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Chapter 1

Chapter 1

General Introduction

Oxidation is one of the most important chemical reactions; however, it is also known
for having a high environmental impact. Oxidation processes commonly necessitate large
quantities of relatively expensive and difficult-to-handle oxidants to remove electrons
from the substrates, generating oxidant-derived waste after the reaction. Therefore, it is
desirable to develop environmentally friendly oxidation methods from the viewpoint of
green and sustainable chemistry. Recently, oxidation using molecular oxygen (O>) as the
terminal oxidant has been actively studied. O; is considered an ideal oxidant because it is
abundant in the atmosphere, can be used continuously, and only water is generated as a
byproduct during the oxidation process.! However, the use of O, with weak oxidizing
power requires activation, which conventionally requires high-temperature and high-
pressure conditions. Thus, aerobic oxidation is accompanied by the acceleration of side
reactions, resulting in low chemoselectivity and atom efficiency. Therefore, there is a
need for the development of environmentally friendly and highly selective catalytic
methods for aerobic oxidation under mild conditions.

Photoredox processes using visible-light irradiation are of growing interest in organic
synthesis.? Visible light is a clean, easy-to-handle, and abundant source of energy, and
thus has significant potential for developing sustainable and environmentally friendly
protocols. Generally, photoredox reactions proceed via a catalytic cycle, as illustrated in
Scheme 1. In an oxidative quenching cycle, the excited photoredox catalyst (PC¥*) is
quenched by the donation of an electron to the substrate (sub) or oxidant (ox). In a

reductive quenching cycle, PC* is quenched by the acceptance of an electron from the
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sub or reductant (red). Transition metal complexes, such as Ru(bpy)s?* and Ir(ppy)s, are
often used as photoredox catalysts (Figure 1).> These metal complexes have excellent
photophysical properties in visible-photocatalysis, yet they come with disadvantages such
as high cost and relative toxicity. Organic photocatalysts, including acridinium dye,* eosin
Y,? and quinoneb, have been recognized as attractive alternatives to transition metal
complexes in photocatalytic reactions.?®%” These are usually inexpensive, have low
toxicity, are easy-to-handle, and are expected to demonstrate excellent activity owing to
their high oxidizing power. Flavin compounds, including riboflavin, commonly known as
vitamin Bj, have attracted attention as unique photocatalysts that promote various
oxidation reactions.® Flavin photocatalyzed oxidation typically proceeds in a reductive
quenching cycle. The excited flavin receives electrons from the electron-rich substrate
and produces reactive radical species that undergo further transformations. Subsequently,
the initial flavin is regenerated by a reaction with a sacrificial oxidant, usually Ox.

Therefore, flavin photocatalysts are expected to facilitate O»-driven oxidation under mild

conditions.
sub sub +
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Scheme 1. Oxidative and reductive quenching cycle of photocatalysts.
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Figure 1. Structures of typical photoredox catalysts.

Riboflavin is a functional organic molecule that exhibits unique redox and optical
properties originating from its m-conjugated system.? In vivo, it exists as cofactors such
as flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD, Figure 2). Flavin
compounds play pivotal roles in metabolism, energy production, neurotransmitter
regulation, and phototransduction through their association with proteins.!® Flavin
monooxygenase (FMO) is the biological enzyme responsible for aerobic oxygenation. Its
active center, the riboflavin moiety, receives two electrons from reducing coenzyme
NAD(P)H. The resulting ‘reduced form’ of riboflavin carries out oxygenation reactions
through the activation of O, (Scheme 2). Flavin catalysts are organocatalysts developed
to mimic the oxidation function of FMO and are known to facilitate two types of
oxidation reactions: i) dehydrogenative oxidation and ii) oxygenation reactions, utilizing
O, as an oxidant.!! These flavin-catalyzed aerobic oxidations are characterized by
chemoselective oxidation reactions proceeding under mild conditions.!? However, in
contrast to the numerous successes in the oxygenation reactions, the dehydrogenative

oxidation of substrates such as alcohols and thiols is inefficient and challenging to
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proceed smoothly due to the weak oxidative power of flavin catalysts.
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Figure 2. Structures of riboflavin derivatives.
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Scheme 2. Catalytic cycle of flavin monooxygenase

Flavin compounds possess absorption in the visible light region and exhibit specific
luminescence properties originating from the mn-conjugated system. Upon excitation by
blue light, the oxidizing power dramatically increased. For example, riboflavin
tetraacetate (TARF), obtained by acetylation of the four hydroxyl groups of riboflavin
and often used as a photocatalyst, increases its oxidizing power under light irradiation. Its
singlet excited state reduction potential is 1.67 V vs. saturated calomel electrode (SCE),

in contrast to its ground state reduction potential of —0.81 V vs. SCE (Figure 3).!? Since
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the redox potential of electron-rich 4-methoxybenzyl alcohol is 1.57 V vs. SCE,!* the
excited flavin catalyst is expected to promote oxidation, which is difficult for the flavin
catalyst in its ground state. Furthermore, it has been reported that coordination of flavins
with metal ions (2.54 V vs. SCE for scandium)'® or introduction of electron-withdrawing
groups into the flavin flamework (values up to 2.67 V vs. SCE)!¢ can provide flavins with
high reduction potential. These flavin catalysts with increasing oxidizing power are
expected to be applied to the oxidation of various non-activated benzylic substrates, such
as toluene (2.20 V vs. SCE) and ethylbenzene (2.14 V vs. SCE), as well as substrates

containing heteroatoms or electron-withdrawing groups.
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Figure 3. (a) Structures of flavin-based photocatalysts and (b) excited-state reduction

potentials of them and other photoredox catalysts. [#lref. 14 lref. 15 [Clref. 16a [ref. 17
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Flavin photocatalysts facilitate oxidation through one- and two-electron transfer (ET)
mechanisms. The oxidation of benzylic substrates such as benzyl alcohol,'®
benzylamine,!® and alkylbenzene!®?° to aldehydes, ketones, and carboxylic acids has been
actively studied (Scheme 3a). Among them, the mechanism of dehydrogenative oxidation
of benzyl alcohol has been investigated in detail through subpico- to micro-second
transient absorption experiments and LED illuminated NMR studies. Flavin undergoes
oxidation through the catalytic cycle illustrated in Scheme 3b.2! In addition to benzylic
oxidation, numerous other examples have been reported, including esterification of
carboxylic acids and alcohols,?? photooxidative coupling of aldehydes and amines,?
allylation of N-substituted tetrahydroisoquinolines,?* cyanation of aliphatic carboxylic

acids,® and cyclization of thiobenzanilides to benzothiazoles.?®

“SoH Ar” NH, _ A X0 Ar)J\OH
flavin (cat.) o
Ar/\R O,, hv )J\
Ar R
b)
R
Me N__N__O
2 hv 3FI*
NH 3Fp*
Mo”7 N7
O
H20,
FIH' FIH’
Me
j@ dismutation
Me
FI + FIH,
FIH2
H0, O

Scheme 3. (a) Flavin photocatalyzed reactions and (b) the mechanism for the oxidation
of benzyl alcohol. ET: electron transfer, PT: proton transfer, HAT: hydrogen atom

transfer.
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The triplet excited state of flavin, which has a long lifetime, also promotes an energy-
transfer process (EnT), known as a photosensitizing reaction. In the triplet excited state,
the flavin transfers energy to the substrate, thereby the excited substrate allows the
chemical reaction to proceed (Scheme 4). As an example of energy transfer with flavin,
the intramolecular [2+2] photocycloaddition of styrene dienes has been reported.?’ This
is due to the direct excitation of the substrate by energy transfer from flavin in the triplet
state, facilitating subsequent cyclization. Another known example of photosensitization
involves the generation of singlet oxygen !O», which proceeds independently of the
substrate. !0, which is efficiently produced by energy transfer from flavin,?® has been
reported to be involved in various oxygenation reactions such as oxygenation of sulfides?
and benzyl C-H bonds.*° A further example of a reaction combining EnT and ET is the
synthesis of coumarins via E-Z isomerization of (E)-cinnamic acid and subsequent
cyclization.*! However, to the best of the author’s knowledge, there have been no
examples of S-S or S-N bond formation via oxidation of thiols using flavin photocatalysts,

although numerous examples of flavin-photocatalyzed oxidations have been reported.

a) Intersystem b ,
) cros)éing ) R R
/\\ /:\ ’ j:[
1Ep* 3Fp R flavin (cat.) R o
K /{/sub orl0, gSgm O, hv Q
EnT process _S.
sub* or R R

Scheme 4. (a) Catalytic cycle of flavin involving energy transfer (EnT) process and (b)
[2+2] photocycloaddition and sulfoxidation promoted by the EnT mechanism flavin

catalysts.
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Organosulfur compounds find extensive application in organic synthesis,
pharmaceuticals, pesticides, and insecticides, marking them as most important
compounds. Among them, numerous compounds containing sulfur heteroatoms, that is
S-X (X=S, N, P, O, etc.) bonds, have attracted widespread attention because of their
remarkable functions, including biological activities.>* Typical organosulfur compounds
are presented in Figure 4. Disulfides are important functional groups found in
pharmaceuticals including antiviral and anticancer agents,®> marine natural products,**
foods,* and functional polymers.*® Disulfides are also used as catalysts,?” intermediates
for organic synthesis,*® and functional group protection.* Sulfoxides commonly obtained
by oxygenation of sulfides have also been reported in numerous pharmacologically active
substances, such as proton pump inhibitors*’ and the natural product sulforaphane, which
has anticancer activity.*! In addition to pharmaceuticals, organosulfur compounds
containing S-N bonds, such as sulfenamides and sulfonamides, are widely used in
synthetic and industrial applications, such as reaction reagents in the synthesis of various
organosulfur compounds** and vulcanization accelerators in the rubber industry.*
Therefore, it is necessary to develop an efficient method for the green synthesis of these

organosulfur compounds from inexpensive and readily available thiols and sulfides.

(0] 0]
_ .S /S\ R2 1_||_ 2 1_||_
R-SH  piP>ge o757 R ('SS R R'-S-OH
thiol sulfide disulfide sulfone sulfonic acid
0]
.R3 2 It O R?
N e S SR
S ! R! '}l R TR
R TR2 R® R3 0O R

sulfilimine sulfenamide sulfinamide sulfonamide

Figure 4. Various organosulfur compounds
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In addition to their applications as organocatalysts for green catalytic reactions, %1244

flavin compounds are expected to function as key building blocks for both functional
polymers and supramolecules. Supramolecular gels formed from flavin derivatives
represent novel soft materials exhibiting unique functions that combine the properties of
supramolecular gels and riboflavin derivatives. Several flavin-based supramolecular gels
have been reported thus far.*> Nandi ef al. found that the combination of riboflavin with
melamine or methylcellulose forms a hydrogel through hydrogen bonding, which
enhances the photoluminescence properties.**¢ Naota et al. reported supramolecular
organogels containing tetraoctadecanoyl riboflavin*®, Upon ultrasonication, the
supramolecular gels formed in organic solvents exhibited high catalytic activity and
substrate specificity for the aerobic hydrogenation of alkenes. Hydrogels with dipeptide-
functionalized flavins have also been reported to serve as photocatalysts for the oxidation
of sulfides.**" However, to the best of the author’s knowledge, only a few studies have

focused on the chirality of riboflavin.

Based on this information, the author studied the following four areas of riboflavin-
derived photocatalysts for the aerobic oxidation of thiols and their supramolecular gels

for chiral sensing.

(1) Aerobic oxidative hetero-coupling of thiols using phototropin-inspired flavin
photocatalysis

(2) Flavin photocatalyzed S-N bond formation by dehydrogenative coupling of thiols and
amines

(3) Aerobic oxidative homo-coupling of thiols by flavin-iodine coupled organocatalysis
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(4) Colorimetric chiral sensing using flavin/melamine-based supramolecular organogels

These studies will be described in the following chapters.

Chapter 2 describes the synthesis of unsymmetrical disulfides by aerobic oxidative
heterocoupling of two thiols using flavin photocatalysis (Figure 5).4¢ Inspired by the
photochemical process of phototropin, the formation of a flavin-thiol adduct, which
mimics the phototropin photoreceptor, was catalytically reproduced by simple riboflavin
tetraacetate (FI), which can be synthesized from commercially available riboflavin
(vitamin B.) by single-step acetylation. The corresponding unsymmetrical disulfides were
selectively produced by the flavin-catalyzed reaction of two different thiols under visible
light irradiation in air. This system was used to perform heterocoupling between two
different alkyl thiols, which is difficult using conventional methods, and the
corresponding alkyl-alkyl unsymmetrical disulfides were selectively obtained. In
particular, there has been no reported example of the selective heterocoupling of
secondary and tertiary alkyl thiols, and this reaction is the first synthetic method to
proceed under metal-free and mild conditions at 25 °C. Control experiments and time-
resolved absorption measurements were conducted to investigate the reaction mechanism,

which indicated that the reaction proceeded via the formation of a flavin-thiol adduct.

10
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Figure 5. Flavin photocatalyzed hetrocoupling of two thiols for the synthesis of

unsymmetrical disulfides

In chapter 3, the author developed a method for the synthesis of sulfinamides and
sulfonamides via aerobic oxidative multi-step S-S, S-N, and S-O bond formation by
coupling thiols and amines using flavin photocatalyst (Scheme 5).*’ In the presence of
amines, the flavin photocatalyzed oxidation of thiols enhanced the conversion to
disulfides. Moreover, the flavin catalyst acted as a photosensitizer under visible-light
irradiation to promote the formation of S-N and S-O bonds (oxygenation). This reaction
is a green method driven by an environmentally friendly oxidant, air (1 atm), under mild

metal-free conditions.

0, LED 0
32 I 20\\ // >
R'-SH + NH "'S\N/R i ak
R3 | R! |
S-S bond S-N and -0 R? R?

formation bond formation

Scheme 5. Aerobic oxidative S-S, S-N, and S-O bond formation by coupling of thiols and

amines

In Chapter 4, the author demonstrated that the combination of easily prepared flavin

11



Chapter 1

and iodine catalysts could achieve efficient homocoupling of thiols, thus providing a
simple and environmentally friendly synthetic method for disulfides (Scheme 6).%8 Flavin
catalytically facilitates the oxidative transformation of I" to I through the activation of
molecular oxygen as well as the oxidation of thiols to disulfides. While the flavin-
catalyzed photooxidation of thiols described in Chapter 2 required visible-light irradiation
and basic conditions, this flavin-iodine-catalyzed system allowed the smooth oxidation
of thiols without light irradiation and was independent of the acidity of the reaction
system. Therefore, this reaction can be applied to various thiols, including those with

acidic carboxyl groups and basic amino groups.

0O, Hy,0

I

iodine
catalysis

-
+-BuOH, 26 °C, 6-24 h

Scheme 6. Aerobic oxidation of thiols using flavin-iodine coupled catalysis

In Chapter 5, the author describes colorimetric chiral sensing using supramolecular
organogels formed from flavin and melamine derivatives (Figure 6).* A novel chiral
supramolecular gel was formed by the stepwise self-assembly of a carabamoylated
riboflavin and an achiral melamine derivative in organic solvents. The obtained
supramolecular gels were successfully employed as photostimulated chiral sensors for
optically active alcohols, enabling visible colorimetric detection of chirality. Owing to the
induced supramolecular chirality and flavin photocatalysis, the photooxidation of chiral
alcohols occurs enantioselectively, resulting in a color change of the gel from yellow to

green.

12
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optically active
analyte

light

visual chiral sensing

Figure 6. Visible colorimetric chiral sensing with flavin/melamine-based chiral

supramolecular organogels.
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2-1 Abstract

Inspired by the photochemical process of phototropin, a blue light receptor protein in
plants, the author developed a novel flavin-based photocatalytic approach for the
chemoselective oxidative heterocoupling of two thiols. This system simplifies the
synthesis of unsymmetrical disulfides. Using photo- and redox organocatalysis of flavin
derivatives, readily synthesized from commercially available riboflavin, the oxidation of
thiols occurs under mild conditions and irradiation with visible light using O2, which is

abundant and known as a green oxidant.
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2-2 Introduction

Higher plants have a unique blue light receptor protein called phototropin, which plays
arole in optimizing and controlling the light response of plants.! A plant bending its stem
toward a light source is an example of a phototropin-mediated process. Phototropins
typically comprise two light-oxygen-voltage-sensing domains (LOV domains), which are
noncovalently bound to a chromophore, flavin mononucleotide (FMN).2 Upon exposure
to blue light, FMN is excited and interacts with a protein cysteine to form a flavin—thiol
adduct connecting the C(4a) carbon of the FMN cofactor to the thiol group of cysteine
(Scheme 1A).? The formed adducts then revert to their initial form in the dark. Although
this photochemical process has been actively studied in biology and biochemistry, it has
not received much attention in organic synthesis. The author hypothesized that the flavin-
thiol adducts formed by visible light irradiation could be used as a reaction intermediate
in the synthesis of sulfur-containing compounds in organic chemistry. Inspired by this
photochemical process, the author presents a novel green method for synthesizing
unsymmetrical disulfides. An organocatalyst derived from riboflavin (F1) facilitates the
chemoselective synthesis of unsymmetrical disulfides from two different thiols under air
and visible light irradiation, using flavin—thiol adduct formation as a key step (Scheme
1B). Riboflavin and its derivatives have recently attracted attention as promising redox
organocatalysts that facilitate various catalytic oxidations*> and have also been applied
to nonthermal photocatalytic oxidations.®” The application of flavin catalysts has been
recognized as an attractive approach for designing green and sustainable transformations.

However, flavin-based photocatalytic synthesis of disulfides has not yet been developed.
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(A) (B)
R R RISH F1 R'S—SR2
Me N__N YO Me N.__N YO .
s NH blue-light 58" NH
Me N Me N, R'S—-F1 R2SH, O,
FMN SH O sl O flavin-thiol adduct Rt R2 = Ar and Alkyl

: = OAc
Cys Nd Bt / Cys
R OAc
Me N.___N YO 00
I:[ 4 _NH AcO™
Me N Me N_ _N__O
Heo i
flavin-thiol adduct i = NH
Cys Me N
L F1 0 |

Scheme 1. (A) Photoreaction of phototropin and (B) heterocoupling of thiols using F1.

Disulfides, in which two sulfur atoms are covalently bonded, are important in

1,1 and materials chemistry.!! Among them, unsymmetrical

biological,” pharmaceutica
disulfides (R'S—SR?) are often found in pharmacologically active compounds, such as
antibiotic and anti-thrombotic activity (Figure 1)!?. Therefore, the development of a facile
approach to the synthesis of unsymmetrical disulfides has attracted considerable attention.
However, while various synthetic methods have been developed for synthesizing
symmetrical disulfides (R!S—SR!), the effective synthetic strategies for unsymmetrical
disulfides have been limited.!* Over the past several years, nucleophilic substitution
reactions!# and thiol-disulfide exchange reactions'> have been reported in synthesizing
unsymmetrical disulfides (Scheme 2A). However, this requires the prefunctionalization
of thiols, which is a two-step process. In addition, the direct oxidative coupling of two
different thiols using metal catalysts'® or oxidants!'” has received much attention as the
most atomic-economical and ideal method (Scheme 2B). Metal-catalyzed heterocoupling
reactions typically require large amounts of metals because sulfur atoms are strongly

coordinated with metals. Heterocoupling reactions using oxidants have the environmental

problem of requiring excess oxidants and the chemoselectivity problem of difficulty
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controlling the homocoupling, which produces symmetrical disulfides as byproducts.
Recently, the heterocoupling of thiols by electrochemical anodic oxidation has been
reported'®; however, the substrate scope remains a problem, and the development of a

chemoselective and green method is desired.

MeO\ 0 NMe,
HO o N MeO
S
N X MeO s
cl N X"g
o . Me...S S
S S o S
aspirochlorine Z-ajoene polycarpamine C
(antibiotic) (anti-thrombotic) (anti-fungus)
(0]
07N S\S,Pr
o
NS s ~
By s
Me~ "N~ "NH,
gliotoxin prosultiamine allicin

(antibacterial) (anti-Vitamine B, deficiency drug) (hypolipidemic)

Figure 1. Some pharmaceutically unsymmetrical disulfides.

(A) Substitution reaction

RISH + R2S-X R1s-SRr2 + H-X
X = LG, SR2

(B) Oxidative hetero-coupling

catalyst, oxidant R'S—SR!
R'SH + R2SH Y R'S—-SR2 + + Hy[O]
R2S—SR2

Scheme 2. Synthesis methods of unsymmetrical disulfides.
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2-3 Results and Discussion

First, the catalytic activity of the flavin compounds in the photocatalytic oxidation of
thiols to symmetrical disulfides was investigated (Table 1). Homocoupling of 4-
methoxybenzenthiol (1a) was performed using readily available flavin compounds as
photocatalysts in MeOH under blue LED irradiation and oxygen (1 atm) at 25 °C for 4 h.
Various neutral flavins (F1-3) and cationic flavinium salts (F4-6) were studied, and the
oxidation of 1a most proceeded when F1, which is easily synthesized by the acetylation
of riboflavin, was used to obtain the corresponding disulfide 2aa in 75% yield.

Alloxazines F2 and F3 and cationic flavinium salts F4—6 showed low catalytic activity

in 9%—25% yields.

Table 1. Effect of flavin catalysts on homocoupling of 1a.

OMe
SH flavin (5 mol%) s /©/
MeOH 'S
MeO

blue LED
1a 0, (1 atm), 25 °C, 4h MeO 2aa

OAc

OAc

AcO'
AcO' H I\I/Ie
MeI;[N _N_O Me:©:N\ NYO Mej@[N N__O
NH NH
Me N;g( Me N;EH/ Me N/j;( Me
F1 F2 0O F3
75% 9% 15%
OH I\Ille
Me N_ _N__O Me N_. _N__O
OLE O, o
+ NH + N
Me ” Me rTl/ Me e N/];(NH
o Et © Tio Et O Cl o)
F4 F5 F6
18% 25% 14%

Conditions: 1a (0.01 M), flavin (5 mol%), and MeOH with blue LED (7.2 W) under O
(1 atm) at 25 °C for 4 h. The yield was determined by GC using tetraecthylene glycol

dimethyl ether as an internal standard.
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The reaction of 2-mercaptopyridine (1b) in MeOH/H>O (1:1, v/v) using F1 as the
photocatalyst afforded 1bb quantitatively in 2 h (Table 2, entry 1). Aerobic oxidative
coupling did not proceed in the absence of F1, without white LED irradiation, or under
N2 atmosphere (entries 2—4), indicating the photocatalysis of F1 and the need for Oo.
Notably, this oxidative transformation was chemoselective, and no over-oxidized
byproducts, including sulfides, sulfoxides, or pyridine N-oxide, were observed (entry 1).
The coupling of 1a with a relatively electron-rich unit was obtained in low yield (19%)
in MeOH/H2O (1:1, v/v), but 2aa was obtained in 84% yield in MeOH/H2O/pyridine
(1:1:0.01, v/v), suggesting that a small amount of pyridine accelerated the coupling
reaction (entries 5 and 6). This is likely because thiols become anionic under basic
conditions, thereby increasing their nucleophilicity. By contrast, the reaction did not
proceed with tert-butyl mercaptan (1¢), probably owing to the moderate oxidizing power
of the flavin catalyst (entry 7)!°. This moderate oxidizing power of the flavin
photocatalyst was expected to positively affect chemoselective heterocoupling, and the
synthesis of unsymmetrical disulfides with equimolar amounts of thiols 1b and 1¢ was
attempted. The desired unsymmetrical disulfide 2bc was obtained chemoselectively in
82% yield, whereas symmetrical disulfides, which formed byproducts, were hardly

obtained (entry 8).
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Table 2. Synthesis of symmetrical disulfides and unsymmetrical disulfides.
F1 (5 mol%)

R'-SH ~S_ R
ix white LED R 78T
air, 25 °C
RI-SH + R2-SH ri-S~g-F
1x 1y 2xy
time roduct
entry  RL.SH  R2-SH solvent (h) pyield
N
. ¢ Ssu _ MeOH:H,0 5 2bb
_1 1:1 (Vviv) >99%
ob 1E _ MeOH:H,0 > 2bb
1:1 (VIV) 11%
MeOH:H,0 2bb
3¢ 1b - 1:1 (V) 2 2%
MeOH:H,O 2bb
d _ 2
4 1b 1:1 (viv) 2 1%
_ MeOH:H,0 2aa
5 1a 1:1 (vIv) 2 19%
_ MeOH:H,O:pyridine 2aa
6 1a 1:1:0.01 (viv) 2 84%
Bu-SH _ MeOH:H,O:pyridine 2cc
7 Ye 1:1:0.01 (VAv) 2 15%
MeOH:H,0 2bc <2bb 2%
8° 1b Te 1:1 (Viv) 6 82% \2cc <1%)

“Conditions: 1x (0.05 M), F1 (5 mol%), and solvent, with white LED under air (1 atm) at
25 °C for 2 h. The yield was determined by GC using tetracthylene glycol dimethyl ether
as an internal standard. "Without F1. “Without irradiation. “Under N». ¢1x (0.05 M), 1y
(0.05 M), F1 (5 mol%), and MeOH/H>O (1:1, v/v) were mixed in air (1 atm) at 25 °C for
6 h. The yield was determined by GC using tetraethylene glycol dimethyl ether as an

internal standard.

Next, the substrate scope of the thiol heterocoupling reaction was investigated (Table
3). The heterocoupling between various heteroarylthiols (1b,d,f—h) and tert-alkanethiols
(1c,e) successfully yielded the corresponding products in 76%—93% yields. Arylthiols 1i,
1j, and 1a reacted with 1¢ and 1e and furnished unsymmetrical disulfides in 65%—88%

yields, whereas the arylthiol with an electron-rich substituent (1a) showed relatively
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lower reactivity than electron-poor arylthiols. In addition to tert-alkanethiols, the
heterocoupling reaction proceeded with secondary and primary alkanethiols (1k, 11) to
give 2bk, 2dk, and 2bl in 69%—87% yields. Most examples reported thus far have been
limited to the heterocoupling of aryl and alkanethiols, which differ mainly in their
reactivity. Because the two alkanethiols have relatively analogous reactivities, the
chemoselective synthesis of the unsymmetrical alkyl—alkyl disulfides has been
challenging.'®® Based on these challenges, it is remarkable that the current photocatalytic
method was able to transform two alkanethiols (primary and tertiary) to the desired
unsymmetrical alkyl—alkyl disulfides (2me,nc,0ele, and oc) in 65%—76% yields at
ambient temperature. Unsymmetrical disulfide (2ek) was also obtained in 67% yield from
the reaction between a secondary alkanethiol and a tertiary alkanethiol. The
heterocoupling of secondary and tertiary alkanethiols has not been reported previously,

and the author succeeded in developing the first green chemoselective method.
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Table 3. Substrate scope of photocatalyzed oxidative heterocoupling

; ) F1 (5 mol%) s R
— + — - —~
SH R%-SH  “MeOH/MH,Olpyridne.  R'™ S
1x 1y white LED 2xy
air, 25 °C, 24 h
=
ey We, Thoo e fx s
2dcbe 2be e 2fc
78% 8 h) 76% 87% 80%
M
o, . Q C'@
N: _ _S Me _S
/L S N)\S/S\fBu S WOH S By
2 cC 2|e 2jc?
93% (48 h) 82% 48 h) 88% (4 85%
t] Q CL s,
kb c kb c
655 (48 h) o 2 70% 48 h)
HO\/\/\/\ _S. _S. _S M
sSmy  HO s Sy Meokﬂs ° on
2mc? 2nc? 20e? Me
70% (10 h) 66% (16 h) 76% (48 h)
; o)
S~ S Me
/S\ -
\&/\OH Me OJ\/\ s By S \’/\/\OH
2Ied 20c? 2ek? Me
65% 60% (72%) 67% (48 h)

“Conditions: 1x (0.05 M), 1y (0.06 M), F1 (5 mol%), and MeOH/H,O/pyridine (1:1:0.01,
v/v), with white LED (11 W) under air (1 atm) at 25 °C for 24 h. *Without pyridine.
‘MeOH/H,O/pyridine (9:1:0.05, v/v). “Using 1x (0.2 M), 1y (0.24 M), and

MeOH/H:O/pyridine (9:1:0.05, v/v). ¢Yield was determined by GC.

Control experiments were conducted to elucidate the reaction mechanism (Scheme 3).
The heterocoupling reactions of thiols reported previously initially produce symmetrical
disulfides R!S—SR!, followed by thiol—-disulfide exchange to produce the corresponding
unsymmetrical disulfide R'S—SR2.!®*<!8 However, using symmetrical alkyl—alkyl
disulfides 21l and 2cc as starting materials and reacting them with alkanethiols 1¢ and 11

did not yield the corresponding unsymmetrical alkyl—alkyl disulfide 2lc, both in the
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absence and presence of F1 (eqs 1 and 2). This indicates that the thiol-disulfide exchange
reaction with alkanethiols was not facilitated because the alkyl-alkyl disulfides were not
highly reactive. By contrast, in this catalytic reaction system, 2lc was obtained from two
different alkyl thiols, 11 and 1¢ (eq 3). When H»O, was used as the oxidant, the
homocoupling product 21l was preferentially obtained instead of the heterocoupling
product 2lc (eq 4). As shown in eq 5, the addition of the radical scavenger 2,2,6,6-
tetramethylpiperidine 1-oxyl (TEMPO) to the reaction mixture of 1b and 1lc¢ did not
decrease the yield of unsymmetrical disulfide 2be. The result suggested that this catalytic
reaction proceeds without the formation of thiyl radicals, in contrast to the previous
processes.'®*<18 Using 0.5 equiv of F1 under nitrogen, 1b was quantitatively converted to

2bb (eq 6).
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2l

’Bu\S/S\rBu

2cc
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11

+

1b

1b

BuSH

ic
(2.4 equiv)

CgH47SH

MeOH/H,O/pyridine
(9:1:0.05, v/v)
air, 25°C,24 h

1l
(2.4 equiv)

MeOH/H,O/pyridine
(9:1:0.05, viv)
air, 25 °C, 24 h

F1 (5 mol%)

1c
(1.2 equiv)

MeOH/H,O/pyridine
(9:1:0.05, v/v)
white LED
air, 25 °C, 24 h

30% H,0, ag. (1 equiv)

1c
(1.2 equiv)

MeOH/H,O/pyridine
(9:1:0.05, v/v)
air, 25°C,24 h

TEMPO (1 equiv)
F1 (5 mol%)

1c
(1.2 equiv)

MeOH/H,O (1:1, v/iv)
white LED
air,25°C, 8 h

(eq 6)
F1 (0.5 equiv)

MeOH/H,0 (1:1, viv)
white LED
Ny, 25 °C, 24 h

F1H, (0.5 equiv)

Scheme 3.

MeOH/H,0 (1:1, viv)
air, 25 °C, 24 h

Control experiments
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(eq 1)

(eq2)

(eq 3)

(eq 4)

(eq 5)

(eq 6)

(eq7)

Based on these experiments and previously reported literature, a mechanism for the
transformation of the two thiols into unsymmetrical disulfides is proposed in Scheme 4A.
F1 is excited by visible light irradiation to 3F1* via a 'F1* intermediate (step i), and 3F1*
then forms an F1SR similar to the LOV domain of phototropin by covalent bonding with
a thiol (step ii).»?° F1SR undergoes nucleophilic substitution from the thiol to form a
disulfide and reduced flavin (F1H2, Step iii). This may explain why the current flavin-
catalyzed system succeeded in producing unsymmetrical disulfide 2lc (eq 3, Scheme 3),

which was hardly promoted by the previous thiol-disulfide exchange reactions (eqs 1 and
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2). If the reaction pathway of F1SR is similar to that of the flavin-thiol adduct formed in
the LOV domain,*?° then it is possible that FISR removes thiol and returns to F1.
However, owing to the reversibility of this process, F1SR is continuously formed from
F1 and remains constant in the reaction mixture in the light steady state. Therefore,
efficient promotion of the subsequent nucleophilic substitution of thiols by F1SR was
achieved. The obtained F1H: reacts with O> to form the hydroperoxy intermediate
(F100H) and then returns to the initial F1 by releasing H,O, (steps iv and v).2! 1b was
slightly converted to 2bb with F1H; (0.5 eq) in air and the dark (eq 7), suggesting that
H>0, produced by F1H; and O may contribute to disulfide bond formation (step vi), but
this is a minor process. As shown in Scheme 4B, during heterocoupling, two different
thiols, 1¢ and 11, usually yielded two corresponding flavin adducts (F1-1¢ and F1-11),
potentially producing three disulfides (2lc, 2¢ce, and 2Il) via four reaction pathways.
However, owing to the mild reactivity of the photoinduced F1SR, chemoselective
coupling is possible in this system. The relatively electron-rich thiol 1c¢ acts as an
excellent nucleophile and preferentially nucleophilically attacks the relatively electron-

deficient flavin adduct F1-11.
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vi) H,0, oxidation FiH, & 0O
B) /\
BuSH ~<—— F1:SCgHi;  —~  BuS-SCgH;; 2lc
1c F1-1l
better electrophile BuS—SBu 2cc
CgH1,SH F1-SBu CgH178-SCgHy7 2lI
11 Fi-1c
poor nucleophile poor electrophile

Scheme 4. (A) Proposed photocatalyzed mechanism and (B) mechanism of

heterocoupling reaction through flavin-thiol adducts.

To clarify the formation of flavin-thiol adducts in this reaction system, the reaction of
11 was studied by nanosecond laser flash spectroscopy using F1 under a nitrogen
atmosphere (Figure 2A). Interestingly, the spectral changes were similar to those observed
in the LOV domain of phototropin.’®?® Upon laser irradiation, the characteristic
absorption bands at approximately 360 and 450 nm of F1 (Figure 2B) decreased, and a
new absorption appeared in the 600—700 nm region within 20 ns (Figure 2Aa). This may
be owing to absorption derived from the triplet state of flavin (*F1*). The triplet state
disappeared within 10 ps, leaving the metastable intermediate state (Figure 2Ab). This

intermediate state could originate from the flavin-thiol adduct (F1SR), which has an
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absorption at 390 nm.’*2° However, owing to the poor resolution of nanosecond laser
flash spectroscopy, it cannot be excluded that the 4a-methoxy and hydroxy flavins
(F10Me and F10H), whose absorption is expected to appear at approximately the same
wavelength as FISR, may have formed in the MeOH/H>O solution.?? After 10 s, the
metastable intermediate returned to its initial ground state (F1) (Figure 2c), likely due to
the removal of thiol, MeOH, or H>O from its adduct (F1SR, F10Me, or F1OH). These
results indicate that the formation of flavin intermediates is triggered by light, and this

process is reversible.

a) 20 ns
b) 10 ys

-0.15 1 T T T T T T T

ex 1074 (M em™)

0.5

g' ; c)10s
-0.10 0 :

T T
-0.15+ . . | , | | | 300 400 500 600 700
340350400 450 500 550 600 650 700 730 Wavelength (nm)
Wavelength (nm)

Figure 2. (A) Difference absorption spectra of F1 (0.12 mM) with 11 (13 mM) in MeOH/
H>O/pyridine (9:1:0.05, v/v) under N». Spectra were collected at (a) 20 ns, (b) 10 ps, and
(c) 10 s after excitation with a 355 nm laser pulse. (B) Absorption spectrum of F1 in

MeOH/H>O/pyridine (9:1:0.05, v/v, 0.12 mM).
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2-4 Conclusion

In conclusion, a novel approach for a chemoselective oxidative heterocoupling reaction
using two thiols as starting materials was successfully developed. A simple flavin catalyst,
readily synthesized from commercially available riboflavin, successfully formed a
phototropin-like flavin-thiol adduct under visible-light irradiation, and its mild reactivity
played an important role in the chemoselective synthesis of unsymmetrical disulfides.
Owing to the redox and photo-organocatalysis of flavin, it is possible that this reaction
system can be driven by Oz and visible light at room temperature under metal-free
conditions. Although slight limitations in efficiency and substrate scope are present at the
current stage, this method using photoinduced flavin-thiol adducts as key intermediates
provides a new methodology for the catalytic organic reactions of sulfur-containing

compounds.
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2-5 [Experimental Section

General

The IR spectra were recorded on a JASCO FT/IR-660plus spectrophotometer (JASCO,
Tokyo, Japan). The NMR spectra were measured using JEOL JNM-L400 and JNM ECX-
500 spectrometers (JEOL, Akishima, Japan) operating at 400 and 500 MHz, respectively,
for 'H and 100 and 126 MHz, respectively, for 1*C using tetramethylsilane (TMS) or a
solvent residual peak as the internal standard. The electrospray ionization mass (ESI-MS)
spectra were recorded on a Bruker microTOFII mass spectrometer (Bruker, Billerica,
MA) using the positive or negative mode ESI-TOF method for acetonitrile solutions and
sodium formate as the reference. The GC measurements were performed on a Shimadzu
GC-2014 gas chromatograph (Shimadzu, Kyoto, Japan) equipped with a flame ionization

detector (FID) using a Supelco Equity-5 (30 m x 0.25 mm) column.

Materials

All starting materials were purchased from Aldrich (Milwaukee, WI), Wako Pure
Chemical Industries (Osaka, Japan), Nacalai tesque (Kyoto, Japan), and Tokyo Kasei
(TCI, Tokyo, Japan) and were used as received. Riboflavin tetraacetate (F1)** and its

reduced form (F1H2)?* were synthesized according to the previously reported methods.

Experimental Procedures

Typical procedure for homocoupling of 1a. A mixture of 4-methoxybenzenethiol (1a,
140 mg, 1.00 mmol), F1 (27.2 mg, 0.050 mmol), MeOH (10 mL), H,O (10 mL), and
pyridine (100 pL) was stirred and irradiated (white LED, 11 W) at 25 °C for 2 h under O».

The yield of the desired disulfide 2aa was determined by GC measurement. These results
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are summarized in Table 2.

Typical procedure for synthesis of 2bc. A mixture of 2-pyridylthiol (1b, 111 mg, 1.00
mmol), tert-butylthiol (1¢, 108 mg, 1.20 mmol), F1 (27.2 mg, 0.050 mmol), MeOH (10
mL), and H,O (10 mL) was stirred and irradiated (white LED, 11 W) at 25 °C for 8 h
under O». After the solvent was removed by evaporation, the residue was purified by
column chromatography (SiO2, hexane/ethyl acetate = 100/0 to 4/1, v/v) to give 2be (155

mg, 78%) as a colorless oil. These results are summarized in Table 3.

Spectroscopic data of 2-(tert-butyldisulfanyl)pyridine  (2bc):'®*  Columm
chromatography (SiO2, hexane/ethyl acetate=100/0 to 4/1, v/v) afforded the desired
product (155 mg, 78%) as a colorless oil. '"H NMR (500 MHz, CDCls, 25 °C, 6): 8.44-
8.40 (m, 1H), 7.79 (d, J = 8.0 Hz, 1H), 7.65-7.55 (m, 1H), 7.15-7.10 (m, 1H), 1.34 (s,
9H). BC{'H} NMR (126 MHz, CDCl3, 25 °C, 9): 161.8, 149.3, 136.9, 120.5, 119.7, 49.4,

29.9.

Spectroscopic data of 4-(tert-butyldisulfanyl)pyridine  (2dc):'®*  Columm
chromatography (SiOz, chloroform/hexane=3/2 to 100/0, v/v) afforded the desired
product (151 mg, 76%) as a colorless oil. '"H NMR (500 MHz, CDCls, 25 °C, 9): 8.45 (d,
J=6.0 Hz, 2H), 7.48 (d, J = 6.0 Hz, 2H), 1.33 (s, 9H). *C{!H} NMR (126 MHz, CDCl3,

25°C, 0): 150.3, 149.4, 120.2, 49.9, 29.9.

Spectroscopic data of 3-methyl-3-(pyridin-2-yldisulfanyl)butan-1-ol (2be): Columm

chromatography (SiO2, hexane/ethyl acetate=100/0 to 1/1, v/v) afforded the desired
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product (201 mg, 87%) as a colorless oil. IR (neat, cm™) 3354, 3048, 1576, 1560, 1447,
1417, 762, 718. 'H NMR (500 MHz, CDCls, 25 °C, 9): 8.45-8.40 (m, 1H), 7.69 (d, J =
7.5 Hz, 1H), 7.61 (ddd, J=7.8,7.8,2.0 Hz, 1H), 7.08 (ddd, /= 7.3, 4.5, 1.1 Hz, 1H), 3.81
(t, J= 6.8 Hz, 2H), 2.59 (br s, 1H), 1.90 (t, J = 6.5 Hz, 2H), 1.36 (s, 6H). 3C{{H} NMR
(126 MHz, CDCl3, 25 °C, 9): 160.8, 149.4, 137.0, 120.8, 120.4, 59.7, 51.1, 43.3, 28.1.

HRMS (ESI-TOF) m/z: [M+H]" calcd for C11HisNOSz, 230.0668; found, 230.0665.

Spectroscopic data of 2-(tert-butyldisulfanyl)pyrimidine (2fc):'®* Columm
chromatography (SiO2, dichloromethane/methanol=100/0 to 10/1, v/v) afforded the
desired product (160 mg, 80%) as a colorless oil. '"H NMR (500 MHz, CDCls, 25 °C, 6):
8.61 (d, J=4.5 Hz, 2H), 7.08 (t,J = 4.8 Hz, 1H), 1.37 (s, 9H). 3C{'H} NMR (126 MHz,

CDCls, 25 °C, 9): 172.6, 158.0, 118.2, 49.4, 30.1.

Spectroscopic data of 2-(tert-butyldisulfanyl)benzothiazole (2gc):'* Columm
chromatography (SiO,, hexane) afforded the desired product (238 mg, 93%) as a white
solid. '"H NMR (500 MHz, CDCls, 25 °C, 6): 7.85 (d, J= 8.0 Hz, 1H), 7.80-7.76 (m, 1H),
7.45-7.39 (m, 1H), 7.34-7.29 (m, 1H), 1.43 (s, 9H). C{'H} NMR (126 MHz, CDCl;,

25°C, 0): 174.5, 155.0, 135.9, 126.3, 124.6, 122.2, 121.2, 50.4, 29.9.

Spectroscopic data of 5-(tert-butyldisulfanyl)-1-methyl-tetrazole (2hc):'® Columm
chromatography (SiO2, hexane/ethyl acetate=100/0 to 1/1, v/v) afforded the desired
product (169 mg, 82%) as a colorless oil. 'H NMR (500 MHz, CDCls, 25 °C, 9): 4.13 (s,

3H), 1.37 (s, 9H). BC{'H} NMR (126 MHz, CDCl;, 25 °C, 9): 153.6, 50.6, 34.7, 29.7.
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Spectroscopic data of 3-methyl-3-(phenyldisulfanyl)butan-1-0l (2ie): Column
chromatography (SiO2, hexane/ethyl acetate=100/0 to 7/1, v/v) afforded the desired
product (201 mg, 88%) as a colorless oil. IR (neat, cm™) 3347, 3058, 2959, 1578, 1475,
1438, 739, 688. 'H NMR (500 MHz, CDCI3, 25 °C, §): 7.60-7.54 (m, 2H), 7.30 (t, J =
7.8 Hz, 2H), 7.20 (t, J = 7.3 Hz, 1H), 3.69 (t, J = 7.0 Hz, 2H), 1.86 (t, J = 7.0 Hz, 2H),
1.30 (s, 6H). BC{'H} NMR (126 MHz, CDCI3, 25 °C, 8): 138.6, 129.0, 127.7, 126.8,
59.9, 51.3, 43.6, 28.3. Anal. Calcd for C11H160S,: C, 57.85; H, 7.06. Found: C, 57.67; H,

7.22.

Spectroscopic data of 4-(tert-butyldisulfanyl)-1-chlorobenzene (2jc):'®* Column
chromatography (SiO2, hexane/ethyl acetate=100/0 to 4/1, v/v) afforded the desired
product (197 mg, 85%) as a colorless oil. '"H NMR (500 MHz, CDCls, 25 °C, §): 7.48 (d,
J=9.0 Hz, 2H), 7.25 (d, J = 9.0 Hz, 2H), 1.29 (s, 9H). *C{'H} NMR (126 MHz, CDCls,

25°C, 6): 137.6, 132.2, 129.0, 128.2, 49.6, 30.0.

Spectroscopic data of 4-(tert-butyldisulfanyl)-1-methoxybenzene (2ac):!'® Column
chromatography (SiO., hexane) afforded the desired product (148 mg, 65%) as a colorless
oil. 'TH NMR (500 MHz, CDCls, 25 °C, §): 7.48 (d, J = 8.5 Hz, 2H), 6.83 (d, J = 9.0 Hz,
2H), 3.79 (s, 3H), 1.29 (s, 9H). *C{'H} NMR (126 MHz, CDCl3, 25 °C, 8): 159.1, 130.4,

129.9, 114.6, 55.5, 49.1, 30.1.

Spectroscopic data of 2-(cyclohexyldisulfanyl)pyridine (2bk): Columm
chromatography (SiO2, hexane/ethyl acetate=100/0 to 2/1, v/v) afforded the desired

product (155 mg, 69%) as a colorless oil. IR (neat, cm™) 2928, 1573, 1560, 1445, 1416,
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760, 717. "H NMR (500 MHz, CDCls, 25 °C, §): 8.48-8.38 (m, 1H), 7.77 (d, J = 8.0 Hz,
1H), 7.66-7.59 (m, 1H), 7.09-7.01 (m, 1H), 2.92-2.79 (m, 1H), 2.06-1.98 (m, 2H), 1.83-
1.69 (m, 2H), 1.66-1.50 (m, 1H), 1.49-1.15 (m, 5H). *C{'H} NMR (126 MHz, CDCL,
25 °C, 6): 161.6, 149.4, 137.0, 120.4, 119.5, 50.1, 32.8, 26.2, 25.6. HRMS (ESI-TOF)

m/z: [M+H]" calcd for C12H16NS2, 226.0719; found, 226.0717.

Spectroscopic data of 4-(cyclohexyldisulfanyl)pyridine (2dk):'®® Columm
chromatography (alumina, hexane/chloroform=2/3 to 0/100, v/v) afforded the desired
product (196 mg, 87%) as a colorless oil. '"H NMR (500 MHz, CDCls, 25 °C, 6): 8.48-
8.42 (m, 2H), 7.48-7.43 (m, 2H), 2.86-2.77 (m, 1H), 2.04-1.97 (m, 2H), 1.82-1.74 (m,
2H), 1.65-1.56 (m, 1H), 1.45-1.16 (m, 5H). *C{'H} NMR (126 MHz, CDCl;, 25 °C, J):

150.2, 149.5, 120.0, 50.3, 32.8, 26.1, 25.5.

Spectroscopic data of 2-(octyldisulfanyl)pyridine (2bl):!® Columm chromatography
(alumina, hexane/ethyl acetate=100/0 to 3/1, v/v) afforded the desired product (178 mg,
70%) as a colorless oil. "H NMR (500 MHz, CDCls, 25 °C, 6): 8.48-8.43 (m, 1H), 7.73
(d, J=28.0 Hz, 1H), 7.67-7.60 (m, 1H), 7.10-7.04 (m, 1H), 2.79 (t, J = 7.5 Hz, 2H), 1.76-
1.63 (m, 2H), 1.43-1.33 (m, 2H), 1.33-1.19 (m, 8H), 0.87 (t, J = 6.8 Hz, 3H). *C{'H}
NMR (126 MHz, CDCls, 25 °C, 9): 160.9, 149.7, 137.0, 120.6, 119.6, 39.2, 31.9, 29.3,

29.1, 28.6,22.7, 14.2.

Spectroscopic data of 1-(zert-butyldisulfanyl)octane (2lc): Columm chromatography
(S102, hexane/ethyl acetate=100/0 to 1/1, v/v) afforded the desired product (158 mg, 67%)

as a colorless oil. IR (neat, cm!) 2957, 2925, 2855, 1456, 1362. '"H NMR (500 MHz,
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CDCl, 25 °C, d): 2.70 (t, J = 7.5 Hz, 2H), 1.68-1.60 (m, 2H), 1.42-1.20 (m, 19H), 0.88
(t, J = 7.0 Hz, 3H). 3C{'H} NMR (126 MHz, CDCl;, 25 °C, 6): 47.8, 41.2, 32.0, 30.1,
29.5, 29.3, 28.7, 22.8, 14.2. Anal. Calcd for Ci;Ha6S2: C, 61.47; H, 11.18. Found: C,

61.53; H, 11.02.

Spectroscopic data of 6-(tert-butyldisulfanyl)hexan-1-0l (2mc): Columm
chromatography (SiOz, hexane/ethyl acetate=100/0 to 1/1, v/v) afforded the desired
product (162 mg, 70%) as a colorless oil. IR (neat, cm™) 3334, 2929, 726. 'H NMR (500
MHz, CDCls, 25 °C, 6): 3.64 (t, J = 6.5 Hz, 2H), 2.71 (t, /= 7.3 Hz, 2H), 1.72-1.63 (m,
2H), 1.62-1.54 (m, 2H), 1.48 (br s, 1H), 1.46-1.34 (m, 4H), 1.33 (s, 9H). 3C{'H} NMR
(126 MHz, CDCls, 25 °C, 9): 63.0, 47.8, 40.9, 32.7, 30.1, 29.4, 28.4, 25.5. Anal. Calcd

for C10H2208S:: C, 54.01; H, 9.97. Found: C, 53.94; H, 10.09.

Spectroscopic data of 3-(fert-butyldisulfanyl)propan-1-ol (2nc): Columm
chromatography (SiO2, hexane/ethyl acetate=100/0 to 3/1, v/v) afforded the desired
product (119 mg, 66%) as a colorless oil. IR (neat, cm'!) 3334, 2959. 'H NMR (500 MHz,
CDCls, 25 °C, 9): 3.75 (t, J = 6.3 Hz, 2H), 2.82 (t, J = 7.0 Hz, 2H), 1.93 (tt, /= 7.0, 6.3
Hz, 2H), 1.63 (br s, 1H), 1.34 (s, 9H). 3C{'H} NMR (126 MHz, CDCls, 25 °C, ): 61.2,
48.0, 37.2, 32.1, 30.1. Anal. Calcd for C7H160S:: C, 46.63; H, 8.94. Found: C, 46.38; H,

9.08.

Spectroscopic data of methyl 3-((4-hydroxy-2-methylbutan-2-
yDdisulfanyl)propanoate (20e): Columm chromatography (SiO2, hexane/ethyl

acetate=100/0 to 3/1, v/v) afforded the desired product (174 mg, 76%) as a colorless oil.
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IR (neat, cm’!) 3422, 2956, 1738. 'H NMR (500 MHz, CDCls, 25 °C, 8): 3.78 (t, J = 7.0
Hz, 2H), 3.71 (s, 3H), 2.94 (t, J = 7.3 Hz, 2H), 2.72 (t, J = 7.3 Hz, 2H), 1.90 (t, J = 7.0
Hz, 2H), 1.75 (br's, 1H), 1.34 (s, 6H). '*C{'H} NMR (126 MHz, CDCls, 25 °C, 5): 172.4,
59.9, 52.0, 50.0, 43.6, 34.8, 34.2, 28.3. Anal. Calcd for CoH1305S2: C, 45.35; H, 7.61.

Found: C, 45.16; H, 7.84.

Spectroscopic data of 3-(octyldisulfanyl)-3-methylbutan-1-ol (2le): Columm
chromatography (SiO2, hexane/ethyl acetate=100/0 to 1/1, v/v) afforded the desired
product (169 mg, 65%) as a colorless oil. IR (neat, cm™) 3335, 2925. 'H NMR (500 MHz,
CDCls, 25 °C, 6): 3.79 (t, J = 7.0 Hz, 2H), 2.71 (t, J = 7.5 Hz, 2H), 1.90 (t, J = 6.8 Hz,
2H), 1.68-1.57 (m, 3H), 1.40-1.21 (m, 16H), 0.88 (t, /= 6.8 Hz, 3H). 3C{'H} NMR (126
MHz, CDCl;, 25 °C, d): 60.0, 49.7, 43.6, 40.9, 31.9, 29.5, 29.3, 28.7, 28.3, 22.8, 14.2.

Anal. Calcd for Ci13H250S2: C, 59.04; H, 10.67. Found: C, 58.87; H, 11.01.

Spectroscopic data of methyl 3-(tert-butyldisulfaneyl)propanoate (20c):'*® Columm
chromatography (SiO2, hexane/dichloromethane=4/1 to 1/1, v/v) afforded the desired
product (127 mg, 60%) as a colorless oil. 'H NMR (500 MHz, CDCls, 25 °C, 6): 3.70 (s,
3H), 2.93 (t, J = 7.3 Hz, 2H), 2.72 (t, J = 7.3 Hz, 2H), 1.34 (s, 9H). 3C{'H} NMR (126

MHz, CDCl3, 25 °C, 9): 172.3, 51.9, 48.0, 34.9, 34.1, 30.0.

Spectroscopic data of 3-(cyclohexyldisulfany)-3-methylbutan-1-o0l (2ek): Columm
chromatography (SiO2, hexane/ethyl acetate=100/0 to 7/3, v/v) afforded the desired
product (158 mg, 67%) as a colorless oil. IR (neat, cm™) 3347, 2929, 2852, 1447. 'H

NMR (500 MHz, CDCl3, 25 °C, 6): 3.79 (t, J = 7.0 Hz, 2H), 2.73-2.68 (m, 1H), 2.11-2.03
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(m, 2H), 1.89 (t, J = 7.0 Hz, 2H), 1.82-1.73 (m, 2H), 1.64-1.58 (m, 1H), 1.52 (br s, 1H),
1.35-1.18 (m, 11H). BC{'H} NMR (126 MHz, CDCl;, 25 °C, 6): 60.0, 50.3, 49.3, 43.7,
33.0,28.3, 26.1, 25.8. Anal. Calcd for C11H20S2: C, 56.36; H, 9.46. Found: C, 56.04; H,

9.57.

Measurements of Nanosecond Laser Flash Spectroscopy. The transient absorption
spectra of F1 in the presence of 11 were measured under nitrogen atmosphere using the
following system. A solution of F1 (0.12 mM) and 11 (13 mM) in MeOH/H>O/pyridine
(9:1:0.05, v/v, 3 mL) was set in a sealed quartz cell (10 x 10 x 40 mm?) after removing
O: by freeze-pump-thaw cycle. The sample solution was irradiated by a laser pulse at 355
nm with 6 ns duration of a Nd:YAG laser (GCR150, Spectra Physics). The repetition rate
of the laser pulses was 10 Hz. A Xe flash lamp with 2 ps duration (L4633, Hamamatsu
Photonics) was used as the probe light source. The probe light transmitted through the
laser-irradiated part of the sample solution was conducted into a monochrometer
(Kymera-193i, Andor Technology) through glass fiber and was captured by an intensified
charge-coupled device detector (ICCD; DH334T, Andor Technology). The width of the
ICCD gate was set at 100 ns. A digital pulse-delay generator (DG535, Stanford Research
Systems) was used to synchronize the laser, the flash lamp, and the ICCD gate and adjust
the delay time between the laser pulse and the ICCD gate. The difference absorption
spectra shown in Figure 2 were obtained by subtracting an absorption spectrum collected

without laser excitation from absorption spectra collected after laser excitation.
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Flavin photocatalyzed S-N bond formation by dehydrogenative coupling of thiols

and amines
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3-1 Abstract

A novel photoreaction process that uses riboflavin derivatives as organophotocatalysts
to enable aerobic oxidative multistep S—S, S—N, and S—O bond formation between thiols
and amines is described herein. The reaction was performed under mild, metal-free
conditions using air (1 atm) as an environmentally benign oxidant to produce

sulfinamides and sulfonamides.
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3-2 Introduction

Riboflavin and its derivatives are naturally occurring organic molecules that function
as unique redox organocatalysts that promote a variety of oxidations, making them
attractive tools for the development of environmentally friendly and sustainable
transformations.!2 Recently, there has been significant interest in photocatalytic oxidation,
which is a nonthermal process. Riboflavin and its analogs have been reported to
efficiently oxidize toluenes,® alcohols,* amines,” and other compounds® under visible-
light irradiation to give the corresponding products.” In addition, riboflavin is known to
serve as a functional core of blue-light sensitive photoreceptor called phototropin in
higher plants, which regulates blue-light responses including a stem bending toward
light.® The author has recently established a method to mimic this photoreaction process
of phototropin and succeeded in the synthesis of unsymmetrical disulfides by aerobic
photooxidative heterocoupling of two different thiols using a simple riboflavin derivative
as a catalyst.” The selective formation of S-S bond occurred efficiently under visible-light
irradiation with the consumption of O (air, 1 atm), which has been recognized as an ideal
oxidant with environmental and economic benefits. Given the usefulness of disulfides as
synthetic intermediates, ' this system has potential for application in multistep reactions,
where in situ-generated disulfides and flavin-catalyzed reactions can further promote
bond-forming reactions between sulfur and other atoms.

Sulfinamides and sulfonamides are widely used in pharmaceuticals, agrochemicals,
and other functional molecules due to their attractive biological activity and chemical
stability.!! The conventional method of generating sulfinamides and sulfonamides
involves the reaction of sulfinyl or sulfonyl chlorides with amine nucleophiles.'? However,

these chlorides are harmful and require pre-functionalization using chlorinating reagents
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or oxidants. On the other hand, the dehydrogenative coupling of thiols and amines is
promising for atom- and step-economical synthesis, allowing the efficient production of
the desired products from readily available starting materials. Thus, various approaches
have been reported, including the use of transition metal catalysts,'® iodine and oxidants, !4
and electrochemical methods.! In this context, the author presents a novel photocatalytic
approach using riboflavin derivatives for aerobic oxidative S—N bond formation between
thiols and amines, yielding sulfinamides and sulfonamides. In this system, the riboflavin-
based photocatalyst not only facilitated the synthesis of disulfides through the aerobic
oxidation of thiols but also catalyzed the subsequent formation of S—N and S—O bonds.
Despite the development of various oxidative reactions using flavin photocatalysts, to the
best of the author’s knowledge, there have been no reports of successful S—-N bond

formation between thiols and amines.
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3-3 Results and Discussion

First, 4-methoxybenzenthiol (1a) was oxidized in the presence of 5 equiv of tert-
butylamine (2) using riboflavin tetraacetate (3) as a photocatalyst in CH;CN/H>O (9:1,
v/v) in air (1 atm, balloon) under blue light irradiation at 25 °C (Table 1). As a result, the
corresponding disulfide 4a was obtained in only 5 min (entry 1). When 2 was added, the
reaction barely occurred and the yield of 4a was 9% (entry 2). The addition of primary
amines promoted the conversion of 1a. Other thiols, such as unsubstituted benzenethiol
(1b), electron-withdrawing 4-chlorobenzenethiol (1¢), and 1-octanethiol (1d) were also
smoothly transformed into the corresponding disulfides in 67-94% yield over 5—60 min
(entries 3-5). In contrast, the oxidations of 1b and 1d were inhibited under dark
conditions, affording the corresponding disulfides in 24% and 5% yields, respectively
(entries 6 and 7). Flavin photocatalysis significantly enhanced the oxidation of thiols,
although the oxidation proceeded slightly under dark conditions. Notably, when the
reaction time was increased to 6 h, disulfide 4a was further converted (entry 8). After
reacting 1a and 2 for 24 h, the corresponding sulfinamide 6a and sulfonamide 7a were
obtained in 67% and 18% yields, respectively, which could have been formed by the
oxidative S—N bond formation of 4a and 2 (Scheme 1). The corresponding sulfenamide
5a and sulfonic acid 8a were hardly formed, with yields of 0% and 2%, respectively.
However, without visible light irradiation, only disulfide 4a was obtained, with no further
conversion to Sa—8a. This suggests that light irradiation is essential for the oxidative

formation of the S—N bond (Scheme 1).
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Table 1. Aerobic oxidative synthesis of disulfides from thiols in the presence of amine.”

OAc
' - OAc
J< i AcO'
HoN 2 : AcO"
3 (5 mol% .S R™
R'—SH ( U L N /N\(O
CH3CN/H,0 (9:1, viv) '
1 blue LED (7.2 W) 4 M & NH
air, 25 °C L e
! 3 0
2 time conv. of vyield of
entry 1 (equiv) (min)  1(%) 4 (%)
1 4-MeOCgH,SH (1a) 5 5 >99 >99
2 1a - 5 37 9
3 PhSH (1b) 5 5 >99 94
4 4-CICgH,SH (1¢) 5 5 >99 88
6P 1b 5 5 >09 24
7° 1d 5 60 43 5
8 1a 5 360 >99 0

“Conditions: 1 (0.025 M), 2 (0.125 M), 3 (5 mol%), and CH3CN/H,O (9:1, v/v) with blue
LED (7.2 W) in air (1 atm, balloon) at 25 °C. The yield was determined by GC and 'H
NMR using tetraethylene glycol dimethyl ether and 1,1,2,2-tetrachloroethane as internal

standards. ?Under dark conditions.
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4-MeOCgH,-SH + J<
eUe HN

1a 2
(5 equiv)

— products:
4-MGOC6H4/ \S

4a
none (>99%)

3 (5 mol%)

CHZCN/H,0 (9:1, VIv)
blue LED (11 W)
air, 25 °C, 24 h

S /4-MeOC6H4 4-MeOCGH4/S\HJ<

5a
none (none)

products

Q J<
4-M6006H4/S\H

6a
67% (none)

o..,0

No”

4'MGOC6H4/S\ H

7a
18% (none)

O\\ .0
4-MeOCGH4/ \OH
8a

2% (none)

Scheme 1. Aerobic oxidative transformation of la and 2 to 4a—8a using flavin
photocatalyst under blue LED irradiation for 24 h. The values within parentheses are the

results obtained when the reaction was performed without light irradiation for 6 h.

The catalytic activities of the flavin compounds in the oxidative multistep reaction of
la in the presence of 2 were investigated using neutral flavins (Table 2). When
1soalloxazines 3 and 9 and alloxazine 10 with various substituents were used, the
conversion of 1a proceeded efficiently over 6 h and showed high catalytic activity (entries
1-7). The relatively electron-rich isoalloxazines 3 and 9a, as well as the electron-rich
alloxazine 10a, further promoted the oxidative conversion of 4a to 6a and 7a rather than
to the corresponding compounds 9b, 9¢, 10b, and 10c, which have relatively electron-
deficient-conjugated systems. Among the flavin catalysts tested, riboflavin tetraacetate
(3), which can be easily prepared from inexpensive riboflavin (vitamin B) by a single-
step acetylation,'® showed the best catalytic activity in the present oxidative reaction, with
a total yield of 81% for 6a and 7a (entry 1). However, when eosin Y (11), a commonly
used photocatalyst, was used in this photoreaction, no conversion to Sa—7a was observed

even though 4a was formed (entry 8). This difference in the catalytic activity may be
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attributed to the difference in the reduction potentials in the excited states of 3 (E*req =

1.67 V vs. SCE)!" and 11 (E*.d = 0.83 V vs. SCE)."®

Table 2. Effect of photocatalysts on the aerobic oxidative reaction of 1a and 2.2

O,
catalyst (5 mol%) > 4a + 5a + 6a + 7a + 8a
CH3CN/H,0 (9:1, viv)
blue LED (7.2 W)
air,25°C,6 h

1a + 2

OAc
AcO" i\ iy
- j@[ ];r\( \(O NaO O 0 ‘ o)
Mej(\:[ _ \]? R? NL( ‘Me Br 7 Br
R3,R7,R8=Me 9a O R7 R8=Me 10a O COONa
Me N7 RS-Me, R7,R=H 9b R’,R®=H 10b O
5 19 R%Me, R7=CF3, R8=H9c¢ R’=H, R8&=CF; 10c 1
oy ommym el s ouyedd
1 3 >99 0 81
2 9a >99 0 76
3 9b >99 6 48
4 9c >99 77 8
5b 10a >99 0 76
60 10b >99 3 4
7b 10¢ >99 0 64
8¢ 1 >99 87 1

“Conditions: 1a (0.025 M), 2 (0.125 M), catalyst (5 mol%), and CH3;CN/H,0O (9:1, v/v)
with a blue LED (7.2 W) in air (1 atm, balloon) at 25 °C for 6 h. The yield was determined
by GC using tetraethylene glycol dimethyl ether as an internal standard. *Purple LED was

used. °Green LED was used.

Several control experiments were performed to elucidate the reaction mechanism.
First, the reaction was performed under standard conditions using disulfide 4a as the

starting material to validate whether 4a produced early in the reaction acted as a reaction
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intermediate for conversion to 6a and 7a (Scheme 2Aa). The results showed that 4a was
transformed into desired sulfinamide 6a and sulfonamide 7a in 22% and 40% yields,
respectively. This suggests that oxidative S—N bond formation occurs after the S—S bond
formation in thiols. Without the flavin catalyst or under nitrogen conditions, no products
Sa—7a were obtained via S-N bond formation (Schemes 2Ab and c). In previously
reported cases, the coupling of thiols and amines proceeded to generate sulfenamides via
the nucleophilic attack of amines on disulfides formed in situ.!>!® However, in this
reaction system, no formation of sulfenamides 5 could be detected, while disulfides 4
were formed. It was suggested that sulfinamides 6 were formed directly from disulfides
4 and not via formation of 5. In contrast, 6a was oxygenated to sulfonamide 7a under
standard conditions, although 7a was not produced without flavin catalyst 3. The
reactions of 4a and 6a to 6a and 7a occurred without reducing reagents (Schemes 2Aa
and B), indicating that the flavin catalyst acted as a photosensitizer and facilitated radical-
mediated processes. The addition of the radical inhibitor 2,2,6,6-tetramethylpiperidine 1-
oxyl (TEMPO) to this reaction system afforded 4a in 42% yield, but inhibited the
formation of 6a and 7a (Scheme 2C). The S-S bond formation in 4a from 1a proceeds
nonradically. In contrast, the subsequent oxidative S—-N bond formation to 6a and 7a is
thought to have proceeded via a radical process. To confirm the effect of singlet oxygen
on this reaction, Co(acac)s, a singlet oxygen quencher, was added to the reaction system
(Scheme 2D).2° Since the yields of 6a and 7a with and without Co(acac)s were almost the
same (Schemes 1 and 2D), it is unlikely that singlet oxygen is involved in this reaction.
The author also performed an experiment in which the blue light source was turned on
and off during the reaction of 1a and 2 (Figure 1). The yields of 6a and 7a increased only

upon irradiation with visible light, and the reaction did not proceed without irradiation,
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indicating that this reaction did not involve a radical chain process.

A) (l?
S R' 4 NH.R2 3 (5 mol%) -~ 5 5
R s” 2R CHCNH,0 (9:1) rr o N RSy
4a (2.5 equiv) blue LED H H
air,25°C,6 h 5a 6a
1_ (a) standard condition none 22%
R2 %OOMe (b) in absence of 3 none trace
R?=1"Bu (c) under N none trace
B) 6a 3 (5 mol%)
CH3CN/H,0 (9:1) 27%
blue LED in absence of 3 trace
air,25°C, 6 h
C) TEMPO (5 equiv)
R-SH + 8(5mol%) . 45 + 5a + 6a
1a (5equiv) CH3CN/H.O (9:1) 429,  none  trace
blue LED
air,25°C, 6 h
D) Co(acac)s (5 mol%)
O,
equiv 3 2 . o o o,
blue LED 0% 0% 69%
air, 25°C, 24 h
E) 1a + 3 (5 mol%) . 4a + 5a + 6a
(5 equiv)  CH3CN/H,0 (9:1)
blue LED
air, 25 °C, 48 h
(a) standard condition 0% none 29%
(b) H,O5 (1.2 equiv) was added after 24 h 0% none trace

Scheme 2. Control experiments.
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T K
+
HoN 12
e 2

3 (5 mol%) 10
CHZCN/H,0 (9:1)
blue LED (11 W) 8-
air, 25 °C s
S J< £
SN 38T
MeO H =
e il e
4a 2 MeO 5a 4 - 4a
(0] 0O O —&— ba
I &7 2 —— = 6a
S. S<
jsaaiion &
0 * * * * *
Mol = MeQ® = 10 20 30 40 50 60
time (min)

Figure 1. Switching light on/off experiment of the reaction of 1a and 2. From the on state,
the blue LED was turned on and off every 10 min. The gray areas indicate the time when

the light was turned off.

A possible reaction mechanism based on several experimental results and previous
studies is shown in Scheme 3. Fl is excited by visible-light irradiation to produce 3FI" via
IFI". The produced *FI" then reacts with thiol 1 to form flavin-thiol adducts (FISR) as
shown in cycle A.” With the help of basic amine 2, thiol 1 is nucleophilically activated to
promote the nucleophilic attack on FISR, smoothly producing disulfide 4 and reduced
flavin (FIH2). The produced FIH; reacts with O, reverting to the initial FI and generating
H»0: in the process.?! Additionally, *F1" undergoes a reaction with 2 and 4 to produce the

radical cation intermediate 5°*

, which promptly reacts with Oz to generate the active
intermediate 5-00° (cycle B).2%22 The in-situ formed 5-O0" is converted to the desired 6
by the transfer of an oxygen atom to 6 or 4, yielding 7 or 9. The FI'- formed from 3FI"
was transformed into the initial F1 probably via electron transfer to the radical cations

generated during the reaction of 5-O0° with 6 or 4. To determine whether the H202

produced in cycle A was involved in oxygenation, 1.2 equiv of H>O, was added to the
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reaction solution, which was obtained by reacting 1a and 2 for 24 h under standard
conditions (Scheme 2E). The results showed that 6a and 7a were produced in 29% and
47% yields, respectively, in the absence of H,O», whereas the addition of H>O> enhanced
the oxygenation of 6a and gave 7a in 79% yield. This suggests that the H,O> generated
in this reaction was involved in the oxygenation of 6 to 7. The addition of H20O> was
beneficial for the chemoselective synthesis of sulfonamides. Therefore, in this system,
the combination of O; and visible-light irradiation facilitates the multi-step synthesis of
sulfinamides and sulfonamides from thiols and amines. This was attributed to the

multifunctional roles of the flavin catalyst in S—S, S—N, and S—O bond formation.

s NHRR;
R s SR' RISH

o DO

FisR H ,
R
H lo) !
X—/ 2 R1 ’NH2
> 3 °
Hzoz (cycle A) \\R

1F|i — 3F|*

(cycle B|

R'SH

Scheme 3. Proposed catalytic cycle for S-S, S-N, S-O bond formation.

59



Chapter 3

3-4 Conclusion

In conclusion, the author developed a novel approach for the synthesis of sulfinamides
and sulfonamides through S—N bond formation by coupling thiols with amines using
flavin photocatalysts. In the presence of amines, the photocatalytic oxidation of thiols to
disulfides by flavins is enhanced. The flavin catalyst also promotes the formation of S—N
and S—O bonds (oxygenation) under air and visible-light irradiation. In this reaction, the
flavin catalyst was used for two cycles. At this stage, only the knowledge that a new
catalytic reaction proceeded using a flavin photocatalyst was obtained. Further
investigation and improvement of the selectivity for sulfinamides and sulfonamides,

substrate scope, and catalyst design will provide practical organic synthesis methods.
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3-5 Experimental Section

General

The NMR spectra were measured using JEOL JNM-L400 and JNM ECX-500
spectrometers (JEOL, Akishima, Japan) operating at 400 and 500 MHz, respectively, for
"H and 100 and 126 MHz, respectively, for 13C using tetramethylsilane (TMS) or a solvent
residual peak as the internal standard. The GC measurements were performed on a
Shimadzu GC-2014 gas chromatograph (Shimadzu, Kyoto, Japan) equipped with a flame

ionization detector (FID) using a Supelco Equity-5 (30 m x 0.25 mm) column.

Materials

Riboflavin tetraacetate (3),'® 10-(2-hydroxyethyl)-3,7,8-trimethylisoalloxazine (9a),?
10-(2-hydroxyethyl)-3-methylisoalloxazine (9b),* 10-(2-hydroxyethyl)-3-methyl-7-
trifluoromethylisoalloxazine (9¢),?® 7,8-dimethyl-1,3-dimethylalloxazine (10a),2° 1,3-
dimethylalloxazine (10b),>” and 8-trifluoromethyl-1,3-dimethylalloxazine (10¢),?” were
synthesized according to the previously reported methods. Other starting materials were
purchased from Sigma-Aldrich (St. Louis, USA), FUJIFILM Wako Pure Chemical
Corporation (Osaka, Japan), Nacalai tesque (Kyoto, Japan), and Tokyo Kasei (TCI, Tokyo,

Japan) and were used as received.

Experimental Procedures

Typical procedure for catalytic aerobic oxidation of 1a with 2. A mixture of 4-
methoxybenzenethiol (1a, 140 mg, 1.0 mmol), tert-butylamine (2, 5.1 mmol), 3 (27.2 mg,
0.050 mmol), CH3CN (36 mL) and H>O (4.0 mL) was stirred and irradiated (blue LED,

11 W) under air at 25 °C for 24 h. After the solvent was removed by evaporation, the
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yields of the products 4a-8a were determined to be 0% (4a), 0% (5a), 67% (6a), 18%
(7a), and 2% (8a) yields, respectively, by the 'H NMR measurement using 1,1,2,2-
tetrachloroethane as an internal standard. These results are summarized in Scheme 1. The
residue was purified by column chromatography (SiO», hexane/ethyl acetate = 4/1 to 1/2,
v/v) to give 6a (136 mg, 60%) as a pale yellow solid and 7a (49.2 mg, 20%) as a pale

yellow solid.

Spectroscopic data of N-(4-methoxyphenylsulfinyl)-N-(fert-butyl)amine (6a)'3?:
Columm chromatography (SiO2, hexane/ethyl acetate=4/1 to 1/2, v/v) afforded the
desired product (136 mg, 60%) as a pale yellow solid. 'H NMR (500 MHz, CDCl3, 25 °C,
0): 7.57 (dt, J = 8.9, 2.5 Hz, 2H), 6.95 (dt, J = 9.0, 2.5 Hz, 2H), 3.96 (br s, 1H), 3.82 (s,
3H), 1.40 (s, 9H). *C{'H} NMR (126 MHz, CDCl3, 25 °C, §): 161.7, 138.0, 127.4, 114.2,

55.6,54.2,31.2.

Spectroscopic data of N-(4-methoxyphenylsulfonyl)-N-(zert-butyl)amine (7a)'?:
Columm chromatography (SiO2, hexane/ethyl acetate=4/1 to 1/2, v/v) afforded the
desired product (49.2 mg, 20%) as a pale yellow solid. 'H NMR (500 MHz, CDCls, 25 °C,
0): 7.83 (dt, J = 8.9, 2.5 Hz, 2H), 6.95(dt, J = 9.0, 2.6 Hz, 2H), 4.86 (br s, 1H), 3.87 (s,
3H), 1.21 (s, 9H). BC{'H} NMR (126 MHz, CDCl3, 25 °C, §): 162.5, 135.2,129.2, 114.1,

55.7,54.5,30.2.
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Aerobic oxidative homo-coupling of thiols by flavin-iodine organocatalysis
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4-6 References and Notes

4-1 Abstract

Using the flavin-iodine coupled catalyst system, the aerobic oxidative homocoupling
of thiols proceeded under mild metal-free conditions and efficiently produced the desired
disulfides. The biomimetic flavin catalyst activated O at room temperature through

electron transfer from the iodine catalyst.
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4-2 Introduction

In organic synthesis, it is important to establish catalytic systems that allow efficient
aerobic oxidation to proceed under environmentally friendly conditions.! Since O, is
abundant in the air and atom economy, much effort has been focused on developing
catalytic reactions using O2 as an oxidant. However, the activation of O generally
requires harsh conditions such as high temperatures or pressures, transition metal
catalysts, and the addition of reagents that generate large amounts of waste. Therefore,
developing a green approach using O: as the terminal oxidant is desirable via activation
under mild conditions.

Flavin catalysts are organocatalysts developed to mimic the function of the oxygenase
“flavin monooxygenase™ and have attracted much attention as redox catalysts® and
photocatalysts* that are capable of activating O, under mild conditions.’> Recently,
inspired by the multiple catalytic systems of enzymes, the author’s laboratory has
developed a novel approach for environmentally benign aerobic oxidative
transformations catalyzed by the coupling of flavin and iodine.® This dual catalytic system
is capable not only of C-S, and C-N bond formations, as observed in the sulfenylation’
and azolation of indoles,® but also in the heteroaromatic ring formations by multistep
aerobic oxidations.” In this flavin-iodine-catalyzed system, thiols are transformed into
disulfides, but the generated disulfides are used as intermediates in the C—S bond
formation reaction and are immediately consumed.”® Consequently, the flavin—iodine
catalyzed system is expected to facilitate aerobic thiol oxidation under mild conditions
efficiently. Nevertheless, this system has not been practically applied in the synthesis of
disulfides.

Disulfides are important compounds commonly used as starting materials in organic
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synthesis!? and also essential in biochemistry!! and materials chemistry.!? In the homo-
and cross-coupling of thiols,!3 the oxidation of simple thiols using O as an oxidant is the
most ideal atom-economical and environmentally friendly approach.!3®!4 In addition, the
author recently reported the aerobic oxidative homo- and cross-coupling of thiols driven
by visible light and O, using riboflavin tetraacetate (1a), obtained in a simple step from
low-cost and commercial riboflavin (vitamin B3), as a photoorganocatalyst (Scheme
1A)."5 Herein, the author reports an aerobic oxidative homo-coupling of thiols catalyzed
by the coupling of 1a and iodine. This allowed the disulfides to be efficiently obtained

under mild metal-free conditions without light irradiation (Scheme 1B).

A) Flavin-catalyzed photooxidation

1a (cat.)
white LED

R—SH

2 air (1 atm, balloon)
MeOH/H,O/pyridine
25°C

B) Flavin—iodine-catayzed oxidation

1a (cat.)
I5 (cat)

R—SH
2

air (1 atm, balloon)
+BuOH, 26 °C

Scheme 1. Riboflavin-catalyzed aerobic oxidation of thiols using (A) photocatalysis with

1a and (B) coupled catalysis with 1a and iodine.

69



Chapter 4

4-3 Results and Discussion

First, the catalytic activity of flavin in the oxidation of l-octanethiol (2a) was
investigated to optimize the reaction conditions. The reaction was performed in MeOH in
air (1 atm, balloon) at 26 °C for 4 h (Table 1). Various neutral flavins (1 and 4)'¢ and
cationic flavinium salts (5-7)!7!% were used as the catalysts (Figure 1, 5 mol%). The
results showed that, in the presence of I, (5 mol%), neutral flavin 1a'® efficiently
promoted the oxidation of 2a, yielding the desired disulfide 3a in 86% yield (entry 1,
Table 1). Riboflavin tetrabutyrate (1b), a commercially available riboflavin derivative,
showed comparable catalytic activity, whereas nonprotected riboflavin (1¢) showed less
progress in the reaction because of its lower solubility (entries 2 and 3). Alloxazine 4,
which contains an electron-deficient CF3 group, has often been used in the photocatalytic
dehydrogenation of alcohols!®, but the yield of 3a was only 14% (entry 4). Cationic
flavinium salts 5-7, which are known organocatalysts for efficient oxygenations>?, did
not afford 3a in high yields (entries 5—7). The effects of iodine sources and solvents were
also studied, and it was shown that simple I> and the protic solvent --BuOH were the best

(Table 2).
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RO' Me (\OH
Mejc[N /NYOFSC\C[N\ N__O Me:CEN /NYO
N.
Me NJ;(NH N” Me Me N;E[(NH
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TfO Et
R=Ac 1a 4 .
R =CO"Pr 1b 5-TfO
R=H 1ic
ve Me N N__O
Me Ny NYO N Y
ooN TOT J_ nn TO°
Me N "Me Me N
6TfO Et O 7-TfO o

Figure 1. Structure of flavin derivatives.

Table 1. Effect of flavin and flavinium catalysts on the oxidation of 2a.”

flavin (5 mol%)

I, (cat.) n
"CeHi7SH air (1 atm, balloon) CSHW\S/S\"Cus
2a MeOH, 26 °C, 4 h 3a
entry flavin I (Mol%) yield (%)
1 1a 5 86
2 1b 5 82
3 1c 5 23
4 4 5 14
5 5-TfO 5 24
6 6-TfO 5 72
7 7-TfO 5 20
8 - 5 10
9 1a - 2
100 1a 5 17

“Conditions: 2a (0.5 M), flavin (5 mol%), I> (5 mol%) and MeOH under air (1 atm,
balloon) at ca. 26 °C for 4 h. The yield was determined by GC using biphenyl as an

internal standard. Under N». Average of two runs.
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Table 2. Screening of iodine sources and solvents.*

1a (5 mol%)

"CgH17SH ™, (Ij)(z:r:,(;:ht))on) ncsHW\S/S\”CsHﬁ
2a solvent, 26 °C, 4 h 3a
entry (‘%‘é‘{l/‘j) solvent y(lcilf

1 I> (5) MeOH 86
2 NH,4l (10) MeOH 1
3 KI (10) MeOH 2
4 HI (10) MeOH 29
5 TBAI (10) MeOH 2
6 1> (5) CH3CN 65
7 I5 (5) pyridine 81
8 I> (5) CHCl; 32
9 I> (5) AcOEt 52
10 I> (5) +-BuOH 91

“Conditions: 2a (0.5 M), 1a (5 mol%), iodine source (5 or 10 mol%), and solvent under
air (1 atm, balloon) at 26 °C for 4 h. The yield was determined by GC, using biphenyl as

an internal standard.

Next, the substrate scope of the oxidative homocoupling of thiols was investigated
under the optimized reaction conditions (Table 3). The reactions of primary alkanethiol
2a and secondary alkanethiol 2b afforded the desired disulfides 3a and 3b in high yields
of 97% and 91%, respectively. 1,4-Butanedithiol (2¢) underwent intermolecular
cyclization to afford cyclic disulfide 3¢. The oxidation of alkanethiols bearing hydroxyl
and ester groups proceeded smoothly (3d and 3e). Arylmethanethiols with phenyl, furyl,
and thiophenyl groups (2f-~h) were also converted into the corresponding disulfides 3f~h
in 92%-94% yields. Arenethiols containing electron-donating or electron-withdrawing
groups 2i—m afforded the corresponding disulfides 3i—m in high yields, whereas 2n was

converted to 3n in a relatively low yield owing to its low solubility. As previously reported,

72



Chapter 4

examples of the flavin-catalyzed photooxidation of thiols required the addition of a base
(Scheme 1A), and its application to acidic substrates was difficult.'> However, this
catalytic reaction yielded the desired disulfides in high yields not only from thiols bearing
basic amino groups (20) but also from thiols with acidic hydroxy and carboxyl groups
(2p—r), indicating that a variety of functional groups are acceptable. Furthermore,
diselenide 3s was obtained in 97% yield, even from benzenselenol (2s). This demonstrates
the potential of this method, which is applicable to other chalcogen compounds in

addition to thiols.

73



Chapter 4

Table 3. Aerobic oxidation of thiols by flavin-iodine catalysis.”

1a (5 mol%)
I> (5 mol%) s R
R— >
SH air (1 atm, balloon) R 87
2 t-BUOH, 26 °C 3

n O\ _S HO(H.C ~s
CeMhrng-Sng s O C (FCe~g-5~ (chy)e0m

3a
97% (8 h) 3d
97% (6 h)? 91% 4 h) 88% 24 h) 91% (24 h)

S,S ©v S/\LO)
O /

MeO
98% (24 h) 94% (6 h) 93% (24 h)
Qs Clon Tl Ol
S S
VL, e,

°s
3h
92% (8 h) 94% 24 1) 89% (8 h 1 mmo) %% s h)

ROW Q L
% 7@ O
90% (8 h) 89% (8 78% (24 h) O,  87% (24 h)

CO2H 3r
90% (24 h) OH 87% ( h)e COOH 58% (24 h)° 97% 6 (6 h)

5 7’

g

“Conditions: 2 (0.5 M), 1a (5 mol%), I> (5 mol%) and -BuOH under air (1 atm, balloon)

at 26 °C. "With 1b as the catalyst. “Isolated as the corresponding methyl ester after

esterification with (trimethylsilyl)diazomethane.

Control experiments were performed to elucidate the reaction mechanism. When the

reaction was performed without flavin 1a, > or under nitrogen, the homocoupling of 2a

hardly proceeded, indicating that flavin, iodine, and O were required (Tablel, entries 8-

10). The author then studied the effect of light irradiation on this catalytic reaction and

found no difference between the reactions performed in the dark and under ambient light

(Scheme 2Aa,b), while reactions without I and under white LED irradiation resulted in
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lower yields and selectivities than those without visible light irradiation (Scheme 2Ac).
Unlike the previously reported photocatalytic reaction of 1a, which involved an aerobic
oxidative homocoupling reaction of thiols promoted by the addition of a base!®, this
reaction proceeded efficiently under neutral conditions, suggesting that the reaction was

non-photocatalytic.

A) 1a (5 mol%)
I (5 mol%) nG.H s
"CgHy7SH 8MM7~g -~
87 air (1 atm, balloon) S™ "CgHy7
2a t-BUOH, 26 °C, 8 h 3a
yield  conversion selectivity
a) in the dark 88% 90% 98%
b) under ambient light 88% 90% 98%
c) under visible light irradiation 22% 35% 63%
(LED, wthite, 11 W) wituhout I,
B) 300/0 aq H202
(1.0 equiv)
2a 3a

air (1 atm, balloon)
t-BuOH, 26 °C, 4 h yield conversion  selectivity

a) without I, (5 mol%) 7% 20% 35%
b) with I, (5 mol%) 72% >99% 72%

Scheme 2. Control experiments to determine the effect of (A) light irradiation and (B)

H>O> generated in situ.

Based on these experimental results and previously reported literature, the proposed
reaction mechanism for the flavin-iodine-catalyzed aerobic oxidative homocoupling of
thiols is shown in Scheme 3. Thiols reacted with I, and are oxidized to disulfides by
forming a sulfenyl iodide (RS-I) to give I".2%2! The cationic flavinium salt with relatively
higher oxidizing power can directly convert thiols to disulfides,’® while the neutral flavin
1a did not proceed to oxidation of thiols under conditions without I, (Table 1, entry 9).22
In this catalytic system, the neutral flavin 1a acts as a redox catalyst, oxidizing I" to

regenerate I, which itself is reduced to reduced flavin 1aH>.% The produced 1aH,
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activates O, producing H>O> through the hydroperoxyflavin 1aOOH, and the flavin
returns to the initial 1a.®> To further investigate the role of the generated H2O», the
oxidation of 2a was performed using H>O> as an oxidant. Without I>, 1a was directly
oxidized 2a in a low yield of 7% and selectivity of 35% (Scheme 2Ba). By contrast, 2a
was smoothly oxidized to 3a when a catalytic amount of I, was added (Scheme 2Bb).
This suggests that the H,O» produced in the catalytic cycle of flavin is also involved in
the oxidation of I™®, providing L. Therefore, this reaction system is driven by O in the
atmosphere and emits only environmentally friendly H>O as a byproduct, resulting in the

development of a green and efficient oxidation system.

3
Me N /N\(O
/j;(NH

RS-SR N/ 217, 2H* H202 217, 2H* N/ RS-SR
iodine catalysis iodine catalysis
2RSH /N I2 2HZO flavin catalysis /N 2RSH

1a00H  OOH 1aH,

Scheme 3. Proposed mechanism of this catalytic system.
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4-4 Conclusion

In conclusion, the combination of I» and a neutral flavin catalyst such as 1a, which can
be easily prepared, allows for the efficient synthesis of disulfides through the aerobic
oxidative homocoupling of thiols. I» was involved in the oxidation of thiols, and the
resulting I~ was catalytically regenerated to I by flavins through the activation of Ox.
Although the previously reported photooxidation of thiols using 1a as a photocatalyst
requires visible-light irradiation and the addition of a base, the flavin-iodine catalyst
system not only allows the oxidation of thiols to proceed without visible-light irradiation
but also does not affect the acidity of the reaction system. Thus, this method can be
applied to various thiols, including basic amino and acidic carboxyl groups. Furthermore,
because this simple and efficient methodology can be applied to the oxidation of selenium
and thiols, it can be used for the multistep and multicomponent synthesis of chalcogen-

containing compounds, which are important in biological and medicinal chemistry.
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4-5 Experimental Section

General

The NMR spectra were measured using JEOL JNM-L400 and JNM ECX-500
spectrometers (JEOL, Akishima, Japan) operating at 400 and 500 MHz, respectively, for
'H and 100 and 126 MHz, respectively, for 13C using tetramethylsilane (TMS) or a solvent
residual peak as the internal standard. The GC measurements were performed on a
Shimadzu GC-2014 gas chromatograph (Shimadzu, Kyoto, Japan) equipped with a flame

ionization detector (FID) using a Supelco Equity-5 (30 m x 0.25 mm) column.

Materials. All starting materials were purchased from Sigma-Aldrich, Fujifilm Wako
Pure Chemical Corporation, or Tokyo Chemical Industry and used as received. Riboflavin
tetraacetate  (1a),'® 1,3-dimethyl-8-trifluoromethylalloxazine (4),!” 5-ethyl-10-(2-
hydroxyethyl)-7,8-dimethylisoalloxazinium  triflate  (5°Tf0O),!®  5-ethyl-1,3,7,8-
tetramethylalloxazinium triflate (6°TfO),'® and 1,10-ethylene-7,8-
dimethylisoalloxazinium triflate (7°TfO)'® were prepared according to previously

reported methods.

Typical Procedure for the Catalytic Aerobic Oxidation of 2a. A mixture of 2a (73.1
mg, 0.50 mmol), 1a (13.6 mg, 0.025 mmol), I> (6.35 mg, 0.025 mmol), and ~-BuOH (1.0
mL) was stirred at 26 °C (water bath) for 8 h under air (1 atm, balloon) in the dark. The
solvent was removed using evaporation and the residue was purified via column
chromatography (SiO2, chloroform) to obtain 3a (70.7 mg, 97%) as a colorless oil; the

results have been summarized in Table 3.
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Spectroscopic data of 1,2-dioctyldisulfane (3a):!4 Column chromatography (SiOa,
chloroform) afforded the desired product (70.7 mg, 97%) as a colorless oil. 'H NMR (500
MHz, CDCI3, 25 °C, 8): 2.68 (t, J = 7.4 Hz, 4H), 1.67 (quin, J = 7.4 Hz, 4H), 1.41-1.33
(m, 4H), 1.32-1.20 (m, 16H), 0.88 (t, J = 6.9 Hz, 6H). *C{'H} NMR (126 MHz, CDCl;,

25°C, 9): 39.3,31.8,29.3,28.6, 22.7, 14.1.

Spectroscopic data of 1,2-dicyclohexyldisulfane (3b):'* Column chromatography
(SiO2, chloroform) afforded the desired product (52.2 mg, 91%) as a colorless oil. 'H
NMR (500 MHz, CDCl3, 25 °C, §): 2.72-2.64 (m, 2H), 2.08-2.01 (m, 4H), 1.82-1.73 (m,
4H), 1.65-1.58 (m, 2H), 1.37-1.18 (m, 10H). *C{'H} NMR (126 MHz, CDCls, 25 °C, §):

50.1, 33.0, 26.2, 25.8.

Spectroscopic data of 1,2-dithiane (3¢): * Column chromatography (SiO2, chloroform)
afforded the desired product (93 mg, 88%) as a colorless oil. 'H NMR (500 MHz, CDCls,
25 °C, 8): 2.85 (s, 4H), 1.97 (s, 4H). *C{'H} NMR (126 MHz, CDCls, 25 °C, §): 33.5,

27.9.

Spectroscopic data of  6,6’-disulfanediylbis(hexan-1-0l) (3d):*® Column
chromatography (SiO2, hexane/ethyl acetate =1/1, v/v) afforded the desired product (60.9
mg, 91%) as a colorless oil. 'H NMR (500 MHz, CDCls, 25 °C, §): 3.65 (t, J = 6.5 Hz,
4H), 2.69 (t, J = 7.3 Hz, 4H), 1.75-1.65 (m, 6H), 1.58 (quin, J = 6.9 Hz, 4H), 1.45-1.35

(m, 8H). BC{'H} NMR (126 MHz, CDCls, 25 °C, 3): 62.9, 39.1, 32.7,29.2, 28.4, 25.5.
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Spectroscopic data of dimethyl 3,3’-disulfanediylpropionate (3¢):'* Column
chromatography (SiO2, chloroform) afforded the desired product (58.3 mg, 98%) as a
colorless oil. '"H NMR (500 MHz, CDCls, 25 °C, §): 3.71 (s, 6H), 2.93 (t, ] = 7.0 Hz, 4H),
2.75 (t, J = 7.0 Hz, 4H). BC{'H} NMR (126 MHz, CDCI3, 25 °C, 3): 172.2, 52.0, 34.0,

33.2.

Spectroscopic data of 1,2-dibenzyldisulfane (3f):'*® Column chromatography (SiO>,
chloroform) afforded the desired product (58.8 mg, 94%) as a colorless oil. 'H NMR (500
MHz, CDCls, 25 °C, 8): 7.34-7.21 (m, 10H), 3.60 (s, 4H). 3C{'H} NMR (126 MHz,

CDCls, 25 °C, 8): 137.5, 129.6, 128.6, 127.6, 43 4.

Spectroscopic data of 1,2-bis(furan-2-ylmethyl)disulfane (3g):>® Column
chromatography (SiO2, chloroform) afforded the desired product (53.5 mg, 93%) as a
white solid. 'TH NMR (500 MHz, CDCls, 25 °C, 3): 7.38 (d, J = 1.7 Hz, 2H), 6.33 (dd, J
= 3.1, 1.9 Hz, 2H), 6.22 (d, J = 3.2 Hz, 2H), 3.69 (s, 4H). BC{!H} NMR (126 MHz,

CDCls, 25 °C, 8): 150.3, 142.6, 110.9, 109.1, 35.8.

Spectroscopic data of 1,2-bis(thiophen-2-ylmethyl)disulfane (3h):>’” Column
chromatography (SiO2, chloroform) afforded the desired product (59.9 mg, 92%) as a
colorless oil. '"H NMR (500 MHz, CDCl3, 25 °C, 3): 7.24-7.22 (m, 2H), 6.95-6.92 (m,
4H), 3.86 (s, 4H). BC{'H} NMR (126 MHz, CDCl3, 25 °C, §): 139.9, 127.3, 127.1, 125.8,

37.8.
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Spectroscopic data of 1,2-dibenzenedisulfane (3i):>® Column chromatography (SiOa,
chloroform) afforded the desired product (105 mg, 94%) as a pale yellow solid. 'H NMR
(500 MHz, CDCls, 25 °C, §): 7.50 (d, J = 8.3 Hz, 4H), 7.33-7.27 (m, 4H), 7.22 (t, ] = 7.8

Hz, 2H), BC{'H} NMR (126 MHz, CDCl;, 25 °C, 8): 137.2, 129.2, 127.7, 127.3.

Spectroscopic data of 1,2-di-p-tolyldisulfane (3j):'*® Column chromatography (SiO-,
chloroform) afforded the desired product (229 mg, 89%) as a white solid. 'H NMR (500
MHz, CDCl3, 25 °C, 3): 7.38 (d, J = 8.1 Hz, 4H), 7.10 (d, J = 7.9 Hz, 4H), 2.31 (s, 6H).

BC{'H} NMR (126 MHz, CDCls, 25 °C, 3): 137.6, 134.0, 129.9, 128.7, 21.2.

Spectroscopic data of 1,2-bis(4-methoxyphenyl)disulfane (3k):'*! Column
chromatography (SiO, chloroform) afforded the desired product (131 mg, 90%) as a
white solid. 'TH NMR (500 MHz, CDCls, 25 °C, 8): 7.39 (d, J = 8.8 Hz, 4H), 6.83 (d, J =
8.8 Hz, 4H), 3.80 (s, 6H). *C{!H} NMR (126 MHz, CDCl;s, 25 °C, 8): 160.1, 132.8,

128.6, 114.8, 55.5.

Spectroscopic  data of  1,2-bis(4-chlorophenyl)disulfane  (31):'*¢  Column
chromatography (SiO, chloroform) afforded the desired product (130 mg, 90%) as a
white solid. "H NMR (500 MHz, CDCls, 25 °C, 8): 7.40 (d, J = 8.1 Hz, 4H), 7.28 (d, J =

8.1 Hz, 4H). *C{'H} NMR (126 MHz, CDCl3, 25 °C, 8): 135.3, 133.8, 129.51, 129.46.

Spectroscopic data of 1,2- bis(3,5-dichlorophenyl)disulfane (3m):>® Column
chromatography (SiO, chloroform) afforded the desired product (130 mg, 90%) as a

white solid. "H NMR (500 MHz, CDCls, 25 °C, 8): 7.34 (d, J = 1.8 Hz, 4H), 7.24 (t, J =
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1.7 Hz, 2H). BC{'H} NMR (126 MHz, CDCl3, 25 °C, §): 139.4, 136.0, 127.9, 125.1.

Spectroscopic  data of  1,2-bis(4-nitrophenyl)disulfane  (3n):'*  Column
chromatography (SiO2, hexane/ethyl acetate = 4/1 to 1/1, v/v) afforded the desired
product (121 mg, 80%) as a white solid. '"H NMR (500 MHz, CDCls, 25 °C, 8): 8.20 (d,
J =8.8 Hz, 4H), 7.62 (d, J = 8.8 Hz, 4H). *C{'H} NMR (126 MHz, CDCl3, 25 °C, d):

147.1, 144.2, 126.5, 124.6.

Spectroscopic data of 1,2-bis(4-aminophenyl)disulfane  (30):'*  Column
chromatography (Si0O., chloroform) afforded the desired product (108 mg, 78%) as a pale
yellow solid. 'TH NMR (500 MHz, CDCl3, 25 °C, 3): 7.25 (d, J = 8.6 Hz, 4H), 6.58 (d, J
= 8.7 Hz, 4H), 3.77 (s, 4H). BC{'H} NMR (126 MHz, CDCl3, 25 °C, §): 147.2, 134.1,

125.9, 115.5.

Spectroscopic data of 1,2-bis(4-hydroxyphenyl)disulfane (3p):'*¢ Column
chromatography (SiO2, hexane/ethyl acetate = 4/1 to 1/1, v/v) afforded the desired
product (110 mg, 90%) as a white solid. 'H NMR (500 MHz, CDCl;, 25 °C, 8): 9.82 (s,
2H), 7.27 (d, J = 8.6 Hz, 4H), 6.76 (d, ] = 8.7 Hz, 4H). *C{'H} NMR (126 MHz, CDCI3,

25°C, 6): 158.3,133.0, 125.1, 116.3.

Spectroscopic data of dimethyl 4,4’-disulfanediyldibenzoate (3q):'*! Column
chromatography (SiO2, hexane/ethyl acetate = 9/1 to 3/1, v/v) afforded the desired
product (72.4 mg, 87%) as a white solid. 'H NMR (500 MHz, CDCls, 25 °C, 3): 7.96 (d,

J=8.6 Hz, 4H), 7.52 (d, ] = 8.6 Hz, 4H), 3.89 (s, 6H). 3C{'H} NMR (126 MHz, CDCl;,
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25°C, 5): 166.4, 142.2, 130.4, 128.9, 126.1, 52.3.

Spectroscopic data of dimethyl 2,2’-disulfanediyldibenzoate (3r):'*¢ Column
chromatography (SiO:, hexane/ethyl acetate = 9/1, v/v) afforded the desired product (48.2
mg, 58%) as a white solid. 'H NMR (500 MHz, CDCls, 25 °C, 8): 8.06 (dd, J = 7.8, 1.4
Hz, 2H), 7.76 (dd, J = 8.1, 0.91 Hz, 2H), 7.43-7.37 (m, 2H), 7.26-7.20 (m, 2H), 3.99 (s,
6H). BC{'H} NMR (126 MHz, CDCls, 25 °C, 3): 167.0, 140.4, 133.2, 131.6, 127.4, 125.9,

125.6, 52.5.

Spectroscopic data of 1,2-diphenyldiselenide (3s):** Column chromatography (SiOa,
chloroform) afforded the desired product (74.2 mg, 97%) as a yellow solid. "H NMR (500
MHz, CDCls, 25 °C, §): 7.62-7.57 (m, 4H), 7.30-7.21 (m, 6H). *C {'H} NMR (126 MHz,

CDCls, 25 °C, 9): 131.6, 131.1, 129.3, 127.9.
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Colorimetric chiral sensing using flavin/melamine supramolecular organogels
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5-1 Abstract

In this study, chiral supramolecular organogels were formed via a hierarchical self-
assembly of optically active riboflavin derivatives protected by carbamoyl groups and
melamine derivatives. The supramolecular chirality exhibited by the helical stacking of
riboflavin/melamine complexes, along with the redox and photocatalytic activities of
riboflavin enable the application of supramolecular gels as chiral sensors that respond to
phototropic stimuli. The chirality of chiral alcohols was successfully distinguished via a

visible change from yellow to green in the gel.
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5-2 Introduction

Helical supramolecular structures with controlled helix sense, formed by the self-
assembly of small molecules, have garnered considerable attention in recent years.! This
approach involves integrating small organic molecules, which possess inherent
functionalities such as catalysis and optical properties, into a controlled right- or left-
handed helical array. This method holds promise for the development of novel chiral
materials exhibiting attractive functions. Owing to their induced and amplified
supramolecular chirality, these helical supramolecules have potential applications in
chiral sensing and optical resolution,” enantioselective catalysis,® circularly polarized
luminescence,* and chiral optics and electronics.> Although various successful examples
of artificial helical polymers have been reported,' examples of supramolecular systems
are limited. Furthermore, arranging the desired functional molecules in a helical
configuration is challenging.

Riboflavin (widely known as vitamin Bz) and its derivatives, which are ubiquitous in
nature, are involved in many biochemical processes by binding to proteins as cofactors.’
For example, light responses such as stem bending toward light, which is characteristic
of higher plants, are attributed to the function of riboflavin in phototropin (a blue light
receptor protein).® It also serves as an active site for flavin-containing monooxygenase,
which is essential for detoxification of xenobiotics.” Riboflavin is composed of a planar
n-conjugated isoalloxazine ring and an optically active ribityl group, and it has a variety
of properties including photosensitivity, redox activity, and catalytic activity.!? The well-
regulated chiral environment and non-covalent interactions of the surrounding proteins
are responsible for the sophisticated biological functions of flavoproteins and

flavoenzymes. Artificial supramolecules based on riboflavin are expected to be used as

90



Chapter 5

unique chiral materials with biomimetic or novel artificial properties, owing to their
diverse biological systems.” Such findings are important for elucidating the biological
functions of flavoenzymes and flavoproteins. Although remarkable advances have been
made in the design of various functional supramolecular systems using vitamin Bz
analogs such as porphyrins,!! there has been almost no development of riboflavin-
containing supramolecules with chiral functions involving chiral recognition ability and
asymmetric catalysis.!?

In this study, chiral supramolecular gels based on riboflavin and melamine were
prepared. The gel can be used for visible colorimetric chiral sensing of chiral compounds
because of the helical chirality induced by self-assembly. Photocatalysis of riboflavin
induces an enantioselective color change in the gel under visible-light irradiation, causing
chiral sensing. Although several methods such as chiral high-performance liquid
chromatography (HPLC) and gas chromatography (GC) have been developed over the
past few decades to accurately obtain chiral information, the development of simpler
methods that can easily visualize chiral discrimination remains a challenge.!®
Enantioselective sensors have also been realized through the use of various chiral
materials, like polymers,'* supramolecules,'® organometallic frameworks,!® and carbon
nanotubes or graphene.!” Methods based on changes in absorbance of chiral chromogenic

units are promising in facilitating chiral sensing.'8
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5-3 Results and Discussion

Carbamoylated riboflavin F1, where the optically active ribityl group of riboflavin
(vitamin By) is protected with a carbamate group, and achiral N,N’-dioctylmelamine (M),
where two amino groups of melamine are octylated, were mixed at a 2:1 molar ratio in
1,2-dichloroethane (DCE) to prepare supramolecular organogels (Table 1). The gels were
obtained by heating the mixture at 80 °C for 5 min to facilitate complete dissolution.
Subsequently, the mixture was allowing to stand at 25 °C for 5 min (Table 1: entry 15).
When the rheological properties of the obtained gels were measured, they generally
exhibited a viscoelastic behavior. Specifically, the storage modulus (G”) was greater than

the loss modulus (G””) (Figure 1).!
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Table 1. Effect of solvents in the gelation of F1 and M.“

Chapter 5

: CHa(CHy);
RO™ NH H
Me . /N\(O N— 80°C,5min_25°C,2h
2 J;(NH + HN— N , organogel
Me N N=( organic |
solvents
)OJ\ o / fis
F1R= $ N~ (CH2)11CHs  CHy(CHy), 2F1-M gel
(riboflavin R =H H) -
entry gelator solvent phase
1 F1+M toluene G (0.70 mMm)b
2 F1+M Et,0 G°
3 F1+M 1,4-dioxane S
4 Fi+M THF S
5 Fil+M DMF S
6 F1+M DMSO G
7 F1+M cCl, PG
8 F1+M Cl,C=CCl, PG
9 F1+M chlorobenzene G (0.70 mMm)®
10 F1+M o-dichlorobenzene G (0.95 mM)?
1 F1+M CHCl, s
12 F1+M CH,Cl, PG
13 Fil+M CHCI,CHCI, (TCE) S
14 F1+M CICH,CH,CI (DCE) G (0.55 mM)®
15 F1+M DCE G (5 min)

“A mixture of F1 (10 mM) and M (5.0 mM) in various solvent (100 pnL) was heated at

80 °C for 5 min and allowed to stand at ca. 25 °C for 2 h. G: gel; P: precipitate; S: solution;

PG: partial gel. “Critical gelation concentration. ‘F1 and M were partially dissolved.

ITurbid gel.
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Figure 1. Angular frequency sweep measurements of the gels formed from solutions of
F1 and M (10 and 5.0 mM, respectively) in DCE (298 K; strain: 1%). Blue rhombus:

storage modulus (G’). Orange square: loss modulus (G”).

Figures 2 and 3 show the morphologies of the supramolecular gels observed using
scanning electron microscopy (SEM), scanning transmission electron microscopy
(STEM), and atomic force microscopy (AFM). The SEM and STEM images of the diluted
gel revealed a three-dimensional (3D) network structure containing linearly extending
fibers, which is common in helical macro molecules and supramolecules (Figures 2).'¢®
AFM results showed that fibers with an average height of 1.2 + 0.2 nm were observed on

the mica substrate (Figure 3). The magnified SEM images suggest that the fibrils have a

one-handed-biased helical structure, which is probably right-handed (Figures 2).
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corresponding height profiles of the nanofibers.
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Various spectroscopic measurements were performed to determine the supramolecular
structures of the F1 and M gels. '"H NMR measurements of F1, M, and mixtures of F1
and M in CDCIls were carried out at 25 °C. CDCls, which is less prone to gelation, was
used because rapid gelation can cause anisotropic effects and NMR signal loss during
measurement (Table 1). The combination of F1 and M shifted the signals of the N*H
proton (H*) of F1 and H proton of M toward lower magnetic fields (Figure 4A). This
suggested that hydrogen bonds were formed between F1 and M. 'H NMR measurements
were performed by changing the mixing ratio of F1 and M in CDCl3, and a job plot
analysis showed that two molecules of F1 and one molecule of M formed a complex via
hydrogen bonding at three points (Figure 4B).2%2! The hydrogen bonding of F1 and M at
three points confirmed by IR measurements and '"H NMR. A shift of the N*H proton to
lower magnetic fields after gelation was also observed in the temperature-dependent 'H
NMR spectra of 2F1*M gels in toluene-ds (Figure 5). The 2F1°M gel formed in toluene-
ds dissolved into solution when the temperature was raised to 80 °C. A temperature-
dependent 'H NMR spectra revealed that the H? proton in F1 shifted to a lower magnetic
field upon broadening. In the IR spectra, the peaks related to the N-H and C=O vibrations

of F1 shifted to lower wavenumbers upon gelation (Figure 6).
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Figure 4. (A) 'H NMR spectra of F1 (6.7 mM), M (3.3 mM), and a mixture of F1 and M
(6.7 and 3.3 mM, respectively) in CDCl3 at 25 °C. (B) Job plot analysis of the
stoichiometry of the F1 and M complex by '"H NMR measurement of a mixture of F1 and

M in CDClI;3 at 25 °C. The total concentration of F1 and M was 10 mM.
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Figure 5. Temperature dependent 'H NMR spectra of 2F1+M organogel in toluene-ds (10
and 5.0 mM, respectively) at 25 °C. The organogel was allowed to stand at 25 °C for 24
h prior to the measurement, and the temperature was increased stepwise from 25 °C to

80 °C during the '"H NMR measurement.
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Figure 6. IR spectra of (a) F1 solution (10 mM), (b) M solution (10 mM) and (c) 2F1-M

organogel (5.0 mM) in 1,1,2,2-tetrachloroethane at ca. 25 °C.

The CD and absorption spectra of the DCE solutions before and after the gelation of
F1 (10 mM) and M (5.0 mM) were analyzed to investigate the chiroptical properties of
the supramolecular gels (Figure 7). When the absorption spectrum of the DCE solution
of F1 was measured, characteristic absorption signals due to a m-conjugated flavin
chromophore appeared at about 350 and 450 nm (Figure 7Aa). The absorption spectrum
of the clear yellow 2F1*M gel showed a blue shift and hypochromic effect in the flavin
chromophore region. This suggested that a supramolecular structure was formed through
the n-w stacking of flavin ring with the n-conjugated plane (Figure 7Ab).2? Although the
DCE solution of F1 exhibited a weak negative Cotton effect at approximately 450 nm, a
strong positive Cotton effect appeared upon gelation (Figures 7Ac and d). The CD
measurements indicated that the supramolecular chirality derived from the optically
active ribityl group of F1 was expressed and amplified through the formation of F1 and

M associations.
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Figure 7. (A) Absorption (a, b) and circular dichroism (CD) (c, d) spectra of F1 (0.1 mM)
in DCE (a, ¢) and a supramolecular gel formed by F1 and M (10 and 5.0 mM,
respectively) in DCE (b, d). (B) CD and absorption spectra of 2F1+M organogel in DCE
(5.0 mM), measured three times by rotating a quartz cell by 90° and -90° (b, c) from the
first position (a) around the axis of the incident light beam and also by setting the quartz

cell in the opposite direction (d).

To investigate the substitution effect of F1 on the gelation ability, we used F2-F5, an
analog of F1 as the gelator (Scheme 1). F2 with N3 protected by a benzyl group, was
synthesized to study the effect of the imide moiety of F1. F2 and M were mixed in DCE
in a 2:1 molar ratio, heated at 80 °C for 5 min (for complete dissolution), and allowed to
stand at 25 °C for 7 days, but no gel was obtained (Table 2: entry 2). This suggests that
the imide moiety of F1 was involved in gel formation. In addition, F3 and F4 with butyl-
carbamoylated and acylated ribityl groups, respectively, and F5 with a single
dodecylcarbamoylated hydroxyethyl unit, were synthesized. The DCE solutions of F1
and M gelled in only 5 min, whereas the gels of F3 and M took 30 min to form; F4 and

FS5 did not form gels even after 7 days (Table 2: entries 1 and 3—5). These results indicate
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that the carbamoyl and long-chain dodecyl moieties modified on the ribityl group of F1

are essential for rapid gelation.

OCONH(CHy);;CHg OCONH(CH,)4;CHs

OCONH(CH,)1,CH, OCONH(CH,)1;CHg

HaC(H2C)11HNOCO" HsC(H2C){1HNOCO"

HsC(H»C)1iHNOCO" HsC(H,C)11HNOCO"
Mejc[N /N\fo Mej@N /NYO
Me N/L{NH Me N/IWN‘Bn
F1 O F2 O
OCONH(CH,)4CHj OCO(CHy)1,CH3

.__LOCONH(CH,)sCH 5
H3C(H,C)sHNOC" (CH,)sCH, H3C(H2C)1,0CO" OCONH(CHy)1;CHg
o)

H3C(H,C)sHNOCO" HaC(HC)100C0O"
Me:CEN /N\[//o MeI:[N /N\(O Me:@N /NYO
NH
Me N/j/\’( Me N/L(NH Me N/L(NH
F3 O Fa O Fs O
Scheme 1. Structures of flavin derivatives.

Table 2. Gelation ability of flavin derivatives.”

entry gelator solvent phase time
1 F1+M DCE G 5 min
2 F2+ M DCE S 7d
3 F3+M DCE G 30 min
4 FA+M DCE S 7d
5 F5+M DCE S 7d

“A mixture of F (10 mM) and M (5.0 mM) in various solvent (100 puL) was heated at

80 °C for 5 min and allowed to stand at ca. 25 °C for 2 h. G: gel; S: solution.

Plausible gelation mechanisms of F1 and M are shown in Figure 8. By mixing F1 and
M in DCE, two molecules of F1 and one molecule of M formed a 2F1°M complex via
hydrogen bonding at three points between the C=0O and N-H groups of the flavin ring and

N and N-H groups of M. The conformation of 2F1eM was deduced by density functional
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theory (DFT) calculations (Figure 9). The planar 2F1°M complexes with n-conjugated
structures formed a one-handed excess helical stacked supramolecular aggregate (X) by
n-n stacking. Based on the AFM images, X was predicted to have a fibrous structure with
a height of approximately 1.2 nm, although the structure may have slightly changed owing
to adsorption on the substrate. The supramolecular helical structure X was surrounded by
alkyl chains of hydrophobic dodecylcarbamate, which further aggregated to form
supramolecular nanofibers (Y) consisting of right-handed helices. Then, these nanofibers
intertwined to form a three-dimensional network structure that immobilized a large

amount of solvent, resulting in organogels.

hydrogen
onding

2F1+ M

Figure 8. Proposed mechanism of gelation using F1 and M.
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Figure 9. Energy-minimized structures calculated by Spartan’18 at the M06-2X/6-
311+G** level in vacuum for four conformers for dimeric complexes of model-F and -
M, formed through the hydrogen bonding of the imide unit, and calculated energies of

the three conformers.
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The obtained 2F1M supramolecular organogel was used as the chiral material. Hence,
it can be adapted for colorimetric chiral sensing of optically active compounds using
visual detection based on gel color changes. To detect the chirality of optically active
compounds, DCE solutions of F1 and M (10 and 5.0 mM, respectively) containing
(25,3S5)- or (2R,3R)-diethyl tartrate (1; 0.10 M) were prepared. The mixture was then
placed in a sample tube and capped to form a yellow gel, which was then exposed to
visible light (blue LED; 7.2 W) for 4 h. After irradiation for 2 h, the gel with (25,35)-1
remained yellow, whereas that with (2R,3R)-1 changed to green (Figure 10a). Hence, the
2F1+M gel can be used to distinguish the chirality of 1. In addition, enantioselective
colorimetric discrimination was performed using the optically active alcohols, 2 and 3
(Figures 10b and c). The results showed that (R)-2- and (2R,3R)-3-containing gels
preferentially turned green after 2 and 1 h, respectively. The gels exhibited a greenish-
yellow fluorescence resulting due to the fluorescent nature of F1. Chiral sensing was also
possible both in the presence and absence of fluorescence (Figure 11A). Under visible-
light irradiation, the fluorescence of the gel was gradually quenched, whereas that of the
gel containing R compounds was rapidly quenched (Figure 11B). In contrast, no
enantioselective color changes were observed when optically active BINOL (4), 1-
phenylethyl alcohol (5), and 1-phenylethyl amine (6) were used as analytes (Figures 10d—
g). Experimental investigations using various concentrations of 3 showed that the
detection limit for 3, which could be discriminated by the naked eye, can be estimated to
be about 0.1 equiv. (0.5 mM; Figure 12). The green color of the obtained (2R,3R)-3-

containing 2F1*M gel was maintained for at least 72 h under N> atmosphere (Figure 13).
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a) (253591 b) (52 ©) (25353 d) (54 e (55 9) (5)-6

(2R, g (R)-6
OH NH
o Ph._CO,H ?
EtOQC/\;/Cant i Ozc/\/cozH
OH OH
(2R,3R)1 (R)-2 (2R,3R)-3 (n) -4 (R-5  (R6

Figure 10. Images of the 2F1*M gels (5.0 mM) containing optically active (a) 1 (20 equiv

in DCE), (b) 2 (2.0 equiv in DCE), (¢) 3 (2.0 equiv in DCE/MeOH (98:2 v/v)), (d) 4 (20
equiv in DCE), (e) 5 (40 equiv in DCE), (f) 6 (20 equiv in DCE), and (g) 6 (100 equiv in

DCE) in sample tubes (0.8 mL).
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Figure 11. (A) Fluorescence spectrum (ca. 25 °C) of the organogel of F1 and M in DCE
(10 and 5.0 mM, respectively), formed after standing at ca. 25 °C for 24 h. Excitation
wavelength was 365 nm. (B) Images of 2F1eM gels (5.0 mM) containing optically active
(a) 1 (20 equiv in DCE), (b) 2 (2.0 equiv in DCE), and (c) 3 (2.0 equiv in DCE/MeOH
(98:2 v/v)) in sample tubes (0.8 mL). Fluorescence changes were observed by an UV light

irradiation of 365 nm.

a) 2 equiv b) 0.5 equiv ¢)0.2equiv d)0.1equiv e)0.05equiv f)0.01 equiv g)0.001 equiv
(25,35)-3 (25,35)-3 (25,35)-3 (25,35)-3 (25,35)-3 (25,35)-3 (25,35)-3

Tnpimmnn

OI:1—>1h 0Oh—2h Oh—4h Oh—7h Oh—-48h O0h—48h O0h—48h

Tl i
A ' L Al d i B

(2R3R)}3  (2R3R)}3 (2R3R)}3 (2R3R)}3 (2R3R)}3 (2R3R)}3  (2R.3R)3

Figure 12. Photographs of sample tubes (0.8 mL) containing 2F1*M gels (5.0 mM) with

different concentrations of optically active 3 (2—-0.001 equiv in DCE).
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0 h—24h—48 h=72h
Figure 13. Images of the time-dependent change in green 2F1*M gels (5.0 mM)
containing (2R,3R)-3 (1.0 equiv in DCE/MeOH (98:2 v/v)) in sample tubes (0.8 mL),
after being left in a dark under N> atmosphere. Green gels were obtained by blue light

irradiation for 4 h.

Changes were observed in the absorption spectra of 2F1eM gels containing (2S5, 3S)- or
(2R,3R)-1 under blue LED irradiation (Figure 14A and B). Upon light irradiation, the
characteristic absorption at about 450 nm from the n-conjugated structure of F1 gradually
decreased and a new absorption appeared around 620 nm, causing the gel to turn green.
The observed absorption in the long wavelength region probably originated from the
flavin radical (F1H", Scheme 2).2 The analysis of the green (R)-2-containing gel by
electron spin resonance (ESR) revealed a radical signal with a g-value of 2.0041,
suggesting the formation of F1H" (Figure 15a).2*® The change in absorption intensity at
620 nm for the 2F1*M gels containing (2§,3S)- or (2R,3R)-1 was plotted against time
(Figure 14C). The increase in absorption intensity was not continuous; it increased rapidly
after a specific induction period. The absorption of the (2R, 3R)-1 gel at 620 nm increased
after 1 h of light exposure, but that of the (25,3S)-1 gel increased after approximately 3 h.
The specific nonlinear absorption changes allow for the easy detection of the color change
of the gel. Because this reaction is photoresponsive, the changed or unchanged color can
be maintained even after termination of the light irradiation. The gel is a unique material

that facilitates colorimetric chiral sensing under light irradiation.?*
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Figure 14. Absorption spectra of the 2F1*M gel (1.0 mM) containing (A) (25,35)-1 (20
equiv in DCE) and (B) (2R,3R)-1 (20 equiv in DCE) in a 1 mm quartz cell under blue
LED irradiation (7.2 W), along with an enlarged view of the longer-wavelength region

(inset). (C) Change in absorption intensity of the peak at 620 nm.
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Scheme 2. Proposed reaction mechanism of F1 in the photooxidation of chiral alcohols.
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Figure 15. ESR measurements of 2F1*M gel in the presence of (R)-2 after blue light

irradiation for (a) 24 h and (b) 3 d under an O atmosphere.

The proposed mechanism for the photoresponsive color change of supramolecular gels
containing chiral alcohols is shown in Scheme 2. Riboflavin derivatives function as
photocatalysts,? efficiently promoting the photooxidation of alcohols to produce
aldehydes, ketones, and carboxylic acids under visible-light irradiation.?*®2>¢26 Under
blue LED irradiation, yellow F1 gets converted into excited *F1° with strong oxidizing

power. 3F1" promotes the oxidation of alcohols to produce the corresponding ketones and
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green flavin radical (F1H").2%%2¢ F1H" causes proportionation and disproportionation,
leading to the conversion into F1 and almost colorless F1H.2*>¢ Under atmospheric air
conditions, F1H" and F1H}> react with O to regenerate F1.23%¢ However, in this system,
contact with Oz was prevented because the sample tube was filled with the supramolecular
gel and sealed with a screw cap. F1H® produced by the photooxidation of alcohols,
initially reacted with the O dissolved in the gel and converted into F1. As the remaining
O2 in the gel was consumed, F1H® accumulated, and the gel gradually turned green. This
mechanism explains the induction period shown in Figure 14C. Therefore, if the amount
of O dissolved in the gel is reduced, the induction period and response time for the color
change can be expected to be shorter. Because of the chiral structure of the 2F1eM gel,
each enantiomer exhibited a different reaction rate in the chiral gel. In general, when the
colors change continuously, distinguishing the changes with the naked eye can be
challenging. However, in this system, the reverse reaction of F1H® to F1 resulted in a
significant difference in the amount of F1H' present at any given time, and the gel
containing the preferentially reacting enantiomer showed a significant color change,
easily distinguishable with the naked eye. The structural changes before and after the
color change of the 2F1°M gel (5.0 mM) containing (2R, 3R)-1 (20 equiv.) were observed
by transmission electron microscope (TEM). The 3D network structure consisting of
nanofibrils did not change significantly after the color change due to light irradiation
(Figure 16). As indicated by the change in the absorption spectra (Figure 14B), the color
change appeared to result from the partial conversion of F1 to F1H" rather than from an

overall change in the higher-order structure.
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Figure 16. TEM images of the (a and b) yellow 2F1eM gel (5.0 mM) (before light
irradiation) and (c and d) green 2F1eM gel (after 5 h light irradiation) containing (2R, 3R)-

1 (20 equiv in DCE).
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5-4 Conclusion

In conclusion, supramolecular organogels with riboflavin and melamine derivatives
that exhibit supramolecular chirality owing to the hierarchical self-assembly of the
riboflavin and melamine derivatives were developed. The resulting gels can be applied to
the visible colorimetric chiral sensing of chiral alcohols using light responsivity. This
system is expected to be useful for the development of novel bioinspired chiral

supramolecules and soft materials with desirable functions.
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5-5 Experimental Section

General

Melting points (M.p.) were determined on a SANSYO SMP-300 (SANSYO, Tokyo,
Japan). The IR spectra were recorded on a JASCO FT/IR-660plus spectrophotometer
(JASCO, Tokyo, Japan). The absorption, fluorescence, and circular dichroism (CD)
spectra were measured in a 0.01, 0.02, 0.1 or 1.0 cm quartz cell using a JASCO V-560
spectrophotometer, FP-8300  spectrofluorometer, and J-720 and J-1500
spectrophotometers, respectively. The NMR spectra were measured using JEOL JNM-
L400 and JNM ECX-500 spectrometers (JEOL, Tokyo, Japan) operating at 400 and 500
MHz, respectively, for 'H and 100 and 126 MHz, respectively, for '*C using
tetramethylsilane (TMS) or a solvent residual peak as the internal standard. The
electrospray ionization mass (ESI-MS) spectra were recorded using a Bruker
microTOFII-SHIY3 mass spectrometer (Bruker, Billerica, USA). Rheological
measurement was performed by a strain-controlled rheometer (TA Instruments ARES)
with steel parallel-plate geometry (25 mm diameter). Scanning electron microscopy
(SEM) was performed on a Hitachi High-Tech SU9000 (Hitachi High-Tech, Tokyo,
Japan) with an accelerating voltage of 5 kV. Scanning transmission electron microscope
(STEM) was also performed on a Hitachi High-Tech SU9000 with an accelerating voltage
of 10 kV. Tapping mode atomic force microscope (AFM) was performed on Shimadzu
SPM-9700 with an Al coated Si tip cantilever (2.8 N m™!). The chiral HPLC analyses
were performed on a JASCO PU-2080 Plus liquid chromatograph equipped with a UV-
visible detector (JASCO UV-2070 Plus) and an optical rotation detector (JASCO OR-
1590 Plus, Hg—Xe without filter) using COSMOSIL 5SL-IT Packed Column (0.46 cm

(i.d.) x 25 cm, Nacalai tesque). Electron spin resonance (ESR) spectra were recorded on
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a Bruker E500 spectrometer operating at the X band and equipped with an Oxford helium

cryostat.

Materials

All starting materials were purchased from Sigma-Aldrich (St. Louis, USA), FUJIFILM
Wako Pure Chemical (Osaka, Japan), Nacalai tesque (Kyoto, Japan), and Tokyo Chemical
Industry (Tokyo, Japan) and were used without further purification unless otherwise noted.
N2,N4-Dioctyl-1,3,5-triazine-2,4,6-triamine (M)?’ was synthesized according to the
previously reported method. Chiral reagents were also purchased from the commercial
suppliers as follows: diethyl L-(+)-tartrate ((/R,2R)-1, Sigma-Aldrich, >99% ee), diethyl
D-(-)-tartrate ((1S,25)-1, Sigma-Aldrich, >99% ee), D-(-)-mandelic acid ((R)-2, TCI), L-
(t)-mandelic acid ((S)-2, TCI), L-(+)-tartaric acid ((/R,2R)-3, TCI), D-(-)-tartaric acid

((15,25)-3, TCI).

Synthesis of Flavin Derivatives

Synthesis of F1. Dodecyl isocyanate (3.84 mL, 32.9 mmol)* was added to a suspension
of riboflavin (2.00 g, 5.31 mmol) and copper(I) iodide (6.08 g, 31.9 mmol) in dry DMF
(130 mL) under N> atmosphere. The mixture was stirred at 50 °C for 8 h, then MeOH (20
mL) was added. After the solvent was evaporated under reduced pressure, CHCI3 (1.2 L)
was added to the residue, and the solution was washed with water (300 mL x 3) and brine
(300 mL x 3), dried over MgSQs, filtrated, and evaporated to dryness to give the crude
product (8.60 g) as a yellow solid. A part of residue (2.99 g) was purified by column
chromatography (SiO2, CHCls/ethyl acetate = 100/0 to 9/1 and CHCl3/MeOH = 99/1 to

9/1, v/v), and reprecipitation with ethyl acetate to give F1 (1.83 g, 81%) as a yellow solid.
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Spectroscopic data of F1: Yellow solid. Mp: 220.5-221.0 °C. IR (KBr, cm™): 3343, 2921,
2852, 1699, 1584, 1545, 1466, 1260, 1150. 'H NMR (500 MHz, CDCl3, 50 °C): § 8.46
(s, 1H), 8.00 (s, 1H), 7.66 (s, 1H), 6.02 (br s, 1H), 5.71 (br s, 1H), 5.21 (br s, 5SH), 4.78
(brs, 2H), 4.40 (brd, J=10.0 Hz, 1H), 4.12 (br d, J = 10.0 Hz, 1H), 3.30-3.02 (br m, 6H),
2.75 (br s, 2H), 2.53 (s, 3H), 2.42 (s, 3H), 1.62-0.95 (m, 80H), 0.93-0.81 (m, 12H).
BC{'H} NMR (126 MHz, CDCl3, 50 °C): 8§ 159.5, 156.0, 155.7, 155.5, 155.3, 155.1,
150.9, 147.8, 136.7, 136.2, 135.0, 132.8, 131.9, 116.2, 71.1, 70.9, 63.3, 46.0, 41.5, 41.2,
41.0, 32.0, 30.0, 29.9, 29.7, 29.6, 29.44, 29.38, 29.3, 27.0, 26.9, 26.6, 22.7, 21.4, 19.4,
14.1. HRMS (ESI+): m/z caled for CeoHi20NsO1oNa (M+Na®), 1243.9020; found,

1243.8976. The purity of the obtained F1 was also confirmed by HPLC analysis.

Synthesis of F2. A mixture of F1 (303 mg, 0.248 mmol), benzyl bromide (83.5 mg, 0.488
mmol), and K>COs3 (135 mg, 0.979 mmol) in dry DMF (7.4 mL) was stirred at ca. 25 °C
for 3 h under N; atmosphere, and water (200 mL) was added to the reaction mixture. After
standing overnight, the yellow precipitate was collected by filtration, washed with water
(20 mL x 3), and dissolved in CHCI3 (50 mL), and the solution was dried over MgSOs.
After the solvent was removed by evaporation, the residue was purified by column
chromatography (SiO», CHCls/hexane = 1/10 to CHCI3/MeOH = 20/1, v/v) to give F2
(263 mg, 81%) as a yellow solid.

Spectroscopic data of F2: Yellow solid. Mp: 208.9-209.9 °C. IR (KBr, cm™'): 3335, 2922,
2851, 1700, 1583, 1547, 1466, 1265, 1149, 766. 'H NMR (500 MHz, CDCls, 50 °C): &
7.98 (s, 1H), 7.61 (s, 1H), 7.57 (d, J = 5.0 Hz, 2H), 7.29-7.18 (m, 3H), 6.15 (br s, 1H),
5.72 (br s, 1H), 5.36-4.90 (m, 7H), 4.62 (br s, 2H), 4.39 (br d, J = 10.0 Hz, 1H), 4.13 (br

d, J =10.0 Hz, 1H), 3.30-2.98 (m, 6H), 2.70 (br s, 2H), 2.51 (s, 3H), 2.40 (s, 3H), 1.60-
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0.96 (m, 80H), 0.94-0.81 (m, 12H). *C{'H} NMR (126 MHz, CDCl3, 50 °C): § 160.2,
156.3, 156.1, 155.8, 155.3, 149.6, 147.4, 137.5, 136.5, 136.3, 135.4, 133.1, 132.1, 129.9,
128.6, 127.9, 116.3, 71.5, 71.3, 63.7, 45.9, 45.5, 41.8, 41.5, 41.3, 32.3, 30.3, 30.2, 30.0,
29.9,29.8,29.7,29.6,27.3,27.19,27.17, 26.9, 23.0, 21.7, 19.6, 14.4. HRMS (ESI+): m/z

calcd for C79H126NsO10Na (M+Na®), 1333.9489; found, 1333.9458.

Synthesis of F3. Butyl isocyanate (1.80 mL, 16.0 mmol) was added to a suspension of
riboflavin (1.08 g, 2.87 mmol) and copper(I) iodide (3.08 g, 16.2 mmol) in dry DMF (150
mL) under N> atmosphere. The mixture was stirred at 70 °C for 6 h, then MeOH (10 mL)
was added. After the solvent was evaporated under reduced pressure, CHCI3 (500 mL)
was added to the residue, and the solution was washed with water (400 mL x 4) and brine
(400 mL), dried over MgSQs, filtrated, and evaporated to dryness to give the crude
product (2.32 g) as a yellow solid. A part of residue (1.99 g) was purified by column
chromatography (SiO2, CHCls/ethyl acetate = 100/0 to 9/1 and CHCl3/MeOH = 99/1 to
9/1, v/v) and reprecipitation with diethyl ether to give F3 (791 mg, 42%) as a yellow solid.
Spectroscopic data of F3: Yellow solid. Mp: 229.8-231.4 °C. IR (KBr, cm™): 3342, 3053,
2933,2872, 1700, 1543, 1463, 1250, 1149. '"H NMR (500 MHz, DMSO-ds, 50 °C): § 11.3
(s, 1H), 7.86 (s, 1H), 7.71 (br s, 1H), 7.45-6.70 (br m, 4H), 5.46 (br s, 1H), 5.38-4.40 (br
m, 4H), 4.31 (br s, 1H), 4.08 (br s, 1H), 3.05-2.90 (br m, 6H), 2.56 (s, 2H), 2.50 (s, 3H,
overlapped with DMSO-ds), 2.38 (s, 3H), 1.45-1.20 (m, 12H), 1.05-0.65 (m, 16H).
BC{'H} NMR (126 MHz, DMSO-ds, 50 °C): & 159.7, 155.8, 155.6, 155.3, 155.1, 154.7,
150.5, 146.6, 136.5, 135.7, 133.9, 131.4, 131.1, 116.5, 72.3, 70.7, 69.0, 62.2, 45.1, 31.4,
31.0, 20.7, 20.5, 19.4 19.34, 19.26, 18.9, 18.7, 13.6, 13.4. HRMS (ESI+): m/z calcd for

C37Hs56NgO10Na (M+Na"), 795.4012; found, 795.3982.
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Synthesis of F4. A mixture of riboflavin (500 mg, 1.33 mmol), 4-dimethylamino pyridine
(8.15 mg, 0.0667 mmol), and lauric anhydride (3.05 g, 7.97 mmol) in
dichloromethane/pyridine (1/1 v/v, 13.3 mL) was stirred under reflux for 24 h. An
additional lauric anhydride (1.01 g, 2.64 mmol) was added to the reaction mixture, and
the mixture was then stirred for additional 24 h. After an addition of CHCl3 (100 mL), the
mixture was washed with water (100 mL x 3), dried over MgSQs, filtrated, and evaporated
to dryness. The residue was roughly purified by column chromatography (SiOa,
CHCIl3/MeOH = 100/0 to 24/1, v/v), and the obtained crude mixture was then purified by
column chromatography (SiO», hexane/ethyl acetate = 100/0 to 3/2, v/v) to give F4 (1.01
g, 69%) as a yellow solid.

Spectroscopic data of F4: yellow solid. Mp: 199.5-200.1 °C. IR (KBr, cm™): 3432, 3168,
3114, 3042, 2956, 2923, 2852, 1746, 1662, 1577, 1537, 1507, 1159. 'H NMR (500 MHz,
CDCls, 50 °C, 9): 8.26 (s, 1H), 8.02 (s, 1H), 7.56 (s, 1H), 5.69 (d, /= 10.0 Hz, 1H), 5.51-
5.36 (m, 2H), 5.29-4.73 (br s, 2H), 4.46 (dd, J=2.8, 12.2 Hz, 1H), 4.20 (dd, /= 6.2, 12.2
Hz, 1H), 2.63-2.50 (m, 4H), 2.49-2.37 (m, 6H), 2.36-2.22 (m, 2H), 2.12-1.98 (m, 1H),
1.97-1.80 (m, 1H), 1.75-1.54 (m, 6H), 1.44-1.04 (m, 64H), 1.02-0.93 (m, 2H), 0.88 (t, J
=7.5 Hz, 12H). *C{'H} NMR (125 MHz, CDCl;, 50 °C, 9): 173.4, 173.1, 172.6, 172.5,
159.3,154.3,151.0,147.9,136.8, 136.4, 134.8,133.2,131.5, 115.9, 70.7, 69.3, 62.0, 451,
344, 34.3, 34.2, 33.9, 32.1, 29.8, 29.7, 29.51, 29.46, 29.30, 29.25, 29.1, 25.04, 24.98,
245, 22.8, 21.4, 19.4, 14.2. HRMS (ESI+): m/z caled for CssH10sN4O1oNa (M+Na"),

1127.7958; found, 1127.7977.

Synthesis of F5. A mixture of 10-(2-hydroxyethyl)-7,8-dimethylisoalloxazine (1.00 g,

3.49 mmol)*, copper(I) iodide (1.01 g, 5.30 mmol) and dodecyl isocyanate (2.53 mL,
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10.6 mmol)*® in dry DMF (77 mL) was stirred under N, atmosphere at 70 °C for 7 h.
MeOH (10 mL) was added and stirred for 15 min. After the solvent was evaporated under
reduced pressure, CHCI3 (300 mL) was added to the residue, and the solution was washed
with water (200 mL x 2) and brine (200 mL x 3), dried over MgSQs, filtrated, and
evaporated to dryness. The residue was purified by column chromatography (SiO.,
CHCls/ethyl acetate=49/1 to 9/1 and CHCl;/MeOH=99/1 to 19/1, v/v) to give F5 (112
mg, 6.4%) as a yellow solid.

Spectroscopic data of F5: Yellow solid. Mp: 254.8-255.6 °C. IR (KBr, cm™): 3247, 3049,
2924, 1718, 1543. '"H NMR (500 MHz, CF;COOD, 25 °C, d): 8.21 (brs, 1H), 8.17 (brs,
1H), 5.28 (br s, 2H), 4.80 (br s, 2H), 2.97 (br s, 2H), 2.69 (s, 3H), 2.55 (s, 3H), 1.36-0.98
(m, 20H), 0.75 (br t, J = 6.25 Hz, 3H). BC{'H} NMR (126 MHz, CF:COOD, 25 °C, J):
161.6, 159.9, 151.7, 147.7, 143.7, 141.9, 134.7, 132.6, 131.0, 127.6, 118.6, 63.2, 50.5,
43.5, 33.7, 31.3, 31.24, 31.15, 31.1, 31.0, 30.9, 28.2, 24.2, 23.1, 20.4, 14.5. HRMS

(ESI+): m/z calcd for C27H3oNsO4Na (M+Na*), 520.2894; found, 520.2905.

Gelation Ability of F1 and M in Various Solvents. A mixture of F1 (10 mM) and M
(5.0 mM) in various solvent (100 pL) was heated at 80 °C for 5 min and allowed to stand
at ca. 25 °C for 2 h. The gelation was confirmed by the inverse flow method (Table 1 and

2).

Analysis of Rheological Property. The measurement of the rheological property was
conducted using the organogel that was formed as follows: by heating at 80 °C (oil bath)
for 5 min, F1 (12.2 mg, 0.0100 mmol) and M (1.75 mg, 0.00500 mmol) were completely

dissolved in distilled 1,2-dichloroethane (DCE, 1.0 mL) and were stood at room
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temperature for 24 h to obtain the organogel. The plot of the shear storage moduli (G”)
and the shear loss moduli (G”) of the gel versus the angular frequency revealed the G’
value was higher than the G value over a range of angular frequency from 1 to 100 rad/s,
indicated the viscoelastic nature that is typically observed for the supramolecular gels

(Figure 1).

SEM and STEM Measurements. By heating at 80 °C (oil bath) for 5 min, F1 (6.11 mg,
0.00500 mmol, 10 mM) and M (0.876 mg, 0.00250 mmol, 5.0 mM) were completely
dissolved in distilled DCE (500 pL). The temperature was gradually decreased from 80 °C
to 25 °C over a period of 5.5 h, and then allowed to stand at 25 °C for an additional 18.5
h to obtain the gel. The gel was diluted with DCE and cast on a mica substrate, after which
the sample was dried under a vacuum. The sample for SEM analysis was prepared by
casting the supramolecular gels onto cover glasses and drying them under a vacuum. The
sample for STEM analysis was prepared by casting the supramolecular gels onto copper

microgrids (200 mesh, JEOL, NO. 780111613) and drying them under a vacuum.

AFM Measurement. By heating at 80 °C (oil bath) for 5 min, F1 (2.44 mg, 0.00200
mmol, 10 mM) and M (0.350 mg, 0.00100 mmol, 5.0 mM) were completely dissolved in
distilled DCE (200 pL). The temperature was gradually decreased from 80 °C to 25 °C
over a period of 5.5 h, and then allowed to stand at 25 °C for an additional 18.5 h to obtain
the gel. The gel was diluted with DCE and cast on a mica substrate, after which the sample
dried under vacuum. The AFM images showed that the nanofibers partially aligned in
parallel on the substrate and appeared to form the single layer of the two-dimensional

crystals (Figure 3).
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Measurement of Chiroptical Property. By heating at 80 °C (oil bath) for 5 min, F1
(12.2 mg, 0.0100 mmol) and M (1.75 mg, 0.00500 mmol) were completely dissolved in
distilled DCE (1.0 mL). A portion of the obtained 1,2-dichloroethane solution was added
to a 0.01 cm quartz cell. The temperature was gradually decreased from 80 °C to 25 °C
over a period of 5.5 h (10 °C / h), and then allowed to stand at 25 °C for an additional
18.5 h to obtain the gel. The absorption and CD spectra of the obtained organogel were
measured at ca. 25 °C (Figure 7). To confirm the presence of artifacts arising from the
scattering and linear dichroism, the CD spectra were measured three times by rotating the
sample quartz cell around the axis of the incident light beam and also by inverting the
quartz cell (Figure 7B). The observed CD signals were constant throughout the rotation
angles (in contrast to linear dichroism). Therefore, the observed CD signals were

predominantly attributed to the genuine CD signals.!?¢

DFT Calculation of 2F1°M Complex. The 2F1M complex can theoretically adopt three
conformations (A, B, and C, Figure 9). The '"H NMR measurement of 2F1¢M showed
that both F1 molecules were in the same environment, indicating the C2 symmetry of
2F1+M. Therefore, the possibility of conformer C was ruled out. To compare the stability
between the conformers A and B, the molecular modeling and density functional theory
(DFT) calculations were performed by Spartan 18 software (Wavefunction, 1. 1., CA).%!
The simplified F and M compounds were used as the model compounds. The possible
conformations (conformers A and B) for the 2F1*M complex were constructed and fully
optimized using the DFT calculations with the B3LYP functional and 6-31G* basis sets
in Spartan ’18 software. The geometries were further refined by the DFT calculations

using the MO06-2X functional with 6-311+G** basis sets. The energy-minimized

120



Chapter 5

structures of the conformers A and B are shown in Figure 9. Based on the calculation,
conformer A was found to be more stable than conformer B. Although the energy
difference between the two conformers is small (2.0 kJ/mol) and the possibility of a
stability reversal cannot be ruled out depending on the higher-order structure of the
aggregate. However, because it was difficult to obtain concrete data on the precise higher-
order structure, this manuscript assumes that the 2F1*M complex adopts the conformation

of A, as determined by the DFT calculation.
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Table 3 Cartesian coordinates of conformer A optimized by B3LYP/6-31G*.

Atom X % Z

H 9.8944 2.4504 0.1051
C 9.4774 2.6054 1.0944
C 8.4587 3.0266 3.6514
C 8.1229 2.3224 1.3402
C 10.3075 3.0883 2.1024
C 9.793 3.308 34113
C 7.6048 2.5358 2.6437
H 8.0211 3.1745 4.6354
C 11.7558 3.3757 1.7953
H 12.4251 2.7711 2.4203
H 12.0068 4.4254 1.9923
H 11.9931 3.1646 0.7492
C 10.678 3.8347 45148
H 10.1193 3.9341 5.4491
H 11.093 4.8204 42678
H 11.5304 3.1708 4.7048
N 7.2686 1.8433 0.3586
N 6.2958 2.2789 2.9566
C 5.5186 1.8294 2.0167
C 5.9388 1.5777 0.6407
C 4.084 1.5413 2.3397
N 5.1636 1.1328 -0.3092
N 3.355 1.078 1.276
H 2.3434 0.8596 1.4436
C 3.8342 0.8668 -0.0294
0] 3.071 0.4529 -0.8923
0] 3.6146 1.7091 3.4597
C 7.7652 1.6142 -1.003
H 6.9343 1.2393 -1.5957
H 8.5745 0.878 -0.9857
H 8.1354 2.5532 -1.4259
H -7.4963 -3.1311 -6.1561
C -7.8764 -3.0408 -5.1453
C -8.9104 -2.8274 -2.5671
C -7.0207 -2.6497 -4.1021
C -9.2199 -3.3181 -4.9088
C -9.7557 -3.2119 -3.5934
C -7.549 -2.5411 -2.7887
H -9.2708 -2.73 -1.5471
C -10.106 -3.7306 -6.0579
H -10.9383 -3.0279 -6.1906
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-10.5524
-9.5493
-11.2104
-11.4466
-11.4716
-11.8743
-5.6785
-6.7763
-5.5234
-4.8703
-4.6661
-3.6122
-3.3625
-2.8045
-1.6183
-5.1041
-5.0944
-4.0437
-5.6071
-5.1923
-2.721
-0.0387
-1.6161
-1.322
0.5296
-0.3078
-2.0609
0.7544
0.1944
-3.3599
1.7294
-0.4074
1.1717
-3.9263
0.2863
-0.5449
1.1188
-0.0605
-3.9717
-5.0226
-3.9135
-3.4877

-4.7181
-3.7737
-3.508
-3.3625
-4.5416
-2.8568
-2.3629
-2.1589
-1.8921
-1.9741
-1.4605
-1.7118
-1.2089
-1.3186
-1.0674
-1.3426
-2.4636
-2.1949
-1.7773
-3.4877
-0.886
0.6414
-0.2697
0.3865
0.4782
0.0195
-0.0657
1.1016
-0.162
-0.339
1.294
-0.4822
0.0487
-0.696
1.3093
2.0228
1.7044
0.3744
-0.17
-0.4593
0.8709
-0.7941
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-5.885
-6.9983
-3.3206
-2.2628
-3.5811
-3.9034
-4.3018
-1.7239
-1.9415
-3.2459
-0.7915
-3.4699
-1.1312
-2.4173
-2.5845
0.3481
-5.6442
-5.5655
-6.3248
-6.0161
-0.3672
3.0091
1.0263
3.3162
1.7907
0.8307
2.2892
3.9993
-0.4
2.5336
3.7821
-1.1544
-0.5869
1.767
5.3544
5.3883
5.9416
5.8117
3.835
3.7528
4.1751
4.5961
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Table 4 Cartesian coordinates of conformer A optimized by M06-2X/6-311+G**.

Atom X v Z

H 9.8584 2.4458 0.0978
C 9.444 2.6007 1.0852
C 8.4365 3.0176 3.6408
C 8.0919 2.3234 1.3378
C 10.2716 3.0744 2.0898
C 9.7648 3.2908 3.3966
C 7.5848 2.5349 2.6338
H 7.9999 3.1642 4.6226
C 11.7186 3.357 1.7943
H 12.3701 2.7365 24174
H 11.9648 4.4003 2.0117
H 11.9554 3.1594 0.7484
C 10.6636 3.8065 4.4879
H 10.1179 3.8968 5.4265
H 11.07 4.79 4.2357
H 11.5124 3.1371 4.6513
N 7.2369 1.8474 0.3594
N 6.2738 2.2803 2.9459
C 5.5045 1.8329 2.0185
C 5.9216 1.5751 0.6404
C 4.0684 1.5481 2.3454
N 5.1485 1.1227 -0.2963
N 3.3461 1.0745 1.2908
H 2.3359 0.8583 1.4521
C 3.8249 0.8534 -0.0086
0] 3.0632 0.4323 -0.8506
0] 3.6033 1.7242 3451
C 7.7382 1.6308 -0.9977
H 6.9123 1.278 -1.6062
H 8.5335 0.8842 -0.9791
H 8.1221 2.5704 -1.397
H -7.4647 -3.1118 -6.1386
C -7.8485 -3.0273 -5.1306
C -8.8892 -2.8259 -2.562
C -7.0024 -2.6389 -4.0819
C -9.1848 -3.3068 -4.8978
C -9.7233 -3.2081 -3.5893
C -7.5329 -2.5364 -2.7817
H -9.2512 -2.7333 -1.5439
C -10.0727 -3.7158 -6.0406
H -10.9055 -3.0163 -6.1548
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-10.5061
-9.5208
-11.1746
-11.4165
-11.4185
-11.826
-5.6634
-6.7592
-5.5192
-4.861
-4.6632
-3.6092
-3.3664
-2.8077
-1.6329
-5.0966
-5.0898
-4.0404
-5.6108
-5.1916
-2.7213
-0.035
-1.6041
-1.3123
0.5308
-0.3017
-2.0478
0.7493
0.2001
-3.3403
1.7211
-0.3999
1.1751
-3.9132
0.2617
-0.5589
1.0872
-0.1014
-3.9303
-4.9766
-3.8673
-3.4239

-4.704
-3.7466
-3.5144
-3.3907
-4.5408
-2.8533
-2.3508
-2.1546
-1.8899
-1.9689
-1.4595
-1.7084
-1.2077
-1.3187
-1.0681
-1.346
-2.4511
-2.1823
-1.7656
-3.4749
-0.8884
0.6432
-0.2725
0.3879
0.4757
0.0136
-0.065
1.1069
-0.1722
-0.333
1.3046
-0.4986
0.0323
-0.69
1.3134
2.0339
1.6941
0.3798
-0.1568
-0.4518
0.8836
-0.7716
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-5.8641
-6.9796
-3.3363
-2.2812
-3.6226
-3.9141
-4.2784
-1.7155
-1.9282
-3.2327
-0.774
-3.4491
-1.1119
-2.3935
-2.5445
0.3517
-5.6207
-5.5558
-6.2919
-5.985
-0.354
2.9899
1.018
3.2956
1.7778
0.8244
2.2737
3.9764
-0.4003
2.5227
3.7664
-1.1501
-0.5848
1.7654
5.3228
5.3383
5.9229
5.7591
3.8322
3.7721
4.1554
4.579
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Table 5 Cartesian coordinates of conformer B optimized by B3LYP/6-31G*.

Atom X % Z

H 9.4706 1.2387 2.1589
C 8.8118 1.2346 1.2986
C 7.164 1.2328 -0.9467
C 7.4313 1.0425 1.4713
C 9.3605 1.4241 0.033
C 8.5239 1.4244 -1.1195
C 6.5918 1.0416 0.327
H 6.4847 1.2237 -1.7939
C 10.8483 1.6279 -0.1075
H 11.0777 2.5839 -0.5962
H 11.3023 0.8428 -0.7258
H 11.3473 1.6203 0.8659
C 9.1039 1.6302 -2.4978
H 8.3247 1.5722 -3.2625
H 9.8639 0.8753 -2.7354
H 9.5909 2.6095 -2.5895
N 6.852 0.8547 2.7175
N 5.2374 0.8581 0.4197
C 47219 0.6867 1.6003
C 5.4854 0.6755 2.8454
C 3.2424 0.4803 1.7211
N 49735 0.5114 4.0347
N 2.8066 0.3163 3.0125
H 1.7785 0.1694 3.1538
C 3.6085 0.3307 4.1641
0] 3.0894 0.1825 5.2655
0] 2.4973 0.4602 0.7501
C 7.6873 0.844 3.9242
H 7.0313 0.6818 4.7765
H 8.2046 1.8032 4.0273
H 8.4234 0.0369 3.8581
H -8.2889 -1.1073 -5.1043
C -7.2327 -0.9256 -5.264
C -4.5281 -0.4635 -5.7393
C -6.3613 -0.8162 -4.1676
C -6.7663 -0.8058 -6.5706
C -5.3847 -0.5698 -6.8214
C -4.9829 -0.581 -4.411
H -3.4662 -0.2835 -5.8775
C -7.7375 -0.9264 -7.7183
H -7.4687 -1.7545 -8.3867
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-7.7443
-8.757
-4.8619
-3.7811
-5.3313
-5.0589
-6.7908
-4.0744
-4.5053
-5.8972
-3.5254
-6.3363
-4.0876
-5.4442
-5.819
-2.3321
-8.2073
-8.3142
-8.5203
-8.8172
-3.4442
-0.6261
-2.2748
-1.929
-0.0723
-0.9463
-2.7039
0.2069
-0.4593
-4.0225
1.1974
-1.0773
0.534
-4.619
-0.2421
-0.9542
0.6345
-0.7339
-4.6211
-5.6887
-4.4978
-4.1743

-0.0172
-1.1006
-0.4375
-0.2681
0.4011
-1.3395
-0.9291
-0.4641
-0.5745
-0.8167
-0.4498
-0.93
-0.585
-0.8187
-0.9211
-0.2455
-1.1748
-1.2167
-2.1238
-0.363
-0.5107
-0.2634
-0.3901
-0.4745
-0.1017
-0.1724
-0.5319
-0.2066
-0.0142
-0.7478
-0.054
-0.0825
0.1444
-0.7901
-0.3569
0.4281
-0.2912
-1.3235
-0.9093
-1.1009
-0.0098
-1.7485

127

-8.3324
-7.3627
-8.231
-8.2312
-8.7622
-8.825
-2.8537
-3.3926
-2.1717
-1.8019
-1.0449
-0.578
0.1999
0.473
1.6367
-1.2287
-2.5589
-1.4774
-3.0032
-2.9647
1.0248
4.6182
24915
4.8661
3.3915
2.3613
3.7696
5.6768
1.1185
3.9519
5.4972
0.3143
0.9752
3.1279
7.0453
7.3266
7.6951
7.2052
5.2606
5.1208
5.8762
5.8062
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Table 6 Cartesian coordinates of conformer B optimized by M06-2X/6-311+G**.

Atom X v Z

H 9.4411 1.2732 2.1703
C 8.7855 1.2519 1.31

C 7.1502 1.2038 -0.9367
C 7.4075 1.05 1.475
C 9.3308 1.4268 0.0485
C 8.5026 1.4046 -1.1029
C 6.5817 1.0251 0.3348
H 6.4736 1.1775 -1.7839
C 10.811 1.6432 -0.1028
H 11.016 2.6031 -0.5852
H 11.2547 0.8672 -0.7326
H 11.3153 1.6303 0.8634
C 9.0943 1.5965 -2.4735
H 8.3197 1.5461 -3.2381
H 9.8402 0.8284 -2.6949
H 9.5925 2.5662 -2.5582
N 6.8279 0.8747 2.7196
N 5.2276 0.8304 0.4293
C 47168 0.6704 1.5983
C 5.4759 0.6813 2.8491
C 3.2375 0.4549 1.7163
N 49617 0.5237 4.03

N 2.8031 0.2988 3.0021
H 1.778 0.1504 3.1439
C 3.5998 0.3296 4.1523
0] 3.0755 0.1832 5.2365
0] 2.5039 0.4233 0.7551
C 7.6654 0.8998 3.9186
H 7.0202 0.7543 4.7788
H 8.1712 1.8638 3.9899
H 8.4032 0.098 3.8648
H -8.2768 -1.0945 -5.0746
C -7.2225 -0.9167 -5.2394
C -4.5239 -0.4636 -5.7236
C -6.3451 -0.8053 -4.1511
C -6.7584 -0.8029 -6.5397
C -5.3827 -0.5708 -6.7949
C -4.9782 -0.5772 -4.3995
H -3.463 -0.288 -5.8639
C -7.7193 -0.9304 -7.6892
H -7.446 -1.7713 -8.3324
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-7.7042
-8.7387
-4.8793
-3.8017
-5.3532
-5.0962
-6.7731
-4.0687
-4.4946
-5.8892
-3.5106
-6.3219
-4.0722
-5.4272
-5.7887
-2.3299
-8.1897
-8.3125
-8.5014
-8.7819
-3.4304
-0.6146
-2.2549
-1.9133
-0.0618
-0.9313
-2.685

0.2072

-0.4441
-3.9966
1.1977

-1.0603
0.5472

-4.5997
-0.2698
-0.9909
0.5885

-0.7581
-4.574

-5.6415
-4.4247
-4.1227

-0.0324
-1.0863
-0.4459
-0.2859
0.3928
-1.3474
-0.9109
-0.4628
-0.568
-0.8005
-0.4476
-0.9044
-0.5725
-0.791
-0.8761
-0.2573
-1.1422
-1.1795
-2.0881
-0.3259
-0.5005
-0.2781
-0.393
-0.4855
-0.1181
-0.185
-0.5348
-0.2264
-0.0323
-0.7446
-0.0791
-0.0995
0.1191
-0.7788
-0.3864
0.3925
-0.3196
-1.3543
-0.9102
-1.0892
-0.0179
-1.7567
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-8.3125
-7.3377
-8.2075
-8.2201
-8.7247
-8.7866
-2.8388
-3.3799
-2.1712
-1.7956
-1.0452
-0.5766
0.1941
0.4686
1.624
-1.227
-2.5554
-1.4785
-3.0001
-2.9712
1.0166
4.589
2.4701
4.8334
3.3678
2.343
3.7416
5.6479
1.1042
3.9284
5.4822
0.3038
0.9626
3.1128
7.0047
7.2633
7.6718
7.1383
5.2446
5.1215
5.8574
5.7672
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Colorimetric Chiral Sensing. By heating at 80 °C (oil bath) for 5 min, F1 (12.2 mg,
0.0100 mmol), M (1.75 mg, 0.00500 mmol), and (2R,3R)-1 (20.6 mg, 0.100 mmol) were
completely dissolved in DCE (1.0 mL). A portion of the obtained DCE solution (ca. 800
mL) was added to a sample tube (d=8 mm) until it was full. The tube was sealed with a

screw cap and was stood at room temperature for 24 h. The obtained gel was irradiated

with blue LED (7.2 W) at 25 °C (Figure 17).

Figure 17. Experimental setup for colorimetric chiral sensing.

ESR Measurement. A mixture of F1 (12.2 mg, 0.0100 mmol) and M (1.75 mg, 0.00500
mmol) in DCE (1.0 mL) was heated at 80 °C for 5 min and allowed to stand at ca. 25 °C
for 24 h to obtain the organogel. A solution of (R)-2 (76.0 mg, 0.500 mmol) in CH3CN
(0.5 mL) was added to the gel. After standing at 25 °C for 24 h, the resulting gel was
irradiated with blue LED at 25 °C for 24 h, causing the gel’s color change from yellow to
green. The gel was separated from the supernatant solution, and dried under reduced
pressure. Following the ESR measurement of the green xerogel (Figure 15a), the xerogel
was left under O> (1 atm) for 3 d without light irradiation. Subsequently, the ESR
measurement was also performed on the obtained xerogel whose color was changed to
yellow (Figure 15b). The apparent radical signal with g-values 2.0041 indicated the

formation of the radical flavin F1H" (Figure 15a). After standing under O, for 3 d, the

130



Chapter 5

signal of the radical was weakened (Figure 15b), probably due to the reaction with O

forming F1 (Scheme 2).

TEM Measurements. By heating at 80 °C (oil bath) for 5 min, F1 (12.2 mg, 0.0100
mmol), M (1.75 mg, 0.00500 mmol), and (2R,3R)-1 (20.6 mg, 0.100 mmol) were
completely dissolved in DCE (1.0 mL). A portion of the obtained DCE solution (ca. 800
mL) was added to a sample tube (d=8 mm) until it was full. The tube was sealed with a
screw cap and was stood at room temperature for 24 h. The obtained gel was irradiated
with blue LED (7.2 W) at 25 °C for 5 h. The gel was diluted with DCE and cast onto a
copper microgrid (200 mesh, JEOL, NO. 780111613), after which the sample was dried

under a vacuum.
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