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ABSTRACT

Poly-substituted aromatics are frequently found in pharmaceuticals and agrochemicals. During the
past decades, cross-coupling reactions and nucleophilic aromatic substitutions (SnAr) have
become indispensable tools for preparing functionalized arenes from readily available aryl halides.
Recently, ortho-metalation approaches, mediated by either stoichiometric organometallics or
catalytic transition metals, enabled broadly useful ortho C—H functionalization. We were
motivated by the merits of merging cross-coupling and ortho-metalation, two powerful organic
reactions, into a single palladium/norbornene (Pd/NBE)-catalyzed transformation. Pd/NBE
catalysis, namely Catellani reaction, has recently emerged as a powerful approach for vicinal
difunctionalization of arenes. Using simple aryl iodides as substrates, a number of nucleophiles
and electrophiles have been installed at the ipso and ortho positions respectively through selective

reactions with the aryl-norbornyl-palladacycle (ANP) intermediate.

Considering this relatively long and complicated catalytic cycle involving both Pd(I1) and Pd(IV)
intermediates, some intrinsic challenges still exist in developing new Catellani-type transformation.
First, the initially generated Pd(0) precatalyst must react with aryl iodide instead of the electrophile;
thus, a fast/facile oxidative addition process is necessary. Regarding most of literature reported
Catellani-type reactions aryl iodide was proved to be the only suitable substrate (Aryl lodide
Constraint). Second, the electrophile must selectively oxidize ANP instead of initially generated
Pd(Il) intermediate, which leads to a very limited electrophiles scope (Electrophile Constraint).
Third, the NBE extrusion will only take place when two ortho positions of aryl iodide are blocked,
otherwise undesired difunctionalization product or NBE-containing side products will be formed

(Ortho Constraint).
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To address the aforementioned “Electrophile Constraint”, we developed a direct annulation
strategy between aryl iodides and epoxides, affording the desired 2,3-dihydrobenzofuran
derivatives in decent yields and regioselectivity. The readily available epoxide served as a new
class of electrophile and alkylating reagent; asymmetric synthesis was also realized using
enantiopure epoxide. Application of this method into a concise synthesis of insecticide fufenozide
was also demonstrated. In addition, inspired by our previously reported ortho amination of aryl
iodide, we developed an ortho thiolation strategy enabled by a new class of sulfenamide
electrophile, derived from a seven-membered lactam. The arene ipso functionalization is
simultaneously achieved through Heck, Suzuki or Sonogashira termination. The broad substrate
scope and high chemoselectivity could make this method attractive for synthesis of complex

sulfur-containing aromatic compounds.

To overcome the “Aryl Iodide Constraint”, a redox-neutral ortho functionalization of aryl
boroxines was developed. The reaction was initiated by a transmetalation of aryl boroxine to Pd(I1)
and terminated by a protodepalladation process, thereby avoiding stoichiometric amount of
oxidant and reductant as well as tolerating a broader functional group including aryl iodide. In
addition, a direct vicinal difunctionalization of thiophene was developed; this transformation was
initiated by direct C—H palladation at C2 position of thiophene without aids of directing group,
allowing for simultaneously installing two different functional groups at vicinal positions in a site-
and regioselective manner. The synthetic utility of this method was demonstrated by late-stage
functionalization of a range of bioactive compounds. Then this difunctionalization method was
successfully extended to other heteroarenes, including furans, pyrroles and indoles. Besides ortho
arylation, ortho alkylation and ortho alkynylation were all realized with decent yields and

regioselective. Meanwhile, a concise synthesis of Rhazinilam was realized to demonstrate the
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synthetic utility. Finally, a vicinal double C—H functionalization of five-membered heteroarenes
with two different electrophiles in a site-selective and redox-neutral manner was realized by using
aryl iodide as the first electrophile and alkynyl bromide as the second electrophile, enabling
regioselective difunctionalization of a variety of five-membered heteroarenes at their C4 and C5
positions. Moreover, the mechanistic exploration discloses the origin of the high selectivity of this

difunctionalization reaction.
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PREFACE

Each chapter of this dissertation is numbered independently. A given compound may have a
different number in different chapters. All experimental details, references and notes for individual

chapters are included at the end of each chapter.
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CHAPTER 1

Structurally Modified Norbornenes: A Key Factor to Modulate Reaction Selectivity in the

Palladium/Norbornene Cooperative Catalysis

1.1. Introduction

Since the seminal discovery by Catellani in 1997, the palladium/norbornene (Pd/NBE) co-
catalyzed arene functionalization reactions have received increasing amounts of attention and led
to many synthetic applications in the past two decades.! Compared to the widely adopted cross-
coupling and nucleophilic aromatic substitution (SnAr) reactions where the number and position
of newly installed functional groups (FGs) are dictated by those of the leaving groups in the
substrates, the Catellani-type reactions can introduce multiple different FGs simultaneously in a
site-selective manner (Scheme 1.1a). Considering that polysubstituted aromatics are ubiquitously
found in pharmaceuticals and agrochemicals, the Pd/NBE catalysis could become an incredible

useful tool for functionalization and streamlined syntheses of complex arenes and heteroarenes.



Despite the great promise, some intrinsic constraints due to the use of the NBE co-factor had

nevertheless become roadblocks to practical applications of these reactions.

As illustrated in Scheme 1.1b, a general mechanism of the Catellani reaction involves first forming
an aryl-Pd(11) species from either oxidative addition of Pd(0) with aryl halides or transmetallation
or direct C—H palladation from a Pd(II) catalyst. The subsequent NBE migratory insertion and
palladation at the ortho position give a unique aryl-norbornyl-palladacycle (ANP) intermediate
that can react with an electrophile to introduce an ortho FG (relative to the original reaction site).?
After B-carbon elimination to exclude NBE, the resulting aryl-Pd(l1) species can either react with
a nucleophile (including olefins) to install an ipso FG and regenerate the Pd(0) catalyst, or be
quenched by a proton to regenerate the Pd(Il) catalyst. Due to the high complexity of the
mechanism, many competing side reactions can take place. For example, the ANP can undergo
direct C—C reductive elimination to form benzocyclobutenes (step G);® the reaction with
electrophiles can oxidize the C(sp®)—Pd bond in ANP instead of the desired C(sp?)—Pd bond (step
H);** the B-carbon elimination of NBE could be problematic in the absence of an existing sizable
ortho substituent and a second C—H palladation may take place (known as “ortho constraint”, step
1),% etc. Clearly, the structure of NBE plays critical roles in almost every single step of the catalytic
cycle, and most side-products contain the NBE moieties. Thus, in the past five years researchers
in this field have been motivated to use structurally modified NBEs (SMNBE) to solve these

selectivity problems in the Catellani-type reactions.



Scheme 1.1. Pd/NBE Cooperative Catalysis
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The strained and rigid [2.2.1] bicyclic scaffold of NBE offers unique features for the success of

the Catellani-type reactions: it enables rapid migratory insertion to outcompete direct ipso

functionalization, avoids B-hydrogen elimination to promote the desired ortho C—H palladation,

and allows B-carbon elimination to regenerate NBE. Hence, the current successful modifications

on NBE usually maintain the original [2.2.1] skeleton, and to date effective variations are located

at the C1, C2, C5 and C6 positions (Scheme 1.1c). In general, the size and position of the

substituents are critical. For instance, increasing the steric hindrance of NBE would promote -

carbon elimination, but reduce its binding affinity to Pd, thereby causing formation of more

3



undesired direct ipso functionalization side-products. The C1-substituted NBEs can inhibit the
undesired second C—H metalation and promote B-carbon elimination; thus, they were developed
for addressing the “ortho constraint” issue. The reactivity of the C5- and C6-substituted NBEs are
close to (yet sometimes more reactive than) simple unsubstituted NBE. The C2-substituted NBESs
play a more complex role: they can inhibit direct reductive elimination of ANP to form norbornyl
benzocyclobutenes, prompt NBE insertion and C—H palladation (when the C2-substituent can

form hydrogen bonding). More detailed discussions are provided in the following sections.

This perspective article was inspired by several excellent review articles published recently’1" and
will primarily focus on three types of smNBE cocatalysts: C1-substituted, C2-substituted and C5-

substituted or C5, C6-disubstituted smNBEs.18

1.2 C1-Substituted smNBEs

Typically, the aryl-halide substrates used in the Pd/NBE catalysis contain an ortho-substituent.
When ortho unsubstituted haloarenes were used, di-ortho-functionalization (with para-substituted
substrates) or formation of a mixture of NBE-containing side-products (with meta-substituted
substrates) would dominate, whereas the desired mono-ortho-functionalization generally cannot
be achieved (Scheme 1.2a). This has been referred as “ortho constraint”.® The origin of the problem
is due to slow B-carbon elimination of NBE in the absence of the ortho substituent, which promotes

a second ortho C—H palladation or pre-mature termination.



Scheme 1.2. Overcoming the Ortho Constraint with C1-smNBEs
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To address this challenge, the Dong group developed a class of C1-substituted SMNBEs in 2018,

which effectively allowed the use of ortho-unsubstituted aryl halides as substrates for mono-ortho-

functionalization.® Compared to regular NBE, the bridgehead substitution was anticipated to

inhibit the undesired second C—H palladation by destabilizing its transition state (TS) through

repulsive interaction with the newly installed ortho FG; meanwhile, it can also reduce the barrier

for B-carbon elimination to extrude NBE through controlling the orientation of the arene (Scheme

1.2b). The C1 alkyl-substituted NBEs, e.g. N2-N5, were found particularly effective when the

ortho amination was used as the model reaction (Scheme 1.2¢).*® Stoichiometric SMNBESs were

used here to minimize undesired ipso functionalization. The typical procedure for synthesis of C1-

substituted SmNBESs is shown in Scheme 1.2d with N3 as an example.



While the n-heptyl-substituted N3 smNBE was optimal for most meta-substituted substrates, the
cyclohexyl-substituted N4 was more effective when the meta-substituents are small, such as F,
OMe and CO2Me (Scheme 1.3). Higher yield was observed when aryliodides with a bulkier meta
substituent were used (4-6). Heck reaction (4-6), hydrogenation (7), Suzuki (8) and Sonogashira
(9) reactions could all take place at the ipso position; besides ortho amination, ortho acylation (10)
and arylation (11) also worked under slightly modified reaction conditions. Without such ortho
constraint, vicinal difunctionalization or site-selective derivatization of complex bioactive
molecules (12-15) could now be conveniently realized via a two-step sequence—arene iodination
and this method. When ipso hydrogenation was employed, complementary site-selectivity to
electrophilic aromatic substitution (EAS) was achieved for arene C—H functionalization because

FGs can be installed at the positions that are not favorable for EAS reactions.

Scheme 1.3. Scope and Late-Stage Functionalization of Bioactive Compounds
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Finally, selective mono ortho functionalization of the more challenging para-substituted aryl
iodides could be realized with a doubly bridgehead-substituted NBE (N8). The density functional
theory (DFT) calculation suggested that steric repulsion caused by the bridgehead substituents in
N8 significantly increased the barrier of the second C—H metalation step (thus preventing di-ortho-
functionalization), whereas the B-carbon elimination and migratory insertion steps exhibit reduced

activation energy, which makes forming the mono-ortho-product kinetically favored.

The C1l-substituted smNBEs provide a viable approach to address the longstanding ortho
constraint in the Catellani-type transformations. Future work may focus on improving the

efficiency of C1-smNBEs and enabling new synthetic applications.

1.3 C2-Substituted smNBEs

Compared to C1-substituted SmNBEs, the C2-substituted ones exhibit different functions. First,
the C2 substituents directly introduce steric hindrance on the carbon that binds to Pd, which greatly
suppresses direct C—C reductive elimination of ANP (Scheme 1.4a).2° Second, the electron-
withdrawing C2 substituent can promote migratory insertion of NBE from the electronic prospect
to compromise the weakened olefin binding and steric disadvantage (Scheme 1.4b). Third, when
a secondary amide moiety is introduced at the C2 position, the resulting hydrogen bonding with
the concerted metalation deprotonation (CMD) ligand on Pd can reduce the overall activation
barrier (vide infra, Scheme 1.13).2* While a number of C2-substituted smNBEs have been prepared,
to date the most effective two types are: the ester-substituted one pioneered by Yu?® and the amide-
substituted ones developed by Dong (Scheme 1.4c).2%2® The preparation of N9 was shown as an

example (Scheme 1.4d).%



Scheme 1.4. C2-Substituted sSmNBEs
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1.3.1 Pd(Il)-Catalyzed Meta C—H Functionalization Involving C2-Substituted SmNBESs

While the directing group (DG)-promoted meta C—H arylation and alkylation of arenes via the
Pd/NBE cooperative catalysis was firstly realized using simple NBE,?>? these reactions suffered
from relatively limited substrate scopes. For example, aryl iodides without an ortho DG typically
gave less than 5% yield, and formation of norbornyl benzocyclobutene side-products outcompeted
the desired meta-alkylation pathway, especially when using alkyl iodides bearing f-hydrogens. To

address these drawbacks, Yu and co-workers utilized a C2 methyl carboxylate-substituted NBE
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(N9) to greatly expand the scope of aryl and alkyl electrophiles for meta C—H functionalization
(Scheme 1.5).%° The new condition allowed the use of simple alkyl iodides with B-hydrogens and
aryl iodides without an ortho DG,; it also minimized benzocyclobutene side-products. The ester
moiety was more effective than a more electron-withdrawing ketone or nitrile group as the

corresponding N13 and N14 NBEs showed much lower reactivity.

Scheme 1.5. Meta Alkylation and Arylation of Substituted Phenylacetamides Using C2-
Substituted SmNBEs

Pd(OAC), (10 mol%),

Me C2-smNBE (1.5 equiv) NHA
.
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v
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Besides aryl and alkyl iodides, other electrophiles such as o-benzoyl hydroxylamines and alkynyl
bromides were successfully utilized in the C—H activation-initiated meta-functionalization
reactions. Owing to the use of C2 methyl carboxylate-substituted SMNBE (N9) as well as the 2-
pyridone-type ligands, the Yu group realized the first meta amination and alkynylation (Scheme
1.6a) of aniline- and phenol-derivatives in 2016.2” For example, the yield of meta amination

product was improved significantly by switching simple NBE N1 to N9. Heterocycles including
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indole, indoline and indazole were compatible in the meta amination and alkynylation reactions.
In terms of the alkyne electrophiles, only bulky silyl-protected alkynyl bromides afforded the
desired products in good yields at the current stage, while simple alkyl and aryl alkynyl bromides
only led to trace amounts of meta products. In addition, SmMNBE N9 also enabled the first Pd(l1)-
initiated meta C—H chlorination of aniline and phenol derivatives also by Yu in 2017 (Scheme
1.6b).2 An aryl chlorosulfate reagent?® was used as a mild chlorinating reagent to exclusively
oxidize Pd(I1) to Pd(IV)* without direct ortho C—H chlorination. The two new hydroxypyridine
ligands L1 and L2 were also important for enhanced yields and scope. As an important application,
the chloride group in the products could be conveniently converted to other FGs through various

cross-coupling reactions.
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Scheme 1.6. Meta Amination, Alkynylation and Chlorination
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The unsymmetrical structure of C2-substituted SMNBEs also offers opportunities for developing

enantioselective transformations.

In 2018, the Yu group reported the first example of

enantioselective meta C—H arylation and alkylation using enantiopure N9* (Scheme 1.7).%! It was

proposed that the chiral NBE structure could differentiate the enantiomeric ortho C—H palladation

intermediates during the NBE migratory insertion step. Compared with other SmNBEs, the C2

substitution was more important for the enantio-determining step. Addition of a catalytic amount

of chiral or achiral phosphoric acids as the additive was beneficial for both yield and
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enantioselectivity, while control experiments indicated that the enantioenriched sSmNBE was

mostly responsible for the chiral induction.

Besides diarylbenzylamines, homobenzylamines can also be used as the substrates, despite
forming a more distal stereocenter (Scheme 1.7b). The use of nosyl-protected amines as DGs
proved to be efficient. Besides desymmetrization, Kinetic resolution of unsymmetrical aryl
substrates was also achieved. Note that a contemporary discovery of an enantioenriched C2-
smNBE-promoted Pd(0)-catalyzed asymmetric annulation with aryl iodides was reported by Dong

(vide infra, Scheme 1.12).%
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Scheme 1.7. Enantioselective Meta C-H Arylation and Alkylation Enabled by a Chiral

sSmMNBE
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The meta C—H functionalization could also be realized for substrates without covalently bound

auxiliary DGs, in which the C2-substiutted SMNBEs were again found to be important. In 2019,
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the Yu group reported the meta C—H arylation of aryl ethers, which offered complementary site-
selectivity to EAS reactions (Scheme 1.8a).%? Interestingly, a dual-ligand system was applied: an
electron-deficient quinoxaline-6-carbonitrile L3 along with a 3-pyridinesulfonic acid L4 were
used to generate more electrophilic cationic Pd(II) species, thus facilitating the first C—H
palladation. A series of aryl ethers can be used as substrates; besides anisoles, 2,3-
dihydrobenzofuran and chromane moieties (36 and 37) were also suitable, affording exclusively
meta selectivity. Heterocycles, such as pyridine (34), were tolerated. Various complex moieties
such as estrone (35) and tasimelteon (36) were also comparable. Based on the DFT calculation,
the first C—H palladation was proved to be the rate-determining step.>® Very recently, this method
has been extended to electron-deficient heterocycles®* and fluorobenzenes® by the Yu group

(Scheme 1.8b).
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Scheme 1.8. Direct Meta Arylation of Electron-Rich Arenes,

Heteroarenes and Fluorobenzenes.
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Very recently, a remote site-selective C—H arylation of quinolines and other heterocycles was
achieved by Yu and Houk using the N9 smNBE (Scheme 1.9a).% This work merged their
previously developed template-directed approach®” and the Pd/NBE catalysis to realize
complementary remote site-selectivity. The DFT calculation indicated that the nitrile group on the
side arm of the Pd template directed the initial C—H palladation with the second Pd center to reach
the C5 position of the quinoline substrate, and an N-acetylglycine ligand promoted the CMD step.
This approach was applicable to a variety of heterocycles, including quinolines (40), benzoxazoles
(41) and benzothiazoles (42). A late-stage modification of an antileukemic and antitumor alkaloid,
camptothecin (43), was demonstrated. Besides the nitrile template, this strategy also worked with
their previously reported U-shape templates (Scheme 1.9b). Tetrahydroisoquinolines (44) was able
to undergo C—H arylation at the C7 position, which is one bond further away from the “normal”
C8 selectivity offered by the U-shape DG alone. Finally, para arylation of phenylpropanoic acid
derivatives (45) was realized in a similar manner, while the two ortho positions adjacent to the DG
had to be blocked likely due to the ortho constraint of the Catellani-type reactions (vide supra,

Scheme 1.2).
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Scheme 1.9. Remote C-H Arylation of Benzoazines, Tetrahydroisoquinolines and

Phenylpropanoic Acids
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1.3.2 Pd(II)-Initiated Vicinal Difunctionalization Involving C2-Substituted SMNBEs

While the meta C—H functionalization via the Pd/NBE cooperative catalysis has been extensively
developed, the corresponding vicinal difunctionalization through sequential double C—H
activation was not reported until 2019. From the synthetic efficiency viewpoint, it could be

attractive to simultaneously convert two adjacent C—H bonds into different FGs in a site-selective
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manner. In 2019, the Dong group reported a direct vicinal difunctionalization of thiophenes and
furans without aid of DGs, where a C2 amide-substituted smNBE (N12) was found superior to
other NBEs (Scheme 1.10a).%8 N12 has been known to prompt both the migratory insertion and
CMD processes (vide infra, Scheme 1.14). The reaction was initiated through a reversible C—H
palladation at thiophene C2 (or C5) positions. The use of a weakly coordinative m-acidic arsine
ligand was important to prevent chelation of the sulfur moiety on the palladium without
compromising the ANP formation.?® The scope of the ortho arylation/ipso Heck reaction was
relatively broad (Scheme 1.10b). A series of mono- and disubstituted thiophenes were
difunctionalized site- and regio-selectively at the C4 and C5 positions in good yields. Various FGs
including bromide (51) and internal alkynes (50) were tolerated. Preliminary success was obtained
with a furan substrate (49). In addition, this method was applied to vicinal difunctionalization of
complex bioactive compounds (52-55). Besides, an open-flask gram-scale preparation was
demonstrated using commercial ethyl acetate without further purification (Scheme 1.10c). Finally,
a kinetic study implied a simultaneous difunctionalization pathway instead of a stepwise
functionalization pathway. The high reactivity and selectivity shown by the C2-amide-substituted

smNBE (N12) could inspire vicinal di-C—H-functionalization of other arenes and heteroarenes.
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Scheme 1.10. Vicinal Difunctionalization of Thiophenes

a. NBE effect
nBu__g CO,Me Pd(OAc),, AsPhg MBS s ) COMe
CO,Me NBE (15 mol%)
\“/\/) * +[ AgOAc, BQ, HOAc

ethyl acetate, 65°C MeO,C

in air
initiationm PdX, 46, 30-89%
. o (o)
. 2 M 2
nBu___g Y N OMe
L UPdX E H
PON1,2% N12, 62% N9, 45%
NBE :
. Cy
nBu s E i% 7 7 6
‘ p 5 5/ CO,Me
E o NHMe CO,Me
Pd : .
: N4, 16% N19, 11% N20, 20%
b. substrates scope
nBu
= . S S
Ar= ., E= _COMe ‘ . TBSO | .
CO,Me J/ / /
?LL Ar Ar
47, 81% 48, 76%
Me Meo o s
r
nBu, _o s_spZ/—COuMe o _
| )—E S~
Ar
Me o
Ar N
tBuO,C
49, 30% 50, 53% 51, 40%
s E
Ar COzMe Me Me \
B N\ Ar
S cl
Me
from clopidogrel Me
52, 48% derived from Vitamin E
Prt'ls 0
Ar E 53, 56%

L C
o N
Boc

from duloxetine
54, 57% 55, 65%

CO:Me _co,tBu B
‘ p + . ﬁ standard condition
Ehikbishti

MeO,C except N12 (50 mol%) Me02C

¢ open flask 56
¢ wet solvent

19



1.3.3 Pd(0)-Initiated Difunctionalization of Aryl Halides Involving C2-Substituted sSmNBEs

In most of Pd(0)-initiated Catellani-type reactions, simple NBE is sufficient to achieve good yields
and selectivity. However, in some special cases, particularly those with less reactive electrophiles
or substrates, side reactions, e.g. multi-NBE insertion or direct reductive elimination from ANP,®
%9 can dominate; the C2-substiutted smNBESs have been found to be effective to enhance selectivity
of such reactions. For example, when epoxides were employed as the electrophile in an annulation
with aryl iodides for synthesis of 2,3-dihydrobenzofurans (DHBFs), the use of simple NBE (N1)
generated a significant amount of multi-NBE insertion products (Scheme 1.11).4° This was likely
due to the relatively low electrophilicity of epoxides, which makes them less reactive to couple
with ANP compared with N1. The Dong group in 2017 disclosed that the multi-NBE insertion
pathway can be effectively suppressed using C2-substituted smNBEs as the steric hindrance
introduced in the ANP intermediate can prevent insertion of another bulky SmNBE. While the C2
isopropyl ester-substituted NBE (N10) proved to be optimal, further increasing the steric hindrance,
e.g. use of tert-butyl ester-substituted N23, significantly diminished the yield. Note that, while
most prior Pd/NBE-catalyzed reactions require a high loading of or excess NBE due to the
formation of undesired NBE-attached side-product (vide supra, Scheme 1.1), only 20 mol% N10
was found to be sufficient in this reaction. In addition, a bulky phosphine-derived Buchwald’s
precatalyst, Ruphos-Pd-G4,* was employed to inhibit B—H elimination of the Pd alkoxide

intermediate and promote the final C—O reductive elimination step.*?*®
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Scheme 1.11. Direct Annulation between Aryl lodides and Epoxides

a. proposed reaction pathway

Me RuPhos-Pd-G4 (5 mol%)  Me
I o C2-smNBE (20 mol%) 0
+ \%NBU NaOAc nBu
DMF, 120 °C
®) X
57 | 44-90%
Pd ()
c2 SsmNBE 'Pd(o)w F
OMs
Pd‘ RuPhos
1 H “Me R
Pd pq'
EWG R' o~
RuPhos-Pd-G4
—C2-smNBE1 E
R
\%R
~— "¢
Pd" EWG pdll Ewe o-pf EWG
ANP
?%R' stepW/se

c. substrates scope

Me
(0]
nBu

58, 76%

S

61, 89%, 99% ee
W|th (S)-epoxide

59, 55% 60, 73%

g%..nﬁ

62, 59%
dr1:1

b. NBE effect

2 ;ﬂo\ 2 ;_o
o Me (o] LMe

N1,13%

N9, 63% N21, 63%
;” Me 2 ;-0\
o] ‘Bu
e
N10, 74% N23, <10%
N13, 0% N14, 0% N22, 18%
E d. synthesis of fufenozide
Me O Me O

(0] 0
M oM
OMe 4“% ° Me;ﬁ °
85%

"standard" condition

STt

Fufen01|de

three steps

This reaction tolerates various primary epoxides and aryl iodides with diverse FGs and

heterocycles. When an enantiopure epoxide was used as the coupling partner, the annulation

reaction proceeded with complete stereo-retention (61). Finally, this method was used to realize a

concise synthesis of fufenozide. Note that almost concurrently, Zhou reported an elegant

transformation using epoxides as electrophiles in an ortho alkylation/ipso Heck reaction, whereas

a C5-substituted NBE was found more important (vide infra, Scheme 1.18).444°

While enantioenriched epoxides can be obtained from kinetic resolution or asymmetric synthesis,

it would still be attractive to utilize more available racemic epoxides to realize an asymmetric
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synthesis of DHBFs. In 2018, the Dong group reported their initial study on a Pd-catalyzed
asymmetric annulation between aryl iodides and epoxides enabled by an enantioenriched C2-
substituted sSMNBE cocatalyst.?? This work represents the first chiral NBE scaffold-promoted
asymmetric reaction via Pd(0)-initiated Catellani-type reactions. The chirality of the enantiopure
NBE was anticipated to create a chiral pocket around the metal center in ANP, consequently
promoting one enantiomer of the epoxide to react faster than the other (Scheme 1.12a). A reliable
route was first developed to prepare these enantiopure SMNBES using 2,10-camphorsultam as a
chiral auxiliary (Scheme 1.12b). The pyrrolidine amide-substituted (+)-N11 gave the highest
enantioselectivity (45% ee) but diminished reactivity; the enantiopure isopropyl ester-substituted
NBE (—)-N10 gave slightly lower enantioselectivity but significantly better yield (Scheme 1.12c¢).
The kinetic monitoring of the reaction suggested that the stereochemistry of (—)-N10 matches the
(S)-epoxide, which nevertheless reacted significantly slower if using another enantiomer of NBE

(+)-N10 (Scheme 1.12d).
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Scheme 1.12. Asymmetric Annulation between Aryl lodides and Epoxides

a. proposed reaction pathway
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The Pd(0)-initiated asymmetric Catellani-type reactions enabled by chiral sSmNBEs was further
expanded to asymmetric ortho arylation reaction by Zhou group very recently (Scheme 1.13).%6
The C2 ethyl ester-substituted N21* gave the highest enantioselectivity (96% ee), while the
methylamide-substituted N12* afforded 86% ee and diminished reactivity. In contrast, the C5

ester-substituted N33* and C5 acid-substituted N34* gave significantly lower reactivity and
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enantioselectivity. A series of axially chiral biaryl compounds were obtained in decent yield and
enantioselectivity and good FG tolerance was demonstrated as well. Note that besides Heck
reaction, other ipso quenching, e.g. Sonogashira coupling (70), was also realized. When an ortho
acetyl aryl bromide was used, a fluorenol product (71) was obtained in decent yield and
enantioselectivity, which is consistent with Lautens’ prior observation.*’ In terms of the stereo-
induction model, it was proposed that the aryl moiety is located at the planar position of the Pd(1V)
complex to minimize the steric repulsion; the coordination of the ester group would help fixing

the orientation of the aryl moiety through a stable dihedral angle (Scheme 1.13b).

Scheme 1.13. Asymmetric ortho arylation of Aryl lodides
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One long-standing limitation of the Catellani-type reactions is that sizeable substituents (e.g.
methyl or isopropyl group) at the meta position of aryl halides inhibit ortho functionalization,
which has been referred as “meta constraint”.*® The steric hindrance at the meta position makes
the ANP formation and the following steps more difficult. Electron-withdrawing meta substituents
were also detrimental to the reaction. These substrates often lead to NBE-attached side-products
or direct ipso substitution. In 2020, the Dong group reported the use of C2 amide-derived SmMNBES
to realize Catellani-type reactions with aryl iodides bearing diverse meta substituents, which
provided rapid access to 1,2,3,4-tetrasubstituted arenes (Scheme 1.14).2* Compared with other
NBEs, the C2 smNBE that contains a secondary amide moiety (N12) proved to be most efficient.
Based on the DFT calculations, N12 with a mild electron-withdrawing substituent exhibited the
lowest barrier for the NBE-insertion step through balancing the opposite electronic requirements
in the NBE binding and the migratory insertion steps. In addition, the existence of a hydrogen
bonding interaction between the N—H bond of the amide moiety in N12 and the oxygen of the
CMD promoter stabilizes the transition state of the ortho C—H palladation step (TS2), which is the
turnover-limiting step. Moreover, the C2 substituent should also inhibit the direct reductive
elimination of ANP to form norbornyl benzocyclobutene side-products. It is noteworthy that, while
mechanistically only a catalytic amount of NBE is sufficient to promote this transformation, a

higher NBE concentration can suppress the undesired direct ipso-Heck pathway.
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Scheme 1.14. NBE Effect for the Meta-Substituted Aryl lodides
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Through addressing such meta constraint, the substrate scope of the Catellani-type reaction was
substantially expanded (Scheme 1.14b). Meta substituents with different sizes and electronic
properties (72-76) were tolerated, and diverse ipso/ortho functionalizations were realized (77-78).
Consequently, streamlined syntheses of several bioactive compounds were demonstrated with this

method.
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1.3.4 Pd(0)-Initiated Difunctionalization of Alkenyl Halides Involving C2-Substituted
SmMNBEs

Beyond arene substrates, alkene-based substrates were seldom used in the Pd/NBE cooperative
catalysis. One major difficulty was caused by the more reactive olefin = bond toward the undesired
cyclopropanation reactions (Scheme 1.15a). In addition, the lack of an ortho substituent in general
alkenyl substrates also makes the NBE extrusion more challenging. In 2019, the Dong group found
the same C2-methylamide smNBE (N12) was highly efficient for the vicinal difunctionalization
of alkenyl halides and triflates, which offers a rapid approach to build all-carbon tetrasubstituted
olefins (Scheme 1.15b).2® The undesired 3-exo-trig process (cyclopropane formation, 80) was
significantly inhibited by the rigid amide moiety; meanwhile the B-carbon elimination was
promoted due to the bulkiness of N12.5 38 For comparison, regular NBE N1, the C2-ester smNBE

N9 and those with substituents at other positions were not reactive and/or selective.
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Scheme 1.15. Ortho/lpso Difunctionalization of Vinyl Triflates/Halides via PdA/NBE Catalysis
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Both cyclic and linear vinyl triflates or bromides were competent substrates. Besides ipso Heck
reaction, other ipso terminating reactions, such as hydrogenation (84) and Suzuki (85) coupling,
could also take place. Both ortho alkylation and arylation were realized. As an interesting feature,
the PhDavePhos ligand underwent in situ C—H/P—C bond activation to generate the corresponding

phosphafluorene as the actual active ligand.

Overall, compared to the simple unsubstituted NBE N1 and other SmNBEs, the C2-substituted
smNBEs own some unique features due to the direct substitution on the reactive C=C double bond.

Adjusting the steric and electronic properties of the C2 substituents can greatly influence the NBE-
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insertion and the downstream reactions with ANP, thereby capable of expanding the reaction

capacity. They also provide promising directions for developing enantioselective transformations.
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1.4 C5-Substituted or C5, C6-Disubstituted smNBEs

In general, C5-substituted and C5, C6-disubstituted SmNBEs exhibit similar reactivity as simple
unsubstituted NBE, while in some specific cases they have been found to be more efficient. To
date, at least eleven types of C5-substituted or C5, C6-disubstituted NBEs have been developed
and employed in Pd/NBE cooperative catalysis (Scheme 1.16). All of them contain EWGs, as the
skeletons are typically prepared via the Diels—Alder reaction between cyclopentandiene and
electron-deficiency alkenes.*® Unlike C1- or C2-substituted SmNBEs, the steric and electronic
environment of the NBE alkene in these SmNBEs is almost identical to simple NBE, though the
remote steric effect or coordinative properties of the C5/C6 substituents could play an important

role in modulating reaction selectivity.

Scheme 1.16. Reported C5-Substituted and C5, C6-Disubstituted NBES
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1.4.1 Pd(0)-Initiated Difunctionalization of Aryl Halides Involving C5-Substituted or C5, C6-
Disubstituted SmNBEs

The first use of a C5-substituted SMNBE was reported by the Dong group in the ortho C—H
acylation of haloarenes in 2015 (Scheme 1.17a), which also represents the first use of STNBEs
in the catalytic Catellani reactions. In the ortho acylation/ipso hydrogenation reaction, a
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bifunctional isopropyl-carbonate anhydride was employed as both an acyl electrophile and a
“masked” hydride source, i.e. isopropoxide, which prevented undesired esterification if homo-
anhydrides and isopropanol were used. The C5 methylamide-substituted NBE (N19) not only
provided consistently higher yields than unsubstituted NBE, but also eased isolation of pure
products from NBE-containing side-products due to the polar amide moiety. This transformation
tolerated a broad range of FGs, including various heterocycles. Besides ipso hydrogenation, Heck
(92) and Suzuki (93) couplings could also be used for the ipso quench under similar conditions.
Note that the ortho acylation of haloarenes was also concurrently reported by the Liang®! and Gu®?
groups. This ortho acylation approach was further extended to a rapid construction of substituted
indenones via direct annulation between aryl iodides and unsaturated carboxylic acid anhydrides
by the same group in 2019.52 Significant yield improvement was found using the C5-amide NBE
(N19) compared to simple NBE (N1) (Scheme 1.17b). Diverse aryl iodides and conjugated
anhydrides were suitable substrates. Mechanistic studies indicated the ipso functionalization was
likely realized through a Heck-type coupling. Utility of this method was demonstrated in concise
syntheses of indenone-based nature products, pauciflorol F and acredinone A. Notably, the total
synthesis of acredinone A features a strategy involving two Pd/N19-catalyzed ortho acylations to
construct both penta-substituted arene cores, including the use of a new ortho acylation/ipso

borylation method.>*
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Scheme 1.17. Ortho Acylation of Haloarenes Enabled by C5 Methylamide-Substituted NBE
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In 2018, the Zhou group reported the successful use of a unique potassium salt of 5-norbornene-
2-carboxylic acid (N25) in the Pd/NBE-catalyzed ortho alkylation with epoxides as the
electrophile (Scheme 1.18).** The carboxylate moiety in N25 was proposed to serve as a CMD
promoter to promote the ortho C—H activation, while comparable yield was obtained using the
combination of simple NBE N1 and CsOAc. Unlike the direct annulation approach (vide supra,
Scheme 1.11), olefins were utilized here as the termination reagent. With additional base, a one-
pot oxa-Michael addition could be realized, providing a rapidly access to isochroman scaffolds
(Scheme 1.18b). The substrate scope was broad for both aryl iodides and terminal epoxides.

Stereo-retention was observed (101) using an enantiopure epoxide; pyridine (102) and styrene (103)
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were all tolerated. Note that an intramolecular ortho alkylation/ipso Heck coupling was achieved
using an alkene-tethered epoxide, which afforded 14- and 13-membered macrocycles (104 and

105). Finally, a gram-scale preparation was demonstrated using only 1 mol% Pd(OACc)a.

Scheme 1.18. Pd/NBE-Catalyzed Ortho Alkylation Reaction with Epoxides
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In 2018, the same group extended the use of in situ generated 5-norbornene-2-carboxylate in an
ortho alkylation/redox-Heck relay reaction, which allowed for a rapid construction of
tetrahydronaphthalene and indane scaffolds that contain quaternary centers (Scheme 1.19).%°
Interestingly, the C5/C6-dicarboxylic acid-derived NBE was also examined but only giving a trace
amount of product. Regarding the reaction scope, both allyl and homo-allyl alcohols could be

employed as the reagent to yield the corresponding aldehydes and ketones as the products, and
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various aryl iodides (e.g. 107 and 108) were suitable substrates. An indane-type product (108) was
obtained in moderate yield when using a shorter-linked reagent. Besides carbon linkers, substrates
bearing an oxygen linker (109) were also suitable, affording a seven-membered product albeit in
lower yield. The synthetic utility was nicely demonstrated through a concise synthesis of (£)-
eptazocine (Scheme 1.19b). The asymmetric ortho alkylation/ipso redox-relay Heck cascade has
also been investigated using a chiral phosphine ligand (L8) and an achiral C5, C6-disubstituted
smNBE (N29). Promising enantioselectivity (78% ee) was obtained albeit in 27% yield (Scheme

1.19¢).

Scheme 1.19. Ortho Alkylation/lIpso Redox-Relay Heck Cascade
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Analogous to epoxides, aziridines have also been used as electrophiles in ortho alkylation of aryl
iodides. In 2018, Liang and coworkers reported a direct annulation between aryl iodides and Ts-
aziridines to form indoline-type products using unsubstituted simple NBE (N1).>" Shortly after,
the Zhou group discovered that the C5, C6-disubstituted imide-type NBE (N29) was more
effective than other smNBEs or simple NBE for the aziridine alkylation when using olefins as the
ipso terminating reagent (Scheme 1.20).°% By large, C5-substiutted and C5,C6-disubstiuted
smNBEs were more efficient than the C2-substituted one in this reaction. Owing to a broad
substrate scope and good FG tolerance, this method provides a streamlined assembly of substituted

tetrahydroisoquinolines in a stereoselective manner from readily available starting materials.

Scheme 1.20. Aziridines as Electrophiles in Catellani-type Reactions
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Considering that sulfur-substituted aromatic compounds are widely found in pharmaceuticals,
agrochemicals, and organic materials, the ortho-thiolation of aryl halides via the Pd/NBE catalysis
has attracted significant attentions. In 2019, the Gu®® and Dong®® groups independently reported

ortho thiolation reactions of aryl iodides with different thiolating reagents (Scheme 1.21).
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Thiosulfonates and sulfenamides were used as the electrophiles by the two groups, respectively.
This also represents the first time when a heteroatom besides nitrogen was installed at the ortho
position of aryl halides via the Pd/NBE catalysis. Gu’s work features the use of a C5 aldehyde-
substituted NBE (N28), which gave a better result than simple NBE (N1). Both aryl and alkyl

thiolate moieties can be installed using this method.

Scheme 1.21. Ortho Thiolation of Aryl lodide with Thiosulfonates
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Methy! groups have played a profound role in medicinal chemistry, as the introduction of a methyl
group could potentially modulate physical properties and even conformation of drug candidates.®*
The coupling of a methyl group at the arene ortho positions via the Catellani reaction was first
reported in 2007 by Lautens using methyl iodide as the electrophile with simple NBE.%? The use
of MeONs and tetramethylammonium salts as electrophiles in the Pd/NBE catalysis were later
reported in 2018 and 2019, respectively.?%3 In 2019, the Zhou group systematically studied the
ortho methylation and trideuteriomethylation of haloarenes, and they nicely enhanced the

efficiency and expanded the scope of the reaction (Scheme 1.22).54 Besides simple NBE, the C5
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nitrile-substituted NBE (N27) was found to be an efficient and general co-catalyst. Two types of
methyl electrophiles, MeOTs and trimethylphosphate, were utilized as electrophiles. The ipso
position of substrates could be terminated by a range of olefins and nucleophiles, e.g. t-butyl
acrylate (122 and 123), arylboronic acids (124), terminal alkynes (125), zinc cyanide (126),
B2(pin)2 (127) and sodium formate as a hydride source (128), suggesting broad utilities in
modification of bioactive compounds. For the ipso hydrogenation, a C5, C6-disubstituted NBE
(N30) was found to be more effective. Finally, use of the corresponding CD3sOTs or *CH3OTs as

the electrophiles instead led to isotope-labelled methylation (123 and 128).

Scheme 1.22. Ortho Methylation of Aryl Halides
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Given that C-linked glycosides have been widely used as carbohydrate mimetics owing to their
relatively high chemical and metabolic stability compared to O-linked glycoside, developing a
transition metal-catalyzed C—H glycosylation reaction has attracted significant attentions.®® In
2020, the Liang®® and Cheng®’ groups independently realized the Pd/NBE-catalyzed ortho
glycosylation reaction of aryl iodides using glycosyl chlorides as the electrophile (Scheme 1.23).
Liang’s work features the use of a 5-norbornene-2-carbonitrile (N27), which gave a better result
than other NBEs. The major side reaction was observed to be the direct ipso Heck termination,
which was significantly inhibited using C5-substituted (N27, N36 and N38) and C5, C6-
disubstituted (N31) NBEs. In Cheng’s work a C5 anilide-substituted NBE (N44) proved to be the
optimal co-catalyst. Note that both reactions proceed in a stereoselective manner: o isomers of the

resulting C—aryl glycoside products were obtained predominantly in most examples.
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Scheme 1.23. Ortho Glycosylation of Aryl lodides
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1.4.2 Pd(Il)-Initiated Difunctionalization of Aryl Halides Involving C5-Substituted or C5,
C6-Disubstituted SmNBEs

Besides through oxidative addition of Pd(0) with aryl halides, as illustrated in Scheme 1b, the
initial aryl-Pd(11) species can also be formed through transmetallation of arylboronic acids to Pd(I1).
After the Catellani process, the Pd(Il) catalyst can be regenerated via oxidation of the Pd(0) after
ipso termination. In 2018, the Zhang® and Zhou® groups independently reported a Pd(11)-initiated
Catellani-type reaction with arylboron substrates. While simple NBE was efficient for vicinal
difunctionalization of arylboronic acids in Zhang’s method, Zhou found 5-norbornene-2-
carbonitrile (N27) was more efficient than other NBEs when using arylboronic acid pinacol esters
as substrates (Scheme 1.24a). Besides ortho alkylation, ortho arylation of arylboronic acid pinacol
esters was also realized by the Zhou group in 2019 using aryl bromides as the electrophiles, in
which a C5, C6 diester-substituted NBE (N20) proved to be optimal (Scheme 1.24b).” Air was
employed as the terminal oxidant in Zhou’s reactions, which is beneficial compared to the use of
stoichiometric metallic oxidants. In this context, a related redox-neutral arylboron-based Pd(Il)-
initiated ortho functionalization was reported by Dong’* and later Zhou'?, in which the Pd(I1) was
regenerated through a protonation process, therefore avoiding stoichiometric oxidants and bases.
A key merit of the Pd(Il)-initiated processes is the tolerance of aryl iodides and bromides that are
otherwise reactive under the Pd(0) conditions. Such orthogonal reactivity could be beneficial for

strategic planning.
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Scheme 1.24. Pd(11)-Initiated Ortho Alkylation and Arylation of Arylboronates
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1.4.3 Pd(Il)-Catalyzed Distal C—H Functionalization with C5, C6-Disubstituted SmNBEs

In 2018, the Ding group reported a meta alkylation reaction of nosyl-protected phenethylamines,

which was enabled by a C5, C6-disubstituted NBE (N32) and a simple pyridine ligand (Scheme

1.25).” Compared to Yu’s C2 ester smNBE (N9) or simple NBE, the 5,6-di-isopropyl ester-

substituted NBE (N32) afforded much enhanced yields. While high efficiency was generally

observed for using alkyl electrophiles without B-hydrogens, moderate yield was nevertheless

obtained for the ortho ethylation reaction.
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Scheme 1.25. Pd(I1)-Catalyzed Meta Alkylation of Nosyl-Protected Phenylalanines
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The concept of the distal C—H functionalization via the Pd/NBE catalysis was recently extended
to alkene substrates by the Dong group, which provides a regio- and stereo-selective preparation
of trisubstituted alkenes from 1,2-disubstituted ones (Scheme 1.26).”* Given that the 7 bond in
olefin substrates is more reactive than arene substrates and easily undergoes various n-breaking
side-reactions,? the key of this reaction was to use an appropriate combination of a DG and a NBE
cocatalyst to realize a fast and reversible proximal C—H palladation. The N-Ph-imide-based NBE
(N31) was found to be most efficient; an oxime ether-based DG proved to be superb as it can be
easily installed and removed. Both alcohol and amine-based substrates could be used. Besides
distal C—H arylation, alkylation with a-halogenated esters was realized in good yield under slightly

modified conditions (143).
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Scheme 1.26. Pd(I1)-Catalyzed Distal Alkenyl C—H Functionalization
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smMNBEs generally exhibit similar

remarkably improved efficiency can

nevertheless be observed in many cases shown above. Compared to C1- and C2-substituted

smNBEs, the effect of the C5/C6 substituents that are distal to the reactive site remains to be well

understood, which could be an important topic to be explored in the future.
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1.5 Conclusion and Outlook

In summary, the Pd/NBE cooperative catalysis has emerged as a powerful tool for regio- and site-
selective functionalization of arenes, heteroarenes and alkenes, and SmNBEs have significantly
contributed to the growth of this field. Many breakthroughs, including broader scope, better
reactivity, higher selectivity, and new applications, have been realized, and some intrinsic
limitations have been overcome owing to these structural modifications on the NBE scaffold. For
example, the ortho constraint in the Catellani-type reactions was addressed using the C1-
substituted SMNBE; the meta constraint and the problem of forming norbornyl benzocyclobutene
side-products were solved by the C2-substituted SmNBEs; enhanced reaction efficiency can be
achieved through modifying the NBE C5 and C6 positions. In addition, the Pd/NBE-catalyzed
alkene C—H functionalization and enantioselectivity transformations have also been enabled by

SMNBEs.

Despite the enormous achievements made to date, future advancement in the field of Pd/NBE
catalysis would benefit from developing more versatile SWMNBEs. First, the catalyst efficiency in
most reactions still requires further improvement. Due to the complex nature of the Catellani-type
reactions, the amounts of NBE or SmNBEs used are typically 50% or higher, and the loading of
Pd pre-catalysts is often 10 mol%. It is anticipated that deep and systematic mechanistic
understanding of these reactions could guide development of more efficient catalyst systems. In
addition, it would be attractive to realize more synthetically useful enantioselective
transformations. Given that most of the SmMNBES contain a chiral skeleton, there is sufficient room
for developing new asymmetric Pd/NBE catalysis methods. Moreover, the applicability of the
Pd/NBE catalysis would be aided by a broadened reaction scope. For example, discovery of new

and compatible electrophiles for ortho functionalization has been an ongoing challenge. These
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“tailor-made” smNBEs with fine-tuned steric and electronic properties are expected to become a
key factor for accommodating unusual electrophiles that are currently unknown for the Catellani-
type reactions. It is our expectation that, through addressing these challenges, the Pd/NBE catalysis
could ultimately become one of the “go-to” methods for preparing polysubstituted arenes and

alkenes in the future.
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CHAPTER 2

Direct Annulation between Aryl lodides and Epoxides via Palladium/Norbornene

Cooperative Catalysis

2.1 Introduction

Dihydrobenzofuran (DHBF) moiety is frequently found in pharmaceuticals and agrochemicals
(Fig. 2.1).t While a number of methods are available for its synthesis, only a few can directly give
DHBFs from simple starting materials.? For example, DHBFs can be synthesized via a sequence
of ortho-allylation of phenols and then hydroalkoxylation,® in which strong bases and/or acids are
used (Scheme 2.1a). A (3+2) coupling between benzynes and epoxides appears to be a more
attractive approach; however, the poor regioselectivity with unsymmetrical benzynes and the need
for more reactive aryl epoxides limited its application.* Hence, a general approach that can
synthesize DHBFs directly from readily available feedstock chemicals remained to be realized. In

this communication, we describe the development of a simple and direct DHBF synthesis method

55



through annulation between aryl iodides and terminal epoxides via palladium/norbornene (NBE)

cooperative catalysis (Scheme 2.1b).

Figure 2.1 Bioactive Compounds Containing DHBFs
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Pd/NBE catalysis, namely Catellani reaction, has recently emerged as a powerful approach for
vicinal bis-functionalization of arenes.® Using simple aryl iodides as substrates, a number of
nucleophiles and electrophiles have been coupled at the ipso and ortho positions respectively
through selective reactions with the aryl-NBE-palladacycle (ANP) intermediate (Fig. 2.2).5%0 In
particular, Lautens and coworkers have developed a suite of elegant annulation methods through

tethering an electrophile with a nucleophile for synthesis of various benzo-fused rings.*
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Scheme 2.1. Synthesis of DHBFs
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2.2 Results and Discussion

2.2.1 Reaction Discovery and Optimization

Despite the successful cyclization with highly strained 2H-azirines (44-48 kcal/mol),'!9 the use of
simple epoxides as the coupling partner in Pd/NBE catalysis has not been reported. The challenge
is three-fold. First, activation of epoxides typically requires acids or Lewis acids,'? while the
Pd/NBE catalysis operates under slightly basic conditions. Second, the alkoxide generated from
epoxide ring opening (step E, Fig. 2.2) is an excellent hydride donor and can lead to ipso reduction
via B-hydrogen elimination.”"8% Third, coupling with oxygen nucleophiles with -hydrogen has
not been reported previously for PA/NBE catalysis, likely due to the difficulty of the C—O bond

reductive elimination versus B-hydrogen elimination (steps G and H, Fig. 2.2).

To address the aforementioned challenges, we propose that 1) use of polar aprotic solvents would
promote Sn2-type ring opening of epoxides; and 2) use of a sterically hindered phosphine ligand,
such as Buchwald’s ligands, would inhibit B-hydrogen elimination and promote the C—O reductive
elimination.®® Indeed, after a careful survey of the reaction parameters, the desired DHBF product
3aa was observed with RuPhos/DMF as the ligand/solvent combination (Table 2.1). Use of less
polar solvents (entries 2 and 3) or other mono-dentate phosphines (entries 6 and 7) gave no
annulation product. An improved yield (74%) was obtained using 5 mol% Buchwald’s Ruphos-
Pd-G4 precatalyst.** While regular NBE (N1) provided the desired annulation product (entry 9),
multi-NBE insertion became the major side reaction, as the ANP intermediate is known to react
further with additional NBE when the electrophile is not reactive enough.*® Thus, we hypothesized
that use of a less reactive NBE, such as those with a substitution at the C2 position, would hinder
the multi-NBE insertion pathway. To our delight, the isopropyl ester-derived NBE (N4) was found

to be most efficient for this transformation.'® NBEs with less sterically hindered ester groups (N2
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and N3) gave lower yields, while bulky t-butyl-ester substituted one (N5) significantly diminished
the reactivity. Interestingly, the CFs-substiutted NBE (N8) still afforded the desired product albeit
in a low yield. It is noteworthy that, while most prior Pd/NBE catalyzed reactions require a high
loading or excess NBE, only 20 mol% N4 was found sufficient in this reaction. NaOAc proved to
be an optimal base (entries 10 and 11). While 4 equiv of epoxide 2a was used due to its volatility,

reducing the loading to 2 equiv still provided DHBF 3aa in 57% vyield (entry 12).

Table 2.1. Control Experiments for Annulation with Epoxides

() N4 (20 mol%) Me | O ?Ms |
RuPhos-Pd-G4 (5 mol%) o : Pd~ !
(j/ Wnsu NaOAc (150 mol%) : i RuPhos

DMF (0.1 M), 120 °C e NMe
"standard condition” 3aa ! 1
' RuPhos—Pd—G4}}
Entry Change from the "standard condition™ Yield [%]?
1 none 74
2 toluene instead of DMF 0
3 dioxane instead of DMF 0
4 no RuPhos-Pd-G4 0
5 Pd(OAc), + RuPhos 41
6 Pd(OAc), + PPhj 0
7 Pd(OAc), + P(furyl); 0
8 no N4 0
9 other NBEs see below
10 no NaOAc 0
1 KOAc instead of NaOAc 0
12 2.0 equiv of 2a 57
e A%—o\_m #) O OYMG
N1 13% N2 63% N3 63% N4 74% M©
;/ \ ; \\N @) CF3
N5 <10% N6 0% N7 0% N8 18%

aThe reaction was run with 0.1 mmol 1a and 0.4 mmol 2a in 1 mL DMF for 24h. ®Yields are

determined by *H NMR Spectrum analysis using 1,3,5-trimethoxybenzene as the internal standard.
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2.2.2 Substrates Scope

With the optimal reaction conditions in hand, the scope of the aryl iodides was examined first
(Table 2.2). To our delight, substrates with electron-donating and -withdrawing groups all worked
well giving the direct annulation products in moderate to excellent yields. One important feature
of this transformation is that a variety of functional groups, including alkyl, TBS-silyl protected
benzyl alcohol, methyl ester, methoxy, fluoride, chloride, amide, Weinreb amide and free tertiary
alcohol, were all tolerated (3ba-3ma). It is worthy to mention that aryl chloride (3ia), which is
reactive under the Pd/RuPhos conditions, survived in this reaction.* Notably, polyaryl iodide
(3na) and heteroaryl iodide (30a) were also suitable substrates. Furthermore, more complex
estrone-derived substrate (3pa) is competent in this transformation, giving the desired DHBF in

59% yield. Altogether, this method exhibits excellent chemoselectivity.

Next, the scope of epoxides was explored (Table 2.3).17 Direct annulation with simple ethylene
oxide, propyl oxide and other 2-alkyloxiranes occurred smoothly (3ab-3ae). Epoxides containing
phenyl, ether or ester moieties all delivered the products in good to excellent yields (3ag-3al). Note

that benzyl ether (3ag) and furan (3aj) are compatible under the reaction conditions.
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Table 2.2. Substrates Scope with Aryl iodides?

Me Me
| () N4 (20 mol%) o
| - 0,
R! . O: nBu RuPhos-Pd-G4 (10 mol%) R nBu
NaOAc (150 mol%)
1a-p 2a DMF (0.1 M), 120 °C 3aa-3pa
Me Et Me Me
O O 0
nBu nBu nBu
3aa, 76%" 3ba, 79%” 3ca, 55%"
OTBS CO,Me Me
o o MeO o)
nBu nBu nBu
3da, 65% 3ea, 50%° 3fa, 74%
Me Me Me
F 0 0 0
nBu nBu nBu
F Cl
3ga, 73% 3ha, 44% 3ia, 48%
Me Me Me
0 o) o]
m”BU nBu QMe nBu
MeO,C Me,N MeN
3ja, 95% o 3ka, 86% o 3la 81%
I ()
(e} O
nB
Me u O nBu nBu
HO
Me 3ma, 61% 3na, 87%
Me
o~ X
(0] G :'
H
o/ C
Bu 3pa, 59%
dr 1:1

4All reactions were run with 0.3 mmol la-p and 1.2 mmol 2a in 3 mL DMF for 24h. Isolated
yields are reported. 5.0 mol% of RuPhos-Pd-G4 was used. ©20 mol% of RuPhos-Pd-G4 was used.



Table 2.3. Substrates Scope with Epoxides®

Me Me

| () N4 (20 mol%) o
(0] RuPhos-Pd-G4 (10 19
. Q—Rz uPhos (10 mol%) R?
NaOAc (150 mol%)

1a 2b-l DMF (0.1 M), 120 °C 3ab-3al
Me Me Me

O, (e} O,

Me Et

3ab, 75%® 3ac, 72%" 3ad, 68%®°
Me Me Me

(0] O 0

CgH17
Ph OBn

3ae, 66%" 3af, 82% 3ag, 90%
Me Me

o] /L'%"‘/ e o]

i VA —
= 3 ./ \“-*\ N
)--f ,J’-—&f'
OPh 3\ X e} Cl
3ah, 90% = 3ai, 84%
Me N Me 0 Me
O P s o
0 Me OtBu
3aj, 73% 3ak, 46% 3al, 85%

aAll reactions were run with 0.3 mmol 1a and 1.2 mmol epoxide in 3 mL DMF for 24h. Isolated

yields are reported. °5.0 mol% of RuPhos-Pd-G4 was used.

2.2.3 Synthetic Utility

The synthetic utility of this method was first demonstrated by gram-scale preparations. The
reaction is scalable (Eq 1 and 2). Using 1.75 g of aryl iodide 1a (8.0 mmol), DHBF 3aa was
isolated in 80% yield with only 4.0 mol% [Pd]. Also, another DHBF 3ja was obtained in 99%
yield when using 1.38g of 1j (5.0 mmol) and epoxide 2a. Inaddition, when an enantiopure epoxide
(S)-2h was used, the annulation reaction proceeded with stereo-retention and afforded chiral

DHBF 3ah* in 99% ee with 89% yield (Eqg 3). Given the wide availability of enantiopure epoxides,
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this transformation is anticipated to be useful for building chiral complex target molecules with

DHBF moieties.

1a 2a
1.75 g (8.0 mmol)

Me
! (e}
+ | >—nBu
MeO,C
1j 2a

1.38 g (5.0 mmol)

Me
[
+ O
>
OPh
1a (S)-2h

99% ee

(+) N4 (20 mol%) Me

RuPhos-Pd-G4 (4 mol%) 0
nBu (1)

NaOAc (150 mol%)
DMF (0.1 M), 120 °C 3aa
1.22 g, 80%

(+) N4 (20 mol%) Me

RuPhos-Pd-G4 (10 mol%)

O
nBu (2)
MeOQC

NaOAc (150 mol%)

DMF (0.17 M), 120 °C 3ja
1.23 g, 99%
() N4 (20 mol%) Me

RuPhos-Pd-G4 (10 mol%)

NaOAc (150 mol%)
DMF (0.1 M), 120 °C
0.3 mmol scale

@)
AN )|
OPh

3ah*
89%, 99% ee

Finally, the synthetic utility of this method is demonstrated in a concise synthesis of fufenozide

(Scheme 2.2),' which is a novel insect growth regulator showing high insecticidal activities

towards plutella, xylostella and mythimna.® Starting from the commercially available aryl iodide

1qg and propyl oxide 2c, their direct annulation provided the key DHBF intermediate (3qc) in 85%

yield. Subsequent hydrolysis and peptide coupling with hydrazine 5 accomplished the synthesis of

fufenozide in an excellent yield.
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Scheme 2.2. Synthesis of Insecticide Fufenozide

(0]

Me O [>—Me Me O
I RuPhos-Pd-G4 (10 mol%) o
OMe N4 (20 mol%) Me OMe NaOH (10%)
NaOAc (150 mol%) 1009"3/, 3h
1q DMF, 120°C, 3 h 3qc °
85%
Me
1. (COCI),, DMF (cat.) Me O
Me O fBu o oH
N Me Me
0 .
M N Me o
© H (@) {BU 4
Fufenozide H2N’N Me
insecticide o 5
Et;N
88%
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2.3 Conclusion

In summary, a direct annulation between aryl iodides and epoxides is developed via Pd/NBE
cooperative catalysis. A variety of 2,3-dihydrobenzofuran derivatives was obtained in moderate to
excellent yield. The use of easily available reactants, high chemo-selectivity and scalability should
make this method attractive for practical applications. The discovery of an asymmetric reaction

with an enantiopure NBE should have broad implications beyond this work.
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2.4. Experimental Procedures and Characterization Data

2.4.1 General Information

Unless noted otherwise, all solvents were dried by filtration through a Pure-Solv MD-5 Solvent
Purification System (Innovative Technology). Dimethylformamide was then vacuum-distilled
freshly over calcium hydride and carefully freeze-pump-thawed. Reaction temperatures were
reported as the temperatures of the bather surrounding the flasks or vials. Sensitive reagents and
solvents were transferred under nitrogen into a nitrogen-filled glovebox with standard techniques.
Sodium acetate was purchased from STREM, stored and used directly in the glovebox. Analytical
thin-layer chromatography (TLC) was carried out using 0.2 mm commercial silica gel plates (silica
gel 60, F254, EMD chemical). Vials (15 x 45 mm 1 dram (4 mL) with PTFE lined cap attached)
were purchased from Qorpak and flame-dried and cooled in a desiccator prior to usage. High
resolution mass spectra (HR-MS) were recorded on an Agilent 6530 LC Q-TOF mass spectrometer
using electrospray ionization with fragmentation voltage set at 115 V and processed with an
Agilent MassHunter Operating System. Infrared spectra were recorded on a Nicolet 380 FTIR
using neat thin film technique. Nuclear magnetic resonance spectra (*H NMR and *3C NMR) were
recorded with a Bruker DMX 400 (400 MHz, H at 400 MHz, *3C at 101 MHz) or Bruker Model
DMX 500 (500 MHz, *H at 500 MHz, *3C at 126 MHz). Chemical shifts were reported in parts per
million (ppm, 6), downfield from tetramethylsilane (TMS, 6=0.00ppm) and were referenced to
residual solvent (CDCls, 5=7.26 ppm (*H) and 77.00 ppm (*3C)). All the *°F chemical shifts were
not referenced. Coupling constants were reported in Hertz (Hz). Data for *H NMR spectra were
reported as follows: chemical shift (ppm, referenced to protium, s = singlet, d = doublet, t = triplet,

g = quartet, quin = quintet, dd = doublet of doublets, td = triplet of doublets, ddd = doublet of
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doublet of doublets, m = multiplet, coupling constant (Hz), and integration). All other materials

were obtained from Sigma-Aldrich Corporation or Combi-Blocks Inc and were used as received.

2.4.2 Preparation of Aryl lodide 1k

Scheme 2.3. Preparation of Aryl lodide 1k

Me Me
| EDC, DMAP I
N-methyl morpholine
+ Me,NH -HCI y P MesN
i 2
HO,C DCM, rt, overnignt -
(0]

4-lodo-3-methylbenzoic acid (2.6 g, 10.0 mmol, 1.0 equiv), dimethylamine hydrochloride (0.90 g,
11.0 mmol, 1.1 equiv), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (2.30 g,
12.0 mmol, 1.2 equiv), 4-dimethylaminopyridine (122 mg, 1.0 mmol, 10 mol%) and N-methyl
morpholine (1.01 g, 10.0 mmol, 1.0 equiv) were dissolved in dichloromethane (30 mL). Then the
reaction mixture was stirred at room temperature. After 12 h it was diluted with diethyl ether,
washed with water and brine, dried over MgSOs, and then purified on silica gel (hexanes/ethyl

acetate = 2:1) to afford 1k as a colorless oil (2.6 g, 90%).

Me

|
MezN

0]

1k: Colorless o0il (90%). Rt = 0.1 (hexane/ethyl acetate = 5:1). *H NMR (500 MHz, CDCls) § 7.78
(d, J=8.1Hz, 1H), 7.25 (s, 1H), 6.86 (dd, J = 8.1, 2.2 Hz, 1H), 3.04 (s, 3H), 2.92 (s, 3H), 2.40 (s,

3H). BC NMR (126 MHz, CDCls) & 170.67, 141.78, 138.84, 136.39, 128.21, 125.80, 102.43,

67



39.54, 35.33, 28.09. IR (KBr): v 3486, 3016, 2925, 1633, 1444, 1396, 1261, 1180, 1090, 1014,

825, 754 cm™. HRMS (ESI): Calculated for C10H130NI (M+H"): 290.0036, found: 290.0044.

2.4.3 Preparation of Substituted NBEs (N2—-N8)

N220, N6%%, N722 was prepared following the literature reported procedures.

Scheme 2.4. Preparation of N8

OH

0 CF
3
@ + TMSCF, — 1BAF @
THF, 0 °C - rt.
OH
CF, POCly hCH
pyrindine ()

120 °C, 48 h N8
A mixture of norcamphor (3.3 g, 30 mmol, 1.0 equiv) and TMSCF3 (5.1 g, 36 mmol, 1.2 equiv) in
30 mL of THF cooled to 0 °C was treated with TBAF (60 mg, 0.23 mmol, 0.77 mol%).% The
reaction mixture was brought to ambient temperature and stirred for 12 h. Then 3 mL 4 M
hydrochloric acid was added to the reaction mixture to hydrolyze the resulting siloxy compound.
After the reaction, the mixture was extracted with ether (75 mL), and the ether extracts were
washed with water (50 mL) and brine (50 mL), dried over MgSQs, concentrated under vaccum
and then purified on silica gel (pentane/Et.O = 20:1) to afford the 2-hydroxy-2-

trifluoromethylnorbornane in 89% yield.

2-Hydroxy-2-trifluoromethylnorbornane (18.0 g, 100 mmol) and phosphoryl chloride (46.0 g, 300
mmol) were dissolved in 200 mL pyridine. The reaction was stirred at 120 °C for 48 h. Then the
mixture was diluted with diethyl ether, and the diluted solution was slowly poured into 200 mL

mixture of 4M hydrochloric acid and ice at 0° C with vigorous stirring. Subsequently, the aqueous
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layer was extracted three times with diethyl ether and the combined organic layers was dried over
MgSO4 and concentrated under reduced pressure. Then the crude mixture was purified through
vacuum distillation to afford the desired product N8 in 16% yield. Both the *H NMR and *C NMR

match the literature reported data.?*

Scheme 2.5. Preparation of C2 Ester-Substituted NBES

CO,Me  KOH (30% aq) Lli\//COZH
LIE; () 50 °C, overnight #)

N2

} COLH %’hcom ROH, pyridine hwﬁ
—_—
@) DCM, 0 °C - rt. (*) *)

Methy! ester substituted NBE N2 (152 mg, 0.1 mmol) was added to a 4 mL vial charged with a

stir bar. Then 2.0 mL of 30% aqueous KOH solution was added and the reaction mixture was
stirred at 50 °C for 12 h until the disappearance of N2 was confirmed by TLC. After the reaction
was done the mixture was diluted to 10 mL with water and then washed with diethyl ether for two
times. The aqueous layer was acidified using 4 M hydrochloric acid and then extracted with
dichloromethane for three times. The combined organic layers were dried over MgSQOs and the
solvent was removed under reduced pressure to afford the desired NBE-CO2H, which was used

directly in the next step without further purification.

To asolution of NBE-CO2H (276 mg, 2.0 mmol, 1.0 equiv) and 1 drop of DMF in dichloromethane
(1.0 mL) was added oxalyl chloride (267 mg, 2.1 mmol, 1.05 equiv) dropwise at 0 °C. The reaction
mixture was stirred at room temperature for another 1 h until the bubbling stopped. A mixture of

the corresponding alcohol (3.0 mmol, 1.5 equiv) and pyridine (475 mg, 6.0 mmol, 3.0 equiv) was
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then added and the reaction was stirred for another 3 h until it was completed. The organic layer
was washed with 1 M hydrochloric acid and then concentrated under vacuum. The corresponding

ester substituted NBE was isolated by column (hexane/Et,0 = 20:1).

AX\?/COZB
()

CAS: 15023-43-5

N3: Colorless oil (47%). Ri = 0.5 (hexane/ethyl acetate = 20:1). *H NMR (500 MHz, CDCls) &
7.26 (d, J = 3.1 Hz, 1H), 4.53 (g, J = 7.0 Hz, 2H), 3.61 (s, 1H), 3.36 (s, 1H), 2.09 (dtt, J = 15.1,
11.6, 7.6 Hz, 2H), 1.83 (d, J = 8.5 Hz, 1H), 1.64 (t, J = 7.1 Hz, 3H), 1.54 (d, J = 8.6 Hz, 1H), 1.44
(tdt, J =7.6,5.1, 2.3 Hz, 2H). 3C NMR (101 MHz, CDCl3) 5 165.10, 146.78, 141.21, 60.15, 48.33,
43.61, 42.03, 24.78, 24.65, 14.48. IR (KBr): v 2977, 2874, 1712, 1596, 1370, 1341, 1278, 1258,
1160, 1079, 753 cm™. HRMS (ESI): Calculated for C1oH1502 (M+H*): 167.1067, found: 167.1061.

Both the *H NMR and *3C NMR match the literature reported data.?

AXJ/COZiPr
(%)

N4: Colorless oil (78%). Rt = 0.6 (hexane/ethyl acetate = 20:1). *H NMR (500 MHz, CDCl3) &

6.88 (d, J = 3.2 Hz, 1H), 5.05 (hept, J = 6.1 Hz, 1H), 3.24 (s, 1H), 3.00 (s, 1H), 1.74 (th, J = 13.0,
3.3 Hz, 2H), 1.52 — 1.43 (m, 1H), 1.26 (dd, J = 6.3, 4.1 Hz, 6H), 1.18 (d, J = 8.7 Hz, 1H), 1.07 (dt,
J=17.4, 2.3 Hz, 2H). 3C NMR (101 MHz, CDCl3) & 164.68, 146.41, 141.62, 67.33, 48.29, 43.58,
42.02, 24.82, 24.67, 22.10. IR (KBr): v 2978, 2874, 1707, 1279, 1259, 1163, 1110, 1076, 753 cm’

! HRMS (ESI): Calculated for C11H1702 (M+H*): 181.1223, found: 181.1219.
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Lb/COZtBu
()

N5: White solid (50%). Rt = 0.6 (hexane/ethyl acetate = 20:1). Mp = 51.6 — 52.8 °C. 'H NMR
(500 MHz, CDCl3) § 6.79 (d, J = 3.1 Hz, 1H), 3.19 (s, 1H), 2.98 (s, 1H), 1.78 — 1.68 (m, 2H), 1.48
(s, 10H), 1.16 (d, J = 8.5 Hz, 1H), 1.07 (qd, J = 8.5, 2.2 Hz, 2H). 13C NMR (101 MHz, CDCl3) &
164.56, 145.64, 142.78, 80.01, 48.30, 43.53, 42.05, 28.37, 24.88, 24.66. IR (KBr): v 2976, 2873,
1702, 1596, 1284, 1260, 1154, 1077, 756 cm™. HRMS (ESI): Calculated for C12H150,Na (M+Na*):

217.1199, found: 217.1184.

2.4.4 General Procedure of Palladium and Norbornene Catalyzed Direct Annulation
Reaction

Scheme 2.6. Direct Annulation Reaction via Pd/NBE Catalysis

M CO,iPr
e | (+) N4 (20 mol%) Me
R1©/ . Os ge RuPhos Pd G4 (5 mol%) R1@EO>,R2
0,
1a 2a NaOAc (150 mglA: ) 3aa
1.0 equiv 4.0 equiv DMF (0.1 M), 120 °C, 24 h 0.3 mmol scale

A flame-dried 4.0 mL vial was charged with RuPhos Pd G4 (12.8 mg, 0.015 mmol, 5 mol%), aryl
iodide (0.3 mmol, 1.0 equiv) and NaOAc (36.9 mg, 0.45 mmol, 1.5 equiv). Then the vial was
directly transferred into a nitrogen-filled glovebox without caps. After that N4 (10.8 mg, 0.06
mmol, 20 mol%) and epoxides (1.2 mmol, 4.0 equiv) was added, 3 mL of degassed DMF was
added to the vial. Then the vial was tightly sealed, transferred out of glovebox and stirred on a pie-
block preheated to 120 °C for 24 hours. After completion of the reaction, the mixture was filtered

through a thin pad of celite. The filter cake was washed with dichloromethane and diethyl ether,
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and the combined filtrate was concentrated. The residue was loaded to a small amount of silica gel

and then purified by flash column chromatography on silica gel to give the desired product.

(0]
nBu

3aa: Pale yellow oil (76%). Rs = 0.4 (hexane/ethyl acetate = 40:1). 'H NMR (400 MHz, CDCls) &
7.00 (d, J = 6.9 Hz, 1H), 6.93 (ddq, J = 7.5, 1.5, 0.8 Hz, 1H), 6.74 (t, J = 7.4 Hz, 1H), 4.76 (dddd,
J=8.9,7.8,6.9, 6.2 Hz, 1H), 3.28 (dd, J = 15.4, 8.9 Hz, 1H), 2.86 (dd, J = 15.4, 7.8 Hz, 1H), 2.22
(s, 3H), 1.93 — 1.79 (m, 1H), 1.73 — 1.62 (m, 1H), 1.55 — 1.34 (m, 4H), 0.95 (t, J = 7.1 Hz, 3H).
13C NMR (126 MHz, CDClIs) & 158.17, 129.19, 126.31, 122.36, 119.99, 119.55, 83.09, 36.02,
35.93, 27.74, 22.80, 15.41, 14.20. IR (KBr): v 3025, 2956, 2931, 2859, 1599, 1467, 1260, 1186,

759 cm™. HRMS (ESI): Calculated for C13H190 (M+H"): 191.1430, found: 191.1428.

(0]
nBu

3ba: Pale yellow oil (79%). Rt = 0.4 (hexane/ethyl acetate = 40:1). *H NMR (400 MHz, CDCls) §

7.02 (dt, J = 7.3, 1.3 Hz, 1H), 6.97 (dp, J = 7.5, 0.8 Hz, 1H), 6.78 (t, J = 7.4 Hz, 1H), 4.82 — 4.72
(m, 1H), 3.35 — 3.22 (m, 1H), 2.93 — 2.81 (m, 1H), 2.62 (qd, J = 7.5, 1.6 Hz, 2H), 1.93 — 1.79 (m,
1H), 1.68 (ddt, J = 13.2, 11.1, 5.4 Hz, 1H), 1.58 — 1.34 (m, 4H), 1.24 (tt, J = 7.4, 0.9 Hz, 3H), 0.96

(ddd, J = 7.4, 6.2, 1.0 Hz, 3H). 3C NMR (126 MHz, CDCls) § 157.73, 127.43, 126.48, 125.91,
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122.43, 120.10, 83.01, 36.02, 35.86, 27.71, 23.16, 22.80, 14.19, 14.11. IR (KBr): v 3049, 2959,
2930, 2872, 2859, 1596, 1455, 1265, 1190, 740 cm™. HRMS (ESI): Calculated for CisH210

(M+H"): 205.1587, found: 205.1592.

(0]
nBu

3ca: Pale yellow oil (55%). Rt = 0.5 (hexane/ethyl acetate = 40:1). *H NMR (400 MHz, CDCls) §
7.03 - 6.98 (M, 2H), 6.83 — 6.77 (M, 1H), 4.77 (dtd, = 9.0, 7.2, 6.0 Hz, 1H), 3.28 (ddt, J = 15.4,
9.0, 0.9 Hz, 1H), 3.10 (hept, J = 6.9 Hz, 1H), 2.86 (ddt, J = 15.4, 7.5, 1.0 Hz, 1H), 1.85 (dddd, J =
13.4, 9.9, 7.0, 5.2 Hz, 1H), 1.73 — 1.61 (m, 1H), 1.55 — 1.35 (m, 4H), 1.26 (dd, J = 6.9, 2.6 Hz,
6H), 0.95 (t, J = 7.1 Hz, 3H). 3C NMR (101 MHz, CDCls) & 157.19, 130.46, 126.60, 124.82,
122.34, 120.13, 82.91, 36.01, 35.79, 28.48, 27.73, 22.79, 22.49, 22.34, 14.22. IR (KBr): v 3049,
2958, 2871, 1595, 1451, 1301, 1188, 994, 868, 740 cm™. HRMS (ESI): Calculated for C15H230

(M+H"): 219.1743, found: 219.1745.

3da: Pale yellow oil (65%). Rt = 0.4 (hexane/ethyl acetate = 40:1). *H NMR (400 MHz, CDCls) 6
7.23(d, J = 7.6 Hz, 1H), 7.05 (d, J = 6.6 Hz, 1H), 6.83 (t, J = 7.5 Hz, 1H), 4.82 — 4.70 (m, 3H),
3.26 (dd, J = 15.4, 8.9 Hz, 1H), 2.84 (dd, J = 15.4, 7.7 Hz, 1H), 1.90 — 1.77 (m, 1H), 1.66 (ddt, J

=13.4,10.1, 5.5 Hz, 1H), 1.55 - 1.32 (m, 4H), 0.98 — 0.90 (m, 12H), 0.11 (s, 6H). 3C NMR (101
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MHz, CDCl3) 6 156.31, 126.42, 125.98, 123.41, 123.24, 120.10, 83.63, 60.08, 36.00, 35.58, 27.68,
26.14,22.79, 18.61, 14.19, -5.13. IR (KBr): v 2956, 2930, 2857, 1456, 1258, 1190, 1108, 837, 776

cm. HRMS (ESI): Calculated for C19H320,SiNa (M+Na*): 343.2064, found: 343.2055.

3ea: Yellow oil (50%). Rs = 0.2 (hexane/ethyl acetate = 40:1). *H NMR (400 MHz, CDCls) § 7.06
(d, J = 7.3 Hz, 1H), 7.00 (dd, J = 7.6, 0.7 Hz, 1H), 6.77 (d, J = 7.4 Hz, 1H), 4.77 (dtd, J = 9.0, 7.2,
5.9 Hz, 1H), 3.70 (s, 3H), 3.60 (s, 2H), 3.29 (dd, J = 15.4, 9.0 Hz, 1H), 2.86 (dd, J = 15.5, 7.4 Hz,
1H), 1.81 (dddd, J = 13.5, 12.3, 6.3, 3.1 Hz, 1H), 1.64 (ddt, J = 13.5, 11.7, 4.8 Hz, 1H), 1.52 —
1.32 (m, 4H), 0.98 — 0.87 (m, 3H). 13C NMR (101 MHz, CDCls) § 172.05, 158.13, 129.00, 126.94,
124.02, 120.19, 115.78, 83.47, 52.06, 35.93, 35.79, 35.19, 27.59, 22.74, 14.18. IR (KBr): v 2954,
2922, 2960, 1742, 1460, 1435, 1248, 1188, 1155, 755, 668 cm™. HRMS (ESI): Calculated for

C1sH2103 (M+H*): 249.1485, found: 249.1477.

Me

MeO 0
nBu

3fa: Pale yellow oil (74%). Rs = 0.4 (hexane/ethyl acetate = 40:1). *H NMR (500 MHz, CDCls) 6

6.90 (d, J = 8.0 Hz, 1H), 6.34 (d, J = 8.1 Hz, 1H), 4.76 (dt, J = 14.9, 7.1 Hz, 1H), 3.80 (s, 3H),
3.22 (dd, J = 14.9, 8.8 Hz, 1H), 2.80 (dd, J = 14.9, 7.7 Hz, 1H), 2.08 (s, 3H), 1.92 — 1.78 (m, 1H),

1.75 — 1.61 (m, 1H), 1.55 — 1.31 (m, 4H), 0.94 (t, J = 7.0 Hz, 3H). 3C NMR (101 MHz, CDCls)
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0 159.21,158.14, 121.30, 118.97, 108.43, 102.14, 84.03, 56.03, 36.03, 35.50, 27.76, 22.80, 14.20,
8.70. IR (KBr): v 2933, 2859, 1625, 1604, 1489, 1268, 1152, 1113, 967, 783 cm™*. HRMS (ESI):

Calculated for C14H2102 (M+H™): 221.1536, found: 221.1538.

F 0
nBu

3ga: Pale yellow oil (73%). Rs = 0.6 (hexane/ethyl acetate = 40:1). *H NMR (500 MHz, CDCls) &

6.88 (d, J = 7.9 Hz, 1H), 6.49 (dd, J = 9.9, 8.1 Hz, 1H), 4.80 (dt, J = 14.9, 7.5 Hz, 1H), 3.22 (dd,
J=15.0, 9.0 Hz, 1H), 2.81 (dd, J = 15.1, 7.8 Hz, 1H), 2.11 (d, J = 1.6 Hz, 3H), 1.90 — 1.78 (m,
1H), 1.71 — 1.60 (m, 1H), 1.54 — 1.33 (m, 4H), 0.94 (t, J = 7.0 Hz, 3H). 3C NMR (126 MHz,
CDCls) 8 161.54 (d, J = 240.6 Hz), 159.41 (d, J = 10.2 Hz), 121.66 (d, J = 10.5 Hz), 121.49 (d, J
= 2.6 Hz), 107.66 (d, J = 22.2 Hz), 106.31 (d, J = 23.9 Hz), 84.66, 35.98, 35.48, 27.68, 22.76,
14.16,7.94 (d, J = 4.2 Hz). 9F NMR (470 MHz, CDCls) § -121.15. IR (KBr): v 2957, 2931, 2860,
1628, 1607, 1487, 1455, 1079, 968, 793 cm™. HRMS (ESI): Calculated for C13H1s0F (M+H™):

209.1336, found: 209.1336.

Me

(0]
nBu
F

3ha: Pale yellow oil (44%). Rt = 0.5 (hexane/ethyl acetate = 40:1). *H NMR (500 MHz, CDCls) &

6.65 (dd, J = 26.5, 8.9 Hz, 2H), 4.75 (p, J = 7.1 Hz, 1H), 3.23 (dd, J = 15.6, 8.8 Hz, 1H), 2.83 (dd,

J=156, 7.9 Hz, 1H), 2.17 (s, 3H), 1.89 — 1.76 (m, 1H), 1.71 — 1.60 (m, 1H), 1.53 — 1.31 (m, 4H),
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0.93 (t, J = 6.9 Hz, 3H). *C NMR (101 MHz, CDCl3) § 157.01 (d, J = 235.8 Hz), 153.93 (d, J =
1.4 Hz), 127.11 (d, J = 9.2 Hz), 119.96 (d, J = 8.2 Hz), 115.03 (d, J = 23.5 Hz), 109.03 (d, J = 24.4
Hz), 83.44, 36.02 (d, J = 1.9 Hz), 35.77, 27.55, 22.64, 15.37 (d, J = 1.3 Hz), 14.05. 19F NMR (470
MHz, CDCl3) § -125.69. IR (KBr): v 2957, 2931, 2860, 1478, 1202, 1116, 964, 856, 805, 716 cm’

! HRMS (ESI): Calculated for C13H170FNa (M+Na*): 231.1156, found: 231.1167.

(0]
nBu
Cl

3ia: Pale yellow oil (48%). Rt = 0.6 (hexane/ethyl acetate = 40:1). *H NMR (400 MHz, CDCls) &

6.95 — 6.86 (M, 2H), 4.76 (dddd, J = 9.0, 7.8, 6.9, 6.1 Hz, 1H), 3.24 (dd, J = 15.6, 8.9 Hz, 1H),
2.82 (dd, J = 15.6, 7.7 Hz, 1H), 2.16 (s, 3H), 1.82 (dddd, J = 13.2, 9.9, 6.9, 4.9 Hz, 1H), 1.71 —
1.60 (m, 1H), 1.52 — 1.32 (m, 4H), 0.93 (t, J = 7.1 Hz, 3H). 3C NMR (101 MHz, CDCl3) § 156.86,
128.86, 127.99, 124.31, 122.35, 120.81, 83.70, 35.90, 35.82, 27.63, 22.75, 15.33, 14.18. IR (KBr):
12957, 2931, 2860, 1467, 1200, 956, 860, 778, 720 cm™:. HRMS (ESI): Calculated for C13H10ClI

(M+H"): 225.1041, found: 225.1048.

Me

(0]
nBu
MGOZC

3ja: Pale yellow oil (95%). Rs = 0.2 (hexane/ethyl acetate = 40:1). *H NMR (400 MHz, CDCls) &

7.70 - 7.65 (M, 2H), 4.89 — 4.78 (m, 1H), 3.85 (s, 3H), 3.28 (dd, J = 15.5, 9.0 Hz, 1H), 2.85 (dd, J

=155, 7.7 Hz, 1H), 2.21 (s, 3H), 1.90 — 1.78 (m, 1H), 1.74 — 1.62 (m, 1H), 1.54 — 1.32 (m, 4H),

76



0.93 (t, J = 7.1 Hz, 3H). 3C NMR (126 MHz, CDCl3) 5 167.38, 162.40, 131.93, 126.61, 124.38,
122.15, 119.27, 84.41, 51.83, 35.97, 35.26, 27.55, 22.71, 15.26, 14.13. IR (KBr): v 2954, 2860,
1715, 1607, 1434, 1306, 1161, 954, 771 cm™*. HRMS (ESI): Calculated for C15H2103 (M+H"):

249.1485, found: 249.1492.

Me

0
B
MeN ey

)

3ka: Yellow oil (86%). Rt = 0.1 (hexane/ethyl acetate = 5:1). *H NMR (500 MHz, CDCl3) § 7.09
(s, 1H), 7.03 (s, 1H), 4.79 (p, J = 7.3 Hz, 1H), 3.27 (dd, J = 15.5, 9.0 Hz, 1H), 3.05 (s, 6H), 2.85
(dd, J = 15.5, 7.7 Hz, 1H), 2.20 (s, 3H), 1.89 — 1.77 (m, 1H), 1.72 — 1.60 (m, 1H), 1.48 (ddt, J =
12.2,9.2, 6.2 Hz, 1H), 1.40 (dtt, J = 10.6, 6.8, 4.1 Hz, 3H), 0.94 (t, J = 7.0 Hz, 3H). 3C NMR
(126 MHz, CDCl3) 6 172.19, 159.34, 128.98, 128.04, 126.30, 121.98, 119.02, 83.71, 35.90, 35.55,
27.55, 22.67, 15.27, 14.09. IR (KBr): v 2950, 2930, 2859, 1633, 1608, 1475, 1389, 1288, 1158,

762 cm™. HRMS (ESI): Calculated for C16H24NO, (M+H"): 262.1802, found: 262.1801.

Me

o]
OMe
|
MeN \’(Cl)inBu

)

3la: Yellow oil (81%). R¢ = 0.2 (hexane/ethyl acetate = 5:1). 'TH NMR (500 MHz, CD,Cly) § 7.34

(d, J = 18.6 Hz, 2H), 4.81 (dt, J = 14.9, 7.4 Hz, 1H), 3.57 (s, 3H), 3.34 — 3.25 (m, 4H), 2.87 (dd, J
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=15.5, 7.8 Hz, 1H), 2.19 (s, 3H), 1.89 — 1.78 (m, 1H), 1.67 (ddd, J = 13.2, 10.6, 5.6 Hz, 1H), 1.55
—1.34 (m, 4H), 0.94 (t, J = 7.0 Hz, 3H). 3C NMR (126 MHz, CD:Cly) & 170.38, 160.69, 130.62,
126.49, 126.31, 123.46, 118.95, 84.39, 61.01, 36.25, 35.74, 34.40, 27.92, 23.04, 15.35, 14.22. IR
(KBr): v 2956, 2932, 2860, 1640, 1607, 1466, 1409, 1370, 1153, 955, 751 cm™. HRMS (ESI):

Calculated for C16H24NO3 (M+H"): 278.1751, found: 278.1754.

Me

Y@
nBu
Me

HO

Me

3ma: Yellow oil (61%). Rt = 0.3 (hexane/ethyl acetate = 5:1). *H NMR (500 MHz, CDCls) § 7.09
(d, J = 38.5 Hz, 2H), 4.85 — 4.70 (m, 1H), 3.26 (dd, J = 15.3, 8.9 Hz, 1H), 2.85 (dd, J = 15.4, 7.8
Hz, 1H), 2.21 (s, 3H), 1.85 (ddt, J = 13.2, 9.8, 6.0 Hz, 1H), 1.77 (s, 1H), 1.70 — 1.63 (m, 1H), 1.56
(s, 6H), 1.51 — 1.35 (m, 4H), 0.94 (t, J = 6.9 Hz, 3H). 3C NMR (126 MHz, CDCl3) & 157.00,
141.12, 126.21, 125.51, 118.73, 118.68, 83.40, 72.47, 36.02, 36.01, 32.08, 32.07, 27.73, 22.77,
15.60, 14.17. IR (KBr): v 3393, 2959, 2930, 2860, 1482, 1361, 1184, 963, 872, 732 cm™*. HRMS

(ESI): Calculated for C16H230 (M+H*-H,0): 231.1743, found: 231.1743.
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3na: Orange oil (87%). Rs = 0.5 (hexane/ethyl acetate = 40:1). *H NMR (500 MHz, CDCl3) & 7.99
(dd, J = 8.0, 1.6 Hz, 1H), 7.82 (dd, J = 8.0, 1.6 Hz, 1H), 7.48 — 7.40 (m, 2H), 7.37 (d, J = 8.2 Hz,
1H), 7.33 (d, J = 8.2 Hz, 1H), 5.00 (dd, J = 15.1, 7.5 Hz, 1H), 3.47 (dd, J = 15.1, 9.3 Hz, 1H), 3.05
(dd, J = 15.1, 7.6 Hz, 1H), 1.96 (dddd, J = 13.6, 10.2, 7.1, 5.2 Hz, 1H), 1.83 — 1.73 (m, 1H), 1.65
— 1.54 (m, 1H), 1.54 — 1.39 (m, 3H), 0.98 (t, J = 7.2 Hz, 3H). 3C NMR (126 MHz, CDCl3) 5
155.09, 134.07, 127.94, 125.60, 125.19, 123.12, 121.65, 120.69, 119.79, 84.30, 36.43, 36.21, 27.71,
22.83, 22.81, 14.21. IR (KBr): v 3055, 2955, 2931, 2858, 1575, 1402, 1375, 1279, 1068, 1003,

801, 773, 565 cm™t. HRMS (ESI): Calculated for C1sH1900 (M+H"): 227.1430, found: 227.1438.

3oa: Yellow oil (55%). Rs = 0.2 (hexane/ethyl acetate = 5:1). *H NMR (400 MHz, CDCls) § 8.82
(dd, J = 4.2, 1.8 Hz, 1H), 8.27 (ddd, J = 8.4, 1.8, 0.8 Hz, 1H), 7.60 (d, J = 8.4 Hz, 1H), 7.51 (d, J
= 8.3 Hz, 1H), 7.30 (dd, J = 8.4, 4.2 Hz, 1H), 5.07 — 4.95 (m, 1H), 3.45 (dd, J = 15.3, 9.2 Hz, 1H),
3.03 (dd, J =15.3, 7.8 Hz, 1H), 1.92 (dddd, J = 13.6, 10.0, 7.1, 5.2 Hz, 1H), 1.75 (ddt, J = 13.7,
10.2, 5.5 Hz, 1H), 1.61 — 1.51 (m, 1H), 1.49 — 1.36 (m, 3H), 0.94 (t, J = 7.1 Hz, 3H). 13C NMR
(101 MHz, CDCl3) & 154.78, 150.16, 148.59, 130.27, 126.29, 121.09, 120.65, 120.12, 115.78,
85.16, 36.16, 36.11, 27.62, 22.74, 14.18. IR (KBr): v 3068, 3037, 2955, 2931, 2859, 1590, 1569,
1466, 1403, 1371, 1277, 1064, 826, 804, 566 cm™. HRMS (ESI): Calculated for CisH17NO

(M+H"): 228.1383, found: 228.1389.
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Me
o 3 P
H
nBu

3pa: White solid (59%). R = 0.5 (hexane/ethyl acetate = 5:1). Mp = 120.0 — 130.0 °C. 'H NMR

(400 MHz, CDCl3) § 7.22 (dd, J = 17.8, 8.2 Hz, 2H), 7.11 (dd, J = 7.3, 1.3 Hz, 1H), 6.86 — 6.79
(m, 2H), 6.77 (d, J = 2.8 Hz, 1H), 5.03 (s, 2H), 4.82 (dt, J = 14.8, 7.3 Hz, 1H), 3.30 (dd, J = 15.5,
8.9 Hz, 1H), 2.95 — 2.81 (m, 3H), 2.51 (dd, J = 18.9, 8.4 Hz, 1H), 2.45 — 2.32 (m, 1H), 2.26 (t, J =
10.7 Hz, 1H), 2.20 — 1.91 (m, 4H), 1.86 (dddd, J = 13.3, 9.9, 6.9, 5.1 Hz, 1H), 1.74 — 1.64 (m, 1H),
1.64—1.33 (m, 10H), 0.98 — 0.88 (M, 6H). 3C NMR (101 MHz, CDCls) § 221.10, 157.38, 157.04,
137.76, 132.15, 127.58, 127.11, 126.36, 124.59, 120.33, 118.80, 114.96, 114.95, 112.58, 112.56,
83.83, 64.66, 50.54, 48.15, 44.13, 38.50, 36.01, 35.97, 35.61, 31.72, 29.79, 27.66, 26.70, 26.04,
22.77,21.72, 14.19, 13.99. IR (KBr): v 2953, 2929, 2859, 1739, 1607, 1499, 1457, 1255, 1054,
1006, 862, 760, 668 cm™. HRMS (ESI): Calculated for CaiH00 (M+H"): 459.2894, found:

459.2885. Elemental analysis [%] found (calculated for C31HzsOz): C 80.64 (81.18), H 8.39 (8.35).

Me
@@"

3ab: colorless oil (75%). Rs = 0.4 (hexane/ethyl acetate = 40:1). *H NMR (400 MHz, CDCls) §

CAS: 17359-45-4

7.05 (d, J = 7.1 Hz, 1H), 6.95 (ddt, J = 7.5, 1.5, 0.7 Hz, 1H), 6.77 (t, J = 7.4 Hz, 1H), 4.61 — 4.53
(m, 2H), 3.22 (t, J = 8.7 Hz, 2H), 2.23 (s, 3H). 3C NMR (101 MHz, CDCls) 5 158.48, 129.25,

126.20, 122.37, 120.34, 119.69, 70.84, 30.20, 15.37. IR (KBr): v 2924, 2854, 1598, 1480, 1464,
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1260, 1187, 983, 760 cm™. HRMS (ESI): Calculated for CoH110 (M+H"): 135.0804, found:

135.0802.

CAS: 3199-41-5
3ac: colorless oil (72%). Rt = 0.4 (hexane/ethyl acetate = 40:1). *H NMR (400 MHz, CDCls) &
7.00 (d, J = 7.3 Hz, 1H), 6.94 (d, J = 7.5 Hz, 1H), 6.75 (t, J = 7.4 Hz, 1H), 4.98 — 4.86 (m, 1H),
3.32 (dd, J = 15.3, 8.8 Hz, 1H), 2.83 (dd, J = 15.1, 8.0 Hz, 1H), 2.22 (s, 3H), 1.49 (d, J = 6.2 Hz,
3H). ¥C NMR (101 MHz, CDCls) 6 158.10, 129.25, 126.37, 122.39, 120.11, 119.58, 79.23, 37.60,
22.01, 15.43. IR (KBr): v 2917, 2851, 1598, 1467, 1380, 1196, 908, 854, 759 cm™*. HRMS (ESI):
Calculated for C1oH130 (M+H"): 149.0961, found: 149.0964. Both the 'H NMR and *C NMR

match the literature reported data.?®

O
Et

3ad: colorless oil (68%). R = 0.5 (hexane/ethyl acetate = 40:1). *H NMR (500 MHz, CDCls) §
6.99 (d, J = 7.3 Hz, 1H), 6.93 (d, J = 7.5 Hz, 1H), 6.73 (d, J = 7.4 Hz, 1H), 4.76 — 4.66 (m, 1H),
3.27 (dd, J = 15.4, 8.9 Hz, 1H), 2.86 (dd, J = 15.4, 7.7 Hz, 1H), 2.21 (s, 3H), 1.86 (dp, J = 14.3,
7.3 Hz, 1H), 1.71 (ddd, J = 13.9, 7.6, 6.5 Hz, 1H), 1.03 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz,

CDCls) 6 158.23, 129.20, 126.29, 122.36, 120.00, 119.54, 84.19, 35.47, 29.17, 15.40, 9.72. IR
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(KBr): v 2960, 2924, 2853, 1464, 1378, 1195, 924, 757 cm™. HRMS (ESI): Calculated for

C11H150 (M+H"): 163.1117, found: 163.1126.

Me

(0]
CgH17

3ae: colorless oil (66%). R = 0.6 (hexane/ethyl acetate = 40:1). 'H NMR (500 MHz, CDCls) §

6.99 (d, J = 7.3 Hz, 1H), 6.92 (d, J = 7.5 Hz, 1H), 6.73 (t, J = 7.4 Hz, 1H), 4.75 (tt, J = 8.7, 6.8 Hz,
1H), 3.27 (dd, J = 15.4, 8.9 Hz, 1H), 2.85 (dd, J = 15.4, 7.8 Hz, 1H), 2.21 (s, 3H), 1.84 (dddd, J =
13.5,10.2, 6.9, 5.3 Hz, 1H), 1.65 (tdd, J = 11.6, 8.2, 5.5 Hz, 1H), 1.53 — 1.47 (m, 1H), 1.45 — 1.39
(m, 1H), 1.37 — 1.25 (m, 10H), 0.89 (t, J = 6.9 Hz, 3H). 3C NMR (126 MHz, CDCls) 5 158.20,
129.20, 126.33, 122.36, 119.99, 119.57, 83.12, 36.32, 35.96, 32.03, 29.73, 29.68, 29.41, 25.58,
22.83, 15.40, 14.25. IR (KBr): v 3025, 2926, 2855, 1599, 1486, 1260, 1196, 758 cm. HRMS

(ESI): Calculated for C17H270 (M+H"): 247.2056, found: 247.2062.

(I
Ph

3af: pale yellow oil (82%). Rt = 0.4 (hexane/ethyl acetate = 40:1). 'H NMR (500 MHz, CDCls) &

7.43-7.30 (m, 5H), 7.04 (dd, J = 16.6, 7.4 Hz, 2H), 6.83 (t, J = 7.4 Hz, 1H), 5.06 (dg, J = 9.2, 6.9
Hz, 1H), 3.33 — 3.16 (m, 2H), 3.00 (ddd, J = 24.1, 14.4, 6.9 Hz, 2H), 2.31 (s, 3H). *°C NMR (126

MHz, CDClz) & 157.91, 137.72, 129.59, 129.30, 128.59, 126.66, 125.93, 122.44, 120.27, 119.74,
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83.22, 42.25, 35.36, 15.42. IR (KBr): v 3027, 2917, 2854, 1598, 1467, 1454, 1260, 1194, 1072,

980, 756, 699 cm™. HRMS (ESI): Calculated for C1gH170 (M+H"): 225.1274, found: 225.1280.

Me

@th
OBn

3ag: Colorless oil (90%). R = 0.2 (hexane/ethyl acetate = 40:1). 'H NMR (500 MHz, CDCls) &

7.36 (d, J = 4.3 Hz, 4H), 7.33 — 7.27 (m, 1H), 7.00 (d, J = 7.3 Hz, 1H), 6.94 (d, J = 7.0 Hz, 1H),
6.76 (t, J = 7.5 Hz, 1H), 5.02 — 4.93 (m, 1H), 4.64 (q, J = 12.2 Hz, 2H), 3.72 (dd, J = 10.4, 6.3 Hz,
1H), 3.63 (dd, J = 10.3, 4.7 Hz, 1H), 3.28 (dd, J = 15.6, 9.4 Hz, 1H), 3.02 (dd, J = 15.5, 7.4 Hz,
1H), 2.24 (s, 3H). 3C NMR (126 MHz, CDCl3) § 158.07, 138.25, 129.34, 128.56, 128.54, 127.87,
127.83, 125.66, 122.41, 120.41, 120.41, 119.81, 81.31, 73.62, 72.34, 32.80, 15.45. IR (KBr): v
3027, 2918, 2857, 1598, 1467, 1453, 1260, 1194, 1118, 759, 698 cm™’. HRMS (ESI): Calculated

for C17H1902 (M+H"): 255.1380, found: 255.1371.

Me

@1‘%
OPh

3ah: White solide (90%). Rs = 0.3 (hexane/ethyl acetate = 40:1). Mp = 77.8 — 78.6 °C. 'H NMR

(400 MHz, CDCls) 5 7.35 — 7.25 (m, 2H), 7.04 (ddd, J = 7.3, 1.4, 0.7 Hz, 1H), 7.03 — 6.91 (m, 4H),
6.79 (t, J = 7.4 Hz, 1H), 5.15 (dddd, J = 9.4, 7.0, 5.9, 5.3 Hz, 1H), 4.24 (dd, J = 9.9, 5.9 Hz, 1H),

4.10 (dd, J=9.9,5.3 Hz, 1H), 3.40 (dd, J = 15.7, 9.4 Hz, 1H), 3.17 (dd, J = 15.7, 7.1 Hz, 1H), 2.23
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(s, 3H). 13C NMR (101 MHz, CDCl3) & 158.84, 157.92, 129.60, 129.47, 125.39, 122.47, 121.24,
120.63, 119.96, 114.84, 80.22, 69.90, 32.92, 15.44. IR (KBr): v 3040, 2920, 2857, 1599, 1497,
1468, 1243, 1193, 1050, 754, 691 cm™*, HRMS (ESI): Calculated for C16H1702 (M+H*): 241.1223,

found: 241.1221.

O

3ai: White solide (84%). Rs = 0.3 (hexane/ethyl acetate = 40:1). Mp = 78.2 — 79.6 °C 'H NMR

(400 MHz, CDCls) 6 7.27 — 7.25 (m, 1H), 7.24 (d, J = 2.3 Hz, 1H), 7.05 (d, J = 7.3 Hz, 1H), 6.97
(ddd, J = 7.5, 1.5, 0.7 Hz, 1H), 6.89 (d, J = 2.3 Hz, 1H), 6.87 (d, J = 2.2 Hz, 1H), 6.80 (t, J = 7.4
Hz, 1H), 5.13 (dddd, J = 9.4, 7.0, 5.9, 5.0 Hz, 1H), 4.19 (dd, J = 9.9, 5.9 Hz, 1H), 4.08 (dd, J =
10.0, 5.0 Hz, 1H), 3.39 (dd, J = 15.7, 9.5 Hz, 1H), 3.15 (dd, J = 15.7, 7.0 Hz, 1H), 2.23 (s, 3H).
13C NMR (101 MHz, CDCls) § 157.83, 157.48, 129.52, 129.44, 126.12, 125.25, 122.45, 120.71,
119.95, 116.16, 80.08, 70.31, 32.79, 15.41. IR (KBr): v 3044, 2920, 2858, 1597, 1492, 1469, 1243,
1193, 824. 762 cm™. HRMS (ESI): Calculated for CisH160.Cl (M+H"): 275.0833, found:

275.0825.

Me
@f)—\ﬁ
o)
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3aj: Yellow oil (73%). Rt = 0.2 (hexane/ethyl acetate = 40:1). *H NMR (400 MHz, CDCls) § 7.43
(dd, J = 1.8, 0.9 Hz, 1H), 7.00 (d, J = 7.0 Hz, 1H), 6.94 (ddg, J = 7.5, 1.5, 0.8 Hz, 1H), 6.76 (t, J
= 7.4 Hz, 1H), 6.38 — 6.32 (M, 2H), 4.94 (dddd, J = 9.4, 7.5, 6.3, 4.8 Hz, 1H), 4.65 — 4.52 (m, 2H),
3.73 (dd, J = 10.4, 6.3 Hz, 1H), 3.64 (dd, J = 10.4, 4.8 Hz, 1H), 3.26 (dd, J = 15.6, 9.4 Hz, 1H),
3.00 (dd, J = 15.6, 7.5 Hz, 1H), 2.23 (d, J = 0.6 Hz, 3H). $3C NMR (101 MHz, CDCl3) & 157.98,
151.69, 142.97,129.32, 125.59, 122.41, 120.41, 119.81, 110.40, 109.65, 81.22, 72.07, 65.40, 32.75,
15.45. IR (KBr): v 3119, 3049, 2919, 2857, 1599, 1468, 1261, 1194, 1151, 1073. 920, 758, 600

cm™. HRMS (ESI): Calculated for C1sH1703 (M+H*): 245.1172, found: 245.1174.

Me 0
oS
Me

3ak: Yellow oil (46%). Rr = 0.2 (hexane/ethyl acetate = 40:1). 'H NMR (400 MHz, CDCls3) § 7.00

(d, J = 7.3 Hz, 1H), 6.94 (d, J = 7.0 Hz, 1H), 6.76 (t, J = 7.4 Hz, 1H), 5.02 — 4.92 (m, 1H), 4.34 —
4.21 (m, 2H), 3.31 (dd, J = 15.6, 9.5 Hz, 1H), 2.99 (dd, J = 15.6, 7.2 Hz, 1H), 2.32 (t, J = 7.4 Hz,
2H), 2.21 (s, 3H), 1.64 (q, J = 7.4 Hz, 2H), 0.94 (t, J = 7.4 Hz, 3H). *C NMR (101 MHz, CDCls)
5173.68, 157.82, 129.50, 125.19, 122.33, 120.62, 119.92, 79.67, 65.81, 36.17, 32.58, 18.53, 15.35,
13.75. IR (KBr): v 3024, 2955, 2876, 1738, 1599, 1468, 1260, 1175, 761 cm™. HRMS (ESI):

Calculated for C14H1903 (M+H™): 235.1329, found: 235.1327.

Me

Cro—
OtBu
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3al: Pale yellow oil (85%). R = 0.2 (hexane/ethyl acetate = 40:1). *H NMR (400 MHz, CDCls) &
7.01 (d, J = 7.3 Hz, 1H), 6.94 (ddd, J = 7.5, 1.4, 0.7 Hz, 1H), 6.76 (t, J = 7.4 Hz, 1H), 4.87 (ddt, J
=90.3, 6.8, 6.1 Hz, 1H), 3.66 (dd, J = 9.4, 6.1 Hz, 1H), 3.44 (dd, J = 9.4, 6.2 Hz, 1H), 3.29 (dd, J =
15.7,9.3 Hz, 1H), 3.01 (dd, J = 15.8, 6.8 Hz, 1H), 2.22 (s, 3H), 1.23 (s, 9H). $*C NMR (101 MHz,
CDCl3) 6 158.09, 129.22, 125.82, 122.47, 120.25, 119.72, 81.46, 73.42, 64.54, 33.19, 27.65, 15.44.
IR (KBr): v 3025, 2974, 2921, 2868, 1599, 1466, 1363, 1192, 1093, 986, 759 cm™*. HRMS (ESI):

Calculated for C14H2102 (M+H™): 221.1536, found: 221.1539.

2.4.5 Large Scale Reaction

Scheme 2.7. Gram-Scale Preparation of 3aa and 3ja

Me

Me
| (x) N4 (20 mol%)
©/ + O By RuPhos-Pd-G4 (4 mol%) &nm
NaOAc (150 mol%)

1.75 g (8.0 mmol) DMF (0.1 M), 120 °C 1.22 g, 80%

Me Me

| (x) N4 (20 mol%)
0 RuPhos-Pd-G4 (10 mol% 0
. . (10 it mnBu
MeO,C NaOAc (150 mol%) MeO,C

1j 2a DMF (0.17 M), 120 °C 3ja
1.38 g (5.0 mmol) 1.23 g, 99%

A flame-dried 150 mL flask was charged with RuPhos-Pd-G4 (273 mg, 0.32 mmol, 4 mol%), aryl
iodide 1a (1.74 g, 8.0 mmol, 1.0 equiv) and NaOAc (984 mg, 12.0 mmol, 1.5 equiv). Then the
flask was directly transferred into a nitrogen-filled glovebox without caps. After NBE N4 (288 mg,
1.6 mmol, 20 mol%) and 64 mL of degassed DMF was added to the flask, 1,2-epoxyhexane (3.2
g, 32.0 mmol, 4.0 equiv) was added. Then the flask was tightly sealed, transferred out of glovebox

and stirred in the oil bath preheated to 120 °C for 24 hours. After completion of the reaction, the
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mixture was filtered through a thin pad of celite. The filter cake was washed with dichloromethane
and diethyl ether, and the combined filtrate was concentrated. The residue was loaded to a small
amount of silica gel and then purified by flash column chromatography on silica gel to give the

desired product 3aa (1.22g, 80%).

A flame-dried 150 mL flask was charged with RuPhos-Pd-G4 (427 mg, 0.5 mmol, 10 mol%), aryl
iodide 1j (1.38 g, 5.0 mmol, 1.0 equiv) and NaOAc (615 mg, 7.5 mmol, 1.5 equiv). Then the flask
was directly transferred into a nitrogen-filled glovebox without caps. After NBE N4 (180 mg, 1.0
mmol, 20 mol%) and 30 mL of degassed DMF was added to the flask, 1,2-epoxyhexane 2a (2.0 g,
20.0 mmol, 4.0 equiv) was added. Then the flask was tightly sealed, transferred out of glovebox
and stirred in the oil bath preheated to 120 °C for 24 hours. After completion of the reaction, the
mixture was filtered through a thin pad of celite. The filter cake was washed with dichloromethane
and diethyl ether, and the combined filtrate was concentrated. The residue was loaded to a small
amount of silica gel and then purified by flash column chromatography on silica gel to give the

desired product 3ja (1.23g, 99%).

2.4.6 Direct Annulation with Chiral Epoxide (S)-2h

Scheme 2.8. Direct Annulation with Chiral Epoxide (S)-2h

Me Me
| () N4 (20 mol%) o
+ O RuPhos-Pd-G4 (10 mol%) oo
I>--|I\ \
OPh NaOAc (150 mol%) OPh
1a (S)D-2h DMF (0.1 M), 120 °C 3ah*
99% ee 0.3 mmol scale 89%, 99% ee
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A flame-dried 4 mL vial was charged with RuPhos-Pd-G4 (25.6 mg, 0.03 mmol, 10 mol%), aryl
iodide l1a (65.4 mg, 0.3 mmol, 1.0 equiv), epoxide (S)-2h (180 mg, 1.2 mmol, 4.0 equiv) and
NaOAc (36.9 mg, 0.45 mmol, 1.5 equiv). Then the vial was directly transferred into a nitrogen-
filled glovebox without caps. After NBE N4 (10.8 mg, 0.06 mmol, 20 mol%) and 3 mL degassed
DMF was added, the flask was tightly sealed, transferred out of glovebox and stirred on a pie-
block preheated to 120 °C for 24 hours. After completion of the reaction, the mixture was filtered
through a thin pad of celite. The filter cake was washed with dichloromethane and diethyl ether,
and the combined filtrate was concentrated. The residue was loaded to a small amount of silica gel
and then purified by flash column chromatography on silica gel to give the desired product 3ah*

in 89% yield with 99% ee.

Me

(0]
SN
OPh

Chiral HPLC (Chiralpak OD-H, hexane/isopropanol = 95:5, 0.5 mL/min, 260 nm): tminor = 18.037,

tmajor = 25.037. [a]o = 36.2 (c=1.52, dichloromethane, 22.5 °C) at 99% ee.

Figure 2.3. HPLC of Racemic 3ah

DAD1 E, Sig=260,4 Ref=360,100 (RENHE\LR-2-125-RACEMIC.D)
mAU -

17:671

- 24.454

20
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Figure 2.3. HPLC of Racemic 3ah (continued)

Signal 5: DADL E, Sig=260,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min) [mAU*s] [mAl] %

=== === === | —————————= |-===——- |-======-
1 17.671 BB 0.4647 793.81140 26.86917 50.1011
2 24.454 BB 0.6778 790.60815 18.52917 49.8989

Totals : 1584.41956 45,39834

Figure 2.4. HPLC of Enantiomeric 3ah*

DAD1 E, Sig=260,4 Ref=360,100 (RENHE\LR-2-125-CHIRAL.D)

mAU - 5
’- -
80 |
60 }
0 I
] éﬁb [
20 g '
i
A I
0 — ———
: : o o | : I T S B o : |
5 10 15 20 25 30 35 min
Signal 5: DADl1 E, Sig=260,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

——m |- | === === | == - |- |- |
1 18.037 MM 0.4594  21.86923 7.933%4e-1  0.4659
2 25.037 BB 0.7329 4671.96484 101.52334 99.5341

Totals : 4693.83408 102.31673
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2.4.7 Synthetic Application
Scheme 2.9. Concise Synthesis of Fufenozide

Me O Me O

| N4 (20 mol%) 0
OMe ?>_Me RuPhos-Pd-G4 (10 mol%) OMe
NaOAc (150 mol%)
1q 2c DMF, 120 °C, 3 h 3qc
85%
Me O Me O
0 1. (COCI),, DMF (cat.)
0 OMe NaOH (10%) 0 OH
Me 100°C,3h  Me Me
94% 2.
3qc 4 {Bu
_N
H,N Me
o 5
Et;N

88%

Fufenozide

A flame-dried 40 mL vial was charged with RuPhos-Pd-G4 (256 mg, 0.3 mmol, 10 mol%), aryl

iodide 1g (828 mg, 3.0 mmol, 1.0 equiv) and NaOAc (369 mg, 4.5 mmol, 1.5 equiv). Then the vial

was directly transferred into a nitrogen-filled glovebox without caps. After NBE N4 (108 mg, 0.6

mmol, 20 mol%) and 20 mL degassed DMF was added to the flask, epoxide 2c (696 mg, 12.0

mmol, 4.0 equiv) was added. Then the flask was tightly sealed, transferred out of glovebox and

stirred on a pie-block preheated to 120 °C for 3 hours. After completion of the reaction, the mixture

was filtered through a thin pad of celite. The filter cake was washed with dichloromethane and

diethyl ether, and the combined filtrate was concentrated. The residue was loaded to a small

amount of silica gel and then purified by flash column chromatography on silica gel to give the

desired product 3qc in 85% yield.

Me

M802C O
Me
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3qc: Pale yellow solid (85%). Ri = 0.5 (hexane/ethyl acetate = 20:1). Mp = 57.8 — 58.5 °C. 'H
NMR (400 MHz, CDCl3) § 7.41 (d, J = 7.8 Hz, 1H), 7.00 (d, J = 7.7 Hz, 1H), 4.98 — 4.87 (m, 1H),
3.86 (s, 3H), 3.33 (dd, J = 16.0, 8.9 Hz, 1H), 2.84 (dd, J = 16.0, 8.0 Hz, 1H), 2.42 (s, 3H), 1.47 (d,
J =6.2 Hz, 3H). 3C NMR (101 MHz, CDCls) 5 168.30, 158.98, 130.67, 129.68, 123.12, 121.70,
121.64,79.42, 51.86, 37.79, 21.96, 13.26. IR (KBr): v 2977, 2950, 2926, 1716, 1449, 1257, 1055,
804, 768 cm™. HRMS (ESI): Calculated for C1,H1503 (M+H"): 207.1016, found: 207.1016.

Elemental analysis [%] found (calculated for C12H1403): C 69.58 (69.89), H 6.93 (6.84).

Compound 3qc (61.8 mg, 0.3 mmol) was added to a 4 mL vial charged with a stir bar. Then 1.0
mL of 10% aqueous NaOH solution was added and the reaction mixture was stirred at 100 °C for
3 h until the disappearance of 3gc was confirmed by TLC. After the reaction was done the mixture
was diluted to 10 mL with water and then washed with diethyl ether for two times. Then the
aqueous layer was acidified using 1 M hydrochloric acid and extracted with dichloromethane for
three times. The combined organic layers were dried over MgSO4 and the solvent was removed
under reduced pressure to afford the desired acid 4 (54.3 mg, 94%), which was used directly in the

next step without further purification.

To a flame-dried round bottom flask #1 was added the solution of acid 4 (96.1 mg, 0.5 mmol, 1.0
equiv) and 1 drop of DMF as catalyst in dichloromethane (1.0 mL). Then oxalyl chloride (69.8
mg, 0.55 mmol, 1.1 equiv) was added dropwise at 0 °C. The reaction mixture was stirred at room
temperature for another 1 h until the bubbling stopped. The excess oxalyl chloride was removed
under reduced pressure. To another flame-dried round bottom flask #2 was added the known N-t-

butyl-N-benzoylhydrazine (165 mg, 0.75 mmol, 1.5 equiv)®, triethylamine (83.5 mg, 0.825 mmol,
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1.65 equiv) and 1 mL dichloromethane. The generated acyl chloride in flask #1 was dissolved in
dichloromethane and then was added dropwise to flask #2 under 0 °C. After stirring at room
temperature overnight, the reaction mixture was washed successively with water and brine and
then dried over MgSOs. The solvent was removed under reduced pressure and the desired

compound Fufenozide was isolated by silica gel chromatography.

Me
Me O fBu
CAS: 467427-81-1

Fufenozide: White solid (88%). Rs = 0.2 (hexane/ethyl acetate = 5:1). Mp = 169.2 - 170.8 °C. *H

NMR (400 MHz, CDCl3) § 7.63 (d, J = 2.0 Hz, 1H), 7.03 (s, 2H), 6.96 (dd, J = 1.6, 0.8 Hz, 1H),
6.80 (d, J = 7.5 Hz, 1H), 6.13 (t, J = 7.7 Hz, 1H), 4.86 (ddg, J = 8.8, 7.6, 6.2 Hz, 1H), 3.24 (dd, J
=15.8,8.9 Hz, 1H), 2.74 (dddd, J = 15.8, 7.8, 3.5, 1.1 Hz, 1H), 2.24 (dd, J = 1.7, 0.7 Hz, 6H), 1.90
(d, J = 5.2 Hz, 3H), 1.57 (s, 9H), 1.41 (dd, J = 6.2, 1.4 Hz, 3H). 3C NMR (101 MHz, CDCls) &
173.90, 168.15, 158.76 (d, J = 3.6 Hz), 137.99 (d, J = 1.1 Hz), 137.72, 133.45 (d, J = 1.5 Hz),
131.08, 129.11 (d, J = 4.7 Hz), 124.13, 121.86 (d, J = 1.2 Hz), 118.75 (d, J = 1.3 Hz), 118.51,
79.57 (d, J = 3.9 Hz), 61.35, 37.46 (d, J = 2.3 Hz), 27.98, 21.92 (d, J = 2.2 Hz), 21.27, 11.74 (d, J
= 2.4 Hz). IR (KBr): v 3241, 2977, 2916, 2850, 1634, 1601, 1363, 1274, 855, 736 cm™. HRMS
(ESI): Calculated for C24H31N203 (M+H"): 395.2329, found: 395.2331. Elemental analysis [%]
found (calculated for C24H30N20O3): C 72.58 (73.07), H 7.58 (7.67), N 6.95 (7.10). 'H NMR

matches the literature reported data.?’
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2.5 NMR Spectra

Figure 2.5 'H NMR Spectrum of 1k
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Figure 2.7 'H NMR Spectrum of N3
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Figure 2.9 'H NMR Spectrum of N4
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Figure 2.11 *H NMR Spectrum of N5
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Figure 2.13 *H NMR Spectrum of 3aa
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Figure 2.15 *H NMR Spectrum of 3ba
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Figure 2.17 *H NMR Spectrum of 3ca

=

iPr

nBu

3ca

=00t
F16°L

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
1 (ppm)

Figure 2.18 *C NMR Spectrum of 3ca

10.0 9.5 9.0

10.5

2Ty —
ve'ze

6v'2e W
6122

sLLTF
arez/
668~
1098~

1628 —

€102k ~
vezeL —
z8 vzl —
0992t
9v0gL —

61°LGL —

LRH-2-11-2-C.10.fid

nBu

iPr

3ca

T
-20

70 50 30

T T
100 920

1 (ppm)

110

T T
210 200

T
220

99



Figure 2.19 *H NMR Spectrum of 3da
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Figure 2.21 *H NMR Spectrum of 3ea

CO,Me

nBu

3ea

107
66

Feot

Boo0'1

10T
Zeor

4.5

5.0
f1 (ppm)

T
5.5

6.5

7.0

7.5

8.5

9.5

T
10.0

Figure 2.22 *C NMR Spectrum of 3ea

8THT —

vrTe—
65,7 —

6T'SE
6L'SE W
€6'SE

9025 —

Ly'E8 —

8L'ST1
61°021 ~
2021 ~\_
¥6'97T ~\_
00'621 ~

£1°85T —

50'2LT —

LRH-2-145-2-C.10.fid

COZMG

nBu

3ea

T
100
f1 (ppm)

110

210

101



Figure 2.23 *H NMR Spectrum of 3fa
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Figure 2.25 *H NMR Spectrum of 3ga
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Figure 2.27 **F NMR Spectrum of 3ga
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Figure 2.28 *H NMR Spectrum of 3ha
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Figure 2.30 **F NMR Spectrum of 3ha
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Figure 2.33 *H NMR Spectrum of 3ja
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Figure 2.37 *H NMR Spectrum of 3la

LRH-2-145-3-pure.1.fid

Me
OMe
MeN
3la

CD,Cl,

)

7.5

Fere
-

0T
H\No.ﬁ

F96'C

T
-0.5

0.0

T
5.5

6.5

8.0

8.5

T
9.5

T
10.0

T
10.5

f1 (ppm)

Figure 2.38 *C NMR Spectrum of 3la

TP~
se'sT—
o'z —
w6e—
OvHE_

YLSE~—
ST9E <

1019 —

6E£H8 —

S6'8TT —
OVETT~_
TE'9ZT~
6v°921
79°06T ~

69°09T —

8E0LT —

LRH-2-145-3-C-1.1.fid

Me

OMe
MeN

nBu

3la

bbbt

Ty

thaid

40

90 70 50

T
100
f1 (ppm)

110

210

110



Figure 2.39 *H NMR Spectrum of 3ma
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Figure 2.41 *H NMR Spectrum of 3na
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Figure 2.43 'H NMR Spectrum of 3oa
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Figure 2.45 'H NMR Spectrum of 3pa

1607

N
AR
e

or's
orz~\
[a 9

(a9 7
6T L~
1L~
€0L—
scL"

nBu

1

dr=1

61!

72 71 70 69 68 67 6.6
f1 (ppm)

7.3

660,
Fe6T

= 960
Boe1

(6
Fere

4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

4.5

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5

10.0

f1 (ppm)

Figure 2.46 *C NMR Spectrum of 3pa

99'v9 —

£€8°€8 —

95°TTT
8S°TIT
S6'PTT
wmAv:W
om.m:\
£€°071
6521 77
9€'92T
Tren
wm.RH\
ST'ZET
wNNE\

POLST~
8e'/51 7

LR#1-2-95-1-2-C.10.fid

nBu

-20

-10

210 200 190 180 170 160 150 140 130 120 110 100 9 8 70 60 50 40 30 20 10
f1 (ppm)

220

114



Figure 2.47 *H NMR Spectrum of 3ab
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Figure 2.49 'H NMR Spectrum of 3ac
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Figure 2.51 *H NMR Spectrum of 3ad
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Figure 2.53 *H NMR Spectrum of 3ae
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Figure 2.55 'H NMR Spectrum of 3af
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Figure 2.57 *H NMR Spectrum of 3ag
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Figure 2.59 'H NMR Spectrum of 3ah

€22
vL'e

cwo
=2
R R
—

e
EV'E

°
<~

«
S
<~

OPh

3ah

6.7

T
6.9

7.0

T
7.2 7.1

7.3

7.4

1 (ppm)

E86C

ol
Fo

2oL
F00'L

E20°L
0y
60

6L

-0.5

0.0

0.5

100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20
1 (ppm)

10.5

Figure 2.60 *C NMR Spectrum of 3ah

1441 St

62 —

0669 —
¥8'9L
mf.hnw
syLL,
2208

L6zt
09'62k N.

26'LSL~
8851 -

LRH-2-3-2-C.10.fid

OPh

3ah

Me

-20

-10

210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10
1 (ppm)

220

121



Figure 2.61 *H NMR Spectrum of 3ai
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Figure 2.63 'H NMR Spectrum of 3aj
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Figure 2.65 *H NMR Spectrum of 3ak
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Figure 2.67 *H NMR Spectrum of 3al
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Figure 2.69 *H NMR Spectrum of 3qc
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Figure 2.71 *H NMR Spectrum of Fufenozide
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2.6 Crystallographic Data

Me

O
oPh

3ah

Table 2.4. Crystallographic Data of 3ah

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

a/°

pr°

v/°

Volume/A3

Z

Pcalcg/‘fim3
w/mm

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=2c ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

LRH-2-165-1

C16H1602

240.29

100.0

monoclinic

P2i/c

22.201(3)

5.2045(6)

10.8034(12)

90

97.896(3)

90

1236.4(2)

4

1.291

0.084

512.0

0.05 x 0.05 x 0.035

MoKa (A =10.71073)

1.852 to 55.142
-28<h<28,-6<k<6,-14<1<14
19036

2855 [Rint = 0.0557, Rsigma = 0.0385]
2855/0/164

1.071

R; =0.0524, wR2 =0.1160
R1=0.0763, wR2 = 0.1314
0.33/-0.23
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CHAPTER 3

Palladium-catalyzed Asymmetric Annulation between Aryl lodides and Racemic Epoxides

Using a Chiral Norbornene Cocatalyst

3.1 Introduction

Dihydrobenzofuran (DHBF) moiety is frequently found in pharmaceuticals and agrochemicals The
2,3-dihydrobenzofuran (DHBF) moiety is frequently found in pharmaceuticals and agrochemicals
that are commonly prepared in their enantiopure form (Fig. 3.1).! While a number of approaches
have been developed for DHBFs, asymmetric synthesis of this structural motif is rare.?® Recently,
we reported a direct annulation between simple aryl iodides and terminal epoxides for synthesis of
DHBFs via palladium/norbornene (Pd/NBE) cooperative catalysis, also known as Catellani-type
reactions (Scheme 3.1a).*® The reaction shows a reasonably broad substrate scope with high yields
and excellent functional group tolerance; however, the DHBF products generated in this reaction

are racemic. While using an enantiopure epoxide as a coupling partner can lead to enantiomerically
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enriched products,* prior chiral resolution or asymmetric synthesis of epoxides would be needed.’
Given the wide availability of racemic epoxides from both commercial and preparative prospects,
it would be attractive if one enantiomer of racemic epoxides could selectively react during their
annulative coupling with aryl iodides.® Herein, we describe our preliminary results on a palladium-
catalyzed asymmetric DHBF synthesis between aryl iodides and racemic epoxides using an
enantiopure NBE cocatalyst (Scheme 3.1b). To the best of our knowledge, this should represent
the first chiral NBE scaffold-promoted asymmetric reactions in aryl halide-mediated Pd/NBE

catalysis.®10:11
Figure 3.1. Bioactive Compounds Containing Chiral 2,3-Dihydrobenzofurans
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Scheme 3.1. Annulation Between Aryl lodides and Racemic Epoxides
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3.2 Results and Discussion

3.2.1 Reaction Discovery and Optimization

The optimal NBE cocatalyst found in this annulation reaction was the isopropyl ester-derived NBE
(N1).1? Given that the scaffold of N1 is chiral, we were motivated to examine the feasibility of
realizing a kinetic resolution in the coupling with racemic epoxides using enantiopure N1. We
hypothesized that, during the reaction of the key ANP intermediate, the chirality of NBE N1 would
create a chiral pocket around the palladium, which could consequently promote one enantiomer of

the epoxide to react faster than the other one (Step D, Fig. 3.2).

To test the hypothesis, a reliable route was first developed to prepare enantiopure N1* (Scheme
3.2). Using 2,10-camphorsultam as a chiral auxiliary, the diastereomeric amide-derived NBEs (A
and B) were separated through silica gel chromatography, and each could be isolated in good yields.
The structures of NBEs A and B have also been characterized through X-ray crystallography (Fig.
3.3). Subsequent hydrolysis and esterification afforded the desired enantiomerically enriched N1*

in 42% yield (98% ee).

136



Figure 3.2. Proposed Catalytic Cycle
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Scheme 3.2. Preparation of Enantiomerically Enriched N1*
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Figure 3.3. X-Ray Crystal Structures of Chiral NBEs A and B

To our delight, the preliminary result shows that, when 20 mol% N1* was employed as the ligand,
promising enantioselectivity (42% ee) could be obtained (Table 3.1, entry 1). It is worthy to
mention that direct use of sulfonamide NBE A could also give the desired product with moderate
enantioselectivity (Table 3.1, entry 2). To further optimize the enantioselectivity, different reaction
conditions were applied (Table 3.1). First, using different reaction temperatures (entries 3-5),
adding more N1* (entry 6), running the reaction with a mixed solvent (entry 7) or changing the
reaction time (entries 8-9) nearly had no influence on the enantioselectivity. In addition, employing
a metal-Salen complex as a chiral Lewis acid cocatalyst (entries 10-12) completely shut down the
reaction. Decreasing the amount of epoxide 2a from 4.0 equiv to 0.5 equiv (entries 13-15) gave

lower yield and lower enantioselectivity, though the exact reason is unclear.
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Table 3.1. Optimization Study Based on N1*2

N1* |

gy | (20 mol%) Lo, e Me

©/ + $>—nBu _RuPhos-Pd-G4 (5 mol%) (jo .
(£) NaOAc (150 mol%) nBu
1a 2a DMF (0.1 M), 120 °C 3aa*
"standard" condition
Entry Change from the standard condition Yield [%]! ee [%]!]

1 none 68 42
Pl A instead of N1* 45 33
3 100 °C 67 41
4 80 °C 31 43
5 60 °C 19 44
6 40 mol% N1* 31 41
7 DMF/dioxane = 4:1 80 40
8 5h 37 41
9 10 h 60 41
10 adding 5 mol% Co(Salen) trace
1 adding 5 mol% Cr(Salen) trace
12 adding 5 mol% Mn(Salen) trace
13 2.0 equiv 2a 66 31
14 1.0 equiv 2a 53 28
15 0.5 equiv 2a 32 33

The reaction was run with 0.2 mmol 1a and 0.8 mmol 2a in 2 mL DMF for 24h. 150 mol% of A
was used. ®Yields are determined by *H NMR analysis using 1,3,5-trimethoxybenzene as the

internal standard. “The ee was determined using chiral HPLC.

On the other hand, a series of chiral NBEs (N1*-N13*) with ester or amide substituents have been
prepared in their enantiopure forms via a similar fashion as N1*. Their reactivity and
enantioselectivity have been examined in the annulation reaction (Table 3.2). Some interesting
trends have been observed. For various ester-substituted NBEs (N1*-N6*), the isopropyl ester-
derived N1* still gave the highest ee. Increasing or decreasing steric hindrance around the ester

led to lower enantioselectivity. It is worth noting that N3* with a t-butyl ester moiety showed low
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reactivity. Amide and imide-substituted NBEs were also investigated. Encouragingly, the
pyrrolidine amide-derived N7* gave the highest enantioselectivity (45% ee or 72.5:27.5 e.r.) albeit
in a low yield. Evans auxiliary-type NBEs based on chiral oxazolidinone (N9*-N13*) have also
been synthesized.'® While the simple oxazolidinone-derived N9* gave a good yield and promising
ee, the bulkier N10*-N13* cocatalysts with additional stereocenters on auxiliaries unfortunately

showed no reactivity under the current conditions.

Table 3.2. Testing Different Substituted Chiral NBEs?

o)
|>(—)nBu2
+ a
Me Me
NBE* (20 mol%) ,, Pf:yz
RuPhos Pd G4 (5 mol%) 0 By Pro oPr
NaOAc (150 mol% )
1a DMF, 120 °C, 24 h 3aa RuPhos
hcoza Lb/COZtBu
N1 CO2PT N2 N3* N4+ Me
68% 68% <10% 67%
42% ee 38% ee 31% ee 38% ee
N5*0O NG* N7*
7% 19% 129%
39% ee d 19% ee 45% fae
N8* N9* 5 N10* O
trace 1% n.d.
33% ee
o 0 9 9 o
; MN//<O LI&\\//U\N/QO
N Y ‘ R
0 }/o iPr iPr
N1 N12* N13*
n.d. n.d. n.d.

aThe reaction was run with 0.2 mmol 1a and 0.8 mmol 2a in 2 mL DMF for 24h. ®Yields are
determined by *H NMR analysis using 1,3,5-trimethoxybenzene as the internal standard. The ee

was determined using chiral HPLC based on isolated pure products.

140



Considering the sharp reactivity difference between N9* and N10-13*, we postulated that the
steric interaction between the bulky RuPhos ligand and the additional substituent on oxazolidinone
might be the reason for the low reactivity. Hence, other Buchwald phosphine ligands'* were
explored using N12* as the cocatalyst (Table 3.3). Interestingly, when XPhos and CPhos were
employed as the ligands, the reaction with N12* could then provide the desired product 3aa* in
25% ee and 31% ee, respectively (entries 1 and 2). Other Buchwald ligands still showed no

reactivity similar to the case with Ruphos (entries 3-5).

Table 3.3. Reactions with N12* Using Different Buchwald Ligands

| P o
M N A
M LNz iPr)\/ E
- L (20mol%) Me
C( + $>—nBu _ Pd(OAC), (10 mol%) & B
nou
> (’;) ligand (10 mol%)
a a NaOAc (150 mol%) 3aa*
1.0 equiv 4.0 equiv DMF (0.1 M), 120 °C
Entry ligand Yield [%] ee [%]
1 XPhos 57 25
2 CPhos 24 31
3 BrettPhos trace
4 DavePhos trace
5 SPhos trace

C C ot C
PCy, PCy, MeO PCy, PCy,
iPr O iPr Me,N ‘ R iPr ‘ iPr MeO l OMe

iPr _ iPr
XPh R=NMe, CPhos BrettPhos SPhos
0s R=H  Davephos

aThe reaction was run with 0.2 mmol 1a and 0.8 mmol 2a in 2 mL DMF for 24h. ®Yields were

determined by *H NMR analysis using 1,3,5-trimethoxybenzene as the internal standard. The ee

was determined using chiral HPLC based on isolated pure products.
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Considering that XPhos ligand was the most effective ligand when using the bulky N12* cocatalyst,
other oxazolidinone-derived N10*, N11* and N13* were also examined under the XPhos
conditions (Scheme 3.2). While N10* and N11* indeed showed good reactivity, the
enantioselectivity remained moderate. Surprisingly, N13*, a diastereomer of N12*, only gave a
trace amount of product, suggesting that the reaction is very sensitive to the steric environment

around the palladium catalyst.

Scheme 3.3. Examination of N10*, N11* and N13* Cocatalysts with the XPhos Ligand

Me NBE* (20 mol%) Me
| o Pd(OAc), (10 mol%)
B XPhos (10 mol%) o,
* {%,rn ! nBu
(¥) NaOAc (150 mol% )
1a 2a DMF (0.1 M), 120 °C, 24 h 3aa*
B LJX Bn o o
N)ﬁ N10* e MN//< N13*
N11
o }/O o %O k/o
0 o iPrt
53% 32% trace
35% ee 32% ee

3.2.2 Substrates Scope

Then the substrate scope was briefly examined using N1* as the cocatalyst (Scheme 3.3).
Substituted aryl iodides and more functionalized racemic epoxides were all competent substrates.
The highest ee (42%) was still obtained from simple 2-iodotoluene with 1,2-epoxyhexane. Ester
substitution at the para position of the aryl iodide decreased both the yield and the ee (3ba*). In
addition, glycidyl ether-type epoxides gave high yield but moderate enantioselectivity (3ac* and

3ab*).

142



Scheme 3.4. Substrate Scope with Enantiomerically Enriched N1*

N1*

Ve ! (20 mol%) COiPr | Me
R ! . Q R RuPhos-Pd-G4 (10 mol%) o,
(£) NaOAc (150 mol%) R R
1 2 DMF, 120 °C 3
Me Me
o} o}
nBu * nBu
MeO,C
68%, 42% eeldl 54%, 31% ee
3aa* 3ba*
X
Me <O)2 Me
78%, 34% ee 92%, 38% ee
3ac* 3ab*

aThe reaction was run with 0.2 mmol 1 and 0.8 mmol 2 in 2 mL DMF for 24h. Yields are
determined by *H NMR analysis using 1,3,5-trimethoxybenzene as the internal standard. The ee
was determined using chiral HPLC based on isolated pure products. 5 mol% of Ruphos-Pd-G4

was used.

3.2.3 Preliminary Mechanistic Study

Finally, in order to figure out the match and mismatch for the stereochemistry of NBE and epoxide,
chiral epoxide (S)-2b was treated with aryl iodide 1a in the presence of two enantiomers (+) N1*
and (-)N1* as cocatalyst (Fig. 3.4). It is easily to tell from the following graph that the
stereochemistry of (-)N1* matches epoxide (S)-2b, which gave 88% of desired product within an
hour. Instead, the stereochemistry of another enantiomer (+)N1* doesn’t match epoxide (S)-2b,

which only gave 19% of desired product during the same reaction time.
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Figure 3.4. Match and Mismatch between Chiral NBE and Epoxide
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3.3 Conclusion

In summary, we describe our initial efforts on developing an asymmetric annulation reaction
between aryl iodides and racemic epoxides via Pd/NBE cooperative catalysis. A series of
enantiopure NBEs have been prepared with a reliable synthetic route. In particular, the isopropyl
ester-substituted NBE (N1*) could afford the DHBF product in good yield and promising
enantioselectivity. While the ee at this stage is still moderate, the availability of such a family of
chiral/enantiopure NBE cocatalysts should now open the door for developing various asymmetric
Catellani-type reactions. Efforts on better understanding of the chiral induction step through DFT
calculation and further improving the enantioselectivity via a better catalyst design are underway

in our laboratory.

145



3.4 Experimental Procedures and Characterization Data

3.4.1 General Information

Unless noted otherwise, all solvents were dried by filtration through a Pure-Solv MD-5 Solvent
Purification System (Innovative Technology). Dimethylformamide was then vacuum-distilled
freshly over calcium hydride and carefully freeze-pump-thawed. Reaction temperatures were
reported as the temperatures of the bather surrounding the flasks or vials. Sensitive reagents and
solvents were transferred under nitrogen into a nitrogen-filled glovebox with standard techniques.
Sodium acetate was purchased from STREM, stored and used directly in the glovebox. Analytical
thin-layer chromatography (TLC) was carried out using 0.2 mm commercial silica gel plates (silica
gel 60, F254, EMD chemical). Vials (15 x 45 mm 1 dram (4 mL) with PTFE lined cap attached)
were purchased from Qorpak and flame-dried and cooled in a desiccator prior to usage. Mass
spectra were recorded on an Agilent 6530 LC Q-TOF mass spectrometer using electrospray
ionization with fragmentation voltage set at 115 V and processed with an Agilent MassHunter
Operating System. X-ray diffraction data were collected at 100(2) K on a Bruker-Nonius Kappa
CCD or Agilent SuperNova AtlasS2 CCD. Infrared spectra were recorded on a Nicolet 380 FTIR
using neat thin film technique. Nuclear magnetic resonance spectra (*H NMR and *3C NMR) were
recorded with a Bruker (400 MHz, *H at 400 MHz, *3C at 101 MHz) or Bruker Model DMX 500
(500 MHz, *H at 500 MHz, 3C at 126 MHz). Chemical shifts were reported in parts per million
(ppm, 8), downfield from tetramethylsilane (TMS, =0.00ppm) and were referenced to residual
solvent (CDCls, =7.26 ppm (*H) and 77.00 ppm (**C)). All the '°F chemical shifts were not
referenced. Coupling constants were reported in Hertz (Hz). Data for *H NMR spectra were
reported as follows: chemical shift (ppm, referenced to protium, s = singlet, d = doublet, t = triplet,

g = quartet, quin = quintet, dd = doublet of doublets, td = triplet of doublets, ddd = doublet of
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doublet of doublets, m = multiplet, coupling constant (Hz), and integration). All other materials

were obtained from Aldrich Chemical Company or Combi-blocks and were used as received.

3.4.2 Chiral Resolution of Ester Substituted NBE

Scheme 3.5. Chiral Resolution of C2-Substituted NBE
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To a solution of NBE-CO2H (700 mg, 5.1 mmol, 1.0 equiv) and 1 drop of DMF in DCM (5 mL)
was added oxalyl chloride (648 mg, 5.1 mmol, 1.0 equiv) dropwise at 0 °C.2® The reaction mixture
was stirred at room temperature for another 1 h until the bubbling stopped. To another flame-dried
round bottom flask was added sulfonamide (1.65g, 7.65 mmol, 1.5 equiv) and dry toluene (50 mL).
Then NaH (3.06g, 76.5 mmol, 15 equiv) was added slowly to the flask and the reaction mixture
was stirred at room temperature for another 30 min. After that, the generated acid chloride from
the first flask was transferred into the second flask dropwise and the reaction mixture was stirred
at room temperature until the reaction was completed. Then the reaction was quenched by 1M HCI

and the aqueous lays was extracted by DCM for three times. The combined organic layers were
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dried over MgSOa. Sulfonamide A and B were isolated via silica gel chromatography as a pair of

diastereomers.

Me Me
J O
//S:\N /%b
o 0O

A: White solid (666 mg, 39%). R = 0.4 (hexane/ethyl acetate = 5:1). Mp = 125.7 — 127.1 °C. 'H

NMR (500 MHz, CDCl3) § 7.11 (d, J = 3.4 Hz, 1H), 4.06 (dd, J = 7.7, 4.7 Hz, 1H), 3.47 (d, J =
13.6 Hz, 1H), 3.37 (d, J = 13.7 Hz, 2H), 3.03 (s, 1H), 2.03 (dd, J = 13.7, 7.7 Hz, 1H), 1.99 — 1.84
(m, 4H), 1.79 — 1.65 (m, 2H), 1.61 (dt, J = 8.6, 2.2 Hz, 1H), 1.45 - 1.24 (m, 5H), 1.21 (s, 3H), 0.98
(s, 3H). 3C NMR (101 MHz, CDCl3) § 165.30, 148.53, 141.13, 65.84, 53.81, 49.80, 47.96, 47.82,
45.28,43.72, 43.08, 38.49, 33.34, 26.65, 24.21, 24.03, 21.36, 20.06. IR (KBr): v 2960, 2874, 1671,
1590, 1332, 1286, 1172, 1140, 754, 536 cm'™X. HRMS (ESI): Calculated for C1gH2sNO3S (M+H*):

336.1628, found: 336.1631.

Me Me
%N W;b
/,S:\

oo ©

B: White solid (652 mg, 38%) R = 0.3 (hexane/ethyl acetate = 5:1). Mp = 169.2 — 170.0 °C. H

NMR (500 MHz, CDCls) § 6.91 (d, J = 3.2 Hz, 1H), 4.04 (dd, J = 7.7, 4.7 Hz, 1H), 3.49 (d, J =
13.6 Hz, 1H), 3.39 (d, J = 13.6 Hz, 1H), 3.23 (s, 1H), 3.08 (s, 1H), 2.05 — 1.91 (m, 3H), 1.90 —
1.83 (m, 2H), 1.76 (ttd, J = 12.8, 9.4, 3.6 Hz, 2H), 1.56 (dt, J = 8.8, 2.2 Hz, 1H), 1.41 (ddd, J =
10.9, 9.1, 2.3 Hz, 1H), 1.37 (s, 1H), 1.21 (s, 4H), 1.19 — 1.12 (m, 1H), 1.11 — 1.05 (m, 1H), 0.98

(s, 3H). BC NMR (101 MHz, CDCl3) 8 167.12, 148.31, 142.38, 65.78, 53.74, 48.07, 47.81, 46.72,
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45.36, 44.34, 43.99, 38.65, 33.34, 26.64, 25.24, 25.20, 21.44, 20.05. IR (KBr): v 2962, 2876, 1668,
1586, 1334, 1288, 1139, 1054, 748, 536 cm™. HRMS (ESI): Calculated for C1gH26NO3sS (M+H™):

336.1628, found: 336.1632.

3.4.3 General Procedure for Synthesis of Chiral NBEs

Scheme 3.6. Chiral NBE Preparation

Me Me
LiOH-H,0 (5.0 equiv) X
0
N THF/H,0 = 2:1 *
S5 / 60 °C, 48 h COH
0" "o
A
* * *
(COCl), iPrOH, pyridine
R et [TTUm, byndine
* DCM,0°C-rt. =~ * *
CO,H cocl N1* CO,iPr

To asolution (18 mL, H2O/THF = 1:2) of sulfonamide (565 mg, 1.69 mmol, 1.0 equiv) was added
LiOH « H20 (354 mg, 8.42 mmol, 5.0 equiv). The reaction was stirred at 60 °C for 48 h until the
reaction mixture became clear. Then the aqueous layer was washed by diethyl ether for two times
and then acidified by 1 M hydrochloric acid until pH < 7. Then the reaction mixture was extracted
by dichloromethane for three times and the combined organic layers were dried over MgSQOas. The
solvent was removed under vacuum to afford the chiral NBE-CO2H as a colorless oil, which was
used directly in the next step without further purification.

To a solution of NBE-CO2H (276 mg, 2.0 mmol, 1.0 equiv) in DCM (2 mL) with 1 drop of DMF
was added oxalyl chloride (254 mg, 2.0 mmol, 1.0 equiv) dropwise at 0 °C. The reaction mixture
was stirred at room temperature for another 1 h until the bubbling stopped. Then a mixture of the
corresponding alcohol (6.0 mmol, 3.0 equiv) and pyridine (949.2 mg, 12.0 mmol, 6.0 equiv) was

added dropwise and the reaction mixture was stirred at room temperature for another 3 h until the
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reaction was completed. The organic layer was washed with 1 M hydrochloric acid and then
concentrated under vacuum. The corresponding ester substituted NBE was isolated by silica gel

chromatography (hexane/Et.O = 20:1) as a colorless oil.

N1*: Colorless oil (151 mg, 42%). Rs = 0.6 (hexane/ethyl acetate = 20:1). *H NMR (500 MHz,
CDCl3) 5 6.88 (d, J = 3.2 Hz, 1H), 5.05 (hept, J = 6.1 Hz, 1H), 3.24 (s, 1H), 3.00 (s, 1H), 1.74 (th,
J=13.0,3.3 Hz, 2H), 1.52 — 1.43 (m, 1H), 1.26 (dd, J = 6.3, 4.1 Hz, 6H), 1.18 (d, J = 8.7 Hz, 1H),
1.07 (dt, J = 7.4, 2.3 Hz, 2H). 3C NMR (101 MHz, CDCl3) § 164.7, 146.4, 141.6, 67.3, 48.3, 43.6,
42.0, 24.8, 24.7, 22.1. IR (KBr): v 2978, 2874, 1707, 1279, 1259, 1163, 1110, 1076, 753 cm™.
HRMS (ESI): Calculated for C11H170> (M+H"): 181.1223, found: 181.1219. Chiral HPLC
(Chiralpak IC, hexane/isopropanol = 98:2, 0.5 mL/min, 230 nm): tminor = 12.308 Min, tmajor =

12.778. [a]o = -139.6 (¢ = 0.53, dichloromethane, 21.0 °C) at 98% ee.

150



Figure 3.5. HPLC of Racemic N1

DAD1 D, Sig=230,4 Ref=360,100 (RENHE\NBE-COOIPR RACMIC-IC.D)
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Figure 3.6. HPLC of Enantiomeric N1*
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N2*: Colorless oil (47%). Rs = 0.5 (hexane/ethyl acetate = 20:1). *H NMR (500 MHz, CDCls) &
7.26 (d, J = 3.1 Hz, 1H), 4.53 (g, J = 7.0 Hz, 2H), 3.61 (s, 1H), 3.36 (s, 1H), 2.09 (dtt, J = 15.1,
11.6, 7.6 Hz, 2H), 1.83 (d, J = 8.5 Hz, 1H), 1.64 (t, J = 7.1 Hz, 3H), 1.54 (d, J = 8.6 Hz, 1H), 1.44
(tdt, J=7.6,5.1, 2.3 Hz, 2H). 3C NMR (101 MHz, CDCl3) § 165.1, 146.8, 141.2, 60.2, 48.3, 43.6,
42.0, 24.8, 24.6, 14.5. IR (KBr): v 2977, 2874, 1712, 1596, 1370, 1341, 1278, 1258, 1160, 1079,
753 cm™. HRMS (ESI): Calculated for C1oH1502 (M+H*): 167.1067, found: 167.1061. [a]o =

155.6 (c = 0.32, dichloromethane, 22.0 °C).

LI&COZBU

N3*: White solid (48%). Rs = 0.6 (hexane/ethyl acetate = 20:1). Mp = 52.0 — 54.0 °C. 'H NMR
(500 MHz, CDCl3) § 6.79 (d, J = 3.1 Hz, 1H), 3.19 (s, 1H), 2.98 (s, 1H), 1.78 — 1.68 (m, 2H), 1.48
(s, 10H), 1.16 (d, J = 8.5 Hz, 1H), 1.07 (qd, J = 8.5, 2.2 Hz, 2H). 13C NMR (101 MHz, CDCl3) &
164.6, 145.6, 142.8, 80.0, 48.3, 43.5, 42.0, 28.4, 24.9, 24.7. IR (KBr): v 2976, 2873, 1702, 1596,
1284, 1260, 1154, 1077, 756 cm™. HRMS (ESI): Calculated for C12H1s0,Na (M+Na*): 217.1199,

found: 217.1184. [a]o = 148.9 (c = 0.91, dichloromethane, 22.0 °C).

N4*: Colorless oil (50%, dr = 1:1). Rf = 0.5 (hexane/ethyl acetate = 20:1). 'H NMR (500 MHz,
CDCls) & 6.89 (dd, J = 6.6, 3.2 Hz, 1H), 4.88 (h, J = 6.1, 5.7 Hz, 1H), 3.24 (s, 1H), 3.00 (s, 1H),
1.74 (tt, J = 9.6, 1.9 Hz, 2H), 1.68 — 1.60 (m, 1H), 1.48 (d, J = 8.5 Hz, 1H), 1.23 (dd, J = 6.3, 5.2
Hz, 4H), 1.20 — 1.16 (m, 1H), 1.11 — 1.04 (m, 2H), 0.90 (td, J = 7.5, 5.6 Hz, 3H). 13C NMR (101
MHz, CDClI3) 6 164.86, 164.83, 146.45, 146.31, 141.64, 141.59, 71.85, 71.82, 48.28, 48.23, 43.57,
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43.55,42.04, 42.01, 29.08, 29.05, 24.83, 24.80, 24.67, 19.73, 19.67, 9.86, 9.85. IR (KBr): v 2974,
1708, 1596, 1449, 1364, 1337, 1278, 1257, 1162, 933, 752 cm™. HRMS (ESI): Calculated for

C12H1902 (M+H™): 195.1380, found: 195.1370. [a]p =-133.3 (c = 0.95, dichloromethane, 21.8 °C).

N5*: White solid (45%). Rs = 0.5 (hexane/ethyl acetate = 20:1). Mp = 60.2 - 60.8 °C. *H NMR
(500 MHz, CDCl3) § 6.79 (d, J = 3.2 Hz, 1H), 5.14 (dg, J = 6.0, 3.1 Hz, 1H), 3.16 (s, 1H), 2.92 (s,
1H), 1.80 (dtd, J = 12.5, 6.6, 6.0, 3.0 Hz, 2H), 1.71 — 1.60 (m, 6H), 1.58 — 1.47 (m, 2H), 1.40 (d,
J=8.6,2.1 Hz, 1H), 1.11 (d, J = 8.5 Hz, 1H), 1.04 — 0.96 (m, 2H). 3C NMR (101 MHz, CDCls)
0164.9,146.3,141.6,76.6,48.2,43.5,42.0,32.9,32.8, 24.8, 24.6, 23.91, 23.90. IR (KBr): v 2871,
1703, 1593, 1449, 1369, 1341, 1277, 1217, 1116, 1078, 879, 753 cm™. HRMS (ESI): Calculated
for C13H1902 (M+H™): 207.1380, found: 207.1374. [a]o =-130.1 (c = 0.99, dichloromethane, 22.0

°C).

Scheme 3.7. Preparation of C2 Amide-Substituted NBEs

0]

hcozH . NHR'R?___EDC. DMAP MNRW

DCM, rt *

NBE-CO2H (138 mg, 1.0 mmol, 1.0 equiv), amine (1.1 mmol, 1.1 equiv), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (230 mg, 1.2 mmol, 1.2 equiv) and 4-
dimethylaminopyridine (12.2 mg, 0.1 mmol, 10 mol%) were dissolved in dichloromethane (5 mL).

The reaction mixture was stirred at room temperature overnight. Then it was diluted with diethyl
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ether, washed with water and brine, dried over MgSOs, and purified on silica gel chromatography

(hexanes/ethyl acetate = 2:1) to afford the corresponding amide-derived norbornene N7* and N8*.

N7*: Colorless oil (49%). Rt = 0.3 (hexane/ethyl acetate = 2:1). 'H NMR (400 MHz, CDCls) §
6.30 (d, J = 3.1 Hz, 1H), 3.65 — 3.33 (m, 4H), 3.26 (s, 1H), 2.99 (s, 1H), 1.99 — 1.76 (m, 4H), 1.71
(d, J = 6.0 Hz, 2H), 1.37 (d, J = 8.3 Hz, 1H), 1.29 — 1.20 (m, 1H), 1.15 — 1.00 (m, 2H). 3C NMR
(101 MHz, CDCl3) 6 165.9, 144.4, 139.4, 48.4, 47.1, 46.3, 44.3, 43.8, 26.6, 25.3, 25.2, 24.2. IR
(KBr): v 2968, 2871, 1722, 1612, 1577, 1426, 1341, 1311, 1166, 875, 748 cm™. HRMS (ESI):
Calculated for CioHisNO (M+H*): 192.1383, found: 192.1374. [a]o = 76.9 (¢ = 1.27,

dichloromethane, 21.6 °C).

(0]
MNEQ
N8*: Colorless oil (50%). Rt = 0.3 (hexane/ethyl acetate = 2:1). *H NMR (400 MHz, CDCls) &
6.10 (d, J = 3.1 Hz, 1H), 3.54 — 3.39 (m, 2H), 3.31 (dq, J = 14.1, 7.1 Hz, 2H), 3.12 (s, 1H), 2.97
(s, 1H), 1.76 — 1.66 (m, 2H), 1.44 — 1.33 (m, 2H), 1.13 (t, J = 7.1 Hz, 8H). 3C NMR (101 MHz,
CDCI3) 6 168.6, 143.2,135.8,47.4,45.5,43.5,42.7,39.4,25.5,25.4,14.8, 13.0. IR (KBr): v 2971,
2872, 1620, 1585, 1427, 1379, 1285, 1150, 1064, 812, 743 cm™*. HRMS (ESI): Calculated for

C12H20NO (M+H™): 194.1539, found: 194.1535. [a]p = 125.7 (¢ = 0.97, dichloromethane, 22.0 °C).
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OJ<NH
Lb (COCl), Lb L, .
* DCM,0°C-rt. = * - .
CO,H cocl nBuLi, THF N/ﬁ
-78°C -rt o o
N9* O

To a solution of NBE-CO2H (138 mg, 1.0 mmol, 1.0 equiv) in DCM (1 mL) with1 drop of DMF
was added oxalyl chloride (152 mg, 1.2 mmol, 1.2 equiv) dropwise at 0 °C. The reaction mixture
was stirred at room temperature for another 1 h until the bubbling stopped. To another flame-dried
round bottom flask was added 2-oxazolidinone (95.8 mg, 1.1 mmol, 1.1 equiv) and dry THF (10
mL). Then, nBuLi (0.81 mL, 1.6 M in hexane, 1.3 mmol, 1.3 equiv) was added dropwise to the
flask at -78 °C and the reaction mixture was stirred at -78 °C for another 30 min. After that, the
generated acyl chloride from the first flask was transferred into the second flask dropwise using
dry THF. Then the reaction mixture was warmed to room temperature slowly and stirred for
another 2 h. The reaction was quenched by 5 mL H»O and the aqueous lays was extracted by ethyl
acetate for three times. The combined organic layers were dried over MgSO4 and then purified by

silica gel chromatography to afford N9*.

N9*: White solid (48%). Rs = 0.2 (hexane/ethyl acetate = 2:1). Mp = 85.4 — 87.9 °C. 'H NMR
(400 MHz, CDCl3) & 6.83 (d, J = 3.3 Hz, 1H), 4.41 — 4.27 (m, 2H), 4.02 (ddd, J = 10.9, 9.0, 7.9
Hz, 1H), 3.91 (ddd, J = 10.8, 8.6, 5.9 Hz, 1H), 3.21 (s, 1H), 3.03 (s, 1H), 1.76 — 1.64 (m, 2H), 1.55
(dt, J=8.6, 2.1 Hz, 1H), 1.20 — 1.00 (m, 3H). 3C NMR (101 MHz, CDCls) 5 165.7, 153.3, 148.3,

140.1, 62.2,47.3,44.2, 44.0, 43.6, 25.10, 25.06. IR (KBr): v 2971, 2872, 1783, 1664, 1587, 1478,
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1383, 1301, 1199, 1115, 1080, 1039, 987, 746, 698 cm™. HRMS (ESI): Calculated for C11H14NOs

(M+H"): 208.0968, found: 208.0966. [a]p = -65.9 (c = 0.97, dichloromethane, 22.0 °C).

N10*: White solid (63%). Rs = 0.2 (hexane/ethyl acetate = 2:1). Mp = 105.9 — 107.2 °C. 'H NMR
(400 MHz, CDCl3) § 7.33 — 7.27 (m, 3H), 7.19 — 7.13 (m, 2H), 6.89 (d, J = 3.0 Hz, 1H), 4.80 (tdd,
J=8.7,5.1, 3.6 Hz, 1H), 4.25 (t, J = 8.6 Hz, 1H), 4.13 (dd, J = 8.9, 5.2 Hz, 1H), 3.32 — 3.21 (m,
2H), 3.11 (s, 1H), 2.83 (dd, J = 13.5, 8.9 Hz, 1H), 1.86 — 1.73 (m, 2H), 1.61 (dq, J = 6.4, 2.1 Hz,
1H), 1.28 —1.18 (m, 2H), 1.17 — 1.10 (m, 1H). 3C NMR (101 MHz, CDCls) & 166.0, 153.4, 148.9,
140.7, 135.4, 129.6, 129.0, 127.4, 66.3, 55.5, 47.1, 44.3, 44.0, 38.0, 25.3, 25.3. IR (KBr): v 2972,
2872, 1785, 1660, 1497, 1453, 1348, 1290, 1212, 1114, 746, 702 cm™. HRMS (ESI): Calculated
for C1gH20NO3z (M+H™): 298.1438, found: 298.1439. [a]o = -7.5 (c = 0.99, dichloromethane, 22.0

°C).

N11*: White solid (47%). Rs = 0.2 (hexane/ethyl acetate = 2:1). Mp = 92.4 — 93.1 °C. 'H NMR
(400 MHz, CDCl3) 6 7.36 — 7.30 (m, 2H), 7.30 — 7.25 (m, 1H), 7.24 — 7.20 (m, 2H), 6.86 (d, J =
3.2 Hz, 1H), 4.64 (ddt, J = 9.6, 7.3, 3.6 Hz, 1H), 4.24 — 4.11 (m, 2H), 3.40 (dd, J = 13.4, 3.3 Hz,

1H), 3.32 (s, 1H), 3.09 (s, 1H), 2.80 (dd, J = 13.4, 9.6 Hz, 1H), 1.85 — 1.73 (m, 2H), 1.68 (dt, J =
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8.6, 2.1 Hz, 1H), 1.28 — 1.10 (m, 3H). 13C NMR (101 MHz, CDCls) 5 165.7, 153.3, 147.6, 140.6,
135.6, 129.6, 129.0, 127.4, 66.3, 56.4, 47.7, 44.2, 44.1, 37.6, 25.1, 25.0. IR (KBr): v 2973, 1785,
1659, 1453, 1350, 1293, 1211, 1114, 1084, 745, 702 cm™. HRMS (ESI): Calculated for
C1gH20NO3 (M+H"): 298.1438, found: 298.1441. [a]o = -128.7 (c = 0.97, dichloromethane, 22.0

°C).

O o
‘MN/(O
iPr

N12*: White solid (61%). Rr = 0.3 (hexane/ethyl acetate = 2:1). Mp = 84.1 — 86.2 °C. 'H NMR

(400 MHz, CDCls) § 6.88 (dt, J = 3.4, 1.0 Hz, 1H), 4.56 (dt, J = 9.0, 4.7 Hz, 1H), 4.30 (t, J = 8.9
Hz, 1H), 4.15 (dd, J = 9.0, 4.9 Hz, 1H), 3.24 (s, 1H), 3.09 (s, 1H), 2.27 (pd, J = 7.0, 4.4 Hz, 1H),
1.83 - 1.70 (m, 2H), 1.60 (dt, J = 8.6, 2.1 Hz, 1H), 1.22 — 1.15 (m, 2H), 1.12 — 1.05 (m, 1H), 0.87
(dd, J = 9.7, 7.0 Hz, 6H). 3C NMR (101 MHz, CDCls) § 166.1, 153.9, 148.6, 140.9, 63.5, 58.4,
46.9, 44.4, 44.0, 28.8, 25.4, 25.3, 17.9, 15.2. IR (KBr): v 2965, 2873, 1783, 1665, 1587, 1485,
1388, 1363, 1289, 1203, 886, 764, 745 cm™. HRMS (ESI): Calculated for C14H20NO3z (M+H"):

250.1438, found: 250.1433. [a]p = 37.2 (c = 1.13, dichloromethane, 22.0 °C).

* o o
M N J<o
iPr“"I\/

N13*: White solid (54%). Rs = 0.3 (hexane/ethyl acetate = 2:1). Mp = 85.5 - 89.4 °C. 'H NMR

(400 MHz, CDCls) § 6.81 (d, J = 3.3 Hz, 1H), 4.45 (dt, J = 8.6, 4.3 Hz, 1H), 4.28 (t, J = 8.7 Hz,
1H), 4.17 (dd, J = 8.9, 4.5 Hz, 1H), 3.28 (s, 1H), 3.05 (s, 1H), 2.42 (pd, J = 7.0, 4.1 Hz, 1H), 1.82

—1.66 (m, 3H), 1.24 (dd, J = 8.6, 1.1 Hz, 1H), 1.19 — 1.11 (m, 2H), 0.90 (dd, J = 8.2, 7.0 Hz, 6H).
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13C NMR (101 MHz, CDCl3) § 165.6, 154.0, 146.8, 141.1, 63.5, 59.0, 48.3, 44.2, 43.8, 28.4, 24.9,
24.8,18.0, 15.0. IR (KBr): v 2965, 2672, 1783, 1672, 1589, 1465, 1387, 1341, 1293, 1201, 1079,
888, 766, 744 cm™. HRMS (ESI): Calculated for C14H20NO3z (M+H™"): 250.1438, found: 250.1429.

[a]p = 132.5 (c = 1.02, dichloromethane, 22.0 °C).

3.4.4 Enantioselective Transformation Using Chiral NBE-COziPr (N1%)

Scheme 3.8. Asymmetric Annulation Enabled by Pd/Chiral NBE

L N1*
(20 mol%) cO,iPr

Me | enantiopure Me
©/ + ©>—nBu RuPhosPd-G4 (5 mol%) o
NaOAc (150 mol% ) nBu
1a 2a DMF (0.1 M), 120 °C, 24 h 3aa*
4.0 equiv 0.2 mmol scale 68%, 42% ee

A flame-dried 4.0 mL vial was charged with aryl iodide 1a (43.6 mg, 0.2 mmol, 1.0 equiv), NaOAc
(24.6 mg, 0.3 mmol, 1.5 equiv) and RuPhos-Pd-G4 (8.5 mg, 0.01 mmol, 5 mol%). Then the vial
was directly transferred into a nitrogen-filled glovebox without caps. After enantiomeric NBE-
CO2iPr N1* (7.2 mg, 0.04 mmol, 20 mol%) and 1,2-epoxyhexane (80 mg, 0.8 mmol, 4.0 equiv)
was added to the vial, 2 mL of degassed DMF was added. Then the vial was tightly sealed,
transferred out of glovebox and stirred on a pie-block preheated to 120 °C for 24 hours. After
completion of the reaction, the mixture was filtered through a thin pad of celite. The filter cake
was washed with dichloromethane and diethyl ether, and the combined filtrate was concentrated.
The residue was absorbed onto a small amount of silica gel and then purified by flash column

chromatography on silica gel to give the desired product.

158



O
*—nBu

3aa*: Pale yellow oil (68%). Rs = 0.4 (hexane/ethyl acetate = 40:1). *H NMR (400 MHz, CDCls)
§7.00 (d,J =6.9 Hz, 1H), 6.93 (ddg, J = 7.5, 1.5, 0.8 Hz, 1H), 6.74 (t, J = 7.4 Hz, 1H), 4.76 (dddd,
J=8.9,7.8,6.9, 6.2 Hz, 1H), 3.28 (dd, J = 15.4, 8.9 Hz, 1H), 2.86 (dd, J = 15.4, 7.8 Hz, 1H), 2.22
(s, 3H), 1.93 — 1.79 (m, 1H), 1.73 — 1.62 (m, 1H), 1.55 — 1.34 (m, 4H), 0.95 (t, J = 7.1 Hz, 3H).
13C NMR (126 MHz, CDCls) 6 158.2, 129.2, 126.3, 122.4, 120.0, 119.6, 83.1, 36.0, 35.9, 27.7,
22.8,15.4,14.2. IR (KBr): v 3025, 2956, 2931, 2859, 1599, 1467, 1260, 1186, 759 cm-1. HRMS
(ESI): Calculated for C13H190 (M+H"): 191.1430, found: 191.1428. Chiral HPLC (Chiralpak

OD-H, hexane/isopropanol = 99:1, 0.5 mL/min, 230 nmM): tminor = 11.161, tmajor = 10.094. 42% ee.

Figure 3.7. HPLC of Racemic 3aa

DAD1 D, Sig=230,4 Ref=360,100 (RENHE'#1000036.D)

mAU |
600

500

9.33
9886

400~
300
200
100

Signal 4: DAD1 D, Sig=230,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
*********** [====|=mmmmmm | e e e
1 9.339 vv 0.2748 1.14719%e4 653.63702 49,4863
2 9.886 VBA 0.2817 1.17100e4 645,41187 50.5137

Totals : 2.3181%4 1299.04889
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Figure 3.8. HPLC of Enantiomeric 3aa*

DAD1 D, Sig=230,4 Ref=360,100 (RENHE\LR-2-33-1-1.D)
mAU -

10.094

300
250
200
150
100
50

11.161

Signal 4: DAD1 D, Sig=230,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 10.0%94 BV 0.3827 8513.32520 348.88733 71.0521
2 11.161 VB 0.4418 3468.47949 123.45%961 28.9479

Totals : 1.19818e4 472.34694

Me

(0]
nBu
MGOQC

3ba*: Pale yellow oil (54%). Rs = 0.2 (hexane/ethyl acetate = 40:1). *H NMR (400 MHz, CDCls)

§7.70 — 7.65 (M, 2H), 4.89 — 4.78 (m, 1H), 3.85 (s, 3H), 3.28 (dd, J = 15.5, 9.0 Hz, 1H), 2.85 (dd,
J=155, 7.7 Hz, 1H), 2.21 (s, 3H), 1.90 — 1.78 (m, 1H), 1.74 — 1.62 (m, 1H), 1.54 — 1.32 (m, 4H),
0.93 (t, J=7.1 Hz, 3H). 3C NMR (126 MHz, CDCl3) § 167.4, 162.4, 131.9, 126.6, 124.4, 122.2,
119.3, 84.4, 51.8, 36.0, 35.3, 27.6, 22.7, 15.3, 14.1. IR (KBr): v 2954, 2860, 1715, 1607, 1434,
1306, 1161, 954, 771 cm™. HRMS (ESI): Calculated for C1sH2103 (M+H*): 249.1485, found:
249.1492. Chiral HPLC (Chiralpak OD-H, hexane/isopropanol = 99:1, 0.5 mL/min, 260 nm):

tminor= 21892, tmajorz 14268 31% ee.
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Figure 3.9. HPLC of Racemic 3ba

DADA E, Sig=260,4 Ref=360,100 (RENHE\LR-2-35-1.D)
mAUE
350
300
250—; 9
200 <+ -
] - [=]
150 N 2
1 A b
100 |
50 | "‘:.‘ / '\\‘
] / \ A
04 Lt S , . .
: L . . - : _
10 12 14 16 18 20 22 24 min
Signal 5: DADl E, S5Sig=260,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
———= | | === ======= | === | ===——=—— | === \
1 14.106 BB 0.3649 3900.03076¢ 166.73305 49,9833
2 21.501 BB 0.5676 3902.63062 108.507%2 50.0167
Totals 7802.66138 275.24097
Figure 3.10. HPLC of Enantiomeric 3ba*
DAD1 E, Sig=260,4 Ref=360,100 (RENHE\LR-2-33-2.D)
mAU ]
175
150 |
125
1005
k| [ee]
75 &
3 s o~
50 4 ~ 2
25| &
3 / . AT
0_;——— 1 — o
o 12 44 48 18 20 ‘ 2 24 min]
Signal 5: DADl1 E, Sig=260,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
=== == [-———= == | === [ === [====———= |
1 14.268 BB 0.3624 1039.04126 44,82608 65.5087
2 21.892 BB 0.5756 547.07068 14.99671 34.4913
Totals 1586.11194 59.82279

161



Me
Cﬁ%
OPh

3ab*: White solid (92%). R = 0.3 (hexane/ethyl acetate = 40:1). Mp = 77.8 — 78.6 °C. 'H NMR

(400 MHz, CDCl3) 6 7.35-7.25 (m, 2H), 7.04 (ddd, J= 7.3, 1.4, 0.7 Hz, 1H), 7.03 — 6.91 (m, 4H),
6.79 (t, J = 7.4 Hz, 1H), 5.15 (dddd, J = 9.4, 7.0, 5.9, 5.3 Hz, 1H), 4.24 (dd, J = 9.9, 5.9 Hz, 1H),
4.10 (dd, J =9.9, 5.3 Hz, 1H), 3.40 (dd, J = 15.7, 9.4 Hz, 1H), 3.17 (dd, J = 15.7, 7.1 Hz, 1H), 2.23
(s, 3H). 3C NMR (101 MHz, CDCl3) § 158.8, 157.9, 129.6, 129.5, 125.4, 122.5, 121.2, 120.6,
120.0, 114.8, 80.2, 69.9, 32.9, 15.4. IR (KBr): v 3040, 2920, 2857, 1599, 1497, 1468, 1243, 1193,
1050, 754, 691 cm™. HRMS (ESI): Calculated for C16H1702 (M+H"): 241.1223, found: 241.1221.
Chiral HPLC (Chiralpak OD-H, hexane/isopropanol =98:2, 0.5 mL/min, 230 nm): tminor = 23.912,

tmajor = 34.968. 38% ee.

Figure 3.11. HPLC of Racemic 3ab

DAD1 D, Sig=230,4 Ref=360,100 (RENHE\LR-2-55-1-3-0DH.D)
mAU
350 -
300 -
250 -
200 -
150 -
100 -

23.799
)35.024

e VAN N

507 1 -
15 175 20 225 25 27.5 30 325 35 375 min

Signal 4: DADl D, Sig=230,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
=== |- [========== | ——=—====—= | —=—=—====—= | ======== |
1 23.799 BB 0.6346 2908.75586 72.41602 49.9844
2 35.024 BB 0.9928 2910.56860 46.59019 50.0156

Totals : 5819.32446 119.00621

162



Figure 3.12. HPLC of Enantiomeric 3ab*

DAD1 D, Sig=230,4 Ref=360,100 (RENHE\LR-2-51-2-ODH.D)
mAU ]
700 -
600 =
500 =
400
300 -
200 -
100 -}

0 AN

L R T T T T T T T T
15 17.5 20 22.5 25 27.5 30 32.5 35 37.5 miny

23912
134.968

Signal 4: DAD1 D, Sig=230,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU]
=== |- | === === | === |——=======- |======—= \
1 23.912 BB 0.6562 8405.07129 203.36694 31.2355
2 34.968 BBA 1.0753 1.85036e4 272.80038 6€8.7645

Totals : 2.69087e4 476.16733

Me
(0]

3ac*: Yellow oil (78%). Rs = 0.2 (hexane/ethyl acetate = 40:1). *H NMR (400 MHz, CDCls) &

7.43 (dd, J = 1.8, 0.9 Hz, 1H), 7.00 (d, J = 7.0 Hz, 1H), 6.94 (ddg, J = 7.5, 1.5, 0.8 Hz, 1H), 6.76
(t, J = 7.4 Hz, 1H), 6.38 — 6.32 (m, 2H), 4.94 (dddd, J = 9.4, 7.5, 6.3, 4.8 Hz, 1H), 4.65 — 4.52 (m,
2H), 3.73 (dd, J = 10.4, 6.3 Hz, 1H), 3.64 (dd, J = 10.4, 4.8 Hz, 1H), 3.26 (dd, J = 15.6, 9.4 Hz,
1H), 3.00 (dd, J = 15.6, 7.5 Hz, 1H), 2.23 (d, J = 0.6 Hz, 3H). 13C NMR (101 MHz, CDCls) &
158.0, 151.7, 143.0, 129.3, 125.6, 122.4, 120.4, 119.8, 110.4, 109.6, 81.2, 72.1, 65.4, 32.8, 15.4.
IR (KBr): v 3119, 3049, 2919, 2857, 1599, 1468, 1261, 1194, 1151, 1073. 920, 758, 600 cm™.
HRMS (ESI): Calculated for CisHi703 (M+H"): 245.1172, found: 245.1174. Chiral HPLC
(Chiralpak OD-H, hexane/isopropanol = 95:5, 0.5 mL/min, 230 nmM): tminor= 27.530, tmajor = 44.530.

34% ee.
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Figure 3.13. HPLC of Racemic 3ac

DAD1 D, Sig=230,4 Ref=360,100 (RENHE\LR-2-55-2-3-ODH.D)
mAU 3
700
600 |
500
| 3
400 N -
300 3 o &
E| A ¥
200 ~
100 y . ) A
0 T 1 I UR 1 i T
15 20 25 30 35 40 45 mi
Signal 4: DADl D, Sig=230,4 Ref=360,100
Peak RetTime Type Width Area Height Area
i [min] [min] [MAU*s] [mAU] %
|- |- === |- |- |——=————-
1 27.494 BB 0.7824 1.17421e4 239,31871 49.8019
2 44,267 BB 1.4292 1.18355e4 131.60634 50.1981
Totals 2.35776e4 370.92505
Figure 3.14. HPLC of Enantiomeric 3ac*
DAD1 D, Sig=230 4 Ref=360,100 (RENHE\LR-2-51-3-ODH.D)
mAUé
120
100
80
0] 5 g
40 ~ 3
o P
20: /ﬁ\‘ L CONL
o - ‘.7 T __ T _' i - T T 1
15 20 25 30 35 40 45 min

Signal 4: DAD1 D, Sig=230,4 Ref=360,100

Peak RetTime Type Width Area
# [min] [min] [mAU*s]
e B e |-===mmmm - | ===mmmm - |===----- |
1 27.530 BB 0.7585 912.32776 18.72223 33.0027
2 44,530 BB 1.2981 1852.07678 22.31998 66.9973
Totals

2764.40454 41.04220
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3.4.5 Match and Mismatch for the Stereochemistry of NBE and Epoxide

Scheme 3.9. Asymmetric Annulation with Enantioenriched 2b and N1

. (ONT" BN
Me op,  NBE-COiPr (20 mol%) Me
' Q> RuPhos-Pd-G4 (10 mol%) o  poPh
NaOAc (150 mol%) o
1a (S)-2b DMF, 120 °C 3ab

A flame-dried 4.0 mL vial was charged with aryl iodide 1a (21.8 mg, 0.1 mmol, 1.0 equiv), NaOAc
(12.3 mg, 0.15 mmol, 1.5 equiv) and RuPhos-Pd-G4 (8.5 mg, 0.01 mmol, 10 mol%). Then the vial
was directly transferred into a nitrogen-filled glovebox without caps. After enantiomeric NBE-
CO2iPr N1* (3.6 mg, 0.02 mmol, 20 mol%) and chiral epoxide (S)-2b (60 mg, 0.4 mmol, 4.0 equiv)
was added to the vial, 1 mL of degassed DMF was added. Then the vial was tightly sealed,
transferred out of glovebox and stirred on a pie-block preheated to 120 °C. After completion of the
reaction, the mixture was filtered through a thin pad of celite. The filter cake was washed with
dichloromethane and diethyl ether, and the combined filtrate was concentrated. The residue was
absorbed onto a small amount of silica gel and then purified by flash column chromatography on
silica gel to give the desired product.

Table 3.4. Match and Mismatch between Chiral NBE and Epoxide

1h 2.5h 7.0h 20.5h
i 0,
i 0,
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Table 3.4. Match and Mismatch between Chiral NBE and Epoxide (continued)

100
804 —=—(-)N1*
—— (+)N1*
-~ 604
=
o -
T —
> 40-
20+
U T 1 L] T
0 5 10 15 20

Time (h)
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3.5 NMR Spectra

Figure 3.15. 'H NMR of A
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Figure 3.16. 13C NMR of A

¥8'59 —

0859 —

Me
:\

Me

LRH-2-21-1-C.10.fid

-20

-10

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)

220

167



Figure 3.17. 'H NMR of B
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Figure 3.18. 'H NMR of B
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Figure 3.19. 'H NMR of N1*
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Figure 3.20. 13C NMR of N1*
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Figure 3.21. 'H NMR of N2*
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Figure 3.23. 'H NMR of N3*
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Figure 3.25. 'H NMR of N4*
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Figure 3.26. 13C NMR of N4*

mm.mv

98’6
L9°61
€L61

L9vT

oy S
£€8'%C
S0°6Z
80°6C \
10ty
Y0y

SSEV
A4 7

rtel

[4:292
mm.ﬁv

65 11
Y9 THT >

€91
St'ovT b

Me

£8691 ]
98'%9T v

Me
N4*

LRH-3-283-1-2-C.10.fid

-20

-10

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

220

172



Figure 3.27. 'H NMR of N5*

6670
660 1
0074
107 4
011
[A88
8€°T
66 1
66T
v
B2k
T
66T
05T
15T
G.ﬁu
5T

251
€57
vs'T
ss'1 ]
951
597 ]
991
9977
o
81
8.1
6.1
08'1
81
87
81
€87
€81
267
oT'E

o

s
s
£T'S
bI'S
ST'S
ST'S

6L'9
649 >

LRH-3-283-2-pure.10.fid

O
N5*

50T
F60'1
ES0'T
Free
Faeo
Fovrz

Feo1
0T

00T

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5

10.5

f1 (ppm)

Figure 3.28. 13C NMR of N5*
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Figure 3.29. 'H NMR of N7*
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Figure 3.30. 13C NMR of N7*
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Figure 3.31. 'H NMR of N8*
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Figure 3.32. 13C NMR of N8*
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Figure 3.33. 'H NMR of N9*
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Figure 3.34. 13C NMR of N9*
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Figure 3.35. 'H NMR of N10*
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Figure 3.36. 13C NMR of N10*
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Figure 3.37. 'H NMR of N11*
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Figure 3.38. 13C NMR of N11*
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Figure 3.39. 'H NMR of N12*

mm.j

LRH-3-205:

O o
NJ<O
iPr’J\\/

N12*

Beb9
wPOT
60T
20T

Feee

Fvot

FE0'T
0T

F80'T
20T

€01

=001

100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05
f1 (ppm)

10.5

Figure 3.40. 13C NMR of N12*
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Figure 3.41. 'H NMR of N13*
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Figure 3.42. 13C NMR of N13*
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Figure 3.43. 'H NMR of 3aa*
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Figure 3.45. 'H NMR of 3ba*
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Figure 3.47. 'H NMR of 3ab*
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Figure 3.49. 'H NMR of 3ac*
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3.6 Crystallographic Data

N
i}
Table 3.5. Crystallographic Data of A

Empirical formula Ci18H2sNO3S

Formula weight 335.45

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system orthorhombic

Space group P212121

Unit cell dimensions a=7.8259(6) A [J=90°.

b=9.5135(8) A [J=90°.
c=22.6470(18) A [ =90°.

Volume 1686.1(2) A3

Z 4

Density (calculated) 1.321 Mg/m3

Absorption coefficient 0.207 mm-1

F(000) 720

Crystal size 0.510 x 0.380 x 0.320 mm3

Theta range for data collection 2.754 to 30.819°.

Index ranges -11<=h<=11, -13<=k<=13, -32<=1<=32

Reflections collected 60626

Independent reflections 5259 [R(int) = 0.0409]

Completeness to theta = 25.242° 99.9 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 1.00 and 0.912

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 5259/0/ 214

Goodness-of-fit on F2 1.044

Final R indices [I1>2sigma(l)] R1=0.0304, wR2 = 0.0758

R indices (all data) R1=0.0350, wR2 = 0.0771

Absolute structure parameter 0.039(12)

Extinction coefficient n/a

Largest diff. peak and hole 0.295 and -0.406 e.A-3
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Table 3.6. Crystallographic Data of B

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

p/e

V/°

Volume/A3

Z

Pcalcglcm3

wmm™

F(000)

Crystal size/mm?®
Radiation

20 range for data collection/°

Index ranges
Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A
Flack parameter
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LRH 2-21-2
C18H2sNO3S
335.45

100.0
monoclinic

P21

7.9608(8)
9.0050(9)
11.9856(12)

90

105.827(2)

90

826.64(14)

2

1.348

0.211

360.0

0.1 x 0.06 x 0.05
MoKa (A =10.71073)
5.318 to 54.998
-10<h<10,-11 <k <11,-15<1
<14

12941

3792 [Rint = 0.0422, Rsigma =
0.0432]

3792/1/210

1.053

R1 = 0.0393, WR; = 0.0827
R1 = 0.0478, WR, = 0.0864
0.30/-0.27

0.02(3)
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CHAPTER 4

Redox-Neutral Ortho Functionalization of Aryl Boroxines via Palladium/Norbornene

Cooperative Catalysis

4.1 Introduction

Site-selectivity control still represents an ongoing quest in organic synthesis.! Especially, site-
selective functionalization of arenes has been playing a key role in preparing aromatic moieties
ubiquitously found in drugs and agrichemicals. Recently, the palladium/norbornene (Pd/NBE)
cooperative catalysis, pioneered by Catellani® and Lautens®*, has emerged as a useful set of tools to
access poly-substituted arenes. In a typical Catellani reaction, a nucleophile and an electrophile
are coupled at the ipso and ortho positions, respectively, through selective reactions with the aryl-
NBE palladacycle (ANP) intermediate (Scheme 4.1A).23 In particular, when the nucleophile is
a hydride equivalent, a reductive ortho functionalization is realized. While efficient, the Catellani

reaction contains a non-productive process, which is the removal of the generated HX with
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stoichiometric bases. In addition, the reaction needs to be terminated by a nucleophile or reductant
in order to reform the Pd(0) catalyst. Moreover, the compatibility between the nucleophile and the
electrophile is an inevitable concern, and typically, only masked or weak nucleophiles are suitable.
Very recently, Zhang®* and Zhou®® concurrently reported a novel arylboronic acid-based Catellani
reaction also through coupling an electrophile/nucleophile pair, but stoichiometric bases and

oxidants were still required (Scheme 4.1B).

Scheme 4.1. Palladium/Norbornene Cooperative Catalysis
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Stimulated by these intrinsic constraints in the Catellani reaction, we felt it could be attractive to
develop a redox-neutral arene ortho functionalization, in which an aryl nucleophile (e.g. aryl boron
compounds) could be coupled with two electrophiles without the need for stoichiometric bases or
oxidants (Scheme 4.1C). Mechanistically, after the ortho functionalization with ANP followed by

NBE extrusion, the resulting aryl-Pd(I1) species could then react with another electrophile (instead
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of a nucleophile or reductant) to regenerate the Pd(I1) catalyst. Seminal work by Lautens has shown
that such a aryl-Pd(11) species could attack an adjacent carbonyl group, but this has been limited
to an intramolecular transformation.*® Clearly, many challenges can be envisioned with this redox-
neutral strategy, including the difficulty of controlling site-selectivity and the choice of suitable
electrophiles. Thus, at this preliminary stage, we have been focused on a simplified system with
one electrophile being a proton source (Scheme 4.1D).3"% In this reaction, the acid generated
during the ANP formation could be re-coupled at the ipso position, which leads to a net proton

swap.

The proposed catalytic cycle is depicted in Scheme 4.2. The reaction starts with transmetalation to
generate an aryl-Pd(I1) species (Step A), which then undergoes analogous transformations as the
regular Catellani-type reactions, such as NBE migratory insertion (Step B) and ortho palladation
(Step C) to give the key aryl-norbornyl-palladacycle (ANP) intermediate. The reaction between
ANP and the anhydride should furnish the ortho acylation (Step D). The resulting Pd(ll)
intermediate could undergo B-carbon elimination to generate a new aryl-Pd(lI1) species (Step E),
which could then be protonated by the acid (HX) produced in the ortho metalation step (Step C)
to afford the ortho acylation product and re-generate the Pd(Il) catalyst (Step F). Hence, the
proposed catalytic cycle does not involve a Pd(0) intermediate, and use of additional stoichiometric

oxidants and bases appear unnecessary.

Herein, we describe our initial development of Pd/NBE-catalyzed redox-neutral acylation and
amination using aryl boroxines as substrates, which directly introduces a functional group at the

arene ortho position without extra stoichiometric oxidants or reductants.
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Scheme 4.2. Proposed Catalytic Cycle
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The challenges for developing such a redox-neutral transformation are two-fold. First, given that
the aryl-Pd(Il) intermediate formed after the NBE extrusion is typically less nucleophilic,
protonation of such a species could be difficult.®® Second, transmetalation of aryl boronates is
generally promoted by basic conditions, while the final protonation step requires the presence of
an acid. Hence, the compatibility of these two steps could be another concern. We hypothesized
that the key for the success of this reaction would be to discover a catalyst system that can promote
both transmetalation and protonation. The use of arsine-type ligands caught our attention because
first, AsPhs is known to promote fast transmetalation in Stille reactions;*” and second, AsPhsz was
also found to be the most efficient ligand in our previous meta C—H arylation reaction®, which

requires facile de-protonation and re-protonation at the arene ortho position.
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4.2 Results and Discussion

4.2.1 Reaction Discovery and Optimization
Table 4.1. Control Experiments for Ortho Acylation with 2-Tolylboroxine?

Pd(TFA), (10 mol%)
AsPhz (30 mol%)

Me NBE (20 mol%) Me
@] D O
3 Ph)ko Ph BQ (10 mol%), 4A MS o
1a 2a toluene, 100 °C, N, 3aa O
"standard" condition
Entry Change from the "standard" condition Yield[®!

1 none 65%
2 w/o Pd(TFA), 0%
3 w/o NBE 0%
4 w/o AsPhs 0%
5 Pd(OAc), instead of Pd(TFA), 43%
6 PPh; instead of AsPh; 12%
7 (2-furyl)sP instead of AsPh; 6%
8 wio BQ 32%
9 w/o Cul 53%
10 w/o K,CO3 51%
11 wio 4A MS 43%
12 H,0 (1.0 equiv) instead of 4A MS 0%
13 commerical "ArB(OH)," instead of (ArBO); 52%!l
14 ArBpin instead of (ArBO)3 0%

&The reaction was run with 0.2 mmol 1a (monomer of the boroxine) and 0.4 mmol 2a in 4 mL
toluene for 14h. "Determined by *H NMR analysis using 1,1,2,2-tetrachloroethane as the internal
standard. Toluene after freeze-pump-thaw treatment was used. “Purchased from Combi-Blocks,

containing 28% free 2-toylboronic acid determined by *H NMR analysis.

To test this hypothesis, ortho acylation was studied as the model reaction; 2-tolylboroxine (1a) and
benzoic anhydride (2a) were employed as the initial model substrates. After careful evaluation of
various reaction parameters, the Pd(TFA)2/AsPhz combination indeed provided the desired ortho

acylation product 3aa in 65% yield (Table 4.1, entry 1). No direct ipso substitution between the
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aryl boroxine and benzoic anhydride was observed in this case. A number of control experiments
were subsequently carried out. First, the Pd salt, NBE and AsPhz were all essential to this reaction
(entries 2-4). Other Pd(Il) precatalysts or phosphine-based ligands were less efficient (entries 5-
7). It is noteworthy that, while the majority of the prior Pd/NBE-catalyzed reactions use a high
loading or excess NBE,>0 only 20 mol% NBE was sufficient in this reaction. A catalytic amount
of benzoquinone could improve the reaction yield (entry 8), which likely serves as a Pd(0)
scavenger or a m-ligand®“° to prevent catalyst decomposition. A catalytic amount of Cul and
K2COj3 also enhanced the yield, though their roles were not critical (entries 9 and 10).** One
hypothesis is that a catalytic amount of carbonate base may facilitate the transmetalation of
boroxines or promote the concerted metalation deprotonation step to form the ANP. The reaction
was sensitive to water, and adding molecular sieves significantly increased the yield (entries 11
and 12). Use of aryl boroxines instead of boronic acids was beneficial, though the commercial
“boronic acid” that contains ~28% ArB(OH). and ~72% boroxine still afforded the desired product
in 52% yield (entry 13). In contrast, the corresponding pinacol-derived substrate was not reactive,

likely due to its difficulty in the transmetalation step (entry 14).42

4.2.2 Substrates Scope

The scope of the reaction with respect to the acyl part was examined first (Table 4.2). Anhydrides
with electron-donating and -withdrawing groups all afforded the desired ortho acylation products
in moderate to good yields. Generally, the more electron-deficient aromatic anhydrides (e.g. 3ab
and 3ae) gave slightly higher yields than the electron-richer ones, probably owing to their

enhanced reactivity towards the ANP intermediate. One important feature is that a number of
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functional groups, including aryl fluoride (3ab-3ad), chloride (3ae and 3af), bromide (3ag), iodide
(3ah, vide infra, Schemes 3 and 4), trifluoromethyl (3ai), ester (3aj) and anisole moieties (3am-
3a0), were tolerated. Ortho-substituted aromatic anhydrides (3ak and 3ao) are competent
substrates. It is noteworthy that pinacol boronates were compatible (3ap), which could serve as a
handle for further functionalization. In addition, ferrocene- (3aq) and thiophene-derived ketone
products (3ar) could be isolated in moderate yields. Encouragingly, aliphatic carboxylic acid

anhydrides also proved to be suitable coupling partners (3as and 3at).
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Table 4.2. Substrates Scope with Respect to Anhydrides®

Me Me
BO o 0 " R
13 + )k 'standard" condition
Ar” 07 TAr Ar
3
1a 2a-s 3aa-3as O
Me Me Me F Me F
a0 QO 0
(1
O (e} (e} 0
3aa, 65% 3ab, 74% 3ac, 67% 3ad, 62%
Me Me Cl Me Me |
© 0 o o}
3ae, 66% 3af, 66% 3ag, 61% 3ah, 31%
Me Me Me Me
”Cm ”OCCOZMG Me
o) o) O Me o)
3ai, 63% 3aj, 53% 3ak, 48% 3al, 52%
Me OMe Me OMe Me Me
MeO Bpin
.0 Qo .o ad
(0] O O MeO (6]
3am, 58% 3an, 51% 3ao0, 37% 3ap, 41%
Me Me Me Me
® q A
| N\
- s P
o _Fe o) o 0
3aq, 32% 3ar, 33% 3as, 50% 3at, 60%

&The reaction was run with 0.3 mmol 1a and 0.6 mmol 2a in 4 mL toluene for 14h.
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Table 4.3. Substrates Scope with Respect to Aryl Boroxines?

R R
2 BO 11
3 "standard” condition 1
13| Rt + Ar)ko)kAr _ R Ar
4 6 B except wtih
4 3 Ar=p-FCeHs 7.5 mol% Pd(TFA), 0
1b-s 2b 22.5 mol% ASPh3 3bb-3sb
Et Ph
Q0 O g
o le] o}
3bb, 53% 3cb, 26% 3db, 47%[°]
OMe
E Me Me
YISl
. .
0 (0] o)
3eb, 48%0! 3fb, 60% 3gb, 69%
Me Me Me
T X e 0T
F MeO,C CAN
0 0 e} o)
3hb, 58% 3ib, 48% 3jb, 54%!!
Me Me Me
F
QMe F F. F
1 O
Cl
o) 0 o o
3kb, 62%! 3Ib, 64% 3mb, 70%
Me Me Me
MeO i Il F MeOZC”!lF NC l ! F
0 o) o]
3nb, 62% 30b, 51% 3pb, 36%°!
Me Me Q
a0 F
1 :
0 F O
3qgb, 33%[! 3rb, 42% 3sb, 45%

aThe reaction was run with 0.3 mmol 1b-s and 0.6 mmol 2b in 4 mL toluene for 14h. ®20 mol% of
Pd(TFA)2 and 30 mol% of AsPhz was used.
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Next, the scope of the aryl boroxines was explored. Notably, a lower palladium loading (7.5 mol%)
was applied in these reactions (Table 4.3). Substitutions at C2, C3, C4 and C5 positions of aryl
boroxines could all be tolerated. For the para-substituted aryl boroxines, aryl fluoride (3hb),
chloride (31b), ester (3ib), amide (3jb), Weinreb amide (3kb), phenyl (3gb) and alkyl groups (3fb)
were compatible. In addition, aryl boroxines that contain an electron-donating or -withdrawing
substituent smoothly provided the ortho acylation products in moderate to good yields. While the
trend of the electronic effect with the aryl boroxine substrates was not obvious, those bearing a
strong electron-withdrawing group at the C3 position (3pb and 3gb) typically gave lower yields.

Moreover, a naphthalene-derived substrate (3sb) also provided the desired ketone product.

4.2.3 Unsuccessful or Less Successful Examples

However, there are still some limitations for this transformation (Table 4.4). First, only alkyl type
group was tolerated at the ortho position of arylboroxine. Trifluoromethyl and ester group at ortho
position gave no more than 30% yield of desired product. Some electron rich boroxine also failed
to desired product. It is noteworthy that TBS protected phenol and benzyl alcohol type boroxine
gave the ipso acylation product instead of desired ortho acylation product, likely owing to the
difficulty in migratory insertion of NBE. In addition, electron rich benzoyl anhydride and
heterocycle-derived anhydride were not tolerated. 4-cyano benzoyl anhydride reacted with

boroxine to give desired product in only 15% yield.
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Table 4.4. Unsuccessful or Less Successful Examples

COzMe
20% ~10°/ < 5"/
TBSO
7 0,
< 5% < 5% < 5% 6%

Br BnO. MeO.
OTBO
ool OO O .0 O
L
o] o] o
n.d n.d n.d

75%
MeoN

F

o
n.d

15% 16%

MeN O MeN I\
2 Y

o (0]

n.d n.d

4.2.4 Deuterium Labelling Studies

To gain some mechanistic insight into this reaction, deuterium labelling studies were performed

(Scheme 4.3). When the fully deuterated substrate 1s-d reacted with anhydride 2b, the desired

product (3sb-d) was isolated with 60% deuterium incorporated at the ipso position (Scheme 4.3,

Eqg. 1). The erosion of deuterium incorporation was possibly due to the H-D exchange with

adventitious water in the reaction system. To examine the possibility of the H-D exchange, a
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reverse control experiment was conducted. Using regular 2-toylboroxine 1a as the substrate, the
standard reaction was run in the presence of 2.0 equiv of D20 (Scheme 4.3, Eq. 2). Although the
reaction still contained a significant amount of molecular sieves, 38% deuterium was nevertheless
observed as the ipso position of the product. These results are consistent with an ipso-protonation

pathway proposed in Scheme 4.1D.

Scheme 4.3. Deuterium Labelling Studies

(0.60 D)
DH O

D BO D
D D "standard" condition D (1)
1/3 + 2b
D D except wtih D D E
D D 3 D D

15 mol% Pd(TFA),

45 mol% AsPhg 3sb-d
1s-d 20 mol% BQ
36%
Me Me (0.3/8 D)
BO "standard" condition D/H F (2)
1/3 + 2b
except with
3 D,0 (2.0 equiv) o
1a 32% 3ab-d

4.2.5 Synthetic Utility

One potential merit of aryl boroxine-mediated reactions is the compatibility of aryl iodide
moieties,®® which are otherwise highly reactive under the typical Pd/NBE catalysis conditions
(Scheme 4.4A).51° First, in the presence of aryl iodide 4a, ortho acylation of 2-tolylboroxine la
still proceeded selectively with a full recovery of unreacted aryl iodide 4a. Encouragingly, a more
complex aryl iodide (4b) derived from strychnine remained intact under the reaction conditions,
while the ortho acylation with boroxine 1a provided the desired product (3ab) in 55% yield.* In
addition, substrates bearing halogens and boroxines on the same aromatic ring were tested

(Scheme 4.4B). Gratifyingly, both the aryl bromide (1t) and iodide (1u) groups survived under the
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standard ortho acylation conditions; such compatibility allows for convenient sequential

functionalization of the arene substrates.

Scheme 4.4. Tolerance of Aryl lodide Moieties

A.
"standard" condition
Me except with MezN
13 BO 4a (1.0 equiv)
3 3ab 68% 4a fuII\L recovered ‘
1a
+
o O ;
)k k Me D
Ar (©) Ar E |
Ar = p-FCeH "standard" condition O O :
CTes + i
2b except with !
4b (1/3 equiv) o ‘ o
3ab, 55% '
( Tully
B.
Me Me
Br BO "standard”  Br E
4 2p _condition O O
75% 47%
1t O 3tp Me

ortho E
amination O ‘
——————
RoN

Me 0

"standard” F o 4uba
! BO condition T6%]
+2b ——m——
63% NR; = morpholino

1u

Encouraged by the unique chemoselectivity in the aryl boroxine-mediated reactions, orthogonal
reactivity between aryl iodide (I) and boroxine (B) moieties was next explored, which, if
successful, would provide a convenient way to control the reaction sequence without significant
alteration of the substrates (Scheme 4.5). Diaryl compound 5 containing both “I”” and “B” groups
was employed as the model substrate. First, as expected, the “B first, then I” sequence worked
smoothly, which first gave an ortho acylation on the boroxine site and then an ortho amination on
the iodide site. On the other hand, the “I first, then B” sequence was also successful: the Pd(0)-

catalyzed reductive ortho amination of the aryl iodide tolerated the pinacol boronate moiety; the
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resulting intermediate after hydrolysis then participated in the Pd(Il)-catalyzed ortho acylation
uneventfully. Thus, without the need to prepare different substrates, the order of the reaction

sequence between the boroxine and iodide sites could be controlled by different catalytic systems.

Scheme 4.5. Controlling the Reaction Sequence Enabled by Orthogonal Chemoselectivity

"B first, then I"
redox-neutral
ortho acylat|on O O
68% ortho
[B] = B(O 61%

amination

B
(0]
©/ RoN o O
NR, = morpholino
2 P ©/ s O

[B]=Bpin 5
[B]=B(O) 6

Me
i - ortho acylation
amination R,N o 64% y

99%

[B] = Bpin

60%

| first, then B [B] = Bpin 9

73% [B] = B(OH), 10

4.2.6 Ortho Amination

Besides the ortho acylation, preliminary success has also been obtained for achieving the ortho
amination under the redox-neutral conditions (Table 4.5). O-benzoyl hydroxylamines were found
to be suitable electrophiles. Under modified reaction conditions, the desired ortho amination
products could be obtained in moderate to good yields without the need of reductants.!” Phosphite
ligands, e.g. P(OPh)s, proved to work better than arsine ligands, while other types of ligands were
less efficient. To the best of our knowledge, phosphite ligands have not been used in the Pd/NBE

catalysis previously. A piperazine-derived electrophile also afforded the desired amination product
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(4ab) in 58% vyield. Efforts on further enhancing the efficiency and scope of this ortho amination

reaction through detailed mechanistic studies are ongoing.

Table 4.5. Substrates Scope of the Ortho Amination Reaction?

R
R
BO X , A
N Pd(OPiv),/P(PhO)s RiL
1/3 R1_: + |
_ s N NBE, BQ N/ﬁ

éBz Csl, Cs,CO3 ‘\/X
1 2 toluene, 100 °C 4
Me Me Me
f N Ph/@N/\’ CI/@N/\’
I\/O ‘\/O ‘\/o
4aa, 66%" 4ga, 64% 4la, 57%
Me
Me
o
MeO
o e
N
@ @
‘\/O “Boc
4na, 65% 4sa, 62% 4ab, 58%

#Reaction conditions: 1 (0.5 mmol), 2 (0.2 mmol), Pd(OPiv)2 (20 mol%), P(OPh)s (40 mol%),
NBE (50 mol%), BQ (15 mol%), Cs2COs (50 mol%), Csl (50 mol%), toluene (4 mL), 100 °C, 12
h. P"When 10 mol% Pd was used instead, 55% isolated yield was observed.
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4.3 Conclusion

In summary, a redox-neutral Catellani-type transformation is developed using aryl boroxines as
substrates. The reaction is enabled by a arsine or phosphite ligand and a palladium(ll) catalyst,
showing broad functional group compatibility. Compared to the classical reductive Catellani-type
reactions, this approach does not require stoichiometric bases or reductants; in addition, it can
tolerate various aryl halide moieties. While the efficiency of these methods remains to be further
improved, the unique mechanistic pathway discovered here could have important implications on

developing a new class of Pd/NBE-catalyzed reactions.
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4.4 Experimental Procedures and Characterization Data

4.4.1 General Information

Unless noted otherwise, all solvents were dried by filtration through a Pure-Solv MD-5 Solvent
Purification System (Innovative Technology). Dimethylformamide was then vacuum-distilled
freshly over calcium hydride and carefully freeze-pump-thawed. Reaction temperatures were
reported as the temperatures of the bath surrounding the flasks or vials. Sensitive reagents and
solvents were transferred under nitrogen into a nitrogen-filled glovebox with standard techniques.
Sodium acetate was purchased from STREM, stored and used directly in the glovebox. Analytical
thin-layer chromatography (TLC) was carried out using 0.2 mm commercial silica gel plates (silica
gel 60, F254, EMD chemical). Vials (15 x 45 mm 1 dram (4 mL) with PTFE lined cap attached)
were purchased from Qorpak and flame-dried and cooled in a desiccator prior to usage. High
resolution mass spectra (HR-MS) were recorded on an Agilent 6530 LC Q-TOF mass spectrometer
using electrospray ionization with fragmentation voltage set at 115 V and processed with an
Agilent MassHunter Operating System. Infrared spectra were recorded on a Nicolet 380 FTIR
using neat thin film technique. Nuclear magnetic resonance spectra (*H NMR and *3C NMR) were
recorded with a Bruker DMX 400 (400 MHz, H at 400 MHz, *3C at 101 MHz) or Bruker Model
DMX 500 (500 MHz, *H at 500 MHz, *3C at 126 MHz). Chemical shifts were reported in parts per
million (ppm, 3), downfield from tetramethylsilane (TMS, 6=0.00ppm) and were referenced to
residual solvent (CDCls, 5=7.26 ppm (*H) and 77.00 ppm (*3C)). All the *°F chemical shifts were
not referenced. Coupling constants were reported in Hertz (Hz). Data for *H NMR spectra were
reported as follows: chemical shift (ppm, referenced to protium, s = singlet, d = doublet, t = triplet,

g = quartet, quin = quintet, dd = doublet of doublets, td = triplet of doublets, ddd = doublet of
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doublet of doublets, m = multiplet, coupling constant (Hz), and integration). All other materials

were obtained from Sigma-Aldrich Corporation or Combi-Blocks Inc and were used as received.

4.4.2 Condition screening

Table 4.6. Early Pd Pre-Catalyst Screening

Pd(OAc), (10 mol%)
Me o AsPhj (20 mol%) Me

o 0,

C(B(O“’z oA onoos(somary Cﬂ;
toluene (0.1 M), 100 °C Ph

0.1 mmol 2.0 equiv )
Entry Change from the above condition Yield?
1 none 25%
2 Pd(TFA), 31%
3 PdCl, 12%
4 Pd(OPiv), 22%
5 Pd(MeCN),Cl, 20%
6 Pd(PhCN),Cl, 10%

aYields were determined by *H NMR analysis using 1,1,2,2-tetrachloroethane as the internal

standard.

Table 4.7. Early Base Effect Study

Pd(OAC), (10 mol%)

O O AsPhs (20 mol%) Me
B(OH), )j\ )j\ NBE (200 mol%) H
+
Ph (®) Ph base (150 mol%)
toluene (0.1 M), 100 °C Ph
0.1 mmol 2.0 equiv
(0]
Entry Base Yield?
1 Cs,C0; 25%
2 K,CO, 26%
3 Na,COg 17%
4 NaOAc 22%
5 KOAc 26%
6 K3PO, <5%
7 K3PO,°H,0 <5%
8 K HPO, <5%
9 NaTFA
10 CsHCO3 18%

Yields were determined by *H NMR analysis using 1,1,2,2-tetrachloroethane as the internal

standard.
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Table 4.8. Early Solvent Effect Study

Pd(OAc), (10 mol%)

Me o o AsPh; (20 mol%) Me
B(OH), )L Py NBE (200 mol%) H
+ Ph o) Ph Cs,C03 (150 mol%)
toluene (0.1 M), 100 °C Ph
0.1 mmol 2.0 equiv
(0]
Entry Change from the "standard" condition Yield?
1 none 26%
2 1,4-dioxane <10%
3 DMF <5%
4 MeCN 15%
5 THF <5%
6 DCE <5%
7 DCM <5%

Yields were determined by *H NMR analysis using 1,1,2,2-tetrachloroethane as the

standard.

Table 4.9. Water Effect

Pd(OAc), (10 mol%)
Me o o AsPhj (30 mol%)

. Me

O i H
Cul (50 mol%) > Ph

0.3 mmol 3.0 equiv toluene (0.05 M), 100 °C o)
Entry Change from the "standard" condition Yield?
1 none 43%
2 H,0 10 mol% 41%
3 H,0 20 mol% 35%
4 H,0 30 mol% 26%
5 H,0 40 mol% 21%
6 H,0 50 mol% 18%

internal

Yields were determined by *H NMR analysis using 1,1,2,2-tetrachloroethane as the internal

standard.
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Table 4.10. Pd Pre-Catalyst Screening

Pd(OAC), (15 mol%)

AsPh3 (37.5 mol%) Me Me
Me 0 NBE (50 mol%)
BO ( j Cs,CO5 (25 mol%)
* N BQ (15 mol%) N *
OBz Csl (50 mol%) o
o A B
2.5 equiv 1.0 equiv toluene, 100 °C
Entry Change from the "standard” condition A Yield® B Yield?
1 none 38% 31%
2 Pd(TFA), 17% 36%
3 PdCl; 12% 24%
4 Pdl, 21% 29%
5 Pd(MeCN)Cl, 26% 1%
6 Pd(COD)Cl, 249% 36%
7 Pd(COD)Br; 19% 44%
8 Pd(OPiv), 42% 34%
9 [Pd(allyl)Cl], 18% 30%
10 Pd(TFP),Cl, 9% 14%
" Pd(dba), 29% 19%

Yields were determined by *H NMR analysis using 1,1,2,2-tetrachloroethane as the internal

standard.
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Table 4.11. Ligand effect |

Pd(OAc), (15 mol%)
AsPh3 (37.5 mol%)

Me Me
Me 0 NBE (50 mol%)
BO [ j Cs,CO3 (25 mol%) .
* " BQ (10 mol%) N
|

Csl (50 mol%)

2.5 equiv 1.0 equiv toluene, 100 °C

QO .0, OO O
<g i /@ Me Me

A: 36%?2 A: 36% 28% ipso A: 28%
B: 30%°2 B: 30% n.d. ortho B: 28%

As P P

P(CgFs)3
OMe F CFs
A: 30% A: 23% A: 13% A: 9%
B: 32% B: 28% B: 38% B: 5%
tBu tBu
MeO. OMe
tBu P tBu
Ph3AsO
tBu tBu
OMe
A: 18% A: 20%
B: 16% B: 24%

Yields were determined by *H NMR analysis using 1,1,2,2-tetrachloroethane as the internal

standard.
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Table 4.12. Ligand effect 11

Pd(OPiv), (20 mol%)
(PhO)3P (40 mol%)

Me (o) NBE (50 mol%)
BO E :| Cs2C0; @5 moi%) | j
©/ * N BQ (15 mol%)
1o Csl (50 mol%)
2.5 equiv 1.0 equiv toluene (0.05 M), 100 °c

@c@
@ - v
ATy Oy Vi

A: 43%7?; B: 49%2 A: 10%; B: 33% A: 53%; B: 46% Me

/Q\ iPr ©\'Pr OMe ; OMe
MeO MeO ! o d : 0. .0
)

P
1 (@)
° )&
. D MeO
iPr
<5% A: 36%; B: 33% A:44%; B: 40%
Yields were determined by *H NMR analysis using 1,1,2,2-tetrachloroethane as the internal

standard.

4.4.3 Preparation of Aryl Boroxines 1la-m
Scheme 4.6. General Procedure of the Preparation of Aryl Boroxines

R

B(OH), benzene, reflux |
Dean-Stark o9
B. _.B
(0)
£
R

In a 100 mL round bottom flask was added arylboronic acid (15.0 mmol) and a stir bar. Then

benzene (50 mL) was added and the solution was refluxed for 12 h using Dean-Stark trap to remove

water. The solution was allowed to cool to room temperature and the solvent was removed under
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vacuum to give the desired arylboroxine as a white solid. After washed with hexane for three time
and dried under vacuum, the arylboroxine product was directly used in the acylation reaction

without further purification.

4.4.4 Preparation of Substituted Benzoic Anhydrides

2b-0, 2g-r and 2t were prepared by following the literature reported procedures.***°

Scheme 4.7. Preparation of Anhydride 20

0 0 0O 0
(COCI), ridine
OH - Cl py_» o)
. DCM, DMF (cat.) H,0, dioxane
Bpin 0°Ctort Bpin 5°Ctort Bpin Bpin

20
To a solution of substituted benzoic acid (4.96 g, 20.0 mmol, 1.0 equiv) and 10 drops of DMF in

dichloromethane (100 mL) was added oxalyl chloride (5.1 g, 40.0 mmol, 2.0 equiv) dropwise at 0
°C. The reaction mixture was stirred at room temperature for another 1 h until the bubbling stopped.
Then the solvent was removed under vacuum and the generated acyl chloride was used in the next

step without further purification.

Acyl chloride was added to 40 mL dry dioxane and cooled to 5 °C. Dry pyridine (1.9 g, 24.0 mmol,
1.2 equiv) was added and the mixture was stirred for 30 minutes below 10°C. Then, 0.4 mL water
(0.4g, 22.0 mmol, 1.1 equiv) was added dropwise and the mixture was agitated vigorously for 10
minutes at 0 °C. After a mixture of 15 mL concentrated HCI, 15 g cracked ice and 140 mL H.O
was added to the solution, a white precipitate was formed and filtered. The solid was washed with
5% cold NaHCO3 (20 mL) and cold water. 3.2 g (67% yield) of a white solid was obtained after

being dried under vacuum.
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O O
Ioaas!
Bpin Bpin

2p: White solid (67%). m.p. = 173-175 °C. *H NMR (400 MHz, CDCls) § 8.18 — 8.09 (m, 4H),

7.98 — 7.91 (m, 4H), 1.37 (s, 24H). 3C NMR (101 MHz, CDCls) § 162.4, 135.0, 130.8, 129.5,
84.4, 24.9. IR (KBr): v 2979, 1790, 1728, 1509, 1400, 1271, 1213, 1144, 1088, 1040 cmX. HRMS

(ESI): Calculated for C26H32B207Na (M+Na*): 501.2226, found: 501.2228.

4.4.5 General Procedure of Palladium and Norbornene Catalyzed Ortho Acylation Reaction
Scheme 4.8. Redox-Neutral Ortho Acylation of Aryl Boroxines

Pd(TFA), (10 mol%)
AsPhj (30 mol%)
Me NBE (20 mol%) Me
K>CO3 (15 mol%)

1/3 BO )O]\ i Cul (30 mol%)
+ 0
Ph”™ ~O” "Ph
3 BQ (10 mol%)
1a 2a 4A MS (400 mg) 3aa O
toluene, 100 °C

A flame-dried 4.0 mL vial was charged with Pd(TFA)2 (9.9 mg, 0.03 mmol, 10 mol%),

Ph

benzoquinone (3.3 mg, 0.03 mmol, 10 mol%), Cul (17.1 mg, 0.09 mmol, 30 mol%), AsPhs (27.6
mg, 0.09 mmol, 30 mol%), arylboroxine (0.3 mmol, 1.0 equiv, based on monomer) and substituted
benzoic anhydride (0.6 mmol, 2.0 equiv). The vial was directly transferred into a nitrogen-filled
glovebox without caps. Then, K2COs3 (6.2 mg, 0.045 mmol, 15 mol%) and 4A molecular sieves
(400 mg) were added. In another 4.0 mL vial, NBE (16.9 mg, 0.18 mmol) was dissolved in 1.5 mL
dry toluene. 0.5 mL of this NBE solution (5.64 mg, 0.06 mmol, 20 mol%) was transferred into the
reaction mixture, before another 3.5 mL dry toluene was added. The vial was tightly sealed,
transferred out of glovebox and stirred on a pie-block preheated to 100 °C for 14 hours. After

completion of the reaction, the mixture was filtered through a thin pad of silica gel. The filter cake
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was washed with ethyl acetate and the combined filtrate was concentrated. The residue was loaded
to a small amount of silica gel and then purified by flash column chromatography on silica gel to

give the desired ortho acylation product.

o CAS: 643-65-2
3aa: Pale yellow oil (65%). Rs = 0.3 (hexane/ethyl acetate = 20:1). 'H NMR (400 MHz, CDCls) &

7.83-7.78 (m, 2H), 7.64 (s, 1H), 7.57 (ddt, J = 8.0, 6.7, 1.3 Hz, 2H), 7.47 (td, J = 7.5, 1.4 Hz, 2H),
7.42-7.32 (m, 2H), 2.41 (s, 3H). *C NMR (101 MHz, CDCl3) $ 196.9, 138.1, 137.7, 137.6, 133.2,
132.6,130.4,130.0, 128.2, 128.1, 127.4, 21.4. Both the *H NMR and 3C NMR match the literature

reported data.*

a0

o CAS: 1996-79-8
3ab: Pale yellow solid (74%). Rs = 0.2 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls)

57.88 —7.81 (m, 2H), 7.59 (s, 1H), 7.54 (d, J = 7.4 Hz, 1H), 7.43 — 7.34 (m, 2H), 7.20 — 7.12 (m,
2H), 2.43 (s, 3H). 3C NMR (101 MHz, CDCls) 5 195.6, 165.5 (d, J = 254.0 Hz), 138.4, 137.7,
134.1 (d, J=3.1 Hz), 133.4, 132.8 (d, J = 9.1 Hz), 130.4, 128.3, 127.3, 115.6 (d, J = 21.8 Hz), 21.5.

Both the *H NMR and *C NMR match the literature reported data.*’
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Me F
o) CAS: 864087-22-9

3ac: Pale yellow oil (67%). Rs = 0.2 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls) §
7.62 (t, J = 0.9 Hz, 1H), 7.59 — 7.53 (m, 2H), 7.53 — 7.32 (m, 4H), 7.32 — 7.25 (m, 1H), 2.43 (s,
3H). 13C NMR (101 MHz, CDCl3) 5 195.6 (d, ] = 2.1 Hz), 162.6 (d, J = 248.0 Hz), 140.0 (d, J =
6.4 Hz), 138.5, 137.2, 133.7, 130.5, 130.1 (d, J = 7.7 Hz), 128.4, 127.5, 125.9 (d, J = 3.1 Hz), 119.5
(d,J=21.4 Hz), 116.9 (d, J = 22.4 Hz), 21.5. Both the *H NMR and **C NMR match the literature

reported data.*’

Me F
F
0 CAS: 844885-06-9

3ad: Pale yellow solid (62%). Rs = 0.3 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls)

57.61 (s, 1H), 7.56 (d, J = 7.3 Hz, 1H), 7.44 (d, J = 7.2 Hz, 1H), 7.39 (t, J = 7.5 Hz, 1H), 7.34 —
7.27 (m, 2H), 7.04 (tt, J = 8.5, 2.4 Hz, 1H), 2.43 (s, 3H). 3C NMR (101 MHz, CDCls) § 194.3,
164.1, 164.0, 161.6, 161.5, 140.9, 140.9, 140.8, 138.7, 136.5, 134.1, 130.5, 128.5, 127.4, 113.2,
113.1, 113.0, 112.9, 108.0, 107.7, 107.5, 21.5. °F NMR (470 MHz, CDCI3) § -108.2. IR (KBr):
v 3085, 2924, 1665, 1594, 1438, 1326, 1259, 1185, 1123, 987 cm®. HRMS (ESI): Calculated for

C14H11F20 (M+H*): 233.0772, found: 233.0772.
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Me

c|

o CAS: 35256-82-7
3ae: White solid (66%). Rs = 0.2 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls) &

7.78 — 7.72 (m, 2H), 7.59 (s, 1H), 7.54 (d, J = 7.1 Hz, 1H), 7.48 — 7.43 (m, 2H), 7.41 (d, J = 8.3
Hz, 1H), 7.36 (t, J = 7.5 Hz, 1H), 2.42 (s, 3H). 3C NMR (101 MHz, CDCl3) 5 195.8, 138.9, 138.4,
137.4, 136.1, 133.5, 131.5, 130.5, 128.7, 128.3, 127.3, 21.5. Both the *H NMR and *C NMR

match the literature reported data.*®

Me Cl

o CAS: 71372-41-3
3af: Pale yellow solid (66%). Rs = 0.2 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls)

§7.78 (t,J = 1.9 Hz, 1H), 7.66 (dt, J = 7.7, 1.3 Hz, 1H), 7.62 (s, 1H), 7.56 (ddd, J = 8.1, 2.3, 1.1
Hz, 2H), 7.46 — 7.35 (m, 3H), 2.43 (s, 3H). 3C NMR (101 MHz, CDCls) § 195.6, 139.6, 138.5,
137.1, 134.7, 133.8, 132.4, 130.5, 130.0, 129.7, 128.4, 128.2, 127.4, 21.5. Both the *H NMR and

13C NMR match the literature reported data.*®

Me

a0

o CAS: 27428-61-1
3ag: White solid (61%). Rr = 0.2 (hexane/ethyl acetate = 20:1). 'H NMR (400 MHz, CDCls) &

7.70 —7.60 (m, 4H), 7.59 (d, J = 1.6 Hz, 1H), 7.54 (dt, J = 7.4, 1.7 Hz, 1H), 7.43 — 7.39 (m, 1H),

7.36 (t, J = 7.5 Hz, 1H), 2.42 (s, 3H). 1*C NMR (101 MHz, CDCl3) 6 196.0, 138.5, 137.3, 136.6,
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133.6, 131.7, 131.7, 130.5, 128.3, 127.5, 127.3, 21.5. Both the *H NMR and *3C NMR match the

literature reported data.>

O CAS: 951887-36-8
3ah: White solid (31%). R = 0.2 (hexane/ethyl acetate = 20:1). 'H NMR (400 MHz, CDCls) §

8.13 (t, J = 1.7 Hz, 1H), 7.95 — 7.88 (m, 1H), 7.73 (dt, = 7.7, 1.3 Hz, 1H), 7.61 (td, J = 1.7, 0.8
Hz, 1H), 7.54 (dt, J = 7.3, 1.6 Hz, 1H), 7.45 — 7.40 (m, 1H), 7.37 (t, J = 7.5 Hz, 1H), 7.22 (t, J =
7.8 Hz, 1H), 2.43 (s, 3H). *C NMR (101 MHz, CDCl3) 5 195.3, 141.0, 139.6, 138.5, 138.4, 136.9,
133.6, 130.4, 129.9, 129.1, 128.2, 127.3, 94.0, 21.4. IR (KBr): v 3057, 2920, 1659, 1558, 1413,
1278, 1206, 1134, 997, 738 cm™:. HRMS (ESI): Calculated for C14H1210 (M+H?*): 322.9927, found:

322.9931.

Me

ch

o CAS: 1273961-09-3
3ai: White solid (63%). Rs = 0.2 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCl5) 6 7.89

(d, J = 7.8 Hz, 2H), 7.75 (d, J = 8.1 Hz, 2H), 7.63 (s, 1H), 7.57 (d, J = 7.5 Hz, 1H), 7.44 (d, J =
7.1 Hz, 1H), 7.38 (t, J = 7.6 Hz, 1H), 2.43 (s, 3H). 3C NMR (101 MHz, CDCls)  195.9, 141.0
(d, J = 1.4 Hz), 138.6, 136.9, 134.1, 133.8 (q, J = 32.6 Hz), 130.6, 130.3, 128.5, 127.6, 125.5 (q, J

= 3.8 Hz), 123.8 (q, J = 272.7 Hz), 21.5. °F NMR (470 MHz, CDCI3) § -63.0. IR (KBr): v 2924,
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1654, 1599, 1408, 1328, 1168, 1133, 1067, 858, 717 cm™*. HRMS (ESI): Calculated for C15H12F30

(M+H"):265.0835, found: 255.0831.

Me

c02Me

o CAS: 288846-46-8
3aj: Yellow solid (53%). R = 0.1 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls) §

8.18 — 8.10 (M, 2H), 7.87 — 7.79 (m, 2H), 7.62 (s, 1H), 7.56 (d, J = 7.4 Hz, 1H), 7.42 (d, J = 7.6
Hz, 1H), 7.37 (t, J = 7.5 Hz, 1H), 3.96 (s, 3H), 2.41 (s, 3H). *C NMR (101 MHz, CDCl3) § 196.3,
166.4, 141.6, 138.5, 137.1, 133.8, 133.2, 130.6, 129.9, 129.6, 128.4, 127.5, 52.6, 21.5. Both the

'H NMR and *C NMR match the literature reported data.>*

O Me Jcas:22682-29-7
3ak: Pale yellow oil (48%). Rs = 0.3 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls) &

7.65 (s, 1H), 7.56 (d, J = 7.6 Hz, 1H), 7.39 (t, J = 7.0 Hz, 2H), 7.34 (d, J = 7.6 Hz, 1H), 7.32 —
7.22 (M, 3H), 2.40 (s, 3H), 2.33 (s, 3H). 3C NMR (101 MHz, CDCl3) § 199.0, 139.0, 138.5, 137.9,
136.8, 134.1, 131.1, 130.5, 130.3, 128.6, 128.5, 127.7, 125.3, 21.5, 20.1. Both the 'H NMR and

13C NMR match the literature reported data.>

218



Me

Me

o CAS: 13152-94-8
3al: White solid (52%). Rs = 0.3 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls) § 7.75

~7.70 (m, 2H), 7.61 (s, 1H), 7.56 (d, J = 7.3 Hz, 1H), 7.42 — 7.33 (m, 2H), 7.28 (d, J = 7.9 Hz,
2H), 2.44 (s, 3H), 2.42 (s, 3H). 3C NMR (101 MHz, CDCls) 5 196.9, 143.3, 138.2, 138.1, 135.2,
133.1, 130.5, 130.4, 129.1, 128.1, 127.3, 21.8, 21.5. Both the *H NMR and 3C NMR match the

literature reported data.>

Me OMe

o CAS: 71372-40-2
3am: Pale yellow oil (58%). Rs = 0.1 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls)

57.63 (s, 1H), 7.58 (d, J = 7.4 Hz, 1H), 7.42 — 7.31 (m, 5H), 7.13 (ddd, J = 7.8, 2.7, 1.4 Hz, 1H),
3.86 (5, 3H), 2.42 (s, 3H). 3C NMR (101 MHz, CDCl3) § 196.9, 159.7, 139.2, 138.3, 137.8, 133.3,
130.6, 129.3, 128.2, 127.5, 123.0, 118.9, 114.4, 55.6, 21.5. Both the *H NMR and 3C NMR match

the literature reported data.>*

Me OMe
@(‘O L,
0 CAS: 1046145-53-2

3an: Colorless oil (51%). Rt = 0.1 (hexane/ethyl acetate = 10:1). *H NMR (400 MHz, CDCls) &

7.63 (s, 1H), 7.58 (d, J = 7.4 Hz, 1H), 7.37 (dt, J = 15.0, 7.6 Hz, 2H), 6.92 (d, J = 2.3 Hz, 2H),

6.67 (t, J = 2.3 Hz, 1H), 3.82 (s, 6H), 2.42 (s, 3H). 13C NMR (101 MHz, CDCls) 196.7, 160.6,
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139.8, 138.3, 137.7, 133.4, 130.5, 128.2, 127.5, 108.0, 104.8, 55.7, 21.5. Both the *H NMR and

13C NMR match the literature reported data.>®

‘e Meo: <

O MeO

CAS: 855287-60-4
3ao: Colorless oil (37%). Rf = 0.2 (hexane/ethyl acetate = 5:1). *H NMR (400 MHz, CDCls) §

7.64 (s, 1H), 7.52 (d, J = 7.6 Hz, 1H), 7.30 — 7.18 (m, 3H), 6.55 (d, J = 8.4 Hz, 2H), 3.63 (s, 6H),
2.31 (s, 3H). 3C NMR (101 MHz, CDCls) § 195.5, 157.5, 138.1, 137.6, 134.0, 130.6, 129.5, 128.3,
127.0, 118.1, 104.0, 55.9, 21.3. IR (KBr): v 2937, 2839, 1735, 1595, 1473, 1433, 1294, 1253,

1111, 1074 cm™. HRMS (ESI): Calculated for C16H1703 (M+H*): 257.1172, found: 257.1177.

Me

Bpin

o
3ap: Yellow oil (41%). R = 0.2 (hexane/ethyl acetate = 10:1). 'H NMR (400 MHz, CDCl3) § 7.94

~7.88 (m, 2H), 7.80 — 7.74 (m, 2H), 7.62 (td, J = 1.8, 0.9 Hz, 1H), 7.57 (dt, J = 7.1, 1.6 Hz, 1H),
7.43 — 7.33 (m, 2H), 2.41 (s, 3H), 1.37 (5, 12H). 3C NMR (101 MHz, CDCls) § 197.3, 140.1,
138.3, 137.6, 134.6, 133.4, 130.69, 129.1, 128.3, 127.5, 84.3, 25.0, 21.5. IR (KBr): v 2978, 1659,
1508, 1397, 1360, 1309, 1270, 1144, 1088, 1040 cm't. HRMS (ESI): Calculated for CaoH24BO3

(M+H"): 323.1813, found: 323.1819.
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(o)

" Fe
L

CAS: 33153-78-5
3ag: Red solid (32%). Rf = 0.1 (hexane/ethyl acetate = 10:1). *H NMR (400 MHz, CDCls) § 7.75

—7.66 (M, 2H), 7.42 — 7.33 (M, 2H), 4.94 — 4.87 (m, 2H), 4.62 — 4.54 (m, 2H), 4.21 (s, 5H), 2.45
(s, 3H). 3C NMR (101 MHz, CDCl3) 5 199.3, 139.8, 138.0, 132.2, 128.6, 128.0, 125.3, 78.3, 72.5,

71.5, 70.2, 21.4. Both the *H NMR and *C NMR match the literature reported data.*®

o CAS: 56824-86-3
3ar: Colorless oil (33%). R = 0.2 (hexane/ethyl acetate = 10:1). *H NMR (400 MHz, CDCls) §

7.65 —7.59 (m, 2H), 7.48 (d, J = 4.9 Hz, 1H), 7.40 — 7.31 (m, 2H), 7.00 (d, J = 5.0 Hz, 1H), 2.48
(s, 3H), 2.42 (s, 3H). 3C NMR (101 MHz, CDCls) § 190.0, 145.8, 140.1, 138.2, 135.2, 133.0,
132.2, 130.9, 129.7, 128.2, 126.4, 21.5, 16.9. IR (KBr): v 2922, 1637, 1601, 1519, 1399, 1370,
1277, 1204, 933, 749 cm™.. HRMS (ESI): Calculated for C13H130S (M+H*): 217.0682, found:

217.0685.

Me

2,0

o CAS: 3277-78-9
3as: Colorless oil (50%). Rt = 0.3 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls) §

7.73 (d, J = 7.9 Hz, 2H), 7.38 — 7.31 (m, 2H), 3.25 (tt, J = 11.5, 3.2 Hz, 1H), 2.41 (s, 3H), 1.86
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(tdd, J = 15.0, 5.8, 2.6 Hz, 4H), 1.74 (ddd, J = 12.3, 2.9, 1.5 Hz, 1H), 1.55 — 1.37 (m, 4H), 1.36 —
1.26 (m, 1H). 3C NMR (101 MHz, CDCls) § 204.3, 138.5, 136.6, 133.6, 128.9, 128.6, 125.6, 45.8,

29.6, 26.1, 26.0, 21.5. Both the *H NMR and *3C NMR match the literature reported data.>’

Me

@n“‘ A Ph

o CAS: 1801328-76-6
3at: Colorless oil (60%). Rs = 0.3 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls) §

7.83(d, J = 6.7 Hz, 2H), 7.44 — 7.31 (m, 4H), 7.29 — 7.20 (m, 3H), 2.94 (ddd, J = 8.1, 5.3, 4.0 Hz,
1H), 2.74 (ddd, J = 9.0, 6.6, 4.0 Hz, 1H), 2.44 (s, 3H), 1.95 (ddd, J = 9.2, 5.3, 4.1 Hz, 1H), 1.59
(ddd, J = 8.1, 6.5, 4.1 Hz, 1H). 3C NMR (101 MHz, CDCls) & 198.7, 140.5, 138.3, 137.7, 133.6,
128.6, 128.5, 128.4, 126.5, 126.2, 125.3, 29.9, 29.3, 21.3, 19.3. Both the 'H NMR and *C NMR

match the literature reported data.>®

2,07

o CAS: 1506583-26-1
3bb: Colorless oil (53%). Rt = 0.25 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls) §

7.94 — 7.80 (m, 2H), 7.62 (s, 1H), 7.56 (dg, J = 7.3, 1.5 Hz, 1H), 7.48 — 7.35 (m, 2H), 7.19-7.14
(m, 2H), 2.72 (g, J = 7.6 Hz, 2H), 1.27 (t, J = 7.6 Hz, 3H). 13C NMR (101 MHz, CDCls) § 195.5,
165.3 (d, J = 253.9 Hz), 144.6, 137.5, 134.0 (d, J = 3.0 Hz), 132.6 (d, J = 9.1 Hz), 132.1, 129.2,

128.2,127.4, 115.4 (d, J = 21.8 Hz), 28.7, 15.5. °F NMR (470 MHz, CDCl3) § -106.2. IR (KBr):
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v 2967, 2933, 1660, 1598, 1504, 1301, 1279, 1229, 1156, 851 cm™. HRMS (ESI): Calculated for

C1sH14FO (M+H"): 229.1023, found: 229.1026.

3cb: Colorless oil (26%). Ri = 0.30 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls) &
7.92 - 7.78 (m, 2H), 7.66 (t, J = 1.8 Hz, 1H), 7.55 (dt, J = 7.5, 1.5 Hz, 1H), 7.47 (dt, J = 7.7, 1.6
Hz, 1H), 7.40 (t, J = 7.6 Hz, 1H), 7.23 — 7.12 (m, 2H), 2.99 (dg, J = 13.8, 6.9 Hz, 1H), 1.28 (d, J
= 6.9 Hz, 6H). 13C NMR (101 MHz, CDCls) § 195.6, 165.3 (d, J = 254.0 Hz), 149.2, 137.5, 134.0
(d,J=3.1Hz),132.6 (d,J=9.1Hz), 130.7, 128.2,127.8, 127.6, 115.4 (d, J = 21.8 Hz), 34.0, 23.9.
19F NMR (470 MHz, CDCl3) & -106.2. IR (KBr): v 2962, 2870, 1660, 1598, 1505, 1408, 1302,
1268, 1230, 1155 cm™. HRMS (ESI): Calculated for CiHiFO (M+H*): 243.1180, found:

243.1178.

AR

3db: Colorless oil (47%). Rs = 0.20 (hexane/ethyl acetate = 20:1). *H NMR (500 MHz, CDCls) §

7.99 (s, 1H), 7.90 (dd, J = 8.7, 5.5 Hz, 2H), 7.83 (d, J = 7.8 Hz, 1H), 7.74 (d, J = 7.8 Hz, 1H), 7.61
(d, J=7.3Hz, 2H), 7.57 (t, = 7.7 Hz, 1H), 7.47 (t, J = 7.7 Hz, 2H), 7.39 (t, J = 7.4 Hz, 1H), 7.18
(t, J = 8.6 Hz, 2H). 3C NMR (126 MHz, CDCls) & 195.2, 165.5 (d, J = 254.4 Hz), 141.5, 140.1,

138.1, 133.8 (d, J = 3.0 Hz), 132.7 (d, J = 9.2 Hz), 131.1, 128.9, 128.8, 128.7, 128.4, 127.8, 127.2,
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1155 (d, J = 21.9 Hz). F NMR (470 MHz, CDCls) & -105.73. IR (KBr): v 3062, 2925, 1660,
1597, 1504, 1477, 1408, 1312, 1269, 1240, 1096 cm't. HRMS (ESI): Calculated for: C1oH14FO

(M+H"): 277.1023, found: 277.1033.

|

3eb: White solid (48%). m. p. = 89-91 °C. Rt = 0.20 (hexane/ethyl acetate = 20:1). 'H NMR

(400 MHz, CDCl3) § 7.95 (td, J = 1.8, 0.5 Hz, 1H), 7.92 — 7.87 (m, 2H), 7.78 (ddd, J = 7.7, 1.9,
1.1 Hz, 1H), 7.68 (ddd, J = 7.7, 1.7, 1.2 Hz, 1H), 7.61 — 7.47 (m, 3H), 7.21 — 7.14 (m, 2H), 7.03 -
6.96 (M, 2H), 3.86 (s, 3H). 13C NMR (101 MHz, CDCls) § 195.3, 165.4 (d, J = 254.3 Hz), 159.6,
139.6 (d, J = 307.3 Hz), 133.8 (d, J = 3.1 Hz), 132.7 (d, J = 9.1 Hz), 132.5, 130.6, 128.7, 128.2,
128.0 (d, J = 15.5 Hz), 122.6, 115.6, 115.4, 114.4, 55.4. IR (KBr): v 3041, 2985, 1662, 1597, 1518,
1431, 1280, 1263, 1181, 1150, 1023 cm. HRMS (ESI): Calculated for: CaoH1sFO2 (M+H*):

307.1129, found: 307.1131.

Me
>yeg
Me
8 CAS: 1152684-96-2

3db: Colorless oil (60%). Rs = 0.3 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls) §

7.87 — 7.78 (M, 2H), 7.40-7.34 (m, 2H), 7.22 (s, 1H), 7.19 — 7.11 (m, 2H), 2.37 (s, 3H), 2.37 (s,
3H). 3C NMR (101 MHz, CDCl3 § 195.6, 165.2 (d, J = 253.8 Hz), 138.0, 137.6, 134.1, 134.0 (d,
J=3.1Hz),132.6 (d, J = 9.1 Hz), 127.6, 115.3 (d, J = 21.8 Hz), 21.2. °F NMR (470 MHz, CDCls)
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-106.3. IR (KBr): v 2918, 1659, 1598, 1504, 1315, 1234, 1155, 968, 847, 764 cm™*, HRMS (ESI):

Calculated for C1sH14FO (M+H™): 229.1023, found: 229.1026.

3gb: White solid (61%). m. p. = 53-55 °C. R¢=0.3 (hexane/ethyl acetate = 20:1). *H NMR (400

MHz, CDCl3) § 7.92 — 7.86 (m, 2H), 7.76 (d, J = 1.8 Hz, 1H), 7.65-7.63 (m, 1H), 7.62 — 7.55 (m,
3H), 7.49 — 7.42 (m, 2H), 7.40 — 7.35 (m, 1H), 7.21 — 7.14 (m, 2H), 2.49 (d, J = 0.7 Hz, 3H).13C
NMR (101 MHz, CDCls) § 195.4, 165.4 (d, J = 254.2 Hz), 141.4, 140.2, 138.7, 138.1, 133.9(d, J
= 3.1 Hz), 132.7 (d, J = 9.2 Hz), 131.9, 129.2, 128.9, 127.7, 127.2, 125.8, 115.5(d, J = 21.9 Hz),
21.5. 1%F NMR (470 MHz, CDCls) § -105.1. IR (KBr): v 3061, 2920, 1661, 1597, 1505, 1330,
1253, 1240, 1155, 850, 757 cm™. HRMS (ESI): Calculated for CaoHisFO (M+H*): 291.1180,

found: 291.1184.

Me
>yeg
F
o CAS: 1332348-95-4

3hb: Colorless oil (58%). Ri = 0.25 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls) §

7.80 — 7.74 (m, 2H), 7.31 — 7.26 (m, 1H), 7.19 — 7.15 (m, 1H), 7.13 — 7.07 (m, 2H), 7.07-7.02 (m,
1H), 2.35 (s, 3H).13C NMR & 194.1 (d, J = 2.3 Hz), 165.5 (d, J = 254.7 Hz), 162.3 (d, J = 247.6
Hz), 140.8 (d, J = 7.6 Hz), 139.2(d, J = 6.9 Hz), 133.4 (d, J = 3.1 Hz), 132.6 (d, J = 9.2 Hz), 126.1

(d, J = 2.7 Hz), 120.0 (d, J = 21.2 Hz), 115.6 (d, J = 21.9 Hz), 113.8 (d, J = 22.7 Hz), 21.3 (d, J =
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1.8 Hz). 19F NMR (470 MHz, CDCls) § -105.4, -113.0. IR (KBr): v 3076, 2924, 1662, 1596, 1505,
1452, 1317, 1255, 1234, 1156, 846 cmX. HRMS (ESI): Calculated for CiHuF20 (M+H"):

233.0772, found: 233.0776.

3ib: White solid (48%). m. p. = 80-82 °C. Rs = 0.30 (hexane/ethyl acetate = 10:1). *H NMR (400

MHz, CDCls) & 8.20 — 8.15 (m, 1H), 8.10-8.07 (m, 1H), 7.86 — 7.81 (m, 2H), 7.79-7.77 (m, 1H),
7.22 -7.14 (m, 2H), 3.92 (s, 3H), 2.48 (s, 3H). 3C NMR § 194.5, 166.4, 165.5 (d, J = 254.8 Hz),
138.9, 137.8, 134.4, 133.9, 133.4 (d, J = 3.0 Hz), 132.7 (d, J = 9.2 Hz), 130.2, 128.1, 115.7(d, J =
21.9 Hz), 52.4, 21.2 19F NMR (470 MHz, CDCls) 5 -106.2. IR (KBr): v 2952, 1726, 1661, 1597,
1505, 1441, 1328, 1248, 1208, 1156, 849 cm™*. HRMS (ESI): Calculated for C1sH14FO3 (M+H*):

273.0921, found: 273.0926.

3jb: Yellow oil (54%). Rs = 0.20 (hexane/ethyl acetate = 5:1). *H NMR (500 MHz, CDCls) § 7.85

(dd, J = 8.6, 5.6 Hz, 2H), 7.64 (s, 1H), 7.56 (5, 1H), 7.49 (s, 1H), 7.18 (t, J = 8.6 Hz, 2H), 3.12 (s,
3H), 2.99 (s, 3H), 2.46 (s, 3H). 13C NMR (126 MHz, CDCl3) 5 194.7, 170.7, 165.5 (d, J = 254.7

Hz), 138.9, 137.7, 136.6, 133.5 (d, J = 3.0 Hz), 132.6 (d, J = 9.2 Hz), 131.6, 131.2, 125.4, 115.6
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(d, J = 21.8 Hz), 37.5 (d, J = 528.4 Hz), 21.3. IR (KBr): v 3058, 2928, 1710, 1670, 1633, 1504,
1399, 1269, 1231, 1156, 1060 cm. HRMS (ESI): Calculated for: C17H17FNOz (M+H"): 286.1238,

found: 286.1242.

Me
F
‘-’
_N
Me
(0] o

3kb: Colorless oil (62%). Rs = 0.20 (hexane/ethyl acetate = 5:1). *H NMR (400 MHz, CDCls) §

7.81 — 7.72 (m, 3H), 7.64 (s, 1H), 7.62 (s, 1H), 7.13 — 7.06 (m, 2H), 3.48 (s, 3H), 3.29 (s, 3H),
2.39 (s, 3H). 3C NMR (101 MHz, CDCls) 6 194.8, 167.9 (d, J = 230.6 Hz), 164.2, 138.6, 137.3,
134.2, 1335 (d, J = 3.0 Hz), 132.8, 132.7, 132.4 (d, J = 41.7 Hz), 126.8, 115.6 (d, J = 21.9 Hz),
61.2, 33.5, 21.3. *F NMR (470 MHz, CDCls) 6 35.28, -105.47. IR (KBr): v 3068, 2934, 1712,
1660, 1597, 1504, 1383, 1307, 1276, 1257,1156 cm™t. HRMS (ESI): Calculated for: C17H17FNO3

(M+H"): 302.1187, found: 302.1197.

Me
>y<es
Cl
o CAS: 1503093-93-3

3lb: Pale yellow oil (64%). Rt = 0.25 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls)

57.86 — 7.80 (M, 2H), 7.54 — 7.48 (m, 1H), 7.46-7.44 (m, 1H), 7.40-7.37 (m, 1H), 7.20 — 7.14 (m,
2H), 2.40 (d, J = 0.7 Hz, 3H). 3C NMR (101 MHz, CDCls) 5 194.0, 165.5 (d, J = 254.9 Hz), 140.2,

139.0, 134.2, 133.3 (d, J = 3.1 Hz), 132.9, 132.6 (d, J = 9.2 Hz), 128.5, 126.9, 115.6 (d, J = 21.9
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Hz), 21.1 19F NMR (470 MHz, CDCl3) § -105.2. IR (KBr): v 3073, 2924, 1663, 1599, 1505, 1303,
1285, 1156, 982, 849 cm™*. HRMS (ESI): Calculated for C14H11CIFO (M+H"): 249.0477, found:

249.0480.

Me
aeVed
0 CAS: 59396-50-8

3mb: White solid (70%). Rs = 0.25 (hexane/ethyl acetate "= 20:1). *H NMR (400 MHz, CDCls3) §

7.85-7.76 (m, 2H), 7.67 (ddd, J = 7.5, 2.3, 0.9 Hz, 1H), 7.59 (dddd, J = 8.1, 5.1, 2.4, 0.7 Hz, 1H),
7.20 —7.12 (m, 2H), 7.09 (t, J = 8.9 Hz, 1H), 2.34 (s, 3H). 3C NMR (101 MHz, CDCl3) § 194.2,
166.1 (d, J = 132.5 Hz), 163.5 (d, J = 131.4 Hz), 134.0 (d, J = 3.1 Hz), 133.7 (d, J = 6.4 Hz), 133.6
(d, J = 3.4 Hz), 132.6 (d, J = 9.1 Hz), 130.0 (d, J = 9.2 Hz), 125.5 (d, J = 17.9 Hz), 115.6 (d, J =
21.9 Hz), 115.1 (d, J = 23.0 Hz), 14.7 (d, J = 3.5 Hz). 1°F NMR (470 MHz, CDCl3) § -106.0, -
110.0. IR (KBr): v 2918, 1651, 1593, 1502, 1269, 1232, 1156, 1114, 911, 850 cm™. HRMS (ESI):

Calculated for C14H11F>0 (M+H*): 233.0772, found: 233.0755.

Me
Meo”i ! F
0 CAS: 1017160-10-9

3nb: Pink oil (62%). Rt = 0.25 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls)  7.83

~7.76 (m, 2H), 7.68 — 7.61 (m, 2H), 7.18 — 7.11 (m, 2H), 6.89 — 6.85 (m, 1H), 3.91 (s, 3H), 2.26

(s, 3H). 3C NMR (101 MHz, CDCl3) & 194.5, 165.1 (d, J = 252.9 Hz), 161.7, 134.7 (d, J = 3.1
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Hz), 132.7, 132.4 (d, J = 9.0 Hz), 130.5, 129.62, 127.0, 115.4 (d, J = 21.8 Hz), 109.1, 55.7, 16.4.
F NMR (470 MHz, CDCls) 6 -107.2. IR (KBr): v 2947, 2839, 1651, 1601, 1504, 1305, 1269,
1226, 1156, 1123, 1029 cm™t. HRMS (ESI): Calculated for C1sH14FO, (M+H"): 245.0972, found:

245.0988.

3ob: White solid (51%). m. p. = 101-103 °C. Rf = 0.2 (hexane/ethyl acetate = 20:1). *H NMR

(400 MHz, CDCl3) § 7.98 (d, J = 8.0 Hz, 1H), 7.88 — 7.81 (m, 2H), 7.61 (s, 1H), 7.57 (dd, J = 7.8,
1.4 Hz, 1H), 7.21 - 7.12 (m, 2H), 3.93 (s, 3H), 2.64 (s, 3H). 3C NMR (101 MHz, CDCl3) § 194.8,
167.5, 165.7 (d, J = 255.0 Hz), 140.4, 140.3, 133.4 (d, J = 3.0 Hz), 133.1, 132.9 (d, J = 9.3 Hz),
132.7, 130.6, 127.0, 115.8 (d, J = 21.9 Hz), 52.3, 21.8. 9F NMR (470 MHz, CDCls) § -105.1. IR
(KBr): v 2954, 1734, 1597, 1436, 1405, 1296, 1269, 1250, 1160, 1080, 852 cm™. HRMS (ESI):

Calculated for C16H14FO3 (M+H™): 273.0921, found: 273. 0913.

NCF

3pb: White solid (36%). m. p. = 103-105 ° C. R = 0.2 (hexane/ethyl acetate = 20:1). *H NMR

(400 MHz, CDCls) 5 7.86 — 7.78 (m, 2H), 7.73 (d, J = 8.0 Hz, 1H), 7.69 (d, J = 0.8 Hz, 1H), 7.61
(d, J=8.0 Hz, 1H), 7.22 — 7.14 (m, 2H), 2.63 (s, 3H). 3C NMR (101 MHz, CDCls) 5 194.0, 166.0

(d,J=255.9Hz),141.9 (d, J=140.5Hz), 132.88, 132.9 (d, J =9.3 Hz), 132.7, 131.1, 127.3, 117 4,
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116.3, 116.1, 115.9, 20.7. 1°F NMR (470 MHz, CDClIs) 6 -104.18. IR (KBr): v 3074, 2922, 2228,
1663, 1597, 1505, 1410, 1267, 1157, 854, 766, 687 cm™*. HRMS (ESI): Calculated for C1sH10FNO

(M+H"): 240.0819, found: 240.0835.

3gb: Colorless oil (33%). R = 0.2 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls) §

7.86 — 7.78 (m, 2H), 7.73 (d, J = 8.0 Hz, 1H), 7.69 (d, J = 0.8 Hz, 1H), 7.61 (d, J = 8.0 Hz, 1H),
7.22 - 7.14 (m, 2H), 2.63 (s, 3H). 3C NMR (101 MHz, CDCls) & 193.4, 165.9 (d, J = 256.1 Hz),
151.2, 141.2, 133.8, 132.8, 132.7, 128.0, 124.6, 116.0, 115.8, 20.2. 1°F NMR (470 MHz, CDCls)
5 -104.02. IR (KBr): v 3077, 2925, 1791, 1726, 1667, 1598, 1525, 1350, 1310, 1232, 1159 cm™.

HRMS (ESI): Calculated for: C14H10FNNaOs (M+Na*):282.0537, found: 282.0529.

Me
F
F_O CAS: 59396-49-5

3rb: White solid (42%). Rs = 0.3 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls) §

7.89-7.85(m, 2H), 7.37 — 7.27 (m, 2H), 7.18 — 7.11 (m, 2H), 7.08 — 7.01 (m, 1H), 2.37 (s, 3H). 13C
NMR (101 MHz, CDCls) § 192.3, 166.1 (d, J = 255.3 Hz), 158.2 (d, J = 249.3 Hz), 134.3 (d, J =
3.6 Hz), 134.0 (d, J = 2.7 Hz), 133.9 (d, J = 8.0 Hz), 132.6 (dd, J = 9.5, 1.4 Hz), 130.9 (d, J = 2.7

Hz), 126.5 (d, J = 15.1 Hz), 116.1 (d, J = 21.9 Hz), 115.8 (d, J = 22.0 Hz), 20.7. 1°F NMR (470
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MHz, CDClz) 6 -104.6, -116.1. IR (KBr): v 2927, 1666, 1597, 1505, 1412, 1308, 1285, 1229, 1155,

965 cm™®. HRMS (ESI): Calculated for C14H1:F20 (M+H*): 233.0772, found: 233.0769.

0

T Q
F
CAS: 1543-56-2

3sh: White solid (45%). Rt = 0.2 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls) §

8.24 (s, 1H), 7.99 — 7.88 (m, 6H), 7.60 (dddd, J = 22.6, 8.1, 6.9, 1.4 Hz, 2H), 7.25 — 7.17 (m, 2H).
13C NMR (101 MHz, CDCls) & 195.4, 165.5 (d, J = 254.1 Hz), 135.4, 134.9, 134.2 (d, J = 3.1 Hz),
132.8 (d, J = 9.1 Hz), 132.4, 131.7, 129.5, 128.5, 128.0, 127.0, 125.8, 115.7 (d, J = 21.9 Hz). °F
NMR (470 MHz, CDCls) & -106.0. Both the *H NMR and *C NMR match the literature reported

data.*®

4.4.6 Analysis of The Side Products in The Reaction of Aryl Boroxine 1i

Pd(TFA), (7.5 mol%)
AsPh; (22.5 mol%)

Me NBE (20 mol%) Me
BO 0 0 Ko,CO3 (15 mol%)
1/3 + Cul (30 mol%) ‘
Ar)LOJj\Ar - Ar
MeO,C 3 BQ (10 mol%) MeO,C
1i 4A MS (400 mg) 3ib O
Ar = 4-FCgH, toluene, 100 °C 51%
Me Me CO,Me
) O J@
M MeO,C
MeOZC 6% MeOZC e 2
7% 17%

.......................................................................

side-products

Yields were determined by '"H NMR analysis using 1,1,2,2-tetrachloroethane as the internal
standard.
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Aryl boroxine 1i was chosen as a substrate to study the side products generated in the ortho

acylation. Protodeboronation was found to be the major side reaction.

4.4.7 Mechanistic study

1-Bromonaphthalene-d; was prepared according to the literature reported procedure.®® NBS (2.14
g, 12.0 mmol) and AuCls (4 mg, 0.012 mmol, 0.1 mol%) were added in a 40 mL vial. Then
naphthalene-ds (1.64 g, 12.0 mmol) and DCE (24 mL) were added in succession. The resulting
reaction mixture was allowed to stir for about 15 h at 80 °C. Then the solvent was removed under
vacuum and the residue was purified by flash column chromatography to give 1-
bromonaphthalene-dz (2.0 g, 78%). Both the *H NMR and 3C NMR match the literature reported

data.®!

Scheme 4.9. Preparation of 1-Naphthylboroxine-d7

D D D Br
D D
D D AuCl3 (0.1 mol%)
+ NBS ’
D D DCE, 80 °C D D
D D D D
D Br D B(OH),
DD 1.nBuli, -78°C D OO D
_——
2. B(OiPr)3, 1t
D D 3 NH,CI (ag) D D
D D D D
D BO
D B(OH), D D
D D benzene, reflux 13 Oe
_—_—m
D D Dean-Stark D D
b D D D 3
1m-d

1-Bromonaphthalene-d (1.90 g, 8.7 mmol) was dissolved in 50 mL dry THF and cooled down to

-78 °C. Then nBuLi (7.1 mL, 10.6 mmol, 1.5 M in hexane) was added dropwise to the reaction
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mixture. The temperature was maintained at -78 °C for 2 h and afterwards B(QOiPr)3 (3.32 g, 17.7
mmol) was added. The resulting reaction mixture was allowed to warm to rt and stirred overnight.
The reaction was quenched by ag NH4Cl and extracted with ethyl acetate for three times. The
desired boronic acid was isolated through flash column chromatography as a white solid (599.2

mg, 38%). Both the 'H NMR and *C NMR match the literature reported data.®*

In a 50 mL round bottom flask was added 1-bromonaphthalene-d; (600 mg) and a stir bar. Then
30 mL benzene was added and the solution was refluxed for 12 h using Dean-Stark trap to remove
water. The solution was allowed to cool down to room temperature and the solvent was removed
under vacuum to give the desired 1-naphthylboroxine-d; as a white solid. After washed with
hexane for three time and dried under vacuum, the arylboroxine product was directly used in the

acylation reaction without further purification.

Scheme 4.10. Deuterium Labelling Study with 1-Naphthylboroxine-dz

PA(TFA), (15 mol%)
AsPh; (45 mol%) (0.60 D)
NBE (20 mol%) D/H O
K,CO3 (15 mol%

D BO D
D D ) D
13 OO + 2b Cul (30 mol%) - Oe O
D D D D F
D D 3 D D

BQ (20 mol%), 4A MS
toluene, 100 °C, N,
1m-d 36%

A flame-dried 4.0 mL vial was charged with Pd(TFA)2 (9.9 mg, 0.03 mmol, 15 mol%),

3mb-d

benzoquinone (4.4 mg, 0.04 mmol, 20 mol%), Cul (11.4 mg, 0.06 mmol, 30 mol%), AsPhs (27.6
mg, 0.09 mmol, 45 mol%), 1m-d (32.2 mg, 0.2 mmol, 1.0 equiv, based on monomer) and 4-
fluorobenzoic anhydride (104.9 mg, 0.4 mmol, 2.0 equiv). Then the vial was directly transferred
into a nitrogen-filled glovebox without caps. Then K,COj3 (4.1 mg, 0.03 mmol, 15 mol%) and 4A

molecular sieves (400 mg) were added. In another 4.0 mL vial, NBE (11.3 mg, 0.12 mmol) was
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dissolved in 1.5 mL dry toluene. 0.5 mL of this NBE solution (3.8 mg, 0.04 mmol, 20 mol%) was
transferred into the reaction mixture, before another 3.5 mL dry toluene was added. The vial was
tightly sealed, transferred out of glovebox and stirred on a pie-block preheated to 100 °C for 14
hours. After completion of the reaction, the mixture was filtered through a thin pad of silica gel.
The filter cake was washed with ethyl acetate and the combined filtrate was concentrated. The
residue was loaded to a small amount of silica gel and then purified by flash column

chromatography on silica gel to give the desired ortho acylation product 3mb-d as a white solid.

(0.60 D)
D DHO

L0,

3mb- d Whlte solid (36%). Rt = 0.2 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls) &

8.24 (s, 0.4H + 0.6D), 5 7.96 — 7.86 (M, 2H), 7.24 — 7.16 (m, 2H).

Scheme 4.11. Deuterium labelling study with D20

Pd(TFA), (10 mol%)
AsPh3 (30 mol%)
NBE (20 mol%) (0.38 D)
Me K,CO3 (15 mol%)

©/Bo Cul (30 mol%)
+ 2b
D,0 (2.0 equiv)
BQ (10 mol%), 4A MS
1a toluene, 100 °C, N, 3ab-d

32%
A flame-dried 4.0 mL vial was charged with Pd(TFA)2 (9.9 mg, 0.03 mmol, 10 mol%),

13

3

benzoquinone (3.3 mg, 0.03 mmol, 10 mol%), Cul (17.1 mg, 0.09 mmol, 30 mol%), AsPhs (27.6
mg, 0.09 mmol, 30 mol%), 2-toylboroxine (35.4 mg, 0.3 mmol, 1.0 equiv, based on monomer) 4-
flrorobenzoic anhydride (157.4 mg, 0.6 mmol, 2.0 equiv) and DO (12 mg, 0.6 mmol, 2.0 equiv).

The vial was directly transferred into a nitrogen-filled glovebox without caps. Then K>COs (6.2
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mg, 0.045 mmol, 15 mol%) and 4A molecular sieves (200 mg) were added. In another 4.0 mL vial,
NBE (16.9 mg, 0.18 mmol) was dissolved in 1.5 mL dry toluene. 0.5 mL of this NBE solution
(5.64 mg, 0.06 mmol, 20 mol%) was transferred into the reaction mixture, before another 3.5 mL
dry toluene was added. The vial was tightly sealed, transferred out of glovebox and stirred on a
pie-block preheated to 100 °C for 14 hours. After completion of the reaction, the mixture was
filtered through a thin pad of silica gel. The filter cake was washed with ethyl acetate and the
combined filtrate was concentrated. The residue was loaded to a small amount of silica gel and
then purified by flash column chromatography on silica gel to give the desired ortho acylation

product 3ab-d.

Me (0.38 D)
‘;”D/HOF
0

3mb-d: Colorless oil (32%). Rf = 0.3 (hexane/ethyl acetate = 20:1). 'H NMR (400 MHz,

Chloroform-d) & 7.89 — 7.80 (m, 2H), 7.59 (s, 0.62H + 0.38D), 7.54 (d, J = 7.4 Hz, 1H), 7.45 —

7.34 (m, 2H), 7.20 — 7.13 (m, 2H), 2.42 (s, 3H).

4.4.8 General Procedure of Palladium and Norbornene Catalyzed Ortho Amination Reaction
Scheme 4.12. Redox-Neutral Ortho Amination of Aryl Boroxines
Pd(OPiv), (20 mol%)
R P(OPh); (40 mol%) R
NBE (50 mol%)
] 0 EEL -
1/3|R1 + -
\ N Csl (50 mol%) N/\

iy Cs,COj3 (50 mol%) o}
1 2 toluene (0.05M), 100 °C 4
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A flame-dried 4.0 mL vial was charged with Pd(OPiv)2 (12.4 mg, 0.04 mmol, 20 mol%),
benzoquinone (3.3 mg, 0.03 mmol, 15 mol%), P(OPh)s(24.8 mg, 0.08 mmol, 40 mol%), 2-
toylboroxine (59 mg, 0.5 mmol, 2.5 equiv, based on the monomer) and O-benzoyl hydroxylamines
(41.4 mg, 0.2 mmol, 1.0 equiv). The vial was directly transferred into a nitrogen-filled glovebox
without caps. Then Cs,COz3 (32.6 mg, 0.1 mmol, 50 mol%) and Csl (26.0 mg, 0.1 mmol, 50 mol%)
were added. In another 4.0 mL vial, NBE (37.6 mg, 0.40 mmol) was dissolved in 2.0 mL dry
toluene. 0.5 mL of this NBE solution (9.4 mg, 0.1 mmol, 50 mol%) was transferred into the
reaction mixture, before another 3.5 mL of dry toluene was added. The vial was tightly sealed,
transferred out of glovebox and stirred on a pie-block preheated to 100 °C for 12 hours. After
completion of the reaction, the mixture was filtered through a thin pad of silica gel. The filter cake
was washed with ethyl acetate and the combined filtrate was concentrated. The residue was loaded
to a small amount of silica gel and then purified by flash column chromatography on silica gel to

give the desired ortho amination products 4aa-4sa.

Me

Q,

Lo
CAS: 7025-91-4
4aa: Colorless oil (66%). Rs = 0.2 (hexane/ethyl acetate = 10:1). *H NMR (400 MHz, CDCls) §

7.18 (t, J = 7.9 Hz, 1H), 6.78 — 6.68 (m, 3H), 3.92 — 3.84 (M, 4H), 3.21 — 3.12 (m, 4H), 2.33 (s,
3H). 2C NMR (101 MHz, CDCls) & 151.3, 138.9, 129.0, 120.9, 116.5, 112.8, 67.0, 49.4, 21.8.

Both the *H NMR and *3C NMR match the literature reported data.®?

Me

S

(0]
k/ CAS: 152275-19-9
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4ga: White solid (64%). m. p. = 54-56 °C. Rf= 0.2 (hexane/ethyl acetate = 10:1). *H NMR (400
MHz, CDCls) 6 7.61 — 7.55 (m, 2H), 7.48 — 7.40 (m, 2H), 7.38 — 7.31 (m, 1H), 6.98 — 6.92 (m,
2H), 6.76 (s, 1H), 3.93 — 3.85 (m, 4H), 3.27 — 3.18 (m, 4H), 2.40 (s, 3H). 3C NMR (101 MHz,
CDCl3) 6 151.7,142.3,141.8, 139.2, 128.6, 127.2, 127.2, 120.2, 115.5, 112.0, 67.0, 49.5, 21.8. IR
(KBr): v 2959, 2852, 2822, 1594, 1449, 1221, 1122, 1007, 890, 762, 699 cm™. HRMS (ESI):

Calculated for: C17H20NO (M+H"): 254.1539, found: 254.1533.

Me

A

O

4la: Colorless oil (57%). Ri = 0.2 (hexane/ethyl acetate = 10:1). *H NMR (400 MHz, CDCls) &

6.69 (d, J = 1.8 Hz, 2H), 6.59 (s, 1H), 3.87 — 3.81 (m, 4H), 3.17 — 3.10 (m, 4H), 2.29 (s, 3H). 13C
NMR (101 MHz, CDCls) § 152.2, 140.2, 134.7, 120.6, 114.5, 112.7, 66.7, 49.0, 21.6. IR (KBr):
v 2961, 2854, 1601, 1573, 1449, 1249, 1122, 992, 891, 827, 684, 658 cmt. HRMS (ESI):

Calculated for: C11H1sCINO (M+H*): 212.0837, found: 212.0844.

Me

Me0\©\N/\

(o)
4na: pink solid (65%). m. p. = 74-76 °C. R = 0.1 (hexane/ethyl acetate = 10:1). *H NMR (400

MHz, CDCls) § 6.83 — 6.65 (m, 3H), 3.92 — 3.82 (m, 4H), 3.78 (s, 3H), 3.14 — 2.90 (m, 4H), 2.21
(s, 3H). 3C NMR (101 MHz, CDCl3) § 152.3, 145.2, 127.3, 120.0, 114.3, 110.7, 67.0, 55.7, 50.8,
16.5. IR (KBr): v 2821, 2955, 1505, 1454, 1237, 1120, 1029, 1003, 879, 804, 704 cm™*. HRMS

(ESI): Calculated for: C12H1sNO, (M+H™): 208.1332, found: 208.1336.

237



(\o
2\ N
CAS: 7508-21-6

4sa: Yellow solid (62%). R = 0.2 (hexane/ethyl acetate = 10:1). *H NMR (400 MHz, CDCls) &

7.73-7.57 (m, 3H), 7.32 (ddd, J = 8.2, 6.8, 1.4 Hz, 1H), 7.22 (ddd, J = 8.0, 6.8, 1.3 Hz, 1H), 7.15
(dd, J = 9.1, 2.4 Hz, 1H), 7.02 (d, J = 2.4 Hz, 1H), 3.87 — 3.76 (m, 4H), 3.24 — 3.10 (m, 4H). 3C
NMR (101 MHz, CDCls) 8 149.0, 134.4, 128.8, 128.6, 127.4, 126.7, 126.3, 123.5, 118.8, 110.0,

66.9, 49.7. Both the *H NMR and **C NMR match the literature reported data.®?

Me

N
@
Bo¢/ CAS: 1121596-67-5
4ab: Yellow solid (58%). 'H NMR (400 MHz, CDCl3) § 7.19 — 7.13 (m, 1H), 6.78 —6.69 (m, 3H),

3.62—3.49 (M, 4H), 3.17 — 3.06 (m, 4H), 2.32 (s, 3H), 1.48 (s, 9H). 3C NMR (126 MHz, CDCls)
5 154.9, 151.5, 139.0, 129.2, 121.3, 117.6, 113.9, 80.0, 49.7, 28.6, 21.9, 21.9. Both the *H NMR

and **C NMR match the literature reported data.®®

4.4.9 Synthetic Utility

Scheme 4.13. Preparation of Tethered Substrate 6

o
Bpin
P Bpin NalOy4
DIAD PPh3 THF: H20(41 (HO).B
THF 0°Ctort \© then, HCI, rt \©
r (12+6)
benzene \©\/
reﬂux \@

To a 100 mL flask equipped W|th a stir bar was charged with benzyl alcohol 11 (1.95g, 8 mmol,
1.0 equiv), 2-iodophenol (1.94g, 8.8 mmol, 1.1 equiv), triphenylphosphine (2.52g, 9.6 mmol, 1.2
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equiv) and THF (40 ml). The pure diisopropyl azodicarboxylate (1.78 g, 8.8 mmol, 1.1 equiv) was
added dropwise at zero degree. When the addition was finished, the solution was warmed to room
temperature and stirred overnight. The reaction was monitored by TLC until full conversion was
observed. The solution was concentrated under vacuum and the residue was purified by column
chromatography on silica gel (hexane/ethyl acetate = 20:1 to 10:1) to give the tethered product 5 as

a yellow oil (2.01g) in 56% yield. 54

To a solution of pinacol boronate ester 5 (450 mg, 1.0 mmol, 1.0 equiv) in THF/H20 (4:1, 15 mL),
sodium periodate (643 mg, 3.0 mmol, 3.0 equiv) was added at room temperature. The reaction
mixture was stirred for 30 min and then 1 N HCI (1.0 mL, 1.0 mmol, 1.0 equiv) was added. After
4 h, the reaction mixture was extracted with ethyl acetate (3 x 30 mL), and the combined organic
extracts were washed with water and brine, dried over Na2SO4 and concentrated in vacuo. The
residue was purified by column chromatography on silica gel (MeOH/DCM = 20:1) to give
boronic acid 12 (or a mixture of boronic acid 12 and boroxine 6) as a white solid (364 mg) in 99%

yield.

In a 100 mL round bottom flask was added arylboronic acid 12 (15.0 mmol) and a stir bar. Then,
benzene (50 mL) was added and the solution was refluxed for 12 h using Dean-Stark trap to remove
water. The solution was allowed to cool to room temperature and the solvent was removed under
vacuum to give the desired arylboroxine as a white solid. After washed with hexane for three time
and dried under vacuum, the arylboroxine product 6 was directly used in the acylation reaction

without further purification.
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Me
Bpin |

5: Yellow oil (56%). R:= 0.4 (hexane/ethyl acetate = 10:1). *H NMR (400 MHz, CDCl3) § 7.83

—7.77 (M, 2H), 7.32 — 7.28 (m, 2H), 7.28-7.22 (m, 1H), 6.82 (dd, J = 8.3, 1.4 Hz, 1H), 6.74-6.70
(m, 1H), 5.13 (s, 2H), 2.57 (s, 3H), 1.35 (5, 12H). 3C NMR (101 MHz, CDCl3) 5 157.1, 145.2,
139.5, 139.1, 136.2, 129.4, 128.1, 123.2, 122.7, 112.7, 86.7, 83.4, 70.7, 24.9, 22.3. IR (KBr): v
3062, 2921, 1660, 1598, 1505, 1476, 1438, 1317, 1233, 1155, 1053 cm™.. HRMS (ESI): Calculated

C20H28BINO3 (M+NH"): 468.1201, found: 468.1205.

Me
(HO),B |
O

12: White solid (99%). m. p. = 103-105° C. Rs = 0.2 (DCM/ethyl acetate = 5:1). 'H NMR (400

MHz, Acetone-d) § 7.83 (dd, J = 7.8, 1.6 Hz, 1H), 7.61 (d, J = 7.5 Hz, 1H), 7.39 — 7.27 (m, 3H),
7.15 (s, 2H), 7.09 (dd, J = 8.3, 1.4 Hz, 1H), 6.78 (td, J = 7.6, 1.3 Hz, 1H), 5.20 (s, 2H), 2.53 (s,
3H). 3C NMR (101 MHz, Acetone-d) & 157.4, 142.4, 139.4, 137.8, 133.9, 133.9, 129.6, 128.3,
123.4,122.7,113.0, 86.0, 70.4, 21.8. IR (KBr): v 3052, 2924, 1611, 1582, 1474, 1438, 1417, 1348,
1270, 1245, 1054cm™. HRMS (ESI): Calculated C14H12BINaO, (M+Na-H»0 *): 372.9867, found:

372.9854.
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Scheme 4.14. Sequential Functionalization of 6

Pd(TFA), (10 mol%)

M
Me AsPhs (30 mol%) ©
0B o o NBE (20 mol%) F
I K2003 (15 mol%)
o + Ar)LO)I\Ar Cul (30 mol%) @O
Ar = p-FCeHy BQ (10 mol%) | o
6 2b 4A MS (400 mg)

toluene, 100 °C
QBZ

N
1.1 equiv[ j
O

10 mol % Pd(OAc), Me

25 mol % P(p-OMeCetals o™ F
25 mol % NBE - K/N o O O
1.2 equiv /PrOH O/

2.5 equiv Cs,CO3
toluene, 100 °C, 24h 8

A flame-dried 4.0 mL vial was charged with Pd(TFA)2 (9.9 mg, 0.03 mmol, 10 mol%),
benzoquinone (3.3 mg, 0.03 mmol, 10 mol%), Cul (17.1 mg, 0.09 mmol, 30 mol%), AsPhs (27.6
mg, 0.09 mmol, 30 mol%), 6 (105.0 mg, 0.3 mmol, 1.0 equiv, based on monomer) and substituted
4-fluorobenzoic anhydride (157.4 mg, 0.6 mmol, 2.0 equiv). The vial was directly transferred into
a nitrogen-filled glovebox without caps. Then, K,COs (6.2 mg, 0.045 mmol, 15 mol%) and 4A
molecular sieves (400 mg) were added. In another 4.0 mL vial, NBE (16.9 mg, 0.18 mmol) was
dissolved in 1.5 mL dry toluene. 0.5 mL of this NBE solution (5.6 mg, 0.06 mmol, 20 mol%) was
transferred into the reaction mixture, before more dry toluene (3.5 mL) was added. The vial was
tightly sealed, transferred out of glovebox and stirred on a pie-block preheated to 100 °C for 14
hours. After completion of the reaction, the mixture was filtered through a thin pad of silica gel.
The filter cake was washed with ethyl acetate and the combined filtrate was concentrated. The
residue was loaded to a small amount of silica gel and then purified by flash column
chromatography (hexane : ethyl acetate = 40 : 1) on silica gel to give 7 (81.7mg) as a white solid

in 61% yield.
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An flame-dried 4 mL vial was charged with aryl iodide 7 (44.6 mg, 0.1 mmol 1.0 equiv), O-
Benzoyl hydroxylamines (22.8 mg, 0.11 mmol, 1.1 equiv), Cs2CO3z (82 mg, 0.25 mmol, 2.5 equiv),
isopropanol (7.1 mg, 0.12 mmol, 1.2 equiv), norbornene (2.3 mg, 0.025 mmol, 0.25 equiv),
Pd(OAC)2 (2.2 mg, 0.01 mmol, 0.10 equiv) and tris(4-methoxyphenyl)phosphine (8.8 mg, 0.025
mmol, 0.25 equiv), which was sealed outside and transferred in a nitrogen-filled glovebox. Toluene
(2 ml) was added into the vial, then the vial was sealed with PTFE lined cap in the glovebox again
and stirred at RT for 10 minutes until the Pd(OAc)2 was fully dissolved. The vial was subsequently
transferred out of glovebox and stirred on a pie-block preheated to 100°C for 24 hours. The mixture
was then filtered through a thin pad of celite. The filter cake was washed with diethyl ether, and
the combined filtrate was concentrated. The residue was directly purified by flash column
chromatography (hexane : ethyl acetate =20 : 1) on silica gel to give the desired product 8 (27.6

mg) in 68% yield as a yellow oil.5

7: White solid (61%). m. p. = 77-79° C. *H NMR (400 MHz, Chloroform-d) § 7.87 — 7.82 (m,

2H), 7.80 (dd, J = 7.8, 1.6 Hz, 1H), 7.69 (s, 1H), 7.57-7.56 (m, 2H), 7.35 — 7.27 (m, 1H), 7.19 —
7.10 (m, 2H), 6.86 (dd, J = 8.2, 1.3 Hz, 1H), 6.77-6.73 (m, 1H), 5.16 (s, 2H), 2.46 (s, 3H). 13C
NMR (101 MHz, Chloroform-d) 6 195.2, 165.4 (d, J = 254.2 Hz), 156.8, 139.6, 138.8, 137.8,
136.7,133.7 (d, J = 3.1 Hz), 132.7 (d, J = 9.2 Hz), 131.8, 129.9, 129.5, 125.9, 123.0, 1155 (d, J =
21.8 Hz), 112.7, 86.8, 70.3, 21.4. IR (KBr): v 3062, 2921, 1660, 1598, 1505, 1476, 1438, 1317,
1233, 1155, 1053 cm™. HRMS (ESI): Calculated for C1H17FIO, (M+H *): 447.0252, found:

447.0251.

242



LHOOF

8: Yellow oil (68%). 'H NMR (400 MHz, CDCl3)  7.81 (ddd, J = 9.8, 5.1, 2.3 Hz, 2H), 7.60 (s,

1H), 7.53 (s, 1H), 7.49 (s, 1H), 7.24 — 7.09 (m, 3H), 6.62 — 6.51 (m, 2H), 6.48 (dd, J = 8.1, 2.4 Hz,
1H), 5.07 (s, 2H), 3.95 — 3.80 (m, 4H), 3.25 — 3.08 (m, 4H), 2.44 (s, 3H). 3C NMR (101 MHz,
CDCls) & 195.32, 165.49 (d, J = 254.1 Hz), 159.67, 152.84, 138.83, 137.93, 137.54, 133.89 (d, J
= 3.0 Hz), 132.79 (d, J = 9.2 Hz), 132.29, 130.08, 130.04, 126.25, 115.58 (d, J = 21.8 Hz), 109.03,
105.51, 103.27, 69.50, 66.97, 49.31, 21.49. 1°F NMR (470 MHz, CDCls) § -105.87. IR (KBr): v
3054, 2960, 1732, 1660, 1598, 1495, 1449, 1315, 1232, 1191, 1115 cm™*. HRMS (CI): Calculated

for CasHosFNOs (M+H™): 406.1813, found: 406.1815.

Scheme 4.15. Sequential Functionalization of 5

Pd(OAc), (10 mol%)
P(4-MeOCgH,)3 (25 mol%) Me

Me
\/@/Bp.n NBE (25 mol%) Bpin
I [ j Cs,CO; (2.5 equiv)
o > RoN o —
iPrOH (1.2 equiv)
©/ 5 OBz toluene, 100 °C O/ 9

60%

2b (2.0 equiv)
Pd(TFA), (10 mol%) Me

ASPh3 30 mol%) 73%
NBE (20 mol%) B(OH), _ 7% |
ch03 (15 mol%) g \ o NalO,, HCI
- Cul (30 mol%) \©/ THF/H,0 =4 : 1
O/ (10 mol%) 10

4A MS (400 mg)

NR, = morpholino toluene, 100 °C
Ar = 4-FCgH,4 64%

An flame-dried 7.0 mL vial was charged with aryl iodide 5 (135.0 mg, 0.3 mmol 1.0 equiv), O-
Benzoyl hydroxylamines (124.3 mg, 0.6 mmol, 2.0 equiv), Pd(OAc). (6.7 mg, 0.03 mmol, 0.10
equiv) and tris(4-methoxyphenyl)phosphine (26.4 mg, 0.075 mmol, 0.25 equiv), which was

transferred into a nitrogen-filled glovebox without caps. Then Cs2CO3 (244.4 mg, 0.75 mmol,2.5
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equiv), isopropanol (21.6 mg, 0.36 mmol, 1.2 equiv) and norbornene (7.1 mg, 0.075 mmol, 0.25
equiv) were added. Toluene (6 ml) was added into the vial, then the vial was sealed with PTFE
lined cap in the glovebox and stirred at RT for 10 minutes until the Pd(OAc)2 was fully dissolved
(the solution takes on a light yellow color). The vial was subsequently transferred out of glovebox
and stirred on a pie-block preheated to 100°C for 24 hours. The mixture was then filtered through
a thin pad of celite. The filter cake was washed with diethyl ether, and the combined filtrate was
concentrated. The residue was directly purified by flash column chromatography (hexane : ethyl
acetate =10 : 1) on silica gel to give the desired product 9 (73.7 mg) in 60% yield as a colorless

0il.%2

To a solution of pinacol boronate ester 9 (0.95 g, 2.32 mmol, 1.0 equiv) in THF/H20 (4:1, 40 mL),
sodium periodate (1.5 g, 7.0 mmol, 3.0 equiv) was added at room temperature. The reaction
mixture was stirred for 30 min and then 1 N HCI (1.7 mL, 1.7 mmol, 0.7 equiv) was added. The
reaction was monitored by TLC until full conversion, then 50 mL H>O was added and the mixture
was extracted with ethyl acetate. The combined organic extracts were washed with water and brine,
dried over Na»SOsand concentrated in vacuo. The residue was purified by column
chromatography on silica gel (DCM/MeOH = 50:1 to 20:1) to give the boronic acid 10 as a yellow

oil in 73% vyield.

A flame-dried 4.0 mL vial was charged with Pd(TFA); (6.6 mg, 0.02 mmol, 10 mol%),
benzoquinone (2.2 mg, 0.02 mmol, 10 mol%), Cul (11.4 mg, 0.06 mmol, 30 mol%), AsPhz (18.4
mg, 0.06 mmol, 30 mol%), 11 (65.4 mg, 0.2 mmol, 1.0 equiv, based on monomer) and substituted
4-fluorobenzoic anhydride (104.9 mg, 0.4 mmol, 2.0 equiv). The vial was directly transferred into
a nitrogen-filled glovebox without caps. Then, K,COj3 (4.1 mg, 0.03 mmol, 15 mol%) and 4A

molecular sieves (400 mg) were added. In another 4.0 mL vial, NBE (15.0 mg, 0.16 mmol) was
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dissolved in 2.0 mL dry toluene. 0.5 mL of this NBE solution (3.76 mg, 0.04 mmol, 20 mol%) was
transferred into the reaction mixture, before more dry toluene (3.5 mL) was added. The vial was
tightly sealed, transferred out of glovebox and stirred on a pie-block preheated to 100 °C for 14
hours. After completion of the reaction, the mixture was filtered through a thin pad of silica gel.
The filter cake was washed with ethyl acetate and the combined filtrate was concentrated. The
residue was loaded to a small amount of silica gel and then purified by flash column
chromatography (hexane : ethyl acetate = 20 : 1) on silica gel to give 8 (51.9 mg) as a yellow oil

in 64% yield.

9: Colorless oil (60%). R:=0.2 (hexane/ethyl acetate = 10:1). 'H NMR (500 MHz, CDCl3) & 7.78

(d, J=7.5Hz, 1H), 7.25 — 7.20 (m, 2H), 7.18 (t, J = 8.5 Hz, 1H), 6.58 — 6.52 (m, 2H), 6.52 — 6.47
(m, 1H), 5.03 (s, 2H), 3.89 — 3.82 (m, 4H), 3.18 — 3.12 (m, 4H), 2.56 (s, 3H), 1.35 (s, 12H). 13C
NMR (101 MHz, CDCl3) § 160.0, 152.8, 145.4, 139.9, 136.4, 130.0, 128.7, 123.7, 108.8, 105.7,
103.3, 83.6, 70.0, 67.0, 49.4, 25.0, 22.4. IR (KBr): v 2976, 2856, 1610, 1579, 1495, 1450, 1340,
1191, 1065, 859, 829, 687, 665 cm™. HRMS (ESI): Calculated for CasH3sBNOs (M+H*):

410.2497, found: 410.2508.

Scheme 4.16. Preparation of 1t

1) NaNO,, HCI
Br CH3OH, H,0 Br NalO, Br Br
Me 0°C to rt Me THF:H,O(4:1) Me benzene Me
_—— —_— —_—
2) Bopin,, rt then, HCI, rt reflux
NH2 . Bpin 71% B(OH)2 BO
14 61% 15 16 1t
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To a solution of aryl amine 14 (3.72 g, 20.0 mmol, 1.0 equiv) in MeOH (40 mL) was added HCI
(20 mL, 60 mmol, 3.0 equiv) followed by H2O (20 ml). This mixture was stirred for 2 min, and
NaNO2 (1.52g, 22 mmol, 1.1 equiv) in 10 mL H20 was added dropwise. This mixture was stirred
at 0-5 °C for 30 min followed by adding Bzpinz (15.2 g, 60 mmol, 3.0 equiv) in MeOH (40 mL)
solution. This reaction mixture was stirred for another 1h. Then H.O (30 mL) was added and the
mixture was extracted with DCM (100 mLx 3). The combined organic layers were washed with
sat. NaHCOg, dried over Na2SO4 and concentrated in vacuo. The crude residue was purified by
column chromatography on silica gel (hexane/ethyl acetate = 40:1) to give the corresponding

pinacolboronate ester 15 as a yellow oil (3.56 g) in 61%.5°

To a solution of pinacol boronate ester 15 (1.04 g, 3.5 mmol, 1.0 equiv) in THF/H20 (4:1, 40 mL),
sodium periodate (1.89 g, 8.8 mmol, 2.5 equiv) was added at room temperature. The reaction
mixture was stirred for 30 min and then 2 N HCI (0.9 mL, 1.8 mmol, 0.5 equiv) was added. After
4 h, the reaction mixture was extracted with ethyl acetate (3 x 30 mL), and the combined organic
extracts were washed with water and brine, dried over Na2SO4 and concentrated in vacuo. The
residue was purified by column chromatography on silica gel (DCM/ethyl acetate = 10:1 to 5:1)

to give the boronic acid 16 (752 mg) as a yellow oil in 71% yield.

In a 100 mL round bottom flask was added arylboronic acid 16 (15.0 mmol) and a stir bar. Then
benzene (50 mL) was added and the solution was refluxed for 12 h using Dean-Stark trap to remove
water. The solution was allowed to cool to room temperature and the solvent was removed under
vacuum to give the desired arylboroxine as a white solid. After washed with hexane for three time
and dried under vacuum, the arylboroxine product 1t was directly used in the acylation reaction

without further purification.
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Br

L
CAS: 2057523-47-2

15: Yellow oil (61%). Rf = 0.2 (hexane/ethyl acetate = 40:1). *H NMR (400 MHz, CDCls) & 7.69

pin

(dd, J = 7.4, 1.4 Hz, 1H), 7.61 (dd, J = 7.9, 1.4 Hz, 1H), 7.05-7.01 (m,1H), 2.63 (s, 3H), 1.35 (s,

12H). 3C NMR (101 MHz, CDCls) 6 134.9, 134.8, 126.4, 83.8, 24.8, 22.1.

Scheme 4.17. Preparation of 1u
|

M | Na|O4
e
t-BUONO, Bopin, Me _THF:HO0(4:1) o benzene
MeCN, 80 °C =~ then, HCI rt reﬂux
NH,

Bpin 64% B(OH),
17 53% 18

B2pin2 (140 mg, 0.55mmol, 1.1 equiv) and aniline 17 (117 mg, 0.5 mmol, 1.0 equw) were weighed
in a 25 mL round-bottom flask. MeCN (2mL) and t-BuONO (86 mg, 0.75 mmol, 1.5 equiv) were
then added in succession. The resulting reaction solution was stirred for 3 h at 80 °C (N2 evolution
completed within 5 to 15 min). The solution was then concentrated under reduced pressure, and
the crude residue was purified by flash chromatography (silica gel, hexane/EtOAc = 40:1) to give
pinacol boronate ester 18 (91.2 mg) in 53% vyield. The following deprotection and dean-stark

procedure was same as preparing 1t.%

i Bpin

18: Yellow oil (53%). Rf = 0.2 (hexane/ethyl acetate = 40:1). 'TH NMR (400 MHz, CDCl3) § 7.91
(dd,J=7.8,1.4 Hz, 1H), 7.75 (dd, J= 7.4, 1.4 Hz, 1H), 6.86 (t, J = 7.6 Hz, 1H), 2.69 (s, 3H), 1.36

(s, 12H).13C NMR (101 MHz, CDCls) & 146.8, 141.6, 138.2, 135.7, 126.5, 103.6, 83.8,27.8, 24.8.
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IR (KBr): v 3056, 2977, 1583, 1422, 1344, 1270, 1251, 1212, 1141, 1111, 1068 cm™. HRMS

(ESI): Calculated for C13H19BIO2 (M+H ¥): 345.0517, found: 345.0510.

Scheme 4.18. Sequential Functionalization of 1t

Pd(TFA), (10 mol%)
AsPh3 (30 mol%)

Me o o NBE (20 mol%)
Br. BO K2003 (15 mol%
+ Ar)LOJj\Ar Cul (30 mol%) O O
Ar = p-FCgHy4 BQ (10 mol%)

1t 2b 4A MS (400 mg)

toluene, 100 °C
OBz
1.6 equiv [ j
a Me

75%
10 mol % Pd(OAc F
11 mol % dCypb O O
1.0 equiv NBE o (\N
)

1.0 equiv (-)-borneol o O\)
2.5 equiv Cs,CO3
dioxane, 90 °C, 14h

47%

A flame-dried 4.0 mL vial was charged with Pd(TFA)2 (9.9 mg, 0.03 mmol, 10 mol%),

3tb

4uba

benzoquinone (3.3 mg, 0.03 mmol, 10 mol%), Cul (17.1 mg, 0.09 mmol, 30 mol%), AsPhs (27.6
mg, 0.09 mmol, 30 mol%), 1t (59.1mg, 0.3 mmol, 1.0 equiv, based on monomer) and substituted
4-fluorobenzoic anhydride (157.4mg, 0.6 mmol, 2.0 equiv). The vial was directly transferred into
a nitrogen-filled glovebox without caps. Then, K2COs (6.2 mg, 0.045 mmol, 15 mol%) and 4A
molecular sieves (400 mg) were added. In another 4.0 mL vial, NBE (16.9 mg, 0.18 mmol) was
dissolved in 1.5 mL dry toluene. 0.5 mL of this NBE solution (5.64 mg, 0.06 mmol, 20 mol%) was
transferred into the reaction mixture, before another 3.5 mL dry toluene was added. The vial was
tightly sealed, transferred out of glovebox and stirred on a pie-block preheated to 100 °C for 14
hours. After completion of the reaction, the mixture was filtered through a thin pad of silica gel.

The filter cake was washed with ethyl acetate and the combined filtrate was concentrated. The
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residue was loaded to a small amount of silica gel and then purified by flash column
chromatography (hexane : ethyl acetate = 40 : 1) on silica gel to give 3tb (65.8mg) as a white

solid in 75% vyield .

A flame-dried 4 mL vial was charged with 3tb (43.9 mg, 0.15 mmol, 1.0 equiv), O-benzoyl
hydroxylamine (49.7 mg, 0.24 mmol, 1.6 equiv), (-)-borneol (23.1 mg, 0.15mmol, 1.0 equiv),
norbornene (14.1 mg, 0.15 mmol, 1.0 equiv) and Pd(OAc): (3.4 mg, 0.015 mmol, 0.1 equiv). The
vial was sealed in the air and transferred into a nitrogen-filled glovebox. dCypb (7.5 mg, 0.017
mmol, 0.11 equiv) and Cs,CO3 (123 mg, 0.38 mmol, 2.5 equiv) were added to the vial in the glove
box. 1,4-dioxane (1.5 ml) was added, and the vial was then sealed with PTFE lined cap in the
glovebox. The resulting mixture was stirred at room temperature for 10 minutes until the all the
Pd(OAc)2 was fully dissolved. The vial was subsequently transferred out of glovebox and stirred
on a pie-block preheated to 90 °C for 14 hours. After completion of the reaction, the mixture was
filtered through a thin pad of celite. The filter cake was washed with ethyl acetate, and the
combined filtrate was concentrated. The residue was directly purified by flash column
chromatography (hexane : ethyl acetate = 10 : 1) on silica gel to yield the desired 4uba (21.2 mg)

as a yellow oil in 47% yield.%’

B,F

3tb: White solid (75%). m. p. = 81-83 °C. R:=0.2 (hexane/ethyl acetate = 20:1). *H NMR (400

MHz, CDCl3) § 7.85 — 7.78 (m, 2H), 7.65 (d, J = 4.8 Hz, 1H), 7.64 (s, 1H), 7.41 (ddd, J = 8.3, 2.1,
0.7 Hz, 1H), 7.20 — 7.13 (m, 2H), 2.46 (s, 3H). 3C NMR (101 MHz, CDCl3) § 194.4, 165.4 (d, J

=254.6 Hz), 138.4, 136.5, 133.5 (d, J = 3.1 Hz), 132.5 (d, J = 9.2 Hz), 132.4, 131.8, 129.9, 128.6,
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1155 (d, J = 21.9 Hz), 23.0. 1°F NMR (470 MHz, CDCls) & -105.52. IR (KBr): v 3043, 2924,
1651, 1590, 1431, 1342, 1269, 1207,1109, 1063 cmt. HRMS (CI): Calculated for C14H1BrFO

(M+H"): 292.9972, found: 292.9966.

OJF

4uba: Yellow oil (47%). Rt = 0.1 (hexane/ethyl acetate = 10:1). *H NMR (400 MHz, CDCls) §

7.91-7.79 (m, 2H), 7.20 — 7.12 (m, 2H), 7.11 (s, 1H), 7.02 (s, 1H), 6.95 (s, 1H), 3.90 — 3.82 (m,
4H), 3.25 - 3.14 (m, 4H), 2.37 (5, 3H). 13C NMR (101 MHz, CDCls) § 195.8, 165.3 (d, J = 253.9
Hz), 151.3, 138.9, 138.4, 134.1 (d, J = 3.1 Hz), 132.6 (d, J = 9.1 Hz), 122.4, 120.3, 115.4 (d, J =
21.8 Hz), 113.8, 66.8, 49.1, 21.8. 9F NMR (470 MHz, CDCls) § -106.20. IR (KBr): v 3066, 2960,
1659, 1596, 1505, 1449, 1408, 1353, 1287, 1236, 1155, 1070 cm™X. HRMS (ESI): Calculated for

C1sH1sFNO2(M+H*): 300.1394, found: 300.1402.

Scheme 4.19. Sequential Functionalization of 1u

Pd(TFA), (10 mol%)

AsPh3 (30 mol%) Me
Me o o NBE (20 mol%) | .
| BO K,CO3 (15 mol%)
\©/ * Ar)LOJj\Ar Cul (30 mol%)
Ar = p-FCeHs BQ (10 mol%) I
2b ;
1u 4A MS (400 mg) 3ub
OBz toluene, 100 °C
|

63%

N
1.1 equiv[ j
(6)

10 mol % Pd(OAc), F
25 mol % P(pOMe-CgHa)s O O

25 mol % NBE . (\N

1.2 equiv iPrOH

2.5 equiv Cs,CO;3
toluene, 100 °C, 24h 4uba

76%
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.F

3ub: White solid (63%). m. p. =93-95°C. Rf=0.2 (hexane/ethyl acetate = 20:1). 'H NMR (500

MHz, CDCl3) § 7.93 (d, J = 8.1 Hz, 1H), 7.85 — 7.78 (m, 2H), 7.61 (d, J = 2.1 Hz, 1H), 7.22 (dd,
J=8.1,2.2 Hz, 1H), 7.16 (t, J = 8.6 Hz, 2H), 2.50 (s, 3H). 3C NMR (126 MHz, CDCls)  194.52,
165.44 (d, J = 254.6 Hz), 141.98, 139.03, 137.46, 133.51 (d, J = 3.1 Hz), 132.53 (d, J = 9.2 Hz),
130.41, 128.38, 115.62, 106.82, 28.11. 1°F NMR (470 MHz, CDCls) § -105.46. IR (KBr): v 3053,
2988, 1652, 1597, 1503, 1466, 1437, 1289, 1262, 1228, 1156 cm*. HRMS (ESI): Calculated for

CuH11FIO (M+H™): 340.9833, found: 340.9830.
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4.5 NMR Spectra

Figure 4.1. *H NMR Spectrum of 2-Mentylphenylboronic Acid from Combi-Blocks
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Figure 4.2. 'H NMR Spectrum of 2-Mentylphenylboronic Acid from Sigma-Aldrich
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Figure 4.3. 'H NMR Spectrum of 2-Mentylphenylboronic Acid from Oakwood
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Figure 4.4. 'H NMR Spectrum of 20
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Figure 4.6. 'H NMR Spectrum of 3aa
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Figure 4.8. 'H NMR Spectrum of 3ab
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Figure 4.10. 'H NMR Spectrum of 3ac
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Figure 4.12. 'H NMR Spectrum of 3ad
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Figure 4.14. 1%F NMR Spectrum of 3ad
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Figure 4.16. 13C NMR Spectrum of 3ae
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Figure 4.18. 13C NMR Spectrum of 3af
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Figure 4.20. 13C NMR Spectrum of 3ag
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Figure 4.22. 13C NMR Spectrum of 3ah
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Figure 4.24. 13C NMR Spectrum of 3ai
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Figure 4.26. 'H NMR Spectrum of 3aj
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Figure 4.28. 'H NMR Spectrum of 3ak
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Figure 4.30. *H NMR Spectrum of 3all
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Figure 4.32. 'H NMR Spectrum of 3am
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Figure 4.34. 'H NMR Spectrum of 3an
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Figure 4.36. 'H NMR Spectrum of 3ao
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Figure 4.38. 'H NMR Spectrum of 3ap
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Figure 4.40. 'H NMR Spectrum of 3aq

feipeng-599-3ap-R ORI RR BB BB BB 8 & d3IBBHA K
NNNRNNNRNNNNNNNKNN TELE T T [
e ~ = |

Me
AHHO0O00Q0OOQ O OV VW
NNNRNRNNQQQY mmnmnnn
NNNNRNNNKNKNN NNNKNN
e " —\—
o Fe
|
) ‘ 3aq
e “
N <
o o

7.8 7.7 7.6 7.5 7.4 7.3

f1 (ppm)
[ LL . |
S s aeg 2

).5 100 95 90 85 80 75 70 65 6.0 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0
f1 (ppm)

Figure 4.41. 13C NMR Spectrum of 3aq

feipeng-5%%-3ap-c13.10.fid 38N83R oY o ¥
g anaEge Sndo %
~— o o o NINNN o~
\ NN D2 \
Me
° &
3aq

T T T T T T T T T T T T T T T T T
20 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

272



Figure 4.42. 'H NMR Spectrum of 3ar
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Figure 4.44. 'H NMR Spectrum of 3as
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Figure 4.46. 'H NMR Spectrum of 3at
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Figure 4.48. 'H NMR Spectrum of 3bb
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Figure 4.50. 1°F NMR Spectrum of 3bb
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Figure 4.51. 'H NMR Spectrum of 3cb
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Figure 4.52. 13C NMR Spectrum of 3cb
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Figure 4.53. 1%F NMR Spectrum of 3cb
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Figure 4.54. 'H NMR Spectrum of 3db
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Figure 4.56. 1°F NMR Spectrum of 3db
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Figure 4.57. 'H NMR Spectrum of 3eb
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Figure 4.59. 1%F NMR Spectrum of 3eb
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Figure 4.60. 'H NMR Spectrum of 3fb
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Figure 4.62. 1%F NMR Spectrum of 3fb
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Figure 4.63. 'H NMR Spectrum of 3gb
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Figure 4.65. 1%F NMR Spectrum of 3gb
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Figure 4.66. 'H NMR Spectrum of 3hb
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Figure 4.68. 1°F NMR Spectrum of 3hb
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Figure 4.69. 'H NMR Spectrum of 3ib
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Figure 4.71. 1%F NMR Spectrum of 3ib
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Figure 4.72. 'H NMR Spectrum of 3jb
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Figure 4.74. 1%F NMR Spectrum of 3jb
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Figure 4.75. 'H NMR Spectrum of 3kb
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Figure 4.77. 1%F NMR Spectrum of 3kb
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Figure 4.78. 'H NMR Spectrum of 3lb
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Figure 4.80. 1°F NMR Spectrum of 3lb
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Figure 4.81. 'H NMR Spectrum of 3mb
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Figure 4.83. 1%F NMR Spectrum of 3mb
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Figure 4.84. 'H NMR Spectrum of 3nb

\n
<
<
=3
n
o
<
Fe
TN 691 —
\n
]
O <
sl
Ko}
9T — [= FE0'E
o & .
sl
(]
= L2 89'55 —
o
o] n
) =
166 — =€0¢ | ©
<+
v
<+
£
o8
Los
pad
™ PT60T —
rw
praas
m 8'STT >
o o 96921
o ro z9'671 /
© c mm.oﬁ/
) PE'ZET
~ L@ ™ £°2ET W
. © Y 1TEn
~ o s
~ = =0T | o m
~ - = Eoe |
. >
~8 | jud
N - ooz | =)
~a = Tﬁm.w D 9919 ~
n o S8'E9T —
N Fo o 95991 —
© wn
~N
n
~N F o R
. p=
@
X e 2
o
N n V b61 —
pe n S
2 F o ™ pa]
E & i
- S 9
I L2 Lo o
3 = (o0] 3
i - i
2 i < 2
< Lo <
3] 2 (b o
|-

20

30

40

50

60

70

100 90 80

f1 (ppm)

300

110

120

130

210 200 190 180 170 160 150 140

220




Figure 4.86. 1°F NMR Spectrum of 3nb
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Figure 4.87. 'H NMR Spectrum of 3ob

€6'€ —

vI'L
YIL
ST'L
9T'L
9IT'L
JAwA
8T'L
6T°L
6T°L

95°L
95°L
8S°L
8S°L

192
4:94
8L
£€8°L
v8'L
¥8'L
S8'L
s8'L
16'L

renhe-223-1.10.fid

Me

woeedl oy

3ob

PIL
(394 /
STL—
9L
9L
JAYA
8T°L
6T°L
6T°L

95°L
95°L
85L-T

mm.m\

19¢

L
494
€8°L
v8'L
v8'L
S8°L “\
S8°L
6L~
66°L

7.2 7.1

79 78 77 76 75 7.4 7.3

8.0

8.1

f1 (ppm)

=967

86'C

mﬂoo.ﬁ

20T
10T
00T

re—

n 26—
F ot TS

T
5.5 5.0
f1 (ppm)

T
6.0

S9'STT
Nw.m:/.
96'92T

9S°0€T
89°ZET
18°CET

06'ZET
90°EET

OEET

EPEET
ZE0pT
PP 0PT v

T
6.5

7.0

7.5

Figure 4.88. 13C NMR Spectrum of 3ob

T
8.0

LH9T~
00297~
052917

8.5

9.5
§
I

T T
10.0

T
10.5
renhe-223-1-c13.10.fi

Me

40 30 20

50

T T
100 90

f1 (ppm)

110

210

T
220

302



Figure 4.89. 1%F NMR Spectrum of 3ob
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Figure 4.90. 'H NMR Spectrum of 3pb
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Figure 4.92. 1%F NMR Spectrum of 3pb
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Figure 4.93. 'H NMR Spectrum of 3gb
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Figure 4.95. 1%F NMR Spectrum of 3gb
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Figure 4.96. 'H NMR Spectrum of 3rb

o
&
S
|
"
<
13
o
@
<
<
L

Me

WL
?D.N#
90°L N
e
Nﬁ.n/
L
€L
YL
bIL
STL
9T'L
9TL
LrL
o0eL
€L
4
€€L

S8°L
S8°L
98°L
98°L
8L
8L
8L
88°L
88°L
68°L

7.0

80 79 78 77 76 75 74 73 72 71

f1 (ppm)

Fooe

00T
861

Fzoz

Fooz

-1.5

-1.0

0.5

1.0

1.5

2.5

4.0 3.5

f1 (ppm)

Figure 4.97. 13C NMR Spectrum of 3rb

8.5

9.5

1

0407 —

99'STT
88'STT
66'STT
12911

ob'9zT
§5'92T
S8'0ET
88°0ET V.
ES°TET
SS'TET
£9°CET
b9'TET
T8'EET
68'EET
66'EET
TOPET
YTYET

BTPET A\v
00°4ST
8v'65T *

08'¥9T
€€°£9T

@

7'T6T —

renhe-239-3-c13.10.fid

Me

40 30 20

70 50

T T
100 90

f1 (ppm)

110

210

T
220

308



Figure 4.98. 1%F NMR Spectrum of 3rb
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Figure 4.99. 'H NMR Spectrum of 3sb
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Figure 4.101. **F NMR Spectrum of 3sb
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Figure 4.102. *H NMR Spectrum of 3sb-d

81°/1
8T/
6T
6T°L
02
0z'L A
0z°£ A
1274
L /ﬁ
wLT
oze!
68°L

06°L V‘.
06°27
162
1672

&
i

LRH-3-221-2-F B
R

84 82 80 78 76 74 7.2 7.0

0°¢

a0

f1 (ppm)

—

e'T

rooe
Yy

-0.

0.5 10.0 9.5 9.0 85 80 75 7.0 65 6.0 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0

f1 (ppm)

Figure 4.103. *H NMR Spectrum of 3ab-d

we—

Me (0.38 D)

2
K]
©
™

7.9787776757473727.17.0
f1 (ppm)

-0.t

1.0 0.5 0.0

1.5

f1 (ppm)

10.0 9.5 9.0 85 80 75 7.0 65 6.0 55 50 45 40 35 3.0 25 2.0

312



Figure 4.104. *H NMR Spectrum of 4aa
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Figure 4.106. 'H NMR Spectrum of 4ga
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Figure 4.108. *H NMR Spectrum of 4la
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Figure 4.110. *H NMR Spectrum of 4na
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Figure 4.112. *H NMR Spectrum of 4sa
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Figure 4.114. *H NMR Spectrum of 4ab
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Figure 4.116. 'H NMR Spectrum of 5
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Figure 4.118. *H NMR Spectrum of 12
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Figure 4.120. 'H NMR Spectrum of 7
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Figure 4.122. 'F NMR Spectrum of 7
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Figure 4.123. 'H NMR Spectrum of 8
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Figure 4.125. ®'F NMR Spectrum of 8
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Figure 4.126. 'H NMR Spectrum of 9
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Figure 4.128. *H NMR Spectrum of 15
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Figure 4.130. *H NMR Spectrum of 18
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Figure 4.132. 'H NMR Spectrum of 3tb
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Figure 4.134. ®F NMR Spectrum of 3tb
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Figure 4.135. 'H NMR Spectrum of 3ub
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Figure 4.137. ®F NMR Spectrum of 3ub
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Figure 4.138. 'H NMR Spectrum of 4uba
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Figure 4.140. °F NMR Spectrum of 4uba
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CHAPTER 5

Sulfenamide-Enabled Ortho Thiolation of Aryl lodides via Palladium/Norbornene

Cooperative Catalysis

5.1 Introduction

Aromatic sulfur compounds are commonly found in drugs,® agrochemicals,? organic electronics®
and polymers* (Figure 5.1a). In addition, aryl sulfides often serve as versatile intermediates to
access the corresponding sulfoxides,® sulfones® and benzothiophenes.” Common ways to prepare
aryl sulfides heavily rely on nucleophilic aromatic substitution® and cross-coupling reactions®
between aryl halides and thiols. Both methods form carbon—sulfur (C—S) bonds at the ipso position
of aryl halides; thus, the position of the installed sulfur moiety is restricted by the position of the
halide. On the other hand, C—H thiolation offers an attractive approach to introduce sulfur to an
non-pre-functionalized position;® however, control of site-selectivity generally requires use of

directing groups!! or electron-rich arenes.’? Hence, a general method that site-selectively
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introduces sulfur functional groups to unbiased and unactivated arene positions would be highly
attractive for preparing multi-substituted aromatic sulfur compounds. This has motivated us to

explore the approach using palladium/norbornene (Pd/NBE) cooperative catalysis.

Figure 5.1. Project Background and Design for Ortho C-H Thiolation via Pd/NBE

Cooperative Catalysis
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Pd/NBE cooperative catalysis,® originally discovered by Catellani,** has emerged as a useful tool
for preparing multi-substituted arenes.® Compared to the conventional arene functionalization,
this approach enables simultaneous functionalization of arene vicinal positions regioselectively
using simple aryl halides as substrates (Figure 5.1b). Specifically, through forming an aryl-NBE-
palladacycle (ANP) intermediate, a nucleophile and an electrophile are coupled at the arene ipso
and ortho positions, respectively. While the scope of nucleophiles in this reaction is broad,'3 6
finding suitable electrophiles that can participate in the Catellani reaction nevertheless remains a
formidable challenge,'” because the electrophile must react with ANP selectively in the presence

of Pd(0) species and has to be compatible with the nucleophile and NBE. Currently, the scope of
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electrophiles is mainly limited to carbon®* 8 and nitrogen*®-based reagents. In 2017, Yu used aryl
chlorosulfates for a directed Pd(11)-catalyzed meta chlorination of arenes;?° however, compatibility
of this reagent with Pd(0) catalysts could be a concern.?* More recently, Zhang?? and Cheng®
independently reported an interesting ortho silyation with disilanes; unfortunately, NBE cannot be
extruded in this reaction. Clearly, it would be attractive if other elements, besides C and N, could
be introduced at the arene ortho position in the Pd(0)-catalyzed Catellani reaction. Herein, we
report a Pd/NBE-catalyzed ortho thiolation of aryl iodides, which is enabled by sulfenamide-type
electrophiles (Flgure 5.1c). This approach provides a general platform to introduce various sulfur
moieties to the arene ortho positon and simultaneously install other functional groups at the arene
ipso position. The generality, scability and high chemoselectivity could make this method

attractive for preparing complex sulfur-containing aromatic compounds.

5.2 Results and Discussion

5.2.1 Reaction Discovery and Optimization

Hypothesis. Compared to other ortho functionalizations, ortho thiolation exhibits its unique
challenges. First, many electrophilic sulfur-based compounds, such as PhSSPh or PhSCI, readily
react with Pd(0),2* therefore preventing arene functionalization. Second, thiolates (RS’ are known
as strong ligands for soft Pd species; thus, decomposition of the thiolation agent would likely
generate RS that could lead to direct ipso thiolation.?> Hence, developing a stable but also reactive
electrophilic thiolation agent would be a key for realizing the ortho thiolation reaction. Based on
our prior efforts on developing the ortho amination reaction,® sulfenamides®® were anticipated to

be a suitable electrophile for the Pd/NBE catalysis for two reasons (Flgure 5.1d): 1) the
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electronegativity (Eneg, Pauling scale) difference between N and S matches well with that between
0 and N;?’ 2) analogous to the ortho amination, the amide carbonyl could serve as a directing
moiety to facilitate selective reactions with ANP. Thus, we hypothesized that sulfenamides might
show similar stability and reactivity as O-benzoyl hydroxylamines. It is noteworthy that, during
the review process of this work, an interesting ortho thiolation using thiosulfonate reagents was

reported by Gu.?®

Table 5.1. Electrophiles for the Pd/NBE-Catalyzed Ortho Thiolation of Aryl lodides?

Pd(OAc), (10 mol%) CO,tBu

Me P(2-furyl)s (25 mol%)
| COxtBu  NBE (50 mol%), CuTC (20 mol%)
©/ Tt "/ Cs,CO03 (2.0 equiv)

ethyl acetate (0.05 M), 105 °C

1a $1-s21 2a "standard" conditions
o o
PhSSPh @E‘éN—SPh E j ©fj\/
l}l N SPh
° SPh
R =Ph, S4, 7%
81, < 1% o s s o
° $2,2% S3,6% R = {Bu, S5, 13% S$6, 2%
(o] (o] O p-Tol
\ O
Ph
—( Ph—( Me—{ o ,/s\/ E/f
N—SPh N—SPh N—SPh N—SPh N—SPh
/ / / /
tBu H Me Me
S7, 12% S8, 0% S9, 9% $10, 15% S$11,15%
o o o
o o
_SPh N~ SPh
N N—SPh N
SPh
S$12, 41% S$13, 40% S$14, 39% (+)- 815, 10% $16, 31%
o] o]
PhS O
?Ph }\‘ o -
O;Njo @(j N—SPh N—SPh N—SPh
,?Pr tBu Me
$17,6% $18, 2% (¢)- $19, 50% (£)- S20, 74% (£)- S21, 48%

(w/o Cu, 54%)

@The reaction was run with 1 (0.15 mmol), 2 (0.30 mmol), sulfur electrophile (0.30 mmol),
Pd(OAC)2 (0.015 mmol), P(2-furyl)s (0.0375 mmol), NBE (0.075 mmol), Cs>,COs3 (0.30 mmol) and
CuTC (0.03 mmol) in ethyl acetate (3.0 mL) at 105 °C for 12 h. The yield was determined by ‘H-
NMR using 1,3,5-trimethoxylbenzene as the internal standard. LG: leaving group. CuTC: copper(l)

thiophene-2-carboxylate.
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To test this hypothesis, a range of sulfenamide-based thiolation agents were examined with 2-
iodotoluene (1a) as the standard substrate, and the ipso position was functionalized via Heck
termination with acrylate 2a (Table 5.1). As a control experiment, PhSSPh S1, previously used in
the Pd-catalyzed C—H thiolation,** gave almost no desired product with a low conversion of 1a. In
contrast, various sulfenamides indeed afforded the desired ortho thiolation product (4a). First,
neither imide- or amine-derived sulfenamides (S2 and S3) were as effective as amide-based ones.
In particular, the lactam-derived sulfenamides (S11-S21) were found most reactive. Interestingly,
the six, seven and eight-membered sulfenamides (S12-S14) gave significantly improved yields
compared to the five-membered one (S11). Use of more strained or benzofused lactams (S15-S18)
gave inferior results. Surprisingly, increasing the bulkiness around the lactam nitrogen with an
adjacent isopropyl group significantly enhanced the yield (S19). Ultimately, the optimal result was

obtained using the t-butyl-substituted sulfenamide S20.

Figure 5.2. X-Ray Structures of Selected Lactam-Derived Sulfenamides®
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The nitrogen—sulfur bond lengths are labelled in dngstrém (A).
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To understand these counterintuitive results in terms of the role of the bulk substituent, X-ray
crystal structures of S11-S14, S19 and S20 analogue (3c) were obtained (Figure 5.2). A clear trend
is that increasingly the steric hindrance around the amide moiety elongated the N—S bond, which
correlates to the performance of these reagents. Hence, the t-butyl group in S20 weakened the N—S
bond, thereby making it more reactive. Note that adding copper(l) thiophene-2-carboxylate (20
mol%) enhanced the yield, which may serve as a thiolate scavenger (for full control experiments,

see Supplementary Table 1).

5.2.2 Substrates Scope

With the optimized conditions in hands, the aryl iodide scope was examined first (Table 5.2).
Different substituents at the ortho position of aryl iodides were tolerated, including methyl (4a),
methoxy (4b), MOM ether (4c), 4-bromobenzyl ether (4d), acetate and silyl-protected benzyl
alcohols (4e and 4f) and an estrone derivative (4g). In addition, a broad range of functional groups,
such as aryl chloride (4h), aryl bromide (4i), Weinreb amide (4j), dialkyl aniline (4k), carbamate
(41), fluoride (4m) and Vitamin E moiety (4n). Importantly, the reaction is suitable for a variety of
heteroarenes and polycyclic arenes, including quinoline derivative (40 and 4p), indole (4q),

thiophene (4r), naphthalene (4s), phenanthrene (4t) and pyrene (4u).

Next, the scope of the thiolation agents and the olefin coupling partners was explored (Table 5.3).
Besides PhS-, other aryl sulfur groups that contain electron-donating or withdrawing groups could
be introduced at the ortho position in good to excellent yields. Notably, the ortho-substituted aryl
sulfide (5h) still afforded a high yield of product. While it was challenging to prepare the

corresponding alkyl thiolation agents based on the tBu-substituted lactam, use of simple g-lactam-
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derived sulfenamide 6 nevertheless delivered the desired methylthiolated product (5k) in moderate
efficiency. In addition to tBu acrylate, other acrylates and acrylamides (5I-50) were also competent

coupling partners for ipso functionalization.

Table 5.2. The Aryl lodide Scope of the Ortho Thiolation?

R ‘ CO,R?®
N—SPh  + COZR "standard” conditions
R2.
SPh
(+)- 3a (S20) 4a-u
CO,tBu CO,tBuU COztBu CO,Bu
r OMe MOMO ( r
4a, 75% 4b, 71% 4c, 52% 4d, 57%
CO,tBu TBSO. COztBu {;?_\ l . Me
CO,tBu
4e, 74% 4f, 56% 49, 47%
CO,Me

CO,tBu
CO,tBu CO,Me Me ‘
/@f‘/ /©i‘/ (\N sen

/ “OMe 0\)

4h, 59% 4i, 55% 4j, 57% 4k, 70%

Me

//Q////cozzsu
O

SPh

BocHN SPh SPh

41, 53% 4m, 71%

Heteroarene/Polycyclic Arene

N ‘ CO,tBu N ‘ CO,tBu ‘ CO,tBu AcO / CO,tBu
| | -
N N TsN
7
SPh MeO SPh SPh 'SPh
40, 90% 4p, 59% 4q, 40% 4r, 36%
CO,Bu
CO,tBu O ‘
(] e
O O SPh OO
SPh SPh
4s, 93% 4t, 45% 4u, 91%

2All reactions were run with 0.2 mmol 1, 0.4 mmol 3a (S20) and 0.4 mmol 2 in ethyl acetate (0.5
M) at 105 °C for 12h. Isolated yields are reported.
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Table 5.3. The Sulfenamide and Olefin Scope of the Ortho Thiolation?
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t-Bu
(#)-3b-k

5a-0
CO,Me CO,Me CO,Me
LT .
s s s
5a, 86% 5b, 71% 5¢c, 82%
CO,Me I CO,Me I CO,Me
® lQF C' Bf
s s s
5d, 93% 5e, 87% 5f, 86%
CO,Me CO,Me CO,Me
O l@ O|£J Olﬁ I
s s s F
Me
59, 85% 5h, 91% 5i, 92%
CO,Me CO,Me
(O J (L J P
@ ®
s S/Me 6

5j, 86% 5k, 40%P
Olefin Scope

CO,nBu CO,Et CO,Me CONMe,
O SPh O SPh O SPh O SPh

51, 84% 5m, 87% 5n, 88% 50, 93%

2All reactions were run with 0.2 mmol 1s, 0.4 mmol 3 and 0.4 mmol 2 in ethyl acetate (0.5 M) at
105 °C for 12h. Isolated yields are reported. "Sulfenamide 6 was used instead of 2.

It is worth to point out that there are a few unsuccessful examples (Table 5.4). For the scope of
aryl iodides, unsatisfying results were obtained when the ortho substituent is small or electron-
withdrawing or too bulky. Some heteroaryl iodide also failed to afford the desired, e.g., pyridine

and quinoline, probably owning to strong chelation effect from the heteroatoms.
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Table 5.4. Less Successful Substrates

CO,tBu CO,tBu CO,tBu
OCFa‘( CFs ‘ CO,tBu MeO,C ‘ 2 cl ‘ CO,tBu OTBSW(
SPh i :SPh i :SPh i :SPh SPh
<5% <5% 0% 18% <5%

COMBU g0, CO,tBu CO,tBu

b ¢ | sPh | CO,tBu o
A
SPh SPh N” “OMe
SPh SPh

\
23% < 5% 0%

24% 18%
CO,tBu
SPh ‘ CO,tBu CO,tBu o X
A .\\W PhS
PhS N
o]
SPh N
17% 30% 30%
CO,Bu CO,tBu CO,tBu CO,fBu CO,tBu
A X X \ N
PhS SPh SPh °
X
\ S O N—sph
N N~ NG SPh S
Bn
1% 0% 0% 0% 0%
o Ph
CO,Me
=
X I
PhS SPh
PhS SPh
X from
CO,tBu
<5% 22%

0%

5.2.3 Synthetic Utility

From a practical viewpoint, the lactam byproduct 3a’ was recovered in 86% yield after the reaction,
which could be used to regenerate the sulfenamide reagent (Scheme 5.1a). The reaction is scalable:
a high yield was still obtained on a gram scale (Scheme 5.1b). Besides aryl sulfides, the
corresponding sulfoxides and sulfones could be conveniently accessed through selective oxidation
of the ortho thiolation product (Scheme 5.1c). In addition to Heck coupling, preliminary success
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has been obtained with Suzuki quench (Scheme 5.1d) and Sonogashira quench (Scheme 5.1e) to

install an aryl group or alkyne group at the ipso position, respectively.**

Scheme 5.1. Synthetic Applications

a)
CO,tBu o]
COQtBu Me
N—SPh + "standard condition” + NH
SPh tBu
(+)-3a 4a (*)-3a’
75% 86%

(based on 3a)

CO,Me
CO Me O |
N—SPh +
"standard condition”
SPh

5n

(+)-3a
1.36 g, 85%

CO,Me
c) mCPBA 1.0 equiv O
DCM, -78 °C to rt O S,Ph

CO,Me I
| o
6a, 82%
I SPh

CO,Me
5n mCPBA 2.2 equiv._ O |
DCM,0°Ctort O
_Ph

s

N

6b, 80%

$ S
' + Q\I—SPh * B, 'standard condition” O O
-
o 0J C
SPh
Me”  Me
1s (+)- 3a 8 9, 58%

Ph
Q SPh + standard condition” O //
except O
SPh

NBE (150 mol%)
(+)-3a 11, 51%
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5.3 Conclusion

In summary, a unique class of electrophilic thiolation reagents, sulfenamides, is developed for the
Pd/NBE catalysis, which enables ortho thiolation of a wide range of aryl and heteroaryl iodides.
The broad substrate scope, scalability and high chemoselectivity could make this method attractive
for complex molecule synthesis. The substituent effect observed in tuning the sulfenamide
reactivity could have implications beyond this work. Efforts on expanding the reaction scope and

understanding the detailed mechanism of the C—S bond formation are underway.
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5.4 Experimental Procedures and Characterization Data

5.4.1 General Information

Unless noted otherwise, all solvents were dried by filtration through a Pure-Solv MD-5 Solvent
Purification System (Innovative Technology). Ethyl acetate was distilled freshly over calcium
hydride and carefully freeze-pump-thawed. Reaction temperatures were reported as the
temperatures of the bather surrounding the flasks or vials. Sensitive reagents and solvents were
transferred under nitrogen into a nitrogen-filled glovebox with standard techniques. Cesium
carbonate was purchased from STREM, stored and used directly in the glovebox. Analytical thin-
layer chromatography (TLC) was carried out using 0.2 mm commercial silica gel plates (silica gel
60, F254, EMD chemical). Vials (15 x 45 mm 1 dram (4 mL) with PTFE lined cap attached) were
purchased from Qorpak and flame-dried and cooled in a desiccator prior to usage. High resolution
mass spectra (HR-MS) were recorded on an Agilent 6530 LC Q-TOF mass spectrometer using
electrospray ionization with fragmentation voltage set at 115 V and processed with an Agilent
MassHunter Operating System. Infrared spectra were recorded on a Nicolet 380 FTIR using neat
thin film technique. Nuclear magnetic resonance spectra (*H NMR and *C NMR) were recorded
with a Bruker DM X 400 (400 MHz, *H at 400 MHz, 3C at 101 MHz) or Bruker Model DMX 500
(500 MHz, *H at 500 MHz, 13C at 126 MHz). Chemical shifts were reported in parts per million
(ppm, 9), downfield from tetramethylsilane (TMS, 6=0.00ppm) and were referenced to residual
solvent (CDCls, =7.26 ppm (*H) and 77.00 ppm (*3C)). All the *°F chemical shifts were not
referenced. Coupling constants were reported in Hertz (Hz). Data for *H NMR spectra were
reported as follows: chemical shift (ppm, referenced to protium, s = singlet, d = doublet, t = triplet,

g = quartet, quin = quintet, dd = doublet of doublets, td = triplet of doublets, ddd = doublet of
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doublet of doublets, m = multiplet, coupling constant (Hz), and integration). All other materials

were obtained from Sigma-Aldrich Corporation or Combi-Blocks Inc and were used as received.

5.4.2 Control Experiments
Table 5.5 Control Experiments

Pd(OAc), (10 mol%)

Me o) P(2-furyl); (25 mol%) Me
| CO,tBu  nhorbornene (50 mol%)
+ N=SPh + W CuTC (20 mol%)
Cs,C0O3 (2.0 equiv) o
1a 2a

CO,Bu

t-Bu . SPh
)3 Ethyl acetate (0.05 M), 105 °C
t)-3a

"standard condition"

4a

1.0 equiv 2.0 equiv 2.0 equiv
Entry Change from the "standard condition” Yield [%]°
1 none 74
2 no Pd(OAc), 0
3 no norbornene 0
4 no Cs,CO;3 6
5 no CuTC 54
6 5 mol% Pd(OAc), 15
7 P(tBu)z* HBF, instead of P(2-furyl); trace
8 PCyj; instead of P(2-furyl)z 0
9 XPhos instead of P(2-furyl)s 7
10 PPhj instead of P(2-furyl)3 3
11 P(4-OMeCgHy,)3 instead of P(2-furyl); 2
12 dioxane instead of EtOAc 66
13 toluene instead of EtOAc 32
14 85°C 23

4Unless otherwise noted, the reaction was run with 1 (0.15 mmol), 2 (0.30 mmol), sulfur
electrophile (0.30 mmol), Pd(OAc)2 (0.015 mmol), P(2-furyl)s (0.0375 mmol), NBE (0.075 mmol),
Cs2C0O3 (0.30 mmol) and CuTC (0.03 mmol) in ethyl acetate (3.0 mL) at 105 °C for 12 h. The
yield was determined by *H-NMR using 1,3,5-trimethoxylbenzene as the internal standard.
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5.4.3 Preparation of Aryl lodides and Thiolating Reagents

Preparation of aryl iodides

Scheme 5.2. Preparation of Aryl lodides 1n

Me
\/@/ _EtN.MsCI '
DCM -10 °C MsO
13

Me
| ol
. W K,COs, DMF
D ————
sO OH

0°Ctort
alpha-tocopherol
Vitamin E

gﬁdw

A solution of 12 (2.13 g, 8.6 mmol, 1.0 equiv) and EtsN (1.8 mL, 12.9 mmol, 1.5 equiv) in DCM
(100 mL) was cooled to -10 °C using NaCl/ice cooled water bath. MsCI(1.18 g, 10.3 mmol, 1.2
equiv) was added dropwise over 5 min. The reaction mixture was stirred for 25min, maintaining a
temperature between 0 and -10 °C, before pouring it into ice water (100 mL). The layers were
separated and the organic layer was washed subsequently with additional ice water (100 mL),
NH4ClI solution (sat., 2x100 mL), NaHCO3 solution (sat., 2x100 mL) and brine (100 mL). The
resulting solution was then dried over MgSQOyg, filtrated and concentrated under reduced pressure
to give crude 13 (2.7 g, 96%).%°

To a 40 mL vial charged with a stirred bar was added 13 (1.17 g, 3.6 mmol, 1.2 equiv) and vitamin
E (1.29 g, 3.0 mmol, 1.0 equiv). 16 mL anhydrous DMF was added to the vial and the reaction
was cooled at 0 °C followed by adding K2COs (829 mg, 6.0 mmol, 2.0 equiv). The reaction was

then warmed to room temperature and stirred overnight. Upon completion, as judged by TLC
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analysis, the mixture was filtered through Celite and poured into water. The aqueous phase was
extracted with Et2O for three times and then washed with water, brine and dried over Na>SO4. The
solvent was removed under reduced pressure and the residue was purified by silica gel

chromatography to afford compound 1n (1.3 g, 66 %) as a yellow oil.

" R Tt
J@foﬁd

1n: Yellow oil (66%). 'H NMR (400 MHz, Chloroform-d) 6 7.83 (d, J = 8.1 Hz, 1H), 7.39(d, J =

2.0 Hz, 1H), 7.02 (dd, J = 8.1, 2.1 Hz, 1H), 4.62 (s, 2H), 2.62 (s, 2H), 2.48 (s, 3H), 2.21 (s, 3H),
2.16 (s, 3H), 2.12 (s, 3H), 1.88 — 1.72 (m, 2H), 1.63 — 1.49 (m, 3H), 1.49 — 1.36 (m, 4H), 1.33 —
1.22 (m, 10H), 1.21 — 1.03 (m, 7H), 0.93 — 0.82 (M, 12H). 3C NMR (101 MHz, CDCls) § 148.1,
148.1, 141.6, 139.1, 138.5, 129.0, 128.0, 126.7, 126.0, 123.1, 117.8, 100.1, 75.0, 74.0, 40.2, 39.5,
37.5,32.9, 32.8, 31.4, 28.3, 28.1, 25.0, 25.0, 24.6, 24.0, 22.9, 22.8, 21.2, 20.8, 19.9, 19.8, 19.8,
13.0, 12.2, 12.0. IR (KBr): v 2925, 2866, 1725, 1512, 1460, 1415, 1377, 1257, 1166, 1088 cm™.

HRMS (ESI): Calculated for C37HsglO2 (M+H*):661.3476, found:661.3475.

Scheme 5.3. Preparation of Aryl lodides 1r

s 1. nBuLi, -78 °C, 1 h S BH; SMe S OH
@_COZH | )—coH 27772 | )
2.1y, -78 °C to rt

| Et,0,0°Ctort

|

14 15
5.28 g, 34% 2.76 9,67%
OH
| S/ A0 BN S, DAc
B —
DMAP Q_/
I DCM, rt 0
15 1r
1.39 g, 98%
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14 and 15 were prepared according to the literature reported procedure.®® To a solution of Ac,0
(766 mg, 7.5 mmol, 1.5 equiv)), EtzN (759 mg, 7.5 mmol, 1.5 equiv) and DMAP (48.9 mg, 0.4
mmol, 0.08 equiv) in DCM (10 mL) was added 15 (1.2 g, 5 mmol, 1.0 equiv). The reaction mixture
was then stirred at room temperature for 19 h. Upon completion, HCI (2M, 60 mL) was added into
the reaction flask. The mixture was extracted with Et.O and organic layers were washed with sat.
NaHCOs, brine and dried over MgSOa. The solvent was removed under reduced pressure and the
residue was purified by silica gel chromatography to afford compound 1r (1.39 g, 98 %) as a

colorless oil.

1r: Colorless oil (98%). *H NMR (400 MHz, Chloroform-d) 6 7.31 (d, J = 5.3 Hz, 1H), 7.05 (d, J
= 5.2 Hz, 1H), 5.22 (s, 2H), 2.11 (s, 3H). 3C NMR (101 MHz, CDCl3) & 170.7, 136.7, 135.2,

128.2,82.5, 62.3, 21.0. IR (KBr): v 3105, 2950, 1743, 1438, 1375, 1223, 1023, 857, 776, 710 cm”

1

Preparation of thiolation reagent

S3-S18 were prepared according to literature reported procedure®?.

S4: Yellow oil (60%). *H NMR (400 MHz, CDCl3) §=8.75 (d, J=33.0, 1H), 7.47 — 7.25 (m, 10H).

13C NMR (101 MHz, CDCls) 8 = 167.4, 163.9, 129.5, 129.1, 128.3, 127.4, 126.6, 125.6, 125.0.
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IR (KBr): v 3060, 1696, 1593, 1489, 1440, 1253, 1126, 1024, 739, 689 cm™. HRMS (ESI):

Calculated for C13H12NOS (M+H™): 230.0634, found: 230.0632.

S6: White solid (52%). 'H NMR (400 MHz, CDCl3) & = 8.40 — 8.32 (m, 1H), 8.12 (s, 1H), 7.73
(dtd, J=16.6, 7.4, 1.4, 2H), 7.64 — 7.58 (m, 1H), 7.58 — 7.48 (M, 2H), 7.29 — 7.19 (m, 3H). 3C
NMR (101 MHz, CDCls) § = 161.1, 141.0, 135.9, 134.1, 132.3, 130.0, 129.6, 129.4, 129.1, 128.0,
127.9, 126.4. IR (KBr): v 3058, 1674, 1594, 1475, 1440, 1321, 1287, 1232, 1136, 1051 cm™.

HRMS (ESI): Calculated for C1aH10N20S (M*): 254.0508, found: 254.0517.

S5: Colorless oil (56%). tH NMR (400 MHz, CDCls) & = 8.58 (s, 1H), 7.33 — 7.09 (m, 5H), 1.40
(s, 9H). 3C NMR (101 MHz, CDCls) 5 = 170.0, 164.0, 129.2, 127.0, 124.5, 61.5, 28.8. IR (KB):
v 2976, 1689, 1582, 1478, 1440, 1366, 1258, 1207, 1146, 740 cm™®. HRMS (ESI): Calculated for

C11H1sNOSNa (M+Na*): 232.0764, found: 232.0774.

/N—SPh
tBu

S7: Colorless oil (50%). 'H NMR (400 MHz, CDCls) & = 7.43 — 7.37 (m, 2H), 7.26 — 7.17 (m,

5H), 7.11 — 7.04 (m, 3H), 1.51 (s, 9H). 3.C NMR (101 MHz, CDCls) 5 = 178.0, 141.0, 138.6,
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129.8, 129.0, 127.8, 127.0, 126.3, 123.9, 63.4, 29.3. IR (KBr): v 3059, 2975, 1663, 1581, 1478,
1393, 1363, 1287, 1187, 1117 cm™. HRMS (ESI): Calculated for C17H1gNOSNa (M+Na*):

308.1080, found: 308.1090.

$10: White solid (43%). 'H NMR (400 MHz, CDClz) & = 7.85 — 7.80 (m, 2H), 7.46 — 7.41 (m,
2H), 7.39 — 7.33 (m, 4H), 7.30 — 7.24 (m, 1H), 3.29 (s, 3H), 2.46 (s, 3H). 13C NMR (101 MHz,
CDCl3) 6 = 144.2, 136.8, 135.3, 129.8, 129.2, 127.8, 127.7, 126.4, 42.5, 21.7. IR (KBr): v 1580,
1437, 1350, 1302, 1164, 1088, 849, 819, 739, 707, 678 cm™. HRMS (ESI): Calculated for

C14H15NO2S; (M™): 293.0539, found: 293.0544.

S14: Yellow solid (36%). H NMR (400 MHz, CDCl3) § = 7.37 — 7.29 (m, 4H), 7.26 — 7.20 (m,
1H), 3.91 — 3.74 (m, 2H), 2.79 — 2.67 (m, 2H), 1.87 (m, J =10.0, 8.8, 6.1, 2H), 1.75 (dt, J =11.8,
6.0, 2H), 1.58 (dt, J =12.1, 6.0, 2H), 1.49 (dt, J =10.2, 6.1, 2H). 3C NMR (101 MHz, CDCl3) § =
177.5,137.4,129.1, 127.2, 126.8, 53.5, 34.5, 29.6, 29.0, 26.1, 24.2. IR (KBr): v 2926, 1664, 1477,
1439, 1374, 1245, 1120, 1084, 738, 690 cm. HRMS (ESI): Calculated for C1sHi7NOS (M*):

235.1025, found: 235.1017.
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S15: Yellow solid (83%). *H NMR (400 MHz, CDCl3) 5 = 7.36 — 7.27 (m, 4H), 7.26 — 7.19 (m,
1H), 3.99 (s, 1H), 2.96 (dd, J=2.7, 1.2, 1H), 2.13 — 2.01 (m, 1H), 1.98 — 1.88 (m, 1H), 1.81 (ddd,
J=9.9, 5.8, 1.4, 1H), 1.76 — 1.62 (m, 2H), 1.49 (d, J=9.7, 1H). 3C NMR (101 MHz, CDCl3) & =
180.3,137.9, 129.2, 127.3, 126.4, 66.4, 45.2, 40.1, 28.5, 24.3. IR (KBr): v 2951, 2875, 1722, 1581,
1476, 1439, 1331, 1209, 1141, 1101 cm™. HRMS (ESI): Calculated for CiHisNOS (M*):

219.0712, found: 219.0720.

?Ph
CCr
S17: Yellow solid (21%). *H NMR (400 MHz, CDCls) § = 7.57 (dd, J=8.2, 0.7, 1H), 7.24 — 7.09
(m, 7H), 6.97 (td, J=7.4, 1.0, 1H), 2.92 (dd, J=8.6, 5.6, 2H), 2.85 — 2.76 (M, 2H). *C NMR (101
MHz, CDCls) § = 172.0, 142.1, 137.1, 129.3, 127.8, 127.8, 127.4, 127.0, 124.9, 124.1, 118.5, 33.2,

25.6. IR (KBr): v 2759, 1701, 1603, 1582, 1485, 1457, 1438, 1347, 1292, 1251 cm™. HRMS (ESI):

Calculated for C1sH13NOSNa (M+Na*): 278.0610, found: 278.0618.

S18: Yellow solid (80%). 'H NMR (400 MHz, CDCls) & = 7.47 (dd, J=8.0, 0.9, 1H), 7.44 — 7.38
(m, 2H), 7.36 — 7.24 (m, 4H), 7.15 (dtd, J=9.0, 7.5, 1.4, 2H), 2.60 (t, J=6.9, 2H), 2.49 (t, J=6.9,
2H), 2.18 (s, 2H). 3C NMR (101 MHz, CDCl3) 5 = 174.9, 145.2, 137.5, 134.6, 129.2, 128.9, 128.1,
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128.0, 127.8, 127.0, 124.3, 33.50, 29.90, 28.4. IR (KBr): v 2946, 1694, 1580, 1484, 1455, 1338,
1304, 1265, 1222, 1140 cm™. HRMS (ESI): Calculated for C16H1sNOS (M*): 269.0874, found:

269.0872.

Scheme 5.4. Preparation of Thiolating Regent 3a

0O o)

tBu HOSA
_— NH
formic acid
reflux tBu
16 17
O 0
1. KH, THF, rt.
NH N—SPh
2. PhSCI, -78 °C to rt
t-Bu t-Bu
17 3a

The seven-membered lactam was prepared according to the literature reported procedure.® In a
100 ml Schlenk flask, dry potassium hydride solid (0.48 g, 12 mmol, 1.2 equiv) was suspended in
15 ml dry THF solution. A 10 ml THF solution of the corresponding amide (10 mmol) was added
dropwise at room temperature. The resulting solution was stirred at room temperature for two
hours until no more hydrogen gas was released. The solution was cooled to -78°C before a 10 ml
THF solution of the corresponding sulfenyl chloride (freshly distilled) was added dropwise.® The
resulting solution was allowed to warm up to room temperature slowly and stirred overnight. The
reaction was quenched by 10% citric acid (50 ml), and the aqueous layer was extracted three times
with ethyl acetate (75 ml X 3). The combined organic phases were washed with sodium
bicarbonate solution (100 ml), water (100 ml) and brine. The mixture was dried over MgSO4 and
the solvent was removed under reduced pressure. The residue was purified by silica gel

chromatography to afford the corresponding sulfenamide compound.
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S17: White solid (59%). 'H NMR (400 MHz, Chloroform-d) & 5.57 (s, 1H), 3.00 (ddd, J = 9.8,
5.9, 1.0 Hz, 1H), 2.55 — 2.45 (m, 1H), 2.44 — 2.36 (m, 1H), 1.99 (dddg, J = 10.2, 4.3, 2.9, 1.5 Hz,
1H), 1.91 (ddd, J = 13.7, 4.5, 3.0 Hz, 1H), 1.87 — 1.80 (m, 1H), 1.59 — 1.40 (m, 2H), 1.19 (dddd, J
=13.8,12.5, 9.6, 3.1 Hz, 1H), 0.93 (s, 9H). 13C NMR (101 MHz, CDCls) § 177.5, 63.0, 36.4, 33.6,
30.4, 29.9, 26.4, 23.4. IR (KBr): v 3216, 3067, 2941, 2863, 1652, 1443, 1415, 1372, 1344, 1190
cm™. HRMS (ESI): Calculated for CioHigNONa(M+Na*):192.1359, found:192.1367. Both 'H

NMR and 3C NMR match the literature reported data.3*

P

(%) “ipr

S19: White solid (74%). Mp = 96.1 — 96.6 °C. 'H NMR (400 MHz, Chloroform-d) 6 7.47 (d, J =
7.3 Hz, 2H), 7.29 (td, J = 7.3, 1.1 Hz, 2H), 7.25 — 7.19 (m, 1H), 3.57 (ddd, J = 10.3, 8.1, 2.7 Hz,
1H), 2.73 (dd, J = 13.6, 3.7 Hz, 1H), 2.63 (dd, J = 13.7, 6.8 Hz, 1H), 2.31 (dp, J = 9.2, 6.6 Hz, 1H),
2.06 —1.93 (M, 1H), 1.91 — 1.73 (m, 2H), 1.54 (dt, J = 15.9, 8.5 Hz, 1H), 1.35 — 1.21 (m, 1H), 0.95
(dd, J = 12.4, 6.8 Hz, 9H). 13C NMR (101 MHz, CDCl3) § 176.5, 129.2, 128.9, 127.9, 72.8, 43.2,
31.5, 30.2, 28.1, 26.7, 20.8, 19.7. IR (KBr): v 3751, 3650, 2961, 2870, 1793, 1701, 1654, 1533,
1457, 1388 cm™®. HRMS (ESI): Calculated for CisH2sNOSNa(M+Na*): 300.1393, found:

300.1387.
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S21: Orange solid (76%). Mp = 96.1 — 96.6 °C. 'H NMR (400 MHz, Chloroform-d) & 7.27 (d, J

= 1.4 Hz, 4H), 7.17 (ddt, J = 7.1, 5.6, 2.2 Hz, 1H), 4.24 — 4.11 (m, 1H), 2.88 (ddd, J = 14.5, 8.9,
3.2 Hz, 1H), 2.75 (ddd, J = 14.1, 8.4, 3.0 Hz, 1H), 1.86 — 1.52 (m, 6H), 1.37 (d, J = 6.9 Hz, 3H).
13C NMR (101 MHz, CDCl3) § 178.4, 139.5, 129.1, 126.7, 125.8, 60.2, 37.3, 35.8, 26.5, 23.1, 20.7.
IR (KBr): v 2973, 2931, 2858, 1673, 1477, 1439, 1293, 1185, 739, 690 cm™’. HRMS (ESI):

Calculated for C13H17NOSNa(M+Na*): 258.0923, found: 258.0930.

O
.'s
#) t-Bu

3a: Yellow oil (82%). *H NMR (400 MHz, Chloroform-d) § 7.51 — 7.45 (m, 2H), 7.33 — 7.23 (m,

3H), 3.73 (dd, J = 9.8, 6.8 Hz, 1H), 2.84 — 2.70 (m, 1H), 2.63 (d, J = 13.7 Hz, 1H), 1.82 — 1.69 (m,
2H), 1.68 — 1.56 (m, 2H), 1.50 (dt, J = 23.5, 8.8 Hz, 1H), 1.27 — 1.12 (m, 1H), 1.06 (s, 9H). 13C
NMR (101 MHz, CDCl3) § 177.8, 138.0, 130.3, 128.9, 128.3, 74.8, 37.4, 34.6, 28.0, 26.4, 22.6.
IR (KBr): v 2950, 2868, 1670, 1478, 1439, 1401, 1275, 1164, 1080, 1024 cm™. HRMS (ESI):

Calculated for C16H23NOS(M™): 300.1495, found: 300.1487.

Me
5
*) t-Bu
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3b: Orange oil (82%). *H NMR (400 MHz, CDCls) § 7.42 (d, J = 8.1 Hz, 2H), 7.08 (d, J = 7.9 Hz,
2H), 3.80 — 3.64 (m, 1H), 2.74 — 2.48 (m, 2H), 2.29 (s, 3H), 1.59 (M, 5H), 1.03 (s, 10H). 3C NMR
(101 MHz, CDCl3) § 177.5, 138.9, 134.2, 131.6, 129.6, 74.7, 37.3, 34.3,27.8, 26.1, 22.5, 21.3. IR
(KBr): v 2950, 2868, 1669, 1491, 1479, 1401, 1366, 1275, 1164, 1141 em™. HRMS (ESI):

Calculated for C17H2sNOS (M*):291.1651, found: 291.16509.

OMe
o ()
) t-Bu

3c: Yellow solid (67%). *H NMR (400 MHz, CDCls) 8 7.66 — 7.58 (m, 2H), 6.88 — 6.78 (m, 2H),

3.84 - 3.78 (m, 3H), 3.75 (dd, J = 12.6, 6.3 Hz, 1H), 2.66 (ddd, J = 10.3, 9.6, 4.5 Hz, 1H), 2.52 (s,
1H), 1.84 — 1.31 (m, 6H), 1.07 (s, 9H). 13C NMR (101 MHz, CDCl3) § 177.4, 160.8, 135.5, 128.5,
114.4, 114.4, 74.2, 5.3, 37.2, 34.2, 27.7, 25.8, 22.5. IR (KBr): v 2950, 2868, 1664, 1590, 1493,
1428, 1172, 1140, 1028, 831 cm™. HRMS (ESI): Calculated for C17HzsNO2S (M*): 307.1601,

found: 307.1603.

CO,Me

#)

3d: Orange oil (30%). *H NMR (400 MHz, CDCl3) & 8.00 — 7.88 (m, 2H), 7.31 (d, J = 8.4 Hz,
2H), 3.88 (s, 3H), 3.71 (dd, J = 9.6, 5.9 Hz, 1H), 2.78 (dt, J = 12.4, 7.4 Hz, 2H), 1.90 — 1.68 (m,
4H), 1.55 (dd, J = 22.4, 10.6 Hz, 1H), 1.42 (m, 1H), 1.04 (s, 9H). *C NMR (101 MHz, CDCls) &
178.1, 166.7, 144.7, 130.0, 128.4, 126.3, 74.7, 52.2, 37.1, 34.8, 28.1, 27.2, 23.4, 22.7. IR (KBr):
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v 2951, 2869, 1720, 1674, 1593, 1479, 1436, 1399, 1276, 1177 cm™*. HRMS (ESI): Calculated for

C18H2sNO3SNa(M+Na™): 358.1447, found: 358.1449.

F
3
*) t-Bu

3e: Orange oil (85%). 'H NMR (400 MHz, CDCls) & 8.28 — 8.06 (m, 2H), 7.37 — 7.23 (m, 2H),

3.83 — 3.67 (m, 1H), 2.85 (s, 2H), 1.75 (m, 6H), 1.08 (s, 9H). 1*C NMR (101 MHz, Chloroform-
d) 6 177.43,163.12 (d, J = 249.5 Hz), 134.22 (d, J = 6.5 Hz), 132.97 (d, J = 2.8 Hz), 74.89, 37.25,
34.22, 27.81, 26.07, 22.43. IR (KBr): v 2951, 2869, 1668, 1587, 1489, 1394, 1275, 1223, 1164,

1141 cm™. HRMS (ESI): Calculated for C1sH22FNOSNa (M+Na*): 318.1298, found: 318.1295.

Cl
o
t-Bu
€]

3f: Orange oil (74%). *H NMR (400 MHz, CDCls) § 7.4 (d, J = 8.5 Hz, 2H), 7.31 — 7.25 (m, 2H),

3.72 (dd, J = 9.8, 6.8 Hz, 1H), 2.80 — 2.55 (m, 2H), 1.85 — 1.42 (m, 5H), 1.20 (m, 1H), 1.05 (s,
9H). 3C NMR (101 MHz, CDCls) § 177.8, 136.4, 134.4, 131.7, 129.1, 74.8, 37.2, 34.4,27.9, 26 4,
22.5. IR (KBr): v 2950, 2868, 1670, 1570, 1474, 1401, 1275, 1260, 1163, 1114 cm™t. HRMS (ESI):

Calculated for C16H22CINOS(M™): 311.1105, found: 311.1104.

Br
5
t-Bu
&)
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3g: Orange oil (70%). *H NMR (400 MHz, CDCl3) § 7.43 — 7.38 (m, 2H), 7.33 (d, J = 8.5 Hz,
2H), 3.69 (dd, J = 9.8, 6.7 Hz, 1H), 2.77 — 2.5zxcVds5 (m, 2H), 1.83 — 1.40 (m, 5H), 1.22 (m, 1H),
1.03 (s, 9H). 3C NMR (101 MHz, CDCls) 8 177.9, 137.2, 132.1, 131.8, 122.5, 75.0, 37.3, 34.6,
28.1, 26.6, 22.7. IR (KBr): v 2950, 2868, 1670, 1472, 1401, 1275, 1260, 1230, 1163, 1008 cm™.

HRMS (ESI): Calculated for C16H22BrNOSNa(M+Na*): 378.0498, found: 378.0506.

CF,
0§
t-Bu
(&)

3h: Orange oil (87%). *H NMR (400 MHz, 126.9, 125.7 (9, J = 3.8 Hz),  124.1 (q, J = 272.0 Hz).

74.7,37.1,34.8,28.0, 27.2, 23.6, 22.6. IR (KBr): v CDCls) & 7.52 (d, J = 8.4 Hz, 2H), 7.37 (d, J
= 8.2 Hz, 2H), 3.71 (dd, J = 9.6, 6.0 Hz, 1H), 2.87 — 2.66 (m, 2H), 1.90 — 1.62 (m, 4H), 1.55 gi(dd,
J=122.9,10.9 Hz, 1H), 1.45 — 1.32 (m, 1H), 1.04 (s, 9H). 3C NMR (101 MHz, Chloroform-d) &
178.0, 143.3, 128.9 (q, J = 32.7 Hz), 2953, 2870, 1675, 1605, 1479, 1400, 1326, 1164, 1123, 1088

cm™t. HRMS (ESI): Calculated for C17H2,FsNOS(M™): 345.1369, found: 345.1361.

t-Bu

O E
[:::j%-s Me
(%)

3i: Yellow solid (87%). Mp = 95.5 — 96.3 °C. 'H NMR (400 MHz, CDCls) § 7.28 — 7.03 (m, 4H),
3.72 (dd, J = 9.6, 6.7 Hz, 1H), 2.82 — 2.62 (m, 2H), 2.36 (s, 3H), 1.88 — 1.56 (m, 5H), 1.46 — 1.31

(m, 1H), 1.06 (s, 9H). 3C NMR (101 MHz, CDCls) & 177.9, 136.9, 135.1, 130.2, 128.2, 126.8,
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126.4, 74.8, 37.4, 34.7, 28.2, 26.9, 19.8. IR (KBr): v 2951, 2868, 1670, 1589, 1466, 1401, 1275,

1230, 1164, 1141 cm™. HRMS (ESI): Calculated for C17H2sNOS(M*):291.1651, found:291.1645.

3j: Orange oil (81%). 'H NMR (400 MHz, CDCls) & 7.34 — 7.08 (m, 3H), 6.92 (tdd, J = 8.4, 2.5,
1.0 Hz, 1H), 3.72 (dd, J = 9.7, 6.4 Hz, 1H), 2.87 — 2.60 (m, 2H), 1.88 — 1.62 (m, 4H), 1.55 (d, J =
10.8 Hz, 1H), 1.37 — 1.19 (m, 1H), 1.05 (s, 9H). 13C NMR (101 MHz, Chloroform-d) & 177.9,
162.6 (d, J = 249.0 Hz), 140.4 (d, J = 7.2 Hz), 124.2, 115.7 (d, J = 23.4 Hz), 114.7 (d, J = 21.3
Hz), 74.8, 37.1, 34.6, 28.0, 26.7, 23.0, 22.6. IR (KBr): v 2952, 2869, 1671, 1598, 1579, 1472,
1402, 1367, 1262, 1215 cm'X. HRMS (ESI): Calculated for C16H22FNOSNa(M+Na*): 318.1298,

found: 318.1303.

:
t-Bu ®)

3k: Orange oil (81%). H NMR (400 MHz, CDCls) § 7.93 (s, 1H), 7.79 (ddd, J = 8.8, 5.7, 3.3 Hz,

3H), 7.59 (dd, J = 8.6, 1.8 Hz, 1H), 7.52 — 7.43 (m, 2H), 3.77 (dd, J = 9.6, 7.0 Hz, 1H), 2.91 — 2.59
(M, 2H), 1.81 — 1.45 (m, 5H), 1.22 — 1.02 (m, 10H). 3C NMR (101 MHz, CDCls) & 178.0, 135.4,
133.4,133.0,129.1,128.7, 128.0, 127.8, 126.7, 126.6, 74.7, 37.4, 34.6, 28.0, 26.5, 22.7. IR (KBr):
12950, 2868, 1667, 1624, 1500, 1478, 1402, 1366, 1275, 1164 cm™%. HRMS (ESI): Calculated for

C20H2sNOS(M*): 327.1651, found: 327.1647.
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5.4.4 General Procedure of Palladium/Norbornene-Catalyzed Ortho Thiolation Reaction
Scheme 5.5. Pd/NBE-Catalyzed Ortho Thiolation Reaction

Pd(OAc), (10 mol%)

Ry 0 P(2-furyl); (25 mol%) R CO,tBu
| CO,tBu  norbornene (50 mol%) L
+ N=SPh + W CuTC (20 mol%)
Cs,C0O3 (2.0 equiv) -
t-Bu . SPh
Ethyl acetate (0.05 M), 105 °C
1a (1) 3a 2a 4a
1.0 equiv 2.0 equiv 2.0 equiv

A flame-dried 7.0 mL vial A was charged with Pd(OAc)2 (4.6 mg, 0.02 mmol, 10 mol%), CuTC
(7.6 mg, 0.04 mmol, 20 mol%), TFP (11.6 mg, 0.05 mmol, 25 mol%) and Arl (0.2 mmol, 1.0
equiv). To another 4.0 mL vial B was weighed the thiolation reagent (0.6 mmol). The two vials
were directly transferred into a nitrogen-filled glovebox without caps. Then, Cs>CO3z (130.4 mg,
0.4 mmol, 2.0 equiv) was added to vial A. In the third empty 4.0 mL vial C, NBE (18.8 mg, 0.2
mmol) was dissolved in 1.0 mL dry ethyl acetate. Half of this NBE solution (0.5 mL, 0.1 mmol,
50 mol%) was transferred into vial A. To the 4.0 mL vial B containing thiolation reagent was
added 0.75 mL dry ethyl acetate. Two thirds of this thiolation reagent solution (0.5 mL, 0.4 mmol,
2.0 equiv) was transferred into vial A, before another 3.0 mL dry ethyl acetate was added. After
acrylate 2 (0.4 mmol, 2.0 equiv) was added, vial A was tightly sealed, transferred out of glovebox
and stirred on a pie-block preheated to 105 °C for 12 hours. After completion of the reaction, the
mixture was filtered through a thin pad of silica gel. The filter cake was washed with ethyl acetate
and the combined filtrate was concentrated. The residue was loaded to a small amount of silica gel

and subjected to flash column chromatography to give the desired ortho thiolation product.

CO,tBu

Me ”
SPh
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4a: Colorless oil (75%). Rs = 0.3 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls) 6
7.83(d, J = 16.3 Hz, 1H), 7.31 — 7.22 (m, 5H), 7.11 (d, J = 1.6 Hz, 3H), 6.01 (d, J = 16.4 Hz, 1H),
2.38 (s, 3H), 1.52 (s, 9H). 13C NMR (101 MHz, CDCl3) § 165.9, 141.0, 137.6, 136.2, 135.9, 135.6,
131.7, 129.7, 129.3, 128.6, 127.3, 126.8, 80.6, 28.3, 21.5. IR (KBr): v 3057, 2977, 2930, 1711,
1639, 1583, 1478, 1367, 1314, 1152 cm™. HRMS (ESI): Calculated for CaoH2302S (M+H™):

327.1413, found: 327.1403.

CO,tBu

OMe ”
SPh

4b: Colorless oil (71%). Rs = 0.2 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls) §

8.08 (d, J = 16.1 Hz, 1H), 7.32 — 7.21 (m, 5H), 7.17 (t, J = 8.1 Hz, 1H), 6.89 (dd, J = 7.9, 1.1 Hz,
1H), 6.83 (d, J = 8.3 Hz, 1H), 6.67 (d, J = 16.1 Hz, 1H), 3.89 (s, 3H), 1.51 (s, 9H). 13C NMR (101
MHz, CDCls) 5 167.2, 159.5, 139.0, 137.3, 135.5, 131.6, 130.0, 129.3, 127.4, 125.6, 124.8, 124.3,
110.0, 80.2, 55.8, 28.4. IR (KBr): v 2976, 2935, 1704, 1624, 1462, 1433, 1312, 1266, 1150, 1041

cmt. HRMS (ESI): Calculated for C2o0H2203S Na(M+Na*): 365.1182, found: 365.1185.

CO,Bu

MOMO ”
SPh

4c: White solid (52%). Ry = 0.2 (hexane/ethyl acetate = 20:1). Mp = 96.4 —97.2 °C. *H NMR (400

MHz, Chloroform-d) & 8.04 (d, J = 16.1 Hz, 1H), 7.34 — 7.27 (m, 4H), 7.26 — 7.22 (m, 1H), 7.14
(dd, J = 8.3, 7.7 Hz, 1H), 7.07 (ddd, J = 8.3, 1.3, 0.5 Hz, 1H), 6.92 (dd, J = 7.7, 1.3 Hz, 1H), 6.62

(d, J = 16.1 Hz, 1H), 5.25 (s, 2H), 3.49 (s, 3H), 1.51 (s, 9H). 13C NMR (101 MHz, CDCls) § 167.0,
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157.0, 138.8, 137.3, 135.3, 131.7, 130.0, 129.4, 127.4, 125.9, 125.8, 125.0, 113.6, 94.7, 80.4, 28.3.
IR (KBr): v 2977, 2932, 1705, 1626, 1565, 1455, 1367, 1312, 1254, 1150 cm™*. HRMS (ESI):

Calculated for C21H2404S Na(M+Na"): 395.1288, found: 395.1294.

CO,tB
/@/\o | HtBu
Br

SPh

4d: White solid (57%). Rs = 0.2 (hexane/ethyl acetate = 20:1). Mp = 129.5 - 130.1 °C. 'H NMR

(400 MHz, Chloroform-d) § 8.06 (d, J = 16.1 Hz, 1H), 7.54 — 7.47 (m, 2H), 7.35 — 7.26 (m, 7H),
7.12 (t, J = 8.1 Hz, 1H), 6.87 (dd, J = 7.9, 1.0 Hz, 1H), 6.80 (dt, J = 8.3, 0.8 Hz, 1H), 6.67 (d, J =
16.2 Hz, 1H), 5.12 (s, 2H), 1.50 (s, 9H). *C NMR (101 MHz, CDCl3) § 166.8, 157.9, 139.2, 136.8,
135.4, 135.0, 131.8, 131.8, 129.8, 129.3, 128.8, 127.4, 126.0, 124.9, 124.5, 122.0, 111.3, 80.2,
70.0, 28.2. IR (KBr): v 2976, 1704, 1627, 1581, 1449, 1367, 1312, 1267, 1150, 1071 cmt. HRMS

(ESI): Calculated for C26H25BrOsS Na(M+Na*):519.0600, found:519.0595.

OAc

é\/\/COZtBu
SPh

4e: White solid (74%). Ry = 0.2 (hexane/ethyl acetate = 10:1). Mp = 89.1 - 90.3 °C. *H NMR (400

MHz, Chloroform-d) & 7.81 (d, J = 16.2 Hz, 1H), 7.36 — 7.26 (m, 6H), 7.25 — 7.18 (m, 2H), 5.99
(d, J = 16.2 Hz, 1H), 5.12 (s, 2H), 2.11 (s, 3H), 1.52 (s, 9H). 3C NMR (101 MHz, CDCls) &
170.73, 165.27, 139.49, 137.15, 136.37, 134.85, 134.74, 132.18, 131.38, 129.46, 128.88, 128.59,
127.82,127.74, 80.91, 64.39, 28.29, 21.13. IR (KBr): v 3059, 2978, 1743, 1710, 1640, 1367, 1316,

1233, 1151, 1025 cm™. HRMS (ESI): Calculated for C22H2404S (M*): 384.1390, found: 384.1390.
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OTBS

é\/\/COztBu
SPh

4f: Colorless oil (56%). Ri = 0.2 (hexane/ethyl acetate = 10:1). *H NMR (500 MHz, Chloroform-

d) § 7.81 (d, J = 16.2 Hz, 1H), 7.42 (dd, J = 7.3, 1.5 Hz, 1H), 7.28 (dd, J = 4.0, 0.9 Hz, 4H), 7.24
—7.17 (m, 3H), 6.10 (d, J = 16.2 Hz, 1H), 4.67 (s, 2H), 1.51 (s, 9H), 0.94 (s, 9H), 0.11 (s, 6H). 3C
NMR (126 MHz, CDCl3) 5 165.7, 140.4, 139.8, 136.1, 135.6, 135.4, 131.6, 131.0, 129.3, 127.4,
127.3, 127.3, 80.6, 63.5, 28.3, 26.1, 18.5, -5.1. IR (KBr): v 3059, 2955, 2929, 2884, 2857, 1712,
1639, 1583, 1473, 1440, 1151 cm™. HRMS (ESI): Calculated for CasHssO3SSiNa (M+Na*):

479.2047, found: 479.2044.

Meo
% 8%

COztBU

4g: Colorless oil (47%). Rs = 0.2 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, Chloroform-
d) 5 7.85 (d, J = 16.2 Hz, 1H), 7.49 — 7.44 (m, 1H), 7.34 — 7.29 (m, 4H), 7.29 — 7.26 (m, 1H), 7.25
—7.22 (m, 2H), 7.22 — 7.18 (m, 1H), 6.75 (dd, J = 8.6, 2.8 Hz, 1H), 6.69 (d, J = 2.8 Hz, 1H), 6.02
(d, J = 16.3 Hz, 1H), 5.02 (s, 2H), 2.95 — 2.86 (m, 2H), 2.51 (dd, J = 18.7, 8.6 Hz, 1H), 2.43 — 2.36
(m, 1H), 2.27 (d, J = 10.0 Hz, 1H), 2.20 — 1.92 (m, 4H), 1.68 — 1.49 (m, 6H), 1.47 (s, 9H), 0.91 (s,
3H). 13C NMR (126 MHz, CDCls) § 165.4, 156.6, 139.6, 138.0, 136.7, 136.4, 135.9, 135.1, 132.8,
131.9, 131.4, 129.4, 129.0, 128.1, 127.7, 127.6, 126.5, 115.3, 112.8, 80.8, 68.3, 50.6, 48.2, 44.2,
38.5, 36.0, 31.7, 28.3, 26.7, 26.1, 21.7, 14.0. IR (KBr): v 2929, 1738, 1709, 1608, 1498, 1477,
1440, 1368, 1315, 1152 cm™. HRMS (ESI): Calculated for CssH4204S Na(M+Na*):617.2696,

found: 617.2705.
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CO,tBu
/&/
cl SPh

4h: Colorless oil (59%). Rt = 0.3 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, Chloroform-

d) §7.74 (d, J = 16.3 Hz, 1H), 7.37 — 7.29 (m, 5H), 7.07 (dt, J = 1.3, 0.6 Hz, 1H), 6.95 (d, J = 2.1
Hz, 1H), 6.03 (d, J = 16.3 Hz, 1H), 2.37 — 2.32 (m, 3H), 1.52 (s, 9H). 3C NMR (101 MHz, CDCls)
5 165.5, 139.9, 139.6, 139.0, 134.0, 133.7, 133.3, 132.7, 129.5, 128.9, 128.1, 127.7, 127.2, 80.8,
28.2,21.2. IR (KBr): v 2977, 1711, 1639, 1572, 1549, 1478, 1392, 1367, 1314, 1150 cm'X. HRMS

(ESI): Calculated for C20H20CIOS Na[(M+Na*)+(-H20)]:365.0737, found: 365.0734.

CO,Me

&
Br SPh

4i: Colorless oil (55%). R = 0.3 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, Chloroform-

d) 5 7.82 (d, J = 16.3 Hz, 1H), 7.39 — 7.29 (m, 5H), 7.25 — 7.22 (m, 1H), 7.10 (d, J = 2.0 Hz, 1H),
6.13 (d, J = 16.4 Hz, 1H), 3.80 (s, 3H), 2.34 (d, J = 0.6 Hz, 3H). *C NMR (101 MHz, CDCls) 5
166.8, 141.2, 139.3, 139.3, 133.8, 133.7, 132.7, 132.0, 130.7, 129.7, 128.3, 125.3, 122.7, 52.0,
21.1. IR (KBr): v 3059, 2949, 2925, 2360, 1722, 1639, 1565, 1438, 1306, 1272, 1195, 1172, 748,

690 cm™. HRMS (ESI): Calculated for C17H16BrO2S (M+H*): 363.0049, found: 363.0058.

COZMe

Me |
MeCI)
MeNOC SPh
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4j: Colorless oil (57%). Rs = 0.2 (hexane/ethyl acetate = 2:1). *H NMR (400 MHz, Chloroform-d)
§7.91 (d, J = 16.4 Hz, 1H), 7.41 (s, 1H), 7.37 — 7.26 (m, 6H), 6.15 (d, J = 16.3 Hz, 1H), 3.81 (s,
3H), 3.4 (s, 3H), 3.27 (s, 3H), 2.40 (s, 3H). 13C NMR (101 MHz, CDCl3) & 168.9, 166.7, 141.6,
137.5,137.4,136.7,134.7, 134.4, 132.2, 129.5, 129.1, 128.5, 127.9, 125.5, 61.2, 52.0, 33.7, 21.3.
IR (KBr): v 2950, 1722, 1644, 1439, 1309, 1274, 1197, 1172, 748, 692 cm™. HRMS (ESI):

Calculated for C20H21NOsSNa (M+Na*): 394.1083, found: 394.1087.

CO,tBu

Me ”
N SPh
o

4k: White solid (64%). Rt = 0.2 (hexane/ethyl acetate = 10:1). Mp = 93.4 — 94.3 °C. 'H NMR

(400 MHz, Chloroform-d) & 7.81 (d, J = 16.3 Hz, 1H), 7.19 (dd, J = 4.1, 0.8 Hz, 4H), 7.16 — 7.10
(m, 1H), 6.64 (d, J = 2.6 Hz, 1H), 6.59 (d, J = 2.6 Hz, 1H), 5.93 (d, J = 16.3 Hz, 1H), 3.75 — 3.67
(m, 4H), 3.06 — 2.97 (m, 4H), 2.32 (s, 3H), 1.42 (s, 9H). 13C NMR (101 MHz, CDCl3) 5 166.5,
150.8, 140.8, 139.3, 137.5, 136.0, 131.0, 129.2, 127.0, 124.3, 117.0, 116.9, 80.3, 66.7, 48.3, 28.3,
22.5. IR (KBr): v 2974, 2855, 1704, 1627, 1588, 1538, 1478, 1449, 1367, 1310 cm™-. HRMS (ESI):

Calculated for C23H29NO3S Na(M+Na*): 434.1760, found: 434.1760.

COZMe

Me ”
BocHN SPh

41: Colorless oil (55%). Rt = 0.3 (hexane/ethyl acetate = 5:1). 'H NMR (500 MHz, Chloroform-d)

57.93 (d, J = 16.3 Hz, 1H), 7.46 (s, 1H), 7.29 (d, J = 3.9 Hz, 4H), 7.24 (td, J = 3.3, 2.1 Hz, 1H),
6.84 (d, J = 2.3 Hz, 1H), 6.37 (s, 1H), 6.11 (d, J = 16.3 Hz, 1H), 3.78 (s, 3H), 2.38 (s, 3H), 1.47 (s,
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9H). 3C NMR (101 MHz, CDCl3) 6 167.3, 152.4, 141.9, 139.2, 138.9, 137.5, 135.2, 131.8, 129.4,
127.5,123.6, 119.6, 119.2, 81.1, 51.8, 28.4, 21.9. IR (KBr): v 3332, 2978, 1703, 1577, 1516, 1272,
1228, 1158, 1069, 739, 690 cm™. HRMS (ESI): Calculated for C2HzsNOsS Na(M+Na'):

422.1397, found: 422.1400.

CO,tBu
Me |
SPh

4m: Colorless oil (71%). Rs = 0.3 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, Chloroform-

d) 5 7.75 (d, J = 16.4 Hz, 1H), 7.28 — 7.15 (m, 7H), 6.95 (t, J = 8.9 Hz, 1H), 5.91 (d, J = 16.3 Hz,
1H), 2.28 (d, J = 2.6 Hz, 3H), 1.50 (s, 9H). 13C NMR (101 MHz, Chloroform-d) & 165.5, 161.2 (d,
J = 245.9 Hz), 140.2 (d, J = 2.7 Hz), 139.3 (d, J = 4.8 Hz), 136.3, 132.3 (d, J = 8.8 Hz), 130.4,
130.1 (d, J = 3.5 Hz), 129.2, 127.7, 126.9, 124.8 (d, J = 17.4 Hz), 115.7 (d, J = 23.9 Hz), 80.8,
28.3,12.8 (d, J = 5.4 Hz). IR (KBr): v 2978, 2932, 1712, 1641, 1582, 1479, 1456, 1392, 1367,

1152 cm™. HRMS (ESI): Calculated for Co1H22FO,S (M+H*): 345.1319, found: 345.1325.

0 ‘\/YW
M
¢ 0
BuO,C” ™

SPh

4n: Colorless oil (72%). Rt = 0.2 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, Chloroform-
d) § 7.84 (d,J = 16.3 Hz, 1H), 7.34 — 7.29 (m, 3H), 7.28 — 7.19 (m, 4H), 6.03 (d, J = 16.3 Hz, 1H),
4.55 (s, 2H), 2.57 (t, J = 6.9 Hz, 2H), 2.43 (s, 3H), 2.15 — 2.05 (M, 9H), 1.87 — 1.72 (m, 2H), 1.52
(s, 10H), 1.46 — 1.33 (m, 5H), 1.33 — 1.23 (m, 11H), 1.17 — 1.03 (m, 7H), 0.86 (dd, J = 9.3, 6.5 Hz,

12H). BC NMR (101 MHz, CDCl3) § 165.9, 148.1, 148.0, 140.8, 138.5, 137.9, 136.6, 135.4, 135.2,
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131.7, 129.3, 129.0, 128.8, 127.9, 127.4, 126.8, 126.0, 123.1, 117.7, 80.7, 75.0, 74.0, 40.2, 39.5,
37.5,32.9, 32.8, 31.4, 28.3, 28.1, 25.0, 25.0, 24.6, 24.0, 22.9, 22.8, 21.6, 21.2, 20.8, 19.9, 19.84,
19.78, 13.0, 12.1, 12.0. IR (KBr): v 2927, 2867, 1712, 1638, 1553, 1460, 1366, 1313, 1256, 1150

cm™. HRMS (ESI): Calculated for CsoH7204SNa (M+Na*):769.5224, found:769.52.

40: Pale yellow oil (90%). Rs = 0.1 (hexane/ethyl acetate = 5:1). *H NMR (400 MHz, CDCls) &
8.80 (dd, J = 4.1, 1.5 Hz, 1H), 8.39 (ddd, J = 8.6, 1.5, 0.8 Hz, 1H), 8.04 (d, J = 16.2 Hz, 1H), 7.85
(d, J = 9.0 Hz, 1H), 7.41 — 7.21 (m, 7H), 6.11 (d, J = 16.2 Hz, 1H), 1.49 (s, 9H). 3C NMR (126
MHz, CDCls) 6 165.4, 150.3, 147.5, 138.7, 135.5, 134.3, 133.3, 132.8, 132.6, 131.4, 130.5, 129.6,
129.0, 128.1, 126.8, 122.0, 81.2, 28.4. IR (KBr): v 2977, 1710, 1633, 1579, 1488, 1367, 1312,
1286, 1151, 1024 cm™. HRMS (ESI): Calculated for C22H2:NO-SNa (M+Na*): 386.1185, found:

386.1192.

4p: Yellow solid (59%). R = 0.1 (hexane/ethyl acetate = 5:1). Mp = 139.7 — 140.2 °C. 'H NMR
(400 MHz, CDCls) & 8.91 (dd, J = 4.2, 1.6 Hz, 1H), 8.49 (dd, J = 8.7, 1.7 Hz, 1H), 8.10 (d, J =
16.2 Hz, 1H), 7.48 (dd, J = 8.6, 4.2 Hz, 1H), 7.43 — 7.38 (m, 2H), 7.37 — 7.28 (m, 3H), 6.84 (s,
1H), 6.15 (d, J = 16.2 Hz, 1H), 3.86 (s, 3H), 1.56 (s, 9H). 13C NMR (101 MHz, CDCl3) & 165.6,

155.3, 149.0, 138.5, 136.1, 134.4, 133.5, 132.3, 129.4, 128.0, 127.7, 127.5, 125.0, 122.5, 110.0,
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80.9, 56.0, 28.2. IR (KBr): v 2976, 1707, 1572, 1497, 1456, 1366, 1290, 1246, 1148, 1124 cm™.

HRMS (ESI): Calculated for C23H23NO3sSNa (M+Na*): 416.1291, found: 416.1292.

COZIBU
SPh

4q: Colorless oil (40%). Rf = 0.2 (hexane/ethyl acetate = 10:1). *H NMR (400 MHz, CDCls) §

8.13 (d, J = 16.2 Hz, 1H), 7.91 (dd, J = 8.7, 0.8 Hz, 1H), 7.77 (d, J = 8.4 Hz, 2H), 7.65 (d, J = 3.7
Hz, 1H), 7.38 (d, J = 8.7 Hz, 1H), 7.27 (d, J = 0.9 Hz, 1H), 7.25 (dd, J = 1.7, 0.9 Hz, 1H), 7.22
(dd, J = 2.3, 1.2 Hz, 1H), 7.21 (d, J = 0.9 Hz, 1H), 7.20 — 7.14 (m, 3H), 6.91 (dd, J = 3.7, 0.8 Hz,
1H), 6.27 (d, J = 16.2 Hz, 1H), 2.37 (s, 3H), 1.50 (s, 9H). 3C NMR (101 MHz, CDCls) § 165.9,
145.5, 140.2, 136.9, 135.1, 134.8, 131.0, 130.5, 130.2, 130.1, 130.0, 129.9, 129.2, 127.8, 127.0,
126.7, 125.7, 114.8, 108.2, 80.8, 28.3, 21.8. IR (KBr): v 2977, 2359, 2341, 1706, 1633, 1596,
1582, 1478, 1375, 1170 cm™. HRMS (ESI): Calculated for CasH27NO4S; (M*):505.1376,

found:505.1381.

AcO

| CO,tBu

SPh

4r: Pale yellow solid (36%). Rs = 0.2 (hexane/ethyl acetate = 10:1). Mp = 84.5-85.2°C. 'HNMR
(400 MHz, CDCl3) § 7.60 (d, J = 16.2 Hz, 1H), 7.37 (s, 1H), 7.25 (m, 2H), 7.22 — 7.15 (m, 3H),
6.22 (d, J = 16.2 Hz, 1H), 5.29 (s, 2H), 2.13 (s, 3H), 1.48 (s, 9H). 13C NMR (101 MHz, CDCl3) §
170.6, 165.9, 138.7, 136.3, 136.0, 134.8, 130.8, 129.7, 129.3, 129.1, 126.8, 124.6, 80.8, 59.5, 28.3,
21.0. IR (KBr): v 2977, 1745, 1707, 1632, 1582, 1478, 1367, 1312, 1284, 1150 cm™. HRMS (ESI):

Calculated for C2oH2204S2 Na(M+Na*): 413.0852, found: 413.0861.
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4s: Colorless oil (93%). Rt = 0.3 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls)  8.13

—8.02 (M, 2H), 7.79 — 7.66 (m, 1H), 7.60 (d, J = 8.7 Hz, 1H), 7.43 (dddd, J = 17.5, 8.1, 6.9, 1.4
Hz, 2H), 7.27 - 7.15 (m, 6H), 6.14 (d, J = 16.3 Hz, 1H), 1.49 (s, 9H). 3C NMR (101 MHz, CDCls)
5 165.8, 140.0, 135.6, 133.8, 133.7, 132.6, 131.8, 131.7, 129.4, 129.2, 128.7, 128.5, 128.4, 127.5,
127.3, 126.3, 125.2, 80.9, 28.4. IR (KBr): v 3056, 2977, 2930, 1709, 1635, 1582, 1477, 1367,

1312, 1284 cm™*. HRMS (ESI): Calculated for C23H220,SNa(M+Na*): 385.1233, found: 385.1236.

4t: White solid (45%). Rr = 0.4 (hexane/ethyl acetate = 20:1). Mp = 174.8 — 175.4 °C. 'H NMR
(500 MHz, CDCls) 6 8.77 (d, J = 8.3 Hz, 1H), 8.73 (d, J = 8.2 Hz, 1H), 8.67 (dd, J = 8.3, 0.9 Hz,
1H), 8.29 — 8.20 (m, 2H), 7.74 (ddd, J = 8.3, 7.0, 1.2 Hz, 1H), 7.69 (ddd, J = 8.3, 7.0, 1.2 Hz, 1H),
7.64 (ddd, J=8.2,7.1, 1.1 Hz, 1H), 7.60 (ddd, J=8.1, 7.0, 1.1 Hz, 1H), 7.12 (t, J = 7.5 Hz, 2H),
7.09 - 6.99 (m, 3H), 6.02 (d, J = 16.4 Hz, 1H), 1.55 (s, 9H). 13C NMR (101 MHz, CDCl3) 5 165.5,
141.7, 140.0, 137.7, 132.0, 131.3, 130.8, 130.1, 128.9, 127.9, 127.9, 127.8, 127.6, 127.6, 127.5,
127.2, 127.1, 127.1, 125.3, 123.0, 122.8, 80.7, 28.2. IR (KBr): v 3854, 3712, 3629, 2360, 2343,
1735, 1712, 1654, 1560, 1154 cm™. HRMS (ESI): Calculated for Ca7H2502S (M+H"): 413.1570,

found: 413.1578.
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4u: Yellow solid (91%). Rs = 0.4 (hexane/ethyl acetate = 10:1). Mp = 116.4 — 117.9 °C. 'H NMR

(400 MHz, Chloroform-d) 6 8.43 — 8.33 (m, 2H), 8.18 (t, J = 7.3 Hz, 2H), 8.14 — 7.98 (m, 4H),
7.87 (dd, J =8.9, 1.1 Hz, 1H), 7.39 — 7.26 (m, 5H), 6.28 (d, J = 16.2 Hz, 1H), 1.60 (s, 9H). 13C
NMR (101 MHz, CDCls) 6 165.7, 140.7, 135.9, 133.5, 131.8, 131.7, 131.5, 131.3, 130.8, 129.8,
129.5, 128.8, 128.7, 128.7, 128.2, 127.4, 126.9, 126.5, 125.9, 125.7, 124.6, 124.6, 124.2, 80.9,
28.4. IR (KBr): v 3048, 2977, 2930, 1708, 1635, 1581, 1530, 1478, 1367, 1150 cm™. . HRMS

(ESI): Calculated for C29H2240,SNa (M+Na*): 459.1389, found: 459.1387.

CO,Me
‘\)/ Me
S

5a: Colorless oil (86%). Rs = 0.3 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, Chloroform-

d) 5 8.30 (d, J = 16.2 Hz, 1H), 8.15 — 8.09 (m, 1H), 7.81 — 7.76 (m, 1H), 7.69 — 7.62 (m, 1H), 7.55
—7.43 (m, 2H), 7.30 (d, J = 8.2 Hz, 2H), 7.22 (d, J = 8.7 Hz, 1H), 7.18 — 7.13 (m, 2H), 6.36 (d, J
= 16.3 Hz, 1H), 3.88 (s, 3H), 2.36 (s, 3H). 3C NMR (101 MHz, CDCls) § 166.9, 141.3, 138.1,
135.2, 132.8, 132.3, 132.2, 131.6, 131.1, 129.4, 128.6, 127.6, 127.4, 126.1, 126.1, 124.9, 52.0,
21.3. IR (KBr): v 2948, 1721, 1636, 1584, 1492, 1434, 1308, 1280, 1171, 1127 cm’:. HRMS (ESI):

Calculated for C21H190.S (M+H™): 335.1100, found: 335.1096.
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5b: Yellow oil (71%). Rs = 0.2 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, Chloroform-d)

§8.29 (d, J = 16.3 Hz, 1H), 8.10 (dd, J = 8.6, 1.2 Hz, 1H), 7.77 (dd, J = 8.0, 1.5 Hz, 1H), 7.63 (d,
J=8.8 Hz, 1H), 7.55 — 7.37 (m, 4H), 7.11 (d, J = 8.8 Hz, 1H), 6.90 (d, J = 8.8 Hz, 2H), 6.38 (d, J
= 16.3 Hz, 1H), 3.88 (s, 3H), 3.83 (s, 3H). 3C NMR (101 MHz, CDCls) § 167.0, 160.1, 141.2,
136.5, 135.7, 132.0, 131.5, 130.8, 129.3, 128.6, 127.4, 126.5, 126.1, 125.9, 124.7, 124.4, 115.2,
55.5, 52.0. IR (KBr): v 2948, 1721, 1636, 1584, 1492, 1434, 1308, 1280, 1171, 1127 cm™®. HRMS

(ESI): Calculated for Co1H1903S (M+H™): 351.1049, found: 351.1039.

COzMe
COZMe
S

5¢: Yellow solid (82%). Rs = 0.3 (hexane/ethyl acetate = 5:1). Mp =94.5 -95.1°C. *H NMR (400

MHz, CDCl3) § 8.20 — 8.02 (m, 2H), 7.87 — 7.67 (m, 4H), 7.49 (ddd, J = 5.6, 4.2, 2.1 Hz, 2H), 7.38
(d, J = 8.6 Hz, 1H), 7.17 — 7.07 (m, 2H), 6.20 (d, J = 16.3 Hz, 1H), 3.81 (s, 3H), 3.76 (s, 3H). 13C
NMR (101 MHz, CDCls) § 166.7, 166.7, 143.3, 141.3, 136.3, 133.4, 131.8, 130.5, 130.4, 130.3,
129.9, 128.7, 128.5, 128.0, 127.6, 127.1, 126.5, 125.5, 52.3, 52.0. IR (KBr): v 2950, 2360, 1720,
1636, 1594, 1559, 1506, 1435, 1399, 1308 cm™L. HRMS (ESI): Calculated for CazHi1004S (M+H*):

379.0999, found: 379.1002.
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5d: Colorless oil (82%). Rs = 0.3 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, Chloroform-

d) 5 8.28 (d, J = 16.3 Hz, 1H), 8.15— 8.09 (m, 1H), 7.80 (dd, J = 8.2, 1.5 Hz, 1H), 7.68 (d, J = 8.7
Hz, 1H), 7.57 — 7.45 (m, 2H), 7.36 (dd, J = 8.8, 5.2 Hz, 2H), 7.21 (d, J = 8.7 Hz, 1H), 7.03 (t, J =
8.7 Hz, 2H), 6.34 (d, J = 16.3 Hz, 1H), 3.87 (s, 3H). 3C NMR (101 MHz, Chloroform-d) § 166.83,
162.63 (d, J = 248.5 Hz), 141.18, 134.52 (d, J = 8.2 Hz), 134.37, 132.70, 132.43, 131.56, 130.09
(d, J = 3.4 Hz), 129.54, 128.59, 127.72, 127.48, 126.35, 126.32, 124.94, 116.67 (d, J = 22.0 Hz),
52.01. °F NMR (470 MHz, CDCl3) § -113.3. IR (KBr): v 2949, 1719, 1636, 1588, 1505, 1489,
1435, 1280, 1172, 1127 cm™-. HRMS (ESI): Calculated for CaoH16FO2S (M+H"): 339.0850, found:

339.0856.

COZMe
‘\jc.
S

5e: Colorless oil (82%). Ri = 0.3 (hexane/ethyl acetate = 20:1). 'H NMR (400 MHz, CDCl3)

8.18 (d, J = 16.3 Hz, 1H), 8.08 — 8.02 (m, 1H), 7.74 (dd, J = 7.1, 2.3 Hz, 1H), 7.64 (d, J = 8.7 Hz,
1H), 7.45 (dqd, J = 8.4, 6.9, 1.6 Hz, 2H), 7.25 — 7.12 (m, 5H), 6.23 (d, J = 16.3 Hz, 1H), 3.78 (s,
3H). 3C NMR (101 MHz, CDCls) 5 166.8, 141.2, 134.2, 134.0, 133.6, 133.0, 132.8, 132.6, 131.6,
129.7,129.6, 128.7, 128.6, 127.5, 126.6, 126.4, 125.1, 52.0. IR (KBr): v 3055, 2948, 1721, 1637,
1475, 1434, 1309, 1280, 1193, 1172 cmX. HRMS (ESI): Calculated for C20H1Cl02S (M+H"):

335.0554, found: 335.0552.
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5f: Colorless oil (86%). Rt = 0.3 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls) § 8.19

(d, J = 16.3 Hz, 1H), 8.06 (dd, J = 8.5, 1.0 Hz, 1H), 7.76 (dd, J = 7.0, 2.4 Hz, 1H), 7.66 (d, J = 8.7
Hz, 1H), 7.51 — 7.41 (m, 2H), 7.38 — 7.31 (m, 2H), 7.25 (d, J = 8.7 Hz, 1H), 7.16 — 7.05 (m, 2H),
6.25 (d, J = 16.3 Hz, 1H), 3.80 (s, 3H). 3C NMR (101 MHz, CDCl3) 5 166.8, 141.2, 135.0, 134.2,
132.8,132.7, 132.7, 132.5, 131.6, 129.7, 128.8, 128.6, 127.5, 126.7, 126.4, 125.2, 121.4, 52.0. IR
(KBr): v 3853, 3745, 3649, 3055, 2948, 2360, 1719, 1636, 1471, 1172 cm™. HRMS (ESI):

Calculated for C2sH16BrO2S (M+H"): 399.0049, found: 399.0044.

COZMe
S

5g: White solid oil (85%). R¢ = 0.2 (hexane/ethyl acetate = 20:1). Mp = 76.0 — 77.0 °C. 'H NMR

(400 MHz, Chloroform-d) & 8.24 (d, J = 16.3 Hz, 1H), 8.18 — 8.11 (m, 1H), 7.90 — 7.83 (m, 1H),
7.81 - 7.77 (m, 1H), 7.60 — 7.54 (m, 2H), 7.53 — 7.42 (m, 3H), 7.28 (d, J = 0.8 Hz, 2H), 6.28 (d, J
= 16.3 Hz, 1H), 3.84 (s, 3H). 13C NMR (101 MHz, Chloroform-d) & 166.7, 141.9, 141.3, 136.2,
133.4, 131.8, 130.4, 130.3, 130.0, 129.2, 128.7, 127.6, 127.5 — 119.4 (m), 127.1, 126.6, 126.0 (q,
J = 3.8 Hz), 125.5, 52.0. °F NMR (470 MHz, CDCls) § -62.5. IR (KBr): v 3853, 3057, 2951,
1723, 1639, 1605, 1436, 1327, 1280, 1170 cm™. HRMS (ESI): Calculated for Ca1H16F302S

(M+H"): 389.0818, found: 389.0818.
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5h: Colorless oil (91%). Rf = 0.2 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls) §
8.20 (d, J = 16.3 Hz, 1H), 8.09 — 7.99 (m, 1H), 7.77 — 7.64 (m, 1H), 7.55 (d, J = 8.8 Hz, 1H), 7.40
(dddd, J = 20.5, 8.0, 6.9, 1.3 Hz, 2H), 7.23 (d, J = 7.5 Hz, 1H), 7.20 — 7.12 (m, 2H), 7.06 (ddd, J
=8.4,5.5, 2.4 Hz, 1H), 6.98 (d, J = 8.7 Hz, 1H), 6.29 (d, J = 16.3 Hz, 1H), 3.78 (s, 3H), 2.26 (s,
3H). 13C NMR (101 MHz, CDCls) § 167.0, 141.2, 140.6, 134.6, 134.0, 133.5, 132.3, 132.1, 131.6,
130.9, 129.4, 128.6, 128.5, 127.4, 127.0, 127.0, 126.1, 126.1, 124.8, 52.0, 20.9. IR (KBr): v 3058,
2948, 1721, 1637, 1584, 1434, 1280, 1172, 1059, 1036 cm™. HRMS (ESI): Calculated for

C21H100,S (M+H"): 335.1100, found: 335.1098.

‘\/(cone
O |
Cr Q.

5i: White solid (92%). R = 0.2 (hexane/ethyl acetate = 20:1). Mp = 80.4 - 81.2 °C. 'H NMR (400

MHz, CDCl3) § 8.18 (d, J = 16.3 Hz, 1H), 8.11 — 8.00 (m, 1H), 7.82 — 7.73 (m, 1H), 7.68 (d, J =
8.7 Hz, 1H), 7.55 — 7.41 (m, 2H), 7.32 (d, J = 8.7 Hz, 1H), 7.19 — 7.13 (m, 1H), 6.97 (ddd, J = 7.8,
1.6, 1.0 Hz, 1H), 6.91 - 6.81 (M, 2H), 6.22 (d, J = 16.3 Hz, 1H), 3.78 (s, 3H). 3C NMR (101 MHz,
Chloroform-d) & 166.75, 163.10 (d, J = 248.9 Hz), 141.32, 138.49 (d, J = 7.8 Hz), 135.10, 133.09,
131.74 (d, J = 9.5 Hz), 130.56 (d, J = 8.5 Hz), 129.71 (d, J = 14.5 Hz), 128.64, 127.52, 126.85,
126.42, 126.03 (d, J = 3.0 Hz), 125.32, 117.23 (d, J = 23.2 Hz), 114.10 (d, J = 21.2 Hz), 52.03.

F NMR (470 MHz, Chloroform-d) & -111.75 (g, J = 8.7 Hz). IR (KBr): v 3060, 2949, 1721,
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1639, 1597, 1580, 1473, 1433, 1309, 1281 cm™. HRMS (ESI): Calculated for C2oH16FO2S (M+H"):

339.0850, found: 339.0847.

‘\)/COZMe

5j: White solid (86%). Rt = 0.2 (hexane/ethyl acetate = 20:1). Mp = 122.0 — 123.0 °C. *H NMR

(400 MHz, CDCl3) § 8.27 (d, J = 16.3 Hz, 1H), 8.09 (d, J = 8.3 Hz, 1H), 7.82 (s, 1H), 7.77 — 7.66
(m, 4H), 7.61 (d, J = 8.7 Hz, 1H), 7.51 — 7.38 (m, 4H), 7.31 — 7.19 (m, 2H), 6.30 (d, J = 16.3 Hz,
1H), 3.78 (s, 3H). *C NMR (101 MHz, CDCl3) § 166.9, 141.3, 134.0, 133.9, 133.4, 132.6, 132.60,
132.5, 131.6, 130.9, 129.5, 129.2, 129.2, 128.6, 128.6, 127.9, 127.6, 127.4, 126.9, 126.6, 126.4,
126.3, 125.1, 52.0. IR (KBr): v 3053, 2947, 1720, 1636, 1584, 1557, 1500, 1434, 1309, 1281 cm’

1, HRMS (ESI): Calculated for C24H190,S (M+H*): 371.1100, found: 371.1096.

CO,Me
)
L

5k: Colorless oil (40%). Rt = 0.2 (hexane/ethyl acetate = 20:1). 'H NMR (400 MHz, CDCls) &

8.21 (d, J = 16.3 Hz, 1H), 8.07 (dd, J = 8.6, 1.1 Hz, 1H), 7.90 (dd, J = 10.6, 8.0 Hz, 1H), 7.85 —
7.77 (m, 2H), 7.54 — 7.41 (m, 3H), 6.36 (d, J = 16.3 Hz, 1H), 5.97 (d, J = 16.3 Hz, 1H), 3.87 (s,
3H), 2.56 (s, 3H). *C NMR (101 MHz, CDCls) & 167.0, 141.2, 136.1, 131.6, 131.4, 130.8, 129.4,
128.6, 127.4, 126.0, 125.7, 124.5, 124.2, 52.0, 16.9. IR (KBr): v 3685, 2947, 1720, 1633, 1583,
1504, 1434, 1281, 1191, 1172 cmX. HRMS (ESI): Calculated for C1sH1502S (M+H"):259.0787,

found:259.0793.
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51: Colorless oil (84%). R = 0.3 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, Chloroform-

d) & 8.28 (d, J = 16.2 Hz, 1H), 8.14 (d, J = 8.2 Hz, 1H), 7.81 (dd, J = 8.1, 1.4 Hz, 1H), 7.69 (d, J
= 9.1 Hz, 1H), 7.57 — 7.46 (m, 2H), 7.37 — 7.24 (m, 6H), 6.32 (d, J = 16.3 Hz, 1H), 4.27 (t, J = 6.7
Hz, 2H), 1.73 (ddt, J = 8.8, 7.9, 6.6 Hz, 2H), 1.53 — 1.39 (m, 2H), 0.99 (t, J = 7.4 Hz, 3H). ¥C
NMR (101 MHz, CDCl3) § 166.5, 141.0, 135.4, 133.8, 133.6, 132.6, 131.7, 131.6, 129.4, 128.6,
128.6, 127.5, 127.4, 126.7, 126.4, 125.1, 64.8, 30.9, 19.4, 13.9. IR (KBr): v 2958, 2872, 1714,
1639, 1582, 1477, 1306, 1280, 1257, 1174 cm. HRMS (ESI): Calculated for C2sH230,S (M+H*):

363.1413, found: 363.1418.

i CO,Et
‘f( Ol
SPh

5m: Colorless oil (87%). R = 0.3 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, Chloroform-

d) 5 8.28 (d, J = 16.3 Hz, 1H), 8.17 — 8.11 (m, 1H), 7.81 (dd, J = 8.1, 1.4 Hz, 1H), 7.69 (d, J = 8.9
Hz, 1H), 7.57 — 7.47 (m, 2H), 7.40 — 7.26 (m, 6H), 6.32 (d, J = 16.2 Hz, 1H), 4.33 (g, J = 7.1 Hz,
2H), 1.38 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCls) § 166.5, 141.1, 135.4, 133.9, 133.5,
132.6, 131.8, 131.6, 129.4, 128.6, 128.6, 127.5, 127.4, 126.6, 126.4, 125.1, 60.8, 14.5. IR (KBr):
v 3056, 2980, 1715, 1638, 1582, 1477, 1440, 1368, 1305, 1281 cm™%. HRMS (ESI): Calculated for

C21H1902S (M+H™): 335.1100, found: 335.1107.
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5n: Pale yellow oil (88%). Rt = 0.2 (hexane/ethyl acetate = 20:1). 'H NMR (400 MHz,

Chloroform-d) & 8.30 (d, J = 16.3 Hz, 1H), 8.17 — 8.10 (m, 1H), 7.84 — 7.78 (m, 1H), 7.70 (d, J =
8.9 Hz, 1H), 7.58 — 7.46 (m, 2H), 7.37 — 7.25 (m, 6H), 6.34 (d, J = 16.3 Hz, 1H), 3.87 (s, 3H). 13C
NMR (101 MHz, CDCl3) § 166.9, 141.4, 135.4, 133.9, 133.4, 132.6, 131.7, 131.6, 129.5, 129.4,
128.6, 128.6, 127.6, 127.4, 126.4, 126.2, 125.1, 52.0. IR (KBr): v 3056, 2948, 2360, 2342, 1721,
1638, 1582, 1434, 1280, 1172 cm'X. HRMS (ESI): Calculated for CaoH1702S (M+H*): 321.0944,

found: 321.0950.

CONMez
I SPh

50: White solid (93%). R = 0.2 (hexane/ethyl acetate = 5:1). Mp = 120.7 — 121.4 °C. *H NMR

(400 MHz, Chloroform-d) & 8.19 — 8.11 (m, 2H), 7.80 (dd, J = 7.7, 1.8 Hz, 1H), 7.68 (d, J = 8.7
Hz, 1H), 7.54 — 7.45 (m, 2H), 7.35 — 7.21 (m, 6H), 6.73 (d, J = 15.8 Hz, 1H), 3.07 (d, J = 13.5 Hz,
6H). 3C NMR (101 MHz, CDCls) § 166.3, 138.2, 136.0, 135.1, 132.7, 132.6, 132.0, 131.4, 129.3,
129.0, 128.9, 128.4, 127.3, 127.1, 126.6, 126.3, 125.4, 37.5, 36.0. IR (KBr): v 3054, 2928, 1653,
1617, 1582, 1477, 1395, 1140, 1056, 1023 cm™. HRMS (ESI): Calculated for C21HzoNOS (M+H"):

334.1260, found: 334.1269.

5.4.5 Synthetic Applications

Scheme 5.6. Selective Oxidation of the Ortho Thiolation Product
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5

_Ph
SPh S
0
n 6a, 82%
CO,Me CO,Me
O | mCPBA 2.2 equiv O |
O DCM, 0°C tort O Ph
SPh 3
5n 6b, 82%

A Schlenk tube was charged with a solution of 5n (96.1 mg, 0.3 mmol) in DCM (5 mL). A solution
of mMCPBA (67.2 mg, 77%, 0.3 mmol, 1.0 equiv) in DCM (5 mL) was then added dropwise at -78
°C. The resulting mixture was allowed to warm to room temperature overnight. Subsequently, the
reaction mixture was washed by saturated ag. Na2COz (10 mL) solution three time. The organic
layers were washed with water and brine before they were dried over MgSO4 and concentrated.
The residual was then purified by silica gel chromatography (acetone/hexane = 1/5) to afford 6a

(82.3 mg, 82%) as a white solid.

CO,Me
.
L

O

6a: White solid (82%). R = 0.2 (hexane/acetone = 5:1). Mp = 151.7 — 152.1 °C. 'H NMR (400

MHz, Chloroform-d) & 8.26 (d, J = 16.3 Hz, 1H), 8.11 — 8.06 (m, 1H), 8.05 — 7.96 (m, 2H), 7.91
—7.84 (m, 1H), 7.64 — 7.53 (m, 4H), 7.45 — 7.36 (m, 3H), 6.32 (d, J = 16.3 Hz, 1H), 3.90 (s, 3H).
13C NMR (101 MHz, CDCl3) § 166.0, 144.9, 141.7, 139.1, 134.6, 132.5, 131.2, 130.8, 130.7,

129.4, 128.9, 128.2, 128.2, 127.9, 125.5, 125.3, 120.1, 52.3. IR (KBr): v 3745, 3057, 2950, 1844,
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1718, 1675, 1670, 1570, 1419, 1280 cm™. HRMS (ESI): Calculated for C2H1s03SNa(M+Na*):

359.0712, found: 359.0703.

A Schlenk tube was charged with a solution of 5n (96.1 mg, 0.3 mmol) in DCM (5 mL). A solution
of mCPBA (147.9 mg, 77%, 0.66 mmol, 2.2 equiv) in DCM (5 mL) was then added dropwise at 0
°C. The resulting mixture was allowed to warm to room temperature overnight. Subsequently, the
reaction mixture was washed by saturated ag. Na,COgz (10 mL) solution three time. The organic
layers were washed with water and brine before they were dried over MgSO4 and concentrated.
The residual was then purified by silica gel chromatography (acetone/hexane = 1/5) to afford 6b

(85.5 mg, 80%) as a white solid.
O | COzMe
S

6b: White solid (80%). Rt = 0.25 (hexane/acetone = 5:1). Mp = 130.7 — 131.3 °C. 'H NMR (400

MHz, CDCls) 5 8.29 (dd, J = 23.9, 12.6 Hz, 2H), 8.04 (dd, J = 28.6, 8.7 Hz, 2H), 7.95 — 7.82 (m,
3H), 7.71 - 7.48 (m, 3H), 7.44 (dd, J = 10.5, 4.8 Hz, 2H), 5.81 (d, J = 16.4 Hz, 1H), 3.88 (s, 3H).
13C NMR (101 MHz, CDCls) § 165.9, 141.5, 140.0, 136.4, 135.6, 135.2, 133.4, 131.1, 129.4,
129.1, 128.9, 128.6, 128.2, 128.0, 127.7, 126.7, 123.8, 52.2. IR (KBr): v 2950, 2360, 2341, 1722,
1582, 1446, 1309, 1280, 1170, 1151 cm™. HRMS (ESI): Calculated for CaoH1704S(M+H"):

353.0842, found: 353.0853.
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Scheme 5.7. Ipso Functionalization with Arylboronates

Pd(OAc); (10 mol%)

O P(2-furyl)s (25 mol%)
O norbornene (50 mol%)
Iy N=SPh + B CuTC (20 mol%) O O
[ XNe) Cs,CO3 (2.0 equiv) o
t-Bu ‘>< .

Ethyl acetate (0.05 M), 105 °C SPh

1s 3a 8 9, 58%

A flame-dried 7.0 mL vial A was charged with Pd(OAc)2 (4.6 mg, 0.02 mmol, 10 mol%), CuTC
(7.6 mg, 0.04 mmol, 20 mol%), TFP (11.6 mg, 0.05 mmol, 25 mol%), phenylboronate 8 (76 mg,
0.4 mmol, 2.0 equiv) and Arl (0.2 mmol, 1.0 equiv). To another 4.0 mL vial B was weighed 3a
(0.6 mmol). Two vials were directly transferred into a nitrogen-filled glovebox without caps. Then,
Cs2C03(130.4 mg, 0.4 mmol, 2.0 equiv) was added to the vial A. In the third empty 4.0 mL vial
C, NBE (18.8 mg, 0.2 mmol) was dissolved in 1.0 mL dry ethyl acetate. Half of this NBE solution
(0.5 mL, 0.1 mmol, 50 mol%) was transferred into the vial A. To the 4.0 mL vial B containing 3a
was added 0.75 mL dry ethyl acetate. Two thirds of this 3a solution (0.5 ml, 0.4 mmol, 2.0 equiv)
was transferred into the vial A, before another 3.0 mL dry ethyl acetate was added. Vial A was
tightly sealed, transferred out of glovebox and stirred on a pie-block preheated to 105 °C for 12
hours. After completion of the reaction, the mixture was filtered through a thin pad of silica gel.
The filter cake was washed with ethyl acetate and the combined filtrate was concentrated. The
residue was loaded to a small amount of silica gel and then purified by flash column

chromatography to give the desired ortho thiolation product.

I SPh

9: Colorless oil (58%). Rt = 0.4 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, CDCls) § 7.78

~7.72 (m, 1H), 7.66 (d, J = 8.7 Hz, 1H), 7.44 — 7.35 (m, 4H), 7.31 — 7.14 (m, 10H). 3C NMR
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(101 MHz, CDCls) 6 140.3, 138.8, 136.2, 133.3, 133.0, 132.4, 131.8, 130.4, 129.2, 128.4, 128.4,
128.2, 128.0, 127.8, 127.2, 126.7, 126.5, 125.9. IR (KBr): v 3054, 2953, 1581, 1560, 1505, 1491,
1476, 1439, 1379, 1070 cm™. HRMS (ESI): Calculated for C22H17S (M+H™): 313.1045, found:

313.1055.

Scheme 5.8. Ipso Sonogashira Coupling

h
OH  Ethyl acetate (0.05 M), 105 °C
10

Pd(OAc), (10 mol%)
P(2-furyl); (25 mol%)
NBE (150 mol%) O P
CuTC (20 mol%) z
Cs,CO3 (2.0 equiv) O

SPh

y

1s (+)- 3a 11, 51%

A flame-dried 7.0 mL vial A was charged with Pd(OAc). (4.6 mg, 0.02 mmol, 10 mol%), CuTC
(7.6 mg, 0.04 mmol, 20 mol%), TFP (11.6 mg, 0.05 mmol, 25 mol%), 10 (64.1 mg, 0.4 mmol, 2.0
equiv) and Arl (0.2 mmol, 1.0 equiv). To another 4.0 mL vial B was weighed thiolation reagent
(0.6 mmol). Two vials were directly transferred into a nitrogen-filled glovebox without caps. Then,
NBE (28.2 mg, 0.3 mmol, 150 mol%) and Cs>COz3 (130.4 mg, 0.4 mmol, 2.0 equiv) was added to
the vial A. To the 4.0 mL vial B containing thiolation reagent was added 0.75 mL dry ethyl acetate.
0.5 mL of this thiolation reagent solution (0.4 mmol, 2.0 equiv) was transferred into the vial A,
before another 3.5 mL dry ethyl acetate was added. Vial A was tightly sealed, transferred out of
glovebox and stirred on a pie-block preheated to 105 °C for 12 hours. After completion of the
reaction, the mixture was filtered through a thin pad of silica gel. The filter cake was washed with
ethyl acetate and the combined filtrate was concentrated. The residue was loaded to a small amount
of silica gel and then purified by flash column chromatography on silica gel to give the desired

ortho thiolation product.
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11: Yellow oil (51%). Rt = 0.4 (hexane/ethyl acetate = 20:1). *H NMR (400 MHz, Chloroform-d)

5 8.42 (dd, J = 8.4, 1.1 Hz, 1H), 7.80 — 7.75 (m, 1H), 7.69 — 7.63 (m, 3H), 7.60 (ddd, J = 8.3, 6.9,
1.3 Hz, 1H), 7.55 — 7.51 (m, 2H), 7.48 (ddd, J = 8.1, 6.9, 1.3 Hz, 1H), 7.43 — 7.33 (m, 6H), 7.13
(d, J=8.7 Hz, 1H). 3C NMR (101 MHz, CDCls) 8 139.1, 133.7, 133.3, 131.7, 131.4, 129.5, 128.7,
128.6,128.4, 128.2