, 2H), 3.59 (d, J = 12.4 Hz, 1H), 3.69
(d, J=12.4 Hz, 1H), 4.01-4.17 (m, 8H), 4.27 (d, J= 3.2 Hz, 1H), 4.42 (d, J= 3.2 Hz,
1H); 13C NMR (100 MHz, CDCl3) § 14.1, 16.0, 16.1, 25.4, 26.3, 26.6, 26.8, 28.0, 28.6,
32.9, 60.6, 63.86, 63.92, 65.8, 67.2, 70.1, 75.4, 79.0, 101.9, 109.5, 173.1; HRMS (FAB")
calculated for C21Hs7O1 P [M+H]" 497.2152, found 497.2152.

Synthesis of compound 3-24

EtO,C 3-1n, cthyl acrylate (3-2a). 3-24: White solid,
40.1 mg, 64% yield.

"H NMR (400 MHz, CDCl3) § 0.87 (t,J= 6.4 Hz,
3H), 1.24-1.27 (m, 33 H), 1.37 (s, 3H), 1.40 (s,
3H), 1.44 (s, 3H), 1.55 (s, 3H), 1.94 (t, /= 7.6 Hz, 2H), 2.32-2.53 (m, 2H), 2.34 (t, J =
7.6 Hz, 2 H), 3.62 (d, /= 12.4 Hz, 1H), 3.70 (d, J = 12.4 Hz, 1H), 4.04-4.16 (m, 3H),
4.27 (d, J=3.2 Hz, 1H), 4.37 (d, J = 3.2 Hz, 1H), 4.40 (m, 1H); *C NMR (100 MHz,
CDCl) 6 14.08, 14.14, 22.6, 24.7, 25.2, 26.2, 26.6, 26.8, 28.6, 29.0, 29.2, 29.3, 29.4,
29.5,29.58 (30), 29.62 (4C), 31.8, 33.0, 34.1, 60.5, 65.1, 65.7, 70.8, 75.4, 79.0, 101.9,
109.2, 109.6, 173.0, 173.1; HRMS (EI") calculated for C3sHs209 [M+H]" 626.4394,
found 626.4393.

Synthesis of compound 3-25
EtO,C 3-1o0, ethyl acrylate (3-2a). 3-25: Yellowish oil, 41.7 mg,
92% yield.

O:S/io Ve "H NMR (400 MHz, CDCl3) § 1.25 (t,J = 7.2 Hz, 3H),
o H/ 1.36 (s, 3H), 1.42 (s, 6H), 1.55 (s, 3H), 1.94 (t, /= 8.4
Hz, 2H), 2.34-2.52 (m, 2H), 2.83 (d, J = 4.8 Hz, 3H), 3.62 (d, J = 12.4 Hz, 1H), 3.70
(d, J=12.4 Hz, 1H), 4.10-4.22 (m, 4H), 4.29 (d, /= 3.2 Hz, 1H), 4.38 (d, /= 3.2 Hz,
1H), 4.62 (q, J = 4.8 Hz, 1H); 3C NMR (100 MHz, CDCls) § 14.2, 25.2, 26.3, 26.5,
26.8, 28.6, 29.8, 32.9, 60.6, 65.8, 70.1, 70.5, 75.3, 78.9, 101.2, 109.6, 109.8, 173.1;

HRMS (EI") calculated for Ci1gH31NO10S [M+H]" 453.1669, found 453.1667.
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Preparation of deuterated 3-1a-D

The prepared procedure referred to Wu'’s report.?’ To a 50 mL two-neck flask was
added 3-1a (260 mg, 1.00 mmol), TBADT (66.4 mg, 20.0 pmol, 2.0 mol%,),
tetrabutylammonium bromide (64.5 mg, 0.200 mmol, 20 mol%) under N> atmosphere.
Dichloromethane (DCM, 10 mL), DO (2.0 mL, 100 equiv), benzenethiol (0.100 mmol,
10 mol%) were added dropwise via syringe. The mixture was stirred at rt for 24 h under
UV-LED (365 nm) irradiation. The reaction mixture was concentrated under reduced
pressure, and was added DCM (10 mL) and H2O (10 mL). The organic phase was
separated and was washed with sat. brine (10 mL), dried over MgSOQs, filtered, and
concentrated under reduced pressure. The crude mixture was purified by column
chromatography on silica gel to give 3-1a-D as a white solid. The product contains 89%

deuterium atom on C1 determined by NMR.

TBADT (2.0 mol%)
benzenethiol (10 mol%)
}( BuyNBr (20 mol%) }(
H O "o D,O (100 equiv) D O "o
N > N
OWOH CHaCN, rt OWOH
ﬁ\o 365 nm ﬁ\o

3-1a 3-1a-D
\¢ 'H NMR (400 MHz, CDCl3) § 1.34 (s, 3H), 1.39 (s, 3H), 1.48 (s,
b 9o 3H), 1.54 (s, 3H), 2.12-2.16 (m, 1H), 3.64-3.73 (m, 2H), 3.77 (d,

9 J O°NOH _ 128 Hz, 1H),3.91 (d,J= 12.8 Hz, 1H), 4.24 (dd, J= 6.4, 1.2
)F Hz, 0.11H), 4.34 (d,J = 2.8 Hz, 1H), 4.60 (d, J= 2.8 Hz, 0.78H);
13C NMR (100 MHz, CDCl3) § 23.9, 25.3, 25.7, 26.4, 61.1, 65.5, 69.9, 70.8, 70.9, 103.0,
108.5, 109.0; HRMS (EI") calculated for Ci1HisDOs [M-CH3]" 246.1084, found
246.1086.

The Kinetic Isotope Effect (KIE) Experiments of 3-1a and 3-1a-D
Experimental Procedure A for 3-1a

The method is according to reported work.?° Six parallel reactions were carried
out at the same time. To a 10 mL Schlenk tube were added 3-1a (26.0 mg, 0.100 mmol)

and TBADT (3.3 mg, 10 umol, 1.0 mol%). It was evacuated and back-filled with
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nitrogen (three times). Then CH3CN (1.0 m) and ethyl acrylate (3-2a, 0.300 mmol, 3.0
equiv) were added via syringe. The mixture was stirred at rt for fixed time (10 min, 20
min, 30 min, 40 min, 50 min and 60 min) under UV-LED (365 nm) irradiation. After
the reaction, the mixture was concentrated under reduced pressure, and was added
1,1,2,2-tetrachloroethane (0.100 mmol) as an internal standard. The yield of product 3-
4a was determined by '"H NMR (Scheme 3-13a).

Experimental Procedure B for 3-1a-D

3-1a-D (26.1 mg, 0.10 mmol) was substrate. Six parallel reactions were prepared

at the same time. And the procedure is same as procedure A (Scheme 3-13b).
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3.6 Supporting Information
3.6.1 DFT Calculation Data of 3-1a
Bond dissociation enthalpies of chair conformation of 3-1a

DFT calculations were carried out using the Gaussian 16 suite of programs at the
UB3LTP/6-31G(d) level of theory.!>!® Vibrational frequency calculations were carried
out for each stationary point to ensure they were energy minimum (no imaginary

frequencies). Frequency calculations were carried out at 1 atm and 298.15 K.

3-1a

3D images of chair conformation of 3-1a

Front view Top view Side view

Bond dissociation enthalpy calculations

Geometry optimizations and frequency calculations were carried out for chair

conformation of 3-1a.
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Calculated energies and geometries

Chair conformation of 3-1a

Energy
Electronic Energy (EE) -920.64918
Zero-point Energy Correction 0.322515
Thermal Correction to Energy 0.340058
Thermal Correction to Enthalpy 0.341002
Thermal Correction to Free Energy 0.277977
EE + Zero-point Energy -920.32667
EE + Thermal Energy Correction -920.30912
EE + Thermal Enthalpy Correction -920.30818
EE + Thermal Free Energy Correction -920.37121
Imaginary Freq 0
Energies in Hartree, calculated in MeCN.
Geometry:
Atom X Y Z
C -0.74371900 -0.68091100 -0.15938300
C 0.55614800 -0.07798300 -0.74488200
C 1.37826800 0.88623500 0.17125900
C -0.70556900 1.32565300 1.33230900
C -1.22362900 -0.09813100 1.17936400
H 0.27198700 0.43472200 -1.66768000
H -0.61810400 -1.76941500 -0.10494900
H -1.02304800 1.76276200 2.28243400
H -1.08920200 1.94514200 0.51139700
H -0.90385000 -0.70174500 2.03643700
@) -1.82724000 -0.34814700 -1.02919900
@) -2.64371600 -0.11518200 1.09124200
@) 2.51423600 0.13493100 0.54679200
@) 1.50190300 -1.08413900 -1.08501000
C 1.89965200 2.12810200 -0.56633700
H 2.70709300 2.55792400 0.04230300
H 2.31948200 1.82664800 -1.53105500
@) 0.87780600 3.07341600 -0.83850600
H 0.62678500 3.45631300 0.01663400
O 0.72283800 1.32049200 1.35768800
C -3.02676300 -0.42176500 -0.26517200
C 2.48927300 -1.16333600 -0.05644600
C -3.62311100 -1.83065600 -0.30470500
H -4.49866400 -1.88720100 0.34950800
H -3.92590100 -2.08810500 -1.32467500
H -2.89265100 -2.56906400 0.03983900
C -3.98797700 0.64214600 -0.77679600
H -4.26262900 0.43756000 -1.81618500
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H -4.89718600 0.65150400 -0.16827000
H -3.51461200 1.62602500 -0.72385600
C 3.83516100 -1.43189100 -0.71577200
H 4.63034800 -1.44103000 0.03556500
H 3.81926600 -2.40077500 -1.22434800
H 4.04686100 -0.65028200 -1.44989100
C 2.13370700 -2.21425100 0.99905000
H 2.06380600 -3.20634600 0.54184500
H 2.90436100 -2.23682300 1.77580200
H 1.18059600 -1.97805600 1.48015400
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Bond dissociation enthalpies of boat conformation of 3-1a

Species of calculation

5 6 3 O O Q O
0 W& _OH 0 o \_-OH 0 o \_-OH
e o T
1a [1a-C1-HT' [1a-C3-HT'
O><o o><o ,OB(O
0 W \_OH 0" W\ OH 0"V T\ OH
To o o
[1a-C4-HT' [1a-C5-H]' [1a-C6-HT'

3D images of boat conformation of 3-1a
3-1a

Front view Top view Side view

[3-1a-C1-H]*

Front view Top view Side view
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[3-1a-C3-H]*

Front view Top view Side view

[3-1a-C4-H]*

Front view Top view Side view

[3-1a-C5-H]

Front view Top view Side view
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[3-1a-C6-H]

Front view

Calculated energies and geometries

3-1a

Top view

Side view

Energy
Electronic Energy (EE) -920.66217
Zero-point Energy Correction 0.322925
Thermal Correction to Energy 0.340254
Thermal Correction to Enthalpy 0.341198
Thermal Correction to Free Energy 0.279203
EE + Zero-point Energy -920.33925
EE + Thermal Energy Correction -920.32192
EE + Thermal Enthalpy Correction -920.32097
EE + Thermal Free Energy Correction -920.38297
Imaginary Freq 0
Energies in Hartree, calculated in MeCN.
Geometry
Atom | X \ Y Z
C -0.88737000 -0.62156700 -0.82763200
C -1.31068800 -1.35919100 0.47108200
C -0.33578300 -1.11531000 1.61521900
C 0.88834600 0.65670800 0.55868200
C 0.51346100 -0.01905300 -0.78062700
H -0.83140000 -1.29717200 2.57226800
H -1.41224100 -2.43786200 0.30126900
H 0.62405400 0.70251400 -1.59980900
H -0.94826000 -1.29083500 -1.69487800
H 0.52085300 -1.79403100 1.53367900
) 0.09667000 0.24790900 1.64761400
) 2.25500800 0.27621300 0.74079900
) 1.45618500 -1.08370600 -0.90469600
) -1.82287000 0.44809700 -0.94435300
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@) -2.58319100 -0.79222400 0.80046500
C 2.66868600 -0.65145500 -0.28761200
C 3.35009400 -1.85049000 0.35247700
H 2.68859000 -2.32243300 1.08452100
H 3.61308400 -2.58636900 -0.41422300
H 4.26867000 -1.53456200 0.85686500
C 3.57047100 0.06442100 -1.29346400
H 4.46433800 0.44863400 -0.79042500
H 3.88666700 -0.63225800 -2.07685100
H 3.04613900 0.90335500 -1.75992400
C 0.80087400 2.18779200 0.56096600
H -0.19815500 2.48950200 0.23693200
H 0.95044800 2.53213400 1.59442700
@) 1.72785000 2.78277800 -0.33083900
H 2.60624100 2.47335400 -0.04771600
C -3.01991100 0.04666800 -0.27209900
C -3.68343500 1.28315600 0.31138300
H -3.96482400 1.97710100 -0.48703200
H -4.58770100 1.00262800 0.86074700
H -2.99210900 1.78300800 0.99604000
C -3.93412600 -0.73278500 -1.22022500
H -4.82566200 -1.07666400 -0.68535300
H -4.25112400 -0.09687400 -2.05376600
H -3.41853600 -1.60907200 -1.62758400
[3-1a-C1-H]e
Energy
Electronic Energy (EE) -920.00047
Zero-point Energy Correction 0.309087
Thermal Correction to Energy 0.326505
Thermal Correction to Enthalpy 0.327449
Thermal Correction to Free Energy 0.264062
EE + Zero-point Energy -919.69138
EE + Thermal Energy Correction -919.67396
EE + Thermal Enthalpy Correction -919.67302
EE + Thermal Free Energy Correction -919.7364
Imaginary Freq 0
Energies in Hartree, calculated in MeCN.
Geometry
Atom X Y V4
C -0.94170500 -0.87105100 -0.59803400
C -1.32635700 -1.07899600 0.89055200
C -0.32430000 -0.43185500 1.83657200
C 0.91768700 0.77318300 0.18617300
C 0.46375500 -0.32297100 -0.82676300
H -0.79400900 -0.24045200 2.80477900
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H -1.42658700 -2.14400900 1.13170500
H 0.52311300 0.07258800 -1.84782000
H -1.04447800 -1.80570400 -1.16372100
H 0.53775600 -1.09147400 1.99166200
@) 0.09921700 0.84383200 1.33953300
O 2.23387400 0.34695500 0.57080800
O 1.39886700 -1.38292600 -0.63521500
O -1.86400800 0.11081500 -1.06303300
O] -2.59427100 -0.42735500 1.02156700
C 2.63024300 -0.79504400 -0.22156800
C 3.36739900 -1.77951200 0.66870300
H 2.73892700 -2.06747500 1.51641700
H 3.62841600 -2.67630100 0.09797900
H 4.29069900 -1.32862800 1.04510000
C 3.46050900 -0.33808900 -1.42091800
H 4.37588700 0.15525200 -1.07786900
H 3.73949400 -1.20105800 -2.03437800
H 2.89998200 0.36791100 -2.04194700
C 1.02199800 2.14926800 -0.40134300
H 0.12737800 2.69026900 -0.69240900
O] 2.04083700 2.94665700 0.02661600
H 2.72780000 2.34125000 0.37465500
C -3.04529900 0.00566900 -0.26527800
C -3.65820700 1.39015600 -0.13100100
H -3.96409600 1.76881200 -1.11154000
H -4.54032100 1.35191200 0.51597800
H -2.92469100 2.07408200 0.30581500
C -4.00859300 -1.02283400 -0.86187500
H -4.88807100 -1.13297200 -0.21873400
H -4.34094700 -0.70386900 -1.85560400
H -3.52515500 -2.00149800 -0.95359400
[3-1a-C3-H]e
Energy
Electronic Energy (EE) -920.00449
Zero-point Energy Correction 0.309565
Thermal Correction to Energy 0.327025
Thermal Correction to Enthalpy 0.327969
Thermal Correction to Free Energy 0.264849
EE + Zero-point Energy -919.69492
EE + Thermal Energy Correction -919.67746
EE + Thermal Enthalpy Correction -919.67652
EE + Thermal Free Energy Correction -919.73964

Imaginary Freq

0

Energies in Hartree, calculated in MeCN.
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Geometry

Atom X Y Z
C -0.88000300 -0.67724000 -0.79609400
C -1.37719300 -1.32561300 0.54528900
C -0.37035600 -1.12443500 1.67291000
C 0.90071500 0.61038200 0.58653400
C 0.49937300 -0.12112200 -0.66728300
H -0.85029500 -1.29028600 2.64083100
H -1.56430800 -2.39920000 0.41381400
H -0.91064200 -1.40732500 -1.61347700
H 0.44994700 -1.84677200 1.57041400
®) 0.13181800 0.21616900 1.71120700
@) 2.28186100 0.25282900 0.73852500
®) 1.50468300 -0.97218900 -1.03612400
@) -1.80675200 0.39120300 -1.01887100
@) -2.58780600 -0.63571100 0.84747500
C 2.71546800 -0.59965100 -0.32907500
C 3.34752900 -1.85934900 0.23918200
H 2.64869100 -2.36949200 0.90837400
H 3.62943900 -2.54019800 -0.56998800
H 4.24921600 -1.59731300 0.80180900
C 3.63128000 0.15834000 -1.28285700
H 4.52420600 0.50021900 -0.74921700
H 3.94542700 -0.49371300 -2.10405000
H 3.10698000 1.02426400 -1.69613000
C 0.78265800 2.14298000 0.56915800
H -0.22624900 2.41334800 0.24994800
H 0.93212200 2.50201600 1.59785400
0] 1.68566700 2.75342200 -0.33500400
H 2.57827000 2.52030700 -0.02624200
C -3.01354600 0.07090400 -0.32079900
C -3.68195900 1.36504000 0.11053300
H -3.95044500 1.96371300 -0.76550800
H -4.59469400 1.14852300 0.67467900
H -3.00072600 1.94041700 0.74422300
C -3.91986000 -0.81079100 -1.18381000
H -4.82089100 -1.08609000 -0.62562600
H -4.22095900 -0.27407800 -2.08975900
H -3.40547700 -1.73080300 -1.48174700
[3-1a-C4-H]e
Energy
Electronic Energy (EE) -920.00572
Zero-point Energy Correction 0.309467
Thermal Correction to Energy 0.326868
Thermal Correction to Enthalpy 0.327812




Thermal Correction to Free Energy 0.265038
EE + Zero-point Energy -919.69625
EE + Thermal Energy Correction -919.67885
EE + Thermal Enthalpy Correction -919.67791
EE + Thermal Free Energy Correction -919.74068
Imaginary Freq 0
Energies in Hartree, calculated in MeCN.
Geometry
Atom X Y Z
C -0.90312600 -0.51189800 -0.68657600
C -1.35043500 -1.24263400 0.55491200
C -0.34940500 -1.02327100 1.69116700
C 0.95874700 0.66780700 0.57550800
C 0.48726300 0.01393700 -0.76493100
H -0.84224500 -1.15498300 2.65770600
H -1.49424500 -2.32310500 0.40432500
H 0.58947100 0.73912700 -1.58135400
H 0.46278900 -1.75467600 1.61157600
0] 0.16350600 0.31106600 1.68419600
0] 2.29685700 0.20503100 0.72031900
@) 1.38859400 -1.08991900 -0.92445200
) -1.89383200 0.35069500 -1.07361000
0] -2.60790100 -0.61887200 0.86418700
C 2.63430100 -0.72497100 -0.33700500
C 3.27324500 -1.96482700 0.26829800
H 2.60439800 -2.41893300 1.00513200
H 3.48604700 -2.69812800 -0.51618900
H 4.21548400 -1.70107700 0.75893300
C 3.54286300 -0.03663000 -1.35561100
H 4.46612800 0.29965600 -0.87152700
H 3.80647500 -0.73635900 -2.15557000
H 3.04532600 0.83082800 -1.79848800
C 0.95027400 2.20107000 0.57326200
H -0.04218600 2.55553200 0.28110800
H 1.14875200 2.54189100 1.59949800
) 1.87552600 2.74637400 -0.35081300
H 2.74907600 2.40625000 -0.08898600
C -3.09176300 0.01922600 -0.31030100
C -3.78397700 1.31294000 0.07570800
H -4.09749900 1.85951800 -0.81893500
H -4.67191000 1.09353900 0.67712000
H -3.10400100 1.93800300 0.66180700
C -3.96179500 -0.91973100 -1.14179600
H -4.85287000 -1.20218500 -0.57193900
H -4.27954300 -0.42774500 -2.06675200
H -3.40860500 -1.82826300 -1.40189700
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[3-1a-C5-H]e

Energy
Electronic Energy (EE) -919.99736
Zero-point Energy Correction 0.309181
Thermal Correction to Energy 0.326744
Thermal Correction to Enthalpy 0.327688
Thermal Correction to Free Energy 0.263714
EE + Zero-point Energy -919.68817
EE + Thermal Energy Correction -919.67061
EE + Thermal Enthalpy Correction -919.66967
EE + Thermal Free Energy Correction -919.73364
Imaginary Freq 0
Energies in Hartree, calculated in MeCN.
Geometry
Atom X Y Z
C -0.89370600 -0.64466900 -0.48933700
C -1.36092800 -0.66126800 0.94717200
C -0.42604200 -0.23407400 2.01902400
C 1.08246300 0.84336500 0.46469900
C 0.44136800 0.10855900 -0.75781000
H -0.96539900 0.03969100 2.92828200
H 0.23944500 0.82692300 -1.55742800
H -0.77248400 -1.65479900 -0.90640500
H 0.30439400 -1.01092600 2.26573200
) 0.27645900 0.96549200 1.60482500
@) 2.26218500 0.07998700 0.73474300
) 1.45182800 -0.77429400 -1.22388800
@) -1.95780300 0.04203000 -1.16868600
) -2.62482500 -0.12819300 0.99866800
C 2.42756500 -0.99692800 -0.20218000
C 2.19967900 -2.34290600 0.48530500
H 1.17766100 -2.42482900 0.86569800
H 2.36655300 -3.15733400 -0.22731400
H 2.89754700 -2.46493700 1.32049700
C 3.81069300 -0.90923100 -0.83502700
H 4.58721400 -0.99234000 -0.06797900
H 3.94683000 -1.72190400 -1.55583800
H 3.92349600 0.04212000 -1.36238500
C 1.49231800 2.29441400 0.16171000
H 0.60361200 2.86326900 -0.12571900
H 1.89530100 2.72747400 1.08817500
0] 2.41351900 2.39370500 -0.90879500
H 3.22812900 1.95367000 -0.61049000
C -3.12670100 -0.03532900 -0.36169200
C -3.90763800 1.25895600 -0.49581000
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H -4.25138300 1.38114400 -1.52781300
H -4.78218900 1.24566600 0.16183600
H -3.27005600 2.10725500 -0.22986800
C -3.94641500 -1.28312100 -0.68085100
H -4.80888100 -1.35372400 -0.01017100
H -4.30895200 -1.23729500 -1.71287600
H -3.33767200 -2.18554700 -0.56208300
[3-1a-C6-H]
Energy
Electronic Energy (EE) -919.99948
Zero-point Energy Correction 0.30846
Thermal Correction to Energy 0.326119
Thermal Correction to Enthalpy 0.327063
Thermal Correction to Free Energy 0.263284
EE + Zero-point Energy -919.69102
EE + Thermal Energy Correction -919.67336
EE + Thermal Enthalpy Correction -919.67242
EE + Thermal Free Energy Correction -919.7362
Imaginary Freq 0
Energies in Hartree, calculated in MeCN.
Geometry
Atom X Y Z
C -0.84815000 -0.60796600 -0.90758000
C -1.21132300 -1.44452400 0.32608800
C -0.45484100 -1.01805800 1.54023500
C 0.88279700 0.68842800 0.49516600
C 0.54794300 -0.00523700 -0.83829800
H -0.74160800 -1.38808400 2.52057900
H -1.08580800 -2.51798600 0.16131100
H 0.69413400 0.70850500 -1.65849500
H -0.94563300 -1.20106600 -1.82590000
@) 0.08980800 0.24020200 1.60322200
) 2.23821100 0.35646900 0.70731000
) 1.48668100 -1.07595300 -0.91011000
@) -1.79596000 0.45659200 -0.88366000
) -2.64047900 -1.22035300 0.44196700
C 2.66584000 -0.68409700 -0.20738600
C 3.17896100 -1.87747100 0.58241200
H 2.39709100 -2.23979600 1.25666500
H 3.46467500 -2.68546400 -0.09897200
H 4.05734900 -1.59298800 1.17022900
C 3.70136800 -0.09753100 -1.16192400
H 4.57236200 0.26077500 -0.60312100
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H 4.03438200 -0.86178400 -1.87165400
H 3.27497500 0.74111900 -1.72146000
C 0.74734000 2.21411300 0.50123900
H -0.26509700 2.48633300 0.19504500
H 0.90842700 2.56538600 1.53053400
O 1.64240400 2.82366600 -0.41214400
H 2.53536200 2.54586300 -0.14127800
C -2.98764500 0.00502500 -0.21643100
C -3.39502900 1.06673100 0.79888400
H -3.61036700 2.01525900 0.29518300
H -4.29451200 0.74866000 1.33626200
H -2.58678400 1.22295300 1.51908500
C -4.08006100 -0.29577400 -1.23907700
H -4.96633700 -0.70126500 -0.73952400
H -4.36802100 0.61799100 -1.76968800
H -3.72311600 -1.03121500 -1.96745300
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3.6.2 DFT Calculation Data of 3-1f

Bond dissociation enthalpies of chair conformation of 3-1f

Summary

Species of calculation

[3-1f-C6-H]"

[3-1f-C4-H]"

Bond dissociation enthalpy calculations

[3-1f-C5-H]"

Geometry optimizations and frequency calculations were carried out for 3-1f and

for the radical species resulting from H-atom abstraction from each site [3-1f-C1-H]",
[3-1f-C2-H]", [3-1f-C3-H]’, [3-1f-C4-H]’, [3-1f-C5-H]’, and [3-1f-C6-H]’, The

calculated energies of these species are listed and the calculated BDEs are summarized.
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3D images of chair conformation of 3-1f

3-1f

Front view Top view Side view

[1f-C1-H]'

Front view Top view Side view

[1f-C2-H]'

Front view Top view Side view
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[1f-C3-H]'

Front view Top view Side view

[1f-C4-H]*

Front view Top view Side view

[1f-CS-H]*

Front view Top view Side view
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[1f-C6-H]'

Front view

Top view

Bond Dissociation Enthalpy Calculations

Geometry optimizations and frequency calculations were carried out for 1f and for
the radical species resulting from H-atom abstraction from each site [1f-C1-H]", [1f-
C2-H]', [1{-C3-H]", [1{-C4-H]", [1{-C5-H]", and [1f-C6-H]*, The calculated energies

of these species are listed and the calculated BDEs are summarized.

Calculated energies and geometries

3-1f

Side view

Energy
Electronic Energy (EE) -1073.3291
Zero-point Energy Correction 0.361375
Thermal Correction to Energy 0.382245
Thermal Correction to Enthalpy 0.383189
Thermal Correction to Free Energy 0.310475
EE + Zero-point Energy -1072.9677
EE + Thermal Energy Correction -1072.9468
EE + Thermal Enthalpy Correction -1072.9459
EE + Thermal Free Energy Correction -1073.0186
Imaginary Freq 0
Energies in Hartree, calculated in MeCN.
Geometry
Atom X Y Y4
C 0.11075000 -1.54836800 -0.86556900
C 1.50758600 -1.31825000 -0.29726300
C 1.52929800 -0.72511300 1.12967800
C -0.37270400 0.56336300 0.48926700
C -0.92127200 -0.43215600 -0.53868000
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H 1.74969500 -1.46744900 1.89983200

H 2.05966600 -2.26641400 -0.31664300

H 0.19208000 -1.69553600 -1.94975900

H 0.31779800 1.24348700 -0.02163800

H -1.22100700 0.10575300 -1.44489300

@) 0.31232100 -0.14167900 1.53096500

@) 2.57253800 0.23665800 1.08305500

@) 2.16544400 -0.32730600 -1.08518000

O] -0.41792900 -2.70979900 -0.23121000

@) -2.04077300 -1.13483600 0.00353400

C -1.44567400 1.38656300 1.19611900

H -2.16962600 0.73068200 1.67981300

H -0.98020400 2.04166600 1.93470500

O] -2.20468400 2.16926800 0.25080600

C -1.70942800 3.38457400 -0.08662500

O] -0.67047800 3.83400000 0.35457000

C -2.62091600 4.08084200 -1.06224300

H -2.71910000 3.48267000 -1.97483300

H -3.62162700 4.18989000 -0.63040300

H -2.21552900 5.06328200 -1.30873900

C -1.83206800 -2.54589900 -0.12362400

C 3.13783600 0.29313000 -0.24154400

C 4.45737000 -0.47965100 -0.26529200

H 4.89534500 -0.45165000 -1.26864100

H 5.16713000 -0.03119500 0.43749400

H 4.30402100 -1.52510000 0.02182300

C 3.30008600 1.74377400 -0.66457600

H 4.01598900 2.24772100 -0.00771300

H 3.67783800 1.79629400 -1.69074100

H 2.34147000 2.26808700 -0.61151700

C -2.29765500 -3.22730000 1.15269200

H -3.37270000 -3.07592900 1.29213700

H -2.10277200 -4.30336600 1.10327700

H -1.76268100 -2.80419100 2.00791000

C -2.53480900 -3.06894000 -1.37781300

H -2.36211400 -4.14451900 -1.49126000

H -3.61351600 -2.89436600 -1.30651000

H -2.16205700 -2.55967700 -2.27317000

[3-1f-C1-HJ"
Energy
Electronic Energy (EE) -1072.6642
Zero-point Energy Correction 0.347147
Thermal Correction to Energy 0.368286
Thermal Correction to Enthalpy 0.36923
Thermal Correction to Free Energy 0.294424
EE + Zero-point Energy -1072.3171
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EE + Thermal Energy Correction -1072.296
EE + Thermal Enthalpy Correction -1072.295
EE + Thermal Free Energy Correction -1072.3698
Imaginary Freq 0
Energies in Hartree, calculated in MeCN.
Geometry
Atom X Y Z

C 1.69543600 -0.59461500 -0.66966900

C 1.71777500 0.57363800 0.35985600

C 0.35478500 1.15809100 0.68433700

C -0.87058700 -0.27866800 -0.73675900

C 0.31052700 -1.22159200 -0.92083800

H 2.22903400 0.21265100 1.26138100

H 2.13326500 -0.21283200 -1.59678600

H -0.85215300 0.46030300 -1.54784800

H 0.27192100 -1.63162900 -1.94010700

O -0.77291700 0.42463700 0.53217300

O] 0.29837000 2.43162700 0.15508500

O 2.42702000 1.68716300 -0.19650500

O 2.46718700 -1.70363800 -0.21642200

@) 0.26362000 -2.26843900 0.04645500

C -2.19966800 -1.01099900 -0.74178000

H -2.27823000 -1.63407500 -1.63739000

H -2.30731000 -1.62907500 0.14919000

O -3.27031500 -0.04739000 -0.80174600

C -4.12937900 0.02311400 0.24393200

O -4.10192900 -0.72241000 1.20162100

C -5.11469400 1.14394300 0.03939000

H -4.58436500 2.10241500 0.01087500

H -5.63170700 1.02418600 -0.91851500

H -5.84016900 1.15082800 0.85427900

C 1.59072300 -2.77877800 0.18794800

C 1.66195600 2.88255900 0.00441700

C 2.10791000 3.60346200 1.27355200

H 3.15433600 3.91119500 1.17968800

H 1.49468100 4.49472100 1.44252400

H 2.01138000 2.94253300 2.14126200

C 1.75082000 3.73810900 -1.24575500

H 1.14408700 4.64197000 -1.13353200

H 2.78987900 4.03643200 -1.41736300

H 1.39611300 3.17169500 -2.11198200

C 1.82047800 -3.11295500 1.65480700

H 1.14385800 -3.91307100 1.97293500

H 2.85075400 -3.44963500 1.80784500

H 1.63836800 -2.22927700 2.27400500

C 1.82121900 -3.96914800 -0.74058000
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H 2.86354500 -4.29938700 -0.67921800
H 4.97436900 -1.64200500 -0.83877700
H 4.64716800 0.03399200 -1.33573700
[3-1f-C2-H]"
Energy
Electronic Energy (EE) -1072.6716
Zero-point Energy Correction 0.347813
Thermal Correction to Energy 0.368841
Thermal Correction to Enthalpy 0.369785
Thermal Correction to Free Energy 0.295937
EE + Zero-point Energy -1072.3238
EE + Thermal Energy Correction -1072.3028
EE + Thermal Enthalpy Correction -1072.3018
EE + Thermal Free Energy Correction -1072.3757
Imaginary Freq 0
Energies in Hartree, calculated in MeCN.
Geometry
Atom X Y Z
C -0.52788600 1.38197100 -0.88339800
C -1.72646200 0.71474600 -0.29824200
C -1.66475600 0.16630900 1.10341900
C 0.55712700 -0.47704800 0.50750300
C 0.81523800 0.67404300 -0.47307000
H -2.10325500 0.80558200 1.87667700
H -0.62091200 1.42902300 -1.97467700
H 0.12044700 -1.31421500 -0.05168200
H 1.33515800 0.28884200 -1.35828800
0] -0.34163800 -0.05929800 1.54527200
O] -2.39915900 -1.05561100 1.01291400
@) -2.37266100 -0.18459000 -1.10043400
O] -0.40509200 2.69009600 -0.31352200
@) 1.58168200 1.69503600 0.15542300
C 1.80605000 -0.96445900 1.23748900
H 2.26836300 -0.14139600 1.78324500
H 1.54204700 -1.76857200 1.92682100
@) 2.80860000 -1.42114100 0.30636200
C 2.72793000 -2.70855800 -0.11032200
@) 1.85897600 -3.47783500 0.24827700
C 3.85452900 -3.03532600 -1.05431800
H 3.82656900 -2.36379700 -1.91930100
H 4.81746000 -2.88731200 -0.55325800
H 3.76791800 -4.07047300 -1.38785400
C 0.98311900 2.96532400 -0.12571700
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C -3.08582100 -1.11423200 -0.23737400
C -4.52809200 -0.64213200 -0.08326700
H -5.03947300 -0.65277400 -1.05112000
H -5.06399800 -1.30546800 0.60303800
H -4.55409900 0.37605400 0.31876200
C -2.95899100 -2.50664300 -0.82627700
H -3.45326700 -3.23090100 -0.17123700
H -3.43654100 -2.54672600 -1.81012800
H -1.90488800 -2.78135300 -0.92739200
C 1.13564100 3.85324000 1.09773100
H 2.19490700 4.04030700 1.30024300
H 0.63906400 4.81482100 0.93375800
H 0.68690700 3.36100700 1.96558700
C 1.59377900 3.57229700 -1.39068600
H 1.11546300 4.53017000 -1.62120300
H 2.66616000 3.74290000 -1.24874500
H 1.46188500 2.90382700 -2.24842600
[3-1f-C3-HJ"
Energy
Electronic Energy (EE) -1072.6733
Zero-point Energy Correction 0.347625
Thermal Correction to Energy 0.368663
Thermal Correction to Enthalpy 0.369608
Thermal Correction to Free Energy 0.295771
EE + Zero-point Energy -1072.3257
EE + Thermal Energy Correction -1072.3046
EE + Thermal Enthalpy Correction -1072.3037
EE + Thermal Free Energy Correction -1072.3775
Imaginary Freq
Energies in Hartree, calculated in MeCN.
Geometry
Atom X Y Z
C -1.81599300 0.59570000 0.24109300
C -1.03128400 1.66870700 -0.42931400
C 0.27449500 1.11943700 -1.09800000
C 0.39087400 -0.50751700 0.64960600
C -1.11083400 -0.50561500 0.99334400
H 0.20621500 1.09952000 -2.18866900
H -1.64590900 2.18402900 -1.17704000
H 0.87628800 0.25909300 1.26600300
H -1.22677200 -0.43655700 2.08524400
O 0.58174200 -0.20601700 -0.73696700
O] 1.28801500 2.01614500 -0.68366200
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O -0.53286100 2.57958000 0.55955400
@) -2.82767500 0.04637700 -0.49878500
O -1.75016200 -1.69617500 0.50945800
C 1.03945500 -1.85189300 0.92699400
H 0.82186600 -2.16800200 1.95110500
H 0.68882600 -2.60688000 0.22453600
@) 2.47283200 -1.71883300 0.82672600
C 3.11008300 -2.38215500 -0.16671600
O 2.56753400 -3.15105800 -0.93417400
C 4.57624200 -2.03482700 -0.17513100
H 4.70243700 -0.97420500 -0.42085200
H 5.01252700 -2.19796800 0.81578900
H 5.09606000 -2.64494400 -0.91545400
C -2.99469400 -1.33857800 -0.08326800
C 0.70744900 3.09317000 0.07773100
C 0.48769900 4.30468000 -0.82994700
H 0.03339200 5.12450100 -0.26357200
H 1.44419400 4.64958700 -1.23629100
H -0.17042800 4.05217900 -1.66802700
C 1.60213400 3.40104900 1.26639600
H 2.58204600 3.74526000 0.92111400
H 1.15528700 4.18980200 1.87997900
H 1.73530900 2.50553000 1.88072000
C -3.21212200 -2.18323700 -1.32492000
H -3.29568300 -3.23854100 -1.04658600
H -4.13362700 -1.88419900 -1.83377900
H -2.36587500 -2.06055700 -2.00725400
C -4.13372000 -1.41827200 0.92838800
H -5.07303100 -1.08927200 0.47237800
H -4.25415300 -2.45073700 1.27181900
H -3.92306600 -0.78167300 1.79409600
[3-1f-C4-H]"
Energy
Electronic Energy (EE) -1072.6661
Zero-point Energy Correction 0.34752
Thermal Correction to Energy 0.3686
Thermal Correction to Enthalpy 0.369544
Thermal Correction to Free Energy 0.295285
EE + Zero-point Energy -1072.3186
EE + Thermal Energy Correction -1072.2975
EE + Thermal Enthalpy Correction -1072.2966
EE + Thermal Free Energy Correction -1072.3708

Imaginary Freq

0

Energies in Hartree, calculated in MeCN.
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Geometry

Atom X Y Z
C -0.73501500 -1.16963000 0.58759600
C -1.93386100 -0.71438000 -0.30146300
C -1.64664000 0.50261800 -1.21756800
C 0.66421800 0.64779100 -0.59566600
C 0.59965700 -0.65686500 0.11298800
H -2.25068300 0.44859200 -2.13115800
H -2.24123000 -1.57952800 -0.89681500
H -0.96025300 -0.87397200 1.62138700
H 0.43549500 1.45678800 0.10517800
O -0.34056900 0.67752600 -1.65825700
0] -2.05983900 1.60330700 -0.40775200
O -3.03802400 -0.27533000 0.47749000
0] -0.59290000 -2.59419700 0.50218300
0] 1.30984100 -1.71053700 -0.40018300
C 1.98328400 0.93935800 -1.30680500
H 2.24538900 0.12403800 -1.98200800
H 1.89537800 1.87181200 -1.86708600
0] 3.07069200 1.02659300 -0.36660300
C 3.27263300 2.22421300 0.23512000
O 2.58596800 3.20444600 0.02723100
C 4.45215100 2.16024200 1.16845500
H 4,29721900 1.37640100 1.91758600
H 5.35849400 1.90598400 0.60783100
H 4.58379500 3.12379100 1.66289200
C 0.75983900 -2.92128200 0.17785900
C -3.14175000 1.16783300 0.41438500
C -4.48261600 1.52363500 -0.22326900
H -5.30466700 1.12085000 0.37777600
H -4.59766100 2.61088200 -0.28624800
H -4,55075800 1.10221900 -1.23148200
C -2.96894100 1.76157900 1.80515400
H -3.02501000 2.85438100 1.76184200
H -3.76089300 1.40010200 2.46890000
H -1.99850300 1.47383900 2.22122500
C 0.77342800 -4,00575900 -0.88414100
H 1.80162400 -4,23985000 -1.17699500
H 0.30904600 -4,91546500 -0.49092600
H 0.21505500 -3.67349600 -1.76438500
C 1.54556700 -3.28060600 1.43510500
H 1.10767600 -4,16638600 1.90637300
H 2.58989200 -3.49646000 1.18686900
H 1.51752600 -2.45147300 2.14987300
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[3-1f-C5-H]*

Energy
Electronic Energy (EE) -1072.6721
Zero-point Energy Correction 0.347334
Thermal Correction to Energy 0.368508
Thermal Correction to Enthalpy 0.369452
Thermal Correction to Free Energy 0.294669
EE + Zero-point Energy -1072.3248
EE + Thermal Energy Correction -1072.3036
EE + Thermal Enthalpy Correction -1072.3027
EE + Thermal Free Energy Correction -1072.3775
Imaginary Freq 0
Energies in Hartree, calculated in MeCN.
Geometry
Atom X Y Z
C 1.81668200 0.99994900 -0.49585800
C 0.77738800 1.84261100 0.22621000
C -0.10571600 1.05722800 1.20301500
C 0.00594800 -0.75174300 -0.38949000
C 1.24042700 -0.29044700 -1.09387300
H 0.24012000 1.08215900 2.23612900
H 1.26444700 2.66840200 0.76112900
H 2.31154300 1.60029900 -1.26987000
H 1.05006700 -0.20867800 -2.16700400
) -0.22671200 -0.34294500 0.89994700
@) -1.34900800 1.69607400 1.11789300
) -0.15835200 2.32629800 -0.73457000
@) 2.75365100 0.53943200 0.47392100
) 2.34917500 -1.21852500 -0.95088400
C -0.66094400 -2.02960600 -0.74324700
H -0.34094700 -2.36450800 -1.73264700
H -0.46581300 -2.82148900 -0.01262800
@) -2.10780800 -1.84294400 -0.82250100
C -2.87673800 -2.44277000 0.11490600
@) -2.45124700 -3.18020500 0.98204900
C -4.32481700 -2.06486600 -0.06512500
H -4.94996300 -2.68111000 0.58317300
H -4.46126900 -1.00923600 0.19738300
H -4.62914100 -2.18845000 -1.10905600
C 3.22689100 -0.76215300 0.08851200
C -1.40525100 2.53223000 -0.06566300
C -1.55002000 3.98361400 0.38084800
H -1.59722300 4.64354300 -0.49162100
H -2.46815700 4.11081100 0.96375400
H -0.69915000 4.28012300 1.00281700
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C -2.52897000 2.06602500 -0.97770500
H -3.49529300 2.19223900 -0.47886900
H -2.53652800 2.65775200 -1.89898100
H -2.39252800 1.01066600 -1.23051300
C 3.14349300 -1.67519400 1.30658000
H 3.46980800 -2.68670000 1.04343100
H 3.78844700 -1.30112900 2.10897900
H 2.11326400 -1.71535800 1.67216200
C 4.63560500 -0.66083800 -0.48961400
H 5.33535700 -0.30289900 0.27297800
H 4.97434000 -1.64207600 -0.83879300
H 4.64716100 0.03392400 -1.33575700
[3-1f-C6-H]"
Energy
Electronic Energy (EE) -1072.6644
Zero-point Energy Correction 0.346419
Thermal Correction to Energy 0.36767
Thermal Correction to Enthalpy 0.368614
Thermal Correction to Free Energy 0.294244
EE + Zero-point Energy -1072.318
EE + Thermal Energy Correction -1072.2968
EE + Thermal Enthalpy Correction -1072.2958
EE + Thermal Free Energy Correction -1072.3702
Imaginary Freq 0
Energies in Hartree, calculated in MeCN.
Geometry
Atom X Y Z
C -1.73567600 0.92318100 -0.57173400
C -2.12189100 -0.36965000 0.13661000
C -1.08977900 -0.84719200 1.18411800
C 0.62154000 -0.04740300 -0.29296200
C -0.24102900 1.02591200 -0.97311200
H -1.40590100 -0.65346900 2.21192200
H -3.10360700 -0.23774700 0.60902200
H -2.37970500 1.05545400 -1.45039300
H 0.49645800 -0.99205900 -0.83559700
H -0.11391900 0.94810200 -2.05857200
@) 0.17302500 -0.23751000 1.07799200
@) -1.00993600 -2.25058900 0.96671900
O] -2.15290900 -1.42635700 -0.82101000
O] -1.91749900 1.98586100 0.35944300
O] 0.14874700 2.33000600 -0.53846000
C 2.05457100 0.31705000 -0.28393700
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H 2.43711200 1.30622200 -0.07855700
@) 2.92499500 -0.73699100 -0.17406400
C 4.26515900 -0.47664700 -0.01068400
O 4.71175400 0.64767600 0.04015900
C 5.03906000 -1.75869500 0.09210400
H 4.70207600 -2.33077800 0.96399600
H 4.86571400 -2.37724000 -0.79520500
H 6.10304100 -1.53734300 0.18713200
C -0.96920300 3.00721200 0.05483600
C -1.88684800 -2.63666600 -0.10797300
C -3.17463800 -3.22857300 0.46768100
H -3.85422700 -3.51685600 -0.34121400
H -2.94461900 -4.11818500 1.06315700
H -3.68465600 -2.50612500 1.11328600
C -1.16281400 -3.60016300 -1.03358100
H -0.90726600 -4.51767200 -0.49434800
H -1.80542400 -3.86451300 -1.87951000
H -0.24396500 -3.14509200 -1.41480800
C -0.52286100 3.64981600 1.35841800
H 0.24473500 4.40574400 1.16474300
H -1.36990700 4.13505200 1.85402700
H -0.11119600 2.88203200 2.01985100
C -1.55243800 4.00731800 -0.94401600
H -2.41481700 4.52275800 -0.50789200
H -0.79925600 4.75494400 -1.21397800
H -1.87501100 3.49700600 -1.85790200
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Chapter 4. Conclusion

In Chapter 1, I introduced the potential applications of saccharide derivatives in
various fields and provided a brief discussion on different approaches for modifying
saccharides. Specifically, I focused on two main methods for achieving alkylation of
saccharides, which involved the functionalization of hydroxy groups of saccharides and
direct C(sp*)-H alkylation of saccharides, respectively.

In Chapter 2, the C3(sp®)-H alkylation was achieved using 2,3:4,5-bis-O-(1-
ethylethylidene)-f-D-fructopyranose methyl sulfamate as a model substrate. As a result,
nine alkylated-D-fructopyranose derivatives were obtained in moderate yields (23% to
52%). Additionally, this work demonstrated that the alkylation at the target positions,
which are not easily accessible through the transformations of hydroxy groups, can be
achieved by introducing a 1,6-HAT moiety of saccharides. Several functional groups,
such as ester, aryl, carbonyl, cyano, and sulfonyl groups, could be introduced using the
reaction. Furthermore, the 1,6-HAT moiety, which presented in the alkylated D-
fructopyranose derivatives, could be removed, and the introduced siloxy group also
could be transformed to a hydroxy group. The alkylation of D-fructopyranose
derivatives with alkenes bearing the functional groups will promote the synthesis of

complex carbohydrates.
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Scheme 4-1. Iridium-photocatalyzed C3(sp’)-H alkylation of 2,3:4,5-bis-O-(1-
ethylethylidene)-f-D-fructopyranose methyl sulfamate via 1,6-HAT.
cat.2-P,

(2 mol%) . OO 0
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R2
m \// M R\)\ ‘ﬁ\o \R10\\S/9 Me
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R3 ¢}
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_ 18W blue LED 23%-52% yields

)( 9 examples
o)
0 o P +Direct C(sp®)-H alkylation
/)\o H 1,6-HAT /)\ +Removable 1,6-HAT moiety
Q
I | O
L Me Me ]

In Chapter 3, the site-selective C(sp*)-H alkylation of saccharides successfully
was achieved without using a directing group or a HAT site. These reactions were
accomplished using anthraquinone or TBADT photocatalyst. Under anthraquinone
photocatalysis, nine alkylated saccharides were obtained in moderate to good yields (33%
to 79%). In addition, under TBADT photocatalysis, twenty-one alkylated saccharides
were obtained in moderate to excellent yields (40% to 97%). Various functional groups
could be introduced into different saccharide frameworks using the two reaction
systems. Anthraquinone-catalyzed C(sp’)-H alkylation targeted the weak bond
dissociation energy (BDE) of C(sp®)-H bond of saccharides. On the other hand, the
site-selectivity of TBADT-catalyzed C(sp’)-H alkylation was mainly governed by
steric effects. By changing the photocatalysts, the reaction sites could be switched due
to the different factors influencing the site-selectivity. Moreover, in both anthraquinone-
and TBADT-catalyzed C(sp’)-H alkylation, the mono-alkylated products were
obtained on a gram scale. Hopefully, these reactions will contribute to the development

of glycochemistry.
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Scheme 4-2. Anthraquinone- and TBADT-catalyzed site-selective alkylation of

saccharides via HAT.

R? R?
Re,J\/R1 Re)J\/R1 R2

1 (RO) H
R' -0 anthraquinone (20 mol%) (R&g* TBADT (1.0 mol%) R'
R2 ) iqs - (RO)m
T)M " MeCN h MeCN \-0
R3 365 nm 365 nm ),
H (RO (RO)
33%-79% yields ( \,25“ *~\-0 40%—-97% yields
9 examples )n L(l)n 21 examples
+Direct C(sp®)-H alkylation +Direct C(sp®)—H alkylation
+ Organic photocatalyst +Broad substrate scope
+Gram scale ¢ Gram scale

In this thesis, the site-selective alkylation of D-fructopyranose at C3—H, C4-H,
and C5—H positions was successfully achieved, as illustrated in Scheme 4-3. Through
the site-selective introduction of diverse functional groups, the transformations of D-
fructopyranose provide valuable insights into the field of glycochemistry.

Furthermore, site-selective C(sp*)-H alkylation of various saccharides, including
D-fructose, D-galactose, L-sorbose, and other saccharide derivatives, was successfully
accomplished under TBADT photocatalysis. This strategy holds the potential to foster

advancements in C(sp*)-H transformations in bioactive and natural compounds.
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Scheme 4-3. Site-selective alkylation of 2,3:4,5-bis-O-(1-ethylethylidene)-f-D-

fructopyranose in this thesis.
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