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Chapter 1

Chapter 1

General introduction

Radical reactions have been regarded as a unique methodology in organic synthesis
because reactivities of radical species are different from those of ionic species.' For
example, most of carbon-centered radicals are tolerated with a variety of functional
groups such as alcohol, ester, carbonyl and amine in contrast to ionic species.
Furthermore, radical addition to alkenes shows characteristic regioselectivity as
typically exemplified by the reaction of hydrogen bromide with alkene (Scheme 1.1 (a)).
Addition of the Br radical gives anti-Markovnikov-type product 1 via the stabilized
radical intermediate. In contrast, the reaction through protonation of alkenes by HBr
affords the adduct 2 in the Markovnikov manner. The different regioselectivity results
from the atomic group initially interacting with alkene, Br' vs H'. On the basis of
selective radical addition to alkenes, radical polymerization of alkenes, e.g. synthesis of
polymethyl methacrylate (3) (Scheme 1.1 (b)), has been well-developed. The practical
methodology has been applied to industry. Furthermore, radical reaction has played
important roles in the total synthesis of natural products by taking advantage of the
functional group tolerance (Scheme 1.1 (c)).” Radical cyclization of 2-alkenylthioanilide
4, which has various functional groups, by tributyltin hydride afforded the indole 5 in a
chemoselective manner. The methodology for synthesis of indole skeleton is useful for

synthesis of various indole alkaloids, for example (+)-Vinblastine.2d
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(a) radical reaction

Me AIBN [ Me Me
HBr + /J\ — |g, /k —> g H
Me hv o Me ] Me
(b) ionic reacrion anti-Markovnikov adduct
Me [ Me MeBr
HBr + —> |q © —
/J\Me Me H \)<Me
N 2

Markovnikov adduct

(c) radical polymerization Me

Me radical /\ CO,Me COMe
initiatory R /< CO.Me . I
CO,Me — >R ——>=R
/I\COZMe Me =-2 mcone 7 17 COMe
. S
(d) application to total synthesis
THPO
| nBuzSnH
m = (CoHs)gB
- - >
N N
H 3 H :
CH30,C OTBTPS CH;0,C  “OTBTPS
4 5
4>’ (+)-vinblastine
4>

Scheme 1.1 Applications of radical reactions.

In radical reactions, choice of initiating systemes is important. Radical species have
been usually generated by thermolysis, photolysis, or redox process of precursors
having weak bonds such as peroxides with O-O bonds. Recently, visible light-promoted
photoredox catalysis has attracted as a powerful synthetic tool in the field of organic
synthesis, because photoredox catalysis is a green chemical process thanks to many
favorable aspects as exemplified by visible light (sunlight) driven, atom-economic and
redox neutral reactions.” The single electron transfer processes involved therein can be
applied to generation of radicals via the redox process, as revealed by the studies by
many scientists including our group. This process has advantages over the conventional
radical systems that frequently use an excess amount of redox reagents. For the use of

photoredox catalysis as a green radical generating method it is essential to design
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appropriate precursors. In the present study, the author has developed new radical
precursors containing heteroatoms and used them for selective reactions.

In the present thesis, the author has summarized the results of the studies aiming at
incorporation of N- and O-functional groups via radical species generated by the action

of photoredox catalysis.

1.1 Basic concepts on radical reactions'
1.1.1 Elementary process of radical reaction'?

Elementary processes of radical reactions are classified with the following six
reactions (Scheme 1.2): (i) homolysis, (ii) coupling, (iii) disproportionation, (iv)

addition, (v) B-scission and (vi) substitution including hydrogen abstraction.

(i) Homolysis A-B —> A" + B
(i) Coupling A" + B’ —> A-B
(iii) Disproportionation 2A°® —>» A(-H) + A(+H)
(iv) Addtion A= — AL

. A . _
(v) B-Scission . —>» A + =
(vi) Substitution A" + B-C —> A-B + C
(B=H; hydrogen
abstraction)

Scheme 1.2 Elementary processes.

(i)  Homolysis is a basic process for generation of radicals via homolytic scission
of the single bond (Scheme 1.2 (i)). Weak bonds can be homolytically cleaved
by heating and irradiation. For further details see the section 1.4.

(i1))  Coupling reaction is a reverse process of the homolysis (Scheme 1.2 (i1)). The

reaction is exoergic, prompt and with low activation energy.



(iii)

(iv)

v)
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@@»0»3 olle

(i) coupling (iii) dlsproportlonatlon

Scheme 1.3 Coupling and diproportionation with cyclohexyl radicals.

Disproportionation is dependent on the steric environment of the radical
center to cause H-exchange processes. For example, reaction of cyclohexyl
radical (6) affords the coupling product 7 together with cyclohexane
(8)/cyclohexene (9) (Scheme 1.3).

Radical species add to many types of m bonds to generate new radical
intermediate. The driving force for the process is formation of a strong o-bond
with the expense of a weak ; bond. In case of addition of HX to alkenes, the
regioselectivity follows anti-Markovnikov manner (Scheme 1.1 (a)). Details of
the reactivity are described in section 1.3.

B-Scission is the reverse process of addition. Examples of [-scission are
shown in Scheme 1.4. Three-membered ring compounds (10) such as
cyclopropane, epoxide and aziridine afford the ring-opening products (11) to
release the distortion (Scheme 1.4 (a)). Carboxy radical (12) affords the phenyl
radical (13) and carbon dioxide through the $3-scission.

) % — X

1
X = CHy, NTs, O

0
(b) @%%% © + CO,
12 13

Scheme 1.4 Examples of -scission.
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(vi)  Substitution involves abstraction of an atom by a radical species. An example
of substitution is shown in Scheme 1.5. Tributylstannyl radical (14) abstracts the
halogen (Cl, Br or I) of haloalkane 15 to generate nBuSnX (16) and the alkyl
radical (17). This process is important as an initiating step of radical chain
reactions.

nBuSn* + X-R — nBuSn-X + R°

14 X =Cl,Br, | 16 17
15

Scheme 1.5 Example of an abstraction of halogens.

1.1.2 Radical chain reaction'

The mechanism of radical chain reaction (scheme 1.6 (a)) is composed of three
stages: initiation step, which involves activation of the initiator by heating or irradiation
to generate the radicals (i), propagation cycle, which involves the conversion of
precursor into the production by consecutive radical reactions such as addition,
[B-scission and substitution (iv, v, vi), and termination, which is the end of reaction
process by radical-radical coupling (ii). These radical reactions can be explained by
combination of the elementary processes. The selected example of radical chain
reaction is Kharasch reaction reported in 1940s (Scheme 1.6).* This chain reaction of
n-octene (18) with trichloromethane (19) affords the product (20) having the C-Cl and
C-CCl; bonds. Diacetyl peroxide (21) serves as a radical initiator and undergoes
homolysis to give the acyloxy radicals (22), which undergo S-scission rapidly to form
the methyl radical (23) together with CO,. The reactive intermediate abstracts a chlorine
atom from CCly to give chloromethane (24) and ‘CCl; (25). These successive processes
are involved in the initiation phase of the reaction. The propagation cycle involves

addition of "CCl; (25) to less substituted end of the  bond of alkene to generate the
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more stable, more substituted radical intermediate 26. The intermediate 26 undergoes
the intermolecular abstraction of the chlorine from CCly to give the final product (20)

together with "CCl;, which undergoes the propagation (18 +25 — 26).

@
Initiation
Aor hv . .
A-B ——> A + B
Propagation

A+ C —>»
E°"+ F ——> G + H

o
+
m

termination
H + 17—
(b)O i
vera
(CH3CO), Cl
XN + cCcl, ——>
"1 19° heat R A ook
R = n-hexyl 20
Initiation
1 Homoysis,_, 9
LO_ _CH, Homolysis 5
HoC™ 0N HSC)L o
21 O 22
0 .
J\ . p-Scission HC® + CO,
H3C 20 (0] 23
HaC*® + Cl—CCl, Substitution. i c_ci + -ccl,
23 19 24 25
Propagation -
R™Xx + *CCly Addition R/\/CC|3
18 25 26

" ool Substitution R Cl
Cl,C-Cl + RNV ——————> CCl; + )\/CCIS
19 26 25 R 20

Scheme 1.6 (a) A generalized radical chain reaction. (b) The mechanism of Kharasch

reaction.

1.2 Stability of radicals
1.2.1 Kinetic and thermodynamic aspects

Radical species are usually regarded as reactive and unstable species because of their
electron-deficient nature due to violation of the octet rule. This statement is true when

compared to closed shell species but the stability varies in a wide range and depends on
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many factors such as the central atom where the radical resides, electronic and steric
features of the substituents, and the electronic systems (o/m systems). Kinetic and
thermodynamic aspects contribute to the stability of radicals. Steric effect is
representative kinetic aspect. Examples of persistent radicals are shown in Figure 1.1.
While phenoxy radical is an unstable species, 2,4,6-tri-fert-butylphenoxy radical 27 is
stable enough to be isolated presumably due to the bulky substituent preventing it from
dimerization. Other radicals such as triphenylmethyl radical 28,
2,2,6,6-tetramethylpiperidine-1-oxyl radical 29, and 2,5,8-tri-fert-butylphenalenyl

radical 30 are also stabilized enough to be isolated due to the steric and electric effects.

Me

Me Me
Me
Me _|_Me O Me Me
: e
e L ey Che, 200
Me e MeMe € Me Me
27 28 29 Me'n 30 M

Figure 1.1 Examples of persistent radicals

Electric effect is also important for stability of the radicals because the radical species
have an unpaired electron. In this section, thermodynamical stability of carbon-,

nitrogen- and oxygen-centered radicals are described.

1.2.2 Stability of carbon-, oxygen- and nitrogen-centered radicals'
Stability of C-centered radicals

Carbon-centered radicals are stabilized by the following three substituent effects: (i)
resonance effects of conjugated C-C m bonds, e.g. allyl radical (31) and benzyl radical
(32), (ii) lone-pair donation, e.g. carbon centered radical adjacent to a heteroatom (33),

and (iii) hyperconjugative effects, e.g. ethyl radical (34) (Figure 1.2). BDE (bond
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dissociation energy) is an index for considering a radical stability. As BDE is shown in
Figure 1.2, carbon-hydrogen bond dissociation energies are in the order of ethene (368.6
kJ/mol) < toluene (370.3) < trimethylamine (380.7) < dimethyl ether (402.1) < ethane
(420.5), indicating that resonance effect of conjugated C-C = bonds is influential.

(i) resonance effects of conjugated C-C = bonds

3 N > A

« (=1

(i) lone pair donation (iii) hyperconjugative effects
'X' . ‘*)’(' o H H®
33 A7 <« — 34 S -
R R X= NR, O, etc. H H .z
H H
Weakest bond/most stable radical |Strongest bond/least stable radical
T | | | | | T T | T | T | .
360 400 440 480 BDE (kJ/mol)
C-H bonds
368.6 kd/mol 380.7 420.5
XSH MeN"H HeC ™ H
370.3
H 4021
©/\ MeO ~~H
O—-H bonds
O.H 378.2 436.0 499.2
(0]
©/ Me~  °H HO=H
N—-H bonds H
385.8 452.7
N
| X H /H~425.5 HN=H
P Me H

Figure 1.2 Stabilization of carbon-, oxygen- and nitrogen-centered radicals and the

relationship with bond dissociation energies (BDE).

Stability of N, O-centered radicals
Substituent effects for stabilizing nitrogen- and oxygen-centered radicals are similar
to those observed for the carbon-centered radical (Figure 1.2). The effects of

oxygen-centered radical are stronger than carbon-centered radical analogues. The O-H
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bond dissociation energy of methanol is 436.0 kJ/mol and that of phenol is 378.2 kJ/mol.
Alkyl and aryl substituent greatly reduce the energy but even so N-H and O-H bonds are
generally stronger than C-H bonds, resulting in that oxygen- and nitrogen-centered

radicals easily abstract a hydrogen from C-H bond.

1.3. Intermolecular radical addition to alkene
Although all radical elementary reactions are important for comprehension of radical

reaction, in this thesis, the author focuses on radical addition to olefins and describes it

in detail.
(@) =l fast =
electron rich | —> ZEwGe —> " "gwa
radical >
slow
O 5 .
electron poor| —» " EDG _>RP\/\EDG
radical fast
EWG=electron-withdrawing group
EDG=electron-donating group
c d
© —_— energy( ) — [LUMOQ]
Electron-rich / 1] Electron-deficient
radical — [LUMO] || radical 4—
[SOMO]{—’/\ ! i \:% [HOMO]
Mel A/ [SOMO]{—:\
Me—C- - owol e
Me F '+ 38
35 ZCN F=C Electron-rich
36 37': radical
Electron-deficient

alkene

Figure 1.3 Reactivity and frontier molecular orbital interaction in radical addition

The reactivity of radicals depends on the relation of the electronic states of radicals
and multiple bonds (Figure 1.3 (a) and (b)). It can be explained in terms of proximity in
energy of the frontier molecular orbitals (Figure 1.3 (¢) and (d)). An electron-rich

radical with a higher SOMO, e.g. tert-butyl radical (35), smoothly reacts with
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electron-deficient alkenes with a lower LUMO such as acrylonitrile (36) (Figure 1.3 (a)
and (c)). On the other hand, electron-deficient radicals with SOMO, e.g. trifluoromethyl
radical (37), smoothly react with electron-rich alkenes with a high HOMO such as

styrene (38) (Figure 1.3 (b) and (d)).

1.4 Generation of radicals

The methods for generation of radicals are essential for achieving effective radical
reactions. The generation of radical is triggered by stimulus such as heating
(thermolysis) and light irradiation (photolysis). Various methods have been developed

so far.' First, typical methodologies are briefly discussed.

(i) Thermolysis (iii) Redox system

(i) Photolysis o . . o

X-Y X+ X tle g [X-¥[ — X" + v
. . X-Y

X=X X + Y

—1e©*lx—vl'+—> X+ v®

Scheme 1.7 Typical methodologies for generation of radical species.

Typical generation of radical is classified into three methods: (i) thermolysis, (ii)
photolysis and (iii) redox system (Scheme 1.7). Thermolysis and photolysis cause the
homolysis of a weak bond in the molecule. Bond dissociation energy (BDE) of typical
single bonds are summarized in Table 1.1. As can be seen from the large BDEs shown
in Table 1.1, carbon-carbon, carbon-hydrogen and carbon-fluorine bonds are too strong
to undergo homolytic cleavage under ordinary conditions. In contrast, due to the smaller
BDEs for carbon-heteroatom bonds and, in particular, heteroatom-heteroatom bonds

they may be susceptible to homolysis to serve as radical precursors.

10
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Table 1.1 Bond dissociation energy of typical single bonds.’

single bonds BDE (kJ/mol)
H;C-F 460.2
strong Hs;C-H 439.3
bonds H3;C-CHj 377.4
PhHC-H 8703
H3C-ClI 350.2
HsC -Br 294.1
H;C—I 238.9
weak H3CH,C—NNC,H5 209.2
bonds BUO-NO 1711
(H3C)oN—-NO, 165.7
BuO-01tBu 159.8

H3CC(O)0-O(0)CH;  127.2

1.4.1 Generation of radicals by thermolysis

Covalent bonds that can be cleaved under 150 °C are limited. Peroxides and AIBN
(39) are one of representative radical precursors (Scheme 1.8). Thermolysis of AIBN
affords the 2-cyano-2-propyl radicals (40) accompanying generation of nitrogen

molecules to drive the decomposition process.

Me
Me A CN
NCXN\\NJ<CN —» 2 )\ + N,
Me Me” * "Me
Me
39 40

Scheme 1.8 Generation of radicals from AIBN.

1.4.2 Generation of radicals by photolysis

Irradiation of a molecule causes excitation of an electron in HOMO to LUMO, which
has anti-bonding character to weaken the bond. As a result, such a photochemical
electronic transition frequently leads to o bond homolysis. For example, in the case of

benzoyl peroxide (41), n-o* excitation smoothly induces O-O bond homolysis, which is

11
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followed by decarboxylation (Scheme 1.9 (a)). The resultant phenyl radical (42) has
been utilized as an initiator of radical polymerization of styrenes and acrylates.
Carbonyl compounds (43) with C=0 bonds undergoes photochemical n-rt* transition
to generate biradicals (44) with the radical centers on the C and O atoms, which may
abstract a hydrogen atom from another substrate to initiate radical transformations

(Scheme 1.9 (b)).

(a) n-o* transition
O
Ao O PN e ] e pne 4 200,
T Ph (O} 42
4 O

(b) n-rt* transition
0 .
A "= 1
R” R R R
44

43

Scheme 1.9 Photochemical generation of radicals.

1.4.3 Generation of radicals by redox system

Radicals can be generated either by reduction or oxidation process through an
intermolecular single electron transfer (SET) process (Scheme 1.10).ld
1-e reduction process

2-iodopropane (45) is reduced by zinc to afford isopropyl radical (48) and iodo-anion
species (Scheme 1.10 (a)).° The radical 48 reacts with acrylonitrile to give the radical
intermediate 49. Second 1e-reduction of 49 and protonation of 50 give the product 47.
1-e oxidation process

The enol 51° is oxidized by Mn"" to give radical cation and Mn" species. The radical
54 adds to 1-hexene (52) to yield 55, which is oxidized by Mn™ to afford carbocation
56. Nucleophilic attack to the carbocation 56 gives the product 53. In general, a

stoichiometric amount of redox reagents are required to generate one radical species,

12
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resulting in generation of stoichiometric waste derived from redox reagents. Photoredox

system is a typical solution for this problem as will be described in Chapter 2-4.

(a) 1-e reduction

Me Me

)\ £ 70+ o EtOH/H O )\A
Me | Me CN

45 46 47
Me)\l Me~ * Me CN Me CN

(b) 1-e oxidation

O O AcOH _ Me
)J\/U\ + \/\/\Me + 2Mn(OAc);
Me Me 52
51

OAc
— AL I I —
Mn @ Mn

Me)oi/(l)LMe¥Z> )\/LL HMGJ\/H\ J\/U\

51'
¢52

M MRl o O

o %wﬁ e
Me

55

Scheme 1.10 Radical addition promoted by (i) zinc metal and (ii) manganese (III) salt.

1.5 Generation and reaction of organyl and heteroatom-centered radicals
In the previous section, the author showed basic concepts for generation and
reactivity of radicals. The key methods for generation of carbon-, nitrogen- and

oxygen-centered radicals will be described in this section.

13
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1.5.1 Generation and reaction of carbon-centered radical from organoborates

As various examples of generation of radicals are shown above, there are many
methods for generation of carbon-centered radicals. As shown in section 1.1, tributyltin
plays important roles in synthesis of natural compounds due to a wide range of
functional group tolerance. Organotin compounds, however, have a fatal drawback i.e.
the high toxicity. Recently, organoboron reagents have been regarded as much less toxic
radical precursors. These are autoxidized in the presence of a trace amount of oxygen
even at —78 °C to generate the corresponding carbon-centered radical species (Scheme
1.11). This radical system can be conducted under various reaction conditions

(temperature and solvent).'™

R R

O1 /F® \ . o

RsB + O —>R-B50-O0 —> B-0-O + R
& R

Scheme 1.11 Generation of carbon-centered radical from organoboranes

Conjugate addition reaction of organoboranes with o,fB-unsaturated carbonyl
compounds was reported by Brown (Scheme 1.12).” Oxidation of tricyclopentyl borane
(57) generated the cyclopentyl radial (60), which added to 2-cyclopenten-1-one (58) to
give the radical intermediate 61. A propagation of 61 with 57 affords 60 and 62.

Hydrolysis of 62 gives the 1,4-addition product 59.
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v
G/WD g THF, H,0, 25°C E>_<j

59
+02 57 ﬁHQO
= °
=T DT
60 61 60 62
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Scheme 1.12 1.4-Addition reaction of tricyclopentyl borane with 2-cyclopenten-1-one.

Highly reactive alkylboranes, however, are hard to be handled due to their pyrophoric
nature and synthesis of trialkylboranes bearing functional groups is not always easy.
Recently, organoboronic acid and their derivatives, which are stable under ambient
conditions, play important roles as carbon-centered radical precursors® as well as
Suzuki-Miyaura coupling reagents. For example, Baran’s group reported C-H
functionalization of quinones with boronic acid (63) (Scheme 1.13(a))*™ and Chemler’s
group reported on the oxidative Heck reaction with alkyltirfluoroborates (64) (Scheme

1.13(b)).*? These methods require excess amounts of oxidants.

(:) B(OH 0 cat. AgNOg, B 0
- + .
(OH) excess K»,S,0g
o O

63
(b) \ cat. Cu(OTf), .
R-BEK + R 1,10-phen R
_ B
8 /L\Ar 2 equiv. MnO, R \)\Ar
64 DCE, 105 °C

Scheme 1.13 Minisci and Heck type reactions with organo-boronic acid and borate.
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1.5.2 Generation and reaction of nitrogen-centered radicals

homolysis .
RoN-X —— > RN + X
H® initiator,
high temperature or UV
X =halogen, NR';, OR', SR', H, etc

(a) N-N bond cleavage

o Me toluene o Me Me Me
Me reflux Me ©
N-N N N
Ph—N Ph Ph Ph”~
\ Ny, *Ph \ Me
65 66 67

(b) N-O bond cleavage

AN hv(UV)
| —
= /N‘OAC
68
(c) N-Cl bond cleavage
R2
1 h R1 H
R U—H Cloy, U cl
CI ‘CI
2 2
R_H.F R R

Scheme 1.14 Example of intramolecular reactions of nitrogen-centered radicals.

In general, nitrogen-centered radicals are generated by homolysis of weak N-X bonds
(X = electronegative atoms such as halogen, nitrogen, oxygen and sulfur groups) under
harsh conditions, e.g. the use of strong acid or a hazardous radical initiator, high
temperature or UV irradiation."™ Examples of intramolecular cycloaddition with
nitrogen-centered radical are shown in Scheme 1.14.

(a) Cleavage of N-N bonds
Several amine compounds serve as nitrogen-centered radicals such as hydrazine,

hydrazone, azide and triazene derivatives. For example, N-acyltriazenes such as

16
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(c)

Chapter 1

65 is decomposed by thermolysis to generate the N-centered radical 66. Cleavage
of the weak N-N bond and loss of molecular nitrogen are the driving force for
generation of the nitrogen-centered radical. The ring closure reaction proceeds to
afford the product 67 (Scheme 1.14(a)).'™
Cleavage of N-O bonds

N-O bonds are generally weaker than N-N bonds. Various derivatives of
oximes and hydroxyamic acids have been exploited. For example, imidyl radical
(68) is also generated from oxime acetates 69 under UV light irradiation to afford
aza-phenanthrenes 70 (Scheme 1.14 (b)). 10b
Cleavage of N-halogen bond

Hoffmann-Loffler-Freytag (HLF) reaction has been known as a representative
intramolecular ring closure reaction via a nitrogen-centered radical generated
from N-chloroamine under photolysis or thermolysis (Scheme 1.14 (c))."
N-Chloro derivatives are most commonly used due to ease of preparation and

stable when compared with N-bromo and N-iodo dericatives.

Nitrogen-centered radicals are mostly limited to intramolecular cyclization.

Furthermore, nucleophilicity of aminyl radical (R,N"), which is derived from amine, can

be controlled by acid, metal or Lewis acid as well as substituent on the nitrogen atom.

The reaction rate of 5-exo cyclization with an ordinary aminyl radical is slow (2X10* s~

1. In contrast, the reaction with a protonated aminyl radical becomes faster (1X10° s

(Scheme 1.15 (a)).” Bronsted acid inactivates the lone-pair on nitrogen to increase the

electrophilicity of aminyl radicals. On the other hand, an amidyl radical (R(R’CO)N")

adjacent to a carbonyl group, which is derived from amide, causes an increase of the

reaction rate (2X 10 s

) without an addition of acid.
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Scheme 1.15 5-exo Cycloaddition with N-centered radicals.

Lewis acid also promotes the rate of cycloaddtion.'"'* Scheme 1.15 (b) is shown that
titanium  chloride (III) catalyzed cycloaddition with the aminyl radical."
Trifluoroborane serves as Lewis acid to give the adduct 71, which is reduced by TiCl;
to produce the aminyl radical 72. The radical 72, the electrophilicity of which is
increased by Lewis acid, undergoes cyclization to afford the radical intermediate 73 and
then the product 74.

Although HLF reaction was developed in 1878, development of nitrogen-centered
radical reactions has advanced slowly in contrast to carbon-centered radical reactions.
Intermolecular radical amination is difficult due to the propensity of nitrogen-centered
radicals to undergo hydrogen-abstraction and to engage in other degradation processes.’
The synthetic utilities of nitrogen-centered radical remain unexplored because of lack of

effective radical precursors and reaction systems.
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1.5.3 Generation and reaction of oxygen-centered radicals

homolysis
RO-X ———» RO * + X

initiator, AT, UV
oxidation or reduction

X =halogen, NR'5, OR', SR, H, etc

(i) Gneration of alkoxyl radical
RO-X —> RO’

Me Me Me
.N . H
Me)\k)o\ © % Me)\k/ok M Me)\k/OLH
*NO
75 Me 76 Me 77 Me
.NO 17%
[HNO}jV
Me Me
MeJ\LO) + MeJ\LO) + Me)\k)ok
78 79 go Ve

12% 25% 14%

(i) Generation of carbonyloxyl radical

by i

—_—

R O'X R™ O

S S

_ONa CI\ﬂ/\/\/\Me e .0

B TN e

¥ © 5 0]

. 82
BugSn"h Barton ester
s
AIBN, BugSnH on
—_——> | N/\JT]/‘)\/\/\MG
= (0]
/SbBU3
S
. BusSnH
—> Ny *+ CO+ NN TMe ———— HTOON""Me + BugSn®
| 83
=

Scheme 1.16 Reactions with oxygen-centered radicals.

Oxygen-centered radicals are also generated via cleavage of weak O-X bond by
heating, UV irradiation or redox condition.” In this section, reaction of alkoxy radical
and carbonyloxy radical are described because carbonyloxy radicals are important in

this thesis. Alkoxy radical in early investigations (i) and carbonyloxy radical with
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Barton ester (ii) are shown in Scheme 1.16.

(1)

(ii)

Alkoxy radicals are short-lived reactive intermediates and moderately
electrophilic.'” An example of alkoxy radical reaction is shown in Scheme 1.16 (i).
The alkoxy radical 76 is generated by the alkenyl nitrite 75 under UV irradiation.
The radical 76 adds intramolecularly to the olefin to produce cyclic ether 78 and
79 but in low yields. Byproducts of 77 and 80 result from H-abstraction processes
rather than the addition processes. Thus oxygen-centered radicals are too difficult
to be controlled. Therefore, some reaction design is essential.

Barton ester (82)'*

produces the carbonyloxy radical by visible light irradiation,
heating or addition of addition of a radical initiator to generate alkyl radical via

decarboxylation. By using this system, the acid chloride 81 afforded aliphatic

product 83."°

It should be noted, as already pointed out for the N-centered radicals, it is difficult to

control the reactivity of O-centered radicals.

A large number of organyl and heteroatom-centered radical reactions have been

developed for many years. However, most of radical reaction systems require high

temperature, UV irradiation conditions or an extra amount of metal oxidant or reductant.

These points lower the synthetic utilities of radical reactions. Thus, the author thinks

that the methodology for catalytic radical reaction under mild conditions is required to

open a new field of synthetic radical chemistry.
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1.6 Photoredox catalyzed reaction’

1.6.1 Photoredox catalysis

Eawrw] A 1T 0 Eatww)

)
+1 ee M7 -1 e®
A excited state

o+
D
oxidative reductive {—

M+ quenching yigible quenching M7
‘4_ cycle  |ight cycle
D ‘ A
-1 ee M7 +1e®

[EveMM ] m - BV

ground state

Scheme 1.17 Photoredox catalysis.

Mechanisms accepted for photoredox catalysis by metal complexes are summarized
in Scheme 1.17, where the catalyst is denoted as M". Visible light irradiation of M"
causes excitation via MLCT transition to form the singlet excited state, which is
spontaneously converted to the more stable triplet excited state *M" via intersystem
crossing. The excited state with a singly occupied higher SOMO and a hole in the lower
SOMO can serve either as a le-reductant or as a le-oxidant following so-called
oxidative quenching cycle and reductive quenching cycle, respectively.

Oxidative quenching cycle: The initial SET process from the higher SOMO to an
external substrate A forms the anionic radical species A~ together with the oxidized
metal species M" ", which subsequently receives an electron from an external donor D
to generate the cationic radical species D' and the ground state catalyst M. Thus during
the catalytic cycle a set of le-reduction and 1e-oxidation processes is accomplished.

Reductive quenching cycle: A catalytic cycle can be also initiated by accepting an

electron to the hole in the lower SOMO as shown in Scheme 1.17.
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Although the order of the redox processes involved in the two quenching cycles is
reversed, they can undergo a set of le-reduction and le-oxidation processes with
external substrates. If these processes are combined with chemical reactions which

require these redox features, they can be driven by simple irradiation of visible light.

Research groups over the world including our group have developed a series of
chemical transformations. As a result, the photoredox catalysis turns out to be fruitful
and now many scientists are entering the field. After description on photoredox catalysts
in the next section, organic reactions promoted by photoredox catalysis will be

summarized in latter sections.

1.6.2 Photoredox catalyst™

Table 1.2 Photoredox catalysts.

(a) Photoredox catalysts

X
Y

/ L(
j. R|
"~ 1’“

fac-{Ir(ppy)s] (Ir(Ppy)2(dtbbpy)]* R = H: [IAF(CFa)ppy)a(Ppy)l* X = CH: [Ru(bpy)3]2+
Ir-1 Ir-2 Ir-3 Ru-1

R = tBu: [Ir(dF(CF3)ppy)2(dtbppy)]* X = N: [Ru(bpz)3]?*
Ir-4 Ru-2

(b) Redox potential and photophysical properties excited-state

E1/2 E1/2 E1/2 E1/2 lifetime excitation emission
entry photocatalyst (M+/*M) (M*M) (*MM-) (MM t(ns)  Amax(MM) Amax (M)

1 Ir-1 -2.14 +0.36 -0.10 -2.60 1900 375 494
2 Ir-2 -1.37 +0.80 +0.25 -1.92 557 581
3 Ir-3 -1.41 +1.28 +0.91 -1.78 2280 412 483
4 Ir-4 -1.30 +1.28 +0.80 -1.78 2300 380 470
5 Ru-1 -1.24 +0.88 +0.43 -1.74 1100 452 615
6 Ru-2 -0.67 +1.45 +1.04 -1.21 740 443 591
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There are many kinds of photoredox catalysts ranging from the metal catalysts shown
in Table 1.3 to organic dyes. Mechanisms for organic dyes are essentially the same as
that for metal complexes discussed above and the singlet excited state of organic dyes
works as the reactive redox species because of the slow intersystem crossing.

Key features of photoredox catalysts will be discussed from the viewpoints of (i)

redox properties, (i1) lifetime of the photo-excited species, and (iii) absorption.
(1) redox properties: The most important feature of photoredox catalysts is the redox
potentials of the photoexcited species *M, which are totally different from those of the
ground state species. In Table 1.3 summarized are the oxidation potentials
(E1o(M/*M)) and the reduction potentials (E;»(*M/M’)), which are regarded as the
indicators of reduction and oxidation power of the photoexcited species *M in the initial
SET processes, respectively. In Table 1.3, the catalysts are arranged in the ascending
order of the oxidation potentials of the photo-excited species (Ei2(M'/*M)). The order
is roughly parallel to the ascending order of the reduction potentials (E;2(M/M)).

The redox potentials for the ground state is relevant to the second SET processes of

the photoredox catalysis as shown in Scheme 1.17.
(i1) lifetime of the photo-excited species: It has been believed that a catalyst with a
longer lifetime of the photo-excited state should work more efficiently. As summarized
in Table 1.2, the lifetimes are us order, which are long enough for most of organic
reactions of ns order.

Because, however, organic dyes via singlet excited species with very short lifetime of
ns-ps order turn out to be effective, lifetime may not be always a key issue.

(ii1) absorption: For visible light photoredox catalysts it is, of course, essential to absorb
visible light. Metal complexes are usually colored due to transitions associated with

metal d electrons. For organic molecules, an extended m-system is essential for visible
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light absorption. Compared to organic dyes, the absorption ranges of the metal catalysts
are rather limited (i.e. in the shorter wavelength region) but absorption of the shorter
wavelength light may be enough, because the shorter wavelength light is associated
with higher energy and the longer wavelength light contains much of infrared rays
(thermal energy).

In general, for reduction processes it is better to use a catalyst with a lower oxidation
potential of the photoexcited species (e.g. Ir-1), and a catalyst with a higher reduction

potential of the photoexcited species is better for oxidation processes.

1.6.3 Reaction patterns

Radical species can be connected to cationic and anionic species through SET
processes as shown in Scheme 1.18, i.e. radical species can be generated either by
le-reduction of a cation or by le-oxidation of an anion. The author’s group recognized

that photoredox catalysis may be used for these redox processes.

o + 16° . o
R ——>» R <«— R
-1e@
electron-deficient @ % electron-rich

reagent

o reagent
® +1e ), S ©
R-X ﬁ» R 160 R-Y
. . —1e
(onium species) (ate species)

X

Scheme 1.18 Redox reaction by photoredox catalysis.

The free ionic species, however, are usually unstable. Then the author’s group has
employed the corresponding onium and ate species, which are regarded as stabilized
forms of cation and anion, respectively. Relevant electron-deficient and electron-rich

compounds may be also used as the precursors, as exemplified by hypervalent iodine
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species as described below. But the key for success is selection of the leaving groups X
and Y, which is one of the main subjects of the present thesis.
Selected examples of photoredox catalysis will be summarized below according to

the precursors, which is also associated with the quenching cycles.

1.6.4 Radical generation from ate species via reductive quenching cycle

©  photored t hotored t R KO
photoredox cat. 3 photoredox cat.
R-BX3 > R - ° ‘-/O
_ -1e© -1e® St
R = alkyl, aryl 00
organo-trifluoroborate alkyl silicate

and -triolborate

Scheme 1.19 Generation of carbon-centered radicals from ate species.

As shown Scheme 1.19, ate species such as organoborate and silicate reagents have
been exploited as radical precursors by the action of 1e-oxidatoin process induced by
photoredox catalysis. Organoborates have been regarded as radical precursors (Scheme
1.13).1>1 The author’s group reported that alkyl- and
aryl-organotrifluoroborates/triolborates serve as carbon-centered radical precursors by

photoredox catalysis under visible-light irradiation (Scheme 1.20)."*

Recently,
Fensterbank’s group found that alkylsilicates (hypervalent biscatecholato silicon
species) serve as radical precursors. These ate species are electron-rich enough to be
oxidized.

C-C and C-O bond formation with organoborates by photoredox catalysis.'

The reaction mixture of organoborate 84, an electron-deficient olefin 85 and 2 mol%

of Ir-3 in an acetone—methanol mixture under visible light irradiation (425 + 15 nm,

blue LEDs) afforded the C-C coupling products 86. Carbon-centered radical 87 which
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was generated from organoborates 84 by 1e-oxidation mediated by photoredox catalysis
reacts with olefin 85 to give the radical intermediate 88. The radical 88 was reduced by
the highly reducing Ir species (Ir'""). Subsequent protonation with MeOH produces the
hydoalkylated or hydroarylated product. This reaction following the reductive
quenching cycle is called Giese-type reaction. In the presence of TEMPO
(2,2,6,6-tetramethylpiperidin-1-yloxyl) instead of olefin 85, the radical 87 was trapped

by TEMPO to give the C-O coupling product 90.

S EWG 2mol%Ir-3 R EWG
R- BF3K + acetone/MeOH, o
425 nm blue LEDs 86
i di I H®
reductlve quenchlng cycle (MeOH)
I|BF n
TEMPO-R <——— R- > R/\/EWG R EWG
920 in presence of 87 88 €]
Me Me 89
N .0
Me
Me
TEMPO

Scheme 1.20 Photocatalytic C-C and C-O bond formations.

1.6.5 Radical generation from onium species via oxidative quenching cycle

onium species

O O 0
. (0] '

i 93
' CF3 diazonium 1
91 92 |
sulfonium iodonium :

'CF3 e Ar

Figure 1.4 Generation of trifluoromethyl radical with onium species.
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Onium salts such as Umemoto (91) and Togni (92) reagents and aryl diazonium salts
(93), which are bench-stable and easy-to-use, have been regarded as trifluoromethyl and
aryl radical precursors, respectively, by the action of photoredox catalysis (Figure 1.4).
A great number of photoredox catalyzed trifluoromethylation and arylation were
reported and the author describes the example of oxytrifluoromethylation in this section

because it is a good example to understand oxidative quenching cycles.

Oxitrifluoromethylation of olefins with Umemoto’s reagent by photoredox catalysis'®

As shown in Scheme 1.21, Umemoto’s reagent (94) serves as a CF; radical precursor
upon le-reduction via oxidative quenching cycle. CF3radical 97 reacts with olefin 95 to
afford radical intermediate 98. The radical intermediate 98 is oxidized by highly
oxidizing photocatalyst (Ir'") to afford the carbocation species 99, which is a key
intermediate for synthesis of difunctionalized product. Nucleophilic attack of water or

alcohol to 99 produces oxytrifluoromethyled products 96.

oL Ir- R
+ \/R 0.5 mol% Ir-1 - F3C/\/

o ] solvent/R'OH (9/1), rt OR'
BF, éF3 121 g5 425nm ‘bI;Je LEDs 96
~ -
94 ,%

e ———
*|plll i

|
£ 1 oxidative quenching cycle R'OH
v
: 1 ee

97 98 99

Scheme 1.21 Photoredox catalyzed oxytrifluoromethylation olefins.

1.7 Survey of the present thesis
A variety of studies on radical chemistry concerning structure, physical properties

and reactivity have flourished. Recently, photoredox catalysis has been regarded as
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attractive radical systems from the viewpoints of solar chemistry, green chemistry and
clean chemical production processes. The laboratory, to which the author belongs, has
developed a series of visible light promoted organic transformations by the action of
photoredox catalysis. Many efforts have been devoted to construction of carbon
skeletons via C-C coupling processes but, in sharp contrast, there remains much room
for introduction of heteroatom-functional groups. Taking into account this situation,
the author considered that heteroatom-functional groups can be introduced to organic
skeletons by means of radical species generated by the action of photoredox catalysis.

In chapters 2, the author describes the results of hydro-alkoxymethylation and
hydro-aminomethylation of olefins (101) with the corresponding organoborates (100)
by the action of photoredox catalysis (Scheme 1.23). The key intermediates of the
transformations are the alkoxymethyl and aminomethyl radicals and herein the
heteroatom-functional ~ groups are  introduced via C-C  coupling of
heteroatom-substituted carbon radicals, which are regarded as indirect introduction of

heteroatom-functional groups.

RX
RX__BFK + S EwG —rphotocat B N"Fwa

acetone/MeOH, rt o H
100 101 visible light
RIS 102
X=0,NH '% O
via IRX\. ]

Scheme 1.22 Alkoxy- and amionmethylation of electron-deficient olefins

By contrast, chapters 3 and 4 deal with direct introduction of heteroatom functional
group via coupling with heteroatom-centered radicals (Scheme 1.24). For these
processes it is essential to develop efficient precursors, and the author prepared the

unique precursors with pyridine leaving groups (103-105), which turned out to be
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efficient for radical generation by the photochemical SET processes. In the presence of
water the generated nitrogen radicals undergo regiospecific aminohydroxylation of
olefins, whereas the O-centered aroyloxyl radicals with electron-withdrawing
substituents react with electron-rich aromatic compounds to afford aryl

arene-carboxylates.

n -NHP
| @ Vo Ir photocat. OH

/1 03A R2 (Lewis acid) RZJ\(NHP

+ .
o R J\/Rs acetone/H,0 R’

- NP 425 nm blue LEDs R3
| ® N QR

= v%

104
P = protecting group via [ *NHP I
.0 Arl o) Arl

oN + 2- Ir-1 > Ar2’
| ©Jo \[(])/ Ars-H solvent, rt \ﬂ/

Z A 425 nm blue LEDs ©

AW 4
-~
105 '%
‘0.__Ar
via \[( '
@)

Scheme 1.23 Regioselective aminohydroxylation of olefins and aroyloxylation of

arenes by photoredox catalysis.
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Chapter 2

Hydro-aminomethylation and -alkoxymethylation of Olefins with

Organotrifluoroborate by Photoredox Catalysis

ABSTRACT: Photocatalytic hydro-aminomethylation and -alkoxymethylation of
olefins with the corresponding heteroatom-substituted methyltrifluoroborates have been
developed. Reactive carbon radicals adjacent to the nitrogen and oxygen atoms can be
easily generated from the corresponding organotrifluoroborates via visible-light-induced
SET processes of the photoredox catalysis, i.e. reductive quenching cycle. This
methodology provides a new strategy for the introduction of amino- and alkoxy-methyl
groups onto electron-deficient C=C bonds and constitutes a facile entry into

synthetically useful y—aminobutyric acid (GABA) derivatives such as baclofen.

RX EWG
RX.__BFK + S EwG —lrphotocat. BN
acetone/MeOH, rt H

X=0,NH visible light
A4
~ -
> 70

via [RX_, |
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2.1 Introduction

Introduction of heteroatom-functional groups to organic skeleton is significantly
important and essential in the field of organic synthesis. For synthesis of alkyl amines
or ethers, Sn2 reactions of alkyl halide with alcohol or amine are of the top priority,
because such reactions have been studied extensively. The classical synthetic methods
involve Williamson ether synthesis and Gabriel synthesis.

The synthetic method to be chosen is also dependent on the availability of the
reactants. If the desired alkyl halide and alcohol or amine are not readily available,
alternatives to the above-mentioned Sn2 reactions should be searched or developed.
Alkenes are a class of abundant chemical feedstocks and could be candidates for the
alternatives, if conversion methods are established. For ether synthesis, simple
acid-catalyzed addition of alcohol produces branched internal ethers following the
Markovnikov addition, whereas the versatile radical addition to electron-deficiend
alkenes, so-called Giese reaction (Scheme 2.1)' would afford linearly extended
derivatives due to the reaction features as discussed in Chapter 1. Taking account of this
situation, the author expected that ethers or amines can be prepared by the addition

reactions of N- or O-containing carbon centered radicals.

AIBN

BusSnH

o EWG
L R* \/—> R/\/EWG

. . k’/I—-I\—SnBus
EWG = electron-withdrawing group 4

Scheme 2.1 Giese reaction.
In Chapter 2, the author describes the results of hydro-aminomethylation and
hydro-alkoxymethylation of alkenes with the corresponding organotrifluoroborates by

photoredox catalysis to afford ethers and amines with linearly extended carbon chains.
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In these catalysis, the O- and N-groups are introduced to the y position with respect to

the alkene substituent EWG.

Photoredox catalyzed reaction of amines and ethers

Oxidation chemistry of ethers and amines has been studied extensively and
established.” For example, interconversion of the cation radical of amine with relevant
reactive N-containing reactive species such as a-aminoalkyl radical, iminium cation,
and azomethine ylid via a series of transformations including deprotonation, hydrogen
atom abstraction, and le-oxidation is shown in Scheme 2.2 (a). On the other hand,
oxidation of ether gives a few reactive intermediate. Oxonium ion is a major
intermediates for transformations of cationic oxygen radical radical via H-abstraction or

deprotonation and 1e-oxidation under highly oxidative conditions (Scheme 2.2 (b)).

(a) oxidation of amines

R _1© R -H R @ R
N oy (LOR——— ®N —R N
AN N N ~
R R R™ > O .
/ iminium ylide
_H@\\ —1e®
R
N_. _H
R

H o-aminoalkyl radical
(b) oxidation of ether
_ 169 ‘® _H® ®
R/O\/H — = R/O\/H il L B R’OVH

oxonium
_HON o H/f1e®
R’ Y

H

Scheme 2.2 Oxidation of amine and ether.

le-Redox processes by photoredox catalysis are expected to trigger the

above-mentioned interconversions of amines and ethers.
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(a) Oxidation of electron-rich amines

R
\ ! electrophile : :
N _ _H _(photoredo N . H various tertiary or
R W<H catalysis RO Y > |secondary amines
H H o
-1 e,e -H® &ie A)Ieophile Tdipolarphile
on H on
—_ +
R,N & — >RUNg
(b) Deprotection of PMB ethers (Stephenson) o
ROH
RO . _PMP ®
\: photoredox RO .. _PMP > o+
catalysis ~ o
BrCCls oxonium JOJ\
H™ "PMP
EWG
X H X~ X EWG
Y RN
e RX =BocNH | H
deprotection
HoN - ~_ EWG

primary-amines

Scheme 2.3 Photoredox-catalyzed transformation of amines and ethers.

For the past few years, photoredox catalysis has become a powerful tool for oxidative
transformation of electron-rich amines such as tertiary amine and enamine under visible
light irradiation.”” Reactive chemical species such as radicals, iminium ions, and
azomethine ylides, can be generated through photoredox-catalyzed single electron
transfer (SET) processes at the amine moiety and are converted to diverse
nitrogen-containing products (Scheme 2.3 (a)). While previous reports mainly describe
synthesis of tertiary or secondary amines, an access to useful primary amines has not
been well-documented.®

On the other hand, functionalization of ethers by photoredox catalysis is limited. In
2011, the group of Stephenson reported photocatalytic deprotection of p-methoxybenzyl

(PMB) ethers via oxonium species formed via a 2e-oxidation process (Scheme 2.3(b)).’
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In contrast, oxidative generation of alkoxymethyl radicals'® via a photoredox process
has not been reported yet.

In Chapter 1 the author showed that organoborates can serve as electron donors as
well as organic radical precursors by the action of the Ir photoredox -catalyst,
[Ir(dF(CF3)ppy)2(bpy)I(PFs) (Ir-3) and [Ir(dF(CF3)ppy)a(dtbbpy)](PFe) (Ir-4),'" of
which the photoexcited species have the reduction potentials sufficient to oxidize

12
organoborates.”®

N-Protected aminomethyl- and alkoxymethyl-trifluoroborates have
been developed and are known as easy-to-handle organometallic reagents.”’ Thus, the
author envisioned that photoredox catalysis can generate heteroatom-functionalized
carbon radical A from the corresponding organotrifluoroborates and induce
hydro-aminomethylation and hydro-alkoxymethylation of electron-deficient olefins
(Scheme 2.3 (c)). Furthermore, the author has extended this photocatalytic
aminomethylation to synthesis of a bioactive y-aminobutyric acid (GABA), which is a

motif of baclofen.'* The present method provide a new strategy for access to molecules

bearing the primary aminomethyl moiety.

2.2. Results and discussion
2.2.1 Hydro-aminomethylation by photoredox catalysis
2.2.1.1 Photocatalytic hydro-aminomethylation of methyl acrylate

The author initially examined the photocatalytic reaction of potassium Boc-protected
aminomethyltrifluoroborate (1a) with methyl acrylate (2a) in the presence of the Ir
photoredox catalyst Ir-3 (2 mol%) in the mixed solvent system, acetone-ds/CD;OD
(1/1), under visible light irradiation (blue LEDs: Amax = 425 nm) for 1 h. As a result, the
corresponding aminomethylated product 3aa was formed in 92% yield as determined by

"H NMR spectroscopy (entry 1 in Table 2.1 and Figure 2.1).
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Table 2.1 Optimization of the photocatalytic hydro-aminomethylation.

H D OMe
! OMe 5 mol% photocat \
N_ _BFK + °P > N ¢\|/§
Boc” ~ 3 \/go solvent, rt, 1 h Boc o
1.2:1 425 nm blue LEDs D
1a 2a QNS 3aa
v

Ir-1
entry photocatalyst solvent yield of 5ae”/%
1 Ir-3 acetone-ds/CD;0D (1/1) 92
2 Ir-3 acetone-de/D,0 (1/1) 43
3 Ir-3 DMSO0-d¢/CDs0D (1/1) 59
4 Ir-3 CD;CN/CD;0D (1/1) 42
5 Ir-3 acetone-de 55
6 Ir-3 CDs;0OD 72
7 Ru-1 acetone-do/CD3;OD (1/1) 0
8 Ir-1 acetone-ds/CD;0D (1/1) 0
9° Ir-3 acetone-ds/CD;0D (1/1) 0
10 None acetone-do/CD;0D (1/1) 0

“ Reaction conditions: A reaction mixture of 4a (0.06 mmol), 2e (0.05 mmol), photocatalyst
(0.001 mmol) and solvent (0.5 mL) was irradiated by 3W blue LEDs (A =425 £+ 15 nm) for 1
h at room temperature. ’ Yields were determined by 'H NMR spectroscopy.  The reaction
was conducted in the dark.
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before the reaction

H H Y SiEt,
v _N BF K 2
Boc” >~ acetone
la +
OMe *
‘ '_|_|
™

0]
2a Lﬂ

after irradiation with blue LED lamps forl h

H OMe l
® poc” 0] o °
3aa D o Lu
T T T T T T T T T T
9 8 7 6 5 4 3 2 1 0 ppm

Figure 2.1 '"H NMR Spectra of the reaction of 1a with 2a

(in acetone-ds/CD3OD (1/1), at 400 MHz, at rt)

As shown in Figure 2.1, alkene 2a was completely converted within 1 h to give the
aminomethylated product 3aa exclusively. Among the solvent systems examined (entry
2-6), a mixture of acetone-ds and CD3;OD turned out to be the best. It should be noted
that the typical photoredox catalysts [Ru(bpy)s](PFs). (Ru-1) and fac-[Ir(ppy)s] (Ir-1)
(ppy = 2-phenylpyridine) did not afford the product at all (entries 7 and 8)."° It is
notable that the product 3aa was not obtained either in the dark or in the absence of the
photocatalyst (entries 9 and 10), strongly supporting that the photoexcited species of the
photoredox catalyst plays a key role in the reaction.

Next, the protective groups on the nitrogen atom were investigated as shown in
Scheme 2.4. The reaction of aminomethyltrifluoroborate protected by
para-tolyloxycarbonyl group (1b) with methyl acrylate (2a) under the above-mentioned
optimal conditions afforded the corresponding aminomethylated product 3ba in 87%
NMR yield, but this reaction required a reaction time (3 h) longer than that of the

reaction of l1a (1 h). Yield and efficiency of the reaction of the Ts-protected
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aminomethylborate (1¢) (Ts = para-toluenesulfonyl) were significantly deteriorated
(3ca: 58% NMR yield, 24 h). Furthermore, the reaction of potassium
phthalimidomethyltrifluoroborate (1d) gave only a trace amount of the coupling product
(3da). As shown in Scheme 2.4, cyclic voltammograms for N-protected substrate (1a—
d) exhibited broad irreversible oxidation waves at +0.74 V, +0.76 V, +0.98 V, and
+0.90 V (vs. [CpzFe] in MeCN), respectively. In contrast to 1¢ and 1d, oxidation
potentials of 1a and 1b are substantially lower than the reduction potential of the
photoexcited catalyst Ir-3* (= +0.91 V)."* In addition, under the above-mentioned
reaction conditions, 1¢ and 1d were not completely dissolved. These factors might
cause the significant decline in the efficiency of the reactivity of 1¢ and 1d. Thus,
potassium Boc-protected amionomethyltrifluoroborate 1a proved to be the best

aminomethylborate reagent in terms of yield and efficiency.

H D OMe
[ OMe 2 mol% Ir-3 I
N_ BFK + » N
pr~TE \/&O acetone-dg/MeOH-d,, it o
1.21 425 nm blue LEDs D
1x 2a N4 3xa
Ir-3(11)*/Ir-3(1l) = '%
+0.91V
' N 0. N sri
O N BF 3K ~°3
_tBLI/ \[( ~ 3 _— | \[(
(0]
O Me X
1a: E, = +0.74 V 1b: E;, =+0.76 V
3aa: 92%, 1 h 3ba: 87%, 3 h
; Me 0]
g W
S/N\/BFsK - N__BFK
AN
; do o)
i 1c: E, = +0.98 V 1d: Eg = +0.90 V
0.5 0 0.5 ! 15 2 3ca: 58%, 24 h 3da: trace, 24 h

Potential (V vs CpoFe in CH3CN)

CV conditions: observed as 2 mM acetonitrile solution; [NBuy](PFs) = 0.1 M; Ag/AgCl = electrode;
reported with respect to the [FeCp,]/[FeCp]” couple.

Scheme 2.4 Examination of protective groups on the nitrogen atom in

aminomethyltrifluoroborates.
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2.2.1.2 Scope and limitation of hydro-aminomethylation of olefins

Table 2.2 Scope of the photocatalytic hydro-aminomethylation.*”

H 2 mol% Ir-3 H
N_ _BFK + X R > _N R
Boc”™ ~ 8 N acetone/MeOH, rt Boc” ~N
1.2:1 425 nm blue LEDs
1a 2x QRS 3ax
,%
OMe H 00

H
Boc N MO

3aa: 85%,4 h

H
Boc/N O
3ae: 69%, 6 h

Me O

N
Boc” \)j:mOEt

O~ OEt

3ai: 85%, 4 h

\
ZT

3am: 88%, 24 h

H OMe
Boc’NMO
Me
3ab: 85%, 4 h

H NM92
N
Boc ~ MO

3af: 31%,4 h

H Ph O
N

Boc” OEt

O~ OEt

3aj: 91%, 48 h

~N

ZT

Boc

H Me
Boc’NMO

3ac: 54%, 4 h

i =0
Boc N
3ag: 54%, 10 h
H OMe
Boc N MO
HN Me
hig
o]
3ak: 68%,4h

3an: 60%, 24 h

Boc N~ Sppy
3ad: 79%, 6 h

H (0]
N\/E%O
Boc”

3ah: 33%,24 h
H/\)NO
Boc” Z

3al: 79%, 24 h

H
N Ph
Boc” N NS

3a0: 5%.24 h

“ Reaction conditions; A reaction mixture of 4a (0.48 mmol), 2x (0.40 mmol), photocatalyst Ir-3
(4.0 umol), degassed acetone (2.0 mL) and MeOH (2 mL) was irradiated by 3 W blue LEDs (A =
425 £ 15 nm) at room temperature. ® Yields of isolated products. “ Ir-3 (5 mol%) was used.

The scope of the present photocatalytic aminomethylation of olefins with 1a is

summarized in Table 2.2. Typical electron-deficient alkenes such as methyl acrylate

(2a), methyl methacrylate (2b), methyl vinyl ketone (2¢), phenyl vinyl sulfone (2d), and

acrylonitrile (2e) produced the corresponding aminomethylated products in good yields

(54-85% isolated yields, 46 h). The reaction of N,N-dimethyl acrylamide (2f) gave the
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product 3af in a lower yield (31%). Cyclic enones such as 2-cyclopentenone (2g) and
2,5-dihydro-2-furanone (2h) reacted slowly to give the products 3ag and 3ah in
moderate yields (3ag: 54%, 10 h, 3ah: 33%, 24 h) probably due to the substitution at
the reaction site.

To expand the scope, alkenes bearing two electron-withdrawing groups were
examined. Ethylidenemalonic acid diethyl ester (2i) readily reacted with 1a (4 h) to give
the product 3ai in 85% isolated yield. Furthermore, to our delight, benzylidenemalonic
acid diethyl ester (2j), an alkene bearing a more bulky substituent at the reaction site,
was also a substrate suitable for the present photocatalytic transformation. The reaction
required a longer time (48 h) and a higher catalyst loading (5 mol%) but afforded the
product 3aj in an excellent yield (91% isolated yield). As further extension of the olefin
substrate, enamides and aromatic alkenes were also examined. The reaction of
2-acetylaminoacrylic acid methyl ester (2k) smoothly proceeded to give the
corresponding C—C coupled product 3ak in 68% yield. 2-Vinylpyridine (21),
4-vinylpyridine (2m) and 2,3,4,5,6-pentafluorostyrene (2n) afforded the corresponding
aminomethylated products (3al, 3am, 3an) in high yields (60-88%, 24 h). In contrast,
the reaction of electron-rich alkene such as styrene (20) resulted in a low yield (5%, 24
h) partly because a side reaction of 20 giving the cyclobutane 20’ proceeded (Scheme
2.5).!% These results show that N-Boc-aminomethyl radical is highly nucleophilic and
electron-deficient olefins with various functional groups such as ester, ketone, sulfone,
nitrile, amide, pyridyl, and perfluoroaryl groups can be applied to the present

photocatalytic aminomethylation.
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H D Ph
\ 2 mol% Ir-3
_N BF:K + X _Ph > _N +
Boc™ " ° N acetone-dg/CD;OD  Boc I:[
D Ph

1.2:1 r, 24 h
1a 20 425 nm blue LEDs 3a0 20'
L 8% 5%

-

Scheme 2.5 NMR experiment of 20

2.2.1.3 Application to the synthesis of GABA derivative

Encouraged by the aminomethylation of 2j, the author extended this transformation
to the reaction of a benzylidenemalonic acid ester derivative (2p) (Scheme 2.6 (a)). The
aminomethylation of 2p gave the y-amino acid derivative 3ap in 89% yield. Subsequent
acid-mediated deprotection produced hydrochloric acid salt of racemic baclofen (98%
yield), which is a well-known muscle relaxer and antispastic agent. This two-step
synthesis of y-aminobutylic acid derivatives is superior to the method reported by
MacMillan’s group (Scheme 2.6 (b)) (in total 3 steps including photoredox reaction
with Boc-protected gycine).!” This result suggests that y-amionobutyric acid (GABA)
derivatives are readily accessible by the consecutive processes consisting of
photocatalytic aminomethylation and deprotection under acidic conditions. It
is noteworthy that this reaction sequence is synthetically equivalent to primary

aminomethylation of olefin, which remained to be solved.
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(a) This work Elioc
NH
H N C0E 5 moio ir-3 -
_N BFK + > CO.Et
Boc™ >~ ol CO.Et acetone/MeOH XN 2
. rt, 48 h
1a 1.2: 2p 425 nm blue LEDs % CO.Et
A\ W4
:%‘ 3ap: 89% yield
NHHCI
6 N aq. HCI COH
100 °C
24 h cl
98% yield
(x)baclofen-HCI
(b) MacMillan's work Boc
H Me 1 mol% Ir-4 NH
KoHPO, (1.2 equiv.) Me
N COOH + CO.,Me 2 4 )
Boc” ™ Me Ny > CO,Me
DMF Me
COzMe r, 36 h oMo
i 2
26 W fluorescent light 96% yield
Me NH
KOH )\/E(EO conc. HCl, H,0 Me 2
T e >
H,O Me reflux, 48 h CO,H
reflux, 20 h COH Me
80% yield 74% yield
()-Lyrica

Scheme 2.6 Application to the synthesis of the baclofen motif.

2.2.1.4 Sunlight-driven reaction
Finally, the present photocatalytic system can harness ambient sunlight as the light

source instead of blue LED lamps. (Scheme 2.7).

H OMe 1 mol% Ir-3 H OMe
_N BF:K + >
Boc” ~ 8 \/&O acetone/MeOH  goc N Mo
1.2:1 <20°C,4h
2a sunlight 3aa: 70% isolated yield

Scheme 2.7 Sunlight-driven reaction.
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2.2.2 Hydro-alkoxymethylation by photoredox catalysis
2.2.2.1 Photocatalytic hydro-alkoxymethylation of 2-cyclopentenone

The author initially examined the photocatalytic reaction of potassium
4-methoxyphenoxymethyltrifluoroborate 4a (1.2 equiv.)'® with 2-cyclopentenone 2g
using the photocatalysts Ru-1, Ru-2, Ir-2, and Ir-4 (2 mol%) in a mixture of acetone-ds
and CD;OD (1/1) under visible light irradiation (blue LEDs: Apax = 425 nm) for 24 h
(entries 1-4 in Table 2.3). The hydroalkoxymethylated product Sag was formed for all
entries but the choice of the photocatalyst turned out to be crucial. Of the catalysts
examined the Ir photocatalyst Ir-4 gave the best result to afford the product Sag in 99%
yield as determined by '"H NMR spectroscopy (entry 1). A significant solvent effect was
observed for the present reaction (entries 5-8). Although 4a was slightly soluble in the
mixed solvent system consisting of acetone and MeOH, the mixed solvent resulted in
the best efficiency. The reaction under air caused a decrease of the yield of Sag (entry 9)
because unclear side reactions occured. It is notable that product Sag was formed
neither in the dark nor in the absence of a photocatalyst (entries 10 and 11), strongly
supporting that the photoexcited species of the photoredox catalyst are involved in the

reaction.
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Table 2.3 Optimization studies

(o)
2 mol% photocatalyst= PMPO \/Q:O
solvent, rt, 24 h
blue‘L'EDs D

L

ZN /,.R|u,‘\N Y
N7 NN
XA N A X
(]
T R
entry photocatalyst solvent yield of 3aa’/%
1 Ir-4 acetone-ds/CD;0D(1/1) 99
2 Ir-2 acetone-do/CD3;0OD (1/1) 61
3 Ru-1 acetone-do/CD3;OD (1/1) 17
4 Ru-2 acetone-ds/CD;0D (1/1) 25
5 Ir-4 acetone-de 48
6 Ir-4 CDs;0OD 54
7 Ir-4 DMSO0-d¢/CDs0D (1/1) 68
8 Ir-4 MeCN-d3/CDs0D (1/1) 76
9° Ir-4 acetone-ds/CD;0D (1/1) 46
107 Ir-4 acetone-ds/CD3;0D (1/1) 0
11 none acetone-do/CD3;0OD (1/1) 0

PMP = p-methoxyphenyl. “ Reaction conditions: A reaction mixture of 4a (0.06 mmol), 5g
(0.05 mmol), photocatalyst (0.001 mmol) and solvent (0.5 mL) was irradiated by 3W blue
LEDs (A =425 £ 15 nm) for 24 h at room temperature. ’ Yields were determined by 'H NMR
spectroscopy. ¢ Under air. “ The reaction was conducted in the dark.
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2.2.2.2 Scope and limitation of hydro-alkoxymethylation of olefins

Table 2.4 Scope of hydro-alkoxymethylation”

2 mol% Ir-4 RO EWG
RO BFK + X _EWG »
~ - acetone/MeOH \/\||_|/
4 1.2:1 2 r, 24 h 5
blue‘L'EDs

-&

X
RO CN
PMPO O PMP
\/Q: 0) 0 \/\||_|/

H H

5ae (R = PMP): 97%

5aq (X = CH,): 67%

Sbe (R = Ph): 45%

Sag: 94%
ag: 77 Sar (X = 0): 62% 5ce (R = Bn): 68%
5de (R = PMB): 82%
(0] H (0] Me O
PMPO
PMPO R PMPO \/\*)J\OMe J\l)LOEt
H R" H
s — . 0, » — . 0
5aa (R’ = OMe): 74% 5ab(R” = Me): 99% Sas: 27%"
Saf (R’ = NMe,): 58% 5ak (R” = NHAc): 65%
Br
MeH @) V |
PMPO OEt e PMPO SN
PMPO
O~ " OEt 0 H
O~ OEt
5ai: 76% S5at: 50% 5al: 70%
O
PMPO M
PMPO M:/ e PMPO\/\l)LO/\©\
D
D H Bpin
5a0: 17%” 5au: trace” Sav: 56%
O
T™MS __0O JQ’:O o o VQ:O e j(
H < :©/ H H
0] 7 ]
S
S5gg: 42% Seg: 78% 5fg: 47%

“ Reaction conditions: A reaction mixture of 4 (0.24 mmol), olefins 2 (0.2 mmol), Ir-4 (0.004 mmol)
dissolved in degassed acetone (1 mL) and MeOH (1 mL) was irradiated by 3 W blue LEDs (A = 425
+ 15 nm) for 24 h at room temperature. Olefins were completely consumed and isolated yields are
shown, unless otherwise noted. Isolated yields of some of the products are low due to loss during the
chromatographic purification process. © The reaction was not completed under these reaction
conditions. Yields were determined by 'H NMR spectroscopy.
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The scope of the present photocatalytic hydro-alkoxymethylation is summarized in
Table 2.4. Under the optimized conditions, the reaction of 4a with 2g, 2-cyclohexenone
2q and 5,6-dihydro-2H-pyran-2-one 2r smoothly afforded the corresponding
hydroalkoxymethylated products (Sag, Saq and Sar) in 94%, 67% and 62% yields,
respectively. This reaction could be applied to acyclic olefins such as acrylonitrile 2e,
methyl acrylate 2a, N N-dimethylacrylamide 2f, methyl methacrylate 2b and
2-acetamidoacrylic acid methyl ester 2t to give the products Saa, 5af, Sab and Sat
obtained in moderate to good yields (58-99% yields). Remarkable steric hindrance due
to the Me group at the reaction site, however, was observed for the reaction of ethyl
crotonate 2s (27% NMR yield). To expand the scope, olefins bearing two
electron-withdrawing groups were examined. Ethylidenemalonic acid diethyl ester 2i
and 6-bromocoumarin-3-carboxylic acid ethyl ester 2t readily reacted with 4a to give
the products Sai and Sat in 76% and 50% yields, respectively. In addition,
2-vinylpyridine 21 was applicable to this photocatalytic system to afford Sal in 70%
yield. These results show that the present photocatalytic reaction is highly tolerant to a
wide variety of functional groups. But electron rich olefin such as styrene 20 and
unactivated olefin such as 1-octene 2u turned out to be unsuitable for this reaction (5ao0;
17% yield and 3au; trace).

Site-specific generation of C-radicals is important for modern radical reactions. The
present photocatalytic hydroalkoxymethylation exhibited site-selective reactions at the
C-BF;K moiety for 2v, which contains two different kinds of B-functional groups, i.e.
BF; and Bpin. The reaction of 4a with 2v to provide the coupling product Sav resulting
from exclusive reaction at the BF3; moiety. Furthermore, the SiMe; group in 5g was not
affected by the present reaction. These results show that the BF;K reacts in preference

to TMS and Bpin groups, which are susceptible to other oxidative conversions to
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generate C—radicals."

Furthermore, the scope of the alkoxyl groups in the 4 was investigated (Table 2.4).
The reactions of alkoxymethylborates with phenyl (4b), benzyl (4¢), and
p-methoxybenzyl groups (4d) with 2e resulted in low yields of coupling products 5,
while the reactions with acrylonitrile 2e afforded products Sbe, 5ce and Sde in good
yields (45-82%). For the alkoxy substituents, p-methoxyphenyl group showed the best
reactivity when compared with the non-substituted phenyl derivative 4d and benzyl
derivative 4c¢. In addition, sesamoxymethylborate 4e and 4-(3-thienyl)phenoxyborate 4f
reacted with 2g to give the products (Seg and 5fg) in 78% and 47% yields, respectively.

Strong electron donating to the alkoxymethyl radical increased the yield of products.

Ir-4(11T)/1r-4(1l) =
+0.48 VV

Ru-1(I*/Ru-1(l) =/ Ru-2(1*/Ru-2(l) =

+0.43 V - +1.04 V /@OVB%K
' MeO

4a: E,, =+0.48 V

O BFK
| =

4b: E,, = +0.65 V

-

Eox=+40.71V

-, SO
MeO

-0.5 0 0.5 1 1.5 40:Eq=+0.69V
V vs [CpoFe in CH3CN]

Conditions: observed as 2 mM acetonitrile solution; [NBuy](PFs) = 0.1 M; Ag/AgCl =electrode;
reported with respect to the [FeCp,]/[FeCp,]" couple.

Figure 2.2 Cyclic voltammograms for alkoxymethylborates

Cyclic voltammograms of alkoxymethylborates (4a, 4b, 4¢ and 4d) shown in Figure

2.2 contain irreversible oxidation waves at +0.48 V (4a), +0.65V (4b), +0.71 V (4¢) and
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+0.69 V (4d). Although, judging from the oxidation potentials, only 4a can be oxidized
the photoredox catalyst, the others 4a-d turn out to be also oxidized by *Ir-4. As a
result, 4a can be oxidized by *Ir-4 (cf. reduction potential *Ir-4: +0.48 V)'? efficiently.
In addition, although 4b, 4¢ and 4d have high reduction potential, the present reaction
proceeded with these alkoxymethylborates. Because photocatalyst has broad redox
potential due to its vibrational level, oxidation potential of photocatalyst and reduction
potential of the reagent are overlapped. Hence, the photoexcited *Ir-4 can oxidize the
alkoxymethylborates. On the other hand, Ru-1 (E, = +0.43 V)'® having similar
oxidation potential of Ir-4 afforded low yield. As described in chapter 1, the life time of
excited Ir-4 (t = 2.3 us) is longer than that of Ru-1 and Ru-2 (vt = 1.1 and 0.74 us). The
author presumed that the longer life time of excited species of *Ir-4 led to smooth the
present reaction.”’

This  scope  for  hydro-alkoxymethylation is  comparable to  the
hydro-aminomethylation described in section 2.2.1, and the later is more effective than
former despite the higher oxidation potential of 1a. This result is presumably ascribed to
the solubility of the borate. The aminoderivative la completely dissolves in
acetone/MeOH, while p-methoxyphenoxymethyltrifluoroborate is sparingly soluble in

organic solvent.

2.2.2.3 Sunlight-driven reaction

o, -
PMPO __BFK + M,PMPOJQ:O
O acetone/MeOH

1.2:1
4a 2g ~21°C, 4h sag H

sunlight 83% isolated yield

Scheme 2.8 Hydroalkoxymethylation under sunlight
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It should be noted that the present photocatalytic system can harness natural sunlight
as a light source as noted for the nitrogen analogue (Scheme 2.7). Sunlight induced the
reaction more efficiently than blue LEDs did to complete the reaction of 4a with 2g

within 4 h (Scheme 2.8).

2.2.3 Experiments for analysis of reaction mechanism

To gain insight into the reaction mechanism, several experiments including CV
measurements (Scheme 2.4 and Figure 2.1), Stern-Volmer plots and the intermittently
irradiation experiments were investigated.

The Stern-Volmer plots for quenching of the photoexcited photocatalyst *Ir (*Ir-3
and *Ir-4) by the action of organoborates (1a and 4a) and 2 (Figure 2.3) show that *Ir
is not quenched by 2 but by organoborates (1a and 4a), indicating that the initial

electron transfer event occurs between the photoexited photocatalyst *Ir and

organoborates.

]
8
7
6

=5

_04
3
2 29
1 —
0 2a

0 0.5 1 1.5 2 2.5

quencher concentration (mM)

1a and 2g: Intensities of the emission at 476 nm were recorded upon excitation of a DMSO solution
of Ir-3 at 379 nm.

4a and 2g: Intensities of the emission at 480 nm were recorded upon excitation of a DMSO solution
of Ir-4 at 400 nm

Figure 2.3 Stern-Volmer studies of photocatalyst Ir-4

53



Chapter 2

Next, the author conducted the photocatalytic reaction under periodic visible light
irradiation (Figure 2.4). It was observed that the reaction proceeded steadily upon blue
LED irradiation but, in the dark, ceased. It suggested that a radical chain mechanism
was not involved as a main process.

(a)

H D OMe
! OMe 2 mol% Ir-3 '
N_ _BFK + ° > ,NM
Boc” >~ 8 \/go acetone-dg/CD30D, rt, Boc 0
1.2:1 425 nm blue LEDs D
1a 2a \‘QZT 3aa
100 @]

S 80 :

m [} 1

S 60 :

_g 40 | light on ' ' light on

© light on ! l

> 20 J S

dark

0
0O 10 20 30 40 50 60 70 80 90
time (min)
©) 2 mol% Ir-4
PMPO __BFK + Q move Ir PMPO o
121 O acetone-dg/MeOH-d,, 1t
4a 211 ag blue LEDs 425 nm 5ag D
60 A "
\
50
40
30

light on

Conversion of 2g (%)

10 ‘ G w light on ‘
0 | | |
0 2 4 6 8 10 12
Time (h)

Figure 2.4 Photocatalytic reaction under periodic visible light irradiation

A plausible reaction mechanism for the present hydro-alkoxymethylation and
hydro-aminomethylation following the reductive quenching cycle is illustrated in

11

Scheme 2.9. First, the photocatalyst Ir~ (Ir-3 and Ir-4) is excited by visible light

irradiation (blue LEDs or sunlight) to generate the excited species *Ir'™™, which
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undergoes le-oxidation of amino- or alkoxy-methyltrifluoroborates 1 to generate,
together with the reduced Ir'"" species, an amino- or alkoxy-methyl radical A via a B-C
bond cleavage process with formal elimination of a “BF;” species. This STE process is
supported by the luminescent quenching experiments and comparison of the redox
properties of organoborate 1a with that of *Ir suggests that 1a and 4a can be oxidized

by photoexcited *Ir'™

as described above. The generated heteroatom-functionalized
carbon radical reacts with electron-deficient alkene 2 to afford the C—C coupling adduct
6, reduction of which by Ir'" (path a) followed by protonation by the solvent gives the

product 3 or 5 together with the ground state Ir'™"

to complete the catalytic cycle. There
is an alternative pathway, where 6 reacts with 1 or 4 to give an amino- or alkoxy-methyl
radical (path b), leading to the product 3 or 5 (radical chain mechanism). This

mechanism, however, may not be a major reaction pathways as judged by the periodic

irradiation experiment.

A4
a -
-% 0
RX._BFK visible light RX < ~_EWG +H, RX\/\l/EWG
1ord ol 7 © !
’ It 1ord 3or5
_1& reductive +12 41
" " quenChlng (a) (b) RO
BFa \8
I
RX EWG 2
v g
. EWG 6
A 2

Scheme 2.9 A plausible reaction mechanism

Notably, homo-coupling products of aminomethyl and alkoxymethyl radicals, which
are typical byproducts of benzyl radical, were not detected at all*” (Scheme 2.10). The
author considered the following two factors. (i) The carbon radical species with electron

donation of adjacent nitrogen and oxygen atoms preferentially add to olefins. (ii) In
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radical-radical reactions, one radical is essential to be long lifetime (persistent)*>. The
benzyl radical is a long-lived (v = 1.4 us) species™ to cause the generation of

homo-coupling product.

2 mol% Ir-3 R EWG  pp
Ph BFK + X _EWG > + ~
~ e - acetone/MeOH, rt \/\||_|/ Ph

8 1:4 2 blue LEDs 9 Homo-coupling
A\ W4 product
-~ -
&

2mol% Ir photocat RX
RX. _BFK + X EWG
’ 1.9:1 o acetone/MeOH, 1t \/\l/

1or4 < 2 b'“e '—EDS 3or 5

X =0, NH ,%

Scheme 2.10 Homo-coupling reaction of organoborates

not detected

2.3 Conclusion

The author has developed the photocatalytic hydro-aminomethylation and
-alkoxymethylation of olefins with the corresponding organotrifluoroborates. The
carbon radical adjacent to nitrogen- and oxygen-atom is reactive enough to couple with
electron-deficient olefins. In hydro-aminomethylation, this reaction is regarded as a
formal net primary aminomethylation when combined with the deprotection process.
The present protocol provides us with a new strategy for the synthesis of biologically
active y-aminobutyric acid (GABA) derivatives. In hydro-alkoxymethylation, this new
reaction serves as a method for functionalization of the carbon atoms adjacent to the

oxygen atoms of ethers.

2.4 Experimental

General

[Ru(bpy:](PFe)  (Ru-1),"*"  [Ru(bpz)s](PFs)y  (Ru-2),"*  fac-[Ir(ppy)s] ~ (Ir-1),2"
[Ir(ppy)2(dtbbpy)](PFs) (Ir-2),* [1r(dF(CF3)ppy)2(bpy)](PFe) (Ir-3),"
[Ir(dF(CF3)ppy).(dtbbpy)](PF) (Ir-4),12b potassium N-Boc-protected aminomethyltrifluoroborate
(4a)13°, potassium phthalimidomethyltrifluoroborate (4d)10f, potassium

10b

(4-methylphenyl)sulfonamide—methyltrifluoroborate (4c) and (4-chloro-benzylidene)malonate

56



Chapter 2

(2p)*° were prepared according to the reported procedures. Olefins 2a, 2b, 2¢, 2e, 2f, 2g, 2m, 20, 2q,
2r and 2t were purchased from TCI, 2u purchased from Wako and 2d, 2h, 2i, 2j, 2k, 21, 2m, and 2s
were purchased from Aldrich. B-compound 2v was prepared according to the reported literature
procedure.lla Catalytic reactions were performed under an atmosphere of nitrogen using standard
Schlenk techniques unless otherwise noted. Solvents were dried by standard procedures (acetone
(K»,CO»)), distilled and stored under nitrogen. Methanol (dehydrated solvent purchased from
KANTO CHEMICAL CO., INC.) was degassed with a ultrasonic bath, and stored under N,
atmosphere. Thin-layer chromatography was performed on silica gel TLC plates (60 Fs4, Merck).
Column chromatography was performed using Fuji Silysia silica gel FL100D (neutral) and Merck
aluminium oxide 90 standardized. Visible light irradiation was performed with Relyon LED lamps
(3 Wx2: A =425 nm = 15 nm). '"H NMR spectra were acquired on JEOL AL 300 (300 MHz) and
Bruker AVANCE-400 spectrometers (400 MHz). NMR Chemical shifts were referenced to residual
protio impurities in the deuterated solvents. Electrochemical measurements were recorded on a
Hokutodenkou HZ-5000 analyzer (observed in 0.002 M CH;CN; [(NBuy)PF¢] = 0.1 M; Ag/AgCl =
electrode; reported with respect to the [FeCp,]/[FeCp,]” couple). Emission spectra were recorded at
room temperature by SHIMADZU RF-5300PC. HRMS (ESI-TOF Mass) spectra were obtained with
a Bruker microTOF II spectrometer.

Purification of products (3ab, 3ac, 3ad, 3ae, 3af, 3ag, 3ai, 3aj, 3ak, 3al, 3am, 3ba, 3ca) was
performed by flash column chromatography with aluminum oxide (aluminium oxide 90 standardized
(Merck)) deactivated by 7wt% water.

Procedure for synthesis of potassium 4-methylphenoxycarbonylaminomethyltrifluoroborate

(1b)
H
/©/O \H/N -BFK
Me ©

The titled compound was prepared by the modified procedures reported by G. A. Molander ez al.*®

Freshly prepared KHMDS (11% in toluene, ca. 0.5 M) (10mL) dissolved in dry THF (10 mL)
was added dropwise to a solution of 2-chloromethyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.919
g, 5.16 mmol) in dry THF (10 mL) cooled at -78 °C. After stirring for 15 min, the cooling bath was
removed and the mixture was stirred for an additional 2 h at rt. Then dry MeOH (0.4 mL) was added
at 0 °C. After the mixture was stirred in an ice bath for an additional 2 h at 0 °C, p-tolyl
chloroformate (1.81 g, 10.6 mmol) was added. The reaction was warmed to 1t by removing the ice
bath and stirred for 24 h. The reaction mixture was concentrated under reduced pressure to remove
the volatiles. The residue was diluted with MeOH (10 mL) and cooled to 0 °C before addition of a
saturated aqueous solution of KHF, (1.55 g, 20.0 mmol). The mixture was stirred for 30 min at 0 °C,
and then dried under reduced pressure. The residue was dissolved in hot acetone and filtered. After
the solvent was removed from the filtrate, the residue was washed with Et,O and dried under in
vacuo. The product was obtained in 51% yield (0.712 g, 2.63 mmol) as a white solid.
"H NMR (400 MHz, DMSO-dg, rt) & 7.12 (d, J = 7.6, 2H), 6.91 (d, J = 7.6 Hz, 2H), 5.66 (brs, 1H),
2.27 (s, 3H), 1.97 (m, 2H). *C NMR (100 MHz, DMSO-dj, rt)  155.1, 149.4, 133.2, 129.3, 121 .4,
20.3. "B NMR (128 MHz, DMSO-d,, t) 8 3.42. ’F NMR (376 MHz, DMSO-dq, rt) & -142.9.
HRMS (ESI-TOF) calculated for [CyoH;¢O,NBF;] requires 232.0764, found 232.0764.

Typical procedures for NMR experiments (reaction conditions in Table 2.1 and Figure 2.1)
Photocatalytic hydro-aminomethylation of methyl acrylate (2a)

To methyl acrylate (2a) (4.7 mg, 54.6 umol) dissolved in a mixture of deuterated acetone (0.25
mL)-deuterated MeOH (0.25 mL) in an NMR tube, potassium
tert-butoxycarbonylaminomethyltrifluoroborate (1a) (14.5 mg, 61.2 umol),
[Ir(dF(CF3)ppy)2(bpy)](PFs) (Ir-3) (1.1 mg, 1.09 umol) and tetracthylsilane (an internal standard)
were added under N,. The mixture was degassed by three freeze-pump-thaw cycles. The reaction
was carried out at room temperature (in a water bath) under irradiation of visible light (placed at a
distance of 2~3 cm from the blue LED lamp: Av = 425 £ 15 nm). Then the reaction mixture was

57



Chapter 2

analyzed by 'H NMR spectroscopy.

H D OMe
! OMe 5 mol% photocat '
N_ _BFK + °P - N M
Boc™ ~ 8 \/&O solvent, rt, 1 h Boc O
1.2:1 425 nm blue LEDs D
1a 2a QI 3aa
7%

General procedure for the photocatalytic reaction of aminomethyltrifluoroborates with olefins
(reaction conditions in Table 2.2)

Under N, to olefin (2) (0.40 mmol) dissolved in a mixture of acetone (2.0 mL)-MeOH (2.0 mL)
in a 20 mL-Schlenk tube were added potassium fert-butoxycarbonylaminomethyltrifluoroborate (1a)
(0.48 mmol) and [Ir(dF(CF3)ppy)2(bpy)](PFs) (Ir-3) (8 umol). The mixture was degassed by three
freeze-pump-thaw cycles. The tube was placed at a distance of 2-3 cm from the blue LED lamp (Av
= 425 4+ 15 nm). The resulting mixture was stirred at room temperature (water bath) under visible
light irradiation. Then, the reaction mixture was concentrated in vacuo. Products were extracted with
CH,Cl,, dried (Na,SO4) and filtered. The filtrate was concentrated in vacuo and the residue was
purified by flash column chromatography on aluminium oxide (treated with 7.0wt% water)
(hexane:EtOAc = 10:1).

H 2 mol% Ir-3 H
N_ _BFK + <X R > N R
Boc” 3 N acetone/MeOH, rt Boc” NN
1.2:1 425 nm blue LEDs
1a 2x 4 3ax
-

Methyl 4-tert-butoxycarbonylaminobutanoate (3aa)
H OMe
O N M
Bu \[( 0
O

The reaction of methyl acrylate (2a) (32.8 mg, 0.381 mmol), 1a (113.9 mg, 0.480 mmol) and Ir-3
(8.2 mg, 8.12 umol) following the general procedures afforded 3aa (74.2 mg, 85% yield, reaction
time = 4 h) as a pale yellow oil after purification with flash column chromatography on aluminium
oxide (hexane:EtOAc = 10:1). Spectral data is in agreement with the literature.””

"H NMR (400 MHz, CDCls, rt) & 4.67 (brs, 1H), 3.65 (s, 3H), 3.13 (m, 2H), 2.33 (t, °J = 7.2 Hz,
2H), 1.78 (m, 2H), 1.40 (s, 9H).

Methyl 4-tert-butoxycarbonylamino-2-methyl-butanoate (3ab)

H OMe
80Oy
O Me

The reaction of methyl methacrylate (2b) (40.3 mg, 0.403 mmol), 1a (113.7 mg, 0.480 mmol) and

Ir-3 (8.3 mg, 8.22 umol) following the general procedures afforded 3ab (79.2 mg, 85% yield,
reaction time 4 h) as a pale yellow oil after purification with column chromatography on aluminium
oxide (treated with 7.0wt% water) (hexane:EtOAc = 10:1).
"H NMR (400 MHz, CDCls, rt) & 4.60 (brs, 1H), 3.66 (s, 3H), 3.12 (m, 2H), 2.49 (m, 1H), 1.83 (m,
1H), 1,61 (m 1H), 1.41 (s, 9H), 1.16 (d, °J = 7.2 Hz, 3H). *C NMR (100 MHz, CDCl;, rt) 8 176.8,
156.0, 79.3, 51.8, 38.7, 37.2, 34.0, 28.5, 17.2. HRMS (ESI-TOF) calculated for [C;;H;;NO4+Na]"
requires 254.1363, found 254.1363.
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tert-Butoxycarbonylaminnopentan-4-on (3ac)
Me

Bu /O\”/H MO
o

The reaction of methyl vinyl ketone (2¢) (28.4 mg, 0.405 mmol), potassium 1a (113.9 mg, 0.480

mmol) and Ir-3 (8.0 mg, 7.92 umol) following the general procedures afforded 3ac (44.0 mg, 54%
yield, reaction time was 4 h) as a pale yellow oil after purification with column chromatography on
aluminium oxide (treated with 7.0wt% water) (hexane:EtOAc = 10:1).
"H NMR (400 MHz, CDCls, rt) 8 4.57 (brs, 1H), 3.12 (m, 2H), 2.45 (t, °J = 7.2 Hz, 2H), 2.15 (s.
3H), 1.75 (tt, °J = 7.2 Hz, °J = 7.2 Hz, 2H), 1.44 (s, 9H). *C NMR (100 MHz, CDCl;, rt) § 208.4,
156.2, 79.4, 40.9, 40.2, 30.0, 28.5, 24.3. HRMS (ESI-TOF) calculated for [CoH;9O3N+Na]"
requires 224.1257, found 224.1263.

tert-Butyl 3-benzensulfonylpropylcarbamate (3ad)

QL

H
tBu/O\n/N \/\/S\©
(o)

The reaction of phenyl vinyl sulfone (2d) (67.4 mg, 0.401 mmol), potassium 1a (113.9 mg, 0.480

mmol) and Ir-3 (8.0 mg, 7.92 umol) following the general procedures afforded 3ad (94.4 mg, 79%
yield, reaction time was 6 h) as a white solid after purification with column chromatography on
aluminium oxide (treated with 7.0wt% water) (hexane:EtOAc = 10-5:1).
"H NMR (400 MHz, CDCls, rt) 8 7.91 (d, °J = 7.6 Hz, 2H), 7.66 (t, °J = 7.6 Hz, 1H), 7.57 (dd, *J =
7.6 Hz, °J = 7.6 Hz, 2H), 4.65 (brs, 1H), 3.23 (m, 2H), 3.13 (t, °J = 7.6 Hz, 2H), 1.92 (m, 2H), 1.41
(s, 9H). *C NMR (100 MHz, CDCl;, rt) & 156.0, 139.3, 133.9, 129.5, 128.1, 79.8, 53.9, 39.0, 28.5,
23.8. HRMS (ESI-TOF) calculated for [C14H2104NS+Na]+ requires 322.1083, found 322.1086.

tert-Butyl N-3-cyanopropylcarbamate (3ae)

H
N N
tBU/OT \/\/C
O

The reaction of acrylonitrile (2e) (21.4 mg, 0.403 mmol), 1a (113.8 mg, 0.480 mmol) and Ir-3
(8.2 mg, 8.12 umol) following the general procedures afforded 4ae (51.6 mg, 69% yield, reaction
time was 6 h) as a pale yellow oil after purification with column chromatography on aluminium
oxide (treated with 7.0wt% water) (hexane:EtOAc = 10:1).

"H NMR (400 MHz, CDCls, rt) & 4.66 (brs, 1H), 3.25 (m, 2H), 2.40 (t, >J = 7.2 Hz, 2H), 1.87 (m,
2H), 1.44 (s, 9H). *C NMR (100 MHz, CDCls, rt) & 156.1, 119.3, 79.9, 39.5, 28.5, 26.3, 14.8.
HRMS (ESI-TOF) calculated for [C9H1602N2+Na]+ requires 207.1104, found 207.1105.

N-tert-butyloxycarbonyl-y-aminobutyric acid N’,/N’-dimethylamide (3af)

Me N Me

H
Bu /OTN MO
0]

The reaction of N,N-dimethylacrylamide (2f) (40.1 mg, 0.405 mmol), 1a (113.9 mg, 0.480 mmol)
and Ir-3 (8.2 mg, 8.12 umol) following the general procedures afforded 3af (29.3 mg, 31% yield,
reaction time = 4 h) as a pale yellow oil after purification with column chromatography on
aluminium oxide (treated with 7.0wt% water) (hexane:EtOAc = 10:1). Spectral data is in agreement
with the literature.”’
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"H NMR (400 MHz, CDCls, rt) & 4.44 (brs, 1H), 3.17 (t, °J = 6.8 Hz, 2H), 2.97 (s, 6H), 2.36 (t, *J =
6.8 Hz, 2H), 1.83 (tt, >J = 6.8 Hz, °J = 6.8 Hz, 2H), 1.43 (s, 9H).

tert-Butyl 3-oxocyclopentylmethylcarbamate (3ag)

tBu /O\[(N
O

The reaction of 2-cyclopenten-1-one (2g) (32.9 mg, 0.401 mmol), potassium 1a (114.1 mg, 0.481
mmol) and [Ir(dF(CF3)ppy)2(bpy)](PFs) (Ir-3) (8.2 mg, 8.12 umol) following the general procedures
afforded 3ag (46.3 mg, 54% yield, reaction time = 10 h) as a pale yellow oil after purification with
column chromatography on aluminium oxide (treated with 7.0wt% water) (hexane:EtOAc = 10:1).
"H NMR (400 MHz, CDCls, rt) 8 4.67 (brs, 1H), 3.19 (m, 2H), 2.38 (m, 1H), 2.31 (m, 2H), 2.16 (m,
2H), 1.90 (m, 1H), 1.61 (m, 1H), 1.44 (s, 9H). *C NMR (100 MHz, CDCl;, rt) 6 218.3, 156.1, 79.7,
44.8, 42.8, 38.1, 37.8, 28.5, 26.9. HRMS (ESI-TOF) calculated for [C11H19N03+Na]+ requires
236.1257, found 236.1256.

4-(tert-Butoxycarbonylaminomethyl)tetrahydrofuran-2(3H)-one (3ah)

Ny L(;E
O
tBu/O\[(N\

@)

The reaction of y-crotonolactone (2h) (33.4 mg, 0.397 mmol), 1a (113.6 mg, 0.479 mmol) and

Ir-3 (8.3 mg, 8.22 umol) following the general procedures afforded 3ah (26.3 mg, 33% yield,
reaction time = 24 h) as a pale yellow oil after purification with column chromatography on
aluminium oxide (hexane:EtOAc =10:1).
"H NMR (400MHz, CDCls, rt) 8 4.76 (brs, 1H), 4.38 (m, 1H), 4.08 (m, 1H), 3.22 (m, 2H), 2.79 (m,
1H), 2.61 (m, 1H), 2.32 (m, 1H), 1.44 (s, 9H). *CNMR (100 MHz, CDCl;, rt) & 176.5, 156.2, 80.2,
71.1, 42.7, 36.3, 32.1, 28.5. HRMS (ESI-TOF) calculated for [CoH;,0,N+Na]" requires 238.1050,
found 238.1050.

Diethyl 2-zert-butoxycarbonylamino-1-methylethylmalonate (3ai)
Me O

H
N
tBu/OT \)IMOB
o)

O~ OEt

The reaction of diethyl ethylidenmalonate (2i) (74.7 mg, 0.401 mmol), 1a (113.6 mg, 0.479
mmol) and Ir-3 (8.1 mg, 8.02 umol) following the general procedures afforded 3ai (108.9 mg, 85%
yield, reaction time = 4 h) as a colorless oil after purification with column chromatography on
aluminium oxide (treated with 7.0wt% water) (hexane:EtOAc = 10:1).
"H NMR (400 MHz, CDCls, rt) 8 4.71 (brs, 1H), 4.20 (q, >J = 7.2 Hz, 2H), 4.19 (q, °J = 7.2 Hz, 2H),
3.30 (d, °J = 7.6 Hz, 1H), 3.16 (m, 2H), 2.45 (m, 1H), 1.43 (s, 9H), 1.26 (t, °J = 7.2 Hz, 6H), 1.01 (d,
’J=17.2 Hz, 3H). ®C NMR (100 MHz, CDCls, rt) 8 168.9, 168.7, 156.1, 79.4, 61.5, 61.5, 55.3, 44.4,
34.3,28.5,15.7, 14.2. HRMS (ESI-TOF) calculated for [C15H27N06+Na]+ requires 340.1731, found
340.1731.

Diethyl 2-zert-butoxycarbonylamino-1-phenylethylmalonate (3aj)
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The reaction of diethyl benzylidenmalonate (2j) (114.0 mg, 0.402 mmol), 1a (114.0 mg, 0.480

mmol) and Ir-3 (20.1 mg, 19.9 umol) following the general procedures afforded 3aj (138.3 mg, 91%
yield, reaction time = 48 h) as a pale yellow solid after purification with column chromatography on
aluminium oxide (treated with 7.0wt% water) (hexane:EtOAc = 15:1).
"H NMR (400 MHz, CDCls, rt) & 7.31 (m, 2H), 7.23 (m, 3H), 4.43 (brs, 1H), 4.27 (g, °J = 7.2 Hz,
2H), 3.93 (m, 2H), 3.73 (d, 10.4 Hz, 1H). 3.64 (m, 1H), 3.54 (m, 1H), 3.43 (m, 1H), 1.40 (s, 9H),
1.32 (t, *J = 7.2 Hz, 3H), 0.99 (t, °J = 7.2 Hz, 3H). *C NMR (100 MHz, CDCls, t) & 168.3, 167.7,
139.1, 130.2, 128.8, 128.5, 127.6, 79.4, 61.9, 61.4, 55.9, 45.6, 44.2, 28.5, 14.2, 13.8. HRMS
(ESI-TOF) calculated for [Con2<;O6N+Na]+ requires 402.1887, found 402.1887.

Methyl-2-acetamido-4-(fert-butoxycarbonylamino)butanoate (3ak)

H OMe
N
N
0] HN Me

The reaction of methyl 2-acetamidoacrylate (2k) (57.0 mg, 0.398 mmol), 1a (113.6 mg, 0.479
mmol), Ir-3 (8.1 mg, 8.02 umol) following the general procedures afforded 3ak (74.7 mg, 68%
yield, reaction time = 4 h) as a pale yellow solid after purification with column chromatography on
aluminium oxide (treated with 7.0wt% water) (hexane:EtOAc = 10-1:1).

"H NMR (400 MHz, CDCl3, rt) 8 6.41 (brs, 1H), 5.12 (brs, 1H), 4.66 (m, 1H), 3.74 (s, 3H), 3.39 (m,
1H), 2.96 (m, 1H), 2.04 (m, 1H), 2.04 (s, 3H), 1.77 (m,1H), 1.43 (s, 9H).

BC NMR (100 MHz, CDCls, rt) & 173.1, 170.4, 156.2, 79.5, 52.7, 49.9, 36.6, 33.2, 28.6, 23.3.
HRMS (ESI-TOF) calculated for [(312H22N205+Na]+ requires 297.1421, found 297.1421.

tert-Butyl 3-pyridine-2-ylpropylcarbamate (3al)
H N™
_O__N X

T

o

The reaction of 2-vinylpyridine (21) (42.0 mg, 0.399 mmol), 1a (113.6 mg, 0.479 mmol), Ir-3 (8.3

mg, 8.22 umol) following the general procedures afforded 3al (74.9 mg, 79% yield, reaction time =
24 h) as a pale yellow oil after purification with column chromatography on aluminium oxide
(treated with 7.0wt% water) (hexane:EtOAc = 3:1).
"H NMR (400 MHz, CDCl, rt) & 8.50 (brd, *J = 4.8 Hz, 1H), 7.58 (dt, °J = 7.6 Hz, *J = 1.6 Hz, 1H),
7.14 (d,*J=7.6 Hz, 1H), 7.10 (dt, >J = 4.8 Hz, *J = 1.6 Hz, 1H), 4.78 (brs, 1H), 3.16 (dt, >J = 6.4 Hz,
3J = 6.4 Hz, 2H), 2.82 (t, °J = 7.2 Hz, 2H), 1.92 (quint, >J = 7.2 Hz, 2H), 1.43 (s, 9H). *C NMR
(100 MHz, CDCls, rt) 6 161.5, 156.2, 149.4, 136.6, 123.0, 121.3, 79.2, 40.3, 35.6, 30.0, 28.6.
HRMS (ESI-TOF) calculated for [C13H2002N2+Na]+ requires 259.1417, found 259.1417.

tBu

tert-Butyl 3-pyridine-4-ylpropylcarbamate (3am)

7 N\
—=

H
_O__N

T

0]

The reaction of 4-vinylpyridine (2m) (42.5 mg, 0.404 mmol), 1a (113.7 mg, 0.480 mmol), Ir-3
(8.2 mg, 8.12 wmol) following the general procedures afforded 4am (84.5 mg, 88% yield, reaction
time = 24 h) as a pale yellow oil after purification with column chromatography on aluminium oxide
(treated with 7.0wt% water) (hexane:EtOAc = 10-1 : 1).

"H NMR (400 MHz, CDCls, rt) 8 8.49 (d, *J = 5.6 Hz, 2H), 7.13 (d, *J = 5.2 Hz, 2H), 4.57 (brs, 1H),
3.17 (m, 2H), 2.64 (t, °J = 8.0 Hz, 2H), 1.83 (m, 2H), 1.44 (s, 9H). *C NMR (100 MHz, CDCls, rt)
0 156.1, 150.8, 149.8, 124.0, 79.5, 40.2, 32.5, 30.8, 28.5. HRMS (ESI-TOF) calculated for

Bu
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[C13H20N202+Na]+ requires 259.1417, found 259.1417.

tert-Butyl 3-pentafluorophenylpropylcarbamate (3an)

H
/OTN .

O F

tBu

The reaction of 2,3,4,5,6-pentafluorostyrene (2m) (77.3 mg, 0.398 mmol), 1a (113.7 mg, 0.480
mmol) and Ir-3 (8.2 mg, 8.12 umol) following the general procedures afforded 3an (78.1 mg, 60%
yield, reaction time = 24 h) as a white solid after purification with PTLC on silica gel
(hexane:EtOAc = 4:1).

"H NMR (400 MHz, CDCls, rt) & 4.59 (brs, 1H), 3.15 (m, 2H), 2.73 (t, °J = 7.6 Hz, 2H), 1.78 (m,
2H), 1.44 (s, 9H). ®C NMR (100 MHz, CDCls, rt) & 155.9, 146.2 (m), 143.8 (m), 140.9 (m), 138.6
(m), 136.2 (m), 114.5 (m) 79.3, 39.8, 29.5, 28.3, 19.6.

F NMR (376 MHz, CDCls, rt) 8 -145.5 (dd, >J = 21.4 Hz, *J = 21.8 Hz, 2F), -158.9 (t, >J = 20.7 Hz,
1F), -164.0 (m, 2F). HRMS (ESI-TOF) calculated for [Ci4Hs0,N,Fs+Na]" requires 348.0993,
found 348.0993.

tert-Butyl 3-phenylpropylcarbamate (3ao)

H\/\Q
tBu/OW/N

)

The reaction of styrene (20) (41.5 mg, 0.398 mmol), 1a (114.3 mg, 0.482 mmol) and Ir-3 (7.9 mg,
7.82 umol) following the general procedures afforded 3ao (4.9 mg, 5% yield, reaction time was 24
h) as a colorless oil after purification with PTLC on silica gel (hexane/EtOAc =5 : 1). Spectral data
is in agreement with the literature.””

"H NMR (400 MHz, CDCls, rt) & 7.28 (m, 2H), 7.19 (m, 3H), 4.52 (brs, 1H), 3.15 (m, 2H), 2.64 (t,
3J = 8.0 Hz, 2H), 1.81 (quintet, J = 7.2 Hz, 2H), 1.44 (s, 9H).

Methyl 4-(4-methylphenoxycarbonylamino)butanoate (Sbe)
OMe

The reaction of methyl acrylate (2a) (333 mg, 0.387 mmol), Potassium

4-methylphenoxycarbonylaminomethyltrifluoroborate (1b) (130.7 mg, 0.482 mmol) and Ir-3 (8.0
mg, 7.92 umol) following the general procedures afforded 3ba (55.0 mg, 57% yield, reaction time
was 6 h) as a pale yellow solid after purification with column chromatography on aluminium oxide
(treated with 7.0wt% water) (hexane:EtOAc = 10-5:1).
"H NMR (400 MHz, CDCls, rt) & 7.14 (d, *J = 8.0 Hz, 2H), 6.99 (d, °J = 8.4 Hz, 2H), 5.17 (brs, 1H),
3.69 (s, 3H), 3.31 (m, 2H), 2.42 (t, °J = 7.2 Hz, 2H), 2.33 (s, 3H), 1.91 (m, 2H). *C NMR (100
MHz, CDCl;, rt) § 173.8, 155.0, 149.0, 135.0, 129.9, 121.4, 51.8, 40.8, 31.4, 25.1, 20.9. HRMS
(ESI-TOF) calculated for [C13H17O4N+Na]+ requires for 274.1050, found 274.1051.

Methyl 4-tosylaminobutyrate (3ca)

Me = OMe

) S/HMO

A

The reaction of methyl acrylate (2a) (33.0 mg, 0.384 mmol), Potassium
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4-methylphenylsulfonamidomethyltrifluoroborate (1¢) (130.7 mg, 0.482 mmol) and Ir-3 (8.2 mg,
8.12 umol) following the general procedures afforded 3ca (33.7 mg, 32% yield, reaction time was
24 h) as a colorless oil after purification with column chromatography on aluminium oxide (treated
with 7.0wt% water) (hexane:EtOAc = 5-3:1).

"H NMR (400 MHz, CDCls, rt) & 7.73 (d, *J = 8.0 Hz, 2H), 7.30 (d, °J = 8.0 Hz, 2H), 4.84 (brs, 1H),
3.64 (s, 3H), 2.98 (m, 2H), 2.42 (s, 3H), 2.35 (t, J = 7.2 Hz, 2H), 1.79 (m, 2H). *C NMR (100
MHz, CDCl;, rt) & 173.65, 143.5, 137.2, 129.9, 127.2, 52.8, 42.7, 31.1, 24.9, 21.6. HRMS
(ESI-TOF) calculated for [C12H17O4N+Na]+ requires for 294.0770, found 294.0773.

Sunlight driven reaction

A cylindrical vessel (diameter: 4.5 cm, depth: 1.5 cm) was used for photoreaction under sunlight.
To a mixture of acetone (2.0 mL) and MeOH (2.0 mL) solution of methyl acrylate (2a) (34.2 mg,
0.397 mmol) in the vessel, potassium terz-butoxycarbonylaminomethyltrifluoroborate (1a) (114.1
mg, 0.481 mmol) and [Ir(dF(CF;)ppy)2(bpy)](PF¢) (Ir-3) (3.9 mg, 3.86 umol) were added under N».
The mixture was degassed by three freeze-pump-thaw cycles. The reaction mixture was exposed to
sunlight around 20 °C for 4 h (March 6th, 2014). After workup, 3aa was obtained as oil in 70%
yield.

Synthesis of Baclofen
Diethyl 2-(fert-butoxycarbonylamino)-1-(p-chlorophenyl)ethylmalonate (3ap)

To an acetone (2.0 mL)-MeOH (2.0 mL) solution of diethyl (4-chloro-benzylidene)malonate
(2p) (113.3 mg, 0.401 mmol) in a 20mL-Schlenk tube, 1a (114.4 mg, 0.483 mmol) and Ir-3 (19.9
mg, 19.7 umol) were added under N,. The mixture was degassed by three freeze-pump-thaw
cycles. The tube was placed at a distance of 2~3 cm from blue LED lamps (Av =425 + 15 nm). The
resulting mixture was stirred for 48 h at room temperature (in a water bath) under visible light
irradiation. Then, the reaction mixture was concentrated in vacuo. Products were extracted with
CH,Cl,, dried over Na,SO, and filtered. The filtrate was concentrated in vacuo and the residue was
purified by column chromatography on aluminum oxide (treated with 7.0wt %  water)
(hexane:EtOAc = 10:1). The product 3ap was obtained in 89% yield (147.5 mg, 0.356 mmol) as a
white solid.

Cl

H
TN OEt

© O~ "OEt

Bu =

"H NMR (400 MHz, CDCls, rt) & 7.28 (d, *J = 8.4 Hz, 2H), 7.17 (d, °J = 8.0 Hz, 2H), 4.41 (brs, 1H),
424 (q,>J = 7.2 Hz, 2H), 3.94 (3m, 2H), 3.67 (d, °J = 6.4 Hz, 1H), 3.60 (m, 1H), 3.49 (m, 1H), 3.38
(m, 1H), 1.37 (s, 9H), 1.29 (t, °J = 7.2 Hz, 3H), 1.01 (t, °J = 7.2 Hz, 3H). *C NMR (100 MHz,
CDCl;, rt) 8 168.1, 167.5, 155.7, 137.7, 133.4, 129.9, 128.9, 79.6, 62.0, 61.6, 55.7, 45.1, 44.0, 28 4,
14.2, 13.9. HRMS (ESI-TOF) calculated for [ConZgONéCHNa]+ requires 436.1497, found
436.1485.

The aminomethylated product (3ap) (147.5 mg, 0.356 mmol) and 6 N HCI aqueous solution (4
mL) were mixed in a 20 mL Schlenk-tube. After the mixture was refluxed for 24 h at 100 °C, the
reaction mixture was filtered, and the volatiles were removed under reduced pressure to give
baclofen hydrochloride as a white solid in 98% yield.
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General procedure for synthesis of alkoxymethyltrifluoroborates

1) NaH
THF, rt
ROH + Br” BF,K

RO” NBF,K
2) 4.5 M KHF, aq.

A 100 mL 2-neck round-bottom flask was charged with NaH (3.0 eq.) and dry THF under N.
Alcohol (3.0 eq.) was added dropwise to the suspension via syringe at 0 °C. The mixture was stirred
for 15 min and then for 30 min at rt. Potassium bromomethyltrifluoroborate (1.0 eq.) was added to
the mixture in one portion at 0 °C. The reaction mixture was stirred at rt for the reaction time
described in the literature'*. The mixture was quenched by adding saturated aq. KHF; solution (4.5
M). The reaction mixture was stirred for 30 min at rt, and then the resultant suspension was dried in
vacuo. The crude solid was extracted with hot acetone and the filtrate was concentrated. The
precipitated pure compound was washed with CH,Cl,, dried in vacuo and obtained as a white solid.

Potassium (p-methoxyphenoxy)methyltrifluorobarate (4a)

OOVBFSK
MeO

The reaction of p-methoxyphenol (1.87 g, 15 mmol), NaH (60% dispersion in mineral oil) (0.608

g, 15 mmol), THF (25 mL) and potassium bromomethyltrifluoroborate (1.02 g, 5.0 mmol) following
the general procedures afforded 4a (0.418 g, 34%, reaction time = 3 days) as a white solid.
"H NMR (400 MHz, DMSO-dq, tt): d 6.76 (m, 2H), 6.76 (m, 2H), 3.66 (s, 3H), 2.88 (brs, 2H). *C
NMR (100 MHz, DMSO-d, rt): d 156.2, 151.9, 114.3, 114.2, 55.3. "'B NMR (128 MHz, DMSO-dj,
rt) d 3.15. ’F NMR (376 MHz, DMSO-dq, rt) d -141.7. HRMS (ESI-TOF): calculated for
[CsHoBF;0] requires 205.0655, found 205.0638.

Potassium (3,4-methylenedioxyphenoxy)methyltrifluoroborate (4e)

0 O._BFK
1Y
(@]

The reaction of sesamol (1.25 g, 9.05 mmol), NaH (60% dispersion in mineral oil) (0.367 g, 9.18
mmol), THF (15 mL) and potassium bromomethyltrifluoroborate (0.609 g, 3.03 mmol) following the
§eneral procedures afforded 4e (0.635 g, 81%, reaction time = 2 days) as a pale brown solid.

H NMR (400 MHz, DMSO-dq, t): d 6.71 (d, J = 8.4 Hz, 1H), 6.49 (d, J = 2.4, 1H), 6.26 (dd, *J =
8.4 Hz, *J = 2.4 Hz, 1H), 5.89 (s, 2H), 2.89 (brs, 2H). *C NMR (100 MHz, DMSO-de. rt) d 157.9,
147.7,139.7, 107.9, 104.7, 100.6, 97.0. "'B NMR (128 MHz, DMSO-d,, rt) d 2.31. ’F NMR (376
MHz, DMSO-dg, rt) d -141.7. HRMS (ESI-TOF): calculated for [CgH;BF;03] requires 219.0447,
found 219.0447.

Potassium (4-(3-thienyl)phenoxy)methyltrifluoroborate (4f)
O__BFgK

&
S

The reaction of 4-(3-thienyl)phenol (1.03 g, 5.84 mmol), NaH (60% dispersion in mineral oil)
(0.238 g, 5.95 mmol) and potassium bromomethyltrifluoroborate (0.403 g, 2.01 mmol) following the
¥eneral procedures afford 4f (0.113 g, 19%, reaction time = 3 days) as a white solid.

H NMR (400 MHz, DMSO-ds, rt) d 7.64 (m, 1H), 7.56 (m, 3H), 7.46 (m, 1H), 6.89 (m 2H), 2.99
(brs, 2H). *C NMR (100 MHz, DMSO-dq, rt) d 161.6, 141.9, 127.0, 126.7, 126.1, 118.5, 114.3. ''B
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NMR (128 MHz, DMSO-d, rt) d 2.66. '’F NMR (376 MHz, DMSO-dg, tt) d -141.7.
HRMS (ESI-TOF): calculated for [C;;HsBF;0S] requires 295.0763, found 295.0766.

Potassium (2-(trimethylsilyl)methoxy)methyltrifluoroborate (4g)

TMS O BFK

The reaction of trimethylsilylmethanol (0.619 g, 5.94 mmol), NaH (60% dispersion in mineral oil)
(0.241 g, 6.03 mmol), potassium bromomethyltrifluoroborate (0.401 g, 2.00 mmol) following the
§eneral procedures afforded 4g (0.145 g, 32%, reaction time = 7 h) as a white solid.

H NMR (400 MHz, CD;0D, rt) d 3.17 (s, 2H), 2.83 (brq, J = 6.0 Hz, 2H), 0.04 (s, 9H). *C NMR
(100 MHz, CD;0D, rt), d 66.9, -2.32. "B NMR (128 MHz, DMSO-d;, 1t) d 2.60. ’F NMR (376
MHz, DMSO-dg, rt) d -140.7. HRMS (ESI-TOF): calculated for [CsH;3BF30Si] requires 185.0788,
found 185.0783.

Typical procedures for NMR experiments (reaction conditions in Table 2.3)
photocatalytic alkoxymethylation of 2-cyclopenten-1-one (2g)

2 mol%
PMPO ___BFK + @ photocatalyst _ pppo 0
0o solvent ¢,
4a 29

-~ -

bl LEDs = 4ag ©

To a solution (0.5 mL) of 2-cyclopenten-1-one (2g) (4.1 mg, 50.0 mmol) in an NMR tube,

potassium 4-methoxyphenoxymethyltrifluoroborate (4a) (14.4 mg, 59.0 mmol), photocatalyst (1

mmol) and tetraethylsilane (an internal standard) were added under N,. The mixture was degassed

by three freeze-pump-thaw cycles. The reaction was carried out at room temperature (water bath)

under visible light irradiation (placed at a distance of ~3 cm from blue LED lamps: Av =425 £ 15
mm). The reaction was followed by 'H NMR spectroscopy.

General procedure for the photocatalytic reaction of electron deficient alkenes with
Alkoxymethyltrifluoroborates (reaction conditions in Table 2.4)

2 mol%
[Ir(dF(CF3)ppy)2(dtbbpy)](PFg)  PMPO _~ _EWG
RO BF3K + x EWG
N T R acetone/MeOH \H(
t,24h A7
1 2 blue LEDs :%

3

To olefin (2) (0.20 mmol) dissolved in a mixture of acetone (1.0 mL) and MeOH (1.0 mL) in a 20
mL-Schlenk tube, alkoxymethyltrifluoroborate (1) (0.24 mmol) and photocatalyst (4 mmol) were
added under N,. The mixture was degassed by three freeze-pump-thaw cycles. The reaction was
carried out at room temperature (water bath) under visible light irradiation (placed at a distance of
~3 cm from blue LED lamps: Av = 425 * 15 nm). The resulting mixture was stirred for 24 h and
concentrated in vacuo. The residue was purified by column chromatography to afford 1,4-addition
product (3).

3-(p-Methoxyphenoxymethyl)cyclopentan-1-one (5ag)

Nened

The reaction of 2-cyclopenten-l-one (2g) (15.1 mg, 0.184 mmol), potassium
(4-methoxyphenoxy)methyltrifluoroborate (4a) (533 mg, 0.218 mmol) and
[Ir(dF(CF3)ppy)2(dtbbpy)|(PFs) (Ir-4) (4.4 mg, 3.91 mmol) following the general procedures
afforded Sag (38.2 mg, 94% yield) as a pale yellow oil after purification with column
chromatography on silica gel (hexane:EtOAc = 10:1).
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"H NMR (400 MHz, CDCL, rt): § 6.83 (m, 4H), 3.89 (d, 2H), 3.77 (s, 3H), 2.69 (m, 1H), 2.42 (m,
2H), 2.19 (m, 3H), 1.85 (m, 1H). *C NMR (100 MHz, CDCL, rt): d 218.6, 154.2, 153.1, 115.7,
114.9,71.7, 55.9, 42.0, 38.0, 36.7, 26.2. HRMS (ESI-TOF): calculated for [Ci3H;405+Na]" requires
243.0992, found 243.0996.

3-(p-Methoxyphenoxymethyl)cyclohexan-1-one (5aq)

Beace

The reaction of 2-cyclohexen-l-one (2q) (19.5 mg, 0.203 mmol), potassium

(4-methoxyphenoxy)methyltrifluoroborate (4a) (58.5 mg, 0.240 mmol) and
[Ir(dF(CF3)ppy)2(dtbbpy)[(PFs) (Ir-4) (4.5 mg, 4.00 mmol) following the general procedures
afforded Saq (31.7 mg, 67% yield) as a pale yellow oil after purification with preparative TLC on
silica gel (hexane:EtOAc = 3:1).
"H NMR (400 MHz, CDCl;, rt):  6.82 (m, 4H), 3.82 (d, 2H), 3.81 (s, 3H), 2.54 (m, 1H), 2.33 (m,
3H), 2.11 (m, 1H), 2.03 (m, 1H), 1.72 (m, 2H), 1.59 (m, 1H). *C NMR (100 MHz, CDCls, rt): &
211.0, 154.2, 153.2, 72.5, 55.9, 44.8, 41.5, 39.1, 28.2, 25.0. HRMS (ESI-TOF): calculated for
[C14H1803+Na]+ requires 257.1148, found 257.1156.

Tetrahydro-(4-(4-methoxyphenoxy)methyl)-2H-pyran-2-one (5ar)
0]

e

The reaction of 5,6-dihydro-2H-pyran-2-one (2r) (19.7 mg, 0.200 mmol), potassium

(4-methoxyphenoxy)methyltrifluoroborate (4a) (58.7 mg, 0.241 mmol) and
[Ir(dF(CF3)ppy)2(dtbbpy)|(PFs) (Ir-4) (4.5 mg, 4.00 mmol) following the general procedures
afforded Sar (29.6 mg, 62% yield) as a pale yellow oil after purification with column
chromatography on silica gel (hexane:EtOAc = 10:1).
"H NMR (400 MHz, CDCls, rt): 8 6.83 (m, 4H), 4.47 (m, 1H), 4.36 (m, 1H), 3.84 (m, 2H), 3.77 (s,
3H), 2.75(m, 1H), 2.49(m, 2H), 2.09 (m, 1H), 1.80 (m, 1H). *C NMR (100 MHz, CDCls, rt): &
171.1, 154.4, 152.8, 115.7, 114.9, 71.6, 68.1, 55.9, 32.9, 31.6, 25.9. HRMS (ESI-TOF): calculated
for [C13H1604+Na]+ requires 259.0941, found 259.0954.

4-(4-Methoxyphenoxy)butanenitrile (5ae)

/@/O "~ CN
MeO

The reaction of  acrylonitrile (2¢) (11.2 mg, 0211 mmol), potassium
(p-methoxyphenoxy)methyltrifluoroborate (4a) (58.8 mg, 0.241 mmol) and
[Ir(dF(CF3)ppy)2(dtbbpy)](PFe) (Ir-4) (4.4 mg, 3,91 mmol) following the general procedures afford
Sae (39.2 mg, 97% yield) as a pale yellow oil after purification with column chromatography on
silica gel (hexane:EtOAc = 10:1).

66



Chapter 2

'"H NMR (400 MHz, CDCls, rt) d 6.84 (m, 4H), 4.04 (t, J = 6.0, 2H), 3.77 (s, 3H), 2.58 (t, J = 7.2,
2H), 2.11 (m, 2H). Bc NMR (100 MHz, CDCl;, t) 6 154.4, 152.7, 119.3, 115.8, 114,9, 66.3, 55.9,
25.8, 14.3. HRMS (ESI-TOF): calculated for [C11H13N02+Na]+ requires 214.0838, found 214.0847.

N,N-Dimethyl-4-(4-methoxypheoxy)-butanamide (5af)
O

/©/O \/\)J\NMGQ
MeO

The reaction of N,N-dimethylacrylamide (2f) (19.9 mg, 0.201 mmol), potassium

(4-methoxyphenoxy)methyltrifluoroborate (4a) (58.6 mg, 0.240 mmol) and
[Ir(dF(CF3)ppy)2(dtbbpy)|(PFs) (Ir-4) (4.5 mg, 4.00 mmol) following the general procedures
afforded Saf (27.6 mg, 58% yield) as a pale yellow oil after purification with column
chromatography on aluminium oxide (hexane:EtOAc = 10:1).
"H NMR (400 MHz, CDCl;, rt) & 6.82 (m, 1H), 3.97 (t, J = 5.8 Hz, 2H), 3.76 (s, 3H), 3.00 (s, 3H),
2.95 (s, 3H), 2.51 (t, J = 7.2, 2H), 2.10 (m, 2H). *C NMR (100 MHz, CDCls, rt) & 172.5, 154.0,
153.2, 115.6, 114.8, 67.9, 55.9, 373, 35.5, 29.6, 25.1. HRMS (ESI-TOF): calculated for
[C13H19N03+Na]+ requires 260.1257, found 260.1263.

Methyl 2-methyl-4-(4-methoxyphenoxy)butanoate (5ab)
(0]

1 O ome
MeO

Me

The reaction of methyl methacrylate (2b) (19.1 mg, 0.191 mmol), potassium

(4-methoxyphenoxy)methyltrifluoroborate (4a) (571 mg, 0.234 mmol) and
[Ir(dF(CF3)ppy)2(dtbbpy)|(PFs) (Ir-4) (4.3 mg, 3.83 mmol) following the general procedures
afforded Sab (44.9 mg, 99% yield) as a pale yellow oil after purification with column
chromatography on silica gel (hexane:EtOAc = 10:1).
"H NMR (400 MHz, CDCls, rt) & 6.82 (s, 4H), 3.94 (t, °J = 6.4 Hz, 1H), 3.94 (t, °J = 6.4 Hz, 1H),
3.76 (s, 3H), 3.68 (s, 3H), 2.74 (m, 1H), 2.16 (m, 1H), 1.86 (m, 1H), 1.23 (d, *J = 7.2, 3H). °C
NMR (400 MHz, CDCl,, 1t) 8 176.9, 154.0, 153.2, 115.7, 114.8, 66.4, 55.9, 51.7, 36.5, 33.3, 17.3.
HRMS (ESI-TOF): calculated for [C14H1304+Na]+ requires 261.1097, found 261.1105.

Methyl 2-acetamido-4-(4-methoxyphenoxy)butanoate (Sak)
)

o
o
MeO NHAc

The reaction of methyl 2-acetamidoacrylate (2k) (28.7 mg, 0.201 mmol), potassium

(4-methoxyphenoxy)methyltrifluoroborate (4a) (58.7 mg, 0.241 mmol) and
[Ir(dF(CF3)ppy)2(dtbbpy)|(PFs) (Ir-4) (4.4 mg, 3.91 mmol) following the general procedures
afforded Sak (36.3 mg, 65% yield) as a pale yellow solid after purification with column
chromatography on aluminium oxide. (hexane:EtOAc = 10:1).
"H NMR (400 MHz, CDCls, rt) 8 6.80 (m, 4H), 6.39 (brd, J = 6.8 Hz, 1H), 4.75 (dt, 2J = 7.2 Hz, *J
= 5.6 Hz, 1H), 3.98 (m, 2H), 3.76 (s, 3H), 3.75 (s, 3H), 2.30 (m, 2H), 2.02 (s, 3H). *C NMR (100
MHz, CDCls, rt) § 172.7, 170.0, 154.4, 152.7, 115.7, 114.9, 65.2, 55.9, 52.6, 50.6, 31.5, 23.3.
HRMS (ESI-TOF): calculated for [C14H19N05+Na]+ requires 304.1155, found 304.1162.

Diethyl 2-(4-methoxyphenoxy)malonate (Sai)
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The reaction of diethyl ethylidenmalonate (2i) (32.4 mg, 0.205 mmol), potassium
(p-methoxyphenoxy)methyltrifluoroborate (4a) (58.5 mg, 0.240 mmol) and
[Ir(dF(CF3)ppy).(dtbbpy)](PF¢) (Ir-4) (4.4 mg, 3.91 mmol) following the general procedures afford
5ai (50.4 mg, 76% yield) as a pale yellow oil after purification with column chromatography on
silica gel (hexane:EtOAc = 10:1).
"H NMR (400 MHz, CDCl;, rt) 8 6.83 (m, 4H), 4.19 (m, 4H), 3.89 (m, 2H), 3.77 (s, 3H), 3.58 (d, *J
=7.6 Hz, 1H), 2.72 (m, 1H), 1.26 (t, J = 7.2 Hz, 3H), 1.22 (t, /= 7.2 Hz, 3H), 1.14 (d, J = 6.8 Hz,
3H). ®C NMR (100 MHz, CDCl;, rt) & 168.9, 168.7, 154.1, 153.2, 115.8, 114.8, 71.2, 61.4, 55.9,
54.3,33.8, 14.9, 14.2, 142. HRMS (ESI-TOF): calculated for [C,;H24O¢+Na]" requires 347.1465,
found 347.1465.
6-Bromo-3-ethoxycarbonyl-4-(4-methoxyphenoxymethyl)-3,4-dihydrocoumarin (Sat)

Br

0]

e
MeO (@] OEt

The reaction of ethyl 6-bromocoumarin-3-carboxylate (2t) (59.6 mg, 0.201 mmol), potassium

(p-methoxyphenoxy)methyltrifluoroborate (4a) (58.9 mg, 0.241 mmol) and
[Ir(dF(CF3)ppy)2(dtbbpy)|(PFs) (Ir-4) (4.4 mg, 3.91 mmol) following the general procedures
afforded S5at (42.4 mg, 50% yield) as a pale yellow oil after purification with preparative TLC on
silica gel (hexane:EtOAc = 3:1).
"H NMR (400 MHz, CDCls, rt) & 7.42 (m, 2H), 6.99 (m, 1H), 6.78 (m 4H), 4.12 (m, 2H), 4.11 (m,
1H), 4.04 (m, 2H), 3.81 (m, 1H), 3.75 (s, 3H), 1.15 (t, J = 7.2 Hz, 3H). *C NMR (100 MHz, CDCl;,
rt) 0 166.9, 163.1, 154.8, 152.2, 150.9, 132.6, 131.5, 123.0, 119.0, 117.5, 115.9, 114.9, 70.7, 62.8,
55.9, 49.3, 40.1, 14.0. HRMS (ESI-TOF): calculated for [Cy0HoBrO¢+Na]  requires 457.0257,
found 457.0256.

2-(3-(4-Methoxyphenoxy)propyl)pyridine (Sal)

B sk

The reaction of 2-vinylpyridine (2I) (21.5 mg, 0.204 mmol), potassium

(p-methoxyphenoxy)methyltrifluoroborate (4a) (58.3 mg, 0.239 mmol) and
[Ir(dF(CF3)ppy)2(dtbbpy)[(PFs) (Ir-4) (4.4 mg, 3.91 mmol) following the general procedures
afforded 5al (34.9 mg, 70% yield) as a pale yellow oil after purification with column
chromatography on aluminium oxide (hexane:EtOAc = 10:1).
"H NMR (400 MHz, CDCls, rt) & 8.54 (m, 1H), 7.59 (m, 1H), 7.18 (m, 1H), 7.11 (m, 1H), 6.82 (m,
4H), 3.96 (t, J = 6.4 Hz, 2H), 3.76 (s, 3H), 2.98 (t, J = 7.6 Hz, 2H), 2.20 (m, 2H). *C NMR (100
MHz, CDCls, rt) 8 161.6, 154.0, 153.4, 149.5, 136.5, 123.1, 121.1, 115.7, 114.8, 68.0, 55.9, 34.9,
29.4. HRMS (ESI-TOF): calculated for [C15H17N02+N.':1]+ requires 266.1151, found 266.1153.

4

(4-Boronic pinacol ester)benzyl (4-methoxyphenoxy)butanoate (S5av)
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The reaction of (p-acrylate)methylphenylboronic acid pinacol ester (2v) (58.0 mg, 0.201 mmol),

potassium  (p-methoxyphenoxy)methyltrifluoroborate  (4a) (58.5 mg, 0.240 mmol),
[Ir(dF(CF3)ppy)2(dtbbpy)|(PFs) (Ir-4) (4.4 mg, 3.91 mmol) following the general procedures
afforded 5av (49.4 mg, 56% yield) as a pale yellow solid after purification with column
chromatography on silica gel (hexane:EtOAc = 20:1).
"H NMR (400 MHz, CDCl;, t) 8 7.79 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 8.4 Hz, 2H), 6.83 (m, 4H),
5.14 (s, 2H), 3.94 (t, J = 6.0, 2H), 3.76 (s, 3H), 2.57 (t, J = 7.2, 2H), 2.10 (m, 2H), 1.34 (s, 12H). *C
NMR (100 MHz, CDCls, rt) 6 173.2, 154.1, 153.2, 139.1, 135.2, 127.4, 115.7, 114.9, 84.0, 67.6,
66.3, 55.9, 31.0, 25.0, 24.9. HRMS (ESI-TOF): calculated for [C24H31BO6+N2;1]+ requires 449.2110,
found 449.2111.

3-((Trimethylsilylmethyloxy)methyl)cyclopentan-1-one (5gg)

TMS O QO

The reaction of 2-cyclopenten-l-one (2g) (17.6 mg, 0.214 mmol), potassium

(2-(trimethylsilyl)methoxy)methyltrifluroborate (4g) (57.7 mg, 0.257 mmol),
[Ir(dF(CF3)ppy)2(dtbbpy)|(PFs) (Ir-4) (4.5 mg, 4.00 mmol) following the general procedures
afforded 5gg (20.7 mg, 48% yield) as a pale yellow solid after purification with column
chromatography on silica gel (hexane:EtOAc = 10:1).
"H NMR (400 MHz, CDCls, rt) 8 5.60 (d, J = 5.6 Hz, 2H), 3.09 (s, 2H), 2.48 (m, 1H), 2.31 (m, 2H),
2.09 (m, 1H), 0.01 (s, 9H). *C NMR (100 MHz, CDCls, rt) § 219.7, 78.7, 65.6, 42.2, 38.1, 36.9,
26.3, 1.16, -2.96. HRMS (ESI-TOF): calculated for [ClonOzSi+Na]+ requires 223.1125, found
223.1151.

3-((3,4-Methylenedioxyphenoxy)methyl)cyclopenten-1-one (5eg)
0]

The reaction of 2-cyclopenten-l-one (2g) (16.1 mg, 0.196 mmol), potassium

(3,4-methylenedioxyphenoxy)methyltrifluoroborate  (4e) (62.0 mg, 0.240 mmol) and
[Ir(dF(CF3)ppy)2(dtbbpy)|(PFs) (Ir-4) (4.5 mg, 4.00 mmol) following the general procedures
afforded 5gg (37.0 mg, 78% yield) as a pale orange solid after purification with column
chromatography on silica gel (hexane:EtOAc = 10:1).
"H NMR (400 MHz, CDCl;, 1t) & 6.69 (d, J = 8.4 Hz, 1H), 6.48 (d, J = 2.4, 1H), 6.30 (dd, *J = 8.4
Hz, *J = 2.4 Hz, 1H), 5.91 (s, 2H), 3.90 (d, J = 2.0 Hz, 2H), 2.68 (m, 1H), 2.40 (m, 2H), 2.23 (m,
2H), 2.12 (m, 1H), 1.83 (m, 1H). *C NMR (100 MHz, CDCl, rt) & 218.5, 154.5, 148.5, 142.0,
108.1, 1059, 101.3, 98.3, 72.0, 41.9, 38.0, 36.6, 26.2. HRMS (ESI-TOF): calculated for
[C13H1404+Na]+ requires 257.0784, found 257.0785.

3-(4-(3-Thienyl)phenoxy)methyl)cyclopentan-1-one (5fg)
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The reaction of 2-cyclopenten-l-one (2g) (16.8 mg, 20.5 mmol), potassium

4-(3-thionyl)phenoxymethyltrifluoroborate (4f) (71.1 mg, 0.240 mmol),
[Ir(dF(CF3)ppy)2(dtbbpy)|(PFs) (Ir-4) (4.4 mg, 3.91 mmol) following the general procedures
afforded 4fg (24.4 mg, 47% yield) as a pale yellow solid after purification with column
chromatography on silica gel (hexane:EtOAc = 10:1-5:1).
"H NMR (400 MHz, CDCls, rt) § 7.52 (m, 2H), 7.36 (m, 3H), 6.92 (m, 2H), 4.02 (d, J = 6.0 Hz, 2H),
2.73 (m 1H), 2.44 (m, 2H), 2.27 (m, 2H), 2.17 (m, 1H), 1.88 (m, 1H). *C NMR (400 MHz, CDCl;,
rt) 0 218.5, 158.2, 142.1, 129.3, 127.7, 126.4, 126.2, 119.2, 114.9, 71.0, 41.9, 38.1, 36.6, 26.2.
HRMS (ESI-TOF): calculated for [C16H1602$+Na]+ requires 295.0766, found 295.0766.

4-(4-Methoxybenzyloxy)butylonitrile (5de)

e
MeO =

The reaction of acrylonitrile (2¢) (10.8 mg, 0.204 mmol), potasssium

(4-methoxybenzyloxy)methyltrifluoroborate (4d) (62.0 mg, 0.240 mmol),
[Ir(dF(CF3)ppy)2(dtbbpy)|(PFs) (Ir-4) (4.4 mg, 3.91 mmol) following the general procedures
afforded Sde (31.1 mg, 68% yield) as a pale yellow solid after purification with column
chromatography on silica gel (hexane:EtOAc = 10:1).
"H NMR (400 MHz, CDCl;, rt) 8 7.27 (m, 2H), 6.91 (d, 2H), 4.47 (s, 2H), 3.83 (s, 3H), 3.57 (t, °J =
5.8 Hz, 2H), 2.49 (t, >J = 7.2 Hz, 2H), 1.95 (m, 2H). *C NMR (100 MHz, CDCl;, rt) 8 159.5, 130.2,
129.4, 119.6, 114.0, 73.0, 67.4, 554, 26.0, 14.3. HRMS (ESI-TOF): calculated for
[C12H15N02+Na]+ requires 228.0995, found 228.0912.

Sunlight-driven reaction

A cylindrical vessel (diameter: 4.5 cm, depth: 1.5 cm) was used for photoreaction under sunlight.
To 2-cyclopentenone (2g) (16.0 mg, 0.195 mmol) dissolved in a mixture of acetone (1.0 mL) and
MeOH (1.0 mL) placed in the vessel, 4a (57.0 mg, 0.234 mmol) and Ir-4 (4.4 mg, 3.91 mmol) were
added under N,. The mixture was degassed freeze-pump-thaw cycles. The reaction mixture was
exposed to sunlight for 4 h around 21 °C (in November 15th, 2012). After workup, Sag was obtained
as oil (35.8 mg, 83% yield).
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Chapter 3

Regiospecific Intermolecular Aminohydroxylation of Olefins by

Photoredox Catalysis

ABSTRACT: A regiospecific aminohydroxylation of olefins by photoredox catalysis
has been developed. N-Protected 1-amionopyridinium salts are the key compounds and
serve as N-centered radical precursors by the action of Ir photocatalysts, fac-[Ir(ppy)s;]
(Ir-1) and [Ir(ppy)(dtbbpy)](PFs) (Ir-2). Furthermore, a variety of N-protected
iminopyridinium ylides also serve as N-centered radical precursors by the dual Ir
photoredox/Sc(OTf); catalysis. The present photocatalytic systems allows us to
synthesize vicinal aminoalcohol derivatives from olefins bearing various functional

groups under mild reaction conditions.

- NHPG
| @) © Ir photocat. ,OH
= A R2 (+Lewis acid) R J\/NHPG
+ »
o RITX R3  acetoneH,0 R
.NPG 425 nm blue LEDs R3
N 7
2 &
= 'l

PG = protecting group via[ *NHPG I
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3.1 Introduction

In chapter 2, the author described that amine and ether compounds are obtained by
C-C coupling of amino- and alkoxy-methytrifluoroborates with olefins by the action of
reductive quenching cycles of photoredox catalysis. In this chapter the author has made
another approach for synthesis of amine compounds via C-N bond formation with
N-centered radicals. Together with ate precursors, onium precursors are also popular
and diverse. When onium precursors are used as radical precursors, reaction systems
following oxidative quenching cycle are expected to perform the task. On the other
hand, in the author’s laboratory, trifluoromethylative difunctionalization of alkenes with
electrophilic trifluoromethylating reagents has been studied extensively as described in
Chapter 1. Taking account of these situations, the author initiated the study with the aim
of aminative heterodifunctionalization of olefins, in particular, aminohydroxylation,

which is the major subject of the present chapter (Scheme 3.1).

(a) oxytrifluoromethylation of olefins

OR
" " R2 phOtOl‘edOX cat. -
CFg" + g1~x-R* + ROH R)\/CFS

electrophilic 425 nm blue ‘LI;'DS
CF3 onium . A
3 via [+CF] ,%

(b) difunctionalization of olefins by hetero-atom-centered radical

hotoredox cat OH
X+ o N R2 + H0 P —>
17X~ 2 X
R R/K/

electrophilic 425 nm blue‘ L,EDs
heteroatom onium ) R
iu via[+X | '%

Scheme 3.1 Photoredox catalyzed difunctionalization of olefins via

oxidative quenching cycle.

Vicinal aminoalcohol skeletons are ubiquitous in biologically active natural
compounds and drugs.” Aminohydroxylation of olefins has been regarded as one of

effective accesses to vicinal aminoalcohols. Various types of catalytic
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amionooxygenation of olefins have been reported so far (Scheme 3.2).* Yoon’s group
reported aminooxygenation of olefin with oxaziridine. The use of copper and iron
catalysts leads to the products with the contrasting regioselectivity (Scheme 3.2
(a))."™" Stahl’s group developed palladium-catalyzed aminoacetoxylation of alkene

with phthalimide via aminopalladation (Scheme 3.2 (c)).4f

(a) Regio-selectable aminooxygenation with oxaziridine

PhO2S Ar 21rgol%|°9ul_(|b|;°x2 P 5 mol% [F Ar
N~ mol% b Xy + O-N 6 [Fe(acac)s] O,i\l
~Ns

- P ’
Ph/l\w/o CH,Cly, tt Ny CHLCN Ph/l\w/

0°Ctort
P = SO,Ph, Ar=Ph P =Ns, Ar=2,4-Cl,Ph
(b) Palladium-catalyzed reaction via amino palladation
10 mol% PdCI5(CH3CN), HNPhth =
2.0 equiv. Phl(OAc)» NPhth 0

Vil ppro L __[Pdl o

nPrO >
~~"X: + HNPhth DCE nPrO\)\/OAc
70°C, 24 h 84% HN
[ NPhth l

Scheme 3.2 Example of catalytic aminooxygenation of olefins.

One of the most reliable methods for intermolecular aminohydroxylation of olefins is
the Os-catalyzed system, which was originally developed by Sharpless et al.>®
However, the reported methods usually use the potentially toxic Os catalyst. In addition,
regioselectivity with respect to addition of the amino and hydroxyl groups to the
internal C=C bond is frequently unsatisfactory (Scheme 3.3 (). Although the
regioselectivity of aminohydroxylation with bromamine-T was advanced recently
(Scheme 3.3 (b)),’ it has been difficult to predict regioselectivity. Thus, development of
new methodologies for easy-to-use and selective aminohydroxylation of olefin is still

highly desirable.
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(a) Early asymmetric aminohydroxylation reported by Sharpless
® 4 mol% K20$2(OH)4

oh A+ Cbz\':ﬁm 5 mol% (DHQ)PHAL _ l;lHCsz .o " Coz=
o NPrOH/H 0 ph->C ph > NHCbz Ph 0 J?(
25°C,1h 40% yield 55:45
93%ee
(b) Recent aminohydroxylation
® 4 mol% K,0s,(OH Ts =
Na_ 5 molo% (D%-IQ)zz(PHgfL OH oL
Ph s + TS B > __NHTs S¥
S BUOH/H,0 Ph~ > /©/
25°C,1h 62% yield Me
38%ee

dihydroquinidyl (DHQD)

Scheme 3.3 Osmium-catalyzed aminohydroxylation of olefins.

In recent years, photoredox catalysis has opened a new field in synthetic organic
chemistry.® The reactions involving carbon radicals are the center of research.
Photoredox-catalyzed reactions of nitrogen-centered radicals have also attracted a
considerable interest of synthetic chemists.” Various types of reactions via
nitrogen-centered radical species such as hydrogen atom abstraction'’ and radical
amination of arenes'' and olefins'? are important for construction of carbon-nitrogen
bonds as described in chapter 1. The author realized that development of efficient ways
to generate N-centered radicals is essential for the success of the reactions described

above.
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(a) Generation of heteroatom-centered radicals by 1e-reduction

S .
X-Y i;x + Ye (elevtronegativity: X<Y)

(b) Neutral radical precursor
©

+1e ©

R:N-X ——= 3 R,N- + Y~ and/or R,NC + y*

(c) Cationic radical precursor
Q
® +1e . ©) .
RN-X" % RN"+ Y (RN + Y )
X = halo OR' et energetically
alogen. G()ec disfavorable
neutral +1e radical + anionic

- © .
’ . ionic +1e
reagent species * species cationic radical + neutral

reagent species species

>_R'+ 1e®

o)
N-O €5 PhthN:+ MR
e

ex) Sanford's report
and/or PhthN®+ CO, + R |

(d) N-protected-1-aminopyridinium salt as cationic radical precusor

NHR NH
N XN 2
| @N o — | @N I@ + "Ff@“
= A 1 step _—
2 1
commercially
available

(e) The radical precursor is activated by proton and Lewis acid (LA)

H LA
NR NR
N - —— ~ -
B B
P =

Scheme 3.4 Concept for N-centered radical precursor.

One electron reduction of unsymmetrical precursor X-Y occurs to the direction,
where the more electronegative moiety carries the negative charge (Scheme 3.4 (a)).
Therefore, O- or N- containing groups or halogens are used as the leaving group Y.

Sanford’s group reported generation of phthalimidyl radical (PhthN") from
N-acyloxyphthalimides by photoredox catalyzed 1-e¢ reduction (Scheme 3.4 (a) ex.).’®
Electron-withdrawing R’ group caused to generate carboxylate and the PhthN' radical.
By contrast, the reaction of substrates with ordinary alkyl groups (R’) caused formation
of phthalimide and carboxyl radical (R’COQ%), which readily underwent

decarboxylation to form alkyl radical (R’"). These results indicate that the balance of the
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degrees of electron-withdrawing nature between the amine group and the leaving group
is important for selective generation of amidyl radical.

To solve the “direction” problem it is essential to introduce much more
electronegative group as Y. One of the solutions is the use of a neutral leaving group,
which is more stable than the anionic leaving groups containing O, N or X moieties.
Such types of precursors are regarded as “onium species”. In the case of
nitrogen-centered radicals (Scheme 3.4 (c)), the N-Y bond is cleaved to generate the
neutral nitrogen-centered radicals and the neutral species, because the other cleavage
the pair of the ionized species, i.e. amide anion and the cation radical [Y-R]"". Because
the latter combination is energetically highly unfavorable, the former process generating
the N-centered radical should occur exclusively. Then the author proposed
N-protected-1-aminopyridinium salt 2 (Scheme 3.4 (d)) because of the following three
reasons: (i) The salt 2 can be readily synthesized from commercially available
I-aminopyridinium iodide (1). (ii) Pyridinium moiety is good electron acceptor. (iii) It
is possible to introduce various protecting groups on the nitrogen atom.

Herein the author describes novel photoredox-catalyzed regiospecific
three-component aminohydroxylation of olefins with aminopyridinium salts. Because
the salts can be regarded as a protonated form of the ylide, the author also examined

activation of the ylide with a Lewis acid in place of proton, a Brensted acid.

3.2 Results and discussion

3.2.1 Aminohydroxylation of olefins with N-protected aminopyridinium salts by
photoredox catalysis

3.2.1.1 Synthesis of amidyl radical precursors

First of all, the author designed electrophilic amine reagents as precursors for
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N-centered radicals. 1-Aminopyridinium iodide (1) is a commercially available
chemical, derivatives of which have been used as building blocks for N-containing
heterocycles.”” Its primary amine moiety was modified by acid chloride or acid

anhydride having R group with different electronic features (Scheme 3.5). The obtained

N-(p-toluenesulfonylamino)-pyridinium tetrafluoroborate (2a),
N-(2,3.,4,5,6-pentafluorobenzoylamino)-pyridinium triflate (2b),
N-(benzyloxycarbonylamino)-pyridinium triflate (20), and

N-(trifluoroacetyl)-pyridinium triflate (2d)'* turned out to be shelf-stable chemicals.

TsCl,
NH RCOCI or ’C:ID R HBF 4 or H NHPG
\N' 2 (RCO)QO \N/ HOTf AN ,N R _ N N‘
1 ©) o w0 > |l @ \ff—>|®®\[f = [ o) o
= | 2003 Z @) ~ A°0 = A
1 -
E 2a-d PG = protecting group
NHPG = Me Ir-2(y/ir-2(1T) =
F F
H -1.37V
— %N N -1 () Ar-A(11) =] !
N r- */lr= =
do S Flo2aav ‘
(0] F ;
2a; 70% yield 2b; 34% yield !
(A =BF,) (A = TfO) :
Eoq=-1.18V Eoq=-1.12V }
o) o) 3
2c; 40% yield 2d; 89% yield
Eeg=-1.40V Eeg=-1.16V Potential (V vs Cp,Fe in CH;CN)

CV conditions: observed as 2 mM acetonitrile solutions; [NBus](PFs) = 0.1 M; Ag/AgCl =electrode;
reported with respect to the [FeCp,]/[FeCp,]" couple.

Scheme 3.5 Synthetic scheme for electrophilic amine reagents (2a-2d) and their

reduction potentials.

Reduction potentials of the aminating reagents (2a-d) were first investigated by CV
measurements. Irreversible reduction waves were observed at —1.18 V (2a), —1.12 V

(2b), -1.40 V (2¢), and —1.16 V (2d) (vs. FeCp»), respectively. When compered with
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the oxidation potentials of the photoexcited catalysts (E1» (*Ir-1) = -2.14 V, Ejp
(*Ir-2) = —-1.37 V)," the pyridinium salts 2a-d may be readily reduced by these
photocatalysts.'® Almost at the same time, the group of Studer reported similar N-radical
precursors synthesized from the pyrylium salt and hydrazine derivatives.
Secondary-amidyl or imidyl radicals were successfully generate upon photochemical

le-reduction of them to undergo amidation and imidation of arenes (Scheme 3.6).”

1
S, 1° o o Me R' " [Rubpy)sICly R
(30t N, TEeR T N R e AN
H,N" R2 | ® 3 R2
= 2 %% blue LED
Me Me Me Me

R! = R2 = phthaloyl
or
R' =tosyl; R2 = Me

Scheme 3.6 Amidation or imidation of arenes and heteroarenes.

3.2.1.2 Photocatalytic aminohydroxylation of styrene with aminopyridinium salts
With these reagents in hand, the author commenced examination of photocatalytic
aminohydroxylation of styrene (3a) in the presence of 2 mol% of fac-[Ir(ppy);] (Ir-1) in
a mixed solvent system consisting of acetone-ds and D,O under visible light irradiation
with 425 nm blue LEDs. The reaction conditions are similar to those of
trifluoromethylative difunctionalization. Through elaborated exploration of the amine
sources (entries 1-7 in Table 4.1), he found the N-Ts protected 1-aminopyridinium salt
(2a) produced 2-(N-Ts-amino)-1-phenylethanol (4aa) as a single product in an excellent
yield and efficiency (98%, 2 h, Figure 3.1, entry 2 in Table 3.1). The reactants 2a and
3a were almost converted within 2 hours. The product 2aa identified by comparison

with the reported data®**

turned out to be the vicinal aminoalcohol, where the N-group
and the OH group were introduced to the § and a positions of styrene 2a, respectively,

in a regiospecific manner.
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H,0 SiEt,
L g
A 1
acetone
[ | u
@
1
l T T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 ppm

Figure 3.1 "H NMR Spectra of a reaction mixture of 2a with 3a before and after

irradiation for 2 hours in acetone-d¢/D,0 (9/1) at 400 MHz at rt).

Unprotected 1-amino-pyridinium salt (1) did not react at all (entry 1, Table 3.1). The
pyridinium salt 2b was less effective but afforded 4ba in 87% yield. In addition,the
pyridinium salts 2¢ and 2d were much less effective to afford the 4ca and 4da in low
yields (entries 3—5, Table 3.1). It should be noted that classical electrophilic nitrogen
sources such as chloramine-T (2e) and alkoxyamine derivative (2f) turned out to be
sluggish under the present photocatalytic conditions (entries 6 and 7, Table 3.1).

For other photoredox catalysts, [Ir(ppy)(dtbbpy)](PFs) (Ir-2) showed high activity
similar to that of fac-[Ir(ppy)s] (Ir-1), whereas [Ru(bpy);](PFe)2 (Ru-1) (£ (*Ru-1) =
—1.24 V) turned out to be sluggish (entries 8 and 9, Table 3.1). The trend of the
reactivity of photocatalyst is similar to that for the reactions described in chapter 2.
Although the author can not clarify the reason of different reactivity in terms of redox
potentials and life time of photocatalysts, electron transfer efficiency may affect the
reaction.

Finally, the present reaction did not proceed at all either in the dark or in the absence
of a photocatalyst (entries 10 and 11, Table 3.1). These results indicate that the Ir

photocatalyst and visible light are essential for the efficient photocatalytic
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amionhydroxylation.

Table 3.1 Optimization of the photocatalytic aminohydroxylation.”

NN 2 mol% photocatalyst /OE/N .
reagent acetone-dg/D,0 (9/1), 11, 2h  pp (D)

1, 2a-f 3a 425 nm blue LEDs  \ 7 axa
i
entry aminating reagent photocatalyst yield of
1 or 2x 9xa’/%
1 1 Jac-[Ir(ppy)s] (Tr-1) 0
2 2a Ir-1 98
3¢ 2b Ir-1 87
4° 2¢ Ir-1 44
5¢ 2d Ir-1 7
6° TsNNaCl*3H,O (2e) Ir-1 0
O
7° ©:;<N -OTs Ir-1 23
2t ©
8 2a [Ru(bpy)s](PFs) (Ru-1) 35
9 2a [1r(ppy)2(dtbbpy)](PFe) (Ir-2) 97
10 2a — 0
114 2a Ir-1 0

“ Reaction conditions: A reaction mixture of aminating reagent (0.05 mmol), 3a (0.05 mmol),
photocatalyst (1.0 wmol) and solvent (0.5 mL) was irradiated by 3W blue LEDs (A =425 £+ 15
nm) for 4 h at room temperature. * Yields were determined by 'H NMR spectroscopy using
SiEt,. € Reaction time = 24 h. ? The reaction was conducted in the dark.
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3.2.1.3 Scope and limitation of amionohydroxylation with 2a

Table 3.2. Scope of the photocatalytic aminohydroxylation®”

OH
- NHTs R2 1 mol% Ir-1 RQ\(NHTS
®7 O + > 01
& BF AN R Tacetoney0 ©n),r,ah R
4 R 2 3
425 nm blue LEDs R
2a 3x W4 dax

-

4ab (X = OMe): 82%

NHTs T e 4ac (X=0Ac): 86%
4ad (X =F): 84%
X 4ae (X =Cl): 78% !
r

4af (X =Br): 61%

NHTs

a,
@;g

4aa: 85%, 2 h 4ag: 67%
OH OH OH
NHTs NHTs NHTs Me NHTs
, <
Bpin
NHBoc
4ah: 68% 4ai: 55% 4aj 36% 4ak: 99%
pp OH OH OH
N NHTs NHTs NHTs NHTs
| ~N ©/\‘ CO2Me
4al: 63%° 4am: 40%° 4an: 41%, 4:1dr°  4ao0: 51%, 2:1 dr*/
OH OH OH OH
Me
NHTs NHTs NHTs
Ol (O CY oy
4ap: 88%, 3:1dr  4aq: 68%, 1.5:1 dr 4ar: 23%, 1:1 dr® 4as; comp.

“ Reaction conditions: A reaction mixture of 2a (0.48 mmol), 3x (0.40 mmol), photocatalyst (4.0
umol) and solvent (4.0 mL) was irradiated by 3W blue LEDs (A = 425 £+ 15 nm) for 4 h at room
temperature. Diastereomer ratios (dr) were determined by 'H NMR spectra of crude reaction
mixtures. ” Yields of isolated products. © Reaction time = 10 h. 15 equiv of 2a with respect to
olefin was used.  [Ir(ppy)2(dtbbpy)](PFe) (Ir-2) (2 mol%) was used and the reaction time was 12 h.”
1.8 equiv. of 2a with respect of olefin was used. ® reaction time = 8 h.

The scope of the present photocatalytic aminohydroxylation is summarized in Table
3.2. Styrene 3a and its derivatives bearing OMe (3b), OAc (3¢; Ac = acetyl), F (3d), Cl
(3e), Br (3f,g), Bpin (3h; boronic acid pinacol ester), NHBoc (3i; Boc =

tert-butoxycarbonyl), and methylenedioxy groups (3i) on the benzene ring produced the
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corresponding amionoalcohols (4aa—aj) in 36-86% yields in a regiospecific manner.

Furthermore, a-substituted styrenes such as a-methylstyrene (3k) and
a-pyridylstyrene (31) were converted to the aminoalcohols bearing tertiary alcohol
moieties in good yields (4ak: 99%, 4al: 63%) exclusively. In addition, an aliphatic
alkene, methylenecyclopentane (3m), could be also applied to the present photocatalytic
system.

The reactions of internal alkenes such as E-f-methylstyrene (3n), methyl cinnamate
(30), indene (3p), 1,2-dihydronaphtharene (3q), and 1-methylcyclohexene (3r), also
proceeded in a regiospecific manner but the products were obtained as mixtures of two
diastereomers, (4an: 41%, 4:1 dr, 4a0: 51%, 2:1 dr, 4ap: 88%, 3:1 dr, 4aq: 68%, 1.5:1
dr, 4ar: 23%, 1:1 dr). The reaction of 3,4-dihydro-2H-pyran (3s) afforded to
complicated mixture of products. It is noteworthy that a variety of functional groups
such as halogens (3d-g), ester (3¢,0), boronic acid pinacol ester (3h), N-protected amine
(3i), pyridine (31), and acetal (3j) groups were tolerable with the present reaction. Thus,
the present aminohydroxylation turns out to be a regiospecific reaction for both terminal

and internal alkenes regardless of the acyclic and cyclic structures.

3.2.1.4 Gram-scale aminohydroxylation
As a demonstration of scalability, aminohydroxylation of 4-methoxystyrene (3b) with
2a was carried out on a gram scale. As a result, the product 4ab was isolated in a 76%

yield (1.22 g) (Scheme 3.5).
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OH
| 5N"\C{)HTS + | NN 1 mol% Ir-1 . NHTs
~ BF, MeO = acetone/H,0O (9/1), rt, 15 h
425 nm blue LEDs MeO
17 .
2a 3b :Q; 4ab: 76% yield
4

Scheme 3.5. A gram-scale reaction

3.2.2 Aminohydroxylation of olefins with /N-protected iminopyridinium ylide by
dual photoredox and Lewis acid catalysis

While N-Ts-protected aminopyridinium salt 2a was an effective radical precusor to
afford the corresponding vicinal aminoalcohol 4ax, the Ts group is not always easily
removed from the products (Scheme 3.7). On the other hand, 1-aminopyridinium
precursors with readily removable protective groups such as trifluoroacetyl group could
be also prepared, but the photocatalytic aminohydroxylation turned out to be sluggish

(Table 3.1, entry 5).

Mg, MeOH

NHTs naphthalene, Na, THF

/
\

\

MeO

Scheme 3.7 Approach for deprotection of Ts group.

Aminopyridinium salt 2 is regarded as a protonated form of iminopyridinium ylide 5.

The author envisaged that ylide 5 may be able to be activated by the action of a Lewis

acid instead of Bronsted acid, H'. (Scheme 3.8).
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R1 ~R?
? P oo
XN PG o o photoredox cat. OH
— AN~ s =
| 9 * LeV\(’LSA?CId | E)N PG solvent/H,O R )\/NHPG
5 Z 425 nm blue LEDs 6

1y
:%

3.8 Photocatalytic and Lewis acid catalytic aminohydroxylation olefins

3.2.2.1 Synthesis of N-protected aminopyridinium ylides

When the final protonation process of the synthesis of the aminopyridinium salts
(Scheme 3.9) was omitted, the zwittweionic ylide 5 were obtained as shelf-stable
chemicals (Sa; N-(Trifluoroacetyl)iminopyridinium ylide, Sb;
N-(benzoyl)iminopyridinium ylide, Se; N-(fert-butoxycarbonyl)iminopyridinium ylide,
5d; N-(2,2,2-trichloroethoxycarbonyl)iminopyridnium ylide, and Se;

N-(allyloxycarbonyl)iminopyridinium ylide).

N (ROONO N_R
| ®N © base2 | C:)N‘ \ﬂ/
= | — 0
1 5a-e
) O ) C) ﬁ o
S G T S ST &
(0] (0] (0] (0] CCls o —

5a; 93% yield 5b; 67% yield 5¢; 88% yield  5d; 72% yield  5e; 42% yield

Scheme 3.9 Synthesis of iminopyridinium ylide.

3.2.2.2 Photocatalytic aminohydroxylation of styrene with iminopyridinium ylides
The author examined the reaction conditions for the photocatalytic

aminohydroxylation of styrene (3a) with N-TFAc-protected iminopyridinium ylide (5a)

(TFAc = trifluoroacetyl) in the presence of fac-[Ir(ppy)s] (Ir-1) (2 mol%) (Table 3.3).

When Sa was used as it was, the reaction did not proceed at all (entry 1).
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Table 3.3 Optimization of the photocatalytic aminohydroxylation.”

e} 20 mol% Lewis acid oD

| C}/)N - \(«;O 1-_'-2 PR acigj-zeﬁjct;iit.S h ‘:, Ph R °
5a s I 2a 425 nm blue LEDs :% saa CF4
entry photocatalyst S5a/3a additive yield of
6aa’/%
1 Sfac-[Ir(ppy)s] (Ir-1) 0.5 - 0
2 Ir-1 0.5 Sc(0OTf)3 74
3 Ir-1 0.5 Y(OTf); 72
4 Ir-1 0.5 La(OTf); 36
5 Ir-1 0.5 Zn(OTf), 49
6 [Ru(bpy)s](PFs), (Ru-1) 0.5 Sc(OTf)3 trace
7 [Ir(ppy)2(dtbbpy)](PFe) (Ir-2) 0.5 Sc(OTf); 8
8 Ir-1 1.0 Sc(OTf)s 41
9 Ir-1 2.0 Sc(OTf)s 63
10 - 0.5 Sc(OTf)s 0
11° Ir-1 0.5 Sc(OTH); 0

“ Reaction conditions: A reaction mixture of 5a (0.05 mmol), 3a (0.10 mmol), photocatalyst
(1.0 umol), Lewis acid (0.01 mmol) and solvent (0.5 mL) was irradiated by 3W blue LEDs (A
= 425 + 15 nm) for 8 h at room temperature. ’ Yields were determined by 'H NMR
spectroscopy using SiEt, as an internal standard. © The reaction was conducted in the dark.

To his delight, addition of a catalytic amount of Sc(OTf); (20 mol%) to Sa dramatically
enhanced the yield of 2-aminoalcohol 6aa to 74% as determined by '"H NMR (entry 2).
Investigation with other Lewis acid catalysts proved that Sc(OTf); is the best option
from the viewpoints of efficiency and yield (entries 3—-5). Sc(OTf); is the strongest
Lewis acid among those of Lewis acid in presence of water because (i) Sc(OTf); is hard
and (i) high exchange rata constants for substitution of water prevents hydrolysis and
promote the reaction cycle.16 For the photocatalyst, fac-[Ir(ppy)s] (Ir-1) turned out to be

the best (entries 6 and 7). Furthermore, addition of an extra amount of olefin 3a
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improved the yields (entries 8 and 9). To be noted is that the present reaction did not

proceed at all either in the absence of the photocatalyst or in the dark (entries 10 and

11).

3.2.2.3 Scope and limitation of aminohydroxylation by dual catalysis

With the optimal reaction conditions in hand, the author investigated the scope of the

present dual catalytic aminohydroxylation.

Table 3.4 Scope of the photocatalytic aminohydroxylation with Sa.

o 20 mol% Sc(OTf), OH
\N’N YO jli/ 1 mol% Ir-1 _ R2 H o
| @ " ~R® acetoneH,0(91) R J\( hd
Z  CFs 12 R , 8 RS CF,
5a 3x 425 nm blue LEDs 6ax
-
OH OH 6at (X = Me): 59%
N__O i, 6ab(X=0Me): 63%
b B Y 6ad (X =F): 62%
CFs _ cF,  6ae (X = Cl): 42%
6aa: 59% X 6af (X = Br): 54%
OH OH OH
H H
Me N__O o) N \?O zh H 0
T« |
CF3 o CF3 =N CF3
6ak: 65% 6aj: 21%" 6al: 85%°
OH H 5 OH H 5 OH H .
TR CUn O
Me CFg CF4 CF,4

6an: 30%, 2.5:1 dr°

6aq: 38%, 2.5:1 dr

6am: 36%"¢

“ Reaction conditions: A reaction mixture of 5a (0.40 mmol), 3x (0.80 mmol), Ir-1 (4.0 umol),
Sc(OTf);, acetone (3.6 mL) and H,O (0.4 mL) was irradiated by 3W blue LEDs (A = 425 £ 15 nm)
at room temperature for 8 h. Diastereomer ratios (dr) were determined by 'H NMR spectra of crude
reaction mixtures. * Yields of isolated products. “ Reaction time = 24 h. 42 mol% of fac-[Ir(ppy)s]

was used.

Styrenes bearing an electron-donating group (Me (5s) and OMe (5b)) and an
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electron-withdrawing group (F (5d), CI (5e), and Br (5f)) on the benzene ring, and
a-methylstyrene (5k) afforded the corresponding products in 42—65% isolated yields. In
addition, methylenedioxy (3j) and pyridyl (31) groups were tolerated with the present
reaction system (6aj: 21%, 6al: 85%) but the former reaction was very slow.
Furthermore, reactions of internal olefins such as f-methylstyrene (3n) and
1,2-dihydronaphthalene (3q) produced aminoalcohols in 30% (6an) and 38% yields
(6aq), respectively. An aliphatic olefin, methylenecyclopentane (3m), could also be
applied to the present aminohydroxylation (6am: 36% yield) but a considerable amount
of N-(cyclopent-1-en-lymethyl)-2,2,2-trifluoroacetamide (7am) was formed as a

by-product (Scheme 3.10).

o Sc(OTf) (20 mol%) OH |, @yH
| gN/N\fo . C& fac-[Ir(ppy)s] (1 mol%) . C}\/N\l//o N N\?O

acetone/H,0 (9/1)
Z  CFa 12 t, 8h CFs CFs

5a 3m 425 nm blue LEDs 6am 7am
G 36% 23%
'% isolated yield isolated yield

Scheme 3.10 Aminohydroxylation of methylenecyclopentane 3m with 5a.

The author supposed that the protective group on the nitrogen atom affects not only
the efficiency of the radical generation but also the stability and reactivity of the
N-centered radicals (Scheme 3.11).

As a result, common amide and carbamate groups can be incorporated into the
iminopyridinium ylide scaffolds 5x as shown in Scheme 3.11. The result of the
N-Bz-protected reagent (5b) took a longer time (24 h) and afforded the corresponding
product (6ba) in a moderate yield (45%). It was found that Se, 5d, and Se served as
N-centered radical sources in manner similar to 5a (6¢ca: 58%, 6da: 54% and 6ea: 43%,

8 h). Thus, various types of N-protected aminoalcohols have become accessible.
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o 20 mol% Sc(OTf)s OH
N on 1 mol% fac-{Ir(ppy)sl )\/H
| ®/ acetone/H,0 (9/1) Ph PG
12 rt, 8h

5x 3a 425 nm blue LEDs 6xa

=3

@ O SICRUNCH U

6ba 45% 6ca 58% 6da 54% 6ea 43%

Scheme 3.11 The scope for the protective groups on the nitrogen atom in 5

Reaction conditions: A reaction mixture of 5x (0.40 mmol), 3a (0.80 mmol), Ir-1 (4.0 umol) acetone
(3.6 mL) and H,O (0.4 mL) was irradiated by 3W blue LEDs (A = 425 £ 15 nm) e for 8 h at room
temperatur. Yields of isolated products. “ Reaction time was 24 h.

3.2.2.4 Deprotection of the N-protected aminoalcohol products

OH

H K,CO OH
N O 2 3
Ph A T "MeOHHM,0 . pp A NH

CF3  reflux, 2h

6aa 8a: 29%
N__O HC
Ph Y d|ethyl ether  pp )\/ NHCI
OBu rt, 4h
6ca 8a°HCI: 66%

Scheme 3.12 Deprotection of the N-protected aminoalcohol products.

The obtained amide and carbamate derivatives 6 can be deprotected by further

treatment to afford free primary amines 8 (Scheme 3.12)."" For example, the TFAc

derivative 6aa was deprotected under basic conditions, i.e. by treatment with K,COs3, to

afford 2-amino-1- phenylethanol 8a in a 29% yield.'”° On the other hand, the

N-Boc-derivative 6ca was deprotected under acidic conditions, i.e. by exposure to

ethereal HCI solution, to furnish the salt 8asHCI in a 66% isolated yield.'”® Thus free
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B-hydroxylated primary amines 6 can be synthesized from olefins 3 by the present
photoredox-catalyzed aminohydroxylation followed by deprotection under conditions

appropriate for the functional groups in the molecule.

3.2.3 Experiments for analysis of reaction mechanism
3.2.3.1 Mechanistic study on aminohydroxylation with 2a

To gain insight into the reaction mechanism, the author examined the photocatalytic
reaction of cyclopropane derivative (3u) which may undergo ring opening when the
reaction involves a radical intermediate. It turned out that the ring-opened, linear
product 9u was obtained in a 72% isolated yield, suggesting the occurrence of the
radical intermediate with the radical center located at the a-position of the cyclopropane
ring (Scheme 3.12 (a)). In addition, the reaction of cyclohexene (3v) gave the cyclized
product 10v in a 37% yield. This product is reminiscent of HAS (homolytic aromatic
substitution) reaction of the radical intermediate resulting from addition of the TsNH’
radical to cyclohexene (Scheme 3.12 (b)). These results strongly support that radical
intermediates are involved in the present reactions. Furthermore, aminohydroxylation of
E- and Z-p-methylstyrene (E-2n and Z-2n) afforded the products 3bn with essentially
the same diastereoselectivities (4:1; Table 3.2 and Scheme 3.12(c)), indicating that the

same intermediate was formed irrespective of the starting £- and Z-alkenes.
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@ Ph i NHT:
| 5N/'\C{)HTS . 1 mol% Ir-1 . s
~ BF, acetone/H,0 (9/1), rt, 4h  Ph
2 425 nm blue LEDs \ r,
a  11: 1 3u OH

V

9u: 72% vyield

L o J»v K

N NHTS 1 mol% Ir-1 50,
|
Pz BF4 acetone/H,0 (9/1), rt, 12 NH
151 425 nm blue LEDs ,\.J
2a 3v '%

Me 10v: 37% yield

L "
. $02 - H §02 «T
C NH I NH

:"V

N N 1 mol% Ir-2 OH
ol o + PR - NHTs
=~ BF, Me acetone/H,O (9/1), rt, 12 h /ﬁ
151 425 nm blue LEDs \ ’, Me
2a "~ Z-3n - 4bn
4 53% yield, 4:1 dr

Scheme 3.13 Reference experiments. with 2a.

The relation of the reduction potential (described in scheme 3.5) and reactivity of
N-protected aminopyridinium salt 2 (results of Table 3.1) is shown in Figure 3.2.
Pyridinium salts 2a (Er.q = —1.18 V) and 2b (-1.12 V) afforded the products 4aa and
4ba in good yields but the reaction of 2b took longer time (24 h). In addition, despite
the low reduction potential of 2b, the reaction was sluggish. On the other hand,
pyridinium salt 2¢ is more difficult to be reduced by *Ir-1 than 2d but the reaction of 2¢
afforded the corresponding product in moderate yield. These results indicated that the

ease of generation of amidyl radical is not always correlated to the reduction potential.
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.NHPG

@N + PR 2 mol% Ir-1 oD
© >
| / A acetone-dg/D,0 (9/1), 1t pp )\/N(D)PG
2x 3a 425 nm blue LEDs 4xa
J@;
@]
F 5
NHPG = F F ° 100
H () 80
NHT:
S ST
2a O F 60 g.
2b o -~
H 2c 40 %
NHCbz N F 24 h 2d 3
iﬁ é’ﬁ \"/C 3 24 h 20 ¢
2c (@] 0
2d -15 -14 13 12 1.1 -1

V (vs. Cp,Fe)

Figure 3.2 Reduction potentials of 2 and yield of 4

The Stern-Volmer plots for quenching of the photoexited catalyst *Ir-1 by the action
of 2a and 3a (Figure 3.3) revealed that *Ir-1 was not quenched by 3a but by 2a,

indicating that electron transfer event occurs between the *Ir-1 and 2a.

W]

O = N W~ O N

5

o

0.1 0.2 0.3 0.4 0.5
concentration(mM)

Intensities of the emission at 520 nm were recorded upon excitation of an acetone solution of Ir-1 at
374 nm

Figure 3.3 Stern-Volmer studies for photocatalyst Ir-1

The author conducted the photocatalytic aminohydroxylation of styrene under

periodic visible light irradiation (Scheme 3.13). It was observed that the reaction
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proceeded only during the blue LED irradiation, suggesting that a radical chain

mechanism was not involved as a main process.

OH
5N "\C{)HTS . X 2 mol% Ir-1 o NHTs
| ~ BF, acetone-dg/D,0 (9/1), rt
425 nm blue LEDs
2a 3a A 4aa
100 '%
o 80 | |
< : :
x o : 5 5
T 40 : i | dark
2 20 ikt o2k - dark | "9MO" :
'ght on light on ! ! : :
0 1 ! 1 1 1 1

0O 10 20 30 40 50 60 70 80 90 100 110 120 130
time (min)

Scheme 3.14 Photocatalytic reaction of 2a and 3a under periodic visible light

irradiation

On the basis of these observations, a plausible reaction mechanism is shown in
Scheme 3.14. The mechanism is also based on that for trifluoromethylative
difunctionalization of olefins. Firstly, the photocatalyst Ir'"" is excited by visible light to

give the excited species *Ir'"

, which undergoes SET to amionopyridinium 2 to afford
stabilized radical 2 and highly oxidizable Ir species Ir'". Radical 2 fragmentates into the
amidyl radical and pyridine.'® The generated amidyl radical reacts with alkene 3 in a
regiospecific manner to yield the benzyl radical intermediate 11, which is oxidized by
the strongly oxidizing Ir species Ir'" to afford B-aminocarbocationic intermediate 12
and to regenerate the ground state Ir photocatalyst Ir'". Finally, the carbocationic
intermediate 12 is susceptible to nucleophilic attack of H,O to produce

1,2-aminoalcohol 4. The regiochemistry is determined at the stage of the radical

addition to olefin, i.e. the f—attack giving the more stable benzyl radical intermediate is
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more favorable the o attack.

OH
2
PG R2 Ir photocat. R1 NHPG
| @1 o R1J\/R3 acetone/H,0 =~ R
=z A visib‘le,/ight R3
3 . 4
*Irlll<—iﬂﬁ\'l%
i - =l
+1e~ oxidative quenchig cycle +H,0
v 1AV -1e°
NHPG R2 , R2 @
j».NHPG i»l;p\/NHPG R1>\/NHPG
R3 R3
o Py 1 12

Scheme 3.15 A plausible reaction mechanism.

3.2.3.2 Mechanic study on aminohydroxylation by dual catalysis

The author also carried out mechanistic studies on the dual catalytic
aminohydroxylation of olefins (Figure 3.4).

Photocatalytic reaction of cyclopropane derivative (3u) afforded the linear product
11u indicating that radical intermediates are involved and that the radical center is
located at the a—position of the cyclopropane ring, i.e. a—position of the benzene ring
(Figure 3.4 (a)). Periodic visible light irradiation (Figure 3.4 (b)) gave the similar results
as documented in Scheme 3.14. Furthermore, the Stern-Volmer plots for the
photoexited photocatalyst *Ir-1 by the action of 5a, Sc(OTf)s, 3a, and a mixture of 10a
and Sc(OTY); (Figure 3.4 (c)) revealed that not only 3a but also Sc(OTf); or the mixture

served as effective quenchers.

99



Chapter 3

(a) o Ph o H
N o 20 mol% Sc(OTf), N o
C:> N \f + 1 mol% Ir-1 . \|¢
| CF4

acetone/H,0 (9/1), rt, 24 h Ph Y

5a Ph 425 nm blue LEDs \\7
1:2 3u «% OH
11u: 56% yield, E/Z=1:1
(b)
© 20 mol% Sc(OTf)5 OH ’
N__O 1 mol% Ir-1
o T+ P ; > Ph N0
| s CF acetone/H,0 (9/1), rt \|¢
3 12 425 nm blue LEDs CFs
5a 3a U 6aa
100 '%
c 80
©
3 60 : ]
o 40 Yight i 1
> ight on ' ' i
2 s g : lighton | dark light on
dark light on. I : :
0 L} 1 L 1 1 1
0 05115 2 25 3 35 4 45 5 55 6 65 7 75 8
time (h)
()
8
7 a mixture of [
5a and Sc(OTf),
6
5
o4
3
2
1
0

0 0.1 0.2 0.3 0.4 0.5
quencher concentration (mM)

(c) Intensities of the emission at 520 nm were recorded upon excitation of an acetone solution of
Ir-1 at 374 nm.

Figure 3.4 Reference experiments with 5a.

When Sc(OTf); was added, the '"H NMR signals for the pyridinium part 5a were shifted
to the lower field upon gradually addition of 0—20—50—>100—200 mol% of Sc(OTf);
(Ou 8.33 (p)—>8.42—8.53—>8.59—>8.61; 8.02 (m)—8.09—8.17—8.20—>8.21),

indicating that there is some interaction 5a with Sc(OTf); (Figure 3.5).
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] l 5a + 0 eq. Sc(OTf),

al

5 5a + 0.2 eq. Sc(OTf)3
| , S s

5a + 0.5 eq. Sc(OTf)3

L‘ 5a + 1.0 eq. Sc(OTf)5

l | 5a + 2.0 eq. Sc(OTf),
I e N

Figure 3.5 'H NMR shift of 5a by gradually additional Sc(OTf);

in acetone-dg at 400 MHz at rt

(a) ba E=-050V
Eeg=7211V ! (b) Sc(OTf),

T =

Ir-1 (1)1 (1l) =
—2.14V |

-3 -2.5 $-2 -1.5 -1 -0.5 0 0.5

CV conditions: observed as 2 mM acetone solutions; [NBuy](PF¢) = 0.1 M; Ag/AgCl =electrode;

reported with respect to the [FeCp,]/[FeCpa2]" couple.

Figure 3.6 CV experiments.

The CV measurements of 5a, Sc(OTf); and a mixture of 5a and Sc(OTf); shown in
Figure 3.6. The neutral ylide 5a is difficult to be reduced by *Ir-1 than the protonated
aminopyridinium salt 2d (Ereq = —1.16 V) (Scheme 3.5). A reversible wave of Sc(OTf);
observed around —0.5 V suggests an electron transfer event occurs between *Ir-1 and

Sc(OTf);. Furthermore, CV measurement of a mixture of 5a and Sc(OTY); resulted that
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the redox potential was confirmed around —2.1 V and —0.5 V which are considered to be
derived from 5a and Sc(OTf); respectively. In addition, a new broadening wave was
confirmed —1.65 V. The author guesses the reduction wave is derived from the product
formed by the interaction of 5a and Sc(OTf)s, but the activated species can not be

distinguished exactly. More detail analysis of the reaction mechanism is necessary.

© ) cat. Sc(OTf)3
\N/N\PG N R cat. fac- [Ir ppy SL NHPG
3
| @ R R®  acetone/H,0
3 VISIb|e Ilght

Py Sc
L d
w Sc ,J: %
lil@ i Sc

P Irin
| @ oxidative quenching cycle

J_\ H 20
75(s0) v
f" Sc Sc s

©

C
v N A 3 Rz, !} R2@ |
7N P a NPG NP
)7 TN R T e g e
3 1y 16

5(Sc)' Py 13 14

Scheme 3.16 Plausible reaction mechanism.

On the basis of the experimental results obtained and previous section, a plausible
reaction mechanism is shown in Scheme 3.16. First, 5 is activated by Sc(OTf); to form
adduct 5(Sc). The photoexcited Ir species (*Ir'") undergoes SET to 5(Sc) to give the
radical 5(Sc)’ and converts to the highly oxidized Ir species Ir'". Radical 5(Sc)’
fragmentates into N-centered radical and pyridine. The N-centered radical adds to olefin
3 to yield radical intermediate 13, which is oxidized by the Ir"" species to afford
carbocationic intermediate 14 and regenerate the ground state Ir'" species. Finally,
nucleophilic attack of water to carbocationic intermediate 14 furnishes

aminohydroxylated product 6 and regenerates the scandium catalyst.
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3.3 Conclusion

The author has developed a novel and simple strategy for regiospecific synthesis of
1,2-amionoalcohol derivatives by photoredox catalysis. Well-designed N-protected
I-amino-pyridinium salts serve both as an electron acceptor and as an efficient amidyl
radical precursor by the action of the photoredox catalysis. Moreover, the author has
developed a new strategy for introduction of a variety of protected amino functional
groups to alkene by the dual Ir photoredox/Sc(OTf); catalysis. Iminopyridinium ylide
can serve as an efficient N-centered radical precursor when combined with the Sc(OTf);
and fac-[Ir(ppy)s] catalysis under visible light irradiation. The present photocatalytic
systems enable regiospecific intermolecular three-component aminohydroxylation of

olefins bearing a wide variety of functionalities through radical processes.

3.4 Experimental

General
Materials and Methods

Jac-[Ir(ppy)s] (Ir-1),””" [Ru(bpy)s](PFe)2 (Ru-1)™ and [Ir(ppy)x(dtbbpy)I(PFs) (Ir-2)"** were
prepared according to the reported procedures. 1-Aminopyridinium iodide (1) was purchased from
TCI. Olefins 3a, 3b, 3d, 3e, 3f, 3g, 3k, E-3n, 30, 3p, 3q, 3s and 3t were purchased from TCI.
Olefins 3¢, 3m, 3r and 3v were purchased from Aldrich. Olefin Z-3n was purchased from Wako.
They were used without further purification. Substrates 3h,* 3i* and 3j20C were prepared
according to the reported literatures. 'H NMR spectra were acquired on a Bruker AVANCE-400
(400 MHz) and a Bruker AVANCE-HD500 (500 MHz). Recycled GPC was performed with a JAI
LC-9201R/U. Other conditions were the same as those described in previous chapters.

Procedure for the synthesis of N-protected aminopyridinium salts
1-(p-Toluenesulfonylamino)-pyridinium tetrafluoroborate (2a)

Me DMAP Me o Me
N Hz K2003 /©/ HBF,aq.  BF, H /©/
| ® o *+ Clw ——— 3y -Ne
= | S S

N
O// \\O gHg%N // \\ CH20|2 | 9 O// \\O

1 2a

To a mixture of 1-aminopyridinium iodide (1) (1.67 g, 7.51 mmol) and distilled-CH;CN (60 mL)
was added 4-dimethylaminopyridine (DMAP) (91.8 mg, 0.748 mmol), potassium carbonate (3.75 g,
27.1 mmol) and p-toluenesulfonyl chloride (1.42 g, 7.47 mmol) at 0 °C under N,. Then, the cooling
bath was removed and the reaction mixture was stirred for 6 h at rt. The suspension was filtered and
the filtrate was concentrated in vacuo. The residue was extracted with CH,Cl, and filtered. After the
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solvent was removed under reduced pressure, the crude product was purified by flash column
chromatography on Fuji Silysia silica gel FL100D (CH,Cl,:MeOH = 10:1) and washed with a small
amount of CH,Cl, to afford ylide 5f as a pale orange solid (1.34 g, 5.39 mmol, 72% yield). Spectral
data was in agreement with the reported hterature ‘

"H NMR (400 MHz, CDCls, rt) & 8.46 (d, °J = 5.2 Hz, 2H; CsH3H,N), 7.97 (t, °J = 8.0 Hz, 1H;
CsH4HN), 7.60 (m, 4H; CsH3H,N, SO.CeH>H,CHs), 7.17 (d, *J = 8.0 Hz, 2H; SO,C¢H,H,CHs),
2.35 (s, 3H; SO,CsH4CHj3).

To a CH,Cl, solution of 5f (1.34 g, 5.39 mmol) was added to tetrafluoroboric acid solution

(42wt.% in H,0) (1.27 g, 6.97 mmol) at rt. The mixture was stirred for 30 min to precipitate the
product, which was collected by filtration, washed with diethyl ether and pentane, and dried in vacuo.
The title product 2a was obtained as a white solid (1.77 g, 5.26 mmol, 96% yield).
"H NMR (400 MHz, CD;CN, rt) & 10.36 (brs, 1H; NH), 8.64 (t, °J = 7.6 Hz, 1H; CsH,H,N), 8.37 (d,
3J = 7.2 Hz, 2H; CsH3H,N), 8.03 (t, °J = 7.6 Hz, 2H; CsH3;H,N), 7.59 (d, °J = 8.4 Hz, 2H;
S0,C¢H,H>CH3), 7.46 (d, °J = 8.4 Hz, 2H; SO,CeH>H,CHs3), 2.48 (s, 3H; SO,C¢HsCHs). *C NMR
(125 MHz, CD;CN, rt) 8 149.4, 149.0, 146.4, 131.9, 130.7, 130.4, 129.7. 21.9. Elemental analysis.
Calcd. For C1,H3BF4N,0,S: C, 42.88; H, 3.90; N, 8.33. Found: C, 42.59; H, 3.67; N, 8.27.

1-(2,3,4,5 6-Pentaﬂu0r0benzoylamino)-pyridinium trifluoromethansulfonate (2b)

F
DMAP E F
O NH2 KeCOs ° TiOH OTf
CH CN N CH.CI
tizh [ o) ] Friiev
pZ (6] F

59

To a mixture of 1 (1.12 g, 5.04 mmol) and distilled CH3;CN (40 mL) was added potassium
carbonate (2.09 g, 15.1 mmol) and pentafluorobenzoyl chloride (1.17 g, 5.08 mmol) in an ice bath
under N,. Then, the cooling bath was removed and the reaction mixture was stirred for 12 h at rt.
The suspension was concentrated in vacuo and the residue was extracted with CH,Cl, and filtered.
After the volatiles were removed under reduced pressure, the crude product was purified by flash
column chromatography on Fuji Silysia silica gel FL100D (CH,Cl,:MeOH = 20:1) to afford ylide 5g
as a yellow solid (0.558 g, 1.94 mmol, 38% yield).
"H NMR (400 MHZ, CDCl;, rt) 8 8.86 (dd, *J = 6.8 Hz, *J= 1.2 Hz, 2H; CsH3H>N), 8.03 (t, >J = 8.0
Hz, 1H; CsH4HN), 7.76 (dd, *J = 7.2 Hz, >J = 7.2 Hz, 2H; CsH3H,N). ®C NMR (125 MHz, CDCl;,
rt) & 163.0, 145.2-143.3 (m), 143.1, 142.1-140.1 (m), 138.6, 138.6-136.6 (m), 126.6, 114.9. F
NMR (376 MHz, CDCl;, rt) 8 -143.3 (m, 2F), -156.9 (t, >J = 20.7 Hz, 1F), -163.5 (m, 2F). HRMS
(ESI-TOF) calculated for [C12H5F5N20+Na]+ requires 311.0214, found 311.0214.

To a CH,Cl; solution of 5g (0.558 g, 1.94 mmol) was added trifluoromethanesulfonic acid (0.417

g, 1.99 mmol) in an ice bath. Then, the cooling bath was removed and the reaction mixture was
stirred for 1 h at rt. The volatile compounds were removed under reduced pressure and the residue
was washed with diethyl ether and pentane and dried in vacuo. The title product 2b was obtained as
a white solid (0.766 g, 1.75 mmol, 34% total yield).
'"H NMR (400 MHz, CDCls, rt) & 13.7 (brs, 1H; NH), 8.94 (m, 2H; CsH,H,HN), 8.64 (m, 1H;
CsH,H,HN), 8.20 (m, 1H; CsH,H,HN). *C NMR (125 MHz, CDsCN, rt) & 157.4, 149.5, 147.5,
147.2-145.2 (m), 146.0-143.9 (m), 140.2-138.1 (m), 130.3, 121.7 (g, 'J = 317.9 Hz), 108.1(m). F
NMR (376 MHz, CDCl;, rt) 8 —78.6 (s, 3F; CF5S03), —138.0 (m, 2F; C¢F,F F,), —145.8 (m, 1F;
Ce¢F2F1F,), —159.3 (m, 2F; Cg¢F,F1F,). HRMS (ESI-TOF) calculated for [CIZH()F5N20]+ requires
289.0395, found 289.0397.
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1-(Benzyloxycarbonylamino)-pyridinium trifluoromethansulfonate (2¢)

DMAP

NH2 Cl K2003 TfOH OTf H
Ph Ph
Q LA uty T'A wa(3Y

To a mixture of 1 (0.559 g, 2.52 mmol) and distilled CH;CN (20 mL) was added DMAP (32.9 mg,

0.268 mmol), potassium carbonate (1.12 g, 8.10 mmol) and benzyl chloroformate (0.435 g, 2.55
mmol) in an ice bath under N,. Then, the cooling bath was removed and the reaction mixture was
stirred for 6 h at rt. The suspension was concentrated in vacuo. The residue was extracted with
CH,Cl, and filtered. The filtrate was concentrated under reduced pressure and the crude product was
through flash column chromatography on Fuji Silysia silica gel FL100D (CH,Cl,:MeOH = 10:1). To
a CH,Cl, solution of the product was added trifluoromethanesulfonic acid (126 uL) and the mixture
was stirred for 1 h. Furthermore, to the reaction mixture was added diethyl ether to precipitate the
title compound. The suspension was filtered, washed with diethyl ether and pentane and dried in
vacuo. The title product (2¢) was obtained as a brown solid (0.378 g, 1.00 mmol, 40% yield).
"H NMR (400 MHz, CDsCN, rt) & 10.6 (brs, 1H; NH), 8.79 (m, 2H; CsH,HH,N), 8.65 (m, 1H;
CsH,HH,N), 8.14 (m, 2H; CsH,HHLN), 7.43 (m, 5H; CeHs), 5.29 (s, 2H; CO,CH,CeHs). *C NMR
(125 MHz, CDsCN, rt) & 155.0, 148.7, 147.6, 136.0, 129.9, 129.7, 129.7, 129.4, 121.9 (q, 'J = 318.2
Hz), 70.1. HRMS (ESI-TOF) calculated for [C13H13N202]+ requires 229.0972, found 229.0979.

1-(Trifluoroacetyl)-pyridinium trifluoromethanesulfonate (2d)

DMAP
NEts Tf H
\N/NHz FsC._O Fs chos N Fa TfOH N Fa
|9 1© T CHLN CH20I2 ®N
© 0 1,6 h ~ 0
1 2d

To a mixture of 1 (0.555 g, 2.50 mmol) and distilled CH;CN (20 mL) was added triethylamine
(0.510 g, 5.04 mmol), 4-dimethylaminopyridine (29.9 mg, 0.243 mmol) and trifluoroacetic
anhydride (0.580 g, 2.76 mmol) in an ice bathe under N,. Then, the cooling bath was removed and
the reaction mixture was stirred at rt for 6 h. Moreover, potassium carbonate (1.03 g, 7.26 mmol)
was added and the reaction mixture was stirred for additional 2 h at rt. The suspension was
concentrated in vacuo. The residue was extracted with CH,Cl, and filtered. After volatile
compounds were removed under reduced pressure, the crude product was purified by flash column
chromatography on Fuji Silysia silica gel FL100D (CH,Cl;:MeOH = 20:1) to afford 5a as a white
solid (0.441 g, 2.32 mmol, 93% yield).

"H NMR (400 MHz, CDCls, rt) & 8.77 (dd, >J = 7.2 Hz, *J = 1.2 Hz, 2H; C¢H>HH,N), 8.06 (m, 1H;
CeH,H,HN), 7.77 (dd, °>J = 7.2 Hz, >J = 7.2 Hz, 2H; C¢H,H,HN). *C NMR (125 MHz, CDCl;, rt) &
162.4 (q, >J = 33.4 Hz), 142.9, 139.2, 126.8, 118.4 (q, 'J = 285.3 Hz) ’FNMR (376 MHz, CDCl;,
rt) 8 —75.5. HRMS (ESI-TOF) calculated for [C;HsF3;N,0+Na]" requires 213.0246, found 213.0246.

To a CH,Cl, (10 mL) solution of 5a (0.440 g, 2.32 mmol), cooled in an ice bath, was added

trifluoromethanesulfonic acid (212 uL, 2.40 mmol). Then the cooling bath was removed and the
reaction mixture was stirred for 1 h at rt. The mixture was concentrated under reduced pressure and
the residue was washed with diethyl ether and pentane and dried in vacuo. The title product (2d) was
obtained as a white solid (0.753 g, 2.21 mmol, 89% total yield).
"H NMR (400 MHz, CDsCN, rt) & 12.3 (brs, 1H; NH), 8.87 (m, 2H; C¢H,HH;,N), 8.73 (m, 1H;
CeH,HH,N), 8.23 (m, 2H; CeH,HH,N). *C NMR (125 MHz, CD;CN, 1t)  156.5 (q, >J = 40.9 Hz),
150.1, 147.2, 130.5, 121.7 (q, 'J = 317.8 Hz), 116.1 (q, 'J = 284.9 Hz). ’F NMR (376 MHz, CDCl;,
rt) & -75.6, —79.9. HRMS (ESI-TOF) calculated for [C7H6N20]+ requires 191.0427, found
191.0427.
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Preparation of alkenes (31 and 3u)
Synthesis of 1-(2-pyridyl)-1-phenylethene (31)

B B
N ® ©  p-BuLi N
+ PhsP—Me Br
THF
o f, 12 h
3l

To an anhydrous THF (30 mL) solution of methyltriphenyl phosphonium bromide (5.36 g, 15.0
mmol), n-butyl lithium in hexane (1.60 M) (9.3 mL, 14.9 mmol) was added dropwise at 0 °C. After
stirring for 30 min, an anhydrous THF solution (30 mL) of 2-benzoylpyridine (2.76 g, 15.0 mmol)
was added dropwise for 30 min. The reaction mixture was stirred for 12 h at rt and then treated with
saturated ammonium chloride solution. The product was extracted with EtOAc (20 mL x 3), and
then the combined organic layer was washed with brine, dried over Na,SO,, filtered and
concentrated in vacuo. The crude mixture was purified by flash column chromatography on silica gel
(Hexane:EtOAc = 5:1) to afford the title product (2.18 g, 80 %). Spectral data was in agreement with
that reported the literature.”'®
"H NMR (400 MHz, CDCls, rt) 8 8.63 (m, 1H; CsHH;3N), 7.61 (m, 1H; CsHHH,N), 7.34 (m, 5H;
CeHs), 7.24 (m, 1H; CsH,HHN), 7.19 (m, 1H; CsH3HN), 5.98 (d, °J = 1.2 Hz, 1H; C=CHH), 5.59 (d,
2J = 1.6 Hz, 1H; C=CHH).

Synthesis of 1-phenyl-1-(E-2-phenylpropyl)ethene (3u)

Me3S OI Ph3P —Me Br X
NaH, DMSO NaHMDS, THF
0°Ctort 0°Ctort &
3u

Phenyl(2-phenylcyclopropyl)methanone

Sodium hydride (0.96 g, 24.0 mmol, 1.2 eq., 60% dispersion in paraffin liquid) placed in a
two-necked round flask was washed with hexane (under N,). Then, dry DMSO (35 mL) and
trimethylsulfoxonium iodide (4.84 g, 22.0 mmol, 1.1 eq.) was added to the flask under N,. The flask
was immersed in an ice bath and a solution of chalcone (4.17 g, 20.0 mmol, 1.00 eq.) in dry DMSO
(10 mL) was added to the reaction mixture. The reaction mixture was extracted with ether then
concentrated. The crude product was purified by flash column chromatography (hexane : ether = 19 :
1) to afford the cyclopropane product (1.79 g, 40% yield). Spectral data is in agreement with that
reported the lieterature. te
"H NMR (500 MHz, CDCl;, rt) & 8.00 (m, 2H; Ar), 7.57 (m, 1H; Ar), 7.47 (m, 2H; Ar), 7.32 (m,
2H; Ar), 7.24 (m, 1H; Ar), 7.19 (m, 2H; Ar), 2.91 (m, 1H; COCH), 2.71 (m, 1H; CcHsCH), 1.93 (m,
1H; C¢HsCHCHH), 1.57 (m, 1H; CcHsCHCHH).

1-Phenyl-1-(trans-2-phenylcyclopropyl)ethene (3u)

To a mixture of dry-THF (35 mL) and sodium bis(trimethylsilyl)amide (10 mL, 1.00 M in THF)
was added a THF (15 mL) solution of the cyclopropane (1.79 g, 80.3 mmol) at 0 °C. After stirring
for 15 min, the reaction mixture was warmed up to room temperature and stirred for an additional 6
h. The mixture was partially purified through silica-pad (Et,O was used as an eluent). The eluate was
concentrated in vacuo then purified by flash column chromatography (hexane) to afford 3u. Spectral
data is in agreement with the literature.”'®
"H NMR (400 MHz, CDCls, rt) 8 7.53 (dd, *J = 8.2 Hz, *J = 1.4 Hz, 2H; Ar), 7.33-7.25 (m, 5H; Ar),
7.22-7.16 (m, 2H; Ar), 5.38 (s, 1H; CCHH), 5.06 (s, 1H; CCHH), 2.05-1.95 (m, 2H; CsHsCHCHC),
1.45 (m, 1H; CéHsCHCHH), 1.31 (m, 1H; C¢HsCHCHAH).
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Typical NMR experimental procedure
Photocatalytic aminohydroxylation of styrene (3a)

OH
oy HPG 2 mol% Ir-1 R2I
| ®] O + phX > i HTs
Z BF4 1 acetone-dg/D,0 (9/1), rt
: 425 nm blue LEDs R3
2x 3a 4xa

1/
e

Under N», to 3a (50.0 umol) dissolved in a mixture of deuterated acetone (0.45 mL) and D,0O
(0.05 mL) in an NMR tube, 2x (50.0 wmol), Ir-1 (1.00 umol) and tetraethylsilane (an internal
standard) were added. The mixture was degassed by three freeze-pump-thaw cycles. The reaction
was carried out at room temperature (water bath) under irradiation of visible light (placed at a
distance of 2-3 cm from the blue LED lamp: #v =425 + 15 nm). Then the reaction was followed by
'H NMR spectroscopy.

General procedure for the photocatalytic aminohydroxylation of olefins with 7a

R2 OH
5N/NHTS + 1 mol% Ir-1 - RZJ\/NHTS
l ) gF4 RN acetone/H,0 (9/1), it R
P R3 425 nm blue LEDs R3
2a = 3x 3ax

o

Under Ny, to alkene (3x) (0.40 mmol) dissolved in a mixture of acetone (3.6 mL) and H,O (0.4
mL) in a 20 mL-Schlenk tube, 2a (0.44 mmol) and Ir-1 (4 wmol) were added. The mixture was
degassed by three freeze-pump-thaw cycles. The tube was placed at a distance of 2-3 cm from blue
LED lamp (hv = 425 + 15 nm). The resulting mixture was stirred at room temperature (water bath)
under visible light irradiation. Then, the reaction mixture was concentrated in vacuo to remove
volatile compounds. Products were extracted with CH,Cl,, dried (Na,SO,) and filtered. The filtrate
was concentrated under reduced pressure and purified by flash column chromatography on silica gel
to give 4ax.

N-(2-Hydroxy-2-phenylethyl)-4-methylbenzene sulfonamide (4aa)

The reaction of styrene (3a) (42.4 mg, 0.407 mmol), 2a (150.4 mg, 0.447 mmol) and Ir-1 (2.7 mg,
4.13 umol) following the general procedures afforded 4aa (100.2 mg, 85% yield, reaction time = 2
h) as a white solid after purification with flash column chromatography on Fuji Silysia silica gel
FL100D (hexane:EtOAc =3 : 1). Spectral data is in agreement with the reported literature.”*

"H NMR (400 MHz, CDCls, rt) 8 7.73 (d, *J = 8.0 Hz, 2H; SO,C¢H>H,CH3), 7.35-7.27 (m, 7H; Ar),
5.00 (m, 1H; NH), 4.79 (m, 1H; HOCHCH,;NH), 3.25 (m, 1H; HOCHCHHNH), 3.03 (m, 1H;
HOCHCHAHNH), 2.48 (s, 1H; OH), 2.42 (s, 3H; SO,C¢H4CHs).

N-(2-Hydroxy-2-(4-methoxyphenyl)ethyl)-4-methylbenzene sulfonamide (4ab)
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The reaction of 4-methoxystyrene (3b) (53.3 mg, 0.397 mmol), 2a (147.5 mg, 0.439 mmol) and

Ir-1 (2.7 mg, 4.13 umol) following the general procedures afforded 4ab (104.4 mg, 82% yield,
reaction time = 4 h) as a white solid after purification with column chromatography on Fuji Silysia
silica gel FL100D (hexane:EtOAc =3 : 1).
"H NMR (400 MHz, CDCls, rt) 8 7.72 (d, *J = 8.4 Hz, 2H; SO,C¢H>H,CH3), 7.29 (d, °J = 8.0 Hz,
2H; SO,CeH,H,CH3), 7.19 (d, *J = 8.4 Hz, 2H; CH;O0C¢H,H,), 6.85 (d, °J = 8.8 Hz, 2H;
CH;0C¢H,H,), 4.95 (m, 1H; NH), 4.73 (m, 1H; HOCHCH,NH), 3.79 (s, 3H; CH3;0C¢Hy), 3.20 (m,
1H; HOCHCHHNH), 3.02 (m, 1H; HOCHCHHNH), 2.42 (s, 3H; SO,C¢H4CHs), 2.38 (brd, >J = 3.6
Hz, 1H; OH). *C NMR (400 MHz, CDCls, rt) & 159.5, 143.6, 136.8, 133.0, 129.9, 127.3, 127.2,
114.1, 72.4, 55.4, 50.3, 21.6. HRMS (ESI-TOF) calculated for [CléngNO48+Na]+ requires
280.0387, found 280.0383.

N-(2-Hydroxy-2-(4-acetoxyphenyl)ethyl)-4-methylbenzene sulfonamide (4ac)

Me
I JQ/
~S
VA
OO0
AcO

The reaction of 4-acetoxystyrene (3¢) (64.8 mg, 0.400 mmol), 2a (148.2 mg, 0.441 mmol) and

Ir-1 (2.6 mg, 3.97 umol) following the general procedures afforded 4ac (118.8 mg, 86% yield,
reaction time = 4 h) as a white solid after purification with column chromatography on Fuji Silysia
silica gel FL100D (hexane:EtOAc =3 : 1).
"H NMR (400 MHz, CDCl;, rt) 8 7.72 (d, *J = 7.6 Hz, 2H; SO,CsH,H,CHs), 7.30 (d, >J = 7.6 Hz,
4H; CH3COOCH,), 7.05 (d, °J = 7.6 Hz, 2H; SO,C¢H,H,CHs), 4.92 (m, 1H; NH), 4.80 (m, 1H;
HOCHCH,NH), 3.23 (m, 1H; HOCHCHHNH), 3.00 (m 1H; HOCHCHANH), 2.72 (brs, 1H; OH),
2.42 (s, 3H; CH;COOCgHy), 2.29 (s, 3H; SO,CeH4CH;). ® C NMR (125 MHz, CDCls, rt)
0169.7,150.5, 143.8, 138.6, 136.7, 130.0, 127.2, 127.1,121.9, 72.4, 50.3, 21.7, 21.2. HRMS
(ESI-TOF) calculated for [C17H ;sNOsS+Na]" requires 372.0876, found 372.0872.

N-(2-Hydroxy-2-(4-fluorophenyl)ethyl)-4-methylbenzene sulfonamide (4ad)

The reaction of 4-fluorostyrene (3d) (49.3 mg, 0.404 mmol), 2a (148.2 mg, 0.441 mmol) and Ir-1

(2.6 mg, 3.97 umol) following the general procedures afforded 4ad (105.5 mg, 84% yield, reaction
time = 4 h) as a white solid after purification with column chromatography on Fuji Silysia
SCAVENGER NH SILICA (hexane:EtOAc =2 :1—1: 3).
"H NMR (400 MHz, CDCls, rt) 8 7.72 (d, *J = 8.4 Hz, 2H; SO,C¢H,H>CHj3), 7.30 (d, °J = 8.0 Hz,
2H; SO,CsH,H,CH3), 7.26 (m, 2H; C¢H,H,F), 7.00 (m, 2H; C¢H,H,F), 5.05 (brs, 1H; NH), 4.80 (m,
1H; HOCHCH,NH), 3.21 (m, 1H; HOCHCHHNH), 3.00 (m, 1H; HOCHCHHANH), 2.61 (brs, 1H;
OH), 2.42 (s, 3H; SO,C¢H4CHz). * C NMR (125 MHz, CDCls, rt) 8 162.7 (d, 'J = 245 Hz), 143.9,
136.8, 136.7 (d, *J = 3.1 Hz), 130.0, 127.7 (d, °J = 8.3 Hz), 127.2, 115.7 (d, >J = 21.3 Hz), 72.3, 50.4,
21.7. HRMS (ESI-TOF) calculated for [C;sH (FNO;S+Na]" requires 332.0727, found 332.0727.
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N-(2-Hydroxy-2-(4-chlorophenyl)ethyl)-4-methylbenzene sulfonamide (4ae)

The reaction of 4-chlorostyrene (3e) (56.0 mg, 0.404 mmol), 2a (148.5 mg, 0.442 mmol) and Ir-1

(2.7 mg, 4.12 umol) following the general procedures afforded 4ae (103 mg, 78% yield, reaction
time = 4 h) as a white solid after purification with column chromatography on Fuji Silysia
SCAVENGER NH SILICA (hexane:EtOAc = 2:1-1:3).
"H NMR (400 MHz, CDCls, rt) 8 7.71 (d, >J = 8.4 Hz, 2H; SO,CsH,H,CH3), 7.29 (m, 4H; C¢H,Cl),
722 (d, *J = 8.4 Hz, 2H; SO,C¢H,H,CHj), 5.02 (t, °J = 6.8 Hz, 1H; NH), 4.80 (m, 1H;
HOCHCHHNH), 3.22 (m, 1H; OHCHCHHNH), 2.99 (m, 1H; HOCHCHHNH), 2.62 (brs, 1H; OH),
2.42 (s, 3H; SO,CeH4CH;). * C NMR (125 MHz, CDCls, rt) 8 143.9, 139.4, 136.7, 134.1, 130.0,
128.9, 127.4, 1272, 72.3, 50.3, 21.9. HRMS (ESI-TOF) calculated for [C;sH;sCINO;S+Na]"
requires 348.0432, found 348.0432.

N-(2-Hydroxy-2-(4-bromophenyl)ethyl)-4-methylbenzene sulfonamide (4af)

Br

The reaction of 4-bromostyrene (3f) (73.6 mg, 0.402 mmol), 2a (148.1 mg, 0.441 mmol) and Ir-1

(2.3 mg, 3.52 umol) following the general procedures afforded 4af (90.6 mg, 61% yield, reaction
time = 4 h) as a white solid after purification with column chromatography on Fuji Silysia silica gel
FL100D (hexane:Et,O = 5-1:1).
"H NMR (400 MHz, CDCl;, rt) & 7.71 (m, 2H; SO,CsH>H,CH3), 7.45 (m, 2H; BrCeH,H,), 7.30 (m,
2H; SO,C¢H,H,CH3), 7.17 (m, 2H; BrC¢H,H>), 4.83-4.77 (m, 2H; HOCHCH,NH) (overlapped),
3.24 (m, 1H; HOCHCHHNH), 3.00 (m, 1H; HOCHCHHNH), 2.43 (s, 3H; SO,CsH4CH3), 2.38 (m,
1H; OH). ®C NMR (125 MHz, CDCls, rt) 8 143.9, 139.9, 136.8, 131.9, 130.0, 127.7, 127.2, 122.3,
72.4, 50.2, 21.7. HRMS (ESI-TOF) calculated for [(315H16BrN03+Na]+ requires ,391.9926 found
391.9924.

N-(2-Hydroxy-2-(3-bromophenyl)ethyl)-4-methylbenzene sulfonamide (4ag)

Me
2
OO0
Br

The raection of 3-bromostyrene (3g) (72.7 mg, 0.397 mmol), 2a (147.9 mg, 0.440 mmol) and Ir-1

(2.8 mg, 4.28 umol) following the general procedures afforded 4ag (98.9 mg, 67% yield, reaction
time = 4 h) as a white solid after purification with column chromatography on Fuji Silysia
SCAVENGER NH SILICA (hexane:EtOAc = 2:1-1:2).
"H NMR (400 MHz, CDCls, rt) & 7.72 (d, *J = 8.4 Hz, 2H; SO,C¢H>H,CHs), 7.44 (s, 1H; C¢HH;Br),
7.41 (m, 1H; CéHHH,Br), 7.31 (d, *J = 8.0 Hz, 2H; SO,C¢H,H>CHs), 7.20 (m, 2H; C¢H,H,B), 4.90
(m, 1H; NH), 4.79 (m, 1H; HOCHCHHNH), 3.25 (m, 1H; HOCHCHHNH), 3.00 (m, 1H;
HOCHCHHNH), 2.50 (d, >J = 2.8 Hz, 1H; OH), 2.43 (s, 3H; SO,C¢H4CH;). * C NMR (125 MHz,
CDCl;, rt) 8 143.9, 143.2, 136.7, 131.4, 130.4, 130.0, 129.1, 127.2, 124.7, 122.9, 72.3, 50.3, 21.7.
HRMS (ESI-TOF) calculated for [C15H16BrNO3S+Na]+ requires 393.9906, found 393.9907.
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N-(2-Hydroxy-2-(4-(3,3,4,4,-tetramethyl-2,5-dioxa-1-boryl)phenyl)ethyl)-4-methylbenzene

sulfonamide (4ah)
Me
Q)V o
Me O\B
Me>§/(')
Me

Me

The reaction of p-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)styrene (3h) (92.7 mg, 0.403

mmol), 2a (147.9 mg, 0.440 mmol) and Ir-1 (2.9 mg, 4.43 umol) following the general procedures
afforded 4ah (113.7 mg, 68% yield, reaction time = 4 h) as a white solid after purification with
column chromatography on silica gel (hexane:EtOAc = 3 : 1) and recrystallization with CH,Cl, and
hexane.
"H NMR (400 MHz, CDCl;, rt) 8 7.77 (d, *J = 8.0 Hz, 2H; pinBCe¢H>H,), 7.71 (d, >J = 8.4 Hz, 2H;
S0,C¢H,H,CH3), 7.28 (d, °J = 8.4 Hz, 2H; SO,CsH,H,CH3), 7.28 (d, *J = 8.0 Hz, 2H; pinBCsH,H>),
4.87 (m, 1H; NH), 4.81 (m, 1H; HOCHCH,NH), 3.25 (m, 1H; HOCHCHHNH), 3.01 (m, 1H;
HOCHCHHNH), 2.43 (brs, 1H; OH), 2.42 (s, 3H; SO,CeH4CHs), 1.34 (s, 12H; C¢H1,0,B). *C
NMR (100 MHz, CDCls, rt) & 143.9, 143.8, 136.8, 135.3, 129.9, 127.2, 125.2, 84.1, 72.9, 50.3, 25.0,
21.7. HRMS (ESI-TOF) calculated for [ClengNOSS—IrNa]+ requires 440.1677, found 440.1677.

N-(2-Hydroxy-2-(3-N-(tert-butoxycarbonyl)ethyl)-4-methylbenzene sulfonamide (4ai)
Me
S

NHBoc

The reaction of N-(tert-butoxycarbonyl)-3-vinylaniline (3i) (88.3 mg, 0.403 mmol), 2a (148.0 mg,

0.440 mmol) and Ir-1 (2.7 mg, 4.13 umol) following the general procedures afforded 4ai (89.5 mg,
55% yield, reaction time = 4 h) as a white solid after purification with column chromatography on
Fuji Silysia SCAVENGER NH SILICA (hexane:EtOAc = 2:1-1:2).
'"H NMR (400 MHz, CDCls, rt) & 7.72 (d, °J = 8.4 Hz, 2H; SO,C¢H,H,CH3), 7.34 (s, 1H;
CeHH3NH), 7.29 (d, °J = 8.0 Hz, 2H; SO,C¢H,H,CHs), 7.24 (m, 2H; C(HH,HNH), 6.94 (m, 1H;
CesHH,HNH), 6.48 (s, 1H; NHCO,CC;Hg), 4.88 (m, 1H; NHSO,C¢H4CH3), 4.75 (m, 1H;
HOCHCHHNH), 3.25 (m, 1H; HOCHCHHNH), 3.03 (m, 1H; OHCHCHHNH), 2.46 (d, °J = 3.6
Hz; OH), 2.42 (s, 1H: SO,CcH4CH3) 1.51 (s, 9H; SO,C¢H,H>CHj3). BC NMR (125 MHz, CDCl;, rt)
0 152.8, 143.7, 142.0, 138.8, 136.9, 129.9, 129.5, 127.2, 120.6, 118.5, 116.0, 80.9, 72.7, 50.2, 28.5,
21.7. HRMS (ESI-TOF) calculated for [ConzéNZO5S+Na]+ requires 429.1455, found 429.1455.

N-(2-hydroxy-2-(2,4-methylenedioxyohenyl)ethyl)-4-methylbenzenesulfonamide (4aj)

The reaction of 5-ethenyl-1,3-benzodioxide (3j) (59.4 mg, 0.401 mmol), 2a (148.4 mg, 0.442
mmol) and Ir-1 (2.6 mg, 3.97 umol) following the general procedures afforded 4aj (48.9 mg, 36%
yield, reaction time = 12 h) as a white solid after purification with column chromatography on Fuji
Silysia SCAVENGER NH SILICA (hexane:EtOAc = 2:1-1:2). The obtained solid was washed with
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a little amount of diethyl ether to afford 1* crop (29.1 mg). Furthermore, the washing liquid was
dried in vacuo. The residue was reprecipitated from CH,Cl, and pentane to afford 2™ crop (19.8
mg).

"H NMR (400 MHz, CDCls, rt) 8 7.73 (d, *J = 8.0 Hz, 2H; SO,C¢H>H,CHj3), 7.30 (d, *J = 8.0 Hz,
2H; SO,C¢H,H,CH3), 6.74 (m, 3H; C¢H3OCH,0), 5.95 (s, 2H; C¢H3;OCH,0), 4.81 (m, 1H; NH),
4.70 (m, HOCHCHHNH), 3.19 (m, 1H; HOCHCHHNH), 3.01 (m, 1H; HOCHCHHNH), 2.43 (s,
3H; SO,C¢H,H,CHs), 2.25 (d, 1H; OH). ®C NMR (125 MHz, CDCls, rt) & 148.1, 147.7, 143.8,
136.9, 134.9, 130.0, 127.5, 119.5, 108.5, 106.4, 101.3, 72.8, 50.3, 21.7. HRMS (ESI-TOF)
calculated for [C1¢H7FNOsS+Na]" requires 358.0720, found 358.0720.

N-(2-Hydroxy-2-phenylpropyl)-4-methylbenzene sulfonamide (4ak)

Me
H
N ~S

I\
| 4

The reaction of a-methylstyrene (3k) (49.1 mg, 0.415 mmol), 2a (147.4 mg, 0.439 mmol) and

Ir-1 (2.7 mg, 4.13 umol) following the general procedures afforded 4ak (125.1 mg, 99% yield,
reaction time = 4 h) as a colorless oil after purification with flash column chromatography on Fuji
Silysia silica gel FL100D (hexane:EtOAc = 3:1).
"H NMR (400 MHz, CDCls, rt) 8 7.67 (d, *J = 8.4 Hz, 2H; SO,C¢H>H,CH3), 7.37-7.26 (m, 7TH; Ar),
4.68 (m, 1H; NH), 3.21 (m, 1H; HOC(CH3)CHHNH), 3.12 (m, 1H; HOC(CH3)CHHNH), 2.47 (s,
1H; OH), 2.42 (s, 3H; SO,C¢H4sCHs), 1.55 (s, 3H; CCHs). *C NMR (125 MHz, CDCls, rt) 8 144.9,
143.7, 136.7, 129.9, 128.7, 127.6, 127.2, 124.9,73.8, 54.0, 27.6, 21.7. HRMS (ESI-TOF) calculated
for [C1¢H9yNO3;S+Na] requires 328.0978, found 328.0972.

N-(2-Hydroxy-2-phenyl-2-(pyridine-2-yl))ethyl)-4-methylbenzene sulfonamide (4al)

Me
HO H
i T
X //S\\
| =N o0

The reaction of 1-(2-pyridyl)-1-phenylethene (31) (73.5 mg, 0.406 mmol), 2a (147.9 mg, 0.440

mmol) and Ir-1 (2.5 mg, 3.82 umol) following the general procedures afforded 4al (94.3 mg, 63%
yield, reaction time = 10 h) as a white solid after purification with column chromatography on Fuji
Silysia silica gel FL60D (hexane:EtOAc = 5:1).
"H NMR (400 MHz, CDCls, rt) & 8.48 (m, 1H; CsHH;3N), 7.70-7.65 (m, 3H; SO,C¢H,H,CH; and
CsNHHH, were overlappped), 7.42 (m, 3H; C¢H,H3), 7.28 (m, 4H; SO,C¢H,H,CH; and C¢H,H3),
7.23 (m, 2H; CsH,H,N), 5.58 (s, 1H; OH), 5.07 gm, 1H; NH), 3.88 (dd, J = 12.4 Hz, >J = 7.2 Hz,
1H; HOCCHHNH), 3.47 (dd, J = 15.5 Hz, °J = 5.6 Hz, 1H; HOCCHHNH), 2.41 (s, 3H;
S0,CeHsCHz). *C NMR (125 MHz, CDCl;, 1t) & 161.2, 147.6, 143.6, 143.3, 137.6, 137.0, 129.9,
128.6, 127.8, 127.2, 125.8, 122.8, 121.7, 77.1, 51.7, 21.6. HRMS (ESI-TOF) calculated for
[C20H20N203S+Na]+ requires 391.1087, found 391.1090.

N-((1-hydroxycyclopentyl)methyl)-4-methylbenenesulfonamine (4am)

Me
d\/ \S

7\
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The reaction of methylene cyclopentene (3m) (32.5 mg, 0.396 mmol), 2a (201.5 mg, 0.600 mmol)
and Ir-1 (2.8 mg, 4.28 umol) following the general procedures afforded 4am (43.1 mg, 40% yield,
reaction time = 4 h) as a white solid after purification with column chromatography on Fuji Silysia
silica gel FL100D (hexane:EtOAc = 3:1) and GPC(CHCL3). "H NMR (400MHz, CDCls, rt) & 7.75 (d,
3J = 8.0 Hz, 2H; SO,CsH>H,CHs), 7.31 (d, *J = 8.0 Hz, 2H; SO,C¢H,H,CHs), 4.97 (t, °J = 6.0 Hz,
1H; NH), 2.97 (d, °J = 6.4 Hz, 2H; HOCCH,NH), 2.43 (s, 3H; SO,C¢H4sCHz), 1.78 (m, 2H; CsHg),
1.75 (s, 1H; OH), 1.61 (m, 6H; CsHsg). *C NMR (125 MHz, CDCl, rt) & 143.6, 136.8, 129.9, 127.2,
81.6, 52.1, 38.3,24.0, 21.7. HRMS (ESI-TOF) calculated for [C,3H;oNO3S+Na]" requires 292.0978,
found 292.0977.

N-(2-Hydroxy-1-methyl-2-phenylethyl)-4-methylbenzenesulfonamide (4an)

M M
o T v T
SRR N

=N =
Me O O Me O O

(1R*,2S%)-4an (1R*,2R*)-4an

T

Reaction of E-f-methylstyrene (£-3n): The reaction of E-f-methylstyrene (E-3n) (46.8 mg, 0.396
mmol), 2a (161.3 mg, 0.480 mmol) and Ir-2 (7.4 mg, 8.10 wmol) following the general procedures
afforded diastereomer mixtures of 4an (49.6 mg, 41% yield, reaction time = 12 h) as a white solid
after purification through washing with 0.5 M NaOHaq. and subsequent column chromatography on
Fuji Silysia silica gel FL100D (hexane:EtOAc = 4:1). Diastereomer ratio (4:1) was determined by
'HNMR analysis of the unpurified product mixture.

Reaction of Z-f-methylstyrene Z-3n): The reaction of Z-B-methylstyrene (Z-3n) (47.7 mg, 0.404

mmol), 2a (161.5 mg, 0.480 mmol) and Ir-2 (7.5 mg, 8.21 wmol) following the general procedures
afforded 4an (65.7 mg, 53% yield, reaction time = 12 h) as a white solid after purification through
washing with 0.5 M NaOHagq. and subsequent column chromatography on Fuji Silysia silica gel
FL100D (hexane:EtOAc = 4:1). Diastereomer ratio (4:1) was determined by 'HNMR analysis of the
unpurified product mixture. The spectral data was identical with the reported literatures.”>™ 2%
'"H NMR (400 MHz, CDCls, rt) (1R*25%)-4an (major isomer) & 7.77 (d, °J = 7.6 Hz, 2H;
S0,C¢H,H,CH3), 7.34-7.22 (m, 7H; Ar), 4.82 (d, *J = 8.8 Hz, IH; HOCHCH(CH;)NH), 4.77 (s, 1H;
NH), 3.58 (m, 1H; HOCHCH(CH3)NH), 2.54 (m, 1H; OH), 2.42 (s, 3H; SO,C¢H4sCHz), 0.85 (d, *J =
6.8 Hz, 3H; HOCHCH(CH;)NH). (1R*,2R*)-4an (minor isomer) 8 7.66 (d, 3] = 8.4 Hz, 2H;
SO,CeH,H,CHj), 7.34-7.22 (m, 7H; Ar), 4.85 (s, 1H; NH), 4.50 (d, J = 6.4 Hz, 1H;
HOCHCH(CH3;)NH). 3.44 (m, 1H; HOCHCH(CH;3)NH), 2.58 (m, 1H; OH), 2.41 (s, 3H;
S0,CeHsCHz), 0.97 (d, *J = 6.4 Hz, 3H; HOCHCH(CH3)NH).

Methyl 2-(N-p-toluenesulfonyl)amino-3-hydroxy-3-phenyl)propionate (4ao)

3: 2
NO N
Y A
100 OO0
O~ "OMe O~ "OMe

(1R*,2R*)-4a0 (1R*,2R*)-4a0

The reaction of methyl cinnamate (30) (64.7 mg, 0.399 mmol), 2a (242.1 mg, 0.720 mmol) and
Ir-2 (7.2 mg, 8.0 umol) following the general procedures afforded diastereomer mixtures of 4ao
(70.7 mg, 51% yield, reaction time = 12 h) as a white solid after purification with column
chromatography on Fuji Silysia silica gel FL60D (hexane:EtOAc = 4:1). Diastereomer ratio (2:1)
was determined by 'HNMR analysis of the unpurified product mixture. The spectral data of
diastereomers were identical with the reported literature.”*

(2R*,3R*)-4a0 (major isomer) 'H NMR (400 MHz, CDCls, rt) 6 7.69 (d, ] = 84 Hz, 2H;
SO,C¢H,H,CHj3), 7.32-7.20 (m, 7H; SO,C¢H,H,CH; and C¢Hs were overlapped), 5.33 (d, 37=92
Hz, 1H; NH), 5.07 (m, 1H; HOCHCHNH), 4.26 (dd, >J = 9.2 Hz,> = 4.0 Hz 1H; HOCHCHNH),
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3.44 (s, 3H; CO,CHs), 3.04 (d, °J = 6.8 Hz, 1H; OH), 2.41 (s, 3H; SO,CH,CH;). *C NMR (125
MHz, CDCL, rt) 8 169.4, 144.1, 138.5, 136.3, 129.9, 128.6, 128.6, 127.4, 126.3, 74.3, 61.3, 52.6,
21.7.

(2R*,35*)-4a0 (minor isomer)  7.51 (d, >J = 8.4 Hz, 2H, SO,CeH>H,CHs), 7.32-7.20 (m, SH; CgHs),
7.16 (d, °J = 8.0 Hz, 2H; SO,CeHLH,CHs), 539 (d, °J = 10.0 Hz, 1H; NH), 5.03 (m, 1H;
HOCHCHNH), 4.10 (dd, °J = 9.6 Hz, >J = 4.0 Hz, 1H; HOCHCHNH), 3.50 (s, 3H; CO,CH3), 2.65
(d, >J = 3.6 Hz, 1H; OH), 2.38 (s, 3H; SO,C¢H,CHs). *C NMR (125 MHz, CDCL, rt) § 170.5,
143.6, 138.7, 136.7, 129.6, 128.6, 128.5, 127.2, 126.3, 74.3, 62.0, 52.8, 21.6. HRMS (ESI-TOF)
calculated for [C,7H;sNOsS+Na]" requires 372.0876, found 372.0875.

N-(1-Hydroxy-indan-2-yl)- toluene 4-sulfonamide (4ap)

SCAC

OII O||

(1R*,2R*)-4ap (1R*,2R*)-4ap

The reaction of indene (3p) (47.0 mg, 0.405 mmol), 2a (147.5 mg, 0.439 mmol) and Ir-1 (2.8 mg,
4.28 wmol) following the general procedures afforded diastereomer mixtures of 4ap (107.6 mg, 88%
yield, reaction time = 4 h) as a white solid after purification with column chromatography on silica
gel (hexane:EtOAc = 10:1). Diastereomer ratio (3:1) was determined by 'HNMR analysis of the
unpurified product mixture. The spectral data of diastereomers were identical with the reported
literature.
(1R*,25*)-4ap (major isomer) '"H NMR (400 MHz, CDCls, rt) 6 7.82 (m, 2H; SO,CsH,H,CH3),
7.36-7.09 (m, 6H; Ar), 5.42 (d, °J = 8.4 Hz, 1H; NH), 4.77 (t, °J = 5.2 Hz, 1H; HOCHCHNH), 3.97
(m, 1H; HOCHCHNH), 3.02 (m, 1H; HNCHCHH), 2.87 (m, 1H; HNCHCHH), 2.45 (s, 3H;
SO,CeHsCHz), 2.17 (d, °J = 5.2 Hz, 1H; OH). (1R* 2R*)-4ap (minor isomer) '"H NMR (400 MHz,
CDCls, rt) & 7.82 (m, 2H; SO,C¢H>H,CH3), 7.36-7.09 (m, 6H; Ar), 5.23 (d, °J = 6.0 Hz, 1H; NH),
5.10 (dd, *J = 6.4 Hz, °J = 4.4 Hz, 1H; HOCHCHNH), 3.66 (m, 1H; HOCHCHNH), 3.28 (d, >J = 4.4
Hz, 1H; OH), 3.08 (m, 1H; HNCHCHH). 2.67 (m, 1H; HNCHCHAH), 2.43 (s, 3H; SO,CsH4CH3).

2-(4-Methylbenzenesulfonylamino)-1,2,3 4-tetrahydr0naphthol (4aq)

OH |,
1 N g

(1R*,2R*)-4aq (1R*,2R*)-4aq

The reaction of 1,2-dihydronaphthalene (3q) (51.7 mg, 0.397 mmol), 2a (148.1 mg, 0.441 mmol)
and Ir-1 (2.7 mg, 4.12 umol) following the general procedures afforded 4aq (single diastereomer of
(1R*,28*)-4aq: 25.0 mg, 20% and diastereomer mixtures: 60.9 mg, 48%, total yield; 85.9 mg, 68%,
reaction time = 12 h) as a white solid after purification through washing with 0.5 M NaOHagq. and
subsequent column chromatography on Fuji Silysia silica gel FL60D (hexane:EtOAc = 5:1).
Diastereomer ratio (1.5:1) was determined by 'HNMR analysis of the unpurified product mixture.
The structure of major diastereomer was confirmed by single-crystal X-ray analysis vide infra.
(1R*,25%)-4aq (major isomer)lH NMR (400 MHz, CDCl;, rt) & 7.81 (d, 3] = 8.4 Hz, 2H;
S0,C¢H,H,CHs), 7.32 (d, *J = 7.6 Hz, 2H; SO,CsH,H>,CHs), 7.26-7.09 (m, 4H; CgHy), 5.11 (d, *J =
8.4 Hz, 2H; NH), 4.49 (m, 1H; HOCHCHNH), 3.57 (m, 1H; HOCHCHNH), 2.82 (m, 2H;
CeH4sCH,CH,), 2.44 (s, 3H; SO,C¢H4CHs), 2.00-1.81 (m, 2H; C¢H4CH,CH,), 1.85 (d, >J = 6.0 Hz,
1H; OH). ®C NMR (125 MHz, CDCls, rt) 8 143.6, 138.3, 136.1, 135.7, 130.1, 130.0, 129.0, 128.8,
127.2,126.7, 68.8, 53.9, 28.0, 24.8, 21.7.

(1R* 2R*)-4aq (minor isomer) '"H NMR (400 MHz, CDCls, rt) & 7.80 (d, °J = 8.0 Hz, 2H;
S0,C¢H,H,CH3), 7.45 (m, 1H; C¢Hy), 7.31 (d, *J = 8.0 Hz, 2H; SO,C¢H,H>CH3), 7.22-7.16 (m, 2H;
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CoHy), 7.07 (m, 1H; CgHy), 4.95 (d, >J = 6.4 Hz, 1H; NH), 4.51 (m, 1H; HOCHCHNH), 3.36 (m, 1H,
HOCHCHNH), 2.80 (m, 2H; CeH CH>CH,), 2.43 (s, 3H; SO,CeH,CHs), 2.43 (1H; OH), 2.11-2.01
(m 1H; C¢H,CH,CHH), 1.76-1.72 (m, 1H; C¢H,CH,CHH). *C NMR (125 MHz, CDCls, rt) § 143.9,
137.2, 136.3, 135.3, 130.0, 128.6, 128.1, 128.0, 127.4, 126.7, 72.4, 56.8, 27.2, 26.8, 21.7. HRMS
(ESI-TOF) calculated for [C1,H;sNO3S+Na]" requires 340.0978, found 340.0979.

2-(4-Methylbenzenesulfonylamino)-l-methylcyclohexanol (4ar)

Me
OH
Me ] 1 H
N ~S
Croder
(1R*,2R*)-4ar (1R*,2R*)-4ar

The reaction of 1-methyl-1-cyclohexene (3r) (38.9 mg, 0.404 mmol), 2a (148.0 mg, 0.440 mmol)

and Ir-1 (2.6 mg, 3.97 wmol) following the general procedures afforded diastereomer mixtures of
4ar (26.8 mg, 23% yield, reaction time = 8 h) as a colorless oil after purification with column
chromatography on Fuji Silysia silica gel FL60D (hexane:EtOAc = 4:1) and GPC(CHCI;).
Diastereomer ratio (1:1) was determined by 'HNMR analysis of the unpurified product mixture.
"H NMR (400MHz, CDCls, rt) (1R*25%)-dar or (1R* 2R*)-4ar & 7.78 (m, 2H; SO,C¢H,H,CH3),
7.32 (m, 2H; SO,C¢H,H,CHs), 4.46 (d, *J = 7.6 Hz, 1H; NH), 3.02 (m, 1H; CHNHSO,), 2.43 (s, 3H;
SO,CsH4CH3), 2.39 (s, 1H; OH), 1.71 (m, 1H), 1.60 (m, 2H), 1.41 (m, 3H), 1.15 (m, 2H), 1.14 (s,
3H; HOCCHs;). (1R*,25%)-4ar or (1R*,2R*)-4ar & 7.75 (m, 2H; SO,C¢H,H,CH3), 7.29 (m, 2H;
SO,C¢H,H,CH3), 4.71 (d, °J = 9.2 Hz, 1H; NH), 3.02 (m, 1H; CHNHSO,), 2.42 (s, 3H
SO,CsH4CH3), 1.71 (m, 1H), 1.60 (m, 2H), 1.41 (m, 3H), 1.32 (s, 1H; OH), 1.15 (m, 2H), 1.14 (s,
3H; HOCCH3). *C NMR (125 MHz, CDCls, rt) (1R*,25%)-4ar or (1R*2R*)-4ar & 148.1, 147.7,
143.8, 136.9, 134.9, 130.0, 127.2, 119.5, 108.5, 106.4, 101.3, 72.8, 50.3, 21.7. HRMS (ESI-TOF)
calculated for [C4H2NO3;S+Na]" requires 306.1134, found 306.1134.

Procedure for the synthesis of N-protected iminopyridinium ylide
N-benzoyliminopyridinium ylide (10b)

DMAP
,NH
| ? + Cl KZCO?’
© CHLCN O \[

To a dry-CH3CN (40 mL) solution of 1-aminopyridinium iodide (1) (1.12 g, 5.02 mmol) was
added 4-dimethylaminopyridine (DMAP) (59.9 mg, 0.490 mmol), potassium carbonate (2.08 g, 15.0
mmol), and benzoylchloride (724.4 mg, 5.15 mmol). Then, the reaction mixture was stirred for 7 h at
rt. The suspension was concentrated in vacuo. The product was extracted with CH,Cl, and filtered.
After the filtrate was evaporated under reduced pressure, the crude product was purified by flash
column chromatography on Fuji Silysia silica gel FL100D (CH,Cl,:MeOH = 20:1) to afford 5b as a
white solid (668 mg, 3.37 mmol, 67% yield). The spectral data was identical with the reported
literatures™.

'"H NMR (400 MHz, CDCl3) & 8.85 (m, 2H; NCsH>HH,), 8.16 (m, 2H; Ce¢H,H3), 7.92 (m, 1H;
NCsH,HH»), 7.68 (m, 2H; NCsH,HH>), 7.42 (m, 3H; C¢HoH3).
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N-(tert-Butoxycarbonyl)iminopyridinium ylide (5¢)

DMAP
xy-NH2  BuO__O.__OBu EEct;SO /ﬁ) OBu
(e T e (Y
n,6h &
1 5c

Under N, at 0 °C, to a dry-CH3CN (100 mL) solution of 1 (5.0103 g, 22.6 mmol) was added
triethylamine (6.3 mL, 45 mmol), DMAP (276 mg, 2.26 mmol), and di-tert-butoxy dicarbonate (5.07
g, 23.3 mmol). The cooling bath was removed and the reaction mixture was stirred for 6 h at rt. Then,
potassium carbonate (9.32 g, 67.5 mmol) was added and the reaction mixture was stirred for
additional 2 h at rt. The suspension was concentrated in vacuo. The product was extracted with
CH,Cl, and filtered. After the filtrate was evaporated under reduced pressure, the crude product was
purified by flash column chromatography on Fuji Silysia silica gel FL60D (CH,Cl,:MeOH = 20:1)
and recrystallized from CH,Cl, and hexane to afford the three crops of 5¢ as a white solid (total,
3.86 g, 19.9 mmol, 88% yield).

"H NMR (400 MHz, CDCl;) 8 8.83 (m, 2H; CsH,HH,N), 7.71 (m, 1H; CsH,HH,N), 7.51 (m, 2H;
CsH>HH,N), 1.50 (s, 9H; C(CH3);). C NMR (125 MHz, CDCl;) 6 163.4, 142.3, 134.6, 125.8, 77.9,
28.9. HRMS (ESI-TOF) calculated for [CoH4N,O,+Na] requires 217.0947, found 217.0948.

N-(2,2,2-trichloroethoxycarbonyl)iminopyridinium ylide (5d)

@,/Ngz . CIWO _-CCly cho3 oo|3
o ') CH3CN O

r't13h
1

Under N, at 0 °C, to a dry-CH;CN (50 mL) solution of 1 (1.12 g, 5.02 mmol) was added DMAP

(64.3 mg, 0.526 mmol), potassium carbonate (2.03 g 14.7 mmol), and 2,2,2-trichloroethyl
chloroformate (1.01 g, 4.76 mmol). The cooling bath was removed and the reaction mixture was
stirred for 13 h at rt. After the same workup as in 5b, the crude product was purified by flash column
chromatography on Fuji Silysia silica gel FL100D (CH,Cl,:MeOH = 20:1) to afford 5d as a white
solid (0.924 g, 3.43 mmol, 72%).
"H NMR (400 MHz, CDCl;) & 8.87 (d, °J = 6.0 Hz, 2H; CsH,HH,N), 7.87 (t, °J = 7.6 Hz, 1H;
CsH,HH,N), 7.64 (m, 2H; CsH>HH,N), 4.80 (s, 2H; CH,CCl3). *C NMR (125 MHz, CDCls) &
162.0, 142.6, 136.3, 126.3, 96.8, 74.8. HRMS (ESI-TOF) calculated for [CgH;CI3;N,0O,+Na] requires
290.9465, found 290.9465.

N-(Allyloxycarbonyl)iminopyridinium ylide (5e)

NH,, DMAP

- Cl )
(N o TS
2 o CHCN )

rt,over night
6a

To a dry-CH3CN (40 mL) solution of 1 (1.12 g, 5.02 mmol) was added DMAP (60.5 mg, 0.493
mmol), potassium carbonate (2.12 g, 15.3 mmol), and allyl chloroformate (587 mg, 4.86 mmol). The
reaction mixture was stirred for overnight at rt. After the same workup as in 5b, the crude product
was purified by flash column chromatography on Fuji Silysia silica gel FL60D (Hexane:EtOAc =
1:1-CH,Cl,:MeOH = 20:1) to afford 10e as a dull red oil (377 mg, 2.12 mmol, 42% yield).

"H NMR (400 MHz, CDCl;) & 8.86 (d, °J = 6.0 Hz, 2H; CsHH,H,N), 7.80 (t, °J = 7.6 Hz, 1H;
CsHH,H,N), 7.58 (m, 2H; CsHH,H,N), 6.03 (m, 1H; CH,=CHCH,0), 5.28 (m, 2H; CH,~CHCH,0),
4.63 (m, 2H; CH,=CHCH,0). *C NMR (125 MHz, CDCl3) & 163.4, 142.5, 135.4, 134.3, 126.0,

115



Chapter 3

116.7, 65.3. HRMS (ESI-TOF) calculated for [CoH;oN,O,+Na] requires 201.0634, found 201.0637.

General procedures for photocatalytic amionohydroxylation of alkenes with ylide 5x

© 20 mol% Sc(OTf)s OH

R2
| 5N/NPG . 1 mol% Ir-1 ‘RQ\KNHPG
= RT S acetone/H,0 (9/1), rt R

1 2:4 R3 425 nm blue LEDs Rs
5 e 3 R 6
%
@

Under Ny, to alkene (3) (0.80 mmol) dissolved in a mixture of acetone (3.6 mL) and H,O (0.4 mL)
in a 20 mL-Schlenk tube, ylide 5 (0.40 mmol), Ir-1 (4 umol), and Sc(OTf); (80 umol) were added.
The mixture was degassed by three freeze-pump-thaw cycles. The tube was placed at a 2-3 cm from
blue LED lamps. The resulting mixture was stirred at room temperature (in a water bath) under
visible light irradiation. Then, the resulting mixture was concentrated in vacuo to remove volatile
compounds. The crude product was purified by flash column chromatography on silica gel to give 6.

N-(2-Hydroxy-2-phenylethyl)-2,2,2-trifluoroacetylamide(6aa)
OH

H
N\’?O
CF3
The reaction of 5a (75.9 mg, 0.399 mmol), styrene (4a) (82.7 mg, 0.794 mmol), Sc(OTf); (38.9
mg, 79.0 umol), and Ir-1 (2.7 mg, 4.12 umol) following the general procedures afforded 6aa (56.7
mg, 61% yield, reaction time = 8 h) as a white solid after purification with flash column
chromatography on Fuji Silysia SCAVENGER NH SILICA (hexane:EtOAc = 8:1-5:1-3:1).
Spectral data is in agreement with the reported data.**

'"H NMR (400 MHz, CDCly) d 7.42-7.34 (m, 5H; C¢Hs), 6.77 (brs, 1H; NH), 4.90 (m, 1H;
HOCHCHHNH), 3.83 (m, 1H; HOCHCHHNH), 3.38 (m, 1H; HOCHCHHNH), 2.23 (brs, 1H; OH).

N-(2-Hydroxy-2-(4-methylphenyl)ethyl)- 2,2,2-trifluoroacetamide (6at)
OH

N o
@ s
Me CF3

The reaction of 5a (76.5 mg, 0.402 mmol), 4-methylstyrene (3s) (94.9 mg, 0.803 mmol), Sc(OTf);

(39.7 mg, 80.7 umol), and Ir-1 (2.6 mg, 3.97 umol) following the general procedures afforded 6as
(59.1 mg, 59% yield, reaction time = 8 h) as a colorless oil after purification with flash column
chromatography on Fuji Silysia SCAVENGER NH SILICA (hexane:EtOAc = 5:1).
"H NMR (400 MHz, CDCl3) 8 7.25 (d, *J = 8.0 Hz, 2H; C¢H,H,), 7.20 (d, *J = 8.0 Hz, 2H; CsH,H>),
6.75 (brs, 1H; NH), 4.85 (m, 1H; HOCHCHHNH), 3.80 (m, 1H; HOCHCHHNH), 3.37 (m, 1H;
HOCHCHHNH), 2.36 (s, 3H; CH3CgHy), 2.14 (brs, 1H; OH). *C NMR (125 MHz, CDCls) 6 157.6
(q, °J = 36.9 Hz), 138.6, 137.7, 129.6, 125.8, 116.0 (q, 'J = 285.9), 72.4, 46.7, 21.3. ’F NMR (376
MHz, CDCl;) 8 —77.2. HRMS (ESI-TOF) calculated for [C;1H;2F3;NO,+Na] requires 270.0712,
found 270.0712.

N-(2-Hydroxy-2-(4-methoxyphenyl)ethyl)- 2,2,2-trifluoroacetamide (6ab)
OH

H
Q)VNYO
MeO CFs

The reaction of 5a (75.8 mg, 0.399 mmol), 4-methoxystyrene (3b) (107.4 mg, 0.800 mmol),
Sc(OTf); (40.1 mg, 81.5 pumol), and Ir-1 (2.5 mg, 3.82 umol) following the general procedures
afforded 6ab (66.6 mg, 63% yield, reaction time = 8 h) as a pale yellow solid after purification with
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flash column chromatography on Fuji Silysia SCAVENGER NH SILICA (hexane:EtOAc = 8:1—
5:1-3:1).

"H NMR (400 MHz, CDCI3)  7.28 (d, >J = 8.4 Hz, 2H; C¢H,H,), 6.91 (d, *J = 8.8 Hz, 2H; C¢HoHy),
6.74 (brs, 1H; NH), 4.83 (m, 1H; HOCHCHHNH), 3.81 (s, 3H; CH30C¢Hs), 3.78 (m, 1H;
HOCHCHHNH), 3.37 (m, 1H; HOCHCHHNH), 2.21 (brs, 1H; OH). *C NMR (125 MHz, CDCl;)
§159.9, 157.5 (q, 2J = 36.9 Hz), 132.8, 127.2, 116.0 (q, 'J = 284.6 Hz), 114.4, 72.2, 55.5, 46.7. °F
NMR (376 Hz, CDCl3) & —77.2. HRMS (ESI-TOF) calculated for [C;;H,F3NO;+Na] requires
286.0661, found 286.0662.

N-(2-Hydroxy-2-(4-fluorolphenyl)ethyl)-2,2,2-trifluoroacetamide (6ad)
OH

N._o
/@)\/\’4
E CF3

The reaction of 5a (76.3 mg, 0.401 mmol), 4-fluorostyrene (3d) (97.8 mg, 0.801 mmol), Sc(OTf);

(38.4 mg, 78.0 pmol), and Ir-1 (2.7 mg, 4.12 umol) following the general procedures afforded 6ad
(62.9 mg, 62% yield, reaction time = 8 h) as a white solid after purification with flash column
chromatography on Fuji Silysia SCAVENGER NH SILICA (hexane:EtOAc = 10:1-5:1-3:1).
"H NMR (400 MHz, CDCl3) § 7.34 (m, 2H; FC¢H,H,), 7.07 (m, 2H; FCeH,Hs), 6.80 (brs, 1H; NH),
4.88 (m, 1H; HOCHCHHNH), 3.78 (m, 1H; HOCHCHHNH), 3.35 (m, l|H; HOCHCHHNH), 2.45
(brs, 1H; OH). *C NMR (125 MHz, CDCls) & 162.8 (d, 'J = 245.5 Hz), 157.8 (q, >J = 37.0 Hz),
136.5 (*J=3.1 Hz), 127.6 (d, °J = 8.25 Hz), 115.9 (q, 'J = 285.6 Hz), 115.8 (d, >/ = 21.4 Hz), 71.9,
46.8. YF NMR (376 MHz, CDCl;) & —-75.9, —113.3 (m). HRMS (ESI-TOF) calculated for
[C1oHgF4NO,+Na] requires 274.0462, found 274.0462.

N-(2-Hydroxy-2-(4-chlorolphenyl)ethyl)-2,2,2-trifluoroacetamide (6ae)
OH

N__o
/@/K/ \gz
cl 8

The reaction of 5a (76.7 mg, 0.403 mmol), 4-chlorostyrene (3e) (110.7 mg, 0.799 mmol),

Sc(OTf); (38.9 mg, 79.0 pmol), and Ir-1 (2.6 mg, 3.97 umol) following the general procedures
afforded 6ae (45.6 mg, 42% yield, reaction time = 8 h) as a colorless oil after purification with flash
column chromatography on Fuji Silysia SCAVENGER NH SILICA (hexane:EtOAc = 20:1-5:1).
"H NMR (400 MHz, CDCl;) & 7.37 (m, 2H; CIC¢H,H,), 7.32 (m, 2H; CIC¢H,H,), 6.73 (brs, 1H;
NH), 4.90 (m, 1H; HOCHCHHNH), 3.80 (m, 1H; HOCHCHHNH), 3.35 (ddd, /= 13.6 Hz, >J = 8.4,
4.2 Hz, 1H; HOCHCHHNH), 2.26 (brs, 1H; OH). *C NMR (125 MHz, CDCl;) 6 157.8 (q, *J =
37.1 Hz), 139.2, 134.4, 129.1, 127.2, 115.9 (q, 'J = 285.6 Hz), 71.9, 46.8. ’F NMR (376 MHz,
CDCl;) & —77.2. HRMS (ESI-TOF) calculated for [C1oHyCIF3;NO,+Na] requires 290.0166, found
290.0165.

N-(2-Hydroxy-2-(4-bromophenyl)ethyl)-2,2,2-trifluoroacetamide (11af)
OH

N o
ot
Br 3

The reaction of 5a (76.1 mg, 0.400 mmol), 4-bromostyrene (3f) (146.4 mg, 0.800 mmol),
Sc(OTf); (39.2 mg, 79.7 pmol), and Ir-1 (2.8 mg, 4.28 umol) following the general procedures
afforded 6af (67.3 mg, 54% yield, reaction time = 8 h) as a white solid after purification with flash
column chromatography on Fuji Silysia SCAVENGER NH SILICA (hexane:EtOAc = 5:1-3:1).

'"H NMR (400 MHz, CDCl3) & 7.52 (d, °J = 8.4 Hz, 2H; BrC¢HH,), 7.26 (d, °J = 8.4 Hz, 2H;
BrC¢H,H>), 6.73 (brs, 1H; NH), 4.88 (m, 1H; HOCHCHHNH), 3.80 (m, 1H; HOCHCHHNH), 3.35
(m,1H; HOCHCHHNH), 2.29 (brs, 1H; OH). *C NMR (125 MHz, CDCls) & 157.7 (q, °J = 37.0
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Hz), 139.7, 132.1, 127.5, 122.6, 115.9 (q, 17=1286.0 Hz), 72.0, 46.7. YF NMR (376 MHz, CDCl3) &
—77.2. HRMS (ESI-TOF) calculated for [C1(HyBrF;NO,+Na] requires 333.9661, found 333.9661.

N-(2-Hydroxy-2-(phenylethyl)-2,2,2-trifluoroacetamide (6ak)
OH

Me H
N__O
©}v v
CFsy

The reaction of 5a (76.2 mg, 0.401 mmol), a-methylstyrene (3k) (94.8 mg, 0.802 mmol),

Sc(OTf); (39.7 mg, 80.7 pmol), and Ir-1 (2.6 mg, 3.97 umol) following the general procedures
afforded 6ak (64.6 mg, 65% yield, reaction time = 8 h) as a white solid after purification with flash
column chromatography on Fuji Silysia SCAVENGER NH SILICA (hexane:EtOAc = 5:1).
'"H NMR (400 MHz, CDCL3) & 7.45 (m, 2H; C¢H,H,H), 7.39 (m, 2H; C¢H,H,H), 7.31 (m, 1H;
CeH,H,H), 6.60 (brs, 1H; NH), 3.75 (dd, °J = 13.6 Hz, *J = 6.4 Hz, 1H; OHCCHHNH), 3.53 (dd, */
= 13.6 Hz,>J = 5.2 Hz; OHCCHHNH), 1.66 (brs, 1H; OH), 1.62 (brs, 3H; CH;C). *C NMR (125
MHz, CDCls) & 157.9 (q, 2J = 37.0 Hz), 144.4, 128.7, 127.7, 124.8, 115.9 (q, 'J = 285.7 Hz), 74.2,
50.5, 27.4. "F NMR (376 MHz, CDCl;) & -77.2. HRMS (ESI-TOF) calculated for
[C11H10F3NO4+Na] requires 300.0454, found 300.0455.

N-(2-Hydroxy-2-(2,4-methylenedioxyophenyl)ethyl-4-methyl-2,2,2-trifluoroacetamide (6aj)

OH H
e N O
o CF,

The reaction of 5a (76.2 mg, 0.401 mmol), 5-ethynyl-1,3-benzodioxide (3j) (117.9 mg, 0.796

mmol), Sc(OTf); (39.1 mg, 79.4 pmol), and Ir-1 (5.1 mg, 7.79 pumol) following the general
procedures afforded 6aj (23.3 mg, 21% yield, reaction time = 24 h) as a pale yellow oil after
purification with flash column chromatography on Fuji Silysia silica gel (hexane:EtOAc = 10:1-
5:1).
"H NMR (400 MHz, CDCl3) & 6.86 (s, 1H; C¢HHH), 6.81 (m, 2H; CiHHH), 6.74 (brs, 1H; NH),
5.98 (s, 2H; OCH,0), 4.80 (m, 1H; HOCHCH,NH), 3.77 (m, 1H; HOCHCHHNH), 3.34 (m, 1H;
HOCHCHHNH), 2.24 (brs, 1H; OH). *C NMR (125 MHz, CDCl3) 8 157.6 (q, 2J = 36.9 Hz), 148.2,
147.8, 134.7, 119.4, 116 (q, 'J = 285.8 Hz), 108.6, 106.3, 101.4, 72.3, 46.8. ’F NMR (376 MHz,
CDCl;) 8 —77.2. HRMS (ESI-TOF) calculated for [C1H;oF3NO4+Na] requires 300.0454, found
300.0455.

N-((2-Hydroxy-2-phenyl-2-(pyridine-2-yl))ethyl-4-methylbenzene)-2,2,2-trifluoroacetamide
(6al)

OH
Ph H

SRl

The reaction of 5a (76.3 mg, 0.401 mmol), 1-(2-pyridyl)-1-phenylethene (31) (145.2 mg, 0.801
mmol), Sc(OTf); (40.3 mg, 81.9 pmol), and Ir-1 (2.7 mg, 4.12 pumol) following the general
procedures afforded 6al (105.9 mg, 85% yield, reaction time = 24 h) as a white solid after
purification with flash column chromatography on Fuji Silysia SCAVENGER NH SILICA (hexane :
EtOAc = 10:1-5:1).

"H NMR (400 MHz, CDCl3) & 8.54 (m, 1H; CsHHH,N), 7.70 (m, 1H; CsHHH,N), 7.49 (d, J = 7.2
Hz, 2H; C¢H,H3), 7.41-7.25 (m, 5SH; CsHHH,N and C¢H,H; were overlapped), 6.87 (brs, 1H; NH),
6.17 (brs, 1H; OH), 4.32 (dd, J = 13.6 Hz, °J = 7.2 Hz, 1H; OHCCHHNH), (dd, >J = 13.6 Hz, >J =
4.8 Hz, 1H; OHCCHHNH). *C NMR (125 MHz, CDCl3) & 160.1, 157.4 (q, >J = 37.0 Hz), 147.7,
142.7,137.8, 128.8, 128.1, 125.8, 123.2, 120.9, 115.8 (q, 'J = 286.0 Hz), 77.1, 47.9. ’F NMR (376
MHz, CDCl3) 8 —77.4. HRMS (ESI-TOF) calculated for [C;sH;3F3N,0,+Na] requires 333.0821,
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found 333.0820.

N-(2-Hydroxy-1-methyl-2-phenylethyl)-2,2,2-trifluoroacetamide (6an)

2OH H OH H
1\\\N\’¢O ,N\fo
Me CF; me CF3
(1R*,25*)-6an (1R*,2R*)-6an

The reaction of 5a (75.9 mg, 0.399 mmol), trans-p-methylstyrene (3n) (94.3 mg, 0.798 mmol),
Sc(OTf); (39.7 mg, 80.7 pmol), and Ir-1 (2.6 mg, 3.97 umol) following the general procedures
afforded 6an (30 mg, 30% yield, reaction time = 24 h) as a white solid after purification with flash
column chromatography on Fuji Silysia silica gel FL60D (hexane:EtOAc = 5:1).

(1R*2R*)-11an (major isomer): '"H NMR (400 MHz, CDCl3) & 7.35 (m, 5H; C¢H5), 6.55 (brs, 1H;
NH), 4.75 (m, 1H; HOCHCHNH), 4.25 (m, 1H; HOCHCHNH), 2.24 (brs, 1H; OH), 1.31 (d, °J =
6.8 Hz, 3H; CHCH;). ®C NMR (125 MHz, CDCl;) & 157.0 (q, °J = 36.8 Hz), 140.7, 128.8, 128.7,
126.0, 115.9 (q, 'J = 286.3 Hz), 75.9, 51.7, 17.5. ’/F NMR (376 MHz, CDCls) 6 —77.3. HRMS
(ESI-TOF) calculated for [C;;H,F3NO,+Na] requires 270.0712, found 270.0713.

(1R*25%)-11an (minor isomer): '"H NMR (400 MHz, CDCls, rt) & 7.35 (m, 5H; CeHs), 6.67 (brs,
1H; NH), 4.94 (m, 1H; HOCHCHNH), 431 (m, 1H; HOCHCHNH), 2.40 (brs, 1H; OH), 1.06 (d, >J
= 6.8 Hz, 3H; CHCH;). The spectral data of (1R*,25*)-11an was identical with the reported data.”®

N-(1-hydroxy-1,2,3,4-tetrahydronaphthalen-2-yl)-2,2,2-trifluoroacetamide (6aq)
OH OH

1 N_o N__o
X
\f | \lé
CF3 =z CF3
(1R*,2R*)-6aq (1R*,2R*)-6aq

The reaction of 5a (76.1 mg, 0.400 mmol), 1,2-dihydronaphthalene (3q) (104.7 mg, 0.804 mmol),
Sc(OTf); (38.7 mg, 78.6 pmol), and Ir-1 (2.8 mg, 4.28 umol) following the general procedures
afforded 6aq (single diastereomer of (1R*,25*)-6aq fraction: 11.8 mg, 11% yield, diastereomer
mixture fraction: 18.4 mg, 18% yield, and single diastereomer of (1R*,2R*)-6aq fraction: 8.6 mg,
8% yield, total yiled: 38.8 mg, 37%, reaction time = 8 h) as each white solid after purification with
flash column chromatography on Fuji Silysia silica gel FL60D (hexane:EtOAc = 10:1-5:1).
Diastereomer ratio (2.5:1) was determined by 'H NMR analysis of the crude product before
chromatography. The structure of major diastereomer was confirmed by single-crystal X-ray
analysis.

(1R*,25%)-6aq (major isomer): '"H NMR (400 MHz, CDCl3) 6 7.32 (m, 1H; C¢HH,H), 7.27 (m, 2H;
CeHHH), 7.18 (m, 1H; C¢HH,H), 7.04 (brs, 1H; NH), 4.74 (d, >J = 4.4 Hz, 1H; HOCHCHNH), 4.24
(m, 1H; HOCHCHNH), 2.95 (m, 2H; C¢H4CH,), 2.01 (m, 2H; HNCHCH,CH,), 1.78 (brs, 1H; OH).
BC NMR (125 MHz, CDCls) & 156.9 (q, >J = 36.6 Hz), 135.84, 135.77, 130.2, 129.3, 129.2, 126.9,
116.0(q, 'J = 286.3 Hz), 68.2, 50.4, 28.1, 23.1. ’F NMR (376 MHz, CDCl3) 8 —77.2.
(1R*2R*)-6aq (minor isomer): '"H NMR (400 MHz, CDCls) & 7.53 (m, 1H; C¢HH,H), 7.27 (m,
2H; C¢HHH), 7.14 (m, 1H; CeHH,H), 6.43 (brs, 1H; NH), 4.66 (d, °J = 7.6 Hz, 1H; HOCHCHNH),
4.15 (m, 1H; HOCHCHNH), 3.02 (m, 1H; CcH4CHH), 2.88 (m, 1H; CcH4CHH). 2.31 (m, 1H;
HNCHCHHCH,), 2.23 (brs, 1H; OH), 1.91 (m, 1H; HNCHCHHCH,). *C NMR (125 MHz, CDCl;)
8 157.9 (q, °J = 36.9 Hz), 136.5, 135.2, 128.8, 128.4, 127.9, 127.0, 115.9 (q, 'J = 286.3 Hz), 72.3,
54.0, 27.2, 26.0. F NMR (376 MHz, CDCl;) & —77.1. HRMS (ESI-TOF) calculated for
[C12H2F3NO,+Na] requires 282.0712, found 282.0712.
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N-((1-Hydroxycyclopentyl)methyl)-2,2,2-trifluoroacetamide (6am) and
N-(cyclopent-1-en-ylmethyl)-2,2,2-trifluoroacetamide (7am)

OH H H
Py "
CF3 CF5
6am 7am

The reaction of 5a (76.4 mg, 0.402 mmol), methylenecyclopentane (3m) (66.1 mg, 0.805 mmol),
Sc(OTf); (39.5 mg, 80.3 umol), and fac-[Ir(ppy)s;] (5.2 mg, 7.94 pumol) following the general
procedures afforded 6am (30.7 mg, 36% yield, reaction time = 24 h) as a white solid and 7am (18.2
mg, 23% yield) as a colorless oil after purification with flash column chromatography on Fuji Silysia
silica gel FL60D (hexane:EtOAc = 10:1-5:1).
6am: "H NMR (400 MHz, CDCl;) § 6.78 (brs, 1H; NH), 3.47 (d, °J = 5.6 Hz, 2H; HOCCH,NH),
1.82 (m, 2H; cyclopentyl), 1.70 (m, 6H; cyclopentyl). 1.61 (brs, 1H; OH). *C NMR (125 MHz,
CDCl3) & 157.9 (q, > = 37.0 Hz), 116.1 (q, 'J = 285.8 Hz), 81.8, 48.6, 38.2, 23.8. ’F NMR (376
MHz, CDCls) & —-77.2. HRMS (ESI-TOF) calculated for [CsH;,F3sNO,+Na] requires 234.0712,
found 234.0713.
7am: "H NMR (400 MHz, CDCl3) & 6.42 (brs, 1H; NH), 5.59 (t, >J = 1.6 Hz, 1H; C=CHCH,), 4.02
(d, =56 Hz, 2H; CCH,;NH), 2.34 (m, 2H; CHCH2CH22), 2.29 (m, 2H; CCH,CH,), 1.93 (m, 2H;
CCH,CH,CH,). *C NMR (125 MHz, CDCls) 8 157.2 (q, >J = 36.6 Hz), 138.8, 127.8, 116.0 (q, 'J =
286.1 Hz), 40.3, 33.4, 32.4, 23.4. ’F NMR (376 MHz, CDCl;) & —77.2. HRMS (ESI-TOF)
calculated for [CgHoF3NO+Na] requires 216.0607, found 216.0604.

(Z)-N-(5-hydroxy-2,5-diphenylpent-2-ene-1-yl)-4-methylbenzenesulfonamide (9u)

/
o

OH

The reaction of 1-phenyl-2-(1-phenylethenyl)cycloprapane (3u) (88.0 mg, 0.399 mmol), 2a (147.9

mg, 0.440 mmol) and Ir-1 (2.6 mg, 3.97 umol) following the general procedures afforded 9u (117.3
mg, 72% yield, reaction time = 4 h) as a white solid after purification with column chromatography
on Fuji Silysia silica gel FL60D (hexane:EtOAc = 4:1). The structure was confirmed by
single-crystal X-ray analysis vide infra.
"H NMR (400 MHz, CDCls, rt) & 7.74 (d, *J = 8.0 Hz, 2H; SO,C¢H>H,CHs), 7.39-7.23 (m, 12H; Ar),
5.90 (t, °J = 8.0 Hz, 1H; C¢HsCCHCHy), 5.32 (m, 1H; NH), 4.81 (t, °J = 6.0 Hz, 1H; CHOH), 3.86
(m, 2H; CH,NH), 2.46 (dd, *J = 8.4 Hz, *J = 6.0 Hz, 2H; HOCHCH,), 2.45 (s, 3H; SO,C¢H4CHs),
2.07 (brs, 1H; OH). *C NMR (125 MHz, CDCls, rt) & 143.8, 143.5, 140.7, 137.7, 136.6, 129.7,
128.8, 128.6, 128.1, 127.6, 127.5, 126.2, 125.7, 73.5, 42.0, 38.5, 21.7. HRMS (ESI-TOF) calculated
for [Co4H,sNO3S+Na]” requires 430.1447, found 430.1445.

1-Methyl-6a,7,8,9,10,10a-hexahydro-6 H-dibenzo|c,e][1,2]thiazine 5,5-dioxide (10v)
Me
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The reaction of cyclohexene (3v) (33.2 mg, 0.404 mmol), 2a (201.9 mg, 0.601 mmol) and Ir-1

(2.6 mg, 3.97 umol) following the general procedures afforded 10v (37.4 mg, 37% yield, reaction
time was 12 h) as a white solid after purification with column chromatography on Fuji Silysia silica
gel FL60D (hexane:EtOAc = 10:1).  The structure was confirmed by single-crystal X-ray analysis
vide infra.
"H NMR (400 MHz, CDCl;, rt) 8 7.73 (d, *J = 8.4 Hz, 2H; SO,C¢HHH), 7.19 (m, 2H; SO,CcHHH),
428 (d, °J = 11.6 Hz, 1H), 3.53 (m, 1H; NHCH), 2.62 (m, 1H; C¢Hs;CH), 2.52 (m, 1H;
CeH;CHCHH), 2.39 (s, 3H; Ce¢H;CH;), 2.15 (m, 1H; NHCHCHH), 192 (m, 2H;
NHCH,CHHCHHCH), 1.48 (m, 3H; NHCHCHHCHHCHH), 1.38 (m, 1H; C¢H;CHCHH). “C
NMR (125 MHz, CDCls, 1t) § 142.8, 138.7, 135.3, 128.2, 126.8, 124.5, 57.9, 42.7, 33.7, 29.5, 25.8,
25.3, 21.9. HRMS (ESI-TOF) calculated for [C13H17NOZS+Na]+ requires 274.0872, found
274.0873.

N-(2-Hydroxy-2-phenylethyl)-2,3,4,5,6-Pentafluoro-benzamide (4ba)

F
F F
OH H
F
O F
The reaction of styrene (3a) (45.9 mg, 0.441 mmol), 2b (175.4 mg, 0.400 mmol) and Ir-1 (2.7 mg,
4.12 umol) following the general procedures afforded 4ba (74.9 mg, 56% yield, reaction time = 12
h) as a white solid after purification with column chromatography on Fuji Silysia silica gel FL60D
(hexane:EtOAc = 3:1).
"H NMR (400 MHz, CDCl;, rt) 8 7.40 (m, 4H; CoH,H), 7.34 (m, 1H; C¢H4H), 6.34 (brs, 1H; NH),
4.97 (m, 1H; HOCHCHHNH), 3.96 (m, 1H; HOCHCHHNH), 3.51 (m, 1H; HOCHCHANH), 2.45
(brs, 1H; OH). YF NMR (376 MHZ, CDCl;, 1t) 8 —141.5 (m), —151.7 (m), —161.2 (m). BC NMR
(125 MHz, CD;0D, rt) 8 159.9, 146.1-144.1 (m), 144.3-142.3 (m), 143.7, 139.8-137.8 (m), 129.4,

128.8, 127.3, 113.5 (m), 73.2, 48.5. HRMS (ESI-TOF) calculated for [C12H5F5N208+Na]+ requires
311.0214, found 311.0214.

N-(2-Hydroxy-2-phenylethyl)benzamide (6ba)

OH |
~ N.__O
=

The reaction of 1-benzoyliminopyridinium ylide (5b) (79.5 mg, 0.401 mmol), styrene (3a) (83.1
mg, 0.798 mmol), Sc(OTf); (38.9 mg, 79.0 umol), and Ir-1 (2.6 mg, 3.97 umol) following the
general procedures afforded 6ba (43.4 mg, 45% yield, reaction time = 24 h) as a white solid after
purification with flash column chromatography on Fuji Silysia silica gel (hexane:EtOAc = 5:1). The
spectral data was identical with the reported data. 4
"H NMR (400 MHz, CDCls) 8 7.76 (d, °J = 7.2 Hz, 2H; C¢H,Hs), 7.75-7.29 (m, 8H; Ar), 6.56 (brs,
1H; NH), 498 (m, 1H; HOCHCH,NH), 3.94 (m, 1H; HOCHCHHNH), 3.54 (m, 1H;
HOCHCHHNH), 3.22 (brs, 1H; OH).

tert-Butyl N-(2-hydroxy-2-phenylethyl)carbamate (6ca)
OH
N._O
N
| {
= Bu

The reaction of N-fert-butoxycarbonyliminopyridinium ylide (5¢) (78.0 mg, 0.402 mmol), 3a
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(83.4 mg, 0.801 mmol), Sc(OTf); (39.7 mg, 80.7 umol), and Ir-1 (2.6 mg, 3.97 umol) following the
general procedures afforded 6ca (55.2 mg, 58% yield, reaction time = 8 h) as a white solid after
purification with flash column chromatography on Fuji Silysia SCAVENGER NH SILICA
(hexane:EtOAc = 5:1). The spectral data was identical with the reported data.**

"H NMR (400 MHz, CDCl3) & 7.35 (m, 4H; Ar), 7.28 (m, 1H; Ar), 4.92 (brs, 1H; NH), 4.83 (m, 1H;
HOCHCH,), 3.49 (m, 1H; HOCHCHHNH), 3.26 (m, 1H; HOCHCHANH), 3.01 (brs, 1H; OH), 1.45
(s, 9H; OC(CHj3);.

2-(2,2,2-Trichloroethoxycarbonylamino)-1-phenylethanol (6da)
OH

H
N \]70
O._CClg

The reaction of 1-2,2,2-trichloroethoxycarbonyliminopyridinium ylide (5d) (108.2 mg, 0.401

mmol), 3a (83.3 mg, 0.800 mmol), Sc(OTf); (38.6 mg, 78.4 umol), and Ir-1 (2.6 mg, 3.97 umol)
following the general procedures afforded 6da (67.3 mg, 54% yield, reaction time = 8 h) as a white
solid after purification with flash column chromatography on Fuji Silysia SCAVENGER NH
SILICA (hexane:EtOAc = 10:1-5:1-3:1).
'"H NMR (400 MHz, CDCl;) & 7.38-7.29 (m, 5H; Ar), 5.44 (brs, 1H; NH), 4.87 (m, 1H;
HOCHCHHNH), 4.73 (s, 2H; CH.CCls), 3.61 (m, 1H; HOCHCHHNH), 3.37 (m, 1H;
HOCHCHHNH), 2.49 (brs, 1H; OH). *C NMR (125 MHz, CDCl3) & 155.3, 141.3, 128.8, 128.4,
126.0, 95.6, 74.8, 73.5, 48.6. HRMS (ESI-TOF) calculated for [C;H;2CIsNO3;+Na] requires
339.9775, found 339.9773.

2-(Allyloxycarbonylamino)-1-phenylethanol (6ea)
OH

N.__O
©)V\l%
O\/\

The reaction of N-allyloxycarbonyliminopyridinium ylide (5e) (71.3 mg, 0.400 mmol), 3a (83.6

mg, 80.3 mmol), Sc(OTf); (39.4 mg, 80.1 umol), and Ir-1 (2.8 mg, 4.28 pmol) following the general
procedures afforded 6ea (37.8 mg, 43% yield, reaction time = 8 h) as a white solid after purification
with flash column chromatography on Fuji Silysia SCAVENGER NH SILICA (hexane:EtOAc =
5:1-3:1).
"H NMR (400 MHz, CDCls) § 7.37 (m, 4H; Ar), 7.32 (m, 1H; Ar), 5.92 (m, 1H; CH,=CHCH,0),
5.27 (m, 2H; CH,=CHCH,0), 5.13 (brs, 1H; NH), 4.85 (m, 1H; HOCHCH,NH), 4.58 (m, 2H;
CH,=CHCH,0), 3.56 (m, 1H; HOCHCHHNH), 3.32 (m, 1H; HOCHCHHANH), 2.71 (brs, 1H; OH).
BC NMR (125 MHz, CDCl3) & 157.2, 141.7, 132.9, 128.7, 128.1, 126.0, 118.0, 73.8, 66.0, 48.6.
HRMS (ESI-TOF) calculated for [C1,H;sF3NO3+Na] requires 244.0944, found 244.0943.

Gram-scale aminohydroxylation of 4-methoxystyrene (3b)

To 4-methoxystyrene (3b) (0.671 g, 5.00 mmol) dissolved in a
distilled-acetone (22.5 mL) and H,O (degassed by N, bubbling) (2.5
mL) in a 50 mL-Schlenk tube, 2a (1.85 g, 5.50 mmol) and Ir-1 (32.8 mg,
50 umol) were added under N,. The tube was placed at a distance of 2~3
cm from the blue LED lamps (hv = 425 £ 15 nm). The resulting mixture
was stirred at room temperature (water bath) under visible light
irradiation for 15 h. Then, the reaction mixture was concentrated in
vacuo. Products were extracted with CH,Cl,, dried (Na,SO,4) and
filtered. The filtrate was concentrated under reduced pressure. The
residue was purified by flash column chromatography on Fuji Silysia
silica gel FL60D (hexane:EtOAc = 5:1-3:1-2:1) to afford the product
4ab (1.22 g, 76%).
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Deprotection of 6aa and 6¢ca
Deprotection of 6aa under basic conditions

This deprotection was conducted according to the modified Nordlander’s report.zsal A mixture of
6aa (63.0 mg, 0.270 mmol) and potassium carbonate (201 mg, 1.49 mmol) dissolved in MeOH (10
mL)-H,O (0.6 mL) was reflux for 2 h. After cooling to room temperature, the mixture was
concentrated in vacuo. Then, H;O was poured into the mixture and extracted with CH,Cl,. The
organic layer was washed with brine, dried over Na,SO4 and filtered. The filtrate was concentrated
in vacuo to afford the 2-amion-1-phenylethanol (8a) (10.9 mg, 29% yield). The spectral data was
identical with the reported data®.
"H NMR (400 MHz, CDCl3) & 7.34 (m, 4H; Ar), 7.29 (m, 1H; Ar), 4.68 (dd, >J = 8.0 Hz, °J = 3.6
Hz, 1H; HOCH), 3.05 (dd, *J = 12.8 Hz, *J = 3.6 Hz, |H; HNCHH), 2.85 (dd, >J = 12.8 Hz, *J = 8.0
Hz, 1H; HNCHH), 2.00 (brs, 3H; OH and NH, are overlapped).
Deprotection of 6ca under acidic conditions

To 6¢ca (55.2 mg, 0.233 mmol) was added hydrogen chloride (1.0 M in diethyl ether solution)
under 0 °C. The cooling bath was removed and the reaction mixture was stirred for 4 h at rt. Then,
the mixture was concentrated in vacuo. The residue was washed with CH,Cl, and dried in vacuo to
afford 8a*HCI (26.8 mg, 66% yield). The spectral data was identical with the reported data.>*
"H NMR (400 MHz, DMSO-dq) 8 8.15 (brs, 3H; NH;Cl), 7.38 (m, 4H; Ar), 7.31 (m, 1H; Ar), 6.08
(brs, 1H; OH), 4.84 (dd, *J = 5.6 Hz, >J = 3.2 Hz, 1H; HOCH), 3.00 (m, 1H; HsNCHH), 2.82 (m,
1H; H;NCHH).

Luminescence quenching experiments (Figure 3.3, 3.4)

General experimental procedure: A solution of the Ir catalyst was prepared as to show the
absorbance 0.1 exitation wavelength and degassed by three freeze-pump-thaw cycles in a 1 cm
quartz cell equipped with an sphere moiety for freeze. The solution of quencher was added to the
solution of the Ir catalyst before measurement of emission intensities.

Crystallographic data for 2a, (1R*,25%)-4an, (1R*25*)-4aq, 9u, 10v, (1R*,25*)-6aq

Diffraction measurements were made on a Bruker SMART APEX II ULTRA/CCD. Intensity
measurements were performed using monochromated (doubly curved silicon crystal)
Mo-Ka-radiaiton (0.71073 A) from a sealed microfocus tube. Data were acquired using three sets of
Omega scans at different Phi settings. The frame width was 0.5 °. The crystallographic data are
summarized in Table S4.1-6. The structural analysis was performed on an APEX2 software for
preliminary determination of the unit cell. Determination of integrated intensities and unit cell
refinement were performed using SAINT. Unless otherwise stated, all non-hydrogen atoms were
refined anisotropically by full-matrix least-square techniques based on F~. All hydrogen atoms were
fixed at the calculated positions.
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Figure S3.1. Crystal structure of 2a

Table S3.1. Crystal data and structure refinement for 2a.

Identification code

Chemical formula
Formula weight
Temperature
Wavelength

Crystal size

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Coverage of independent reflections
Absorption correction

Max. and min. transmission
Refinement method
Refinement program

Function minimized

Data / restraints / parameters
Goodness-of-fit on F*

Final R indices

Weighting scheme

Largest diff. peak and hole
R.M.S. deviation from mean

KM960

CoH3BF4N,O,S

336.11

90(2) K

0.71073 A

0.024 x 0.095 x 0.128 mm

triclinic

P-1

a=6.763(3) A o =92.242(5)°
b=8.057(3)A B =104.039(5)
c=13.404(5) A y=95.626(5)
703.7(5) A’

2

1.586 g/cm’

0.283 mm’™’

344

1.57 to 25.02°

-8<=h<=7, -9<=k<=9, -10<=I<=15
3092

2364 [R(int) = 0.0127]

95.7%

multi-scan

0.9930 and 0.9650

Full-matrix least-squares on F*
SHELXL-2013 (Sheldrick, 2013)
T w(F,* - Fc*y*

2364/0/200

1.143

2103 data; I>20(I) R1=0.0482, wR2 =0.1272
all data R1=0.0534, wR2 =0.1296

w=1/[c*“(F 0‘);(0.012349P)‘+2.4236P]
where P=(F,"+2F.")/3

0.720 and -0.729 eA™

0.081 eA™
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Figure S3.2. Crystal structure of (1R*,25%)-4an
Table S3.2. Crystal data and structure refinement for (1R*,25%)-4an.

Identification code KM1112

Chemical formula Ci6H19NOsS

Formula weight 305.38

Temperature 90(2) K

Wavelength 0.71073 A

Crystal size 0.044 x 0.072 x 0.316 mm
Crystal system monoclinic

Space group P121/c1

Unit cell dimensions a=10.7866(13) A a=90°

b=6.1972(8) A B = 94.8720(10)°
c=23326(3) A vy =90°

Volume 1553.6(3) A’

Z 4

Density (calculated) 1.306 g/em’

Absorption coefficient 0218 mm™

F(000) 648

Theta range for data collection 1.75 to 25.03°

Index ranges -11<=h<=12, -7<=k<=7, -27<=I<=19

Reflections collected 6583

Independent reflections 2687 [R(int) = 0.0164]

Coverage of independent reflections 97.7%

Absorption correction multi-scan

Max. and min. transmission 0.9900 and 0.9340

Refinement method Full-matrix least-squares on F*

Refinement program SHELXL-2013 (Sheldrick, 2013)

Function minimized Y w(F,* - F¢*)*

Data / restraints / parameters 2687/0/193

Goodness-of-fit on F* 1.273

Final R indices 2538 data; [>20(I) R1=0.0414, wR2 =0.1201
all data R1=0.0431, wR2=0.1209

Weighting scheme w=1/[c*“(F 0‘)2+(0.0997P)‘+3.5508P]
where P=(F,"+2F.)/3

Largest diff. peak and hole 0.595 and -0.660 €A™

R.M.S. deviation from mean 0.064 ¢A™
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Figure S3.3. Crystal structure of (1R*2S8*)-4aq

Table S3.3. Crystal data and structure refinement for (1R*25%)-4aq.

Identification code
Chemical formula
Formula weight
Temperature
Wavelength

Crystal size

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Coverage of independent reflections
Absorption correction

Max. and min. transmission
Refinement method
Refinement program

Function minimized

Data / restraints / parameters
Goodness-of-fit on F*

Final R indices

Weighting scheme

Largest diff. peak and hole
R.M.S. deviation from mean

KM1140

Ci17H19NOsS

317.39

90(2) K

0.71073 A

0.018 x 0.071 x 0.266 mm
monoclinic

P121/c1
a=11.7513) A
b=6.2897(15) A
c=21.205(5) A
1561.4(6) A°

4

1.350 g/em’

0219 mm™

672

1.93 to 25.03°
-10<=h<=13, -7<=k<=7, -25<=1<=21
6582

2725 [R(int) = 0.0354]

98.9%

multi-scan

0.9960 and 0.9440

Full-matrix least-squares on F*
SHELXL-2013 (Sheldrick, 2013)
S w(F,* - Fc*)

2725/0/201

a=90°
B = 94.964(3)°
y=90°

1.933
2209 data; I>20(I) R1=0.0501, wR2 =0.0993
all data R1=0.0622, wR2=0.1017

w=1/[c*(F 0‘); 5
where P=(F,+2F.%)/3
0.491 and -0.550 eA™
0.065 eA™
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He2

Figure S3.4. Crystal structure of 9u

Table S3.4. Crystal data and structure refinement for 9u.

Identification code
Chemical formula
Formula weight
Temperature
Wavelength

Crystal size

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Coverage of independent reflections
Absorption correction

Max. and min. transmission
Refinement method
Refinement program

Function minimized

Data / restraints / parameters
Goodness-of-fit on F*

Final R indices

Weighting scheme

Absolute structure parameter
Largest diff. peak and hole
R.M.S. deviation from mean

KM1092

C,5H,,C1LNO5S

492 .43

90(2) K

0.71073 A

0.038 x 0.088 x 0.195 mm
monoclinic
P121/c1
a=11.7804(16) A
b=27.069(4) A

¢ =15.069(2) A
4805.3(11) A

8

1.361 g/cm’
0.384 mm’™

2064

1.50 to 25.03°
-9<=h<=14, -32<=k<=26, -17<=l<=17
12090

4693 [R(int) = 0.0305]

55.4%

multi-scan

0.9860 and 0.9290

Full-matrix least-squares on F*
SHELXL-2013 (Sheldrick, 2013)

T w(F,” - Fo)*

4693 /0 /581

o =90°
B =90°
¥=90°

0.999
4060 data; [>20(1) R1=0.0666, wR2 = 0.1962
all data R1=0.0731, wR2 =0.2015

w=1/[0‘(F0‘)2+(0.1;83P)‘+12.6085P]
where P=(F,"+2F.)/3

0.0(0)
0.826 and -0.470 eA™
0.104 eA™
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Figure S3.5. Crystal structure of 10v
Table S3.5. Crystal data and structure refinement for 10v.

Identification code KM1014 2

Chemical formula C13H17NO,S

Formula weight 251.33

Temperature 90(2) K

Wavelength 0.71073 A

Crystal size 0.010x 0.080 x 1.021 mm

Crystal system orthorhombic

Space group Pna?2l

Unit cell dimensions a=29.9433) A a=90°
b=7.8956(8) A B=90°
c=5.1010(5) A vy =90°

Volume 1206.0(2) A°

Z 4

Density (calculated) 1.384 g/em’

Absorption coefficient 0.258 mm’™'

F(000) 536

Theta range for data collection 1.36 to 25.02°

Index ranges -31<=h<=35, -7<=k<=9, -6<=1<=6

Reflections collected 5459

Independent reflections 2107 [R(int) = 0.0150]

Coverage of independent reflections 99.6%

Absorption correction multi-scan

Max. and min. transmission 0.9970 and 0.7790

Refinement method Full-matrix least-squares on F*

Refinement program SHELXL-2013 (Sheldrick, 2013)

Function minimized Y w(F,* - F¢*)*

Data / restraints / parameters 2107/1/155

Goodness-of-fit on F* 1.226

Final R indices 2095 data; I>20(I) R1=10.0493, wR2=10.1185
all data R1=0.0495, wR2 =0.1186

Weighting scheme w=1/[c*“(F 0‘);(0.02270P)‘+3.3018P]
where P=(F,+2F.%)/3

Absolute structure parameter 0.3(0)

Largest diff. peak and hole 0.621 and -0.365 €A™

R.M.S. deviation from mean 0.078 eA™
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Figure S3.6. Crystal structure of 0f (1R*,25%)-6aq
Table S3.6. Sample and crystal data for KM1539 1.

Identification code KM1539 1

Chemical formula CioH,F3NO,

Formula weight 259.23

Temperature 90(2) K

Wavelength 0.71073 A

Crystal size 0.080 x 0.201 x 0.207 mm
Crystal system monoclinic

Space group P121/c1

Unit cell dimensions a=12.2403(8) A a=90°

b=10.6582(7)A B =110.0580(10)°
c=9.3065(7) A y=90°

Volume 1140.48(14) A°

Z 4

Density (calculated) 1.510 g/em’

Absorption coefficient 0.135mm™

F(000) 536

Theta range for data collection 1.77 to 25.02°

Index ranges -10<=h<=14, -12<=k<=12, -11<=I<=6

Reflections collected 5289

Independent reflections 2003 [R(int) =0.0111]

Coverage of independent reflections 99.4%

Absorption correction multi-scan

Max. and min. transmission 0.9890 and 0.9730

Refinement method Full-matrix least-squares on F*

Refinement program SHELXL-2013 (Sheldrick, 2013)

Function minimized Y w(F,* - F¢*)*

Data / restraints / parameters 2003/0/ 164

Goodness-of-fit on F* 1.056

Final R indices 1919 data; I>20(I) R1=10.0281, wR2 =0.0746
all data R1=0.0291, wR2 = 0.0755

Weighting scheme giér/e[:GP(:IE%zﬂgF(?)% P)+0.5600P]

Largest diff. peak and hole 0.262 and -0.247 eA”

R.M.S. deviation from mean 0.037 eA”
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Chapter 4

Direct Aroyloxylation of Arenes with Aroyloxypyridinium Salts by

Photoredox Catalysis

ABSTRACT: A simple strategy for generation of aroyloxy radicals by photoredox
catalysis has been developed. Aroyloxylpyridinium salts are the key compounds and
serve as oxygen-radical precursors by the action of fac-[Ir(ppy);]. The resultant
aroyloxy radicals undergo homolytic aromatic substitution of electron-rich arenes to

afford aryl benzoate derivatives.

.O_ _Ar O. _Ar
N + o Ir photocat. > Ar2
| ® 9\([)]/ Ars-H solvent, rt \”/
= A 425 nm blue LEDs 0
A\ W4
LS
%
4
0.__Af
via |
(0]
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4.1 Introduction

In chapter 3, the author described that effective and regioselective
aminohydroxylation of olefins by photoredox catalysis on the basis of generation and
control of N-centered radicals from N-protected aminopyridinium salts and yildes. The
result encouraged him to examine the generation of oxygen-centered radicals and to
develop the effective method for radical C-O bond formations. In particular, since
aromatic compounds with C-O bonds are frequently observed in natural products, drugs,
and bioactive compounds (Figure 4.1),' development of the method for C(aromatic)-O

bond formation is significantly important in the organic synthesis.

OH
HO
HO \K;/\O)\K : :oH

OH

) vitamin E
OH catechin
E\ o] | O._OH
= 0] T(
o] o
isoflavone acetylsalicylic acid

Figure 4.1 Examples of bioactive compounds with aromatic C-O bonds.

Hydroxy radical (‘OH), which is generated by Fenton reaction,”® has been used for
decomposition of organic compounds (Scheme 4.1),%® implying that it is too reactive to
control the reactivity of "OH.

Fell + HoOp —— > Fell + *OH  + @OH
®

Fell + HyOp ——» Fell + OOH + H

Scheme 4.1 Fenton reaction.

On the other hand, alkoxy radicals have been applied to synthetic methods to some
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extent. They are electrophilic and highly reactive intermediates to cause addition to
olefin, H-abstraction and B-scission (chapter 1).” But again their high reactivity causes
limitation of their application. In contrast to those oxygen-centered radical species, the
author turned his attention to carboxy radical, especially aromatic carboxy radicals,
so-called aroyloxy radicals. carboxy radicals are much more stable tha the hydroxyl and
alkoxy radicals due to mt-stabilization.

Because of carboxy radical, aroyloxy radicals are more stable than alkyl ones to
result in slower decarboxylation (Scheme 4.2 (a)).* Alkyl substituted carboxyl radical
readily undergo decarboxylation to give the corresponding alkyl radical. Minisci
reaction associated with decarboxylation is well-known reaction for homolytic aromatic
substitution (Scheme 4.2 (b)).” As shown in Scheme 4.2 (c), homolytic aromatic

substitution by aroyloxy radical will be discussed in the present chapter.

(a) Rate constants of decarboxylation

0 k
J\ e R* + CO, k=~1010g1
R (0]
R = alkyl
0] K'

)]\ > Ar + CO; Kk'=~106s""
Ar (0]

(b) Minisci reaction

0o ) AgNOj cat. =

DN (D =Sy (s
R OH N H2SO, N

(NH4)2S,0g

(c)This work; Concept for aroyloxylation of arene with aroyloxy radical
At O° At 0.

T o+ AazH —> ) A?

o o

Aroyloxy radical

Scheme 4.2 (a) Rate constants of decarboxylation, (b) Minisci reaction, and

(c) this work.

Homolytic aromatic substitution with benzoyl peroxide via a benzoyloxy radical has

been studied extensively as typically exemplified by the classical report made by Kurz
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and Kovanic (Scheme 4.3 (a)).* Recently, Houk and Siegel and co-workers reported
that oxidation of arenes with phthaloyl peroxide via the diradical resulted in production

of phenol derivatives after hydrolysis. (Scheme 4.3 (b)).*

(a) Kurz's work

ji Xy CuCl, N O PP
pho o O PP+ R ] T2 m
\ﬂ/ ~~ CH4CN = o)

0]
R = Me, MeO
(b) C—H Oxidation using phthaloyl peroxide
o]
Q0 ° o Ar—H
X 0 HFIP OH NaHCOj;
| L~ o ———> Ar—OH
_— 0 40 °C O., MeOH
o Ar 40 °C
o 0] O

Photoredox catalysis
(c) Dehydrogenative Lactonization

H o (P g, 25mol%AcrMes|ClO, 7 g
N i 1.5 equiv. (NH,4),S,04 -~ NN '
pil CHZCN/H,0 (4/1),30°C Ry
Z 67 on blue LEDs Z>0" 0

(d) Benzoyloxylation of electron-rich arenes

(0] 2 mol% [Ru(bpy)3]Cly*6H,0
X

i O._ _Ph
Mo _pn, | 3 equiv. NaHCOy, X
- EDG - I
Ph™ 0" P CHSCN, rt, 60 h EDG l(
O 26-W bulb
(e) Previous work (f) This work
XR .
XR = NHTs SN XR=00CAr! "0 _Ar" Ar2-H . Arl
*NHTs o R'_:/g —®> —» Ar2 O\n/ r
+le +1e (0] 0

Scheme 4.3 Aroyloxylation of arenes by photoredox catalysis.

Photoredox catalysis’ induced the generation of aroyloxy radical species.
Gonzalez-Gomez and co-workers developed intramolecular lactonization via oxidation
of the carboxylic acid by acridinium photocatalyst ([Acr'-Mes]ClOy) , which has a
highly oxidizing power ((Ei» = +1.65 V vs. [Cp,Fe])),} in the presence of an excess
amount of co-oxidant, (NH4)2S,05s (Scheme 4.3 (¢)).® Rao and co-workers reported on

reduction of benzoyl peroxide by photoredox catalysis (Scheme 4.3 (d)).®® However,
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since peroxides are potentially explosive, it is dangerous to use a stoichiometric or extra
amount of the reagents. As described in Chapter 3, shelf-stable and easy-to-handle
N-protected aminopyridinium salts serve as nitrogen-centered radical precursors
(Scheme 4.3 (e)). This result prompted him to examine analogous aroyloxypyridinium

salts as oxygen-radical precursors and application of the resultant radicals (Scheme 4.3

).

4.2 Results and discussion

4.2.1 Synthesis of aroyloxypyridinium salts

R =3a: H (A =BF,), 90%

Me @ = | Me = ) R
0. g TR XA o Jua 3b: 4-Me (A = BF ), 89%
SN+ X o TSN 3c: 4-Cl (A = BF,): 85%
| 3 @& o 3d: 4-CF, (A = PFg): 97%
Me Me A
1 3

@ 3e: 3,5-CF5 (A = BF,): 28%
2 3f. 3,5-CF; (A=0Tf): 91%

Scheme 4.4 Synthesis of aroyloxypyridinium salts.

First of all, the author designed the aroyloxy radical precursors, which are composed
of accessible commercially available pyridine N-oxide derivatives, acid chloride (2) and
counter anion sources. Various aroyloxy-2,6-dimethylpyridinium salts (3) were
prepared from the reaction of 2,6-dimethylpyridine N-oxide 1 with 2. They are stable
and easy to handle. The two methyl groups on the pyridinium moiety are essential to
increase the stability of 3 toward moisture. Counter anion plays a key role in control of
hygroscopicity and solubility of 3.

Initially, the author investigated the reaction of styrene with 3a by photoredox
catalysis under the same condition as described in Chapter 3 (Scheme 4.5). As a result,
the expected benzoyloxy adduct A was obtained in a low yield, and the phenyl adduct B

was also obtained. The author predicted that the reaction of aroyloxy radical with
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olefins was not feasible.

Me ©BF,

oD
oD
O. Ph 2 mol% fac-[Ir(ppy)s]_ /K/O Ph
N7 N '
o 70( * PR Ph T o P
e

acetone-dg/D 0, rt o
425 nm blue LEDs

Z M
3 R A B
a ,% 14% NMR vyield 18%

Scheme 4.5 The reaction of syrene with 3a.

4.2.2 Photocatalytic aroyloxylation of mesitylene’
Table 4.1 Optimization of reaction conditions (aroyloxypyridinium salts 3x).

C)

Me A~ & Me Me s
.0 “ =R . 2 mol% fac—[lr(ppy)3]= 0 )
| @N acetone-dg, 4 h, rt
¥z Meo . Me Me 425nm ‘b/;Je LEDS e Meo
3x 4a ,% - 5x:
r
+ T+ A-D
(0]
6x 7x
entry 3x yield of yield of yield of
5xa’/% 6x"/% 7x"/%
1 3a(R=H) 18 27 8
2 3b (R =4-Me) 21 25 6
3 3¢ (R=4-Cl]) 34 27 3
4 3d (R =4-CF;) 30 16 8
5 3e (R =3,5-CF>) 69 21 0

“ Reaction conditions: a reaction mixture of 3x (0.05 mmol), 4a (0.05 mmol), Ir-1 (1.0 umol)
and acetone-ds (0.5 mL) was irradiated by 3W blue LEDs (A = 425 £ 15 nm) for 4 h at room
temperature. ” Yields were determined by 'H NMR spectroscopy using SiEty as external
standard.

With these reagents in hand, the author commenced the photocatalytic reaction of
mesitylene (4a) with aroyloxy-2,6-dimethylpyridinium salts 3x in the presence of
fac-[Ir(ppy)s] in acetone-ds under visible light irradiation with 425 nm blue LEDs

(Table 4.1). The reaction with benzoyloxy-2,6-dimethylpyridinium BF4 (3a) afforded
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the corresponding the carboxylated product 5aa in low yield (18%) together with
considatable amounts of benzoic acid (6a; 27%) and benzene (7a; 8%). 4-Substituted
benzoyloxy-2,6-dimethylpyridinium salts (3b-3d) also afforded the aryl benzoate (5ba;
21%, Sca; 34%, Sda; 30%), carboxylic acid (6b; 25%, 6c¢; 27%, 6d; 16%) and
decarboxylated protonated products (7b; 6%, 7¢; 3%, 7d; 8%) (entry 2-4). To his
delight, the reaction with 3,5-bis(trifluoromethyl)benzoyloxy-2,6-dimethylpyridinium
BF, (3e) afforded the corresponding product Sea in good yield (69%) (entry 5).
Furthermore, decarboxylation products (7e) was not observed. The benzoic acids 6
should be formed by H-abstraction of aroyloxy radical from the solvent, and the arene 7
should be formed via decarboxylation of aroyloxy radical followed by H-abstraction
from the solvent (Scheme 4.6). It is known that the H-abstraction and decarboxylation
processes are dependent on the aryl group and then the substituent effect of the benzoyl
moiety was examined.'' It turns out that, as the substituents on the benzene ring become
more electron-withdrawing, the yields of the desired ester products 5 increase. In
particular, the 3,5-bis(trifluoromethyl)benzoyl derivative 3 did not follow the

decarboxylation process at all but afforded the desired product Sae.

Me A
O._Ar © -
NN 1e (e} Ar g HO Ar
[ ® N T + T solvent-H
Pz O e} e}

H-abstraction

w
<
©

CO,

: solvent-H
decarbonylation| °Ar ————» H-Ar

Scheme 4.6 H-Abstraction and decarboxylation of aroyloxy radical.
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Table 4.2 Optimization of conditions (Photocatalyst and solvent).

CF4
o Me
Me B:;/@\C . 2 mol% photocat. Me
.0 lvent, 4h, rt = (0] Ar(CF3)
@ o /[ j\M 425 nm blue LEDs /@[ D
> 0O e e 7 0]
Me \C% Me Me
3e 4a 74 5ea
entry photocatalyst solvent yield of Sea’/%
1 fac-[Ir(ppy)s] (Ir-1) acetone-ds 69
2 [Ru(bpy)s](PFs), (Ru-1) acetone-ds 40
3 [Ir(dF(CF3)ppy)2(bpy)](PFs) (Ir-3)  acetone-ds <5
4 Ir-1 DMSO-ds 0
5 Ir-1 CD;i;CN 61
6 Ir-1 CD2C12 57
7C Ir-1 CD2C12 76
8 — CD,(Cl, 0
9 Ir-1 CD,Cl, 0

“ Reaction conditions: A reaction mixture of 3e (0.05 mmol), 4a (0.05 mmol), photocatalyst
(1.0 umol) and solvent (0.5 mL) was irradiated by 3W blue LEDs (A = 425 £ 15 nm) at room
temperature for 4 h. " Yields were determined by 'H NMR spectroscopy using SiEty as
external standard. © The ratio of 3e to 4a was 1:4. ¢ The reaction was conducted in the dark.

Next, the author examined the photoredox catalysts and the reaction solvents (Table
4.2). For the catalyst, fac-[Ir(ppy)s] (Ir-1) with the strongest reducing power of the
photoexcited state (E1» =—2.14 V vs. [CpoFe]))®  turned out to be the best (entry 1-3).
For the solvent, DMSO-d; solution did not afford Sea at all (entry 4), but CD;CN and
CD,Cl, resulted in formation of the desired product Sea (entries 5, 6). Finally, an extra
amount of 4a with respect to 3e in CH,Cl, provided 5ea in an excellent yield (76%)
(entry 7). Notably, the product S5ea was not obtained either in the dark and in the

absence of the photocatalyst (entries 8, 9).
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4.2.3 Scope and limitation of aroyloxylation with 3f

Table 5.3 Scope of the photocatalytic aroyloxylation.*”

CF4
Me o 5 mol% fac-{Ir(ppy)s] . O Ar(CFa)
mol% fac-[Ir _ r
+ Ar—H pPpPY)s > Ar \”/ 3)2
\N’ \[ |:3 CH20|2, 6 h, rt 0
® o 425 nm blue LEDs
Me 1:4 \‘C}Zf
3f 4x v 5fx
Me
Me MeO

5fa: 72% 5fb: 57% 5fc 51%

O\H/Ar(CFS)Q O R O o Ar(CF),
3
! O

5fd: 30% Sfe: 63% 51f: 37%°
2 Ar(CFg), (F4C)oAr._ O
3 3v/2
OJ\Ar(CFS)Z \ff \g O\
Ar(CF3)s OMe OMe
Oij/ 0-5th p-5th
B
ng. 33%, A:B =1:1°¢ 5fh: 68%, o:p = 3:1°¢
Ar(CF3) Q
32 O _Ar(CFy), §._ 0. _Ar(CFz),
EtO m
O Oy &y
OMe
Sfi: 39% o Sfirow’ Sfk:28%
i Not applicable to
Ar(CFa), OMe Me X X =NHBoc; 40
[Cameleghy
CF3; 4q
511: 22%°

“ Reaction conditions: A reaction mixture of 3f (0.40 mmol), 4 (1.60 mmol), photocatalyst (20.0 wmol)
and solvent (4.0 mL) was irradiated by 3W blue LEDs (A = 425 £ 15 nm) for 8 h at room temperature. b
Yields of isolated products. © 2.0 equiv. of 4f with respect to 3f was used. 25 equiv. of 4j with
respect to 3f was used. ° The ratios of regioisomers were determined by 'H NMR spectra of crude
reaction mixtures.’ Reaction time was 12 h. ¢ 3f (0.480 mmol) and 41 (0.400 mmol) were used.
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Under the optimized conditions, the scope of the present photocatalytic
aroyloxylation is summarized in Table 4.3. Mesitylene (4a), bulky
1,3,5-tri(isopropyl)benzene (4b) and p-xylene (4¢) produced the corresponding products
in good yields (5fa: 72%, 5fb: 57%, Sfc: 51%). The reaction of benzene (4d) afforded
the product 5fd in a low yield (30%) but naphthalene (4e) afforded Sfe in a good yield
(63%) as a single regioisomer. The reaction of anthracene (4f) was regioselective but
the yield was low because of the low solubility of anthracene in CH,ClL,. Indan (4g)
afforded the mono-aroyloxylated product as an equimolar mixture of regioisomers (5fg:
33%, A:B = 1:1). The reaction of anisole (4h), however, was regioselective to give a
mixture of o- and p-isomer Sfh in a 68% yield (o:p = 3:1). Furthermore, 4-bromoanisole
(4i) and ethyl p-anisate (4j) produced the corresponding product as single regioisomers
in 39% and 40% yields, respectively.

In addition, thiophene (4k) and azulene (4l) could be also applied to the present
reaction but in low yields (5fk; 28%, 5fl: 22%) due to other side reactions. The
precursors 3 decomposed in pyridine (4m, 4n). The reaction of aniline derivatives (40),
phenol (4p) and electron-deficient benzene derivatives (4q) did not proceed at all.

The reactions of 4d, 4f, 4g and 4j gave the corresponding carboxylic acids in low
yields, indicating that the substitution reaction is competitive with H-abstraction

reaction from solvents.

4.2.4 Experiments for analysis of reaction mechanism

Reaction mechanism was studied by CV measurements, Stern-Volmer plots and
kinetic isotope experiment.

Reduction potentials of aroyloxy radical precusors (3a-g) were investigated by CV

measurements (Figure 4.2). Irreversible reduction waves were ovserved at —1.39 V (3a),
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—1.42 V (3b), -1.33 V (3¢), —1.33 (3d), and —1.22 V (3e), respectively, indicating that
these reagents can be reduced by photoexcited *Ir-1 with the reduction potential of the
photoexcited state (E;, = —2.14 V vs. [CpzFe]). The trend is in accord with the
electron-withdrawing nature of the substituents. Reagent 3e with two
electron-withdrawing CF3 groups can undergo 1e-reduction the most readily. The order
is, fortunately, in accord with the order of preventing the decarboxylation process to

afford the ester product S in yields better than those to the others.

Ir-1(1)*/e=1(11) = ©
-2.14

Vv Me BF;Q
! o}
: 3a éN’ ©
h | ® M Me
! e BF,
: )\Meo
; 3a E,oq=—-1.39V
i 3b

oy’
© Cl )\Meo

, Me BF;{@ 3b: By = ~1.42V
c_ @O o) Me %F;(Q/C Fa
Me
g 30 Eea=-138V i\

oy’
CF3 7I\Me0

©)
3e Me OTf 3d: E,q=-1.33V
E \N’O Fs
| | — 2L o
-2.5 -1.5 -0.5 0.5 Me
Potential (V vs CpoFe in CH,Cl,) 3e: Ejgg=-1.33V

CV conditions: observed as 2 mM acetonitrile solutions; [NBuyg](PF¢) = 0.1 M; Ag/AgCl =electrode;
reported with respect to the [FeCp,]/[FeCp.]" couple.

Figure 4.2 Cyclic voltammograms for 3.

The Stern-Volmer plots for quenching the photoexcited photocatalyst *Ir-1 by the

action of 3e and 4a (Figure 4.3) confirmed that *Ir-1 was not quenched by 4a but by 3e,

indicating that electron transfer event occurs between *Ir-1 and 3e.

147



Chapter 4

12
°
10 3e
8
> 6 *
4 °
) 4a
0
0 0.1 0.2 0.3 0.4 0.5
concentration(mM)

Intensities of the emission at 506 nm were recorded upon excitation of a CH,Cl,
solution of Ir-1 at 363 nm.

Figure 4.3 Stern-Volmer studies of photocatalyst Ir-1.

Possible mechanism for the reaction of aroyloxy radical (A) with arenes involve
H-abstraction from arenes (Scheme 4.7 (a) 1) or radical addition to arenes (Scheme 4.6
(a) ii). In order to distinguish the two possibilities, the author conducted the competition
experiment of benzene (4d-H) and benzene-ds to access potential deuterium kinetic
isotope effect (Scheme 4.7 (b)). As a result, KIE value is 1.04, indicating that
de-hydrogen-atom step is not rate-limiting. The author proposed that radical addition
followed by le-oxidation and subsequent deprotonation was involved in this reaction.
An electron-withdrawing substituent on the aroyloxy groups increases the reactivity of
the radical addition as well as the H-abstraction.'® In this reaction, two trifluoromethyl
substituents promoted the radical addition and it is important that the radical addition

takes place in prefence to the H-abstraction from the solvent.
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(a) Possible mechanism R
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®OTf H ! H H T H
5 mol% Ir-1
SN \[( ArCFa)a 4d-H > > 5td-H
D CH20|2, 6 h, rt D
/ |\/| D D 425 nm blue LEDs 5 0 ACR)
’ r
1:4 \‘C&A \H/ 3)2
3f v o
D D D D
D D
4d-D 5fd-D

KIE: 5fd-H/5dg-D = 1.04

Scheme 4.7 Kinetic isotope effect.

On the basis of the experiments results, a plausible mechanism is shown in Scheme
4.8. Firstly, visible light irradiation to the ground state of Ir catalyst Ir""" generates the
photoexcited state of Ir species *Ir'". The aroyloxy-2.6-dimethylpyridinium salts 3 is
reduced by the *Ir'"" to afford stabilized radical intermediate 3> and highly oxidizing Ir
species Ir'Y. The radical 3’ fragmentates into aroyloxy radical A and 2,6-lutidine. The
oxygen-centered radical A follows the three reactions: (i) H-abstraction from the solvent
gives the carboxylic acid 6, (ii) decarboxylation of A followed by H-abstraction of aryl
radical affords the arene 7, and (iii) radical addition to arene 4. Route (iii) leads to the
radical intermediate 8, which is oxidized by the strongly oxidizing Ir species Ir'" to

afford the carbocationic species 9 and to regenerate the ground state of Ir'". Finally,
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deprotonation of carbocationic intermediate 9 by 2,6-lutidine produces the oxidation

product 5.
©
Me A
\N/O A, R—/ | Ir photocat. .~ O\[(Aﬂ
| ® X visible light = R— | o
> M O R " N 5 Me
3 ° ‘ Ti sy H
| ®
P
*fritt 2 6-Iutid|\i/|n%
It I H ’
€] oxidative o _Ar
+1e quenching cycle = il
v R_\ ® O
) PV S 9
H
1
‘0O _Ar 4 = O Ar
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. . 0O .
- 2,6-
Meo 6-lutidine A 8
3 H-abstraction \—\COQ
H-abstraction

Art cArl —> Arl-H

HO\H/
0 7
6
Scheme 4.8 Plausible reaction mechanism.

4.3 Conclusion

The author has developed aroyloxylation of arenes with the well-designed
3,5-bis(trifluoromethyl)benzoyloxy-2,6-dimethylpyridinium salt (3e (BFs;) and 3f
(OTY)) by fac-[Ir(ppy)s] under visible light irradiation. The salts 3e and 3f are easy-to
handle and serve as efficient aroyloxy radical precursors. The electron-withdrawing
group in the benzoyl moiety of 3 increases the reactivity of the aroyloxy radical to
increase the yields of the substituted oxidized products 5. Furthermore, in the present
reaction the aromatic moiety (C(sp®)-H) is oxidized selectively in preference to the alkyl

moiety (C(sp’)-H).
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4.4 Experimental

General

1, 2a, 2b, 2¢, 2d, 2e¢,4b, 4c, 4g, 4h, 4i, 4j, 41, 4m, and 4n were purchased from TCI. 4a were
purchased from Wako. 4d, 4e, and 4f were purchased from Kanto. 4f, 4p, and 4q were purchased
from Aldrich. CH,Cl, was purified through the columns containing alumina and alumina-Cu catalyst
and stored N, atmosphere. Other conditions were the same as those described in previous chapters

General procedure for the synthesis of aroyloxy-2,6-dimethylpyridinium salts

©
Me o Me A
o) Cl _Ar XA O_ _Ar
NI N + _— AN -
o \g CHLCN || @)N\ bl
= Me Z MeO
1a 2 3

Under N, to a mixture of 2,6-dimethylaminopyridine N-oxide (1a) (1.0 eq.), XA (1-1.2 eq) and
dry CH3CN were added carboxylic acid chloride (2) (1.0 eq). The reaction mixture was stirred for
the reaction time at rt. The volatiles were removed under reduced pressure and the residue was
extract with CH,Cl, and filtered. The filtrate was concentrated in vacuo. The residue was washed
with Et,O and obtained as a white solid.

1-Benzoyloxy-2,6-dimethylpyridinium tetrafluoroborate (3a)

\N’ + \
Me
1

2a

The reaction of 1a (237.3 mg, 1.93 mmol), potassium tetrafluoroborate (254 mg, 2.02 mmol) and

2a (324 mg, 2.31 mmol) following the general procedure afforded 3a (547 mg, 90%, reaction time =
5 h) as a white solid.
"H NMR (400 MHZ, CD5CN, rt) & 8.43 (t, *J = 8.0 Hz, 1H; CsNHH,), 8.29 (dd, >*J=8.4 Hz, q, *J =
1.2 Hz, 2H; CsNHH,), 7.93 (m, 3H; C¢HsH,), 7.73 (m, 2H). *C NMR (125 MHz, CDsCN, rt) &
162.4, 155.0, 147.1, 137.9, 132.0, 130.7, 129.3, 123.8, 18.4. HRMS (ESI-TOF) calculated for
[C14H14NO,] " requires 228.1019, found 228.1019.

1-(4-Methylbenzoyloxy)-2.6-dimethylpyridinium tetrafluoroborate (3b)

©)
Me Me Me BF, Me
\N’O + Cl &_» \N,O
| ® CHLCN |
Me o
1a 2b

(0]
/Me

3b

The reaction of 1a (258 mg, 2.01 mmol), potassium tetrafluoroborate (268 mg, 2.13 mmol) and 2b

(381 mg, 2.46 mmol) following the general procedure afforded 3b (611 mg, 89%, reaction time = 15
h) as a white solid.
'"H NMR (400 MHz, CD;CN) & 8.42 (t, 3J = 8.0 Hz, 1H; CsNHH,), 8.18 (d, 3] = 8.4 Hz, 2H;
CsNHH,), 7.94 (d, 3J=8.0 Hz, 2H; CsH,H»), 7.54 (d, 3J=8.0 Hz, 2H; CsHoH>), 2.71 (s, 6H; (CH3)),
2.52 (s, 3H; CH3). BC NMR (125 MHz, CDsCN, rt) 8 162.3, 155.0, 149.9, 147.0, 132.0, 131.3,
129.2, 120.9, 22.1, 18.4. HRMS (ESI-TOF): calculated for [C15H16N02]+ requires 242.1176, found
242.1175.
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1-(4-Chlorobenzoyloxy)-2,6-dimethylpyridinium tetrafluoroborate (3¢c)

© |
Me o Cl Me BF, c
. KBF
N — At O
| @)\ CH3CN | ®
7 Me
1a

2c 3c

The reaction of 1a (237.8 mg, 1.93 mmol), potassium tetrafluoroborate (254 mg, 2.02 mmol) and

2¢ (367 mg, 2.01 mmol) following the general procedure afforded 3¢ (547 mg, 90%, reaction time =
16 h) as a white solid.
"H NMR (400 MHZ, CD;CN, rt) 8 8.43 (t, >J = 8.0 Hz, 1H; CsNHH,), 8.25 (m, 2H; CsNHH,), 7.94
(d, °J = 8.0 Hz, 2H; C¢H,H,), 7.74 (d, °J = 8.8 Hz, 2H; C¢HoHy), 2.71 (s, 6H; (CHs),). *C NMR
(125 MHz, CDsCN, rt) & 161.7, 155.0, 147.2, 144.0, 133.7, 130.9, 129.2, 122.6, 18.4. HRMS
(ESI-TOF) calculated for [C14H13CIN02]+ requires 262.0629, found 262.0626.

1-(4-trifluoromethylbenzoyloxy)-2,6-dimethylpyridinium hexafluorophosphate (3d)

S F
Me O@ Z | Fs Me PFg 3
KPF
NN + Cl S N6 g .0
Me O = Meo
1a 3d

2d

The reaction of 1a (236 mg, 1.91 mmol), potassium hexafluorophosphate (446 mg, mmol) and 2d

(381 mg, 2.14 mmol) following the general procedure afforded 3d (817 mg, 97%, reaction time = 5
h) as a white solid.
"H NMR (400 MHZ, CDsCN, rt) & 8.46 (m, 3H; CsNHj), 8.04 (d, *J = 8.8 Hz, 2H; C¢H,H,), 7.96 (d,
3J = 8.0 Hz, 2H; C¢HoH>). *C NMR (125 MHz, CD5CN, rt) & 161.5, 155.0, 147.3, 137.7 (q, °J =
32.6 Hz), 132.9, 129.4, 127.7, 127.5 (q, *J = 3.9 Hz), 124.4 (q, >J = 271 Hz), 18.5. ’F NMR (376
MHz, CDClj, rt) 0 —64.3. HRMS (ESI-TOF) calculated for [C, 5H13F3N02]+ requires 296.0893,
found 296.0893.

1-(3,5-bis(trifluoromethyl)benzoyloxy)-2,6-dimethylpyridinium tetrafluoroborate (3e)

Me CF3 @ CF3
© Me BF4
éN o, KBF e
| © Cl CH4CN Ny E
3
)\Me \[ Fs | 9 0O
o Me
1a 3e

2e

The reaction of 1a (266 mg, 2.016 mmol), potassium tetrafluoroborate (317 mg, 2.52 mmol) and

2e (381 mg, 2.36 mmol) following the general procedure afforded 3e (307 mg, 32%, reaction time =
2 h) as a white solid after washed with as small amount of CHCl;.
"H NMR (400 MHZ, CD;CN, 1t) 8 8.79 (s, 2H; CeHoH(CF3),), 8.54 (s, 1H; CeHoH(CF3),), 8.47 (1,
3J = 8.0 Hz, 1H; CsNHH,), 7.97 (d, >J = 8.0 Hz, 2H; CsNHH,), 2.74 (s, 6H; (CHs),). *C NMR (125
MHz, CDsCN, rt) 8 160.5, 154.9, 147.6, 133.4 (q, °J = 34.4 Hz), 132.7 (q, *J = 3.5 Hz), 131.1 (q, *J
= 3.1 Hz), 129.5, 126.7, 123.7 (g, *J = 271 Hz). ’F NMR (376 MHz, CDCls, rt) 8 —64.3, —
154.3HRMS (ESI-TOF) calculated for [C16H12F6N02]+ requires 364.0767, found 364.0763.
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1-(3,5-bis(trifluoromethyl)benzoyloxy)-2,6-dimethylpyridinium trifluoromethanesulfonate (3f)

CFj
Me
©
éN,o . _NaOTt _ Me o
| ® o TGHL N \N
)\Me 1

1a 2e

The reaction of 1a (249 mg, 2.02 mmol), sodium trifluoromethanesufonate (691 mg, 2.50 mmol)

and 2e (427 mg, 2.48 mmol) following the general procedure afforded 3f (944 mg, 91%, reaction
time = 3 h) as a white solid.
"H NMR (400 MHZ, CD;CN, 1t) 8 8.79 (s, 2H; CeH,H(CF3),), 8.54 (s, 1H; CeHoH(CF3),), 8.47 (1,
3J = 8.0 Hz, 1H; CsNHH,), 7.98 (d, >J = 8.0 Hz, 2H; CsNHH,), 2.75 (s, 6H; (CHs),). *C NMR (125
MHz, CD;CN, rt) 8 160.5, 155.0, 147.6, 133.4 (q, °J = 34.4 Hz), 132.7 (q, *J = 3.1 Hz), 131.1 (q, *J
= 3.1 Hz), 129.5, 126.7, 123.7 (q, >J = 271 Hz), 121.9 (q, *J = 366 Hz; CF;S0;). ’F NMR (376
MHz, CDCl;, rt) 8 —64.4, —79.8. HRMS (ESI-TOF) calculated for [Ci¢H;FéNO,]" requires
364.0767, found 364.0763.

Typical NMR experimental procedure
Photocatalytic aroyloxylation of mesitylene (4a)

Me G)A Me Me
\N,O\H/Ar + 2 mol% Ir-1 - O\H/Ar
| 9 o) acetone-dg, 4 h, rt o
Me Me Me 425 nmblue LEDs e Me
3x 1:1 4a :‘C};f Sxa

Under Ny, to 4a (50.0 mmol) dissolved in a deuterated acetone (0.50 mL) in an NMR tube, 3x
(50.0 mmol), Ir-1 (1.00 mmol) and tetraethylsilane (an external standard dissolved CD;CN in
capillary tube) were added. The mixture was degassed by three freeze-pump-thaw cycles. The
reaction was carried out at room temperature (water bath) under irradiation of visible light (placed at
a distance of 2-3 cm from the blue LED lamp: Av =425 £ 15 nm).

General procedure for the photocatalytic aroyloxylation of arenes with 3f

CF4 CFs
o
OTf v A—H 5 mol% Ir-1 _
NV . ' CHClp 6h. it~ , O -
| ® 3 425 nm blue LEDs r 3
P O A\ W4 (@]
Me 1:4 =0’y
3f 4x 74 5fx

Under N, to arene (4x) (1.60 mmol) dissolved in a dry and dehydrated CH,Cl, (4.0 mL) in a 20
mL-Schlenk tube, 3f (0.4 mmol) and Ir-1 (0.02 mmol) were added. The tube was placed at a
distance of 2-3 cm from blue LED lamp (hv = 425 = 15 nm). The resulting mixture was stirred at
room temperature (water bath) under visible light irradiation. Then, the reaction mixture was
concentrated in vacuo to remove volatile compounds. The residue was purified by flash column
chromatography on silica gel to give 5fx. Then the reaction was followed by 'H NMR spectroscopy.
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Mesityl 3,5-bis(trifluoromethyl)benzoate (5fa)
CF,

Me MeO

The reaction of 3f (205.4 mg, 0.400 mmol), mesitylene (4a) (191.7 mg, 1.59 mmol), and Ir-1 (13.2

mg, 20.2 umol) following the general procedures afforded 5fa (108.4 mg, 72% yield, reaction time =
6 h) as a white solid after purification with flash column chromatography on silica gel
(hexane:EtOAc = 100:1).
"H NMR (400 MHz, CDCls) & 8.69 (s, 2H; CoH>H(CF5),), 8.16 (s, 1H; C¢HoH(CF3),), 6.95 (s, 2H;
CeH>(CHs)s), 2.32 (s, 3H; CeHa(CHz)»(CHy)), 2.16 (s, 6H; CeHa(CH3)2(CHz)). *C NMR (125 MHz,
CDCls, 1t) 8 162.1, 145.8, 136.2, 132.7 (q, °J = 33.8 Hz), 131.7, 130.3 (q, *J = 3.4 Hz), 129.7, 127.1
(seq, *J = 3.5 Hz), 123.0 (q, °J = 271 Hz), 21.0, 16.4. ’F NMR (376 MHz, CDCl, rt) 8 —64.3.
HRMS (ESI-TOF): calculated for [ClgH14Oz+Na]+ requires 399.0790, found 399.0789.

2,4,6-Triisopropylphenyl 3,5-bis(trifluoromethyl)benzoate (5fb)
CF3

iPr
(0]
F3
O
Pr Pr

The reaction of 3f (204.9 mg, 0.399 mmol), 1,3,5-triisopropylbenzen (4b) (191.7 mg, 1.59 mmol),
and Ir-1 (13.2 mg, 20.2 umol) following the general procedures afforded 5fb (97.4 mg, 63% yield,
reaction time = 4 h) as a white solid after purification with flash column chromatography on silica
¥el (hexane:EtOAc = 10:1).

H NMR (400 MHz, CDCls) 8 8.67 (s, 2H; CcH,H(CF3),), 8.17 (s, 1H; C¢H,H(CF3)y), 7.06 (s, 2H;
CeHo(CH3)s), 2.93 (seq, >J=7.2 Hz, 1H; (CH3),CH), 2.88 (seq, °J = 7.2 Hz, 2H; (CH;),CH), 1.28 (d,
3] = 6.8 Hz, 6H; (CH3)»(CHy)), 1.21 (d, °J = 6.8 Hz, 12H; (CH;),(CH3)). *C NMR (125 MHz,
CDCls, rt) & 163.0, 147.5, 143.4, 139.8, 132.8 (q, °J = 34.1 Hz), 131.9, 130.3, 130.3, 127.1 (g, *J =
3.3 Hz), 123.0 (q, >J = 272 Hz), 34.3, 28.0, 24.3, 24.0, 22.9. ’F NMR (376 MHz, CDCl;, rt) 8 —64.2.
HRMS (ESI-TOF): calculated for [C24H26F602+Na]+ requires 483.1729, found 483.1732.

2,5-dimethylphenyl 3,5-bis(trifluoromethyl)benzoate (5fc)

CF3

Me

Me

The reaction of 3f (205.5 mg, 0.400 mmol), p-xylene (4¢) (169.7 mg, 1.60 mmol), and Ir-1(13.2

mg, 20.2 pmol) following the general procedures afforded Sfc (73.4 mg, 51% yield, reaction time =
6 h) as a white solid after purification with flash column chromatography on silica gel
(hexane:EtOAc = 10:1).
"H NMR (400 MHz, CDCl3) & 8.66 (s, 2H; CoHoH(CFs),), 8.15 (s, 1H; CH,H(CF3),), 7.19 (d, >J =
7.6 Hz, 1H; C¢HHH), 7.04 (d, °J = 7.6 Hz, 1H; C¢HHH), 6.96 (s, 1H; CsHHH), 2.36 (s, 3H;
CeH3(CH;)(CH3)), 2.19 (s, 3H; C¢Hi(CH;)(CHs)). “C NMR (125 MHz, CDCL, rt)
8 162.5,149.0, 137.5,132.7 (q, °J = 33.8 Hz), 131.9, 131.3, 130.3 (q, *J = 3.1 Hz), 127.7, 127.1 (seq,
*J=3.9 Hz), 123.0 (q, 2J = 272 Hz), 122.2, 21.1, 15.9. ’F NMR (376 MHz, CDCl;, rt) & —64.3.
HRMS (ESI-TOF): calculated for [C17H12F602+Na]+ requires 385.0634, found 385.0635.
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Phenyl 3,5-bis(trifluoromethyl)benzoate (5fd)
CF4

\O Fs

Z (0]

The reaction of 3f (204.7 mg, 0.399 mmol), benzene (4d) (125.3 mg, 1.60 mmol), and Ir-1 (13.2

mg, 20.2 pmol) following the general procedures afforded 5fd (27.6 mg, 30% yield, reaction time =
6 h) as a colorless oil after purification with flash column chromatography on silica gel
(hexane:EtOAc = 10:1).
"H NMR (400 MHz, CDCl;) & 8.66 (s, 2H), 8.15 (s, 1H), 7.47 (m, 2H), 7.35 (m, 1H), 7.25 (m, 2H).
BC NMR (125 MHz, CDCl;, rt) 8 162.7, 150.5, 132.6 (q, °J = 34.0 Hz), 130.4 (q, *J = 3.3 Hz),
129.9, 127.1 (q, *7 = 3.5 Hz), 126.7, 123 (q, *J = 272 Hz), 121.5. ’F NMR (376 MHz, CDCL, rt)
8 —64.3. HRMS (ESI-TOF): calculated for [C14H304+Na]" requires 261.1097, found 261.1105.

Naphthalen-1-yl 3,5-bis(trifluoromethyl)benzoate (5fe)
CF4

(o
e
0]

The reaction of 3f (204.9 mg, 0.399 mmol), naphthalene (4e) (205.5 mg, 1.60 mmol), and Ir-1

(13.2 mg, 20.2 umol) following the general procedures afforded 5fe (97.4 mg, 63% yield, reaction
time = 6 h) as a white solid after purification with flash column chromatography on silica gel
(hexane:EtOAc = 10:1).
"H NMR (400 MHz, CDCl;) & 8.78 (s, 1H), 8.21 (s, 1H; CeH,H(CF3),), 7.95 (m, 1H CeH,H(CF5),),
7.86 (m, 2H; napht-H), 7.55 (m, 3H; napht-H), 7.39 (m, 1H; napht-H). BC NMR (125 MHz, CDCls,
rt) & 162.8, 146.4, 134.9, 132.8 (q, °J = 34.1 Hz), 131.8, 130.5 (q, *J =33 Hz), 128.4, 127.3 (seq, *J
=3.8 Hz), 127.03, 126.98, 126.9, 126.6, 125.6, 123.0 (g, J = 271 Hz), 120.9, 118.2.’F NMR (376
MHz, CDCl;, rt) § —64.2. HRMS (ESI-TOF): calculated for [C1oHoFs0,+Na]" requires 407. 0477,
found 407.0474.

Anthracen-9-yl 3,5-bis(trifluoromethyl)benzoate (5ff)

CF,

The reaction of 3f (204.8 mg, 0.399 mmol), anthracene (4f) (142.2 mg, 0.798 mmol), and Ir-1

(13.3 mg, 20.3 pmol) following the general procedures afforded 5ff (64.9 mg, 37% yield, reaction
time = 6 h) as a white solid after purification with flash column chromatography on silica gel
(hexane:EtOAc = 1:0-50:1).
"H NMR (400 MHz, CDCls) & 8.90 (s, 2H; CoH,H(CF5),), 8.45 (s, 1H; anth—HP, 8.26 (s, 1H;
CsHoH(CF3),), 8.09 (m, 2H; anth-H), 7.91 (m, 2H; anth-H), 7.52(m, 4H; anth-H). ’C NMR (125
MHz, CDCls, 1t), 8 162.9, 141.6, 133.0 (q. °J = 33.9 Hz) 132.0, 131.4, 130.6, 128.8, 127.6 (seq, *J =
3.6 Hz), 126.9, 125.9, 125.7, 123.9, 123 (q, 2J = 271 Hz), 121.0. ’F NMR (376 MHz, CDCls, rt) 8 —
64.2. HRMS (ESI-TOF): calculated for [C23H12F602+Na]+ requires 457.0634, found 457.0632.
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Indan-5-yl 3,5-bis(trifluoromethyl)benzoate and
indan-4-yl 3,5-bis(trifluoromethyl)benzoate (5fh)

CFs o)
o} Fa
o) .
o) CFs
A-5fh B-5fh

The reaction of 3f (205.1 mg, 0.400 mmol), indan (4h) (188.5 mg, 1.60 mmol), and Ir-1 (12.8 mg,
19.5 umol) following the general procedures afforded 5th (48.7 mg, 33% yield, reaction time = 6 h)
as a colorlessoil after purification with flash column chromatography on silica gel (hexane:EtOAc =
50:1). Regioisomer ratio (1:1) was determined by 'H NMR analysis of unpurified product mixture.
The spectral data of regioisomer were determined with separated products by GPC (CH;Cl).

A-5fh "H NMR (400 MHz, CDCls) § 8.64 (s, 2H; C¢HLH(CF3),), 8.14 (s, 1H; CeHLH(CF3),), 7.29
(m, 1H; C¢HHH), 7.07 (s, 1H; CeHHH), 6.96 (m,1H;C¢HHH), 2.96 (t, °J = 8.0 Hz, 2H;
CH,CH,CH,), 2.94 (t, °J = 8.0 Hz, 2H; CH,CH,CH,), 2.14 (it, °J = 7.6 Hz, ’J = 7.6 Hz, 2H;
CH,CH,CH,). ®C NMR (125 MHz, CD5Cl) 8 136.1, 147.5, 147.0, 136.1, 132.6 (q, °J = 34.1 Hz),
132.0, 130.4 (q, *J = 3.0 Hz), 127.9, 127.0 (q, *J = 3.8 Hz), 123.0 (q, >J = 272 Hz), 122.9, 118.8,
33.3,30.1, 25.2. F NMR (376 MHz, CDCl;, rt) 8 —64.3..

B-5fh '"H NMR (400 MHz, CDCI3) 6 8.65 (5, 2H; CoHH(CF3),), 8.14 (s, 1H; CoHaH(CF3)), 7.22 (d,
3J=17.6 Hz, 1H; C¢HHH), 7.20 (t, °J = 7.2 Hz, 1H; CéHHH), 6.98 (d, *J = 7.6 Hz, 1H; C¢HHH), 3.01
(t,*J = 7.2 Hz, 2H; CH,CH,CHy), 2.84 (t, °J = 7.2 Hz, 2H; CH,CH,CH,), 2.12 (tt, *J = 7.2 Hz, °J =
7.2 Hz, 2H; CH,CH,CH,). *C NMR (125 MHz, CDCl) 8 162.1, 149.0, 142.7, 132.5 (q, °J = 34.1
Hz), 132.2, 130.4 (%, *J=3.1Hz), 126.9 (q, *J = 3.5 Hz), 125.2 123.0 (q, °J =271 Hz), 119.0, 117.5,
33.2, 32.5, 25.9. PF NMR (376 MHz, CDCls, rt) 6 -64.3. HRMS (ESI-TOF): calculated for
[C18H12F602+Na]+ requires 397.0634, found 397.0633.

2-Methoxyphenyl 3,5-bis(trifluoromethyl)benzoate (5fi)

CF3 CF3
O
@ 7‘/©\m:3 FaC /©\rfo \©\
O o
OMe

OMe
o-5fi p-5fi

The reaction of 3f (205.7 mg, 0.401 mmol), anisole (4i) (173.3 mg, 1.60 mmol), and Ir-1 (12.9
mg, 20.0 umol) following the general procedures afforded 5fi (99.1 mg, 68% yield, reaction time = 6
h) as a white solid after purification with flash column chromatography on silica gel (hexane:EtOAc
=100:1). Regioisomer ratio (3:1) was determined by "H NMR analysis of the crude product before
chromatography.
0-5fi: "H NMR (400 MHz, CDCl3) & 8.67 (s, 2H; C¢H>H(CF3),), 8.14 (s, 1H; C¢H,H(CF3),), 7.30
(m, 1H; C¢HHs), 7.17 (m, 1H; CeHHs3), 7.03 (m, 2H; C¢H>H,), 3.837 (s, 3H; OCHz). *C NMR (125
MHz, CDCls, rt) 8 162.3, 151.1, 139.5, 132.5 (q, °J = 34.1 Hz), 131.9, 130.5 ((4, ‘J=3.5Hz), 127.7,
127.0. (seq, *J = 3.5 Hz), 122.7. 123.0 (q, >J = 272 Hz), 121.1, 112.7, 56.0. °’F NMR (376 MHz,
CDCl;, 1t) 8 —64.27.
p-5fi: "H NMR (400 MHz, CDCls) 8 8.65 (s, 2H; C¢H,H(CF3),), 8.14 (s, 1H; C¢HyH(CF3),), 7.16
(m, 2H; C¢H,H,), 6.97 (m, 2H; C¢H,H,), 7.03 (m, 2H; CsH,H,), 3.843 (s, 3H; OCH32. BC NMR
(500 MHz, CDCl;, rt) 8 163.1, 157.9, 143.9, 132.6 (q, *J = 34.0 Hz), 132.1, 130.4 (q, *J = 3.1 Hz),
127.0 (seq, *J = 3.5 Hz), 123.0 (q, 2J = 271 Hz), 122.3, 114.8, 55.8. ’F NMR (376 MHz, CDCl;, rt)
0 —64.29.

HRMS (ESI-TOF): calculated for [C16H10F603+Na]+ requires 387.0426, found 387.0424.

5-Bromo-2-methoxyphenyl 3,5-bis(trifluoromethyl)benzoate (5fg)
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The reaction of 3f (205.1 mg, 0.400 mmol), 4-bromoanisole (4g) (299.9 mg, 1.60 mmol), and Ir-1
(13.0 mg, 19.9 umol) following the general procedures afforded 5fg (68.6 mg, 39% yield, reaction
time = 6 h) as a white solid after purification with flash column chromatography on silica gel
(hexane:EtOAc = 100:1) and GPC (CH;Cl).
"H NMR (400 MHz, CDCls) & 8.63, (s, 2H; C¢HH(CFs),), 8.15 (s, 1H; CeH,H(CF3),), 7.40 (dd, *J
= 8.8 Hz, 'J = 2.4 Hz, 1H; C,HHH), 7.34 (d, *J = 2.4 Hz, 1H; CHHH), 6.92 . ’J = 8.8 Hz, 1H;
C¢HHH), 3.82. *C NMR (125 MHz, CDCls, 1t) 8 161.9, 150.6, 139.9, 132.6 (q, °J = 34.1 Hz), 131.4,
130.5 (cI[, “J=3.3 Hz), 130.5, 127.2 (seq, *J = 3.5 Hz), 126.0, 122.9 (q, >J = 271 Hz), 114.0, 112.3,
563. "F NMR (376 MHz, CDCl;, rt) 8-64.3. HRMS (ESI-TOF): calculated for
[C16H9BrF6O3+Na]+ requires 464.9531, found 464.9535.

Ethyl 3-(3,5-bis(trifluoromethyl)benzoyloxy)-4-methoxybenzoate (5fj)
CF4
OMe

O~ OEt

The reaction of 3f (204.6 mg, 0.399 mmol), ethyl p-anisate (4j) (174.9 mg, 0.970 mmol), and Ir-1

(12.9 mg, 19.7 umol) following the general procedures afforded 5fj (69.6 mg, 40% yield, reaction
time = 6 h) as a white solid after purification with flash column chromatography on silica gel
(hexane:EtOAc = 50:1-10:1).
"H NMR (400 MHz, CDCls) 8 8.65 (s, 2H; CoH,H(CF3),), 8.15 (s, 1H; C¢H,H(CF3),), 8.03 (dd, *J =
8.4 Hz, *J = 2.0 Hz, 1H; CcHHH), 7.87 (d, *J = 2.0 Hz, 1H; C¢HHH), 7.06 (d, °J = 8.8 Hz, 1H;
CcsHHH), 4.37 (%, 3] = 7.2 Hz, 2H; CH3;CH,COO), 3.89 (s, 3H; CH;0), 1.38 (t, °J = 7.2 Hz, 3H;
CH3;CH,COO). *C NMR (125 MHz, CDCls, rt) 8 165.6, 162.1, 154.9, 139.0, 132.6 (q, *J = 34.0
Hz), 131.5, 130.6, 129.9, 127.2 (q, *J = 2.5 Hz), 124.3, 123.6, 123.0 (q, °J = 271 Hz), 111.9, 61.2,
56.3, 14.5. "F NMR (376 MHz, CDCl;, rt) 8—64.3. HRMS (ESI-TOF): calculated for
[C14H1804+Na]+ requires 261.1097, found 261.1105.

Thiopen-2-yl 3,5-bis(trifluoromethyl)benzoate (5fk)
CF4

The reaction of 3f (205.7 mg, 0.401 mmol), thiophene (4k) (135.9 mg, 1.60 mmol), and Ir-1 (12.9

mg, 19.7 pmol) following the general procedures afforded 5fk (38.4 mg, 28% yield, reaction time =
12 h) as a white solid after purification with flash column chromatography on silica gel (hexane).
"H NMR (400 MHz, acetone-dg) & 8.74 (s, 2H; CeH>H(CF3),), 8.45 (s, 1H; C¢HoH(CF3),), 7.18 (m,
1H; thiophene-H), 7.04 (m, 1H; thiophene-H), 6.97 (m, 1H; thiophene-H). *C NMR (125 MHz,
CDCl, 1) 8 161.0, 151.5, 132.8 (q, °J = 34.1 Hz), 130.9, 130.4 (q, *J = 3.4 Hz), 127.4 (q, *J = 3.5
Hz), 123.8, 122.9 (q, >J = 272 Hz), 119.0, 114.5."°F NMR (376 MHz, CDCl;, rt) 8 —64.3. HRMS
(ESI-TOF): calculated for [C13H6F(,02+Na]+ requires 362.9885, found 362.9881.
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Azulen-1-yl 3,5-bis(trifluoromethyl)benzoate (5f1)
CF4

O Fs

The reaction of 3f (246.4 mg, 0.480 mmol), azulene (41) (51.2 mg, 0.399 mmol), and Ir-1 (13.0

mg, 19.9 umol) following the general procedures afforded 5f1 (34.2 mg, 22% yield, reaction time =
24 h) as a dark green solid after purification with flash column chromatography on silica gel
(hexane).
"H NMR (400 MHz, CDCl3) & 8.77 (s, 2H; C¢H>H(CF5),), 8.33 (d, *J = 9.2 Hz, 1H; C;H4H), 8.28 (d,
3J=9.6 Hz, 1H; C;H4H), 8.18 (s, 1H; C¢H,H(CFs),), 7.95 (d, °J = 4.4 Hz, 1H; CsHH), 7.65 (dd, *J =
9.6 Hz, °J = 9.6 Hz, 1H; C;H4H), 7.35 (d, *J = 4.4 Hz, 1H; CsHH), 7.14 (dd, °J = 9.6 Hz,’J = 9.2 Hz,
2H; C;H4H). ®C NMR (125 MHz, CDCls, rt) 8 162.6, 139.1, 138.8, 137.1, 136.9, 132.7 (q, *J =
34.0 Hz), 132.3, 132.1, 130.4 (q, 7= 3.1 Hz), 127.7, 127.0 (q, *J = 3.8 Hz), 126.5, 123.4, 123.0 (q,
2J =271 Hz), 114.3. ’F NMR (376 MHz, CDCl;, rt) 8 —64.2. HRMS (ESI-TOF): calculated for
[C14H1804+Na]+ requires 261.1097, found 261.1105.

Luminescence quenching experiments

A solution of the Ir catalyst was prepared as to show the absorbance 0.1 exitation wavelength and
degassed by three freeze-pump-thaw cycles in a 1 cm quartz cell equipped with an sphere moiety for
freeze. The solution of quencher was added to the solution of the Ir catalyst before measurement of
emission intensities.
Experiment for Kinetic isotope effect

Under N;, to benzene (4d) (62.8 mg, 0.80 mmol) and benzene-ds (67.6 mg, 0.80 mmol) dissolved
in a dry and dehydrated CH,Cl, (4.0 mL) in a 20 mL-Schlenk tube, 3f (205.1 mg, 0.40 mmol) and
Ir-1 (13.0 mg, 0.020 mmol) were added. The tube was placed at a distance of 2-3 cm from blue LED
lamp (hv =425 £ 15 nm). The resulting mixture was stirred at room temperature (water bath) under

visible light irradiation. Then, the reaction mixture was concentrated in vacuo. The KIE was
determined by the clude 'H NMR.
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Summary and Outlook

The author has developed new methods for introduction of O- and N-functionalities

to alkenes or arenes via C-, N-, and O-centered radical intermediates generated by

photoredox catalysis. Organotrifluoroborates and amino- and carboxy-pyridinium salts

undergo le-oxidation and le-reduction via reductive and oxidative quenching cycles,

respectively, to generate the corresponding C-, N-, and O-centered radicals, which

undergo hydro-aminomethylation (Chapter 2), hydro-alkoxymethylation (Chapter 2),

amionohydroxylation (Chapter 3), and aroyloxylation (Chapter 4).
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In Chapter 2, hydro-aminomethylation and hydro-alkoxymethylation of
electron-deficient olefins with organotrifluoroborates following reductive quenching
cycle have been described. In particular, N-Boc-aminomethyltrifluoroborate and
p-methoxyphenoxymethyltrifluoroborate serve as the efficient radical precursors. The
aminomethyl and alkoxymethyl radicals are so reactive toward electron-deficient
alkenes as to afford the corresponding ethers and primary amines, where the carbon
chains of alkenes are elongated by one methylene unit. In addition, the
hydro-aminomethylation can be applied to synthesis of GABA (y-aminobutyric acid)
derivatives.

Chapter 3 deals with utilization of aminohydroxylation of olefins with well-designed
N-protected aminopyridinium salts and the corresponding deprotonated ylides activated
by a Lewis acid, Sc(OTf);. The reactions follow oxidative quenching cycle to afford
amidyl radicals. In particular, N-Ts protected aminopyridinium BFj, is the most effective
precursor to afford the corresponding aminoalcohols with a wide range of functional
groups as single regioisomers. Furthermore, dual Lewis acid/photoredox catalysis
enables the use of various N-protected iminopyridinium ylides. This method will be
welcomed as a new regioselective synthetic method for vicinal aminoalcohol.

In chapter 4, C-H oxidation reaction of arenes via aroyloxy radical (Ar'COQO)
generated from aroyloxy-2,6-pyridinium salts has been described. The radicals increase
the reactivity by strong electron-withdrawing groups on the aroyl group i.e. two
trifluoromethyl groups. Furthermore, this aroyloxypyridinium salts are easy-to-handle
and non-explosive so that the reaction is a safe oxidation method under mild conditions

in contrast to the reaction of peroxides.
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In this thesis, radical initiating systems with organoborates and pyridinium scaffold
by photoredox catalysis have been developed. The present methodology allows us the
chemo- and regio-selective reaction by choice of functionalities on the radical. On the
basis of the knowledge from this thesis, the author envisions that enantioselective
radical reactions can be developed. Catalytic enantioselective radical reaction is a
challenging topic due to highly reactive radical species. To achieve these reactions, the
author proposed the combination of thermodynamic and kinetic control of the radical
species. For example, the radical coupling reaction of the kinetically stable amidyl
radical controlled by the bulky chiral ligand from aminopyridinium salt and
thermodynamically stable radical from organoborates to afford chiral amine by
photoredox catalysis.

The author believes that further continuous study on photoredox catalysis on the basis
of this thesis will open a new strategy for synthesis of fine chemical, agrochemical, drug,
bioactive compounds and material.
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