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Abstract

C-H functionalization is a meaningful but challenge issue. The construction of C-C bond or
C-X bonds can afford different feedstocks for organic synthesis. Therefore, developing new
methods for such reactions is an important task in organic chemistry. Chapter 1 presents a general
introduction to C-C and C-X bond forming reactions, focusing on C-H functionalization of

carboxylic acids and arenes.

Chapter 2 describes the decarboxylative oxygenation of carboxylic acids to aldehydes and
ketones. A new protocol using a novel and efficient Mn catalyst and O, as oxidant for this
transformation is developed. A series of different carboxylic acids, including benzylic acids,
amino acids, fatty acids and drug molecules, can be successfully transformed to the

corresponding valuable aldehydes and ketones.

Chapter 3 describes the selective transformation of carboxylic acids to a variety of products,
including peroxides, carbonyls and alcohols. Cheap and commercial-available Ce(l11) catalysts
are employed for this selective transformation of carboxylic acids using air as oxidants. The
selectivity of products can be tuned to favour peroxides, carbonyls or alcohols with excellent

selectivity and high yields by the selection of bases.

Chapter 4 describes a Ce-catalysed Ritter type C-H amidation of alkylarenes with nitriles. A
wide range of benzylic amides can be afforded in good yields and high selectivity, as well as

expanding scope of nitriles seen in previous reports. Mechanistic studies indicate that a bromide

intermediate is formed in the reactions, which is transformed to corresponding amides.



Chapter 5 presents the exploration of oxidative C-H functionalization of cyclododecane for
the construction of C-O bonds. Three different products, cyclododecanone, cyclododecanol and
hydroperoxycyclododecane, can be afforded with high selectivity in different photocatalytic or

thermal catalytic systems.
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nm
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SCE
v
tBUCN
Me
OMe
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EtCN
NaBH4
Mn(OTf)2
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0
p
m
Fe(OTf)2
Cu(OTf),
CoCl;
MnCl;
DCE
EtOH
THF
MeOH
TFE
NaOAc
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Ru(bpy)s

Nanosecond
Microsecond
Nanometer
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Tert-butyl
Propionitrile
Sodium borohydride
Manganese bis(trifluoromethanesulfonate)
4,4'-Di-tert-butyl-2,2'-dipyridyl
Standard Hydrogen Electrode
Ortho
Para
Meta
Iron(11) trifluoromethanesulfonate
Copper(Il) trifluoromethanesulfonate
Cobalt(1l) chloride
Manganese(l1) chloride
1,2-Dichloroethane
Ethanol
Tetrahydrofuran
Methanol
2,2,2-Trifluoroethanol
Sodium acetate
Singlet oxygen
Tris(bipyridine)ruthenium(I1) chloride

VI



Ir(dFppy)s Tris[3,5-difluoro-2-(2-pyridinyl)phenyl]-

Iridium
DPA 9,10-Diphenylanthracene
KIE Kinetic isotope effect
NalO4 Sodium periodate
N-BusNIO4 Tetrabutylammonium (meta)periodate
HgF: Mercury(1l) fluoride
Pb(OAC)4 Lead(lV) acetate
PhI(OAc)2 (Diacetoxyiodo)benzene
K2S20s Potassium persulfate
Mes-AcrClO4 9-Mesityl-10-methylacridinium perchlorate
CeCl3 Cerium(I11) chloride
CeBr Cerium(I11) bromide

Iridium(111) bis[2-(2,4-difluorophenyl)-5-
[Ir(dF(Me)ppy)2(dtbbpy)]PFs methylpyridine-N,C20]-4,40-di-tert-butyl-
2,20-bipyridine hexafluorophosphate

Ce(OtBu)4 (tert-butoxo)Cerium(I1V)
NaBH4 Sodium borohydride
KOACc Potassium acetate
LiOAc Lithium acetate
CsOAc Caesium acetate
Na.CO3 Sodium carbonate
NaOH Sodium hydroxide
EtsN Triethylamine
DBU 1,8-Diazabicyclo(5.4.0)undec-7-ene
Ce2(C204)3 Cerium Oxalate Hydrate
NH4Ce(NOz3)s Ceric ammonium nitrate
Ce(OAC)3 Cerium (1) acetate
CeFs Cerium(I11) fluoride
CeF4 Cerium(1V) fluoride
HIOs lodic acid
DDQ 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone

Vil



Na>S20g
TAC
H2SO4
Sc(OTf)3
Yt(OTf)3
La(OTf)3
CBrsCOOH
CCICOOH
CCI,COOH
CFsCOOH
Fe(ClO4)
CuCr204

Sodium persulfate
Trisaminocyclopropenium
Sulfuric acid
Scandium(I11) triflate
Ytterbium(111) trifluoromethanesulfonate
Lanthanum(111) trifluoromethanesulfonate
Tribromoacetic acid
Trichloroacetic acid
Dichloroacetic acid
Trifluoroacetic acid
Iron(1l) perchlorate
Copper chromite
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Chapter 1

Introduction

1.1 Catalytic C-H bonds functionalization

C-H bonds have become the focus of intense work since the start of chemical research
because of their ubiquitous presence in organic chemistry.? The direct installation of new C-
C/C-X bonds from readily available C-H bonds without pre-activation of the substrates makes
C-H bonds functionalization atom- and step-economic.® Although great progress has been
achieved over the past two decades, selective and efficient activation and transformation of
strong C-H bonds still remains a challenging issue.* To deal with this challenge, different
catalytic strategies have been investigated, mang of which have been proved to be good
solutions. Over the past two decades, a series of good processes have been achieved in the field
of catalytic C-H functionalization, including exploration of scope of transformations and types
of catalytic manifolds which enable C-H functionalization.> Among the current catalytic
strategies used in organic chemistry, photocatalysis, transition-metal-catalysis and
electrocatalysis all have been utilized for the selective functionalization of C-H bonds.® These
strategies have been widely employed in selective functionalization of natural products,®°
petroleum feedstocks,®> pharmaceutical derivatives!! and polymers are selected examples
presented below.” 12
1.1.1 Photocatalytic C-H bonds functionalization

Photocatalytic C-H bonds functionalization normally employs inorganic/organometallic
or organic photoredox catalysts.® For inorganic/organmetallic catalysts, their advantages
include high molar absorptivity, long triplet lifetime (~100 ns to 1 ms) and efficient intersystem
crossing.}*%> Common photocatalysts employed in current research are Ir(111) or Ru(ll)

complexes and their derivatives, which can change their excited state properties and absorption



ability by altering their ligands set. The absorption windows of Ir(111) and Ru(ll) photocatalysts
are between 390-480 nm. Some selected common Ir(I11) and Ru(ll) photocatalysts are shown

in Scheme 1.1.

a) Common Ir photocatalysts

tBu Bu
tBu Bu
Ir(ppy)s Ir(dF (CF3)ppy)s(dtbbpy) Ir(ppy)2(dtbbpy)

Eqjp (MYM') =-1.73 Eqpp (M*/M") =-0.89 Eqjp (M*/M') = -0.96
Eqpp (M*/M_) =+0.31 Eqpo (M‘/M—) =+1.21 Eqp (M /M) = +0.66

z
\
/\
E/

—z

N S
NN, Il?u” &
f,N/I N N
Na N I _
=
Ru(bpy)s u(bpz); Ru(phen),

Eqjp (MY/M") = -0.81
Eqp (MIMY) = +0.77

Scheme 1.1 Abbreviations and excited-state redox values (vs SCE) of common Ir and

photocatalysts.'*

Eqjp (MH/M') = -0.26
Eqp (M/M) = +1.45

Eqp (MYM') = -0.87
Eq; (MMY) = +0.82

Ru

Both Ir'"" and Ru" photocatalysts have successfully catalysed aromatic and aliphatic C-H

functionalization. For example, Stephenson and co-workers have reported the intermolecular

heteroaryl C-H alkylation.!® In their work, Ru(bpy)sCl. was employed as the catalyst and the

construction of C-C bond was realized by intermolecular coupling of heteroaromatics with

bromomalonate (Scheme 1.2). This coupling reaction relies on the added reductant, 4-methoxy-

N,N-diphenylaniline, which can help to prevent the undesired formation of possible alkylated

enamine side products from a reductive hydrogen atom transfer of trialkylamines. A series of



heteroaromatic compounds, including indoles, azaindoles, pyrroles, and furans underwent C2

functionalization successfully, affording corresponding products in moderate to good yields.

~
2

]j\ COOEt Ru(bpy)sCls (1 mol%) o \ﬂj\\/R COOEt
H + | >_<
)_ Br COOEt 4-Methoxy-N,N-diphenylaniline (2 eq) \\,/ X COOEt
hv, DMF

Selected examples

Ph H 0
NHBoc 0 MeO H NHBoc
o}

MeOOC N
H Ph 4
COOEt COOEt
N\ COOEt N
N COOEt N COOEt N COOEt
H H H
70% 70% 67%
Scheme 1.2 C2 functionalization of heteroarene by intermolecular heteroaryl C-H alkylation.
s COOR1 Ir(ppy)s (1 mol%), 2,6-lutidine R COOR'
Pt
”\A)_H ' MeCN, rt, 24 h, blue light r EWG
) EWG eCN, rt, , blue lig

Selected examples

(0]
\_S00Me N coome Meoos
COOMe N
H A\
NBoc
57% 77% 64%

Scheme 1.3 Exploration of different bromides for an intermolecular heteroaryl C-H alkylation.

In their following work, Stephenson and co-workers explored the scope of the
bromoacetate partner by employing Ir(ppy)s as the photocatalyst (Scheme 1.3).}" The
requirement of an extra reductant can be eliminated in this work because Ir(ppy)s allows direct
reduction of the tertiary bromide from the excited state (E*ox=—1.73 V vs SCE). A wide range
of tertiary bromoacetates containing an electron-deficient group with different functional
groups, such as primary or secondary allyl, alkyl, or benzyl substitution, were all tolerated in
this work.

The C-H functionalization of alkylbenzenes for new C-C bonds have been reported by
Murakami and co-workers (Scheme 1.4).* A dehydrogenative C-H/C-H cross-coupling

3



reaction of alkylbenzenes with aldehydes to form a-aryl ketones was performed under blue
light irradiation, which employed an iridium and nickel dual catalytic system. A series of
aromatic and aliphatic aldehydes can undergo the dehydrogenative cross-coupling reaction
successfully. Electron-donating groups, such as Me, OMe, tBu et al., and halide groups,
including F, Cl and Br, all are eligible substituents on the benzene ring.
I O i

EtOAc, rt, 10 h ,blue light

Selected examples

Me F
Me Me S Me n-Bu

77% 66% 62% 77%  Et
MeO
MeO
OH
78% 61%

Scheme 1.4 Dehydrogenative coupling of benzylic and aldehydic C-H bonds.

Ts
/
TsHN _Ph Ru(bpy)sCl, (1 mol%), BuOK R/, _N
S Y\N (bpy)3Cl3 ( o) _ [ >--IPh
R L MeOH, O,, 48 h N
Ph 36 W fluorescent light iDh
Selected examples
"o Ts Ts e
7. N 7. N B\ N
[ >:11Ph [ >-Ph [ >-1Ph H >1Ph
N N N N
Ph Ph Ph Ph
92%, 10:1 d.r. 92%, >19:1 d.r. 89%, 3:1 d.r. 90%, 2:1 d.r.

Scheme 1.5 Visible light induced the asymmetric synthesis of tetrahydroimidazole derivatives.

On the other hand, aliphatic C-H functionalization can be realized with Ru and Ir
photocatalysts. W. J. Xiao and co-workers employed Ru(bpy)sClz in the formation of
tetrahydroimidazoles via addition of an intramolecular sulfonamide to iminiums.*® As shown
in Scheme 1.5, their strategy exhibited high diastereoselectivity, and the desired

tetrahydroimidazoles were afforded in good vyields. It is significant that this method can be



applied in the synthesis of biologically important tetrahydropyrimidine derivatives (Scheme

1.6).
[Ts
_Ph Ru(b Cly (1 mol%), tBuOK
TSHN/\/\N (bpy)sCla ( 0) N>_Ph
§ MeOH, O,, 48 h \
Ph 36 W fluorescent light Ph
61%, 33h

Scheme 1.6 Synthesis of biologically important tetrahydropyrimidine derivatives.

Ir(dF(CF3)ppy)2(dtppy)PFs has been successfully applied in C-H cyanation reaction
(Scheme 1.7).2% In this work, inexpensive NaCN is employed as the cyanide source and air is
the external oxidant, leading to highly functional group tolerance in mild conditions. Secondary
and tertiary aliphatic amines, and biologically active compounds (drugs) proceeded

successfully, affording corresponding nitriles in up to 99% yields.

R3 .
Rt L naon MOFCRIRRARYPR @ mot) gy
| AcOH, MeCN, air, 24 h, rt, blue light é

Selected examples

CN 0
by i (A
HN
PentHN” “Bu )\HNK \ﬁ )\( N7 N
92%, 50%, 47% rsm 44%, 51% rsm 54%, 43% rsm

Scheme 1.7 C-H cyanation of tertiary aliphatic amine derived iminium ions.

Apart from the above inorganic photocatalysts, a series of organic catalysts have also been
successfully employed in photocatalytic C-H functionalization (Scheme 1.8). In comparison
with inorganic/organometallic catalysts, excited-state organic photoredox catalysts have a
larger redox window.?! It may be the key to realize some specific transformations or access
particular substrates, which are inaccessible by metal-based photocatalytic systems. Although
the absorption profile of organic catalysts is similar to that of inorganic/organometallic-based

systems, organic catalysts have lower extinction coefficients. Normally, they operate via S1



states rather than T1 states, leading to a larger redox window at the expense of shorter lifetimes

overall (10-50 ns).>

w4 o v e OO

Me-Ar-Mes Eosin Y 4CzIPN
Eq/ (M*/M) Eqjp (M*/M") =-0.58 Eq2 (M:'/M*) =-1.04
Eqjp (M/M) = +2.86 Eqjp (M/M) = +1.26 Eqjp (M/M7) = +1.35
Scheme 1.8 Abbreviations and excited-state redox values (vs SCE) of common organic photocatalysts.
@
N2 X i 0 l \
@ fo T Mg Eosin Y (1 mol%) L NX
R X BF, = DMSO, 2 h, 20 °C, 530 nm light | A\
X =0, S, NBoc R

Selected examples

oL Y Oy,
0 S N
NO, COOEt Boc CN

85% 60% 55%
Scheme 1.9 C—H heteroarylation via Eosin Y.

(Hetero)aryl C-H functionalization can be realized by using organic photocatalysts. For
example, Konig and co-authors reported a metal-free arylation of heteroarenes employing
Eosin Y as catalyst (Scheme 1.9).22 In this work, an aryl radical was formed via single electron
reduction with photoexcited Eosin Y, which underwent the addition to a heteroarene in a
Minisci-type fashion. The oxidation and deprotonation of resulting cyclohexadienyl radical
intermediate afforded the final products. Generally, furan, thiophene, and pyrrole derivatives
with a broad scope of diazonium salts were transformed to arylation products in moderate to
good vyields.

Meanwhile, aliphatic C-H functionalization by organic photocatalysts also has been
demonstrated in previous work. Wu and co-authors employed 4CzIPN in carbocarboxylation

of alkenes with CO; (Scheme 1.10).2% In this report, the added quinuclidine catalysed the



hydrogen atom transfer, leading to the formation of a-heteroatom radicals. These radicals were
trapped with alkenes in the presence of CO, affording the carbocarboxylated products. A wide
substrate scope can be observed because a series of different substrates, including amides,

ethers, and thioethers, can be coupled with electron-deficient alkenes.

] N 4CzIPN (3 mol%) R oo
. )\ + /}\ + CO, Quinuclidin-3-yl acetate (20 mol%) RS

~ 3

>,<2 R RS DMSO,4 h, rt, blue light R!

X KR
X=N,0,8 R®

Selected examples

0
HN COOH COOH
AN COOH
\ NC 0 NC S
Boc
NBoc
from trypamine, 65%, 1:1 d.r. 57%, 1:1.d.r.

52%, 1:1.8 d.r.
Scheme 1.10 Carbocarboxylation of alkenes via 4CzIPN.

1.1.2 Transition-metal-catalysed C-H bonds functionalization

Transition-metal-catalysed C-H functionalization is an important synthetic strategy in
terms of high step- and atom-economy.?*? In C-H functionalization of aromatic heterocycles,
these heterocycles normally guide the regioselectivity of C-H functionalisation reactions
because of their influence on the electron density of different C-H positions.?®?” However, in
C-H functionalisation of arenes or aliphatic compounds, the differences in intrinsic reactivity
are less noticeable and selective cleavage of a specific C-H bond is more difficult.?®?° To
overcome this problem, directing groups, consisting of a coordinating moiety, are employed to
direct a metal catalyst into the proximity of a certain C-H bond in the molecule, contributing
to its selective cleavage and following functionalisation.®® After a few decades research, a

variety of C-H functionalization reactions assisted by different directing groups, including



ketones, aldehydes, carboxylic acids, esters, monodentate amides, et al., have been reported.?*
Generally, Pd, Ru, Rh, Ir and Co complexes have been utilized as catalysts.

For example, Rao and Zhang have reported the Pd-catalysed arylation (Scheme 1.11).%!
This work is a dimerization of aromatic ketones, affording 2,2’-dicarbonylated biaryls.
Ketones, esters and carbamates have been utilized as directing groups in this work. Substituted
benzophenone derivatives and alkyl-aryl ketones proceeded well, affording the homodimers in
good yields. More importantly, hetero-coupling products (61-82%) can be produced by two

different ketone substrates.

R1 FG
o FC FG
R1@ C[ Pd(OAC),, NalOy, K5S,0g N/
Z>H TfOH, HFIP, =70 °C \ 7/ -
Fe R
Cl
O 0 Et0OC O
L O
O O OCONMe,
76%,6 h 79%, 12 h 76%, 18 h
Scheme 1.11 Pd-catalysed dimerization of aromatic ketones.
R3
COOH . H A
R! _ H | N Pd(OAc), (2 mol%) R « |
] - | —R® Ag,CO3, AcOH | A
A = 130 °C, 16 h v
R RZ

Selected examples

gl

83% 60% 78%
Scheme 1.12 Pd-catalysed meta—arylatlon of 2-substituted benzoic acids.



A Pd-catalysed meta-C-H functionalisation using carboxylic acids as directing groups was
reported by Larrosa and co-workers (Scheme 1.12).%% Their strategy employed ortho-
substituted benzoic acids and substituted iodoarenes as coupling partners. A wide range of
meta-substituents on iodoarenes were tolerated in this process, affording various meta-
substituted biaryl compounds in one step. Protodecarboxylation of benzoic acids and the direct
decarboxylative ipso-arylation before the desired arylation were successfully prevented.

Yu and Co-workers have developed a Pd(ll)-catalysed protocol for ortho-C-H
hydroxylation of aromatic carboxylic acids with 1 atm of O or air under nonacidic conditions
(Scheme 1.13).2% Arenes bearing electron-donating and electron-withdrawing groups all were
tolerated. It is worth noticing that the well-known directing group acetamide did not scramble
the regioselectivity. It has been proved that this reaction goes through a direct oxygenation of
the aryl-palladium intermediates.

Pd(OAc), (10 mol%)
SO S
OH

O,, DMA, 15 h, 115 °C

Selected examples

/O:COOH /©:COOH Meo\©:COOH \/O:COOH
OH F OH OH F OH

82% 82% 73% 72%
Scheme 1.13 Pd-catalysed of aromatic carboxamides ortho-hydroxylation of aromatic carboxylic acids.

On the other hand, Ru-catalysed approaches have also been explored. Larrosa and co-
workers have reported a Ru-catalysed arylation using carboxylic acid as a directing group
(Scheme 1.14).3* A variety of aryl iodides and different substituted acids were tolerated in the
reaction, affording the di-arylated products in good yields. As well, this protocol is applicable
to indole carboxylic acids in various positions and even in certain cases without any protection

of the indole nitrogen.



HO._O
| [RU(tBUCN)GI(BF ), (3 mol%) = D o2
X X |
RIE + gl K,CO3, KOC(CF), AN
= = tBUCN, 140 °C, 16- h Ry P

Selected examples

FsC
HO.__O ! COOMe  HO. O N O

77% 95%
Scheme 1.14 Ru-catalysed arylation of carboxylic acids.

You and co-workers have employed Rh-catalyst for C-H activation/cyclization via
aldehyde as a traceless directing group (Scheme 1.15).% In their work, 2-aryl-3-formylindoles
were used as starting materials. Aldehydes may direct an alkenylation at C2-position of the
indole core. A Rh-catalysed decarbonylation process and further activation of a C-H bond of
the N-aryl group afforded a variety of appealing indolo[1,2-a]quinolones in high yields.

CHO
R1©\/\g,H s [Cp*RUCl,], (5 mol%)
XN RE="R Cu(OAc),, CSOPiv
@ Dioxane, 140 °C, 24h

Selected examples

NC
— Ph
SO NS

91% 61% 91%
Scheme 1.15 Ru-catalysed selective (hetero)aromatic C-H activation/cyclization.

As well, the investigation of Ir and Co catalysts in C-H functionalization has been reported.

75% (2:1)

Shi and Yuan have reported the Ir-catalysed arylation with diaryliodonium salts (Scheme

1.16).%¢ A previously reported protocol for o-arylation of O-methyl ketoximes®’ was applied

to N-aryl-2-pyrrolidinone. This protocol shows good functional group tolerance, though the

10



yields of products may be affected by electronic effects. Those products with electron-donating

groups were afforded in higher yields than those with electron-withdrawing groups.

N 1 [IrCp*Cls]5 (2.5 mol%) NQ
+ ArLIOTF -
M2 AgNTf,, PivOH, 4 A MS s
(0] Ar']

Cyclohexane, 100 °C, 12 h

Selected examples

oL
N N/ Pr2
Ph
Q v
h
CF3
55% 81% 63% 87%

Scheme 1.16 Ir-catalysed arylation with diaryliodonium salts.
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Scheme 1.17 Iron-catalysed ortho-amination of aromatic carboxamides with N-chloroamines.

Meanwhile, Nakamura and co-workers have reported an Fe-catalysed ortho-amination of
aromatic carboxamides with N-chloroamines (Scheme 1.17).® Their work employed arenes
possessing an 8-quinolinylamide group as a directing group, which are ortho-aminated with N-

chloroamines and N-benzoyloxyamines in the presence of an Fe/diphosphine catalyst and an
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organometallic base. The target anthranilic acid derivatives can be afforded in high yields. The
whole reaction includes a Fe-catalysed C-H activation step and following reaction of the
resulting Fe intermediate with N-chloroamine. The structure of the directing group and the
control of the electronic properties of the diphosphine ligand allowed selective formation of

the aminated product.

o 0
* [b)
oR - [CoCp*(CO)l,] (10 mol%) @’ A
+ Ar——Ar AgSbFg, KOAC
DCE, 130 °C, 24 h Ar

Selected examples

-0 OO0
FosS¥ores ‘t' ‘?

50% 48% F 56%
Scheme 1.18 Co-catalysed annulation of esters and alkynes.

Zhang and co-workers have reported the Co-catalysed alkenylation reactions with
consecutive annulation to access indenones (Scheme 1.18).3° A variety of esters with different
functional groups and symmetrical aryl alkynes were tolerated in their protocol, affording
corresponding indenones in moderate to good yields, though their strategy is slightly sensitive
to electronic effects. In comparison with substrates with electron-donating groups, those
substrates with electron-withdrawing groups showed slightly lower yields.

1.1.3 Electrocatalytic C-H bonds functionalization

Organic electrochemistry is recognized as an environmentally-friendly strategy,
employing ‘electrons’ as the traceless redox reagent in synthetic organic transformations,
which can replace toxic and dangerous redox reagents.*>** Generally, electrosynthesis for
desirable compounds involves the electron transfer between an electrode and a molecule
(substrate or mediator) and the following chemical reaction.*? The reaction can be realized by

direct or mediated electrolysis. For direct electrolysis, a heterogeneous electron-transfer
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between an electrode and a substrate leads to the generation of a reactive intermediate. Then,
the following chemical reaction of the reactive intermediate and another molecule or functional
group affords desired products.** As shown in Scheme 1.19(a), a Shono oxidation of amines
via direct electrolysis is presented as an example.***® The iminium intermediate formed by the
oxidation of an amine (or amide) substrate can undergo nucleophilic addition with nucleophiles

to afford the functionalized product.

(a) A direct electrosynthesis using Shono oxidation as example ! (b) A mediated electrosynthesis in anodic oxidation set-up
j)]\ i
1 2 '

R TR ! [Med] [Substrate]* F—G> Product
3 i

2e’ R ! e
-~ | -~
o o !
Il @ MeOH L ! [Med]** [Substrate]
R “NR2 —'H+ R “NR? !
J - !
R3 R® “OMe |
anode i anode

Scheme 1.19 Direct (a) and indirect (b) electrosynthesis in the context of anodic oxidation reactions.

On the other hand, in mediated electrosynthesis, a redox mediator which has a lower redox
potential than the substrates undergoes electron-transfer at the electrode, affording an
electrochemically generated reagent for the following reaction (Scheme 1.19(b)).*® During the
last two decades, the use of different molecular metal electrocatalysts, such as In, Co, Ni, Pd,
and other transition metals, as the mediator have been developed.**® Molecular
electrocatalysis involves a metal-mediated electron transfer to a substrate. In most cases, the
molecular metal catalyst plays an important role in the bond-breaking and bond-forming steps
for the desired product.

The addition of organohalides to carbonyls is considered a powerful reaction to construct
new carbon-carbon bonds with the concomitant formation of alcohols. Hilt and Smolko have
developed an In-electrocatalysed allylation of aldehydes and ketones with allyl bromides to
obtain alcohols (Scheme 1.20).%° It was proposed that electrochemical reduction of In(ll) to
In(l) may happen in the reaction, which was followed by activation of allyl bromide. The

catalytic allylations was facilitated by In(l) species on a preparative scale with aldehydes,
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ketones, and even carboxylic esters as carbonyl components. A sacrificial anode such as

aluminum was found to be critical for the reaction.

InCls (5 mol%) OH

TBAB, THF R1M
(+)Al/(-)Pt foam R

)=O

Selected examples

OH

OH OH OH
\
96% 50% 87% 85%

Scheme 1.20 In-electrocatalysed allylation of aldehydes and ketones with allyl bromides.
0

X
R = . /\( CoBr, (13 mol%) .
% o} Bipyridine, TBABr Rr
X =Br, I, Cl DMF/pyridine =

(+)Fe/(-)Ni foam

/

Selected examples

64% 45% 45% 45%
Scheme 1.21 Co-mediated electrocatalytic addition of aryl halides to activated olefins.

Gosmini and co-workers have reported the electrochemical addition of aryl halides onto
activated olefins via using iron as a sacrificial anode (Scheme 1.21).%° In their work, CoBr; and
bipyridine were used to realize this conjugate addition reaction. The reaction conditions were
compatible with a variety of substitutes in aryl group, though the yields of addition products
were moderate (22-70%).

The Baran, Blackmond, and Reisman groups have reported a highly general and practical
electrocatalytic Nozaki-Hiyama-Kishi coupling using a Ni catalyst (Scheme 1.22).°! Their
strategy successfully avoids the use of superstoichiometric metallic reducing agents, and it
showed wide substrate scope. Kishi’s asymmetric variant, multiple realistic substrate classes

and noncanonical substrate classes all were tolerated in their strategy.
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Scheme 1.22 Electrocatalytic Nozaki-Hiyama-Kishi coupling.
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Scheme 1.23 Pd-catalysed electrochemical Heck coupling reaction.

Moeller and co-workers have developed the Pd-catalysed electrochemical Heck coupling

reactions (Scheme 1.23).52 Impressively, their developed methodology allows the occurrence

of Heck reactions at room temperatures and without the use of ligands. A variety of aryl iodides

were coupled with a range of activated terminal olefins to afford substituted styrenes in good

yields. Their work also inspires the following work about selective Pd-catalysed reactions, such

as Suzuki and allylation reactions.>3-

On the other hand, transition metals, including Fe, Cu and Mn, also have been utilized in

the electrocatalytic C-H bonds functionalization. A good example can be found in a Cu/Mn-

catalyzed Wacker oxidation of alkenes by Pericas and co-workers (Scheme 1.24).%° In their

protocol, a wide range of styrene derivatives undergo Wacker-Tsuji type oxidation to afford

acetophenone derivatives in good yields. Both endocyclic and acyclic alkenes performed well

in the reactions.
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Scheme 1.24 Cu/Mn-Wacker-Tsuji type oxidation of styrene derivatives.

1.2 Functionalization of carboxylic acids

C-H functionalization concerns the transformation of a C-H bond to a C-C or C-heteroatom
(C-X) bond.>®>" By employing various efficient directing groups, replacing specific C-H bonds
with C-C, C-O, C-N, or other C-heteroatom bonds can create a wide variety of organic
scaffolds. Highly effective catalytic systems enable the selective introduction of new functional
groups at the ortho, meta, or para positions of aromatic compounds.®®*° One of the drawbacks
of this directing group-based C-H functionalization is the requirement of two additional steps,
including introducing and later removing complex moieties. Therefore, the ideal directing
groups for C-H functionalization are those that are small, ubiquitously available, and can be
easily removed or transformed.®°

It is interesting to find that the carboxylate group is qualified for those prerequisites.
Carboxylate groups are abundant in organic molecules. It is possible to remove the carboxylate
without leaving any trace by catalytic extrusion of volatile CO, for further conversion to a
wealth of other moieties in interest. The use of carboxylates as tracelessly cleavable directing
group has been studied since 19th century.>® 6163

Carboxylate groups can also serve as leaving groups in a wealth of decarboxylative

couplings with formation of C-C or C-X bonds.®* After the continuous study in the last few

decades, the decarboxylative cross-coupling reaction using carboxylates as leaving groups
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have been well established.®* A series of metal catalysts, such as chosen based on Pd, Ru, Rh,
Cu, Ag et al., have been employed in the decarboxylative cross-coupling reactions. The
decarboxylative metallation of a carboxylic acid substrate affords an intermediate containing a
C-metal bond. In the next step, the organometallic intermediate participates in the cross-

coupling reaction with specific partners, leading to the formation of a new C-C bond or C-X

bonds.®®
R1
YW X N PdCl, (5 mol%) R
A p—CooH PPhs, Ag,CO;, Y/
Y - N\ )

k2 (| g Tolene/DMA, 135°C, 16h N
-— = ’ r 2

W=0,S Y =GN R

Selected examples

-0 ﬁ}j .

X=1,97%
X=Br, 82% =1,59% =1, 80%

Qﬂ T~ Q{—@

Y =C, 92% Y =C, 93% Y =C, 90%
Y=N, 80% Y=N, 70% Y=N, 91%

Scheme 1.25 Decarboxylative cross-coupling of azoyl carboxylic acids with aryl halides.

The decarboxylative cross-coupling of carboxylic acids with aryl halides can forge the
formation of C-C bonds. Greaney and Zhang have reported the decarboxylative cross-coupling
of azoyl carboxylic acids with aryl halides (Scheme 1.25).% In their strategy, a bimetallic
system of Pd and Ag was employed, where a variety of bromide and iodide coupling partners
were tolerated. A variety of 5-arylated oxazoles and thiazoles were afforded in good yields.
Meanwhile, a double coupling reaction using o-bromomethyliodobenzene was proceeded

successfully, affording the novel sp? and sp® coupled product in 80% yield.
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Pd(O,CCF3), (5-10 mol%) 5
7N COOH 1,4-Benzoquinone, 1-AdCOOH AN A p R
R'T AR - R
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n =0, R? = Ph or CO,'Bu, 48-99%;

n = 0, R? = OAc, regioselectivity = 8:1-29:1, E:Z>16:1.
Scheme 1.26 Decarboxylative cross-coupling of azoyl carboxylic acids with aryl halides.

Another good example for the formation C-C bonds is the decarboxylative Heck reaction.
As reported by Su and co-workers (Scheme 1.26),%” a Pd(O.CCFs)2/benzoquinline catalytic
system was designed for decarboxylative olefination of arenecarboxylic acids. The key to this
efficient catalyst system is the use of 1-adamatanecarboxylic acid as additive. The
decarboxylative Heck reaction of arenecarboxylic acids tolerated a series of olefins, including

unactivated alkyl-substituted olefins, electron-deficient olefin, and styrene.

2
L R CuCl, (10 mol%) R?
R'-==—COOH + H—N > R'——N
EwG NayCOj, Toluene, 100 °C EWG
Selected examples
o) o)
_ Jo Ph—— N>LO —
Ph—=——N J — Ph—=—N___
COOMe
83% 68% BN 68%

Scheme 1.27 Cu-catalysed aerobic oxidative amidation of propiolic acids via decarboxylative coupling.

On the other hand, decarboxylative C-heteroatom cross-coupling also has been studied.
The Cu-catalysed decarboxylative C-N cross-coupling of alkynyl carboxylic acids with amides
and N-heterocycles has been reported by Jiao and Jia (Scheme 1.27).68 It is worth noting that
air was compatible in their strategy, and it was employed as the oxidant in their work. Their

strategy realized the first sp-carbon-heteroatom bond formation via decarboxylation.
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Scheme 1.28 Synthesis of aryl sulfides by decarboxylative C-S cross-couplings.

Liu and Co-workers have reported the decarboxylative C-S cross-coupling reaction
(Scheme 1.28).%° A Pd/Cu bimetallic catalyst system was employed in this work. Electron-
deficient aromatic acids and heteroaromatic acids underwent the decarboxylative C-S cross-

coupling to afford alkyl aryl thioethers or diaryl thioethers as final products in good yields.

R R i /O'nBu
[Ru(bpy)s]Cl5 (2.5 mol%) ! N
@ COOH IBB, CF,CH,OH g @ O O
40 °C, 3 h, air ,blue light 5 Y

Selected examples

94% 51% 63%, 86%,
from flurbiprofen from Isoxepac

Scheme 1.29 Ru-catalyzed decarboxylative oxidation of arylacetic acids.

Apart from the use of carboxylic acids as direct groups in decarboxylative cross-coupling
reactions, functionalization of carboxylic aids via oxidative decarboxylative reactions has also
attracted wide attention in recent years.”®"! Decarboxylative oxidation of carboxylic acids is a
direct and promising method for the construction of C-O bond. It involves decarboxylation and
the following oxidation steps, affording valuable carbonyls or alcohols as the final products. In
the last few decades, decarboxylative oxidation of benzylic carboxylic acids has been well

studied, affording corresponding aldehydes and ketones in good yields and high selectivity.
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A good example found in the literature was reported by Itami and co-workers.”? They
employed Ru as catalyst and hypervalent iodine 1-butoxy 1-A%-benzo[d][1,2]iodaoxol-3(1H)-
one (IBB) as additive (Schem 1.29). It is worth noting that air was used as the oxidant in this
decarboxylative oxidation. A variety of arylacetic acids as well as drug molecules can be
converted to corresponding aldehydes and ketones in good to excellent yields. Strategies about
the transformation of carboxylic acids to other oxidation products, such as alcohols and

peroxides, have been rarely reported however.

Mes-AcrCIO4 (2 mol%)
COOH K,HPO,, CHCl, - OH
O,, rt, blue light
then NaBH,4/MeOH

Selected examples

OH OH MeO
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0 56%, 36 h, 56%, 74 h,
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Scheme 1.30 Photocatalytic decarboxylative hydroxylation of arylacetic acids.

Decarboxylative hydroxylation can realize the transformation of carboxylic acids to
alcohols via decarboxylative oxidation and the following reduction. Lu and co-workers have
reported a photocatalytic decarboxylative hydroxylation of arylacetic acids using an organic
catalyst Mes-AcrClO4 (Scheme 1.30).” Their strategy includes the decarboxylative oxidation
of carboxylic acids to corresponding aldehydes and ketones, which were then reduced by
NaBH; to target alcohols. It is worth noticing that aliphatic acids, including
cyclohexanecarboxylic acid and adamantane-1-carboxylic acid, proceeded successfully,
though the yields of corresponding alcohols are moderate.

Decarboxylative oxidation or hydroxylation of aliphatic acids is still a challenging issue.
A good forward step has been achieved by Mashima and co-workers (Scheme 1.31).7° A direct
decarboxylative oxygenation of aliphatic acids has been realized with Ce(O'Bu)4 as catalyst

and air as oxidant. Long-chain fatty acids and amino acids all can be converted to

20



corresponding aldehydes or ketones and alcohols. Although impressive results have been
achieved in their work, the drawbacks in their strategy include the low selectivity of products
and low yields of target alcohol products. Therefore, the decarboxylative C-H functionalization

of carboxylic acids still requires further investigation.

R2 Ce(O'Bu), (5 mol%) R? R?
. & + Iy
R"">cooH Toluene, air, blue light, 6h  R" 0 R" “OH
Substrate Products
) COoOH o ¢+ " OH
57% 23%
NN
A cooH Ao+ A OH
50% 23%
[\ﬁcow &O + E\WOH
NBoc NBoc NBoc
65% n.d.

Scheme 1.31 Photocatalytic decarboxylative hydroxylation of arylacetic acids.
1.3 Ritter and Ritter-type reaction

1.3.1 Ritter reaction

The Ritter reaction has attracted wide attention since it was reported by Ritter in 1948.7%
7> It allows the formation of amides, which are ubiquitous motifs in both natural products and
various synthetic materials.’® It provides a rapid approach for the preparation of biologically
active molecules, such as antibiotic,”” anti-influenza’® and antimicrobial drugs.”® Generally, a
alcohols and olefins are applied as the precursors of carbocations in traditional Ritter reaction
(Scheme 1.32). A carbocation generated in-situ from an alcohol, an alcohol derivative or an
olefin, is trapped by a nitrile to generate a nitrilium species, which is transformed to an amide
after hydrolysis. The addition of water is required when olefins are employed as substrates. In
the case of alcohols, the alcohol itself can generate a hydroxide ion and the process becomes

atom-economical.
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Scheme 1.32 Classic examples of Ritter reaction.
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Scheme 1.33 FeCls-catalyzed Ritter reactions between benzylic alcohols and nitriles.

In the following investigation, many efforts have been made in catalytic Ritter reactions,
where good results have been achieved via different catalysts. For example, Cossy and co-
workers reported a FeCls-catalysed Ritter reaction between benzylic alcohols and nitriles
(Scheme 1.33).8 Various benzylic amides can be obtained from the reaction of the different
benzylic alcohols or benzhydrol derivatives with a variety of different nitriles in moderate to

good yields. Water was added for fast conversions of the alcohols.

HBF4¢OEt, (100 mol%
R“—\ X 4 R2eN 4°0OEt, ( ) N
O 6 h, rt R--
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Selected examples
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Scheme 1.34 Ritter reactions between olefins and nitriles using HBF4*OEt,.
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Reddy and co-workers explored the Ritter reaction of alkenes with nitriles for the synthesis
of secondary amides, in which tetrafluoroboric acid etherate (HBF4*OEt,) was employed as the
catalyst (Scheme 1.34).8 A variety of vinyl arenes reacted with nitriles successfully, affording
corresponding secondary amides in good yields. As well, sterically hindered 2-vinyl
dihydronaphthalene, indene, naphthalene, and cycloalkanes were tolerated.

1.3.2 Ritter-type reaction

In addition to the use of alcohols and alkenes as reaction partners, other substrates such as
alkanes, alkylarenes, carboxylic acids and aldehydes, have been employed as alternatives to
form carbonium intermediates.®? Olah and co-workers reported a Ritter-type reaction of
adamantine using NO*'PFs~ as the oxidant (Scheme 1.35).8 A variety of N-(1-
adamantyl)amides were produced in good yields by the reactions between adamantine and
different nitriles.

In the following investigation, Ishii and co-workers investigated the Ritter-type amidation
of alkylbenzenes by using N-hydroxyphthalimide (NHPI) and ammonium
hexanitratocerate(IV) (CAN) as catalysts (Scheme 1.36).8* Different alkylbenzene or
adamantane derivatives can be transformed to corresponding amides with good selectivity in

this NHPI-CAN catalytic system using EtCN as the nitrile source.

e
@ . ReCN NO*PF™ (1.5 mmol)
DCM, N,

Selected examples

O
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Scheme 1.35 Ritter-type reaction of adamantine with nitriles.
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Scheme 1.36 Ritter-type reaction of alkanes and aryl alkanes.

Kiyokawa and Minakata explored the decarboxylative Ritter-type reaction of carboxylic
acids with acetonitrile for the synthesis of a-tertiary amine derivatives (Scheme 1.37).8% In their
strategy, a combination of 1> and PhI(OAc). was employed. A wide range of carboxylic acids
bearing an a-quaternary carbon center proceeded successfully, affording corresponding amides
in good yields. In addition, oxalic acid monoalkyl esters prepared from alcohols were also

tolerated in this strategy.

COOH Phi(OAc); (2 eq.) NHAC
I 1, (0.5 eq.)
R"IOR? >~ R1TR3
R Fluorescent light R?
Selected examples
NHAc
NHAc
©/>< MeOOC\/><NHAc @NHAC
81% 68% 70% 73%

Scheme 1.37 Hypervalent iodine (Ill)-mediated Ritter-type reaction of carboxylic acids with
acetonitrile.

On the other hand, Jin and Liu reported a Cu-catalysed Ritter-type reaction of N-heteroaryl
aldehydes with nitriles, in which (NH4)2S20s Was used as the oxidant (Scheme 1.38).%8 This
protocol featured wide substrate scope of N-heteroaryl aldehydes and atom economy. The
mechanistic studies indicated that a radical triggered Ritter-type reaction may happen, and the

C-0 bond was formed by using water as the oxygen source.
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Scheme 1.38 Cu-catalysed Ritter-type reaction of N-heteroaryl aldehydes with nitriles.
Although the Ritter-type C-H amidation is a promising issue, relevant reports are limited.

One of the challenging issues of this reaction probably is the relatively low reactivity and poor
selectivity of the C(sp®)—H bonds. Therefore, developing new catalytic systems to address this
problem and obtain amides in good selectivity and yields still requires more efforts and
attention.
1.4 Molecular oxygen in oxidation reactions

Oxidation reaction plays an important role in chemical industry. Over 90% of the
feedstocks in oxidation reaction are derived from hydrocarbons, which are the most reduced
organic chemicals on our planet.®” To date, oxidation is the second largest process after
polymerization, and it contributes around 30% of total production in the chemical industry.®
The oxidation of different hydrocarbon compounds affords a variety of valuable chemicals and
intermediates, including aldehydes, ketones, epoxides, alcohols, and organic acids.®® Among
current oxidation reactions in chemical industry, some reactions, such as oxidation of propene
to acrolein, oxidation of cyclohexane to cyclohexanone and oxidation of ethylene to ethylene

oxide, are well-known and have been well established (Scheme 1.39).%°
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a) Oxidation of propene to acrolein

Bi catalysts, air

A\F -
300-400 °C, 0.2-0.3 Mpa

b) Oxidation of cyclohexane to cyclohexanone

Co catalysts, O, O
O 160 °C, 2 Mpa (j

c) Oxidation of ethylene to ethylene oxide

Ag catalysts, O
H,C=CH, gcaEvsE 2 | A

Scheme 1.39 Examples of oxidation reactions in chemical industries.

a) Oxidation of alcohols to aldehydes and ketones

RZ KMnO4/K2Cr207 R2

NaIO4 0

c) Oxidation of olefins to carbonyl compounds

R" R® 0, o] o]
>—< +
R2 R* R1JJ\R2 R3JJ\R4

Scheme 1.40 Examples of oxidation reactions employing toxic oxidants.

The wide use of oxidation reactions has prompted us to search more sustainable and green
oxidation processes due to some notable drawbacks in common oxidation procedures, such as
formation of non-selective byproducts, limited applicability, and use of toxic oxidants.®
Further optimization of the current oxidation strategies, including oxidants, catalysts, reaction
temperature and pressure, etc remains necessary. Furthermore, there is a strong incentive to
develop both new and green oxidation strategies according to the Principle of Green

Chemistry.%2-% Particularly, it is highly desirable to replace the environmentally unfriendly or

energetically inefficient reactions.
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A representative example is the oxidation of alcohols to aldehydes or ketones, which has
been widely recognised as one of the most fundamental reactions.®® The usually employed
oxidation reagents, such as stochiometric amount of permanganate and dichromate, lead to the
production of a large amount of heavy-metal wastes (Scheme 1.40a). Meanwhile, the
permanganate and dichromate are toxic and expensive. In the other important reactions, such
as oxidation of sulfides to sulfoxides and oxidative cleavage of alkenes, toxic periodates and
hazardous Ogz, are used (Scheme 1.40b, c). Therefore, the exploration of green and cheap
oxidants, such as O and H20>, in both foundational and new chemical reactions is urgent.
Among these oxidants, obviously, the employment of Oz as oxidant is more attractive because
O is the cheapest, most abundant and easily-available oxidising agent in nature. As well, the

employment of O, normally leads to the formation of H2O as the by-product.
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Scheme 1.41 Fe-catalysed aeroblc oxidation of ethers.

Our group reported a series of strategies for the oxidation of ethers, olefins and diols using
02 as oxidant. In 2014, our group reported a Fe-catalysed aerobic oxidation of ethers (Scheme
1.41).%* A novel Fe(OTf).-pybisulidine omplex was synthesized for selective oxidation of
tetrahydrofuran substrates, isochromans and phthalans, affording corresponding products in
high TONs. Mechanistic studies indicated that a two-step reaction pathway was involved. A

peroxobisether intermediate may be formed by dehydrogenative incorporation of O into the
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ether, which then underwent the cleavage of the peroxy bond to afford two ester molecules.

Stoichiometric H2 was release in each step.

Fe(OTf; (1.15 mol%) Q |
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96% 8% 3% 9% Fe(OTf),-pybisulidine complexes
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Scheme 1.42 Fe-catalysed oxidation of a- and B-substituted styrenes.
In the following investigation, our group employed a Fe(OTf)s-pybisulidine complex in

the oxidation of olefins (Scheme 1.42).% A wide range of o- and B-substituted styrenes with
different functional groups were oxidized to corresponding aldehydes and ketones in good

yields with high chemo-selectivity.
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Scheme 1.43 Mn-catalysed oxidation of activated and non-activated alkenes.

In 2021, a new Mn-catalysis strategy for oxidative cleavage of alkenes was reported by
our group (Scheme 1.43).% A non-heme Mn catalyst [Mn(dtbpy)2(OTf)2] was synthesized to
catalysed, under blue light irradiation, oxidative cleavage of both activated and non-activated
alkenes under mild conditions, affording corresponding aldehydes and ketones in good yields.

Mechanistic studies indicated that a Mn-oxo species was formed by reaction of the Mn
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precatalyst, MeOH and O, which may generate active Mn(1V)=0 species for the oxidation of
alkenes.

HO OH [Mn(dtbpy),(OTf),] (2 mol%)
R1 R4 MeOH/TFE _
R2 RS 0,, blue light, 20°C, 12h ~ R" "R?

Selected examples

oot

I
62% 83% MeO 76%
Scheme 1.44 Mn-catalysed oxidation of diols.

In the following study of our group, the [Mn(dtbpy)2(OTf)2] complex was employed in
oxidative cleavage of 1,2-diols under blue light irradiation (Scheme 1.44).%” A wide range of
valuable carbonyl products and five-membered heterocycles with different functional groups
were afforded in good yields.

1.5 Aims of this thesis

This introduction has highlighted by examples about C-X (X = C, N, O) bond forming
reactions involving C-H functionalization. In particular, it focuses on the C-H functionalization
of carboxylic acids and arenes. To date, the aerobic C-H functionalization of carboxylic acids
and arenes is still a challenging issue. O is a green, clean and abundant oxidant, and the use of
O, fulfils the requirement of green chemistry. Therefore, developing new strategies for O2
activation and subsequent oxidative C-H functionalization is important and meaningful.

We hope it can be seen that this thesis has gone some way to achieving this goal. Chapter
2 presents a cheap and novel Mn-catalyst for photocatalytic decarboxylative oxygenation of
carboxylic acids. The construction of C-O bonds has been realized with this Mn-catalytic
system, where a variety of carboxylic acids are transformed to aldehydes and ketones in good
yields.

In Chapter 3, we have developed a new Ce catalytic system to realize the selective

transformation of carboxylic acids. Transformation of C-H bonds to different C-O bonds has
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been realized, in which carboxylic acids have been selectively transformed to peroxides,
aldehydes, ketones and alcohols. Its selectivity can be simply changed by using different bases.

In Chapter 4, we focus on the Ritter-type C-H amidation of alkylarenes. We have
developed a new Ce-catalytic system for the amidation of a wide range of alkyl arenes with
nitriles. In particular, a variety of different nitriles are tolerated in our strategy, affording
corresponding amides in good yields.

In Chapter 5, we have explored more challenging oxidation of aliphatic cyclic alkanes.
Three different catalytic systems have been studied for selective oxidation of cyclic alkanes to
the corresponding ketones, alcohols and peroxides using air or H2O; as oxidant. The good
selectivity and yield of these products obtained thus far indicate the high potential of our
method in future work.
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Chapter 2
Decarboxylative Oxygenation of Carboxylic Acids to Aldehydes and Ketones

via a Non-Heme Manganese Catalyst

2.1 Introduction

Carboxylic acids are cheap, non-toxic and stable substrates, and they are abounded, easily-
available in nature and industry. Carboxylic acids have wide applications in organic chemistry.
They often play an important role as feedstocks in organic, material and polymer synthesis.*?
Therefore, a great number of carboxylic acid transformations have been reported in the last few
decades. Particularly, the construction of C-C and C-X bonds using carboxylic acids as starting
materials via decarboxylation has attracted wide attention.>” However, the research value of
decarboxylative oxygenation of carboxylic acids to valuable carbonyl products including
aldehydes and ketones has been underestimated, and research about this direct transformation
with wide substrate scope, good yields and high efficiency remains limited. Carbonyl products
are important building blocks of organic chemistry.'®2® In industrial production, the synthesis
of aldehydes and ketones can be realized by a series of strategies, such as carbonylation of
alkenes and oxidation of hydrocarbons.?*?® However, harsh conditions such as high pressure,
high temperature, and toxic reagents are often required for these synthesis processes. For
instance, whilst hydroformylation is a dominant technology to prepare aldehydes, over 100 °C
and 200 atm syngas with cobalt catalysts are required. Although much milder conditions are
employed for Rh-based catalysts, Rh catalysts are toxic and expensive.?® Therefore, exploring
rapid and efficient synthesis of aldehydes and ketones under mild conditions with cheap
catalysts and substrates is a worthy endeavor. Considering the easy availability of various

carboxylic acids, they are suitable substrates for this endeavor.
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Decarboxylative oxygenation of carboxylic acids is a challenging issue. The catalyst for
this transformation requires the ability of promoting both decarboxylation and oxidation. So
far, only three reports have demonstrated decarboxylative oxygenation of carboxylic acids via
photoredoxcatalysis using O2 under mild conditions. Two of these require precious Ir or Ru
photocatalysts,2”-? while the third produces a mixture of aldehydes/ketones and alcohols as the
products (Scheme 2.1a).2° Other strategies have been reported; however, stoichiometric strong
oxidants were employed in these strategies, e.g. NalOs,%° n-BusNIO4,%! PhI(OAC)2,% HgF2,*
Pb(OAC)+** and K2S,0> (Scheme 2.1b), or a high reaction temperature was required (Scheme
2.1¢). In this chapter, a highly selective decarboxylative oxygenation of carboxylic acids to
aldehydes or ketones by O> (1 atm) is reported. This reaction is promoted by a non-heme Mn(ll)
catalyst and visible light under mild conditions (Scheme 2.1d).

a) Photocatalytic systems

OH (@] Ce, air COOH Ir, Ru (o)
e I

Lo non, e aor
Blue light 51~~p2 airorO;
R Rp Rz R" 'R® Bjuelight R~ "Ry

b) Chemical methods using oxidants

COOH NalO,,n-BusNIO,, PhI(OAC), o

R1 R2 Hng, Pb(OAC)4 K28208 R1)J\R2

c) High temperature methods

COOH Cu(OAc),, CuFe,0, ©
R Ry DMSO, air or O,, 120 °C R1)J\R2
d) This work
COOH non-heme Mn catalyst Q
R RrRs 0, (1 atm), blue LED (465 nm)  Ri~ Ro

Scheme 2.1 Decarboxylative oxygenation of carboxylic acids.

The use of inexpensive and benign O for selective oxidation with first-row, biologically

relevant metal complexes as catalysts is a challenging issue for the synthetic chemist.®*8 Some

39



biomimetic Mn and Fe complexes bearing heme and non-heme polydentate ligands have been
developed. They were successfully employed to catalyse a series of oxidation reactions with
02, including the oxidation of carboxylic acids, hydrocarbons and alcohols.®* 3:3%-43 However,
significant drawbacks remain in most cases, e.g. unsatisfactory selectivity due to poorly
controlled radical-type pathways and the requirement for stoichiometric co-reductants. To date,
only a limited number of biomimetic metal complexes are able to catalyse the aerobic oxidation
in a controlled manner without the assistance of a co-reductant.***® Following on from our
group’s previous study of aerobic cleavage of alkenes with a non-heme Mn(I1) complex, *° the
decarboxylative oxygenation of carboxylic acids to aldehydes/ketones by O, with this and
related complexes has been developed in this thesis.
2.2 Results and Discussion
2.2.1 Optimization experiments

This study started from the examination of the decarboxylative oxygenation of 4-
methoxybenzeneacetic acid (1a) with Oz (1 atm) (Table 2.1). Our previous work showed that
the photocatalytic system comprised of Mn(OTf)2 and L4 was effective for O activation in the
presence of blue light.>® Therefore, the photocatalytic system was initially tested. To our
delight, the desired oxygenation product 2a could be obtained in 90% yield (Table 2.1, entry
6). [Mn(dtbpy)2(OTf)2] formed in situ is likely to be the catalytic species, as the isolated
[Mn(dtbpy)2(OTf)2] complex displayed a similar activity (Table 2.1, entry 1). It is unsurprising
that the ligand-free Mn(OTf)2 showed no catalytic activity for the target reaction (Table 2.1,
entry 2), as it is less likely to produce activated oxygen species from Oz (E%Mnquymnqary = 1.56
V/SHE, E%2m20 = 0.82 V/SHE, neutral conditions). A range of substituted bipyridines (L1-
L8) were further tested to explore the effect of ligand, revealing L4 to give the best yield of 2a

(Table 2.1, entries 3-10).

40



Table 2.1 Optimization of reaction conditions® ?

/©/\COOH [M] (5 mol%), Ligand (10 mol%) /@AO
MeO CH3CN (2 mL), blue LED (465 nm) MeO

1a 0,, 12 h,45°C 2a
Entry [M] Ligand Yield (%)
1 [Mn(dtbpy)2(OTf),] / 87
2 Mn(OTf)2 / 0
3 Mn(OTf) L1 33
4 Mn(OTf)2 L2 46
5 Mn(OTf)2 L3 61
6 Mn(OTf), L4 90
7 Mn(OTf)2 L5 41
8 Mn(OTf)2 L6 64
9 Mn(OTf) L7 14
10 Mn(OTf)2 L8 41
11 Fe(OTf)2 L4 16
12 Cu(OTf): L4 4
13 CoCl; L4 42
14 MnCl; L4 53
15°  [Mn(dtbpy)2(OTf)2] / 0
16¢ Mn(OTf), L4 62

4Reaction conditions: 1a (0.5 mmol), [M] (5 mol%), ligand (10 mol%), CHsCN (2 mL), blue
light (465 nm), 45 °C, O, (1 atm), 12 h. °NMR yields, determined using mesitylene (20 L) as

internal standard. °N (1 atm). 9Air instead of O,.

N N N N N N L3, R = Me

7 N\ 7 N N\ 7 N N\ L4 R= Bu
=/ = =/ = =/ = L5R=Br
L1 L2 R R L6 R=H

[Mn(dtbpy),(OT),]
The combinations of L4 with other metal salts, such as Fe(OTf);, Cu(OTf)2 and CoCl,,

were ineffective, affording much lower yields of 2a (Table 2.1, entries 11-13). Meanwhile,

MnCl; is less effective than Mn(OTf), as can be seen in Table 2.1, entry 14. As is clear, both
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O2 and blue light are essential for this transformation; in their absence, no target product was
observed (Table 2.1, entry 15, and Figure 2.1). In addition, the aerobic oxygenation reaction
presented the highest reactivity in acetonitrile after evaluation of the solvents (Table 2.2). A
series of different solvents, including DCE, EtOH, THF, MeOH, acetone, ethyl acetate, hexane
and TFE, were screened. However, only low to moderate yields of 2a were obtained. The
screening established the following optimized conditions: Mn(OTf)2 (5 mol%), L4 (10 mol%)
as ligand, O as oxidant in CH3CN at 45 °C with blue light irradiation.

Table 2.2 Oxidative decarboxylation/oxidation of acid 1a in different solvents®

/@/\COOH [Mn(dtbpy),(OTf),] (5 mol%), solvent (2 mL) /@AO
>
MeO

MeO 1a Blue LED (465 nm), O,, 12 h, 45 °C 2a
Entry Catalyst Solvent Time (h) Yield (%)
1 [Mn(dtbpy)2(OTf)2] DCE 12 59
2 [Mn(dtbpy)2(OTf)2] EtOH 12 28
3 [Mn(dtbpy)2(OTf)2] THF 12 14
4 [Mn(dtbpy)2(OTf)2] MeOH 12 29
5 [Mn(dtbpy)2(OTf)2] Acetone 12 41
6 [Mn(dtbpy)2(OTf)2] Ethyl acetate 12 37
7 [Mn(dtbpy)2(OTf)2] Hexane 12 35
8 [Mn(dtbpy)2(OTf):] TFE 12 50
g° [Mn(dtbpy)2(OTf)2] Acetonitrile 12 72
10 [Mn(dtbpy)2(OTf)2] Acetonitrile 6 67
11 [Mn(dtbpy)2(OTf),] Acetonitrile 9 79

aReaction conditions: 1a (0.5 mmol), [Mn(dtbpy)2(OTf).] (5 mol%), solvent (2 mL), under blue LED
light (465 nm, 9 W) at 45 °C under O, atmosphere (1 atm) for 12 h. °PNMR vyields are given. €20 °C.
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Figure 2.1 Decarboxylative oxidation of 1a under light on/off conditions. Reaction conditions: 1a (0.5
mmol), [Mn(dtbpy)2(OTf),] (5 mol%), CHs;CN (2 mL), 1,3,5-tribromobenzene (62.4 mg) as internal
standard, blue LED light (465 nm, 9 W), 45 °C, O, atmosphere.

2.2.2 Substrate scope

A series of benzylic carboxylic acids were first examined to test the generality of this
decarboxylative oxygenation protocol. As shown in Scheme 2.2, a variety of phenyl acetic
acids bearing electron-donating or electron-withdrawing groups on the phenyl ring reacted well
(2a-20), affording the desirable aldehyde products in good to excellent yields. In terms of
phenyl acetic acids bearing electronic-withdraw groups, they were usually less reactive. For
example, para-F-substituted acid (1d) and para-CFs-substituted acid (1e) showed low
reactivity for the oxidation under the standard conditions, giving the corresponding aldehydes
in 35% and 17% vyields, respectively. However, we found that the oxidation efficiency was
improved by introducing a catalytic amount of NaOAc as an additive (Table 2.3). With the
addition of NaOAc, the yields of 2d and 2e were improved to 86% and 84%, respectively.
Meanwhile, 2-naphthyl acetic acid and a S-heterocycle were tolerated, affording corresponding

2p and 2qg in moderate yields, respectively. Notably, a range of amino acids including a
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dipeptide were oxidized to the corresponding amide products in a highly selective manner (2v-

2y), showing potential applications in bio-conjugate chemistry.

COOH [Mn(dtbpy),(OTf),] (5 mol%), CH;CN o
A R 0,, blue LED (465 nm), 12 h, 45 °C Ar” R
1 2
2a, R' = OMe, 90% )
2b, R' = Br, 88% Xo R o
2¢,R'"=Cl, 61%
2d, R' = F, (35%)86%°
= ’ ’ 21, R2 = Me, 709
@AO 2e, R'=CFy, (17%)84%° 2k, 87% 2m, R? = rjo O7A)O°/
R 2f, R = NO,, 66% TR R
2g, R' = Me, 95% MeO
=0
2h,R"=Bu, 70% MeO
N
2i, R = Ph, 80% :©/\o
2j,R"=H, 75% MeO OMe
2n, 83% 20, 86%
0
|

=]

\

Q o o
SO O R

2p, 66% 2q, 48%° 2r, R? = Me, 86% 2v, 61%
2s, R2=FEt, 71%
2t, R2 = Ph, 92%
2u, R? = cyclo-pentyl, 66%

Q\\(
0
o}
2w, 48% 2x, 58% 2y, 67%
Scheme 2.2 Oxidation of mono- and di-substituted benzylic carboxylic acids.* 2Reaction conditions:
1 (0.5 mmol), [Mn(dtbpy).(OTf)] (5 mol%) (in situ prepared), CHsCN (2 mL), blue light (465 nm), 45
°C, Oz (1 atm), 12 h. ®Isolated yields are given. “CH3;COONa (30 mol%) was added.

It is worth noting that a variety of drug molecules with functionalized aryl acetic acid

O O H 0
5 e o N0
Ph ” Ph H

O‘O

scaffolds were also selectively oxidized by O> under the optimum conditions. As shown in
Scheme 2.3, naproxen, ibuprofen, flubiprofen, ketoprofen, ioxoprofen, isoxepac and
indomethacin all proceeded successfully, and the corresponding aldehydes or ketones were
afforded in good yields (3a-3g). Moreover, the ability of this photo-Mn protocol in late-stage

decarboxylative oxygenation was tested by using vitamin E as substrate. Notably, the aldehyde
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product 3h was afforded in 74% vyield. The relatively active benzylic C-H bonds, tertiary C-H
bonds, and indole ring remained intact in the reaction, showing the high chemoselectivity of

this oxidation protocol.

(0] (@] O
JVQA FDA
MeO Ph

3a, 52% 3b, 70% 3¢, 77%
From (+)-Naproxen From (£)-Ibuprofen From (z)-Flurbiprofen
3d, 49% 3e, 72% 3f, 43%
From (z)-ketoprofen From (z)-loxoprofen From Isoxepac

o@m
N OVO
Y
~o o
=0
39, 50%° 3h, 74%
From Indomethacin From Vitamin E

Scheme 2.3 Oxidation of pharmaceutical molecules.® ® ?Reaction conditions: carboxylic acids (0.5
mmol), [Mn(dtbpy).(OTf).] (5 mol%), CHsCN (2 mL), blue light (465 nm), 45 °C, O, (1 atm), 12 h.
bIsolated yields are given. ‘CH3COONa (30 mol%) was added.

Moreover, we tested the oxidation of more challenging enoic acids and aliphatic carboxylic

acids.®2 As can be seen in Scheme 2.4, the C=C double bonds in enoic acids, usually sensitive
to oxidation conditions, remained intact during the oxidation (5a). Meanwhile, it is noting that
aliphatic acids bearing different functionalities, including ether, carbamate, and amide reacted
smoothly to afford the corresponding carbonyl products with blue or UV light irradiation (5b-
5e). These good results highlight the high chemoselectivity and hence great application
potential of this method. Secondary cyclic or long-chain aliphatic acids were also oxidatively
decarboxylated to furnish the target carbonyls in good vyields (5f-5h, 50-63%) under the
irradiation of UV-light. The primary stearic acid and oleic acid also were tolerated; however,
their yields were low (5i and 5j). Generally, our protocol shows a wider substrate scope when
compared with MacMillan’s work in 2019.2” Not only can the cyclic aliphatic acids be oxidized
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selectively, but also saturated or unsaturated long-chain fatty acids could be oxidized, which

are usually challenging substrates.>

j3\00H [Mn(dtbpy)»(OTf),] (5 mol%), CH3CN i
R TR2 0,, blue LED (465 nm), 12 h, 45 °C R" "R?
4 5
[ =0
N
P "0 P00 -~ \
0~ o O)\O‘Bu
5a, 59% 5b, 70% 5¢c, 57%° 5d, 45%°
&0 i 0
\ W\)W
)\Ph .
o
5e, 51%° 5f, 50%° 5g, 50%°
o) o~
S
5h, 63%° 5i, 22% 5}, 17%

Scheme 2.4 Oxidation of aliphatic acids.*  2Reaction conditions: 4 (0.5 mmol), [Mn(dtbpy)2(OTf),] (5
mol%), CHsCN (2 mL), blue LED light (465 nm), 45 °C, O, atmosphere (1 atm), 12 h. Isolated yields
are given. °DCE/CH3CN (1:1, 2 mL), ultraviolet light (365 nm).

2.2.3 Exploration of possible mechanism

A series of experiments were performed to shed light on possible reaction pathways in the
decarboxylative oxygenation of carboxylic acids. As reported by Boger’s group, O, is
generated in the presence of rose bengal under light irradiation and it can efficiently transfer
pyrrole-2-carboxylic acids to the corresponding ketones.>* Therefore, it is important to
determine whether 'O, is the oxidative species in our photo-Mn enabled oxidative
decarboxylation. As shown in Table 2.4, a range of well-known photosensitizers including
Eosin Y disodium salt, Ru(bpy)s, Ir(dFppy)s and rose bengal (Table 2.4, entries 1-4), which
can generate 1O, under blue light, were used individually as replacement catalysts for the
decarboxylative oxygenation of 1a under the standard reaction conditions. However, these
photosensitizers showed significantly lower catalytic performance. No reaction was observed
when Ir(dFppy)s was employed as the catalyst, which worked well in MacMillan’s work
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(Scheme 2.5).27 Meanwhile, a well-known 1O, trap, 9,10-diphenylanthracene (DPA) which can
react rapidly with O to give an endoperoxide product (k = 1.3 x 10 M~*s™), was used to
detect the formation of 'O in decarboxylative oxygenation.>® When DPA was added to the
oxidative decarboxylation of 1a under the standard conditions (Table 2.4, entry 5), 2a was
obtained in 70% yield, and no endoperoxide was detected. These observations appear to rule
out the involvement of 1O in the reaction pathway.

Table 2.4 Decarboxylative oxidation of 1a in the presence of well-known photosensitizers or singlet

oxygen trap*®

/©/\COOH Catalyst (5 mol%), Ligand (10 mol%) /@AO
MeO O,, CH3CN, blue LED (465 nm), 12 h, 45 °C MeO

1a 2a
Entry Catalyst Yield (%)
1 Eosin Y disodium salt 37
2 [Ru(bpy)s+6H20] 49
3 [Ir(dFppy)a] 0°
4 Rose bengal 4
5 [Mn(dtbpy)2(OTf)2] 70

Reaction conditions: acid (0.5 mmol), catalyst (5 mol%), CHsCN (2 mL), blue light (465 nm), 45 °C,
O, (1 atm), 12 h. °NMR yields, determined using mesitylene as internal standard. ‘Conversion was
observed under the conditions reported by MacMillan’s group.?” (see Scheme 2.5) 9DPA (0.1 mmol)

was added.

/©/\COOH [Ir(dFppy)s] (1 mol%), DMSO (2 mL) - /@AO
MeO Na,CO3 (0.5 mmol), Blue LED (465 nm) MeO
1a 0,, 16 h, rt 2a, 41%

Scheme 2.5 Decomposition of 1a by [Ir(dFppy)s] under MacMillan’s conditions.?’
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Scheme 2.6 Control experiments to shed light on the mechanism?® ® 2Conditions: substrate (0.5 mmol),
[Mn(dtbpy)2(OTf)2] (5 mol%), CHsCN (2 mL), blue light (465 nm), 45 °C, O, (1 atm), 12 h,
CH3COONa (30 mol%) where applicable; "NMR vyields, determined using mesitylene as internal
standard.

Previous studies on decarboxylative oxygenation of phenylacetic acids by Mn-based
enzymes indicate that the hydroxylation of C-H bond in the benzylic position is the initiation
step of this oxidation reaction. For instance, phenylacetic acid was converted to 2-hydroxy-2-
phenylacetic acid, which was the key intermediate for the further oxidative decarboxylation
process.>®® Because of this possibility, several control experiments were performed to
determine whether a similar hydroxylation process occurs as the key step in our strategy.
Firstly, the potential intermediate 2-hydroxy-2-phenylacetic acid (7) was subjected to the
standard reaction conditions, affording 2j in 93% yield (Scheme 2.6, eq. 1). This result
indicates that 7 could be involved in the oxidative decarboxylation reaction under the current

conditions. However, the desired decarboxylative oxygenation proceeded successfully as well
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when phenylacetic acids bearing two alkyl or phenyl groups on benzylic position (Scheme 2.6,
eqs. 2-4). Apparently, the ketone products were obtained via a C-C bond cleavage process due
to the formation of the strong C=0O bond. This indicates the involvement of a radical
fragmentation pathway in decarboxylative oxygenation. In addition, ethyl 2-phenylacetate (8)
showed no reactivity under standard conditions (Scheme 2.6, eq. 5). Meanwhile, when (1-
hydroperoxyethyl)benzene (9) was employed (Scheme 2.6, eq. 6), 2r was afforded in an
excellent yield. These observations may indicate the involvement of the acid moiety and the
formation of peroxide intermediates in the decarboxylative oxygenation reaction.

H H

H
/©)<COOH Standard conditions @o
1
M MeO 3h MeO
1a KM ps = 9.3 moleL'eh™" 2a
D D
D
/@KCOOH Standard conditions _ (6}
3h
(2) MeO MeO
1a-d? kPyps = 8.8 moleL"eh"" 2a-d

KHops/kPops = 1.1
Scheme 2.7 Kinetic isotope effect studied under the optimized conditions.

Further insight was obtained by following the kinetic isotope effect (KIE) (Scheme 2.7).
Parallel reactions using acids 1a and 1a-d? were conducted, affording the rate constants based
on the initial rates k"ops = 9.3 and kPoss = 8.8, respectively. Considering the KIE values of ca
1.1, the cleavage of the C-H bond on the benzylic position is less likely to be involved in the
turnover limiting step. This result further supports the notion that the oxidative decarboxylation
is not initiated by the benzylic C-H bond hydroxylation.

Subsequently, UV-Vis experiments were conducted to investigate the reaction of
carboxylic acids with the [Mn(dtbpy)2(OTf).] complex. As shown in Figure 2.2, an obvious
decrease of the absorbance of la at 230 nm was observed when 1 equivalent of

[Mn(dtbpy)2(OTf),] was added. Meanwhile, compared with that of [Mn(dtbpy)2(OTf).], a
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significant absorption decrease of the spectrum of the mixture of [Mn(dtbpy)2(OTf).] and 1a
was shown at around 295 nm and 306 nm. These observations indicate that [Mn(dtbpy)2(OTf);]
reacts with 1a to form a new Mn(ll) species. Further structural information of the new Mn(ll)
species was obtained by HRMS. As shown in Figure 2.3, the experimental and calculated mass
spectra of the molecular ion suggests that the carboxylate-coordinated [Mn(dtbpy).(la-

H)(OTf)] is likely to be formed by losing a HOTTf from the parent complex.

4.0+

[Mn(dtbpy),(OTf),]

3.5 4

1a
[Mn(dtbpy),(OTf),] + 1a, O,

3.0 4
| 0.50 <
2.54
2.0 1

1.5 4 0.25 4

Absorbance

1.0

0.5+
0.00

T T T T R T
290 300 310 320 330 340 350

0.0 4

-0.5 Y T Y T ¥ T ¥ T ' T X 1
200 300 400 500 600 700 800

Wavelength(nm)
Figure 2.2 UV-Vis spectra of [Mn(dtbpy).(OTf),], 1a and the mixture of [Mn(dtbpy)2(OTf).] and la
without blue light irradiation (Concentration of [Mn(dtbpy).(OTf).] and 1a: 25 uM in CHsCN).

756.3811

756.3813
757.3847 757.3843
[Mn(dtbpy),(1a-H)]* complex
758.3874
7583875 759.3849
| 759.3905
L) T T T T T L} r T T T l| T 1
755 756 757 758 759 760 761 755 756 757 758 759 760 761
miz miz
Experimental Calculated

Figure 2.3 HRMS spectrum of [Mn(dtbpy).(la-H)(OTf)] formed in the in-situ reaction of
[Mn(dtbpy).(OTf),] with 1a.
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Figure 2.4 In-situ UV-Vis monitoring of the mixture of [Mn(dtbpy)2(OTf).] and 9 and the UV-vis
spectra of the mixture of [Mn(dtbpy).(OTf);] and 1r with blue light irradiation for 2 h (Concentration

of each compound: 25 uM in CH3CN).

oor  Mn(dtopy);(OTf] (5 mol%), CH3CN (2 mL) ©/Lo
Blue LED (465 nm), N, 1 h, 45 °C
9 (0.5 mmol) 2r: 60%

Scheme 2.8 Transformation of 9 under standard conditions with N> for 1 h.
We envisioned that the reaction of [Mn(dtbpy)2(1a-H)(OTf)] with O2 may produce a Mn-

peroxide intermediate in the decarboxylative oxidation under blue light.?® 58 To explore this
possibility, UV-Vis experiment of a mixture of [Mn(dtbpy).(OTf)2] and 1r, which was
expected to afford [Mn(dtbpy)2(1r-H)(OTf)], was performed. When the mixture was irradiated
by blue light under Oz (Fig. 2.4, green dash line), an obvious absorption at ca 685 nm was
observed. In particular, a similar absorption band was also found in the spectrum of the mixture
of [Mn(dtbpy)2(OTf)2] and 9 without blue light irradiation under N.. This absorption band
increased over time and then reached saturation before beginning to decrease (Figure 2.4).
Finally, the product 2r was formed in 60% yield after 60 mins (Scheme 2.8). Based on these
observations, a peroxide intermediate may be involved and complexed with the Mn catalyst in
the process of decarboxylative oxidation. Comparing with the previous literature, the
absorption at 685 nm is likely to arise from a Mn-peroxide species.>*
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Scheme 2.9 A plausible mechanism of decarboxylative oxygenation of carboxylic acids (possible

coordination of solvent or other molecules is omitted).

Based on the observations above and previous literature,*® 2° a plausible mechanism is
proposed by taking the oxidation of phenylacetic acid (1)) as an example. As shown in Scheme
2.9, the intermediate A, formed by the reaction of 1j with the Mn(ll) precatalyst, is oxidized
by O to afford the key species B under blue light irradiation.3® 6264 Then, the benzylic carbon
of the coordinated acid was attacked by this unstable superoxide radical driven by the release
of CO,, affording the Mn(ll)-peroxide C. Further decomposition of the unstable species C
produces the carbonyl product and a Mn(I1)-OH species D, which reacts with phenylacetic
acid, regenerating A.

2.3 Conclusions

In conclusion, we have developed a selective, practical decarboxylative oxygenation
protocol, which uses a non-heme Mn(Il) complex as the catalyst and molecular oxygen as the
oxidant under blue light irradiation. With this protocol, readily available carboxylic acids,
including benzylic acids, amino acids, aliphatic acids, long-chain fatty acids and
pharmaceutical molecules, can be easily converted to a wide range of valuable aldehydes,

ketones, and amides in good yields under mild conditions. Mechanistic studies indicated that
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peroxide intermediates may be involved in the reactions, which can be further transformed to
final carbonyl products.
2.4 Experimental details
2.4.1 Details of photoreactors

Information for the blue LEDs: 2.95 V blue LED SMD, Lumileds LUXEON Rebel
LXML-PB01-0040; dominant wavelength or Peak Wavelength (minimum: 460 nm, typical:
465 nm, maximum: 485 nm); typical spectral half-width (20 nm); typical temperature
coefficient of dominant or Peak Wavelength (0.05 nm/°C); typical total included angle (160°);
typical view angle (125°). Each hole on the photoreactor is fitted with three LEDs, giving a
total power for each reaction tube as 9 W. Reactor temperature after 12 h irradiation is 45 °C.

Information for LEDs with various wavelengths:

UV LEDs (365 nm): 3.0 V UV LED SMD, LUMINUS SST-10-UV-E365-00; dominant
wavelength or peak wavelength (minimum: 365 nm, typical: 365 nm, maximum: 370 nm);
typical spectral half-width (10 nm); typical total included angle (160°); typical view angle
(130°). Each hole on the photoreactor is fitted with three LEDs, giving a total power for each
reaction tube as 9 W. Reactor temperature after 12 h irradiation is around 20 °C.

UV LEDs (405 nm): 3.0 V UV LED SMD, LUMINUS SST-10-UV-F405-00; dominant
wavelength or peak wavelength (minimum: 405 nm, typical: 405 nm, maximum: 410 nm);
typical spectral half-width (10 nm); typical total included angle (160°); typical view angle
(130°). Each hole on the photoreactor is fitted with three LEDs, giving a total power for each

reaction tube as 9 W.

Cyan LEDs (505 nm): 2.90 V cyan LED SMD, Lumileds LUXEON Rebel LXML-PEO1-
0080; dominant wavelength or peak wavelength (minimum: 495 nm, typical: 505 nm,
maximum: 515 nm); typical spectral half-width (30 nm); typical temperature coefficient of

dominant or Peak Wavelength (0.04 nm/°C); typical total included angle (160°); typical view
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angle (125°). Each hole on the photoreactor is fitted with three LEDs, giving a total power for

each reaction tube as 9 W.

Figure 2.6 Multi-wavelength photoreactor.

2.4.2 Preparation of substrates
Synthesis of  2-(Benzylamino)-2-phenylacetic  acid

yl)methoxy]carbonyl]amino)-2-phenylacetic acid

NH.
OH NaOH
Ph)ﬁ( + R cl .
o 0°Ctort, 2h
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2-(Benzylamino)-2-phenylacetic acid (1v) and 2-([[(9H-Fluoren-9-
yl)methoxy]carbonyl]amino)-2-phenylacetic acid (1x) were synthesized according to the
literature.%® A mixture of 2.0 M NaOH (50 mL) and phenyl glycine (3.0 g, 19.85 mmol) were
added to a 250 mL round-bottom flask equipped with a magnetic stirrer. Then, the solution was
cooled to 0 °C in an ice bath. After that, benzoyl chloride or 9-fluorenylmethoxycarbonyl
chloride (1.1 equiv., 21.83 mmol) was added to the mixture over the course of 20 mins. In the
next step, the reaction was warmed to room temperature and stirred for 2 h. After completion
of the reaction, 2.0 M HCI was added dropwise to make the solution slightly acidic (pH 5-6),
and the mixture was extracted with ethyl acetate (75 mL x 5). The combined organic phase
was dried over magnesium sulfate and concentrated to obtain 1v or 1x.

Ph O

A

HOOC N Ph
H

2-(Benzylamino)-2-phenylacetic acid (1v)®

IH NMR (400 MHz, DMSO-ds) § 12.94 (s, 1H), 9.05 (d,J = 7.5 Hz, 1H), 7.94 (dd,J = 7.2, 1.8
Hz, 2H), 7.56 — 7.32 (m, 8H), 5.64 (d, J = 7.5 Hz, 1H).

13C NMR (101 MHz, DMSO-ds) & 171.98, 166.37, 137.16, 131.51, 128.44, 128.23, 128.20,
127.94, 127.75, 56.88.

HRMS (ESI) calcd for C1sHi1sNOs [M+Na]*: 278.0788; found: 278.0787.

Melting point: 170-172 °C.

2-([[(9H-Fluoren-9-yl)methoxy]carbonyl]amino)-2-phenylacetic acid (1x)%®
'H NMR (400 MHz, DMSO-ds) 6 12.89 (s, 1H), 8.23 (d, J = 8.1 Hz, 1H), 7.89 (d, ] = 7.6 Hz,
2H), 7.76 (d, J = 7.6 Hz, 2H), 7.48 — 7.21 (m, 9H), 5.18 (d, J = 8.1 Hz, 1H), 4.31 — 4.17 (m,

3H).
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13C NMR (101 MHz, DMSO-ds) & 172.14, 155.88, 143.89, 143.79, 140.75, 137.39, 128.45,
127.90, 127.81, 127.69, 127.12, 127.10, 125.46, 125.42, 120.12, 65.99, 58.20, 46.65.

HRMS (ESI) calcd for C23sH19NO4 [M+Na]*: 396.1207; found: 396.1198.

Melting point: 187-189 °C.

Synthesis of 2-(Triphenylmethylthio)acetic acid

NH,
OH Ph3SiCl, Et3N, trityl chloride Ph PhPh
Ph y o HOOC)\NkPh
o CHClI3, MeOH N

2-(Triphenylmethylthio)acetic acid (1w) was synthesized according to the literature.’” A
mixture of 2-phenylglycine (1.81 g, 12 mmol) and triphenylsilyl chloride (PhsSiCl, 2.17g, 20
mmol) in 25 mL of CHCI3 was heated under reflux for 2 h. After cooling to room temperature,
triethylamine (EtsN, 3.34 g, 33 mmol) and trityl chloride (2.79 g, 10 mmol) were added, and
the mixture was stirred at room temperature for 20 h. Then, MeOH (1.60g, 50 mmol) was added
and stirred for 0.5 h. The reaction mixture was concentrated under reduced pressure and the
residue was dissolved in ethyl acetate (50 mL). The organic layer was washed with 10%
aqueous citric acid (50 mL x 3), and brine (50 mL) and dried over MgSQOa. The solvent was
evaporated, and the oily crude product was recrystallized from CHClz/hexane to give 1w as a

colourless solid.

Ph PhPh
HOOC)\”kPh

2-(Triphenylmethylthio)acetic acid (1w)

IH NMR (400 MHz, Chloroform-d) & 7.47 (d, J = 7.1 Hz, 2H), 7.44 — 7.37 (m, 8H), 7.36 —
7.28 (m, 2H), 7.17 (t, J = 7.6 Hz, 6H), 7.06 (t, J = 7.3 Hz, 3H), 4.36 (s, 1H).

13C NMR (101 MHz, Chloroform-d) § 177.26, 145.34, 139.26, 129.67, 128.86, 128.71, 127.91,
127.13, 126.74, 72.09, 60.22.

HRMS (ESI) calcd for C27H23NO2 [M+Na]*: 416.1621; found: 416.1623.

Melting point: 195-197 °C.
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Synthesis of 2-(Triphenylmethylthio)acetic acid

o
0. : 1S
N~ YCOOH /N‘\Hz EDC, HOBT N \/U\OMG LiOH-H,0 N N\/U\OH

DIPEA,CH,CI (¢}
0™ pn Ph™ “COOMe 2Clp O%\Ph Ph THF/H,0 O%\Pho Ph

2-((S)-1-Benzoylpyrrolidine-2-carboxamido)-2-phenylacetic acid (ly) was synthesized
according to the literature.®® Methyl 2-amino-2-phenylacetate hydrochloride (2.01 g, 1.0
equiv., 10 mmol) was weighed into a round-bottom flask with a stirrer bar, diluted with CH2Cl>
(108 mL), and cooled to 0 °C in an ice bath. To this solution, diisopropyl ethylamine (1.74 mL,
1.0 equiv., 10 mmol) was added dropwise. Next, reagents were added in the following order:
1) N-benzoyl-I-proline (4e) (2.19 g, 1.0 equiv., 10 mmol), 2) hydroxybenzotriazole (HOBt,
20% by weight HO, 149 g, 11 equiv), and 3) 1l-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC, 1.92 g, 1.0 equiv., 10 mmol), and the
reaction was warmed to room temperature. The reaction was then stirred overnight or until
complete consumption of the carboxylic acid coupling partner was observed by TLC (typically:
1% acetic acid in ethyl acetate eluent).

The reaction contents were added to an appropriately sized separatory funnel and washed
with a 1:1 volume each of saturated NaHCO3 solution, 10 wt% aqueous citric acid, and brine.
Following each of the first two washes, the aqueous layer was extracted with CH>Cl> (x 2), and
the combined organic layers were combined for the next wash. The combined organic layers
were then dried over Na>SOg, filtered, and concentrated in vacuo to provide crude ester product
(assumed quantitative yield) which was taken on without further purification to the next step.
(Note 1: in order to achieve a dry solid after purification, it may be necessary to dry the pure
oil in vacuo from hexane several times to completely remove residual CH.Cl,, followed by
placement on a high vacuum line for 24 h. Note 2: in the case of using a free amine methyl

ester in place of a hydrochloride salt, DIPEA (0.1 equiv.) was used).
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Then the ester product underwent hydrolysis to afford the final acid product (1y). To a
glass round-bottom flask with Teflon stir bar was added crude ester product in 3:1 of THF:
H20 (30 mL, 0.5 M). The solution was cooled to 0 °C in an ice bath, and LIOH (2.1 g, 5.0
equiv., 50 mmol) was added in 1 portion. The reaction was held at 0 °C for 10 mins, and then
warmed to room temperature and stirred for 24 h, or until complete conversion of the ester was
observed by TLC.

Upon complete conversion, the reaction was cooled back down to 0 °C, and acidified to a
pH of < 2 via dropwise addition of 10 wt% aqueous KHSOa. The solution was then diluted
with ethyl acetate (~1:1 v/v) and the two layers were separated via a separatory funnel. The pH
of the aqueous layer was then taken. If it was found to be > 4/5, the aqueous layer was re-
acidified with 10 wt% aqueous KHSO4 to pH < 2. It was then extracted with ethyl acetate (x
2), making sure to retain an acidic pH before each extraction. The organic layers were
combined and washed with water (x 1) and brine (x 1), dried over MgSQsa, filtered, and
concentrated in vacuo to afford the crude acid product (1y), which was purified via flash

chromatography on silica gel.
H
N
O
O

2-((S)-1-Benzoylpyrrolidine-2-carboxamido)-2-phenylacetic acid (1y)

'H NMR (400 MHz, Chloroform-d) & 9.05 (s, 1H), 8.13 (dd, J = 45.1, 6.8 Hz, 1H), 7.56-7.28
(m, 10H), 5.61 (dd, J = 15.4, 6.8 Hz, 1H), 4.92 (dt, J = 45.3, 6.8 Hz, 1H), 3.59-3.4 (m, 2H),
2.23-1.68 (m, 4H).

13C NMR (101 MHz, Chloroform-d) & 172.52, 172.26, 170.97, 136.40, 135.36, 130.34, 128.65,

128.60, 128.23, 127.05, 127.01, 59.94, 56.60, 50.47, 28.51, 25.01.

HRMS (ESI) calcd for C20H20N204 [M+Na]*: 375.1315; found: 375.1311.
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Melting point: 157-158 °C.

Synthesis of 2-((R)-2,5,7,8-tetramethyl-2-((4R,8R)-4,8,12-trimethyltridecyl)chroman-6-

yloxy)acetic acid

[0}
OH 0}
Ethyl chloroacetate, NaOH \AO/\
Y DMF, 1t 0
(0}
O%OH KOH
0 THF, rt

2-((R)-2,5,7,8-Tetramethyl-2-((4R,8R)-4,8,12-trimethyltridecyl)chroman-6-yloxy)acetic

acid was synthesized according to the literature.®® To a mixture of (2R)-2,5,7,8-tetramethyl-2-
[(4R,8R)-(4,8,12-trimethyltridecyl)]-6-chromanol (1.7 g, 4.25 mmol) in DMF (50 mL), ethyl
chloroacetate (0.6 g, 4.85 mmol) and powdered NaOH (240 mg, 6 mmol) were added, and the
mixture was stirred at room temperature and monitored by TLC until there was no starting
material remaining. Then, the agueous was extracted with ethyl acetate (75 mL x 2), and the
combined ethyl acetate fractions were washed with brine (100 mL x 2) and water (100 mL x
1), and dried over MgSOas. After removal of the solvent, the ester product was obtained as a
colourless oil compound, and it was used in the next step without purification. A mixture of
ester compound (1 g, 1.92 mmol) in THF (10 mL) and 10% KOH (30 mL) was stirred at room
temperature for 5 h, and then the THF was evaporated, and the residue was neutralized with
HCI and extracted with CH,Cl,. Afterwards, it was washed with water, and dried over MgSQOa.

The solvent was evaporated to give the acid product as pale yellow oil without purification.

O\)J\OH

o

2-((R)-2,5,7,8-tetramethyl-2-((4R,8R)-4,8,12-trimethyltridecyl)chroman-6-yloxy)acetic

acid

59



IH NMR (400 MHz, Chloroform-d) & 4.32 (m, J = 25.6 Hz, 2H), 2.57 (q, J = 5.8, 4.9 Hz, 2H),
2.17 (s, 3H), 2.13 (s, 3H), 2.09 (s, 3H), 1.79 (qt, J = 13.3, 6.8 Hz, 2H), 1.61 — 1.48 (m, 3H),
1.42 —1.20 (m, 15H), 1.16 — 1.02 (m, 6H), 0.86 (m, 12H).
13C NMR (101 MHz, Chloroform-d) § 172.41, 148.59, 146.80, 127.28, 125.41, 123.31, 117.83,
75.03,69.12, 39.99, 39.36, 37.44, 37.39, 37.37,37.27,32.78, 32.68, 31.14, 27.96, 24.79, 24.42,
23.83, 22.71, 22.61, 21.01, 20.60, 19.73, 19.67, 12.72, 11.86, 11.77.
HRMS (CI) calcd for C31Hs204 [M+H]": 489.3938; found: 489.3941.
Synthesis of (1R-endo) -[(1,3,3-Trimethylbicyclo[2.2.1]hept-2-yl)oxy]-acetic acid
(1R-endo)-[(1,3,3-Trimethylbicyclo[2.2.1]hept-2-yl)oxy]-acetic acid (4c) was synthesized
according to the literature.”® To a suspension of NaH (1 g, 60% dispersion in mineral oil, 25.0
mmol) in dry THF (35 mL) under Ar at 0 °C, was added a solution of (1R,2R,4S)-1,3,3-
trimethylbicyclo[2.2.1]heptan-2-0l(11.3 mmol) in THF (5 mL). After the mixture was stirred
for 1 h, a solution of 2-bromo-acetic acid (0.99 g, 7.1 mmol) in THF (20 mL) was added and
the mixture was heated to reflux overnight. The mixture was then quenched with methanol (20
mL), diluted with water, and washed with ether. The aqueous layer was then acidified with
concentrated HCI to pH 4, and extracted with ethyl acetate. The combined ethyl acetate extracts

were dried (Na2SOs) and filtered, and the solvent was evaporated to give 4c.

(1R-endo)-[(1,3,3-Trimethylbicyclo[2.2.1]hept-2-yl)oxy]-acetic acid (4c)

'H NMR (400 MHz, Chloroform-d) & 4.22 — 4.00 (m, 2H), 3.04 (s, 1H), 1.74 — 1.66 (m, 3H),
1.49 — 1.40 (m, 2H), 1.14 — 1.01 (m, 8H), 0.94 (s, 3H).

13C NMR (101 MHz, Chloroform-d) & 172.48, 95.08, 68.75, 49.22, 48.47, 41.35, 39.60, 31.42,
25.96, 25.85, 20.57, 20.00.

HRMS (CI) calcd for C12H2003 [M+H]": 213.1486; found: 213.1495.
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Melting point: 89-90 °C.

Synthesis of (tert-Butoxycarbonyl)proline

N OH

o
° X

(tert-Butoxycarbonyl)proline (4d) was synthesized according to the literature.”* To a

0
mo (Boc),0, NaOH m

N OH 1,4-dioxane/H,0

solution of L-proline (1.15 g, 10 mmol) in 1,4-dioxane (15 mL) was added NaOH (0.48 g, 12
mmol), H20 (10 mL) at 0 °C. After stirring for 20 mins, di-tert-butyl dicarbonate (Boc20, 2.76
mL, 12 mmol) was added. Then, the reaction was stirred at room temperature and detected by
TLC until the reaction was finished. The mixture was diluted with H.O and washed with Et,O
(% 1). The aqueous layer was acidified with 10% HCI to pH 1 and extracted with ethyl acetate.
The organic layer was dried over MgSO4 and evaporated, affording 4e as colourless crystals.
O
EI\><<OH
%

(tert-Butoxycarbonyl)proline (4d)
IH NMR (400 MHz, Chloroform-d) § 11.40 (s, 1H), 4.37 — 4.11 (m, 1H), 3.54 — 3.25 (m, 2H),
2.27 - 1.72 (m, 4H), 1.38 (m, 9H).
13C NMR (101 MHz, Chloroform-d) § 178.14, 176.44, 155.34, 153.91, 80.56, 80.25, 58.82,
58.72, 46.63, 46.19, 30.65, 29.16, 28.23, 28.09, 24.11, 23.48.
HRMS (ESI) calcd for C10H17NO4 [M+Na]*: 238.1050; found: 238.1053.
Melting point: 130-132 °C.
Synthesis of N-Benzoyl-I-proline

0
mo BzCl, NaOH m

> N OH

N
y o oH H,0,0°Cto rt, 10 h J—ph
G
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N-Benzoyl-I-proline (4e) was synthesized according to the literature.”? To a solution of L-
proline (4.00 g, 34.7 mmol) and NaOH (2.78 g, 69.5 mmol) in H20 (64 mL) was added benzoyl
chloride (BzCl, 4.0 mL, 34.7 mmol) dropwise at 0 °C. The mixture was stirred for 10 h at room
temperature. The mixture was diluted with H>O and washed with Et2O (% 1). The aqueous layer
was acidified with 10% HCI to pH = 1 and extracted with ethyl acetate. The organic layer was
dried over MgSO4 and evaporated to afford 4e as colourless crystals.

@)

J—ph

O
N-Benzoyl-I-proline (4e)

IH NMR (400 MHz, Chloroform-d) & 10.09 (s, 1H), 7.59 — 7.53 (m, 2H), 7.48 — 7.38 (m, 3H),
4.74 (t, J = 6.0 Hz, 1H), 3.62-3.52 (m, 2H), 2.34 — 2.22 (m, 2H), 2.06-1.98 (m, 1H), 1.94-1.84
(m, 1H).
13C NMR (101 MHz, Chloroform-d) & 174.35, 171.20, 135.30, 130.56, 128.36, 127.22, 59.75,
50.37, 28.55, 25.16.
HRMS (ESI) calcd for C1oH13NO3 [M+Na]*: 242.0788; found: 242.0784.
Melting point: 150-152 °C.
Synthesis of 2-methyl-2-phenylbutanoic acid
OH  Lithium diisopropylamide o
©)\<’)( lodoethane, THF - o}

Acid 6c was synthesized according to the literature.”® A solution containing 2-

phenylpropanoic acid (10.0 mmol) in dry tetrahydrofuran (5 mL) was added to lithium
diisopropylamide (25.0 mmol) in dry tetrahydrofuran (20 mL) at 0 °C. The suspension was
stirred for 1 hour at 25 °C and then for 30 minutes at 60 °C. The mixture was then cooled to 0
°C and iodoethane (25.0 mmol) was added dropwise and the reaction stirred at 25 °C for 21

hours. The mixture was quenched with saturated ammonium chloride (aqg), acidified with

62



concentrated sulfuric acid and the layers separated. The aqueous layer was then extracted with
diethyl ether (50 mL x 2). The ether layers were combined and washed with 20% K>CO3z (50
mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The acid 6¢ was then

used without further purification.

Et
OH

0]
2-Methyl-2-phenylbutanoic acid (6c)’

'H NMR (400 MHz, Chloroform-d) § 7.43 — 7.20 (m, 5H), 2.05 (m, 2H), 1.57 (s, 3H), 0.86 (t,
J = 6.6 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) & 182.68, 142.80, 128.37, 126.86, 126.25, 50.35, 31.59,
21.67,9.02.
Melting point: 135-136 °C.
Synthesis of 2-(4-Methoxyphenyl)acetic-2,2-d? acid

D

H D
(0] .
Refl ht 0]
MeO erlux, overnig MeO

Acid 1a-d? was synthesized according to the literature.”® A mixture of 2-(4-

methoxyphenyl)acetic acid (1.83 g), anhydrous potassium hydroxide (2.24 g, 40.0 mmol) and
deuterium oxide (7.5 mL) was heated to reflux overnight. After the reaction, the mixture was
cooled to room temperature. The reaction mixture was acidified to pH = 2 with 6 N HCI. The
solution was then extracted with diethyl ether (50 mL x 3). The combined organic layers were
washed with brine, and dried over Na>xSO4. After evaporating the combined organic layers in
vacuo, 1h-d? was afforded as a colourless powder.

D

D
0]
MeO

2-(4-Methoxyphenyl)acetic-2,2-d2 acid (1h-d?)™
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IH NMR (400 MHz, Chloroform-d) 5 7.21 (d, J = 8.6 Hz, 2H), 6.88 (d, J = 8.6 Hz, 2H), 3.80
(s, 3H).

13C NMR (101 MHz, Chloroform-d) § 178.23, 158.83, 130.34, 125.21, 114.05, 55.22, 39.81
(m).

Melting point: 78-80 °C.

Synthesis of 1-phenylethyl hydroperoxide (9)

H202, H2$O4 (2 mI)
0 °C to room temperature, 72 h

1-Phenylethyl hydroperoxide (9) was in situ synthesized according to the literature.”” To a

cooled (0 °C) solution of H20- (25.05 ml, 0.25 mol, 30 wt% in H20) and H2SO4 (0.25 mL, 4.5
mmol) was added 1-phenylethanol (1.15 g, 9 mmol). The reaction mixture was stirred
vigorously for 72 h at ambient temperature and partitioned between Et,O (20 mL) and water
(30 mL). The aqueous layer was extracted with Et2O (2 x 20 mL). The combined fractions
were dried over MgSOs, concentrated in vacuo and purified by flash chromatography

(hexane/ethyl acetate 9:1) to yield the hydroperoxide.

-OH
0

1-Phenylethyl hydroperoxide (9)
IH NMR (400 MHz, Chloroform-d) § 7.74 (b, 1H), 7.43 — 7.30 (m, 5H), 5.09 (g, J = 6.6 Hz,
1H), 1.48 (d, J = 6.6 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) § 141.37, 128.68, 128.28, 126.51, 83.79, 20.08.
2.4.3 Optimization of experimental conditions

To an oven dried Schlenk tube, [Mn(dtbpy)2(OTf)2] (5 mol%) was in situ synthesized.
Then, acid (0.5 mmol), base and CH3CN (1 mL) were added under N». The reaction tube was
then fitted with an oxygen balloon, and was allowed to stir at room temperature under blue

light for 12 h. After the reaction, mesitylene (17.3 mg) as internal standard, water (2 mL) and

64



CDClIs (2 mL) were added. Finally, the product yield of 2r was obtained by *H NMR analysis

of the organic layer.

Table 2.3 Effect of bases on oxidative decarboxylation/oxidation of acid 6a*°

o}
COOH [Mn(dtbpy),(OTf)s] (5 mol%), CH3CN (2 mL)
Base, blue LED (465 nm), O,, 12 h, 45 °C

6a 2r

Entry Base Content Yield (%)

1 KOH 10 mol% 48
2 NaOH 10 mol% 49
3 LiOH 10 mol% 50
4 KoCOs 10 mol% 44
5 Na.COs 10 mol% 39
6 NaOAc 10 mol% 53
7 NaOAc 30 mol% 79
8 NaOAc 90 mol% 79
9 KOAc 30 mol% 46
10 LiOAc 30 mol% 73

4Reaction conditions: 6a (0.5 mmol), [Mn(dtbpy).(OTf)2] (5 mol%), base, solvent (2 mL), under blue
LED light (465 nm, 9 W) at 45 °C under O, atmosphere (1 atm) for 12 h. "NMR vyields are given.

2.4.4 Mechanistic studies
Control experiments
Decarboxylative oxygenation of 2-(4-methoxyphenyl)acetic acid (1a) with well-known
photosensitizers capable of producing singlet oxygen
/©/\COOH Photocatalysts (5 mol%), CH;CN (2 mL) - @O
MeO Blue LED (465 nm), O,, 12 h, 45 °C MeO
1a 2a
To an oven dried Schlenk tube, a photocatalyst (5 mol%) and 1a (0.5 mmol) were added.

Then the reaction tube was placed under vacuum and purged with nitrogen at least three times.

The reaction tube was the fitted with an oxygen balloon, and CH3CN (2 mL) was added under
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N2. The reaction tube was allowed to stir at room temperature under blue light (465 nm) for 12
h. After the reaction, mesitylene (17.3 mg) as internal standard, water (2 mL) and CDCl3z (2
mL) were added. Finally, the product yield of 2a was obtained by *H NMR analysis of the
organic layer. The photocatalysts tested were Eosin Y disodium salt, [Ru(bpy)z*6H20],
[Ir(dFppy)s] and rose Bengal.

Decarboxylative oxygenation of 2-hydroxy-2-phenylacetic acid (7)

OH
COOH [Mn(dtbpy),(OTf),] (5 mol%), CH3CN (2 mL)> @O
Blue LED (465 nm), O,, 12 h, 45 °C
7 2j

To an oven dried Schlenk tube, [Mn(dtbpy)2(OTf)2] (5 mol%) was in situ synthesized.
Then, 2-hydroxy-2-phenylacetic acid (7, 0.5 mmol) and CH3CN (1 mL) were added under Na.
The reaction tube was then fitted with an oxygen balloon, and was allowed to stir at room
temperature under blue light (465 nm) for 12 h. After the reaction, mesitylene (17.3 mg) as
internal standard, water (2 mL) and CDCIs (2 mL) were added. Finally, the product yield of 2j
was obtained by *H NMR analysis of the organic layer.

Decarboxylative oxygenation of ethyl 2-phenylacetate (8)
cookt Mn(dtbpy)o(OTh] (5 mol%), CHyCN (2 mL)> @Ao
Blue LED (465 nm), O, 12 h, 45 °C
8 2j
To an oven dried Schlenk tube, [Mn(dtbpy).(OTf),] (5 mol%) was in situ synthesized. Then, ethyl

2-phenylacetate (8, 0.5 mmol) and CH3CN (1 ml) were added under N». The reaction tube was then
fitted with an oxygen balloon, and was allowed to stir at room temperature under blue light (465 nm)
for 12 h. After reaction, mesitylene (17.3 mg) as internal standard, water (2 mL) and CDClz (2 mL)
were added. Finally, the product yield of 2j was obtained by *H NMR analysis of the organic layer.
Singlet oxygen trap experiment
/@/\COOH [Mn(dtbpy),(OT),] (5 Mol%), CH5CN (2 m|_)> /@Ao
MeO Blue LED (465 nm), O, 12 h, 45 °C MeO

1a DPA : 0.1 mmol 2a
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To an oven dried Schlenk tube, [Mn(dtbpy)2(OTf)2] (5 mol%) was in situ synthesized.
Then, 1a (0.5 mmol), 9,10-diphenylanthracene (33 mg, 0.1 mmol, singlet oxygen trap) and
CH3CN (2 ml) were added under N2. The reaction tube was then fitted with an oxygen balloon,
and was allowed to stir at room temperature under blue light (465 nm) for 12 h. The product
yield of 2a (70%) was obtained by 'H NMR analysis with mesitylene (17.3 mg) as internal
standard. In the meantime, no 9,10-diphenyl-4a,9,9a,10-tetrahydro-9,10-epidioxyanthracene
was observed by 'H NMR analysis. These results indicated that singlet oxygen was not
involved as the key intermediate during the decarboxylative oxygenation.

Light on/off experiments

To an oven dried Schlenk tube, [Mn(dtbpy)2(OTf)2] (5 mol%) was in situ synthesized and
1,3,5-tribromobenzene (62.4 mg) as internal standard were added. CH3CN (2 mL) was injected
through a syringe, and 1a (0.5 mmol) was added under N2. The reaction tube was then fitted
with an oxygen balloon, and was allowed to stir at room temperature under blue light. After 1
h, 0.1 mL of the reaction mixture was taken out for *H NMR analysis; in the meantime, the
reaction tube was further stirred in the dark. After 1 h, 0.1 mL of the reaction mixture was taken
out for *H NMR analysis, and the reaction tube was exposed to blue light again for another 1
h, followed by *H NMR analysis. This on/off process was further repeated.

UV-Vis experiment

[Mn(dtbpy)2(OTf)2]: To an oven dried Schlenk tube, [Mn(dtbpy)2(OTf)2] (5 mol%, 0.5
mmol) was in situ synthesized, and then CH3CN (1 mL) was added under N2. 0.1 mL of the
solution was then taken out and diluted to 10 mL for UV-Vis analysis.

la: 1a (0.5 mmol) was dissolved in CH3CN (2 mL). 0.1 mL of the solution was then taken
out and diluted to 10 mL for UV-Vis analysis.

The mixture of [Mn(dtbpy)2(OTf).] and 1a in the absence of blue light: To an oven dried

Schlenk tube, [Mn(dtbpy)2(OTf)2] (5 mol%) was in situ synthesized. Then 1a (0.5 mmol) and
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CH3CN (1 mL) was added under N2. The reaction tube was then fitted with an oxygen balloon,
and was allowed to stir at room temperature in dark for 1 h. Then, 0.1 mL of the solution was
taken out and diluted to 10 mL for UV-Vis analysis.

The mixture of [Mn(dtbpy)2(OTf)2] and 1a in the presence of blue light: To an oven dried
Schlenk tube, [Mn(dtbpy)2(OTf)2] (5 mol%) was in situ synthesized. Then 1a (0.5 mmol) and
CH3CN (1 mL) were added under N2. The reaction tube was then fitted with an oxygen balloon,
and was allowed to stir at room temperature under blue light (465 nm) for 1 h. 0.1 mL of the
solution was then taken out and diluted to 10 mL for UV-Vis analysis.

In situ UV-Vis monitoring of the mixture of [Mn(dtbpy)2(OTf)2] and 9: To an oven dried
Schlenk tube, [Mn(dtbpy)2(OTf)2] (5 mol%) was in situ synthesized, and then CH3CN (1 mL)
was added under N2. 0.1 mL of the solution was then taken out and diluted to 10 mL. After the
addition of 2 mL of the solution to a cuvette, 9 (50 25 umol) was added to the cuvette and UV-
Vis monitoring was started immediately. The mixture was monitored by UV-Vis again at 10

mins and 30 mins.

0.012 - [Mn(dtbpy),(OTf),] + 9, 0 min
1 [Mn(dtbpy),(OTf),] + 9, 10 min
0.010 [Mn(dtbpy),(OTf),] + 9, 20 min
1 [Mn(dtbpy),(OTf),] + 9, 30 min
o 0.008
[$)
= ]
(]
-g 0.006 -}
w <4
Ke)
< 0.004
0.002
0.000 S

500 ' 600 ' 700
Wavelength (nm)
Figure 2.7 UV-Vis analysis of the mixture of [Mn(dtbpy)»(OTf),] and 9.

The mixture of [Mn(dtbpy)2(OTf)2] and 9: To an oven dried Schlenk tube,

[Mn(dtbpy)2(OTf)2] (5 mol%) was in situ synthesized, and then 9 (0.5 mmol) and CH3CN (1
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mL) were added under N>. It was then allowed to stir at room temperature in the dark. 0.1 mL
of the solution was taken out every 10 mins, and it was diluted to 10 mL for UV-Vis analysis.
Kinetic behaviours of decarboxylative oxygenation of acid 1r and 1-phenylethyl
hydroperoxide (9)

Decarboxylative oxygenation of 1r: To an oven dried Schlenk tube, [Mn(dtbpy)2(OTf).]
(5 mol%) was in situ synthesized and 1,3,5-tribromobenzene (62.4 mg) as internal standard
was added. CH3CN (1 mL) was injected through a syringe, and acid 1r (0.5 mmol) was added
under N2. The reaction tube was then allowed to stir under blue light. Every 20 min, 0.1 mL of
the reaction mixture was taken out for *tH NMR analysis.

Decarboxylative oxygenation of 9: To an oven dried Schlenk tube, [Mn(dtbpy)2(OTf).] (5
mol%) was in situ synthesized and 1,3,5-tribromobenzene (62.4 mg) as internal standard was
added. CH3sCN (1 mL) was injected through a syringe, and 1-phenylethyl hydroperoxide (9)
(0.5 mmol) was added under N2. The reaction tube was then allowed to stir under blue light.
Every 20 min, 0.1 mL of the reaction mixture was taken out for tH NMR analysis.

Reaction of 1-phenylethyl hydroperoxide (9) without blue light irradiation under No.

To an oven dried Schlenk tube, [Mn(dtbpy)2(OTf)2] (5 mol%) was in situ synthesized.
CH3CN (1 mL) was injected through a syringe, and 9 (0.5 mmol) was added under N. The
reaction tube was allowed to stir at room temperature for 1 h. After the reaction, mesitylene
(17.3 mg) as internal standard, water (2 mL) and CDCls (2 mL) were added. Finally, the product
yield of 2r was obtained by *H NMR analysis of the organic layer.

Kinetic isotope effect (KIE) experiment

To an oven dried Schlenk tube, [Mn(dtbpy)2(OTf).] (5 mol%) was in situ synthesized and
1,3,5-tribromobenzene (62.4 mg) as internal standard was added. CH3CN (1 mL) was injected
through a syringe, and 1a (0.5 mmol) was added under N2. The reaction tube was then fitted

with an oxygen balloon, and was allowed to stir at room temperature under blue light. Every
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15 mins, 0.1 mL of the reaction mixture was taken out for *H NMR analysis. Meanwhile, the
deuterated acid 1a-d? was tested in the experiment using the same procedures. The yields of 2a
and 2a-d between 1 h and 3 h were collected and analysed by Origin 2016 to get corresponding

Kobs™ and kobs® values.

H H D D

H D ;
/©/kCOOH Standard conditions /@2\ o /@KCOOH Standard conditions Q) ~0
MeO 3h MeO MeO 5h MeO
1a KMops = 9.3 molsL- 1! 2a 1a-a? KPops = 8.8 mol-L "+h"! 2a-d
34 4 28~
4 a 1 b
324 ) ) | 26 (b) -
30 4 v 24 ]
28 —. % 22 "
26 1 ' 20
—~ o4 - — "
X 24 - & 18
o 1 > ° .
© 22 S m © 16 [ ]
> >
20 m 14
J > g [}
18 o 124
| 1 ®
16 " 10
12 o I ps = 9.3 molteL! ohy! 8. . kP obs = 8.8 molteL"! <kt
12 T ¥ T T % T T 3 6 T ¥ T o T . T * T
1.0 1.5 2.0 25 3.0 1.0 1.5 2.0 25 3.0
Time (h) Time (h)

Kinetic behaviors of 1a (a) and 1a-d (b).
HRMS analysis of [Mn(dtbpy)2(1a-H)(OTf)] complex

To an oven dried Schlenk tube, [Mn(dtbpy)2(OTf)2] (5 mol%) was in situ synthesized.
CH3CN (1 mL) was injected through a syringe, and 1a (0.5 mmol) was added under N. The
reaction tube was then fitted with an oxygen balloon, and was allowed to stir in the dark for 2
h. Then, the solution was analysed by HRMS.

[Ir(dFppy)s]-catalysed decarboxylative oxygenation of 1la

The dose of [Ir(dFppy)s], solvent and base was chosen according to MacMillan’s work.%®
To an oven dried Schlenk tube, [Ir(dFppy)s3] (1 mol%), 1a (0.5 mmol), Na,COs (0.5 mmol)
and DMSO (2 mL) were added under N.. The reaction tube was then fitted with an oxygen
balloon, and was allowed to stir at room temperature under blue light for 16 h. After the
reaction, mesitylene (17.3 mg) as internal standard, water (2 mL) and CDCl3z (2 mL) were

added. Finally, the product yield of 2a was obtained by *H NMR analysis of the organic layer.
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2.5 Analytical data of products

@O
MeO

4-Methoxybenzaldehyde (2a)®
IH NMR (400 MHz, Chloroform-d) & 9.87 (s, 1H), 7.82 (d, J = 8.8 Hz, 2H), 6.99 (d, J = 8.8
Hz, 2H), 3.87 (s, 3H).

13C NMR (101 MHz, Chloroform-d) & 190.72, 164.54, 131.91, 129.90, 114.25, 55.52.

e
Br

4-Bromobenzaldehyde (2b)"
!H NMR (400 MHz, Chloroform-d) & 9.97 (s, 1H), 7.74 (d, J = 8.5 Hz, 2H), 7.68 (d, J = 8.5
Hz, 2H).

13C NMR (101 MHz, Chloroform-d) & 191.00, 135.04, 132.41, 130.93, 129.74.

IO R
Cl

4-Chlorobenzaldehyde (2¢)”°
IH NMR (400 MHz, Chloroform-d) 8 9.99 (s, 1H), 7.83 (d, J = 8.5 Hz, 2H), 7.52 (d, J = 8.5
Hz, 2H).

13C NMR (101 MHz, Chloroform-d) & 190.83, 140.95, 134.70, 130.89, 129.45.

@O
F

4-Fluorobenzaldehyde (2d)2°
H NMR (400 MHz, Chloroform-d) & 9.94 (s, 1H), 7.90 — 7.86 (m, 2H), 7.20 — 7.16 (m, 2H).
13C NMR (101 MHz, Chloroform-d) & 190.42, 166.43 (d, Jcr = 256.7 Hz), 132.90 (d, Jc.r =

2.7 Hz), 132.14 (d, Jor = 9.7 Hz), 116.25 (d, Je.r = 22.3 Hz).
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e
FsC

4-(Trifluoromethyl)benzaldehyde (2¢)8!
IH NMR (400 MHz, Chloroform-d) & 9.94 (s, 1H), 7.93 — 7.83 (m, 2H), 7.21-7.15 (m, 2H).
13C NMR (101 MHz, Chloroform-d) 5 191.08, 138.65, 135.62 (q, Jor = 32.7 Hz), 129.91,

126.11 (q, Jo-r = 3.7 Hz), 123.42 (d, Jc.r = 272.8 Hz).

IO
O,N

4-Nitrobenzaldehyde (2f)"°

IH NMR (400 MHz, Chloroform-d) & 10.16 (s, 1H), 8.39 (d, J = 8.7 Hz, 2H), 8.07 (d, J = 8.7
Hz, 2H).

13C NMR (101 MHz, Chloroform-d) 6 190.25, 151.08, 140.01, 130.44, 124.26.
JO R

4-Methylbenzaldehyde (2g)"°

!H NMR (400 MHz, Chloroform-d) & 9.96 (s, 1H), 7.77 (d, J = 8.1 Hz, 2H), 7.33 (d, J = 8.1
Hz, 2H), 2.43 (s, 3H).

13C NMR (101 MHz, Chloroform-d) & 191.91, 145.48, 134.16, 129.78, 129.65, 21.82.

s
Bu

4-(Tert-butyl)benzaldehyde (2h)™
'H NMR (400 MHz, Chloroform-d) & 9.98 (s, 1H), 7.82 (d, J = 8.4 Hz, 2H), 7.55 (d, J = 8.4
Hz, 2H), 1.35 (s, 9H).

13C NMR (101 MHz, Chloroform-d) § 191.96, 158.38, 134.04, 129.64, 125.94, 35.30, 31.03.

IO
Ph

4-Phenylbenzaldehyde (2i)%
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IH NMR (400 MHz, Chloroform-d) & 10.06 (s, 1H), 7.96 (d, J = 8.4 Hz, 2H), 7.76 (d, J = 8.4
Hz, 2H), 7.71 — 7.58 (m, 2H), 7.51-7.40 (m, 3H).

BC NMR (101 MHz, Chloroform-d) 6 191.88, 147.15, 139.67, 135.16, 130.23, 128.98, 128.43,
127.64, 127.32.

OAO

Benzaldehyde (2j)™

1H NMR (400 MHz, Chloroform-d) & 10.02 (s, 1H), 7.91 — 7.85 (m, 2H), 7.66 — 7.60 (m, 1H),

7.53 (t,J = 7.5 Hz, 2H).

13C NMR (101 MHz, Chloroform-d) § 192.40, 136.37, 134.44, 129.72, 128.97.

=0
2-Methylbenzaldehyde (2k)®
H NMR (400 MHz, Chloroform-d) 5 10.27 (s, 1H), 7.80 (dd, J = 7.6, 1.5 Hz, 1H), 7.48 (td, J
= 7.5, 1.6 Hz, 1H), 7.36 (t, J = 7.5 Hz, 1H), 7.26 (d, J = 8.0 Hz, 1H), 2.68 (s, 3H).
13C NMR (101 MHz, Chloroform-d) § 192.77, 140.59, 134.14, 133.61, 132.02, 131.74, 126.30,
19.56.
\©/§O
3-Methylbenzaldehyde (21)3
IH NMR (400 MHz, Chloroform-d) 8 9.99 (s, 1H), 7.68 (m, 2H), 7.43 (m, 2H), 2.44 (s, 3H).

13C NMR (101 MHz, Chloroform-d) § 192.59, 138.90, 136.47, 135.27, 130.00, 128.86, 127.21,

21.17.

O2N \©Ao

3-Nitrobenzaldehyde (2m)&
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IH NMR (400 MHz, Chloroform-d) 5 10.13 (s, 1H), 8.72 (s, 1H), 8.50 (dd, J = 8.2, 1.2 Hz,
1H), 8.24 (d, J = 7.6 Hz, 1H), 7.77 (t, J = 7.9 Hz, 1H).

13C NMR (101 MHz, Chloroform-d) 5 189.73, 148.76, 137.36, 134.63, 130.36, 128.55, 124.42.
MGODAO

MeO

3,4-Dimethoxybenzaldehyde (2n)%

'H NMR (400 MHz, Chloroform-d) & 9.82 (s, 1H), 7.43 (dd, J = 8.1, 1.9 Hz, 1H), 7.38 (d, J =
1.9 Hz, 1H), 6.95 (d, J = 8.1 Hz, 1H), 3.92 (d, J = 10.2 Hz, 6H).

13C NMR (101 MHz, Chloroform-d) & 190.77, 154.37, 149.51, 130.03, 126.75, 110.29, 108.84,

56.07, 55.89.

MeO o

OMe
3,5-Dimethoxybenzaldehyde (20)2®
LH NMR (400 MHz, Chloroform-d)  9.91 (s, 1H), 7.02 (d, J = 2.4 Hz, 2H), 6.71 (t, J = 2.3 Hz,
1H), 3.85 (s, 6H).

13C NMR (101 MHz, Chloroform-d) & 191.90, 161.23, 138.38, 107.10, 55.62.

SO

2-Naphthaldehyde (2p)®’

IH NMR (400 MHz, Chloroform-d) & 10.16 (s, 1H), 8.33 (s, 1H), 8.02 — 7.89 (m, 4H), 7.66 —
7.57 (m, 2H).

13C NMR (101 MHz, Chloroform-d) § 192.20, 136.41, 134.50, 134.08, 132.60, 129.49, 129.07,

129.06, 128.04, 127.05, 122.73.

s O

—

Thiophene-3-carbaldehyde (2q)%®
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IH NMR (400 MHz, Chloroform-d) § 9.94 (s, 1H), 8.13 (dd, J = 2.9, 1.2 Hz, 1H), 7.56 (dd, J
=5.1, 1.2 Hz, 1H), 7.38 (m, 1H).

13C NMR (101 MHz, Chloroform-d) & 184.95, 143.03, 136.68, 127.38, 125.37.

.

Acetophenone (2r)"
IH NMR (400 MHz, Chloroform-d) § 7.96 (d, J = 7.0 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.47
(t, J= 7.5 Hz, 2H), 2.61 (s, 3H).

13C NMR (101 MHz, Chloroform-d) & 198.12, 137.10, 133.07, 128.54, 128.27, 26.59.

=

Propiophenone (2s)%
'H NMR (400 MHz, Chloroform-d) & 7.97 (d, J = 7.0 Hz, 2H), 7.55 (t, J = 7.4 Hz, 1H), 7.46
(t, J=7.5Hz, 2H), 3.01 (q, J = 7.3 Hz, 2H), 1.23 (t, J = 7.2 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) & 200.78, 136.90, 132.83, 128.51, 127.93, 31.75, 8.21.

zo

Benzophenone (2t)%?
IH NMR (400 MHz, Chloroform-d) 5 7.81 (d, J = 6.9 Hz, 4H), 7.59 (t, J = 7.4 Hz, 2H), 7.48
(t, J = 7.6 Hz, 4H).

13C NMR (101 MHz, Chloroform-d) § 196.64, 137.52, 132.34, 129.97, 128.20.

%@
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Cyclopentyl(phenyl)methanone (2u)®®

IH NMR (400 MHz, Chloroform-d) 5 7.98 (d, J = 7.0 Hz, 2H), 7.54 (t, J = 7.3 Hz, 1H), 7.46
(t, J=7.5Hz, 2H), 3.72 (p, J = 7.9 Hz, 1H), 1.92 (q, J = 6.2, 5.5 Hz, 4H), 1.77 — 1.62 (m, 4H).
13C NMR (101 MHz, Chloroform-d) & 202.76, 136.92, 132.65, 128.46, 128.42, 46.34, 29.96,

26.29.

O O

AN

Ph N Ph
H

N-benzoylbenzamide (2v)*
H NMR (400 MHz, Chloroform-d) & 9.09 (s, 1H), 7.86 (dd, J = 8.3, 1.3 Hz, 4H), 7.68 — 7.55
(m, 2H), 7.49 (t, J = 7.7 Hz, 4H).

13C NMR (101 MHz, Chloroform-d) & 166.46, 133.31, 133.03, 128.80, 127.93.
O Ph

P

Ph N Ph
H

N-tritylbenzamide (2w)>%*
H NMR (400 MHz, Chloroform-d) & 7.85 — 7.82 (m, 3H), 7.41 — 7.40 (m, 3H), 7.29-7.23 (m,
15H).

13C NMR (101 MHz, Chloroform-d) & 159.60, 145.79, 136.71, 130.71, 129.78, 128.58, 128.53,

127.73, 126.75, 78.26.
O O
Ph)J\NJ\O .O
H

(9H-fluoren-9-yl)methyl benzoylcarbamate (2x)
'H NMR (400 MHz, Chloroform-d) & 8.26 (s, 1H), 7.83 (d, J = 7.2 Hz, 2H), 7.78 (d, J = 7.5
Hz, 2H), 7.67 (d, J = 7.5 Hz, 2H), 7.58 (t, J = 7.4 Hz, 1H), 7.48 (t, J = 7.6 Hz, 2H), 7.42 (t, J =

7.5 Hz, 2H), 7.33 (t, J = 7.4 Hz, 2H), 4.58 (d, J = 6.8 Hz, 2H), 4.31 (t, J = 6.8 Hz, 1H).
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13C NMR (101 MHz, Chloroform-d) & 164.84, 151.31, 143.28, 141.29, 133.03, 132.90, 128.83,
127.89, 127.68, 127.21, 125.04, 120.04, 67.97, 46.68.

HRMS (ESI) calcd for C22H17NO3 [M+Na]*: 366.1101; found: 366.1097.

H
D\(NO
N

O
O

N,1-Dibenzoylpyrrolidine-2-carboxamide (2y)

IH NMR (400 MHz, Chloroform-d) & 10.57 (s, 1H), 7.97 (d, J = 7.7 Hz, 2H), 7.53 (m, 3H),
7.48 — 7.38 (m, 5H), 5.21 (dd, J = 8.1, 4.3 Hz, 1H), 3.61 — 3.50 (m, 2H), 2.54-2.48 (m, 1H),
2.22-2.17 (m, 1H), 2.11-2.04 (m, 1H), 1.94-1.86 (m, 1H).

13C NMR (101 MHz, Chloroform-d) § 171.34, 170.79, 165.42, 135.64, 132.97, 132.65, 130.36,
128.80, 128.40, 127.89, 126.94, 61.02, 50.51, 26.75, 25.07.

HRMS (ESI) calcd for C19H18N203 [M+Na]*: 345.1210; found: 345.1214.

O

MeO I I

1-(6-Methoxynaphthalen-2-yl)ethan-1-one (3a)%

LH NMR (400 MHz, Chloroform-d)  8.38 (s, 1H), 8.00 (dd, J = 8.6, 1.8 Hz, 1H), 7.84 (d, J =
9.0 Hz, 1H), 7.76 (d, J = 8.6 Hz, 1H), 7.23 — 7.12 (m, 2H), 3.94 (s, 3H), 2.69 (s, 3H).

13C NMR (101 MHz, Chloroform-d) § 197.80, 159.71, 137.23, 132.58, 131.06, 130.00, 127.77,

127.04, 124.61, 119.67, 105.71, 55.37, 26.51.

O

1-(4-1sobutylphenyl)ethan-1-one (3b)%

77



IH NMR (400 MHz, Chloroform-d) & 7.88 (d, J = 8.2 Hz, 2H), 7.23 (d, J = 8.2 Hz, 2H), 2.58
~2.52 (m, 5H), 1.93-1.87 (m, 1H), 0.91 (d, J = 6.6 Hz, 6H).
13C NMR (101 MHz, Chloroform-d) 5 197.84, 147.53, 134.92, 129.23, 128.26, 45.33, 30.07,

26.49, 22.28.

Ph
1-(2-Fluoro-[1,1'-biphenyl]-4-yl)ethan-1-one (3¢)?

IH NMR (400 MHz, Chloroform-d) & 7.80 (dd, J = 8.0, 1.7 Hz, 1H), 7.74 (dd, J = 11.2, 1.7 Hz,
1H), 7.61 — 7.51 (m, 3H), 7.48 (t, J = 7.3 Hz, 2H), 7.42 (t, J = 7.3 Hz, 1H), 2.63 (s, 3H).

13C NMR (101 MHz, Chloroform-d) & 196.43, 159.63 (d, Jc-r = 249.8 Hz), 137.77 (d, Jcr =
6.3 Hz), 134.63, 133.75 (d, Jo.r = 13.7 Hz), 130.89 (d, Jo.r = 3.4 Hz), 128.96 (d, Jor = 3.1 Hz),

128.47, 124.30 (d, Jc.r = 3.4 Hz), 115.86 (d, Jc.r = 24.0 Hz), 26.61.

O O

1-(3-Benzoylphenyl)ethan-1-one (3d)%

'H NMR (400 MHz, Chloroform-d) & 8.36 (s, 1H), 8.18 (d, J = 7.8 Hz, 1H), 7.98 (d, J = 7.6
Hz, 1H), 7.79 (d, J = 8.8 Hz, 2H), 7.60 (q, J = 7.9 Hz, 2H), 7.50 (t, J = 7.6 Hz, 2H), 2.64 (s,
3H).

13C NMR (101 MHz, Chloroform-d) § 197.23, 195.79, 138.02, 137.13, 136.95, 134.19, 132.83,

131.71, 129.98, 129.64, 128.69, 128.46, 26.70.

O @)

2-(4-Acetylbenzyl)cyclopentan-1-one (3e)
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1H NMR (400 MHz, Chloroform-d) & 7.81 (d, J = 8.1 Hz, 2H), 7.19 (d, J = 8.1 Hz, 2H), 3.12
(dd, J = 13.9, 4.3 Hz, 1H), 2.61 — 2.53 (m, 1H), 2.51 (s, 3H), 2.34 — 2.25 (m, 2H), 2.08 — 1.94
(m, 2H), 1.92 — 1.87 (m, 1H), 1.71 — 1.62 (m, 1H), 1.52-1.41 (m, 1H).
13C NMR (101 MHz, Chloroform-d) & 219.45, 197.67, 145.76, 135.30, 129.05, 128.51, 50.58,
37.97, 35.48, 29.05, 26.49, 20.45.
HRMS (ESI) calcd for C14H1602 [M+Na]*: 239.1043; found: 239.1046.
O 0]
&

O =0
11-Oxo0-6,11-dihydrodibenzo[b,eJoxepine-2-carbaldehyde (3f)%
!H NMR (400 MHz, Chloroform-d) § 9.99 (s, 1H), 8.73 (d, J = 2.2 Hz, 1H), 8.02 (dd, J = 8.6,
2.2 Hz, 1H), 7.88 (d, J = 7.6 Hz, 1H), 7.60 (t, J = 7.5 Hz, 1H), 7.51 (t, J = 7.6 Hz, 1H), 7.41 (d,
J=7.4Hz, 1H), 7.16 (d, J = 8.5 Hz, 1H), 5.28 (s, 2H).
13C NMR (101 MHz, Chloroform-d) § 190.34, 190.13, 165.51, 140.28, 137.41, 134.49, 133.39,

133.18, 130.90, 129.70, 129.37, 128.12, 124.98, 122.13, 73.59.

HRMS (CI) calcd for C1sH1003 [M+H]": 239.0703; found: 239.0692.

AN Zéo
O

~o

1-(4-ChI0robenzoyl)-gmethoxy-Z-methyl-1H-indole-3-carbaldehyde (39)%

IH NMR (400 MHz, Chloroform-d) § 10.32 (s, 1H), 7.80 (s, 1H), 7.70 (d, J = 8.3 Hz, 2H), 7.50
(d, J = 8.4 Hz, 2H), 6.73 (s, 2H), 3.87 (s, 3H), 2.76 (s, 3H).

13C NMR (101 MHz, Chloroform-d) § 185.71, 168.20, 157.16, 148.46, 140.88, 132.04, 131.65,
130.59, 129.46, 126.93, 118.34, 114.25, 113.84, 103.27, 55.72, 12.62.

HRMS (CI) calcd for C1H14CINO3 [M+H]*: 328.0735; found: 328.0734.
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O
(R)-2,5,7,8-Tetramethyl-2-((4R,8R)-4,8,12-trimethyltridecyl)chroman-6-yl formate (3h)
'H NMR (400 MHz, Chloroform-d) & 8.31 (s, 1H), 2.60 (t, J = 6.8 Hz, 2H), 2.10 (s, 3H), 2.06
(s, 3H), 2.02 (s, 3H), 1.86-1.72 (m, 2H), 1.54 — 1.51 (m, 2H), 1.43-1.35 (m, 4H), 1.28 — 1.24
(m, 11H), 1.16 — 1.03 (m, 7H), 0.88 — 0.84 (m, 12H).
13C NMR (101 MHz, Chloroform-d) § 160.02, 149.77, 139.73, 126.56, 124.85, 123.32, 117.61,
75.20, 40.02, 39.37, 37.45, 37.40, 37.38, 37.28, 32.77, 32.69, 31.03, 27.97, 24.80, 24.43, 23.90,
22.71,22.62, 21.02, 20.62, 19.74, 19.68, 13.09, 12.24, 11.84.

HRMS (ESI) calcd for C3oHs0O3 [M+Na]™: 481.3653; found: 481.3649

WO

Cinnamaldehyde (5a)"
'H NMR (400 MHz, Chloroform-d) § 9.71 (d, J = 7.7 Hz, 1H), 7.60 — 7.53 (m, 2H), 7.51 —
7.39 (m, 4H), 6.72 (dd, J = 16.0, 7.7 Hz, 1H).

13C NMR (101 MHz, Chloroform-d) & 193.68, 152.76, 133.97, 131.24, 129.07, 128.56, 128.46.

SOl

Benzyl formate (5b)%*
H NMR (400 MHz, Chloroform-d) & 8.15 (s, 1H), 7.39 — 7.33 (m, 5H), 5.21 (s, 2H).

13C NMR (101 MHz, Chloroform-d) § 160.76, 135.17, 128.64, 128.49, 128.35, 65.68.

e

(1R,4S)-1,3,3-trimethylbicyclo[2.2.1]heptan-2-y| formate (5c)
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IH NMR (400 MHz, Chloroform-d) & 8.17 (s, 1H), 4.47 (s, 1H), 1.71 (dd, J = 20.4, 9.0 Hz,
3H), 1.60 (d, J = 10.5 Hz, 1H), 1.51 — 1.40 (m, 1H), 1.21 (d, J = 8.9 Hz, 1H), 1.11-1.04 (m,
7H), 0.80 (s, 3H).

13C NMR (101 MHz, Chloroform-d) § 161.53, 86.37, 48.26, 48.23, 41.36, 39.20, 29.68, 26.52,
25.77, 20.31, 19.24.

HRMS (CI) calcd for C11H180, [M+H]*: 183.1380; found: 183.1381.

(o
o

tert-butyl 2-oxopyrrolidine-1-carboxylate (5d)%°
IH NMR (400 MHz, Chloroform-d)  3.74 (t, J = 7.2 Hz, 2H), 2.50 (t, J = 8.1 Hz, 2H), 2.00 (q,

J=9.2,7.7 Hz, 2H), 1.52 (s, 9H).

13C NMR (101 MHz, Chloroform-d) § 174.27, 150.24, 82.75, 46.45, 32.95, 28.01, 17.38.
o

N

'y
1-Benzoylpyrrolidin-2-one (5¢)%
IH NMR (400 MHz, Chloroform-d) 5 7.60 (d, J = 8.4 Hz, 2H), 7.51 (t, J = 7.4 Hz, 1H), 7.40
(t, J = 7.7 Hz, 2H), 3.95 (t, J = 7.1 Hz, 2H), 2.59 (t, J = 8.0 Hz, 2H), 2.17-2.09 (m, 2H).
13C NMR (101 MHz, Chloroform-d) & 174.45, 170.61, 134.28, 131.82, 128.83, 127.70, 46.46,
33.23, 17.59.

O

‘e
///

(2S,5R)-2-1sopropyl-5-methylcyclohexan-1-one (5f)%
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IH NMR (400 MHz, Chloroform-d) § 2.37 — 2.29 (m, 1H), 2.16 — 1.81 (m, 6H), 1.43-1.31 (m,
2H), 1.00 (d, J = 6.3 Hz, 3H), 0.91 (d, J = 6.8 Hz, 3H), 0.85 (d, J = 6.8 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) & 212.42, 55.89, 50.86, 35.46, 33.92, 27.86, 25.89, 22.27,

21.20, 18.69.

O

W\)W

Undecan-5-one (5g)%

!H NMR (400 MHz, Chloroform-d) § 2.39 (t, J = 7.5 Hz, 4H), 1.57-1.51 (m, 4H), 1.35 — 1.26
(m, 8H), 0.92 — 0.86 (M, 6H).

13C NMR (101 MHz, Chloroform-d) & 211.73, 42.83, 42.52, 31.61, 28.94, 25.99, 23.86, 22.49,

22.38, 14.02, 13.86.

O

M

Octadecan-2-one (5h)%

'H NMR (400 MHz, Chloroform-d) & 2.40 (t, J = 7.5 Hz, 2H), 2.12 (s, 3H), 1.61 — 1.50 (m,
2H), 1.30-1.24 (m, 26H), 0.87 (t, J = 6.6 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) & 209.32, 43.81, 31.91, 29.81, 29.67, 29.65, 29.64, 29.59,
29.46, 29.39, 29.34, 29.17, 23.86, 22.67, 14.09.
/\/\/\/\/\/\/WO

Heptadecanal (5i)!%

IH NMR (400 MHz, Chloroform-d) § 9.76 (s, 1H), 2.42 (t, J = 7.4, 1.9 Hz, 2H), 1.63 (t, = 7.1
Hz, 2H), 1.30-1.26 (m, 26H), 0.88 (t, J = 6.7 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) & 202.98, 43.92, 31.92, 29.69, 29.65, 29.63, 29.57, 29.42,

29.35, 29.16, 22.68, 22.09, 14.11.

(@)
\/\/\/\/W
(Z)-heptadec-8-enal (5j)™°*
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IH NMR (400 MHz, Chloroform-d) § 9.76 (s, 1H), 5.39-5.30 (m, 2H), 2.42 (td, J = 7.4, 1.9 Hz,
2H), 2.03-2.00 (m, 4H), 1.65-1.61 (m, 2H), 1.36 — 1.25 (m, 18H), 0.88 (t, J = 6.7 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) § 202.87, 130.31, 130.14, 129.55, 129.33, 43.88, 31.89,
29.75, 29.50, 29.31, 29.05, 28.97, 27.21, 27.08, 22.67, 22.05, 14.10.
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Chapter 3
Chemoselective Decarboxylative Oxygenation of Carboxylic Acids to Access

Ketones, Aldehydes, Alcohols and Peroxides

3.1 Introduction

Control of chemoselectivity is one of the most enduring and important topics in organic
synthesis.! Decarboxylative oxygenation of carboxylic acids is a good example, which could
afford three different products, a peroxide, a carbonyl or an alcohol, in a de-homologation
manner (Scheme 3.1a). This is potentially a tremendously interesting and meaningful reaction,
because of the abundance and easy availability of the substrate and the huge importance of
each product. Carboxylic acids are probably the most easily accessible functionality in
biological and chemical synthesis.? Most of carboxylic acids are widespread in nature, e.g.
keto-acids, fatty acids and amino acids, or are produced at large industrial scale, e.g. benzoic
acid, formic acid, acetic acid and acrylic acid, and they are simple to handle and easy to store.*
6

Carbonyl compounds, e.g. aldehydes and ketones, are widely used as starting materials
and precursors in the organic synthesis of a wide range of chemicals including drugs, vitamins
and fragrances.” The importance of them can hardly be overstated. Meanwhile, alcohols,
especially aliphatic alcohols, are important feedstocks for the large-scale synthesis of
detergents, plasticizers and surfactants.® In comparison, the role of organic peroxides in organic
synthesis has been less important. However, their importance in many biological processes,
e.g. biodegradation, aging and drug development, is obvious. In addition, they are widely
employed in oxidation reactions as oxidants and in polymerization processes as initiators. %0

Thus, it is a valuable and meaningful endeavor to develop a method for selective

decarboxylative oxygenation of carboxylic acids to peroxides, carbonyls and alcohols. This is
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particularly so with the latter two classes of compounds. Whilst the synthesis of aldehydes and
ketones via decarboxylation of carboxylic acids (vide infra) has been investigated by various
methods including that described in Chapter 2, methods to access organic peroxides have been
limited. And those reported methods usually rely on harsh conditions and/or suffer from a
limited substrate scope.'! For instance, only a few methods are feasible for the formation of
both benzylic and aliphatic peroxides using benign, green and economic oxidants, i.e. O2*2 or

H,0,.13

(a) Possible products from decarboxylative oxygenation of carboxylic acids

R2 R2 R2 R2

oo " rroo ks *

COOH R" ~OOH R1

(b) Decarboxylative oxygenation of carboxylic acids to aldehydes or ketones

R? a: NalOy4,n-BuyNIO,4, HgF,, Pb(OAc),,
Phl(OAC)z’ KzSzOg;
B - A

COOH b: Cu(OAc),, CuFe,0,, 120 °C; R’
c: Ir, Ru, [Mn(dtbpy),(OTf),],
air/O,, blue light.

R2 R2 R2

g 1 Ce(IV) - L T

COOH  Airbluelight RS0 © R “on

(d) Decarboxylative oxygenation of carboxylic acids to alcohols

R2 2 R2

R
Ir, Mes-AcrCIO
R1J\ r, Mes-AcrClOy4 . & NaBH,4 R1J\

COOH 0,, blue light R" ~0O

OH

(e) Our work: Selective decarboxylative oxygenation of carboxylic acids

R? -
& B CeCls, 2,6-lutidine
o Air, blue light R? CeCls, NaOAc R?

L - L

R2 R SCOOH  Air, blue light
J\ ~ CeBrg, 2,6-lutidine
R1

OH Air, UV light
Scheme 3.1 Decarboxylative oxygenation of carboxylic acids to form various products.

R1

OOH

Alcohols are often prepared via hydrogenation of carboxylic acids, which usually rely on

harsh conditions, i.e. high pressure and temperature. For instance, fatty alcohols are produced
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as detergents at large industrial scale from hydrogenation of fatty acids at 200-300 bar and 250-
350 °C.*1% In comparison, oxidative decarboxylation of fatty acids could offer an alternative,
much milder route to access fatty alcohols that are odd numbered via de-homologation.
However, it is challenging to control the chemoselectivity of the decarboxylative oxygenation,
because peroxides and alcohols are easy to be further oxidized to the more stable carbonyl
compounds. Indeed, although peroxides are generally believed to be a key intermediate in the
decarboxylative oxygenation reaction in previous reportes,'®® only one example has shown
the possibility of synthesis of peroxides from decarboxylation and their use in intramolecular
cyclization.'® In addition, chemoselective synthesis of alcohols from the decarboxylation
without resorting to a strong reductant has not been reported yet.

The decarboxylative oxygenation of carboxylic acids to aldehydes or ketones has been
well documented (Scheme 3.1b). However, stoichiometric amounts of oxidants, such as
NalO4,%° n-BusN104,2° HgF2,2! Pb(OAC)4,% PhI(OAC)2?3 and K2S20s,%* or high temperature are
required for most earlier methods. Recently, photocatalytic oxidative decarboxylation of
carboxylic acids with Oz has been developed, and a range of catalysts such as
[Ir(dF(Me)ppy)2(bpy)]PFs, [Ru(bpy):]Cl., [Mn(dtbpy)2(OTf)2] or acridiniums have been
employed under blue or visible light irradiation.'® 2>2¢ |n addition to the noble metal catalysts,
the earth-abundant cerium has been found to be efficient catalyst for decarboxylation of
carboxylic acids.?’° Particularly, a Ce(IV) carboxylate cluster, generated from Ce(OtBul)a,
catalyses efficient aerobic decarboxylative oxygenation of carboxylic acids to afford carbonyl
compounds together with a small amount (ca 20%) of alcohols by-products under blue light
(Scheme 3.1c).*® These reactions most likely proceed via the intermediary of peroxides, formed
upon the interception of decarboxylation-generated carbon radical by O2.*8%" It has been shown

that the peroxides can be reduced to alcohols with NaBHg in situ under the oxidation conditions
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or post oxidative decarboxylation (Scheme 3.1d).31-32 However, it is desirable to develop a safer
route to alcohols that avoids simultaneous use of an oxidant and a strong reductant.

In Chapter 2, our Mn-catalysis system realized the transformation of carboxylic acids to
carbonyls. However, controlling the selectivity of decarboxylative oxygenation to afford other
products, such as alcohols and peroxides, remains challenging. In this chapter, we report a
photocatalytic method that enables, for the first time, selective formation of aldehydes/ketones,
peroxides and alcohols via aerobic decarboxylative oxygenation of carboxylic acids with
simple, cheap cerium halides as catalyst (Scheme 3.1e).

3.2 Results and discussion
3.2.1 Optimization experiments

Table 3.1 Optimization of selective transformation of carboxylic acids*®

CeCly (10 mol%)

Base (0.5 mmol)
COOH OOH o)
CH4CN (2 mL), blue light + + O

Air, rt, 15 h . ’ .
Yield (%)

Entry Catalyst Base

23 68
1 CeCl3 NaOAc 94 2 0
2 CeCl3 / 49 22 0
3 CeCls 2,6-lutidine 0 74 22
4 CeCl3 KOAc 37 8 0
5 CeCl3 LiOAc 38. 42 0
6 CeCls CsOAc 33 0
7 CeCls Na>COs3 37 0
8 CeCl3 NaOH 9 0
9 CeCl3 Pyridine 0 51 10
10 CeCl3 Et;N 0 37 0
11 CeCl3 DBU 0O 10 O
12¢ CeCl3 NaOAc 0 0 0
13 / NaOAc 0 0 0
14¢ CeCl3 NaOAc 0 0 0

®Reaction conditions: a-methylphenylacetic acid (0.5 mmol), CeClz (10 mol%), base (0.5 mmol),
CH3CN (2 mL), air, blue light (465 nm, 9 W), room temperature, 15 h. °®NMR yields are given,

determined using mesitylene (20 pL) as internal standard. °Reaction in dark. 9N, instead of air.
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We started from searching optimum conditions for selective decarboxylative oxygenation
of carboxylic acids. We examined CeCls as a potential catalyst for the model reaction of a-
methylphenylacetic acid with 1 bar of air under the irradiation of blue light (465 nm, 9 W),
which was inspired by the remarkable ability of Ce(111/IV) in engaging photoredox reactions.>*-
% In comparison with Ce(OtBu)4,*® CeCls is much cheaper and more easily available. The
results are shown in Table 3.1. As can be seen, much to our surprise, the hydroperoxide 1 was
obtained in an excellent yield of 94% when 1 equivalent of NaOAc was employed as base. The
formation of hydroperoxides has been observed before, but in a significantly lower yield.'®
Without the addition of the base, it is interesting that a-methylphenylacetic acid was
transformed to a mixture of 1 and 1-phenylethanone (23) in 49% and 22% vyield, respectively
(Table 3.1, entry 2).

Aiming to alter the reaction selectivity, a range of bases in the reaction were screened.
Obviously, the base plays a decisive role in affecting the selectivity of products (Table 3.1,
entries 1, 3-11). Whilst the addition of NaOAc led to almost exclusive formation of the
peroxide 1, the addition of 2,6-lutidine as base afforded the ketone 23 and alcohol 68 in yields
similar to those obtained with Ce(OtBu)s.!® Lower yields were afforded with other bases
including KOAc, LiOAc, CsOAc, Na,CO3, NaOH, pyridine, EtsN and DBU (Table 3.1, entries
4-11). Itis interesting to find that the formation of the peroxide is strongly promoted by NaOAc
and to a less degree by Na>,CO3z but supressed by amine bases. The difference in yield observed
with the different acetate bases (Table 3.1, entries 1 and 4-6) may be at least partly due to their
varying solubilities in the solvent used (Table 3.2). This dramatic effect of bases on the
chemoselectivity of decarboxylative oxygenation has not been noted in previous studies.
Taking NaOAc and 2,6-lutidine as the optimum base for the formation of 1 and 23,
respectively, the effect of other cerium compounds as possible catalysts was examined (Table

3.3); but none was better than CeCls in forming 1 or 23. Selective formation of alcohols was
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achieved upon further studies (vide infra). As may be expected, blue light, CeCls, and air are
all essential components for the decarboxylative oxygenation to occur (Table 3.1, entries 12-
14).

Table 3.2 Estimated solubility of bases in CH3sCN?

Base NaOAc KOAC LiIOAC CsOAc
Solubility® 7.3% 5.1% 0.8% 0.4%
aMeasured at ambient temperature (Details can be seen in Section 3.3.3); "Solubility (wt. %).

Table 3.3 Screening of Ce catalysts for selective decarboxylative oxygenation of a-methylphenylacetic

acida?

Catalyst (10 mol%), base (0.5 mmol) O/OH
COOH "CH,CN (2 mL), blue LED, air, rt, 15 h + O + OH

1 23 68
Entry Catalyst Base Yield (%)
1 23 68
1 Ce(OAc)3 NaOAc 88 2 0
2 CeBr3 NaOAc 89 4 0
3 Ce2(C204)3 NaOAc 90 1 0
4 CeF; NaOAc 11 0 0
5 CeF4 NaOAc 50 1 0
6 NH4Ce(NO3)s NaOAc 84 1 0
7 Ce(OAc)3 2,6-lutidine 0 51 28
8 CeBr3 2,6-lutidine 0 36 17
9 Ce2(C204)3 2,6-lutidine 0 2 0
10 CeF3 2,6-lutidine 0 6 0
11 CeF4 2,6-lutidine 0 0 3
12 NH4Ce(NO3)s 2,6-lutidine 0 0 5

®Reaction conditions: a-methylphenylacetic acid (0.5 mmol), catalyst (10 mol%), base (0.5 mmol),
CH;CN (2 mL), under air, blue LED (465 nm, 9W), room temperature, overnight. "NMR yields are
given.

3.2.2 Substrate scope

The decarboxylative oxygenation of a variety of carboxylic acids was investigated to
demonstrate the generality of our protocol. Firstly, we examined the scope for the formation of
hydroperoxides. As shown in Scheme 3.2, selective decarboxylative oxygenation of a variety

of phenylacetic acids proceeded well and the corresponding hydroperoxide products were
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afforded in good yields (46-94%). All the halogen-substituted (p-CFs-, p-Br-, p-Cl-, and p-F-)
phenylacetic acids underwent decarboxylative oxygenation successfully, affording the
corresponding hydroperoxide products (4-7) in good yields. Meanwhile, a thiopheneacetic acid
worked, without poisoning the catalyst, so did 2-naphthylacetic acid, albeit in moderate yields.
In comparison with p-substituted hydroperoxide (2), m-substituted (9) and o-substituted (10)
hydroperoxide products showed lower yields (61% and 59%). These results may indicate that
the position of substitutes affects the yields. This might result from some steric hindrance.®’
Notably, the secondary (1) and tertiary peroxides (11) were obtained in significantly higher
yields (94%) than the primary analogue (2), indicating the involvement of benzylic radical in
the formation of the peroxide products.

CeCl; (10 mol%), NaOAc (0.5 mmol) R?

R3 R®
J<COOH CH3CN (2 mL), blue light, air, rt, 15 h R SOOH
OOH 3, R' = OMe, 56%; 7,R"=F, 63%;
OOH R 4,R"=CF3 67% 8 R'=H,57%;
5 R'=Br, 61%; 9, R" = m-Me, 61%;
1, 94% 2 R' = Me, 80%; 6, R" = Cl, 82%; 10, R' = 0-Me, 59%.
1. 949 12, 43% 13, 56% 14, 22%(66%°)
OOH OOH
\(\/))\/\/ =7,
5 MeO 18
17, 88%, » 90%,
15, 67%° 16, 39%"° from naproxen from ibuprofen

o F
SASA Sk C:
19, 99%, 20, 86%, 21, 79%,

22 47%,
from ketoprofen from loxoprofen from qurb|profen from |ndometacm

Scheme 3.2 Decarboxylative oxygenation of carboxylic acids to hydroperoxides.*® ®Reaction
conditions: acid (0.5 mmol), CeCl; (10 mol%), NaOAc (0.5 mmol), CH3CN (2 mL), blue light (465
nm, 9 W), air, room temperature, 15 h. Isolated yields are given. “Na,CO; (0.5 mmol) instead of

NaOAc, and N»/O; (1:2) mixture instead of air.
Transformation of more challenging aliphatic acids to corresponding peroxides (14-16) is
also feasible, though a higher O, concentration (N2/O> volume: 1:2; 1 bar) and Na>COs as the
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base were required. As shown in Scheme 3.2, a lower yield of 14 was obtained under the
condition of using air and NaOAc. Worth noting is that the oxidation-prone C=C bond
remained intact in 16, and byproducts were formed in very low yields (Scheme 3.3, eq. 1).

Meanwhile, no benzylic oxidation was observed in the formation of 14.

CeCl3 (10 mol%), NaOAc (0.5 mmol) /\MJ\ /\M/g
(1) 2, ~cooH - Z 1, O0H * o7 “cooH * Z 1 "0

CH3;CN (2 mL), blue LED, air, rt, 15 h
Conversion: 51%

) cooH CeCls (10 mol%), 2,6-lutidine (0.5 mmol) ©i%0 . ©i\OH
CH3CN (2 mL), blue LED, air, rt, 15 h

Conversion: 50% 35, 43% 1%
COOH 0
3) CeBr3 (10 mol%), 2,6-lutidine (0.5 mmol)
CH4CN (2 mL), UV LED, air, rt, 15 h
Conversion: 47% 52, 40% 1%

Scheme 3.3 Selective decarboxylative oxygenation of different acids.
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Figure 3.1 HPLC traces of hydroperoxides from (S)-naproxen (a) and racemic naproxen. (b) The results

show the oxidation reaction to be non-enantioselective.
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Furthermore, a series of anti-inflammatory drugs, such as naproxen, ibuprofen, ketoprofen,
loxoprofen, flurbiprofen and indomethacin proceeded well in the reaction, affording the
corresponding hydroperoxide products (17-22) in moderate to high yields (47-99%). Such
peroxides could provide metabolites for drug study, as they may form under enzymatic
oxidation.*®

The decarboxylative oxygenation of (S)-naproxen was examined under the same
conditions as for racemic naproxen (17). As shown in Figure 3.1, the resulting peroxide was
racemic. The result indicates again that a benzylic radical intermediate is likely to be involved
in the decarboxylative oxygenation. Although it is generally assumed that peroxy species are
formed from the reaction of triplet O, with the carbon radical, 618 % the isolation of a range of

peroxides as potently useful products in oxidative decarboxylation is firstly reported here.

R? CeCl3 (10 mol%), 2,6-lutidine (0.5 mmol) R2
IR I
R'” SCOOH CH4CN (2 mL), blue light, air, rt, 15 h R0
24, R' = Me, 68% 29, R"' = Cl, 71%;
o] ~o 25, R' = OMe, 63%; 30, R" = F, 58%;
R 26, R' = tBu, 70%: 31, R" = OPhCF3, 66%;
23, 74% 27, R' = CF3, 49%; 32, R' = OBz, 69%;
28, R' = Br, 74%S; 33, R" = H, 75%;
~
© So /~"~o 0o
I
S
34,60% 35,43% 36, 70% 37, 75%¢
Q o)
o . J U
A MeO
0~ “Ph
[¢]
38, 66% 39, 58%°, 40, 83%, 41, 82%,
from ibuprofen from ketoprofen from naproxen
0
"~ S
O -
C : ;
42, 40%, 43, 79%, 44, 44%°, 45, 47%°C,
from flurbiprofen from loxoprofen from zaltoprofen from isoxepac

Scheme 3.4 Decarboxylative oxygenation of carboxylic acids to aldehydes and ketones.*® Reaction
conditions: acid (0.5 mmol), CeCl; (10 mol%), 2,6-lutidine (0.5 mmol), CH;CN (2 mL), blue light (465
nm, 9 W), air, room temperature, 15 h. Isolated yields are given. ‘Pyridine (0.5 mmol) instead of 2,6-

lutidine. YUV (365 nm, 9 W) instead of blue light.
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The selectivity of the oxidative decarboxylation can be channelled to carbonyl products by
simply changing the base from NaOAc to 2,6-lutidine. As shown in Scheme 3.4, a wide range
of aldehydes and ketones were obtained from the selective decarboxylative oxygenation of
acids, demonstrating the high adaptability and practicability of our strategy. Firstly, a variety
of phenylacetic acids bearing different functional groups underwent decarboxylative
oxygenation successfully, affording the corresponding aldehyde and ketone products (23-35)
in moderate to good yields (43-75%). To showcase the chemoselectivity of this transformation,
o-tolylacetic acid was selected as an example substrate. As shown in Scheme 3.3 (eg. 2), only
a trace of the alcohol byproduct was detected. Phenylacetic acids bearing both electron-
withdrawing halide substituents, including -CFs, -Br, -Cl, and -F, and electron-donating
substitutes, e.g. m-Me and o-Me, were tolerated in the decarboxylative oxygenation.

Moreover, an acid bearing a heteroatom ring, i.e. thiophene, processed well, affording 36
in a good yield (70%). Notably, 2-(phenylmethoxy)acetic acid with an oxygen atom in the
carbon chain was also tolerated, without the weak benzylic C-H bond being compromised (37).
An amino acid derivative reacted smoothly, affording the corresponding amide product 38 in
a good yield (66%).

As with the reaction leading to peroxides, a series of drug molecules, including ibuprofen,
ketoprofen, naproxen, flurbiprofen, loxoprofen, zaltoprofen and isoxepac, were shown to work
well. As seen in Scheme 3.4, the corresponding aldehyde or ketone products (39-45) were
formed in moderate to excellent yields (40-83%). These derivatives not only are useful in the
study of drug metabolism, but also may serve as substrates for further reactions or as useful

scaffolds to build new bioactive molecules.*%-4!
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Table 3.4 Screening experimental conditions for selective decarboxylative oxygenation of stearic acid®®
Hooc/\:\/\/i\/ij Catalyst (10 mol%), 2,6-lutidine (0.5 mmol) H()\j/\/\\/\//\) (i/w\:\//\ij
+
CH;CN/fBuOH (2 mL), UV light, O,, 1t, 15 h
46 69

Yield (%)
Entry Catalyst Solvent Base
46 69
1 CeBrn3 CH3CN/fBuOH / 52 13
2 CeBr3 CH3;CN/fBuOH 2,6-lutidine 81 16
3 / CH3;CN/fBuOH 2,6-lutidine 4 0
4 CeBr3 CH3;CN 2,6-lutidine 55 16
5 CeBr3 BuOH 2,6-lutidine 12 5
6 CeBrn; CH;CN/fBuOH Pyridine 51 7
7 CeBr; CH3CN/toluene 2,6-lutidine 39 6
8 CeBr3 CH;3CN/chloroform 2,6-lutidine 10 0
9 CeBr3 CH3CN/acetone 2,6-lutidine 38 4
10 CeBr3 CH;CN/ethyl acetate 2,6-lutidine 19 4
11 CeBr3 BuOH/toluene 2,6-lutidine 5 0
12 CeBr; BuOH/chloroform 2,6-lutidine 25 3
13 CeBr; tBuOH/acetone 2,6-lutidine 37 5
14 CeBr3 tBuOH/ethyl acetate 2,6-lutidine 34 4
15 CeCl3 CH3;CN/fBuOH 2,6-lutidine 61 9
16¢ CeBr3 CH3;CN/BuOH 2,6-lutidine 0 0
17 CeBr3 CH3CN/BuOH 2,6-lutidine 0 0
18° CeBr3 CH3;CN/fBuOH 2,6-lutidine 36 0
19/ CeBr3 CH3CN/fBuOH 2,6-lutidine 12 0
20 Ce(OAc)3 CH3;CN/fBuOH 2,6-lutidine 4 0
21 Cex(C204)3 CH3;CN/tBuOH 2,6-lutidine 0 8
22 CeF3 CH3CN/fBuOH 2,6-lutidine 25 1
23 CeF4 CH3;CN/BuOH 2,6-lutidine 9 4
24 NH4Ce(NO3)s CH3;CN/fBuOH 2,6-lutidine 40 8
25 / CH3;CN/fBuOH / 0 0
262 CeCls CH3;CN 2,6-lutidine 6 2

4Reaction conditions: stearic acid (0.5 mmol), catalyst (10 mol%), base (0.5 mmol), CH3;CN/tBuOH (2
mL), Oz (1 atm), UV LED (365 nm, 9W), room temperature, 15 h. "NMR yields are given. °Reaction in
dark. YN, instead of O,. éAir instead of O,. Blue LED (465 nm) instead of UV LED. 9Blue LED (465
nm) instead of UV LED, air instead of O».

Most notably, the chemoselectivity of the oxidative decarboxylation could be turned to

alcohols. Considering the potential of the method in supplementing hydroformylation of o-
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olefins followed by hydrogenation for fatty alcohols or hydrogenation of carboxylic acids for
the same,* we first explored this alternative route for the synthesis of aliphatic alcohols from
aliphatic carboxylic acids. In comparison with the stable benzylic carbons, these substrates are
more challenging to undergo decarboxylation because of their less stability. Indeed, the
decarboxylative oxygenation of stearic acid under the established conditions only afforded the

expected 1-heptadecanol (46) in an unsatisfactory yield (Table 3.4, entry 26).

R? CeBr3 (10 mol%), 2,6-lutidine (0.5 mmol) R2
A Ra g
R SCOOH  CH3CN/tBUOH (2 mL, 1:1), UV light, Oy, rt, 15 h R OH
OH
HO Ho/\(\ﬂ:4 Ho/\(\/)jg O/\/\
46, 81% 47, 83% 48, 74% 49, 79%%°
“ OH
\(Q r g
OH @ \Ci)
50, 50% 51, 35% 52, 40% 53,41%
N o )]
4 6 HO 15 HO
5
54, 69% 55, 50% 56, 77%' 57, 67%9
/ Br/\/ij i 0]
= OH
m HO O/\(\ﬁg, HO
58, 46%" 59, 67%%9 60, 80%° 61, 61%"°
O,N. o OH
(@] )J\ OH /@/\/\
I e
HO H
62, 30%° 63, 50%° 64, R = OMe, 67%°

65, R = Br, 54%°4

AcO

66, from dehydrocholic acid, 52% 67, from lithocholic acid, 57%

Scheme 3.5 Decarboxylative oxygenation of carboxylic acids to alcohols*® “Reaction conditions: acid
(0.5 mmol), CeBr;3 (10 mol%), 2,6-lutidine (0.5 mmol), CH3CN/tBuOH (1:1, 2 mL), UV light (365 nm,
9 W), O, room temperature, 15 h. *Isolated yields are given. “NMR yields are given (Inaccurate isolated
yields because of low boiling points of products), determined using mesitylene (20 pL) as internal

standard. ‘Blue light (465 nm, 9 W) instead of UV light. €22 h. 'No addition of 2,6-lutidine. eNo addition
of 2,6-1lutidine, 22 h.
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Further optimization helped to improve the transformation of stearic acid to 1-
heptadecanol. After a series of optimization experiments, a more effective catalytic system
using CeBrsz with 2,6-lutidine under the irradiation of 365 nm light in CH3CN/tBuOH and 1
bar of O2 was identified under such conditions, and 1-heptadecanol was isolated in a high yield
of 81% (Table 3.4, entry 2). The decarboxylative oxygenation of a variety of acid substrates
were subsequently carried out and the results are shown in Scheme 3.5. Heptadecanoic acid
and docosanoic acid were converted to the one-carbon-shorter fatty alcohols with good yields
(47 and 48) as well as the cyclohexyl-terminated butanoic acid (49 and 50). Meanwhile,
sterically bulky secondary and tertiary acids (51-55) were tolerated, although their
corresponding products were afforded in lower yields. The high chemoselectivity of this
transformation can be seen in the reaction of 2-(adamantan-1-yl)acetic acid. As shown in
Scheme 3.3, only 1% of adamantane-1-carbaldehyde was formed as byproduct.

Notably, a series of fatty acids with a range of diverse functional groups, including alkene,
alkyne, halogen, ester, heterocycle, nitrooxy and amide, were successfully oxidatively
decarboxylated to alcohols (56-63). Note that for the fatty acids with C=C double and C=C
triple bonds, lower yields of alcohol products were afforded by the addition of 2,6-lutidine. For
the aryl-terminated butanoic acids, blue instead of UV light was applied; the latter led to lower
yields (Scheme 3.6). Moreover, drug molecules with complicated structures, such as the bile
acids dehydrochlic acid and lithocholic acid (66 and 67), proceeded well. It is remarkable that
the oxidation-sensitive alkene, alkyne and epoxy units survived in the reaction as well as
secondary and tertiary C-H bonds. These results highlight the high selectivity of the protocol
and its practical potential for late-stage decarboxylative oxygenation of bioactive molecules
and drugs. It is difficult to access such functionalized alcohols (56-63, 66-67) via common

hydrogenation reactions. To the best of our knowledge, this is the first time that aliphatic acids,
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including fatty acids, have been selectively transformed to alcohols in a de-homologation
manner under mild conditions with high selectivity and good yields.
/©/\/\COOH CeBr; (10 mol%), 2,6-lutidine (0.5 mmol) /©/\Aon
1
o MeO CH;CN (2 mL), UV light, air, rt, 15 h MeO
64, 44%

@ /@/\/\COOH CeBrj; (10 mol%), 2,6-1utidine (0.5 mmol) /@/\/\OH
Br CH;CN (2 mL), UV light, air, rt, 15 h Br

65, 30%

Scheme 3.6 Decarboxylative oxygenation of phenylbutanoic acids to alcohols under UV light.
3.2.3 Exploration of possible mechanism

Whilst the mechanism of decarboxylative oxygenation of carboxylic acids to carbonyl
products has been widely studied,'® 2> the chemoselective formation of isolable peroxides
and alcohols prompted us to look into the mechanism concerning particularly what controls the
selectivity of the reaction. Firstly, HRMS measurement of a mixture of CeClz with phenylacetic
acid was conducted. As shown in Figure 3.2, a cerium species [Ce(PA-H).]* appeared to be
formed in the reaction, which could result from the coordination of two PA molecules with a
Ce(l11) centre.*>*® The coordination of carboxylates to Ce(IV) oxo species was also reported.8
Thus, it is likely that the selective decarboxylative oxygenation starts from the coordination of

carboxylic acids to CeXa. Indeed, esters do not engage in the reaction (Scheme 3.7).

4099935 409.9946
) Experimental Calculated
+
:,,O\Ce O Ph |
Ph o/ ‘\o':
410.9980
410.9972 411.9984
411.9964
[ T T T T ! T 1 I T T T T 1
409 410 41 412 M3 409 410 411 412 413
m/z m/z

Figure 3.2 (a) HRMS spectra of Ce(Ill) complex formed in the in situ reaction of CeCls; with
phenylacetic acid. Conditions: CeCl; (0.05 mmol), CH3CN (2 mL), NaOAc or 2,6-lutidine (0.5 mmol),
blue light, air, 465 nm.
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CeCl; (10 mol%)

NaOAc (0.5 mmol) OOH
CH3CN (2 mL)

Blue light, air, 15 h

CeCl3 (10 mol%)

2,6-lutidine (0.5 mmol) ©AO
CH,CN (2 mL)

Blue light, air, 15 h 33, 0%

CeBrjz (10 mol%)

2,6-lutidine (0.5 mmol)
CH3CN/BUOH (2 mL, 1:1) HOAM;,

Blue light, air, 15 h 46, 0%

Scheme 3.7 Decarboxylative oxygenation of phenylbutanoic acids to alcohols under UV light.
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Figure 3.3 UV-Vis spectra of CeBr; under blue light irradiation. Conditions: CeBrs (0.05 mmol),
CH;CN/fBuOH (2 mL, 1:1), air, 465 nm. Details can be seen in Section 3.3.3.

Next, we conducted experiments to identify possible active Ce species involved in the

decarboxylative oxygenation process. The experimental conditions were altered because of low
solubility of CeCls in CH3CN. CeBrs was selected as the catalyst because of its greater
solubility in CH3CN/tBuOH. The UV-Vis spectra of CeBrs recorded under air are shown in
Figure 3.3. Two weak absorption bands at around 272 and 325 nm were observed without blue
light irradiation.** After irradiation, a new absorption band and a shoulder at around 270 and
323 nm appeared, respectively, which overlapped with the previous absorption bands. These
new bands increased quickly in intensity with irradiation time, indicating the easy

transformation of Ce(lll) to Ce(lV) species.®* *° Same experiments were performed either
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under N2 atmosphere or in the dark; no change of the absorption bands of CeBr3; was observed

(Figure 3.4).
(a) (b) CeBr,, dark, air, 0 min
CeBr,, blue light, N,, 0 min 0.20 4 CeBr,, dark, air, 10 min
CeBr,, blue light, N,, 10 min
5 CeBr,, dark, air, 20 min
CeBr,, blue light, N,,, 20 min B il
CeBr,, blue light, N, 30 min 0.15 1
o 025 : @
o o
c c
© @
£ £ 0101
2 2
Q Q
< <
0.05
0.00 + 0.00
. T b T T L T o T
200 400 600 300 400 500
Wavelength(nm) Wavelength(nm)

Figure 3.4 (a) UV-Vis spectra of CeBrs with N, under blue light irradiation. Conditions: CeBr; (0.05
mmol), CH3;CN/fBuOH (2 mL, 1:1), N», 465 nm. (b) UV-Vis spectra of CeBrs with air under dark.
Conditions: CeBr3 (0.05 mmol), CH;CN//BuOH (2 mL, 1:1), air, dark. Details can be seen in Section
3.3.3.
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Figure 3.5 XPS spectra of CeCls, irradiated CeCls and (NH4).Ce(NO3)e.
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Furthermore, XPS studies were conducted to find support for the formation of Ce(1V)
species. As shown in Figure 3.5, a peak at 913.5 eV was observed, indicating the formation of
Ce(1V) upon blue light irradiation of CeClz in air. Mashima, Tsurugi and co-works have shown
that Ce(111) compounds can be oxidized to complex oxo-bridged Ce(IV) species under thermal

heating conditions.3® 46

CeBr,(light irridation) 0.4 . .
34 o o i CeBr *a-methylphenylacetic acid, dark
265 CeBr,(light irridation) + a-methylphenylacetic acid, 0 min . . o
CeBr,(light irridation) + a-methylphenylacetic acid, 10 min — CeBry+a-methylphenylacetic acid, 10 min, light
CeBr,(light irridation) + a-methylphenylacetic acid, 30 min 03 CeBr_+a-methylphenylacetic acid, 20 min, light
8 8 CeBr +a-methylphenylacetic acid, 30 min, light
g c
3 8
= = L/
o o 024
0 1%}
el QO
< <
0.14
(@ (b)
0.0 4
T T T T T T T T T T T 1 T T T T T T r |
300 400 500 600 700 800 300 400 500 600
Wavelength (nm) Wavelength (nm)

Figure 3.6 (a) UV-Vis spectra of the mixture of a-methylphenylacetic acid and CeBr; (photo/O»-
oxidized) (0.5 mmol of a-methylphenylacetic acid was added after the irradiation in Figure 3.3). (b)
UV-Vis of the mixture of CeBr; and a-methylphenylacetic acid with or without light. Conditions: CeBr;
(0.05 mmol), a-methylphenylacetic acid (0.05 mmol), CH;CN//BuOH (2 mL, 1:1), air, dark to blue

light. Details can be seen in Section 3.3.3.

0.5 a-methylphenylacetic acid
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Figure 3.7 UV-Vis spectra of a-methylphenylacetic acid, 1, NaOAc and EtsN. Conditions: o-

methylphenylacetic acid (0.1 mmol), 1 (0.1 mmol), NaOAc(0.1 mmol), EtzN (0.1 mmol),
CH3;CN/fBuOH (2 mL, 1:1), air, dark to blue light. Details can be seen in Section 3.3.3.
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The resulting Ce(1V) species reacts with acid substrates. Thus, as shown in Figure 3.6(a),
a new absorption band at around 265 nm due to the acid was observed when the CeBr3 catalyst,
initially irradiated at 465 nm for 30 min, reacted with a-methylphenylacetic acid (10 eq.) in the
dark. This new absorption band decreased with time due to the transformation of a-
methylphenylacetic acid. Note that without the pre-irradiation of the Ce catalyst, the acid
absorption does not change. Based on the previous reports,*’-° these observations indicate that
active Ce(IV) species, transformed from Ce(l11) species under blue light irradiation and O2,°%
°1 may trigger the decarboxylation of acids. Further insight can be obtained from Figure 3.6(b).
In the spectrum of a mixture of CeBrs and a-methylphenylacetic acid (1:1), the absorption
bands of CeBrs and a-methylphenylacetic acid were observed at around 302 nm and 258 nm.
Upon blue light irradiation, these peaks were replaced with absorptions at around 251 nm and
267 nm that might be attributed to carboxylate-coordinated Ce(IV) species [c.f. Figure 3.3 (a);

for the absorption of 1, see Figure 3.7].

CeCls (10 mmol%) CeBr; (10 mmol%)
COOH _ 2,6-lutidine (0.5 mmol) ©)\OOH . ©/L\O N @OH COOH 2,6-lutidine (0.5 mmol) OOH OH
- +
CHCN (2 mL) . 2 o I CHaCN/BUOH (2 mL, 1:1) R A W

5

Blue light, air, rt UV light, Oy, rt 15 53
80 o 35 4
1 i —a— 15
—e—23 304 —e—53
01 ——s68
25 | |
40 A
= —~ 204
£ 30 §
2 0 15
o >
- 20
10 4
10 5
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T T T T T T T T T T T ' T T T T T T T T T T T
] 1 2 3 4 5 0 1 2 3 4 5
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Figure 3.8 (a) Kinetic behaviour of a-methylphenylacetic acid in decarboxylative oxygenation.
Conditions: CeCl; (0.05 mmol), a-methylphenylacetic acid (0.05 mmol), 1-bromo-3,5-
bis(trifluoromethyl)benzene (0.2 mmol) as internal standard, CH3CN (2 mL), air, blue light (465 nm);
(b) Kinetic behaviour of 2-butyloctanoic acid in decarboxylative oxygenation. Conditions: CeBr; (0.05
mmol), a-methylphenylacetic acid (0.05 mmol), 1-bromo-3,5-bis(trifluoromethyl)benzene (0.2 mmol)
as internal standard, CH3CN (2 mL), CH3;CN/fBuOH (2 mL, 1:1), O,, UV light (365 nm).
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In our decarboxylative oxygenation reactions, alkyl hydroperoxides are likely to be a key
intermediate.'® They may be generated from the reaction of a decarboxylated radical with O-.
This possibility is revealed by the kinetic profile of the reaction of a-methylphenylacetic acid.
As is seen in Figure 3.8(a), the formation of the hydroperoxide 1 is rapid and precedes that of
the ketone 23 and alcohol 68. Its decrease after 1 h is coincided with the rise of the latter two.
A similar trend is seen in the decarboxylative oxygenation of 2-butyloctanoic acid (Figure
3.8(b)). Furthermore, products 23 and 68 were formed in 77% and 22% yields, respectively,
when the isolated 1 was subjected to the conditions of CeCls, 2,6-lutidine and blue light (Figure

3.9).

CeCl3 (10 mmol%)
2,6-lutidi .
OOH ,6-lutidine (0.5 mmol) o, OH
CH3CN (2 mL)
Blue light, air, rt

1 23 68
80
——23
70 —a—68
60
50
xR
&/ 40_
)
Q
= 304
20
10
0
-10 T T T T T T T T T T T
0 1 2 3 4 5

Time (h)
Figure 3.9 Decarboxylative oxygenation of 1. Conditions: CeCls (0.05 mmol), 1 (0.05 mmol), 1-bromo-

3,5-bis(trifluoromethyl)benzene (0.2 mmol) as internal standard, CH3;CN (2 mL), air, blue light (465
nm).

Thus, it is reasonable to conclude that the carbonyl and alcohol products result from the
peroxide intermediate. However, the differing rate of formation of the ketone and alcohol
indicates that they are formed by two different pathways, and it is possibly that the alcohol is
not an intermediate for ketone in the reaction. Consistent with this conjecture, both 23 and 68

showed no reactivity under the standard reaction conditions, as shown in Scheme 3.8. These
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results are in line with the previous observations that show alcohols require a strong

stoichiometric oxidant to be oxidised or are not oxidised by Ce(1V).16 18

CeCl3 (10 mol%)
Q) o 2,6-lutidine (0.5 mmol) OH
CH;CN (2 mL)
23 68, 0%

Blue light, air, rt, 6 h

Conversion: 0%

CeCl3 (10 mol%
) OH s ( ° o
2,6-lutidine (0.5 mmol)
CH3CN (2 mL)

68 Blue light, air, rt, 6 h 23, 0%
Conversion: 0%

Scheme 3.8 Exploration of Transformation between 23 and 68.

The question then is why the peroxides are not reacting further in the presence of NaOAc,
as is usually observed? Table 3.1 indicates that the base plays a critical role. This is more clearly
manifested when the isolated peroxide 1 was subjected to blue light irradiation with different
base. Peroxide 1 remained largely intact when NaOAc was used as the base, whereas 1 was
fully converted to 23 and 68 when 2,6-lutidine was used (Scheme 3.9, egs 1-2). A possible
explanation is that the coordination of the peroxide to cerium was prevented by acetate anion,

which could coordinate to cerium in the reaction. 2,6-Lutidine could not play such a role.

1 OOH NaOAc (0.5 mmol) 0 .
CeCly (10 mol%) 90% of 1 remained
CH3CN (2 mL)

1 Blue light, air, 15 h
(2)
OOH 2.6-lutidine (0.5 mmol) 0 OH
+
CeCly (10 mol%)
] CH,CN (2 mL) \ ,
Blue light, air, 15 h 23,78% 68, 22%

(3) 2,6-lutidine (0.5 mmol) )
OOH No conversion
CH3CN, Blue light
1 No, rt, 6 h

OOH 2,6-lutidine (0.5 mmol)
CH3CN, Ny, 1t, 6 h

No conversion

A
=
AQ

Scheme 3.9 Transformation of 1 in the presence of NaOAc or 2,6-lutidine.
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Figure 3.10 (a) UV-Vis spectra of CeCls, the mixture of CeCl; and a-methylphenylacetic acid, the

mixture of CeCls and NaOAc, and the mixture of CeCl; and EtsN. Conditions: CeCls (0.05 mmol), o-
methylphenylacetic acid (0.1 mmol), CH;CN/fBuOH (2 mL, 1:1), base (0.1 mmol); (b) UV-Vis spectra
of CeClj;, the mixture of CeCls, NaOAc and 1 and the mixture of CeCls, Et;N and 1. Conditions: CeCl;
(0.05 mmol), 1 (0.1 mmol), CH;CN/fBuOH (2 mL, 1:1), base (0.1 mmol). Details can be seen in Section
3.3.3.

To explore this possibility, UV-Vis experiments were attempted. However, the UV-Vis

spectrum of the mixture of CeCls and 2,6-lutidine is overwhelmed by the absorption of the
latter (Figure 3.13). Hence, EtsN was used instead of 2,6-lutidine. The UV-Vis spectra of CeCl3
in the presence of NaOAc or EtsN with or without phenylacetic acid show a peak at around
315 nm, assignable to CeCls (Figure, 3.10(a)).>? However, two stronger absorption bands at
around 259 and 276 nm were shown in the spectrum of CeCls and NaOAc. This result may
indicate the coordination of NaOAc to CeCls.*® This coordination could inhibit further
transformation of hydroperoxides by Ce species. More evidence can be found in Figure 3.10(b).
The mixture of CeCls, NaOAc and the peroxide 1 showed the visible absorption band of 1 at
around 251 nm (for the spectrum of 1, see Figure 3.7). Interestingly, the mixture of CeCls, EtzN
and 1 showed a new absorption peak and two broad peaks at around 241, 285 and 305 nm,
respectively. Meanwhile, the absorption of 1 disappeared. These results appear to indicate the
coordination of the peroxide to Ce species in the presence of EtsN, whereas the coordination is
inhibited by acetate. The complex formation constant between Ce(lll) and acetate is about

70/M.%3
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The formation of alcohols from the peroxides is an apparent reduction process, which
would require a reducing agent. Could the base 2,6-lutidine be the electron donor? As shown
in Scheme 3.9, no reaction of the peroxide 1 was observed in the presence of 2,6-lutidine under
dark or blue light irradiation. These results ruled out the possibility that the base played a role
as reductant. To explore whether the solvent CH3CN works as the hydrogen donor in the
decarboxylative oxygenation process,** a radical trap 1,1-diphenylethylene was introduced to
intercept possible radical species generated from CH3CN. As shown in Figure 3.11, 4,4-
diphenylbutanenitrile was detected by GC-MS, which indicates the homolytic cleavage of C-
H bond in CH3CN. Therefore, this result suggests the possibility of the solvent acting as a
hydrogen donor in forming the alcohols. In addition, acetone was detected with *C NMR

(Figure 3.12), indicating the oxidation of tBuOH and its role as a hydrogen donor as well.

CeCl3 (0.5 mmol) CN
2,6-lutidine (0.5 mmol)
O O 1 (0.5 mmol), CHzCN (2 mL) O O
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Figure 3.11 GC-MS spectrum of 4,4-diphenylbutanenitrile. Top: GC peak of 4,4-diphenylbutanenitrile
(12.4 min); Bottom: MS peaks of 4,4-diphenylbutanenitrile (m/z: 221.1).
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Figure 3.12 *C NMR detection of acetone possibly resulting from the reaction of tBuOH.
Based on the above observations and previous literature,*® 256 g possible mechanism of

this selective decarboxylative oxygenation reaction is suggested (Scheme 3.10). The
transformation starts from the reaction of a Ce(lll) compound with a carboxylic acid in the
presence of a base, which affords the complex A. Then, the complex A is oxidized by O to
afford a Ce(IV)-superoxide species B under light irradiation.'® It is well-known that Ce(IV)
carboxylate undergoes facile decarboxylation via light-promoted homolysis of the Ce-oxygen
bond. The resulting alkyl radical would be easily trapped by the superoxide radical, affording
a Ce(l11) peroxide specie C. Metathesis of the Ce(lll) peroxide specie C with a free carboxylic
acid releases the observed alkyl hydroperoxide. However, the oxidation of a-
methylphenylacetic acid in the dark with pre-irradiated CeBr3 indicates that light may not be
necessary for the conversion of B to C. The decarboxylation could be facilitated by the
superoxide radical attacking the a carbon, a process reminiscent of an iron catalysed oxidation
of ethers.>® The peroxide product from C is stable in the presence of NaOAc, but is transformed
to a carbonyl or an alcohol when using 2,6-lutidine as base. Light is necessary to promote the
single-electron reduction of O2 by Ce(l11) species and the transformation of the peroxide to the

aldehyde or alcohol .8 26

114



hv 0,

N
R >COOH
- (0]
[(Iiel\/](Og) [Cei >j <_L cel
Oj(\ o R Base
R
0 g A
hv R™OH
c T H donor
W ' R SooH! —C®
. ' 2,6-lutidine
stable in PN
the presence of NaOAc R™ ~O
0\
/
co, [Ce"—0 R R”>COOH

c
Scheme 3.10 Proposed mechanism of selective decarboxylative oxygenation of carboxylic acids.

3.3 Conclusions

In conclusion, a Ce(lll)-catalysed selective decarboxylative oxygenation of carboxylic
acids to widely different products has been developed in this chapter. The selectivity of this
decarboxylative oxygenation process can be turned with a simple change of base. With this
protocol, a wide range of carboxylic acids have been selectively transformed to
hydroperoxides, aldehydes, ketones and alcohols in good yields with Oz under mild conditions.
In particular, the selective transformation of aliphatic acids and fatty acids to alcohols has been
demonstrated for the first time, opening up a new, de-homologation pathway to access alcohols
from carboxylic acids.
3.4 Experimental details
3.4.1 Details of photoreactors

Detail information of photoreactors can be seen in Section 2.3.
3.4.2 Preparation of substrates
Synthesis of 2-methylundec-10-enoic acid

o)
Wj\ 1.LDA (2.0 M, 3.2 eq.) “
OH 2. Mel (3.2 eq.) OH

2-Methylundec-10-enoic acid was synthesized according to the literature.>® Under an

argon atmosphere, undec-10-enoic acid (10 mmol, 1.0 eq.) in dry THF (10 mL) was added
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slowly (over 20 min) into a LDA solution in a Schlenk tube cooled with an ice-water bath.
After that, the reaction mixture was warmed to 45 °C, stirred for 3 h, and cooled to -78 °C.
Then, Mel (32 mmol, 3.2 eg.) was added into the solution dropwise, and the resulting mixture
was warmed to room temperature and stirred overnight. The reaction mixture was quenched by
adding water (80 mL) slowly, followed by adding 2.0 M NaOH (aqg.) to adjust the pH to 14.
The resulting mixture was extracted with diethyl ether (50 mL x 2) and DCM (50 mL x 2).
Then, 3.0 M HCI (ag.) was added into the aqueous phase to adjust the pH to 1-2 and the mixture
was extracted with EtOAc (100 mL). Finally, the organic layer was dried over Na,SO4 and
concentrated to obtain 2-methylundec-10-enoic acid.

W)J\OH

2-Methylundec-10-enoic acid®’

IH NMR (400 MHz, Chloroform-d) & 5.86-5.76 (m, 1H), 5.01-4.92 (m, 2H), 2.50-2.41 (m, 1H),
2.06-2.01 (m, 2H), 1.46 — 1.12 (m, 15H).

13C NMR (101 MHz, Chloroform-d) & 183.03, 139.17, 114.13, 39.31, 33.77, 33.51, 29.42,
29.28, 29.04, 28.88, 27.10, 16.82.

Synthesis of N-benzoyl-I-proline

0
’ L~
[H BzCl, NaOH R

’ o

N OH
N OH H,0,0°Ctort, 10 h
Ph
o

N-Benzoyl-I-proline was synthesized according to the literature.%® To a solution of L-
proline (4.00 g, 34.7 mmol) and NaOH (2.78 g, 69.5 mmol) in H20 (64 mL), benzoyl chloride
(BzCl, 4.0 mL, 34.7 mmol) was added dropwise at 0 °C. The mixture was stirred for 10 h at
room temperature. The mixture was diluted with H.O and washed with Et,O (x 1). The aqueous
layer was acidified with 10% HCI to pH = 1 and extracted with ethyl acetate. The organic layer

was dried over MgSQO4 and evaporated to afford N-benzoyl-I-proline as colourless crystals.
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mo

N OH
O)'\Ph

N-Benzoyl-I-proline®®

IH NMR (400 MHz, Chloroform-d) & 10.07 (s, 1H), 7.59-7.55 (m, 2H), 7.46-7.40 (m, 3H),
4.76 (t, J = 6.0 Hz, 1H), 3.58 (m, 2H), 2.35-2.23 (m, 2H), 2.09-1.98 (m, 1H), 1.95-1.85 (m,
1H).

13C NMR (101 MHz, Chloroform-d) § 174.85, 170.86, 135.38, 130.42, 128.27, 127.18, 59.53,
50.23, 28.76, 25.11.

Synthesis of 12-benzamidododecanoic acid

o

HzN/\/\/\/\/\/\ﬂ/OH BzCl, NaOH N )J\ OH
s H,0,0°Ctort, 10 h Ph H/\/\/\/\/\/\ﬂ/
o}

12-Benzamidododecanoic acid was synthesized by the same steps. To a solution of 12-

aminododecanoic acid (7.47 g, 34.7 mmol) and NaOH (2.78 g, 69.5 mmol) in H20 (64 mL)
was added benzoyl chloride (BzCl, 4.0 mL, 34.7 mmol) dropwise at 0 °C. The mixture was
stirred for 10 h at room temperature. The mixture was diluted with H.0 and washed with Et,O
(x 1). The aqueous layer was acidified with 10% HCI to pH = 1 and extracted with ethyl acetate.
The organic layer was dried over MgSO4 and evaporated to afford 12-benzamidododecanoic
acid as colourless crystals.

0
H o)
12-Benzamidododecanoic acid
'H NMR (400 MHz, DMSO-ds) & 11.96 (s, 1H), 8.41 (t, J = 8.0 Hz, 1H), 7.82 (d, J = 7.5 Hz,
2H), 7.53 - 7.41 (m, 3H), 3.24 (q, J = 8.0 Hz, 2H), 2.18 (t, J = 7.4 Hz, 2H), 1.54-1.44 (m, 4H),
1.31-1.24 (m, 14H).
13C NMR (101 MHz, DMSO-ds) & 174.52, 166.06, 134.74, 130.96, 128.21, 127.11, 33.68,

30.70, 29.10, 28.99, 28.96, 28.92, 28.79, 28.76, 28.56, 26.49, 24.51.
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HRMS (ESI) calcd for C19H29NO3 [M+Na]*: 342.2045; found: 342.2043.
Synthesis of 17-acetoxyheptadecanoic acid

)

HO Acetic anhydride )J\O
HOOC Pyridine, rt, 12 h HOOC

17-Acetoxyheptadecanoic acid was synthesized according to the literature.®® Acetic

anhydride (1.88 g, 18.47 mmol) was added to a stirred solution of 17-hydroxyheptadecanoic
acid (2.1 g, 7.39 mmol) in pyridine (10 mL), and the reaction mixture was stirred for 12 h at
room temperature. The reaction mixture was diluted with ethyl acetate (200 mL), the solution
was washed with 2 N HCI (50 mL x 3) and brine, dried over anhydrous Na>SOs, and filtered,
and the solvent was removed by rotary evaporation to furnish the crude product. The crude
compound was chromatographed on silica gel using hexane/ethyl acetate as the mobile phase
to afford 17-acetoxyheptadecanoic acid.

0]
SSo0e
HOOC
17-Acetoxyheptadecanoic acid
IH NMR (400 MHz, Chloroform-d) & 4.05 (t, J = 6.8 Hz, 2H), 2.34 (t, J = 7.5 Hz, 2H), 2.04 (s,
3H), 1.64-1.59 (m, 4H), 1.34-1.25 (m, 24H).
13C NMR (101 MHz, Chloroform-d) § 179.69, 171.34, 64.69, 33.98, 29.60, 29.55, 29.54, 29.49,
29.40, 29.23, 29.21, 29.04, 28.57, 25.88, 24.66, 21.00.
HRMS (ESI) calcd for C19H3604 [M+Na]*: 351.2506; found: 351.2511.

Synthesis of 9-(oxiran-2-yl)nonanoic acid

0

W mePeA WOH
X OH Acetone, 25 °C , 48 h

o}
9-(Oxiran-2-yl)nonanoic acid was synthesized according to the literature.’° The mixture

of undec-10-enoic acid (10 mmol) and mCPBA (1.4 eq.) in acetone (10 mL) was stirred at 25
°C for 48 h. After the reaction, the solvent was removed by rotary evaporation to furnish the
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crude product. The crude product was purified via flash chromatography on silica gel to afford
9-(oxiran-2-yl)nonanoic acid.

o]

0
9-(Oxiran-2-yl)nonanoic acid®!

IH NMR (400 MHz, Chloroform-d) § 2.91 (m, 1H), 2.76-2.74 (m, 1H), 2.47-2.45 (m, 1H), 2.34
(t, J = 7.5 Hz, 2H), 1.66-1.59 (m, 2H), 1.55-1.50 (m, 2H), 1.44 (m, 2H), 1.35-1.31 (m, 8H).
13C NMR (101 MHz, Chloroform-d) & 179.77, 52.44, 47.14, 33.98, 32.40, 29.30, 29.27, 29.08,
28.96, 25.89, 24.61.

Synthesis of 8-(nitrooxy)octanoic acid

0]

AaNO O,N OH
BFM g 3 _ 2 O/\/\/\/Y
OH

CH4CN, 70°C, 18 h 0
8-(Nitrooxy)octanoic acid was synthesized according to the literature.®? The mixture of 8-

bromooctanoic acid (1.45 g, 6.53 mmol) and silver nitrate (1.66 g, 9.80 mmol) in acetonitrile
(30 mL) was stirred at 70 °C for 18 h. After the reaction, the solvent was removed by rotary
evaporation to furnish the crude product. The crude product was purified via flash

chromatography on silica gel to afford 8-(nitrooxy)octanoic acid.

O5NL OH
2 O/\/\/\/\n/

O
8-(Nitrooxy)octanoic acid®?

IH NMR (400 MHz, Chloroform-d) & 4.44 (t, J = 6.7 Hz, 2H), 2.35 (t, J = 7.4 Hz, 2H), 1.77-
1.57 (m, 4H), 1.47-1.28 (m, 6H).

13C NMR (101 MHz, Chloroform-d) & 180.04, 73.28, 33.90, 28.72, 28.70, 26.65, 25.42, 24.42.
Synthesis of (4R)-4-((5R,8R,9S,10S,13R,14S)-3-acetoxy-10,13-dimethylhexadecahydro-

1H-cyclopenta[a]phenan-threne-17-yl)pentanoic acid
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Acetic anhydride, DMAP

CH,Cly, rt, 1 h

(4R)-4-((5R,8R,9S,10S,13R,14S)-3-Acetoxy-10,13-dimethylhexadecahydro-1H-
cyclopenta[a]phenan-threne-17-yl)pentanoic acid was synthesized according to the literature.5
Acetic anhydride (26.43 mmol, 2.5 mL) was added dropwise to a solution of lithocholic acid
(7.34 mmol) and DMAP (1.47 mmol, 180 mg) in CH2Cl> (30 mL). The reaction mixture was
stirred at room temperature under nitrogen atmosphere for 1 h. The mixture was then washed
with HCI 1 N aqueous solution (3 x 30 mL), 5% NaHCOs3 solution (3 x 30 mL), saturated NaCl
solution (3 x 20 mL) and water (1x 20 mL). The organic layer was dried over MgSQO4 and
concentrated. The crude product was purified by column chromatography (silica gel,
cyclohexane/ethyl acetate, 8:2) to afford (4R)-4-((5R,8R,9S,10S,13R,14S)-3-acetoxy-10,13-
dimethylhexadecahydro-1H-cyclopenta[a]phenan-threne-17-yl)pentanoic acid.

COOH

(4R)-4-((5R,8R,9S,10S,13R,14S)-3-acetoxy-10,13-dimethylhexadecahydro-1H-
cyclopenta[a]phenanthren-17-yl)pentanoic acid®

IH NMR (400 MHz, Chloroform-d) § 4.76-4.68 (m, 1H), 2.43-2.36 (m, 1H), 2.31-2.21 (m, 1H),
2.03 (s, 3H), 1.96 (d, J = 11.5 Hz, 1H), 1.88-1.74 (m, 5H), 1.70-1.66 (m, 1H), 1.61-1.49 (m,
2H), 1.47-1.31 (m, 8H), 1.30-0.99 (m, 9H), 0.95-0.90 (m, 6H), 0.64 (s, 3H).

13C NMR (101 MHz, Chloroform-d) & 179.90, 170.71, 74.41, 56.48, 55.96, 42.74, 41.87, 40.39,
40.13, 35.78, 35.29, 35.02, 34.57, 32.23, 30.92, 30.75, 28.16, 27.00, 26.61, 26.30, 24.16, 23.31,

21.47,20.82, 18.23, 12.03.
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Synthesis of ethyl stearate

HOOC HZSO4, ethanol EtO0C
CHCl3, 30 min

Ethyl stearate (8) was synthesized according to the literature.®® Stearic acid (1 g) were

solubilized in chloroform (2 mL) and ethylated with 2 % sulfuric acid in ethanol (4 mL) in a
boiling flask equipped with a reflux condenser for 30 min. After being cooled to room
temperature, the product was washed with water. The chloroform layer containing ethyl
stearate was passed through an anhydrous sodium sulfate column, solvent removed in a rotary
vacuum evaporator, and then completely dried under a nitrogen flush.
Ethyl stearate®®
IH NMR (400 MHz, Chloroform-d) & 4.12 (q, J = 7.1 Hz, 2H), 2.28 (t, J = 7.6 Hz, 2H), 1.65-
1.57 (m, 2H), 1.36-1.18 (m, 31H), 0.88 (t, J = 6.6 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) § 173.93, 60.13, 34.40, 31.92, 29.68, 29.64, 29.59, 29.45,
29.35, 29.26, 29.14, 24.99, 22.68, 14.24, 14.10.
3.4.3 Mechanistic studies
Estimation of solubility of bases in selective decarboxylative oxygenation

To a sample tube (14 mL), NaOAc (500 mg) was added. The total weight of tube and
NaOAc was measured. Then, CH3CN (3.0 mL, used as received; the same as one used in
catalysis) was added, and the tube was allowed to stir for 30 min at room temperature. To
remove the solvent, the sample tube was placed in an oven under 100 °C until the NaOAc was
completely dried. The weight of the tube and NaOAc was measured again and the lost weight
was used to estimate the solubility (wt. %) of NaOAc in CH3CN. The solubility of KOAc,
LiOAc and CsOAc was estimated similarly.

Selective decarboxylative oxygenation of esters
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Decarboxylative oxygenation of ethyl phenylacetate to 8: To an oven dried Schlenk tube,
CeClz (10 mol%), NaOAc (0.5 mmol), ethyl phenylacetate (0.5 mmol) and 2 mL of CH3sCN
were added under air. The Schlenk tube was allowed to stir under blue light (465 nm) for 15 h.
After the reaction, water (2 mL), chloroform-d (1 mL), and mesitylene (17.3 mg) were added.
The product yield of 8 was obtained by *H NMR analysis of the organic layer.

Decarboxylative oxygenation of ethyl phenylacetate to 33: To an oven dried Schlenk tube,
CeClz (10 mol%), 2,6-lutidine (0.5 mmol), ethyl phenylacetate (0.5 mmol) and 2 mL of CH3CN
were added under air. The Schlenk tube was allowed to stir under blue light (465 nm) for 15 h.
After the reaction, water (2 mL), chloroform-d (1 mL), and mesitylene (17.3 mg) were added.
The product yield of 33 was obtained by *H NMR analysis of the organic layer.

Decarboxylative oxygenation of ethyl stearate to 46: To an oven dried Schlenk tube, CeBrs3
(10 mol%), 2,6-lutidine (0.5 mmol), ethyl stearate (0.5 mmol) and 2 mL of CH3CN/tBuOH
(1:1) were added under air. The Schlenk tube was allowed to stir under blue light (465 nm) for
15 h. After the reaction, water (2 mL), chloroform-d (1 mL), and mesitylene (17.3 mg) were
added. The product yield of 46 was obtained by *H NMR analysis of the organic layer.
Selective decarboxylative oxygenation of carboxylic acids by well-known photosensitizers
capable of producing singlet oxygen or peroxides

Decarboxylative oxygenation of phenylacetic acid to 8 by peroxides: To an oven dried
Schlenk tube, CeClz (10 mol%), NaOAc (0.5 mmol) and phenylacetic acid (0.5 mmol) were
added under nitrogen. Then the reaction tube was allowed to be vacuumed and purged with
nitrogen three times. After that, a peroxide (1.5 mmol) and CH3CN (2 mL) were added under
nitrogen. The reaction tube was allowed to stir at room temperature under light irradiation for
15 h. After the reaction, mesitylene (17.3 mg) as internal standard, water (2 mL) and CDCl3z (2
mL) were added. Finally, the product yield of 8 was obtained by *H NMR analysis of the

organic layer.
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Decarboxylative oxygenation of phenylacetic acid to 8 by well-known photosensitizers:
To an oven dried Schlenk tube, a photosensitizer (10 mol%), phenylacetic acid (0.5 mmol),
NaOAc (0.5 mmol) and CH3CN (2 mL) were added under air. The reaction tube was allowed
to stir at room temperature under light irradiation for 15 h. After the reaction, mesitylene (17.3
mq) as internal standard, water (2 mL) and CDClz (2 mL) were added. Finally, the product
yield of 8 was obtained by *H NMR analysis of the organic layer.

Table 3.5 Transformation of phenylacetic acid to 8 by well-known photosensitizers capable of
producing singlet oxygen or peroxides?®

mOH Catalyst (10 mol%), oxidant, NaOAc (0.5 mmol) ©/\O/OH
O CH3CN (2 ml), blue LED (465 nm), 45 °C, 15 h

8
Entry Catalyst Oxidant Yield (%)
| CeCl3 TBHP (70% in water) 0
2 CeCl3 DTBP 0
3 CeCls Benzoyl peroxide 0
4 Eosin Y disodium salt air 0
5 Rose bengal air 0

®Reaction conditions: Phenylacetic acid (0.5 mmol), catalyst (10 mol%), peroxides (1.5 mmol) or air,
NaOAc (0.5 mmol), CHsCN (2 mL), air (1 atm), blue LED (465 nm, 9W), room temperature, 15 h.
"NMR vyields are given.

Table 3.6 Transformation of phenylacetic acid to 33 by well-known photosensitizers capable of

producing singlet oxygen or peroxides®®

OH Catalyst (10 mol%), oxidant, 2,6-lutidine (0.5 mmol) X0
o) CH3CN (2 mL), blue LED (465 nm), 45 °C, 15 h

33
Entry Catalyst Oxidant Yield (%)
1 CeCl3 TBHP (70% in water) 0
2 CeCl3 DTBP 0
3 CeCl3 Benzoyl peroxide 0
4 Eosin Y disodium salt air 0
5 Rose bengal air 0

Reaction conditions: Phenylacetic acid (0.5 mmol), catalyst (10 mol%), peroxides (1.5 mmol) or air,
2,6-lutidine (0.5 mmol), CH;CN/tBuOH (2 mL), air (1 atm), UV LED (365 nm, 9W), room temperature,

15 h. °NMR yields are given.
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Decarboxylative oxygenation of phenylacetic acid to 33 by peroxides: To an oven dried
Schlenk tube, CeCls (10 mol%), and phenylacetic acid (0.5 mmol) were added under nitrogen.
Then the reaction tube was allowed to be vacuumed and purged with nitrogen three times. After
that, a peroxide (1.5 mmol), 2,6-lutidine (0.5 mmol) and CH3CN (2 mL) were added under
nitrogen. The reaction tube was allowed to stir at room temperature under light irradiation for
15 h. After the reaction, mesitylene (17.3 mg) as internal standard, water (2 mL) and CDClI3 (2
mL) were added. Finally, the product yield of 33 was obtained by *H NMR analysis of the
organic layer.

Decarboxylative oxygenation of phenylacetic acid to 33 by well-known photosensitizers:
To an oven dried Schlenk tube, a photosensitizer (10 mol%), phenylacetic acid (0.5 mmol),
2,6-lutidine (0.5 mmol) and CH3CN (2 mL) were added under air. The reaction tube was
allowed to stir at room temperature under light irradiation for 15 h. After the reaction,
mesitylene (17.3 mg) as internal standard, water (2 mL) and CDCl3 (2 mL) were added. Finally,
the product yield of 33 was obtained by *H NMR analysis of the organic layer.

Table 3.7 Transformation of stearic acid to 46 by well-known photosensitizers capable of producing

singlet oxygen or peroxides®®

Hoom Catalyst (10 mol%), oxidant, 2,6-lutidine (0.5 mmol) Hm
CH4CN/fBUOH (2 mL, 1:1), UV LED (365 nm), 20 °C, 15 h

46
Entry Catalyst Oxidant Yield (%)
1 CeBr3 TBHP (70% in water) 0
2 CeBr3 DTBP 0
3 CeBr3 Benzoyl peroxide 0
4 Eosin Y disodium salt Oz 0
5 Rose bengal O2 0

“Reaction conditions: Stearic acid (0.5 mmol), catalyst (10 mol%), 2,6-lutidine (0.5 mmol), oxidant (1.5
mmol) or O, (1 atm), CH3;CN/fBuOH (2 mL, 1:1), UV LED (365 nm, 9 W), room temperature, 15 h.
’NMR yields are given.

Decarboxylative oxygenation of stearic acid to 46 by peroxides: To an oven dried Schlenk

tube, CeBrsz (10 mol%), and stearic acid (0.5 mmol) were added under nitrogen. Then the
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reaction tube was allowed to be vacuumed and purged with nitrogen three times. After that, a
peroxide (1.5 mmol), 2,6-lutidine (0.5 mmol) and CH3CN/tBuOH (2 mL, 1:1) were added
under nitrogen. The reaction tube was allowed to stir at room temperature under light
irradiation for 15 h. After the reaction, mesitylene (17.3 mg) as internal standard, water (2 mL)
and CDCls (2 mL) were added. Finally, the product yield of 46 was obtained by *H NMR
analysis of the organic layer.

Decarboxylative oxygenation of stearic acid to 46 by well-known photosensitizers: To an
oven dried Schlenk tube, a photosensitizer (10 mol%), stearic acid (0.5 mmol), 2,6-lutidine (0.5
mmol) and CH3CN/tBuOH (2 mL, 1:1) were added under O.. The reaction tube was allowed
to stir at room temperature under light irradiation for 15 h. After the reaction, mesitylene (17.3
mg) as internal standard, water (2 mL) and CDClz (2 mL) were added. Finally, the product
yield of 46 was obtained by *H NMR analysis of the organic layer.

The results above (Tables 3.5-3.7) indicate that singlet Oz and peroxides are not involved
as active oxygen species that enable the decarboxylative oxygenation under question.

XPS of CeCls

Preparation of CeClssample: To an oven dried Schlenk tube, 0.5 mmol of CeClz and 4 mL
of CH3CN were added. The mixture was stirred at room temperature with air under dark for 2
h. Then, the solvent was removed in a rotary vacuum evaporator, and the CeClz powder was
placed at vacuum for 1 h.

Preparation of irradiated CeClz sample: To an oven dried Schlenk tube, 0.5 mmol of CeClz
and 4 mL of CH3CN were added. The mixture was stirred at room temperature with air under
blue light (465 nm) for 2 h. Then, the solvent was removed in a rotary vacuum evaporator, and
the CeCls powder was placed at vacuum for 1 h.

After preparation, CeClz and irradiated CeClz samples were examined using a Kratos

Supra spectrometer. All data were recorded using a monochromatic Al Ka source. The powder
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samples were mounted onto carbon tape on silicon substrates. A number of analysis positions
were chosen per sample. An automatic, electron charge neutraliser system was used. The peak
of irradiated CeCl3z observed at 913.5 eV corresponds to the peak of Ce(1V) in (NHz)2Ce(NO3)s.
UV-Vis experiment

UV-Vis spectra of CeBr3

CeBr3 with air under blue light: To an oven dried Schlenk tube, CeBrs (0.05 mmol) and
CH3CN/tBuOH (2 mL, 1:1) were added under air. The reaction tube was allowed to stir at room
temperature under blue light irradiation (465 nm). Every 10 min, 0.1 mL of the solution was
then taken out and diluted to 5 mL for UV-Vis analysis.

CeBr3 (Blue light irradiation for 30 min) and a-methylphenylacetic acid with air under
dark: To an oven dried Schlenk tube, CeBrs (0.05 mmol) and CH3:CN/tBuOH (2 mL, 1:1) were
added under air. The reaction tube was allowed to stir at room temperature under blue light
irradiation (465 nm). After 30 min, the reaction tube was taken out and placed under dark, and
a-methylphenylacetic acid (0.5 mmol) was added. Every 10 min, 0.1 mL of the solution was
then taken out and diluted to 5 mL for UV-Vis analysis.

CeBr3z with N2 under blue light: To an oven dried Schlenk tube, CeBrz (0.05 mmol) was
added under nitrogen. Then the reaction tube was allowed to be vacuumed and purged with
nitrogen three times. After that, CHsCN/tBuOH (2 mL, 1:1) was added under nitrogen. The
reaction tube was allowed to stir at room temperature under blue light irradiation (465 nm).
Every 10 min, 0.1 mL of the solution was then taken out and diluted to 5 puL for UV-Vis
analysis.

CeBrz with air under dark: To an oven dried Schlenk tube, CeBrz (0.05 mmol) and
CH3CN/tBuOH (2 mL, 1:1) were added under air. The reaction tube was allowed to stir at room
temperature under dark. Every 10 min, 5 pL of the solution was then taken out and diluted to

5 mL for UV-Vis analysis.
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UV-Vis spectra of CeCls in the presence of NaOAc and EtsN

CeCls: To an oven dried Schlenk tube, CeClz (0.05 mmol) and CH3CN/MeOH (2 mL, 1:1)
were added. The reaction tube was allowed to stir 5 min at room temperature. 0.01 mL of the
solution was then taken out and diluted to 5 mL for UV-Vis analysis.

CeCls + a-methylphenylacetic acid: To an oven dried Schlenk tube, CeClz (0.05 mmol),
a-methylphenylacetic acid (0.1 mmol) and CH3CN/MeOH (2 mL, 1:1) were added. The
reaction tube was allowed to stir 5 min at room temperature. 0.01 mL of the solution was then
taken out and diluted to 5 mL for UV-Vis analysis.

CeClsz + NaOAc: To an oven dried Schlenk tube, CeCls (0.05 mmol), NaOAc (0.1 mmol)
and CH3CN/MeOH (2 mL, 1:1) were added. The reaction tube was allowed to stir 5 min at
room temperature. 0.01 mL of the solution was then taken out and diluted to 5 mL for UV-Vis
analysis.

CeCls + EtsN: To an oven dried Schlenk tube, CeCl3 (0.05 mmol), EtsN (0.1 mmol) and
CH3CN/MeOH (2 mL, 1:1) were added. The reaction tube was allowed to stir 5 min at room
temperature. 0.01 mL of the solution was then taken out and diluted to 5 mL for UV-Vis
analysis.

CeCls + 2,6-lutidine: To an oven dried Schlenk tube, CeCls (0.05 mmol), 2,6-lutidine (0.1
mmol) and CH3CN/MeOH (2 mL, 1:1) were added. The reaction tube was allowed to stir 5
min at room temperature. 0.01 mL of the solution was then taken out and diluted to 5 mL for

UV-Vis analysis.
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Figure 3.13 UV-Vis spectra of CeCls, 2,6-lutidine and the mixture of CeCls and 2,6-lutidine.
UV-Vis spectra of the mixture of CeCls and 1 in the presence of NaOAc and EtsN

CeClz + 1 + NaOAc: To an oven dried Schlenk tube, CeCls (0.05 mmol), 1 (0.1 mmol),
NaOAc (0.1 mmol) and CH3sCN/MeOH (2 mL, 1:1) were added. The reaction tube was allowed
to stir 5 min at room temperature. 0.01 mL of the solution was then taken out and diluted to 5
mL for UV-Vis analysis.

CeClz + 1 + Et3N: To an oven dried Schlenk tube, CeCl3 (0.05 mmol), 1 (0.1 mmol), EtsN
(0.1 mmol) and CH3CN/MeOH (2 mL, 1:1) were added. The reaction tube was allowed to stir
5 min at room temperature. 0.01 mL of the solution was then taken out and diluted to 5 mL for
UV-Vis analysis.

UV-Vis spectra of a-methylphenylacetic acid, 1, NaOAc and EtsN

a-Methylphenylacetic acid: To an oven dried Schlenk tube, a-methylphenylacetic acid (0.1
mmol) and CH3CN/MeOH (2 mL, 1:1) were added. The reaction tube was allowed to stir 5
min at room temperature. 0.01 mL of the solution was then taken out and diluted to 5 mL for

UV-Vis analysis.
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1: To an oven dried Schlenk tube, 1 (0.1 mmol) and CHsCN/MeOH (2 mL, 1:1) were
added. The reaction tube and was allowed to stir 5 min at room temperature. 0.01 mL of the
solution was then taken out and diluted to 5 mL for UV-Vis analysis.

NaOAc: To an oven dried Schlenk tube, NaOAc (0.1 mmol) and CH3CN/MeOH (2 mL,
1:1) were added. The reaction tube was allowed to stir 5 min at room temperature. 0.01 mL of
the solution was then taken out and diluted to 5 mL for UV-Vis analysis.

EtsN: To an oven dried Schlenk tube, EtsN (0.1 mmol) and CH:CN/MeOH (2 mL, 1:1)
were added. The reaction tube was allowed to stir 5 min at room temperature. 0.01 mL of the
solution was then taken out and diluted to 5 mL for UV-Vis analysis.

UV-Vis spectra of CeBrs and a-methylphenylacetic acid

To an oven dried Schlenk tube, CeBrs (0.05 mmol) and a-methylphenylacetic acid (0.05
mmol) was added under air, and CHsCN/tBuOH (2 mL, 1:1) was added then. The reaction tube
was allowed to stir at room temperature under dark condition for 10 min. Then, 0.01 mL of the
solution was then taken out and diluted to 5 mL for UV-Vis analysis. After that, the reaction
tube was allowed to stir at room temperature under blue light irradiation (465 nm). Every 10
min, 0.1 mL of the solution was then taken out and diluted to 5 mL for UV-Vis analysis.

3.5 Analytical data of products

3.5.1 Hydroperoxide products

_OH
0

(1-Hydroperoxyethyl)benzene (1)%
!H NMR (400 MHz, Chloroform-d) § 7.85 (s, 1H), 7.42 — 7.28 (m, 5H), 5.08 (q, J = 6.6 Hz,
1H), 1.48 (d, J = 6.6 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) § 141.36, 128.63, 128.23, 126.50, 83.74, 20.04.

_OH
JO B
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1-(Hydroperoxymethyl)-4-methylbenzene (2)*2
IH NMR (400 MHz, Chloroform-d) & 7.90 (s, 1H), 7.29 (d, J = 7.8 Hz, 2H), 7.20 (d, J = 7.8
Hz, 2H), 4.97 (s, 2H), 2.37 (s, 3H).

13C NMR (101 MHz, Chloroform-d) & 138.52, 132.61, 129.29, 129.10, 79.09, 21.22.

_OH
IO
MeO

1-(Hydroperoxymethyl)-4-methoxybenzene (3)*2
IH NMR (400 MHz, Chloroform-d) & 8.06 (s, 1H), 7.32 (d, J = 8.6 Hz, 2H), 6.91 (d, J = 8.6
Hz, 2H), 4.94 (s, 2H), 3.81 (s, 3H).

13C NMR (101 MHz, Chloroform-d) & 159.88, 130.72, 127.68, 113.94, 78.83, 55.27.

.OH
o
FsC

1-(hydroperoxymethyl)-4-(trifluoromethyl)benzene (4)

'H NMR (400 MHz, Chloroform-d) & 8.09 (d, J = 1.5 Hz, 1H), 7.65 (d, J = 7.9 Hz, 2H), 7.52
(d, J=7.9 Hz, 2H), 5.06 (s, 2H).

13C NMR (101 MHz, Chloroform-d) & 139.99, 130.67 (q, Jc-r = 32.32 Hz), 128.81, 125.54 (q,
Jor = 3.8 Hz), 124.01 (q, Jcr = 273.7 Hz), 78.21.

HRMS (ESI) calcd for CgH7F302 [M+Na]*: 215.0290; found: 215.0283.

_OH
/@/\O
Br

1-Bromo-4-(hydroperoxymethyl)benzene (5)*?
!H NMR (400 MHz, Chloroform-d) & 8.09 (s, 1H), 7.42 (d, J = 8.3 Hz, 2H), 7.17 (d, J = 8.3
Hz, 2H), 4.85 (s, 2H).

13C NMR (101 MHz, Chloroform-d) § 134.77, 131.70, 130.53, 122.63, 78.31.

_OH
©/\O
Cl

1-Chloro-4-(hydroperoxymethyl)benzene (6)*2
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IH NMR (400 MHz, Chloroform-d) 5 8.09 (s, 1H), 7.38 — 7.30 (m, 4H), 4.96 (s, 2H).

13C NMR (101 MHz, Chloroform-d) & 134.48, 134.27, 130.26, 128.76, 78.30.

_OH
o
F

1-Fluoro-4-(hydroperoxymethyl)benzene (7)2

IH NMR (400 MHz, Chloroform-d) & 8.06 (s, 1H), 7.41 — 7.33 (m, 2H), 7.09 — 7.05 (m, 2H),
4.96 (s, 2H).

13C NMR (101 MHz, Chloroform-d) § 162.90 (d, Jc-F = 247.1 Hz), 131.52 (d, Jcr = 3.1 Hz),

130.89 (d, Jo.r = 8.4 Hz), 115.50 (d, J = 21.4 Hz), 78.38.

_OH
©/\O

(Hydroperoxymethyl)benzene (8)*2
'H NMR (400 MHz, Chloroform-d) & 8.02 (s, 1H), 7.43 — 7.33 (m, 5H), 5.01 (s, 2H).
13C NMR (101 MHz, Chloroform-d) & 135.73, 128.97, 128.60, 79.21.

.OH
0)

1-(Hydroperoxymethyl)-3-methylbenzene (9)

'H NMR (400 MHz, Chloroform-d) & 8.04 (s, 1H), 7.32 — 7.26 (m, 1H), 7.22 — 7.17 (m, 3H),
4.98 (s, 2H), 2.38 (s, 3H).

13C NMR (101 MHz, Chloroform-d) & 138.31, 135.59, 129.67, 129.34, 128.49, 126.00, 79.24,
21.31.

HRMS (ESI) calcd for CgH1002 [M+Na]*: 161.0573; found: 161.0571.

_OH
CL°

1-(Hydroperoxymethyl)-2-methylbenzene (10)*?
'H NMR (400 MHz, Chloroform-d) § 8.02 (s, 1H), 7.36 — 7.31 (m, 1H), 7.30 — 7.25 (m, 1H),

7.24 —7.18 (m, 2H), 5.06 (s, 2H), 2.40 (s, 3H).
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13C NMR (101 MHz, Chloroform-d) & 137.82, 133.31, 130.50, 130.42, 128.90, 125.92, 77.34,

18.87.

_OH
(0]

(2-Hydroperoxypropan-2-yl)benzene (11)%’
'H NMR (400 MHz, Chloroform-d) § 7.51 — 7.46 (m, 2H), 7.41 — 7.38 (m, 3H), 7.33 — 7.28
(m, 1H), 1.62 (s, 6H).

13C NMR (101 MHz, Chloroform-d) & 144.56, 128.51, 127.43, 125.36, 83.93, 26.04.

_OH
O

2-(Hydroperoxymethyl)naphthalene (12)*?
'H NMR (400 MHz, Chloroform-d) § 8.07 (s, 1H), 7.91 — 7.82 (m, 4H), 7.56 — 7.48 (m, 3H),
5.17 (s, 2H).
13C NMR (101 MHz, Chloroform-d) § 133.33, 133.16, 128.43, 128.30, 127.99, 127.71, 126.35,
126.31, 79.32.
_OH
e
S
3-(Hydroperoxymethyl)thiophene (13)
'H NMR (400 MHz, Chloroform-d) & 8.06 (s, 1H), 7.37 — 7.32 (m, 2H), 7.16 — 7.11 (m, 1H),

5.02 (s, 2H).

13C NMR (101 MHz, Chloroform-d) & 136.73, 127.94, 126.29, 125.33, 73.77.

HRMS (ESI) calcd for CsHsO2S [M+Na]*: 152.9981; found: 152.9987.

_OH
©/\/\O

(3-Hydroperoxypropyl)benzene (14)%
'H NMR (400 MHz, Chloroform-d) § 7.82 (s, 1H), 7.32 — 7.26 (m, 2H), 7.21-7.18 (m, 3H),

4.05 (t,J = 6.4 Hz, 2H), 2.71(t, = 8.0 Hz, 2H), 2.04 — 1.94 (m, 2H).
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13C NMR (101 MHz, Chloroform-d) & 141.47, 128.42, 125.96, 76.22, 32.01, 29.14.

~OH
@)

\/\/\)\/\/

5-Hydroperoxyundecane (15)

IH NMR (400 MHz, Chloroform-d) & 7.57 (s, 1H), 3.92 — 3.86 (m, 1H), 1.69 — 1.55 (m, 2H),
1.55 — 1.43 (m, 2H), 1.40-1.25 (m, 12H), 0.95-0.86 (m, 6H).

13C NMR (101 MHz, Chloroform-d) & 85.74, 31.99, 31.78, 31.68, 29.42, 27.54, 25.33, 22.81,
22.60, 14.05, 14.00.

HRMS (ESI) calcd for C11H2402 [M+Na]*: 211.1669; found: 211.1671.
MO/OH

10-Hydroperoxyundec-1-ene (16)

IH NMR (400 MHz, Chloroform-d) & 7.64 (s, 1H), 5.86-5.76 (m, 1H), 5.02 — 4.88 (m, 2H),
4.10 — 4.02 (m, 1H), 2.08 — 1.98 (m, 2H), 1.69 — 1.55 (m, 2H), 1.40 — 1.27 (m, 10H), 1.22 (d,
J=6.1 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) & 139.18, 114.13, 81.71, 33.97, 33.76, 29.60, 29.36, 29.02,

28.88, 25.37, 18.14.

HRMS (ESI) calcd for C11H2202 [M+Na]*: 209.1512; found: 209.1511.

_OH
e
MeO

2-(1-Hydroperoxyethyl)-6-methoxynaphthalene (17)

'H NMR (400 MHz, Chloroform-d) § 7.91 (s, 1H), 7.75 (t, J = 10.0 Hz, 3H), 7.47 (dd, J = 8.5,
1.8 Hz, 1H), 7.20 — 7.10 (m, 2H), 5.21 (q, J = 6.6 Hz, 1H), 3.92 (s, 3H), 1.56 (d, J = 6.6 Hz,
3H).

13C NMR (101 MHz, Chloroform-d) § 157.83, 136.32, 134.48, 129.43, 128.65, 127.36, 125.79,
124.66, 119.07, 105.67, 83.85, 55.28, 19.95.

HRMS (ESI) calcd for C13H1403 [M+Na]*: 241.0835; found: 241.0842.
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OH

1-(1-Hydroperoxyethyl)-4-isobutylbenzene (18)

!H NMR (400 MHz, Chloroform-d) & 7.89 (s, 1H), 7.29 (d, J = 8.0 Hz, 2H), 7.17 (d, J = 8.0
Hz, 2H), 5.06 (q, J = 6.6 Hz, 1H), 2.49 (d, J = 7.2 Hz, 2H), 1.95 - 1.81 (m, 1H), 1.48 (d, J =
6.6 Hz, 3H), 0.93 (d, J = 6.6 Hz, 6H).

13C NMR (101 MHz, Chloroform-d) & 141.83, 138.40, 129.32, 126.39, 83.59, 45.09, 30.15,
22.35, 22.34, 19.88.

HRMS (ESI) calcd for C12H102 [M+Na]*: 217.1199; found: 217.1203.

(3-(1-Hydroperoxyethyl)phenyl)(phenyl)methanone (19)

IH NMR (400 MHz, Chloroform-d) 5 8.65 (s, 1H), 7.83 — 7.75 (m, 3H), 7.69 (d, J = 7.6 Hz,
1H), 7.61 — 7.57 (m, 2H), 7.49-7.44 (m, 3H), 5.13 (g, J = 6.6 Hz, 1H), 1.48 (d, J = 6.6 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) § 196.87, 142.28, 137.73, 137.27, 132.59, 130.54, 130.08,
129.85, 128.43, 128.29, 127.93, 83.09, 20.18.

HRMS (ESI) calcd for C1sH1403 [M+Na]*: 265.0835; found: 265.0829.

o OH
O/

2-(4-(1-Hydroperoxyethyl)benzyl)cyclopentan-1-one (20)

H NMR (400 MHz, Chloroform-d) & 8.29 (s, 1H), 7.30 (d, J = 8.0 Hz, 2H), 7.18 (d, J = 8.0
Hz, 2H), 5.06 (g, J = 6.6 Hz, 1H), 3.14 (dd, J = 13.2, 5.0 Hz, 1H), 2.60 — 2.50 (m, 1H), 2.39 —
2.31 (m, 2H), 2.17 — 2.04 (m, 2H), 2.01 — 1.93 (m, 1H), 1.81 — 1.67 (m, 1H), 1.62 — 1.51 (m,

1H), 1.48 (d, J = 6.6 Hz, 3H).
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13C NMR (101 MHz, Chloroform-d) & 139.93, 139.21, 129.03, 126.65, 83.33, 50.90, 50.88,
38.09, 35.19, 29.12, 20.44, 19.93.

HRMS (ESI) calcd for C14H1803 [M+Na]*: 257.1148; found: 257.1148.

F _OH
e

2-Fluoro-4-(1-hydroperoxyethyl)-1,1'-biphenyl (21)

IH NMR (400 MHz, Chloroform-d) & 8.00 (s, 1H), 7.58 — 7.55 (m, 2H), 7.50 — 7.44 (m, 3H),
7.42 —7.36 (M, 1H), 7.25 — 7.17 (m, 2H), 5.12 (g, J = 6.6 Hz, 1H), 1.51 (d, J = 6.6 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) & 159.81 (d, Jc.r = 248.8 Hz), 143.13 (d, Jc.r = 7.1 Hz),
135.41 (d, Jc-r = 1.4 Hz), 130.95 (d, Jc-r = 3.8 Hz), 128.94 (d, Jc-F = 2.8 Hz), 128.79 (d, Jc-F =
13.8 Hz), 128.44, 127.74, 122.36 (d, Jc.r = 3.4 Hz), 114.08 (d, Jc.r = 23.6 Hz), 82.89 (d, Jcr =
1.5 Hz), 20.00.

HRMS (ESI) calcd for C14H13FO2 [M+Na]*: 255.0792; found: 255.0789.

Cl

\
OH
(4-Chlorophenyl)(3-(hydroperoxymethyl)-5-methoxy-2-methyl-1H-indol-1-

yl)methanone (22)

IH NMR (400 MHz, Chloroform-d) & 8.05 (s, 1H), 7.67 (d, J = 6.6 Hz, 2H), 7.48 (d, J = 6.6
Hz, 2H), 7.07 (s, 1H), 6.84 (d, J = 9.1 Hz, 1H), 6.70 — 6.67 (m,1H), 5.18 (s, 2H), 3.84 (s, 3H),
2.45 (s, 3H).

13C NMR (101 MHz, Chloroform-d) § 168.43, 156.19, 139.62, 138.78, 133.51, 131.26, 130.83,

130.32, 129.20, 114.92, 113.64, 112.12, 101.14, 69.25, 55.73, 13.16.
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HRMS (ESI) calcd for C18H16CINO4 [M+Na]*: 368.0660; found: 368.0662.

3.5.2 Aldehyde and ketone products

O

Acetophenone (23)%°

IH NMR (400 MHz, Chloroform-d) & 7.96 (d, J = 7.2 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.47
(t, J = 7.8 Hz, 2H), 2.61 (s, 3H).

13C NMR (101 MHz, Chloroform-d) & 198.15, 137.13, 133.09, 128.56, 128.30, 26.60.
o

4-Methylbenzaldehyde (24)%°

'H NMR (400 MHz, Chloroform-d) § 9.97 (s, 1H), 7.78 (d, J = 8.0 Hz, 2H), 7.33 (d, J = 8.0
Hz, 2H), 2.44 (s, 3H).

13C NMR (101 MHz, Chloroform-d) & 192.01, 145.54, 134.19, 129.85, 129.70, 21.86.

o
MeO

4-Methoxybenzaldehyde (25)7°
!H NMR (400 MHz, Chloroform-d) & 9.88 (s, 1H), 7.83 (d, J = 8.7 Hz, 2H), 7.00 (d, J = 8.7
Hz, 2H), 3.88 (s, 3H).

13C NMR (101 MHz, Chloroform-d) & 190.80, 164.56, 131.95, 129.90, 114.26, 55.54.

~0

4A-(tert-butyl)Benzaldehyde (26)%°
'H NMR (400 MHz, Chloroform-d) & 9.98 (s, 1H), 7.82 (d, J = 8.3 Hz, 2H), 7.55 (d, J = 8.3
Hz, 2H), 1.35 (s, 9H).

13C NMR (101 MHz, Chloroform-d) § 192.04, 158.42, 134.04, 129.67, 125.96, 35.32, 31.03.
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Ioh
FsC

4-(Trifluoromethyl)benzaldehyde (27)"*

!H NMR (400 MHz, Chloroform-d) & 9.56 (s, 1H), 7.47 (d, J = 8.0 Hz, 2H), 7.27 (d, J = 8.0
Hz, 2H).

13C NMR (101 MHz, Chloroform-d) & 191.06, 138.65, 135.60 (q, Jo-r = 32.6 Hz), 129.90,

126.10 (q, Jo.r = 3.8 Hz), 123.43 (q, Jo.r = 273.7 Hz).

o
Br

4-Bromobenzaldehyde (28)%°
IH NMR (400 MHz, Chloroform-d) & 9.97 (s, 1H), 7.74 (d, J = 8.4 Hz, 2H), 7.68 (d, J = 8.4
Hz, 2H).

13C NMR (101 MHz, Chloroform-d) § 191.01, 135.05, 132.41, 130.94, 129.74.

IO
Cl

4-Chlorobenzaldehyde (29)%°
IH NMR (400 MHz, Chloroform-d) & 9.99 (s, 1H), 7.83 (d, J = 8.4 Hz, 2H), 7.52 (d, J = 8.4
Hz, 2H).

13C NMR (101 MHz, Chloroform-d) & 190.73, 140.80, 134.61, 130.79, 129.33.

o
F

4-Fluorobenzaldehyde (30)"2
'H NMR (400 MHz, Chloroform-d) § 9.96 (s, 1H), 7.93 — 7.88 (m, 2H), 7.24 — 7.17 (m, 2H).
13C NMR (101 MHz, Chloroform-d) § 190.47, 166.51 (d, Jc-r = 256.8 Hz), 132.95 (d, Jcr =

2.8 Hz), 132.21 (d, Jor = 9.7 Hz), 116.33 (d, Jc.r = 22.3 Hz).

F.C
ROV
(@)

4-(4-(Trifluoromethyl)phenoxy)benzaldehyde (31)7
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IH NMR (400 MHz, Chloroform-d) & 9.96 (s, 1H), 7.97 — 7.83 (m, 2H), 7.66 (d, J = 8.4 Hz,
2H), 7.21 — 7.07 (m, 4H).
13C NMR (101 MHz, Chloroform-d) § 190.64, 161.64, 158.34, 132.21, 132.03, 127.49 (q, Jcr

= 3.7 Hz), 126.64 (q, Jo-r = 33.0 Hz), 123.92 (q, Jo.r = 272.7 Hz), 119.73, 118.65.
o) @o
o
4-Formylphenyl benzoate (32)7
IH NMR (400 MHz, Chloroform-d) § 10.03 (s, 1H), 8.21 (d, J = 7.2 Hz, 2H), 7.98 (d, J = 8.6
Hz, 2H), 7.69 — 7.61 (m, 1H), 7.54 (t, J = 7.8 Hz, 2H), 7.42 (d, J = 8.5 Hz, 2H).
13C NMR (101 MHz, Chloroform-d) § 190.92, 164.47, 155.67, 134.04, 133.99, 131.24, 130.25,
128.88, 128.69, 122.51.
=
Benzaldehyde (33)"°
'H NMR (400 MHz, Chloroform-d) & 10.02 (s, J = 1.8 Hz, 1H), 7.92 — 7.83 (m, 2H), 7.65 —

7.61 (m, 1H), 7.52 (t, J = 8.0 Hz, 2H).

13C NMR (101 MHz, Chloroform-d) & 192.38, 136.36, 134.43, 129.70, 128.95.

~o0

3-Methylbenzaldehyde (34)"

IH NMR (400 MHz, Chloroform-d)  9.99 (s, 1H), 7.72 — 7.65 (m, 2H), 7.47 — 7.39 (m, 2H),
2.44 (s, 3H).

13C NMR (101 MHz, Chloroform-d) § 192.60, 138.90, 136.47, 135.27, 130.00, 128.86, 127.21,
21.17.

o

2-Methylbenzaldehyde (35)®
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IH NMR (400 MHz, Chloroform-d) & 10.28 (s, 1H), 7.80 (dd, J = 7.7, 1.5 Hz, 1H), 7.48 (td, J
= 7.5, 1.5 Hz, 1H), 7.36 (t, J = 7.5 Hz, 1H), 7.27 (d, J = 4.0 Hz, 1H), 2.68 (s, 3H).
13C NMR (101 MHz, Chloroform-d) § 192.83, 140.62, 134.14, 133.64, 132.04, 131.76, 126.31,
19.57.
e

S
Thiophene-3-carbaldehyde (36)"
IH NMR (400 MHz, Chloroform-d) & 9.94 (s, 1H), 8.13 — 8.12 (m, 1H), 7.55 — 7.54 (m, 1H),
7.38 (M, 1H).

13C NMR (101 MHz, Chloroform-d) & 184.95, 143.03, 136.68, 127.38, 125.37.

o

Benzyl formate (37)®
IH NMR (400 MHz, Chloroform-d) & 8.15 (s, 1H), 7.42 — 7.30 (m, 5H), 5.21 (s, 2H).

13C NMR (101 MHz, Chloroform-d) & 160.76, 135.16, 128.64, 128.49, 128.34, 65.68.

1-Benzoylpyrrolidin-2-one (38)"°

IH NMR (400 MHz, Chloroform-d) 8 7.60 (d, J = 7.8 Hz, 2H), 7.51 (t, J = 7.4 Hz, 1H), 7.41
(t, J = 7.4 Hz, 2H), 3.96 (t, J = 7.1 Hz, 2H), 2.61 (t, J = 8.0 Hz, 2H), 2.19 - 2.11 (m, 2H).

13C NMR (101 MHz, Chloroform-d) & 174.50, 170.69, 134.31, 131.89, 128.89, 127.76, 46.51,

33.29, 17.65.

0]

1-(4-1sobutylphenyl)ethan-1-one (39)%°
IH NMR (400 MHz, Chloroform-d) & 7.88 (d, J = 8.3 Hz, 2H), 7.23 (d, J = 8.3 Hz, 2H), 2.59
(s, 3H), 2.53 (d, J = 7.2 Hz, 2H), 1.96 — 1.82 (m, 1H), 0.91 (d, J = 6.6 Hz, 6H).
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13C NMR (101 MHz, Chloroform-d) § 197.91, 147.59, 134.96, 129.27, 128.29, 45.37, 30.10,
26.53, 22.31.

o

0
1-(3-Benzoylphenyl)ethan-1-one (40)%

IH NMR (400 MHz, Chloroform-d) & 8.36 (s, 1H), 8.18 (d, J = 7.8 Hz, 1H), 7.99 (d, J = 7.8
Hz, 1H), 7.80 (d, J = 7.6 Hz, 2H), 7.61 (q, J = 7.6 Hz, 2H), 7.51 (t, J = 7.6 Hz, 2H), 2.65 (s,
3H).

13C NMR (101 MHz, Chloroform-d) § 197.27, 195.83, 138.05, 137.16, 136.98, 134.22, 132.86,

131.73, 130.01, 129.67, 128.72, 128.48, 26.72.

oL
MeO

1-(6-Methoxynaphthalen-2-yl)ethan-1-one (41)%°

IH NMR (400 MHz, Chloroform-d) & 8.38 (s, 1H), 8.00 (dd, J = 8.6, 1.8 Hz, 1H), 7.84 (d, J =
8.9 Hz, 1H), 7.75 (d, J = 8.6 Hz, 1H), 7.21-7.14 (m, 2H), 3.94 (s, 3H), 2.69 (s, 3H).

13C NMR (101 MHz, Chloroform-d) § 197.80, 159.70, 137.22, 132.56, 131.06, 130.00, 127.76,

127.03, 124.60, 119.66, 105.70, 55.36, 26.49.

F

e
1-(2-Fluoro-[1,1'-biphenyl]-4-yl)ethan-1-one (42)®
!H NMR (400 MHz, Chloroform-d) § 7.81 (dd, J = 8.0, 1.7 Hz, 1H), 7.74 (dd, J = 11.2, 1.7 Hz,
1H), 7.61 —7.52 (m, 3H), 7.51 — 7.39 (m, 3H), 2.63 (s, 3H).

13C NMR (101 MHz, Chloroform-d) § 196.49 (d, Jc-r = 1.9 Hz), 159.68 (d, Jcr = 249.9 Hz),

137.81 (d, Jor = 6.4 Hz), 134.67 (d, Jc.r = 1.0 Hz), 133.80 (d, Jcr = 13.7 Hz), 130.93 (d, Jor
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= 3.4 Hz), 129.00 (d, Jc.r = 3.1 Hz), 128.61, 128.50, 124.33 (d, Jc.r = 3.5 Hz), 115.91 (d, Jcr

=24.1 Hz), 26.65.

0
0

2-(4-Acetylbenzyl)cyclopentan-1-one (43)8
IH NMR (400 MHz, Chloroform-d) 6 7.91 (d, J = 8.2 Hz, 2H), 7.29 (d, J = 8.2 Hz, 2H), 3.22
(dd, J = 13.9, 4.3 Hz, 1H), 2.70 — 2.63 (m, 1H), 2.61 (s, 3H), 2.43 — 2.33 (m, 2H), 2.19 — 2.07
(m, 2H), 2.04-1.96 (M, 1H), 1.84-1.72 (m, 1H), 1.62 — 1.46 (m, 1H).
13C NMR (101 MHz, Chloroform-d) § 219.49, 197.70, 145.76, 135.30, 129.05, 128.51, 50.58,
37.96, 35.47, 29.04, 26.48, 20.43.

o)
L
2-Acetyldibenzo[b,f]thiepin-10(11H)-one (44)®
IH NMR (400 MHz, Chloroform-d) & 8.20 (d, J = 7.9 Hz, 1H), 7.99 (s, 1H), 7.78 (d, J = 8.1
Hz, 1H), 7.72 (d, J = 8.1 Hz, 1H), 7.60 (d, J = 7.8 Hz, 1H), 7.45 (t, J = 7.5 Hz, 1H), 7.33 (t, J
= 7.5 Hz, 1H), 4.41 (s, 2H), 2.59 (s, 3H).
13C NMR (101 MHz, Chloroform-d) § 196.89, 190.65, 140.04, 139.01, 138.13, 137.90, 135.98,

132.75, 131.56, 131.42, 130.89, 129.09, 127.14, 126.88, 50.95, 26.609.

SOy

o)
11-Oxo0-6,11-dihydrodibenzo[b,e]oxepine-2-carbaldehyde (45)%

'H NMR (400 MHz, Chloroform-d) & 10.00 (s, 1H), 8.73 (d, J = 2.1 Hz, 1H), 8.03 (dd, J = 8.6,
2.1 Hz, 1H),7.89(d,J=7.6,1H), 7.61 (t, J=7.6, 1H), 7.51 (t, J= 7.6, 1H), 7.41 (d, J = 7.4,

1H), 7.17 (d, J = 8.6 Hz, 1H), 5.29 (s, 2H).
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13C NMR (101 MHz, Chloroform-d) § 190.38, 190.17, 165.54, 140.32, 137.46, 134.51, 133 .41,
133.20, 130.93, 129.73, 129.39, 128.14, 125.01, 122.16, 73.61.

3.5.3 Alcohol products

C ]

Heptadecan-1-ol (46)%

IH NMR (400 MHz, Chloroform-d) 6 3.63 (t, J = 6.6 Hz, 2H), 1.59 — 1.52 (m, 2H), 1.39 — 1.18
(m, 28H), 0.87 (t, J = 6.7 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) & 63.06, 32.79, 31.91, 29.67, 29.64, 29.60, 29.58, 29.42,
29.34, 25.72, 22.67, 14.09.

Pose

Hexadecan-1-ol (47)%

IH NMR (400 MHz, Chloroform-d) & 3.63 (t, J = 6.6 Hz, 2H), 1.59 — 1.52 (m, 2H), 1.38 — 1.20
(m, 26H), 0.87 (t, J = 6.8 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) § 63.06, 32.79, 31.91, 29.67, 29.64, 29.60, 29.58, 29.42,
29.34, 25.72, 22.67, 14.09.

(0000

Henicosan-1-ol (48)

IH NMR (400 MHz, Chloroform-d) 6 3.64 (t, J = 6.6 Hz, 2H), 1.62 — 1.51 (m, 3H), 1.36 — 1.25
(m, 35H), 0.88 (t, J = 6.7 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) § 63.11, 32.81, 31.92, 29.69, 29.66, 29.61, 29.59, 29.43,
29.35, 25.73, 22.68, 14.11.

HRMS (ClI) calcd for C21H4O [M+H]": 313.3465; found: 313.3470.

WOH

3-Cyclohexylpropan-1-ol (49)%
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HRMS (ESI) calcd for CoH180 [M+Na]": 165.1250; found: 165.1254.

\
s\\\

OH
(2R,5S)-2-1sopropyl-5-methylcyclohexan-1-ol (50)

IH NMR (400 MHz, Chloroform-d) § 3.41 (td, J = 10.4, 4.3 Hz, 1H), 2.20 — 2.12 (m, 1H), 1.99
~1.93 (m, 1H), 1.69 — 1.58 (m, 2H), 1.49 — 1.36 (m, 2H), 1.14 — 1.07 (m, 1H), 0.97 — 0.89 (m,
7H), 0.81 (d, J = 7.0 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) § 71.55, 50.14, 45.04, 34.53, 31.62, 25.84, 23.13, 22.20,
20.99, 16.09.

HRMS (ESI) calcd for C1oH200 [M+H]*: 157.1587; found: 157.1591.

OH

(3s,5s,7s)-Adamantan-1-ol (51)%
H NMR (400 MHz, Chloroform-d) & 2.17 — 2.11 (m, 3H), 1.71 (s, 6H), 1.65 — 1.57 (m, 6H).
13C NMR (101 MHz, Chloroform-d) & 68.22, 45.33, 36.06, 30.71.

OH

((3r,5r,7r)-Adamantan-1-yl)methanol (52)%
IH NMR (400 MHz, Chloroform-d) & 3.20 (s, 2H), 2.01 — 1.97 (m, 3H), 1.76 — 1.71 (m, 3H),
1.67 - 1.62 (m, 3H), 1.51 (d, J = 2.9 Hz, 6H).
13C NMR (101 MHz, Chloroform-d) & 73.87, 39.02, 37.16, 28.16.
OH

o

Undecan-5-ol (53)
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IH NMR (400 MHz, Chloroform-d) & 3.61 — 3.55 (m, 1H), 1.48 — 1.25 (m, 17H), 0.92 — 0.87
(m, 6H).

13C NMR (101 MHz, Chloroform-d) § 72.01, 37.49, 37.17, 31.84, 29.37, 27.83, 25.61, 22.76,
22.61, 14.07.

HRMS (ESI) calcd for C11H240 [M+H]": 172.1900; found: 173.1901.

fooe

Hexadecan-7-ol (54)8¢

H NMR (400 MHz, Chloroform-d) § 3.60 — 3.56 (m, 1H), 1.52 — 1.16 (m, 26H), 0.88 (t, J =
6.4 Hz, 6H).

13C NMR (101 MHz, Chloroform-d) § 72.02, 37.48, 31.87, 31.84, 29.71, 29.59, 29.37, 29.27,

25.65, 25.61, 22.66, 22.61, 14.09, 14.07.

HO

Octadecan-2-ol (55)%

'H NMR (400 MHz, Chloroform-d) & 3.83 — 3.75 (m, 1H), 1.52 — 1.13 (m, 33H), 0.88 (t, J =
6.7 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) & 68.19, 39.38, 31.92, 29.69, 29.65, 29.62, 29.60, 29.35,
25.77,23.47, 22.68, 14.11.

X

o)

Dec-9-en-1-ol (56)%8

LH NMR (400 MHz, Chloroform-d) & 5.86 — 5.76 (m, 1H), 5.01 — 4.92 (m, 2H), 3.64 (t, J = 6.6
Hz, 2H), 2.07 — 2.01 (m, 2H), 1.60 — 1.53 (m, 2H), 1.42 — 1.30 (m, 10H).

13C NMR (101 MHz, Chloroform-d) & 139.19, 114.13, 63.08, 33.77, 32.78, 29.42, 29.35, 29.04,

28.89, 25.70.
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)

(Z2)-Heptadec-8-en-1-ol (57)%°
IH NMR (400 MHz, Chloroform-d) & 5.39 — 5.33 (m, 2H), 3.63 (t, J = 6.7 Hz, 2H), 2.03 — 1.94
(m, 4H), 1.60 — 1.53 (m, 2H), 1.35 — 1.26 (m, 20H), 0.88 (t, J = 6.6 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) & 130.46, 129.99, 63.06, 32.78, 31.89, 29.75, 29.67,29.51,
29.31, 29.23, 29.16, 29.07, 27.20, 27.16, 25.69, 22.66, 14.09.

)

HO
Dec-9-yn-1-ol (58)%
IH NMR (400 MHz, Chloroform-d) & 3.65 (t, J = 7.0 Hz, 2H), 2.20 — 2.16 (m, 2H), 1.94 — 1.93
(m, 1H), 1.58 — 1.50 (m, 3H), 1.42-1.25 (m, 9H).

13C NMR (101 MHz, Chloroform-d) & 85.92, 68.07, 63.04, 32.75, 29.25, 29.03, 28.64, 28.43,

25.66, 18.36.

e
HO

7-Bromoheptan-1-ol (59)%
HRMS (ESI) calcd for C7H1sBrO [M+H]™: 195.0379; found: 195.0384.

0]
gooee

HO

16-Hydroxyhexadecyl acetate (60)%*
IH NMR (400 MHz, Chloroform-d) & 4.04 (t, J = 6.8 Hz, 2H), 3.62 (t, J = 6.6 Hz, 2H), 2.03 (s,
3H), 1.64 — 1.52 (m, 5H), 1.35 — 1.21 (m, 23H).
13C NMR (101 MHz, Chloroform-d) § 171.27, 64.65, 63.02, 32.77, 29.60, 29.57, 29.55, 29.52,
29.47, 29.40, 29.21, 28.56, 25.87, 25.71, 20.99.

0

o~
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8-(Oxiran-2-yl)octan-1-ol (61)%

'H NMR (400 MHz, Chloroform-d) & 3.63 (t, J = 6.6 Hz, 2H), 2.92-2.88 (m, 1H), 2.81 — 2.68
(m, 1H), 2.46 (dd, J =5.1, 2.8 Hz, 1H), 1.62 — 1.23 (m, 14H).

13C NMR (101 MHz, Chloroform-d) § 63.01, 52.39, 47.11, 32.74, 32.44, 29.45, 29.32, 29.27,

25.92, 25.67.

O,N.
HO

7-Hydroxyheptyl nitrate (62)%

IH NMR (400 MHz, Chloroform-d) & 4.44 (t, J = 6.3 Hz, 2H), 3.41 (t, J = 6.7 Hz, 2H), 1.90 —
1.83 (m, 2H), 1.79 — 1.70 (m, 2H), 1.50 — 1.24 (m, 6H).

13C NMR (101 MHz, Chloroform-d) & 73.24, 33.71, 32.53, 28.24, 27.86, 26.64, 25.48.

O

X

Ph™ °N
H

HO
N-(11-Hydroxyundecyl)benzamide (63)

IH NMR (400 MHz, Chloroform-d) & 7.75 (d, J = 7.1 Hz, 2H), 7.50 — 7.40 (m, 3H), 7.42 (t, J

= 7.4 Hz, 2H), 6.18 (s, 1H), 3.63 (t, J = 6.6 Hz, 2H), 3.44 (g, J = 7.2 Hz, 2H), 1.65 — 1.51 (m,
4H), 1.40 — 1.23 (m, 14H).

13C NMR (101 MHz, Chloroform-d) 5 167.52, 134.83, 131.29, 128.52, 126.80, 63.01, 40.09,
32.75, 29.63, 29.48, 29.43, 29.40, 29.33, 29.23, 26.93, 25.68.

HRMS (CI) calcd for C1gH20NO, [M+H]*: 292.2271; found: 292.2270.

WOH
MeO

3-(4-Methoxyphenyl)propan-1-ol (64)%

HRMS (ESI) calcd for C10H1402 [M+Na]™: 189.0886; found: 189.0885.

@/\/\OH
Br

3-(4-Bromophenyl)propan-1-ol (65)%
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HRMS (ESI) calcd for C7H1sBrO [M+H]": 195.0379; found: 195.0380.

(8R,9S,10S,13R,14S,17R)-17-((R)-4-hydroxybutan-2-yl)-10,13-dimethyldodecahydro-
3H-cyclopenta[a]phenanthrene-3,7,12(2H,4H)-trione (66)

!H NMR (400 MHz, Chloroform-d) & 4.19 — 3.94 (m, 2H), 2.98 — 2.77 (m, 3H), 2.41 — 2.08
(m, 9H), 2.04 — 1.78 (m, 6H), 1.65 — 1.56 (m, 1H), 1.39 (s, 3H), 1.30 — 1.22 (m, 3H), 1.07 (s,
3H), 0.89 (dd, J = 24.2, 6.0 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) & 212.10, 209.17, 208.77, 75.12, 56.89, 51.74, 48.94,
46.80, 45.93, 45.51, 44.93,42.74, 38.58, 36.43, 35.98, 35.23, 33.22, 33.00, 27.73, 25.10, 21.86,
19.11, 11.79.

HRMS (CI) calcd for C23H3404 [M+H]": 391.2479; found: 391.2483.

(5R,8R,9S,10S,13R,145)-17-((R)-4-hydroxybutan-2-yl)-10,13-dimethylhexadecahydro-
1H-cyclopenta[a]phenanthren-3-yl acetate (67)

H NMR (400 MHz, Chloroform-d) § 4.75 — 4.67 (m, 1H), 3.71 — 3.62 (m, 2H), 2.02 (s, 3H),
2.00—1.95 (m, 1H), 1.89 — 1.78 (m, 5H), 1.71 — 1.64 (m, 2H), 1.58 — 1.51 (m, 3H), 1.47 — 1.36
(m, 7H), 1.29 — 1.17 (m, 6H), 1.12 — 1.01 (m, 5H), 0.92 (s, 3H), 0.65 (s, 3H).

13C NMR (101 MHz, Chloroform-d) § 170.65, 74.40, 60.91, 56.55, 56.51, 42.77, 41.88, 40.40,
40.16, 38.98, 35.77, 35.02, 34.57, 32.88, 32.24, 28.40, 27.01, 26.62, 26.31, 24.18, 23.31, 21.47,

20.81, 18.81, 11.99.
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HRMS (CI) calcd for C2sH4203 [M+H]*: 391.3207; found: 391.3202.
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Chapter 4

Photocatalytic Ritter-Type Benzylic C-H Amidation of Alkylarenes

4.1 Introduction

The amide functionality is one of the most important building blocks in nature. It not only
plays an important role in constituting the backbone of proteins but also is present in a large
amount of pharmacological active compounds and materials.’? One of the most convenient
methods for synthesizing amides is condensation of a carboxylic acid and an amine. However,
the harsh conditions, limited substrate scope and the formation of byproducts restrict the
preparative value of this process.® Therefore, tremendous efforts have been made by chemists
to synthesize functionalised amides. A variety of strategies for synthesis of amides have been
developed, using starting materials such as alcohols, alkenes, nitriles, aldehydes and aryl
halides.>** Among them, the Ritter reaction has received wide attention, which enables the
formation of amides by the electrophilic addition of a carbocations to a nitrile followed by
hydrolyzation (Scheme 4.1a). It provides a rapid and efficient method for the preparation of
sterically hindered amides using alcohols and alkenes as starting materials.>’

Functionalization of saturated hydrocarbons via C-H activation is an interesting and
challenging issue for chemists. Inspired by Ritter reaction, the catalytic Ritter-type reaction via
C-H activation has been proposed. It allows the selective synthesis of amides from non-
functionalized alkanes, with the carbocation intermediate generated from C(sp*)-H bond
oxidation.! However, Ritter-type C(sp®)-H amidation of hydrocarbons is a challenging reaction,
though it has attracted wide attentions in recent years. Most reported methods often rely on the
use of stoichiometric amounts of oxidants, such as (NH4)2Ce(NO3)s,” Selectfluor®,'® HIOs,'!

DDQ,'? and NaS20s (Scheme 4.1b).!* These oxidants lead to a limited substrate scope due to
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incompatible functional groups. Meanwhile, high temperature and formation of unwanted by-

products also restrict the application of these methods.!%-!!
(a) Ritter reaction
0]
| N=C-R NN H,0 \ HA?‘R
C > N=C-R > N
s % anY

(b) Chemical methods using oxidants
O

(NH,4),Ce(NO3)s, Selectfluor® HN™ "R?
HIO5, DDQ, Na,S,04 R Ry

R/ >R, *+ R3CN

(c) Electrocatalytic methods

)

1,2,3
R/ "R, + R3CN -

HN™ “R3
1: C (+)/Pt (-), TAC, nBuNPFg, CFL; )\
2: Pt (+)/Pt (), H,SO,, nBUNBF ; R™ Ry
3: GF (+)/Pt (-), LiClO,.
(d) Photocatalytic methods

.|

1,2 IS

R/ R, *+ R3CN >~ HN™ RS
1: [Ru(bpy)3]Cly, CFL; )\
. Ri™ Ry
2: TBN, DDQ, blue light.
(e) This work
o)
Ce(lll), CBryCOOH
R/ "R, * R3CN (). CBrs HNJ\R3
Air, blue light, rt
R1)\R2

Scheme 4.1 Ritter type C-H amidation of hydrocarbons.

Recently, electrochemistry and photochemistry have been introduced in Ritter-type
reaction in seeking more applicable strategies. The construction of C-N bonds via
electrochemical oxidative C(sp*)-H functionalization has been reported by the Lambert group
and Ye group. Lambert and co-workers employed trisaminocyclopropenium (TAC) ion as the
mediator in electrophotocatalytic Ritter-type C—H amidation of alkylarenes with acetonitrile.'*
A wide range of alkylarenes with benzylic sites can be transformed to corresponding amides in

moderate to good yields. The TAC radical dication or anode led to the formation of carbon
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cation for classic Ritter steps. Although good results have been obtained in their work, their
strategy suffers the limit nitrile scope and the requirement of acetonitrile as solvent.

Subsequently, Ye and co-workers employed sulfate radical anion as hydrogen atom transfer
agent in Ritter-type amidation of C(sp*)-H bonds.!> A wide substrate scope, including benzylic
alkylarenes and alkanes, and good functional tolerance were observed in their work. The scope
of nitriles also has been explored. Several alkyl nitriles were tolerated in their strategy. The
carbon cation was formed by a sulfate radical anion-mediated hydrogen atom transfer process.
A following work reported by Sun and co-workers realized benzylic C-H amidation without
the addition of external mediator and oxidant (Scheme 4.1c).!¢

On the other hand, two reports have demonstrated the C-H amidation via photochemistry
(Scheme 4.1d). Ritter-type amidation of benzylic sites and tertiary carbon was reported by
Chen and co-workers, where an expensive Ru catalyst and toxic hypervalent iodine(III)
reagents were required.!” Shen and co-workers firstly realized the aerobic photocatalytic C-H
amidation of diarylmethanes using Oz as terminal oxidant. The carbon cation was formed by a
hydrogen atom transfer reaction and subsequent single electron transfer between DDQ and
diarylmethanes. However, their strategy is only applicable to diarylmethanes.®

Considering the high efficiency of Ce(IlI) catalysts in C-H functionalization of carboxylic
acids, we examined Ce(III) catalysts in the functionalization of alkylarenes. In this chapter, we
report a photocatalytic method that enables the benzylic C(sp*)-H amidation via a simple, cheap
Ce(III) iodide as catalyst and CBrsCOOH as the bromide source to access carbon cation. A
variety of nitriles are tolerated in the C-H amidation, with a few equivalents of a nitrile being
feasible. Note most previous work suffers from the limited nitrile scope or the requirement of

nitriles as solvent.
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4.2 Results and Discussion
4.2.1 Optimization experiments

Table 4.1 Optimization of photocatalytic C-H amidation of ethylbenzene?®
Catalyst (10 mol%)

NHAc 0 Br
Sc(0Tf); (0.2 mmol) Br
©/\ CBr;COOH (0.5 mmol) ©)\ + ©)\ + (j)V
CH;CN/DCE (2 mL), blue light
Air, rt, 15h 1 la 1b
Entry  Catalyst Levyis Additive —Yleld 0)
acid 1 1a 1b
1 Cels Sc(OTf); CBrsCOOH 70 5 5
2 Cels Sc(OTH); / 0 0 O
3 Celz / CBrsCOOH 47 34 7
4 / Sc(OTf); CBrsCOOH 0 0 O
5¢ Cels Sc(OTf); CBrsCOOH 0 0 O
64 Cels Sc(OTf); CBrsCOOH 45 0 10

CeCls Sc(OTf); CBrsCOOH 4 0 1
CeBr; Sc(OTf); CBrsCOOH 60 13 0

CeFs Sc(OTf)s CBrsCOOH 0 0 0
10 Ce(OAc); Sc(OTf); CBrsCOOH 0 51 10
11 Ce(OTf); Sc(OTf); CBr;COOH 0 0 0
12 Ce(OTf)s Sc(OTf); CBr;COOH 0 0 0

13 CeF4 Sc(OTf); CBrsCOOH 0 0 0
“Reaction conditions: ethylbenzene (0.5 mmol), Cels (10 mol%), Lewis acid (0.2 mmol), Additive (0.5

mmol), CH;CN/DCE (2 mL, 1:1), under air, blue light (465 nm, 9 W), room temperature, 15 h. 'NMR

yields are given, determined using mesitylene (20 pL) as internal standard. “Reaction in dark. ‘N,
instead of air.

We started from the finding and optimising conditions for photocatalytic C-H amidation
using ethylbenzene as the standard substrate and CH3CN as the nitrogen source. We envisioned
that the addition of Lewis acid may promote the formation of carbon cation. Therefore,
different Lewis acids and acid additive were employed. As shown in Table 4.1, 70% of 1 was
afforded when Cels, Sc(OTf); and CBrsCOOH were employed as catalyst, Lewis acid and
additive, respectively (entry 1). A similar yield of 1 was afforded in a mixture of CH3CN/DCE

or in pure CH3CN (Table 4.1, entry 1 vs Table 4.2, entry 1). Therefore, DCE is a suitable solvent
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to replace part of a nitrile, particularly when it is expensive one. We chose the mixture of
CH3CN and DCE as the solvent for further exploration of potential nitrile scope.
Table 4.2 Optimization of photocatalytic C-H amidation of ethylbenzene?®

Cel; (10 mol%) NHAG o B

Lewis acid (0.2 mmol) Br
©/\ Additive (0.5 mmol) g ©)\ + ©)\ T Ej)V
Solvent (2 mL), blue light
Air, 1t, 15 h 1 la 1b
Entry Solvent Levyis Additive Yield (%)
acid 1 1a 1b
1 CH3;CN Sc(OTf); CBrsCOOH 70 14 10
2°¢ Dried CH3CN Sc(OTf); CBrsCOOH 15 82 0
3d Dried CH3CN Sc(OTf); CBrsCOOH 72 12 4

4 CH3CN/EtOAc Sc(OTf)s CBr;COOH 58 14 13
5 CH;CN/EtOH Sc(OTf)s CBrsCOOH 0 24 0
6 CH3CN/toluene Sc(OTf); CBrsCOOH 43 0 0
7 CH3CN/diethyl ether Sc(OTf)s; CBrsCOOH 50 0 10
8 CH3CN/DCE Yt(OTf); CBrsCOOH 29 33 33
9 CH3CN/DCE La(OTf); CBrsCOOH 49 20 25

10 CH3;CN/DCE Sc(OTf)s CCLCOOH 0 0 0
1 CH3;CN/DCE Sc(OTf)s CCLCOOH 0 0 0
12 CH3;CN/DCE Sc(OTf)s CFCOOH 0 0 0

Reaction conditions: ethylbenezene (0.5 mmol), Cels (10 mol%), Lewis acid (0.2 mmol), additive (0.5
mmol), solvent (2 mL, 1:1), under blue LED light (465 nm, 9 W) at rt under air atmosphere (1 atm) for
15 h; °NMR vyields are given, determined using mesitylene (20 pL) as internal standard. ‘Under O,
atmosphere (1 atm). ‘Under O, atmosphere (1 atm), H.O (3.6 mmol). Details of CH3;CN, dried CH;CN
and DCE can be seen in Section 4.4.3.

Meanwhile, the replacement of Cels by other Ce catalysts (Table 4.1, entries 7-13), such
as CeCls, CeF3, Ce(OAc)s, Ce(OTH)s, Ce(OTf)4, and CeFa, only led to no or trace of 1, though
60% yield of 1 was obtained when CeBr; was employed. Cel;, CBrsCOOH and blue light
irradiation all are important components for the transformation of ethylbenzene to 1 (Table 4.1,
entries 2-5). Also worth noting is that this transformation can happen under N> (Table 4.1, entry
6). Then, the screen of different solvents, Lewis acids and additives were conducted (Table

4.2). However, only lower yields of 1 were obtained. It is worth noting that the employment of
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dried CH3CN only led to 15% yield of 1 (Table 4.2, entry 2). With the addition of H,O (3.6
mmol) in dried CH3CN, 72% of 1 was afforded (Table 4.2, entry 2). Therefore, H>O contained
in commercial CH3CN played an important role in the reaction. On the basis of the need for
CBr;COOH and H»O, the amidation reaction could be expressed by the equation 4.1 shown

below.

]

HNJ\

©/\ + CBrsCOOH + CH3CN + H,O ——— ©)\ + CHBr,COOH + HBr

Equation 4.1 A stoichiometric representation of the amidation reaction.

4.2.2 Substrate scope

With these optimum experimental conditions in hand, we investigated the photocatalytic
Ritter type C-H amidation of a variety of alkylarenes. Firstly, the scope of ethylbenzenes with
a range of functional groups was examined. As shown in Scheme 4.2, ethylbenzenes bearing
electron-withdrawing and electron-donating groups proceeded successfully, affording the
corresponding amides in good yields (40-78%). All the halogen-substituted ethylbenzene was
tolerated (p-Cl, p-Br, p-F, 0-Br, 0-Cl and m-Br). The position of substitutes may not affect the
reaction a lot, as ethylbenzene with Br and Cl groups on different positions afforded the
corresponding amides in similar yields (6-10). Meanwhile, naphthalene (11) and
diphenylmethane (12) proceeded successfully, affording the corresponding amides in good
yields.

Substrates bearing different alkyl substituents (13-25) could also be tolerated. Notably, a
range of functional substitutes including alcohol (17), ketone (18), halide (19), nitrile (20) and
ester (21-25) survived the C-H amidation procedure, demonstrating the good functional
compatibility of the protocol. For those esters (22-25), the length of carbon chain may not affect

the C-H amidation due to similar yields of corresponding amide products being obtained. In
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addition, the drug molecule ibuprofen (26) and retinoic acid receptor agonist analogue (27)

were also tolerated in the reaction, giving the corresponding amide in good yields.

Cel3 (10 mol%) NHAc
N R2 CBr3COOH (0.5 mmol) “ i
RT Sc(OTf)3 (0.2 mmol) i
DCE/CH,CN (2 mL), air %
Blue light, 15 h, rt
NHAc NHAc NHAc NHAc
O u@* Br@* o
1,75% 2,78% 3, 71% 4,62%
/@)Ni/*c Br NHAc Cl  NHAc NHAc
5,53% 6, 73% 7,75% 8, 50%
NHAc
NHAc Br NHAc NHAc
Br
9,70% 10, 78% 1, 40% 12, 79%
©)'tA/C\ I ©)N;A/C ©)’\;A<C
13, 75% 14, 76% 15,81% 16, 75%
NHAc NHAc NHAc NHAc
©/K/\OH ©)\/\OAC ©)\/\Br ©)\/\CN
17, 55% 18, 84% 19, 54% 20, 80%
NHAc NHAc NHAc NHAcC
COOEt
©)\/CO0Et ©)\/\COOEt ©)\/\/ ©)\/\/\COOEt
21,51% 22, 56%; 23, 53%; 24, 57%;
NHAc
NHAC NHAc
©)\/\(cooa 0
COOEt OEt
EtO 27, 40%,
25, 50% 26, 57%, from Retinoic acid
from ibuprofen (0] receptor agonist analogue
NHAc NHAc

g

MeO

NH, A _—
o™ C < -
N
No reaction Trace Trace 0% 0%

Scheme 4.2 Photocatalytic Ritter-type C-H amidation of benzylic C-H bonds.*? 2Reaction conditions:
substrate (0.5 mmol), Cels (10 mol%), CBrsCOOH (0.5 mmol), Sc(OTf)s (0.2 mmol), DCE/CH3CN (2
mL, 1:1), blue light (465 nm, 9 W), air, room temperature, 15 h. Isolated yields are given.
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On the other hand, some limitations of the substrate scope were observed. The more
electron-donating methoxy-substituted ethylbenzene and amino-substituted ethylbenzene,
showed almost no reactivity in the reaction. Similarly, 3-ethylpyridine proceeded
unsuccessfully. For substrates bearing C=C and C=C bonds, no amide products were formed.

Cleavage of the C=C and C=C bonds was observed in the reaction.

Celsz (10 mol%) )OL
CBr3COOH (0.5 mmol) HN R
+ RPN Sc(OTf)3 (0.2 mmol)
H,0 (3.6 mmol)
DCE (1 mL), air

Blue light, 15 h, rt

(0}
HN)W

> & &

28, 72% 29, 68% 30, 58% 31, 63%

i _ M i m
7

(0]

32, 40% 33, 52% 34, 75% 35, 40%
(0] (0]
(0] (e}
HNw HN)K©\ HN)K/\OJ\Q
SR o
36, 73% 37, R = Me, 50%; 39, 50%

38, R = OMe, 52%;
(@] (@]
(e} (@]
NS0 SN PN
HN O
R
40, R = Br, 56%;
41, R = Me, 54%. 42, 43%
CN CN bh H
HoN ~
/@ ©/ O ~en 2N bl N

Br O,N o)

Trace Trace Trace Trace Trace

Scheme 4.3 Photocatalytic Ritter-type C-H amidation of ethylbenzene with different nitrile source.*®
?Reaction conditions: ethylbenzene (0.5 mmol), nitrile (2 mmol), Cel; (10 mol%), CBr;COOH (0.5
mmol), Sc(OTf); (0.2 mmol), DCE (1 mL), H,O (3.6 mmol), blue light (465 nm, 9 W), air, room

temperature, 15 h. ®Isolated yields are given.
We also examined the scope of nitriles to further demonstrate the generality of our strategy.

A wide range of aromatic and aliphatic nitriles (28-42) underwent C-H amidation of
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ethylbenzene to afford corresponding amides in moderate to good yields (40-72%). As shown
in Scheme 4.3, good functional group compatibility was observed, as isopropyl (30), fert-butyl
(31), alkynyl (32), cycle (33-34) and heterocycle (35) were tolerated in the reaction.
Meanwhile, aromatic nitriles bearing electron-donating groups (37-38) worked well, whereas
those bearing electron-withdrawing groups, such as bromo and nitro, showed almost no
reactivity, presumably due to reduced nucleophilicity of the nitrile. Moreover, nitriles bearing
ester (39-42) groups also proceeded well to afford corresponding amides. However, some
functionalized aliphatic nitriles, such as 3-hydroxypropanenitrile, 3-aminopropanenitrile and
N-(2-cyanoethyl)benzamide, only afforded trace of products.

4.2.3 Exploration of possible mechanism

M

Cels (10 mol%) Br Br NHAc
Sc(OTf); (0.2 mmol) Br
CBraCOOH (0.5 mmol) * *
CH3;CN/DCE (2 mL) 1c, 10% 1b, 2% 1,3%
Blue light, rt, 1 h
Cels (10 mol%) Br
) Sc(OTf)3 (0.2 mmol) Br
(2) ©/\ CBrzCOOH (0.5 mmol)
DCE (2 mL), blue light, rt, 15 h 1b, 47%
Br Cels (10 mol%)
Br Sc(OTf); (0.2 mmol) \
i
3) CBrzCOOH (0.5 mmol) © reaction

CH5CN/DCE (2 mL)
Blue light, rt, 15 h

Scheme 4.4 Formation and reaction of bromide intermediates. NMR yields are given, determined using

1b

mesitylene (20 pL) as internal standard.
We have performed a series of experiments to explore the possible mechanism of this

benzylic Ritter-type C-H amidation. Ethylbenzene was used as the standard substrate. Firstly,

some intermediates were detected in the reaction. As shown in Scheme 4.4 (Eq. 1), apart from
the amide product 1, two bromide species, (l-bromoethyl)benzene (1c¢) and (1,2-
dibromoethyl)benzene (1b), were detected. To confirm the formation of 1b and 1c¢ in the

reaction, the '"H NMR spectrum of purified 1b and 1¢ was collected (Figure 4.1). The peaks of
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1b were observed at around o 5.15 (dd, J = 10.6, 5.5 Hz, 1H) and 6 4.11-4.00 (m, 2H), while

those of 1¢ were detected at around 6 5.23 (q, /= 6.9 Hz, 1H) and ¢ 2.06 (d, J = 6.9 Hz, 3H).
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Figure 4.1 '"H NMR spectrum of purified bromide species. Conditions: Cels (10 mol%), Sc(OTf)s,
CBr;COOH (0.5mmol), CH3;CN/DCE (2 mL), blue light, rt, 8 h. Four batches of reactions were
conducted at the same time. After reaction, these batches were mixed together and then purified by
silica gel column chromatography to afford bromide species.

Some control experiments were conducted. As shown in Scheme 4.4 (Eq. 2), without the
addition of CH3CN, only 1b was formed as the final product. Moreover, 1b cannot be further
transformed under the standard conditions (Scheme 4.4, Eq. 3). More insight can be found in
the kinetic study of C-H amidation of ethylbenzene. As presented in Figure 4.2, 1, 1b and 1¢
all were detected in the reaction. 1c¢ increased in the first 4 h and then it started to decrease,
which may indicate the transformation of 1c¢ to 1 and 1b. The formation of 1¢ was faster than
1 in the first 5 h. These observations indicated the transformation of 1c¢ to 1, and the formation
of 1 may not be turnover-limited by the benzylic C-H bond cleavage. As well, the slow increase

of 1b was observed, which may indicate the transformation of 1¢ to 1b as byproduct.
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Figure 4.2 Kinetic study of C-H amidation of ethylbenzene. Conditions: Cels (10 mol%), ethylbenzene
(0.5 mmol), CBr;COOH (0.5 mmol), Sc(OTf); (0.2 mmol), 1-bromo-3,5-bis(trifluoromethyl)benzene
(0.2 mmol) as internal standard, CH;CN/DCM (2 mL, 1:1), blue light (465 nm, 9 W), air, room
temperature.

CBr;COOH is the only Br source in the reaction and is involved in the formation of the
amides. To gain more evidence, we have performed the HRMS detection. As shown in Figure
4.3, three acid intermediates CHBro.COOH, CH>2BrCOOH and CH3COOH, possibly formed by
CBr;COOH, were detected. Based on these results, CBrsCOOH is the Br donor in the reactions,
leading to the formation of 1¢ as the main intermediate in the Ritter-type reaction with itself
being reduced. The possibility of employing CBr;COOH as the *Br radical source has been
demonstrated by Cui’s work.!"® Their DFT calculation results demonstrated the use of
CBr3;COOH as halogen reagent in Mn(OAc)s;-mediated halotrifluoromethylation reactions. To
examine this possibility in our reactions, 1,1-diphenylethylene and styrene were employed as
the radical trap to capture the potential Br radical species from CBr;COOH. As shown in
Scheme 4.5, both (2-bromoethene-1,1-diyl)dibenzene and 1b were detected (Detailed NMR

data can be seen in section 4.4.3).
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Figure 4.3 HRMS spectra of detected CHBr.COOH, CH,BrCOOH and CH3COOH (m/z value = M +
H). Conditions: Celz (10 mol%), ethylbenzene (0.5 mmol), CBr;COOH (0.5 mmol), Sc(OTf); (0.2
mmol), CH;CN/DCM (2 mL, 1:1), blue light (465 nm, 9 W), air, room temperature, 2 h.

Cel; (10 mo%)
Sc(0Tf)3 (0.2 mmol)

Br
CBr3COOH (0.5 mmol) |
1
M O O DCE, blue light O O

air, rt, 15 h 49%
Br
CBrzCOOH (0.5 mmol) B
A DCE, blue light r
(2) air, rt, 15 h
1b, 24%

Cel; (10 mo%)
Sc(0Tf)3 (0.2 mmol)
Bromoform (0.5 mmol) .
©/\ DCE/CH,CN, blue light No reaction
air, rt, 15 h
Scheme 4.5 Exploration of Br radical from CBrsCOOH.
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On the other hand, it is possible that decarboxylation of CBr3COOH to form CBr3H may
happen in the reaction. To test this possibility of CBrsCOOH participating in the reaction,
bromoform was employed to replace CBrsCOOH. As shown in Scheme 4.5 (Eq. 3), no reaction

happened. This result can partly rule out the possibility of CBrsH as the bromide source in the

reaction.
Br
CBrzCOOH (0.5 mmol)
W ©/\ DCE, blue light
Ny, rt, 15 h 1c, 2%
Sc(OTf); (0.2 mmol) Br
(2) ©/\ CBrsCOOH (0.5 mmol)
DCE, blue light
Ny, rt, 15 h 1c, 2%
Sc(OTf); (0.2 mmol) Br
3) ©/\ CBraCOOH (0.5 mmol)
DCE, blue light )
air, rt, 15 h 1¢c, 2%
4)
Celz (10 mol%) Br Br
©/\ CBr3COOH (0.5 mmol) Br
DCE, blue light +
Np, rt, 15 h 1c, 40% 1b, 24%
Cels (10 mol%)
CBrzCOOH (0.5 mmol) .
©) No reaction
DCE, dark
Air, rt, 15 h
©/\ Cels (10 mol%)
6 .
© DCE, blue light No reaction
Air, rt, 15h

Scheme 4.6 Control experiments to detect 1¢ intermediate. NMR yields are given, determined using

mesitylene (20 pL) as internal standard.

It is important to figure out the key conditions for the formation of 1c¢ intermediate in the
reactions. As shown in Scheme 4.6 (Egs. 1-3), only a trace of 1¢ was detected, indicating the
necessity of Celz. Bromide products 1b and 1¢ can be formed without air (Scheme 4.6, Eq. 4),
which is in line with the previous result in Table 4.1 (entry 6). As well, no products can be seen
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without light or CBrsCOOH (Scheme 4.6, Eqgs. 5-6). Therefore, the participation of Cels,
CBr;COOH and light all are required for the formation of 1c¢ intermediate.

A similar yield of 1 was observed when 1¢ was employed as the substrate under standard
conditions (Scheme 4.7, Eq. 1). No transformation of 1¢ was detected without Sc(OTf); and
light irradiation (Scheme 4.7, Eq. 2), whereas around 30% yield of 1 was observed with the
employment of Sc(OTf); in the dark or blue light without Lewis acid (Scheme 4.7, Eqgs. 3-4).
Furthermore, the addition of CF3COOH and Sc(OTf);3 led to a higher yield of 1 (Scheme 4.7,
Eq. 5). Based on these results, the added Sc(OTf)3; and CF3COOH may promote the formation
of carbon cation from 1c¢. Heterolysis of C-Br of 1¢ may happen under blue light irradiation,
affording a carbon cation and a Br~ anion.!”?° Notably, the transformation of 1¢ to 1 didn’t
require the assistance of Ce catalysts (Scheme 4.7, Egs. 3-5, 7-8). No change of the yields of 1
was observed with the employment of Cels (Scheme 4.7, Egs. 3 vs 8, 2 vs 7). Meanwhile, 1¢
was transformed to 1b without the addition of CH3CN (Scheme 4.7, Eq. 9).

Then, UV-Vis analysis of a mixture of Cels and CBrsCOOH was conducted. In Figure
4.4(a), a new peak at around 258 nm can be seen in the spectrum of the mixture of Cels and
CBr3COOH. This result may indicate the coordination of Celz with CBr3COOH in the reaction.
Furthermore, UV-Vis monitoring of the change of CBr;COOH upon irradiation was conducted.
As shown in Figure 4.4(b), the absorption of CBrsCOOH was observed at around 225 nm,
which decreased with the extension of irradiation time. Meanwhile, a new peak appeared at
around 416 nm and it increased with the extension of irradiation time. Based on previous
reports,?! 2 this peak could be assigned to Brz formed from *Br radicals. UV-Vis monitoring of
CBr3;COOH under blue light irradiation and N> showed a similar spectrum (See Section 4.4.4),
which indicated that air is not involved in the cleavage of C-Br bond of CBrs;COOH. Therefore,

*Br radicals may be formed by cleavage of C-Br bond of CBrsCOOH under light irradiation.”?
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Based on these results, we envision that the Ce catalyst may play an important role in stabilizing

unstable Br species, which may be a crucial step for the formation of 1c.

(1) Cel; (10 mol%)
Br Sc(OTf)3 (0.2 mmol) NHAc
CBryCOOH (0.5 mmol)
CH3;CN/DCE, blue light .
1c Air. t, 15 h 1,71% 1b, 24%
Br
(2) CH4CN/DCE, dark
No reaction
Air, rt, 15 h
1c
Br NHAC
(3) CH3CN/DCE, blue light
Air, rt, 15 h
1c 1,30%
Br NHAC
(4) Sc(OTf); (0.2 mmol)
CH3;CN/DCE, dark
1c Air, rt, 15 h 1,32%
Br Sc(OTf); (0.2 mmol) NHAc
(5) CF,COOH (0.5 mmol)
CH3;CN/DCE, dark
1c Air, rt, 15 h 1,48%
6
© Br Sc(0Tf); (0.2 mmol) NHAc
CH3CN/DCE, blue light
Air, rt, 15 h
1c 1, 58% 1b, 10%
Br
(7) Cels (10 mol%)
- N ti
CH3CN/DCE, dark © reaction
1c Air, rt, 15 h
Br NHAc
(8) Celz (10 mol%) N
CH5;CN/DCE, blue light
1c Air, rt, 15 h 1,32%
Br Cels (10 mol%)

©

Sc(OTf)3 (0.2 mmol)
CBrz3COOH (0.5 mmol)
1c DCE (2 mL), blue light, rt, 15 h 1b, 84%

Scheme 4.7 Control experiments using 1c as the standard substrate.
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Figure 4.4 (a) UV-Vis analysis of the mixture of Celz and CBr;COOH. Conditions: Celz (0.05 mmol),
CBr;COOH (0.1 mmol), CH3;CN/DCM (2 mL, 1:1), air; (b) UV-Vis analysis of CBr;COOH under blue
light irradiation. Conditions: CBr;COOH (0.1 mmol), CH;CN/DCM (2 mL, 1:1), air, blue light (465

nm).
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Figure 4.5 UV-Vis analysis of blue light irradiation of Cel; under air (a) or N» (b). Conditions: Cels
(0.05 mmol), CH3;CN/DCM (2 mL, 1:1), air or N», blue light (465 nm).

Then, UV-Vis analysis of Cels under air or N> was conducted. In Figure 4.5(a), four peaks
at around 222, 244, 293, 363 nm can be observed without blue light irradiation. Under blue
light irradiation and air, the peaks at around 293 and 363 nm decreased with the extension of
irradiation time, whereas the peaks at around 244 nm increased obviously. Meanwhile, no
changes can be observed in the spectra of Cel; under N; (Figure 4.5(b)). This observation may

indicate the transformation of Ce(III) to Ce(IV) species.?* A similar result on the formation of
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Ce(IV) species in the selective transformation of carboxylic acids can be seen in our previous

work (See Chapter 3.2.3).%

16+ 30+
(a) (b)
144 )5 258 Cel, + CBr,COOH, 0 min
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’ Cel, + CBr,COOH, 20 min
o 104 Cel, + CBr,COOH, 0 min ° 204 Cel, + CBr,COOH, 30 min
2 Cel, + CBr,COOH, 10 min e
§ o84 Gel, + GBr,GOOH, 20 min 8 151
] 3
&8 06 8
< < 10+
0.4
02 051
0.0 0.0 4
-0.2 T T T T T T T | T T T T T 1
400 600 800 1000 400 600 800
Wavelength (nm) Wavelength (nm)

Figure 4.6 (a) UV-Vis analysis of the mixture of Cel; and CBr;COOH (Cels: CBr;COOH = 1:2)
Conditions: Cel; (0.05 mmol), CBr;COOH (0.1 mmol), CH;CN/DCM (2 mL, 1:1), N», blue light (465
nm); (b) UV-Vis analysis of the mixture of Cel; and CBr;COOH (Cels: CBr;COOH = 1:10). Conditions:
Cels (0.05 mmol), CBr;COOH (0.5 mmol), CH;CN/DCM (2 mL, 1:1), N2, blue light (465 nm).

H o Cely (10 mol%) e A
Sc(OTf)s (0.2 mmol) .
O O CBr3COOH (0.5 mmol) O O O O

CH5CN/DCE, 7 h

0,
Blue light, rt 53% 47%

Ratio = 1.1, total yield: 53%
Scheme 4.8 Detection of the C-H amidation of deuterium substrate.

On the other hand, the spectra of the mixture of Celz and CBrsCOOH (molar ratio of Cels
and CBr;COOH = 1:2) under light irradiation and N> only show a peak at around 258 nm,
which had no change with extension of irradiation time (Figure 4.6(a)). It is interesting to find
that this peak increased in the first 20 min and then decreased under N> when excessive
CBr3;COOH (molar ratio of Cels and CBr;COOH = 1:10) was added (Figure 4.6(b)). This
observation may indicate the transformation of Ce(IIl) to Ce(IV) species,?* which may result
from homolysis of C-Br bond in CBr;COOH, generating *Br radicals that react with Ce(III) to
afford Ce(IV) species.

The C-H amidation of (methylene-d)dibenzene has been conducted to examine if there is

any KIE in the reaction. As shown in Scheme 4.8, similar yields of N-benzhydrylacetamide and
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N-(diphenylmethyl-d)acetamide were observed, indicating that C-H activation on the benzylic
position is less likely to be involved in the turnover limiting step, considering the insignificant
KIE.

CHBr,COOH

CBrchOH «CBr,COOH % ©/\ )K
-
/\ Hzo
/ C

[Ce'] [Ce'V]—Br ‘ CH3CN

Scheme 4.9 Possible mechanism of thter—type C-H amidation reaction.

Based on the above observations and previous literature, 41

a possible mechanism of this
photocatalytic Ritter-type reaction is proposed using ethylbenzene as an example substrate
reacting with acetonitrile (Scheme 4.9). The reaction is initiated through the cleavage of C-Br
bond of CBr3;COOH under blue light irradiation, affording a *Br radical and a «CBr,COOH
radical. The Ce(IV)-Br species A is formed after the reaction of *Br radical with Ce(IIl) species.
The unstable *CBrCOOH radical attacks the benzyl site of ethylbenzene, affording
CHBr2COOH and a benzylic radical. The following reaction between the benzylic radical and
Ce(IV)-Br species A afforded bromide intermediate 1¢ and regenerates Ce(Ill) species. A
carbon cation B formed from bromide intermediate 1¢ in the presence of Sc(OTf)s which is
trapped by a CH3CN molecule to generate a nitrilium cation C, which undergoes hydrolysis to
afford the final amide product.
4.3 Conclusions

In conclusion, a photocatalytic Ritter-type C-H amidation strategy has been developed,

which employs a Cels as catalyst and CBrsCOOH as bromine. With this strategy, a series of

alkylarenes can be transformed to corresponding amides with good yields and high selectivity.
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A wide range of nitriles were also tolerated. Mechanistic studies indicated that a bromide
intermediate is formed in the reactions, which undergoes the normal Ritter reaction to give
final amides.
4.4 Experimental details
4.4.1 Details of photoreactors
Detail information of photoreactors can be seen in Section 2.3.
4.4.2 Preparation of substrates
Synthesis of carboxylic acid esters

COOH H,S0,, ethanol COOEt
n > n
W CHCl3, 30 min m

n=1-4 n=1-4

A series of carboxylic acid esters were synthesized according to the literature.?® A
carboxylic acid (1 g) was solubilized in chloroform (2 mL) and ethylated with 2 % sulfuric acid
in ethanol (4 mL) in a boiling flask equipped with a reflux condenser for 30 min. After being
cooled to room temperature, the product was washed with water. The chloroform layer
containing ethyl stearate was passed through an anhydrous sodium sulfate column, and then
the solvent removed in a rotary vacuum evaporator. The product was then completely dried

under a nitrogen flush.

O/\/COOEt

Ethyl 3-phenylpropanoate?’

IH NMR (400 MHz, Chloroform-d) & 7.33 — 7.26 (m, 2H), 7.24 — 7.18 (m, 3H), 4.14 (q, J =
7.2 Hz, 2H), 2.96 (t, J = 8.1 Hz, 2H), 2.63 (t, J = 8.1 Hz, 2H), 1.24 (t, J = 7.1 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) & 172.87, 140.55, 128.43, 128.26, 126.18, 60.36, 35.91,

30.94, 14.16.

Wcooa

Ethyl 4-phenylpropanoate?®

174



IH NMR (400 MHz, Chloroform-d) § 7.32 — 7.26 (m, 2H), 7.22 — 7.16 (m, 3H), 4.13 (q, J =
7.2 Hz, 2H), 2.66 (t, J = 7.5 Hz, 2H), 2.32 (t, J = 7.5 Hz, 2H), 2.00 — 1.93 (M, 2H), 1.26 (t, J =
7.1 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) § 173.49, 141.43, 128.47, 128.35, 125.94, 60.23, 35.13,

33.66, 26.53, 14.23.

©/\/\/CO0Et

Ethyl 5-phenylpropanoate?®

IH NMR (400 MHz, Chloroform-d) & 7.34 — 7.27 (m, 2H), 7.21 — 7.19 (m, 3H), 4.15 (g, J =
7.1 Hz, 2H), 2.66 (t, J = 7.1 Hz, 2H), 2.35 (t, J = 7.1 Hz, 2H), 1.71 — 1.68 (m, 4H), 1.28 (t, J =
7.1 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) & 173.62, 142.14, 128.35, 128.28, 125.73, 60.19, 35.55,

34.18, 30.88, 24.58, 14.22.

Ethyl 6-phenylpropanoate®

IH NMR (400 MHz, Chloroform-d) & 7.33 — 7.26 (m, 2H), 7.22 — 7.18 (m, 3H), 4.14 (g, J =
7.1 Hz, 2H), 2.67 — 2.64 (t, J = 7.5 Hz, 2H), 2.32 (t, J = 7.5 Hz, 2H), 1.72 — 1.63 (m, 4H), 1.45
~1.34 (m, 2H), 1.27 (t, J = 7.1 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) & 173.79, 142.50, 128.36, 128.24, 125.64, 60.17, 35.70,

34.27, 31.07, 28.73, 24.81, 14.22.

O

OEt
Ethyl 2-(4-isobutylphenyl)propanoate3!
IH NMR (400 MHz, Chloroform-d) & 7.20 (d, J = 8.1 Hz, 2H), 7.09 (d, J = 8.2 Hz, 2H), 4.17
—4.07 (m, 2H), 3.68 (q, J = 7.2 Hz, 1H), 2.45 (d, J = 7.2 Hz, 2H), 1.90 — 1.80 (m, 1H), 1.48 (d,
J=7.2Hz, 3H), 1.21 (t, J = 7.2 Hz, 3H), 0.90 (d, J = 6.6 Hz, 6H).
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13C NMR (101 MHz, Chloroform-d) & 174.77, 140.42, 137.88, 129.27, 127.11, 60.62, 45.15,
45.03, 30.16, 22.37, 18.59, 14.10.
Synthesis of diethyl 2-(3-phenylpropyl)malonate

COOEt
Br <COOEt tBuOK
COOEt THF, rt COOEt

Diethyl 2-(3-phenylpropyl)malonate was synthesized according to the literature.> Malonic

acid diethyl ester (0.80 g, 5.02 mmol) was added to a mixture of anhydrous potassium tert-
butoxide (0.56 g, 5.02 mmol) and anhydrous THF (50 mL). The mixture was stirred at room
temperature for 15 min. Then, (3-bromo-propyl)-benzene (1.00 g, 5.02 mmol) was added and
the mixture was stirred under reflux for a further 14 h. After filtration, the THF was removed
under vacuum to leave a clear oil which was dissolved in DCM (40 mL). The mixture was
washed with water (3 x 50 mL), dried over anhydrous MgSO4 and filtered. Finally, diethyl 2-
(3-phenylpropyl)malonate was afforded as a clear oil.
COOEt

©/\/\c(ooa
Diethyl 2-(3-phenylpropyl)malonate3?
IH NMR (400 MHz, Chloroform-d) & 7.30 — 7.24 (m, 2H), 7.21 — 7.13 (m, 3H), 4.22 — 4.15
(m, 4H), 3.34 (t, J = 7.5 Hz, 1H), 2.65 (t, J = 7.5 Hz, 2H), 1.99 — 1.89 (m, 2H), 1.71 — 1.61 (m,
2H), 1.26 (t, J = 7.1 Hz, 6H).
13C NMR (101 MHz, Chloroform-d) § 169.40, 141.69, 128.33, 128.27, 125.85, 61.29, 51.89,
35.46, 29.07, 28.34, 14.05.
Synthesis of substituted cyanoethyl benzoate

A series of substituted cyanoethyl benzoate were synthesized according to the literature.*
To a solution of 3-hydroxypropanenitrile (0.78g, 11 mmol) in CH2Cl> (10 mL) cooled to 0 °C
was added EtsN (3.1 mL, 22 mmol) and the mixture was stirred at this temperature for 10 min.
The substituted benzoyl chloride (10 mmol) was slowly added at 0 °C; then the mixture was
stirred at room temperature overnight. Water (30 mL) was added and the aqueous phase was
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extracted with CH2Cl, (3 x 30 mL). After drying over MgSQOs and filtration, the organic
fraction was concentrated under reduced pressure. The residue was purified by column
chromatography (hexane/EtOAc, 10:1) to afford substituted cyanoethyl benzoate as products.

0O
NC\/\OJ\O
2-Cyanoethyl benzoate*
IH NMR (400 MHz, Chloroform-d) & 8.06 (d, J = 5.5 Hz, 2H), 7.60 (t, J = 7.4 Hz, 1H), 7.46
(t, J = 7.8 Hz, 2H), 4.53 (t, J = 6.3 Hz, 2H), 2.85 (t, J = 6.3 Hz, 2H).
13C NMR (101 MHz, Chloroform-d) § 165.93, 133.55, 129.77, 129.05, 128.52, 116.76, 59.09,
18.15.

0
NC$OJ\©

Br

2-Cyanoethyl 4-bromobenzoate
IH NMR (400 MHz, Chloroform-d) & 7.90 (d, J = 8.6 Hz, 2H), 7.59 (d, J = 8.6 Hz, 2H), 4.51
(t, J = 6.3 Hz, 2H), 2.83 (t, J = 6.3 Hz, 2H).
13C NMR (101 MHz, Chloroform-d) § 165.14, 131.85, 131.19, 128.73, 127.89, 116.65, 59.27,
18.07.
HRMS (ESI) calcd for CioHsBrNO. [M+Na]*: 275.9631, 277.9611; found: 275.9631,
277.9611.

0
NCwOJ\@L

Me

2-Cyanoethyl 4-methylbenzoate
IH NMR (400 MHz, Chloroform-d) § 7.97 (d, J = 8.3 Hz, 2H), 7.27 (d, J = 8.3 Hz, 2H), 4.53

(t, J = 6.3 Hz, 2H), 2.85 (t, J = 6.3 Hz, 2H), 2.43 (s, 3H).
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13C NMR (101 MHz, Chloroform-d) § 165.94, 144.32, 129.75, 129.18, 126.27, 116.82, 58.90,
21.64, 18.10.
HRMS (ESI) calcd for C11H11NO2 [M+Na]*: 212.0682; found: 212.0683.
Synthesis of 2-cyanoethyl hexanoate

2-Cyanoethyl hexanoate was synthesized according to the literature.3* To a solution of 3-
hydroxypropanenitrile (0.78g, 11 mmol) in CH2Cl2 (10 mL) cooled to 0 °C was added EtsN
(3.1 mL, 22 mmol) and the mixture was stirred at this temperature for 10 min. The hexanoyl
chloride (1.1g, 10 mmol) was slowly added at O °C and then the mixture was stirred at room
temperature overnight. Water (30 mL) was added and the agueous phase was extracted with
CHCI> (3 x 30 mL). After drying over MgSO4 and filtration, the organic fraction was
concentrated under reduced pressure. The residue was purified by column chromatography
(hexane/EtOAcC, 30:1) to afford 2-cyanoethyl hexanoate as product.

0
NC\/\OJ\/\/\

2-Cyanoethyl hexanoate®®
IH NMR (400 MHz, Chloroform-d) § 4.27 (t, J = 6.3 Hz, 2H), 2.70 (t, J = 6.3 Hz, 2H), 2.35 (t,
J=7.6 Hz, 2H), 1.69 — 1.58 (m, 2H), 1.37 — 1.26 (m, 4H), 0.89 (t, J = 7.0 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) § 173.24, 116.76, 58.41, 33.87, 31.16, 24.41, 22.21, 17.99,
13.82.
4.4.3 Details of solvents

CH3CN (HPLC gradient grade) was purchased from Fisher Scientific. It was opened on
Sept. 1, 2022 and used immediately. Dry CH3CN (anhydrous, 99.8%) was purchased from
Sigma Aldrich. It was opened on Nov. 11, 2022 and used immediately. DCE (anhydrous,
99.8%) was purchased from Sigma Aldrich. It was opened at Mar. 2, 2023 and used
immediately. Dried solvents were dry solvents pretreated by molecular sieves (3A, 2-5 mm

beads) to remove potential water before using in the experiments. To an oven dried round-
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bottom flask, 20 mL of dry solvents and activated molecular sieves (2g, activated at 300 °C)
were added at N2. Then, the mixture was placed for 24 h before use.

4.4.4 Mechanistic studies

Kinetic study of C-H amidation of ethylbenzene

To an oven dried Schlenk tube, Cels (10 mol%), ethylbenzene (0.5 mmol), Sc(OTf)3 (0.2
mmol), CBrsCOOH (0.5 mmol) and CH3CN/DCE (2 mL, 1:1) were added under air. Then, 1-
bromo-3,5-bis(trifluoromethyl)benzene (0.2 mmol) was added as the internal standard. The
reaction tube was allowed to stir at room temperature under blue light. Every 1 h, 0.1 mL of
the reaction mixture was taken out for tH NMR analysis.

Mass detection of acid intermediates

To an oven dried Schlenk tube, Celz (10 mol%), ethylbenzene (0.5 mmol), Sc(OTf)s (0.2
mmol), CBrsCOOH (0.5 mmol) and CH3CN/DCE (2 mL, 1:1) were added under air. The
reaction tube was allowed to stir at room temperature under blue light. Then, the reaction
mixture was taken out for mass analysis.

UV-Vis detection

Cels + air: To an oven dried Schlenk tube, Celz (0.05 mmol) and CH3CN/DCM (2 mL,
1:1) were added under air. The reaction tube was allowed to stir at room temperature under
blue light. Every 10 min, 0.05 mL of the reaction mixture was taken out and diluted to 50 mL
for *H NMR analysis.

Celz + N2: To an oven dried Schlenk tube, Celz (0.05 mmol) and CH3CN/DCM (2 mL,
1:1) were added under N2. The reaction tube was allowed to stir at room temperature under
blue light. Every 10 min, 0.05 mL of the reaction mixture was taken out and diluted to 50 mL
for 'H NMR analysis.

Cels + CBrsCOOH + air: To an oven dried Schlenk tube, Cels (0.05 mmol), CBr:COOH

(0.2 mmol) and CH3CN/DCM (2 mL, 1:1) were added under air. The reaction tube was allowed
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to stir at room temperature under blue light. Every 10 min, 0.05 mL of the reaction mixture
was taken out and diluted to 50 mL for *H NMR analysis.

Cels + CBrsCOOH + N2: To an oven dried Schlenk tube, Cels (0.05 mmol), CBrsCOOH
(0.1 mmol) and CH3CN/DCM (2 mL, 1:1) were added under air. The reaction tube was allowed
to stir at room temperature under blue light. Every 10 min, 0.05 mL of the reaction mixture
was taken out and diluted to 50 mL for *H NMR analysis.

Celsz + CBrsCOOH + N2: To an oven dried Schlenk tube, Cels (0.05 mmol), CBrsCOOH
(0.5 mmol) and CH3CN/DCM (2 mL, 1:1) were added under air. The reaction tube was allowed
to stir at room temperature under blue light. Every 10 min, 0.05 mL of the reaction mixture
was taken out and diluted to 50 mL for *H NMR analysis.

CBrsCOOH + air: To an oven dried Schlenk tube, CBrsCOOH (0.1 mmol) and
CH3CN/DCM (2 mL, 1:1) were added under air. The reaction tube was allowed to stir at room
temperature under blue light. Every 10 min, 0.05 mL of the reaction mixture was taken out and

diluted to 50 mL for *H NMR analysis.
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Figure 4.7 UV-Vis analysis of CBr;COOH with N, under blue light irradiation.
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CBrsCOOH + N2: To an oven dried Schlenk tube, CBr:COOH (0.1 mmol) and
CH3CN/DCM (2 mL, 1:1) were added under N2. The reaction tube was allowed to stir at room
temperature under blue light. Every 10 min, 0.05 mL of the reaction mixture was taken out and
diluted to 50 mL for *H NMR analysis.

Trapping of Br radical species

Cels (10 mol%)

Sc(OTf)s (0.2 mmol) Br
CBrzCOOH (0.5 mmol) |
O O DCE, blue light
air, rt, 15 h 49%

To an oven dried Schlenk tube, Celz (10 mol%), 1,1-diphenylethylene (0.5 mmol),
Sc(OTf)3 (0.2 mmol), CBrsCOOH (0.5 mmol) and DCE (2 mL) were added under air. The
reaction tube was allowed to stir at room temperature under blue light for 15 h. After reaction,
the bromide product was purified by silica gel column chromatography (Hexane: ethyl acetate
= 40:1).

Br

(2-Bromoethene-1,1-diyl)dibenzene3®
IH NMR (400 MHz, Chloroform-d) & 7.46 — 7.28 (m, 8H), 7.25 — 7.19 (m, 2H), 6.78 (s, 1H).
13C NMR (101 MHz, Chloroform-d) § 146.84, 140.71, 139.07, 129.65, 128.42, 128.22, 128.11,

127.97,127.61, 105.17.
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Br

AN CBr3zCOOH (0.5 mmol) _ Br
DCE, blue light
air, rt, 15 h 24%

To an oven dried Schlenk tube, styrene (0.5 mmol), CBrsCOOH (0.5 mmol) and DCE (2

mL) were added under air. The reaction tube was allowed to stir at room temperature under
blue light for 15 h. After the reaction, the bromide product was purified by silica gel column
chromatography (Hexane: ethyl acetate = 40:1).

Br
©)\/Br
(1,2-Dibromoethyl)benzene®’
IH NMR (400 MHz, Chloroform-d) & 7.48 — 7.33 (m, 5H), 5.16 (dd, J = 10.5, 5.5 Hz, 1H),
4.13 - 3.98 (m, 2H).

13C NMR (101 MHz, Chloroform-d) & 138.58, 129.15, 128.83, 127.63, 50.85, 35.00.
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4.5 Analytical data of products

NHAc

N-(1-phenylethyl)acetamide (1)

IH NMR (400 MHz, Chloroform-d) & 7.41 — 7.21 (m, 5H), 6.04 (d, J = 8.0 Hz, 1H), 5.17 —
5.09 (m, 1H), 1.98 (s, 3H), 1.49 (d, J = 6.9 Hz, 3H).

13C NMR (101 MHz, CDCls) § 169.12, 143.16, 128.58, 127.27, 126.13, 48.72, 23.31, 21.67.

NHAc

cl

N-(1-(4-chlorophenyl)ethyl)acetamide (2)*

IH NMR (400 MHz, Chloroform-d) & 7.31 — 7.24 (m, 4H), 5.97 (d, J = 7.8 Hz, 1H), 5.12 - 5.05
(m, 1H), 1.98 (s, 3H), 1.46 (d, J = 6.9 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) & 169.18, 141.78, 132.95, 128.68, 127.52, 48.16, 23.29,

21.66.
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NHAc

Br
N-(1-(4-bromophenyl)ethyl)acetamide (3)%®
IH NMR (400 MHz, Chloroform-d) § 7.43 (d, J = 8.4 Hz, 2H), 7.17 (d, J = 8.4 Hz, 2H), 5.95
(d, J = 7.6 Hz, 1H), 5.08 — 5.01 (m, 1H), 1.96 (s, 3H), 1.44 (d, J = 6.9 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) & 169.19, 142.31, 131.64, 127.88, 121.04, 48.23, 23.29,
21.63.

NHAc
E
N-(1-(4-fluorophenyl)ethyl)acetamide (4)*°
IH NMR (400 MHz, Chloroform-d) & 7.32 — 7.24 (m, 2H), 7.03 — 6.99 (m, 2H), 6.06 (d, J =
6.7 Hz, 1H), 5.13 — 5.05 (m, 1H), 1.97 (s, 3H), 1.46 (d, J = 6.9 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) & 169.21, 161.87 (d, Jc-r = 245.4 Hz), 139.03 (d, Jcr =
3.1 Hz), 127.74 (d, Jc.r = 8.1 Hz), 115.32 (d, Jcr = 21.4 Hz), 48.09, 23.26, 21.73.

NHAc

N-(1-(p-tolyl)ethyl)acetamide (5)*

IH NMR (400 MHz, Chloroform-d) § 7.23 — 7.08 (m, 4H), 5.91 (br, s, 1H), 5.12 — 5.05 (m,
1H), 2.33 (s, 3H), 1.99 (s, 3H), 1.48 (d, J = 6.9 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) & 169.65, 139.87, 137.16, 129.34, 126.12, 48.75, 23.26,
21.56, 21.01.

Br NHAc

N-(1-(2-bromophenyl)ethyl)acetamide (6)*?
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'H NMR (400 MHz, Chloroform-d) § 7.56 (d, J = 7.9 Hz, 1H), 7.38 — 7.25 (m, 2H), 7.17 —
7.08 (m, 1H), 6.15 (d, J = 8.4 Hz, 1H), 5.39 — 5.32 (m, 1H), 2.00 (s, 3H), 1.48 (d, J = 6.9 Hz,
3H).

13C NMR (101 MHz, Chloroform-d) 8 169.07, 142.14, 133.35, 128.68, 127.68, 127.05, 122.94,
49.13, 23.21, 20.96.

Cl  NHAc

N-(1-(2-chlorophenyl)ethyl)acetamide (7)*3

IH NMR (400 MHz, Chloroform-d) & 7.36 — 7.11 (m, 4H), 6.27 (d, J = 7.3 Hz, 1H), 5.41 —
5.34 (m, 1H), 1.96 (s, 3H), 1.45 (d, J = 6.9 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) § 169.14, 140.57, 132.73, 130.01, 128.35, 127.06, 127.05,
47.08, 23.16, 20.83.

NHAc

N-(1-(o-tolyl)ethyl)acetamide (8)*3
'H NMR (400 MHz, Chloroform-d) & 7.32 — 7.27 (m, 1H), 7.24 — 7.14 (m, 3H), 5.60 (br, s,
1H), 5.34 — 5.27 (m, 1H), 2.38 (s, 3H), 1.97 (s, 3H), 1.48 (d, J = 6.8 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) § 168.92, 140.92, 136.04, 130.77, 127.40, 126.30, 124.64,
45.36, 23.34, 20.98, 19.15.
NHAc
Br
N-(1-(3-bromophenyl)ethyl)acetamide (9)*
H NMR (400 MHz, Chloroform-d) § 7.44 — 7.34 (m, 2H), 7.24 — 7.13 (m, 2H), 6.15 (d, J =

8.1 Hz, 1H), 5.08 — 5.01 (m, 1H), 1.96 (s, 3H), 1.43 (d, J = 7.0 Hz, 3H).
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13C NMR (101 MHz, Chloroform-d) & 169.34, 145.69, 130.30, 130.17, 129.09, 124.92, 122.64,
48.36, 23.22, 21.76.

NHACc
Br

Br
N-(1-(3,5-dibromophenyl)ethyl)acetamide (10)

'H NMR (400 MHz, Chloroform-d) & 7.55 (t, J = 1.8 Hz, 1H), 7.37 (d, J = 1.7 Hz, 2H), 5.75
(br, s, 1H), 5.07 — 5.00 (m, 1H), 2.02 (s, 3H), 1.45 (d, J = 7.0 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) & 169.43, 147.26, 132.98, 128.11, 123.18, 48.19, 23.32,
21.80.
HRMS (ESI) calcd for CioH11BrNO [M+Na]*: 341.9100, 343.9080, 345.9059; found:
341.9100, 343.9081, 345.9059.
NHAC

N-(1-(naphthalen-2-yl)ethyl)acetamide (11)%
'H NMR (400 MHz, Chloroform-d) & 7.85 — 7.78 (m, 3H), 7.77 — 7.73 (m, 1H), 7.51 — 7.41
(m, 3H), 5.83 (br, s, 1H), 5.35 — 5.23 (m, 1H), 2.01 (s, 3H), 1.58 (d, J = 6.9 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) § 169.13, 140.46, 133.30, 132.70, 128.49, 127.85, 127.59,
126.24, 125.89, 124.72, 124.52, 48.81, 23.48, 21.59.

NHAc
N-benzhydrylacetamide (12)®
LH NMR (400 MHz, Chloroform-d) § 7.43 — 7.17 (m, 10H), 6.43 (d, J = 7.8 Hz, 1H), 6.26 (d,
J=8.1Hz, 1H), 2.02 (s, 3H).

13C NMR (101 MHz, Chloroform-d) § 169.16, 141.49, 128.56, 127.37, 127.35, 56.90, 23.16.
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NHAc

N-(1-phenylbutyl)acetamide (13)*

IH NMR (400 MHz, Chloroform-d)  7.39 — 7.25 (m, 5H), 6.13 (d, J = 7.7 Hz, 1H), 4.96 (q, J
= 7.7 Hz, 1H), 2.02 (s, 3H), 1.88 — 1.71 (m, 2H), 1.44 — 1.20 (m, 2H), 0.94 (t, J = 7.3 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) & 170.06, 142.06, 128.67, 127.41, 126.58, 53.68, 38.20,
23.20,19.44, 13.77.

NHAc

N-(1-phenylhexyl)acetamide (14)*

IH NMR (400 MHz, Chloroform-d) § 7.51 — 7.15 (m, 5H), 5.91 (d, J = 8.4 Hz, 1H), 4.96 (g, J
= 7.7 Hz, 1H), 2.02 (s, 3H), 1.85 — 1.74 (m, 2H), 1.38 — 1.21 (m, 6H), 0.88 (t, J = 6.5 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) & 169.60, 142.22, 128.67, 127.37, 126.58, 53.72, 36.08,
31.53, 25.86, 23.37, 22.46, 13.97.

NHAc

N-(2-methyl-1-phenylpropyl)acetamide (15)*?

IH NMR (400 MHz, Chloroform-d) & 7.35 — 7.17 (m, 5H), 6.17 (d, J = 9.2 Hz, 1H), 4.73 (t, J
= 8.6 Hz, 1H), 2.04 — 1.97(m, 4H), 0.96 (d, J = 6.7 Hz, 3H), 0.81 (d, J = 6.7 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) & 169.49, 141.58, 128.35, 127.03, 126.94, 59.22, 33.30,
23.35, 19.69, 18.85.

NHAc

N-(2,2-dimethyl-1-phenylpropyl)acetamide (16)*
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IH NMR (400 MHz, Chloroform-d) § 7.36 — 7.19 (m, 5H), 6.12 (d, J = 8.8 Hz, 1H), 4.85 (d, J
= 9.5 Hz, 1H), 2.04 (s, 3H), 0.95 (s, 9H).
13C NMR (101 MHz, Chloroform-d) & 169.31, 140.00, 128.08, 127.80, 127.03, 61.61, 34.81,
26.71, 23.57.
NHAc
OH
N-(3-hydroxy-1-phenylpropyl)acetamide (17)*
IH NMR (400 MHz, Chloroform-d) § 7.43 — 7.27 (m, 5H), 6.12 (d, J = 8.3 Hz, 1H), 5.11 (q, J
= 7.6 Hz, 1H), 3.38 — 3.20 (m, 2H), 2.47 — 2.25 (m, 2H), 1.98 (s, 3H).
13C NMR (101 MHz, Chloroform-d) & 170.03, 140.57, 128.94, 127.88, 126.60, 67.74, 52.61,
38.97, 23.39.
NHAC
OAc
3-Acetamido-3-phenylpropyl acetate (18)%*
IH NMR (400 MHz, Chloroform-d) & 7.37 — 7.25 (m, 5H), 6.20 (d, J = 8.4 Hz, 1H), 5.12 (g, J
= 7.7 Hz, 1H), 4.14 — 3.98 (m, 2H), 2.19 — 2.08 (m, 2H), 2.02 (s, 3H), 1.98 (s, 3H).
13C NMR (101 MHz, Chloroform-d) & 170.99, 169.37, 141.23, 128.75, 127.58, 126.43, 61.37,
50.66, 34.70, 23.28, 20.84.
NHAc
Br
N-(3-bromo-1-phenylpropyl)acetamide (19)
IH NMR (400 MHz, Chloroform-d) & 7.36 — 7.26 (m, 5H), 6.24 (d, J = 8.3 Hz, 1H), 5.11 (g, J
= 7.6 Hz, 1H), 3.39 — 3.19 (m, 2H), 2.47 — 2.23 (m, 2H), 1.94 (s, 3H).
13C NMR (101 MHz, Chloroform-d) & 169.78, 140.67, 128.90, 127.82, 126.59, 52.54, 38.97,

29.42, 23.36.
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HRMS (ESI) calcd for CioH14BrNO [M+Na]*: 278.0151, 280.0131; found: 278.0153,
280.0132.

NHAc

CN

N-(3-cyano-1-phenylpropyl)acetamide (20)*’
IH NMR (400 MHz, Chloroform-d) § 7.43 — 7.23 (m, 5H), 6.37 (d, J = 8.3 Hz, 1H), 5.05 (td, J
=8.2, 6.6 Hz, 1H), 2.35 (t, J = 7.1 Hz, 2H), 2.29 — 2.09 (m, 2H), 2.01 (s, 3H).
13C NMR (101 MHz, Chloroform-d) & 170.04, 139.94, 129.08, 128.18, 126.49, 119.29, 52.76,
31.58, 23.22, 14.47.

NHAc

COOEt

Ethyl 3-acetamido-3-phenylpropanoate (21)*
IH NMR (400 MHz, Chloroform-d) & 7.40 — 7.22 (m, 5H), 6.19 (d, J = 8.1 Hz, 1H), 5.01 (td,
J=8.3, 6.3 Hz, 1H), 4.14 (g, J = 7.1 Hz, 2H), 2.89 (dd, J = 15.6, 5.9 Hz, 1H), 2.79 (dd, J =
15.6, 6.0 Hz, 1H), 2.00 (s, 3H), 1.27 (t, J = 7.1 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) § 173.64, 169.72, 141.34, 128.79, 127.63, 126.47, 60.68,
53.38, 40.21, 23.27, 14.16.

NHAc

COOEt

Ethyl 4-acetamido-4-phenylbutanoate (22)*°
IH NMR (400 MHz, Chloroform-d) § 7.38 — 7.23 (m, 5H), 6.18 (d, J = 8.3 Hz, 1H), 5.00 (td, J
=8.3,6.3 Hz, 1H), 4.13 (q, J = 7.1 Hz, 2H), 2.44 — 2.27 (m, 2H), 2.23 — 2.05 (m, 2H), 1.98 (s,
3H), 1.26 (t, J = 7.1 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) § 173.57, 169.40, 141.51, 128.73, 127.54, 126.45, 60.61,

53.17, 31.23, 30.80, 23.33, 14.14.
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NHAc
COOEt

Ethyl 5-acetamido-5-phenylpentanoate (23)
IH NMR (400 MHz, Chloroform-d) & 7.36 — 7.23 (m, 5H), 6.10 (d, J = 8.3 Hz, 1H), 4.97 (g, J
=7.6 Hz, 1H), 4.12 (q, J = 7.1 Hz, 2H), 2.35 - 2.31 (td, J = 7.2, 3.2 Hz, 2H), 1.99 (s, 3H), 1.89
—1.76 (m, 2H), 1.70 — 1.48 (m, 2H), 1.25 (t, J = 7.1 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) § 173.43, 169.52, 141.91, 128.66, 127.39, 126.48, 60.33,
53.21, 35.33, 33.68, 23.30, 21.47, 14.15.
HRMS (ESI) calcd for C1sH21NO3 [M+Na]*: 286.1414; found: 286.1417.

NHACc

COOEt

Ethyl 6-acetamido-6-phenylhexanoate (24)
IH NMR (400 MHz, Chloroform-d) & 7.40 — 7.21 (m, 5H), 5.93 (d, J = 8.4 Hz, 1H), 4.96 (g, J
= 7.7 Hz, 1H), 4.11 (q, J = 7.2 Hz, 2H), 2.28 (t, J = 7.5 Hz, 2H), 1.98 (s, 3H), 1.87 = 1.76 (m,
2H), 1.69 — 1.61 (m, 2H), 1.43 — 1.32 (m, 2H), 1.24 (t, J = 7.1 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) § 173.56, 169.28, 142.08, 128.64, 127.36, 126.52, 60.22,
53.31, 35.68, 34.03, 25.68, 24.62, 23.36, 14.16.
HRMS (ESI) calcd for C16H23NO3 [M+Na]*: 300.1571; found: 300.1572.

NHAc
COOEt

COOEt
Diethyl 2-(3-acetamido-3-phenylpropyl)malonate (25)

IH NMR (400 MHz, Chloroform-d) 8 7.51 — 7.17 (m, 5H), 5.91 (d, J = 8.1 Hz, 1H), 5.04 —
4.97 (m, 1H), 4.44 — 4.00 (m, 4H), 3.37 (t, J = 6.6 Hz, 1H), 2.17 — 1.78 (m, 7H), 1.28 (t, J =

7.1 Hz, 6H).
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13C NMR (101 MHz, Chloroform-d) § 169.43, 169.24, 141.58, 128.78, 127.56, 126.47, 61.46,
53.17, 51.45, 33.47, 25.35, 23.39, 14.03.
HRMS (ESI) calcd for C1gH2sNOs [M+Na]*: 358.1625; found: 358.1627.

NHAc
O

OEt
Ethyl 2-(4-(1-acetamido-2-methylpropyl)phenyl)propanoate (26)
IH NMR (400 MHz, Chloroform-d) § 7.29 — 7.16 (m, 4H), 5.97 (d, J = 9.2 Hz, 1H), 4.75 (t, J
= 8.5 Hz, 1H), 4.20 — 4.03 (m, 2H), 3.69 (g, J = 7.2 Hz, 1H), 1.99 (s, 3H), 1.48 (d, J = 7.2 Hz,
3H), 1.22 (t, J = 7.1 Hz, 3H), 0.96 (d, J = 6.7 Hz, 3H), 0.83 (d, J = 6.7 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) § 174.52, 169.34, 140.35, 139.33, 127.48, 127.12, 60.69,
58.76, 45.10, 33.28, 23.40, 19.72, 18.77, 18.48, 14.05.

HRMS (ESI) calcd for C17H2sNO3s [M+Na]*: 314.1727; found: 314.1728.

NHAG
o 1
o}

Ethyl 4'-(1-acetamidohexyl)-[1,1'-biphenyl]-4-carboxylate (27)

!H NMR (400 MHz, Chloroform-d) § 8.11 — 8.06 (m, 2H), 7.63 — 7.56 (m, 4H), 7.40 — 7.33
(m, 2H), 5.93 (d, J = 8.2 Hz, 1H), 4.98 (q, J = 7.6 Hz, 1H), 4.39 (g, J = 7.1 Hz, 2H), 2.00 (s,
3H), 1.83 - 1.77 (m, 2H), 1.41 (t, J =7.1 Hz, 3H), 1.32 - 1.23 (m, 6H), 0.87 (t, J = 6.8 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) § 169.42, 166.48, 145.00, 142.55, 138.94, 130.02, 129.19,

127.46, 127.13, 126.83, 60.95, 53.27, 36.10, 31.52, 25.88, 23.43, 22.45, 14.31, 13.96.

HRMS (ESI) calcd for C23H29NO3z [M+Na]*: 390.2040; found: 390.2040.

HNM

o8
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N-(1-phenylethyl)butyramide (28)*

IH NMR (400 MHz, Chloroform-d) & 7.41 — 7.20 (m, 5H), 5.98 (d, J = 6.4 Hz, 1H), 5.18 —
5.11 (m, 1H), 2.16 (t, J = 7.2 Hz, 2H), 1.71 — 1.62 (m, 2H), 1.49 (d, J = 6.9 Hz, 3H), 0.94 (t, J
= 7.4 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) & 172.12, 143.27, 128.54, 127.19, 126.09, 48.50, 38.63,

21.69, 19.11, 13.65.

0]

NN
N-(1-phenylethyl)pentanamide (29)
IH NMR (400 MHz, Chloroform-d) & 7.40 — 7.20 (m, 5H), 5.93 (d, J = 6.0 Hz, 1H), 5.19 —
5.11 (m, 1H), 2.23 — 2.11 (m, 2H), 1.66 — 1.59 (m, 2H), 1.49 (d, J = 6.9 Hz, 3H), 1.39 — 1.30
(m, 2H), 0.92 (t, J = 7.3 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) § 172.20, 143.29, 128.55, 127.20, 126.10, 48.48, 36.51,
27.76, 22.31, 21.68, 13.72.
HRMS (ESI) calcd for C13H19NO3 [M+Na]*: 228.1359; found: 228.1359.

©ﬁY

N-(1-phenylethyl)isobutyramide (30)°*

IH NMR (400 MHz, Chloroform-d) 8 7.39 — 7.24 (m, 5H), 5.86 (br, s, 1H), 5.17 — 5.10 (m,
1H), 2.42 — 2.32 (m, 1H), 1.50 (d, J = 6.9 Hz, 3H), 1.18 (d, J = 6.9 Hz, 3H), 1.15 (d, J = 6.9
Hz, 3H).

13C NMR (101 MHz, Chloroform-d) & 176.01, 143.34, 128.58, 127.20, 126.04, 48.35, 35.56,

21.68, 19.53, 19.49.
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N-(1-phenylethyl)pivalamide (31)
IH NMR (400 MHz, Chloroform-d) & 7.39 — 7.24 (m, 5H), 5.86 (br, s, 1H), 5.17 — 5.09 (m,
1H), 1.50 (d, J = 6.9 Hz, 3H), 1.22 (s, 9H).

13C NMR (101 MHz, Chloroform-d) & 177.41, 143.45, 128.60, 127.18, 125.97, 48.40, 38.53,

27.50, 21.67.
O
Ao~ AZ
HN

o

N-(1-phenylethyl)hex-5-ynamide (32)°3

!H NMR (400 MHz, Chloroform-d) & 7.38 — 7.23 (m, 5H), 5.74 (br, s, 1H), 5.17 — 5.10 (m,
1H), 2.35—2.18 (m, 4H), 1.96 (t, J = 2.7 Hz, 1H), 1.97 — 1.82 (m, 2H), 1.49 (d, J = 6.9 Hz, 3H)
13C NMR (101 MHz, Chloroform-d) § 171.22, 143.15, 128.67, 127.37, 126.15, 83.51, 69.20,

48.73, 35.12, 24.07, 21.74, 17.76.

O

HNM

o

2-Cyclopropyl-N-(1-phenylethyl)acetamide (33)>*

'H NMR (400 MHz, Chloroform-d) § 7.39 — 7.20 (m, 5H), 6.20 (br, s, 1H), 5.20 — 5.13 (m,
1H), 2.16 (d, J = 7.2 Hz, 2H), 1.50 (d, J = 6.9 Hz, 3H), 1.00 — 0.93 (m, 1H), 0.66 — 0.55 (m,
2H), 0.26 — 0.15 (m, 2H).

13C NMR (101 MHz, Chloroform-d) & 171.57, 143.24, 128.64, 127.27, 126.04, 48.50, 41.47,

21.90, 7.11, 4.58, 4.56.
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N-(1-phenylethyl)cyclohexanecarboxamide (34)°
IH NMR (400 MHz, Chloroform-d) & 7.40 — 7.22 (m, 5H), 5.88 (d, J = 8.0 Hz, 1H), 5.17 —
5.10 (M, 1H), 2.13 — 2.05 (m, 1H), 1.92 — 1.74 (m, 4H), 1.70 — 1.63 (m, 1H), 1.52 — 1.38 (m,
5H), 1.31 — 1.18 (m, 3H).

13C NMR (101 MHz, Chloroform-d) & 175.13, 143.39, 128.53, 127.13, 126.02, 48.18, 45.44,

29.61, 29.54, 25.65, 21.69.

0
N-(1-phenylethyl)-2-(tetrahydrofuran-2-yl)acetamide (35)
IH NMR (400 MHz, Chloroform-d) & 7.40 — 7.19 (m, 5H), 6.88 (d, J = 8.0 Hz, 1H), 5.18 —
5.11 (m, 1H), 4.18 — 4.10 (m, 1H), 3.99 — 3.71 (m, 2H), 2.55 — 2.37 (m, 2H), 2.16 — 1.78 (m,
4H), 1.49 (d, J = 7.0 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) § 170.18, 143.48, 128.53, 127.05, 125.93, 75.73, 68.04,

48.43, 42.09, 31.08, 25.41, 22.03.

HRMS (ESI) calcd for C14H19NO2 [M+Na]*: 256.1308; found: 256.1311.

o8

3-Phenyl-N-(1-phenylethyl)propenamide (36)>°
IH NMR (400 MHz, Chloroform-d) § 7.38 — 7.15 (m, 10H), 5.82 (d, J = 7.9 Hz, 1H), 5.20 —
5.13 (m, 1H), 2.66 (t, J = 7.4 Hz, 2H), 2.23 — 2.17 (m, 2H), 2.03 — 1.96 (m, 2H), 1.50 (d, J =

6.9 Hz, 3H).
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13C NMR (101 MHz, Chloroform-d) § 171.78, 143.14, 141.40, 128.61, 128.43, 128.32, 127.31,
126.12, 125.90, 48.61, 35.84, 35.06, 27.03, 21.64.

0
qe
4-Methyl-N-(1-phenylethyl)benzamide (37)%
IH NMR (400 MHz, Chloroform-d) & 7.67 (d, J = 8.2 Hz, 2H), 7.41 — 7.33 (m, 4H), 7.41 —
7.30 — 7.27 (m, 1H), 7.21 (d, J = 7.9 Hz, 2H), 6.34 (d, J = 7.8 Hz, 1H), 5.37 — 5.30 (m, 1H),
2.39 (s, 3H), 1.60 (d, J = 6.9 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) § 166.47, 143.21, 141.84, 131.69, 129.16, 128.69, 127.37,

126.89, 126.23, 49.08, 21.72, 21.39.

@)

4-Methoxy-N-(1-phenylethyl)benzamide (38)*

IH NMR (400 MHz, Chloroform-d) & 7.80 — 7.73 (m, 2H), 7.42 — 7.34 (m, 4H), 7.31 — 7.27
(m, 1H), 6.92 (d, J = 8.8 Hz, 2H), 6.39 (d, J = 7.8 Hz, 1H), 5.38 — 5.31 (m, 1H), 3.85 (s, 3H),
1.61 (d, J = 6.9 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) § 166.05, 162.10, 143.32, 128.70, 128.65, 127.30, 126.80,

126.21, 113.65, 55.34, 49.06, 21.73.

BO¥
ST

3-0x0-3-((1-phenylethyl)amino)propyl benzoate (39)
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IH NMR (400 MHz, Chloroform-d) & 7.97 (d, J = 7.0 Hz, 2H), 7.58 (t, J = 7.4 Hz, 1H), 7.42
(t,J = 7.8 Hz, 2H), 7.33 — 7.23 (m, 5H), 6.19 (d, J = 7.9 Hz, 1H), 5.22 — 5.15 (m, 1H), 4.63 (td,
J=6.3, 2.1 Hz, 2H), 2.66 (t, J = 6.0 Hz, 2H), 1.50 (d, J = 6.9 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) & 168.98, 166.34, 142.83, 133.07, 129.78, 129.53, 128.62,
128.34, 127.35, 126.07, 61.17, 48.83, 36.25, 21.60.

HRMS (ESI) calcd for C1sH19NO3 [M+Na]*: 320.1258; found: 320.1258.

O @]

3-Ox0-3-((1-phenylethyl)amino)propyl 4-bromobenzoate (40)

IH NMR (400 MHz, Chloroform-d) & 7.79 (d, J = 8.6 Hz, 2H), 7.53 (d, J = 8.6 Hz, 2H), 7.31
—7.25 (m, 5H), 5.91 (d, J = 8.0 Hz, 1H), 5.23 — 5.11 (m, 1H), 4.62 (td, J = 6.2, 1.8 Hz, 2H),
2.63 (t,J = 6.0, 2H), 1.49 (d, J = 6.9 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) § 168.65, 165.62, 142.80, 131.77, 131.72, 131.07, 128.70,
128.23, 127.49, 126.11, 61.40, 48.86, 36.22, 21.59.

HRMS (ESI) calcd for C1sH1sNO3 [M+Na]*: 398.0363, 400.0342; found: 398.0362, 400.0343.

- QL

3-Ox0-3-((1-phenylethyl)amino)propyl 4-methylbenzoate (41)

IH NMR (400 MHz, Chloroform-d) & 7.86 (d, J = 8.3 Hz, 2H), 7.33 — 7.19 (m, 7H), 6.15 (d, J
= 8.0 Hz, 1H), 5.22 — 5.15 (m, 1H), 4.61 (td, J = 6.3, 2.2 Hz, 2H), 2.65 (t, J = 6.0 Hz, 2H), 2.43
(s, 3H), 1.50 (d, J = 6.9 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) § 168.98, 166.41, 143.79, 142.89, 129.57, 129.06, 128.61,
127.32, 127.05, 126.08, 61.00, 48.79, 36.34, 21.63, 21.38.

HRMS (ESI) calcd for C19H2:NO3z [M+Na]*: 334.1414; found: 334.1415.
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3-Ox0-3-((1-phenylethyl)amino)propyl hexanoate (42)

IH NMR (400 MHz, Chloroform-d) & 7.36 — 7.26 (m, 5H), 5.93 (d, J = 8.0 Hz, 1H), 5.18 —
5.11 (m, 1H), 4.35 (t, J = 6.2 Hz, 2H), 2.50 (t, J = 6.2 Hz, 2H), 2.24 (t, J = 7.6 Hz, 2H), 1.57 —
1.54 (m, 2H), 1.49 (d, J = 6.9 Hz, 3H), 1.33 — 1.23 (m, 4H), 0.88 (t, J = 6.9 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) § 173.63, 168.85, 142.93, 128.66, 127.42, 126.09, 60.43,
48.78, 36.12, 34.11, 31.23, 24.50, 22.24, 21.66, 13.86.

HRMS (ESI) calcd for C17H2sNOs [M+Na]*: 314.1727; found: 314.1728.
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Chapter 5

Exploration of Photocatalytic Oxidation of Cycloalkanes

5.1 Introduction

Selective oxidation of saturated alkanes is one of the most challenging issues in organic
chemistry. Alkanes are weakly polar, saturated hydrocarbons with strong C-H (99 kcal/mol)
and C-C bonds (88 kcal/mol) that tend to interact only weakly with many catalytic substrates.
5 Selective oxidation of alkanes is a key objective in synthetic chemistry.®® Although the
process of alkane oxidation is favoured thermodynamically, the most significant difficulty
associated with this oxidation process is the control of selectivity because complete oxidation
of alkanes to CO, and H-O is more favourable in this process. In particular, this overoxidation
becomes more acute when high energy oxidants are employed.® Therefore, increasing the
selectivity and efficiency of alkane functionalization is the primary objective.

Oxidation of cycloalkanes is one of the most attractive reactions in organic synthesis and
industry. The selective oxidation of cycloalkanes can afford a series of valuable products, such
as ketones, alcohols and peroxides. For example, cyclohexanone and cyclohexanol afforded by
selective oxidation of cyclohexane are important starting materials in industry for the
production of nylon.’®! In addition, hydroperoxides are widely used as initiators for
polymerization.?

To date, oxidation of cycloalkanes has attracted wide attention and a series of catalytic
systems using different oxidants have been investigated. Ozonation of cycloalkanes was
proposed early. Barletta and co-workers realized the ozonation of cycloalkanes to
corresponding ketones and alcohols in acidic pH conditions (Scheme 5.1a).1® However, the low
selectivity and unpleasant yields were encountered in their work. Meanwhile, the ozonation

process is associated with intrinsic safety issues, the requirement of specialty equipment and
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formation of over stoichiometric amounts of waste.}*® In addition, stochiometric amount of
oxidants, such as NalO4® and magnesium monoperoxyphthalate (MMPP),1” have been used in
the oxidation of cycloalkanes.

Oxidation processes using green oxidants are needed for green chemistry. Therefore,
benign and green oxidants, such as H>O, and O, are more attractive in oxidation reactions.
Different catalytic systems using H2O. as oxidants have been reported. A series of
heterogenous catalysts, including Fe(ClOa)2,'® PW11Fe,*® BWiiFe,?° Mns(PWo)2,2t CuCr,04,%2
Fe-arylhydrazone-p-diketone (AHBD) complex,”® Fu/Cu/Co complex,?* and Cu-
hemicryptophane,?® have been synthesized for oxidation of cycloalkanes, affording good
selectivity of ketones and alcohols (Scheme 5.1b). However, low yields and limited substrate
scope may restrict further application of these reactions.

(a) Oxidation of cycloalkanes
1,2,3 . o) OH
Q)n 1: O3, acidic pH; (I‘ * an

2: NalOy;
3: (HOzCC6H4CO3)2Mg'6H20

(b) Oxidation of cycloalkanes using H,0,

Fe(ClO,),, PW4Fe, BW Fe, = O OH OOH
). Mny(PWg),, CuCr,04, Fe-AHBD, + +
n )n >n )n

Fu/Cu/Co or Cu-hemicryptophane

(c) Oxidation of cycloalkanes using O,

Q 1,2.3 . O OH
. i . r +
), 1:Mn-salen and Co-porphyrins; (E‘ an

2: N-hydroxyimides;
3: FeHMA and SiO,SC/W10%.

(d) This work

Q MnorCe go OH OOH
O,0rH,0, + O/ *
)n 2 202 ) ) an

Scheme 5.1 Oxidation of cycloalkanes.

Oxidation of cycloalkanes with molecular Oz is one of the most attractive approaches to

accessing the related ketones and alcohols.?6?” Many efforts have been made in this area
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(Scheme 5.1c). A variety of metal complexes, such as Mn-salen?® and Co-porphyrins
complexes,?®-! have been shown to be efficient in the oxygenation of cycloalkanes, affording

corresponding ketones and alcohols. High temperature (80-120 °C) and pressure (10 atm) are

generally required in those reports. Metal-free oxygenation of cycloalkanes has also been
realized by using N-hydroxyimides as catalysts.3? However, the yields of alcohols and ketones
are very low (less than 13%). In addition, some heterogenous catalysts have been proved to be
efficient in oxygenation of cycloalkanes. Good yields of cycloalkanols and cycloalkanones
have been obtained when iron-substituted hexagonal mesoposours aluminiphosphate (FeHMA)
molecular sieves and (n-BusN)sW10032 on amorphous MCM-41 silicas are employed as
catalysts, 33 though those catalysts have only been demonstrated for the oxidation of
cyclohexane. The low selectivity is also a drawback shown in previous reports. In most cases,
a mixture of cycloalkanones and cycloalkanols is afforded as products.

In this chapter, we attempt to realize the selective oxidation of cycloalkanes to
corresponding ketones, alcohols and peroxides using cheap catalysts and green oxidants. Mn
catalysts and Ce catalysts were employed, and O, and H>O, were used as oxidants. Under
optimised conditions, cyclododecane can be transformed to cyclododecanone, cyclododecanol
and hydroperoxycyclododecane with good selectivity.

5.2 Exploration of oxygenation of cyclododecane

Selective oxygenation of cycloalkanes to corresponding ketones, alcohols and peroxides
is interesting and challenging. Firstly, we aimed at the oxygenation of cycloalkanes to ketones.
We started from the exploration of catalytic systems and optimum conditions for the oxidation
of cycloalkanes using cyclododecane as the standard substrate. Considering the high efficiency
of our Mn-catalytic system and Ce-catalytic systems in C-H functionalization of carboxylic

acids to carbonyl products (Chapter 2 and Chapter 3), we started to try the [Mn(dtbpy)2(OTf),]
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complex (Chapter 2) and Ce catalysts in the oxidation of cyclododecane. The experiment was
conducted under blue light irradiation (465 nm).

As shown in Table 5.1 (entry 1), 17% of cyclododecanone was obtained when
[Mn(dtbpy)2(OTf)2] was employed as catalyst. The change of solvent from MeOH to CH3CN
led to no product formation (Table 5.1, entry 2). A better yield (22%) of cyclododecanone was
achieved when CeBrs; was employed as the catalyst (Table 5.1, entry 3). Other Ce catalysts,
including (NH4)Ce(NOs)s, CeCls, CeFs, Ce(OAc)s and Ce(OTf)s, only afforded lower yields
(Table 5.1, entries 4-8). We also tried dual-catalytic systems using [Mn(dtbpy)2(OTf)2]
combined with other catalysts, such as tetra-n-butylammonium decatungstate (TBADT) and 9-
methyl-10-methylacridinium. Unfortunately, no good yields were obtained (Table 5.1, entries
9-10).

Table 5.1 Optimization of reaction conditions®®

Catalyst (10 mol%), CF3COOQOH (0.5 mmol)
ight, ai o * OH + OOH
Solvent (2 mL), blue light, air, 15 h, rt
1 2 3

Entr Catalyst Solvent Yield (%)

y 1 2 3
1° [Mn(dtbpy)2(OTf)2] MeOH 17 0 0
2° [Mn(dtbpy)2(OTf)2] CH:CN 0 0 0
3 CeBrs CHsCN 22 6 5
4 (NH4)Ce(NO3)s CH3CN 13 0 0
5 CeCls CHsCN 11 6 0
6 CeF4 CH3CN 0 0 0
7 Ce(OAC)3 CH3CN 0 0 0
8 Ce(OTf)3 CH3CN 8 2 0
o [Mn(dtbpy)2(OTf)2] MeOH 9 0 0
10° [Mn(dtbpy)2(OTf)2] MeOH 0 0 0

aReaction conditions: catalyst (10 mol%), cyclododecane (0.5 mmol), CFsCOOH (0.5 mmol), solvent
(2 mL), blue light (465 nm), air, rt; °™NMR yields, determined using mesitylene (20 pL) as internal
standard; °[Mn(dtbpy)2(OTf)2] (5 mol%); ‘[Mn(dtbpy)(OTf)2] (5 mol%), TBADT (2 mol%);
¢ [Mn(dtbpy).(OTf)] (5 mol%), 9-methyl-10-methylacridinium (2 mol%).
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The employment of CeBrs as catalyst afforded the highest yield of cyclododecanone.
Therefore, a series of optimization experiments using CeBrs as catalyst were conducted to seek
better yields. As presented in Table 5.2 (entries 1-3), different light sources (465, 405 and 365
nm) were screened. However, similar yields of cyclododecanone were obtained even when
light sources with higher energy were employed. Meanwhile, a variety of different solvents,
such as MeOH, DCE, benzene, EtOH and ethyl acetate were screened, but they only afforded
trace or none of cyclododecanone.

Table 5.2 Optimization of reaction conditions®®

CeBr3 (10 mol%), CF3COOH (0.5 mmol)
Solvent (2 mL), light, air, 15 h, rt

> O

Wavelength of

Entry Solvent light (nm) Yield (%)
1 CH3CN 465 nm 23
2 CHsCN 405 nm 24
3 CHsCN 365 nm 26
4 MeOH 465 nm 0
5 DCE 465 nm 2
6 Benzene 465 nm 0
7 EtOH 465 nm 0
8 Ethyl acetate 465 nm 0

4Reaction conditions: catalyst (10 mol%), cyclododecane (0.5 mmol), CFsCOOH (0.5 mmol), solvent
(2 mL), blue light (465 nm), air, rt; "NMR yields, determined using mesitylene (20 pL) as internal
standard.

In Table 5.1 (entry 1), 17% of cyclododecanone was obtained in the conditions of
[Mn(dtbpy)2(OTf)2] as catalyst and MeOH as solvent. It is interesting to find that the use of
TFE led to a different product, cyclododecanol, in a good yield (36%, Table 5.3, entry 1). As
well, cyclododecanol was obtained when DCE and ethyl acetate were used as the solvent,
though low yields of cyclododecanol were obtained. After the screening of different solvents,

TFE was shown to give highest yield of cyclododecanol. Blue light irradiation was required
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for this oxidation (Table 5.3, entry 12). The replacement of O, with H20- afforded no products

(Table 5.3, entry 13). Decrease of the yield of cyclododecanol was observed when more

[Mn(dtbpy)2(OTf)2] and CF3COOH were added in the reaction (Table 5.3, entries 14-18).

Table 5.3 Optimization of reaction

Catalyst (5 mol%), CF;COOH (30 mol%)

OH

Solvent (2 mL), Blue light (465 nm), O,, 15 h, rt

2

Entry Catalyst Solvent Yield (%)
1 [Mn(dtbpy)2(OTf)7] TFE 36
2 [Mn(dtbpy)2(OTf)2] Toluene 0
3 [Mn(dtbpy)2(OTf)2] DCE 16
4 [Mn(dtbpy)2(OTf)2] Ethyl acetate 2
5 [Mn(dtbpy)2(OTf),] TFE/MeOH 31
6 [Mn(dtbpy)2(OTf)2] TFE/toluene
7 [Mn(dtbpy)2(OTf)2] TFE/ Ethyl acetate
8 [Mn(dtbpy)2(OTf)2] TFE/Trifluorotoluene 21
9 [Mn(dtbpy)2(OTf)2] TFE/benzene 0
10 [Mn(dtbpy)2(OTf)2] TFE/chloroform 18
11 [Mn(dtbpy)2(OTf),] TFE/DCE 27
12¢ [Mn(dtbpy)2(OTf)2] TFE
13¢ [Mn(dtbpy)2(OTf).] TFE
14¢ [Mn(dtbpy)2(OTf),] TFE 24
15f [Mn(dtbpy)2(OTf),] TFE 15
169 [Mn(dtbpy)2(OTH)s] TFE 29
17" [Mn(dtbpy)2(OTf)2] TFE 30
18’ [Mn(dtbpy)2(OTf)2] TFE Trace

4Reaction conditions: catalyst (10 mol%), CFsCOOH (30 mol%), solvent (2 mL), blue light (465 nm),
O, rt; '™NMR vyields, determined using mesitylene (20 pL) as internal standard; 40 °C; %40 °C, H,0, (1
mmol); ¢[Mn(dtbpy).(OTf),] (10 mol%); TMn(dtbpy).(OTf)2] (20 mol%); SCFsCOOH (60 mol%);

"CF3COOH (90 mol%); CFsCOOH (2 mmol).
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[M] (5 mol%), Ligand (10 mol%)

Table 5.4 Optimization of reaction conditions®”

CF3COOH (30 mol%), TFE (2 mL) - OH
Blue light (465 nm), O,, 15 h, rt 2

Entry [M] Ligand Yield (%)
1 Mn(OTf) L4 36

2 MnBr2 L4 16

3 MnCl; L4 18

4 MnF; L4 11

5 MnFs; L4 23

6 Mn(OAc)3 L4 17

7 Cu(OAcC):. L4 0

8 Fe(OTf)2 L4 Trace

9 Mn(OTf) L1 0

10 Mn(OTf)2 L2 21

11 Mn(OTf) L3 28

12 Mn(OTf), L4 36

13 Mn(OTf) L5 17

14 Mn(OTf), L6 0

15 Mn(OTf)2 L7 Trace
16 Mn(OTf)2 L8 Trace

Reaction conditions: catalyst (10 mol%), CFzCOOH (30 mol%), solvent (2 mL), blue light (465 nm),
Oy, rt; '™NMR yields, determined using mesitylene (20 pL) as internal standard.

N N N N N N L3, R = Me
7 N7\ 7 N7\ 7 NN 4R= By
— — — — — — L5, R = OMe
L1 L2 R R

L6, R = Br
L7,R=H

L8

TfO

oTf

[Mn(dtbpy),(OTf),]
After a series of attempts, the highest yield of cyclododecanol in our Mn-catalytic system

was 36%. Although a good result has been obtained in the oxygenation of cyclododecane, this
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yield is lower than our expectation. We then tried to seek for more effective Mn catalysts (Table
5.4). Firstly, a variety of Mn salts and other metal salts were tested. In comparison with
Mn(OTf)2, Mn salts, including MnBrz, MnClz, MnF2, MnF3 and Mn(OAc)z, all were less
effective, affording lower yields of cyclododecanol. As well, other metal salts, such as
Cu(OACc). and Fe(OTf),, were investigated, but trace or no cyclododecanol was formed.

Table 5.5 Optimization of reaction conditions®®

Catalyst, H,O, (1 mmol)

Solvent (2 mL), CF3COOH (0.5 mmol) ooH + o
N, 15 h, 80 °C 3 2
Yield (%)

Entry Catalyst Solvent

3 2
1 5CeBa iPrOH 10 7
2 5CeBa Ethyl acetate 21 3
3 5CeBa MeOH 0 0
4 5CeBa Toluene 0 0
5 5CeBa Hexane 0
6 5CeBa DCE 0
7 5NiTi Ethyl acetate 15 2
8 10CeTi Ethyl acetate 0 2
g° 5CeBa Ethyl acetate 5 2
10¢ 5CeBa Ethyl acetate 8 2
11° 5CeBa Ethyl acetate 21 4
12 5CeBa Ethyl acetate 0 0
139 5CeBa Ethyl acetate 0 0
14" 5CeBa Ethyl acetate 0 0

Reaction conditions: catalyst (10 mg), CFsCOOH (0.5 mmol), solvent (2 mL), H.O, (1 mmol), N, 80
°C; "NMR yields, determined using mesitylene (20 pL) as internal standard; °H,0O2 (0.25 mmol); “H,0,
(0.5 mmol); ¢H,0> (2 mmol); 40 °C; %H,0, (1 mmol), blue light, rt; "air, blue light, rt. The formulas of
heterogeneous catalysts can be seen in Section 5.4.2.

On the other hand, the optimization of ligands was conducted. A series of bipyridine
ligands with different functional groups were employed to coordinate with Mn(OTf)a.

Bipyridine ligands bearing Me groups on ortho, meta and para positions were tested firstly. No
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product was formed when bipyridine bearing 0-Me group was employed as ligand, whereas
bipyridines bearing m-Me and p-Me group afforded 21 and 28% of cyclododecanol (Table 5.4,
entries 9-11), respectively. Electron-donating groups and electron-withdrawing groups were
explored, revealing L4 to be better than other bipyridine ligands (Table 5.4, entries 11-15).
2,2'-Biquinoline was also employed; unfortunately, only a trace of cyclododecanol was
detected.

Apart from photocatalysis, we also explored thermal catalytic oxidation of cyclododecane
with H20,. We tested a series of heterogeneous catalysts, including (Bao.gsCeo.05) TiO3 (5CeBa),
(Bao.gsNio.0s) TiO3 (5NiTi) and Ba(Tio.oCeo.1)O3 (10CeTi), prepared by Dr. llkan Calisir of our
group (For details, see Section 5.4.2). Interestingly, selective oxidation of cyclododecane to
hydroperoxycyclododecane can be realized with some of these heterogenous catalysts. As
shown in Table 5.5 (entry 1), 10% of hydroperoxycyclododecane was afforded in the presence
of 5CeBa as catalyst and H20- as oxidant. The screening of different solvents, including ethyl
acetate, MeOH, toluene, hexane and DCE, was conducted in the next step (Table 5.5, entries
2-6). The results revealed that ethyl acetate showed the highest vyield of
hydroperoxycyclododecane (21%). The screening of other heterogenous catalysts, such as
5NiTi and 10CeTi, didn’t afford better yields (Table 5.5, entries 7-8). A lower amount of H20>
led to the decrease of the yield of hydroperoxycyclododecane (Table 5.5, entries 9-10). The
effect of temperature was considered. However, no reaction was observed under a lower
temperature (Table 5.5, entry 12). Blue light irradiation and air were also introduced in the
oxidation of cyclododecane. However, no product was formed under blue light irradidation
with H20- or air as oxidant (Table 5.5, entries 13-14).

In conclusion, we have explored three different catalytic systems for selective oxidation
of cyclododecane. As is shown, cyclododecane can be selectively transformed to

cyclododecanone, cyclododecanol and hydroperoxycyclododecane, respectively. Although the
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current yields of cyclododecanone, cyclododecanol and hydroperoxycyclododecane are
moderate, our methods show high potential for the selective oxidation of cycloalkanes to
corresponding oxygenated products in good selectivity.

To illustrate the advantage of our systems, we looked into some previous reports about the
oxidation of cyclododecane. As shown in Table 5.6, a series of different catalytic systems for
oxidation of cyclododecane have been reported. However, all these methods afforded a mixture
of cyclododecanone and cyclododecanol with or without hydroperoxycyclododecane as the
final products. Although oxidation of cyclododecane proceeded successfully, low yields of
oxidation products were obtained by the She group and Sheldon group.?® % Better yields of
cyclododecanone and cyclododecanol were reported by Cavaleiro and Selvam.?® 2 The
PW11Fe-catalytic system needed high temperature, and the FeHMA-catalytic system required
the assistance of methyl ethyl ketone as initiator and high temperature.

Table 5.6 Literature catalysts for oxidation of cyclododecane

O LR,

Yield (%)
Group Catalyst
Alcohol Ketone Peroxide
Cavaleiro® PW11Fe 13 32 18
She?® T(4-COOCH3)PPCo 4 12 8
Selvam?? FeHMA 41 39
Sheldon®® NHS/Co 17 7

5.3 Conclusions and future work

We have identified methods that can realize the transformation of cyclododecane to
ketones and alcohols under mild conditions with O2 as oxidant. Cheap and easily-available Mn
and Ce were employed as catalysts. Good selectivity was obtained with our methods. In

addition, oxidation of the cycloalkane to a hydroperoxide has been realized by using a
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heterogenous 5CeBa catalyst with H,O> as oxidant without byproducts. Unfortunately, only
preliminary exploration and optimization of our strategies could be conducted because of
limited time. | believe further optimization of these catalytic systems can realize the selective
oxidation of cycloalkanes to alcohols, ketones or hydroperoxides with good selectivity, high
yields and wide substrate scope.
5.4 Experimental details
5.4.1 Details of photoreactors

Detail information of photoreactors can be seen in Section 2.3.
5.4.2 Synthesis of catalysts
Synthesis of [Mn(dtbpy)2(OTf).]%¢

To an oven dried Schlenk tube, Mn(OTf)2 (8.8 mg, 5 mol%) and 4,4'-di-tert-butyl-2,2'-
bipyridine (13.4 mg, 10 mol%) were added. Then the reaction tube was placed under vacuum
and purged with nitrogen at least three times. Then 1 mL of CH3CN was added via syringe
under N2. The Schlenk tube was allowed to stir at 80 °C for 1 h to obtain [Mn(dtbpy)2(OTf)]
to be used in subsequent oxidation.
Synthesis of heterogenous catalysts

Ce-substituted ceramics were synthesised by Dr. llkan Calisir of the Xiao group. These
ceramics were synthesised by the solid state reaction method, based on the chemical formulas
of: a) Ba(Ti1xCex)Os where x = 0.10 abbreviated as 10 CeTi; b) (Bai-yCey)TiOs where y = 0.05
abbreviated as 5CeBa; ¢) (Bai-:Ni;) TiOswhere z = 0.05 abbreviated as 5NiTi. Starting powders
used in the synthesis were BaCOgz, TiO2, NiO and CeO: and these powders were mixed with
ethanol and subjected to high-energy planetary milling for a duration of 4 hours. Following the
milling process, the powders were dried overnight and calcined at 1050 °C for 4 hours using a
high temperature furnace in an air environment. Subsequently, the calcined powders underwent

an additional milling process for 6 hours, followed by another overnight drying period. The
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resulting calcined powders were sintered at a temperature of 1300 °C for 4 hours in an air
atmosphere. The resulting solid ceramics were then ground using a pestle and mortar for
subsequent use in catalysis.
5.4.3 General procedure for selective oxidation of cyclodedecane
General procedure for photocatalytic oxidation of cyclodedecane of cyclododecanone

To an oven dried Schlenk tube, catalyst (5 mol%), cyclododecane (0.5 mmol),
trifluoroacetic acid (30 mol%), solvent (2 mL) were added under air. The reaction tube was
then allowed to stir at room temperature under blue light for 15 h. After reaction, mesitylene
(17.3 mg) as internal standard, water (2 mL) and CDCls (2 mL) were added. Finally, the product
yield was obtained by *H NMR analysis of the organic layer.
General procedure for photocatalytic oxidation of cyclodedecane of cyclododecanol

To an oven dried Schlenk tube, [Mn(dtbpy)2(OTf)2] (5 mol%) was in situ synthesized.
Then, cyclododecane (0.5 mmol), trifluoroacetic acid (30 mol%), solvent (2 mL) were added
under N2. The reaction tube was then fitted with an oxygen balloon, and was allowed to stir at
room temperature under blue light for 15 h. After reaction, mesitylene (17.3 mg) as internal
standard, water (2 mL) and CDClIs (2 mL) were added. Finally, the product yield was obtained
by *H NMR analysis of the organic layer.
General procedure for thermal oxidation of cyclodedecane of hydroperoxycyclododecane

To an oven dried Schlenk tube, catalyst (10 mg), cyclododecane (0.5 mmol), were added
under N.. Then the reaction tube was placed under vacuum and purged with nitrogen at least
three times. After that, H>O> (1 mmol), trifluoroacetic acid (0.5 mmol) and solvent (2 mL) were
added under N,. The reaction tube was then allowed to stir at room temperature under blue
light for 15 h. After reaction, mesitylene (17.3 mg) as internal standard, water (2 mL) and
CDCls (2 mL) were added. Finally, the product yield was obtained by *H NMR analysis of the

organic layer.
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5.5 Analytical data of products

o)
Cyclododecanone®’

IH NMR (400 MHz, Chloroform-d) § 2.52 — 2.40 (m, 4H), 1.77 — 1.65 (m, 4H), 1.37 — 1.16
(m, 14H).

13C NMR (101 MHz, Chloroform-d) § 212.92, 40.36, 24.73, 24.58, 24.21, 22.54, 22.32.

OH
Cyclododecanol®®

'H NMR (400 MHz, Chloroform-d) § 3.93 — 3.80 (m, 1H), 1.79 — 1.00 (m, 22H).

13C NMR (101 MHz, Chloroform-d) & 69.21, 32.48, 24.21, 23.82, 23.36, 23.27, 20.96.

OOH
Hydroperoxycyclododecane®®

'H NMR (400 MHz, Chloroform-d) § 4.16 — 4.10 (m, 1H), 1.64 — 1.30 (m, 22H).

13C NMR (101 MHz, Chloroform-d) & 83.38, 27.34, 24.38, 23.82, 23.34, 23.26, 21.07.
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Chapter 6

Conclusions and Perspectives

C-H functionalization of inert C-H bonds has been considered as a meaningful but
challenging issue. This thesis describes several methodologies for the photocatalytic C-H
functionalization of different aromatic and aliphatic hydrocarbons, including carboxylic acids,
alkylarenes and cycloalkanes. C-H functionalization of these cheap, stable and easily-available
substrates affords a wide range of valuable compounds, including aldehydes, ketones, alcohols,
peroxides and amides.

We have developed a Mn-catalytic system for the decarboxylative oxygenation of
carboxylic acids to corresponding aldehydes and ketones using a non-heme
[Mn(dtbpy)(OTf)2] catalyst with O as oxidant. A wide range of aromatic and aliphatic acids
as well as drug molecules can be converted to target aldehydes and ketones in good yields
under mild conditions. To explore the transformation of carboxylic acids to other oxidation
products, such as alcohols and peroxides, we attempted to develop new catalytic systems for
selective C-H functionalization of carboxylic acids.

We went on with the search and found a new Ce-catalytic system for selective
transformation of carboxylic acids using a cheap and commercially available Ce(lll) catalyst
with air as oxidant. Not only could aldehydes and ketones be obtained, but also peroxides and
alcohols were afforded as final products. A big challenge in this protocol is the control of the
selectivity. It is interesting to find that the selection of base, i.e. NaOAc vs 2,6-lutidine, can
adjust the selectivity of the reaction. A wides range of peroxides, aldehydes, ketones and
alcohols resulting from aromatic acids, aliphatic acids and pharmaceutical drugs were afforded

in good yields with high selectivity.
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Apart from the transformation of carboxylic acids, a Ce(lll)-catalysed Ritter-type C-H
amidation of alkylarenes was developed. CBrsCOOH was employed as the Br source to access
carbon cation. A wide range of alkylarenes as well as different nitriles were tolerated in this
strategy, affording the corresponding amides in good yields and selectivity.

Finally, the oxidation of cycloalkanes was explored. Three catalytic systems have been
investigated for the oxidation of cycloalkanes to ketones, alcohols and peroxides. Although the
current yields of these products are moderate, the method shows promise and is worth further
studying.

We hope that this research work can provide some thought towards the challenges
associated with the C-H functionalization. However, some new questions require to be
answered. Firstly, there still exists a need for a deep investigation of the mechanism of both
Mn and Ce catalytic systems. As well, the specific structure of Ce(lll) catalysts in Chapter 3
and 4 is not very clear. An endeavour must be made on the study of these catalysts.
Furthermore, application of these catalytic systems in practical synthesis is worth being
investigated. More work on oxidation of cycloalkanes is needed to improve the yields of ideal

products.
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