. HOKKAIDO UNIVERSITY

Title Direct Functionalization of Carboxylic Acids by Boron Catalysis
Author (s) AV, 74
Degree Grantor biEEKE
Degree Name Bt (EF)
Dissertation Number 5161395
Issue Date 2024-09-25
DOI https://doi.org/10.14943/doctoral. k16139
Doc URL https://hdl. handle.net/2115/95927
Type doctoral thesis

File Information

SUN_KAI. pdf

kaid
e U"/Le

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




Direct Functionalization of Carboxylic Acids
by Boron Catalysis

DRI X D IR BRE SRS DB

SUN KAI
2024



Contents

General INtroduction.........ccceeiicnccnicssssnnicsssnnccssssncssssssessssssssssssssssssonsssssss 1
1. Value of carboXylic aCIdS......ccuiriieriiiiiieiieeii ettt et ee 1
2. Direct functionalization of carbon chain of carboxylic acid..........c.cccceeeeiieriieniienirennn. 2
3. Boron catalysis in direct functionalization of carboxylic acid..........ccccecevierieniennnnene 6
4. REICTEICES. ...ttt ettt et sttt st b ettt sb ettt e bt et st nas 10
Chapter 1

Light-driven a-Allylation of Carboxylic AcCids.......ccccceeeesueeecssneeccsnnnnens 11
LT INEEOAUCEION. ...ttt sttt et et e b enees 11
1.2 HYPOURESIS. ..uvieiiieiiieiie ettt ettt ettt ettt e st e esbeessbeebaesnseenseeesseenseesnnean 13
1.3 SCICEIMING. .....viiieiieiieeiieete ettt ettt et et e et eetbeebeessbeesaessseesseessseensaessseenseessseenseens 13
Li4 SCOPC..c. ettt e ettt e ee ettt e ettt e ettt e ettt e st e e e bt e e e bt e e nnteeennbaeennbeeenaeenn 16
1.5 Mechanistic iNVESTIZATION. .......ccuieriieeieeiieeieeieeeteeieeereeeeeeaeeteeesseesseessseeseeesseeseas 19
1.6 SUIMIMATY.....ceeeitieeiiieeiie ettt et e et e et e e e teeesstaeeenbeeessseeensseeesseesnsseesnsseessneenns 27
1.7 General PrOCEAUIE. .......cccutiiiieeiieiieeieeciee et ette et e e e teesteeesbeesteesaseeseessseesaesnseeseenns 27
1.8 Preparation of the ligand and sSubstrates.............ccoeevvieeriiiniiiiniecce e 27
1.9 Characterization Of ProdUCES. ......c...ooiuiiiiiiiiiiiiiiecceeeee e 34
L.10 RETEIENCES. ...ttt ettt st e 45
Chapter 2

Light-driven B-Allylation of Carboxylic AcidS........cccceeeeeveereciineeccnnnes 46
2.1 INEEOAUCTION. ¢ttt ettt ettt et e st e esanean 46
2.2 Hypothesis and initial SCIEENING.........cccureerireeiiieeriieeriee e erree e e eree e e eaee e 50
2.3 BINOL screening with ML (machine learning)............ccceeeveeeciieeecieenceeeniee e 52
2.4 Additional screenings of rection CONAITIONS.........eeeevieeriieeriieeeiie et eeeee e 58
I o703 o1 RSP SR 63
2.6 Mechanistic INVESIZAtION. .......ccciieeiiieeiieeeireeeieeeeiee et e eere e e eeesaaeeeaaeesereeeneaeeennes 64
2.7 SUIMIMIATY...ceeeuiiiieeeeiieeeeeiteeeeeiteeeesstteeeesatteeeeeatteeeesstaeeesnsaaeesassaeeesansseeessnnsseeessnnsees 69
2.8 GeNETal PrOCEAUIE. .....c.uviieiiieciie ettt ettt e e ae e e e e s bae e s aee e sseeensseeenneeas 70
2.9 Characterization Of PrOQUCES.......c..ieeiiiieeiiiieciee et eeee e e e ee e e areesaaee e 70
2.10 RETEIEIICES. ....eueeieeeee ettt ettt ettt et e e an 82
Chapter 3

o-Trifluoromethylthiolation of Carboxylic Acids......ccccccevreecesccrnnrecccnns 84



3.1 INEEOAUCTION. c.ceeeeeeeeeeeeeeeeeeeeeee ettt e et e et et et et e e et e e e e e e ee e e e e eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaees 84

3.2 HYPOLNESIS. . .eeeieiieiiieeiie ettt ettt ettt ettt et e e saeeabeesseeenseensaeenbeeneaens 85
3.3 SCT@EIING. ... vieutieeiiieeieeiie et eite et et e et e e teeebeestaeebeessseenseessseesseessseenseesssaenseesssesnseens 85
34 SCOPC. ettt et e et e ettt e et e e beeenabee e abee e nbeeeareeennnes 85
3.5 Research with data SCIBNCE........c.eevviiiiieiiiciieiie e e 87
3.6 MechaniStic INVESIZATION. .......eecuieeireiieeieetieeieeieeeteeteeeaeenseeeebeesseesnseensaesnseenseeenne 91
3.7 SUIMNIMATY.....eeiiiieeiieeeiee ettt e ettt e et e e s teeesabeeesabeeesaseeesseesnsseesnsseesnseeesseeenns 93
3.8 GENETal PrOCEAUIE. ... .eeiuiieiiieeiieeiieeie ettt ettt et ettt e e et esibeebeessseeseesnseenaeeans 93
3.9 Characterization Of PrOQUCES.........ccuieriiriieriieiie ettt seee e e 94
3.10 Descriptors and mathematical modelling............ccccooiiiiiiiiiiici 103
3.11 DFT calculation Of SUDSIIALES. .........oiiiiiieieieiee e 104
R B ) 153 (5] 1 Lo TSR 111

OULIOOK...cccicrerenrriiiiisirnnrniicsisssnnnnncssssssssnescssssssssssscsssssssssssssssssssssssssssssssns 112

ACKNOWIEAZEMENL.....uuueeeriiiririrnrrnicsisssnranecsssssssssncssssssssssscsssssssssssscsssssns 113



General Introduction

1. Value of carboxylic acids

Carboxylic acids exist ubiquitously in living bodies and the surrounding
environment. Despite their different molecular structures, they play critical roles in
various biological processes that are crucial in keeping the form of the world.

(o)

(o)
HO,,, ’_
AN OH OH
N ‘,, \*
o N HO"
o H NH
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°© o
cephalosporin biotin IAA (auxin) chlorogenic acid

(antibiotic) (vitamin B7) (plant hormone) (polyphenol)
Fig 1 Examples of natural products containing carboxy group

Inspired by naturally occurring bioactive molecules, pharmaceuticals based on
carboxylic acid have been widely developed. For example, they constitute a category of
NSAIDs (Non-Steroidal Anti-Inflammatory Drugs).

(0] (0] (0] (o)
Me
OH OH OH (o] H OH
N N
}’O'CI cl
Mo 4 Ph

Ibuprofen Indomethacin Oxaprozin Dichlofenac

Fig 2 Carboxylic acids developed by human as pharmaceuticals: NSAIDs

Besides their direct usage, carboxylic acids also act as important synthetic precursors
and intermediates. Carboxy groups can be readily converted into amido groups, ester
groups and so on. Additionally, they can also be removed by decarboxylation to reveal
the carbon skeleton. Versatile reactivity bestows them synthetic utility leading to a wide
variety of products. As an illustrative example, carboxylic acid has been known as an
important intermediate in the synthesis of cabotegravir,l! which is used to treat



HIV/AIDS.
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Fig 3 Synthetic route of cabotegravir

Masami Okabe and coworkers?! reported an efficient synthetic route for Ro 28-2653,
a highly selective barbiturate class of matrix metalloproteinase inhibitor. Their synthesis
started from a carboxylic acid compound Felbinac, which is also a commercially available,
well-known pharmaceutical.

0 o)
HN—
OH 0 NH
_»
— N
N o
O,N
Ph
Felbinac Ro 28-2653  pp

Fig 4 Synthesis of Ro 28-2653 from Felbinac

Based on the above-mentioned reasons, convenient and efficient functionalization
of carboxylic acids has been highlighted among organic chemists. Functionalization of
carboxylic acids can provide people with more synthetic flexibility to generate more
value-added products.

2. Direct functionalization of carboxylic acid

Carboxylic acid features an active hydrogen atom, which is acidic and can thus be
easily removed as proton. This character can fail many approaches by deactivating the
reactants or catalysts, inducing unwanted byproducts, or causing solubility issues.

o
A H pKaO~5
Fig 5 Typical acidity of carboxylic acids

Conventional strategy to solve this problem is to remove this hydrogen by protection



prior to the functionalization. However, this procedure requires two additional steps, i.e.
protection and deprotection. At the same time, the stoichiometric reagent used for
protection is doomed to cause low atom economy.

(0 protection jj)\ i functionalization ~ deprotection
— . R’ R’ é
RJ\O’H R” ~0” RTON R"™ O
&'

Fig 6 Conventional procedure of carboxylic acid functionalization

In this context, direct functionalization of carboxylic acids becomes a great interest
of chemists. To achieve this goal, one approach is to develop a method that simply
tolerates carboxy group, which is beyond the scope of discussion here. Another strategy
is to utilize carboxy group, in which metal or metalloid atoms are widely used to replace
hydrogen and form a transient species. Such species are active in the reaction whilst
quenched by a simple work-up procedure.

transient species
(0] (0]

Hon — M m

R ~O R” MO R" ~O~°

Fig 7 Direct functionalization of carboxylic acids
Kazuaki Ishihara and coworkersl®! reported an enantioselective conjugate addition
of carboxylic acids. This reaction features using chiral amine-boronic acid cooperative

catalysis. In this reaction, the boronic acid catalyst forms a mixed anhydride to activate
a,B-unsaturated carboxylic acid.

‘ l OR?
ﬂn NH 20 mol%
© OO ) o)
2 .
OR o

1 R OH
o R'O |

B(OH), 20 mol%
R'O

Fig 8 Enantioselective conjugate addition of carboxylic acids

Jin-Quan Yu and coworkers!® reported a Pd-catalyzed B-C-H activation, which



forms C-C bonds by using carboxyl group itself as the directing group. This reaction is
applicable to not only benzoic acid derivatives but also aliphatic acids, which was an
unanswered challenge.

(0] Ph O
O Pd(OAc), (10 mol%)
ﬁ)I\OH + Ph—B :>< > OH
R (@] BQ, Agch3, K2HPO4 R
o) Ar O Ar O
Pd(OAc), (10 mol%)
A)I\OH + Arl > OH + ArMOH
R NaOAc, Ag,CO3, KoHPO, R R

Fig 9 Pd-catalyzed -C-H activation

Among these methods for the direct functionalization of carboxylic acids, direct a-
functionalization is an attractive category. The strategy is to generate the semi-stable
enolate by further removing o-H. The enolate intermediate then reacts with a variety of
reagents, typically electrophiles, to introduce new functional groups including alkyl, aryl,
carbonyl, amino, hetero atoms and so on.

Due to its high utility and adjustability, chemists have examined various metals or
metalloids for these transformations. For example, alkali metals such as Li, Na, alkali
earth metals such as Mg, metalloids such as B, Si as well as transition metals such as Fe.

M

o o o
R~ M — » R -H
oMo T 0" 0
0 . R R
R R R

Fig 10 Direct a-functionalization of carboxylic acids via enolate

Atsunori Mori and coworkers®! reported an arylation of arylacetic acid with Pd
catalyst. The reaction first generates magnesium enolate using Grignard reagent as a base,
followed by the treatment of Pd catalyst and aryl bromide to afford corresponding

diarylacetic acid.

Q 0
I)j\ 1) EtMgCI (2.5 eq.)
OH > Ar'ﬁ)]\
Ar 2) Ar'-Br OH
Pd(tBusP), (2 mol%) Ar

Fig 11 Magnesium enolate used for arylation

David B. Collum, Armen Zakarian and coworkers!® reported several reactions



including alkylations, Michael additions, and aldol reactions using lithium enolates as the
intermediate. Chiral lithium amides were used as transient auxiliaries, which form mixed
aggregates in situ. Such aggregation posts an influence on the lithium enolate and gives
high enantioselectivity. In addition, the chiral amine used in the reaction can be recovered
after the reaction.

o) 1) nBuLi (4 eq.) 0 ), AN
| \ HN NH
H>g]\ chiral amine (1.03 eq) R", N /'\/N
OH > " " o ~ph Ph

R" R 2) R"-X R R

chiral amine, n=1 or 2

Fig 12 Enantioselective quaternary carbon center construction with lithium enolates

The Hartwig groupt reported a palladium-catalyzed o-arylation of carboxylic acids,
which can be applied to a variety of carboxylic acids as well as a range of aryl bromides.
In the reaction, the carboxylic acid was tentatively protected by the silyl group, which can
be removed easily after the reaction. This reaction is also effective at gram-scale synthesis,
bestowing its utility and practicality.

o LIHMDS (2.1 eq.) Pd(dba), (0.05 eq.) O

\)j\ TMSCI (2.4 eq.)  Ar-Br, tBusP, ZnF,  KF_
OH g S o

Ar

Fig 13 Traceless protection with the silyl group

Shunsuke Kotani, Makoto Nakajima and coworkers®! reported an enantioselective
aldol reaction between carboxylic acids and aldehydes. SiCls was used to generate
bis(trichlorosilyl)enediolates as intermediates in situ. A chiral bis(phosphine oxide) was
used as a Lewis base catalyst to induce enantioselectivity. The protocol extended to the

reaction with an « -ketoester was also showcased.

SiCly( 2 eq)
iProNiBu (5 eq)

catalyst (10 mol%) =
kaH * R')LH - R'/\)LOH

DCM, -60°C, 24h

catalyst TIPS

Fig 14 Silicon mediated enantioselective aldol reaction

These reactions all feature the generation of a stoichiometric amount of enolate,



followed by catalytic or stoichiometric reaction with enolate. Catalytically generated
enolate has also been reported to achieve a-functionalization.

Ryo Yazaki, Takashi Ohshima and coworkers® reported an o-oxidation of
carboxylic acids by using Fe(OAc). as the catalyst. Iron- and alkali metal ions derived
from molecular sieves participated in the forming of enolate. Such species are redox
active and react with stable oxyl radicals, TEMPO and its derivatives, to give the product.

0 Fe(OAc), (5 mol%) O/[M] 0O
ligand TMPO
HW)LOH - %\o’[Fe] R OH
TEMPO R
R MS 4A R

Fig 15 Catalytic reaction using Fe species as the catalyst

3. Boron catalysis in direct functionalization of carboxylic acid

Boron reagents are well known to efficiently generate enolate from carboxylic acid,
and subsequent functionalization can be achieved using this strategy. Compared with
other metals or metalloids, boron has several special merits in the functionalization of
carboxylic acids. For example, boron has good ability of ligation so its reactivity and
selectivity can be easily tuned for desired reaction. Furthermore, boron catalyzed
carboxylic acid functionalization usually features mild conditions, which allow for
broader reaction scope. In addition, boron can be removed by a simple workup, while
silicon and another metalloid used in carboxylic acid functionalization require fluorides
for complete removal. Also, boron has good abundance on earth and good accessibility
from ores, which contributes to the lower cost for boron catalysis. Last but not least, boron
has lower toxicity comparing with heavy metals, which makes it more environmentally
friendly and promising to be used at a larger scale in industry. Besides, boron has higher
electronegativity and smaller radius compared with other metals and metalloids, which
give boron unique properties in the functionalization of carboxylic acids.

As an example of the application of stoichiometric boron reagent in the
functionalization of carboxylic acids, D. A. Evans and coworkers!!” reported a
stereoselective aldol condensation via boron enolates. Dialkylboryl triflates were used
with carboxylic acid derivatives or ketones to generate boron enolates, while carboxylic
acids generate dialkylboryl enediolates.

| OH O OH O
DIPEA 5. _2)OH L I
_ —_—
|)LOH %\o’ 2 Ph/H)j\OH Ph”” " “OH
R R

R R



Fig 16 Aldol condensation of carboxylic acids via dialkylboryl enediolates

P. Veeraraghavan Ramachandran and coworkers*! reported an anti-selective
enolboration-aldolization of propionic acid. Boron reagent cyh,BBr was used to enolize
the propionic acid, allowing further aldol reaction with aldehydes.

o 1) cyh,BBr , Et;N OH O

\)L 2) RCHO _
oH > R OH

Fig 17 Stoichiometric example of boron application

Research over the past decade employing boron as a catalyst in the functionalization
of carboxylic acid will be highlighted here.

Yohei Shimizu, Motomu Kanai, and coworkers!'?! developed a Mannich-type
reaction using carboxylic acid as the substrate and borane as the catalyst. In this reaction,
the carboxylic acid was activated by a catalytic amount of BH3*SMe», which was further
deprotonated by DBU to generate the enolate. The enolate can act as nucleophile to
furnish Mannich-type reactions. Additionally, chiral ligands are implemented to induce

enantioselectivity in this reaction.

BH3’SM92 (10 mol%) TsHN 0]

0
DBU
NTs 2
RS ~ ko

R’ R3 R?R3

I
o BH3‘SM€2 (10 mol%) BusHN 0] OO

NBus DBU, |Igand
[ Rzﬁ)]\ > R OH
OH

OH
R RS R2 R3 OO

Fig 18 Boron catalyzed Mannich-type reaction

Yohei Shimizu, Motomu Kanai, and coworkers!'*! reported a selective aldol reaction
between carboxylic acids and trifluoromethyl ketones. The functionalization occurs only
at the a-position of the carboxylic group, while ketone, ester or amide functional groups

remain inert.



BHg+SMe; (10 mol%) OH O

o Q  bBU _ FiC
L + |)LOH R’ OH

R1 CF3 R2 R2

Fig 19 An aldol reaction example

Masaya Sawamura, Yohei Shimizu, and coworkers!'*! reported an a-amination using
diisopropylazodicarboxylate (DIAD) as an electrophilic aminating reagent. This reagent
reacts with the catalytically generated boron enolates, yielding amino acid derivatives.
The product can be further derivatized with ease. In addition, enantioselective reaction is

possible by introducing a chiral ligand on the boron catalyst.

1) B,O(OAc)4 (10 mol%)  iPrO,C.

_CO,iPr O DBU NH O
N + R! > N
N OH iPrO,C” OMe
iPrO,C =2 2) TMSCHN, 2¥ R VR2

Fig 20 Boron catalyzed a-amination with DIAD

In some special cases, hybrid catalysis using boron along with another metal or
metalloid gives unique reactivity.

Yohei Shimizu, Motomu Kanai, and coworkers!'”! reported a hybrid catalysis
consisting of palladium and boron complexes. The reaction generates acyclic quaternary
carbon centers chemo- and enantioselectively at the a-position of the carboxylic acid.
Boron enolate acts as nucleophile, while n-allyl palladium acts as an electrophile. Two

chiral ligands were crucial in tuning the selectivity of this reaction.



o [Pd(allyl)CI], (2.5 mol%)

° A
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$

OAc
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X 0] X
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Ar = 3,5-dimethylphenyl (ONQ
L4
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Fig 21 Pd/B hybrid catalysis of carboxylic acid functionlization

Harunobu Mitsunuma, Motomu Kanai, and coworkers!!®! reported a chemo-selective
asymmetric aldol reaction between carboxylic acids and aldehydes catalyzed by boron
catalyst, where siloxy esters are formed in situ to activate the carboxylic acid. Si/B

enediolates were proposed to be the active species. The reaction is applicable to

multifunctional substrates to enable late-stage functionalization.

o B,O(OAC), (10 mol%) oOH O o
o (Et0),SiCl (2 eq.) : -
yooo- > R1/\)J\OH °
1 OH  bgU, ligand ; F
R R? , ligan R2
F

ligand N

Fig 22 Boron catalyst and silicon reagents utilized in carboxylic acid functionalization

Based on these advantages of boron catalyzed functionalization of carboxylic acid,
Further development of this method can bring people new transformations and better
utilization of carboxylic acid. Importantly, most of the boron-catalyzed functionalization
of carboxylic acids focuses on a-functionalization. Although Michael additions of a,p-
unsaturated carboxylic acids have been frequently reported, B-functionalization of
saturated carboxylic acids is rarely developed. Such research can be useful in expanding

the synthetic utility of carboxylic acids.
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Chapter 1
Light-driven a-Allylation of Carboxylic Acids!”!

1.1 Introduction

Although nucleophilic reactions of carboxylic acid have been studied for a long time
by chemists, radical pathways for carboxylic acid functionalization are rarely reported.
Recently, photoinduced radical reactions for the functionalization of other carbonyl
compounds have been reported.

In 2010, the MacMillan group!'®! reported an enantioselective aldehyde a-
benzylation. A chiral imidazolidinone was used as the catalyst. The aldehyde substrate
first condenses with imidazolidinone catalyst during the reaction to form a m-nucleophilic

enamine, which further reacts with benzyl radical generated by Ir photocatalyst.

cat O Me
: (0]
(0] Ir(ppy)s, base , il}
Br/\Ar + HLH - v Ar/ ‘s, H Bn N /I\/Ie
household light H
R R cat. HOTf

Fig 1.1 Aldehyde a-benzylation

Paolo Melchiorre and coworkers!!”) reported a visible-light-driven, stereoselective
a-alkylation of aldehydes. The chiral amine catalyst participated in both photochemical
activation of the substrates and the stereo-determining C—C bond formation. The
difficulty of accomplishing asymmetric a-alkylation of aldehydes under thermal

conditions was conquered by applying the radical mechanism.

H
chiral amine -
(0]
Q base Ny pX
S L 1, < r
Br EWG * I)j\ - EWG 'l)LH H
! H 23W CFL s H OTms
Ar = 3,5-(CF3)2-CGH3
chiral amine

Fig 1.2 Visible-light-driven a-alkylation of aldehydes

The Melchiorre group®” later also reported an aromatic perfluoroalkylation and
trifluoromethylation of a-cyano arylacetates. This method features a metal-free approach.
The electron donor-acceptor (EDA) complexes formed in situ were activated by visible-

light irradiation under ambient temperature.

11



CN R CN

N o TMG((25eq.) N 0
Rg—lI + R— > R:—
% OEt  23W CFL >z OEt

Fig 1.3 Perfluoroalkylation and trifluoromethylation

In recent years, a-functionalization of carboxylic acid via radical pathway has also
been reported.

David W. C. MacMillan and coworkers?!! reported an o-arylation of several
carbonyl compounds, including a-chlorocarboxylic acids, by a manner of cross-
electrophile coupling. The reaction proceeds through a halogen atom abstraction and a
nickel radical-capture mechanism. A wide range of aryl bromide coupling partners can be
tolerated. However, the reaction with carboxylic acid requires an a-chloro substituent,
which is a limitation in the aspect of carboxylic acid functionalization.

1)bis(trimethylsilyl)acetamide

DME
0 2)Photocatalyst O Z Do
cl NiCl,+dtbbpy !
g - HO& > HO N
_ R" R" (TES),SiH, 2,6-lutidine R" R"
Br blue LEDs

Fig 1.4 a-Arylation via a radical process

Ryo Yazaki, Takashi Ohshima, and coworkers®! reported an a-oxidation of
carboxylic acids, as introduced in previous paragraph. Although this reaction tolerates a
wide range of carboxylic acid substrates, the requirement of stable free radicals as the

coupling partner limits its further application.

0 Fe(OAc), (5 mol%) o” [M] 0
ligand o TMPO
H\l)]\ on > %\O,[Fe] — OH
TEMPO R
R MS 4A R

Fig 1.5 Catalytic reaction using Fe species as the catalyst
a-Alkylation via radical pathway have until now not been reported yet. Although

nucleophilic a-alkylation is well-developed, those reactions require very strong bases to

remove a-H, thus severely limiting the scope.

12



1.2 Hypothesis
Boron catalysis for o-functionalization of carboxylic acid had been proven to
proceed under mild conditions. However, a-alkylation with alkylation reagent is not
preferable because the carboxylate forms rapidly, while a-functionalization is slow due
to the low concentration of enolate species. A radical pathway may solve the problem.
Allyl sulfones are good intermediates for the synthesis of pharmaceuticals. They are

12311241 Thus, the allyl sulfones were chosen

also used as reagents for allylation reactions!??
as the coupling partner to develop a boron-catalyzed a-allylation reaction.

I envisioned that m-conjugation with enolate and ligand on the boron can enable its
single electron transfer (SET) to electron-accepting allyl sulfones and generate allyl

radicals, thus providing further allylation product by radical coupling.

0 o)
H -
%OH o OH
R AI‘ ArrR Ar
[B] cat. Ilgand
DB
°
M
. * - ,
O’M (o] Y\ O Mes +.O Ar
R LED_ [r_ _J_ _ Ar NN
© © SET
Ar Ar Ar 0,Mes
low conc.

Fig 1.6 Proposed reaction scheme

1.3 Screening
1.3.1 ligand

Considering the m-conjugation affect the photoexcitation efficiency, different ligands
with various m-system had been tested. At first, a-disubstituted carboxylic acids were
chosen to be the substrate. It can be clearly noticed that ligands with larger n-conjugation
gave higher yield, which is consistent with the hypothesis. It was also found that iodine
atom as the substitution on the ligand affects the yield. Unfortunately, substitution
patterns that provided superior yields were not found. Finally, the L.L1 was shown to be
the optimal ligand.

13



1) B,O(OAC), (10 mol%)
ligand (20 mol%)

0 DBU (2.4 eq.), blue LED (o)
M PhMe/THF , 15°C, 11h Me
e OH + Y\SOZMes > OMe
Ph 2) Mel, NaHCO3, rt Ph Ph
Ph 4a 2a 2eq. 3aa
entry ligand yield / %
1 L1 69
2 L2 56
3 L3 29
4 L4 43
5 L5 8
6 L6 2
7 none 7/

T, o, D,
oep OOO 99

L1 O
| OH
I I OH
O
[
L4
( )FOS Val

Fig 1.7 Ligand screening for a-disubstituted carboxylic acid

However, for a-monosubstituted carboxylic acid, n-conjugation effect of the ligand
was not as prominent. At the same time, the substituents on the ligand play important
roles. So L4 was chosen to be the best ligand for the reaction of a-monosubstituted

carboxylic acid.
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1) B,O(OAC)4 (10 mol%)
ligand (20 mol%)
0 DBU (2.4 eq.), blue LED 0]
PhMe/THF , 15°C, 11h

+ Y\sozlvles — OMe
Ph

2) Mel, NaHCOg3, rt Ph
2 eq.
oMe ° 2a 302 Sme
entry ligand yield / %
1 L1 54
2 L2 37
3 L3 25
4 L4 59
5 LS 37
6 L6 7

Fig 1.8 Ligand screening for a-monosubstituted carboxylic acid

1.3.2 leaving group on sulfone
The leaving group on the sulfone was screened with the optimal ligand L1. It was
found that the identity of the leaving group of sulfones was very important to the reaction.

However, the relationship between the leaving group and the allylation was unclear.

1) B,O(OACc), (10 mol%)
1 (20 mol%)

DBU (2.4 eq.), blue LED 0
PhMe/THF , 15°C, 11h Me
Ve \I/\SOZR > OMe
2) Mel, NaHCOg, rt Ph Ph
Ph 1a 2 3aa
entry R sulfone yield / %
1 Mes 2a 69
2 p-Tol 2a' 12
3 Me 2a" 0

Fig 1.9 Screening of the leaving group on the sulfone

1.3.3 base

Several organic and inorganic bases having different basicity and structures were
tested. It was found that DBU gave good yield exclusively, which may be due to its
basicity, steric hinderance, and solubility.
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1) B,O(OAC), (10 mol%)
L1 (20 mol%)

base (2.4 eq.), blue LED 0)
0 PhMe/THF , 15°C, 11h Me
Ve + \[/\sones > OMe
OH Ph 2 eq 2) Mel, NaHCO3, rt Ph Ph
Ph 1a 2a 3aa
entry base yield / %
1 DBU 69
2 DBN 0
3 iPr,NEt 0
4 CS2CO3 0
Fig 1.10 Base screening
1.4 Scope

With the optimized conditions, the scope of this reaction was investigated.

1.4.1 a,a-disubstituted carboxylic acid scope

Substrates bearing para- or meta- substituents on the a-aryl rings were well tolerated,
while the ortho-substitution was not allowed (3la). This is probably due to the steric
hinderance that hampers the conjugation of enolate with the ligand. The nonreactivity of
the o,a-dialkyl substrate (3ma) may also be due to the lack of conjugation in the enolate
intermediate . Heterocycles such as a-thiophenyl substrate (3fa) were also suitable for
this reaction. a-Ethyl substrate (3ha) was shown to have similar reactivity as a-methyl
substrate. This utility of reaction was demonstrated for the transformation of

pharmaceuticals such as Naproxen or Loxoprofen (3ja, 3ka).

1) BLO(OAG), (10 mol%)
L1 (20 mol%)

o DBU (2.4 eq.), blue LED o
PhMe/THF , 15°C, 11h R
Y\SOZMes + R\l)]\OH - OMe
Ph 5eq. Ar 2) Mel, NaHCOs, rt Ph Ar
2a 1 3
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o)

O 0]
Me Me Me Me
OMe OMe OMe OMe
Ph Ph Ph Ph
3aa 3ba 3ca 3da
65% 37% tBu 43% OMe 51% ClI
O O
Me Me Me O Et O]
OMe OMe OMe OMe
Ph Ph ANg Ph Ph
69% 48% 43% O—/ 67%
0 0]
M 0o Me
X oM OMe OMe
© Ph
Ph O
3ia 3ja O 3ka
47% from Naproxen from Loxoprofen
52% OMe 54%
o ] ~MI T Me
Me 0 oM
OMe )QM? o~ [Bl T e
Ph X— | Me Ph
3ma
3la 0%
0% - i

Fig 1.11 o,a-Disubstituted carboxylic acid scope

1solated yield is shown

1.4.2 a-monosubstituted carboxylic acid scope
The scope of a-monosubstituted carboxylic acids was also briefly investigated. Both

electron-withdrawing (3pa) and -donating (30a) groups on the phenyl ring were tolerated.

1) B,O(OAc), (10 mol%)
L4 (20 mol%)

o DBU (2.4 eq.), blue LED o
PhMe/THF , 15°C, 11h
SO,Mes  + ’)I\OH > OMe
Ph 2 eq. Ar 2) Mel, NaHCOg, rt Ph Ar
2a 1 3
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0]

OMe OMe Me
Ph Ph

52% tBu 54% OMe 53% CI 49% Br
3na 3o0a 3pa 3ga

Fig 1.12 a-Monosubstituted carboxylic acid scope

isolated yield is shown

1.4.3 sulfone scope

At last, the sulfone scope was investigated. Substituents at the para- or meta- position
were well tolerated. It is noteworthy that acetyl group, which is enolizable, remained
untouched during the reaction (3dc¢). Meanwhile an ortho-substitution on the phenyl ring
inhibited the reaction (3dg). It was also found that the phenyl group on the allyl group is
crucial to the reaction, thus the allyl sulfone without phenyl ring on the allyl group all
gave 0% yield (3dh, 3di, 3dj).

1) BLO(OAG), (10 mol%)
L1 (20 mol%)

(0] DBU (2.4 eq.), blue LED o
Me PhMe/THF , 15°C, 11h Me
OH + Y\SOZMes . oMo
Ar 2) Mel, NaHCOg, rt Ar
2 eq.
3
1d 2
Cl I
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Me Me Me
OMe OMe OMe
Cl Cl Cl
Br 3db OAc 3dc 3dd
45% 65% 68%
0] 0]
Me O Me Me
OMe OMe OMe

O OO
MeO Cl [Ilﬁgln Cl :iln Cl

3de 3df 3dg
70% 69% 15%
0 0
Me Q Me Me
X OMe OMe OMe
Cl
3dh 3di 3dj
0% Cl 0% Cl 0% Cl

Fig 1.13 Sulfone scope

1solated yield is shown

1.5 Mechanistic investigation
1.5.1 control experiments

To probe the reaction mechanism, control experiments were performed to check the
necessity of every component. Entry 2, 4 and 5 suggest that boron and ligand were both
crucial in the postulated enolate intermediate that can be activated by photoexcitation.

Entry 3 indicates light is essential in this reaction, where a radical pathway may be

involved.
1) B,O(OAC), (10 mol%)
L1 (20 mol%)
o DBU (2.4 eq.), blue LED o
PhMe/THF, 11h, rt Me
Me\l)]\OH + YSOzMeS > OMe
2) Mel, NaH
Ph 4, Ph 5 eq. ) Mel, NaHCOg, rt Ph Ph
2a 3aa
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entry deviation yield / %
1 none 69
2 w/o L1-2H 7
3 w/o LED 0
4 w/o B20(OAc)4 0
5 w/o DBU 0

Fig 1.14 Control experiments

1.5.2 addition of radical inhibitor
To further support a scenario of radical process, radical inhibitors were added to the
reaction. It was found that the addition of radical inhibitors completely impeded the
reaction, which strongly suggests a radical mechanism.
1) BLO(OAC), (10 mol%)
L1 (20 mol%)
inhibitor (1 eq.)

o DBU (2.4 eq.), blue LED o)
PhMe/THF , 11h, rt

\[/\sones + oH - OMe
Ph 2) Mel, NaHCOg3, rt Ph
2 eq.
3o0a
2a 10
OMe OMe
entry inhibitor yield / %

1 none 69

2 TEMPO 0

3 BHT 0

Fig 1.15 Radical inhibitors completely stopped the reaction

1.5.3 competition reaction

A ketene silyl acetal (4j) was added to the normal reaction, which provided the
corresponding product (3ja). Meanwhile the same product was not found without the
carboxylic acid substrate coexisting in the reaction. This proved the contribution of the
allyl radical in the formation of the product. The results also indicate that the anion of the
ligand was not likely to be able to reduce the sulfone by themselves. At the same time,
the pathway of a single electron transfer from enolate to the sulfone became more

plausible.
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1) B,O(OAC), (10 mol%)

o + OTMS L1 (20 mol%) Ve O Me &

DBU (2.4 eq.), blue LED o
OH ZNOEt  PhMe/THF, 15°C, 11h OMe Me
>  Ph +  Ph
2) Mel, NaHCO3, 1t O
+
! J : g
39% OMe
ja

1eq 1e 24%
1d ijO'V'e 3da 3
OTMS 1) L1 (20 mol%) e}
DBU (2.4 eq.), blue LED Me
Y\SOZMeS N Z “OEt PhMe/THF, 15°C, 11h T OMe
Ph O 2) Mel, NaHCO3, rt O
2 eq. ) 3
) 9 g
4j 0%
1eq ]
OMe 3ja OMe

Fig 1.16 Competitive reaction proved the participation of an allyl radical

1.5.4 radical clock experiment
A substrate bearing a dangling double bond (1r) was synthesized. As the substrate,
this carboxylic acid gave 7% a-allylated product (3ra) along with 25% cyclized product

(Sra). This reaction verified the generation of the a-radical on carboxylic acid.

0]
OMe
1) B,O(OAC), (10 mol%) Ph 7%
0o L4 (20 mol%) |
J OH DBU (2.4 eq.), blue LED
SO,Mes + PhMe/THF, 11h, rt - 3ra .
Ph 2 eq. 2) Mel, NaHCOg, rt o
Ph OMe
2a 1r 25%
Sra

Fig 1.17 Radical clock experiment

1.5.5 effect of LED irradiation
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Light on-off experiments were conducted to check the role of blue LED light. The
reaction was found to only proceed under light irradiation. This indicates the reaction
requires the activation of the intermediate by light energy. Moreover, the rate of product
generation dropped below the rate of substrate consumption, which suggests for
decomposition side pathways. Finally, the carboxylic acid substrate was fully consumed
while the yield did not reach 80%. The deactivation of the catalyst likely occurred during

the reaction.

B,O(OAC), (10 mol%)

0 IE)1B Ejzozn;m%) Me 5
Ph Ph 2eq. blue LED, CgDg, rt Ph  Ph
1a 2a 3aa

200

dark dark dark dark

180

160

140

yield (%

80
—h—

60

40

20

0
0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140

time (min)

Fig 1.18 Light on-off experiments

1.5.6 quantum yield measurement
It is possible that allyl radical can react with enolate to generate the product, followed
by single electron transfer to sulfone to produce allyl radical again. To check the existence

of this radical chain pathway, quantum yield was measured. The reaction was performed
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with standard condition except for the usage of deuterated solvent. The blue light source
was equipped with a 460 nm bandpass filter for the exact measurement of the quantum
yield of the reaction. The light intensity was measured to be 29.6 mW/cm?, and the
transmittance of the reaction sample at the same wavelength was 22.3%. After 0.5 hours
photoirradiation, yield of this reaction was directly determined to be 14.8 % by 'H NMR
measurement using SiMes as the internal standard. Thus, the quantum yield of the reaction
was calculated to be ® = 9.3%. As a conclusion, the proof for a radical chain mechanism

was not obtained.

oM \./ oM Y\sozlvles o

Ar R Je Ar N R
Rj/\o/[B] e WO,[B] \ - AWOH
‘~. ’ 1
Ar Ar  Ar 2 Ar' Ar
Ar'
B,O(OACc), (10 mol%)
o L1 (20 mol%) o)
DBU (2.4 eq.) Me
N soMes  + OH > OH
Ph 5o 260nm light (29.6mW) Ph
g PhMe-dg/THF-dg
SiMey, 0.5h, rt
2a yied=14.8%
c ®=9.3% Cl 3da

Fig 1.19 Quantum yield of the reaction was measurement

1.5.7 UV-vis measurement
From the quantum yield measurement, 460nm light was proved to be suitable for the
absorption by active species that promote the reaction. Some UV-vis measurement was

performed to gain further insight into the reaction.

2

Abs

01 L I L 1 L
300 400 500 600
Wavelength [nm]

Fig 1.20 L1 (0.03 mM) and DBU (0.72 mM)
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The ligand in basic solution showed absorption up to around 500 nm. This indicates

that anion of the ligand can be photoexcited under the reaction condition.

2

Abs

01 . | . I .
300 400 500 600

Wavelength [nm]
Fig 1.21 L1 (0.02 mM), [B] cat. (0.01 mM), and DBU (0.24mM)
However, if the boron catalyst is also added to the solution, the critical absorption
above 430nm disappeared. This indicates that the free anion of the ligand was all

coordinated to the boron atom to give different species.

Fig 1.22 L1 (0.02 mM), [B] cat. (0.01 mM), DBU (0.24 mM), and carboxylic acid
substrate (0.04 mM)

When carboxylic acid substrate was also added. The absorbance at 460 nm can be
seen at a low level. The reappearance of the absorption can be explained by the generation
of new species or the dissociation of ligand from boron.

NMR of the same combination was checked. Unfortunately, it showed that there are
multiple unidentified species in the solution. Thus, the source of this absorption cannot
be clarified.
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Fig 1.23 L1 (0.02 mM), [B] cat.(0.01 mM), DBU (0.24 mM), carboxylic acid substrate
(0.04mM), and sulfone (0.04 mM)
Further addition of sulfone did not give apparent change of the spectrum. Thus, the
formation of EDA complex is not likely.

1.5.8 fluorescence quenching experiment

The fluorescence intensity was measured with a solution of L.1 and DBU in MeCN
with different concentration of sulfone 2a added. It can be clearly seen that sulfone cannot
quench the fluorescence of excited ligand anion. This further indicates the existence of

low concentration of the truly active intermediate, which was supposed to be boron
enediolate.

2

1.5

Wi

2a/L1
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Fig 1.24 Fluorescence quenching was not related to the sulfone

1.5.9 proposed mechanism

Based on the experimental observations, the catalytic mechanism was proposed as
below. Energetically unfavorable a-deprotonation of the boron carboxylate with DBU
forms a small amount of electron-rich boron enediolate, and this species is photoexcited
by blue LED irradiation. Single-electron transfer from the excited boron enediolate to
allylsulfone followed by elimination of the sulfinate anion from the resulting anion radical
generates a radical pair consisting of the cation radical of the boron enediolate and the
allyl radical. The generated allyl radical may react with either the cation radical or the
closed-shell species. In the former case, immediate radical—radical coupling of the radical
pair affords the a-allylation product. Finally, the exchange of the carboxylate groups
produces the a-allylated carboxylic acid as a DBU salt with regeneration of the boron
carboxylate to close the catalytic cycle. Alternatively, the allyl radical may react with the
closed shell enolate intermediate to propagate a radical chain process, while it can exist
in only a very low concentration as discussed before. If this is the case, a highly electron-
rich a,a-dioxycarbon radical would form and undergo single-electron reduction of

allylsulfone to produce the boron carboxylate and the allyl radical.

M ®
DBU DBU-H
_M
H o ~ g 0 /\L
R B L RW/\ .B low
\\)j\o ~ o U conc.
o Ar [En] Ar
R

Ar'  Ar [En]
o Y\sozlvles

RE\)]\ o [Sul]
Ar [En]'@ [Sull‘@
Wo — ‘&m )\, SO,Mes
Ar'  Ar \
[sul®© Ar

[Sul]
O \/ [En]
Ar' Ar

Fig 1.25 Proposed mechanism
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1.6 Summary

The methodology of photocatalysis and boron-catalyzed functionalization of
carboxylic acid was studied. As a result, blue-light-driven a-allylation of carboxylic acid
with allyl sulfone was successfully developed. It was proposed that the catalytically
formed boron enediolate performs single electron transfer to sulfone after photoexcitation.
C-C bond was formed subsequently via a radical pathway. Sterically demanding
quaternary o-carbon was constructed by this transformation. The ligand bearing large -

system is likely to increase the efficiency of photoexcitation.

1.7 General procedure

The procedure of this reaction is described here as, in a glovebox, DBU was added
to a solution of (Ac0)4B-0 and the carboxylic acid substrate in anhydrous toluene/THF.
After stirring for 5 minutes at room temperature, L1 and the sulfone were added to the
reaction mixture. The resulting solution was removed from the glovebox, cooled to 15 °C,
and stirred for 11 h under the irradiation of blue LED (Kessil A 160WE Tuna Blue 40 W,
Amax =465 nm). To the mixture were added Mel (37.4 puL, 0.6 mmol) and NaHCOs3 (50.4
mg, 0.6 mmol). After stirring for an additional 2 hours at room temperature, 1 M HCl
(aq.) and EtOAc were added to the mixture. The organic layer was extracted with EtOAc,
and washed with 1 M NaOH (aq.), followed by brine and dried over MgSQOs. After
filtration and evaporation, the residue was purified by silica gel chromatography to give

the desired product.

1.8 Preparation of the ligand and substrates
1.8.1 synthesis of L1
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[Ir(OMe)cod],
dtbpy

(Bpin),
_ >

hexane

L1p1 L1p2

NaOH
H20,

PrCN

L1p3

Fig 1.26 Scheme of the synthesis of L1

2-(7-(tert-Butyl)pyren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (L1p2)

To a 50 mL two-necked flask equipped with a stirring bar were added [Ir(p-OMe)cod]>.Clo
(43.6 mg, 65.8 umol, 1.3 mol%), 4,4'-di-tert-butylbipyridine (34.6 mg, 129 umol, 2.6
mol%), Bopinz (1.70 g, 6.71 mmol, 1.3 equiv) and hexane (12 mL, 0.42 M) sequentially.
After fully dissolving the solid materials, L1p1 (1.3 g, 5.03 mmol, 1 equiv) were added
and the mixture was stirred at 80 °C for 16 h. The reaction mixture was passed through a
plug of silica gel with a mixture eluent of toluene/CH>Clo/EtOAc (10:50:0.6), after which
the solvent was evaporated. Further purification was performed by silica gel column
chromatography (toluene/hexane/CH>Cl> from 30:10:0.4 to 50:10:1.8), giving L1p2
(1.82 g, 94%) as white solid. Rr=0.43 (DCM/hexane 1:2).

IR (ATR) 2966, 1384, 1360, 1234, 1143, 718 cm ™.

"H NMR (400 MHz, CDCls) & 8.59 (s, 2H), 8.20 (s, 2H), 8.07 (d, J = 9.0 Hz, 2H), 8.03
(d, /=9.0 Hz, 2H), 1.58 (s, 9H), 1.44 (s, 12H).

13C NMR (100.5 MHz, CDCIs) § 149.5, 131.4, 131.1, 130.2, 127.6, 127.4, 126.3, 125.6,
122.8,122.1, 84.1, 35.2,31.9, 25.0.

HRMS-FD (m/z): [M]" calcd for C26H29BO2, 384.2261; found, 384.2266.
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7-(tert-Butyl)pyren-2-ol (L1p3)

In a 50 mL two-necked flask equipped with a stirring bar, L1p2 (1.48 g, 3.85 mmol, 1
equiv) was dissolved in n-butyronitrile (148 mL, 26 mM). Then NaOH pellet (924 mg,
23.1 mmol, 6 equiv) and 30% H>0- aq. (5.9 mL, ca. 57.8 mmol, 15 equiv) were added
sequentially at 0 °C. After stirring for 30 min at room temperature using water bath, 70
mL water was added and stirred for another 1 h. Resulting solution was diluted with
chloroform and washed with water. The organic layer was dried over MgSO4 and
evaporated to give crude mixture. Recrystallization from chloroform/hexane afforded
pure L1p3 (875 mg, 83%) as pale yellow solid.

IR (ATR) 3322, 2952, 1600, 1447, 1419, 1289, 1226, 1159, 1139, 978, 877, 858, 711 cm™
1

'H NMR (400 MHz, CDCls) § 8.17 (s, 2H), 8.00 (d, J= 12.4 Hz, 2H), 7.86 (d, J=9.2 Hz,
2H), 7.54 (s, 2H), 5.25 (brs, 1H), 1.56 (s, 9H).

3C NMR (100.5 MHz, CDCI3) & 153.3, 148.1, 132.6, 129.9, 128.4, 126.4, 122.8, 122.7,
120.0, 111.3, 35.1, 31.9

HRMS-FD (m/z): [M]" calcd for C20H;30, 274.1358; found, 274.1353.

7,7'-Di-tert-butyl-[1,1'-bipyrene]-2,2'-diol (L.1)

To a 20 mL two-necked flask equipped with a stirring bar were added L1p3 (250 mg, 911
umol, 1 equiv), FeCl; (591 mg, 3.64 mmol, 4.0 equiv), and EtOH (5 mL, 0.2 M)
sequentially. The resulting mixture was stirred at room temperature for 12 h. Then the
reaction mixture was passed through a plug of silica gel with the eluent of chloroform
followed by mixture eluent of toluene/EtOAc (2:1). The eluted mixture was washed with
half saturated Na,COs aq., followed by 1:1 mixture solution of saturated Na>CO3 aq. and
brine. The organic layer was dried over MgSO4 and evaporated to give crude material
including L1 as well as unreacted L1p3. The mixture was purified by silica gel column
chromatography (toluene/hexane/EtOAc from 1:1:0.02 to 2:1:0.18), Rf = 0.13
(EtOAc/hexane 1:5). Finally, recrystallization from chloroform/hexane was performed to
give pure L1 (149 mg, 60%) as colorless crystals.

IR (ATR) 3536, 2962, 1709, 1596, 1442, 1306, 1258, 1226, 1173, 1143, 879 cm ™.

"H NMR (400 MHz, CDCls) § 8.27 (d, J= 1.6 Hz, 2H), 8.18 (s, 2H), 8.15 (d, J = 9.2Hz,
2H), 8.08 (d, J = 9.2Hz, 2H), 7.98 (s, 2H), 7.89 (d, J = 9.2Hz, 2H), 7.36 (d, J = 9.2Hz,
2H), 5.26 (s, 2H), 1.57 (s, 18H).

3C NMR (100.5 MHz, CDCls) § 152.6, 148.6, 133.7, 131.8, 130.1, 129.7, 129.5, 129.2,
126.6, 123.9, 123.3, 123.1, 122.8, 120.5, 113.4, 111.9, 35.2, 31.9.

HRMS-FD (m/z): [M]" calcd for C40H3402, 546.2559; found, 546.2548.
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1.8.2 synthesis of allyl sulfones

NBS (1.05 equiv)
TsOH (5 mol%)
Y Y\Br
Ph  THF (0.66M) Ph DMF (0.33M)
100°C, 3h 80 C 4h

NaSO,Mes (1.5 equiv)

> Y\SOZMes

Fig 1.27 Synthesis route to 2a

preparation of allylbromide

To a solution of a-methylstyrene (7.80 mL, 60 mmol, 1 equiv) in THF (90 mL, 0.66 M)
in 200 mL two-necked flask were added NBS (11.21 g, 63 mmol, 1.05 equiv) and p-
toluenesulfonic acid monohydrate (571 mg, 3 mmol, 0.05 equiv). The resulting solution
was heated at 100 °C for 3 h. After cooling to room temperature, water and EtOAc were
added and organic phase was separated. The water layer was extracted once with EtOAc.
The combined organic layer was washed with brine, dried over MgSQOas. After filtration
and evaporation, the residue was purified by silica gel chromatography (hexane) to give

pure product as pale yellow liquid (6.63 g, 56%).

preparation of sodium 2,4,6-trimethylbenzenesulfinate

To a 30 mL two-necked flask were added 2-mesitylenesulfonyl chloride (1.75 g, 8 mmol,
1 equiv), sodium bicarbonate (1.34 g, 16 mmol, 2 equiv), sodium sulfite (2.02 g, 16 mmol,
2 equiv) and water (8 mL, 1 M) sequentially. The resulting mixture was heated at 80 °C
for 4h. After evaporation of the solvent, 30 mL 70 °C ethanol was added. The suspension
was filtered through celite and filter cake was washed with 30 mL of 70 °C ethanol twice.
The solvent was evaporated to give titled product as white solid quantitatively, which was

used for next step without further purification.

preparation of allylsulfone

To a solution of the sodium 2.,4,6-trimethylbenzenesulfinate (1.86 g, 9 mmol) in dry DMF
(18 mL, 0.33 M) was added allylbromide (857 ul, 6 mmol) at room temperature. The
mixture was warmed to 80 °C and stirred for 4 h. The solution was added ethyl acetate
and washed with water, brine and dried over MgSO4. After filtration and evaporation, the
residue was purified by silica gel chromatography. (hexane/EtOAc from 100:1 to 20:1) to
give 2a as off white solid. Further purification was carried out by recrystallization from

chloroform/hexane to give pure 2a (1.02 g, 3.38 mmol, 56%) as colorless crystals.

1,3,5-Trimethyl-2-((2-phenylallyl)sulfonyl)benzene (2a)
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SO;Mes

IR (ATR) 2937, 1602, 1444, 1311, 1135, 911, 886, 776, 701, 674 cm ..

'"H NMR (400 MHz, CDCls) & 7.26-7.30 (m, 2H), 7.20-7.25 (m, 3H), 6.82 (s, 2H), 5.59
(s, 1H), 5.22 (s, 1H), 4.27 (s, 2H), 2.57 (s, 6H), 2.24 (s, 3H).

BC NMR (100.5 MHz, CDCl3) § 143.28, 140.28, 138.91, 136.33, 132.38, 131.97, 128.24,
127.82, 126.03, 121.60, 61.58, 23.08, 20.92.

HRMS-FD (m/z): [M]" calcd for C1sH2002S, 300.1184; found, 300.1194.

2-((2-(4-Bromophenyl)allyl)sulfonyl)-1,3,5-trimethylbenzene (2b)

SO,Mes

Br

IR (ATR) 2938, 1602, 1489, 1396, 1313, 1135, 1008, 832, 680 cm .

'H NMR (400 MHz, CDCls) § 7.35 (dt, J = 8.4, 2.2 Hz, 2H), 7.15 (dt, J = 8.4, 2.2 Hz,
2H), 6.83 (s, 2H), 5.59 (s, 1H), 5.24 (s, 1H), 4.22 (s, 2H), 2.56 (s, 6H), 2.26 (s, 3H).

13C NMR (100.5 MHz, CDCL3) & 143.64, 140.23, 137.79, 135.49, 132.24, 132.05, 131.34,
127.68, 122.21, 122.01, 61.45, 23.10, 20.96.

HRMS-FD (m/z): [M]" caled for CisH10Br0O,S, 378.0289; found, 378.0291.

4-(3-(Mesitylsulfonyl)prop-1-en-2-yl)phenyl acetate (2¢)

SOsMes

O _Me

T
o)

IR (ATR) 2939, 1758, 1603, 1509, 1370, 1311, 1198, 1171, 1133, 1016, 912, 852, 681
cm L.
'"H NMR (400 MHz, CDCls) § 7.30 (dt, J = 8.8, 2.2 Hz, 2H), 6.95 (dt, J = 8.8, 2.2 Hz,
2H), 6.84 (s, 2H), 5.57 (s, 1H), 5.21 (s, 1H), 4.24 (s, 2H), 2.57 (s, 6H), 2.30 (s, 3H), 2.25

(s, 3H).
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13C NMR (100.5 MHz, CDCL3) & 169.30, 150.32, 143.51, 140.26, 136.71, 135.54, 132.27,
132.06, 127.20, 121.88, 121.36, 61.63, 23.10, 21.14, 20.93.
HRMS-FD (m/z): [M]" calcd for CaoH22048, 358.1239; found, 358.1244.

1,3,5-Trimethyl-2-((2-(m-tolyl)allyl)sulfonyl)benzene (2d)

SO,Mes

Me

IR (ATR) 2938, 1603, 1454, 1402, 1312, 1151, 1133, 908, 792, 722, 672 cm ..

'H NMR (400 MHz, CDCI3) § 7.06-7.13 (m, 2H), 6.99-7.03 (m, 1H), 6.96-6.98 (m, 1H),
6.81 (s, 2H), 5.57 (s, 1H), 5.23 (s, 1H), 4.26 (s, 2H), 2.57 (s, 6H), 2.25 (s, 3H), 2.23 (s,
3H).

3C NMR (100.5 MHz, CDCls) § 143.18, 140.30, 138.83, 137.72, 136.45, 132.51, 131.91,
128.52, 128.12, 126.77, 123.16, 121.36, 61.70, 23.08, 21.34, 20.91.

HRMS-FD (m/z): [M]" calcd for C19H20:S, 314.1341; found, 314.1352.

2-((2-(3-Methoxyphenyl)allyl)sulfonyl)-1,3,5-trimethylbenzene (2¢)

SO,Mes

MeO

IR (ATR) 2939, 1601, 1577, 1490, 1453, 1311, 1227, 1150, 1133, 1048, 859, 784, 723,
673 cm .

'H NMR (400 MHz, CDCl;) 8 7.14 (ddd, J= 8.0, 8.0, 0.8 Hz, 1H), 6.87 (ddd, = 8.0, 1.6,
1.2 Hz, 1H), 6.82 (s, 2H), 6.74-6.79 (m, 2H), 5.59 (s, 1H), 5.24 (s, 1H), 4.25 (s, 2H), 3.77
(s, 3H), 2.58 (s, 6H), 2.24 (s, 3H).

B3C NMR (100.5 MHz, CDCIls3) & 159.35, 143.30, 140.48, 140.29, 136.25, 132.40, 131.98,
129.22, 121.80, 118.53, 113.35, 111.77, 61.69, 55.12, 23.11, 20.91.

HRMS-FD (m/z): [M]" caled for C19H2203S, 330.1290; found, 330.1302.

2-(3-(Mesitylsulfonyl)prop-1-en-2-yl)naphthalene (2f)
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SO,Mes

OO

IR (ATR) 2937, 1603, 1403, 1313, 1135, 895, 859, 820, 753 cm™.

'H NMR (400 MHz, CDCls) & 7.73-7.80 (m, 1H), 7.65-7.72 (m, 2H), 7.59 (s, 1H), 7.40-
7.49 (m, 3H), 6.69 (s, 2H), 5.74 (s, 1H), 5.36 (s, 1H), 4.38 (s, 2H), 2.57 (s, 6H), 2.04 (s,
3H).

13C NMR (100.5 MHz, CDCl3)  143.41, 140.21, 136.30, 135.87, 132.93, 132.71, 132.34,
131.94, 128.19, 127.91, 127.39, 126.22, 126.18, 125.15, 123.92, 122.00, 61.68, 23.12,
20.71.

HRMS-FD (m/z): [M]* caled for C22H20,S, 350.1341; found, 350.1347.

1,3,5-Trimethyl-2-((2-(o-tolyl)allyl)sulfonyl)benzene (2g)

SOsMes

IR (ATR) 2937, 1603, 1403, 1313, 1135, 895, 859, 820, 753 cm™.

'H NMR (400 MHz, CDCl3) & 7.08-7.17 (m, 2H), 6.99 (ddd, J = 7.6, 6.4, 2.0 Hz), 6.87
(s, 2H), 6.83 (d,J= 7.6 Hz, 1H), 5.62 (s, 1H), 5.32 (d, J = 0.8 Hz, 1H), 4.16 (s, 2H), 2.55
(s, 6H), 2.28 (s, 3H), 2.24 (s, 3H).

13C NMR (100.5 MHz, CDCL3) & 143.21, 140.31, 140.04, 136.56, 134.48, 133.29, 132.07,
130.14, 128.50, 127.51, 125.54, 123.82, 62.77, 22.81, 20.95, 20.03.

HRMS-FD (m/z): [M]" caled for C19H20,S, 314.1341; found, 314.1344.

1-Methyl-4-((2-phenylallyl)sulfonyl)benzene (2a')

IR (ATR) 2980, 1598, 1447, 1400, 1314, 1298, 1245, 1175, 1137, 1087, 915, 900, 810,
781, 773, 709, 699 cm ™.
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"H NMR (400 MHz, CDCl3) & 7.62-7.68 (m, 2H), 7.18-7.30 (m, 7H), 5.59 (s, 1H), 5.21
(s, 1H), 4.25 (s, 2H), 2.39 (s, 3H).

3C NMR (100.5 MHz, CDCls) & 144.6, 138.9, 136.5, 135.3, 129.5, 128.6, 128.3, 127.9,
126.2, 62.1, 21.6.

HRMS-FD (m/z): [M]" calcd for C16H1602S, 272.0871; found, 272.0862.

(3-(Methylsulfonyl)prop-1-en-2-yl)benzene (2a")

/
/7 \\

IR (ATR) 3024, 2931, 1680, 1625, 1496, 1447, 1410, 1297, 1246, 1169, 1127, 969, 916,
896, 780, 716, 700 cm .

'H NMR (400 MHz, CDCls) & 7.45-7.51 (m, 2H), 7.30-7.42 (m, 3H), 5.77 (s, 1H), 5.57
(s, 1H), 4.20 (s, 2H), 2.72 (s, 3H).

13C NMR (100.5 MHz, CDCl3) § 138.6, 136.6, 128.8, 128.6, 126.3, 122.1, 60.7, 40.2.
HRMS-FD (m/z): [M]" caled for C1oH120,S, 196.0558; found, 196.0553.

1.9 Characterization of Products
Methyl 2-methyl-2,4-diphenylpent-4-enoate (3aa)

0]
Me

OMe
Ph

18.3 mg, 65% yield, Colorless oil.

Rr: 0.55 (EtOAc/Hex 5:1)

IR (ATR) 2949, 1731, 1496, 1446, 1206, 1122, 905, 778, 697 cm™".

TH NMR (400 MHz, CDCls) 8 7.16-7.29 (m, 10H), 5.20 (d, /= 1.6 Hz, 1H), 4.97(t, J =
1.2 Hz, 1H),3.47 (d, J= 13.6 Hz, 1H), 3.35 (s, 3H), 3.09 (d, /= 14.4 Hz, 1H), 1.41 (s,
3H).

13C NMR (100.5 MHz, CDCl3) § 175.98, 145.63, 143.88, 142.52, 128.26, 127.97,
127.08, 126.77, 126.69, 125.99, 118.04, 51.71, 50.48, 43.98, 23.31.

HRMS-FD (m/z): [M]+ calcd for C19H2002, 280.1463; found, 280.1455.

Methyl 2-(4-(tert-Butyl)phenyl)-2-methyl-4-phenylpent-4-enoate (3ba)
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Me
OMe
Ph

tBu

12.4 mg, 37% yield, Colorless oil.

Rr: 0.6 (EtOAc/Hex 5:1)

IR (ATR) 2927, 1733, 1461, 1270, 1202, 1119, 778 cm ™.

TH NMR (400 MHz, CDCls) & 7.14-7.26 (m, 9H), 5.21 (d, J= 2 Hz, 1H), 5.01(d, J =
1.2 Hz, 1H), 3.44 (d, J=13.6 Hz, 1H), 3.35 (s, 3H), 3.08 (d, /= 13.2 Hz, 1H), 1.42 (s,
3H), 1.26 (s, 9H).

13C NMR (100.5 MHz, CDCl3) 8 176.11, 149.35, 145.84, 142.47, 140.74, 127.90,
126.99, 126.78, 125.58, 125.12, 117.92, 51.67,49.97, 44.15, 34.29, 31.27, 23.20.
HRMS-FD (m/z): [M]+ calcd for C23H2302, 336.2089; found, 336.2100.

Methyl 2-(4-methoxyphenyl)-2-methyl-4-phenylpent-4-enoate (3ca)

(0]
Me

OMe
Ph

OMe

13.4 mg, 43% yield, Colorless oil.

Rr: 0.55 (EtOAc/Hex 5:1)

IR (ATR) 2949, 1729, 1513, 1458, 1251, 1184, 1122, 1032, 902, 829, 777, 698 cm—1.
'TH NMR (400 MHz, CDCls) 8 7.17-7.26 (m, 7H), 6.79 (ddd, J=9.2, 2.8, 2.8 Hz, 2H),
5.20 (d, J=2.0 Hz, 1H), 4.95 (d, J= 1.2 Hz, 1H), 3.78 (s, 3H), 3.44 (d, /= 13.2 Hz,
1H), 3.36 (s, 3H), 3.05 (d, /= 12.8 Hz, 1H), 1.40 (s, 3H).

13C NMR (100.5 MHz, CDCl3) 6 176.20, 158.16, 145.67, 142.51, 135.87, 127.95,
127.10, 127.04, 126.76, 118.00, 113.55, 55.21, 51.75, 49.67, 44.17, 23.24.
HRMS-FD (m/z): [M]+ calcd for C20H2203, 310.1569; found, 310.1576.

Methyl 2-(4-chlorophenyl)-2-methyl-4-phenylpent-4-enoate (3da)
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Me
OMe
Ph

Cl

15.9 mg, 51% yield, Colorless oil.

Rr: 0.55 (EtOAc/Hex 5:1)

IR (ATR) 2925, 1732, 1493, 1238, 1096, 1013, 903, 777, 699 cm™!.

TH NMR (400 MHz, CDCls) 8 7.16-7.26 (m, 9H), 5.20 (d, J= 2.8 Hz, 1H), 4.96 (d,J =
0.8 Hz, 1H), 3.40 (d, /= 11.6 Hz, 1H), 3.39 (s, 3H), 3.08 (d, /= 14.0 Hz, 1H), 1.41 (s,
3H).

13C NMR (100.5 MHz, CDCl3) & 175.69, 145.35, 142.30, 142.08, 132.59, 128.29,
128.01, 127.61, 127.12, 126.74, 118.26, 51.92, 50.06, 44.20, 23.00.

HRMS-FD (m/z): [M]+ calcd for C19H19ClO2, 314.1074; found, 314.1074.

Methyl 2-(3-bromophenyl)-2-methyl-4-phenylpent-4-enoate (3ea)

(0]
Me

OMe
Ph

Br

24.7 mg, 69% yield, Colorless oil.

Rr: 0.55 (EtOAc/Hex 5:1)

IR (ATR) 2949, 1733, 1566, 1458, 1205, 1123, 906, 778, 695 cm™".

'TH NMR (400 MHz, CDCls) & 7.38 (t, /= 1.8 Hz, 1H), 7.28 (dq, J= 7.8, 0.9 Hz, 1H),
7.15-7.23 (m, 6H), 7.09 (t,J= 7.6 Hz, 1H), 5.21 (d, J= 1.2 Hz, 1H), 4.98 (t,J= 1.0 Hz,
1H), 3.39 (s, 3H), 3.38 (d, /= 14.0 Hz, 1H), 3.09 (d, /= 13.6 Hz, 1H), 1.41 (s, 3H).

13C NMR (100.5 MHz, CDCl3) & 175.45, 145.85, 145.29, 142.20, 129.82, 129.70,
129.38, 127.97, 127.17, 126.72, 124.91, 122.47, 118.35, 51.95, 50.28, 44.10, 22.93.
HRMS-FD (m/z): [M]+ caled for C19H19BrO2, 358.0568; found, 358.0559.

Methyl 2-methyl-4-phenyl-2-(thiophen-3-yl)pent-4-enoate (3fa)
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13.7 mg, 48% yield, Colorless oil.

Rr: 0.6 (EtOAc/Hex 5:1)

IR (ATR) 2983, 1733, 1372, 1237, 1045, 907, 778, 698 cm .

'TH NMR (400 MHz, CDCl3) 8 7.19-7.27 (m, 6H), 7.04-7.07 (m, 2H), 5.22 (d, /= 1.6
Hz, 1H), 5.00 (d, /= 0.8 Hz, 1H), 3.47 (d, /= 12.8 Hz, 1H), 3.36 (s, 3H), 2.99 (dd, J =
13.6, 1.6 Hz, 1H), 1.44 (s, 3H).

13C NMR (100.5 MHz, CDCl3) & 175.27, 145.51, 144.88, 142.27, 127.99, 127.13,
126.74, 125.23, 120.43, 117.81, 51.77, 48.23, 44.94, 22.87.

HRMS-FD (m/z): [M]+ calcd for C17H1502S, 286.1028; found, 286.1021.

Methyl 2-(benzo[d][1,3]dioxol-5-yl)-2-methyl-4-phenylpent-4-enoate (3ga)

(0]
Me

OMe
Ph

o—/

14.0 mg, 43% yield, Colorless oil.

Rr: 0.5 (EtOAc/Hex 5:1)

IR (ATR) 2949, 1728, 1505, 1489, 1434, 1236, 1122, 1038, 935, 908, 778, 700 cm .
TH NMR (400 MHz, CDCls) 8 7.16-7.24 (m, 5H), 6.75 (d, J = 1.6 Hz, 1H), 6.71 (dd, J
=8.4, 1.6 Hz, 1H), 6.67 (d, /= 8.4 Hz, 1H), 590 (d,/=1.2 Hz, 1H), 5.89 (d,J=1.2
Hz, 1H), 5.20 (d, J=1.2 Hz, 1H), 4.97 (d, J= 1.2 Hz, 1H), 3.39 (s, 3H), 3.36 (d, J =
13.2 Hz, 1H), 3.06 (d, J=15.4 Hz, 1H), 1.39

(s, 3H).

13C NMR (100.5 MHz, CDCl3) & 176.05, 147.50, 146.14, 145.55, 142.46, 137.50,
127.92, 126.98, 126.74, 119.12, 118.10, 107.81, 107.08, 100.97, 51.88, 50.03, 44.31,
23.16.

HRMS-FD (m/z): [M]+ calcd for C20H2004, 324.1362; found, 324.1366.

Methyl 2-ethyl-2,4-diphenylpent-4-enoate (3ha)
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Et
OMe
Ph

19.7 mg, 67% yield, Colorless oil.

Rr: 0.6 (EtOAc/Hex 5:1)

IR (ATR) 2948, 1731, 1496, 1446, 1223, 1117, 1026, 904, 776, 697 cm™".

TH NMR (400 MHz, CDCl3) 8 7.13-7.19 (m, 4H), 7.19-7.25 (m, 6H), 5.14 (d, J = 2.0
Hz, 1H), 4.91(s, 1H), 3.35 (d, J=13.6 Hz, 1H), 3.32 (s, 3H), 3.18 (d, /= 14 Hz, 1H),
1.94 (q,J="7.2 Hz, 2H), 0.61 (t,J= 7.2 Hz, 3H).

13C NMR (100.5 MHz, CDCl3) § 175.87, 145.60, 142.58, 142.46, 128.09, 127.85,
126.97, 126.78, 126.53, 118.07, 54.65, 51.55, 39.22, 26.91, 8.49.

HRMS-FD (m/z): [M]+ calcd for C20H2202, 294.1620; found, 294.1630.

Methyl 2-methyl-4-phenyl-2-(m-tolyl)pent-4-enoate (3ia)

0]
Me

OMe
Ph

13.9 mg, 47% yield, Colorless oil.

Rr: 0.6 (EtOAc/Hex 5:1)

IR (ATR) 2949, 1732, 1457, 1205, 1122, 905, 777, 698 cm™ .

'TH NMR (400 MHz, CDCls) 8 7.13-7.28 (m, 6H), 7.05-7.10 (m, 2H), 6.99 (d, J = 7.2
Hz, 1H), 5.21 (d, /=2.0 Hz, 1H), 4.99 (d, J= 1.2 Hz, 1H), 3.45 (d, J=13.2 Hz, 1H),
3.34 (s, 3H), 3.08 (d, J=12.8 Hz, 1H), 2.29 (s, 3H), 1.40 (s, 3H).

13C NMR (100.5 MHz, CDCl3) 6 176.07, 145.72, 143.83, 142.52, 137.78, 128.16,
127.92, 127.47, 127.06, 126.77, 126.69, 122.95, 118.04, 51.72, 50.32, 43.90, 23.42,
21.59.

HRMS-FD (m/z): [M]+ calcd for C20H2202, 294.1620; found, 294.1631.

Methyl 2-(6-methoxynaphthalen-2-yl)-2-methyl-4-phenylpent-4-enoate (3ja)
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Me
OMe

4

OMe

18.6 mg, 52% yield, White solid.

Rr: 0.55 (EtOAc/Hex 5:1)

IR (ATR) 2949, 1730, 1606, 1459, 1393, 1268, 1225, 1123, 1031, 904, 853, 812, 778
cm
TH NMR (400 MHz, CDCls) 6 7.68 (d, J= 9.2 Hz, 1H), 7.64 (d, J= 5.2 Hz, 1H), 7.62
(s, 1H), 7.35 (dd, /=9.0, 1.8 Hz, 1H), 7.25-7.28 (m, 2H), 7.19-7.24 (m, 2H), 7.14-7.18
(m, 1H), 7.12 (dd, /=9.0, 2.8 Hz, 1H), 7.07 (d, /= 2.8 Hz, 1H), 5.20 (d, /= 2.0 Hz,
1H), 4.97 (dd, J= 1.0, 1.0 Hz, 1H), 3.91

(s, 3H), 3.56 (d, J=13.6 Hz, 1H), 3.36 (s, 3H), 3.19 (d, J=13.2 Hz, 1H), 1.50 (s, 3H).
13C NMR (100.5 MHz, CDCl3) 8 176.12, 157.66, 145.60, 142.47, 138.90, 133.24,
129.55, 128.57, 127.93, 127.05, 126.76, 125.24, 124.18, 118.81, 118.08, 105.32, 55.30,
51.79, 50.36, 43.84, 23.32.

HRMS-FD (m/z): [M]+ calcd for C24H2403, 360.1725; found, 360.1714.

Methyl 2-methyl-2-(4-((2-oxocyclopentyl)methyl)phenyl)-4-phenylpent-4-enoate
(3ka)

Me
OMe
Ph

20.5 mg, 54% yield, Colorless oil.

Rr: 0.23 (EtOAc/Hex 5:1)

IR (ATR) 2949, 1734, 1513, 1457, 1207, 1153, 1123, 904, 779, 699 cm™".

TH NMR (400 MHz, CDCls) 8 7.14-7.27 (m, 7H), 7.04 (d, J = 8.4 Hz, 2H), 5.20 (d, J =
1.6 Hz, 1H), 4.98 (s, 1H), 3.42 (d, J= 14.0 Hz, 1H), 3.367 (s, 1.7H), 3.363 (s, 1.3H),
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3.05-3.12 (m, 2H), 2.46 (dd, J = 13.6, 9.6 Hz, 1H), 2.25-2.39 (m, 2H), 2.02-2.16 (m,
2H), 1.91-2.01 (m, 1H), 1.67-1.79 (m, 1H), 1.47-1.58 (m, 1H), 1.41 (s, 3H).

13C NMR (100.5 MHz, CDCl3) § 220.20, 176.05, 145.64, 142.48, 141.64, 138.39,
128.72, 127.92, 127.01, 126.76, 126.07, 118.04, 51.74, 50.94, 50.11, 44.09, 38.17,
35.04, 29.25, 23.19, 20.53.

HRMS-FD (m/z): [M]+ calcd for C25Has0s, 376.2038; found, 376.2038.

Methyl 2-(4-(tert-butyl)phenyl)-4-phenylpent-4-enoate (3na)
O

OMe
Ph

tBu

16.9 mg, 52% yield, Colorless oil.

Rr: 0.55 (EtOAc/Hex 5:1)

IR (ATR) 2959, 1737, 1435, 1269, 1220, 1159, 1027, 900, 830, 778, 706 cm™".

TH NMR (400 MHz, CDCls) 8 7.25-7.37 (m, 7H), 7.19 (dt, J = 8.6, 2.6 Hz, 2H), 5.25
(d,J=1.2 Hz, 1H), 5.05 (d, /= 0.8 Hz, 1H), 3.71 (dd, J=9.2, 6.0 Hz,, 1H), 3.60 (s,
3H), 3.31 (ddd, /= 14.4,9.2, 1.1 Hz, 1H), 2.89 (ddd, J=14.4, 6.0, 1.1 Hz, 1H), 1.30 (s,
9H).

13C NMR (100.5 MHz, CDCl3) & 174.05, 150.11, 145.69, 140.61, 135.59, 128.34,
127.54, 127.42, 126.28, 125.49, 114.52, 51.88, 49.76, 39.35, 34.43, 31.30.

HRMS-FD (m/z): [M]+ calcd for C22H2602, 322.1933; found, 322.1946.

Methyl 2-(4-methoxyphenyl)-4-phenylpent-4-enoate (30a)
0]

OMe
Ph

OMe

16.0 mg, 54% yield, Colorless oil.
Rr: 0.5 (EtOAc/Hex 5:1)
IR (ATR) 2952, 1735, 1611, 1512, 1436, 1250, 1179, 1160, 1034, 780, 707 cm™".
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IH NMR (400 MHz, CDCl3) § 7.33 (dd, J = 4.4, 2.4 Hz, 4H), 7.25-7.30 (m, 1H), 7.15
(dt, J=8.8, 2.5 Hz, 2H), 6.82 (dt, J= 8.8, 2.5 Hz, 2H), 5.20 (d, J = 0.8 Hz, 1H), 4.99 (d,
J=1.2Hz, 1H), 3.78 (s, 3H), 3.66 (dd, J = 8.4, 6.8 Hz, 1H), 3.59 (s, 3H), 3.30 (ddd, J =
14.7, 8.4, 0.9 Hz, 1H), 2.87 (ddd, J =

14.4, 6.8, 1.2 Hz, 1H).

13C NMR (100.5 MHz, CDCls) § 174.30, 158.86, 145.61, 140.64, 130.75, 129.04,
128.48, 127.67, 126.39, 114.85, 114.02, 55.32, 52.03, 49.31, 39.48.

HRMS-FD (m/z): [M]+ caled for C19Ha00s, 296.1412; found, 296.1420.

Methyl 2-(4-chlorophenyl)-4-phenylpent-4-enoate (3pa)
O

OMe
Ph

Cl

15.8 mg, 53% yield, Colorless oil.

Rr: 0.5 (EtOAc/Hex 5:1)

IR (ATR) 2926, 1736, 1492, 1436, 1161, 1092, 1015, 903, 779, 707 cm™".

"H NMR (400 MHz, CDCl3) 8 7.24-7.37 (m, 7H), 7.15 (dt, J = 8.4, 2.4 Hz, 2H), 5.20
(d,J=1.6 Hz, 1H), 4.98 (d, /= 1.2 Hz, 1H), 3.68 (dd, J= 8.0, 8.0 Hz, 1H), 3.62 (s,
3H), 3.31 (ddd, J = 14.5, 8.0, 0.8 Hz, 1H), 2.87 (ddd, J = 14.5, 8.0, 0.8 Hz, 1H).

3C NMR (100.5 MHz, CDCl3) § 173.60, 145.09, 140.24, 136.91, 133.16, 129.35,
128.70, 128.45, 127.70, 126.28, 115.14, 52.11, 49.40, 39.28.

HRMS-FD (m/z): [M]+ calcd for Ci1sH17C102, 300.0917; found, 300.0904.

Methyl 2-(4-bromophenyl)-4-phenylpent-4-enoate (3qa)
0]

OMe
Ph

Br

16.9 mg, 49% yield, Colorless oil.
Rr: 0.55 (EtOAc/Hex 5:1)
IR (ATR) 2924, 1735, 1489, 1435, 1160, 1074, 1012, 903, 823, 779, 758, 706 cm ™.
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TH NMR (400 MHz, CDCI3) § 7.41 (dt, J = 8.8, 2.4 Hz, 2H), 7.26-7.35 (m, 5H), 7.08
(dt,/=28.0,2.2 Hz, 2H), 5.20 (d, /= 0.8 Hz, 1H), 4.97 (d, J = 1.2 Hz, 1H), 3.66 (dd, ] =
8.0, 7.6 Hz, 1H), 3.61 (s, 3H), 3.31 (ddd, J = 14.6, 8.0, 1.2 Hz, 1H), 2.87 (ddd, J = 14.6,
7.6, 1.0 Hz, 1H).

13C NMR (100.5 MHz, CDCl3) 8 173.49, 145.03, 140.21, 137.40, 131.63, 129.71,
128.44, 127.69, 126.26, 121.28, 115.14, 52.10, 49.45, 39.21.

HRMS-FD (m/z): [M]+ calcd for C1sH17BrO, 344.0412; found, 344.0423.

Methyl 2-(4-chlorophenyl)-4-(3-methoxyphenyl)-2-methylpent-4-enoate (3db)

(0]
Me
(@]
oy
Cl
Br

17.5 mg, 45% yield, Colorless oil.

Rr: 0.53 (EtOAc/Hex 5:1)

IR (ATR) 2949, 1732, 1491, 1238, 1122, 1097, 1012, 907, 830, 757 cm™ .

TH NMR (400 MHz, CDCls) & 7.35 (dt, J= 8.8, 2.1 Hz, 2H), 7.20 (dt, J= 8.4, 2.1 Hz,
2H), 7.15 (dt, J = 8.8, 2.1 Hz, 2H), 7.07 (dt, /= 8.8, 2.1 Hz, 2H), 5.19 (d, /= 1.6 Hz,
1H), 4.97 (d, J= 1.2 Hz, 1H),

3.43 (s, 3H), 3.33 (d, J=13.6 Hz, 1H), 3.05 (d, J = 13.6 Hz, 1H), 1.40 (s, 3H).

13C NMR (100.5 MHz, CDCl3) 8 175.60, 144.31, 141.74, 141.22, 132.76, 131.09,
128.37, 128.33, 127.55, 121.11, 118.84, 52.01, 50.02, 44.16, 22.86.

HRMS-FD (m/z): [M]+ calcd for C19H13BrClO,, 392.0179; found, 392.0164.

Methyl 4-(4-acetoxyphenyl)-2-(4-chlorophenyl)-2-methylpent-4-enoate (3dc)

(0]
Me
OMe
Cl
OAc

24.3 mg, 65% yield, Colorless oil.
Rr: 0.33 (EtOAc/Hex 5:1)
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IR (ATR) 2951, 1760, 1731, 1507, 1494, 1370, 1197, 1122, 1096, 1013, 909, 851, 828,
758 cm !,

TH NMR (400 MHz, CDCls) § 7.19-7.24 (m, 4H), 7.18 (dt, J = 8.8, 2.4 Hz, 2H), 6.95
(dt,/=28.8,2.4 Hz, 2H), 5.19 (d, /= 1.6 Hz, 1H), 4.97 (s, 1H), 3.37 (d, /= 13.6 Hz,
1H), 3.38 (s, 3H), 3.05 (d, /= 13.6 Hz, 1H), 2.29 (s, 3H), 1.42 (s, 3H).

13C NMR (100.5 MHz, CDCl3) 8 175.61, 169.41, 149.78, 141.99, 139.85, 132.62,
128.33, 127.79, 127.53, 121.08, 118.60, 52.00, 49.87, 44.24, 22.99, 21.12.
HRMS-FD (m/z): [M]+ calcd for C21H21ClO4, 372.1128; found, 372.1134.

Methyl 2-(4-chlorophenyl)-2-methyl-4-(m-tolyl)pent-4-enoate (3dd)

(0]
Me

OMe

O Cl
22.4 mg, 68% yield, Colorless oil.
Rr: 0.59 (EtOAc/Hex 5:1)
IR (ATR) 2985, 1737, 1447, 1373, 1236, 1096, 1045, 847, 792 cm™ .
TH NMR (400 MHz, CDCls) § 7.14-7.20 (m, 4H), 7.11 (t, J = 7.6 Hz, 1H), 6.99-7.03
(m, 2H), 6.95(s, 1H), 5.18 (d, J=1.6 Hz, 1H), 4.93 (d, /= 1.2 Hz, 1H), 3.41 (s, 3H),
3.36 (d,J=14.0 Hz, 1H), 3.08 (d, /= 14.0 Hz, 1H), 2.28 (s, 3H), 1.41 (s, 3H).
13C NMR (100.5 MHz, CDCl3) & 175.78, 145.45, 142.20, 142.01, 137.43, 132.53,
128.18, 127.90, 127.81, 127.62, 127.45, 123.83, 117.91, 51.91, 50.02, 44.24, 22 85,

21.33.
HRMS-FD (m/z): [M]+ caled for C20H21Cl102, 328.1230; found, 328.1222.

Methyl 2-(4-chlorophenyl)-4-(3-methoxyphenyl)-2-methylpent-4-enoate (3de)

O
Me

OMe
MeO Cl
24.0 mg, 70% yield, Colorless oil.
Rr: 0.6 (EtOAc/Hex 5:1)

IR (ATR) 2950, 1731, 1598, 1576, 1491, 1457, 1432, 1286, 1232, 1118, 1096, 1048,
1013, 908, 827, 785, 727 cm™".
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TH NMR (400 MHz, CDCls)  7.12-7.22 (m, 5H), 6.80 (dt, J=9.2, 1.1 Hz, 1H), 6.74
(ddd, /=8.4,2.8,0.8 Hz, 1H), 6.70 (t, J= 2.2 Hz, 1H), 5.20 (d, J= 2.0 Hz, 1H), 4.93
(dd, J=0.8, 0.8 Hz, 1H), 3.79 (s, 3H), 3.45 (s, 3H), 3.35 (d, /= 14.0 Hz, 1H), 3.07 (d, J
=14.0 Hz, 1H), 1.41 (s, 3H).

13C NMR (100.5 MHz, CDCl3) 8 175.76, 159.25, 145.20, 143.83, 141.91, 132.57,
128.97, 128.22, 127.63, 119.28, 118.21, 112.73, 112.30, 55.19, 51.96, 50.10, 44.27,
22.78.

HRMS-FD (m/z): [M]+ calcd for C20H21ClO3, 344.1179; found, 344.1165.

Methyl 2-(4-chlorophenyl)-2-methyl-4-(naphthalen-2-yl)pent-4-enoate (3df)

Me

25.0 mg, 69% yield, Colorless oil.

Rr: 0.53 (EtOAc/Hex 5:1)

IR (ATR) 2949, 1730, 1493, 1458, 1433, 1239, 1205, 1111, 1097, 1013, 896, 859, 822,
753 cm .

TH NMR (400 MHz, CDCls) 8 7.75-7.79 (m, 2H), 7.71 (d, J = 8.8 Hz, 1H), 7.64 (d, J
=1.2 Hz, 1H), 7.41-7.48 (m, 2H), 7.38 (dd, J = 8.4, 2.0 Hz, 1H), 7.16-7.21 (m, 4H), 5.33
(d,J=2.0 Hz, 1H), 5.04 (dd, /= 1.2, 1.2 Hz, 1H), 3.51 (d, J=13.6 Hz, 1H), 3.33 (s,
3H), 3.17 (d, ] = 14.0 Hz, 1H), 1.42 (s,

3H).

13C NMR (100.5 MHz, CDCl3) § 175.75, 145.15, 142.03, 139.57, 133.06, 132.62,
132.52, 128.27, 127.96, 127.59, 127.47, 126.11, 125.79, 125.30, 125.18, 118.78, 51.97,
50.16, 44.12, 23.01.

HRMS-FD (m/z): [M]+ calcd for C23H21C102, 364.1230; found, 364.1217.

Methyl 2-(4-chlorophenyl)-2-methyl-4-(o-tolyl)pent-4-enoate (S23)

(0]
Me

X Me
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4.8 mg, 15% yield, Colorless oil.

Rr: 0.55 (EtOAc/Hex 5:1)

IR (ATR) 2950, 1733, 1627, 1492, 1457, 1209, 1097, 1013, 907, 828, 770, 732 cm ™.
TH NMR (400 MHz, CDCls) & 7.20 (s, 4H), 7.04-7.12 (m, 3H), 6.99 (dd, /= 6.8, 1.6
Hz, 1H), 5.17 (dd, /= 0.8, 0.8 Hz, 1H), 5.01 (d, /=2.0 Hz, 1H), 3.35 (d, J=13.6 Hz,
1H), 3.24 (s, 3H), 2.95 (d, J = 14.0 Hz, 1H), 2.30 (s, 3H), 1.50 (s, 3H).

13C NMR (100.5 MHz, CDCl3) & 175.34, 145.63, 142.25, 142.13, 134.81, 132.59,
130.08, 128.75, 128.33, 127.40, 126.86, 125.29, 119.85, 51.78, 49.40, 46.00, 23.25,
20.11.

HRMS-FD (m/z): [M]+ calcd for C20H21C102, 328.1230; found, 328.1232.
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Chapter 2
Light-driven p-Allylation of Carboxylic Acids

2.1 Introduction
2.1.1 direct B-functionalization of free carboxylic acid

As described in previous chapters, the a-functionalization of free carboxylic acid
was highlighted in past decades. On the other hand, the pB-functionalization is
comparatively more challenging due to the inertness of the 3-H.

The early research dates back to 2007, when the Yu 1ab>3! reported a palladium
catalyzed B-arylation of pivalic acid derivatives. However, the selectivity of mono-
arylation against di-arylation was mediocre.

') Ar O Ar O
Pd(OAc), (10 mol%) A
%)LOH + Arl > OH + r\g/u\OH
R NaOAC, A92CO3, K2HPO4 R R 5
A

entry R Ar  yield/ % A:B

1 Me Ph 70 5:2
2 nPr pMePh 60 3:1
3 Et Ph 72 4:1

Fig 2.1 Palladium catalyzed B-arylation
Yingsheng Zhao and coworkers?! reported a B-arylation in 2017. By applying a
ligand, Ac-Gly-OH, palladium catalyzed B-arylation of carboxylic acid was largely

improved in terms of selectivity and scope. This reaction requires no directing group on
the substrate. Also, a 10-gram scale reaction was successfully conducted.

Pd(OAc), (10 mol%)
Ac-Gly- OH

I}/U\OH >
K2CO3 AngO3

Fig 2.2 B-Arylation applying a ligand

Manuel van Gemmeren and coworkers!?”) reported a direct B-alkynylation of
carboxylic acids enabled by palladium catalyst. A ligand derived from ethylenediamine
was applied. Interestingly, a-non-quaternary carboxylic acids gave lower yields as
compared to the more sterically demanding standard substrates.
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Pd(OAc), (10 mol%) 0

% Br ligand (30 mo%) M
H OH + Z
r LiHFIP, Ag,0 7 r7R

TIPS

igand  AcHN~ - NHSO02P

Fig 2.3 Pd catalyzed B-alkynylation of carboxylic acids

Jin-Quan Yu and coworkers!?®] reported a B-acyloxylation using tert-butyl hydrogen
peroxide as the only oxidant. The reaction was enabled by a cyclopentane-based mono-
N-protected B-amino acid ligand. The selectivity for mono-functionalization of substrates
bearing two a-methyl groups was excellent. a-Non-quaternary aliphatic carboxylic acids

were well tolerated.

H o Pd(OAc), (10 mol%) OAc O

ligand (20 mol%)
N82C03, AgzO, tBuOOH R

R ligand

Fig 2.4 B-Acyloxylation with tert-butyl peroxide as the oxidant

Rodolphe Jazzar, Guy Bertrand, K. N. Houk, Jin-Quan Yu and coworkers'?*! reported
a B-bromination via C(sp®)-H activation using Pd catalyst. The carboxylic acid-metal
catalyst affinity was enhanced by hydrogen bonding. This reaction showed excellent
mono-selectivity. They found the geometric relationship between carboxylic acid
substrate and the ligand in the complex intermediate plays very important roles.

Pd(OAC), (10 mol%)
L (15 mol%)
0 O PHI(OAC), (1 q.) o)

;
R AcOH (1 eq.) RzR
R OH + N—Br > OH
HFIP(0.1M), 120°C, 12h

Br

\

L O OY or N OY

Fig 2.5 p-Bromination via C(sp*)-H activation
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Jin-Quan Yu and coworkers?®” reported a B-arylation of free carboxylic acids
enabled by p-methylene C(sp*)—H activation. By applying a unique bidentate pyridine-
pyridone ligand, B-methylene C-H activation of free carboxylic acid can be achieved for

the first time.

Pd(OAc), (10 mol%) 7\ —
H o ligand (12 mol%) Ar O M
Arl (2 eq.) —N N
R)\/U\OH - R)\/U\OH OH

NaHPO,, Ag,CO3;, AgOAC ligand

Fig 2.6 B-Arylation by B-methylene C(sp3)—H activation

These reactions feature direct B-functionalization of free carboxylic acid by
palladium catalysis. They serve as brand new synthetic methods capable of constructing
complicated carboxylic acid structures conveniently. In most cases, unique ligands were
used in these reactions to activate the -C-H by distal interactions.

Notwithstanding the great improvement these reactions brought to organic chemistry,
there are still many challenging tasks remained to be tackled. For example, robust
methods of the B-alkylation have not been reported yet. In addition, B-functionalization
of a-aryl carboxylic acid is rarely reported in the literature. Furthermore, present methods
require expensive palladium catalyst and silver reagents in most cases, which increase the

cost of the approach.

2.1.2 B-alkylation functionalization of carbonyl compounds

Among [-functionalization of free carboxylic acids, arylation, bromination,
acyloxylation etc. are all well documented, while alkylation was rarely reported. On the
other hand, methods for B-alkylation of other carbonyl compounds have been published.

Wei Wang and coworkers®!! reported an enantioselective B-alkylation of aldehydes.
Amine catalyst reacts with the aldehyde substrate to form the enamine intermediate. The
enamine is then oxidated to generate an iminium species, which further reacts with a
special nucleophile in a manner of cascade reactions. A non-toxic reagent, IBX (o-
1odoxybenzoic acid), was used as the oxidant. Also, a one-pot construction of complex

molecular architectures was showcased.

Ph
H Ph (30 mOl%) PhOZSFIS/(DZPh
OTMS
PhO,S.__SO,Ph
CHO + > CHO
RN \! IBX (2 eq.) R
PhMe, 0°C
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Fig 2.7 Enantioselective B-alkylation of aldehydes

The MacMillan group!®* reported a B-coupling of cyclic ketones with aryl ketones.
Synergistic combination of photoredox catalysis and organocatalysis enabled this
transformation. The ketone precursors were turned into diaryl oxymethyl or aryl—alkyl
oxymethyl radicals via single-electron reduction. These intermediates were further
merged with B-enaminyl radical generated by photon-induced enamine oxidation to
afford the product. The nature of ketyl radical precursor and the photocatalyst was proved
to be crucial in this reaction.

o] o [Ir] cat. (1 mol%) 0
azepane (0.2~0.4 eq)

-

+ ) - —
R Ar” R R Ar

n n OH

n=0 or 1 R

Fig 2.8 B-Coupling of cyclic ketones with aryl ketones

The MacMillan group®¥ then reported a B-Mannich reaction of cyclic ketones. This
reaction was also enabled by a synergistic combination of photoredox catalysis and
organocatalysis as the reaction above. DABCO (1,4-Diazabicyclo[2.2.2]octane) was

utilized as both a base and an electron transfer agent in this reaction.

0 N,R" Ir(ppy)2(dtbbpy)PF5 (0.5 mol%) O
| acepane (0.2 eq)
* Ar R' >
R RT Ar
n n I\{H
n=0 or 1 R* R

Fig 2.9 B-Mannich reaction of cyclic ketones

These reactions feature oxidation of the intermediate generated from carbonyl
substrates and organocatalyst. Among them, the single electron transfer strategy was
intriguing, because they showed the application of photochemistry in these
transformations, which may also be combined with boron-catalyzed photochemistry.

Tomislav Rovis and coworkers**! reported a C—H alkylation of ketones or carboxylic
acids by coupling them with electron deficient olefins. Cuprate catalyst generates a
chlorine radical by ligand-to-metal charge transfer. The chlorine radical abstracts the

electron-rich C(sp®)—H bonds to generate radical intermediates from substrates. However,
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the reaction requires f-C—H bond having low BDE. The existence of other ow BDE bonds

induce mediocre regioselectivity.

R3
EWG CuCl; (20 mol%) 1 R?
T 1 Jﬁ/R:% LiCI (50 mol%) R o
! >
R')\/U\R + R R =
R2 390 nm
EWG
H O EWG CuCl, (20 mol%) RZO
R LiCl (50 mol%)
Me OH + R >
2 390 nm Me OH
R R R S

R=H or Me

Fig 2.10 Copper catalyzed C(sp*)—H bond alkylation

From the above examples, it can be seen that B-alkylation of carbonyl compounds
are typically difficult to achieve. Protocol for B-alkylation of carboxylic acids via

catalytically generated B-radicals remains a challenge to tackle.

2.2 Hypothesis and initial screening

In the previous paragraph, the boron catalysis system has been introduced, in which
carboxylic acid enolates generate facilely. Single electron transfer between photoexcited
enolates and allyl sulfones generate two radical species. Following radical-radical
coupling furnishes C-C bond formation. It was conceived that a similar mechanism would
allow for the catalytic B-allylation of carboxylic acids if the coupling can occur selectively
with the radical intermediate that has been transposed to B-position.

It was envisioned that by using two ligands playing different roles, deprotonation of
B-H can be promoted to yield the B-radical. The following radical-radical coupling will
accomplish the B-allylation. One ligand should be responsible for the photoinduction, and
the BINOL-type ligands have been shown to be suitable candidates. Another co-ligand

should assist B-H deprotonation with either electronic effect or distal interactions.
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Fig 2.11 Conceived mechanism for -allylation

Upon careful analysis of the reaction with bipyrenol ligand L1, the optimal ligand
for a-allylation, a small amount of B-allylation product 9aa (7% yield) was detected along

with a-product 8aa as shown below.
1) B,O(OAC)4 (10 mol%)

L1 (20 mol%)
o) DBU (2.4 eq.), blue LED 0 Ph
Me PhMe/THF , 15°C, 11h Me
OH + \T/\soglvles > OMe + OMe
Ph 2eq. 2) Mel, NaHCOg, rt Ph
7a
Br Br Br
0,
6a 8aa 9% 7%

9aa

Fig 2.12 The detection of B-allylation product
The screening with various combinations of different ligands was conducted at the

beginning of the optimization. Since the reaction probably goes through a diboron

enediolate intermediate, two ligands on two boron atoms can play distinct roles. It was
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gladly found that by combing (L)-FOS-Val and L7, B-allylation product could be obtained
with 20% yield, albeit with low selectivity against a-allylation.

1) B,O(OAC)4 (10 mol%)
ligand(s), DBU(2.4 eq)

o} Ph PhMe/THF (0.1 M) Ph o o}
Me TunaBlue (40W), rt, 4h
OH + SOzMeS > OMe + OMe
2) Mel (6 eq.), NaHCO3(6 eq.) Ph
2 eq.
Br Br Br
0.1 mmol 7a 9aa 8aa
6a
entry ligand(s) 9aa /% 8aa/ %

1 L7 (20 mol%) 0 18
2 L7 (10 mol%) 3 43
3 L7 (10 mol%) + (L)FOS-Val (10 mol%) 20 12
4 L1 (10 mol%) + (L)FOS-Val (10 mol%) 11 17
5 L4 (10 mol%) + (L)FOS-Val (10 mol%) 7 11

0]

¢ on
o
3.-NH
’ OﬁS
F F
@ KK
9 o
L6

L1 (L)FOS-Val

Fig 2.13 Screening with some combinations of different ligands

2.3 BINOL screening with ML (machine learning)
The screening of BINOL-type ligand was carried out at first. Various molecules of
this type were synthesized to create a real library. Ligands in this library were tested in

the B-allylation with the same reaction conditions. By doing so, experimental data was
obtained, which was used to train the ML models.

Ph
HOCMe 1) (Ac0)4B,0 (10 mol%) MeO,C MeO,C
ligand (10 mol%), DBU(2.4 eq)
. \[/\sozlvles FOS-Val(10 mol%) Ph
Br Ph PhMe/THF (20-1) (0.095 M) °F ¥
0.1 mmol 2 eq. Lumidox, 20°C, 1h Br
2)Mel (6 eq.), NaHCO3 (6 eq.)
6a 7a 8aa 9aa
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entry ligand 9aa/% 8aa/% entry ligand 9aa/% 8aa/ %

1 L3 2 1 18 L22 7 5
2 L4 19 10 19 L23 23 3

3 L7 16 3 20 L24 17 9

4 L8 5 0 21 L25 1 1

5 L9 15 3 22 L26 2 4

6 L10 4 4 23 L27 22 2
7 L11 28 6 24 L28 13 16
8 L12 19 4 25 L29 29 4
9 L13 27 0 26 L30 4 3
10 L14 23 10 27 L31 14 2
11 L15 7 5 28 L32 5 2
12 L16 19 9 29 L33 12 4
13 L17 4 1 30 L34 8 5
14 L18 2 7 31 L35 10 2
15 L19 13 2 32 L36 23 3
16 L20 4 2 33 L37 9 3
17 L21 15 3

CsFs adam
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Fig 2.14 BINOL screening

Parameterization was then implemented to acquire descriptors for model
construction. DFT calculation was performed with structures as below.

Fig 2.15 BINOL structures used for DFT calculation
First, a "core" of BINOLs as drawn below was defined. This biphenyl motif is
divided to an upper part and a lower part. They were named as PhHigh/PhLow
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respectively, according to the NBO charge on C3. This nomenclature is actually arbitrary,
i.e. any division is acceptable. Besides, the oxygen is considered separately and named
CoreQO. C1/C2/C3s on the core are also specially considered.

//,'/

Fig 2.16 BINOL "core"
Conjugated fused ring for each BINOL was then located, named "CFR", and was
also divided into two parts, CFRHigh/CFRLow.

//,'/

Fig 2.17 BINOL "CFR"

The substitution groups on the C3s are also considered, named "sub3".

Finally, properties for each part was calculated. This includes the total charge, total
electron population, total local and delocalized electron, total o/n electron population,
total bond length, total valence L shell/M+ shell lone pair electron population, total o/n
bond energy and stabilization energy, distribution to HOMO/LUMO orbitals, distribution
to IR energy, total valence/Rydberg electron etc.

"sub3" is specially considered because it was known that they have important effect
on yield of the reaction. Additional descriptors including the volume corresponding to
van der Waals radius/ion radius, lone pair/charge/n electron in shells with different size,
electron potential etc.

Beside these descriptors, parameters unrelative to these moieties are also calculated.
Such as HOMO/LUMO energy, dihedral angle of the upper and lower parts of BINOL,
typical IR vibration, total electron energy, molecular weight, degree of freedom of the
molecule, total bond stabilization energy, total occupied orbital energy etc.

Over 1000 descriptors were created in this way. With these data, models were built
with feedforward neuro network algorithm. Their structures were depicted as bellow.

Experimental result was separated to training set and validation set by choosing 3 data
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randomly as validation data, and the remaining as training set. Input descriptors were also
randomly chosen from over 100 models was then found to describe experimental data
well, giving coefficient of determination, 72, from 0.5 ~ 1.0. The prediction yield was
finally calculated from an ensemble model combining all models as the weighted average
of all these models according to their 72.

Input layer

; 1~2 hidden
17 descriptor lavers .
+ 1 bias node y 1 node in

output layer

Fig 2.18 Neural network models

It was expected that the ensemble model can be used to predict the yield using other
BINOL-type ligands that are out of the real library containing synthesized molecules.
When a ligand is predicted to give better yield, it can then be synthesized and tested to
improve the performance of -allylation.

Sequentially, a virtual library consisting of around 600 BINOL-type ligands with
diverse structures was designed. Their structures were calculated with DFT to extract
descriptors. As a result, their performance was predicted with the ensemble model.
Despite the significant variance of predicted yield between models in the ensemble, the
prediction of the ensemble model was taken and sorted. Disappointingly, it was found
that none of the ligands was predicted to outperform the best ligand in the real library, i.e.
(R)-Mes-BINOL. However, considering the variance of the prediction, it is still possible
to find better ligands by trying more promising ones. BINOL-type ligands were then
ranked according to their predicted yield. The one with a higher upper bound of predicted
performance was considered to be more promising.

A closer examination of the data revealed that: (1) heavy atom is effective for
promoting the reaction, (2) steric hindrance is good for yield, (3) m-electron system at 3-
position may promote the reaction, which may also be related to photoelectronic effect,
and (4) it seems that electronic effect of substituents is not obvious in the reaction
outcome.

Four promising ligands were synthesized and tested. Unfortunately, none of them
outperform (R)-Mes-BINOL (LL13), as predicted by the ensemble model.
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1) (AcO)4B50 (10 mol%)
HO,C Me ligand (10 mol%), DBU(2.4 eq)
FOS-Val(10 mol%) MeO,C MeO,C
PhMe/THF (20:1) (0.095 M)
+ Y s0Mes TunaBlue, 20°C, 1h Ph

Ph

>  Br +
Br Fh 2)Mel (6 eq.), NaHCO; (6 eq.)
0.1 mmol 2 eq. - 3 eq Br
6a 7a 8aa 9aa
entry ligand 9aa/ % 8aa/ %
1 (R)Mes-BINOL 27 0
2 L38 26 7
3 L39 22 8
4 L40 27 5
5 L41 25 4

Fig 2.19 Results of the further screening

In summary, it was found that the yield of B-allylation product could not be

improved by applying the new ligands within the ligand library.

2.4 Additional screenings of rection conditions
2.4.1 base screening

It has been known that basicity of DBU is crucial to deprotonate o-H, while for 3-H,
the requirement was unknown. Considering less bulky base may more efficiently
deprotonate B-H, several variants of bases, such as DMAP (4-dimethylaminopyridine) or
DMAN (1,8-Bis(dimethylamino)naphthalene), in combination with different amount of

DBU was tested. However, no meaningful improvement was obtained.
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1) B,O(OAc)4 (10 mol%)
L7 (10 mol%)
(L)FOS-Val (10 mol%)

0 Ph base(2.4 eq), PhMe/THF (0.1 M) Ph 0 )
Me on * )\/SOZMes TunaBlue (40W), rt, 4h - oMe * OMe
2) Mel (6 eq.), NaHCO4(6 eq.) Ph
2 eq.
Br 7a Br Br
0.1 mmol 9aa 8aa
6a
entry base 9aa/ % 8aa/ %
1 DBU (2.4 eq) 20 12
2 DBU (2.8 eq) 22 6
3 DBU (2.4 eq) + DMAP (0.4 eq) 12 4
4 DBU (2.4 eq) + Et3N (0.4 eq) 17 8
5 DBU (2.4 eq) + DABCO (0.4 eq) 16 9
6 DBU (2.4 eq) + DMAN (0.4 eq) 22 4
7 DBU (2.4 eq) + CsF (0.4 eq) 7 6
8 DBU (2.4 eq) + tBuOK (0.4 eq) 0 0

Fig 2.20 Base screening

2.4.2 sulfone screening
Leaving group on the sulfone was screened during the development of direct a-
allylation of carboxylic acid. A brief screening was also performed with condition for -
allylation. However, the mesityl group remained the most suitable.
1) B,O(OAC)4 (10 mol%)

L7 (10 mol%)
(L)FOS-Val (10 mol%)

0 Ph DBU(2.4 eq), PhMe/THF (0.1 M) Ph o) 0
TunaBlue (40W), rt, 4h
Me oH T }\/SOZR ( ) > oMe * OMe
2) Mel (6 eq.), NaHCO3(6 eq.) Ph
2 eq.
Br Br Br
7 8aa
0.1 mmol 9aa
6a
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entry sulfone 9aa/% 8aa/%

1 Y\O—Mes
Ph 2
2 Y\ —CF3 0 0

20 12

ph Oz
3 Y\ _@_Ph 20 10
Ph ©2
4 Y\ 18 10
ph ©2
—0
'Pr
5 _ 0 2
Ph 2
'Pr
6 / 8 1
Ph 2
7 Y\ _®_0F3 13 9
o
Ph__ 2

Fig 2.21 Sulfone screening

2.4.3 co-ligand screening
The other ligand used along with BINOL-type ligand was also screened. (L)FOS-
Val was identified to be the best co-ligand with respect to yield and selectivity. The

electronic effect, steric effect, and other aspects may all influence the performance of the
co-ligand.

1) (Ac0),4B,0 (10 mol%)

HO,C.__Me (R)Mes-BINOL (10 mol%), DBU(2.4 eq) Ph
co-ligand(10 mol%) MeO,C MeO,C
PhMe/THF (20:1) (0.095 M)
+ \l/\ 0,Mes TunaBlue, 20°C, 4h Ph
Ph > B *

Br

2)Mel (6 eq.), NaHCO; (6 eq.
0.1 mmol 2 eq. Mel (6 eq.) 3 (6ea) Br

6
2 Ta 8aa 9aa
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entry co-ligand 9aa/% 8aa/%
1 (L)FOS-Val 37 4
2 L42 19 7
3 L43 23 2
4 L44 27 8
5 L45 13 18
6 L46 9 34
7 L47 1 0
8 L48 1 9
9 L49 8 27
10 L50 2 24
11 L51 3 24
12 L52 3 23
F F F o, .0
. O\\S/’O O\\S,/O E \\S/:
"N COOH ©: “N7cooH N COOH
MeO F F F F
F F
L6 L42 L43
(L)FOS-Val
F5C O\\SIZOI O\\S/’OI O\\SIZOI
N” “COOH C’/ "N COooH /O/ N" ~cooH
S
CF3 L45 L46
L44
Oy //OI F I o\\s,,o\/q O“s”O\/(
s\” COOH N /O/ N” ~COoH
H
F F ° F
NO, F L49
L47 L48
i F O P i Foe I F o, 0
H
. . COOH . - - - NH,
F F F
L50 L51 L52

2.4.4 reaction time screening

Fig 2.22 Co-ligand screening
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The reaction time was screened. It was found that the best reaction time is 4h. Longer

reaction time caused a reduction of the yield, which indicates a product decomposition.

1) (AcO),B,0 (10 mol%)
HO,C__Me (R)Mes-BINOL (10 mol%), DBU(2.4 eq) Ph
(L)FOS-Val(10 mol%) MeO,C MeO,C
PhMe/THF (20:1) (0.095 M)
+ Y s0Mes LED, 20°C, time Ph

>  Br +
Br Fh 2)Mel (6 eq.), NaHCO; (6 eq.)
0.1 mmol 2 eq. a4 s(bea. Br
6a 7a 8aa 9aa
entry reaction time / h 9aa/ % 8aa/ %
1 1 27 0
37 4
3 12 31 13

Fig 2.23 Reaction time screening

2.4.5 solvent screening
Solvent screening was conducted, and the result showed that the optimized solvent

is o-xylene or m-xylene. THF, used previously as co-solvent, was found to inhibit the

reaction.
1) (AcO);B,0 (10 mol%)
HO,C__Me (R)Mes-BINOL (10 mol%), DBU(3.2 eq) Ph
(L)FOS-Val(10 mol%) MeO,C MeO,C
solvent (1mL)(0.1 M)
+ ﬁ;h/\ O,Mes TunaBlue, 20°C, 4h > B Ph .
Br
0.1 mmol 2 eq. 2) Mel (6 eq.), Th Br
6a 7a 8aa 9aa
entry solvent 9aa/ % 8aa/ %
1 PhMe (+50uL THF) 40 6
2 PhMe 48 4
3 THF 8 4
4 DCM 10 1
5 DMF 32 2
6 o-xylene 50 3
7 PhH 37 3
8 m-xylene 51 3

Fig 2.24 Solvent screening

2.4.6 concentration screening
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The concentration of 100 mM was found to be the optimal concentration, which was

the concentration used initially before the screening.

1) (AcO),4B,0 (10 mol%)

HO,C.__Me (R)Mes-BINOL (10 mol%), DBU(3.2 eq) Ph
(L)FOS-Val(10 mol%) MeO,C MeO,C
o-xylene
+ \J:f\ O,Mes TunaBlue, 20°C, 4h . Ph .
Br
2) Mel ), 1h
0.1 mmol 2 eq. ) Mel (6 eq.) Br
6a 7a 8aa 9aa
entry concentration/mM 9aa/ % 8aa/ %
1 81 47 6
2 100 50 3
3 129 49 4
4 180 37 3
5 300 27 5

Fig 2.25 Concentration screening

2.5 Scope

The scope of this reaction was explored. For the carboxylic acid scope, meta-methyl
substituent (9hb) instead of bromo substituent (9ab) on the phenyl ring of 2-
arylpropanoic acid as well as non-substituted 2-phenylpropanoic acid (9bb) afforded the
corresponding products in moderate yields. 2-Arylpropanoic acid with electron-
withdrawing trifluoromethyl group at the para-position (9¢b) was a competent substrate,
providing B-allylation products in 65% yield. The reactions of and bearing a para-chloro
(9db) or bromo substituent (9eb) also proceeded in good yields. Weakly coordinative
para-cyano substituent (9fb) and electron-donating tert-butyl substituent (9gb), however,
decreased the yields. The tolerance of halide substituents thus opens the possibility for
subsequent derivatization. For the sulfone scope, methoxy (9ac) or methyl (9ad)
substituent at the meta-position was tolerated.

1) B,O(OAC), (10 mol%)

(R)Mes-BINOL (10 mol%)
(L)Fos-Val (10 mol%), DBU(3.2 eq)

Ar' o-xylene (O.J M) Ar
Me\rCOZH + )\/SOZMGS TunaBlue, 20°C, 4h > MCOZMG
Ar 2) Mel (6 eq.), 1h Ar
0.1 mmol 2 eq. o
6 7
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Br Br
® O C
9bb H 59% (51%) 9ab Br 70% (58%) CO.Me
CO,Me 9cb CF; 65% (59%) CO;Me 9hb Me 48% (52%) 2
9db CI 68% (62%)
9eb Br 70% (63%) .
O 9fb CN 31% (29%) O 9ib
9gb tBu 44% (38%) R 63% Br
(62%)
R F
Br Br
Br Br

9mb
from Flurbiprofen
42%
(35%)

CO,Me
9ad O
B

42%
(34%)

9jb

from Felbinac
29%
(25%)

from Ketoprofen
56%
(56%)

from Ibuprofen
54%
(35%)

r

9nb
from Loxoprofen
47%
(43)

Fig 2.26 Reaction scope

number inside the parenthesis is isolated yield, number outside is NMR yield

2.6 Mechanistic investigation
To probe the mechanism of this reaction, several mechanistic experiments were

performed.

2.6.1 control experiments:

It was found that the combination of two different ligands is crucial for the reaction.
(L)FOS-Val greatly improves the reaction performance, while it alone cannot catalyze the
reaction.

Thus, it is most probable that the reaction proceeds through a diboron enediolate

intermediate, where each boron bears one of each ligand.
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1) B,O(OACc), (10 mol%)
ligand, DBU(3.2 eq)

(0] Ph PhMe/THF (0.1 M) Ph (@] O
Tuna Blue, rt, 1 ~ 4h
Me oH * )\/SoneS > OMe * OMe
2) Mel (6 eq.), NaHCO5(6 eq.) Ph
2 eq.
Br 7a 9aa Br 8aa Br

0.1 mmol 6a

entry ligand Bpro/ % apro/% time/h
1 (R)Mes-BINOL (10 mol%) + (L)Fos-Val (10 mol%) 27 1 1
2 (R)Mes-BINOL (20 mol%) 5 5 2
3 (L)Fos-Val (20 mol%) 0 2 12

Fig 2.27 Control experiments

2.6.2 comparison between (L)FOS-Val and (D)FOS-Val ligands:

It was observed that using different chirality of FOS-Val ligand gave different
yield. (D)FOS-Val gave slightly lower yield than (L)FOS-Val no matter how long the
reaction time was. This further proves the role of diboron enediolate intermediate, where
different enantiomers of FOS-Val create diastereomer of intermediates that results in
different reaction yields.

1) B,O(OAC)4 (10 mol%)

HO,C.__Me (R)Mes-BINOL (10 mol%) Ph
Fos-Val (10 mol%), DBU(3.2 eq) MeO,C MeO,C
o-xylene (0.1 M)
+ Y\ O,Mes TunaBlue, 20°C, time > B Ph .
Br Fh 2) Mel (6 eq.), 1h S
0.1 mmol 2 eq. a-) 8aa B 9aa
6a 7a
E ~—
entry FOS-Val Bpro/% time . O\\S,/O =
“N”>COOH
1 L 51 4h H
2 D 47 4h MeO F
3 L 8.5 7 min F
4 D 74 7 min (D)FOS-Val

Fig 2.28 Comparison of (L)FOS-Val and (D)FOS-Val ligands

2.6.3 investigation of o,B-unsaturated carboxylic acid as a possible intermediate
During the study of this reaction, a side product was observed, hereby named 1ene,
which is the a,B-unsaturated version of the carboxylic acid. It can potentially act as an

intermediate of the generation of B-allylation product as drawn bellow.
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Ar

(0] %\. Ar (0] e O
COzH_> [ ]
\l/ yLOX —_— M/u\ox or WOX
R R R Ar R

observed
byproduct
1ene
Fig 2.29 Possible mechanism
To probe this possibility, a set of competition reactions was conducted. As can be
seen in the figure below, the B-allylation product (9bb) of a,B-unsaturated carboxylic acid
(6b'") was not observed. This result thus excludes a,B-unsaturated carboxylic acid as the

intermediate of the B-allylation.

Br 1) B,O(OAC)4 (10 mol%) Br

(R)Mes-BINOL (10 mol%)
(L)Fos-Val (10 mol%), DBU(3.2 eq) O
o-xylene (0.1 M)

CO,H 4 0,Mes TunaBlue, 20°C, 4h - CoMe + CO,Me
2) Mel (6 eq.), 1h
5 Qd
7b
0.1 mmol 0 Br
conv. 35.3% 9bb 0% 8bb 0%
6b’
Br
CO,H O
6a Br cCoMe + CO,Me CO,Me
Br
0.05 mmol came as O O O
above Br Br
+ + O,Mes ————» Br Br
o , 21.2% 9ab 8ab trace 41%
2 eq.
q Br
7b
yield was considered l
0.05 mmol to be at maximum 50% CO,Me + CO,Me
6b’
confirmed by
1H-NMR O
GCMS 9bb
ESI-MS 0% 8bb gy <0.3%

Fig 2.30 Competition reaction

2.6.4 investigation of energy transfer as a possible mechanism:

The possibility of an energy transfer mechanism was also checked.
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ET A o o Ph Ar

Ar —> ® S0,Mes > R
)\/ O,Mes —> ° Mes” Ph
Ph
capture with
SET Ar )\Ph Ph
)\. O,Mes > Z Ph
Ar

Fig 2.31 Possible mechanism
UV light or photocatalysts was used to activate the sulfone substrate, and an alkene
was introduced to capture the possible radical generated. In either case, no A or B was
detected (checked by NMR and GCMS). Although some conversion of sulfone was
detected, mostly isomerization from terminal alkene to internal alkene was responsible.

The result indicates that an energy transfer scenario is not likely to be operative.

DBU (1.6 eq) o
A som A oovﬁ S p
Mes v N  Mes” Ph Ph

Ph

0.2 mmol conditions Ar
1eq. 5 eq. A B
entry conditions A%  Bl%
1 UV light 0 0
2 Tuna Blue, Ir(ppy)3 0 0
3 Tuna Blue, 1,10-phenyl+phenothiazine 0 0
4 Tuna Blue, eosin Y 0 0

Fig 2.32 Energy transfer possibility investigation
2.6.5 kinetic study

A series of reactions was conducted to obtain some information of the rate

determining step of this reaction.
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1) B,O(OACc)4 (10 mol%)
(R)Mes-BINOL (10 mol%)
(L)Fos-Val (10 mol%), DBU(3.2 eq) O
o-xylene (0.1 M)

Me CO,H 4 TunaBlue, 20°C, 4h

O,Mes CO,Me

Y

2) Mel (6 eq.), 1h

2 €q. standard conditions O
Br 7a Bpro generation rate B
0.1 mmol 1.21 ymol/min
6a

r
9aa

Fig 2.33 Standard conditions of the kinetic study

a. amount/conc. of DBU

entry DBU/eq rate(uM/min) relative rate

1 2.3 1.28 1.06
2 3.2(std) 1.21 1.00
3 3.8 1.13 0.93
4 4.4 1.07 0.88

Fig 2.34 Effect of the amount/conc. of DBU
It is difficult to explain the results, where increased DBU concentration seems to
slow down the reaction. All the equilibriums involving DBU such as step generating

enolate with different boron species may influence the result.

b. amount/conc. of sulfone

entry sulfone/eq rate(UM/min) relative rate
1 1.0 0.78 0.64
2 2.0(std) 1.21 1.00
3 24 1.31 1.08

Fig 2.35 Effect of the amount/conc. of sulfone

The step involving sulfone or the step behind may be rate-determining step. The step
of SET between sulfone and activated enolate is the most possible, but a definite proof

cannot be obtained at this point.
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c. amount of carboxylic acid substrate:

entry carboxylic acid/eq DBU/eq rate(uM/min) re|ative rate

1 0.6 2.8 1.18 0.98
2 1.0(std) 3.2(std) 1.21 1.00
3 1.3 3.5 1.22 1.01

Fig 2.36 Effect of the amount of carboxylic acid substrate

The difference between data is too low to analyze. It was found that the carboxylic
acid substrate, ligand and boron catalyst form multiple species in the solution. A
complicated equilibrium exists among these species. Thus, it is considered that such

equilibrium influences this result, which makes the result difficult to explain.

d. amount of boron catalyst:

entry  [B]cat/mol% rate(uM/min) relative rate

1 10(std) 1.21 1.00

2 20 0.60 0.50

Fig 2.37 Effect of the amount of boron catalyst

The equilibrium mentioned above also influences this result. It is considered that
additional boron catalyst increases the concentration of acetate which forms inactive
species. Additionally, boron atom bind to carboxylic acid substrate without ligand also
results in inactive species. These processes decrease the concentration of the active
intermediate.

As a summary, unfortunately, there was not any firm conclusion that can be drawn
from these kinetic experiments. Although it had been known from the study of the a-
allylation in the previous chapter, the only thing clear is that the equilibrium between

carboxylic acids, ligands and boron is very complicated.

2.7 Summary
The first B-allylation was achieved by combining two different ligands with boron
catalyst. Diboron enediolate is proposed to be the intermediate, which undergoes single

electron transfer to allyl sulfone in the formation of allyl radical as the coupling partner.
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Radical-radical coupling with a-radical is inhibited by a bulky BINOL-type ligand. At the
same time, 3-H is deprotonated to yield the key B-radical. Finally, radical-radical coupling

furnishes the product.

2.8 General procedure

Carboxylic acid (0.1 mmol, 1.0 equiv) substrate, sulfone substrate (0.2 mmol, 2.0
equiv) and both ligands were added to a 4mL vial and then brought into the glovebox.
B>O(0OAc)s (2.7 mg, 0.1 equiv), o-xylene (1 mL) and DBU (47.5 uL, 3.2 equiv) were
sequentially added. The vial was sealed and removed from the glovebox, and the resulting
solution was stirred for 4 h under the irradiation of blue LED (Kessil A 160WE Tuna Blue
40 W, Amax = 465 nm) in a 20°C water bath. Mel (37.4 uL, 6 equiv) was consequently
added, and the reaction mixture was left stirred for another 1 h. Then the reaction was
worked up by adding 2 mL of 2:1:1 solution of brine, water and 4 M HClI, followed by
extraction with EtOAc (3 times) in the vial. The combined organic layer was dried with
Na»S04 and evaporated on a rotavapor. To this crude product was added tetrabromoethane
(11.6 puL, 0.1 mmol) as the NMR standards for the determination of NMR yield.

The residue was then purified by silica gel chromatography on a Biotage Isolera One
using a dry-load method. Further purification was performed with GPC using chloroform
as the eluent.

2.9 Characterization of products
The finally isolated products were collected as 2 samples separately each. Some

samples contain inseparable impurities. They will be especially noted in detail bellow.

Ar'
MeOZCN HOZC\( HO2CYMe (IDI MeOZCMMe
Ar Me Ar Ar Ar Mes’S\O' Mes Ar
4xx 1E1x 1E2x 2B 3Vxx

Fig 2.38 Byproducts of the reaction

Methyl 2-(3-bromophenyl)-5-(4-bromophenyl)hex-5-enoate (9ab)
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Br

MeOQC

Silica gel chromatography was performed with EtOAc/hexane (0 ~ 2%).

Br

Further purified with silica gel chromatography again instead of GPC using
EtOAc/hexane (0 ~ 1%) as the eluent.

sample 1 : 14.7 mg, 34% yield, white solid.

sample 2 : 13.2 mg, containing 7 mol% 4aa, 1 mol% 1E1a and 31 mol% 1E2a, 24% yield,
colorless liquid.

Total yield of 9ab: 58% yield.

Rr=0.45 (EtOAc : hexane =1 : 5)

'TH NMR (400 MHz, CDCls) & (ppm) 7.44 (dt, J; = 8.9 Hz, J> = 2.3 Hz, 2H), 7.37~7.42
(m, 2H), 7.21 (dt, J; = 6.4 Hz, J> = 2.3 Hz, 2H), 7.18~7.19 (m, 2H), 5.29 (d, /= 0.4 Hz,
1H), 5.05 (d, /= 1.2 Hz, 1H), 3.66 (s, 3H), 3.53 (t, /= 7.6 Hz, 1H), 2.36~2.48 (m, 2H),
2.18 (dddd, J; =14.3 Hz, J>=8.8 Hz, J;=7.9 Hz, J;= 6.6 Hz, 1H), 1.86 (dddd, J; = 13.8
Hz,J>=9.0 Hz, J3 = 7.5 Hz, J;= 6.3 Hz, 1H).

13C NMR (100.5 MHz, CDCls) 8 (ppm) 173.54, 146.15, 140.84, 139.42, 131.48, 131.03,
130.55, 130.21, 127.72, 126.65, 122.70, 121.50, 113.78, 52.19, 50.45, 32.87, 31.72.

Methyl 5-(4-bromophenyl)-2-phenylhex-5-enoate (9bb)
Br

MeOZC

Silica gel chromatography was performed with EA/hexane (0 ~ 2%).

Further purified with silica gel chromatography again instead of GPC using the same
eluent as above.

sample 1 : 7.2 mg, containing 5 mol% 4ba, 19% yield, colorless liquid.

sample 2 : 13.7 mg, containing 18 mol% 4ba, 2 mol% 1E1b and 3 mol% 1E2b, 32%
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yield, colorless liquid.

Total yield of 9bb: 51% yield.

Rf=0.45 (EtOAc : hexane =1 : 5)

'TH NMR (400 MHz, CDCls) & (ppm) 7.43 (dt, J; = 9.1 Hz, J> = 2.4 Hz, 2H), 7.26~7.34
(m, 4H), 7.24~7.25 (m, 1H), 7.21 (dt, J; = 8.9 Hz, J> = 2.3 Hz, 2H), 5.28 (d, /= 0.8 Hz,
1H), 5.06 (d, J= 1.6 Hz, 1H), 3.65 (s, 3H), 3.57 (t, /= 7.6 Hz, 1H), 2.36~2.49 (m, 2H),
2.20 (dddd, J; = 14.0 Hz, J>=8.8 Hz, J; = 7.7 Hz, J; = 6.3 Hz, 1H), 1.89 (dddd, J; = 13.7
Hz,J>=9.3 Hz, J3=17.5 Hz, J;= 6.2 Hz, 1H).

13C NMR (100.5 MHz, CDCl3) 8 (ppm) 174.17, 146.39, 139.60, 138.70, 131.42, 128.68,
127.94,127.74,127.37, 121.40, 113.57, 52.02, 50.85, 32.94, 31.84.

Methyl 5-(4-bromophenyl)-2-(4-(trifluoromethyl)phenyl)hex-5-enoate (9cb)
Br

MeOZC

CF3

Silica gel chromatography was performed with EA/hexane (0 ~ 5%).

Further purification with GPC could not provide product with higher purity.

sample 1 : 18.6 mg, containing 2 mol% 4ca and 5 mol% 3Vca, 41% yield, colorless liquid.
sample 2 : 7.9 mg, containing 6 mol% 4ca and 6 mol% 1E2c¢, 17% yield, colorless liquid.
Total yield of 9cb: 58% yield.

Rf=0.44 (EtOAc : hexane =1 :5)

TH NMR (400 MHz, CDCl3) 6 (ppm) 7.57 (d, J = 8.4 Hz, 2H), 7.44 (dt, J; =9.1 Hz, J> =
2.4 Hz, 2H), 7.38 (d, J= 8.4 Hz, 2H), 7.21 (dt, J; = 8.9 Hz, J>=2.4 Hz, 2H), 5.29 (d, J =
1.2 Hz, 1H), 5.05 (d, /= 1.2 Hz, 1H), 3.66 (s, 3H), 3.64 (t, /= 7.6 Hz, 1H), 2.37~2.50 (m,
2H), 2.23 (dddd, J; = 14.1 Hz, J> = 8.4 Hz, J5 = 7.8 Hz, J, = 6.4 Hz, 1H), 1.89 (dddd, J;
=13.6 Hz, J>=9.0 Hz, J3=7.4 Hz, J, = 6.3 Hz, 1H).

19F NMR (396 MHz, CDCl3) & (ppm) —62.45.

13C NMR (100.5 MHz, CDCl3) & (ppm) 173.43, 146.08, 142.61 (q, J = 1.4 Hz), 139.39,
131.49, 129.69 (q, J = 32.6 Hz), 128.37, 127.71, 125.63 (q, J = 3.7 Hz), 124.03 (q, J =
272.2 Hz), 121.53, 113.85, 52.23, 50.62, 32.87, 31.71.
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Methyl 5-(4-bromophenyl)-2-(4-chlorophenyl)hex-5-enoate (9db)
Br

MeOZC

Cl

Silica gel chromatography was performed with Et,O/pentane (0 ~ 5%).

sample 1 : 10.9 mg, containing 7 mol% 4da, 26% yield, colorless liquid.

sample 2 : 19.3 mg, containing 12 mol% 4da, 28 mol% 1E2d and 9 mol% 2B, 37% yield,
colorless liquid.

Total yield of 9db: 63% yield.

Rr=0.45 (EtOAc : hexane =1 : 5)

TH NMR (400 MHz, CDCl3) & (ppm) 7.44 (dt, J; = 8.9 Hz, J> = 2.0 Hz, 2H), 7.28 (dt, J;
=8.8 Hz,J>=2.4 Hz, 2H), 7.18~7.22 (m, 4H), 5.28 (s, 1H), 5.04 (d, /= 1.2 Hz, 1H), 3.64
(s, 3H), 3.54 (t, J = 7.8 Hz, 1H), 2.35~2.47 (m, 2H), 2.18 (dddd, J; = 14.1 Hz, J> = 8.4
Hz, J3=7.6 Hz, J;= 6.6 Hz, 1H), 1.86 (dddd, J; = 13.8 Hz, J>=8.7 Hz, Js="7.5 Hz, J4 =
6.4 Hz, 1H).

13C NMR (100.5 MHz, CDCls) & (ppm) 173.80, 146.19, 139.46, 137.08, 133.26, 131.46,
129.32, 128.84, 127.72, 121.48, 113.73, 52.14, 50.16, 32.85, 31.72.

Methyl 2,5-bis(4-bromophenyl)hex-5-enoate (9eb)
Br

MeOZC

Br

Silica gel chromatography was performed with Et,O/pentane (0 ~ 5%).

sample 1 : 7.9 mg, 18% yield, white solid.

sample 2 : 23.6 mg, containing 7 mol% 4ea, 1 mol% 1E1e and 22 mol% 1E2e, 45% yield,
colorless liquid.
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Total yield of 9eb: 63% yield.

Rf=0.43 (EtOAc : hexane =1 : 5)

TH NMR (400 MHz, CDCls) & (ppm) 7.44 (dt, J; = 8.8 Hz, J> = 2.3 Hz, 4H), 7.20 (dt, J;
=9.1 Hz, J> = 2.2 Hz, 2H), 7.14 (dt, J; = 8.9 Hz, J> = 2.2 Hz, 2H), 5.28 (d, /= 1.2 Hz,
1H), 5.04 (dt, J; =J>= 1.2 Hz, 1H), 3.64 (s, 3H), 3.53 (t, /= 7.4 Hz, 1H), 2.35~2.47 (m,
2H), 2.18 (dddd, J; = 14.1 Hz, J> = 8.4 Hz, J; = 7.6 Hz, J, = 6.8 Hz, 1H), 1.86 (dddd, J;
=13.9Hz, J>=89 Hz,J;=7.6 Hz, J,= 6.5 Hz, 1H).

13C NMR (100.5 MHz, CDCls) 8 (ppm) 173.70, 146.21, 139.49, 137.64, 131.80, 131.47,
129.70, 127.73, 121.49, 121.37, 113.73, 52.14, 50.26, 32.87, 31.68.

Methyl 5-(4-bromophenyl)-2-(4-cyanophenyl)hex-5-enoate (9fb)
Br

MeO,C

CN
Silica gel chromatography was performed with Et,O/pentane (3 ~ 33%).

Only one sample was obtained: 11.5 mg, containing 2 mol% 4fa, 29% yield, colorless
liquid.

Rr=0.24 (EtOAc : hexane =1 : 5)

TH NMR (400 MHz, CDCl3) 6 (ppm) 7.61 (d, J = 8.4 Hz, 2H), 7.44 (dt, J; = 8.9 Hz, J> =
2.2 Hz,2H), 7.37 (d, J= 8.4 Hz, 2H), 7.20 (dt, J; = 8.9 Hz, J> = 2.0 Hz, 2H), 5.29 (s, 1H),
5.04 (s, 1H), 3.66 (s, 3H), 3.63 (t, J = 7.4 Hz, 1H), 2.36~2.49 (m, 2H), 2.22 (dddd, J; =
14.4 Hz, J>=8.4 Hz, J;=7.6 Hz, J,= 6.8 Hz, 1H), 1.87 (dddd, J; = 13.6 Hz, J>=9.1 Hz,
J3=72Hz,Js= 6.8 Hz, IH).

13C NMR (100.5 MHz, CDCls) 8 (ppm) 173.03, 145.95, 143.96, 139.31, 132.48, 131.54,
128.85, 127.70, 121.61, 118.58, 113.98, 111.45, 52.34, 50.84, 32.89, 31.67.

Methyl 5-(4-bromophenyl)-2-(4-(tert-butyl)phenyl)hex-5-enoate (9gb)
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Br

M802C

tBu

Silica gel chromatography was performed with Et,O/pentane (0 ~ 5%).

sample 1 : 9.3 mg, 22% yield, colorless liquid.

sample 2 : 10.7 mg, containing 36 mol% 4ga and 47 mol% 1E2g, 16% yield, colorless
liquid.

Total yield of 9fb: 38% yield.

Rr=0.48 (EtOAc : hexane =1 : 5)

TH NMR (400 MHz, CDCl3) & (ppm) 7.42 (dt, J; = 9.1 Hz, J> = 2.2 Hz, 2H), 7.32 (dt, J;
= 8.5 Hz, J>=2.2 Hz, 2H), 7.21 (dt, J; = 8.8 Hz, J> = 2.3 Hz, 2H), 7.18 (dt, J; = 8.4 Hz,
J>=2.0 Hz, 2H), 5.28 (d, /= 1.2 Hz, 1H), 5.06 (dt, J; = J> = 1.2 Hz, 1H), 3.65 (s, 3H),
3.55(t,J=17.6 Hz, 1H), 2.37~2.50 (m, 2H), 2.19 (dddd, J; = 13.6 Hz, J> = 8.8 Hz, J; =
8.4 Hz, J,=6.2 Hz, 1H), 1.87 (dddd, J; =13.6 Hz, J>=9.4 Hz, J5 = 7.3 Hz, J, = 6.3 Hz,
1H), 1.30 (s, 9H).

13C NMR (100.5 MHz, CDCls) 8 (ppm) 174.37, 150.19, 146.48, 139.67, 135.64, 131.40,
127.77,127.50, 125.58, 121.37, 113.51, 51.96, 50.40, 34.46, 33.04, 31.95, 31.32.

Methyl 5-(4-bromophenyl)-2-(m-tolyl)hex-5-enoate (9hb)
Br

MeO,C

Me I

Silica gel chromatography was performed with EA/hexane (0 ~ 1%).
sample 1 : 8.1 mg, containing 1 mol% 4ha, 21% yield, colorless liquid.
sample 2 : 14.3 mg, containing 26 mol% 4ha, 30% yield, colorless liquid.
Total yield of 9hb: 52% yield.

Rf=0.49 (EtOAc : hexane=1: 5)
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TH NMR (400 MHz, CDCl3) 8 (ppm) 7.43 (dt, J; = 9.1 Hz, J> = 2.2 Hz, 2H), 7.21 (dt, J;
= 8.7 Hz, J> = 2.0 Hz, 2H), 7.17~7.21 (m, 1H), 7.04~7.08 (m, 3H), 5.28 (d, J = 0.8 Hz,
1H), 5.06 (d, J = 0.8 Hz, 1H), 3.65 (s, 3H), 3.53 (t, J = 7.6 Hz, 1H), 2.35~2.49 (m, 2H),
2.33 (s, 3H), 2.19 (dddd, J; = 13.8 Hz, J = 8.9 Hz, J; = 7.8 Hz, J; = 6.2 Hz, 1H), 1.87
(dddd, J; = 13.6 Hz, J> = 9.4 Hz, Js = 7.4 Hz, J: = 6.1 Hz, 1H).

13C NMR (100.5 MHz, CDCl3) 5 (ppm) 174.26, 146.44, 139.62, 138.61, 138.35, 131.40,
128.57, 128.55, 128.13, 127.76, 124.96, 121.37, 113.52, 52.02, 50.77, 32.97, 31.85, 21.42.

Methyl 2-(3-bromo-4-fluorophenyl)-5-(4-bromophenyl)hex-5-enoate (9ib)
Br

Silica gel chromatography was performed with EA/hexane (0 ~ 2%).

sample 1 : 7.1 mg, 16% yield, white solid.

sample 2 : 28.8 mg, containing 5 mol% 4ia, 6 mol% 1E1i, 44 mol% 1E2i and 3 mol%
2B, 46% yield, pale yellow solid.

Total yield of 9ib: 62% yield.

Rf=0.39 (EtOAc : hexane =1 :5)

TH NMR (400 MHz, CDCls) & (ppm) 7.45 (dt, J; = 8.8 Hz, J> = 2.2 Hz, 2H), 7.43~7.46
(m, 1H), 7.21 (dt, J; = 8.8 Hz, J>=2.3 Hz, 2H), 7.18 (ddd, J; = 8.4 Hz, J>= 4.6 Hz, J; =
2.3 Hz, 1H), 7.06 (dd, J; =J>= 8.2 Hz, 1H), 5.29 (d, /= 0.8 Hz, 1H), 5.05 (d, /= 1.2 Hz,
1H), 3.66 (s, 3H), 3.52 (t, /= 7.6 Hz, 1H), 2.35~2.47 (m, 2H), 2.17 (dddd, J; = 14.0 Hz,
J>=8.0Hz,J;=7.0 Hz, J,= 6.2 Hz, 1H), 1.84 (dddd, J; = 13.8 Hz, J> = 8.9 Hz, J3="7.6
Hz, J;= 6.3 Hz, 1H).

19F NMR (396 MHz, CDCl3) & (ppm) —109.09 (ddd, J; = 9.0 Hz, J> = 6.8 Hz, J; = 4.9
Hz).

I3C NMR (100.5 MHz, CDCl3) 8 (ppm) 173.52, 158.38 (d, J=247.5 Hz), 146.04, 139.36,
135.94 (d,J=3.9 Hz), 132.93, 131.52, 128.52 (d, /= 7.2 Hz), 127.71, 121.56, 116.56 (d,
J=22.2Hz), 113.88, 109.19 (d, J = 20.7 Hz), 52.25,49.72, 32.82, 31.79.

Methyl 2-(|1,1'-biphenyl]-4-yl)-5-(4-bromophenyl)hex-5-enoate (9jb)
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Br

MeOzC

Silica gel chromatography was performed with EA/hexane (0 ~ 2%).

Only one sample was obtained before GPC purification.

18.1 mg, containing 36 mol% 4ja, 13 mol% 1E1j and 47 mol% 1E2j, 25% yield, white
solid.

The NMR spectra were obtained after GPC purification.

Rr=0.45 (EtOAc : hexane =1 : 5)

'TH NMR (400 MHz, CDCl3) & (ppm) 7.59-7.52 (m, 4H), 7.51-7.41 (m, 4H), 7.37-7.31
(m, 3H), 7.25-7.21 (m, 2H), 5.29 (d, J = 1.2 Hz, 1H), 5.07 (d, J = 1.2 Hz, 1H), 3.67 (s,
3H), 3.62 (t,J=7.6 Hz, 1H), 2.53-2.40 (m, 2H), 2.30-2.19 (m, 1H), 1.98-1.88 (m, 1H).
13C NMR (100.5 MHz, CDCI3) & (ppm) 174.2, 146.4, 140.6, 140.3, 139.6, 137.7, 131.4,
128.8, 128.4,127.8, 127.4, 127.3, 127.0, 121.4, 113.6, 52.1, 50.5, 33.0, 31.9.

Methyl 5-(4-bromophenyl)-2-(4-isobutylphenyl)hex-5-enoate (9kb)
Br

Me
Silica gel chromatography was performed with Et,O/pentane (0 ~ 3%).
sample 1 : 2.3 mg, 6% yield, white solid.
sample 2 : 23.1 mg, containing 35 mol% 4ka, 7 mol% 1E1k, and 95 mol% 1E2k, 29%
yield, white solid.
Total yield of 9kb: 35% yield.
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Rf=0.49 (EtOAc : hexane =1 : 5)

TH NMR (400 MHz, CDCl3) & (ppm) 7.42 (d, J = 8.8 Hz, 2H), 7.20 (d, J = 8.8 Hz, 2H),
7.15 (d, J=8.0 Hz, 2H), 7.07 (d, J = 8.0 Hz, 2H), 5.28 (s, 1H), 5.05 (d, /= 1.2 Hz, 1H),
3.65 (s, 3H), 3.54 (t,J=7.6 Hz, 1H), 2.48-2.35 (m, 4H), 2.23-2.13 (m, 1H), 1.92-1.78 (m,
2H), 0.89 (d, J = 6.8 Hz, 6H).

13C NMR (100.5 MHz, CDCI3) & (ppm) 174.4, 146.5, 140.8, 149.7, 135.9, 131.4, 129.4,
127.8,127.6, 121.4, 113.5, 52.0, 50.5, 45.0, 33.0, 32.0, 30.2, 22.4.

Methyl 2-(3-benzoylphenyl)-5-(4-bromophenyl)hex-5-enoate (91b)

Silica gel chromatography was performed with EA/hexane (2 ~ 7%).

Further purified with silica gel chromatography again instead of GPC, EA/hexane (1 ~
4%) was used as the eluent.

sample 1 : 14.8 mg, containing 2 mol% 4la, 20 mol% 1E2l, and 11 mol% sulfone substrate
2b, 26% yield, white solid.

sample 2 : 22.6 mg, containing 2 mol% 4la, 25 mol% 1E2l, and 59 mol% sulfone
substrate 2b, 30% yield, white solid.

Total yield of 91b: 56% yield.

NMR spectra were obtained after GPC purification with sample 1.

Rr=0.25 (EtOAc : hexane =1 : 5)

TH NMR (400 MHz, CDCl3) & (ppm) 7.80-7.76 (m, 2H), 7.71 (dd, J; = J> =1.6 Hz, 1H),
7.68 (ddd, J; =7.6 Hz, J>=J3 = 1.6 Hz, 1H), 7.60 (tt, J; = 6.8 Hz, J> = 1.2 Hz, 1H), 7.52-
7.41 (m, 6H), 7.23-7.19 (m, 2H), 5.29 (d, /= 1.2 Hz, 1H), 5.06 (d, /= 1.2 Hz, 1H), 3.70-
3.62 (m, 4H), 2.51- 2.38 (m, 2H), 2.30-2.17 (m, 2H), 1.97-1.87 (m, 2H).

13C NMR (100.5 MHz, CDCl3) & (ppm) 196.4, 173.1, 146.2, 139.5, 139.0, 138.0, 137.4,
132.6, 131.8, 131.5, 130.1, 129.7, 129.2, 128.6, 128.3, 127.7, 121.5, 113.8, 52.2, 50.7,
33.0,31.8.
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Methyl 5-(4-bromophenyl)-2-(2-fluoro-[1,1'-biphenyl]-4-yl)hex-5-enoate (9mb)

Br Br
MeO,C MeO,C _

FE F‘

major minor
Silica gel chromatography was performed with Et,O/pentane (0 ~ 33%).
sample 1 : 11.3 mg, containing 2 mol% 4ma and 35 mol% 3Vma, 18% yield, colorless
liquid.
sample 2 : 11.7 mg, containing 4 mol% 4ma and 49 mol% 3Vma, 17% yield, colorless
liquid.
Total yield of 9mb: 35% yield.
Rf=0.30 (EtOAc : hexane =1 : 5)
'TH NMR (400 MHz, CDCls) & (ppm) 7.60- 7.34 (m, 9H), 7.26-7.07 (m, 3H), 5.65 (t, J
6.2 Hz, 0.26H), 5.31 (s, 0.74H), 5.09 (s, 0.74H), 3.74-3.66 (m, 0.26x4H + 0.74x3H), 3.61
(t, J=17.6 Hz, 0.74H), 2.98 (ddd, J; = 22.0 Hz, J> = 14.4 Hz, J; = 7.2 Hz, 0.26H), 2.70
(ddd, J; =21.6 Hz, J> = 14.4 Hz, J; = 7.2 Hz, 0.26H), 2.54-2.41 (m, 0.74x2H), 2.28-2.17
(m, 0.74H), 2.02-1.87 (m, 0.26x3H + 0.74H).
19F NMR (396 MHz, CDCl3) & (ppm) —117.3 (dd, J; = 28.9 Hz, J> = 9.1 Hz).
13C NMR (100.5 MHz, CDCl3) & (ppm) 173.6, 173.5, 160.9, 158.4, 146.2, 142.4, 140.0,
139.93, 139.88, 139.81, 139.5, 136.6, 135.4, 131.5, 13.2, 130.9, 130.8, 128.93, 128.91,
128.4, 128.0, 127.75, 127.72, 127.4, 125.7, 124.6, 124.01, 123.98, 121.5, 120.8, 115.7,
115.5, 113.8, 52.3, 52.2, 50.9, 50.3, 32.9, 32.8, 31.7, 16.0.

Methyl 5-(4-bromophenyl)-2-(4-((2-oxocyclopentyl)methyl)phenyl)hex-5-enoate
(9nb)
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Silica gel chromatography was performed with Et;O/pentane (3 ~ 20%).

sample 1 : 10.0 mg, containing 4 mol% 4na, 21% yield, colorless liquid.

sample 2 : 12.5 mg, containing 26 mol% 4na, 22% yield, white solid.

Total yield of 9nb: 43% yield.

Rr=0.18 (EtOAc : hexane =1 : 5)

TH NMR (400 MHz, CDCl3) 6 (ppm) 7.42 (d, J = 8.0 Hz, 2H), 7.21 (d, J = 8.0 Hz, 2H),
7.16 (d,J=7.6 Hz, 2H), 7.10 (d, J = 7.6 Hz, 2H), 5.28 (s, 1H), 5.05 (s, 1H), 3.65 (s, 3H),
3.54 (t, J=17.6 Hz, 1H), 3.12 (dd, J; = 15.6 Hz, J> = 3.6 Hz, 1H), 2.54~2.28 (m, SH),
2.24-2.03 (m, 3H), 2.01-1.91(m, 1H), 1.91-1.80 (m, 1H), 1.80-1.66 (m, 1H), 1.60-1.48
(m, 1H).

13C NMR (100.5 MHz, CDCl3) & (ppm) 220.1, 174.2, 146.4, 139.6, 139.2, 136.5, 131.4,
129.2, 128.0, 127.7, 121.4, 113.6, 52.0, 51.0, 50.5, 38.2, 35.2, 33.0, 31.9, 29.2, 20.5.

Methyl 2-(3-bromophenyl)-5-phenylhex-5-enoate (9aa)

MeOZC

Br

Silica gel chromatography was performed with EtOAc/hexane (0 ~ 3%).

Further purified with silica gel chromatography again instead of GPC using
EtOAc/hexane (0 ~ 3%) as the eluent.

sample 1 : 12.5 mg, 35% yield, colorless liquid.

sample 2 : 1.9 mg, containing 7 mol% 4ab, 5% yield, colorless liquid.

Total yield of 9aa: 40% yield.

The 'H-NMR spectrum was obtained after further purification with GPC.
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Rf=0.48 (EtOAc : hexane =1 : 5)

TH NMR (400 MHz, CDCl3) & (ppm) 7.42 (dd, J; =J>=1.2 Hz, 1H), 7.39 (ddd, J; = 7.1
Hz, J> = J; = 1.9 Hz, 1H), 7.31~7.37 (m, 4H), 7.26~7.30 (m, 1H), 7.16~7.22 (m, 2H),
5.30 (d, J=1.6 Hz, 1H), 5.04 (d, /= 0.8 Hz, 1H), 3.66 (s, 3H), 3.55 (t, /= 7.8 Hz, 1H),
2.40~2.52 (m, 2H), 2.21 (dddd, J; = 14.7 Hz, J>» = 8.2 Hz, J3 = 7.7 Hz, J; = 6.5 Hz, 1H),
1.89 (dddd, J; = 13.9 Hz, J>=8.9 Hz, J; = 7.6 Hz, J; = 6.4 Hz, 1H).

13C NMR (100.5 MHz, CDCls) 8 (ppm) 173.66, 147.18, 140.98, 140.54, 131.05, 130.48,
130.16, 128.38, 127.54, 126.70, 126.06, 122.66, 113.19, 52.15, 50.49, 32.97, 31.78.

Methyl 2-(3-bromophenyl)-5-(3-methoxyphenyl)hex-5-enoate (9ac)

l OMe

MeOZC

Br

Silica gel chromatography was performed with Et,O/pentane (0 ~ 25%).

sample 1 : 15.2 mg, containing 1 mol% 4ac, 39% yield, colorless liquid.

sample 2 : 4.7 mg, containing 9 mol% 4ac, 11% yield, colorless liquid.

Total yield of 9ac: 50% yield.

Rf=0.35 (EtOAc : hexane =1 :5)

TH NMR (400 MHz, CDCls) & (ppm) 7.42 (dd, J; =J> = 1.6 Hz, 1H), 7.39 (ddd, J; = 7.2
Hz, J> =2.0 Hz, J; = 1.6 Hz, 1H), 7.15~7.24 (m, 3H), 6.94 (ddd, J; = 7.7 Hz, J>, = J; =
0.8 Hz, 1H), 6.89 (dd, J; = 1.6 Hz, J> = 2.4 Hz, 1H), 6.82 (dd, J; = 8.2 Hz, J> = 2.6 Hz,
1H), 5.30 (d, /= 0.8 Hz, 1H), 5.03 (d, /= 0.8 Hz, 1H), 3.82 (s, 3H), 3.66 (s, 3H), 3.55 (t,
J=17.6 Hz, 1H), 2.38~2.50 (m, 2H), 2.21 (dddd, J; = 14.8 Hz, J> =J; =8.0 Hz, J, = 6.8
Hz, 1H), 1.90 (dddd, J; = 13.9 Hz, J: = 8.8 Hz, J; = 7.3 Hz, J, = 6.7 Hz, 1H).

13C NMR (100.5 MHz, CDCls) 8 (ppm) 173.64, 159.60, 147.14, 142.16, 141.01, 131.07,
130.48, 130.16, 129.34, 126.70, 122.67, 118.61, 113.37, 112.76, 112.06, 55.22, 52.14,
50.51, 33.09, 31.83.

Methyl 2-(3-bromophenyl)-5-(m-tolyl)hex-5-enoate (9ad)
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lMe

MeO,C

Br

Silica gel chromatography was performed with Et;O/pentane (0 ~ 7%).

Only one sample was obtained.

12.6 mg, 34% yield, colorless liquid.

Rr=0.46 (EtOAc : hexane =1 : 5)

TH NMR (400 MHz, CDCl3) & (ppm) 7.42 (dd, J; = 2.0 Hz, J> = 1.6 Hz, 1H), 7.39 (ddd,
J1=172Hz, J>=J3=1.6 Hz, 1H), 7.18~7.23 (m, 3H), 7.13~7.16 (m, 2H), 7.09 (d, J= 7.2
Hz, 1H), 5.28 (d, /= 1.2 Hz, 1H), 5.01 (d, J = 0.8 Hz, 1H), 3.66 (s, 3H), 3.55 (t, /= 7.8
Hz, 1H), 2.38~2.51 (m, 2H), 2.35 (s, 3H), 2.20 (dddd, J; = 14.0 Hz, J> = 8.4 Hz, J3; = 8.0
Hz, J;=7.2 Hz, 1H), 1.90 (dddd, J; = 13.8 Hz, J>=9.0 Hz, J3 = 7.6 Hz, J, = 6.3 Hz, 1H).
13C NMR (100.5 MHz, CDCl3) § (ppm) 173.67, 147.35, 141.03, 140.60, 137.90, 131.10,
130.47, 130.14, 128.30, 128.26, 126.83, 126.73, 123.18, 122.66, 112.99, 52.13, 50.52,
33.03, 31.82, 21.51.
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Chapter 3
a-Trifluoromethylthiolation of Carboxylic Acids?

3.1 Introduction

Fluorine atom has the highest electronegativity, small van der Waals radius and high
lipophilicity. Introducing fluorine atom in bioactive compounds has the potential to
improve their pharmacokinetic properties.

Among fluorine-containing functional groups, SCF3 is one of the most attractive.
SCF; has Hansch parameter of 1.44, bestowing its high lipophilicity. The progress of
installing this functional group to the molecules has been highly pursued in past decades.

Some molecules have been proven to exhibit great value, such as vanilliprole or cefazaflur.

N
FsC c

\
[ N

e
MeO N N vanilliprole
Cl pesticide

HO cl
CF3
N

MeN” ‘\'N
—N
COOH
fo) cefazaflur
~ N (o) antibiotic
5 F
A N c 3
H H

Fig 3.1 SCF3-containing bioactive molecules
The installation of SCF3; group at the a-position of ester or amide has been
reported®I37], However, the direct introduction of SCF3 group to a-position of carboxylic
acid has not been documented but can have great synthetic utility in expanding the
chemical space.
(0]

CuSCN (cat.) Q
NZYI\OR' Me,NSCFy F3C \l)LOR'
R R

. Q AQOTf(cat) Q
r%NRsr‘w AgSCFs 3C %LNR;*

R1 R2 R1 R2 R4

Fig 3.2 Installation of SCF3 group
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3.2 Hypothesis
It was envisioned that enolate generated from carboxylic acid by boron catalysts can

be utilized to achieve this functionalization.

T 1) (ACO),B,0 (cat.) o
DBU F
Hﬁ)LoH + N—SCF, — _ FiC j)LOH
R O O/ 2 R 12
10 11 I)\O, BX,| via boron enediolate

R

Fig 3.3 Working hypothesis

3.3 Screening

N-(Trifluoromethylthio)phthalimide was chosen to be the electrophilic source of
F3CS*, which had been showcased in the literature!*®].

Solvent screening was performed. It was found that the reaction was promoted by
using 10 mol% B20O(OAc)4 as boron source, 2.4 equivalence of DBU as base, and toluene
or THF as solvent. Acetonitrile or DCM was inferior as the solvent.

Q 0
OH Q B,O(OAc), (10 mol%) CF3S OH
DBU (2.4 eq)
+ N—SCF >
3 solvent (1 mL) spro
0]
0.1 mmol o)
~ 1.5eq O
10a 1 12a
entry solvent yield / %
1 toluene 100
2 THF 100
3 MeCN 52.7
4 DCM 83.1
Fig 3.4 Solvent screening
3.4 Scope

a-Aryl carboxylic acids with an electron-donating substituent, such as methoxy
(13a) or methyl (13¢) groups, at the para position of the aryl groups were competent
substrates, affording the desired products in high yields. However, electron-deficient

substituents, such as chloro (13j) group, exhibited negative effect on the yields. It should
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be noted that the reaction of 2-(4-chlorophenyl)acetic acid (10j) produced decarboxylated

compound, namely, (4-chlorobenzyl)(trifluoromethyl)sulfane as the major side product.

Sterically demanding o-methoxy (13b) and o-methyl (13d) substituents were well

tolerated. In addition, carboxylic acids containing heteroaryl groups, thiophene (13h), and

benzodioxol (13g) also showed high reactivity. The reaction was applicable to a wide

variety of bioactive agrochemicals and pharmaceuticals, demonstrating its utility in

complex molecule synthesis.
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Fig 3.5 scope investigation

number inside the parenthesis is isolated yield, and number outside is NMR yield

3.5 Research with data science

The scope collected conveyed a message that substrates bearing electron-rich aryl
group at a-position generally worked well, while others were moderate or incompatible.
It was surmised that some descriptors can characterize the relationship between substrate
structure and reaction outcome in a reasonable way.

To interrogate this presumption, analysis was conducted using the dataset of the full
reaction scope of 29 substrates, including those did not provide good yield. 32 descriptors
were obtained from DFT calculation of these carboxylic acids. This includes mainly
electronic and energetic properties.

With these descriptors, univariate classification was first tested. This simple yet

(391401 A5 a result, it

reliable method has been proved powerful in chemistry application
was found that 2 descriptors that can divide substrates into "yielding" group and "non-
yielding" group with a threshold of 20% yield (Fig 3.6 (a),(b)). One descriptor is NBOC2,
which is the NBO charge on a-carbon. Another is C12D, which is the absolute deviation
of C1-C2 bond length from 1.508A. These 2 descriptors were considered to be related to

the reactivity as well as the stability of possible enolate intermediate.
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Fig 3.6 Classification models

To obtain a more accurate prediction, bivariate classification was consequently
performed. Both classifications provided improved performance with another descriptor,
namely HOMO energy, yielding an odds of 8.7 that was good enough for a simple
classification (Fig 3.6 (c),(d)). Intriguingly, the substrates that both models failed to
correctly classify were the same ones. This suggests a possibility that some unique
mechanisms have been involved. These enigmatic factors which cannot be captured by
the descriptors haunted the performance of these substrates. Al bears an active N-H bond
on the aryl ring, which may induce side reactions. A2 bears the most steric substituent on
a-position, which may hinder the generation of an enolate intermediate. A3 has a quite
complicated structure, and its behavior can be difficult to predict accurately with a simple
model.
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Fig. 3.7 Substrates wrongly classified by the model

In an application point of view, this classification can be used to screen substrates
before fully engaging in the experimental works. In other words, before actually
synthesizing the substrates, one may utilize this model to predict whether the targeted
molecule is likely to work or not.

Logistic regression was further tested with only 2 or 3 descriptors. Logistic
regression, as one of the simplest non-linear regression, provides people a convenient tool
to comprehend the reaction“?l*ll. Some fairly good models were identified, three of
which are shown below (Fig 3.8 (a),(b),(c)). An ensemble model was also created with
these 3 models by simply taking an average of each prediction. Interestingly, the ensemble
model exhibited a better correlation than any of the single model (Fig 3.8 (d)). This
delivers an inspiration that it is possible to create a good model by combining several
simple models.
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Fig 3.8 Regression models
In the trial with more complicated transformation of descriptors, the best model was
found as shown below:

Yield = —
14+e2
z = 7.37656 * MulCC2 — 4364.12 » C12D + 368.455 * AHEL(c)s + 3.75559

MulCC?2 is the Mulliken charge on a-position, AHEL(c)s is the square of centralized
lowest NBO energy of a-H. All these descriptors have a strong relationship to the a-
position, which is the reaction site. This discovery transmitted an important
enlightenment that the descriptors related to the possible mechanism are promising to be
the component of a good model. In an outlook involving a more complicated machine
learning approach and exquisite reaction system, such expert knowledge can be useful in
choosing the suitable descriptors.
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Fig 3.9 The best regression model

3.6 Mechanistic investigation
3.6.1 investigation of possible radical pathway
When TEMPO, the radical scavenger, was added to the reaction, the reaction

proceeded normally. Although a small decrease of the yield was observed, this result
indicates that the reaction does not go through a radical pathway.

0 0

1) Bo,O(OAc), (10 mol%), DBU (2.4 eq) (0]
OH + N—SCF TEMPO (1 eq) > CF3S
THF (1 mL), r.t. (23°C), 2h

(0]
1.5 eq

OMe 11 OMe

0.1 mmol 13a 88.5%

10a

Fig 3.10 TEMPO addition
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3.6.2 decarboxylation of the product

Experiments were performed to gain insight into the mechanism of decarboxylation
mentioned in the scope section. An a-SCF3 carboxylic acid was subjected to several
reaction conditions. The decarboxylation was observed as long as DBU is present. The
decarboxylation most likely occurs from a-SCFs carboxylic acids via carboxylate
formation, followed by ionic decarboxylation to form the benzylic anion, which would
be stabilized by a strongly electron-withdrawing SCF3 group and electron-deficient aryl

group.
0]
CF,S CF3S
OH conditions
THF, rt, 2h
%
Cl Cl
12j 14]
entry conditions yield / %
1 DBU(2.4 eq), (AcO)4B,0(10 mol%) 30
2 DBU(2.4 eq) 26
3 (Ac0),B,0(10 mol%) 0

Fig 3.11 Decarboxylation experiments

3.6.3 competing experiment

A competition experiment was performed. As a result, equimolar amount of the
products and the side product were obtained from the para-chloro substrate, while no
decarboxylated product derived from para-methoxy substrate was obtained. This
outcome suggests that the reaction rate of para-chloro substrate is higher, but rapid

decarboxylation diminishes the yield.
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Fig 3.12 Competing experiment

3.7 Summary

A boron-catalyzed direct a-trifluoromethylthiolation of carboxylic acid was
developed. Enediolate generated catalytically reacts with an electrophilic SCF3 reagent,
N-SCFs-phtalimide, to furnish the desired product. This method is applicable to bioactive
carboxylic acids. Suitable models for substrate classification or yield prediction were built
with data science analyses.

3.8 General procedure
Carboxylic acid (0.1 mmol, 1.0 equiv) substrate was added to a 4mL vial and then

brought into the glovebox. B2O(OAc)4 (2.7 mg, 0.1 equiv), THF (1 mL), DBU (35.7 uL,
2.4 equiv) and N-(trifluoromethylthio)phthalimide (37.1 mg, 1.5 equiv) were sequentially
added. The vial was sealed and removed from the glovebox, and the resulting solution
was stirred for 2 h at room temperature (23-28 °C). Mel (37.4 pL, 6 equiv) was
consequently added, and the reaction mixture was left stirred for another 2 h. Then the
reaction was worked up by adding 2 mL of 2:1:1 solution of brine, water and 4 M HCI,
followed by extraction with EtOAc (3 times) in the vial. The combined organic layer was
dried with Na;SO4 and evaporated on a rotavapor. To this crude product was added
tetrabromoethane (11.6 pL, 0.1 mmol) and hexafluorobenzene (34.6 uL, 0.3 mmol) as the
NMR standards for the determination of NMR yield.
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The residue was then purified by silica gel chromatography on a Biotage Isolera One
using a dry-load method.

3.9 Characterization of products
Methyl 2-(4-methoxyphenyl)-2-((trifluoromethyl)thio)acetate (13a)

O

F3;CS
OMe

OMe

Silica gel chromatography was performed with EtOAc/Hex (0-10%).

26.1 mg, 93% yield, green tea color.

Rr=0.58 (EtOAc : Hexane =1 : 2)

TH NMR (400 MHz, CDCl3) & (ppm) 7.36 (dt, J; = 9.5 Hz, J> = 2.7 Hz, 2H), 6.89 (dt, J;
=9.6 Hz, J>=2.6 Hz, 2H), 5.04 (s, 1H), 3.81 (s, 3H), 3.76 (s, 3H).

19F NMR (396 MHz, CDCl3) & (ppm) —41.13.

I3C NMR (100.5 MHz, CDCl3) & (ppm) 169.69, 160.11, 129.74 (q, J = 308.2 Hz), 129.44,
125.50, 114.49, 55.30, 53.34, 50.70 (d, /= 1.9 Hz).

HRMS-EI+ (m/z): [M]" caled for C11H11F303S, 280.0376; found, 280.0384.

Methyl 2-(2-methoxyphenyl)-2-((trifluoromethyl)thio)acetate (13b)

O

F;CS
OMe

OMe

Silica gel chromatography was performed with EtOAc/Hex (0-10%).

24.6 mg, 88% yield, colorless oil.

Rr=0.35 (EtOAc : Hexane =1 : 5)

TH NMR (400 MHz, CDCl3) & (ppm) 7.38 (dd, J; = 7.6 Hz, J> = 1.2 Hz, 1H), 7.33 (ddd,
Ji=J>=79Hz, J;=1.6 Hz, 1H), 6.97 (ddd, J; =J>= 7.6 Hz, J; = 0.8 Hz, 1H), 6.91 (d,
J=8.4 Hz, 1H), 5.50 (s, 1H), 3.88 (s, 3H), 3.75 (s, 3H).

19F NMR (396 MHz, CDCl3) & (ppm) —41.40.

I3C NMR (100.5 MHz, CDCl3) 8 (ppm) 169.79, 156.40, 131.05 (q, /= 307.9 Hz), 130.33,
129.18, 122.95, 120.99, 110.15, 55.78, 53.30, 45.20 (d, /= 1.9 Hz).

94



HRMS-EI+ (m/z): [M]" caled for C11H11F3038, 280.0376; found, 280.0382.

Methyl 2-(p-tolyl)-2-((trifluoromethyl)thio)acetate (13c)

@)

F,CS
OMe

Me

Silica gel chromatography was performed with EtOAc/Hex (0-3%). Crude sample was
transferred to the column using wet-load method instead of dry-load (an attempt with dry
loading gave only 25.8% yield, presumably due to the volatility of this product).

21.2 mg, containing 9 mol% EtOAc, 80% yield, ivory oil.

Rr=0.45 (EtOAc : Hexane =1 :5)

TH NMR (400 MHz, CDCl3) 6 (ppm) 7.33 (d, J = 8.0 Hz, 2H), 7.18 (d, J = 8.4 Hz, 2H),
5.05 (s, 1H), 3.76 (s, 3H), 2.35 (s, 3H).

19F NMR (396 MHz, CDCl3) & (ppm) —41.14.

13C NMR (100.5 MHz, CDCl3) & (ppm) 169.64, 139.17, 130.73, 129.83, 129.77 (q, J =
307.9 Hz), 128.01, 53.37, 51.00 (d, /= 1.9 Hz), 21.16.

HRMS-EI+ (m/z): [M]" calcd for C11H11F3028S, 264.0426; found, 264.0425.

Methyl 2-(o-tolyl)-2-((trifluoromethyl)thio)acetate (13d)

0]

F;CS
OMe

Silica gel chromatography was performed with EtOAc/Hex (0-5%).

24.3 mg, containing 20 mol% CH>Cl: (determined by NMR), calculated to be 86% yield,
colorless oil. NMR spectra was obtained after further purification by GPC (EtOAc)
Rr=0.43 (EtOAc : Hexane=1:5)

'TH NMR (400 MHz, CDCl3) & (ppm) 7.42-7.44 (m, 1H), 7.17-7.27 (m, 3H), 5.32 (s, 1H),
3.77 (s, 3H), 2.46 (s, 3H).

19F NMR (396 MHz, CDCl3) & (ppm) —41.51.

13C NMR (100.5 MHz, CDCl3) & (ppm) 169.78, 136.24, 131.86, 131.07, 129.85 (q, J =
308.2 Hz), 129.05, 127.83, 126.92, 53.41, 47.52 (d, /= 1.9 Hz), 19.27.
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HRMS-EI+ (m/z): [M]" calcd for CiiH11F30:S, 264.0426; found, 264.0426.

Methyl 2-(4-(methylthio)phenyl)-2-((trifluoromethyl)thio)acetate (13e)

@)

F,CS
OMe

SMe

Silica gel chromatography was performed with EtOAc/Hex (0-5%).

24.2 mg, 82% yield, colorless oil.

Rr=0.38 (EtOAc : Hexane =1 : 5)

TH NMR (400 MHz, CDCl3) & (ppm) 7.35 (dt, J; = 8.7 Hz, J> = 2.1 Hz, 2H), 7.22 (dt, J;
=8.8 Hz, J>=2.1 Hz, 2H), 5.03 (s, 1H), 3.76 (s, 3H), 2.48 (s, 3H).

19F NMR (396 MHz, CDCl3) & (ppm) —41.01.

I3C NMR (100.5 MHz, CDCl3) 8 (ppm) 169.37, 140.28, 130.14, 129.71 (q,J=307.9 Hz),
128.52, 126.50, 53.44, 50.88 (d, /= 1.9 Hz), 15.29.

HRMS-EI+ (m/z): [M]" calcd for C11H11F30,S2, 296.0147; found, 296.0147.

Methyl 2-(benzo[d][1,3]dioxol-5-yl)-2-((trifluoromethyl)thio)acetate (13g)

O

F5CS
OMe

@]
o—/

Reaction worked up with saturated NH4Cl aqueous solution instead of mixture solution.
Silica gel chromatography was performed with EtOAc/Hex (0-5%).

28.8 mg, 98% yield, white solid.

Rr=0.38 (EtOAc : Hexane =1 :5)

TH NMR (400 MHz, CDCls) & (ppm) 6.94 (d, J = 2.0 Hz, 1H), 6.89 (dd, J; = 8.2 Hz, J>
= 1.8 Hz, 1H), 6.77 (d, J= 8.4 Hz, 1H), 5.98 (m, 2H), 4.99 (s, 1H), 3.77 (s, 3H).

19F NMR (396 MHz, CDCl3) & (ppm) —41.08.

I3C NMR (100.5 MHz, CDCl3) 8 (ppm) 169.45, 148.35, 148.26, 129.79 (q,J=307.9 Hz),
127.21, 122.14, 108.59, 108.30, 101.53, 53.42, 51.13 (d, J = 2.0 Hz).

HRMS-EI+ (m/z): [M]" calcd for C11HoF304S, 294.0168; found, 294.0168.
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Methyl 2-(thiophen-3-yl)-2-((trifluoromethyl)thio)acetate (13h)
O

F,CS
OMe

AN

\S

Silica gel chromatography was performed with EtOAc/Hex (0-3%).

8.1 mg, 32% yield, pale yellow oil. It is surmised that this product is volatile.

Rr=0.44 (EtOAc : Hexane =1 :5)

'"H NMR (400 MHz, CDCl3) & (ppm) 7.40 (dd, J; = 2.8 Hz, J> = 1.6 Hz, 1H), 7.35 (dd,
J1=5.2Hz, J>=2.8Hz, 1H), 6.77 (dd, J; = 5.4 Hz, J> = 1.4 Hz, 1H), 5.20 (s, 1H), 3.80
(s, 3H).

1F NMR (396 MHz, CDCl3) & (ppm) —41.27.

13C NMR (100.5 MHz, CDCl3) 8 (ppm) 169.34, 132.95, 129.65 (q,J=308.1 Hz), 127.12,
126.87, 124.86, 53.44, 46.20 (d, J = 2.9 Hz).

HRMS-EI+ (m/z): [M]" calcd for CsH7F30,S2, 255.9834; found, 255.9839.

Methyl 2-(4-chlorophenyl)-2-((trifluoromethyl)thio)acetate (13j)

O

F,CS
OMe

Cl

Silica gel chromatography was performed with EtOAc/Hex (0-2%).

7.5 mg, 26% yield, yellow oil.

Rr=0.40 (EtOAc : Hexane =1 :5)

TH NMR (400 MHz, CDCl3) & (ppm) 7.37 (dt, J; = J> = 7.9 Hz, 4H), 5.04 (s, 1H), 3.78
(s, 3H).

19F NMR (396 MHz, CDCl3) & (ppm) —40.94.

I3C NMR (100.5 MHz, CDCl3) 8 (ppm) 169.04, 135.22, 132.56, 129.61 (q,.J=308.1 Hz),
129.52, 129.35, 53.58, 50.67.

HRMS-EI+ (m/z): [M]" calcd for CioHsCIF30:S, 283.9880; found, 283.9887.

Methyl 2-([1,1'-biphenyl]-4-yl)-2-((trifluoromethyl)thio)acetate (13k)
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F,CS
OMe

Ph

Silica gel chromatography was performed with EtOAc/Hex (0—-5%).

11.2 mg, 34% yield, white solid. NMR spectra was obtained after further purification by
GPC (EtOAc)

Rr=0.48 (EtOAc : Hexane =1 :5)

TH NMR (400 MHz, CDCl3) 8 (ppm) 7.56-7.62 (m, 4H), 7.52 (dt, J; = 8.1 Hz, J> = 2.0
Hz, 2H), 7.45 (tt, J; = 7.4 Hz, J> = 1.7 Hz, 2H), 7.37 (tt, J; = 7.2 Hz, J> = 1.7 Hz, 1H),
5.11 (s, 1H), 3.80 (s, 3H).

19F NMR (396 MHz, CDCl3) & (ppm) —41.02.

13C NMR (100.5 MHz, CDCI3) & (ppm) 169.47, 142.09, 140.06, 132.68, 129.75 (q, J =
307.2 Hz), 128.86, 128.58, 127.85, 127.74, 127.11, 53.50, 50.98 (d, J = 1.9 Hz).
HRMS-EI+ (m/z): [M]" calcd for Ci6H13F30:S, 326.0583; found, 326.0579.

Methyl 2-(naphthalen-2-yl)-2-((trifluoromethyl)thio)acetate (13m)

o)
F,CS

Silica gel chromatography was performed with EtOAc/Hex (0-5%).

16.1 mg, 54% yield, white solid.

Rr=0.66 (EtOAc : Hexane =1 : 2)

TH NMR (400 MHz, CDCl3) 6 (ppm) 7.91 (d, J = 1.2 Hz, 1H), 7.87 (d, J = 8.8 Hz, 1H),
7.82-7.87 (m, 2H), 7.50-7.56 (m, 3H), 5.25 (s, 1H), 3.78 (s, 3H).

19F NMR (396 MHz, CDCl3) & (ppm) —40.95.

13C NMR (100.5 MHz, CDCl3) & (ppm) 169.46, 133.29, 133.12, 131.13, 129.76 (q, J =
308.2 Hz), 129.21, 128.10, 127.74, 126.96, 126.77, 125.12, 53.50, 51.58 (d, /= 1.9 Hz).
HRMS-EI+ (m/z): [M]" calcd for C14H11F302S, 300.0426; found, 300.0429.

OMe

Methyl 2-(naphthalen-1-yl)-2-((trifluoromethyl)thio)acetate (13n)
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F,CS

Silica gel chromatography was performed twice. EtOAc/Hex (0-5%) was used in the first

OMe

time. Biotage Sfar Silica HC D - High Capacity Duo 20 um (25 g) column and
EtOAc/Hex (0-3%) was used in the second time.

13.2 mg, 44% yield, colorless oil.

Ri= 0.4 (EtOAc : Hexane=1: 5)

TH NMR (400 MHz, CDCl3) & (ppm) 8.10 (d, J = 8.4 Hz, 1H), 7.91 (dd, J; = 7.8 Hz, J>
=1.2 Hz, 1H), 7.88 (d, J=8.4 Hz, 1H), 7.66 (dd, J; = 7.2 Hz, J>= 1.6 Hz, 1H), 7.63 (ddd,
Ji =8.8 Hz, J> = 8.4 Hz, J3 = 1.6 Hz, 1H), 7.56 (ddd, J; = 8.1 Hz, J>= 6.9 Hz, J3; = 1.1
Hz, 1H), 7.47 (dd, J; = 8.0 Hz, J> = 7.2 Hz, 1H), 5.84 (s, 1H), 3.77 (s, 3H).

19F NMR (396 MHz, CDCl3) & (ppm) —41.49.

13C NMR (100.5 MHz, CDCI3) & (ppm) 169.89, 134.07, 130.36, 130.05, 129.87 (q, J =
308.1 Hz), 129.24, 127.26, 127.00, 126.31, 125.37, 122.57, 53.57, 47.87.

HRMS-EI+ (m/z): [M]" caled for C14H11F302S, 300.0426; found, 300.0432.

Methyl 2-(4-acetamidophenyl)-2-((trifluoromethyl)thio)acetate (130)

0O

F;CS
OMe

HN Me

b

o)

Silica gel chromatography was performed with EtOAc/Hex (20-40%).

18.2 mg, 59% yield, pink rose color solid.

Rr=0.14 (EtOAc : Hexane=1:1)

TH NMR (400 MHz, CDCl3) & (ppm) 7.52 (d, J = 8.4 Hz, 2H), 7.49 (brs, 1H), 7.38 (d, J
= 8.8 Hz, 2H), 5.04 (s, 1H), 3.76 (s, 3H), 2.17 (s, 3H).

19F NMR (396 MHz, CDCl3) & (ppm) —41.03.

I3C NMR (100.5 MHz, CDCl3) 8 (ppm) 169.43, 168,51, 138.64, 129.79 (q,.J=308.2 Hz),
129.31, 128.91, 120.21, 53.45, 50.79 (d, J = 1.9 Hz), 24.58.

HRMS-EI+ (m/z): [M]" caled for Ci12H12F3NOsS, 307.0484; found, 307.0489.
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Methyl 2-(11-0x0-6,11-dihydrodibenzo[b,e]oxepin-2-yl)-2-
((trifluoromethyl)thio)acetate (13p)

F,CS

Silica gel chromatography was performed with EtOAc/Hex (0-10%).

35.6 mg, containing 19 mol% N-methyl phthalimide and 12.5 mol% CH>Cl> (determined
by NMR), calculated to be 84% yield, colorless oil.

NMR spectra was obtained after further purification by GPC (EtOAc), 19.1 mg recovered,
white solid.

Rr=0.18 (EtOAc : Hexane =1 :5)

TH NMR (400 MHz, CDCls) & (ppm) 8.27 (d, J = 2.8 Hz, 1H), 7.89 (dd, J; = 7.8 Hz, J>
= 1.4 Hz, 1H), 7.61 (dd, J; = 8.8 Hz, J> = 2.4 Hz, 1H), 7.58 (ddd, J; =J>=7.4 Hz, J3 =
1.4 Hz, 1H), 7.49 (ddd, J; =J>=7.5Hz, Js= 1.1 Hz, 1H), 7.37 (dd, J1 = 7.4 Hz, J>= 1.0
Hz, 1H), 7.09 (d, J= 8.8 Hz, 1H), 5.21 (s, 2H), 5.12 (s, 1H), 3.78 (s, 3H).

19F NMR (396 MHz, CDCl3) & (ppm) —40.87.

13C NMR (100.5 MHz, CDCls) & (ppm) 190.34, 169.19, 161.61, 140.26, 135.10, 134.48,
133.00, 132.02, 129.66 (q,J=308.2 Hz), 129.50, 129.43, 127.91, 127.71, 125.24, 122.02,
73.56, 53.51, 50.52 (d, J= 1.9 Hz).

HRMS-EI+ (m/z): [M]" calcd for Ci1gH13F304S, 382.0481; found, 382.0475.

Methyl 2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)-2-
((trifluoromethyl)thio)acetate (13q)

F,CS

MeO

Silica gel chromatography was performed with EtOAc/Hex (0-10%).
25.3 mg, containing 10.2 mol% N-methyl phthalimide (determined by NMR), calculated
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to be 52% yield, yellow oil.

NMR spectra was obtained after further purification by GPC (EtOAc), 16.8 mg recovered,
pale yellow oil.

Rr=0.26 (EtOAc : Hexane =1 :5)

TH NMR (400 MHz, CDCls) & (ppm) 7.66 (dd, J; = 8.8 Hz, J> = 2.4 Hz, 2H), 7.48 (d, J
= 8.8 Hz, 2H), 7.14 (d, J=2.8 Hz, 1H), 6.83 (d, /= 8.8 Hz, 1H), 6.70 (dd, J; =9.2 Hz, J>
=2.8 Hz, 1H), 5.44 (s, 1H), 3.84 (s, 3H), 3.77 (s, 3H), 2.45(s, 3H).

1YF NMR (396 MHz, CDCl3) & (ppm) —40.71.

13C NMR (100.5 MHz, CDCls) 8 (ppm) 168.67, 168.26, 155.91, 139.93, 136.78, 133.18,
131.36, 130.90, 130.15 (q, J=305.7 Hz), 129.28, 127.74, 114.88, 112.37, 112.02, 102.05,
55.67,53.59, 44.23 (d, J= 1.9 Hz), 13.00.

HRMS-EI+ (m/z): [M]" caled for C21H17CIF3NO4S, 471.0513; found, 471.0508.

Methyl 3-(4,5-diphenyloxazol-2-yl)-2-((trifluoromethyl)thio)propanoate (13r)

o)
F,CS

Ph
Silica gel chromatography was performed with EtOAc/Hex (0—10%). The sample was
further purified by GPC (EtOAc).
6.1 mg, 15% yield, white solid.
Rr=0.24 (EtOAc : Hexane =1 : 5)
'"H NMR (400 MHz, CDCl3) 8 (ppm) 7.60-7.63 (m, 2H), 7.55-7.58 (m, 2H), 7.30-7.39
(m, 6H), 4.42 (dd, J; = 8.4 Hz, J> = 6.4 Hz, 1H), 3.83 (s, 3H), 3.60 (dd, J; = 16.0 Hz, J>
=8.4 Hz, 1H), 3.44 (dd, J; = 16.2 Hz, J>= 6.2 Hz, 1H).
1F NMR (396 MHz, CDCl3) 8 (ppm) —40.12.
13C NMR (100.5 MHz, CDCl3) & (ppm) 169.85, 158.38, 146.02, 135.24, 132.03, 129.87
(g, J=307.7 Hz), 128.73, 128.69, 128.60, 128.56, 128.20, 127.79, 126.56, 53.39, 43.29,
31.32.
HRMS-EI+ (m/z): [M]" calcd for C20H16F3NO3S, 407.0798; found, 407.0796.

Synthesis of carboxylic acid 12j
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Q 0

B,O(OAc), (5 mol%), DBU (2.2 equiv)
+ N—SCF; >
THF (20 mL), rt (27.5°C) , 2h
¢]
2 mmol 1.1 equiv
1 eq.

2-(4-Chlorophenyl)acetic acid (2.0 mmol, 1 equiv) substrate was added to a 50 mL
flask and then brought into the glovebox. B2O(OAc)s (27.4 mg, 0.05 equiv), THF (20
mL), DBU (656.7 uL, 2.2 equiv) and N-(trifluoromethylthio)phthalimide (271.9 mg, 1.1
equiv) were sequentially added. The resulting solution was removed from the glove box
and stirred for 1 h at room temperature (27.5 °C). The resulting reaction mixture was
worked up by adding 10 mL of 2:1:1 solution of brine, water and 4M HCI and then 20mL
of saturated NH4Cl aqueous solution, followed by extraction with EtOAc (3 times). The
organic layer was dried over NaxSO4 and evaporated on a rotavapor. Crude NMR was
then measured, which showed remaining starting material.

The crude product was then purified by silica gel chromatography on a Biotage
Isolera One using dry-load method and eluted with first EtOAc/Hex (0-50%) then with
MeOH/DCM (0-20%). Further purification was conducted by GPC (EtOAc).

Finally, 46.4 mg product was obtained as white crystal, 9% yield.

2-(4-Chlorophenyl)-2-((trifluoromethyl)thio)acetic acid (12j)

0]

F,CS
OH

Cl

Rr=0.05 (EtOAc : Hexane =1 : 2), 0.23 (MeOH : DCM =1 :5)

"H NMR (400 MHz, CDCl3) & (ppm) 11.50 (brs, 1H), 7.38 (dt, J; = J> = 7.6 Hz, 4H),
5.04 (s, 1H).

19F NMR (396 MHz, CDCl3) & (ppm) —40.86.

13C NMR (100.5 MHz, CDCl3) & (ppm) 174.76, 135.62, 131.68, 129.57, 129.50, 129.42
(g, /=308.2 Hz), 50.49.

unsuccessful substrates
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Fig 3.13 Unsuccessful substrates

3.10 Descriptors and mathematical modelling

Descriptor Name

Description

NBOC1

NBO charge on C1 (C of carboxy group)

NBOC2 NBO charge on C2 (a-C of carboxy group)
NBO=0 NBO charge on carbonyl O of carboxy group
NBO-O NBO charge on hydroxy O of carboxy group
vC=0 IR wave number of C=0 bond of carboxy group
IC=0 IR vibrational intensity of C=0 bond of carboxy group
Cl2Len C1-C2 bond length

MulCC2 Mulliken charge on C2

APTC2 APT charge on C2

NBOHH highest NBO charge on a-H

NBOHL lowest NBO charge on a-H

MulHH highest Mulliken charge on a-H

MulHL lowest Mulliken charge on a-H

APTHH highest APT charge on a-H

APTHL lowest APT charge on a-H

E E (RM062X)

Dip dipole moment

Pol Polarizability (o)
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Et E (Thermal)

Ccv Heat Capacity (Cv)

S Entropy (S)

HOMO HOMO energy

LUMO LUMO energy

C120cc C1-C2 o-bond NBO electron occupation

C12E C1-C2 o-bond NBO energy

AHOccH highest NBO electron occupation of aH-aC c-bond
AHOccL lowest NBO electron occupation of aH-aC o-bond
AHEH highest NBO energy of aH-aC o-bond

AHEL lowest NBO energy of aH-aC o-bond

C12D C1-C2 bond length deviation from 1.508 A

HLG HOMO-LUMO energy gap

AHEa average of NBO energy of aH-aC c-bond

The program used for logistic regression can be found here:
https://github.com/DWs-code-drink/SCF3_Logistic

3.11 DFT calculation of substrates

All density functional theory (DFT) calculations were carried out in Gaussian 16 program

at the M062x levels of theory with the aug-cc-pvtz basis set. The descriptors were

obtained from the optimized geometry optimizations of each molecule (listed below).

2-(4-Methoxyphenyl)acetic acid (10a)

0]
OH

OMe

160 0.072514 1.376527 -0.404206
260 -1.262855 1.437977 -0.061050
360 -2.017511 0.268588 0.021794
460 -1.417637 -0.957655 -0.242333
560 -0.071517 -0.999966 -0.587585
660 0.687520 0.156023 -0.678245
760 2157682 0.081637 -1.022470
860 2947682 -0.257463 0.216235
980 3.179648 0.828898 0.977408
1080 3.307636 -1.356982 0.531512

1180 -3.321406 0.424461 0.363018
1260  -4.115724 -0.736759 0.461608 0
1310 0.651567 2.289724 -0.459654

OH
1410 -1.747867 2381044 0.148216

1510 -1.978569 -1.877842 -0.184616 OMe

1610 0393237 -1.958066 -0.785173
1710 2344047 -0.703624 -1.750797
1810 2502207 1.035482 -1.417280

1910 3.633423 0.528785 1.776515

2010 -5.109465 -0.402786 0.743660
2110  -4.166882 -1.262156 -0.494835
2210  -3.729655 -1.415031 1.225974

160 0.058582 -1.840841
260 1.226339 -2.406703
360 2.2884838 -1.582482
460 2.192342 -0.205813

0.337261

-0.158337
-0.483911
-0.319701

560 1.017784 0.352349 0.173630
660 -0.063325 -0.471647 0.511250

2-(2-Methoxyphenyl)acetic acid (10b) 760  -1.354049 0.117973
860 -2.379834 0.147117
980 -2.138238 1.125245

1080  -3.297351 -0.617558

1180 0.840191 1.684211

1.029332
-0.075429
-0.967344
-0.189424
0.365258

1260  1.895234 2.549848 0.010672
1310 -0.785052 -2.470664 0.592851
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1410 1301407 -3.476962 -0.285960
1510  3.206594 -2.004050 -0.869814
1610 3.032546 0.419849 -0.578947
1710  -1.759005 -0.501378 1.825180
1810  -1.188333 1.129513 1.391000
1910 -2.805209 1.046406 -1.662616
2010 1.546607 3.555683 0.223584
2110 2791376 2.342994 0.600050
2210 2.132878 2.464618 -1.051859
2-(p-Tolyl)acetic acid (10c)
O
OH
Me
160 -0.491154 -1.261413 0.446461
260 -1.820603 -1.181533 0.053213
360 -2.432012 0.047776 -0.160608
460 -1.670374 1.200356 0.025784
560 -0.345459 1.125656 0.419133
660 0258247 -0.109701 0.638927
760 1.714197 -0.180880 1.041812
860 2.580675 0.108453 -0.157751
960 -3.876984 0.143049 -0.564362
1080 2770359 -0.986469 -0.917433
1180 3.029756 1.182270 -0.446292
1210  -0.032394 -2.229909 0.601594
1310  -2.390161 -2.091242 -0.090548
1410 -2.124617 2.169454 -0.141342
1510 0.234080 2.031265 0.550902
1610 1941643 0.570813 1.794043
1710 1951028 -1.170050 1.427791
1810 -4.261554 -0.823723 -0.883662
1910 -4.489839 0.489012 0.269455
2010 -4.008707 0.851329 -1.381928
2110 3.280400 -0.713929 -1.692166
2-(o-Tolyl)acetic acid (10d)
0

OH

Me
160 0.721135 -1.451691 0.365145
260 1997518 -1.662330 -0.131861

360
460
560
660
760
860
980
1080
1160
1210
1310
1410
1510
1610
1710
1810
1910
2010
2110

2.776062
2.269342
0.987542
0.210989
-1.200517
-2.186639
-2.320257
-2.773023
0.470809
0.101532
2.379555
3.775150
2.879178
-1.395849
-1.364217
-2.920823
1.197069
-0.463584
0.280780

-0.572678 -0.489957
0.710521 -0.350845
0.938707 0.142663

-0.165718  0.509228

-0.007254  1.036689
-0.267227 -0.073954
0.796067 -0.892100
-1.296451 -0.255867
2.345464 0.276376
-2.295436  0.643962
-2.668255 -0.236667
-0.719413 -0.877016
1.559573  -0.632923
-0.740998 1.814318
0.992002 1.433138
0.535990 -1.603861
3.056953 -0.110386
2.476867 -0.268912
2.599026 1.321185

2-(4-(Methylthio)phenyl)acetic acid (10e)

160
260
360
460
560
660
760
860
980
1080
11160
1260
1310
1410
1510
1610
1710
1810
1910
2010
2110
2210

(0]
OH
SMe

-0.444352 1.414906 0.412129
0.902897 1.463834 0.106756
1.661786 0.293194 0.064996
1.040264 -0.922266 0.333340
-0.313205 -0.959211 0.639713
-1.070406 0.202858 0.688388
-2.549302 0.137707 0.993614
-3.295908 -0.294475 -0.243539
-3.531226 0.737802 -1.074636
-3.619276 -1.420150 -0.500258

3.371868 0.474333 -0.328399
3.964821 -1.226369 -0.311250
-1.020097 2.331579 0.434832
1.375570 2.414885 -0.102279
1.596883 -1.847117 0.308881
-0.787829 -1.912181 0.839432
-2.750465 -0.599040 1.767480
-2.912996 1.112536 1.311850
-3.954459 0.379573 -1.866635
5.021068 -1.172609 -0.561904
3.855336 -1.671389 0.675174
3.451551 -1.827835 -1.058181
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2-Mesitylacetic acid (10f)

160
260
360
460
560
660
760
860
960
1080
1180
1260
1360
1410
1510
1610
1710
1810
1910
2010
2110
2210
2310
2410
2510
2610
2710

(0]
OH
Me Me
Me

-0.540551 1.213801 -0.354486
-1.878417 1.131841 0.020502
-2.504831 -0.085904 0.242190
-1.758921 -1.245481 0.069879
-0.421766 -1.207745 -0.303867
0.192443 0.034002 -0.514289
1.655346 0.080664 -0.909994
2.547959 -0.044728 0.300519
-3.942865 -0.156057 0.675165
2.547154 1.075791 1.049855
3.187352  -1.013509 0.604501
0.334619 -2.495606 -0.495774
0.076113  2.566665 -0.593455
-2.444943  2.048034 0.140586
-2.231363  -2.208130 0.229940
1.908182 -0.739577 -1.576331
1.887717 1.020686 -1.406151
-4.455035 0.787461 0.495594
-4.475001 -0.943009 0.141569
-4.014384 -0.377724 1.741279
3.104915 0.903895 1.820589
-0.277724 -3.343976 -0.198451
0.608107 -2.634258 -1.544239
1.258501 -2.515893 0.081048
-0.640103 3.354734 -0.371735
0.957461 2.718711 0.028291
0.382854 2.682077 -1.635161

2-(Benzo[d][1,3]dioxol-5-yl)acetic acid
(10g)
0]
OH
0]
o—/

160 0222490 1.697956 -0.249198
260 -1.128817 1.822557 0.098349
360 -1.873102 0.673365 0.096983



460 -1.320021 -0.555376

560 -0.003273 -0.690759

660 0.779357 0.475737

760 2245967 0.369023

860 2972625 -0.394573 0.132230
980 3.392972 0.408166

1080  3.135916 -1.582904 0.146090
1180 -3.206752 0.513018

1260 -3.401621 -0.892810

1380  -2.293944 -1.513483

1410 0.847838 2.580399

1510 -1.565649 2.776606

1610 0.421093 -1.652326

1710 2374068 -0.183418

1810 2.680756 1.360315

1910 3.795422 -0.155865

2010 -3.422071 -1.188120

2110 -4318619 -1.166672

2-(Thiophen-3-yl)acetic acid (10h)

O
OH
$ AN
S
160 -0.176618 -0.111191
260 1.210690 -0.390065
360 2223189 0.018247
480 2517907 -0.986399
580 2.696072 1.115303
660 -0.640596 1.195044 0.178316
760 -1.922945 1.193788
8160  -2.586090 -0.387870
960 -1.127218 -1.061963
1010  1.409073 0.201713
1110 1.322611 -1.446837
1210  3.125026 -0.635080
1310 -0.029578 2.082148
1410 -2.517456 2.032975
1510 -1.043089 -2.123381

2-(4-Chlorophenyl)acetic acid (10j)

)

OH

Cl

-0.237306

-0.585875
-0.588901
-0.945813

1.126528

0.353658
0.444124
-0.196012

-0.249459

0.353062

-0.840655

-1.874592

-1.046910

1.800875
1.497544
-0.069547

0.516141
1.031756
-0.009223

-0.852731
-0.115741

-0.268041
-0.287835
0.307453
1.923820
1.260860
-1.518296
0.262638
-0.587010
0.472715

160
260
360
460
560
660
760
860
9170
1080
1180
1210
1310
1410
1510
1610
1710
1810

0.084868 1.284787 0.492685
1.428379 1.222385 0.153445
2.024342 -0.016281 -0.010052
1.300933 -1.186492 0.157968
-0.039550 -1.107551 0.498030
-0.659488 0.125892  0.673360
-2.129843  0.189738 1.018504
-2.943986 -0.126080 -0.212011
3.707795 -0.106615 -0.431797
-3.122269 0.958718 -0.987167
-3.359089 -1.211430 -0.505964
-0.388367 2.250294 0.616685
2.010033 2.122448 0.016818
1.785680 -2.142574 0.024015
-0.615086 -2.016159 0.623357
-2.379222  -0.553677 1.771828
-2.390773  1.181548 1.380762
-3.597857 0.673888 -1.779449

2-([1,1'-Biphenyl]-4-yl)acetic acid (10k)

160
260
360
460
560
660
760
860
980
1080
1160
1260
1360
1460
1560
1660
1710
1810
1910
2010
2110
2210
2310
2410

O

OH

Ph

-1.231249
0.136173
0.802898
0.055976
-1.309443
-1.968014
-3.463654
-4.164801
-4.279497
-4.549832
2.263696
2.817844
4.185505
5.024981
4.485638
3.117655
-1.733583
0.690421
0.555912
-1.874367
-3.765111
-3.771046
-4.681689
2.167318

1.429439 -0.011900
1.295126 -0.194022
0.142098 0.216443
-0.873451 0.814342
-0.738327 0.998214
0.417543  0.590521
0.542090 0.772431
-0.285608 -0.275639
0.374704 -1.442714

-1.411161 -0.126571
-0.001457  0.023920
-1.228526 -0.340477
-1.363706 -0.521852
-0.273437 -0.340786
0.952622  0.022433
1.086809 0.202490

2.326916 -0.350209
2.085574 -0.682792
-1.768214 1.161131

-1.535397 1.465677

0.157509 1.743826

1.581239 0.676730

-0.231983  -2.079058
-2.077238 -0.506525
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2510
2610
2710
2810

4.595818
6.091860
5.132885
2.706969

-2.321083
-0.378611
1.805693
2.039956

-0.813072

-0.481549
0.174466
0.508954

2-(Perfluorophenyl)acetic acid (101)

160
260
360
460
560
660
760
860
990
1080
1180
1290
1390
1490
1590
1610
1710
1810

0.320219
1.658311
2.170263
1.345194
0.014649
-0.527558
-1.980433
-2.858790
3.448108
-4.156148
-2.476210
1.836601
-0.766945
-0.147164
2.447622
-2.196292
-2.285785
-4.674186

1.279469
1.103463
-0.177880
-1.269788
-1.060341
0.209832
0.392999
0.024103  0.387019
-0.361378 0.434894
0.177365 0.076214
-0.353892  1.454982
-2.497866  0.017792
-2.118689  -0.583438
2.525791 -0.337789
2.149569 0.251684
1.424763 -1.061513
-0.229757 -1.631233
-0.070780  0.854152

-0.260252

0.047247
0.141863
-0.072362
-0.378793
-0.484886
-0.789713

2-(Naphthalen-2-yl)acetic acid (10m)

160
260
360
460
560
660
760
860

0.005963
-1.320089
-1.610527
-0.561138
0.705462
1.000735
2.418670
3.312752

1.359158

-0.005924
-0.400886
-0.155001

0O

OH

-0.937475  0.545552

-0.564075 0.216342
0.802110 -0.021887
1.749020 0.076350
0.396588
0.640775
0.985257
-0.204273



980

1080
1160
1260
1360
1460
1510
1610
1710
1810
1910
2010
2110
2210
2310
2410

3.336904
3.911752
-2.363867
-3.633772
-3.923321
-2.935022
0.222514
-0.782342
1.505148
2.794905
2.460956
3.879808
-2.137564
-4.424207
-4.932562
-3.150981

-1.205906 -1.043244
0.861437 -0.420322
-1.514647 0.117275
-1.124934  -0.202105
0.236750 -0.438499
1.175954  -0.350089
-1.984530 0.722746
2.792792  -0.107831
2.086456 0.461526
0.211384 1.802793
-1.451369  1.262640
-0.955819 -1.803245
-2.557748  0.299207
-1.859271 -0.275684
0.532116 -0.690577
2.221453 -0.530761

2-(Naphthalen-1-yl)acetic acid (10n)

160
260
360
460
560
660
760
860
980
1080
1160
1260
1360
1460
1510
1610
1710
1810
1910
2010
2110
2210
2310
2410

0.832073
1.796708
1.367979
0.040426
-0.921938
-0.553874
-1.571746
-2.989008
-3.400943
-3.691189
1.289731
2.625373
3.580218
3.171121
2.113243
-0.289003
-1.968309
-1.463750
-1.409200
-4.305923
0.575754
2.953282
4.633505
3.895075

0]
OH

-0.266492  -0.035183
0.773196 0.014846
2.122924 0.012398

2.422480 -0.041558
1.389980 -0.089687
0.073049 -0.081986
-1.046732  -0.137773
-0.548049 -0.074464
-0.356991 1.193316

-0.322336 -1.019509
-1.607201 -0.043243
-1.897290  0.001225
-0.862045 0.057041
0.440940 0.062893
2.907010 0.051018

3.452236  -0.048335

1.662452  -0.139589

-1.601961 -1.069521

-1.730976  0.695461

-0.018751 1.153636
-2.417516 -0.089346
-2.927752  -0.007157
-1.103718 0.093352
1.245039  0.102979

2-(4-Acetamidophenyl)acetic acid (100)

o
OH
HN.___Me
T
0
160 -0.572311 -1.127675 -0.614990
260 0.779737 -0.944543 -0.357397
360 1.266159 0.345250 -0.160141
460 0.382788 1.424883 -0.225128
560 -0.958250 1.224058 -0.484047
660 -1.454950 -0.060532 -0.687872
760 -2.928820 -0.272424 -0.950364
860 -3.703350 -0.008025 0.315902
970 2.614966 0.635851 0.105487
1080  -3.783468 -1.100490 1.096620
1180 -4.167873 1.051429 0.633612
1260 3.677278 -0.225328 0.218022
1380  3.587610 -1.425802 0.094069
1460 4988118 0.469051 0.514709
1510 -0.942328 -2.134486 -0.762377
1610  1.449857 -1.785416 -0.309048
1710  0.755428 2.430458 -0.070722
1810 -1.632282 2.070760 -0.521698
1910  -3.280060 0.426884 -1.701854
2010 -3.110007 -1.292130 -1.282088
2110 2.824561 1.612407 0.230765
2210 -4.237290 -0.841366 1.910066
2310 4.925652 1.018853 1.453894
2410 5.767291 -0.281876 0.585933
2510 5.234875 1.175580 -0.277853

2-(11-Oxo0-6,11-

dihydrodibenzo[b,e]oxepin-2-yl)acetic acid

(10p)
0]
OH
0]
’ Q
160 2294163 1.248331 -0.813151
260 1.098565 1.907734 -0.664908

107

360

460

560

660

760

860

980

1080
1180
1260
1360
1460
1560
1680
1760
1860
1960
2060
2110
2210
2310
2410
2510
2610
2710
2810
2910
3010
3110
3210

-0.040231
0.021396
1.268752
2.398587
3.700046
4.825036
5.883574
4.829983
-1.125802
-2.096271
-3.025849
-2.540235
-1.115998
-0.884505
-4.368699
-5.223586
-4.738543
-3.403622
3.166744
1.008732
1.302919
3.592520
4.053489
6.577923
-2.642237
-1.584500
-4.745642
-6.266611
-5.401334
-3.009072

1.238914
-0.132292
-0.765734
-0.110764
-0.842381
-0.280520
-1.114008

-0.205939
0.069781
-0.066727
-0.498660
-0.652109
0.185130
0.186857
0.768128 0.763521
2.035316 -0.056296
1.662316  0.908694
0.611580 0.384772
-0.669126  0.132759
-1.061917  0.378547
-2.198114  0.731819
0.888835 0.167989
-0.094855 -0.306647
-1.371062 -0.557820
-1.658925 -0.327512
1.791787 -1.150557
2.964612 -0.871510
-1.822692  0.160787
-1.897715  -0.405465
-0.809055 -1.686887
-0.695045 0.713077
2.573697 1.140910
1.319664 1.813383
1.882190 0.375696
0.133437 -0.478050
-2.141177  -0.927231
-2.651080 -0.496567

2-(1-(4-Chlorobenzoyl)-5-methoxy-2-

methyl-1H-indol-3-yl)acetic acid (10q)

MeO

160
260
360
480
580
660
760
870
960
1060
1180
1260

2.261055
3.628280
4.578949
5.006033
4.904796
1.762308
0.444414
0.143377
1.284660
-1.037850
-1.022391
2.318991

]

-0.866230
-1.143692
-1.471669
-0.362974
-2.575808
0.430252
0.262340
-1.107823
-1.779941 -0.387565
-1.752821 0.469178
-2.870090 0.922215
-1.024756  0.244681

-0.632158
-1.180944
-0.056649
0.578460
0.276412
-0.258220
0.176832
0.076443



1360
1460
1560
1660
1760
18170
1960
2060
2160
2260
2360
2480
2560
2610
2710
2810
2910
3010
3110
3210
3310
3410
3510
3610
3710
3810
3910
4010
4110

-3.371895
-4.602218
-4.774962
-3.743916
-2.510969
-6.316071
2.371404
1.635667
0.322720
-0.280459
1.315385
2.102928
3.424272
3.619372
3.994708
5.554670
-3.214498
-5.424568
-3.910496
-1.695345
3.399019
-0.202083
-1.281940
0.441445
2.215145
1.322036
3.609120
4.139562
3.545362

-1.268506 1.119859
-0.667542  0.918605
0.155737 -0.184431
0.389257 -1.082252
-0.198990 -0.858171
0.903849 -0.451943
1.689034 -0.238585
2.760087 0.233868
2.577087 0.699299
1.338491 0.687144
-3.251790  -0.603015
4.034696 0.310209
4.266444 -0.120839
-1.993463 -1.858097
-0.267966 -1.716102
-0.649651 1.321321
-1.934849 1.956762
-0.835952  1.598298
1.024931 -1.939300
-0.014604 -1.544216
1.795008 -0.552789
3.440258 1.082956
1.227685 1.073435
-3.592491 -1.157095
-3.515903 -1.153378
-3.785921 0.344956
5.327561 0.015825
3.692398 0.473206
4.008947 -1.176030

3-(4,5-Diphenyloxazol-2-yl)propanoic acid

(10r)

160
260
360
480
580
660
780
860
960
1070
1160
1260
1360

0
OH
- Ph
04
Ph

2.948773 -0.991802 -0.005866
3.914789 0.177777 0.015471
5.342840 -0.285959 -0.002257
6.202811 0.748406 0.029446
5.708750 -1.428279 -0.040514
1.538879 -0.524230 -0.000989
0.570810 -1.459058 -0.006429
-0.610621 -0.763718 0.003496
-0.294819 0.559626 -0.012097
1.093143 0.681805 0.003511
-1.834915 -1.555499 0.069099
-1.874347 -2.829512 -0.498237
-3.030280 -3.590824 -0.428494

1460
1560
1660
1760
1860
1960
2060
2160
2260
2310
2410
2510
2610
2710
2810
2910
3010
3110
3210
3310
3410
3510
3610
3710

-4.158009
-4.120481
-2.966625
-1.146261
-0.725208
-1.507576
-2.715044
-3.131761
-2.351346
3.121388

3.117811

3.765418

3.756105

7.096510

-0.995341
-3.050121
-5.059469
-4.990345
-2.933698
0.222060

-1.172699
-3.324095
-4.062351
-2.670068

-3.092435 0.208231
-1.829670  0.785832
-1.066937 0.723272
1.753204 -0.075623
2.927912  0.545196
4.070873  0.488641
4.057698 -0.195609
2.895964 -0.832361
1.752453 -0.777108
-1.611627 -0.886993
-1.643183  0.852807
0.801597 0.897310
0.839384 -0.836837
0.380308 0.014450
-3.217192  -0.994155
-4.575694 -0.874528
-3.687121 0.261081
-1.441550 1.297694
-0.091953  1.189834
2.933314 1.066393
4.975029 0.978523
4.950070 -0.240887
2.883424 -1.383224
0.854482 -1.289637

2-Phenylpropanoic acid (10s)

160
260
360
460
560
660
760
860
980
1080
1160
1210
1310
1410
1510
1610
1710
1810
1910
2010

Me

-0.842587
-2.169866
-3.050255
-2.593467
-1.263667
-0.376591
1.071570
1.950845
2.195897
2.384246
1.523976
-0.161682
-2.517899
-4.085457
-3.270608
-0.909154
1.178263
2.724069
2.562883
0.902045

0O
OH

-1.078521 0.106761
-1.240369 0.473184
-0.168685 0.406149

1.067008 -0.025805

1.227881 -0.390024

0.158648 -0.332780
0.354929 -0.744531

0.311043 0.487628
-0.947206  0.906504

1.271235 1.059485
-0.646346 -1.808077
-1.916667 0.172789
-2.206206 0.813510
-0.296943  0.690988
1.908546 -0.079082
2.195469 -0.722010
1.369198 -1.124406
-0.879679 1.713345
-0.472665 -2.086637
-0.538606 -2.695007

108

2110 1.436646 -1.668209 -1.446431
Benzoylglycine (1s)

e

N

OH
0]
160 2324704 0.672629 0.000038
260 3.345653 -0.430733 0.000000
380 4.593596 0.051448 -0.000052
480 3.089111 -1.603516 0.000079
570 1.009833 0.098063 0.000038
660 -0.079800 0.903465 -0.000022
760 -1.426267 0.240604 -0.000013
880 0.039661 2.115395 -0.000089
960 -2.536279 1.079262 0.000053
1060 -3.815541 0.548164 0.000067
1160 -3.996228 -0.828320 0.000011
1260 -2.893503 -1.670631 -0.000061
1360 -1.612763 -1.138905 -0.000074
1410 2.488856 1.308331 0.873265
1510 2.488809 1.308386 -0.873153
1610 5.201108 -0.700792 -0.000031
1710 0.952796 -0.905880 0.000181
1810 -2.368768 2.146971 0.000093
1910 -4.672656 1.207313 0.000120
2010 -4.994245 -1.244976 0.000020
2110 -3.029181 -2.743229 -0.000113
2210 -0.774356 -1.822383 -0.000149
2-(1H-Indol-3-yl)acetic acid (1t)
O
OH
AN
NH

160 0.585820 0.733205 0.514401
260 1.918589 0.241014 0.990946
360 2.690710 -0.379695 -0.147802
480 2277009 -1.634302 -0.411076
580 3.554209 0.160961 -0.779410
660 -0.601720 -0.047134 0.303946
760 -1.599368 0.836605 -0.155834
870 -1.036612 2.087673 -0.226562
960 0274443 2.015921 0.177451
1060 -0.913956 -1.401525 0.468239
1160 -2.193186 -1.827643 0.181104
1260 -3.173258 -0.929523 -0.274152
1360 -2.892845 0.409400 -0.449612



1410
1510
1610
1710
1810
1910
2010
2110
2210

2.515207
1.786517
2.770163
-1.509109
0.896096
-0.158355
-2.450862
-4.166675
-3.647818

1.064911 1.373755
-0.503708 1.776499
-1.944364 -1.182687
2.923721 -0.516655
2.895643 0.195515
-2.099947 0.802322
-2.870581 0.302380
-1.296328 -0.492558
1.099924 -0.800883

2-(3-Bromophenyl)propanoic acid (S1)

160
260
360
460
560
660
760
860
980
1080
11350
1260
1310
1410
1510
1610
1710
1810
1910
2010
2110

Me

0.999848
-0.145659
-1.385968
-1.453137
-0.316622
0.922326
2.159930
3.023663
3.753231
3.064273
-3.133427
2.938119
1.959866
-0.077259
-2.282987
-0.397073
1.845063
4.241728
3.814571
2.298350
3.272639

(0]
OH
Br
1.569592  -0.059299
2263917 -0.413897
1.640506  -0.399489
0.309661  -0.027044

-0.399824  0.327136
0.230885 0.317113

-0.551043  0.718062
-0.785784 -0.504679
0.297275 -0.839885
-1.805889 -1.131540
-0.566992  0.000157
0.123852 1.848582
2.066473 -0.085386
3.302723 -0.706367
2.176235 -0.673082
-1.440697 0.608835
-1.545000 1.029345
0.073824 -1.643777
-0.464413  2.117882
0.217716  2.724247
1.116180 1.555308

Cyclohexanecarboxylic acid (S2)

160
260
380
480
560
660

-0.355695
-1.807153
-2.556733
-2.280805
0.412175
1.888453

0O
OH

-0.007369 -0.372356
-0.138447 0.004813
0.854099 -0.520334
-0.989550 0.706033
-1.292554  -0.084759
-1.133450 -0.436599

760

860

960

1010
1110
1210
1310
1410
1510
1610
1710
1810
1910
2010
2110

2.509487

1.738929

0.260987
-0.319973
-3.462150
0.305158
-0.032876
2.425982
1.988848
2.489670
3.556448
2.168257
1.830050
0.155742
-0.287941

0.046128 0.307400
1.334320 0.030648
1.184369 0.379993

0.219436 -1.442316
0.721612  -0.209208
-1.529098 0.976541
-2.122710  -0.633791
-2.053640 -0.206123
-0.970391 -1.514335
-0.158667 1.382155
0.164602  0.025963
2.164739  0.592271
1.587580 -1.030078
1.006680 1.454801

2.095480 0.143694

7-Bromoheptanoic acid (S3)

160
260
360
460
580
660
780
860
960
10350
1110
1210
1310
1410
1510
1610
1710
1810
1910
2010
2110
2210
2310

(0]
OH
Br

2.902948  0.494555 -0.785387
1912772 1569748 -0.366920
0471881 1071964 -0.366845
0.490165 2.128495 0.162345

3753800 -1.636389 -0.216290
3.074183  -0.575176 0.260299
2.689453  -0.519077 1.395586
1971775 1774719 0.063111

2385059 0.526463 0.827429

2204090 -1.121422 -0.217848
-3.898025  0.909621 -0.962315
22.606596  0.010831 -1.717693
22.005189  2.420905 -1.044349
2.175663 1922996 0.631927
-0.405358  0.170635 0.244592
-0.182512 0.781906 -1.381480
0326146 3.064438 -0.378495
0.244197 2333500 1.208551
-3.843882 -2.268249 0.509726
2.550820 2.605158 0.475507
2272751 1.675963 -0.981019
3.433365 0.548593 1.102909
1781533 0.372606 1.718236

2-(1H-Imidazol-1-yl)acetic acid (S4)

109

170
260
360
480
580
660
760
870
960
1010
1110
1210
1310
1410
1510

)

OH

0.538800
-0.807426
-1.891241
-1.454426
-3.025092
1.198101
2.405144
2.502568
1.370477
-1.001165
-0.942593
-2.207466
0.753610
3.209173
1.084676

-0.224478  0.458116
-0.378848 0.934399
0.029780 -0.048707
0.868597 -0.992189
-0.342951 0.045794

-1.061630 -0.409050

-0.471166 -0.640171

0.707459  0.055049

0.825486  0.692319

-1.411275  1.217558
0.234844  1.825921
1.094046 -1.555850
-1.975220 -0.762615
-0.828641 -1.259753
1.638474 1.341004

2,2'-(1,4-Phenylene)diacetic acid (S5)

160
260
360
460
560
660
760
860
960
1080
1180
1260
1380
1480
1510
1610
1710
1810
1910
2010

HO
0]

-0.581322
0.799071
1.393349
0.581306
-0.799091
-1.393367
-2.900358
-3.407978
2.900343
-3.344802
-3.791009
3.408014
3.344571
3.791299
-1.032908
1.424229
1.032889
-1.424250
-3.353072
-3.200606

0]

OH

-0.829945
-0.831548
-0.839122
-0.834054

-0.835315

-0.838775

-0.818061

0.566547
-0.818792

1.381102
0.933924
0.566717
1.378226
0.937169
-0.822011
-0.821284
-0.829316
-0.827967
-1.500672
-1.090791

1.256628
1.131161
-0.126085
-1.254212

-1.128741

0.128518

0.252280
-0.064861
-0.249874

1.004030

-1.139864
0.063207
-1.007984

1.137065
2.240452

2.015410

-2.238058
-2.013017
-0.462916
1.261573



2110 3353021 -1.499330 0.467316
2210 3.200612 -1.094480 -1.258358
2310 -3.628243 2.259313 0.715530
2410 3.628050 2.257259 -0.722034

2-Bromo-2-(3-bromophenyl)acetic acid

(S6)
(0]
Br OH
Br

160 0282784 0.886122 1.409964

260 -0.914299 1.141767 2.054166

360  -2.125555 0.783949 1473810

460 -2.116130 0.164306 0.237761

560 -0.926841 -0.098590 -0.424195
660 0278371 0267077 0.162693

760 1.543982 -0.015043 -0.583035
860 2412146 1.203387 -0.843046

980 3.113916 1.050774 -1.975300

1080 2481340 2.171903 -0.145886
11350 -3.752975 -0.344865 -0.568333
12350  2.704422 -1.262936 0.401650
1310 1221765 1.163233 1.866126

1410 -0912219 1.624010 3.021685
1510 -3.061539 0.980172 1.975976
1610 -0.943849 -0.585858 -1.389602
1710 1345525 -0.515628 -1.524046
1810 3.680877 1.827848 -2.075482

2-(3,5-Bis(trifluoromethyl)phenyl)acetic

acid (S7)
(0]
OH
CF3 CF;

160 -0.841264 -1.005672 -0.529274
260 0.455206 -1.308709 -0.142075
360 1.384290 -0.306815 0.082016
460 0991352 1.011279 -0.085672
560 -0.301907 1.326072 -0.472067
660 -1.228703 0.316371 -0.702838
760 -2.645896 0.661253 -1.093246
860 -3.476090 0.865081 0.153377

980 -3.835267 -0.307988 0.703616
1080 -3.760036 1.926911 0.626876
1190 2.145916 -2.928129 0.142565
1260  0.824909 -2.751598 0.063845
1390 0.374203 -3.520956 -0.935168
1490 0.291496 -3.235702 1.194154
1590  2.479441 2.539402 -1.073143
1660 1985727 2.123776 0.102324
1790  3.023977 1.747022 0.853532
1890 1.429283 3.189750 0.687345
1910 -1.553623 -1.804076 -0.695177
2010 2.393928 -0.547388 0.380765
2110 -0.592223 2.362713 -0.589145
2210 -2.674256 1.587655 -1.659891
2310 -3.080112 -0.143865 -1.682863
2410 -4315865 -0.115141 1.520493
2-Cyclopropylacetic acid (S8)

0]

OH

160 0.158901 -0.480602 1.093847
260 -1.254585 -0.432745 0.537727
380 1.838340 -0.793600 -0.552970
460 1.156006 0.132464 0.149199
580 1.333614 1.309410 -0.007911
660 -1.792767 0.791952 -0.132437
760 -1.522687 -0.448274 -0.935974
810 0206489 0.084479 2.024331
910 0.445057 -1.512592 1.287299
1010 -1.957684 -0.981746 1.148492
1110 2435993 -0.317499 -1.145947
1210 -2.821068 1.057390 0.060846
1310  -1.117247 1.624307 -0.264008
1410 -0.673404 -0.433744 -1.604848
1510  -2.362973 -1.023835 -1.293291

(Z2)-2-(5-Fluoro-2-methyl-1-(4-
(methylsulfinyl)benzylidene)-1H-inden-3-

yDacetic acid (S9)

110

0]
OH
Me
~/ )
A\
0=S,
Me

160 3.181690 -0.655008 -0.598101
260 4.632189 -0.907513 -0.888801
360 5.369588 -1.178215 0.400099
480 5.652692 -0.042016 1.062199
580 5.648484 -2.265116 0.821299
660 2.618794 0.679594 -0.363601
760 1.234394 0.552899 -0.143401
860 0.917089 -0.889900 -0.238001
960 2.204587 -1.576405 -0.482801
1060 -0.242513 -1.554297 -0.130301
1160 3.253498 1.905992 -0.296601
1260  2.466502 3.004195 0.007999
1360 1.112502 2.913599 0.262599
1460 0.488997 1.669801 0.191699
1590 3.054006 4.209893 0.079199
1660 -1.603511 -1.009092 -0.037001
1760 -2.513113 -1.567189 0.861799
1860  -3.813112 -1.092285 0.949699
1960 -4.211208 -0.071483 0.105599
2060 -3.331406 0.492914 -0.808201
2160 -2.034508 0.016909 -0.882601
22160  -5.899306 0.540222 0.242999
2360  -6.520209 -0.256576 -1.261101
2480 -6.531809 -0.199876 1.380599
2560 2.335482 -3.056505 -0.602201
2610 4.756886 -1.779513 -1.524701
2710 5.072392 -0.040014 -1.379401
2810 6.069591 -0.287417 1.899599
2910 -0.186217 -2.638897 -0.120701
3010 4.318899 2.025788 -0.436501
3110 0.563404 3.807301 0.520499
3210 -0.565103 1.598205 0.413699
3310 -2.191016 -2.373490 1.508399
3410 -4.526513 -1.494582 1.657299
3510 -3.655704 1.296315 -1.459101
3610 -1.342207 0.434607 -1.601401
3710 -5.974108 0.118822 -2.123801
3810 -6.387212 -1.329476 -1.141901
3910 -7.574808 -0.002772 -1.333501
4010 1.735681 -3.441303 -1.429001
4110 3.371181 -3.351608 -0.752901
4210 1.988380 -3.547104 0.309099
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Outlook

Boron catalysis has been proven to bring about tremendous convenience and
efficiency to the functionalization of carboxylic acid. | have in the course of five years
developed three methodologies in this area. The combination of photocatalysis and data
science has provided unique results that can expand the utilization of boron catalysis as
well as direct functionalization of carboxylic acid. I believe my research here can be the
source of greater achievements in the future.
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