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Abstract

Carboxylic acids are one of the most suitable starting materials for synthesis. They are
readily available and therefore inexpensive, stable and non-toxic. Many carboxylic acids can be
obtained directly from natural resources, thus avoiding the extraction of fossil resources, such as
oil or natural gas, in the production of chemicals. Furthermore, renewable carboxylic acids derived
from biomass have a wide structural diversity (e.g., amino acids, fatty acids and sugar acids), which
not only holds greater potential for the synthesis of complex molecules, but also advances the
development of green chemistry.

In this context, this thesis aims at establishing new carbon-heteroatom coupling reactions
with carboxylic acids as versatile coupling partners. These reactions are hitherto unknown, which
not only fill some of the gaps in synthetic organic chemistry, but also provide solutions for the
rapid assembly of bioactive molecules.

In order to overcome the challenge of forming C(sp*)-heteroatom bonds, Chapters 4, 5 and
6 detail the development of photoredox/copper bi-catalytic systems and their applications in
decarboxylative C(sp*)-N and C(sp?)-O coupling reactions. These methods are not only compatible
with numerous functional groups, but also allow for rapid late-stage functionalization. More
importantly, these methods can simplify the pathway for building drug core skeletons, highlighting
the potential of these methods to expedite drug discovery.

To bridge the disconnection in the synthesis of trifluoromethylthioesters from carboxylic
acids, Chapter 7 describes the establishment of a "umpolung" strategy and its application in the
conversion of carboxylic acids to trifluoromethylthioesters. This approach provides the most
concise synthetic pathway to date for the synthesis of trifluoromethylthioesters, which not only
accommodates a variety of functional groups, but also allows for the rapid functionalization of
carboxylic acid-containing natural products and drug molecules.

In summary, this thesis illustrates how novel catalytic methods can be used to convert
inexpensive, readily available and environmentally benign aliphatic carboxylic acids into high

value-added compounds.
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Résumé

Les acides carboxyliques sont I'une des matieéres premiéres les plus appropriées pour la
synthése. Ils sont facilement disponibles et donc peu coliteux, stables et non toxiques. De
nombreux acides carboxyliques peuvent étre obtenus directement a partir de ressources naturelles,
ce qui permet d'éviter l'extraction de ressources fossiles, comme le pétrole ou le gaz naturel, dans
la production de produits chimiques. En outre, les acides carboxyliques renouvelables dérivés de
la biomasse présentent une grande diversité structurelle (par exemple, des acides aminés, des
acides gras et des acides de sucre), ce qui non seulement offre un plus grand potentiel pour la
synthése de molécules complexes, mais fait également progresser le développement de la chimie
verte.

Dans ce contexte, cette theése vise a établir de nouvelles réactions de couplage carbone-
hétéroatome avec les acides carboxyliques comme partenaires de couplage polyvalents. Ces
réactions sont jusqu'a présent inconnues, qui non seulement comblent certaines lacunes de la
chimie organique synthétique, mais fournissent également des solutions pour l'assemblage rapide
de molécules bioactives.

Afin de surmonter le défi de la formation de liaisons C(sp®)-hétéroatomes, les chapitres 4, 5
et 6 détaillent le développement de systémes bi-catalytiques photorédox/cuivre et leurs
applications dans les réactions de couplage C(sp)-N et C(sp®)-O décarboxylatives. Ces méthodes
sont non seulement compatibles avec de nombreux groupes fonctionnels, mais elles permettent
¢galement une fonctionnalisation rapide en phase avancée. Plus important encore, ces méthodes
peuvent simplifier la voie de construction des squelettes de base des médicaments, ce qui met en
¢vidence le potentiel de ces méthodes pour accélérer la découverte de médicaments.

Pour combler la déconnexion dans la synthése des trifluorométhylthioesters des acides
carboxyliques, le chapitre 7 décrit I'établissement d'une stratégie de "umpolung" et son application
dans la conversion des acides carboxyliques en trifluorométhylthioesters. Cette approche fournit
la voie de synthese la plus concise a ce jour pour la synthése des trifluorométhylthioesters, qui non
seulement prend en compte une variété de groupes fonctionnels, mais permet également la
transformation rapide de produits naturels contenant des acides carboxyliques et de molécules

médicamenteuses.



En résumé, cette these illustre comment de nouvelles méthodes catalytiques peuvent étre
utilisées pour convertir des acides carboxyliques aliphatiques peu coliteux, facilement disponibles

et sans danger pour l'environnement en composés a haute valeur ajoutée.
Mots-clés: catalyse photoredox, catalyse au cuivre, acides carboxyliques, decarboxylation,

chimie radicalaire, couplage C-N, couplage C-O, désoxygénation, trifluorométhylthiolation,

umpolung, thioesters de trifluorométhyle.
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Introduction

1.1 Introduction

Among what matters the most is matter itself.!! It is, therefore, not a surprise that chemistry,
the science of matter, is considered by many as the central science bridging physics and biology.
Its power stems from its ability to analyze and synthesize materials from atoms and other, more or
less complex, molecules. The latter practice, synthesis, is of paramount importance to our well-
being, underpinning several fields of science, including drug discovery, chemical biology or
materials science. Innovations in synthetic chemistry have enabled the discovery of many
breakthroughs in science and technology, which have been critical in fostering economic growth
and improving our quality of life. In modern society, continued innovations in synthetic chemistry
are required to support and drive the discovery of science’s next wave.?!

Beginning in the 1960s, E. J. Corey formalized the concept of retrosynthetic analysis:
beginning with the product and choosing suitable disconnections recursively.*] Not surprisingly,
novel synthetic methods not only allow us to achieve previously unattainable transformations, but
also expand how we design and construct molecules. Therefore, attracted by the art of molecular
architecture, our group's long-term scientific interests have focused on developing new synthetic
methodologies to obtain high value-added molecules from readily available and inexpensive raw
materials.

Over the past century, carbon-heteroatom bonds, especially carbon-nitrogen, carbon-oxygen,
and carbon-sulfur bonds, have been gaining attention from chemists due to their prevalence in
many scientific fields. At the same time, aliphatic carboxylic acids are regarded as an ideal set of
starting materials due to their easy availability, low cost, and environmental friendliness. Applying
one of the golden rules of synthetic methods - the production of complex or high value-added
organic compounds from readily available and inexpensive feedstocks - the use of aliphatic
carboxylic acids to construct C(sp*)-heteroatom bonds should be very useful. Surprisingly,
however, as of 2016, the use of aliphatic carboxylic acids as coupling partners in carbon-
heteroatom bond-forming reactions was still in its infancy. This served as an inspiration to initiate
related work with great motivation.

Following this lead, Chapter 2 focuses on the background and significance of the relevant
fields to demonstrate the latest advances in such areas. Followed by Chapter 3, which introduces
the goals of my Ph.D. research. Consequently, the establishment of two synthetic systems, namely

(1) decarboxylative C(sp’)-heteroatom bond-forming reactions catalyzed by synergistic
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photoredox and copper catalysis (Chapters 4-6) and (2) deoxygenative trifluoromethylthiolation
of carboxylic acids (Chapter 7), will be described in detail. Also, we will detail the applications of
the former strategy in the construction of diverse chemical bonds, including (1) decarboxylative
C(sp®)-N coupling reactions (Chapter 4); (2) cross-coupling of alkyl redox-active esters with
benzophenone imines (Chapter 5); and (3) decarboxylative C(sp®)-O cross-coupling reactions
(Chapter 6). Finally, a general conclusion will be given in Chapter 8, outlining the problems
addressed in the thesis as well as the applications. Besides, future perspectives and possible follow-

up studies will be further elaborated in Chapter 8.
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Background and Significance

2.1 N-hydroxyphthalimide esters as redox-active esters in cross-coupling

reactions

2.1.1 Introduction

Transition metal-catalyzed cross-coupling reactions represent one of the most widely used
methods in synthetic organic chemistry. The power of these transformations has mostly been
demonstrated by utilizing diverse C(sp?)-aryl and alkenyl electrophiles (typically their halides and
pseudo halides).! However, transition metal-catalyzed cross-coupling reactions using alkyl
halides are largely underdeveloped and remain challenging, probably due to difficulties in
oxidative addition or reductive elimination, as well as the possibility of undergoing B-hydrogen
elimination (Figure 1).5-7]

In this regard, aliphatic carboxylic acids and their derivatives (typically redox-active esters)
have emerged as more attractive coupling partners with a distinct nature compared to alkyl halides.
Carboxylic acids are inexpensive, stable, and are among the most ubiquitous organic molecules in
nature. More importantly, carboxylic acids and their derivatives are activated in a very different

way than aryl and alkyl halides.®]

FG X FG Nu
|\\ NG — M e |\\ well established
= =
aryl (pseudo)
halides
R1 X R1 Nu
\r + Nu” _ M _— \r underdeveloped
R2 RZ
alkyl ® decomposition via -H elimination
halides e difficulty in reductive elimination

Figure 1 Comparison of transition metal-catalyzed cross-coupling of aryl (pseudo) halides (top) and alkyl
electrophiles (bottom).

Recent years have witnessed a resurgence of interest in the field of decarboxylative cross-

[8-10

coupling reactions.!®!% In particular, aryl and alkenyl carboxylic acids and their salts have been

well-established as carbanion precursors in a large number of decarboxylative cross-coupling
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(11-14] These transformations are usually mediated by a nucleophilic organometallic

reactions.
intermediate that is formed by transition metal-catalyzed CO, extrusion.') Apart from
decarboxylative cross-couplings with carbanion intermediates, radical-mediated couplings have
also been well explored. The latter includes two common types of activation: (1) Direct oxidative
decarboxylation of carboxylic acids in the presence of strong oxidants.!2% (2) Reductive
decarboxylation using redox-active esters derived from carboxylic acids as substrates.['! The
former is more straightforward, but the use of strong oxidants tends to narrow the scope and may
lead to more side products. In contrast, while the latter requires an additional step to activate the

substrate, it has significant advantages over the former such as milder reaction conditions, broader

substrate scopes, and more potential applications to use such methods to modify natural products

Barton esters

Q * unstable * difficult to handle
—— activation —
HO .
10, 2°, 3° aliphatic carboxylic acids 0O O
* abundant ° stable °® non-toxic
N-O
— (¢}

NHPI esters

* stable ¢ easy to handle

and drug molecules.

Figure 2 Representative radical precursors of reductive decarboxylative transformations.

In this context, Barton decarboxylation reactions that utilize N-hydroxy-2-thiopyridone
esters (Barton esters) as substrates represent one of the earliest reductive decarboxylation methods.
This reaction is named after its developer, the British chemist and Nobel laureate Sir Derek Barton
(1918-1998).2-31 However, such redox-active esters are frequently unstable and difficult to
handle and store (Figure 2). Alternatively, in 1988, Okada, Okamoto, and Oda first demonstrated

the use of N-(hydroxy)phthalimide (NHPI) esters, via reductive decarboxylation, to deliver alkyl
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radicals (Figure 2).**25) NHPI esters are stable and can be prepared from the corresponding
carboxylic acids and N-(hydroxy)phthalimide (NHPI) in one step. NHPI esters can be activated by
reduction, via single-electron transfer (SET), to generate carbon dioxide, phthalimidyl anion, and
the corresponding sp? carbon-centered radicals that can be used in several transformations (Figure
3). Interestingly, after the pioneering reports from Okada and co-workers, this field remained
unexplored for almost two decades until a recent surge of interest in using NHPI esters as
electrophiles in decarboxylative coupling reactions. Recently, significant advances have been
achieved to demonstrate the utility of NHPI esters as efficient radical precursors in forging C-C
and C-X (X = B, Si, Se, S, N) bonds. In this section, we detail the progress that has been made
since the groundbreaking work reported by Okada and his colleagues in 1988. It is noteworthy that
this section is divided into photoredox-catalyzed cross-couplings and transition metal-catalyzed
cross-couplings based on the method of activation of NHPI esters. Within these broad categories,

subsections are further divided according to the type of bond formation.

Phth'
NHPI esters

Figure 3 Redox reactivity of NHPI esters via single-electron transfer.

2.1.2 Activation modes and their mechanisms

It is important to understand the possible activation modes before elaborating on the cross-
coupling reactions using N-(hydroxy)phthalimide (NHPI) esters as substrates. In this section, a
brief description of the activation mode of NHPI esters will be demonstrated.

In the regime of photoredox-catalyzed and transition metal-catalyzed activation of NHPI
esters, the activation mode of NHPI esters can be subdivided into four types: (1) photoredox-
catalyzed reductive cross-coupling reactions; (2) redox-neutral photocatalytic cross-coupling
reactions; (3) cross-coupling reactions via synergetic photoredox and metal catalysis; (4)

transition-metal catalyzed cross-coupling reactions.
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Notably, these four modes of activation cover almost all types of cross-coupling reactions of
NHPI esters. Therefore, we will illustrate each coupling reaction of NHPI esters that occurs
thereafter (sections 2.1.3 and 2.1.4) based on these modes. Moreover, a representative example of

each reaction will be presented.

2.1.2.1 Photoredox-catalyzed reductive cross-coupling reactions (Mode A)

In this activation mode (Figure 4), the photoredox catalyst (PC) is initially transformed into
its excited state PC* under visible light irradiation. The excited PC* can reduce NHPI esters via
single-electron transfer (SET), delivering the oxidized PC" and the corresponding radical anion
intermediate of the NHPI ester. Upon decarboxylation, a carbon-centered radical can be released
from the radical anion intermediate with the removal of carbon dioxide and a phthalimidyl anion.
In the meantime, the PC™ cation can be reduced by an additional reductant (using Hantzsch ester
for example) resulting in the release of a radical cation and regeneration of the PC. Finally, a
hydrogen atom of the Hantzsch ester radical cation can be abstracted by the aforementioned
carbon-centered radical or its derivatives (for example, using an olefin as a radical trap) to obtain

the final product.

V|S|ble Ilght

EtO,C CO,Et

Photoredox II
Catalytic N
Cycle H

O )Ol\ § SET Et0,C._ - ~CO2Et
N-0" °R SET /v/ m

% )\ - Et0,C CO,Et H
T
N
[ 9 1 ragementa "
ragementation .
[ N—-O R —_—>» R Habstractlon—> \—\
[CO,] [-Phth] R
0
=\
-

Figure 4 Mechanistic pathway of Photoredox-catalyzed reductive cross-coupling reaction
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2.1.2.2 Cross-couplings via synergetic photoredox and metal catalysis (Mode B)

In this process, a tandem catalysis approach is applied (Figure 5). The generation of a carbon-
centered radical and PC" proceeds in the same way as detailed in Mode A. Afterwards, a low-
valent transition metal I can coordinate a nucleophile to form a metal complex II. Then PC* can
interact with this low-valent metal complex II via single-electron transfer, regenerating PC and an
oxidized M" complex III. The latter can trap the carbon-centered radical produced by the NHPI
ester, giving an M** complex IV. The M?* complex IV can consequently perform reductive
elimination, delivering the final product V and regenerating the low-valent transition metal I as

the precatalyst.

Nu”

T

 w, pC
o Nu—MLn MLn
Visible light I ' Nu
R
/ v
Photoredox Metal Reductive

*PC Catalytic SET Catalytic elimination

Cycle Cycle
P 0 \ R
|
CE:EN_ oJ\R — Nu—M*Ln Nu—M2*Ln

v
0 Y\ pC* “_ Radical 7

trapping
Q 0 —
)j\ fragementation _
[ NTOT R ] [-CO,] [-Phth]

Figure 5 Mechanistic pathway of cross-couplings via synergetic photoredox and metal catalysis.

2.1.2.3 Redox-neutral photocatalytic cross-coupling reactions (Mode C)

In this activation mode (Figure 6), the most important feature is that the overall reaction is
redox neutral. Upon irradiation of visible light, PC can be excited to PC*, the latter can then reduce

an NHPI ester to generate a carbon-center radical and PC". The PC" can further oxidize the carbon-
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center radical, forming a carbocation and regenerating the PC. Meanwhile, the carbocation can be

trapped by additional nucleophiles to deliver the desired products V.

2.1.2.4 Transition-metal catalyzed cross-coupling reactions (Mode D)

Instead of using photoredox-catalyzed modes to activate the NHPI ester, Mode D uses a low-
valent metal complex II, which is obtained via transmetalation of low-valent metal I with a
nucleophile. Complex II then interacts with an NHPI ester and after transferring an electron from
the low-valent metal complex II to an NHPI ester, M" complex III and a carbon-centered radical
can be generated. The M* complex can be oxidized by the radical to form an M*" complex IV.
Finally, the high-valent metal complex I'V performs reductive elimination to give the final product

V and liberate the pre-catalyst I for the next catalytic cycle (Figure 6).

N a R==Nu
Nu v
.
u // " \K
Photoredox
. MLn Metal R—M?*Ln
*PC Catalytic PC . |
Cyc‘I(e Nu Catalytic Nu
\ I Cycle v
o (=gt N o \ /
Phth\O R SET SET Phth\O)J\ SET SET
\\L pc* — R \\ I\Il’lluLn 7
. R==Nu .
fragementation ™ _. v o fragementation .
A g ~
[Phth\o ] [-CO,] [-Phth] Phth\o)]\R] [-CO,] [-Phth]
Mode C Mode D

Figure 6 Mode C: Mechanistic pathway of cross-couplings via synergetic photoredox and metal catalysis;
Mode D: Mechanistic pathway of transition-metal catalyzed cross-coupling reactions.
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2.1.3 Photoredox-catalyzed decarboxylative cross-coupling reactions

2.1.3.1 C(sp*)-C(sp?) bond formation

In 1991, Okada and co-workers reported that NHPI esters can act as alkyl radical precursors
via photoredox-catalyzed decarboxylation and undergo radical-mediated Michael addition to
electron-deficient olefins. The reaction proceeds in the presence of visible light, photocatalyst
[Ru(bpy)s]Cl2 (bpy=2,2'-bipyridine) and the hydrogen donor 1-benzyl-1,4-dihydronicotinamide
(BNAH) to deliver the desired products in moderate yields (Table 1, entry 1).[2%!

Consequent studies of NHPI esters as free radical precursors in cross-coupling reactions
stalled for two decades. In 2012, Overman and co-workers rediscovered the potential of NHPI
esters and applied NHPI ester 2.4 in constructing the key skeleton 2.6 of (-)-aplyviolene with o-
chlorocyclopentenone 2.5 under slightly modified Okada conditions (Table 1, entry 2).¢
Importantly, under Okada’s conditions, an unsatisfactory yield was obtained due to the formation
of byproducts via reduction and hydrolysis. Modified conditions using 1 mol% [Ru(bpy)3](BF4)2
as the photocatalyst, Hantzsch ester (1.5 equiv.) as the hydrogen donor, Hiinig’s base (iPr2EtN,
2.25 equiv.) as the reductive quencher, DCM as the solvent, under irradiation of blue LEDs, enable
the formation of 2.6 in 61% yield and with d.r. value >20:1.

Besides reductive decarboxylative coupling with electron-deficient olefins, Overman and
co-workers further expanded the strategy to vinylation and allylation with allylic and vinylic
halides, affording new quaternary carbon centers in moderate to good yields (Table 1, entry 3). It
is important to mention that even in the absence of the photocatalyst, the reaction still occurred
without diminished yields, but with a significantly slower reaction rate.*”]

In a similar fashion, Hu and co-workers reported a photoredox-catalyzed decarboxylative
allylation utilizing allyl sulfones as the allylating agent (Table 1, entry 4). The scope of this
methodology is broad and tolerant to a variety of primary, secondary, tertiary, and a-heteroatom-
substituted aliphatic acid-derived NHPI esters. Interestingly, the reaction can be conducted in both
aqueous solutions and organic solvents under mild conditions at a fast rate (complete reaction
within 30 min).[?%!

In 2016, Konig and co-workers reported a metal-free photoredox-catalyzed decarboxylative
alkylation of NHPI esters with electron-deficient alkenes. In the presence of organic photocatalyst

(OPC) eosin Y and green light (535 nm), NHPI esters can be reduced to give alkyl radicals that
are trapped by electron-deficient alkenes to forge new C(sp*)-C(sp*) bonds. Noteworthily, the
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NHPI esters are made from biomass-derived chemical compounds, including naturally abundant

amino acids, a-oxyacids, and fatty acids (Table 1, entry 5) which are available from renewable

I'GSOIJ.I'CCS.[29]

Table 1 Photoredox-catalyzed C(sp3)-C(sp3) bond formation.

Representative

Entry Conditions Product Mode
substrates
O o
[Ru(bpy)3]Cl2 (cat.) 0
1 o 21 Bu BNAH (1 equiv.) tBu A
+ THF/H:0 or /BuOH/H>0 -
/\n/ hv (> 460 nm) 23 Okada, 1991
68%
2.2
o
[Ru(bpy)3](BF4)2 (1mol%)
2 Hantzsch ester (1.5 equiv.) A
+ iProNEt (2.25 equiv.) [26]
COzMe DCM, blue LEDs Overman, 2012
TBSO~ 26
o 61% (d.r.>20:1)
Cl
2.5
9 o0
o) [Ru(bpy)3](PFs)2 (1 mol%)
Hantzsch ester (1.5 equiv.) COOMe A
3 27 iProNEt (2.2 equiv.)
+ DCM, RT, 29 Overman, 2015271
COOMe blue LED:s, 18 h 81%
Cl/\lr
2.8
9 0
O:(«N‘OJ\G [Ru(bpy)s](PFe)2 (1 mol%) TsN
Hantzsch ester (1.5 equiv.)
NTs
4 0 510 iProNEt (1 equiv.) COzBn A
+ HCO:H (1 equiv.) Hu. 20150281
\)J\ DCM, blue LEDs 212 ’
PhO,S COLE RT, 30 min 67%
2.1
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Eosin Y (10 mol%)
iPraNEt (2 equiv.)
DCM (dry), RT
535 nm, air, 18 h

NBoc

215
76%

A
Kénig, 2016/

[Ir(ppy)2dtbpy]PFs
(2.5 mol%)

H20 (25 equiv.)
MeCN, 5 W blue LEDs

Song, 2018030

RT,12h 218
* 78%
O/SiMe3 (from dehydrocholic acid)
)\Ph
217
1.5 equiv
QO o
[1r(ppy)edtbpy |PFs o=,
Y (2 mol%) C
219 TsOH-H20 (20 mol%) F
HO * MeCN, 5 W blue LEDs Pan, 201781
Z RT, Ar, 24 h 22
OH 77%
2.20
2 0
C0 >8s
0 [Ir(ppy)2dtbpy]PFs i
222 (1 mol%) N— C
H>0 (10 equiv.)

X
=¥

o]

pyridine (1.2 equiv.)
MeCN, RT, blue LEDs

@

2.24
75%

Xiao, 2018032

2.23
)
"0

o
2.22

+

Eosin Y (2 mol%)
TMEDA (1.5 equiv.)
DMF, CFL (15 W)
RT, 24 h

2.26
75%

C
Guo, 2018331
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FiC
, N 2pFs i
| B N/ a | t-Bu | S
u
QB ] <8
S |N\ X t-Bu X |
Z FiC
)3l(PFg)

[Ru(bpy)3l(PFe)2 [1rdF(CF3)ppy2](dtbpy)PFs [Ir(dtbbpy) (ppy)alPFe
(0] | H
N
SR aIN
N I EtO,C CO,Et
Bn
BNAH TMEDA Hantzsch ester

In 2018, Song and co-workers reported a photoredox-catalyzed decarboxylative alkylation
of NHPI esters with silyl enol ethers. This method enables the synthesis of a diverse set of
functionalized aryl alkyl ketones using NHPI esters as versatile alkyl radical source and tolerates
primary, secondary, and tertiary aliphatic acid-derived NHPI esters (Table 1, entry 6). Moreover,
the late-stage functionalization of natural products (the synthesis of 2.18 from 2.16 as
representative transformation) and drug molecules showcases the practicality of this method.[*"]

Cascade reactions can be designed to build complex molecules using NHPI esters as radical
precursors as well. Pan and co-workers developed a methodology via a tandem alkylation-
lactonization process, mediated by alkyl radicals generated from NHPI esters, towards the
synthesis of alkyl-substituted lactones in moderate to good yields (Table 1, entry 7). This method
tolerates a range of alkenoic acids and NHPI esters derived from primary, secondary, and tertiary
aliphatic carboxylic acids.®!! Meanwhile, Xiao and co-workers also documented a facile and
elegant cascade method to build various benzazepine derivatives from NHPI esters and
acrylamide-tethered styrene derivatives (Table 1, entry 8).3% Similarly, Guo and co-workers
reported a photoredox-catalyzed decarboxylative cyclization of NHPI esters with vinyl azides to

generate substituted phenanthridines (Table 1, entry 9).13

2.1.3.2 C(sp*)-C(sp?) bond formation

Natural a-amino acids and nitrogen-containing heterocycles are both readily available
building blocks to demonstrate diverse biological activities. Conjugating these attractive subunits

provide a great chance to discover bio-active molecules. In this regard, Fu and co-workers
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documented a novel method to introduce N-protected o-amino acids and peptides to
phenanthridine derivatives via radical addition (Table 2, entry 1).534

In a similar fashion, Fu and co-workers applied the merger of photoredox and phosphoric
acid catalysis in the alkylation reactions of diverse nitrogen heteroarenes using o-amino acid-
derived NHPI esters. Several examples utilizing dipeptide- and tripeptide-based NHPI esters were
demonstrated to undergo alkylation reactions at the C-terminus smoothly, producing potentially
bioactive molecules. Iridium-based photocatalyst (Ir cat.) with suitable redox potential and
phosphoric acid as an acid co-catalyst (PA cat.) are crucial components for the success of this
alkylation process (Table 2, entry 2).5]

Building on previous work, the Fu group has further developed a photoredox-catalyzed
Minisci-type alkylation approach. Such a method enables the use of primary, secondary, and
tertiary aliphatic carboxylic acid-based NHPI esters as versatile alkyl radical precursors for the
alkylation of nitrogen heteroarenes. A stoichiometric amount of Bronsted acid or catalytic amount
of Lewis acid was required to promote the reaction (Table 2, entry 3).13¢

Duan and co-workers recently documented a photoredox-catalyzed decarboxylative cross-
coupling of NHPI esters with cinnamic acids. This method allows for the couplings of a range of
NHPI esters and cinnamic acids, yielding substituted alkenes in moderate to good yields and good
stereoselectivity (the (E)-isomers dominate). Mild reaction conditions, ease of handling, and good
tolerance of functional groups are the most important features of this method. However, these
reactions require a stoichiometric amount of Lewis acid (Mg(ClO4)2) to activate the NHPI esters
(Table 2, entry 4).57]

Meanwhile, Xu, Zhang and co-workers reported a Ruthenium-based photoredox-catalyzed
and 1,4-diazabicyclo[2.2.2]octane (DABCO)-promoted cross-coupling of aliphatic acid-derived
NHPI esters and cinnamic acids, affording substituted alkene in decent yields and good
stereoselectivity (the (E)-isomers dominate). Apart from primary, secondary, and tertiary aliphatic
acid-derived NHPI esters, a-amino acids derivatives were also viable substrates to give the
corresponding allylic amines in high stereoselectivity (Table 2, entry 5).1%8]

Recently, Fu and co-workers documented a photoinduced palladium-catalyzed
decarboxylative Heck-type reaction between aliphatic NHPI esters and styrene derivatives. The
combination of Pd(PPh3),Cl> with 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene (Xantphos)

can catalyze the reaction upon irradiation of blue LEDs, thus affording the desired Heck products
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with high yields and stereoselectivity. A wide range of aliphatic acid-derived NHPI esters were
suitable substrates that can be activated via a single-electron transfer from the palladium complex

(Table 2, entry 6).5

Table 2  Photoredox-catalyzed C(sp*)-C(sp?) bond formation.

Representative .
Entry p Conditions Product Mode
substrates
0
9 Boc
N-OJ‘\LN)
NBoc
o) [R o N
u(bpy)s]Clz (1 mol%) z
213 iProNEt (0.4 equiv.) A | A
1 " K2COs (1.2 equiv.) O
NG DMEF, RT, 2 h Fu, 201634
O CFL (40 W) 2.28
O 95%
2.27
O 0
©;<KN_O NHBoc
0 NHBoc
[Ir(dF(CF3)ppy)2dtbpy]PFe O _
) N
2.29 (2 mol%) < C
2 PA cat. (10 mol%) O O
* DMA, blue LEDs (36 W) Fu, 2017051
Z N RT, Ar,3 h 2.31
I ™ 'l 85%
2.30
QO o
[Ir(dF(CF3)ppy)2dtbpy]PFe
o (2 mol%) /N C
3 232 TFA (2 equiv.) N=
+ DMA, blue LEDs (36 W) Fu, 201783¢]
= RT, Ar,6 h 2.34
N 90%
2.33
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9 0
[ ):«(N_ Okﬁ
\
o) Jac-1r(ppy)s (1 mol%)

4 2.35 Mg(ClO4)2 (2 equiv.) MeO C
NMP, CFL(23 W) 2.37 -
RT, N2, 36 h 5% Duan, 2017

Xx-COOH
/©/\/ (E/Z>99:1)
MeO

+

2.36
9O o0
[Ru(bpy)s]Cl2-6H20 N
o} A

(1 mol%)
5 222 DABCO (50 mol%)
+ DMA, blue LEDs (36 W) 2.39 Xuand Zane

xCOOH RT, 12 h 92%
©/\/ (E/Z=98:2)

2.38
QO o0
Q::N'OJ\O Pd(PPh3)2Cla (5 mol%) «
o) Xantphos (6 mol%)

K2COs (1.2 equiv.) B

H20 (1 equiv.) 1391
DMA, blue LEDs (36 W) 2.39 Fu, 2018

.
x RT, Ar, 24 h 96%
(E/2=99:1)
2.40

6 2.22

P
o
PPh;  PPhy

(PA cat.) Xantphos DABCO

2.1.3.3 C(sp*)-C(sp) bond formation
Photoredox-catalyzed cross-coupling reactions between aliphatic acid-derived NHPI esters
and alkynylation reagents have also been explored to construct C(sp®)-C(sp) bonds. In 2015, the

Chen group reported a photoredox-catalyzed reductive cross-coupling method between NHPI
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esters and alkynyl phenyl sulfones (for example, 2.42), delivering alkyl-, aryl-, and silyl-
substituted alkynes upon irradiation of blue LEDs at room temperature (Table 3, entry 1).140)
Alternatively, Fu and co-workers developed a synergetic photoredox and copper catalysis to
perform alkynylation of aliphatic acid-derived NHPI esters with aliphatic and aromatic terminal
alkynes. This method is highlighted by its mild reaction conditions, high efficiency and no addition
of additives or bases. However, the scope of the NHPI esters is limited to a-amino acid derivatives

(Table 3, entry 2).141

Table 3 Photoredox-catalyzed C(sp*)-C(sp) bond formation.

Representative

Entry Conditions Product Mode
substrates
9 0
0]
% [Ru(bpy)s](PFe)2 (1 mol%) \©\/0
iPr2NEt (2.0 equiv.) A
1 241 Hantzsch ester (1.5 equiv.) © | |
. OMe DCM, RT, N, 0.5 h Chen, 2015040
blue LEDs 243
76%
242
@] 0 I/
Cry=x~
(0]
[Ru(bpy)s]Cl (1 mol%) ~ [
5 2.44 Cul (10 mol%) N~ B
DCM, RT, Ar, 6 h
. » RT, Ar, Fu, 2017041
CFL (40 W) 246
C . 89%
2.45

2.1.3.4 C(sp*)-X (X=B, Se, S) bond formation
Although alkylboron compounds rarely exist in nature, they are an important class of
building blocks and are widely used in the synthesis of complexes and functional materials. In this
regard, the transformation of versatile aliphatic carboxylic acids to alkylboron compounds is of

great interest to synthetic chemists. In 2017, Li and co-workers developed an elegant photoredox-
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catalyzed decarboxylative borylation of aliphatic acid-derived NHPI esters in mild conditions. A
set of primary and secondary alkyl tetrafluoborates and boronates were synthesized in good yields.
The authors proposed a mechanistic pathway where the alkyl radicals derived from the
corresponding NHPI esters react with the base-activated diboron species to give the desired

organo-boron compounds (Table 4, entry 1).[4?

Table 4 Photoredox-catalyzed C(sp*)-X (X=B, Se, S) bond formation.

Representative

Entry Conditions Product Mode
substrates
Q9 o
©:‘<I<N_OJ\G KF3B
3
\ NCbz [Ir(ppy)2dtbpy]PFe \G
1 aar (1 mol%) NCbz A
- DMF, 12 h, then KHF .
. CFL (45 %I&lf) 2 2.49 Li, 201764
85%
Bo(OH)4
2.48
O 0
N-O )
)‘\O\JBOC Bpin
o Blue LEDs, DMA, 14 h \O\JBOC A
2 2.50 then pinacol, EtsN
2.52 Aggarwal, 2017143
* 91%
B,Cat,
2.51
[ R e
N-O COLM
E);é ZY€ [Ru(bpy)s](PFs): (1 mol%) N(Boc);
5 iPrNEt (2.5 equiv.) PhSe o e A
3 2.53 Hantzsch ester (1.5 equiv.) 2
. THEF/DCM, Ar, RT, 2.55 Fu, 20160+
5h, CFL (45 W) 82%
PhSeSePh
2.54
o)
? Eoc
N—O)KL) Eoc
Cs2C0s (1.5 equiv.)
SPh
4 0O DMF, Ar, RT L)’ A
2.13 .
. 48'%&745121 257 Fu, 20161
93%
PhSSPh
2.56
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Shortly after, Aggarwal and co-workers documented a conceptually similar photoredox-
catalyzed metal-free decarboxylative borylation of aliphatic acid-derived NHPI esters, using
bis(catecholato)diboron as the borylating reagent and N,N-dimethylacetamide (DMAc) as the
solvent under irradiation of blue LEDs, and performing at room temperature. After the completion
of the reaction, a simple work-up with pinacol and trimethylamine allows for the isolation of more
stable pinacol borates via ligand exchange. This method can tolerate a broad range of primary,
secondary, and tertiary aliphatic acid-derived NHPI esters as potential alkyl radical precursors
(Table 4, entry 2).[4]

Carbon—sulfur bond formation is of great importance in organic synthesis because sulfur-
containing compounds widely occur in natural products, bio-active molecules, and functional
materials. In 2016, Fu and co-workers demonstrated a photoredox-catalyzed decarboxylative
coupling strategy of using aliphatic acid-derived NHPI esters in the synthesis of chiral a-
selenoamino acid derivatives (Table 4, entry 3).[** Subsequentially, the same group developed a
visible light-promoted arylthiolation of aliphatic acid-derived NHPI esters with aryl thiols.
Notably, photocatalysts are not required in such transformations, and a wide range of aliphatic
acid-derived NHPI esters, including amino acid-derived NHPI esters, are compatible under the
standard conditions (Table 4, entry 3).14]

In 2017, Fu and co-workers reported an intramolecular decarboxylative C(sp*)-N bond cross-
coupling of NHPI esters.[*] Upon irradiation of blue LEDs, a solution of NHPI esters in the
presence of 10 mol % CuCN, 5 mol % 2,9-dimethyl-1,10-phenanthroline (neocuproine), and
15 mol % xantphos in 1,2-dichloroethane (DCE) at 5—10 °C can furnish the desired protected
amine in moderate to high yields (Figure 7). Control experiments underlined the importance of
light, CuCN, dmp, and xantphos for efficient C—N bond formation. Diverse functional groups were
tolerated including olefins, halides, ethers, ketones, carbamates, and thiophenes. This method
enables the transformation of primary (2.58, 2.59 and 2.62), secondary (2.60), and natural product-
derived NHPI esters (2.61 and 2.63) into protected amines, and representative examples are shown
in Figure 7. However, this method seems to be very sensitive to steric bulk, showing no
transformations of tertiary NHPI esters, and exhibiting sluggish transformations using sterically

bulkier primary NHPI esters as substrates.
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0 O 10 mol% CuCN 0O
>— 5 mol% neocuproine
N-O 15 mol% xantphos N=
0 DCE 0 neocuproine
5-10°C, 24 h '

=19, 2° alkyl groups 22 examples O
. . . 50-74% yield . 0

functional groups include: olefin, ether, aryl bromide, .
aryl iodide, alkyl fluoride, alkyl chloride, alkyl bromide, ' PPh, PPh,

ester, ketone, carbamate, thiophene xantphos

Representative examples

0O

o O S
0
2.58, 65%° 2.59, 50%° 2.60, 65% (60%)?
o 0
{ _ ©<<<N{®
O 2.61, 70% 0 2.63, 52%

from linoleic acid 2.62, 52% from cholic acid

Figure 7 Photoinduced intramolecular decarboxylative C(sp®)-N bond formation of NHP ester. *Catalyst
loading: 20 mol% CuCN, 10 mol% dmp, 30 mol % xantphos.

A proposed mechanism of this decarboxylative C(sp®)-N coupling transformation is shown
in Figure 8. Initially. the precatalyst Cu' complex 2.68 can absorb visible light, reaching its excited
state 2.69. The excited species Cu'* (2.69) has a higher reduction potential that can reduce the
NHPI ester to generate an alkyl radical and a Cu'(phthalimide) complex 2.70. Afterwards, the
alkyl radical can react, either through a rebound process or via a cross-coupling pathway, with
I

Cu'(phthalimide) complex 2.70, to obtain the desired product and regenerate the precatalyst Cu
complex 2.68.
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Mechanistic insights

(@] O>_)> (0] O>_\i> O O
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| blue LEDs (
standard standard SET
conditions conditions ~> 0
3

[LoCu']

0 0
_)> — 2.68
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[L,Cu'(Phth)] \

7 —/_// 7 p 0 2.70 CO,

N N @N_

0 0 % .

-«—— decarboxylation

2.66, 71% 2.67, 65%

Figure 8 Mechanistic studies on the photoinduced intramolecular decarboxylative C(sp®)-N bond
formation of NHP ester.

This approach nicely complements the classic Curtius rearrangement by avoiding the use of
toxic and explosive azide reagents, which provides a safe and effective alternative. However, the
limitations of intramolecular transformation and the inaccessibility of tertiary alkyl groups

underline the limitations of this method.

2.1.4 Transition metal-catalyzed decarboxylative cross-coupling reactions

In 2016, the groups of Baran and Weix independently reported transition metal-catalyzed
decarboxylative cross-couplings of NHPI esters without the use of photoredox catalysis. Since
then, great progress has been made in the field of transition metal-catalyzed decarboxylative cross-
coupling reactions using NHPI esters as versatile electrophiles. In this section, all these
developments will be classified and described in detail according to the nature of bond formation,
including 1. C(sp?)-C(sp?) bond formation; 2. C(sp*)-C(sp®) bond formation; 3. C(sp*)-C(sp) bond
formation; 4. C(sp*)-X (X=B, Si) bond formation.
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2.1.4.1 C(sp*)-C(sp?) bond formation

In 2016, Baran and co-workers developed a nickel catalyzed reductive decarboxylative
cross-coupling reaction between aliphatic acid-derived NHPI esters and aryl zinc reagents to forge
C(sp®)-C(sp?) bonds. Aliphatic acid-derived NHPI esters derived from aliphatic carboxylic acids
were used as alkyl halide surrogates in this transformation because of their earth-abundant,
nontoxic, and inexpensive nature. The reactions were conducted under mild conditions and
presented good functional group tolerance (Table 5, entry 1).[47]

Meanwhile, Weix and co-workers reported the use of nickel as a catalyst and zinc powder
as a reducing agent in cross-electrophile coupling reactions between aliphatic acid-derived NHPI
esters and aryl iodides to construct C(sp®)-C(sp?) bonds. In contrast to Baran's work using aryl zinc
reagents, Weix's method uses aryl iodide and zinc powder. The former tolerates only secondary
radicals, while the latter can tolerate more types of radical precursors, including methyl, primary
and secondary radicals (Table 5, entry 2).148]

Following the establishment of C(sp®)-C(sp?) bonds by nickel-catalyzed cross-coupling
reactions, the Baran group extended this concept to reaction conditions very similar iron-catalyzed
cross-coupling reactions. Compared to the nickel-catalyzed strategy, iron catalysis exhibits several
advantages: 1. Lower catalyst loading and shorter reaction times are required; 2. The iron catalysis
can tolerate a wide range of aliphatic acid-derived NHPI esters, including primary, secondary and
tertiary, whereas nickel catalysis is applicable only to secondary NHPI esters; 3. Iron catalysis can
be used for in situ prepared (activation with HATU or HBTU) and isolated (NHPI esters) redox-
active esters, and both scenarios proceeded smoothly; 4. The iron-catalyzed strategy can even
tolerate highly nucleophilic arylmagnesium reagents, which is attributed to the fast kinetic profile
of this transformation (Table 5, entry 3).14°]

Shortly after, the group of Baran replaced the sensitive aryl-zinc organometallic reagents
with bench-stable arylboronic acids. By applying the concept of Suzuki-type cross-coupling, a
decarboxylative cross-coupling of primary and secondary aliphatic acid-derived N-
hydroxytetrachlorophthalimide (TCNHPI) esters with arylboronic acid was reported. Interestingly,
this transformation is only effective for more reactive TCNHPI esters, whereas simple
unsubstituted NHPI esters were either shown to be less effective or did not work at all (Table 5,

entry 4).50
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In a following study, the same group applied the nickel-catalyzed system to couple aliphatic
acid-derived NHPI esters with alkenyl Grignard reagents. This Negishi-type cross-coupling
enables the formation of versatile C(sp®)-C(sp?) bonds. This strategy is viable to a wide range of
substrates, including primary, secondary, and tertiary carboxylic acid-derived TCNHPI esters,
enabling the synthesis of a diverse set of olefins—from mono-substituted to fully substituted ones—
with exquisite control of olefin geometry. The authors also showcased late-stage olefinations of
several natural products and drug molecules (Table 5, entry 5).5!

Reisman and co-workers reported the first Ni-catalyzed asymmetric cross-coupling between
aliphatic NHPI esters and (F£)-vinyl bromides. The reaction was carried out under mild conditions
in the presence of nickel-indaBOX derived chiral catalyst 2.87 and tetrakis-(N,N-
dimethylamino)ethylene (TDAE) as a terminal organic reductant. The presented methodology
tolerates multiple functional groups and gives the desire products in good yields and with high

enantioselectivity (Table 5, entry 6).1°%

Table 5 Transition metal-catalyzed C(sp*)-C(sp?) bond formation.

Representative ..
Entry P Conditions Product Mode
substrates
O o
(e} (:k(\/\
NiClz2:6H20 (20 mol%)
2.7
1 dtbpy (40 mol%) D
+ THE/DMF, RT, 16 h Baran, 2016147!
7nCl 2.73
©/ 92%
2.72
[ Sk
° Ni(dtbpy)Br2 (10 mol%) ©\)<
1(dtbpy)Br2 mol”
2 274 Zn powder (2.0 equiv.) D
+ DMA, RT, 20 h 2.76 Weix, 201648
©/| 60%
2.75
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e

Fe(acac)s (10 mol%)

“o

2.22
dppBz (12 mol%) D
+ THF, RT, 1 h 278 Baran, 20161
©/2n© 78%
2.77
2 o
N—O
J\©<F Br
e} F NiClz2:6H20 (20 mol%)
2.79 dtbpy (20 mol%) F D
Et3N (10.0 equiv.) F
+ 1,4-dioxane/DMF Baran. 20165
B(OH), 75°C, 12 h 2.81 '
o
Br
2.80
Cl 0
Cl 0
N-O
Cl NTs
c © Ni(acac)2-xH20
2.82 (10 mol%) NTs D
. dtbpy (10 mol%) Baran, 2017011
THF/DMF, RT 2.84
CIZn\© 80%
2.83
9 o
Q:EN‘O e
0 2.87 (NiL*, 10 mol%) N
TDAE (3.0 equiv.)
2.85
Nal (0.5 equiv.) MeO . D (52]
+ TMSBr (1.0 equiv.) 2.88 Reisman, 2017
x_Br DMA, -7°C, N2, 16 h 80%
/©/\/ (96% ee)
MeO
2.86
O O,
o
= = - \n/N\ S N\Ni’N
\_/ N7 Ph,F  PPh, o B 'Br
NiL*
dtbpy dppBz 2.87
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2.1.4.2 C(sp*)-C(sp?) bond formation

Table 6 Transition metal-catalyzed C(sp*)-C(sp?) bond formation.

Representative ..
Entry p Conditions Product Mode
substrates

Cl 0

Cl 9

age
Cl \ NTs NiClz-glyme (20 mol%) (\j/\
1 cl 2,2>-bibpy (40 mol%) TsN D

2.82

+

~Zn_-

2.89

THF/DMF, RT, N2

2.90
91%

Baran, 20170531

O o
2 NTs
o

2.10

PhSiH3 (3 equiv.)
NiCl2-6H20 (10 mol%)
dtbpy (20 mol%)
THF/DMEF/iPrOH
40°C,1h

H
TSO

2.91
1%

D
Baran, 201704

O o
N—O
NTs
(0]

Ni(ClO4)2-6H20 (20 mol%)
Zn (2 equiv.), LiCl (3

Me
TsN COOEt

D

2.92 :
3 + MeCi(I],ull{Yl;? 12h 2.94 Baran, 2017134
Me 79%
}\cooa
2.93
0
N—OJ\O
Ni(PPhs3)Cl2 (10 mol%)
0o dtbpy (15 mol%)
4 2.22 Mg(OAc)2:4H20 (3 equiv.) D
N polymethylhydrosiloxane Fu, 2016[53
DMA, 40°C,3 h 2.96

2.95

81%

In 2016, Baran and co-workers documented a decarboxylative cross-coupling of alkyl NHPI

esters with primary and secondary dialkylzinc reagents in the presence of an inexpensive nickel

catalyst to build C(sp®)-C(sp®) bonds (Table 6, entry 1). This reaction is robust, site-specific, and

proceeds under mild conditions, providing a broad scope that covers primary, secondary, and

tertiary aliphatic acid-derived NHPI esters. More importantly, this method allows the late-stage
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functionalization of a broad range of natural products and drugs, showcasing its potential in drug
discovery.l**!

Shortly after, the concept was expanded again by the Baran group to realize a Barton-type
decarboxylative cross-coupling and a Giese-type addition reaction (Table 6, entries 2-3). These
two reactions were conducted under mild conditions using NiCl2-6H>O/dtbpy as the catalyst and
zinc as the reductant, in the presence of either a hydrogen atom source or an electron-deficient
olefin, leading to the desired products in moderate to good yields.>*!

Olefins and carboxylic acids are among the most accessible feedstock compounds. They are
ubiquitous in both natural products and drug molecules. In 2016, Fu and co-workers developed a
novel and elegant nickel-catalyzed decarboxylative hydroalkylation of olefins (Table 6, entry 4).
This reaction provided a practical strategy to form C(sp>)-C(sp®) bonds of alkyl NHPI esters with
inactivated olefins. This method has an excellent functional group tolerance and exhibits good
chemo- and regioselectivity. Notably, a stoichiometric amount of Mg(OAc)2:4H>0 (3 equiv.) is

required.>’!

2.1.4.3 C(sp*)-C(sp) bond formation

Recently, Baran's group has succeeded in extending its strategy, using metal (Ni or Fe)
catalyzed decarboxylative cross-couplings of NHPI esters, to the synthesis of alkylated alkynes
(Table 7, entries 1-2).1°%) Accordingly, by using highly activated TCNHPI esters, via nickel
catalysis or iron catalysis, terminal alkynes or internal alkynes were afforded in the presence of
ethynylzinc reagents or alkynylmagnesium compounds, respectively. Similar to previous cross-
couplings of NHPI esters, the authors evidenced that this alkynylation reaction proceeds via a free
radical pathway. At present, the differences in reactivity between nickel and iron catalysis remain
ambiguous and require further in-depth investigations. Nevertheless, as the authors presented, both
protocols are simple to operate and have a broad scope.

In parallel with Baran's report, Weix and co-workers developed a nickel-catalyzed
decarboxylative cross-coupling of aliphatic NHPI esters with bromoalkynes to afford terminal and
internal alkynes (Table 7, entry 3).°7] This cross-electrophilic coupling allows the simple and
straightforward synthesis of a wide range of alkynes in satisfactory yields. Importantly, the
addition of manganese as a reducing agent and lithium bromide as an additive is essential to inhibit

the formation of the undesired diyne products. Based on preliminary mechanistic studies, the
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authors ruled out the possibility of any alkynylmanganese intermediates, and provided evidence to

support the nickel catalytic pathway.

Table 7 Transition metal-catalyzed C(sp*)-C(sp) bond formation.

Representative

Entry Conditions Product Mode
substrates
c o
cl o
N-O
ol J\Ows Z
o O NiClo-6H20 (20 mol%)
1 dtbpy (20 mol%) TsN D
2.82 THF/DMF, RT, 12 h Baran, 2017056]
N 2.98
82%
ZnCl
=
2.97
Cl o)
cl 2
oIS
cl Me = Me
a O FeBra-H20 (20 mol%) ph/\/
) 2.99 dtbpy (20 mol%) Me D
THEF/NMP, -15 °C, 15 min Baran, 201705
* 2.101
ZnCl 57%
/ ’
Me
2.100
{ Rk
Ni(dme)Br2 (10 mol%) TIPS
o dtbpy (10 mol%) \)<
3 2.74 Mn (2.0 equiv.) D
. LiBr (1.0 equiv.) 2103 Weix, 2017571
NMP, RT, overnight 89%
Br
TIPS
2.102

2.1.4.4 C(sp*)-X (B, Si) bond formation
To further demonstrate the robustness of nickel-catalyzed decarboxylative cross-coupling of
NHPI esters, Baran and co-workers developed an elegant and scalable nickel-catalyzed
decarboxylative borylation of NHPI esters that can transform ubiquitous aliphatic carboxylic acids

into their corresponding boronic esters (Table 8, entry 1).°% By employing an inexpensive nickel
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catalyst together with a dimethoxy-substituted bipyridine ligand in the presence of Bzpinz 2.105
(Bpin=pinacol boronate) under mild conditions, a series of aliphatic carboxylic acid-derived NHPI
esters successfully coupled with Bopin, to provide the corresponding boronic esters in moderate to
good yields (see 2.106 as an example). Notably, the premixing of methyllithium with Bopin, was
crucial to activate the diboron moiety for transmetalation. Moreover, this method found
applications in the direct synthesis of a range of borates that would otherwise require multiple

steps, including the functionalization of natural products and drugs.

Table 8 Transition metal-catalyzed C(sp*)-X (B, Si) bond formation.

Representative ..
Entry p Conditions Product Mode
substrates

O o

- O)khph
NiCl2-6H20 (10 mol%) Bpin Ph
o di-OMebpy (13 mol%) j/\ D
1 2.104 MgBr3-Et20 (1.5 equiv.) 581
MeLi (3.0 equiv.) 2.106 Baran, 2017
* THF/DMF, 0 °C-RT, 2 h 67%
B,pin,
2.105
S 0
OO
o]
229 CuTC (10 mol%)
) dtbpy/CysP (10 mol%) O—sa\— D
+ NaOEt (1.0 equiv.) Oestreich, 2017159
THF/NMP, RT 2108
91%
Bpin—Si—

P \

2.107

Recently, the Oestreich group has successfully explored a copper-catalyzed decarboxylative
silylation reaction of NHPI esters with a Si-B reagent (Table 8, entry 2).°%! Interestingly, this is
the first example where NHPI esters can be activated and used as electrophiles in copper catalysis.
A diverse set of primary and secondary aliphatic carboxylic acid-derived NHPI esters were
smoothly silylated in good yields (see 2.108 as an example). Although an adamantyl-substituted
silane was afforded from 1-adamantane carboxylic acid in moderate yields (40%), other tertiary

alkyl NHPI esters were coupled sluggishly probably due to the steric hindrance. Using this method,
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a-silylated amines can be synthesized in one step from the corresponding o-amino acids.
Supported by the radical clock and radical trapping experiments, the authors showed that the

reaction follows a radical pathway.

2.1.5 Conclusion and outlook

In this section, we have detailed the progress made in the field of cross-coupling reactions
using NHPI esters as surrogates for alkyl halides since their initial discovery. Decarboxylative
cross-coupling reactions employing NHPI esters have been applied to achieve a variety of
previously unattainable transformations. These new methodologies have been widely used in the
late-stage functionalization and construction of natural products and drugs. They have not only
provided a shortcut to known molecules, but more importantly, paved the way for the discovery
of new chemical transformations. Despite these advances and achievements, there are still more
challenges and opportunities to be explored. Future research into reaction mechanisms should lead
to more in-depth studies to advance the field's rapid development. In the meantime, we can also
expect the development of a series of asymmetric cross-coupling reactions involving NHPI esters.
As such, we anticipate that the field of using NHPI esters as versatile coupling partners will
continue to grow at a remarkable pace, providing the synthetic organic community with new

synthetic tools for streamlined access to high value-added products.
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2.2 The merger of photoredox and copper catalysis

2.2.1 Introduction

The scientific and societal impact of transition metal catalysis has long been recognized. The
Nobel Prizes awarded in 2001 (to Knowles, Noyori, and Sharpless for the development of
asymmetric catalytic synthesis),[®”) 2005 (to Chauvin, Grubbs, and Schrock for the development
of the metathesis method in organic synthesis),'*!! and 2010 (to Heck, Negishi, and Suzuki for
palladium-catalyzed cross couplings in organic synthesis)®?! are cases in point. Although these
studies span more than 40 years, they all share a common feature: applying simple and readily
available raw materials to construct high value-added molecules. More importantly, transition
metal catalysis provides new modes of chemical activation, allowing bond-forming or bond-
breaking pathways that were hitherto unimaginable in the synthetic organic community. This
remarkable capability makes transition metal catalysis invaluable for organic synthesis and, more
broadly, for the production of organic molecules to benefit society.

The success of these transition metal-catalyzed transformations typically relies on transition
metal catalysts to activate the electrophiles (for example haloarenes) via an oxidative addition step,
followed by a reductive elimination step to construct the desired bonds. This paradigm is well
exemplified especially in modern palladium and nickel catalysis. For more than 40 years,
palladium and nickel catalysts have been designed to make these steps (oxidative addition and
reduction elimination) universally effective, leading to significant developments in building
carbon-carbon, carbon-nitrogen, carbon-sulfur, and carbon-oxygen bonds. % ¢3!

In contrast, the diverse use of copper catalysts in cross-coupling chemistry has been far less
successful than that of palladium or nickel catalysts, despite the potential economic and operational
advantages of copper catalysts. The disadvantage of copper catalysis is mainly due to the relatively
low rate of its oxidative addition step, which is usually the rate-determining step for this type of
catalysis (Figure 9).184%) As such, the most widely used copper-catalyzed cross-coupling reactions
have been limited to transmetalling reagents such as organoboronic acids, primarily to bypass the
challenge of oxidative addition.l®”) Nevertheless, copper catalysis also has very distinct advantages.
The biggest advantage is that for most coupling partners, reductive elimination from the
corresponding high-valent copper complexes is facile and robust.[®! For example, it is known that

copper-catalyzed reductive elimination to build C-X bonds (X = highly electronegative atoms or
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groups, such as F and CF3) is more advantageous and faster than that of Pd and Ni (Figure 9).[67
69-701 Therefore, if a novel copper-catalyzed mode can be developed such that it can not only bypass
or overcome the difficulties of the challenging oxidative addition step but also fully exploit the
advantages of copper catalysis, it would be of great value for the development of synthetic organic
chemistry. At the same time, such an approach could significantly enhance the scope and

practicality of copper-catalyzed cross-coupling reactions.

reductive elimination

X oxidative addition . Ar R
©/ ol - O/
L R
electrophiles coupled products
sluggish Cu facile
e Generally slower than Pd or Ni e Scope complementary to Pd or Ni
° typically rate-determining step ¢ often superior for challenging bonds formation

Figure 9 Advantages and disadvantages of copper catalysis compared to palladium and nickel catalysis
in cross-coupling reactions.

Notably, no matter which transition metal catalysis is studied, three fundamental aspects of

the catalyst have consistently been the focus of attention: ligand design, manipulation of available
oxidation states, and electronic excitation. It is also true for copper catalysis, wherein diverse

[67

ligands have been developed to enhance the reactivity of copper catalysis.[”! Electronic excitation

has also been investigated to overcome the harsh operating conditions of some traditional non-
light-mediated copper-catalyzed reactions.[’!-"?]

In the prior decade, photoredox catalysis has shown its superior performance in obtaining
high-energy oxidative and electronic excited states of transition metal complexes. This catalytic
approach, terms as metallophotocatalysis, offers new mechanistic paradigms and provides access

[73] This mode of catalysis is of tremendous help to conventional transition

to elusive reactivity.
metal catalysis, in particular, copper catalysis. Indeed, the merger of photoredox and copper
catalysis has recently emerged as an efficient dual catalytic system for cross-coupling reactions.”¥
In this section, we focus on the advances in the merger of photoredox and copper catalysis. Before

that, a brief photoredox catalysis tutorial is necessary.
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2.2.2 Photoredox catalysis tutorial

Over the past century, photocatalysis has contributed significantly to the advance of synthetic
organic chemistry, developing a range of transformations that were previously unattainable.
Broadly speaking, photocatalysis refers to the conversion of photon energy into usable chemical
energy, with common pathways including energy transfer and single electron transfer (SET).
Recently, the rapid development of photoredox catalysis has received increasing attention and has
been applied to a range of transformations.[”>7#! In this mode of catalysis, a light-absorbing catalyst,
when excited, can either accept or provide an electron from an organic or organometallic substrate.
This single-electron transfer process both facilitates the acquisition of highly reactive radical
species under mild conditions and effectively "activates" other catalysts, which are unable to
function in the absence of photocatalysts and visible light.

Interestingly, the most commonly used photocatalysts in organic synthesis were originally

(79 carbon dioxide

developed more than half a century ago for applications such as water splitting,
reduction,®” and new solar cell materials.®!] Although there were some early reports
demonstrating the use of photoredox catalysis to forge organic bonds, this mode of catalysis has
only recently become widely used. Seminal reports by the groups of MacMillan,® Yoon, %3
Stephenson'®* and others helped initiate interest in the field of organic photoredox catalysis. Since
then, many research groups have reported on the application of photoredox catalysis in synthetic
organic chemistry over the past decade. A search of the Web of Science database for the keywords
"photoredox catalysis" (and derivatives) has resulted in our conservative estimate of over 700
published articles on this topic to date.[”’!

The key discovery in the field of photoredox catalysis was the realization that metal-
polypyridyl complexes and organic dyes have unique electronic properties in their excited states.
Irradiation with low-energy visible light (wavelengths that are not absorbed by common organic
molecules) can selectively excite these catalytic chromophores to their excited states. For
commonly used metal-polypyridyl complexes, absorption corresponds to a metal-to-ligand charge
transfer (MLCT) event in which an electron is promoted from a non-bonding metal-centered
orbital to ligand-centered LUMO of the ligand framework (Figure 10). A subsequent intersystem
crossing (ISC) may lead to the formation of long-lived triplet excited states. In this configuration,
the catalyst possesses a high-energy electron in the ligand-centered LUMO and a low-energy hole

in the metal-centered HOMO. Thus, these excited-state catalysts are both reducing and oxidizing,

35



Chapter 2

and this unusual electronic property provides a powerful tool for developing new reactions. Indeed,
the excited state can simply donate a high-energy electron from the ligand n* orbital (functioning
as a reducing agent) or accept an electron into a low-energy metal-center hole (functioning as an
oxidizing agent) (Figure 10). The resulting reduced or oxidized catalyst retains a strong
thermodynamic drive to return to its original oxidation state. As a consequence, a second electron-
transfer event can occur, allowing for a redox-neutral transformation (Figure 10). Importantly,
there is a clear relationship between the photocatalyst's structural characteristics and its redox
properties, and these catalysts can be rationally designed by modifying the ligand framework and

the metal center.[®!

— oxidant (E,;"""'= -2.19 v) ﬁ

Eq VM= 473V
> T

reductant

, =t

Ll

Ir(ppy) 3 %ﬂ ISC

¢ Maximum absorption at 375 nm

® Single-electron-transfer catalyst / oxidant -

* Effective excited-state oxidant and reductant n* 4

* Triplet energy of 56 kcal/mol Eqp"= 4031V

® Long-lived excited state (1900 ns) %ﬂ
L reductant (£,,"""V=0.77 V) 4

Figure 10 Key features of a representative photoredox catalyst. All potentials are given in volts versus the
saturated calomel electrode (SCE). Measurements were performed in acetonitrile at room temperature
unless otherwise noted. MLCT, metal-to-ligand charge transfer; ISC, intersystem crossing; ppy, 2-
phenylpyridine.

Photoredox catalysis provides a unique reaction mode in which the oxidation and reduction
of organic molecules and organometallic metals can occur simultaneously. This duality contrasts

with conventional redox reactions, which are typically singly neutral, oxidative or reductive
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processes. Thanks to rapid electron transfer and the facile generation of high-energy intermediates,
photoredox catalysis can achieve previously unattainable transformations. Another major
advantage of photoredox catalysis is the continuous generation of excited-state catalysts. Thus,
fruitless electron transfer events or quenching pathways may not lead to lower yields because the
photocatalyst can be re-excited at the sole expense of the quantum yield of the reaction (the ratio

of photons absorbed per reaction turnover).

2.2.3 Recent advances in the merger of photoredox and copper catalysis

2.2.3.1 Co-operative photoredox-copper catalysis: capturing radicals with copper

/—<
Nu—Cu'Ln Cu'ln
[ ! Nu
\R
\/ Lo
Copper Reductive
SET Catalytic elimination
Photoredox Cycle /
Catalytic Cycle
R™-X
— 'IQ
SEl) Nu—Cu''Ln Nu—Cu"Ln
1] v
\ Radical /

trapping

l R'-X ]_ /j( > m'j

Figure 11 A general mechanistic pathway of co-operative photoredox-copper catalysis: capturing radical
with copper.

Recently, the combination of copper(I) or copper(Il) salts with conventional Ir-based, Ru-
based, or organic photocatalysts has shown striking advantages in synthetic organic chemistry. In
particular, due to the persistent radical effect (PRE) exhibited by copper, organic radical
intermediates generated by photoredox catalysis can be efficiently captured and thus stabilized by
the metal center. The resulting organocopper intermediates show diverse reactivities, enabling a
range of follow-up chemistry. The mechanistic paradigm includes the following generic steps
(Figure 11, in no particular order): (1) a photocatalyst, upon excitation, aids to generate a radical

species (R!-) by single-electron reduction of an electrophile; (2) the anionic ligand (Nu’) replaces
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one of the reaction counterparts to form complex II or in some cases Transmetalation (Figure 11);
(3) the oxidized photocatalyst oxidizes the complex II, via single-electron transfer, to complex IIT
(Figure 11); (4) complex III can trap the radical species (R'-) and forms the highly reactive Cu'™!
species IV; (5) reductive elimination of IV occurs to generate the desired products and regenerate
the initial Cu' species I. Notably, the carbophilic nature of copper enables the acquisition of various
Cu-C species, such as Cu-aryl and Cu-alkyl, which lays the groundwork for efficient building of
various important bonds, such as C(sp?)-C(sp?), C(sp?)-C(sp?), C(sp’)- C(sp) and C(sp>)-C(sp?)
bonds.

In a seminal study published in 2012, Sanford and co-workers laid the groundwork for the
combined use of copper and photoredox catalysis.[® Inspired by their previously developed
photoredox and palladium-catalyzed dual catalytic systems,®*! this time they have successfully
and elegantly applied similar ideas to the development of a synergistic photoredox and copper-
catalyzed perfluoroalkylation method. Selective perfluoroalkylation strategies are highly desirable
because the modification of drug-like molecules with such functional groups often exhibits more
excellent metabolic stability. In this regard, this methodology provides a mild and general
approach for the coupling between perfluoroalkyl iodides and arylboronic acids. In the proposed
mechanism, the photoexcitation of Ru(bpy);** to Ru(bpy)s;>** is followed by a single-electron
reduction by Cu' species to produce Ru(bpy)** and Cu species. Reduction of CF3I by Ru(bpy)s”
gives CF3- radical 2.112 (Table 9, entry 1), I and Ru(bpy)s;**. Then, CFs- radical (2.112) can be
trapped by Cu'' species to produce the Cu(CF3) intermediate. Subsequent base-promoted
transmetalation between Cu(CF3) complex and arylboronic acid would produce Cu"(aryl)(CF3)
intermediate, which can undergo reductive elimination efficiently to furnish the desired
trifluoromethylated products, liberating the precatalyst Cu' and closing the catalytic cycle.

In 2016, Liu and co-workers documented a synergetic copper and photoredox-catalyzed
decarboxylative difluoroalkylation of a,B-unsaturated carboxylic acids with iododifluoroacetate,

(87) This protocol

enabling the introduction of difluoroalkyl groups into substituted cinnamic acids.
is applicable to a wide range of substituted cinnamic acids and provides a method for the efficient
preparation of difluoroalkylated alkenes (Table 9, entry 2).

Enantioselective cross-coupling can be achieved by using chiral ligands in the synergistic
Cu/photoredox catalysis system. In 2017, Liu and co-workers reported an enantioselective

decarboxylative cyanation using this system.!®® The secondary benzylic NHPI ester was used
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together with trimethylsilyl cyanide (TMSCN) to generate benzyl nitriles in the presence of
[Ir(ppy)3] (0.5 mol%), CuBr (1 mol%) and chiral In-BOX 2.119 (1.2 mol%) ligand (Table 9, entry
3). The key step is the combination of the radical that is obtained from an NHPI ester via
photoreduction, with the chiral L*Cu"CN complex. The latter originates from the L*Cu'CN

complex through photooxidation. Reductive elimination from the resulting Cu'™

species can
furnish the products in good yields and with excellent enantioselectivities. Inspired by this work,
in 2018, Mei, Han and co-workers expanded this strategy to achieve enantioselective

bifunctionalization-cyanoalkylation of olefins using chiral ligand In-BOX 2.125 (Table 9, entry 4).

Table 9 Cooperative photoredox and copper dual catalysis: capturing radical with copper.

Representative Radical
Entry p Conditions Product species Contributor(s)
substrates
generated
B(OH),
[Ru(bpy)3]Cl2-6H20 CF,
(1 mol%) 1
[ U
1 2109 CuOAc (20 mol%) FONF Sanford, 201215
. K2COs (1.0 equiv.) 2111
DMF, 60 °C, 12 h - 2112
I=CF; 26 W light bulb
2,110
i bpy)s]Cl
[Ru(bpy)3]Cl2-6H20
/©/\)LOH (2 mol%) ~CF2COsE 1
[Cu(MeCN)4]PFs /@N N
2 2.113 (10 mol%) FNLCORE Liu, 2016157
. EtsN (1.5 equiv.) 2.115 2.116
o (00-
I—CF,CO,Et DCM, Ar, RT 90% (99:1)
blue LEDs, 12 h
2114
TMS—CN
2117 CN
. Ir(ppy)s (0.5 mol%) H
CuBr (1 mol%) {
3 o In-BOX 2(.)119 Liu, 2017[88]
o (1.2 mol%) 2120
N DMEF/p-xylene (4/6) 93% yield 2121
e} 5 Ar, blue LEDs, 24 h 96% ee
2.118
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4

+
O
o
N\O)KO
o

Ir(ppy)s (0.5 mol%) H
CuBr (1 mol%)
In-BOX 2.125

(1.2 mol%)
NMP/PhCI (4/6) blue
LEDs, 24 h

Br
2.126
72% yield
94% ee

2.127

Mei and Han,
2018039

[Ir(dFMeppy)2(4,4’-dCF3bpy)|PFs

(MesSi)2SiOH 2.131 (1.5 equiv.),

2.130 (0.125 mol%),
CuBr2-2LiBr (20 mol%),

Cl

2.132

K3PO4 (4.0 equiv.), 96%

acetone, 35 °C, blue LEDs, 24 h

Cl
2133

1
/\"F
F F

2112

MacMillan,
20170901

[Ir(dF(CF3)ppy)2(4,4’-dCF3bpy)]PFs

2.136 (0.125 mol%),
CuCN (20 mol%),
Bphen (30 mol%
BTMG (0.5 equiv.) E
EtOAc, H20 F
blue LEDs, 6 h 2.137

2.138

MacMillan,
201701

O
v

%

In-BOX
2125

F

HaC N
2.130
[IrdFMeppy)2(4,4'-dCF 3bpy)]PFe

3

Bphen

[Ir(dF(CF3)ppy)2(4,4'-dCF 3bpy)]PF e

NN/l N
S0 >

\/
Si—

N/
—/Si'Si\—OH
S‘_

N\

2131

tris(trimethylsilyl)silanol

BTMG
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As mentioned earlier, while high-valent Cu'"

species can undergo facile reductive
elimination, the oxidative addition of C(sp?)-halogen bonds to low-valent Cu' species was a long-
standing problem in copper chemistry, hindering the widespread use of Cu as an efficient cross-
coupling catalyst. In 2018, MacMillan and co-workers proposed a solution to this issue by
combining Ir-based photocatalyst with a copper catalyst in the presence of
tris(trimethylsilyl)silanol  2.131, which can successfully couple aryl bromides with
trifluoromethylating agents 2.219 (Table 9, entry 5)°. This transformation is an overall redox-
neutral process. In their proposed mechanism, upon irradiation with visible light, the excited
photocatalyst can oxidize tris(trimethylsilyl)silanol to generate a reactive silyl radical and a
reduced photocatalyst. The former can abstract the bromine from an aryl bromide to generate an
aryl radical, while the Ilatter can reduce the trifluoromethylating reagent to generate a
trifluvoromethyl radical. Thereafter, the Cu' complex can capture the aforementioned
trifluoromethyl radical and aryl radical in turn to form a highly reactive ArCuCF; complex,
which enables facile reductive elimination to deliver the desired trifluoromethylated arenes in
excellent yields.

Given the importance of trifluoromethylated compounds, in 2018, MacMillan and co-
workers reported a decarboxylative trifluoromethylation of aliphatic carboxylic acids using dual
photoredox and copper catalysis (Table 9, entry 6).°!] According to their proposed mechanism,
initially, the free carboxylic acid would coordinate a Cu'! catalyst to form a Cu'-carboxylate

1T

complex, this complex can be oxidized to the corresponding Cu'"-carboxylate complex via

1%

photooxidation by excited photocatalyst Ir"*. Subsequent carbon dioxide extrusion and

I

recombination of an alkyl radical with the Cu" catalyst would generate an Cu'-alkyl intermediate,

1 and generate a Cu'-alkyl intermediate.

which would oxidize Ir'" to ground state photocatalyst Ir
This intermediate would react with the Togni reagent 3,3-dimethyl-1-(trifluoromethyl)-1,2-
benzoiodoxole 2.135 to provide the target alkyl-CF3 product in good yield and regenerate the Cu'"

catalyst to close one catalytic cycle.

2.2.3.2 Miscellaneous roles of copper in metallaphotocatalysis

In addition to capturing radicals, copper can also play a variety of roles to enrich the field of

metallaphotocatalysis. For example, in 2017, Nicewicz and co-workers reported a regioselective

[93]

halogenation of unsaturated carboxylic acids. This transformation begins with the
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photooxidation of an olefin by an acridinium photocatalyst. The resulting carbon radical cations
can trigger an intramolecular ring closure via nucleophilic substitution by the carboxylic acid
group, generating a carbon-centered radical. The Cu'! catalyst can then transfer the halide from an
external halide source to the newly generated carbon-centered radical to furnish a halide product
(Table 10, entry 1). In 2019, Zhu and co-workers reported a remote C(sp*)-H functionalization of
N-alkoxypyridinium salts with silyl reagents via photoredox/copper synergetic catalysis.” This
conversion was achieved by reducing N-alkoxypyridinium salts using excited photocatalyst Ir''"*,
to generate an alkoxy radical that would undergo 1,5-hydrogen atom transfer to produce a carbon-
centered radical. In the meantime, a silicon-based reagent (such as trimethylsilyl- azide (TMSN3),
cyanide (TMSCN) and isothiocyanate (TMSSCN)) can transmetallate to a Cu' catalyst and

successfully transfer these functional groups to the carbon-centered radical to produce various d-

functionalized alcohols (Table 10, entry 2).

Table 10 Miscellaneous roles of copper in synergetic copper/photoredox catalysis.

Representative o .
Entry p Conditions Product Roles of Cu-salts Contributor(s)
substrates
Mes-Acr-Me* 2.140 0
Oy OH (5 mol%) o
CuBr2/bpy (10 mol%) L
1 ©\/\I diethyl bromomalonate halogen-_atom Nlcew19c32,
(1.0 equiv.) Br transfer (X = Br, Cl) 201731
2139 CH3CN, RT, 18 h 2141
blue LEDs 94%, 2.1:1 dr
Me H eo Ir(ppy)s (2 mol%) X
0, 2
| X N"OMRs Culg(}?glc()é (an(:Orﬁzl)A)) HO\(\)<§3 pseudohalogen-
94]
2 A R! . group transfer Zhu, 2019¢
Me Me TMSX R (X =N, CN, SCN)
2142 CH3CN, RT 2.143
: blue LEDs
@\l “Ph [Ru(bpy)s](PFe)2 N
2144 (1 mol%) Ph
3 ) [Cu(MeCN)4]PFs | | activation of Rueping,
+ (10 mol%) N alkynes 2012031
A CH:Cl2
\Ph 5 W fluorescent bulb 2'1046
2.145 88%
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acetone/H20 (1:1), RT
26 W household light

98%

[r(ppy)2dtbpy]PFs O * N
\Q (1 mol%) \©\
0,
2147 Me Cu(OTf):2 (10 mol%) | | activation of
(R)-QUINAP alkynes and
+ (15 mol%) O symmetric Li, 201519
[ (BzO)2 (1.2 equiv.) induction
\©\ THF/CH;CN (1/1) OMe
-20°C,2d 2.149
M )
OMe visible light 90% yield
2.148 94% ee
a3
Mes-Acr-Me*
2.150 (5 mol%) 0
Cu(OT1)2 (10 mol%) OEt _—
. Co(dmgBF2)2-2MeCN ac“ﬁf“"“ of W, 201507
0 o 2.152 (10 mol%) 0 o afkynes
)]\/U\ CH3CN 2.153
OEt blue LEDs, 24 h, Ar 89%
2.151
6] 0 ,/
Cryx-
O
[Ru(bpy):]Cl> (1 mol%) <~ [
2.44 Cul (10 mol%) N~ activation of Fu. 201791
DCM, RT, Ar, 6 h alkynes >
¥ CFL (40 W) 246
C . 89%
245
S
Ir(ppy)s (1 mol%)
2.154 Cu(OAc)2 (10 mol%) R
Tot1 1 0,
. myristic a01d_(20 mol%) ©/ O\ ligand exchange and Kobayashi,
OH 2,6-lutidine cl transmetalation 201509
B PhMe/MeCN (1:1) 2.156
/@/ “OH 35°C, blue LEDs 93%
cl open air, 20 h
2.155
[Ru(bpy)s]Cl2 (2 mol%) N
/©/\NH2 CuBr (10 mol%) /©/
MeO LiO'Bu (20 mol%) MeO ligating co-oxidant Tao, 201701001
2.157 DMSO, Oz 2.158
blue LEDs 95%
[Ru(bpy)s](PFs)2
0 (3 mol%) 0 SOzPh
Cu(OAc)2-H20 NN
N 20 mol%) | O .
H O ( o H : [101]
| _N PhSO:Na (2 equiv.) _N co-oxidant Wu, 2017
K2S20s (2 equiv.) 2.160
2.159
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OO

Eosin Y (3 mol%)

Cu(OTf)2 (5 mol%) triple bond [102]
10 A CH:Cl, RT, 72 h activation Guo, 2016
O 23 W household light 2162
2.161 100%
OxOFt
Phe Mes-Acr-Me* Ny -Ph
(5 mol%) P
NH CuClz (20 mol%) COOEt rivle bond
11 Q Phen (20 mol%) o O acrzivation Zhu, 20171103]
A TBHP (3.0 equiv.)
O O2 (1 atm), DMF 2.164
blue LEDs, RT, 24 h 65%
2163
S._-SiMe;
[ ~ [Ir(ppy)2dtbpy]PFs
NH, (1 mol%) S
2.165 SB(OTQz EN
12 + ( Bi (quu fl)‘g) H i Lewis acidity Bode, 20171041
o0~ (50 mol%) 2.167
. MeCN, RT, 16 h 47%
blue LEDs
2.166
BuO.__O ?
N TPPT 2.169 (2.5 mol%) oA
HN Cu(TFA)2 N
13 \/\}Me (1.2 equiv.) Ph™ JMe oxidant Yoon, 2018(103]
PhF Me CH:CL, RT, 15h Me
blue LED 2170
2.168 ue s 2%
OBz
Bzoﬁy st [Rubpy:I(PFo:
Bz0 o8 (5 mol%) OBz
2171 z Umemoto’s reagents BzBCZ)0 Q 0
. > o
14 . . 2.172 LE(z(.fTeﬂqzuw.) oBz B9, additives Ye, 20161101
BnO
BnO Q (1.5 equiv.) 2174 OMe
BnO 5 CH2Cl, RT, 4 h 94%
O Ome blue LEDs
2172
O MeCN
A
l N F:B:O-N%_C;{N—O:B:F Fh O O
/ I PPh, F*B0-NZTEN-0"""F I N ©
X+ > $ <]
'i‘ BF, OO MeCN P O CF; OTf
Mes-Acr-Me* Co(dmgBF3),+2MeCN TPPT Umemoto's reagents
2.140 (R)-QUINAP 2.153 2.169 2173

In 2012, Rueping and co-workers developed a photooxidative acetylation reaction of
tetrahydroisoquinolines. By using [Ru(bpy)s](PFs)2 as a photooxidant under oxygen atmosphere
and acetyl copper species as active nucleophilic reagents that generated from the interaction of
[Cu(MeCN)4]PFs

tetrahydroisoquinoline derivatives in moderate to excellent yields (Table 10, entry 3).°%! Later, Li

with  terminal alkynes, they successfully obtained 1-alkynyl
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and co-workers further extended this strategy to its asymmetric version by applying chiral Cu-
QUINAP complex.”®! This complex enables the formation of chiral Cu-QUINAP-acetyl species
by reacting with terminal alkynes. The chiral Cu-QUINAP-acetyl complex can, therefore, act as
an active nucleophilic reagent to attack an iminium intermediate and produce 1-alkynyl
tetrahydroisoquinoline derivatives with excellent enantioselectivity (Table 10, entry 4). In a similar
fashion, Wu and co-workers disclosed that this strategy could also be successfully expanded to the
functionalization of isochromans with B-keto esters.””] In this reaction, a catalytic amount of
Cu(OTHY), can be used to activate the nucleophiles, assisting them to attack oxonium intermediates
(Table 10, entry 5). In 2017, Fu and co-workers documented a photoredox-catalyzed
decarboxylation and alkynylation of NHPI esters derived from a-amino acids with terminal
alkynes.'*!l Similar to the aforementioned reaction mechanisms, in which a catalytic amount of
Cul is necessary to generate nucleophilic reagents in the form of copper acetylates. Notably, this
reaction is overall redox-neutral, in which the photo-reduction process can reduce the NHPI esters
to generate carbon-centered radicals, while the photo-oxidation process enables the oxidation of
the carbon radicals to the corresponding carbon cations (Table 10, entry 6).

In 2015, Kobayashi and co-workers developed an improved Chan-Lam coupling reaction
between electron-deficient aryl boronic acids and anilines by applying a combined
copper/photoredox catalytic system to the Chan-Lam coupling reactions.®” In this reaction,
initially, the Cu"® catalyst can form a Cu'l-amido complex by sequential ligand exchange with an
aniline and transmetalation with an aryl boronic acid. The Cu""-amido complex can be oxidized by
Ir'Y to form a Cu' intermediate, which can undergo reductive elimination to furnish the desired
product. The reaction successfully employs the interaction between the photocatalyst and the
copper catalyst, which effectively facilitates the C-N coupling reaction by modulating the valence
state of the copper intermediate (Table 10, entry 7). In 2017, Tao and co-workers successfully
oxidized a variety of primary amines to nitriles using the [Ru(bpy)3;]Clo/CuBr dual catalytic system
(Table 10, entry 8).['%1 The mechanistic pathway includes (1) initial ligand exchange of Cu! with
a primary amine to form a Cu'-amido intermediate. (2) Single-electron transfer from the Cu'-amido
intermediate to excited photocatalyst Ru'™*. (3) Sequential deprotonation by superoxide radical
anion and hydrogen peroxide anion can occur, respectively, to form a copper amido intermediate.
(4) Then, another similar catalytic cycle is performed to obtain the desired nitrile products. In

another study, Wu and coworkers discovered a mild and efficient approach for C4-H sulfonylation
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of 1-naphthylamine derivatives using sodium sulfonates. This C4-H sulfonylation can be realized
under mild conditions using dual photoredox/copper catalysis and could tolerate various functional
groups. Preliminary studies disclosed that the copper catalyst can assist a single-electron transfer
of the substrate in the presence of an external oxidant (Table 10, entry 9).[1!]

The Lewis acidity of copper has also been leveraged in activating C=C triple bonds via the
formation of a m-complex between an internal alkyne and Cu® complex. This three-center two-
electron (3c-2e) system can be oxidized by an exogenous photocatalyst to form a 3c-1e system. In
2016, Guo and co-workers disclosed that this 3c-1e system could undergo an areneyne cyclization
reaction to produce phenanthrene derivatives in good yields (Table 10, entry 10).11°% In addition,
Cu'! salts have also been used to build polysubstituted quinolines via an intramolecular oxidative
cyclization/oxygen insertion of aromatic enamines under mild reaction conditions (Table 10, entry
11).11%11n 2017, Bode and co-workers reported the usage of stoichiometric Cu(OTf ) as the Lewis
acid to lower oxidation potentials of imine substrates, which can then participate in photocatalytic
syntheses of various aza-heterocycles by using the silicon amine protocol (SLAP) (Table 10, entry
12).[1%1 Stoichiometric Cu' salts have also been investigated and applied to other photocatalyzed
synthetic applications. For example, in 2018, Yoon and co-workers employed Cu" salts as terminal
oxidants in a study for the oxyamination of alkenes (Table 10, entry 13).'%] In 2016, Ye and
coworkers reported their unique role to serve as additives in O-glycosylation (Table 10, entry

14) 11061

2.2.4 Conclusion and outlook

Over the past decade, the merger of photoredox and copper catalysis has emerged as a highly
versatile platform for developing new synthetic methodologies. By combining these respective
powerful catalytic approaches, synthetic organic chemists can access to elusive reactivity that were
previously unattainable using a single catalytic system. Therefore, we anticipate that the field of
metallaphotocatalysis, particularly synergistic copper and photoredox catalysis, will continue to
evolve at a significant rate, expanding the toolbox for the synthetic organic community to simplify

the acquisition of valuable chemical building blocks.
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2.3 Decarboxylative C(sp*)-N and C(sp*)-O cross-coupling reactions

2.3.1 Importance of nitrogen- and oxygen-containing compounds

Nitrogen- and oxygen-containing functional groups are ubiquitous in molecules relevant to
medicine, agriculture, and materials science.l'”!'2] Not only do they play a pivotal role in
regulating physical properties such as lipophilicity and basicity, but can also effectively modulate
the efficacy of drugs through hydrogen bonding interactions and conformational effects. Due to
the widespread use of these functional groups, the construction of C-O and C-N bonds is of
paramount importance in the synthetic organic chemistry community, and the transformation to
form these bonds occupies 7 out of the 20 most commonly used reactions in medicinal chemistry
alone [113-114]

Transition metal-catalyzed cross-coupling reactions are the most widely used method for
constructing C-N and C-O bonds. Its high efficiency, broad substrate applicability, and tolerance
to numerous functional groups make this method widely used in industry and academia. Among
the numerous transition metal-catalyzed cross-coupling reactions, the palladium-catalyzed
Buchwald-Hartwig reactions, % 131181 the copper-catalyzed Ullman-type reactions!!!*?) and

121

Chan-Evans-Lam-type reactions!'?!! have virtually dominated the field over the past few decades.

(116, 122-125] Nevertheless, the use of transition metal-catalyzed cross-coupling reactions for the
construction of C-N and C-O bonds also has limitations. For example., while C(sp?)-N and C(sp?)-
O cross-couplings of aryl electrophiles can be achieved by the aforementioned protocols, C(sp?)-N
and C(sp*)-O cross-couplings of alkyl electrophiles have posed a major challenge.””! The most
important issues are as follows: (1) The generation of C(sp*)-metal species by oxidative addition
of metal and alkyl electrophiles is sluggish. (2) C(sp?)-metal species that generated via oxidative
addition of metal and alkyl electrophiles are susceptible to B-hydrogen elimination. (3) The
reductive elimination of C(sp®)-metal intermediates is more difficult to form C(sp?)-N and C(sp®)-

O bonds than C(sp?)-N and C(sp?)-O bonds due to the smaller orbital overlap.

In addition to the transition metal-catalyzed reactions, other reaction methods, such as

126-128 129]

nucleophilic substitution with alkyl halides,! I nucleophilic aromatic substitution (SyAr).!

311 and the Mitsunobu reaction!'*?! can also

reductive amination,'3” the Curtius rearrangement,’
construct the corresponding C(sp®)-N and C(sp®)-O bonds. However, the drawbacks of these

reactions cannot be ignored. For example, the reliance on expensive and toxic reagents, the
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generation of harmful quantitative byproducts, and the inability to use sterically bulky alkyl groups.
Therefore, scientists have long pursued a novel and robust approach to the construction of C(sp?)-
N and C(sp®)-O bonds using inexpensive substrates under mild conditions while allowing the

introduction of sterically bulky alkyl groups.

—COOH W ==Nu
* abundant * no overalkylation
* stable N- or O- ¢ tolerant to bulky alkyl groups
® non-toxic nucleophiles (Nu) * high group compatibility

¢ valuable products

Figure 12 Advantages of photoredox (and metal) catalyzed decarboxylative C(sp*)-N, O bond formation.

Aliphatic carboxylic acids, as a class of raw materials, are ideal starting materials for
synthetic organic chemistry by virtue of their low price, stability, and non-toxic nature. These
properties are in stark contrast to commonly used electrophiles, such as alkyl (pseudo) halides. In
addition, the only by-product of the decarboxylative process is CO2, which is environmentally
benign, non-flammable, and non-toxic. Besides, carboxylic acids are a highly characterized class
of scaffolds that promote high chemoselectivity as well as regioselectivity of the reaction.
Precisely because of the potential advantages of aliphatic carboxylic acids as feedstocks in organic
synthetic transformations, several precedents of decarboxylative C(sp®)-N and C(sp?)-O couplings

133-371 However, they are limited to specific substrates or intramolecular

have been reported.!
couplings. Therefore, the development of a general strategy for mild and efficient decarboxylative
C(sp*)-N and C(sp*)-O couplings is highly desirable (Figure 12).

Recent rapid developments in the field of photocatalysis have contributed to the evolution
of catalytic methods and, to a large extent, to the innovation of synthetic methods. The essence of
photoredox catalysis is the conversion of light energy, by means of single-electron transfer (SET)

or energy transfer (ET), into chemical energy. Compared to conventional methods, photoredox

catalysis is not only green, safe, clean, and easy to control, but more importantly, renders
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previously impossible organic transformations possible. At the same time, the rapidly growing
field of visible light catalysis has recently been able to combine the mildness, selectivity, and
activity of reactions and take them to a new level. In the last decade, the field of synthetic organic

[74,78,85, 138-1391 1) this context,

chemistry has made many breakthroughs in photocatalyzed reactions.
we will focus on the advances in intra- and intermolecular decarboxylative C(sp®)-N and C(sp?)-

O formation using photocatalysis in this section.

2.3.2 Intramolecular decarboxylative C(sp*)-N bond formation

Fu and co-workers reported an intramolecular decarboxylative C(sp®)-N cross-coupling of
NHPI esters (Figure 7).[*¢! Interestingly, the method applies the bifunctionality of the copper
catalyst, both as a photocatalyst and as a cross-coupling metal catalyst. As an alternative to the
Curtius rearrangement reaction, this method is not only safe but also mild. However, as mentioned
previously, the substrate scope of this method is limited and is neither suitable for sterically bulky

alkyl groups nor for more N-nucleophilic reagents.

2.3.3 Intermolecular decarboxylative C(sp®)-N bond formation

2.3.3.1 Hypervalent iodine'"'-mediated decarboxylative Ritter-type amination

In 2017, Minakata and co-workers reported a Ritter-type amination reaction of aliphatic

(140 This reaction utilizes PhI(OAc), and molecular

carboxylic acids to construct C(sp®)-N bonds.
iodine (I2) to activate the carboxylic acid under irradiation of ultraviolet light and generate the
corresponding amination products in moderate to high yields (Figure 13). This approach has
expanded the range of feedstocks for Ritter-type amination, i.e., from alkenes, alkanes, and
alcohols to carboxylic acid substrates, while avoiding the use of strong acids and high temperatures
and, to some extent, expanding substrate compatibility. It should be noted, however, that this
reaction is similar to the classical Ritter-type amination reaction, where the substrate scope is
limited to tertiary radical sources, namely tertiary aliphatic carboxylic acids (2.175-2.180, Figure
13). Mechanistic studies suggest that the reaction may sequentially undergo aliphatic carboxylic
acid activation/oxidation/nucleophilic substitution/hydrolysis, in which the formation of alkyl
iodides and the corresponding alkyl-A*-iodanes are the key intermediates of the reaction. In

addition, fluorescence irradiation can effectively activate molecular iodide while facilitating the

decarboxylation process.

49



Chapter 2

PhI(OAc), (2 equiv.)
I (0.5 equiv.)

—NHAc

Y

—COOCH
MeCN (0.1 mmol), rt
fluorescent light
= 3° alkyl groups 14 examples

- 9 i
functional groups include: aryl nitro; aryl carboxylate; 45-78% yield

aryl bromide, fluoride; aryl carboxylic acid; aryl fluoride.

Representative examples

O,N
2475, X=F, 75% (16 h)? MeOOCV\l/ @"NHA
2.176, X=Br, 78% (16 h)? NHAc NHAC ¢
N

HAc - 0 a
X 2477, X=COOH, 66% (16 )" 176 789 (16h)  2.179,68% (24 h)®  2.180, 73% (6 h)

Figure 13 Hypervalent iodine-mediated decarboxylative Ritter-type amination. *PhI(OAc), (1.5 equiv.)
was used. "PhI(OAc)2 (2.5 equiv.) was used.

2.3.3.2 Decarboxylative imidation of arylacetic acids

In 2018, Itami and co-workers reported a C(sp3)-N bond-forming reaction via photoredox-
catalyzed decarboxylative imidation of aryl acetic acids (Figure 14)!"*!) The optimized reaction
conditions using [Ru(bpy);]CL-6H,O (2.5 mol%) as the photocatalyst, 1-butoxy-1A°-
benzo[d][1,2]iodaoxol-3(1H)-one (IBB) (2.5 equiv.) as a hypervalent-iodine-based oxidant and
dichloromethane as the solvent at 40 °C under irradiation of blue LEDs. The method exhibits good
functional group compatibility and could also be applied to the late-stage functionalization of drug
molecules, such as indomethacin (2.181), flurbiprofen (2.182) and ibuprofen (2.183). However,
the scope is limited to aryl acetic acids, and the nitrogen nucleophile is restricted to disulfonimides,

which, in some extent, confines the application of this methodology.
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[Ru(bpy)3]Cly'6H,0 (2.5 mol%) : 0
OH IBB (2.5 equiv.) ;
+ H-Het - Het : ©5</O
0 blue LEDs, CH,Cl,, 40°C, 24 h ; X
39 examples | O"Bu
12-87% yield IBB

Representative examples

SO,Ph
N\
- N\ F _SO,Ph 0,
N N .SO,Ph NS
SO,Ph N 0.5
0 O SO,Ph Ph 2
Cl
2.181 2.182 2.183 2184
44% 73% 54% 4'50/
from indomethacin from flurbiprofen from ibuprofen ’

Figure 14 Photoreodx-catalyzed decarboxylative C(sp*)-N couplings using aryl acetic acids.

2.3.3.3 Decarboxylative azidation of cyclic amino acids

In 2019, Leonori and co-workers!!*?! reported a method for photoredox-catalyzed
decarboxylative azidation of cyclic amino acids. The optimized conditions included the use of
rhodamine 6G (Rh6G), a low-cost and readily available organic dye, as a photocatalyst, green
LEDs as light source, CsOBz as base and DCE as solvent (Figure 15). Notably, Rhodamine 6G as
a photocatalyst seems to be essential for the functionalization of cyclic amino acids and dipeptides
to ensure the efficiency of the reaction. Nevertheless, the method has significant limitations, such
as the carboxylic acid substrates being restricted to cyclic amino acids (2.185-2.186) and a limited
number of tertiary aliphatic carboxylic acids (2.189-2.190). Moreover, the reaction cannot convert

acyclic amino acids (2.187-2.188) under optimized conditions.
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h

| 5 C
R IPr o Rhodamine 6G (5 mol%) . HN 0 ~NH
R : CsOBz (2 equiv. 2 5 :
RﬁwOH + ipr Si(—Ns sOBz (2 equiv.) . R?k : cl
O 0 R® N3
Pr

=
' O
i green LEDs, CH,Cl,, RT, 12 h ;
O
19 examples .
Up to 90% yield Rhodamine 6G

Representative examples

Ph
E>_N3 " B l N
oc~
N NBoc N™ "Ng Na 8
Me N3

Boc
2.185 2.186 2.187 2.188 2.189 2.190
87% 76% ND ND 90% 46%

Figure 15 Intermolecular decarboxylative azidation of cyclic amino acids with rthodamine 6G as the
photocatalyst.

2.3.4 Decarboxylative C(sp?)-O bond formation

The C(sp?)-O fragments are highly valuable for various applications. However, obtaining
them by conventional Sx1 or Sn2 methods is problematic because of their poor functional group
compatibility and the required harsh reaction conditions. Furthermore, using transition metals as
catalysts to construct carbon-heteroatom bonds is another efficient approach. However, in this case,
the formation of C(sp*)-O bonds may be difficult due to slow oxidative addition/reduction
elimination and B-hydrogen elimination. Recently, Nagao, Ohmiya, and co-workers demonstrated
a photocatalytic approach to construct such important groups (Figure 16).l'*3] They reported the
formation of C(sp®)-O bonds between several nucleophiles, especially oxygen nucleophiles, and
redox-active alkyl esters (NHPI esters) catalyzed by an organic photocatalyst 2.191 alone. The
photoredox catalyzed reaction exhibits a unique tandem reduction and oxidation process, which
makes full use of the oxidizing and reducing properties of the photocatalyst and makes the whole
reaction redox-neutral. This reaction does not require external oxidants, reductants, or even bases,
demonstrating a cost-effective approach. With respect to the range of substrates, it is very similar
to the Ritter-type reactions, only NHPI esters that generate stabilized carbon cations can be used

to obtain good to excellent yields of the corresponding products (2.192-2.195).
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0 0 R? 2.191 (10 mol%) 5 Ph
R? LiBF4 (10 mol%) 2 N
e L™ - OO
MeCN, blue LEDs R4 : S
o] 24h ; 2101
R2= alkyl '
X =0, NBoc, S RE=H. alkyl, ary 41 examples

R'=H, 1°, 2° alkyl 25-96% yield

R*= alkyl, O-alkyl, N-alkyl

Representative examples

LD N

2.192 2.192 2.193 2.194 2.195
28% 90% 67% 74% 77%

Figure 16 Decarboxylative C(sp*)-O cross-coupling using organo-photocatalyst.

2.3.5 Conclusion and outlook

This section summarizes recent advances in the photoredox-catalyzed C(sp®)-N and C(sp?)-
O decarboxylative coupling reactions. This strategy has recently received extensive attention from
the synthetic organic community, as this approach not only takes full advantage of photocatalysis
and the use of aliphatic carboxylic acids as substrates, but also the construction of high value-
added products is attractive.

However, despite the inherent advantages of this strategy, the field is still in its infancy and
the reported relevant work shows clear limitations. For example, all reactions shown in this section
are restricted to intramolecular reactions or specific carboxylic acid substrates (e.g., tertiary
aliphatic carboxylic acids).

We anticipate that a versatile, efficient photocatalytic method for decarboxylative C(sp®)-N
and C(sp*)-O coupling could be developed in the future. We expect that such an approach will not
only avoid the drawbacks of conventional methods but also allow for a broader application

potential.

33



Chapter 2

2.4 Recent developments in using benzophenone imines as ammonia

equivalents

2.4.1 Introduction

Most of the 200 best-selling small-molecule drugs of 2018 contain nitrogen atoms, with
unprotected primary amines accounting for nearly 25% of them.!'**] Therefore, the importance of
primary amines in the drug molecule is significant. As a result, synthetic organic chemists have

shown great interest in developing new methods to obtain primary amines.[!#"]

/
(@) —X o+ NH; ——» =NH, + ’ + —-N

® excess

® unpleasant odor

b =X o+ | > —NH,
AT AR
Ar1J\Ar2
benzophenone

imines

Figure 17 Synthetic routes to primary amines. (a) using ammonia as nitrogen source; (b) using
benzophenone imines as ammonia equivalents.

Ammonia represents one of the most readily available nitrogen sources, and it has been
widely used to generate primary amines.!'*! However, the direct use of ammonia has obvious
limitations (Figure 17), such as (1) the difficulty in controlling the number of substitutions, leading
to the formation of by-products, such as secondary and tertiary amines; (2) the fact that a large
excess of ammonia is usually required to inhibit the formation of side reactions; and (3) the
unpleasant odor and toxicity are problems in use that cannot be ignored. Therefore, to overcome
these issues, chemists have been searching for an effective and efficient alternative to ammonia.
Among all the candidates, benzophenone imine and its derivatives show great potential (Figure
17).

Benzophenone imine or (diphenylmethylene)amine is an important reagent in organic

synthesis. It is a commercially available liquid that is easily prepared by adding phenylmagnesium
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bromide to benzonitrile and hydrolyzing it with methanol or by reacting benzophenone with
ammonia. Initially, synthetic applications of benzophenone imine have been historically associated
with peptide chemistry, particularly as a masked primary amine in the preparation of optically

1471 Benzophenone imine and derivatives can not only serve as ammonia

active a-amino acids.!
equivalents, but can also readily synthesize masked primary amines avoiding over
functionalization. Furthermore, the masked primary amines can be converted to their deprotected
form by simple hydrolysis, which not only ensures high yields but also preserves
enantioselectivity.!'*¥! More importantly, benzophenone imines are simple and readily available,
and their analogues can also be obtained from nitrile compounds in one step using Grignard's
reagent!!4%),

In this context, we summarize in this section recent advances in the use of benzophenone

imines as ammonia equivalents.

2.4.2 Palladium- or nickel-catalyzed cross-coupling reactions

In a 2016 review, Buchwald and co-workers have summarized palladium-catalyzed cross-

109

coupling reactions using benzophenone imines as ammonia surrogates.!'”) Therefore, in this

section, we will only list the representative results reported after this review.

2.4.2.1 Cross-coupling reactions with aryl (pseudo) halides

In 2017, Rueping and co-workers reported a nickel-catalyzed Buchwald-Hartwig-type
amination between phenol derivatives and benzophenone imines (Figure 18).1%! Under optimal
conditions, pivalates, carbonates, carbamates, and sulfamates can all be efficiently activated.
Under optimal conditions with Ni(cod), as the metal source and dcpe(l1,2-
bis(dicyclohexylphosphino)ethane) as the ligand, pivalate is the best activating group. When
benzophenone imines were used as nucleophiles, a series of primary aromatic amines (via
hydrolysis, 21 examples, 40-92% yield) or secondary amines (via reduction, 3 examples, 71-88%

yield) were obtained in moderate to excellent yields.
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1. Ni(cod), (10 mol%)
dcype (10 mol%)
Cs,CO3 (2 equiv.)

H
A R NH toluene, 100-120 °C‘ o NH2 LY AR
R2 i + ) rz R2_: or RZ—:

= A A = 1
' 2. aq. HCI, THF Z A

1 . or NaBH,;, MeOH . .
R"=CO'Bu, Boc unprotected amines  secondary amines

CONEt,, SO,NMe, Cyp” PCy, 40-92% yield 71-88% yield

21 examples 3 examples

dcype

Figure 18 Nickel-catalyzed Buchwald-Hartwig-type amination between phenol derivatives and
benzophenone imines.

Although Buchwald-Hartwig amination reactions using aryl monohalides are well
established, one-pot chemoselective cross-coupling using aryl dihalides is still limited. In 2018,
the Colacot group developed a method for the synthesis of aminoanilines between aryl dihalides,
benzophenone imine, and amines (Figure 19).'*! Theoretically, this three-component, one-pot
reaction could yield various products simultaneously. However, by modulating the nucleophilic
reagents and the catalyst system (catalyst system: 2.196+2.197 or 2.196+2.198), they succeeded

in obtaining only one product.

1.2.196+ 2.197 or
2.196 + 2.198

R1
NaO'Bu (2.5 equiv.) N Ph sagHe WD NH;
- Br NH H THF, 22 °C _Ph : L
Cl—r + + R1N‘R2—> ; — —  » R
A Ph”™ “Ph 2.80°C R X 7/ .
l?l unprotected amines
R2 51-90% yield

28 examples

P'Bu, O OO 2.196: [(‘BuXPhos)Pd(ally)]OTf

PC PPh
vz 2 2.197: RuPhos

'PrO O'Pr PPh,
O OO 2.198: [((R)-BINAP)Pd(allyl)]CI

‘BuXPhos RuPhos (R)-BINAP

Figure 19 Palladium-catalyzed three-component, one-pot synthesis of aminoanilines.

56



Background and Significance

Transition metal-catalyzed cross-coupling reactions of benzophenone imines with alkyl
halides, especially those containing sterically bulky alkyl groups, are challenging and of great
practical interest. In 2016, Hartwig's group reported an elegant work to efficiently construct C(sp®)-
N bonds by coupling between benzophenone imines and secondary or tertiary alkyl bromides using
a palladium-based catalyst.['*"] After evaluating a range of phosphine ligands, they found that the
sterically bulky trialkylphosphine ligand ‘BuCy2P gave the highest yield of N-alkylated products
(Figure 20). In addition, the method can tolerate different functional groups, giving the
corresponding products in moderate to excellent yields. However, the elevated temperature and
unreactive primary alkyl bromides exhibit some limitations of this methodology. To shed light on
this reaction mechanism, both radical clock and racemization experiments were conducted to
support a radical process. Besides, when exo- (2.199) and endo- (2.200) 2-bromonorbornane were
employed simultaneously as the starting materials, only product in the exo form (2.201) could be
detected in >97% yield (Figure 20), further evidencing the existence of a radical intermediate

(2.202).

(BBuCy,P),Pd(H)Br (5.3 mol%)

R' _Br NH Cs,CO3 (1.5-3,0 equiv.) R .N. _Ar
e T - XY
R® Ar” CAr t-amyl alcohol R® Ar
80°C, 3-20 h
2° and 3° Ar = 3-CF3-CgH4 39-89% yield
alkyl bromides 1.5-3.0 equiv. 14 examples

2.199 NH Ar N\Ab
or + )J\ —— (Pd, — \r/

Ar
Ar = 3-CF5-CoHy standard conditions 2.201 2.202
1.5-3.0 equiv. >97% selectivity radical intermediate

Br 2200

Figure 20 Palladium-catalyzed cross-coupling reaction with alkyl bromides.
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2.4.3 Other cross-coupling reactions
In addition to palladium- and nickel-catalyzed cross-coupling reactions, benzophenone
imines are widely used as unique ammonia equivalents in other types of cross-coupling reactions.

In this section, we will present the latest advances.

2.4.3.1 Iodide-catalyzed oxidative cross-dehydrogenative cross-coupling
In 2015, Li and co-workers reported a method for oxidative amination with benzophenone
imines.['>?] This method utilizes catalytic amounts of iodide source, potassium iodide (KI,
10 mol%), or tetra-n-butylammonium iodide (TBAIL, 10 mol%), and fert-butyl hydroperoxide
(TBHP, 3 equivalents) to achieve several interesting oxidative amination reactions with
benzophenone imines. With the optimal reaction conditions, the method was successfully applied
to the synthesis of a variety of products to efficiently introduce amino groups and to obtain

biologically active products in satisfactory yields (Figure 21).

H NH (1) KI (10 mol%), TBHP (3 equiv.) NH;
ol N | N o + (2) ag. HCI, MeOH > il SN | \_R2
T Ph” Ph L _
b
() R (1) TBAI (10 mol%), TBHP (3 equiv.) Wl
NH
N . (2) aq. HCI, MeOH . N
RT o Ph” “Ph = Rq o
H H
© o (1) KI (10 mol%), TBHP (3 equiv.) o
I . )N]l* (2) H,0, 100 °C J
H™ RS Ph” “Ph - HNT TR

Figure 21 lodide-catalyzed oxidative cross-coupling reaction.

2.4.3.2 Copper-catalyzed cross-dehydrogenative coupling of alkyl arenes
In 2019, Kramer and co-workers reported a copper-catalyzed cross-dehydrogenative
coupling method, which enables the transformation of alkyl arenes and benzophenone imines into
a-substituted primary benzylamines.['>¥) The highest efficiency can be obtained when using Cul

(1 mol%) as the metal source, 1,10-phenanthroline (2 mol%) as the ligand, di-terz-butyl peroxide
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(4.0 equiv.) as the oxidant and chlorobenzene as the solvent under 90 °C for 48 hours. The standard
conditions can tolerate various secondary and tertiary alkyl arenes (16 examples), obtaining
synthetically useful yields (20-70%). As observed by the authors, under the standard conditions,
both ethylbenzene and benzophenone imine can undergo dimerization, which favors a free radical
pathway. In addition, kinetic isotope effect experiments showed that the hydrogen-atom transfer

process was the rate-determining step (Figure 22).

(1) Cul (1 mol%), 1,10-phenanthroline (2 mol%)

RL_H N DTBP (4,0 equiv.), PhCI, 90 °C, 48 h RUNg -Ph
R?[ " e en S T > =T T,
r (2) ag. HCI, MeOH, 40 °C, 15 h ArPh
10 equiv. 20-70% yield
R4, Ry = H, alkyl or aryl 16 examples

Figure 22 Copper-catalyzed cross-dehydrogenative coupling reaction of alkylarenes.

2.4.3.3 Oxidative a-amination of esters using benzophenone imine-derived hypervalent
iodine reagents

The umpolung of benzophenone imine is of great interest as it allows the conversion of a

masked amine from a nucleophile to an electrophile. In 2019, Minakata and co-workers reported

the synthesis of benzophenone imine-derived hypervalent iodine reagents and the successful

5.4 The hypervalent iodine reagent

applications of such reagents in oxidative a-amination of ester
can be prepared by ligand exchange between a benzophenone imine and an acetoxyiodine, and the
product was confirmed by X-ray crystallography, while the method allows for gram-scale
synthesis of the reagent. The hypervalent iodine reagent can be applied to an oxidative amination
reaction of ketene silyl acetals and various a-amino acid derivatives were obtained (Figure 23).
Mechanistic studies indicated that a single-electron transfer from the silyl ketene acetal to the

hypervalent iodine reagent occurred during this transformation.
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OSiMe3
Ph Rl ~
AcO—|—0O )% OMe o
NH  CHCl, RT pp” “Ne=|—0O R? Phe N
o+ > K rOMe
AT A O MeCN, 60°C Ph R
Ar=Ph -
4-OMe-CgH, 51-84% yield
3-CF3-CgHy4 14 examples
7 HCl in Et,0
H,N B in Ety
,OMe == —
R R then neutralization

Figure 23 Oxidative a-amination of esters with hypervalentiodine reagents.

2.4.4 Catalytic nucleophilic ring-opening of epoxides

Nucleophilic ring-opening of epoxides with nitrogen nucleophiles represents a class of
efficient approaches to synthesize 1,2-amino alcohols. Such transformations are widely used to
build valuable compounds, such as chiral ligands. In 2008, the groups of Mai and Schneider
reported an enantioselective ring-opening method between meso-epoxides and benzophenone
imine that catalyzed by scandium triflate-chiral bipyridine complex (Sc(OTf); and 2.203) (Figure
24).1551 However, the scope of this method is narrow (3 examples) and yields are moderate (48-
56% yield). Later, Lim and Leitch also reported Lewis acid-catalyzed nucleophilic ring-opening
of epoxides with benzophenone imine.l'**) After a screening of nearly 50 Lewis acids, Y(OTf)3
gave the best result Notably, a synthetic application was also presented to synthesize the skeleton

of PRMTS5 inhibitor!'3”! in a gram scale without isolating the intermediates.

: X
Q (1) Sc(OTfs (15 mol%) A -, ML N
AN Chiral bipyridine ligand 2.203 (16 mol%) BocHNJ\rOH ! NT Y
Ar Ar NH ' OH N~
CH2C|2, RT, 5d Ar '
Ar=ph, ¥ Ph)]\Ph > 48.56%yield |
- - - e
3-“CﬂfcieH|:4 (2) aq. HCI, 60 °C 66.82% o6 HO™ Bu
(3) BocyO, base, THF/H,0 3 examples Chiral bipyridine ligand
2.203

Figure 24 Lewis acid-catalyzed nucleophilic substitution of epoxides.
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2.4.5 Catalytic N-H insertion of carbenes

Transition metal-catalyzed enantioselective insertion of a-diazo carbonyl compounds into

158-1601 1y this context, the group

N-H bonds supplies an effective approach to build a-amino acids.!
of Liu developed enantioselective insertion of carbenes into the N-H bond of benzophenone imines
(Figure 25). The previously reported catalyst system (Rh2(OAc)s and chiral guanidine 2.204 in
O-H insertion)!'®! has successfully found a new application for inserting N-H bonds.['%? After
systematic screening, it was finally found that Rha(esp), and an L-Ramipril-derived chiral
guanidine could yield the desired product in high yields and with good enantioselectivity. The use
of 4,4’-difluorobenzophenone imine can further enhance the effectiveness. The authors also

examined the scope of substrates and showed that both aryl- and alkyl-substituted a-diazo esters

could be used for the transformation, with satisfactory yields and enantioselectivity.

o) Rha(esp), (1 mol%) (0] :
1 NH chiral guanidine 2.204 (10 mol%) R%ORZ !
o+ - s
N, Ar” Ar CHCly, MS 4A or 5A Nﬁ/Ar ; H o
0°C, 24 hor 50 °C, 1 min Ar ; WN’(
R' = aryl, alkyl 33-99% yield ! =N 0 Ph
2 gt = 919 : )
Roopt e AT=4FCeH, 3491%ee ! H >=N

32 examples ! QN
= = O
aq. HCI l .

O

R1
~ OR2

NH,*HCI

Figure 25 Rhodium/chiral guanidine-catalyzed NH insertion of carbenes.

2.4.6 Catalytic enantioselective nucleophilic additions

Benzophenone imines can be used not only in cross-coupling reactions but also in
nucleophilic addition reactions due to their nucleophilic nature. In this section, we present their

recent applications in the field of catalytic enantioselective amination of unsaturated compounds.

2.4.6.1 Addition to nitroalkenes

The enantioselective 1,4-addition reactions of ammonia and nitroalkenes provide an efficient

way to obtain chiral f-amino nitroalkanes.['3! In previously reported work, the deprotection

61



Chapter 2

process of the protected amine was a major problem. Unsurprisingly, an easily removed protected
group can greatly simplify subsequent conversions and make the process of obtaining high value-
added chiral amines easier. To solve these difficulties, Jorgensen and coworkers applied
benzophenone imine as an ammonia equivalent for a 1,4-addition with nitroalkenes (Figure 26).11%4]
The optimization results showed that the best enantioselectivity of the reaction could be obtained
at low temperatures when a thiourea 2.205 was used as catalyst and n-heptane as a solvent. A study
of the scope of substrate applicability revealed that both alkyl- and aryl-substituted nitroalkenes

are viable substrates. More importantly, the deprotection could be carried out in the same pot and

the corresponding primary amine hydrochloride products were obtained in high yields.

CF3
N =
Bu” N N CF
\[(\H H 3
(0]
1
) NH thiourea catalyst 2.205 (10 mol%) R\F/\NOQ aq. HCI R *
R0, + > N A —— Y NO
Ph™ "Ph n-heptane, -24 °C \Af NHHCI
r
R' = aryl, alkyl 79-95% yield 60-80% yield
78-92% ee 78-84% ee
9 examples 5 examples

Figure 26 Organocatalyzed 1,4-addition to nitroalkenes.

2.4.6.2 Addition to Mirita-Baylis-Hillman carbonates

Enantioselective amination of Morita-Baylis-Hillman (MBH) carbonates enables a concise
route to optically active P-aminocarbonyl compounds. Although the use of phthalimides as
nitrogen nucleophiles has been reported and achieved 90% enantiomeric excess (ee) in most

cases,[165-166]

applying benzophenone imine as a nitrogen nucleophile would simplify the
subsequent deprotection step. In 2011, Cheng and co-workers disclosed the usage of
benzophenone imine as an ammonia equivalent for enantioselective amination with MBH
carbonates (Figure 27).['*" Catalyzed by a chiral organocatalyst (DHQD),AQN 2.206, various
MBH carbonates were transformed with high enantioselectivity (in most cases more than 95% ee).
Subsequently, the products were deprotected under acidic conditions to obtain unprotected amines

without corroding the stereoselectivity.
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Ph
BocO O (DHQD),AQN 2.206 (20 mol%) aq. HCI
Ar R
Ph™ "Ph 1,4-dioxane, MgSO,, RT Ar/'w)LR1 O  NHyHCI
R’ = OR or Me 53-86% yield
90-99% ee
15 examples

Figure 27 Organocatalytic addition to Morita-Baylis-Hillman carbonates.

2.4.6.3 Hydroamination of allenes

Chiral allylic amines are important as intermediates for obtaining biologically active
compounds.''%®! Although ammonia can theoretically be transformed into allylic amines by direct
amination, this atom-economic approach does not proceed efficiently. However, benzophenone
imines can overcome the disadvantages of ammonia as a nucleophilic reagent. It is for this reason
that in 2016 Breit and co-workers developed a rhodium-catalyzed enantioselective hydroamination

1691 The authors chose cyclohexylallene

of terminal allenes with benzophenone imine (Figure 28).!
as a substrate to optimize reaction conditions. It was found that the combination of rhodium
catalyst [Rh(cod)Cl]>, Josiphos ligand, and pyridinium p-toluenesulfonate (PPTS) gave the best
yields and enantioselectivity. With the optimal conditions in hand, the authors examined the scope
of substrate applicability and found that the method could be successfully applied to the conversion
of various terminal olefins (17 examples), yielding the products in good yields (60-91% yield) and
with high enantioselectivities (84-97% ee). It is noteworthy that this method also allows gram-

scale synthesis without affecting the yield and enantioselectivity. More importantly, primary

amines can be obtained without loss of enantioselectivity after simple acidic deprotection.
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[Rh(cod)Cl], (2.0 mol%)

Josiphos (4.0 mol%) Ph (1 )ac1a HCI, Et,0
o~ NH PPTS (20 mol%) )\ 2) R'CI, EtsN NHR'
= alkyl + : [;1/ \/-\au( |
Ph Ph 1,4-dichloroethane A YN Y
alkyl
B so0e 7 60-91% yield
- - o yle
}@(/PCy 1% 84-97% ee
2
Cy,P O 17 examples
@ '
Me
Josiphos PPTS

Figure 28 Rhodium-catalyzed hydroamination of allenes.

2.4.6.4 Addition to a, p-unsaturated aldehydes

Catalytic nucleophilic addition of nitrogen nucleophiles to a, f-unsaturated aldehydes offers
a concise path to 1,3-amino alcohols and derivatives.!'*17!) However, a facile route to unprotected
amine has not been reported yet. The use of benzophenone imine can provide an alternative
approach. In 2018, Aleman and co-workers showed the usage of benzophenone imine as ammonia
equivalents for prolinol (2.207)-catalyzed addition to a, B-unsaturated aldehydes.[!”? In this
reaction, an intramolecular hydrogen bonding in the imine nucleophile is vital for both the yield
and enantioselectivity (Figure 29). DFT calculations showed the acidity of the N-H proton could
be enhanced due to the hydrogen-bonding effect, thus, increasing the yields and
enantioselectivities. Encouraged by these results, the optimized conditions were applied to more
substrates to enrich diversity. Unprotected o-amino-esters could be obtained after simple

hydrolysis.
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X
X NH
0 2.207 (20 mol%) PN
Ph + > - ]
"Pr/\)]\H Toluene, RT nPr/k/\/C(DzMe
then
PHzP=CHCO,Me X=H: 24% conv., 31% ee

X=0H: 100% conv., 80% ee

X NH

\ 2 Hs;O", neutralizatio
3™
©/K np )\/\/002,\/'6

Figure 29 Diarylprolinol-catalyzed addition of 2-hydroxybenzophenone imines to o,B-unsaturated
aldehydes.

2.4.7 Conclusion and outlook

In summary, in this section, we have presented recent developments in the amination reaction
of using benzophenone imines as nucleophiles. In contrast to the direct use of ammonia as
nucleophilic reagents, benzophenone imines can be used as a class of efficient ammonia
equivalents by virtue of their excellent reactivity and chemoselectivity as well as their easy
deprotection. Such reagents can effectively assist chemists in developing methods to obtain
primary aryl- and alkyl-amines that are important in medicinal chemistry. In addition, the
generated primary amines can be easily converted subsequently, laying the foundation for efficient
synthesis of other amine compounds. We anticipate that this reagent will drive the discovery of

more amination reactions to facilitate the rapid synthesis of more bioactive compounds.
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2.5 Recent advances in the synthesis trifluoromethylthioesters

2.5.1 Introduction

Water soluble
molecules

Plasma
membrane

Fat soluble .
molecules Channel protein

Figure 30 Demonstration of the passive diffusion and transmembrane of small molecules through a typical
cell membrane.!'”*

Fluorine is the most abundant halogen element in the Earth's crust and ranks 13 in the

[174] In terms of fluorine element distribution, fluorine is

abundance ranking of all elements.
widespread in most igneous and sedimentary rocks (270-740 ppm), but most of this class of
fluorine is an insoluble form and is not available for effective natural circulation. In contrast,
however, organic fluorine compounds have significant applications in human society. For example,
the introduction of fluorine-containing groups into organic molecules tends to significantly alter
their chemical, physical, and biological properties, making fluorinated compounds very widely

s.173-178] Degpite the pivotal importance of

used in medicine, agriculture, and material science
organic fluorine compounds, however, there are barely more than ten organic fluorine compounds
that have been identified in nature. Therefore, synthetic fluorine chemistry has become a critical
field, building a bridge from nature to human society.

One example of the importance of fluorine chemistry in human society is the contribution of
fluorine to medicinal chemistry. One of the most important applications of fluorine in medicinal

chemistry is to modulate the lipophilicity of drugs in order to enhance the membrane permeability

of drugs. Membrane permeability refers to the rate of passive diffusion of molecules through a
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membrane and is an important property to evaluate during the drug design process. This property
is particularly important when studying small molecule drugs with intracellular targets, as the
efficacy of small molecules is highly dependent on their ability to penetrate membranes (Figure
30).'"1 In this context, fluorinated groups can significantly increase the lipophilicity of small-
molecule drugs, thus enhancing their membrane permeability.

Hansch lipophilicity parameter (nr) is an important indicator of functional groups. In
medicinal chemistry, the addition of highly lipophilic electron-withdrawing groups to bioactive
molecules may improve their metabolic stability. Among all the fluorine-containing groups, in
contrast to trifluoromethyl (-CF3;, nmr =0.88) and trifluoromethoxy (-OCF3, nmr =1.04) groups,
trifluoromethylthio groups (-SCF3, mr =1.44) are of considerable interest due to their superior
properties.['8-182] Because of this, many pharmaceutical and agrochemical compounds that have
been marketed contain -SCF3 groups (Figure 31). Precisely because of the growing interest in -
SCF3 groups, in recent years, the development of trifluoromethylthiolation has attracted more and
more attention from chemists and has led to a number of significant advances in synthetic
methodologies.l'”® 183197 However, the diversity of such field is lacking. For example, although
the synthesis of trifluoromethylthioethers is very well established, the study of
trifluoromethylthioesters is still in its infancy, not only academically but also in terms of practical
applications. Despite the fact that trifluoromethylthioesters may have greater pharmaceutical

potential in terms of properties such as lipophilicity.

Ny” OO scr
N, 0 :
e @

S N&sca

Cefazaflur Tiflorex

I
OIN\?

0
\[O]/N\Q\O /©/scr=3 :

Toltrazuril Fluticasone propionate

Figure 31 Examples of bio-active compounds containing a trifluoromethylthio (-SCF3) group.
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In this section, we will focus on advances in the synthesis of trifluoromethylthioesters.
Notably, since Man and co-workers first reported on the synthesis of trifluoromethylthioesters in
1959,11%81 all reported methods have used either acid chlorides or aldehydes as starting materials.

Therefore, we have divided this section based on the use of the substrates.

2.5.2 Synthesis of trifluoromethylthioesters from acid chlorides

Trifluoromethylthioesters can be synthesized by halide substitution reactions from
corresponding acid chlorides with various nucleophilic trifluoromethylthiolating reagents. In 1959,
Man and co-workers reported the first example using Hg(SCF3), as a trifluoromethylthiolating
reagent for the synthesis of trifluoromethylthioesters.!'”®! Three acid chlorides, acetyl chloride,
propionyl chloride, and 2,2,2-trifluoroacetyl chloride, were converted to the corresponding
trifluoromethylthioesters in 23-51% yields at 40 °C or 50 °C using diethyl ether as a solvent and
stoichiometric amounts of Hg(SCF3), as the trifluoromethanethiolating reagent (Figure 32).
However, the limitations are evident for this method: the use of stoichiometric amounts of a toxic

heavy metal reagent has posed a significant issue for this conversion.

0 40-50 °C, Et,0 0
+ Hg(SCF3), >
R1JI\CI R1lkSCF3
R'= Me, Et, CF5 3 examples
2-4 equiv. 23-51%

Figure 32 Using Hg(SCF3). as a trifluoromethylthiolating reagent for the synthesis of
trifluoromethylthioesters.

After the pioneering work reported by Man's group, the field remained dormant for nearly
half a century until 2004, when Yagupolskii and co-workers reported the use of
tetramethylammonium trifluoromethylthiolate (NMesSCF3) as a reagent for the synthesis of

(1991 This method smoothly converted a set of acid chlorides into the

trifluoromethylthioesters.
corresponding products under the standard conditions in 63-82% yields (2.208-2.213, Figure 33).
It is noteworthy that the addition of NMesSCF; should be performed slowly and dropwise at -30 °C,

demonstrating the high activity of this trifluoromethylthiolating reagent.
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o)

0 (1) NMe4(SCF3), (1 equiv.) in MeCN added slowly at -30 °C R1JkSCF3
A >
R' CI (2) warm slowly to ambient temperature within 1 h 8 examples
63-82%

Representative examples

(@] (@] (@] (0] JOL (0]
/©)LSCF3 ©)k SCF3 CHKSC% N"OH Et;N” VSCF; Wksca
o o) S

2.208 2.209 2.210 2.211 2.212 2.213
82% 79% 69% 82% 75% 82%

Figure 33 Using NMesSCFs as a trifluoromethylthiolating reagent for the synthesis of
trifluoromethylthioesters.

Subsequently in 2016, Weng and co-workers developed a copper-mediated
trifluoromethylthiolation method for acid chlorides wusing (bpy)CuSCF3; as the
trifluoromethythiolating reagent.!®! This method enables the synthesis of a variety of
trifluoromethylthioesters in good to excellent yields and with good tolerance to various functional
groups such as cyano, ether, ester, halide, and nitro groups (Figure 34). More importantly, the
reaction conditions can tolerate both aryl-, cinnamic-, alkyl- acid chlorides, providing a general
approach to synthesize these valuable products. However, the use of stoichiometric amounts of

metal reagent (bpy)CuSCF; poses a problem for this methodology.

dioxane, RT, 1.5 h (@]

o)
+ (bpy)CuSCF >
ﬂ\m ¢ R1JJ‘SCF3

66-99% yield, 30 examples

R1

Representative examples

(0] (0] (0] (0] (0] @\)i
/©)kscF3 /©)LSCF3 C’)LSCFa /©/\)‘\3ch O)‘\sCFs SCF,
Ph Br ©

2.214 2.215 2.209 2.216 2.217 2.218
99% 99% 76% 94% 98% 82%

Figure 34 Using (bpy)CuSCFs; as a trifluoromethylthiolating reagent for the synthesis of
trifluoromethylthioesters.
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2.5.3 Synthesis of trifluoromethylthioesters from aldehydes

The synthesis of trifluoromethylthioesters from aldehydes is an efficient method for
obtaining these valuable products. Usually, this method requires a hydrogen-atom transfer (HAT)
reagent to achieve the conversion of aldehydes to trifluoromethylthioesters. A general mechanistic
pathway of this strategy is depicted in Figure 35. Specifically, the C-H bond in the aldehyde group
has a relatively low bond dissociation energy (BDE) (~94 kcal/mol),?®! which allows a diverse
selection of HAT reagents to abstract this weak C-H bond and form the key intermediate, a
carbonyl radical. Since carbonyl radicals are nucleophilic radicals they can be rapidly captured in
the presence of electrophilic trifluoromethylthiolating reagents and smoothly generate the final
trifluoromethylthioester. The main advantages of this method over the previous one include the

mild conditions, good tolerance of functional groups, and better chemoselectivity.

)

)J\H —— | HAT

o —SCF 0
| 3
J. )Lsca

electrophilic
SCF; reagents

Figure 35 A general mechanistic pathway of the conversion of aldehydes to trifluoromethylthioesters via
hydrogen-atom transfer (HAT).

In 2018 Glorius and co-workers developed a synergistic catalytic strategy by combining
photoredox catalysts with hydrogen atom transfer (HAT) reagents for the efficient synthesis of

1871 The method exhibits a wide range of substrate

trifluoromethylthioesters from aldehydes.!
applicability and good functional group tolerance under mild and redox-neutral conditions (Figure
36). Moreover, the synthetic utility of the method is reflected in the late functionalization of three
bioactive molecules (2.219) making it amenable to drug discovery. Mechanistically, the authors
proposed that upon irradiation the excited state of the Ir-based photocatalyst can oxidize the
sodium benzoate generating a hydridophilic benzoyloxy radical PhCOO-. Such radicals can
abstract the hydrogen atom from the aldehyde and form a carbonyl radical. Then the carbonyl
radicals can react with the electrophilic trifluoromethylthiolating reagent Phth-SCF3 and furnish

the desired product. In the meantime, the phthalimide radical Phth- can oxidize the reduced

photocatalyst to regenerate it and close one catalytic cycle.
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(0]
o [IrdF(CF3)ppy,l(dtbpy)PFg (1 mol%) JJ\
0, 1
Jl\ +  Phh-SCF, PhCO,Na (5 mol%) N R" “SCF,
R" “H T 48-95% yield
blue LEDs (5 W), MeCN (0.2 M), RT 31 examples
Representative examples
0 0 o) K O
MeO
© D)kSCﬁ /©)‘\SCF3 ())\scF3 SCF,
MeO Br
2.214 2.215 2.217 . 49%
95% 90% 69% lithocholic acid derivative

Figure 36 Synergistic catalytic strategy using combined photoredox/HAT catalysis, for the efficient
synthesis of trifluoromethylthioesters from aldehydes.

Shortly after, Shen and co-workers disclosed a general method for the preparation of
fluoroalkylthioesters including trifluoromethylthio-, pentafluoroethylthio-, difluoromethylthio-,
monofluoromethylthio-esters from aldehydes and the corresponding fluoroalkylthiolating reagents

193] The reactions were conducted under mild conditions and, using in

was reported (Figure 37).!
situ generated azide radical (N3-) as a HAT reagent, various functional groups such as fluorine,
chloride, bromide, iodide, and ester groups were compatible. Mechanistically, the authors
proposed that an azide radical could be generated by combining sodium azide and
[Bis(trifluoroacetoxy)iodo]benzene (PIFA). The azide radicals can abstract the H atom of the
aldehyde to form a carbonyl radical, which reacts with PhSO,SRr to give the corresponding

fluoroalkylthioester (refer to the model shown in Figure 35).

NaN3; (2.0 equiv.) 0
0 PIFA (2.0 equiv.) 1JJ\
I+ Phso,sr > R SR 0 o
R "H EtOAc, RT, 12 h 36 examples . CJ\O/I\OJ\CF
SR, = SCH,F, SCF,H, 40-96% 8 °
SCFa, SC,Fs PIFA

Figure 37 A general method for the preparation of fluoroalkylthioesters from aldehydes.
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2.5.4 Conclusion and outlook

In summary, direct trifluoromethylthiolation via halide substitution reactions of acid
chlorides or hydrogen atom transfer (HAT) of aldehydes is effective in supplying
trifluoromethylthioesters, providing two reliable methods for generating these high value-added
products. However, the drawbacks of the existing methods are also evident: (1) The generation of
considerable amounts of metal by-products is a significant problem for most halide substitution
reactions of acid chlorides. (2) Both strategies use unstable, less available organic compounds as
substrates, posing sustainability and economic issues for the reactions. In the future, we expect a
method to be developed using inexpensive, non-toxic and abundant chemical feedstocks as starting
materials, which would greatly alleviate the current problems. Furthermore, the decomposition of
nucleophilic trifluoromethylthiolating reagents is another problem that plagues many chemists.
Therefore, a method that can in situ generate the SCF3™ anion would effectively solve this problem

and contribute to the improvement of chemoselectivity.
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3.1 Thesis goals

3.1.1 Decarboxylative C(sp®)-N and C(sp?)-O cross-coupling reactions

F=CO0K @essmeraswey N~ _gf =58sssserepees > =-Nu
* abundant * no overalkylation
* stable ¢ tolerant to bulky alkyl groups
* non-toxic * high group compatibility

¢ valuable products

Figure 38 Transition metal-catalyzed C(sp®)-N and C(sp®)-O cross-couplings of redox-active esters
(RAEs).

In Chapter 2.3, we mentioned that although the transition metal-catalyzed C(sp?)-N and
C(sp?)-O cross-coupling reactions have been well developed and applied in various fields, the
development of transition metal-catalyzed C(sp®)-N and C(sp*)-O cross-coupling reactions has
lagged behind and the related bottlenecks need to be urgently overcome. In fact, one of the major
problems of the conversion is the insufficient capacity of transition metal-catalysts to perform
oxidative addition of traditional alkyl electrophiles (e.g., alkyl halides). It is for this reason that in
Chapter 2.1 we presented in detail the application of N-(hydroxy)phthalimide (NHPI) esters as a
novel alkyl electrophilic reagent in various coupling reactions. Indeed, with the redox-active
properties of NHPI esters and the incomparable attributes of their parent - aliphatic carboxylic
acids (e.g., accessibility, stability, and non-toxicity), a series of efficient and unprecedented
coupling reactions have been developed. However, to date, transition metal-catalyzed
decarboxylative C(sp®)-N and C(sp*)-O cross-coupling reactions using NHPI esters have been
rarely reported with the only example being the intramolecular C(sp*)-N coupling of NHPI esters

developed by Fu and co-workers.[*°]
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Given the importance of developing a general, efficient method of using NHPI esters as
coupling partners for transition metal-catalyzed intermolecular C(sp®)-N and C(sp)-O couplings
(Figure 38), my Ph.D.'s first goal was to develop such a method to fill a gap in the field.

However, the development of such a method is very challenging (1) How to efficiently
generate alkyl radicals from NHPI esters? (2) After generating an alkyl radical, how to capture the
active species? (3) How to make the method an overall redox-neutral process? (4) How can the
valence state of the metal center be effectively tuned to facilitate a smooth catalytic cycle? (5) How
to selectively achieve reductive elimination of C(sp®)-metal species (instead of B-hydrogen
elimination)?

Being fully aware of the difficulties of the subject, we also hoped that the method has some
unique advantages (Figure 38), such as avoidance of overalkylation, universality to functional
groups and tolerance to sterically bulky alkyl groups, ability to rapidly modify natural products
and drug molecules; and potential to speed up the drug discovery process.

In addition, preliminary mechanistic studies will benefit the understanding of the reaction
itself, while helping more laboratories to understand the reaction and to inspire the development

of more relevant methods to address additional questions.

3.1.2 Deoxygenative trifluoromethylthiolation of carboxylic acids

Hg(SCF3), (Man) Phth-SCF3 (Glorius)
NMe4SCF; (Yagupolskii) PhSO,SCF3 (Shen)
o) (bpy)CuSCF3 (Chen and Weng) i 0
o > SCF, <« HAT —— )J\H
(@) (b)
A
2?2 (o)
(0]

Figure 39 Synthesis of trifluoromethylthioesters.

As described in Chapter 2.5, despite the potential of trifluoromethylthioester compounds in

medicinal chemistry to modulate the properties of small molecules, approaches to synthesize such
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compounds are very limited. The existing methods are limited to halide substitution reactions of
acid chlorides or hydrogen atom transfer (HAT) reactions of aldehydes.[187- 193 196. 198-19] However,
both methods have fundamental problems, the biggest of which are the unavailability, toxicity and
instability of the starting materials. Therefore, a major problem can be solved by simply using
carboxylic acids as a coupling partner by virtue of their ready availability, stability and non-toxicity
(Figure 39).

In addition, previous reports showed that the nucleophilic CF3S™ anion could readily
dissociate into F~ anion and carbonothioic difluoride CSF> in the reaction solution. The F~ anion
can compete with the CF3S™ anion during the reaction, leading to the formation of fluorinated

(1852011 Considering this problem, if there is a method that can generate CF3S™ anion in

byproducts.
situ, the aforementioned by-product can be effectively inhibited, yielding the desired products in
high efficiency and better chemoselectivities.

In this context, the second goal of my Ph.D. is to develop a method for deoxygenative
trifluoromethylthiolation of carboxylic acids via a umpolung process. We expect that this method
will provide a novel strategy for the synthesis of trifluoromethylthioesters. At the same time, we
hope to provide a scheme for the slow, in situ generation of CF3S™ anions in a reaction system to
address the inherent issue with the use of nucleophilic trifluoromethylthiolating reagents. Our

longer-term vision is that the reaction will allow for efficient modification of drugs and natural

products, paving the way for their potential applications in various fields.
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Decarboxylative C(sp’)-N Cross-
Coupling via Synergetic Photoredox
and Copper Catalysis

81



Chapter 4

82
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4.1 Reaction design and optimization

This chapter details our process of establishing a synergistic photoredox and copper-
catalyzed platform, as well as its application for decarboxylative C(sp*)-N bond-forming reactions
and related mechanistic studies. In this section, we elaborate on the reaction design and the
optimization of the decarboxylative C(sp*)-N cross-couplings via synergistic photoredox/copper

catalysis.

4.1.1 Reaction design

R==Nu

Nu~ Vv .
Ni'Ln '
| . Nu = Ar-ZnCI-LiCI, Baran (2016)
! alkyl,Zn, Baran (2016)
Ni'Ln Ni R—Ni"Ln :
Nu Catalytic Nu '
Cycle
©:§N_O R ~seT SET
Hli
ol \\‘ r;ll Ln /
Nu
i Nu™ = N-nucleophiles ?
(o] [e) *—
)j\ fragementation
[ N-O" "R ] [-CO,] [-Phth]
O

Figure 40 Initial reaction design for the decarboxylative C(sp*)-N cross-coupling reactions.

In 2016, Baran and co-workers developed a nickel-catalyzed decarboxylative coupling
reaction between aliphatic acid-derived NHPI esters and aryl zinc reagents to forge C(sp*)-C(sp?)
bonds.*”] Mechanistically, after forming the precatalyst Ni' complex I, it can transmetalate with
an aryl zinc reagent (Nu” = aryl zinc reagent) to produce aryl-Ni' complex II (Figure 40). Next, II
would then donate an electron to an NHPI ester, thus generating the radical anion of the activated
ester with concomitant formation of Ni" complex III. Fragmentation of the former followed by
the release of CO; would generate the phthalimide anion and the alkyl radical species. At this point,

recombination of the radical species and the phthalimide anion with complex IIT would furnish
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the Ni'l intermediate VI, which upon reductive elimination would give the desired cross-coupling

product and close the catalytic cycle.

o 0 COOH
+
@N—o)b O U U
o) 4.1d (X=Cl)

. ) 4.1b 4.1c
[Ni] (20 mol%), ligand (40 mol%) 4.1e (X=Br)
222 with or without Zn (2 equiv.) 14-22% 15-26% 5-9%
1 equiv.
base (2 equiv.), solvent, rt - 80 °C
@““2 e *@ O
3 equiv. 5-16% 7_29% not detected

Figure 41 A preliminary test of cyclohexyl NHPI ester 2.22 with aniline 4.2a under Baran’s conditions.*”)
[Ni] = NiCl,-glyme or NiCl,'6H,O; ligand = di-fBubipy; base = Cs,COs, EtsN, NaO'Bu etc.; solvent =
DMF, MeCN, DMA, etc.

Immediately after noticing this work, the thought occurred to us: by simply replacing the
aryl zinc reagents with N-nucleophiles, could the same or similar reaction conditions be feasible
to construct the C(sp?)-N bonds? However, a preliminary test of cyclohexyl NHPI ester 2.22 with
aniline 4.2a under similar conditions completely failed to yield the desired aminated product 4.3a.
Instead, by-products derived from 2.22 (4.1b-4.1e), the amidated product (4.1g), and aniline
substitution of N-phenylphthalimide (4.1f) were observed (Figure 41). After analyzing the
obtained products, we sought to rationalize the causes for the unsuccessful experiments and came
to preliminary conclusions: (1) NHPI esters tend to form amide bonds rather than amine bonds in
the presence of N-nucleophiles; (2) single-electron transfer initiated by an organometallic nickel
or iron species is crucial for activating NHPI esters. However, the analogous electron transfer from
metal amido species is hitherto unknown, probably due to their sluggish nature of donating
electrons in the ground state. (3) since the metal amido species can not be efficiently oxidized to
its high-valent state, the subsequent reductive elimination step becomes very slow. In order to
overcome the above issues, improvements in two aspects were needed: (1) the alkyl NHPI ester
needs to be rapidly reduced and produce C-centered radicals, this is crucial to overcome the main
amidated byproduct 4.1g. (2) An oxidant is needed to oxidize the metal amido species to its high-

valent state to facilitate the reductive elimination step.
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Figure 42 Mechanistic design for decarboxylative amination via synergetic photoredox and transition
metal catalysis.

Based on the above-mentioned considerations, we believed that the introduction of
photoredox catalysis to metal catalysis could solve the existing issues. In this way, the oxidizing
and reducing agents will be combined into one photocatalyst. More importantly, by simply
adjusting the photocatalyst, we can easily tune the redox potentials of the oxidizing and reducing
ends to achieve better reactivity. Thus, we proposed a dual catalysis system and expected that this
would help overcome the difficulties in developing such a decarboxylative C(sp®)-N cross-
coupling method (Figure 42).

Initially, visible-light excitation of a photocatalyst generates an excited-state complex, which
reduces a redox-active ester via a single-electron transfer (SET). The reduced ester then undergoes
decarboxylation to give an alkyl radical, which is trapped by a low-valent metal amido complex I
to give intermediate I (Figure 42). The photocatalytic cycle is closed by a single-electron transfer
from intermediate II to the oxidized photocatalyst, yielding at the same time a high-valent metal
alkyl amido complex III. C-N reductive elimination from III then gives the desired amine product

and liberates a low-valent metal species IV. The latter reacts with an aniline to give complex I and
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completes the metal catalytic cycle. This type of relay between photoredox catalysis with nickel
catalysis has been exploited for C-C coupling,>°2-2] and electron-transfer via photoredox catalysis
is reported to promote C(sp?)-N reductive elimination on Ni and Cu.[?%-2%) However, a similar

strategy has not been demonstrated for C(sp®)-N coupling.

4.1.2 Optimization

4.1.2.1 First approach and preliminary results

(a) Sanford, 2012

[Ru(bpy)3]Cly+6H,0 (1 mol%), CuOAC

B(OH), (20 mol%), K,COs (1.0 equiv.) CFa
+ I_CF3 >
DMF (0.17 M), 60 °C, blue LEDs, 12 h

2111
2.109 2.110 799,
(b) Applying Sanford's conditions H
Sh®

O o) [Ru(bpy)3]Cly*6H,0 (1 mol%), CuOAc
@:EN_O )I\O ) NH, (20 mol%), K,CO, (1.0 equiv) e
- +
% ©/ DMF (0.17 M), 60 °C, blue LEDs, 12 h @\ o
2.22 4.2a N
1 equiv. 3 equiv. H

4.1g
42%
(c) The first milestone
0] 0 [Ru(bpy)s](PFe)> (1 mol%), CuBr (20 mol%), H
EtsN (5.0 equiv.) N
-0 o™ : - OO0
Y MeCN (0.1 M), RT, blue LEDs, 12 h
2.22 4.2a 4.3a
1 equiv. 2 equiv. 15%

Figure 43 (a) Synergistic photoredox and copper-catalyzed trifluoromethylation reaction reported by the
Sanford group in 2012; (b) Experimental exploration: applying Sanford’s conditions to our reaction design;
(¢) The first milestone in our exploration of the decarboxylative C(sp*)-N cross-coupling method.

After careful review of the reported cooperative photoredox/copper-catalyzed work (see

Chapter 2.2), we found that the synergistic photoredox and copper-catalyzed trifluoromethylation
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strategy reported by the Sanford group in 20123 is similar to our designed reaction route (Figure
43a). Therefore, we envisioned that their reaction conditions could be applied to our designed route.
To try this idea, based on Sanford's conditions, we replaced the nucleophilic reagent from 4-tert-
butylphenylboronic acid 2.109 to aniline 4.2a, and the electrophilic reagent from trifluoromethyl
iodide 2.110 to cyclohexyl NHPI ester 2.22, while retaining the remaining original conditions
(Figure 43b). However, by applying their conditions to our reaction, we could only observe trace
amounts of the aminated product 4.3a, suggesting that Sanford's conditions are not effective in our
reaction. Interestingly, we noted that the amidated product 4.1g was obtained in 42% yield,
suggesting that the amidation reaction was much faster than the amination process under Sanford's
conditions.

From this initial trial, we realized that it was critical to inhibit the rapid formation of amidated
product in order to enable the amination reaction to proceed smoothly. Based on this idea, we
believed that adjusting the base, solvent, and temperature could inhibit the rapid amidation reaction
to some extent. Encouragingly, after some preliminary experiments, we found that when
Ru(bpy)s(PFs)2 (1 mol%) was used as a photocatalyst, CuBr (20 mol%) as a transition metal
catalyst, EtsN (5 equiv.) as an organic base, and MeCN (0.1 M) as a solvent, and after 12 h of blue
LED irradiation at room temperature, 15% of 4.3a could be obtained (Figure 43c). This result
provided a solid basis for our subsequent screening of the reaction conditions.

It is important to note that in order to ensure sufficient photon flux density and a suitable
reaction temperature, the light source we applied to the reaction was 40W blue LEDs (which we
purchased from Kessil Co., Ltd., product number A160WE). A table fan was used to maintain
room temperature during the irradiation process (table fan purchased from Galaxus Co., Ltd., and

max. power 35W).

4.1.2.2 Further optimization of reaction conditions

Ligands can play a magical role in transition metal-catalyzed reactions. We first studied the
effects of different ligands on the reactivity based on the preliminary conditions previously
obtained (Figure 43c).

Since this reaction is somewhat similar to the copper-catalyzed Ullman-type amination
reaction, we believed that the ligands that performed well in the Ullman amination reaction were

potentially capable of facilitating our reaction. Besides, early studies have shown that different
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types of bidentate ligands appear to be more effective than monodentate ligands. This is because

a bidentate ligand can occupy two adjacent coordination sites, thus bringing the two coupling

207

partners closer together and facilitating the reaction.*’! Also, the ligands used in Ullmann-type

reactions are generally N-donors, O-donors or a mixture of N- and O-donors, whereas P- based

ligands are generally less effective.2%!

O o [Ru(bpy)s](PFs), (1 mol%), CuBr (20 mol%) H
ligand (30 mol%), EtsN (5.0 equiv. N
©:/(<N—O)k© . ©/NH2 9 ( 0), EtaN ( quiv.) . ©/ O
ol MeCN (0.1 M), RT, blue LEDs, 12 h
4.3a

2.22 4.2a
1 equiv 2 equiv
\_/ /_\ \_/ /N —NH HN— —NNT \
N N N N= —NH HN—
4.L1 4.2 4.L3 4.L4 4.L5
trace trace trace trace trace

Figure 44 Reactivity of N,N -ligands to the decarboxylative C(sp®)-N cross-coupling reactions.

To begin with, we tested a class of readily available N, N’-bidentate ligands (Figure 44) such
as bipyridine 4.L1, 1,10-phenanthroline 4.L.2, N, N’-dimethylethylenediamine (DMEDA) 4.L3,
tetramethylethylenediamine (TMEDA) 4.4, trans-N, N -dimethylcyclohexane-1,2-diamine 4.LS5.
However, all of these ligands failed to facilitate the reaction indicating the ineffectiveness of N,N -
bidentate ligands for the reaction.

Next, we screened a wide range of ligands and tested their reactivity in the decarboxylative
C(sp®)-N cross-coupling reaction. Unfortunately, we found that the P-type ligands (4.L6 and 4.L7,
Figure 45), 8-quinolinol N-oxide (4.L8), and 2,2'-bisphenol (4.L.9) were not effective ligands in
this reaction. To our delight, when we tried the diol-type ligands (4.L10 and 4.L.11) and the
diketone ligands (4.L.12), we were able to improve the reactivity to 44%-50% yields/conversions.
In view of the good reactivity presented by diketone ligands and the easy accessibility and diversity
of this class of ligands, we next focused on ligand optimization based on diketone ligands. After
screening a series of diketone-based ligands, we discovered that electron-donating nature and the

bulkiness may play a key role. The best results were achieved when electron-donating and
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sterically bulky groups were introduced into the ligand skeleton. The template reaction using
4.1L16 as a ligand resulted in the highest yield of 58% (Figure 45). Compared to the reaction

conditions without ligand, this ligand can enhance the reactivity by 43%.

[Ru(bpy)3l(PFg)2 (1 mol%), CuBr (20 mol%)

(0] 0 H
_ NH, ligand (30 mol%), Et3N (5.0 equiv.) N
afCN e
O MeCN (0.1 M), RT, blue LEDs, 12 h

Y

2.22 4.2a

1 equiv. 2 equiv. 4.3a
X
® LJ Oy (e
! i OH
E:L PPhZ OH O_ HO OH
n=1, 4.L10, 49%
4.L6, 27% 4.L7, 6% 4.L8, trace 4.L9, 10% n=2, 4.L11, 44%
Q 0 o 0 o 0 o 0 Q 0
\HJ\/U\( EtOJ\/U\OEt MeOJ\/U\OMe Ph)l\/u\ Ph >HK/U\’<
4.L12, 50% 4.L13, 47% 4.L14, 44% 4.L15, trace 4.L16, 58%

Figure 45 Reactivity of various classes of ligands to the decarboxylative C(sp*)-N cross-coupling reactions.

After a round of ligand screening and evolution, we found that anionic ligands, such as 1,3-
diol and 1,3-diketone ligands, were generally better yielding than other types of ligands. Inspired
by these findings, we concluded the preliminary hypothesis that anionic ligands with both electron-
donating and sterically bulky groups could facilitate the reaction. Based on this hypothesis, more
simple and easily tunable anionic ligand skeletons needed to be selected for in-depth ligand
optimization.

In 2012, Ma and co-workers developed 2-(2,6-dimethylphenylamino)-2-oxoacetic acid
(DMPAO) as a superior ligand for copper-catalyzed N-arylation of acyclic secondary amines.[?*!
Later, by employing oxoacetic acid- and oxalic diamide- based ligands, Ma and co-workers
achieved very challenging transformations, namely Cu-catalyzed amination and etherification
reactions of aryl chlorides.?!®2!!] Inspired by these results, we sought to investigate the reactivity

of these ligands in our reactions.
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To begin with, oxalamide-based ligands were tested in the reaction, however, only low to
moderate yields could be obtained, probably due to their poor solubility and less electron-donating
effect (4.L17-4.L.24, 18-45%, Figure 46). To our surprise, when 2-((2,6-dimethyl)phenylamino)-
2-oxoacetic acid (DMPAO, 4.L.25) was used in this reaction, the yield dramatically increased to
71% (Figure 46). Encouraged by this result, we systematically modulated the substituents in the
aromatic ring of 4.L25, such as introducing one, two or three electron-donating group(s) with
diverse substituted positions to the aromatic ring (4.L.26-4.L29). Eventually, we found that the
best yield at 91% was obtained using 2-((2,6-dimethoxyphenyl)amino)-2-oxoacetic acid 4.1.26 as
a ligand (Figure 46). After preliminary analysis, we attributed the success of 4.1.26 as a ligand to
the o-dimethoxy groups on its aromatic ring, which can not only effectively increase the steric
hindrance of the ligand to accelerate the reductive elimination process, but also induce a electron-

111

rich copper center to facilitate the “oxidative addition” process (Cu' complex to Cu' complex).

[Ru(bpy)s](PFg)2 (1 mol%), CuBr (20 mol%)

O 0 H
_ NH, ligand (30 mol%), Et3N (5.0 equiv.) N
N—O + ©/ >
o MeCN (0.1 M), RT, blue LEDs, 12 h

2.22 4.2a 43a
1 equiv 2 equiv
R! R2 R2 R? R2 R?
R’ H (0] Q (0] ?n o |Y|e )OJ\ Jol\
N\n)‘\ NH )H(NH
R2 R3 R1 lo) OMe (6] R1 R3
R'=R?=R3=H, 4.L17, 18% R'=R?=H, 4.L21, 22% 4.L.24,27% R'=Me, 4.L25, 71% 4.L27, R2=OMe, R'=R3=H,
R'=OMe, R?=R%=H, 4.L18, 42% R'=OMe, R?=H, 4.L22, 32% R'=0Me, 4.26, 91% 4.L28, R®>=OMe, R'=R?=H,
R'=H, R2=R%=0Me, 4.L19, 32% R'=R?=OMe, 4.L23, 28% 4.L.29, R'=H, R2=R%=0Me,

R'=R?=R3=0OMe, 4.L20, 45%

Figure 46 Reactivity of oxoacetic acid- and oxalic diamide- based ligands to the decarboxylative C(sp*)-N
cross-coupling reactions.

Different catalyst loadings were evaluated, and lowering the catalyst loadings led to lower
yields (Table 11, entries 1-3). Considering the reduction potential of NHPI esters (Ei» <-1.28 V
vs. SCE in MeCN),?!?l the addition of an appropriate amount of Lewis acid can enhance the
reduction efficiency by coordination. Since the copper catalyst can also act as a Lewis acid, an
increase of free copper anions in solution would be beneficial. Therefore, we increased the

metal/ligand ratio to ensure the liberation of sufficient "free" copper ions (Table 11, entries 4-6),
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and these changes proved to be beneficial. When changing the metal/ligand ratio to 20/7.5, the
product yield increased to 94% (Table 11, entry 4).

Table 11 Optimization of the Cu cat./ligand ratio

0 o Ru(bpy)s(PFe)2 (1 mol%) | OMe
NH,  CuBr (x mol%), ligand (y mol%) H ' (0]
N—O + ©/ > . )STOH
EtsN (5 equiv.), MeCN (0.1 M) 5 oM N
o 40 W blue-LEDs, 1t, 12 h : e o)
2.22 4.2a 43 ; ligand
1 equiv. 2 equiv. ~a : 4..26
entry CuBr/ligand (x/y ratio) GC yield”
1 20/30 91%
2 10/15 70%
3 5/7.5 48%
4 20/7.5 94%
5 20/5 81%
6 20/0 15%

“Corrected GC yield using n-dodecane as an internal standard.

Table 12 Optimization of various transition metal catalysts

Ru(bpy)3(PFe)2 (1 mol%)
0 0 metal catalyst (20 mol%) . OMe

NH, ligand (7.5 mol%) H E o
e ' @ ~ @ O 5 NJKWOH
EtsN (5 equiv.), MeCN (0.1 M) '
% i OMe H 4

40 W blue-LEDs, rt, 12 h

s, 2 s 1
entry transition metal GC yield”
1 CuBr 94%
2 CuCl 35%
3 Cul 76%
4 Cu trace
5 CuBr; 43%
6 NiCl,*6H>0, CoCl,*6H,0, FeCl, ND

“Corrected GC yield using n-dodecane as an internal standard; ND = not detected.
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Table 13 Optimization of different temperatures

Ru(bpy)s(PFe) (1 mol%)

0 o CuBr (20 mol%) OMe
NH, ligand (7.5 mol%) H : 0
- -0 oy
EtsN (5 equiv.), MeCN (0.1 M) OMe H S
(0] temperature '
222 4.2a 40 W blue-LEDs, 12 h 4.3a : ligand
1 equiv. 2 equiv. ' : 4.1.26
entry temperature GC yield”
1 RT 94%
2 55°C 35%
3 0°C 68%

“Corrected GC yield using n-dodecane as an internal standard.

Next, we screened different metal catalysts. Although palladium catalysis has been widely
used for C-N coupling with great success, we believe that non-precious metal catalysts, such as Fe,
Co, Ni and Cu-based catalysts, may be more advantageous for the application by virtue of their
inexpensive and readily available nature. In this reaction, however, we found only copper catalysts
to be effective (Table 12). Among the copper catalysts we examined, Cu(I) salts could give better
yields than Cu metal and Cu(Il) salts (Table 12, entries 1-5).

In addition, we screened different reaction temperatures (Table 13). Unlike previous copper-
catalyzed amination reactions that required either low!’!! or high temperatures''®! to ensure better
chemoselectivity or efficient conversion, this method gave the best yields at room temperature.

The pivotal role of photocatalysts in photocatalytic reactions is evident. After screening a set
of photocatalysts, we found that Ru(bpy)3(PFs)> was the most suitable one for the reaction and
gave the best result under standard conditions (Figure 47). We attributed the catalyst's excellent
performance to its long excited-state lifetime (t=1100 ns), suitable absorption wavelength
(Amax=452 nm), and strong redox potential at the oxidizing and reducing ends (E12 (Ru**/Ru?"*) =

-0.81V; E12 (Ru**/Ru*") = 1.29V vs. SCE in MeCN at RT).l"8]
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o 0 PC (1 mol%), CuBr (20 mol%)

H
NH 4.1.26 (7.5 mol%), Et3N (5.0 equiv.) N
=0 g™ - OO
O MeCN (0.1 M), RT, blue LEDs, 12 h
2.22' 4.2a 4.3a
1 equiv 2 equiv
| : 2x° PO | PRe
> N ~

P s Br: Br
SR 48®
N A |
| 3 tBuT Ny HO 0 OH
Z |, F Br Br

N
FsC | Cloy
2+
Ru(bp;:(()i‘jﬁy;:-:{lo’ 70% [IrdF(CF3)ppy.](dtbpy)PFg fac-lr(fpy)s E:)SI[‘I Y Mes-Acr-Me*
X=PFg, 94% 40% v |”55 % PC*/PC;?EeO 279V trace
RUVRU™ = -0.81 V IrVar==-0.89 v IVl =173 v =0, PC*/PC = 2.06 V
; Vit = 1.69 v IVt =0.77 v PC/PC =-1.06 V PC/PC = -057 V

Ru/Ru"=1.29 v

Figure 47 Optimization of different photocatalysts

The influence of bases on the reaction is dramatic and decisive. Of all the organic and
inorganic bases that were tried, the aminated product could be produced only when triethylamine
was used as a base (Table 14). We speculated that triethylamine acts as more than a base in this
reaction, and the important role of triethylamine in this reaction will be discussed in the
mechanistic investigations section. Furthermore, a preliminary evaluation of different solvents
showed that MeCN performed best and had the highest yield under standard conditions (Table 15).
Finally, control experiments showed that light, Ru(bpy)s(PFs)2, and a copper salt are all essential.
Without any of the three, no amination products were observed (Table 16). At this point, we had
obtained the optimal reaction conditions for the coupling of secondary NHPI ester 2.22 with aniline
4.2a: using Ru(bpy);PFs (1 mol%) as a photocatalyst, CuBr (20 mol%) as a copper salt, 4.1.26 (7.5
mol%) as a ligand, EtsN (5 equiv.) as a base, and MeCN (0.1 M) as a solvent, and irradiation with
blue LEDs (Kessile 40 W) for 12 h at room temperature.

Primary aliphatic carboxylic acids are inexpensive and abundant reagents. The
decarboxylative C(sp®)-N cross-coupling of NHPI esters derived from primary alkyl carboxylic
acids would yield high value-added linear alkyl aryl amine products. However, with the reaction

conditions as mentioned above, the efficiency is very low, only giving the desired product in a 28%
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Table 14 Optimization of different bases

0O 0o Ru(bpy)s(PFe) (1 mol%) ' OMe

NH, CuBr (20 mol%), ligand (7.5 mol%) H (0]
SN0l - DA
base (x equiv.), MeCN (0.1 M) . OMe H H
ol .

RT, 40 W blue-LEDs, 12 h ! 0
2.22 4.2a ! ligand

I . 4.3a H
1 equiv. 2 equiv. ! 4126

entry base GC yield”

1 Et;N? 94%,

DIPEA, DABCO,
triethanoamine,
2 Na,CO;3;, K,COs, K3POs, trace
KO'Bu, NaO'Bu, KOH,
Cs2CO5¢
“Corrected GC yield using n-dodecane as an internal standard. “using 5 equiv. base. “using 1 equiv. base.

Table 15 Optimization of different solvents

0 o Ru(bpy)a(PFe)2 (1 mol%) g OMe
NH, CuBr (20 mol%), ligand (7.5 mol%) H ; o)
o () T - DAY
Et3N (5 equiv.), solvent (0.1 M) . OMe H H
O RT, 40 W blue-LEDs, 12 h ; 0
2.22 4.2a ! ligand
. . 4.3a H
1 equiv. 2 equiv. ' 4.L.26
entry solvent GC yield”
1 MeCN 94%
2 benzene 21%
3 DMA 32%
4 dioxane trace
5 toluene trace

“Corrected GC yield using n-dodecane as an internal standard.
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Table 16 Control experiments

0 o Ru(bpy)a(PFe) (1 mol%) : OMe

NH, CuBr (20 mol%), ligand (7.5 mol%) H 0
Y- (Y 4 N
EtsN (5 equiv.), MeCN (0.1 M) C dve N H
(0] H

RT, 40 W blue-LEDs, 12 h , o

2.22 4.2a ' ligand
. . 4.3a .

1 equiv. 2 equiv. ' 4.L.26

entry variants GC yield”

1 none 94%
2 no light ND
3 no Ru(bpy)z(PF6)2 ND
4 no CuBr ND
5 no ligand 15%

“Corrected GC yield using n-dodecane as an internal standard; ND = not detected.

Table 17 Optimization of reaction parameters for primary NHPI ester

0 Ru(bpy)s(PFe)2 (1 mol%) .
Q CuBr or CuClI (20 mol%) H ! OMe

NH2 . o N H O
Cp= - O el ooy (L3
EtsN (3 or 5 equiv.), MeCN (0.1 M) . OMe H

O

04_1a 4.2a RT, 40 W blue-LEDs, 12 h ligand
X equiv. y equiv. 4.6a ' 4.L26
entry 4'1(2;323 copper cat.  ligand (z mol%) base GC yield”
1 1/2 CuBr (7.‘;';%)?% ) 5 equiv. 28%
2 2/1 CuBr (7“5";%)?% ) 3 equiv. 39%
3 2/1 CuBr - 3 equiv. 46%
4 2/1 CuCl - 3 equiv. 64%

“Corrected GC yield using n-dodecane as an internal standard; ND = not detected.

yield (Table 17, entry 1). We attributed this to the very high activity of the primary alkyl radicals
and the rapid rate of the dimerization reaction (14% of the homocoupling product could be
observed by GC) and other side reactions (e.g. Barton-type decarboxylation). Therefore, we

adjusted the ratio of NHPI ester 4.1a to aniline 4.2a from 1/2 to 2/1 and correspondingly adapted
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the equivalents of triethylamine from 5 to 3 equivalents. As expected, the yield of the reaction
increased by 11% to 39% (Table 17, entry 2). To our surprise, the reaction yield could be increased
by 7% when the auxiliary ligand was removed (Table 17, entry 3). We credited this to the high
activity of the primary alkyl radical, which enabled the coupling reaction in a smooth manner
without the aid of an external ligand. Further screening of copper salts showed that CuCl was more
suitable for the coupling of primary alkyl NHPI esters (Table 17, entry 4).

Thus far, we had achieved the optimum reaction conditions for the coupling between primary
NHPI ester 4.1a and aniline 4.2b: using Ru(bpy);PFs (1 mol%) as a photocatalyst, CuCl (20 mol%)
as a copper salt, EizN (3 equiv.) as a base, and MeCN (0.1 M) as a solvent, and irradiation with
blue LEDs (Kessile 40 W) for 12 h at room temperature.
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4.2  Scope of the decarboxylative C(sp*)-N coupling reaction

With the optimized reaction conditions in hand, we then turned our attention to the scope of
the reaction. First, we explored the scope of anilines and other N-nucleophiles followed by

different alkyl NHPI esters.

4.2.1 Scope of anilines

Ru(bpy)s(PFg)2 (1 mol%), OMe

0
Q CuBr (20 mol%) / 4.L.26 (7.5 mol%) /H o
—0 + Ry=NH, > R; U N)H(OH
Et;N, MeCN, RT, Blue LEDs OMe H h
o 43
Amine product 4.L.26
Anilines?®
4.3a (94%) 4.3b (78%) 4.3¢ (69%) 4.3d (56%) 4.3¢ (95%) 4.3 (88%)

&U&@&U?ﬁ%ﬁo/oo

X=Cl, 4.3k (85%)
4.3g (80%) 4.3h (65%) 4.3 (40%) X=Br, 4.31 (66%) 4.3n (76%) 4.30 (32%)
X=1, 4.3m (60%)

o' oo Ao oo @

4.3p (41%) 4.3q (96%) 4.3r (90%) 4.3s (84%) 4.3t (56%)

Figure 48 Scope of anilines. “General conditions: NHPI ester 2.22 (1 equiv.), anilines 4.2 (2 equiv.),
Ru(bpy)3(PF6), (1 mol%), CuBr (20 mol%), 4.L.26 (7.5 mol%) and Et:N (5 equiv.) in MeCN (0.1 M),
irradiated at room temperature for 12 h, isolated yield.

The optimal reaction conditions (Table 16, entry 1) were successfully applied for the
coupling of secondary alkyl NHPI ester 2.22 with a broad set of anilines 4.2 (Figure 48). Gratefully,
ortho-, meta-, and para-toluidine coupled with 2.22 to afford the corresponding alkyl aryl amines
in moderate to excellent yields (Figure 48, 4.3b-4.3d). Sterically hindered ortho-substituted

anilines are commonly poor nucleophiles for C-N cross-coupling reactions. However, anilines with
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ortho-substitution, such as mono-methoxy (4.3e), di-methoxy (4.3f), ethyl (4.3g), bromo (4.3h),
or cyano (4.3i) groups were all suitable substrates in the current methodology. C(sp?)-halogen
atom bonds are important scaffolds in cross-coupling reactions. To our delight, halogen-substituted
anilines with various halogens were well-tolerated, delivering the products in decent yields (4.3j-
4.3m). Synthetically useful functional groups, such as cyano (4.3i), masked aldehyde (4.3n),
acetylene (4.30), vinyl (4.3p), ester (4.3q), ketone (4.3r), trifluoromethyl (4.3s), were all

compatible. Naphthyl group-containing compound 4.3t could also be achieved with ease.

4.2.2 Scope of other N-nucleophiles

Ru(bpy)s(PFe)2 (1 mol%), OMe

O o)
CuBr (20 mol%) / 4.L.26 (7.5 mol%) H 0
N—O + R-NH, > R’ OH
EtsN, MeCN, RT, Blue LEDs N
(0] OMe

(0]
4.2 4.4 4.L.26
Other N-nucleophiles?
| \\ N
Y U U EI) O U
4.4a (48%) 4.4b (78%) 4.4c (43%) 4.4d (36%)"
O A0 SO o
N
©)LN N @)L
F
4.4¢ (41 %)b 4.4f (30%)? 4.49 (33%)? 4.4h (28%)b
@ @ o' AP D o'
4.4i (<5%) 4.4) (<5%) 4.4k (<5%) 4.4116% 4.4m 9% 4.4n (<5%)

Figure 49 Scope of other N-nucleophiles. “General conditions: NHPI ester 2.22 (1 equiv.), N-nucleophiles
4.2 (2 equiv.), Ru(bpy):(PF6), (1 mol%), CuBr (20 mol%), 4.L.26 (7.5 mol%) and Et;N (5 equiv.) in MeCN
(0.1 M), irradiated at room temperature for 12 h, isolated yield. “Cu(MeCN)4PFs (50 mol%), L3 (30 mol%)),
20 h, isolated yield.
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The use of different N-nucleophilic reagents is valuable in expanding the substrate scope for
C-N coupling reactions. However, our reaction enables the transformation of challenging anilines
(Figure 49), such as 4.4a (pyridine), 4.4b (sterically hindered quinoline), and 4.4¢ (quinoline), to
the N-alkylated products. The assessment of other N-nucleophiles revealed some limitations of the
current method. While sulfonamide (4.4d), amide (4.4e-4.4g), urea (4.4h) were coupled in modest
yields and increased loading of the copper catalyst was required (Figure 49). In addition, alkylation
of nitrogen heterocyclic nucleophiles such as indole (4.4i) and imidazole (4.4j) was not feasible.
Alkylamines tended to give amidation products (4.4k), while methanesulfonamide (4.41) and
acetamide (4.4m) were coupled in very low yields (16% and 9%, respectively). Secondary amines

could only give low conversions and yields (see a representative example 4.4n).

4.2.3 Rapid assessment of the applicability of functional groups

In 2013, Glorius and co-workers demonstrated a method of robustness screen for the rapid
assessment of chemical reactions.!?!*! To further probe the limitations of the current approach
regarding functional group compatibility, a range of experiments were conducted in the presence
of different small-molecule additives (Table 18), including molecules containing alpha-beta
unsaturated esters, aldehydes, NMe-indoles, NH-indoles, secondary alkyl amides, or unprotected
alcohols. As shown in Table 18, NMe-indole (entry 2) and free alcohol (entry 3) were tolerated in
the standard conditions, aldehyde (entry 4) and NH-indole (entry 5) were modestly compatible
additives, and alpha-beta unsaturated ester (entry 6) and secondary alkyl amide (entry 7) inhibited

the reactions to about 25% yields.

Table 18 A further test of functional-group tolerance using the screening method developed by Glorius

Ru(bpy)s(PFe) (1 mol%)

O 0
NH, CuBr (20 mol%), ligand (7.5 moI%
N—0 -y )gWOH
EtsN (5 equiv.), MeCN (0.1 M) OMe H
O

RT, 40 W blue-LEDs, 12 h

2.22 4.2a ligand
1 equiv. 2 equiv. 4.3 : 4.1.26
Entry Additive Yield of 4.3a (%)“ Additive remaining (%)"
1 None 94 -
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g8
2 N 85 v 100 y

3 HO """ 80 v 95 Y

4 ©A° 62 - 36 -
5 g% 49 - 64 -
H

6 -COOPh 25 ) 20 &)

7 ©)LH/ 26 &) 70 y

The standard reaction is undertaken in the presence of one molar equivalent of the given additive. The yield

of 3a, and the additive remaining after reaction is given. Color coding: green \ : above 66%, yellow

34 - 66%, red ®: below 34%. “GC yield.

4.2.4 Scope of alkyl NHPI esters that derived from aliphatic carboxylic acids

0 o Ru(bpy)s(PFe)2 (1 mol%), OMe

o ) CuBr (20 mol%) / 4.L.26 (7.5 mol%) Nor ol
N—O re + RONH > YRQ OH
RS EtN, MeCN, RT, Blue LEDs R? N
o OMe 0
41 4.2 4.5 4126

Secondary and tertiary acids?

MeO MeO MeO
fj = U = fj O fj 1@
4.5a (81%) 4.5b (71%) 4.5¢ (41%) R=H, 4.5d (66%) 4.5f (82%)
R= OMe 4.5e (76%)

f MeO MeO : ;
4.59g (73%) 4.5h (37%) 4.5i (60%) 4.5j (56%) 4.5k (9%) 4.51 (<5%)

Figure 50 Scope of alkyl NHPI esters derived from secondary and tertiary carboxylic acids. “General
conditions: NHPI ester 4.1 (1 equiv.), N-nucleophiles 4.2 (2 equiv.), Ru(bpy)s(PF6), (1 mol%), CuBr (20
mol%), 4.L.26 (7.5 mol%) and Et:N (5 equiv.) in MeCN (0.1 M), irradiated at room temperature for 12 h,
isolated yield.
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The scope of secondary alkyl NHPI esters was broad. Cyclic alkyl groups (Figure 50)
including small and large rings (4.5a-4.5e), heterocyclic alkyl group (4.5f), and fluorinated alkyl
group (4.5g), as well as acyclic secondary alkyl groups (4.5h-4.5j), were all amenable to the
coupling. When a tertiary alkyl redox-active ester, which derived from 1-adamantane carboxylic
acid, was coupled to aniline 4.2a, N-phenyladamantan-1-amine 4.5k was obtained only in 9% yield.
Besides, the coupling between alkyl NHPI ester derived from pivalic acid and aniline was not
feasible in obtaining the aminated product 4.51. These results are consistent with the challenge in

the cross-coupling of very bulky tertiary alkyl groups.

Ru(bpy)s(PFg), (1 mol%),

0
1 CuCl (20 mol%) H
N—o)J\/R +  R2-NH, = NIR
EtsN, MeCN, RT, Blue LEDs R?
o]
4.1 4.2 46
Primary acids?®
MeO MeO MeO
4.6a (64%) 4.6b (70%) 4.6¢ (55%) 4.6d (62%) n=1, 4.6e (62%) 4.6h (75%)
114 51%® n=2. 4.6 (58%)
9, o1% n=14, 4.6g (88%)

MeO MeO H FFE FE F FF MeO H
@ o ” S O D §
F
\j FFFFFFFF
MeOC

4.6m (59%)
5-exo-trig

0, 0, 0, 0,
4.6i (40%) 4.6j (41%) 4.6k (31%) 4.61 (50%) cyclized product

Figure 51 Scope of alkyl NHPI esters that derived from primary carboxylic acids. “General conditions:
NHPI ester 4.1 (1 equiv.), N-nucleophiles 4.2 (2 equiv.), Ru(bpy)3(PF6), (1 mol%), CuCl (20 mol%), and
Et;N (3 equiv.) in MeCN (0.1 M), irradiated at room temperature for 12 h, isolated yield.

The modified conditions shown in Table 17 were successfully applied to the coupling of
various primary alkyl NHPI esters (Figure 51). NHPI esters derived from readily available primary
carboxylic acids coupled with different anilines in good yields (4.6a-4.6g). To showcase the
potential of this methodology, a gram-scale reaction was performed to deliver 4.6a. The yield of
the gram-scale reaction was not significantly reduced and that the desired product 4.6a could be
obtained in 51% isolated yield. Besides, NHPI esters bearing phenyl (4.6h), bromo (4.6i), ester
(4.6j) and acetylene (4.6k) groups were also examined. All the NHPI esters containing these
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functional groups could smoothly couple with anilines and gave the desired products in moderate
yields and with excellent chemoselectivity. A polyfluorinated alkyl group was compatible (4.61)
to afford polyfluorinated amines. This transformation provided a valuable and convenient route to
synthesize polyfluorinated amines, which were difficult to access otherwise using conventional
methods. Coupling of an activated 6-heptenoic acid (a radical-clock probe) with a cyclized rate
constant of ca. 1.0x10° at room temperature,?'*! could give the 5-exo-trig cyclized product (4.6m).
This result was consistent with the intermediacy of alkyl radicals. Notably, no over-alkylation
products were observed in any of the reactions, reflecting an important advantage of this method

over other methods such as direct N-alkylation.
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4.3 Applications of the decarboxylative C(sp*)-N coupling reactions

After studying the substrate scope of the method, we next began to investigate the
applicability of this approach, including the late-stage modification of natural products and drugs

and the synthesis of a drug molecular backbone.

4.3.1 Late-stage modification of natural products and drugs

Ru(bpy)a(PFe)2 (1 mol%),
CuBr (20 mol%) / 4.L.26 (7.5 mol%)

9 o
R! or CuCl (20 mol%) R1
N—O + R3=NH, > OH
R2 EtsN, MeCN, RT, Blue LEDs
0] OMe
41

4.2 4. 4. L26

Natural products and drugs

)\_ Q7 N CII /O/\L NHBoc
OMe [~ “NHBoc | Meo@ Q
NH B Cl MeO
H MeO
@) O
4.7a (59%)2 4.7b (43%)° 4.7¢ (50%)2 4.7d (55%)° 4.7¢ (48%)2
from b-homoleucine from dehydrocholic acid from chlorambucil from naproxen from gabapentin

O,

>_< >—C| |
i Q\N MeO MeO A
@ OMe 1 i j/NH ©/NH
OM
© OMe

4.7f (40%)? 4.7g (41%)P 4.7h (40%)° 4.7i (32%)°
from indomethacin from ibuprofen from oleic acid from elaidic acid

Figure 52 Late-Stage decarboxylative amination of natural products and drugs containing carboxylic acids.
“General conditions: NHPI ester (2 equiv.), aniline (1 equiv.), Ru(bpy)s(PFs) (1 mol%), CuCl (20 mol%)
and EtN (3 equiv.) in MeCN (0.1 M), irradiated at room temperature for 12 h, isolated yield. “General
conditions: NHPI ester (1 equiv.), aniline (2 equiv.), Ru(bpy)s:(PFs): (1 mol%), CuBr (20 mol%), L3 (7.5
mol%) and Et;N (5 equiv.) in MeCN (0.1 M), irradiated at room temperature for 12 h, isolated yield.

Carboxylic acid groups are widely occurring in natural products and drug molecules. The
current method provides a versatile method for converting aliphatic carboxylic acids into alkyl
arylamines. This method will have profound implications in medicinal chemistry if it can be
applied to the late-stage functionalization of complex molecules. Gratefully, the method was

effective to synthesize complex alkyl aryl amines with impressive chemoselectivity and functional
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group compatibility (Figure 52). For example, NHPI esters from an amino acid, B-homoleucine
(Figure 52, 4.7a), and a natural product, dehydrocholic acid (4.7b), were aminated with ease.
Drugs containing aliphatic carboxylic acid groups could be rapidly transformed into their amine
derivatives in one-step (4.7¢-4.7g), demonstrating the potential of this method for rapid, post-
synthetic drug modification. NHPI esters from unsaturated fatty acids, which contain cis- and
trans- double bonds, could also be used to deliver the corresponding amines without significant
isomerization or oxidation of olefin groups, albeit in modest yields (4.7h-4.7i). The method
showed a unique reactivity under very mild conditions. In particular, the current approach can
tolerate a range of functional groups that are reactive in other amination methods. Indeed,
chemoselectively aminating activated dehydrocholic acid and chlorambucil underscored the
orthogonal feature of the current method. Specifically, in regard to reductive amination and direct
N-alkylation, dehydrocholic acid has several carbonyl groups which are incompatible with
reductive amination, while chlorambucil has two alkyl choro groups which are not tolerated to
direct N-alkylation. Therefore, this method represents an invaluable alternative approach to
conventional amination syntheses, which dramatically expands the synthetic toolbox for rapid and

precise C(sp*)-N bond formation.
4.3.2 Synthesis of the skeleton of a T. cruzi CYPS51 inhibitor.

Ru(bpy)3(PFe)2 (1 mol%),

o CuBr (20 mol%), 4.L26 (7.5 mol%) H
% 0 H2N\©\ EtsN (5 equiv.), MeCN (0.1 M), RT,
N + Blue LEDs, 12 h BocN
O)U . - sa Y CFs

Boc One step, yield: 75%

4i 4.2b “

NTX
|

Z
SRe
| Noe M CF3
Z

T. cruzi CYP51 inhibitor

Figure 53 Synthetic applications: synthesis of 4.8a, the skeleton of a T. cruzi CYP51 inhibitor.
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To demonstrate the potential of the current method, we targeted the core skeleton of a drug
candidate as a synthetic application (Figure 53). Chagas disease, caused by the protozoan parasite
Trypanosoma cruzi (T. cruzi), is an increasing threat to global health.*!S] Analyzing the core
skeleton of the 7. cruzi CYP51 inhibitor, a disconnection of the C(sp*)-N bond dominates the
retrosynthetic plan. We envisioned that the established method could enable a facile formation of
this bond, therefore, streamlining the synthesis of this molecule. To our delight, when applied our
method, we were able to obtain the key intermediate 4.7a to an inhibitor of Trypanosoma cruzi (T.
cruzi)?'® with a yield of 75% in only one step (Figure 53). In contrast, previously 7a was

synthesized by reductive amination via a two-step protocol and obtained in a yield of only 40%.!"!
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4.4 Mechanistic investigations

4.4.1 Fluorescence quenching experiments.

While the detailed mechanism warrants a dedicated study, a few experiments gave
preliminary insights. We commenced the mechanistic investigations with a series of fluorescence
quenching experiments (Figure 54). The initial experiments showed that the fluorescence could
only be quenched by the complex of an NHPI ester and CuBr, indicating the critical role of free

copper ions in promoting single-electron transfer.

200

Ru(bpy),(PF),

+ 1000 puL aniline

+ 1000 pL triethylamine
+1000 uL L

+1000 pL CuBr

+ 1000 uL NHPI ester

+ 500 uL NHPI ester,
150 4 +500 L CuBr

100 1

intensity (a.u.)

50 4

0 T T v T v T ' ] v Ll v
500 550 600 650 700 750 800
wavelength (nm)

Figure 54 Fluorescence quenching experiments. Fluorescence spectra of 1000 pL [Ru(bpy)s](PFe). (15
uM in MeCN) upon addition of 1000 uL aniline (100 mM in MeCN); 1000 uL triethylamine (100 mM in
MeCN); 1000 pL L3 (10 mM in MeCN); 1000 pL. CuBr (10 mM in MeCN); 1000 uLL NHPI ester (50 mM
in MeCN); 500 uL NHPI ester (50 mM in MeCN) + 500 uL. CuBr (10 mM in MeCN), respectively.
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4.4.2 TEMPO radical-trapping experiment

TEMPO (3 equiv.)

H :
©/N\<j :
O Ru(bpy)s(PFs), (1 mol%) 5
9 PY)atrTe)2 ° 4.3a : OMe
Neg I : NH, CuBr (20 mol%), 4.L.26 (7.5 mol%)  not detected . o
+ > :
0 ©/ EtsN (5 equiv.), MeCN (0.1 M) : NJKH/OH

H
2.22 4.2a 40 W blue-LEDs, 1t, 12 h OMe o)

0.2 mmol, 1 equiv. 2 equiv. 4.L26
4.1h

57%

O

Figure 55 TEMPO trapping experiment.

In Figure 51, the radical-clock experiment (5-exo-trig cyclized product 4.6m) showed
substantial evidence of a radical-involved mechanism. Moreover, the amination reaction halted in
the presence of (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO), while O-alkylated TEMPO
was formed and detected (Figure 55). The results of the radical-clock experiment and TEMPO
radical-trapping experiments were consistent with each other, revealing that free radicals were

likely involved in such reaction.

4.4.3 Reactions of an NHPI ester with and without aniline under catalytically relevant
conditions

Experiments were conducted to probe whether alkyl radical reacts with Cu species prior to
the formation of Cu amine/amido species (Figure 56). Under standard conditions (Figure 56a), the
amination product 4.3a had a yield of 94% in 12 h (8% in 2 h), while bromocyclohexane 4.1e was
formed in less than 1% in 12 h (trace product in 2 h). However, in the absence of aniline (Figure
56b), 4.1e was obtained in 12% yield (1.4 % in 2 h). These results suggest that if an alkyl radical
reacts with a Cu(l) species without amine coordination, then a non-negligible amount of alkyl
bromide would be formed from a putative Cu(Il) alkyl bromide intermediate. As only a trace
amount of alkyl bromide formed in the reaction, it is more likely that a Cu amine/amido

intermediate traps the alkyl radical.
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0 Ru(bpy)a(PFe)2 (1 mol%), H
0 CuBr (20 mol%), 4.L.26 (7.5 mol%) N Br
(@) N +  PhNH, > "
Ne) EtsN (5 equiv.), MeCN (0.1 M), RT,

@) Blue LEDs, 12 h
2.22 4.2a 4.3a, 94% 4.1e, trace
0.2 mmol 2 equiv. (2 h, 8%, GC yield) (2 h, trace,GC yield)
O
0 Ru(bpy)z(PFg)2 (1 mol%), CuBr (20 mol%), 4.L26 (7.5 mol%) Br
(b) N >
Ne EtsN (5 equiv.), MeCN (0.1 M), RT, Blue LEDs, 12 h
(0]
2.22 4.1e, 12%
0.2 mmol (2 h, 1.4% GC yield)

Figure 56 Reactions of 2.22 with and without aniline under catalytically relevant conditions.

4.4.4 Reactions of Cu amine complexes with an NHPI ester.

To test whether the alkyl radical is trapped by Cu(I) or Cu(Il) amine/amido species, we first
prepared a Cu(Il) amine complex (4.9a) (Figure 57) and reacted with 2.22 under conditions
relevant to the C-N coupling. Both in the absence and presence of 4.1.26, the amination yields
were about 10% (Figure 58a). The corresponding Cu(I) amine complex could not be isolated
probably due to its instability; however, an in-situ prepared Cu(I) amine species (4.9b) reacted
with 2.22 under conditions relevant to the C-N coupling to give the amine in 41-46% yield (Figure
58b). These results suggest that the catalysis involves more likely the trapping of alkyl radical by
a Cu(I) amide intermediate, which are consistent with our mechanistic proposal. However, more

experiments are required to confirm this, and to elucidate the mechanistic details.

Figure 57 X-ray crystallography of 9a. Crystallographic data for the structure 4.9a reported here has been
deposited at the Cambridge Crystallographic Data Centre, under deposition number CCDC 1586680.
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HoN Ru(bpy)s(PFg)-> (1 mol%), EtsN (3 equlv

MeCN (0.1 M), RT, Blue LEDs, 12 h

\ /CI\CU
U\ - ~
cl N/
NHz Cl

Bege

4.4b
2.22,0.2 mmol Cug(8-aminoquinoline),Cly 11% (wlo ligand)
4.9a, 1 equiv. 10%, 4.L.26
O 0 . SN
0 Ru(bpy)s(PFe)2 (1 mol%), EtzN (3 equiv.) | H
NH, - N
N{ —
K Ojko \ N—CU—CNCH; MeCN (0.1 M), RT, Blue LEDs, 12 h U
/
_ 4.4b
2.22, 0.2 mmol 4.9b, 1 equiv. 41% (W/O Iigand)
T 46%, 4.L.26
/ \N .
CU(CH3CN)4PF6 + in situ
NH,

Figure 58 Reactions of Cu amine complexes with an NHPI ester.

4.4.5 DFT-based computational study?'8 and proposed mechanistic pathway
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Figure 59 Proposed mechanistic pathway. The orange (possible reaction pathway) and grey values
(unlikely mechanistic pathway using dashed arrows) in parentheses are the calculated Gibbs energy barriers
(in kcal/mol).2'8)

During the preparation of this thesis, Zhang and co-workers conducted a detailed
mechanistic study of our reaction using a DFT-based computational approach.*'¥! The work of
Zhang and co-workers inspired us and provided precious information to help us to gain a deeper
understanding of the mechanism of the current method.

Based on the experimental results we obtained and the results of the theoretical
computational studies by Zhang and co-workers, we speculated about a possible reaction
mechanism and outlined this in Figure 59. Initially, under irradiation of blue LEDs, Ru(bpy)s*" I
can be excited to its excited state Ru(bpy)s*** II. At this point, according to our fluorescence
quenching experiments (Figure 54) and DFT calculation®!®], an oxidative quenching process by
the complex V (forms from NHPI ester 2.22 and free Cu' anion) is likely to happen, and enables
the SET from II to V, furnishing oxidized photocatalyst Ru(bpy);*" IV and VI. Then the
fragmentation of VI leads to the generation of cyclohexyl radical VII, which has been
substantiated by the radical-clock experiment (Figure 51, 4.6m) and the TEMPO trapping
experiment (Figure 55). Meanwhile, the copper catalytic cycle starts from the coordination of the
precatalyst A with aniline, and forms the Cu' amine complex B, which can trap the radical VII to
generate Cu''-cyclohexyl amine complex C. Notably, according to the DFT calculation (Figure
59)12181 instead of the previously proposed mechanism involving the direct SET from C to
Ru(bpy)s*" IV with an energy barrier of 1.6 kcal/mol, we believed the process that using
triethylamine as an electron shuttle is more likely. In this scenario, triethylamine can transport an
electron from C (0.1 kcal/mol, Figure 59) to IV (0.5 kcal/mol, Figure 59), thus facilitate to

111

regenerate the photocatalyst Ru(bpy);*" I and obtaining high-valent Cu'-cyclohexyl amine

complex D. The phthalimide anion Phth™ can then serve as a base to deprotonate D and generate a

high-valence Cu'™

-cyclohexyl amido complex E with a energy barrier of 1.0 kcal/mol (Figure 59).
E can undergo reductive elimination to furnish the aminated product 4.3a and regenerate copper
catalyst A to close one copper catalytic cycle.

To summarize the proposed mechanism, several points are crucial. (1) Through DFT-based
calculations and experiments, we found that the most likely cycling pathway for the photocatalyst

is through oxidative quenching, namely the Ru'/Ru'™*/Ru'/Ru"! cycle. (2) Et3N has a dual role in

110



Decarboxylative C(sp®)-N Cross-Coupling via Synergetic Photoredox and Copper Catalysis

the reaction, not only as a base to promote the generation of the precatalyst, but also as an electron
transfer reagent to promote the regeneration of the photocatalyst and to obtain high-valent copper
intermediates (Figure 59). This could also explain why Et;N is so unique among all the bases we
optimized (Table 14). (3) The generation of alkyl radicals is considered as the rate-determining
step of the reaction with an energy barrier of 15.7 kcal/mol. (4) The Cu' salt has a dual function.
Besides its ability to bind ligands to act as a catalyst in the copper-catalyzed cycle
Cu'/Cu/Cu'/Cu!, the free copper salt can also bind to NHPI esters to facilitate the oxidative

quenching process.
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4.5 Conclusions

In summary, the established tandem photoredox and Cu catalysis enables the
decarboxylative amination of alkyl redox-active esters with anilines. This method significantly
expands the scope of metal-catalyzed C(sp®)-N coupling, which remains underdeveloped. Thanks
to the distinct advantages of alkyl carboxylic acids over alkyl halides in availability, stability, and
toxicity, the method and its underlying strategy are expected to have widespread use in amine
synthesis. The unique activity of Cu-based catalysts in this decarboxylative C-N coupling contrasts
[202-204]

the reign of Ni catalysis in analogous C-C coupling via tandem photoredox/metal catalysis,

underscoring their essential divergences.
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4.6 Experimental section

4.6.1 General manipulation considerations

All manipulations for the decarboxylative C(sp’)-N cross-coupling via synergetic
photoredox and copper-catalyzed reactions were set up in a 15 mL Teflon-screw capped test tubes
(unless otherwise noted) under an inert nitrogen (N2) atmosphere using glove-box techniques. The
test tubes were then sealed with airtight electrical tapes and the reaction mixtures were stirred
under irradiation of blue LEDs with a fan cooling down the temperature. Blue LEDs were
purchased from Kessil Co., Ltd. (40 W max., product No. A160WE). Table fan was purchased
from Galaxus Co., Ltd. (35 W max.). Flash column chromatography was performed using silica
gel (Silicycle, ultra-pure grade). Preparative thin-layer chromatography (preparative TLC) was
performed using a preparative TLC plate (Merck Millipore, TLC Silica gel 60 F254, 20 x 20 cm,
catalog number: 1.05715.0001) in a developing tank. Notably, the TLC plates used for the
purification of amine products were washed with hexanes/triethylamine solution (volume ratio
~40:1) prior to the use in order to minimize the product loss. The eluents for column
chromatography and preparative TLC were presented as ratios of solvent volumes. Yields reported

in the publication are of isolated materials unless otherwise noted.

4.6.2 General procedure for N-hydroxyphthalimide (NHPI) ester synthesis (General
procedure A)

A 100 mL round-bottom flask was charged with (if solid) carboxylic acid (1.0 equiv.),
nucleophile (N-hydroxyphthalimide, 1.0 equiv.) and DMAP (0.1 equiv.). Dichloromethane was
added (0.2 M), and the mixture was stirred vigorously. Carboxylic acid (1.0 equiv) was added via
syringe (if liquid). DIC (1.1 equiv) was then added dropwise via syringe, and the mixture was
allowed to stir until the carboxylic acid was consumed (determined by TLC). Typical reaction
times were between 0.5 h and12 h. After the reaction, the mixture was filtered over Celite and
rinsed with additional CH2Cl,. The solvent was removed under reduced pressure, and purification
by column chromatography afforded corresponding activated esters, which were used without

further purification unless otherwise noted.
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4.6.3 General procedure for branched alkyl aryl amine synthesis (General procedure B)

An oven-dried 15 mL re-sealable screw-cap test tube equipped with a Teflon-coated
magnetic stir bar was sequentially charged with NHPI ester (1 equiv., 0.2 mmol), Ru(bpy)s(PFe)>
(1 mol1%), CuBr (20 mol%), 4.1.26 (7.5 mol%), acetonitrile solvent (2 mL), aniline (2 equiv), EtsN
(5 equiv) in the glove box. The vial was sealed with a screw cap and removed from the glove box.
The vigorously stirred solution was irradiated with blue LED light under table fan cooling for 12
h. After the reaction, the reaction mixture was acidified with saturated NH4Cl solution and then
neutralized with saturated NaHCOs3 solution. The crude product in the aqueous fraction was
extracted with ethyl acetate. The combined organic fractions were concentrated in vacuo with the
aid of a rotary evaporator. The crude product residue was purified by preparative thin layer
chromatography (pretreated with 3% triethylamine in hexanes) using a solvent mixture (ethyl

acetate, hexanes) as an eluent to afford the purified amine products.

Figure 60 Reaction setup for decarboxylative C(sp*)-N cross-coupling reactions.

4.6.4 General procedure for visible-light-mediated decarboxylative amination (Gram-scale
reaction)

An oven-dried 100 mL flask equipped with a Teflon-coated magnetic stir bar was

sequentially charged with aniline (12.2 mmol, 1.2 mL), 1,3-dioxoisoindolin-2-yl heptanoate (1.5

equiv, 5.1 g), Ru(bpy)s(PFs)2 (1 mol%, 105 mg), CuCl (20 mol%, 242 mg), MeCN (61 mL), EtsN

(3 equiv, 5.1 mL) in the glovebox. The flask was sealed and removed from the glovebox. Then the

114



Decarboxylative C(sp®)-N Cross-Coupling via Synergetic Photoredox and Copper Catalysis

flask was placed 10 cm away from two blue LED, and irradiated under fan cooling (to maintain
the temperature at room temperature) for 12 h. After the reaction, the resulting dark brown reaction
mixture was acidified with saturated NH4Cl solution and then neutralized with saturated NaHCO3
solution. The crude product in the aqueous fraction was extracted with EtOAc. The aqueous
fraction was further washed with EtOAc. The combined organic fractions were concentrated in

vacuo with the aid of a rotary evaporator. The crude product residue was purified by column

chromatography using a solvent mixture (hexanes to 20:1 hexanes:EtOAc) as an eluent to afford

1.1 g (51%) of the purified product 4.5a.

Figure 61 Reaction setup for gram-scale decarboxylative C(sp)-N cross-coupling reactions.

4.6.5 TEMPO trapping experiment

H
TEMPO (3 equiv.)

i
0 . ©/ O :
0 Ru(bpy)s(PFe) (1 mol%) 438 : e
N NH, CuBr (20 mol%), 4.L.26 (7.5 mol%)  not detected o
0 ' ©/ . > + E OH
EtsN (5 equiv.), MeCN (0.1 M) : N
299 4.22 40 W blue-LEDs, tt, 12 h ; OMe o)
0.2 mmol, 1 equiv. 2 equiv. N . 4.L.26
hGR
4.1h
57%

An oven-dried 15 mL vial equipped with a Teflon-coated magnetic stir bar was sequentially
charged with NHPI ester 2.22 (0.2 mmol), Ru(bpy)3(PFs)2 (1 mol%, 2 pmol, 1.8 mg), CuBr (20
mol%, 0.04 mmol, 5.8 mg), ligand 4.1.26 (30 mol%, 0.06 mmol, 13.5 mg), MeCN (2 mL), 4.2a (2
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equiv, 0.4 mmol), EtsN (5 equiv, 1 mmol, 139 uL), TEMPO (3 equiv., 0.6 mmol) in the glove box.
The vial was sealed with a screw cap and removed from the glove box. Then the vial was placed
3 cm away from one blue LED, and irradiated under fan cooling (maintain the temperature at room
temperature) for 12 h. After irradiation, the brown reaction mixture was submitted to mass
spectrometry (LC-MS) without any further work-up. Desired product 4.3a was not detected and
TEMPO trapped product 4.1h (57% GC yield) was found through mass spectrometry
(Supplementary Figure 4).

4.6.6 Preparation of Cu(Il) complex (9a)

To a test tube was added a solution of 8-aminoquinoline (0.144 g, 1.00 mmol) in CH>Cl> (15
cm®) before layer MeOH solvent (2 mL) on the top, then a methanolic solution (5 cm®) of
CuCl2+2H,0 (0.170 g, 1.00 mmol) was carefully layered on the top, the tube was sealed and stood
at room temperature for a week. Green block-like crystal 4.9a were observed on the wall of the
tube, and collected by decanting the solvent, washed with methanol and dried in air. The structure
of the compound was confirmed by X-ray crystallography (Figure 57), and is identical to the

literature report.1>'!

4.6.7 Reactivity of Cu(Il) complex 4.9a

O 0 SN
o) Ru(bpy)s(PFe)2 (1 mol%), | H
N + 4.8a > N
0 4.1.26 (30 mol%), EtsN (3 equiv.), O
(0] MeCN (0.1 M), RT, Blue LEDs, 12 h

2.22 i
0.2 mmol 1 equiv. ‘1‘03:%
0 9 SN
0 Ru(bpy)a(PFe)2 (1 mol%), | H
N + 4.8a > N
0 EtsN (3 equiv.), MeCN (0.1 M), RT, O
o] Blue LEDs, 12 h
2.22 i
0.2 mmol 1equiv. ‘1‘1%}2

An oven-dried 15 mL vial equipped with a Teflon-coated magnetic stir bar was sequentially
charged with NHPI ester 2.22 (0.2 mmol, 55 mg), Ru(bpy)3(PF¢)2 (1 mol%, 2 pmol, 1.8 mg), 4.1.26
(30 mol%, 6.8 mg) or without 4.1.26, 4.9a (1 equiv, 0.2 mmol), MeCN (2 mL), EtzN (3 equiv, 80
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puL), dodecane (1 equiv, 45 pL, internal standard) in the glove box. The vial was sealed with a
screw cap and removed from the glove box. Then the vial was placed 3 cm away from one blue
LED, and irradiated under fan cooling (maintain the temperature at room temperature) for 12 h.

After the reaction, GC analysis of the mixture.

4.6.8 Preparation of Cu(I) complex 4.9b

An oven-dried 15 mL vial equipped with a Teflon-coated magnetic stir bar was charged 8-
aminoquinoline (0.2 mmol, 29 mg) and CD3CN (1 mL) in the glove box. The vial was stirring until
all 8-aminoquinoline dissolved and transferred the solution to a NMR tube. Then analysis of 'H
NMR and *C NMR were conducted (red spectra). Afterwards, the solution was transferred to
previous vial, Cu(MeCN)4PF¢ (0.2 mmol, 76 mg) was added in the glove box. The vial was stirring
vigorously until a transparent solution to obtain the Cu(I)-amine complex solution (solution color
changed to light yellow). Then transferred the solution to a NMR tube and analysis of '"H NMR
and *C NMR were conducted (blue spectra).

NH,

N\
+ CD,CN M
=

0.2 mmol 01M

NH, ‘

N |
7 + Cu(MeCN),PFs + CDsCN
0.2 mmol 1 equiv. 01M . /\ ’ ‘ H ’

T T T T T T T T T T T T T T T T T T T T T T T T T T T T
100 9.8 96 94 92 90 88 86 84 82 80 78 76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46
1 (ppm)

"H NMR spectra showing formation of a Cu(I) complex
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NH;
N
N
=

0.2 mmol

+ CDsCN

0.1M

NH;

N
N
@ + Cu(MeCN),PFg

+ CD4CN

0.2 mmol 1 equiv. 01 M J J
-
1;5 1%0 1L15 1;0 ‘ 1 ) é IES 1‘20 1‘15 IHO 1;
ppm.
13C NMR spectra showing formation of a Cu(I) complex.
4.6.9 Reactivity of in-situ generated Cu(l) complex 4.9b
O o SN
e} Cu(l) Ru(bpy)s(PFs)2 (1 mol%), | H
N + complex > N
~0 solution 4.L26 (30 mol%), EtsN (3 equiv.), O
o MeCN (0.1 M), RT, Blue LEDs, 12 h
2.22 i
0.2 mmol 1 equiv. 26?:%
0 o SN
0 Cu(l) Ru(bpy)3(PFes)2 (1 mol%), | H
N + complex > N
0 solution EtsN (3 equiv.), MeCN (0.1 M), O
0 RT, Blue LEDs, 12 h
2.22 i
0.2 mmol 1 equiv. 213:%

An oven-dried 15 mL vial equipped with a Teflon-coated magnetic stir bar was sequentially

charged with Cu(MeCN)4PF¢ (0.2 mmol, 76 mg), 8-aminoquinoline (1 equiv, 29 mg) and MeCN

(1 mL) in the glove box, stirring vigorously for 15 min to obtain the Cu(I) complex solution

(solution color changed to light yellow). Another oven-dried 15 mL vial equipped with a Teflon-

coated magnetic stir bar was sequentially charged with NHPI ester 2.22 (0.2 mmol, 55 mg),
Ru(bpy)s3(PFs)2 (1 mol%, 2 pmol, 1.8 mg), 4.1.26 (30 mol%, 6.8 mg) or without 4.L.26, MeCN (1

mL), EisN (3 equiv, 80 pL), dodecane (1 equiv, 45 pL, internal standard) in the glove box. Then

add Cu(I) complex solution into this mixture. The vial was sealed with a screw cap and removed

from the glove box. Then the vial was placed 3 cm away from one blue LED, and irradiated under
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fan cooling (maintain the temperature at room temperature) for 12 h. After the reaction, GC

analysis of the mixture.

4.6.10 Characterization of the reaction product

N-cyclohexylaniline (4.3a)
0
H

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and aniline
(0.4 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (40:1) as
an eluent to afford 33 mg (94%) of the title compound 4.3a.

'TH NMR (400 MHz, CD>Cl»): § 7.11 (dd, J = 8.5, 7.3 Hz, 2H), 6.63 — 6.52 (m, 3H), 3.58 (br s,
1H), 3.28 - 3.21 (m, 1H), 2.06-2.00 (m, 2H), 1.78 — 1.62 (m, 3H), 1.41 — 1.11 (m, 5H).

I3C NMR (101 MHz, CDCl3): & 147.5, 129.4,117.0, 113.3, 51.8, 33.6, 26.1, 25.2.

Spectral data match those previously reported.!?2%!

N-cyclohexyl-2-methylaniline (4.3b)

e

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and o-toluidine
(0.4 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (30:1) as
an eluent to afford 30 mg (78%) of the title compound 4.3b.

'TH NMR (400 MHz, CDCl3): 8 7.11 (t, J= 7.8 Hz, 1H), 7.05 (d, /= 7.3 Hz, 1H), 6.68 — 6.58 (m,
2H), 3.37 - 3.27 (m, 1H), 2.13 (s, 3H), 2.11 — 2.04 (m, 2H), 1.82 — 1.63 (m, 3H), 1.47 — 1.15 (m,
5H).

I3C NMR (101 MHz, CDCls): § 145.4, 130.4, 127.2, 121.8, 116.4, 110.3, 51.7, 33.8, 26.2, 25.2,
17.7.

Spectral data match those previously reported. 2%
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N-cyclohexyl-3-methylaniline (4.3¢)
H

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and m-toluidine
(0.4 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (30:1) as
an eluent to afford 26 mg (69%) of the title compound 4.3c.

'TH NMR (400 MHz, CDCls): 8 7.06 (td, J = 7.3, 2.2 Hz, 1H), 6.50 (d, J= 7.5 Hz, 1H), 6.42 (d, J
= 6.5 Hz, 2H), 3.55 (br s, 1H), 3.26 (tt, J = 10.2, 3.8 Hz, 1H), 2.28 (s, 3H), 2.11 — 2.00 (m, 2H),
1.82 - 1.61 (m, 3H), 1.44 — 1.32 (m, 2H), 1.28 — 1.11 (m, 3H).

I3C NMR (101 MHz, CDCl3): 6 147.3, 139.2, 129.3, 118.2, 114.3, 110.6, 52.0, 33.6, 26.1, 25.2,
21.8.

Spectral data match those previously reported.!?2!

N-cyclohexyl-4-methylaniline (4.3d)
Me < : :

N

H

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and p-toluidine
(0.4 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (30:1) as
an eluent to afford 21 mg (56%) of the title compound 4.3d.

'TH NMR (400 MHz, CDCls): 8 6.98 (d, J = 8.1 Hz, 2H), 6.57 — 6.48 (m, 2H), 3.23 (tt, /= 10.1,
3.7 Hz, 1H), 2.24 (s, 3H), 2.06 (dd, J=12.9, 3.9 Hz, 2H), 1.76 (dt, J=13.2, 3.9 Hz, 2H), 1.65 (dt,
J=12.6,3.8 Hz, 1H), 1.42 — 1.11 (m, 5H).

I3C NMR (101 MHz, CDCl3): § 145.2, 129.9, 126.2, 113.6, 52.2, 33.7, 29.8, 26.1, 25.2, 20.5.

Spectral data match those previously reported.?2")

N-cyclohexyl-2-methoxyaniline (4.3¢)

Q0

ome M
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Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and o-anisidine
(0.4 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (30:1) as
an eluent to afford 39 mg (95%) of the title compound 4.3e.

'TH NMR (400 MHz, CDCl3): 8 6.85 (t,J= 7.7 Hz, 1H), 6.77 (d, J = 8.1 Hz, 1H), 6.69 — 6.58 (m,
2H), 4.14 (br s, 1H), 3.84 (s, 3H), 3.29 — 3.22 (m, 1H), 2.11 — 2.05 (m, 2H), 1.80 — 1.63 (m, 3H),
1.43 — 1.16 (m, 5H).

13C NMR (101 MHz, CDCl3): 6 150.8, 147.4, 121.5, 120.9, 116.8, 112.5, 56.1, 32.2, 25.8, 24.3.

Spectral data match those previously reported.?2"

N-cyclohexyl-2,6-dimethoxyaniline (4.3f)

OMe

L0

OMe H

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and 2,6-
dimethoxyaniline (0.4 mmol). The crude product was purified by preparative TLC using hexanes
/ EtOAc (25:1) as an eluent to afford 42 mg (88%) of the title compound 4.3f.

'TH NMR (400 MHz, CDCls): 8 6.80 (t, J = 8.2 Hz, 1H), 6.53 (d, J = 8.3 Hz, 2H), 3.83 (s, 6H),
3.50 —3.39 (m, 1H), 3.19 (br s, 1H), 1.91 (dd, J = 12.4, 4.0 Hz, 2H), 1.70 (dt, J = 12.9, 3.7 Hz,
2H), 1.63 — 1.54 (m, 1H), 1.34 — 1.01 (m, 5H).

13C NMR (101 MHz, CDCl3): 8 151.5, 126.5, 119.8, 104.8, 56.1, 54.1, 34.4, 26.3, 25.3.
Physical State: reddish brown oil.

HRMS (ESI): caled for C14H22NO, [M+H]" 236.1651; found 236.1656.

N-cyclohexyl-2-ethylaniline (4.3g)
CC

e

H

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and 2-
ethylaniline (0.4 mmol). The crude product was purified by preparative TLC using hexanes /
EtOAc (30:1) as an eluent to afford 33 mg (80%) of the title compound 4.3g.
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TH NMR (400 MHz, CDCls): § 7.10 (t, J = 7.7 Hz, 1H), 7.07 (d, J = 7.4 Hz, 1H), 6.66 (t, /= 7.0
Hz, 2H), 3.39 — 3.28 (m, 1H), 2.47 (q, J = 7.5 Hz, 2H), 2.21 — 1.99 (m, 2H), 1.83 — 1.62 (m, 3H),
1.39 — 1.12 (m, 8H).

13C NMR (101 MHz, CDCL): § 144.8, 128.2, 127.4, 127.0, 116.6, 110.7, 51.7, 33.7, 26.2, 25.2,
24.0, 13.0.

Spectral data match those previously reported.!?2!

2-bromo-N-cyclohexylaniline (4.3h)

L

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and 2-
bromoaniline (0.4 mmol). The crude product was purified by preparative TLC using hexanes /
EtOAc (30:1) as an eluent to afford 33 mg (65%) of the title compound 4.3h.

'TH NMR (400 MHz, CDCl3): § 7.40 (dd, J=7.9, 1.6 Hz, 1H), 7.14 (t, J=7.8 Hz, 1H), 6.70 — 6.60
(m, 1H), 6.51 (td, J= 7.7, 1.5 Hz, 1H), 4.24 (br s, 1H), 3.33 — 3.28 (m, 1H), 2.07 — 2.02 (m, 2H),
1.81-1.75 (m, 2H), 1.68 — 1.61 (m, 1H), 1.48 — 1.18 (m, SH).

13C NMR (101 MHz, CDCl3): & 144.3, 132.7,128.5, 117.2, 111.9, 109.9, 51.7, 33.3, 26.0, 25.0.

Spectral data match those previously reported.?2!]

2-(cyclohexylamino)benzonitrile (4.3i)

R

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and 2-
aminobenzonitrile (0.4 mmol). The crude product was purified by preparative TLC using hexanes
/ EtOAc (25:1) as an eluent to afford 16 mg (40%) of the title compound 4.3i.

TH NMR (400 MHz, CDCl3): § 7.42 — 7.31 (m, 2H), 6.71 — 6.54 (m, 2H), 4.45 (br s, 1H), 3.35 (tt,
J=9.8,3.7Hz, 1H), 2.10 - 2.00 (m, 2H), 1.85 - 1.75 (m, 2H), 1.69 — 1.59 (m, 1H), 1.46 — 1.20
(m, 5H).

I3C NMR (101 MHz, CDCl3): & 149.4, 134.3, 133.1, 118.2, 116.3, 111.4, 95.8, 51.7, 33.1, 25.8,
24.9.
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Spectral data match those previously reported.?2%

N-cyclohexyl-4-fluoroaniline (4.3j)
F O
i "N
H

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and 4-
fluoroaniline (0.4 mmol). The crude product was purified by preparative TLC using hexanes /
EtOAc (30:1) as an eluent to afford 35 mg (90%) of the title compound 4.3j.

'TH NMR (400 MHz, CDCl): 8 6.87 (t, J = 8.7 Hz, 2H), 6.56 — 6.47 (m, 2H), 3.18 (tt, /= 10.2,
3.7Hz, 1H), 2.10 — 1.98 (m, 2H), 1.76 (d, J=10.4 Hz, 2H), 1.65 (d, /= 12.5 Hz, 1H), 1.42 — 1.31
(m, 2H), 1.26 — 1.07 (m, 3H).

I3C NMR (101 MHz, CDCl3): 8 156.8, 154.5, 143.9 (d, J = 1.8 Hz), 115.7 (d, J = 22.2 Hz), 114.2
(d,J=17.2 Hz), 52.6, 33.6, 26.1, 25.2.

Spectral data match those previously reported.?2*]

4-chloro-/N-cyclohexylaniline (4.3k)
Cl< : :

N

H

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and 4-
chloroaniline (0.4 mmol). The crude product was purified by preparative TLC using hexanes /
EtOAc (30:1) as an eluent to afford 36 mg (85%) of the title compound 4.3k.

TH NMR (400 MHz, CDCl3): § 7.14 — 7.03 (m, 2H), 6.56 — 6.44 (m, 2H), 3.53 (br s, 1H), 3.20 (tt,
J=10.1,3.8 Hz, 1H), 2.10 — 1.98 (m, 2H), 1.80 — 1.62 (m, 3H), 1.41 — 1.08 (m, 5H).

I3C NMR (101 MHz, CDCl3): 6 146.1, 129.2, 121.4, 114.3, 52.0, 33.4, 26.0, 25.1.

Spectral data match those previously reported.?2*

4-bromo-N-cyclohexylaniline (4.31)

aeve
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Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and 4-
bromoaniline (0.4 mmol). The crude product was purified by preparative TLC using hexanes /
EtOAc (30:1) as an eluent to afford 34 mg (66%) of the title compound 4.31.

TH NMR (400 MHz, CD>Cl,): & 7.21 — 7.18 (m, 2H), 6.48 — 6.44 (m, 2H), 3.80 (br's, 1H), 3.22 —
3.17 (m, 1H), 2.04 — 1.09 (m, 10H).

13C NMR (101 MHz, CDCl3): & 146.3, 132.1, 115.0, 108.6, 52.1, 42.5, 33.3, 26.0, 25.1, 23.6.
Spectral data match those previously reported. 22

4-iodo-N-cyclohexylaniline (4.3m)
| ©\ O

N

H

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and 4-
iodoaniline (0.4 mmol). The crude product was purified by preparative TLC using hexanes /
EtOAc (30:1) as an eluent to afford 36 mg (60%) of the title compound 4.3m.

'TH NMR (400 MHz, CDCl3): 8 7.38 (d, J = 8.7 Hz, 2H), 6.36 (d, J= 8.7 Hz, 2H), 3.59 (br s, 1H),
3.23-3.17 (m, 1H), 2.02 (dd, J=12.7, 3.1 Hz, 2H), 1.80-1.72 (m, 3H), 1.43 — 1.06 (m, SH).

13C NMR (101 MHz, CDCl3): & 147.1, 137.9, 115.5, 77.1, 51.7, 33.4, 26.0, 25.1.

Physical State: dark brown solid.

HRMS (ESD): caled for Ci2H7IN [M+H]" 302.0406; found 302.0407.

N-cyclohexyl-3-(1,3-dioxolan-2-yl)aniline (4.3n)

M\

0_0

@Q

H

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and 3-(1,3-
dioxolan-2-yl)aniline (0.4 mmol). The crude product was purified by preparative TLC using
hexanes / EtOAc (20:1) as an eluent to afford 38 mg (76%) of the title compound 4.3n.
'"H NMR (400 MHz, CDCl53): 8 7.16 (t, J= 7.8 Hz, 1H), 6.77 (d, J= 7.5 Hz, 1H), 6.69 (t,J=2.0
Hz, 1H), 6.58 (dd, J=8.2, 2.4 Hz, 1H), 5.75 (s, 1H), 4.20 — 3.94 (m, 4H), 3.59 (s, 1H), 3.28 (tt, J
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=10.1, 3.7 Hz, 1H), 2.05 (dd, /= 13.1, 3.9 Hz, 2H), 1.83 — 1.70 (m, 2H), 1.70 — 1.59 (m, 1H), 1.44
—1.31 (m, 2H), 1.27 — 1.07 (m, 3H).

13C NMR (101 MHz, CDCls): 8 147.6, 139.1, 129.4, 114.8, 113.8, 111.0, 104.0, 65.3, 51.7, 33.6,
26.0, 25.1.

Physical State: light yellow oil.

HRMS (ESD): caled for C1sH22NO2 [M+H]" 248.1651; found 248.1651.

N-cyclohexyl-4-((trimethylsilyl)ethynyl)aniline (4.30)

TMS
\@\ :
N
H

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and methyl 4-
((trimethylsilyl)ethynyl)aniline (0.4 mmol). The crude product was purified by preparative TLC
using hexanes / EtOAc (20:1) as an eluent to afford 17 mg (32%) of the title compound 4.30.

TH NMR (400 MHz, CDCl3): & 7.28 (d, J=3.7 Hz, 1H), 6.47 (d, J = 8.2 Hz, 2H), 3.78 (br s, 1H),
3.32-3.20 (m, 1H), 2.08 — 2.00 (m, 2H), 1.81 — 1.62 (m, 3H), 1.45 — 1.11 (m, 5H), 0.23 (s, 9H).
13C NMR (101 MHz, CDCl3): § 147.6, 133.5, 112.6, 110.6, 106.7,91.0, 51.6, 33.4, 26.0, 25.1.
Physical State: white solid.

HRMS (ESI): calcd for C17H26NSi [M+H]" 272.1834; found 272.1832.

N-cyclohexyl-4-vinylaniline (4.3p)
N
H

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and 4-
vinylaniline (0.4 mmol). The crude product was purified by preparative TLC using hexanes /
EtOAc (25:1) as an eluent to afford 17 mg (41%) of the title compound 4.3p.

'TH NMR (400 MHz, CDCl3): 4 7.23 (d, J = 8.2 Hz, 1H), 6.65 — 6.51 (m, 3H), 5.50 (d, /= 17.6 Hz,
1H), 4.99 (d, J=10.9 Hz, 1H), 3.58 (br s, 1H), 3.31 — 3.20 (m, 1H), 2.09 — 2.02 (m, 2H), 1.76 —
1.62 (m, 3H), 1.40 — 1.20 (m, 5H).

13C NMR (101 MHz, CDCl3): & 147.3, 136.8, 127.5, 126.8, 113.1, 109.2, 51.8, 33.6, 26.1, 25.1.
Physical State: brown oil.
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HRMS (ESI): calcd for Ci14H2oN [M+H]" 202.1596; found 202.1600.

Methyl 4-(cyclohexylamino)benzoate (4.3q)
MeOOC\©\ Q

N

H

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and methyl 4-
aminobenzoate (0.4 mmol). The crude product was purified by preparative TLC using hexanes /
EtOAc (25:1) as an eluent to afford 45 mg (96%) of the title compound 4.3q.

TH NMR (400 MHz, CD>Cl»): 8 7.15 — 7.03 (m, 3H), 6.70 — 6.67 (m, 1H), 3.69 (br s, 1H), 3.26 —
3.21 (m, 1H), 2.44 (s, 3H), 1.98 — 1.92 (m, 2H), 1.70 — 1.65 (m, 2H), 1.60 — 1.54 (m, 1H), 1.37 —
1.26 (m, 2H), 1.21 — 1.03 (m, 3H).

I3C NMR (101 MHz, CD2Cl»): 6 198.7, 148.1, 138.7, 129.6, 117.9, 117.2, 112.0, 51.9, 33.7, 26.9,
26.3,25.3.

Physical State: yellow solid.

HRMS (ESI): caled for C1aH20NO> [M+H]" 234.1489; found 234.1491.

1-(3-(cyclohexylamino)phenyl)ethan-1-one (4.3r)

¥s¥e

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and 4-
aminoacetophenone (0.4 mmol). The crude product was purified by preparative TLC using
hexanes / EtOAc (15:1) as an eluent to afford 39 mg (90%) of the title compound 4.3r.

TH NMR (400 MHz, CDCl3): & 7.25 — 7.18 (m, 2H), 7.16 — 7.15 (m, 1H), 6.79 — 6.73 (m, 1H),
3.69 (br s, 1H), 3.31 (tt, J=10.1, 3.8 Hz, 1H), 2.56 (s, 3H), 2.08 — 2.02 (m, 2H), 1.69 — 1.63 (m,
2H), 1.69 — 1.63 (m, 1H), 1.45 — 1.33 (m, 2H), 1.29 — 1.10 (m, 3H).

I3C NMR (101 MHz, CDCl3): 6 198.9, 147.7, 138.3, 129.4,117.9, 117.4, 112.0, 51.7, 33.5, 26.9,
26.0, 25.1.

Physical State: yellow oil.

HRMS (ESI): caled for C14H20NO [M+H]" 218.1545; found 218.1547.
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N -cyclohexyl-3-(trifluoromethyl)aniline (4.3s)
00

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and 3-
(trifluoromethyl)aniline (0.4 mmol). The crude product was purified by preparative TLC using
hexanes / EtOAc (20:1) as an eluent to afford 41 mg (84%) of the title compound 4.3s.

'TH NMR (400 MHz, CDCl3): 8 7.22 (t, J = 7.7 Hz, 1H), 6.90 — 6.84 (m, 1H), 6.76 (s, 1H), 6.70
(dd,J=28.2,2.4 Hz, 1H), 3.74 (br s, 1H), 3.28 (tt, J=10.1, 3.8 Hz, 1H), 2.09 — 2.00 (m, 2H), 1.81
—1.74 (m, 2H), 1.72 — 1.63 (m, 1H), 1.46 — 1.33 (m, 2H), 1.28 — 1.13 (m, 3H).

I3C NMR (101 MHz, CDCl3): & 147.6, 131.7 (q, J = 31.6 Hz), 129.8, 124.5 (q, J = 272.3 Hz),
116.1,113.2 (q,J=4.0 Hz), 109.2 (q, /= 3.9 Hz), 51.7, 33.4, 26.0, 25.0.

Spectral data match those previously reported.?2®]

N-cyclohexylnaphthalen-1-amine (4.3t)

&o

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and
naphthalen-1-amine (0.4 mmol). The crude product was purified by preparative TLC using
hexanes / EtOAc (20:1) as an eluent to afford 25 mg (56%) of the title compound 4.3t.

TH NMR (400 MHz, CDCl3): 6 7.83 — 7.74 (m, 2H), 7.47 — 7.39 (m, 2H), 7.34 (t, /= 7.9 Hz, 1H),
7.20 (d, J= 8.2 Hz, 1H), 6.65 (d, J = 7.6 Hz, 1H), 4.27 (br s, 1H), 3.48 (tt, /= 9.9, 3.7 Hz, 1H),
2.25-2.13 (m, 2H), 1.88 — 1.69 (m, 3H), 1.51 — 1.26 (m, 5H).

13C NMR (101 MHz, CDCl3): § 142.5, 134.7, 128.8, 126.8, 125.7, 124.6, 123.5, 119.9, 116.7,
104.8, 51.9, 33.4, 26.2, 25.2.

Spectral data match those previously reported.!?2%!

N-cyclohexylpyridin-2-amine (4.4a)

0,0
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Following the General Procedure B with the corresponding NHPI ester (0.3 mmol) and 2-
aminopyridine (3 equiv, 0.9 mmol). The crude product was purified by preparative TLC using
hexanes / EtOAc (15:1) as an eluent to afford 26 mg (48%) of the title compound 4.4a.

'H NMR (400 MHz, CDCI3): 8 8.05 (dd, J=5.0, 1.1 Hz, 1H), 7.42 — 7.31 (m, 1H), 6.54 — 6.46
(m, 1H), 6.34 (dd, J = 8.4, 1.0 Hz, 1H), 4.44 (br s, 1H), 3.62 — 3.42 (m, 1H), 2.11 — 1.95 (m, 2H),
1.82 - 1.68 (m, 2H), 1.69 — 1.58 (m, 1H), 1.45 — 1.32 (m, 2H), 1.28 — 1.13 (m, 3H).

13C NMR (101 MHz, CDCl3): & 158.25, 148.42, 137.41, 112.47, 106.80, 50.25, 33.50, 25.93,
25.02.

Spectral data match those previously reported.!??]

N-cyclohexylquinolin-8-amine (4.4b)
&

N

L0
Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and quinolin-
8-amine (0.4 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc
(20:1) as an eluent to afford 35 mg (78%) of the title compound 4.4b.
'TH NMR (400 MHz, CDCl3): 4 8.70 (dd, J=4.2, 1.7 Hz, 1H), 8.04 (dd, J=8.2, 1.7 Hz, 1H), 7.44
—7.29 (m, 2H), 7.00 (dd, J = 8.2, 1.2 Hz, 1H), 6.77 — 6.59 (m, 1H), 6.15 (br s, 1H), 3.55 - 3.39
(m, 1H), 2.24 —2.12 (m, 2H), 1.91 — 1.79 (m, 2H), 1.72 — 1.64 (m, 1H), 1.57 — 1.07 (m, 6H).
I3C NMR (101 MHz, CDCl3): & 146.5, 143.8, 136.4, 129.1, 128.0, 121.4, 113.2, 105.1, 51.5, 33.1,

26.2,25.3.

Spectral data match those previously reported.!?2!

N-cyclohexylquinolin-6-amine (4.4¢)
N
SOVe

H

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and quinolin-
6-amine (0.4 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc
(20:1) as an eluent to afford 19 mg (43%) of the title compound 4.4c.
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TH NMR (400 MHz, CDCI3): & 8.58 (dd, J = 4.3, 1.6 Hz, 1H), 7.93 — 7.72 (m, 2H), 7.28 — 7.24
(m, 1H), 7.07 (dd, J=9.1, 2.6 Hz, 1H), 6.68 (d, J= 2.6 Hz, 1H), 3.96 (br s, 1H), 3.38 (tt,J=10.1,
3.8 Hz, 1H), 2.17 — 2.10 (m, 2H), 1.80 (dt, J=13.3, 3.9 Hz, 2H), 1.69 (dt, J = 12.8, 3.7 Hz, 1H),
1.48 — 1.17 (m, 5H).

13C NMR (101 MHz, CDCl3): § 145.6, 145.0, 142.0, 134.5, 134.4, 132.9, 130.5, 129.6, 123.7,
122.3,121.4,103.0, 51.9, 33.2, 26.0, 25.1.

Spectral data match those previously reported.!?!%!

N-cyclohexylbenzenesulfonamide (4.4d)

An oven-dried 15 mL vial equipped with a Teflon-coated magnetic stir bar was sequentially
charged with corresponding NHPI ester (0.3 mmol), Ru(bpy)s(PFs)2 (1 mol%), Cu(MeCN)4PF¢
(50 mol%), 4..26 (30 mol%), MeCN (0.1 M), benzenesulfonamide (0.9 mmol), EtzN (5 equiv) in
the glove box. The vial was sealed with a screw cap and removed from the glove box. Then the
vial was placed 3 cm away from one blue LED, and irradiated under fan cooling (maintain the
temperature at room temperature) for 20 h. After the reaction, the resulting dark brown reaction
mixture was acidified with saturated NH4Cl solution (~1 mL) and then neutralized with saturated
NaHCOs solution (~1.5 mL). The crude product in the aqueous fraction was extracted with EtOAc
(~10 mL). The aqueous fraction was further washed with EtOAc (3 x ~5 mL). The combined
organic fractions were concentrated in vacuo with the aid of a rotary evaporator. The crude product
residue was purified by preparative TLC (pretreated with 3% triethylamine in hexanes in order to
minimize the product loss) using hexanes / EtOAc (20:1) as an eluent to afford 26 mg (36%) of
the title compound 4.4d.

'"H NMR (400 MHz, CDCl3): § 7.97 — 7.82 (m, 2H), 7.61 — 7.47 (m, 3H), 4.59 (d, J= 7.7 Hz, 1H),
3.20 - 3.11 (m, 1H), 1.78 — 1.70 (m, 2H), 1.66 — 1.61 (m, 2H), 1.53 — 1.47 (m, 1H), 1.27 — 1.09
(m, 5H).

I3C NMR (101 MHz, CDCl3): § 141.6, 132.6, 129.2, 127.0, 52.8, 34.1, 25.3, 24.8.

Spectral data match those previously reported.?2®]
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N-cyclohexylbenzamide (4.4e)

1,0

o

An oven-dried 15 mL vial equipped with a Teflon-coated magnetic stir bar was sequentially
charged with corresponding NHPI ester (0.5 mmol), Ru(bpy)s(PFs)2 (1 mol%), Cu(MeCN)4PF¢
(50 mol%), 4.1.26 (30 mol%), MeCN (0.1 M), benzamide (1.5 mmol), EtsN (5 equiv) in the glove
box. The vial was sealed with a screw cap and removed from the glove box. Then the vial was
placed 3 cm away from one blue LED, and irradiated under fan cooling (maintain the temperature
at room temperature) for 20 h. After the reaction, the resulting dark brown reaction mixture was
acidified with saturated NH4Cl solution (~1 mL) and then neutralized with saturated NaHCO3
solution (~1.5 mL). The crude product in the aqueous fraction was extracted with EtOAc (~10 mL).
The aqueous fraction was further washed with EtOAc (3 x ~5 mL). The combined organic fractions
were concentrated in vacuo with the aid of a rotary evaporator. The crude product residue was
purified by preparative TLC (pretreated with 3% triethylamine in hexanes in order to minimize the
product loss) using hexanes / EtOAc (10:1) as an eluent to afford 42 mg (41%) of the title

compound 4.4e.

TH NMR (400 MHz, CDCL3): & 7.80 — 7.68 (m, 2H), 7.49 — 7.42 (m, 1H), 7.42 — 7.34 (m, 2H),
6.16 (brs, 1H), 4.04 — 3.86 (m, 1H), 2.03 — 1.95 (m, 2H), 1.80 — 1.57 (m, 3H), 1.47 — 1.09 (m, SH).
13C NMR (101 MHz, CDCls): § 166.7, 135.2, 131.3, 128.5, 126.9, 48.8, 33.3, 25.6, 25.0.

Spectral data match those previously reported.!??]

N-cyclohexyl-4-fluorobenzamide (4.4f)

o

An oven-dried 15 mL vial equipped with a Teflon-coated magnetic stir bar was sequentially
charged with corresponding NHPI ester (0.5 mmol), Ru(bpy)s(PFs)2 (1 mol%), Cu(MeCN)4PFg
(50 mol%), 4..26 (30 mol%), MeCN (0.1 M), 4-fluorobenzamide (1.5 mmol), E&N (5 equiv) in
the glove box. The vial was sealed with a screw cap and removed from the glove box. Then the

vial was placed 3 cm away from one blue LED, and irradiated under fan cooling (maintain the
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temperature at room temperature) for 20 h. After the reaction, the resulting dark brown reaction
mixture was acidified with saturated NH4Cl solution (~1 mL) and then neutralized with saturated
NaHCOs solution (~1.5 mL). The crude product in the aqueous fraction was extracted with EtOAc
(~10 mL). The aqueous fraction was further washed with EtOAc (3 x ~5 mL). The combined
organic fractions were concentrated in vacuo with the aid of a rotary evaporator. The crude product
residue was purified by preparative TLC (pretreated with 3% triethylamine in hexanes in order to
minimize the product loss) using hexanes / EtOAc (10:1) as an eluent to afford 33 mg (30%) of
the title compound 4.4f.

'TH NMR (400 MHz, CDCl3): § 7.84 — 7.66 (m, 2H), 7.18 — 7.02 (m, 2H), 5.93 (s, 1H), 4.05 — 3.84
(m, 1H), 2.13 - 1.93 (m, 2H), 1.80 — 1.60 (m, 3H), 1.51 — 1.35 (m, 2H), 1.31 — 1.11 (m, 3H).

13C NMR (101 MHz, CDCl3): 8 165.95, 165.68, 163.46, 131.39 (d, J=3.3 Hz), 129.25 (d, /= 8.9
Hz), 115.63 (d, J=21.9 Hz), 48.94, 33.38, 25.70, 25.05.

Spectral data match those previously reported.!?3%!

N-cyclohexyl-2-methylbenzamide (4.4g)

AL

An oven-dried 15 mL vial equipped with a Teflon-coated magnetic stir bar was sequentially
charged with corresponding NHPI ester (0.5 mmol), Ru(bpy)s(PFs)2 (1 mol%), Cu(MeCN)4PF¢
(50 mol%), 4.L.26 (30 mol%), MeCN (0.1 M), 2-methylbenzamide (1.5 mmol), EtsN (5 equiv) in
the glove box. The vial was sealed with a screw cap and removed from the glove box. Then the
vial was placed 3 cm away from one blue LED, and irradiated under fan cooling (maintain the
temperature at room temperature) for 20 h. After the reaction, the resulting dark brown reaction
mixture was acidified with saturated NH4Cl solution (~1 mL) and then neutralized with saturated
NaHCO3 solution (~1.5 mL). The crude product in the aqueous fraction was extracted with EtOAc
(~10 mL). The aqueous fraction was further washed with EtOAc (3 x ~5 mL). The combined
organic fractions were concentrated in vacuo with the aid of a rotary evaporator. The crude product
residue was purified by preparative TLC (pretreated with 3% triethylamine in hexanes in order to
minimize the product loss) using hexanes / EtOAc (10:1) as an eluent to afford 36 mg (33%) of
the title compound 4.4g.
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TH NMR (400 MHz, CDCl3): & 7.36 — 7.27 (m, 2H), 7.23 — 7.16 (m, 2H), 5.60 (s, 1H), 4.05 —3.90
(m, 1H), 2.44 (s, 3H), 2.10 — 1.97 (m, 2H), 1.81 — 1.60 (m, 3H), 1.51 — 1.37 (m, 2H), 1.29 — 1.13
(m, 3H).

13C NMR (101 MHz, CDCls): 8 169.4, 137.2, 135.9, 131.0, 129.8, 126.7, 125.8, 48.6, 33.4, 25.7,
25.0, 19.8.

Spectral data match those previously reported.!?3!]

1-cyclohexyl-3-phenylurea (4.4h)
[ ] 0 [ ]

NJ\N

H H

An oven-dried 15 mL vial equipped with a Teflon-coated magnetic stir bar was sequentially
charged with corresponding NHPI ester (0.5 mmol), Ru(bpy)s(PFs)2 (1 mol%), Cu(MeCN)4PF¢
(50 mol%), 4.L.26 (30 mol%), MeCN (0.1 M), N-phenylurea (1.5 mmol), EtzN (5 equiv) in the
glove box. The vial was sealed with a screw cap and removed from the glove box. Then the vial
was placed 3 cm away from one blue LED, and irradiated under fan cooling (maintain the
temperature at room temperature) for 20 h. After the reaction, the resulting dark brown reaction
mixture was acidified with saturated NH4Cl solution (~1 mL) and then neutralized with saturated
NaHCO3 solution (~1.5 mL). The crude product in the aqueous fraction was extracted with EtOAc
(~10 mL). The aqueous fraction was further washed with EtOAc (3 x ~5 mL). The combined
organic fractions were concentrated in vacuo with the aid of a rotary evaporator. The crude product
residue was purified by preparative TLC (pretreated with 3% triethylamine in hexanes in order to
minimize the product loss) using hexanes / EtOAc (10:1) as an eluent to afford 31 mg (28%) of
the title compound 4.4h.

'H NMR (400 MHz, CDCly): § 7.27 (d, J = 5.4 Hz, 4H), 7.15 — 6.94 (m, 1H), 6.81 (s, 1H), 4.99
(s, 1H), 3.65 (tt, J = 10.5, 3.9 Hz, 1H), 2.02 — 1.86 (m, 2H), 1.73 — 1.54 (m, 3H), 1.43 — 1.25 (m,
2H), 1.25 - 0.93 (m, 3H).

13C NMR (101 MHz, CDCL): § 155.5, 138.9, 129.4, 123.7, 121.0, 49.1, 33.8, 25.7, 25.0.

Spectral data match those previously reported.?3?
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N-cyclobutyl-2-methoxyaniline (4.52a)

Q0

ome

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and o-anisidine
(0.4 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (25:1) as
an eluent to afford 29 mg (81%) of the title compound 4.5a.

'TH NMR (400 MHz, CD,Cl,): 8 6.81 (td, J= 7.6, 1.4 Hz, 1H), 6.75 (dd, J = 8.0, 1.4 Hz, 1H), 6.61
(td,/=7.7,1.6 Hz, 1H), 6.49 (dd, J=7.8, 1.6 Hz, 1H), 4.36 (br s, 1H), 3.95 —3.88 (m, 1H), 3.83
(s, 3H), 2.49 — 2.37 (m, 2H), 1.90 — 1.75 (m, 4H).

I3C NMR (101 MHz, CD>Cly): 8 147.1, 137.7, 121.6, 116.6, 110.5, 109.8, 55.7, 49.1, 31.6, 15.7.

Physical State: yellow oil.

HRMS (ESI): caled for C11H16NO [M+H]" 178.1232; found 178.1236.

N-cyclobutyl-3-(trifluoromethyl)aniline (4.5b)
S

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and 2-
(trifluoromethyl)aniline (0.4 mmol). The crude product was purified by preparative TLC using
hexanes / EtOAc (25:1) as an eluent to afford 31 mg (71%) of the title compound 4.5b.

TH NMR (400 MHz, CDCl3): § 7.23 (t, J = 7.9 Hz, 1H), 6.92 (d, J = 7.7 Hz, 1H), 6.73 (s, 1H),
6.67 (dd, J=8.2, 2.3 Hz, 1H), 4.13 (br s, 1H), 3.97 — 3.88 (m, 1H), 2.49 — 2.40 (m, 2H), 1.89 —
1.78 (m, 4H).

I3C NMR (101 MHz, CDCl3): & 147.4, 131.7 (q, J = 31.6 Hz), 129.7, 124.5 (q, J = 272.2 Hz),
116.0 (d, J=1.5Hz), 113.8 (q,/=4.0 Hz), 109.2 (q, /= 4.0 Hz), 48.9, 31.2, 15.4.

Spectral data match those previously reported. 233

N-cyclopentyl-2-methoxyaniline (4.5¢)

G0

133



Chapter 4

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and o-anisidine
(0.4 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (25:1) as
an eluent to afford 16 mg (41%) of the title compound 4.5c.

'H NMR (400 MHz, CDCl3): 6 6.87 (td, J=7.5, 1.4 Hz, 1H), 6.76 (dd, J = 8.3, 1.4 Hz, 1H), 6.68
— 6.62 (m, 2H), 4.21 (s, 1H), 3.84 (s, 3H), 3.82 — 3.74 (m, 1H), 2.11 — 1.97 (m, 2H), 1.83 — 1.67
(m, 2H), 1.68 — 1.59 (m, 2H), 1.56 — 1.48 (m, 2H).

I3C NMR (101 MHz, CDCl3): 6 146.9, 138.1, 121.4, 116.1, 110.6, 109.4, 55.5, 54.5, 33.8, 24.3.
Physical State: brown solid.

HRMS (ESI): caled for C12HisNO [M+H]" 192.1388; found 192.1391.

N-phenylcyclododecanamine (4.5d)

@

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and aniline
(0.4 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (25:1) as
an eluent to afford 34 mg (66%) of the title compound 4.5d.

'"H NMR (400 MHz, CDCl3): 8 7.17 (t, J = 7.8 Hz, 2H), 6.67 (t, J= 7.3 Hz, 1H), 6.60 (d, /= 7.9
Hz, 2H), 3.57 — 3.48 (m, 1H), 3.42 (br s, 1H), 1.69 — 1.57 (m, 2H), 1.51 — 1.30 (m, 20H).

I3C NMR (101 MHz, CDCl3): 5 148.0,129.4,116.8,113.2,49.6,29.9, 24.5,24.1, 23.5,23.4,21 4.

Spectral data match those previously reported.?**

N-(2-methoxyphenyl)cyclododecanamine (4.5¢)

N
OMe

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and o-anisidine
(0.4 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (20:1) as
an eluent to afford 44 mg (76%) of the title compound 4.5e.

'H NMR (400 MHz, CD,CL): 8 6.82 (td, J=7.6, 1.4 Hz, 1H), 6.75 (dd, J = 7.8, 1.4 Hz, 1H), 6.62
—6.54 (m, 2H), 4.04 (d, J = 32.8 Hz, 1H), 3.82 (br s, 3H), 3.53 — 3.48 (m, 1H), 1.69 — 1.59 (m,
2H), 1.52 — 1.33 (m, 20H).
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13C NMR (101 MHz, CD2Cl): & 147.2, 138.3, 121.6, 115.8, 110.2, 110.0, 55.8, 49.4, 30.1, 24.8,
24.4,23.8,23.8,21.8.

Physical State: pale brown solid.

HRMS (ESI): calcd for C19H3:NO [M+H]" 290.2484; found 290.2483.

N-(2-methoxyphenyl)tetrahydro-2H-pyran-4-amine (4.5f)

L3
N
OMe

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and o-anisidine
(0.4 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (15:1) as
an eluent to afford 34 mg (82%) of the title compound 4.5f.

'TH NMR (400 MHz, CDCI3): 6 6.86 (td, /= 7.6, 1.4 Hz, 1H), 6.78 (dd, /= 7.9, 1.4 Hz, 1H), 6.69
—6.63 (m, 2H), 4.18 (brs, 1H), 4.03 —3.99 (m, 2H), 3.85 (s, 3H), 3.57 — 3.45 (m, 3H), 2.08 — 2.02
(m, 2H), 1.58 — 1.47 (m, 2H).

I3C NMR (101 MHz, CDCl3): § 147.0, 136.7, 121.3, 116.6, 110.5, 109.9, 67.1, 55.5, 48.9, 33.7.
Physical State: reddish brown oil.

HRMS (ESD): caled for C12H1sNO, [M+H]" 208.1338; found 208.1340.

N-(4,4-difluorocyclohexyl)-2-methoxyaniline (4.5g)

F
iGN
N
OoMe 1

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and o-anisidine
(0.4 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (15:1) as
an eluent to afford 35 mg (73%) of the title compound 4.5g.

'TH NMR (400 MHz, CDCl3): § 6.87 (td, J = 7.6, 1.5 Hz, 1H), 6.79 (dd, J= 8.0, 1.4 Hz, 1H), 6.68
(td, J=17.7, 1.5 Hz, 1H), 6.62 (dd, J=7.8, 1.6 Hz, 1H), 4.16 (br s, 1H), 3.85 (s, 3H), 3.46 — 3.41
(m, 1H), 2.16 — 1.63 (m, 8H).

I3C NMR (101 MHz, CDCls): 8 147.0, 136.9, 121.4, 123.1, 116.7, 110.4, 109.8, 77.4, 55.6, 49.3,
32.2 (t,J=24.2 Hz), 29.1 — 28.1 (m).

Physical State: brown oil.
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HRMS (ESI): caled for C13HigFa2NO [M+H]" 242.1357; found 242.1362.

N-isopropylaniline (4.5h)
S
H

Following the General Procedure B with the corresponding NHPI ester (0.4 mmol) and aniline
(0.8 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (30:1) as
an eluent to afford 20 mg (37%) of the title compound 4.5h.

'TH NMR (400 MHz, CD>Cl»): & 7.12 (dd, J = 8.6, 7.2 Hz, 2H), 6.68 — 6.47 (m, 3H), 3.64 — 3.58
(m, 1H), 3.50 (br s, 1H), 1.20 (s, 3H), 1.18 (s, 3H).

I3C NMR (101 MHz, CDCl3): § 147.6, 129.4, 117.1, 113.4, 44.4, 23.1.

Spectral data match those previously reported.!?3]

N-(heptan-3-yl)-2-methoxyaniline (4.5i)

Et

H Bu
OMe

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and o-anisidine
(0.4 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (25:1) as
an eluent to afford 27 mg (60%) of the title compound 4.5i.

'TH NMR (400 MHz, CDCI3): 6 6.84 (td, /= 7.6, 1.2 Hz, 1H), 6.76 (dd, J = 7.6, 1.2 Hz, 1H), 6.60
(ddd, J=17.6, 6.8, 1.2 Hz, 1H), 6.58 (dd, ] = 6.8, 1.2 Hz, 1H), 4.06 (br s, 1H), 3.84 (s, 3H), 3.30 —
3.24 (m, 1H), 1.71 — 0.87 (m, 14H).

13C NMR (101 MHz, CDCls): § 146.8, 138.3, 121.4, 115.4, 110.0, 109.7, 55.6, 53.9, 34.3, 28.4,
27.4,23.0,14.2,10.2.

Spectral data match those previously reported.?*®)

2-methoxy-/N-(pentan-2-yl)aniline (4.5))

(s

ome M
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Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and o-anisidine
(0.4 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (25:1) as
an eluent to afford 22 mg (56%) of the title compound 4.5j.

TH NMR (400 MHz, CDCl3): § 6.87 (td, J= 7.6, 1.4 Hz, 1H), 6.77 (dd, J= 7.8, 1.4 Hz, 1H), 6.67
—6.58 (m, 2H), 4.04 (br s, 1H), 3.85 (s, 3H), 3.48 (h, J= 6.3 Hz, 1H), 1.68 — 1.54 (m, 1H), 1.51 —
1.37 (m, 3H), 1.20 (d, /= 6.3 Hz, 3H), 0.95 (t, /= 7.1 Hz, 3H).

13C NMR (101 MHz, CDCls): 6 146.8, 137.8, 121.4, 115.7, 110.1, 109.6, 55.5, 48.0, 39.6, 20.9,
19.5, 14.3.

Spectral data match those previously reported.!?3!

N-hexylaniline (4.62)

SN

H

Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and aniline
(0.2 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (30:1) as
an eluent to afford 23 mg (64%) of the title compound 4.6a.

'H NMR (400 MHz, CD>Cl): & 7.13 (dd, J = 8.6, 7.3 Hz, 2H), 6.63 (t, J = 7.3 Hz, 1H), 6.60 —
6.54 (m, 2H), 3.66 (br s, 1H), 3.08 (t, J = 7.1 Hz, 2H), 1.64 — 1.57 (m, 2H), 1.43 — 1.29 (m, 6H),
0.93 - 0.85 (m, 3H).

13C NMR (101 MHz, CDCl3): § 172.86, 162.27, 134.81, 129.18, 124.03, 38.34, 26.78, 23.90,
23.81,23.61, 23.52,22.21.

Spectral data match those previously reported.'2")

N-hexyl-2-methoxyaniline (4.6b)

H/\/\/\
OMe

Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and o-anisidine
(0.2 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (25:1) as
an eluent to afford 29 mg (70%) of the title compound 4.6b.
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H NMR (400 MHz, CDCls): § 6.88 (td, J=7.6, 1.4 Hz, 1H), 6.77 (dd, J = 7.9, 1.4 Hz, 1H), 6.66
(td, J=17.7, 1.6 Hz, 1H), 6.62 (dd, J = 7.8, 1.5 Hz, 1H), 4.17 (s, 1H), 3.85 (s, 3H), 3.13 (t, J= 7.1
Hz, 2H), 1.67 (p, J = 7.2 Hz, 2H), 1.43 — 1.32 (m, 5H), 0.95 — 0.88 (m, 3H).

13C NMR (101 MHz, CDCls): § 146.9, 138.7, 121.4, 116.2, 109.9, 109.5, 55.5, 43.9, 31.8, 29.7,
27.1,22.8, 14.2.

Spectral data match those previously reported.!?3]

N-hexyl-3-(trifluoromethyl)aniline (4.6¢)
F3C©\N/\/\/\

Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and 3-
(trifluoromethyl)aniline (0.2 mmol). The crude product was purified by preparative TLC using
hexanes / EtOAc (20:1) as an eluent to afford 27 mg (55%) of the title compound 4.6c¢.

'H NMR (400 MHz, CDCl3): § 7.23 (t, J = 7.9 Hz, 1H), 6.90 (d, J = 7.6 Hz, 1H), 6.78 (s, 1H),
6.72 (dd, J= 8.3, 2.3 Hz, 1H), 3.82 (s, 1H), 3.12 (t, /= 7.1 Hz, 2H), 1.68 — 1.60 (m, 2H), 1.43 —
1.29 (m, 6H), 0.95 — 0.87 (m, 3H).

13C NMR (101 MHz, CDCl3): & 148.7, 131.8, 131.5, 129.7, 125.9, 123.2, 115.8, 113.6, 108.8,
44.0,31.7,29.5,26.9, 22.8, 14.2.

Spectral data match those previously reported.?*®!

4-fluoro-N-hexylaniline (4.6d)

F
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Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and 4-
fluoroaniline (0.2 mmol). The crude product was purified by preparative TLC using hexanes /
EtOAc (25:1) as an eluent to afford 24 mg (62%) of the title compound 4.6d.

'TH NMR (400 MHz, CDCl3): 8 6.93 — 6.85 (m, 2H), 6.60 — 6.53 (m, 2H), 3.06 (t, /= 7.2 Hz, 2H),
1.61 (p, J=7.1 Hz, 2H), 1.43 — 1.28 (m, 6H), 0.92 — 0.87 (m, 3H).

13C NMR (101 MHz, CDCl3): § 156.4 (d, J = 237.4 Hz), 144.0, 115.9 (d, J = 22.2 Hz), 114.6 (d,
J=28.1Hz),45.6,31.8,29.4,26.9, 22.8, 14.2.

Spectral data match those previously reported.!?3]
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N-butyl-2-methoxyaniline (4.6¢)

; ‘N/\/\
ome ™

Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and o-anisidine
(0.2 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (25:1) as
an eluent to afford 22 mg (62%) of the title compound 4.6e.

'TH NMR (400 MHz, CD:Cl,): 8 6.82 (td, J= 7.6, 1.4 Hz, 1H), 6.76 (dd, J = 7.9, 1.4 Hz, 1H), 6.60
(td, J=7.7, 1.6 Hz, 1H), 6.56 (dd, J = 8.0, 1.6 Hz, 1H), 4.31 (brs, 1H), 3.83 (s, 3H), 2.94 (d, J =
6.8 Hz, 2H), 1.97 — 1.85 (m, 1H), 0.99 (d, /= 6.7 Hz, 6H).

13C NMR (101 MHz, CDCl3): 6 146.8, 138.7, 121.4, 116.1, 109.9, 109.5, 55.6, 51.8, 28.1, 20.7.

Spectral data match those previously reported.!?3]
2-methoxy-/N-pentylaniline (4.6f)
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Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and o-anisidine
(0.2 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (25:1) as
an eluent to afford 22 mg (58%) of the title compound 4.6f.

'TH NMR (400 MHz, CD>Cl»):  6.82 (td, J=7.6, 1.4 Hz, 1H), 6.75 (dd, J=7.9, 1.4 Hz, 1H), 6.63
—6.54 (m, 2H), 4.17 (br s, 1H), 3.82 (s, 3H), 3.10 (t, /= 7.1 Hz, 2H), 1.68 — 1.61 (m, 2H), 1.41 —
1.33 (m, 4H), 0.96 — 0.90 (m, 3H).

I3C NMR (101 MHz, CDCl3): § 146.9, 138.6, 121.4, 116.2, 110.0, 109.6, 55.6, 51.8, 28.1, 20.7.

Spectral data match those previously reported.!24%!
N-heptadecyl-2-methoxyaniline (4.6g)

N R T e e T
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Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and o-anisidine
(0.2 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (20:1) as

an eluent to afford 64 mg (88%) of the title compound 4.6g.
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'TH NMR (400 MHz, CDCl3): § 6.88 (t,J = 7.3 Hz, 1H), 6.78 (d, J = 7.6 Hz, 1H), 6.71 — 6.61 (m,
2H), 3.85 (s, 3H), 3.12 (t, /= 7.2 Hz, 2H), 1.70 — 1.63 (m, 3H), 1.46 — 1.27 (m, 27H), 0.89 (t, J =
6.6 Hz, 3H).

13C NMR (101 MHz, CDCl3): 4 147.0, 138.3, 121.4, 116.6, 109.6, 110.4, 55.6, 44.1, 32.1, 29.9,
29.8,29.8,29.8, 29.6, 29.6, 29.5, 27.4, 22.9, 14.3.

Physical State: reddish brown solid.

HRMS (ESI): calcd for C24HuNO [M+H]" 362.3423; found 362.3423.

2-methoxy-/N-(4-phenylbutyl)aniline (4.6h)

(A~
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Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and o-anisidine
(0.2 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (20:1) as
an eluent to afford 38 mg (75%) of the title compound 4.6h.

'TH NMR (400 MHz, CD2Cl2): & 7.34 — 7.16 (m, 5H), 6.83 (td, J = 7.6, 1.5 Hz, 1H), 6.76 (dd, J =
7.9, 1.4 Hz, 1H), 6.61 (td, J="7.6, 1.5 Hz, 1H), 6.57 (dd, /= 7.8, 1.5 Hz, 1H), 4.19 (br s, 1H), 3.82
(s, 3H), 3.14 (t, /= 6.8 Hz, 2H), 2.68 (t, /= 7.4 Hz, 2H), 1.79 — 1.64 (m, 4H).

13C NMR (101 MHz, CD,Cl,): § 147.2, 143.0, 139.0, 128.8, 128.7, 126.1, 121.6, 116.3, 109.9,
109.8, 55.8,43.9, 36.1, 29.6, 29.5.

Physical State: colorless oil.

HRMS (ESID): caled for C17H2NO [M+H]" 256.1701; found 256.1708.

N-(5-bromopentyl)-2-methoxyaniline (4.6i)

NN g,
OMe "

Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and o-anisidine
(0.2 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (20:1) as
an eluent to afford 22 mg (40%) of the title compound 4.6i.

TH NMR (400 MHz, CDCl3): 6 7.01 — 6.88 (m, 3H), 6.85 (dd, J = 7.8, 1.6 Hz, 1H), 3.87 (s, 3H),
2.98 (t,J=5.3 Hz, 4H), 1.76 (p, J=5.6 Hz, 4H), 1.60 — 1.55 (m, 2H).
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I3C NMR (101 MHz, CDCls): § 152.5, 142.9, 122.6, 121.0, 118.5, 111.2, 55.5, 52.5, 26.5, 24.6.
Physical State: colorless oil.

HRMS (ESI): calcd for C12Hj9BrNO [M+H]" 272.0650; found 272.0648.

Methyl 5-((2-methoxyphenyl)amino)pentanoate (4.6j)

OMe H
N

Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and o-anisidine
(0.2 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (20:1) as
an eluent to afford 19 mg (41%) of the title compound 4.6j.

'TH NMR (400 MHz, CDCI3): 6 6.87 (td, J=7.6, 1.4 Hz, 1H), 6.77 (dd, J= 7.9, 1.4 Hz, 1H), 6.66
(td, /=7.7,1.5 Hz, 1H), 6.60 (dd, /= "7.9, 1.5 Hz, 1H), 4.18 (br s, 1H), 3.84 (s, 3H), 3.68 (s, 3H),
3.15(t,J=6.8 Hz, 2H), 2.38 (t,J = 7.2 Hz, 2H), 1.84 — 1.63 (m, 4H).

I3C NMR (101 MHz, CDCl3): 6 174.0, 146.9, 138.4, 121.4, 116.4, 109.9, 109.5, 55.5, 51.7, 43 4,
33.9,29.1,22.7.

Physical State: brown oil.

HRMS (ESI): calcd for C13H20NOs [M+H]" 238.1443; found 238.1446.

N-(hex-5-yn-1-yl)-2-methoxyaniline (4.6k)

; NN
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Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and o-anisidine
(0.2 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (20:1) as
an eluent to afford 12 mg (31%) of the title compound 4.6k.

'TH NMR (400 MHz, CDCl3): 6 6.87 (td, J=7.6, 1.4 Hz, 1H), 6.77 (dd, J=7.9, 1.4 Hz, 1H), 6.71
—6.62 (m, 2H), 3.84 (s, 3H), 3.28 (t, /= 6.9 Hz, 2H), 2.33 (td, /= 7.0, 2.7 Hz, 2H), 1.99 (t, J=2.7
Hz, 1H), 1.88 (p, J = 6.9 Hz, 2H).

13C NMR (101 MHz, CDCls): § 147.0, 138.1, 121.4, 116.7, 110.1, 109.6, 83.9, 69.0, 55.6, 42.7,
28.2,16.4.

Physical State: brown oil.
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HRMS (ESI): calcd for C12HisNO [M+H]" 190.1232; found 190.1230.

N-3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl)-2-methoxyaniline (4.61)
RFRFRFRF
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Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and o-anisidine
(0.2 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (15:1) as
an eluent to afford 57 mg (50%) of the title compound 4.61.

'TH NMR (400 MHz, CD>Cl»):  6.87 (td, J=7.6, 1.4 Hz, 1H), 6.80 (dd, J= 8.0, 1.4 Hz, 1H), 6.69
(td, J=17.7, 1.5 Hz, 1H), 6.61 (dd, J=7.8, 1.5 Hz, 1H), 4.39 (br s, 1H), 3.84 (s, 3H), 3.57 —3.52
(m, 2H), 2.51 — 2.37 (m, 2H).

13C NMR (101 MHz, CD,Cl): & 147.5, 137.5, 121.7, 117.5, 110.2, 109.8, 55.9, 54.4, 54.1, 53.8,
53.6,53.3,35.9,31.4,31.2,30.9.

YF NMR (376 MHz, CD>Cl): 6 -81.17 (t,J=10.4 Hz), -114.17 (t, J= 14.1 Hz), -121.90, -122.12,
-122.93, -123.74, -126.3 — -126.43 (m).

Physical State: light pink solid

HRMS (ESD): caled for C17H13F17NO [M+H]" 570.0726; found 570.0729.

N-(cyclopentylmethyl)-2-methoxyaniline (4.6m)

o

Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and o-anisidine
(0.2 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (20:1) as
an eluent to afford 24 mg (59%) of the title compound 4.6m.

'TH NMR (400 MHz, CDCl3): 6 6.88 (td, J= 7.6, 1.4 Hz, 1H), 6.77 (dd, J = 8.0, 1.4 Hz, 1H), 6.68
—6.62 (m, 2H), 4.34 (br s, 1H), 3.86 (s, 3H), 3.05 (d, /= 7.2 Hz, 2H), 2.26 — 2.16 (m, 1H), 1.89 —
1.81 (m, 2H), 1.68 — 1.53 (m, 4H), 1.34 — 1.25 (m, 2H).

13C NMR (101 MHz, CDCl3): § 146.9, 138.7, 121.4, 116.3, 110.0, 109.5, 55.6, 49.4, 39.6, 30.9,
25.4.

Physical State: pale yellow oil.
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HRMS (ESI): calcd for C13H20NO [M+H]" 206.1545; found 206.1547.

tert-butyl (5)-(1-((2-methoxyphenyl)amino)-4-methylpentan-2-yl)carbamate (4.7a)

ST
O H OMe
HN\©

Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and o-anisidine
(0.2 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (10:1) as
an eluent to afford 38 mg (59%) of the title compound 4.7a.

TH NMR (400 MHz, CDCl3): § 6.86 (td, J= 7.6, 1.4 Hz, 1H), 6.76 (dd, J= 8.1, 1.4 Hz, 1H), 6.70
—6.58 (m, 2H), 4.68 (br s, 1H), 4.46 (s, 1H), 3.94 (s, 1H), 3.83 (s, 3H), 3.33 — 2.94 (m, 2H), 1.82
—1.65 (m, 1H), 1.45 (s, 9H), 1.42 — 1.32 (m, 2H), 0.99 — 0.89 (m, 6H).

13C NMR (101 MHz, CDCls): 8 156.1, 147.0, 138.3, 121.4, 116.7, 110.0, 109.6, 79.4, 55.5, 49.2,
48.8,42.5,28.5,25.1,23.3,22.3.

Physical State: pale brown solid.

HRMS (ESD): caled for C1gH31N2O3 [M+H]" 323.2335; found 323.2332.

(8R,95,108,13R,14S,17R)-17-((R)-4-((2-methoxyphenyl)amino)butan-2-yl)-10,13-
dimethyldodecahydro-3H-cyclopentaa]phenanthrene-3,7,12(2H,4H)-trione (4.7b)

OMe

ZT

Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and o-anisidine
(0.2 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (5:1) as
an eluent to afford 41 mg (43%) of the title compound 4.7b.

'TH NMR (400 MHz, CDCI;3): 6 6.86 (td, /= 7.7, 1.4 Hz, 1H), 6.75 (dd, /= 7.9, 1.4 Hz, 1H), 6.68
—6.55 (m, 2H), 4.08 (br s, 1H), 3.83 (s, 3H), 3.28 — 3.13 (m, 1H), 3.07 (dt,J=11.8, 7.8 Hz, 1H),
2.92 - 2.83 (m, 3H), 2.41 — 0.91 (m, 28H).
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I3C NMR (101 MHz, CDCl3): § 146.8, 138.6, 134.4, 121.4,116.3, 109.9, 109.4, 57.0, 55.5, 51.9,
49.1, 49.0, 47.0, 46.1, 45.7, 45.1, 42.9, 41.6, 38.8, 36.6, 36.1, 35.5, 35.4, 34.5, 28.0, 25.3, 22.0,
19.4, 12.0.

Physical State: light brown solid.

HRMS (ESI): calcd for C30Hs2NO4 [M+H]" 480.3114; found 480.3113.

N,N-bis(2-chloroethyl)-4-(3-((2-methoxyphenyl)amino)propyl)aniline (4.7¢)

N ;
CI\/\N/©/\/\H OMe

cl

Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and o-anisidine
(0.2 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (10:1) as
an eluent to afford 38 mg (50%) of the title compound 4.7c.

TH NMR (400 MHz, CDCl3): 6 7.10 (d, J = 8.6 Hz, 2H), 6.87 (td, J= 7.6, 1.5 Hz, 1H), 6.78 (dd,
J=28.0, 1.4 Hz, 1H), 6.73 — 6.60 (m, 4H), 3.85 (s, 3H), 3.72 — 3.60 (m, 8H), 3.16 (t, /= 7.1 Hz,
2H), 2.66 (t,J=7.6 Hz, 2H), 1.96 (dt, J=15.2, 7.3 Hz, 2H).

13C NMR (101 MHz, CDCl3): § 147.2, 144.4, 131.0, 129.8, 129.6, 121.4, 117.1, 112.4, 109.7,
55.6,53.8,43.7,40.7,32.3, 31.1.

Physical State: colorless oil.

HRMS (ESI): caled for C20H27N20Cl; [M+H]" 381.1501; found 381.1505.

2-methoxy-/N-(1-(6-methoxynaphthalen-2-yl)ethyl)aniline (4.7d)

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and o-anisidine
(0.4 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (10:1) as
an eluent to afford 34 mg (55%) of the title compound 4.7d.

'TH NMR (400 MHz, CDCl3): 4 7.76 (d, J= 1.8 Hz, 1H), 7.71 (dd, J = 9.0, 5.9 Hz, 2H), 7.48 (dd,
J=28.5,1.8 Hz, 1H), 7.17 - 7.10 (m, 2H), 6.78 (dd, /= 7.8, 1.5 Hz, 1H), 6.68 (td, /= 7.7, 1.5 Hz,
1H), 6.61 (td, J=7.7, 1.7 Hz, 1H), 6.40 (dd, J= 7.7, 1.7 Hz, 1H), 4.71 (s, 1H), 4.60 (q, /= 6.8 Hz,
1H), 3.91 (2s,J=1.4 Hz, 6H), 1.62 (d, J = 6.7 Hz, 3H).

144



Decarboxylative C(sp®)-N Cross-Coupling via Synergetic Photoredox and Copper Catalysis

13C NMR (101 MHz, CDClz): § 157.5, 146.7, 140.8, 137.5, 133.9, 129.4, 129.2, 127.4, 125.1,
124.2,121.3,118.8, 116.5, 111.3, 109.4, 105.8, 55.6, 55.5, 53.6, 25.3.
Physical State: colorless oil.

HRMS (ESD): caled for C20H21NO;Na [M+H]" 330.1470; found 330.1467.

tert-butyl ((1-(((2-methoxyphenyl)amino)methyl)cyclohexyl)methyl)carbamate (4.7¢)

NHBoc
H OMe

N

Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and o-anisidine
(0.2 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (15:1) as
an eluent to afford 33 mg (48%) of the title compound 4.7e.

TH NMR (400 MHz, CDCl3): § 6.87 (td, J= 7.6, 1.4 Hz, 1H), 6.77 (dd, J= 7.9, 1.4 Hz, 1H), 6.66
(td, J=7.7, 1.5 Hz, 1H), 6.60 (dd, J = 7.8, 1.5 Hz, 1H), 4.74 (br s, 1H), 4.39 (br s, 1H), 3.85 (s,
3H), 3.31 (dt, J=12.3, 5.5 Hz, 1H), 3.16 — 2.95 (m, 3H), 1.93 (h, J=5.9 Hz, 1H), 1.72 (qd, J =
11.9,10.3, 5.1 Hz, 1H), 1.45 (s, 9H), 1.21 (t, J=7.1 Hz, 2H), 0.92 (dd, J = 6.6, 3.7 Hz, 6H).

I3C NMR (101 MHz, CDCl3): 6 156.4, 147.1, 138.5, 121.4, 116.5, 109.9, 109.7, 79.2, 55.6, 46.3,
43.0, 40.0, 36.2, 28.5, 25.6, 23.1, 23.0.

Physical State: reddish brown oil.

HRMS (APPI): calcd for C20H33N203 [M+H] 349.2486; found 349.2504.

(4-chlorophenyl)(5-methoxy-3-(((2-methoxyphenyl)amino)methyl)-2-methyl-1H-indol-1-
yl)methanone (4.7f)

0
}—@ﬂ:l
C .,H I ”:
OMe
OMe

Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and o-anisidine
(0.2 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (10:1) as
an eluent to afford 35 mg (40%) of the title compound 4.7f.

'TH NMR (400 MHz, CDCl3): 8 7.72 — 7.65 (m, 2H), 7.52 — 7.46 (m, 2H), 7.03 (d, /= 2.5 Hz, 1H),
6.97 (td, J=17.6, 1.5 Hz, 1H), 6.90 (d, /= 8.9 Hz, 1H), 6.83 (ddd, J=11.0, 7.9, 1.5 Hz, 2H), 6.75
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(td, J = 7.6, 1.5 Hz, 1H), 6.69 (dd, J = 9.0, 2.6 Hz, 1H), 4.37 (s, 2H), 4.31 (s, 1H), 3.81 (s, 3H),
3.80 (s, 3H), 2.44 (s, 3H).

13C NMR (101 MHz, CDCl3): & 168.5, 156.2, 147.0, 139.5, 138.5, 136.3, 134.0, 131.3, 131.1,
130.6, 129.3,121.4,117.0, 116.8, 115.1, 112.0, 110.0, 109.6, 101.4, 55.9, 55.5, 38.5, 13.4.
Physical State: light yellow oil.

HRMS (ESI): calcd for C2sH23CIN2O3Na [M+Na]* 457.1295; found 457.1290.

N-(1-(4-isobutylphenyl)ethyl)-2-methoxyaniline (4.7g)

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and o-anisidine
(0.4 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (10:1) as
an eluent to afford 23 mg (41%) of the title compound 4.7g.

'TH NMR (400 MHz, CDCl3): & 7.28 — 7.24 (m, 2H), 7.09 (d, J = 7.7 Hz, 2H), 6.77 (dd, J = 7.9,
1.4 Hz, 1H), 6.72 (td, J="7.7, 1.5 Hz, 1H), 6.61 (td, J= 7.7, 1.6 Hz, 1H), 6.38 (dd, /=7.8, 1.6 Hz,
1H), 4.60 (br s, 1H), 4.46 (q, J = 6.7 Hz, 1H), 3.89 (s, 3H), 2.44 (d, /= 7.2 Hz, 2H), 1.84 (dp, J =
13.6, 6.8 Hz, 1H), 1.54 (d, J= 6.6 Hz, 3H), 0.89 (d, /= 6.6 Hz, 6H).

IBCNMR (101 MHz, CDCl3): 146.7, 142.8, 140.3,137.5,129.4,125.7,121.3,116.3, 111.1, 109.4,
55.6,53.1,45.3,30.4, 25.2, 22.6.

Physical State: colorless oil.

HRMS (ESD): caled for C19H26NO [M+H]" 284.2014; found 284.2017.

(Z)-N-(heptadec-8-en-1-yl)-2-methoxyaniline (4.7h)

Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and o-anisidine
(0.2 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (20:1) as
an eluent to afford 29 mg (40%) of the title compound 4.7h.

'TH NMR (400 MHz, CD,Cl,): 8 6.83 (td, J= 7.8, 2.6 Hz, 1H), 6.75 (dd, J = 8.0, 2.7 Hz, 1H), 6.65
—6.50 (m, 2H), 5.47 — 5.33 (m, 2H), 4.17 (br s, 1H), 3.87 (s, 3H), 3.22 — 2.98 (m, 2H), 2.18 — 1.98
(m, 4H), 1.68 — 1.62 (m, 2H), 1.46 — 1.26 (m, 20H), 0.95 — 0.85 (m, 3H).
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I3C NMR (101 MHz, CD>Cl»): 6 147.2,139.1,130.4, 130.2, 121.6, 116.2, 109.9, 109.8, 55.8, 44.1,
32.4,30.2,30.2, 30.0, 30.0, 29.8, 29.8, 29.7, 27.7, 27.6, 27.6, 26.0, 23.1, 14.3.

Physical State: pale yellow oil.

HRMS (ESI): caled for C24H4,NO [M+H]" 360.3266; found 360.3265.

(E)-N-(heptadec-8-en-1-yl)-2-methoxyaniline (4.7i)

Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and o-anisidine
(0.2 mmol). The crude product was purified by preparative TLC using hexanes / EtOAc (20:1) as
an eluent to afford 23 mg (32%) of the title compound 4.7i.

'TH NMR (400 MHz, CD>Cl»): 4 6.82 (td, J=7.7, 2.6 Hz, 1H), 6.75 (dd, J=7.5, 2.3 Hz, 1H), 6.63
—6.55 (m, 2H), 5.42-5.31 (m, 2H), 4.17 (br s, 1H), 3.82 (s, 3H), 3.10 (t, J = 7.1 Hz, 2H), 2.00 —
1.96 (m, 4H), 1.66 — 1.62 (m, 2H), 1.43 — 1.28 (m, 20H), 0.89 (t, /= 6.9 Hz, 3H).

IBCNMR (101 MHz, CD>Cly): § 147.2,139.1, 130.9, 130.7, 121.6, 116.2, 109.9, 109.7, 55.8,44.1,
33.0, 33.0, 32.4, 30.1, 30.1, 30.0, 30.0, 29.8, 29.6, 29.5, 27.6, 23.1, 14.3.

Physical State: pale yellow solid.

HRMS (ESI): caled for C24H42NO [M+H]" 360.3266; found 360.3268.

tert-butyl 4-((4-(trifluoromethyl)phenyl)amino)piperidine-1-carboxylate (4.8a)

F3C\©\ anc
N
H

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and 4-
(trifluoromethyl)aniline (0.4 mmol). The crude product was purified by preparative TLC using
hexanes / EtOAc (10:1) as an eluent to afford 52 mg (75%) of the title compound 4.8a.

'TH NMR (400 MHz, CDCl3): § 7.40 (d, J = 8.5 Hz, 2H), 6.61 (d, J = 8.3 Hz, 2H), 4.12 — 4.00 (m,
2H), 3.46 (tt, J = 10.3, 4.0 Hz, 1H), 2.93 (t, J = 12.6 Hz, 2H), 2.06 — 1.98 (m, 2H), 1.47 (s, 9H),
1.40 — 1.33 (m, 2H).

I3C NMR (101 MHz, CDCl3): § 154.9, 134.5, 126.9 (q, J= 3.7 Hz), 123.7, 79.9, 32.2, 28.6, 28.6.
Physical State: white solid.
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Spectral data match those previously reported.!”

N-cyclohexylmethanesulfonamide (4.41)

An oven-dried 15 mL vial equipped with a Teflon-coated magnetic stir bar was sequentially
charged with corresponding NHPI ester (0.5 mmol), Ru(bpy)s(PFs)2 (1 mol%), Cu(MeCN)4PF¢
(50 mol%), 4.1.26 (30 mol%), MeCN (0.1 M), methanesulfonamide (1.5 mmol), EtzN (5 equiv) in
the glove box. The vial was sealed with a screw cap and removed from the glove box. Then the
vial was placed 3 cm away from one blue LED, and irradiated under fan cooling (maintain the
temperature at room temperature) for 20 h. After the reaction, the resulting dark brown reaction
mixture was acidified with saturated NH4Cl solution (~1 mL) and then neutralized with saturated
NaHCOs solution (~1.5 mL). The crude product in the aqueous fraction was extracted with EtOAc
(~10 mL). The aqueous fraction was further washed with EtOAc (3 x ~5 mL). The combined
organic fractions were concentrated in vacuo with the aid of a rotary evaporator. The crude product
residue was purified by flash chromatography column using hexanes / EtOAc (40:1) as an eluent

to afford 14 mg (16%) of the title compound 4.41.

TH NMR (400 MHz, CDCL): 8 4.21 (s, 1H), 3.31 (dtt, J = 10.7, 7.6, 4.0 Hz, 1H), 2.97 (s, 3H),
2.05 - 1.88 (m, 2H), 1.73 (dt, J = 13.5, 3.9 Hz, 2H), 1.65 — 1.58 (m, 1H), 1.42 — 1.10 (m, SH).
13C NMR (101 MHz, CDCls): § 53.0, 42.3, 34.6, 25.3, 24.9.

Spectral data match those previously reported.

N-cyclohexylacetamide (4.4m)

()\ _Ac

N
H

An oven-dried 15 mL vial equipped with a Teflon-coated magnetic stir bar was sequentially
charged with corresponding NHPI ester (1 mmol), Ru(bpy)3(PFs)2 (1 mol%), Cu(MeCN)4PFs (50
mol%), 4.L.26 (30 mol%), MeCN (0.1 M), acetamide (3 mmol), EtsN (5 equiv) in the glove box.
The vial was sealed with a screw cap and removed from the glove box. Then the vial was placed

3 cm away from one blue LED, and irradiated under fan cooling (maintain the temperature at room
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temperature) for 20 h. After the reaction, the resulting dark brown reaction mixture was acidified
with saturated NH4Cl solution (~1 mL) and then neutralized with saturated NaHCO3 solution (~1.5
mL). The crude product in the aqueous fraction was extracted with EtOAc (~10 mL). The aqueous
fraction was further washed with EtOAc (3 x ~5 mL). The combined organic fractions were
concentrated in vacuo with the aid of a rotary evaporator. The crude product residue was purified
by flash chromatography column using hexanes / EtOAc (40:1) as an eluent to afford 13 mg (9%)

of the title compound 4.4m.

TH NMR (400 MHz, CDCl): & 5.33 (s, 1H), 3.84 — 3.66 (m, 1H), 1.95 (s, SH), 1.72 — 1.57 (m,
3H), 1.44 — 1.27 (m, 2H), 1.23 — 1.02 (m, 3H).
13C NMR (101 MHz, CDCls): § 169.2, 48.4, 33.4, 25.7, 25.0, 23.8.

Spectral data match those previously reported.

N-phenyladamantan-1-amine (4.5k)

AR

H

Following the General Procedure B with the corresponding NHPI ester (1.0 mmol) and 4-
(trifluoromethyl)aniline (2.0 mmol). The crude product was purified by preparative TLC using
hexanes / EtOAc (20:1) as an eluent to afford 21 mg (9%) of the title compound 4.5k.

'TH NMR (400 MHz, CDCl3): § 7.20 — 7.10 (m, 2H), 6.80 (d, J= 7.7 Hz, 3H), 3.05 (br s, 1H), 2.15
—2.03 (m, 3H), 1.88 (d, /=2.9 Hz, 6H), 1.75 — 1.60 (m, 6H).

I3C NMR (101 MHz, CDCl3): § 146.2, 128.9, 119.3, 119.2, 52.4, 43.6, 36.6, 29.9.

Spectral data match those previously reported.!”’
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Cross-coupling of Alkyl Redox-Active
Esters with Benzophenone Imines via
Tandem Photoredox and Copper
Catalysis

151



Chapter 5

152



Cross-coupling of Alkyl Redox-Active Esters with Benzophenone Imines via Tandem
Photoredox and Copper Catalysis

5.1 Introduction of the background

(a) Fu, Peters - 2017 (b) Hartwig - 2016

10 mol% CuCN ;
S 5 mol% neocuproine 0 R’ 5 mol% (Cyt-BuP),PdHBr )R<R2
N )K(W 15 mol% xantphos _ N. R R2>—Br Ar,CNH, Cs,CO3 _ N| R3

N - Z >
o DCE, 5-10°C W/Z R t-amyl alcohol, 80 °C Ar)\Ar
blue LED o R
1°and 2° protected amine 2° and 3° protected amine

Figure 62 (a) A previous method for the intramolecular C-N coupling of alkyl NHPI esters. (b) A previous
method for the cross-coupling of alkyl bromides with benzophenone imines.

Chapter 4 has described in detail the photoredox/copper dual catalytic system that was
developed by us and its application in decarboxylative C(sp*)-N couplings. Based on this novel
catalytic system, we expected to overcome some existing limitations of such an approach and
desired to address more potential challenges in coupling reactions.

Among all, we consider that one of the most urgent issues to be addressed is the development
of a safe and efficient method for the synthesis of primary amines from alkyl carboxylic acids. So
far, the most efficient way to achieve this transformation is the Curtius rearrangement. However,
the use of equivalent amounts of azide compounds exhibits a significant safety concern and
discourages experimenters. Besides, the compatibility of functional groups is another problem of
the reaction that cannot be ignored. Given the importance of primary amines (see Chapter 2.4.1),
chemists are always interested in exploring an alternative to the Curtius rearrangement. For
example, the use of transition metal catalysis to obtain primary amines from alkyl carboxylic acids
is rare but offers a potential alternative. The most representative work is an intramolecular
decarboxylative C(sp*)-N coupling method of NHPI esters that was developed by Fu, Peters and
co-workers in 2017.1%] While this method provided an elegant way to obtain primary protected
amines, the reaction did not apply to the conversion of tertiary alkyl carboxylic acids, constituting
a major drawback of this method (Figure 62a).

In 2016, Hartwig and co-workers developed a palladium-catalyzed cross-coupling reaction
of alkyl halides with benzophenone imines.!"*”) This method could efficiently convert secondary

and tertiary alkyl halides into protected primary amines, providing an efficient way to access a
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class of high value-added products. However, the reaction unreactive to primary alkyl halides,
which has limited the broad application of this method to some extent (Figure 62b).

Inspired by the work of Hartwig and co-workers, in particular, the advantages of
benzophenone imine as a nucleophilic reagent (Chapter 2.4), we speculated: could benzophenone
imines be used as N-nucleophilic reagents in our photoredox/copper dual catalytic system? In this
way, we might be able to provide a safer and credible alternative for the Curtius rearrangement,
and expand the substrate applicability to primary, secondary and tertiary carboxylic acids to
overcome the shortcomings of the existing methods. Based on this hypothesis, we proceeded with
the reaction design (Figure 63). In the initial design shown in Figure 63, we wished to first activate
the aliphatic carboxylic acids into the corresponding NHPI esters. Then, by employing
benzophenone imine as N-nucleophiles in the established photoredox/copper bi-catalytic system,
we desired to obtain protected primary amines. Finally, by a simple acidic workup, we could obtain

primary alkylamines.

Figure 63 Our reaction design.

In this Chapter, we report the successful development of a method that enables the
intermolecular coupling of alkyl NHPI esters with benzophenone imines. This method works with
primary, secondary and tertiary alkyl electrophiles, which provides a clear advantage over Curtius

rearrangement, reductive amination and substitution reactions.

154



Cross-coupling of Alkyl Redox-Active Esters with Benzophenone Imines via Tandem
Photoredox and Copper Catalysis

5.2 Optimization of the reaction conditions

5.2.1 Reaction design

Ar,CNH
base
Ar2CN cu' cu'
Ar<_N
| \r/ \R
Ar
1\111 protected amine
' ArQCN CuIH
Photoredox
*PC Catalytic
Cycle
NCA
[N i
) —Cu' A eN-cu!
*A0" R gpT [k
NS R
\ AFQCN CU Ar2CN éum
[\

[ j\ ] fragementation
. — >
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Figure 64 Proposed mechanistic pathway. Proposed copper catalytic cycle A: in blue color; proposed
copper catalytic cycle B: in red color.

To start with, we proposed possible mechanistic pathways for the decarboxylative coupling
of alkyl NHPI esters with benzophenone imines that were dipicted in Figure 64. Initially, the
coordination of the benzophenone imines with a low-valent copper catalyst (I) followed by
deprotonation would form the copper'-amido species (II). Concurrently, the excitation of a
photocatalyst (PC) would generate a photoexcited complex (PC*), which could reduce the NHPI
ester through a single-electron transfer (SET), affording an alkyl radical upon fragmentation. The
subsequent capture of the alkyl radical by II would yield intermediate (IIT). Oxidation of III by
the oxidized photocatalyst (PC") forms a high-valent metal alkyl amido complex IV and
regenerates the PC. 1V is able to undergo reductive elimination to give the desired coupling product
and regenerate a low-valent Cu species (I), closing the copper catalytic cycle (Figure 64,

photoredox catalytic cycle with the copper catalytic cycle A that in blue color).
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Alternatively, the copper catalytic cycle might occur via an alternative pathway where the
Cu'-amido species (II) could be directly oxidized by the oxidized photocatalyst (PC") to form a
high-valent metal alkyl amido complex V and regenerates the PC. Then the former captures the
alkyl radical from the NHPI ester to give the key Cu'! intermediate IV, which upon reductive
elimination, gives the C-N coupling product (Figure 64, photoredox catalytic cycle with the copper

catalytic cycle B that in red color).

5.2.2 Initial reaction conditions and results

Following the reaction design (Figure 64), we attempted to apply benzophenone imine 5.2a
as a nucleophilic reagent to the optimal reaction conditions we obtained in the decarboxylative
C(sp*)-N coupling reactions, in order to verify the feasibility of our reaction design. By trying this
reaction, we found that the coupling efficiency of cyclohexyl NHPI ester 2.22 with benzophenone
imine S5.2a was not high; only 30% of the coupling product 5.3a was afforded (Figure 65).
Nevertheless, the successful obtaining of the coupling product verified the feasibility of our

reaction design and laid the foundation for our further reaction optimization.

o 5 Ru(bpy)s(PFe)z (1 mol%) O
NH CuBr (20 mol%), ligand (7.5 mol%
A0 K e
Ph™ "Ph Et3N (5 equiv.), MeCN (0.1 M) ph " OMe H
o RT, 40 W blue-LEDs, 12 h

2.22 5.2a 5.3a : ligand
1 equiv. 2 equiv. 30% ' 4.L.26

Figure 65 The first milestone in our exploration of the decarboxylative cross-coupling of NHPI ester 2.22
and benzophenone imine 5.2a.

5.2.3 Further optimization of the reaction conditions

Optimization was conducted to search for the best conditions for this coupling (Table 19).
After the screening of various ligands, it was found that ligand-less conditions gave even
comparable yields (Table 19, entries 1-5). Among various copper salts, Cu(MeCN)4+PF¢s gave the
best yield (Table 19, entries 5-7). Cs2CO3 was the best base (Table 19, entries 7-15), probably due
to the coordination of the NHPI ester with Cs;COs as proposed in a previous study.*]

Dimethylacetamide (DMA) was the best solvent (Table 19, entries 9, 16-18). By changing the
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photocatalyst from Ru(bpy)s(PFs)2 (A) to an Ir(II) complex such as Ir[dF(CF3)ppy]2(dtbbpy)PFs
(B) or Ir[(dtbbpy)(ppy)2]PFs (C), the yield was improved (Table 19, entries 9, 19-20). An
optimized yield of 49% was obtained using 1a (0.2 mmol), benzophenone imine (2a, 2 equiv.),
Ir[(dtbbpy)(ppy)2]PFs (1 mol%), Cu(MeCN)4PF¢ (20 mol%), Cs2CO;3 (2 equiv.), and DMA (0.1
M) under blue LED irradiation for 20 h at room temperature (Table 19, entry 20). Interestingly,
when the Cu(I) complex Cu(MeCN)4PFs (20 mol%) was replaced by either a Cu metal (100 mol%)
or a Cu(Il) salt CuCl (20 mol%), the coupling product was also obtained, but with lower yields
(Table 19, entries 20-22).

Table 19 Summary of the effects of reaction parameters on the reaction efficiency of secondary acids

O
I
N
O +
o; O

Photocatalyst (1 mol%) |

NH
copper catalyst (20 mol% A A
s R IDITigand (7y.5 r(nol%) K rRe J I R
P = >
5.2

base (x equiv.), solvent (0.1 M), RT, 5.3aa, Ar=Ph
2.22 Blue LEDs, 20 h 5.3ab, Ar=p-Tol
0.2 mmol 2 equiv 5.3ac, Ar=p-OMePh
5.3ad, Ar=m-CF3Ph
NH : R
N N Q: i OH ! |l
| '
Re J I R : H)j\ﬂ/ ZN,
R O

5.2a, R=H

5.2b, R=p-Me

5.2c, R=p-OMe R=Me, 4.L25 . . '

5.2d, R=m-CF4 R=OMe, 4.L26 . A=Ru(bpy)s(PFg), : B=Ir[dF(CF3)ppyl,(dtbbpy)PF¢ ! C=Ir[(dtbbpy)(ppy),]PFg
entry imine PC copper catalyst base (x equiv.) solvent yield (%)”
1 5.2a A CuBr/4.1L.25 Et;N (5 equiv.) MeCN 20
2b 5.2a A CuBr/4.1.26 Et;N (5 equiv.) MeCN 30
3 5.2a A CuBr/PCyj; Et;N (5 equiv.) MeCN 31
4 5.2a A CuBr/dtbpy Et:N (5 equiv.) MeCN 12
5 5.2a A CuBr Et;N (5 equiv.) MeCN 25
6 5.2a A CuCl Et;N (5 equiv.) MeCN 30
7 5.2a A Cu(MeCN)4PF, Et:N (5 equiv.) MeCN 32
8 5.2a A Cu(MeCN)4PFs Cs2COs (2 equiv.) MeCN 19
9 5.2a A Cu(MeCN)4PFs Cs2COs (2 equiv.) DMA 39
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10 5.2a A Cu(MeCN)4PFs K>COs (2 equiv.) DMA trace
11 5.2a A Cu(MeCN)4PFs K'OBu (2 equiv.) DMA trace
12 5.2a A Cu(MeCN)4PFs DIPEA (2 equiv.) MeCN 16
13 5.2a A Cu(MeCN)4PFs DBU (2 equiv.) MeCN trace
14 5.2a A Cu(MeCN)4PFs BTMG (2 equiv.) MeCN 14%
15 5.2a A Cu(MeCN)4PFs DIPA (2 equiv.) MeCN 33%
16 5.2a A Cu(MeCN)4PFs Cs2CO3 (2 equiv.) DMF 27
17 5.2a A Cu(MeCN)4PFs Cs2CO0s (2 equiv.) DCM 19
18 5.2a A Cu(MeCN)4PFs Cs2CO3 (2 equiv.) THF trace
19 5.2a B Cu(MeCN)4PFs Cs2CO;3 (2 equiv.) DMA 40
20 5.2a C Cu(MeCN)4PFs Cs2COs3 (2 equiv.) DMA 49
21 5.2a C Cu (100 mol%) Cs2COs (2 equiv.) DMA 24
22 5.2a C CuCly Cs2COs3 (2 equiv.)  DMA 28
23 5.2b C Cu(MeCN)4PFs Cs2CO0s (2 equiv.) DMA 33
24 5.2¢ C Cu(MeCN)4PFg Cs2COs3 (2 equiv.) DMA 29
25 5.2d C Cu(MeCN)4PFs Cs2CO3 (2 equiv.) DMA 70
26 5.2d none Cu(MeCN)4PFs Cs2CO3 (2 equiv.) DMA trace
27 5.2d C none Cs2CO3 (2 equiv.) DMA trace
28l 5.2d C Cu(MeCN)4PFs Cs2CO3 (2 equiv.) DMA trace

“Corrected GC yield using n-dodecane as an internal standard. *Same condition as the optimized reaction
condition in entry 1, Table 16, Chapter 4. Reaction was carried out with 2.22 (0.2 mmol), 5.2a (2 equiv.),
Ru(bpy)s(PF¢)2 (1 mol%), CuBr (20 mol%), 4.1.26 (7.5 mol%), EtsN (5 equiv.) and MeCN (2.0 mL). ‘MeCN
(0.1 M). “K,COs (2 equiv.) as the base. “‘KOBu (2 equiv.) as the base. No light. PC=photocatalyst;
A=Ru(bpy)3(PFs)2;  B=Ir[dF(CF3)ppyl2(dtbbpy)PFs;  C  =Ir[(dtbbpy)(ppy):]PFs;  DMA=N,N-
dimethylacetamide. = DIPEA=N, N-diisopropylethylamine; = DBU=1,8-diazabicyclo(5.4.0)undec-7-ene;
BTMG: 2-tert-butyl-1,1,3,3-tetramethylguanidine; DIPA=diisopropylamine; DMF=Dimethylformamide.

Different substituted benzophenone imines were then explored as the imine partners (Table
19, entries 19, 23-25). The coupling of the electron-deficient imine 5.2d (Table 19, entry 25) gave
higher yield (70%) than that of electron-rich imines 5.2b and 5.2¢, as well as 5.2a (Table 19, entry
19). Notably, an added advantage of using 5.2d is that the products are less sensitive to silica gel
chromatography than using 5.2a-5.2¢. Thus, 5.2d was chosen as the preferred nitrogen nucleophile
for the following optimization. Control experiments showed that photocatalyst, copper catalyst,
and light are all essential for the coupling. Without any one of the three elements, no coupling was

obtained (Table 19, entries 26-28).
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5.2.4 Optimization of reaction parameters for primary alkyl NHPI esters

Based on our previous experience, the activity of the secondary NHPI ester and the primary
NHPI ester differs greatly in the decarboxylative coupling reaction. Therefore, we performed a
second-round screening of the reaction conditions for primary NHPI esters (Table 20). As expected,
when adopting the optimal conditions of secondary NHPI ester 2.22 to primary NHPI ester 4.1a,
the efficiency of the reaction was very low, only 12% (Table 20, entry 1). After adjusting the ratio
of NHPI ester to benzophenone imine 5.2d, the yield of the reaction increased slightly to 20%
(Table 20, entry 2).

Based on the optimization results of the secondary NHPI ester 2.22, we found that different
bases are very crucial for the efficiency of the reactions (Table 19, entries 7-15). Therefore, we
tested different organic bases and inorganic bases (Table 20, entries 3-6). To our delight, when
using triethylamine as a base and acetonitrile as a solvent, the yield of the reaction could be boosted
to 50% (entry 4). Further optimization of the bases showed that although N,N-
diisopropylethylamine (DIPEA) could not provide a better yield (entry 5), diisopropylamine
(DIPA) was able to increase the yield significantly to 99% (entry 6).

We attributed the success of DIPA to 3 key factors. (1) Its stability in photoredox reactions,
as DIPA is more difficult to oxidize than tertiary amines, such as triethylamine and DIPEA.I"8]
Moreover, (2) DIPA itself can be used as a ligand to coordinate with copper salts to enhance the

reactivity.

Table 20 Summary of the effects of reaction parameters on the reaction efficiency of primary acids

Photocatalyst (1 mol%) Q

© 0 hH lyst (20 mol%
f JFC CFs copper catalyst (20 mol%) . N|
\OJ\O O O base (x equiv.), solvent (0.1 M), RT, F3C CF3
0 Blue LEDs, 20 h O O
4.1a 5.2
2 equiv. 0.2 mmol 5.5a
entry imine PC copper catalyst base (x equiv.) solvent yield (%)*
1° 5.2d C Cu(MeCN)4PF¢ Cs2CO3 (2 equiv.) DMA 12
2 5.2d C Cu(MeCN)4PF¢ Cs2CO3 (2 equiv.) DMA 20
3 5.2d C Cu(MeCN)4PF¢ K2COs (2 equiv.) DMA trace
4 5.2d C Cu(MeCN)4PFs Et;N (2 equiv.) MeCN 50
5 5.2d C Cu(MeCN)4PFs DIPEA (2 equiv.) MeCN 34
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6 5.2d C Cu(MeCN)4PFs DIPA (2 equiv.) MeCN 99

“Corrected GC yield using n-dodecane as an internal standard. “Reaction was carried out with 4.1a (0.2
mmol), 5.2d (2 equiv.), Ir[(dtbbpy)(ppy)2]PFs (1 mol%), Cu(MeCN)4PFs (20 mol%), Cs,COs (2 equiv.) and
DMA (2.0 mL). C =I[(dtbbpy)(ppy)2]PFs; DMA=N,N-dimethylacetamide; =~ DIPEA=N,N-
diisopropylethylamine; DIPA=diisopropylamine.
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5.3 Investigation of the substrate scope

5.3.1 Scope of alkyl NHPI esters that derived from secondary and tertiary carboxylic acids

The optimal reaction conditions in Table 19 (entry 25) could be applied to the coupling of a
wide range of secondary and tertiary alkyl NHPI esters (Figure 66). Cyclic alkyl groups, including
small and large rings (5.3ad-5.3c), indane group (5.3d), and heterocyclic alkyl group (5.3e and
5.3f), as well as acyclic secondary alkyl groups (5.3g and 5.3h), were all successfully coupled.
Tertiary alkyl electrophiles are challenging substrates in cross-coupling reactions due to their steric
bulkiness. To our delight, tertiary alkyl NHPI esters are viable substrates as well (Figure 66).
Protected amines substituted by acyclic (5.4a-5.4b), cyclic (5.4¢) alkyl groups as well as those
containing relatively complex skeletons such as adamantane (5.4d and 5.4e) and a bridged bicyclic

structure (5.4f) could be obtained in synthetically useful yields.

0 0 [Ir(dtbbpy)(ppy)2lPFe (1 mol%) NH
Rl Cu(MeCN);PF (20 mol%) ALCN R
N—O Rt HNCAr, > XRZ HNCA, = O O
R3 Cs,CO3 (2 equiv.), DMA RS
(0]

blue LEDs, RT, 20 h CF, CFs
5.2 Protected Amine 5.2d

Secondary and tertiary acids?

NCAr, NCAr, NCA NCAr NCAr, NH;=HCI
Er & | O’ NCAr, >—N<:Ar2
)

5.3ad (70%) 5.3b (56%) 5.3¢ (60%) 5.3d (73%) 5.3¢ (61%) 5.3f (50%))°  5.3g (45%)  5.3h (50%)
NCPh, CsHaq
NCAr, NCAr, NCAr,
>r />r NCAr,
ATQCN
5.4a (45%) 5.4b (51%) 5.4¢ (61%) 5.4d (56%) 5.4e (43%)° 5.4f (39%)

Figure 66 Scope of the coupling of secondary and tertiary alkyl NHPI esters with benzophenone imines.
“General conditions for secondary and tertiary NHPI esters: NHPI ester (1 equiv.), 5.2d (2 equiv.),
Ir[(dtbbpy)(ppy)2]PFs (1 mol%), Cu(MeCN)4PFs (20 mol%), and Cs,CO; (2 equiv.) in DMA (0.1 M),
irradiated at room temperature for 20 h, isolated yield. “Following acidic work-up was conducted. °5.2a as
the N-nucleophile.
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5.3.2 Scope of alkyl NHPI esters that derived from primary carboxylic acids

Primary alkyl carboxylic acids represent one of the simplest class of reaction feedstocks that
are readily available and inexpensive, and the optimum reaction conditions in Table 20 (entry 6)
can be applied to the coupling of many primary alkyl NHPI esters in moderate to excellent yields
(Figure 67). Functional groups such as aryl, ester, and bromo groups were tolerated (5.5d-5.5f). A
polyfluorinated alkyl ester could also be coupled (5.5g), providing a convenient route to a
polyfluorinated alkyl amine, which can be difficult to access otherwise. Coupling of the esters
derived from 6-heptenoic acid and cyclopropyl acetic acid, which served as radical-clock probes,
were able to give the 5-exo-trig cyclized and ring-opening products 5.5h and 5.5i, respectively.

These results indicated the intermediacy of alkyl radicals.

[Ir(dtbbpy)(ppy)slPFes (1 mol%) NH

O 0
Cu(MeCN),PFg (20 mol%)
N—OJ\/R + HNCAr, »  ALCN(_R HNCAr2= O

DIPA (2 equiv.), MeCN

(@) blue LEDs, RT, 16 h CF, CFs
4.1 5.2 Protected Amine 5.2d
Primary acids?®
Ar,CN Ar,CN
O /\/\:\//\:Q Ar,CN ARCNOpp ARCNC ™ Co0Me
5.5a (99%) 5.5b (80%) 5.5¢ (91%) 5.5d (92%) 5.5e (72%)
RFR FRF
ArzCN\/\/\/\/\/\Br Ph,CN CF, Ar,CN AI'QCNN
F FF FF FF F
5.5h (65%) 5.5i (38%)
5.5 (78%) 5.5g (53%)° 5-exo-trig ring-opening
cyclized product product

Figure 67 Scope of the coupling of primary alkyl NHPI esters with benzophenone imines. “General
conditions for primary NHPI ester: NHPI ester (2 equiv.), 5.2d (1 equiv.), Ir[(dtbbpy)(ppy)2]PFs (1 mol%),
Cu(MeCN)4PFs (20 mol%) and diisopropylamine (DIPA, 2 equiv.) in MeCN (0.1 M), irradiated at room
temperature for 16 h, isolated yield. ”5.2a as the N-nucleophile.
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5.4 Synthetic applications

5.4.1 Late-stage functionalization of natural products and drugs

O 0 [Ir(dtbbpy)(ppy),]PFs (1 mol%) NH
&Rw Cu(MeCN)4PFg (20 mol%) 1
@:((N—O N2+ HNCAR, > ArgCN*R HNCAr, = O O
R3 base, solvent R2
o blue LEDs, RT R® CF, CF,
4.1 5.2 Protected Amine 5.2d

Natural products and drugs

Z NCAr, — NCAr,
5.6a (85%)° 5.6b (82%)°
from elaidic acid from oleic acid

PN e e Y U NCAr,

5.6¢ (81%)°
from linoleic acid 5.6d (51%)°
from dehydrocholic acid

NCAr, NCAr,
CI\/\N "y
/ o
:H
cl NCPh,
5.6e (69%)° 5.6f (49%, d.r.= 10.1:1)2¢ 5.6g (50%)?
from chlorambucil from abietic acid from gemfibrozil

Figure 68 Late-stage functionalization of natural products and drugs. “General conditions for secondary
and tertiary NHPI esters: NHPI ester (1 equiv.), 5.2d (2 equiv.), Ir[(dtbbpy)(ppy):]PFs (1 mol%),
Cu(MeCN)4PFs (20 mol%), and Cs,COs (2 equiv.) in DMA (0.1 M), irradiated at room temperature for 20
h, isolated yield. “Following acidic work-up was conducted. General conditions for primary NHPI ester:
NHPI ester (2 equiv.), 5.2d (1 equiv.), Ir[(dtbbpy)(ppy):2]PFs (1 mol%), Cu(MeCN)4PFs (20 mol%) and
diisopropylamine (DIPA, 2 equiv.) in MeCN (0.1 M), irradiated at room temperature for 16 h, isolated yield.
“5.2a as the N-nucleophile.

This decarboxylative amination method also enabled the synthesis of protected primary
amines substituted by complex alkyl groups that derived from natural resources and drug
molecules (Figure 68). For example, NHPI esters from fatty acids such as elaidic acid, oleic acid,
and linoleic acid could be used to give the corresponding coupling products in good yields (5.6a-

5.6¢), without isomerization or oxidation of the olefin group. Drugs and natural products such as
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dehydrocholic acid (5.6d), chlorambucil (5.6e), abietic acid (5.6f), and gemfibrozil (5.6g) were
easily transformed into their protected amine derivatives, demonstrating the potential of the
method in late-stage functionalizations. The cases of 5.5f, 5.6d and 5.6e highlight the orthogonal
functional group compatibility of the present method compared to direct alkylation and reductive
amination: 5.5f has a bromo group and 5.6e has two chloro groups which are incompatible with
direct alkylation; 5.6d has three keto groups which are incompatible with reductive amination. It

is important to note that multiple stereocenters are conserved in 5.6d and 5.6f.
5.4.2 Synthesis of primary amine drugs using the present coupling method.

A

er Cu

O o
¥ .
©:;<N_O + HNCAr, @\/’i‘iz HCI
0 Decarboxylative C(sp®)-N coupling
.2d

Y

then HCI
Amphetamine*HCI

2.104 5 5.7a (60% overall yield)

B
0 (i) :
e o) e cu
N_O% + HNCAr, > © NH,+HC|
o) Decarboxylative C(sp%)-N coupling
then HCI
5.4a 5.2d Tranylcypromine<HCI

5.7b (41% overall yield, d.r.>20:1)

Figure 69 Synthesis of amine drugs using the present coupling method.

To further demonstrate the synthetic utility of the present coupling method, this method was
applied for the synthesis of two drugs: amphetamine and tranylcypromine. As shown in Figure 69,
both cases were successful. After simply acidic deprotection of the imine group, amphetamine*HCI
and tranylcypromine*HCI were obtained in 60% (5.7a) and 41% (5.7b, d.r. > 20:1) overall yields

(one-pot), respectively.
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5.5 Conclusion

In summary, tandem photoredox/Cu catalysis has been developed to enable the cross-
coupling of alkyl NHPI esters with benzophenone imines. The method allows for the rapid
transformation of readily available alkyl carboxylic acids into alkylated primary amines, which are
vital compounds in medicinal and materials chemistry. Compared to the decarboxylative
amination method we presented in Chapter 4, this work further extended the scope of C(sp*)-N
coupling, making the amination reaction of tertiary carboxylic acids no longer difficult. Besides,
compared to the classical Curtius rearrangement, this method provided a milder and safer way of

converting alkyl carboxylic acids to protected primary amines.
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5.6 Experimental section

5.6.1 Preparation of benzophenone imine derivatives

Note: The imines prepared below are sensitive to hydrolysis and contain small amounts of
the corresponding ketones as impurities. To prevent further hydrolysis, these compounds were
stored in a nitrogen-filled glovebox. Benzophenone imine 5.2a is commercially available from

Tokyo Chemical Industry (TCI) Co., Ltd, catalogue number: B1912.

4,4’-Dimethylbenzophenone imine (5.2b)

Dry magnesium turnings (365 mg, 15.0 mmol, 1.50 equiv), dry THF (20 ml), and a magnetic stir
bar were placed in a nitrogen-filled flask, and the flask was connected to a reflux condenser. 4-
bromotoluene (1.84 ml, 2.57 g, 15.0 mmol, 1.50 equiv) was dissolved in THF (3 ml), and a small
amount of this solution was transferred to the reaction flask. The reaction was initiated with a
single iodine crystal. The remaining aryl bromide solution was slowly transferred to the reaction
flask. The syringe was rinsed with THF (3 ml), and the mixture was stirred at
ambient temperature for 2.5 h at which time the majority of the magnesium was visibly consumed.
The reaction mixture was then cooled to 0 °C. A solution of p-tolunitrile (1.20 ml, 1.17 g, 9.99
mmol) in THF (7 ml) was added to the flask, and the syringe rinsed with THF (3 ml). The reaction
mixture was heated at reflux for 20 h, then cooled to 0 °C, and then quenched with dry methanol
(3 ml). The reaction mixture was diluted with hexanes (30 ml), filtered through a pad of Celite,
and concentrated at reduced pressure. The yellow oil was purified by column chromatography (5 %
ethyl acetate gradient and 5% triethylamine in hexanes on pre-neutralized silica) to give the title
compound as a pale-yellow oil (1.54 g, 74% yield). The '"H NMR spectrum was consistent with

the spectrum reported in the literature.!'4"!

4,4'-Dimethoxybenzophenone imine(5.2¢)
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Methoxyphenylmagnesium bromide (16 ml, 1.0M, 16 mmol, 1.1 equiv) in THF was transferred to
a 100 ml nitrogen-filled flask fitted with a reflux condenser, and the solution was cooled to 0 °C.
A solution of 4-methoxyobenzonitrile (2.00 g, 15.0 mmol) in dry THF (9 ml) was added to the
flask, and the syringe rinsed with THF (3 ml). The reaction mixture was heated at reflux for 17 h,
then cooled to 0 °C, and then quenched with dry methanol (3 ml). The reaction mixture was diluted
with hexanes (20 ml), filtered through a pad of Celite, and concentrated at reduced pressure. The
yellow solid was purified by column chromatography (0 to 50% ethyl acetate gradient and 5%
triethylamine in hexanes on prebasified silica) to give the title compound as an off-white powder
(2.19 g, 61% yield). The '"H NMR spectrum was consistent with the spectrum reported in the

literature.['4%)

Bis(3-(trifluoromethyl)phenyl)methanimine (5.2d)

NH
F3CCF3

Dry magnesium turnings (370 mg, 15.2 mmol, 1.49 equiv), dry THF (10 ml), and a magnetic stir
bar were placed in a nitrogen-filled flask, and the flask was connected to a reflux condenser. 3-
Bromobenzotrifluoride (2.10 ml, 3.38 g, 15.0 mmol, 1.47 equiv) was dissolved in THF (3 ml), and
a small amount of this solution was transferred to the reaction flask. The reaction was initiated
with a single iodine crystal. The remaining aryl bromide solution was slowly transferred to the
reaction flask. The syringe was rinsed with THF (3 ml) and the mixture was heated at reflux until
the majority of the magnesium was visibly consumed. The reaction mixture was then cooled to 0
°C. A solution of 3-trifluoromethylbenzonitrile (1.37 ml, 1.75 g, 10.2 mmol) in THF (2 ml) was
added to the flask, and the syringe rinsed twice with THF (2 ml). The reaction mixture was heated
at reflux for 4 h, then cooled to 0 °C, and then quenched with dry methanol (2 ml). The reaction
mixture was diluted with hexanes (50 ml), neutralized with sodium bicarbonate, filtered through a
pad of Celite, and concentrated at reduced pressure. The red oil was purified by short path
distillation (vapor temperature 110-130 °C at approximately 0.20 Torr) as a colorless oil (2.39 g,
75% yield).

ITH NMR (400 MHz, Chloroform-d): & 7.86 (s, 2H), 7.77 (d, J = 7.8 Hz, 2H), 7.72 (d, J = 7.8 Hz,
2H), 7.59 (t,J=17.8 Hz, 2H).
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13C NMR (101 MHz, Chloroform-d): 8 175.7, 139.5, 131.7, 131.4 (q, J = 32.3 Hz), 129.4, 127.5
(q,/=4.0 Hz), 125.2, 123.8 (q, /= 273.7 Hz).

19F NMR (376 MHz, Chloroform-d): & -62.8.

Physical State: pale yellow oil.

HRMS (ESI/QTOF) m/z: [M + H]" Calcd for CisHioFsN" 318.0712; Found 318.0715.

The spectral data was consistent with the data reported in the literature.['4]

5.6.2 General Procedure for the synthesis of NHPI esters (General Procedure A)

(0] (0]

R3OH (1.0 equiv.)
R1%OH g Rﬁ)kORs
DIC (1.1 equiv.), DMAP (0.1 equiv.),

Rz DCM (0.2 - 0.5 M) Ra

A round-bottom flask or culture tube was charged with carboxylic acid (if solid, 1.0 equiv),
nucleophile (N-hydroxyphthalimide, 1.0 equiv) and DMAP (0.1 equiv.). dichloromethane (DCM)
was added (0.2 M-0.5 M) and the mixture was stirred vigorously. Carboxylic acid (if liquid, 1.0
equiv.) was added via syringe. DIC (1.1 equiv.) was then added dropwise via syringe and the
mixture was allowed to stir until the carboxylic acid or the N-hydroxyphthalimide was fully
consumed (determined by TLC). Typical reaction times were between 0.5 h and12 h. Afterwards,
the mixture was filtered over Celite and rinsed with additional CH>Clz. The solvent was removed
under reduced pressure, and purified by column chromatography to give the corresponding NHPI
esters. Most NHPI esters are solid, which could be recrystallized (ethyl acetate and hexanes system)
after column chromatography. Unless otherwise stated, NHPI esters were prepared following the

General Procedure A. The preparation and spectral data of all NHPI esters used have been reported

before [46-47,53,241]

5.6.3 General procedure for Vvisible-light-mediated decarboxylative amination of
benzophenone imines with secondary and tertiary NHPI esters (General Procedure
B)

An oven-dried 15 mL re-sealable screw-cap test tube equipped with a Teflon-coated
magnetic stir bar was sequentially charged with secondary or tertiary NHPI ester (1 equiv.), 5.2a
or 5.2d (2 equiv), [Ir(dtbbpy)(ppy)2]PFs (1 mol%), Cu(MeCN)4PFs (20 mol%), dimethylacetamide
(DMA, 0.1 M), Cs2COs3 (2 equiv) in the glove box. The vial was sealed with a screw cap and

removed from the glove box. Then the vial was placed 3 cm away from one blue LED, and
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irradiated under fan cooling (maintain the temperature at room temperature) for 20 h. After the
reaction, the resulting reaction mixture was directly purified by column chromatography (notably,
the silica gel used for the purification were pre-neutralized with 5% triethylamine in hexanes

solution prior to the usage, in order to minimize the product loss).

5.6.4 General procedure for visible-light-mediated decarboxylative amination of

benzophenone imines with primary NHPI esters (General Procedure C)

An oven-dried 15 mL re-sealable screw-cap test tube equipped with a Teflon-coated
magnetic stir bar was sequentially charged with primary NHPI ester (2 equiv.), 5.2a or 5.2d (1
equiv), [Ir(dtbbpy)(ppy)2]PFs (1 mol%), Cu(MeCN)sPFs (20 mol%), MeCN (0.1 M),
diisopropylamine (2 equiv) in the glove box. The vial was sealed with a screw cap and removed
from the glove box. Then the vial was placed 3 cm away from one blue LED, and irradiated under
fan cooling (maintain the temperature at room temperature) for 16 h. After the reaction, the
resulting reaction mixture was directly purified by column chromatography (notably, the silica gel
used for the purification were pre-neutralized with 5% triethylamine in hexanes solution prior to

the usage, in order to minimize the product loss).

5.6.5 General procedure for acid hydrolysis of imine products to corresponding

ammonium chloride salt (General Procedure D)

An 25 mL falsk equipped with a Teflon-coated magnetic stir bar, imine product (0.2 mmol)
was dissolved in methanol (3 ml). HClug) (1.0 M, 1.5 equiv) was added dropwise to the reaction
mixture with stirring. After 1 h, the reaction mixture was diluted with ether (~5 ml) and filtered
through a plug of glass wool, which was rinsed with ether (1 ml) for 3 times. The volatile materials
were evaporated at reduced pressure. Ether and water (~5 ml each) were added to residue, the
organic layer was removed, the aqueous layer was washed again with ether (2 ml), and the
combined organic layers were extracted with water (2 ml). The volatile materials were removed
from the combined aqueous layers at reduced pressure. The crude ammonium chloride salt was
dissolved in DCM (3 ml) and filtered through a plug of Na,SO4. Addition of hexanes (~8 ml) at
0 °C caused a precipitate to form, which was collected by filtration, washed with cold hexanes (2

ml) for 2 times, and dried under vacuum to give the desired compound.

169



Chapter 5

5.6.6 Characterization of the reaction product

N-cyclohexyl-3,3’-bis(trifluoromethyl)benzophenone imine (5.3a)

O
F300F3

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and 5.2d (0.4
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using hexanes as an eluent to afford 56 mg (70%) of the title compound 5.3a.

TH NMR (400 MHz, Chloroform-d): & 7.95 (s, 1H), 7.74 (d, J= 7.9 Hz, 1H), 7.67 — 7.58 (m, 3H),
7.47 —7.40 (m, 2H), 7.36 (d, /= 7.6 Hz, 1H), 3.14 (tt, /= 9.4, 4.5 Hz, 1H), 1.83 — 1.72 (m, 2H),
1.69 — 1.54 (m, 5H), 1.27 - 1.12 (m, 3H).

13C NMR (101 MHz, Chloroform-d): 8 162.5, 140.5, 137.3, 131.8, 131.2, 129.5, 128.8, 131.4 (q,
J=32.6 Hz), 130.9 (q, /J=32.4 Hz), 126.6 (q, J =3.7 Hz), 125.6 (q, /= 3.8 Hz), 124.9 (q, J=3.8
Hz), 124.5 (q, J=3.8 Hz), 124.2 (q, J=272.3 Hz), 124.0 (q, J = 272.5 Hz), 62.0, 34.0, 25.7, 24.3.
1F NMR (376 MHz, Chloroform-d): 8 -62.63, -62.74.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + H]" Caled for C21H20FsN™ 400.1494; Found 400.1495.

N-cyclobutyl-3,3’-bis(trifluoromethyl)benzophenone imine (5.3b)

LJ

Fscope,

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and 5.2d (0.4
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using hexanes as an eluent to afford 42 mg (56%) of the title compound 5.3b.

'TH NMR (400 MHz, Chloroform-d): & 7.98 (s, 1H), 7.74 (d, J=7.9 Hz, 1H), 7.68 — 7.57 (m, 3H),
7.45 (t, J = 7.8 Hz, 1H), 7.39 (s, 1H), 7.32 (d, J = 7.6 Hz, 1H), 3.93 (p, J = 7.7 Hz, 1H), 2.38 —
2.21 (m, 2H), 2.15 - 2.03 (m, 2H), 1.96 — 1.82 (m, 1H), 1.79 — 1.64 (m, 1H).

13C NMR (101 MHz, Chloroform-d): & 163.47, 140.13, 137.47, 131.85, 131.32 (q, J = 32.7 Hz),
131.28, 130.97 (q, J = 32.5 Hz), 129.37, 128.84, 126.82 (q, J = 3.8 Hz), 125.82 (q, J = 3.7 Hz),
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124.92 (q,J = 3.8 Hz), 124.71 (q, J= 3.8 Hz), 124.12 (q, J=272.5 Hz), 123.93 (q, J = 272.6 Hz),
57.52,31.43, 16.23.

'F NMR (376 MHz, Chloroform-d): 6 -62.66, -62.77.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + H]" Caled for Ci9H16FsN" 372.1181; Found 372.1176.

N-cyclododecyl-3,3’-bis(trifluoromethyl)benzophenone imine (5.3¢)

F3CCF3

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and 5.2d (0.4
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using hexanes as an eluent to afford 58 mg (60%) of the title compound 5.3c.

ITH NMR (400 MHz, Chloroform-d): & 7.96 (s, 1H), 7.73 (d, J= 7.9 Hz, 1H), 7.70 — 7.58 (m, 3H),
7.49 — 7.39 (m, 2H), 7.35 (d, J = 7.6 Hz, 1H), 3.53 — 3.25 (m, 1H), 1.88 — 1.73 (m, 2H), 1.41 —
1.08 (m, 17H), 0.90 — 0.75 (m, 3H).

13C NMR (101 MHz, Chloroform-d): § 163.44, 140.28, 137.87, 131.78, 131.41 (q, J = 32.6 Hz),
131.30, 130.91 (q, J = 32.4 Hz), 129.48, 128.82, 126.68 (q, J = 3.6 Hz), 125.56 (q, J = 3.5 Hz),
124.85 (q,J=3.9 Hz), 124.75 (q, J=3.9 Hz), 124.14 (q, J = 272.6 Hz), 123.94 (q, /= 272.6 Hz),
58.13, 31.83, 23.99, 23.73, 23.21, 22.34, 22.04.

1F NMR (376 MHz, Chloroform-d): & -62.59, -62.83.

Physical State: pale yellow oil.

HRMS (ESI/QTOF) m/z: [M + H]" Caled for C27H3:FeN" 484.2433; Found 484.2428.

N-(2,3-dihydro-1H-inden-2-yl)-3,3’-bis(trifluoromethyl)benzophenone imine (5.3d)

“1@
o

3
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Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and 5.2d (0.4
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using hexanes as an eluent to afford 63 mg (73%) of the title compound 5.3d.

TH NMR (400 MHz, Chloroform-d): § 7.98 (d, /= 2.1 Hz, 1H), 7.74 (d, J= 8.0 Hz, 1H), 7.67 (dd,
J=17.8,54Hz, 3H), 7.50 — 7.39 (m, 3H), 7.23 — 7.13 (m, 4H), 4.19 (q, J = 7.3 Hz, 1H), 3.21 (dd,
J=15.5,7.0 Hz, 2H), 3.02 (dd, /= 15.5, 7.6 Hz, 2H).

13C NMR (101 MHz, Chloroform-d): § 164.43, 141.93, 139.95, 137.25, 131.94, 131.57 (q, J =
32.8 Hz), 131.20, 130.98 (q, J = 32.5 Hz), 129.61, 128.88, 126.95 (q, J = 4.0 Hz), 126.67, 125.89
(q,J=3.7Hz), 125.01 (q, J=4.0 Hz), 124.58, 124.10 (q, J = 272.5 Hz), 123.90 (q, J = 272.5 Hz),
63.65, 41.33.

1F NMR (376 MHz, Chloroform-d): § -62.64, -62.72.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + H]" Calcd for C24HisFsN" 434.1338; Found 434.1333.

N-(1-tosylpiperidin-4-yl)-3,3’-bis(trifluoromethyl)benzophenone imine (5.3e)

N
F3CCF3

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and 5.2d (0.4
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using 0 to 30% ethyl acetate gradient in hexanes as an eluent to afford 68 mg (61%) of the
title compound 5.3e.

'TH NMR (400 MHz, Chloroform-d): & 7.87 (s, 1H), 7.72 (d, J= 7.9 Hz, 1H), 7.68 — 7.57 (m, 4H),
7.49 (d, J=7.9 Hz, 1H), 7.41 (t, J=7.8 Hz, 1H), 7.36 — 7.26 (m, 4H), 3.57 (dt, J = 10.6, 4.7 Hz,
2H), 3.21 (s, 1H), 2.64 (ddd, /= 12.1, 9.3, 3.2 Hz, 2H), 2.43 (s, 3H).

13C NMR (101 MHz, Chloroform-d): § 163.73, 143.54, 139.57, 136.56, 133.21, 131.75, 131.52
(q,J=32.9 Hz), 130.87 (q, J = 29.8 Hz), 130.73, 129.62, 129.59, 128.76, 127.71, 126.94 (q, J =
3.3 Hz), 125.83 (q,J=3.6 Hz), 124.59 (q, /= 3.5 Hz), 124.03 (q, / = 3.8 Hz), 123.85 (q, J=272.5
Hz), 123.65 (q, J=272.5 Hz), 57.23, 43.66, 32.18, 21.50.

YF NMR (376 MHz, Chloroform-d): -62.75, -62.80.

Physical State: white solid.
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HRMS (ESI/QTOF) m/z: [M + H]" Calcd for C27H25FsN202S™ 555.1535; Found 555.1546.

(Tetrahydro-2H-pyran-4-yl)amine hydrochloride (5.3f)

NH,+HCI
IS

The corresponding NHPI ester (0.5 mmol) and 5.2d (1.0 mmol) was directly transformed to the
amine hydrochloride following the General Procedure B and D, the title compound 5.3f was
obtained in 50% (34 mg) overall yield.

TH NMR (400 MHz, Methanol-ds): § 4.92 (s, 3H), 4.03 (dd, J = 12.0, 4.7 Hz, 2H), 3.52 — 3.34 (m,
3H),2.11 - 1.82 (m, 2H), 1.68 (qd, J=12.2, 4.7 Hz, 2H).

13C NMR (101 MHz, Methanol-ds): & 67.74, 49.60, 32.79.

Physical State: white solid.

The '"H NMR and '*C NMR spectra were consistent with the spectrum reported in the literature.[4?]

N-isopropyl-3,3’-bis(trifluoromethyl)benzophenone imine (5.3g)

N

N
Fsc\‘)\‘/ ll CFs

Following the General Procedure B with the corresponding NHPI ester (0.3 mmol) and 5.2d (0.6
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using hexanes as an eluent to afford 48 mg (45%) of the title compound 5.3g.

'TH NMR (400 MHz, Chloroform-d): & 7.96 (s, 1H), 7.73 (d, J= 8.0 Hz, 1H), 7.68 — 7.57 (m, 3H),
7.47 -7.39 (m, 2H), 7.36 (d, J= 7.6 Hz, 1H), 3.47 (p, /= 6.2 Hz, 1H), 1.19 (s, 3H), 1.17 (s, 3H).
13C NMR (101 MHz, Chloroform-d): & 162.37, 140.36, 137.32, 131.81, 131.46 (q, J = 32.7 Hz),
131.10, 130.93 (q, J = 33.6 Hz), 129.50, 128.81, 126.71 (q, J = 3.9 Hz), 125.66 (q, J = 3.8 Hz),
124.87 (q,J=4.0 Hz), 124.41 (q, J= 3.8 Hz), 124.14 (q, J=272.4 Hz), 123.94 (q, /= 272.4 Hz),
53.62, 23.96.

'F NMR (376 MHz, Chloroform-d): § -62.63, -62.75.

Physical State: yellow oil.

HRMS (ESI/QTOF) m/z: [M + H]" Calcd for CisHisFsN" 360.1181; Found 360.1176.
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N-(heptan-3-yl)-3,3’-bis(trifluoromethyl)benzophenone imine (5.3h)

Et

Nl)\Bu
FsC CF,

Following the General Procedure B with the corresponding NHPI ester (0.3 mmol) and 5.2d (0.6
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using hexanes as an eluent to afford 62 mg (50%) of the title compound 5.3h.

ITH NMR (400 MHz, Chloroform-d): & 7.95 (s, 1H), 7.72 (d, J= 7.9 Hz, 1H), 7.70 — 7.57 (m, 3H),
7.48 —7.39 (m, 2H), 7.34 (d, J=7.6 Hz, 1H), 3.09 (dt,J=11.8, 5.8 Hz, 1H), 1.67 — 1.52 (m, 4H),
1.26 - 1.09 (m, 4H), 0.85 (t, J=7.0 Hz, 3H), 0.80 (t, J = 7.4 Hz, 3H).

13C NMR (101 MHz, Chloroform-d): § 163.19, 140.44, 137.70, 131.77, 131.50, 131.27 (g, J =
32.7 Hz), 130.92 (q, J = 32.4 Hz), 129.30, 128.83, 126.65 (q, J = 3.7 Hz), 125.45 (q, J = 3.7 Hz),
124.99 (q,J=3.8 Hz), 124.87 (q, /= 3.9 Hz), 124.10 (q, J = 260.2 Hz), 123.97 (q, J = 272.5 Hz),
77.48,77.16, 76.84, 64.13, 36.09, 29.51, 28.98, 22.95, 14.15, 11.20.

YF NMR (376 MHz, Chloroform-d): § -62.61, -62.83.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + H]" Caled for C2oH24FeN* 416.1807; Found 416.1814.

N-tert-butyl-3,3’-bis(trifluoromethyl)benzophenone imine (5.4a)

X

N

Following the General Procedure B with the corresponding NHPI ester (0.3 mmol) and 5.2d (0.6
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using hexanes as an eluent to afford 50 mg (45%) of the title compound 5.4a.

'TH NMR (400 MHz, Chloroform-d): & 7.94 (s, 1H), 7.71 (d, J= 8.0 Hz, 1H), 7.64 — 7.53 (m, 2H),
7.52 (d, J=8.0 Hz, 1H), 7.47 (s, 1H), 7.41 (d, J= 7.7 Hz, 2H), 1.17 (s, 9H).

13C NMR (101 MHz, Chloroform-d): § 160.23, 142.01, 139.97, 131.80, 131.51, 130.90 (q, J =
32.7 Hz), 130.76 (q, J = 32.3 Hz), 128.85, 128.65, 126.38 (q, J = 3.7 Hz), 125.35 (q, J = 3.8 Hz),
125.23 (q,J=3.8 Hz), 124.59 (q, /=4.0 Hz), 124.21 (q, J=272.4 Hz), 123.89 (q, J = 272.4 Hz),
57.71, 31.65.
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F NMR (376 MHz, Chloroform-d): § -62.65, -62.79.
Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + H]" Caled for Ci9H sFeN" 374.1338; Found 374.1340.

N-tert-pentyl-3,3’-bis(trifluoromethyl)benzophenone imine (5.4b)

pe
F3CCF3

Following the General Procedure B with the corresponding NHPI ester (0.3 mmol) and 5.2d (0.6
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using hexanes as an eluent to afford 59 mg (51%) of the title compound 5.4b.

TH NMR (400 MHz, Chloroform-d): § 7.92 (s, 1H), 7.71 (d, J= 7.9 Hz, 1H), 7.64 — 7.51 (m, 3H),
7.47 (s, 1H), 7.40 (t, J = 7.4 Hz, 2H), 1.61 (q, J = 7.4 Hz, 2H), 1.02 (s, 6H), 0.96 (t, /= 7.4 Hz,
3H).

13C NMR (101 MHz, Chloroform-d): 160.26, 142.12, 140.18, 131.73, 131.44, 130.85 (q, J = 32.7
Hz), 130.74 (q, J = 32.3 Hz), 128.81, 128.65, 126.33, 125.33, 125.17 (q, J = 3.8 Hz), 124.55 (q, J
=3.7Hz), 124.21 (q, J=272.4 Hz), 123.89 (q, /= 272.4 Hz), 60.12, 38.50, 28.48, 9.18.

1F NMR (376 MHz, Chloroform-d): 8 -62.69, -62.79.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + H]" Caled for C20H20FsN" 388.1494; Found 388.1506.

N-(1-methylcyclohexyl)-3,3’-bis(trifluoromethyl)benzophenone imine (5.4¢)

: :N
F3CCF3

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and 5.2d (0.4
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using hexanes as an eluent to afford 50 mg (61%) of the title compound S.4c.

'TH NMR (400 MHz, Chloroform-d): § 7.93 (s, 1H), 7.71 (d, J = 7.9 Hz, 1H), 7.58 (dd, J = 18.6,
7.6 Hz, 3H), 7.48 (s, 1H), 7.44 — 7.37 (m, 2H), 1.70 — 1.52 (m, 5H), 1.45 (ddd, J = 14.3, 6.7, 3.3
Hz, 2H), 1.30 (td, J=10.0, 5.3 Hz, 3H), 1.02 (s, 3H).
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13C NMR (101 MHz, Chloroform-d): & 160.40, 142.17, 140.34, 131.45, 131.40, 130.85 (q, J =
32.7 Hz), 130.75 (q, J = 32.3 Hz), 128.83, 128.66, 125.37 (q, J = 3.7 Hz), 125.33 (q, J = 3.7 Hz),
124.92 (q,J=3.7 Hz), 124.52 (q, J= 3.7 Hz), 124.20 (q, J = 272.4 Hz), 123.94 (q, J = 272.4 Hz),
59.44, 40.49, 28.30, 26.00, 22.96.

YF NMR (376 MHz, Chloroform-d): § -62.67, -62.79.

Physical State: pale yellow oil.

HRMS (ESI/QTOF) m/z: [M + H]" Caled for C22H2FeN" 414.1651; Found 414.1650.

N-(adamantan-1-yl)-3,3’-bis(trifluoromethyl)benzophenone imine (5.4d)

@\N
FSCCF3

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and 5.2d (0.4
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using hexanes as an eluent to afford 51 mg (56%) of the title compound 5.4d.

'TH NMR (400 MHz, Chloroform-d): & 7.94 (s, 1H), 7.70 (d, J= 8.0 Hz, 1H), 7.63 — 7.48 (m, 3H),
7.47 (s, 1H), 7.39 (t, J= 8.0 Hz, 2H), 1.99 (q, /= 3.2 Hz, 3H), 1.70 — 1.51 (m, 12H).

13C NMR (101 MHz, Chloroform-d): § 159.46, 142.21, 140.48, 131.68, 131.50, 130.72 (q, J =
32.3 Hz), 130.73 (q, J = 32.6 Hz), 128.74, 128.61, 126.31 (q, J = 3.4 Hz), 125.29 (q, J = 4.2 Hz),
125.14 (q, J=3.8 Hz), 124.58 (q, J=4.1 Hz), 6 124.22 (q, J=272.7.2 Hz), 123.97 (q, J = 272.7.2
Hz), 58.84, 44.36, 36.43, 29.77.

1F NMR (376 MHz, Chloroform-d): 8 -62.63, -62.73.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + H]" Calcd for C25H24FsN" 452.1807; Found 452.1810.

N-(3,5-dimethyladamantan-1-yl)-benzophenone imine (5.4¢)
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Following the General Procedure B with the corresponding NHPI ester (0.3 mmol) and 5.2a (0.6
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using hexanes as an eluent to afford 44 mg (43%) of the title compound S.4e.

'H NMR (400 MHz, Chloroform-d): § 7.58 — 7.49 (m, 2H), 7.42 — 7.33 (m, 3H), 7.33 — 7.22 (m,
4H), 7.23 — 7.13 (m, 2H), 2.06 — 1.97 (m, 1H), 1.51 (d, /= 3.3 Hz, 2H), 1.39 (s, 4H), 1.20 (d, J =
3.1 Hz, 4H), 1.05 (s, 2H), 0.76 (s, 6H).

13C NMR (101 MHz, Chloroform-d): § 163.14, 142.29, 140.45, 129.38, 128.45, 128.17, 127.97,
127.90, 127.76, 60.02, 50.73, 50.67, 42.85, 42.47, 32.50, 30.67, 30.57.

Physical State: colorless oil.

HRMS (APCI/QTOF) m/z: [M + H]" Calcd for C2sH3oN" 344.2373; Found 344.2369.

N-(4-pentylbicyclo[2.2.2]octan-1-yl)-3,3’-bis(trifluoromethyl)benzophenone imine (5.4f)

; n-CsHyq
N
F3CCF3

Following the General Procedure B with the corresponding NHPI ester (0.3 mmol) and 5.2d (0.6
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using 0 to 20% ethyl acetate gradient in hexanes as an eluent to afford 58 mg (39%) of the
title compound 5.4f.

ITH NMR (400 MHz, Chloroform-d): & 7.91 (s, 1H), 7.70 (d, /= 7.8 Hz, 1H), 7.61 — 7.53 (m, 2H),
7.50 — 7.45 (m, 1H), 7.42 (s, 1H), 7.38 (t, J= 7.5 Hz, 2H), 1.65 — 1.55 (m, 6H), 1.40 — 1.31 (m,
6H), 1.26 (q, J= 7.3 Hz, 2H), 1.21 — 1.09 (m, 4H), 1.04 — 0.96 (m, 2H), 0.85 (t, /= 7.2 Hz, 3H).
13C NMR (101 MHz, Chloroform-d): § 160.14, 142.11, 140.56, 131.85, 131.47, 130.80 (q, J =
32.6 Hz), 130.71 (q, J = 32.3 Hz), 128.81, 128.60, 126.30 (q, J = 3.8 Hz), 125.26 (q, J = 3.4 Hz),
125.16 (q,J=3.4 Hz), 124.56 (q, J=4.1 Hz), 124.20 (q, J = 272.4 Hz), 123.96 (q, /= 272.4 Hz),
58.74,41.38, 33.82,32.94, 31.71, 30.80, 23.54, 22.81, 14.21.

1F NMR (376 MHz, Chloroform-d): 8 -62.65, -62.70.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + H]" Calcd for CasH3:FsN™ 496.2433; Found 496.2432.
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N-hexyl-3,3’-bis(trifluoromethyl)benzophenone imine (5.52a)

J)
F300F3

Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and 5.2d (0.2
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using hexanes as an eluent to afford 79 mg (99%) of the title compound 5.5a.

'TH NMR (400 MHz, Chloroform-d): 8 7.95 (s, 1H), 7.74 (d, J= 7.9 Hz, 1H), 7.64 (t, J= 7.7 Hz,
3H), 7.49 — 7.40 (m, 2H), 7.36 (d, J = 7.6 Hz, 1H), 3.35 (t, /= 7.0 Hz, 2H), 1.75 — 1.65 (m, 2H),
1.31-1.23 (m, 6H), 0.87 (t, /= 6.9 Hz, 3H).

13C NMR (101 MHz, Chloroform-d): § 164.70, 140.19, 137.04, 131.72, 131.64, 131.33, 131.15,
130.82, 129.52, 128.86, 126.79 (q, J = 4.6 Hz), 125.76 (q, J = 3.6 Hz), 125.47, 125.28, 124.80 (q,
J=3.8Hz), 124.68 (q, J = 3.8 Hz), 122.76, 122.57, 54.36, 31.74, 31.13, 27.30, 22.71, 14.15.

1F NMR (376 MHz, Chloroform-d): 8 -62.67, -62.74.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + H]" Caled for C21HnF¢N* 402.1651; Found 402.1658.

N-heptadecyl-3,3’-bis(trifluoromethyl)benzophenone imine (5.5b)

jsee
FgCCFa

Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and 5.2d (0.2
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using hexanes as an eluent to afford 89 mg (80%) of the title compound 5.5b.

IH NMR (400 MHz, Chloroform-d): § 7.95 (s, 1H), 7.74 (d, J = 7.9 Hz, 1H), 7.64 (t, J = 7.4 Hz,
3H), 7.50 — 7.39 (m, 2H), 7.36 (d, J = 7.6 Hz, 1H), 3.35 (t, /= 7.0 Hz, 2H), 1.69 (p, J = 7.1 Hz,
2H), 1.33 - 1.20 (m, 28H), 0.88 (t, /= 6.7 Hz, 3H).

13C NMR (101 MHz, Chloroform-d): & 164.68, 140.20, 137.05, 131.72, 131.49 (q, J = 32.4 Hz),
131.33, 130.99 (q, J = 32.5 Hz), 129.52, 128.85, 126.78 (q, J = 3.9 Hz), 125.76 (q, J = 3.8 Hz),
124.80 (q,J=3.9 Hz), 124.69 (q, /= 3.8 Hz), 124.12 (q, J = 272.5 Hz), 123.93 (q, J = 272.6 Hz),
54.37,32.09, 31.18, 29.86, 29.82, 29.77, 29.72, 29.56, 29.53, 27.63, 22.85, 14.27.
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F NMR (376 MHz, Chloroform-d): § -62.67, -62.74.
Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + H]* Caled for C3;HauFeN* 556.3372; Found 556.3376.

N-isobutyl-3,3’-bis(trifluoromethyl)benzophenone imine (5.5¢)

¢
F3CCF3

Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and 5.2d (0.2
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using hexanes as an eluent to afford 68 mg (91%) of the title compound 5.5c¢.

ITH NMR (400 MHz, Chloroform-d): & 7.95 (s, 1H), 7.73 (d, J= 7.9 Hz, 1H), 7.65 (d, J = 7.9 Hz,
3H), 7.45 (t,J=7.8 Hz, 1H), 7.41 (s, 1H), 7.35 (d, J=7.6 Hz, 1H), 3.17 (d, /= 6.6 Hz, 2H), 2.13
—1.97 (m, 1H), 0.95 (s, 3H), 0.93 (s, 3H).

13C NMR (101 MHz, Chloroform-d): 6 137.11, 131.71, 131.41, 131.32, 131.14, 130.82, 129.53,
128.86, 125.47, 125.29, 124.77, 124.73, 122.76, 122.58, 61.94, 30.28, 20.89.

YF NMR (376 MHz, Chloroform-d): § -62.69, -62.73.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + H]* Caled for CioH sF6N* 374.1338; Found 374.1332.

N-(5-phenylpentyl)-3,3’-bis(trifluoromethyl)benzophenone imine (5.5d)

N/\/\/Ph

F3CCF3

Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and 5.2d (0.2
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using hexanes as an eluent to afford 83 mg (92%) of the title compound 5.5d.

ITH NMR (400 MHz, Chloroform-d): & 7.99 (s, 1H), 7.77 (d, J= 7.9 Hz, 1H), 7.72 — 7.61 (m, 3H),
7.48 (t,J=17.8 Hz, 1H), 7.45 (s, 1H), 7.37 (d, J= 7.6 Hz, 1H), 7.32 — 7.27 (m, 2H), 7.25 - 7.15
(m, 3H), 3.41 (t, /= 6.6 Hz, 2H), 2.65 (t, J= 7.3 Hz, 2H), 1.84 — 1.66 (m, 4H).

13C NMR (101 MHz, Chloroform-d): & 164.85, 142.47, 140.12, 136.98, 131.72, 131.50 (q, J =
32.9 Hz), 131.30, 130.98 (q, J=32.4 Hz), 129.56, 128.86, 128.51, 128.42, 126.82 (q, /= 3.7 Hz),
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125.85,125.79 (q, J =3.8 Hz), 124.78 (q, /= 3.9 Hz), 124.64 (q, J = 3.8 Hz), 124.11 (q, J=272.4
Hz), 123.91 (q, J = 272.4 Hz), 54.12, 35.79, 30.76, 29.33.

YF NMR (376 MHz, Chloroform-d): § -62.65, -62.70.

Physical State: yellow oil.

HRMS (ESI/QTOF) m/z: [M + H]" Calcd for CasH22FsN" 450.1651; Found 450.1657.

Methyl 6-((bis(3-(trifluoromethyl)phenyl)methylene)amino)hexanoate (5.5¢)

N/\/\/COOMe

F3CCF3

Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and 5.2d (0.2
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using 0 to 30% ethyl acetate gradient in hexanes as an eluent to afford 62 mg (72%) of the
title compound 5.5e.

IH NMR (400 MHz, Chloroform-d): § 7.95 (s, 1H), 7.74 (d, J = 7.9 Hz, 1H), 7.64 (t, J = 8.3 Hz,
3H), 7.45 (t,J=7.7 Hz, 1H), 7.42 (s, 1H), 7.36 (d, /= 7.6 Hz, 1H), 3.65 (d, /= 1.2 Hz, 3H), 3.36
(t,J=6.3 Hz, 2H), 2.32 (t,J = 7.0 Hz, 2H), 1.80 — 1.65 (m, 4H).

13C NMR (101 MHz, Chloroform-d): § 174.09, 165.13, 139.99, 136.90, 131.74, 131.57 (q, J =
34.4 Hz), 131.26, 131.00 (q, J = 32.5 Hz), 129.62, 128.89, 125.87 (q, J = 3.9 Hz), 124.79 (q, J =
4.2 Hz), 124.58 (q, J = 3.8 Hz), 124.09 (q, J = 272.5 Hz), 123.89 (q, J = 272.5 Hz), 53.76, 51.65,
33.97,30.61, 23.03.

1F NMR (376 MHz, Chloroform-d): 8 -62.68, -62.73.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + H]" Calcd for C21H20FsNO2" 432.1393; Found 432.1388.

N-(10-bromodecyl)-3,3’-bis(trifluoromethyl)benzophenone imine (5.5f)

va\/\/i)
|
F3CCF3

Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and 5.2d (0.2
mmol). The crude product was purified by column chromatography (with pre-neutralized silica

gel) using hexanes as an eluent to afford 83 mg (78%) of the title compound 5.5f.
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'TH NMR (400 MHz, Chloroform-d): 8 7.96 (s, 1H), 7.74 (d, J= 7.9 Hz, 1H), 7.64 (t, J= 8.1 Hz,
3H), 7.49 — 7.40 (m, 2H), 7.36 (d, J = 7.6 Hz, 1H), 3.40 (t, J = 6.8 Hz, 2H), 3.35 (t, /= 7.0 Hz,
2H), 1.84 (p, J = 6.9 Hz, 2H), 1.73 — 1.65 (m, 2H), 1.28 (d, /= 10.8 Hz, 12H).

13C NMR (101 MHz, Chloroform-d): 8 164.68, 140.19, 137.04, 131.72, 131.47 (q, J = 30.4 Hz),
131.32, 130.97 (q, J = 32.4 Hz), 129.52, 128.85, 126.76 (q, J = 3.7 Hz), 125.74 (q, J = 3.7 Hz),
124.76 (q,J = 3.9 Hz), 124.66 (q, J= 3.8 Hz), 124.11 (q, J=272.5 Hz), 123.92 (q, J = 272.5 Hz),
54.33,34.15, 32.96, 31.14, 29.54, 29.49, 29.47, 28.87, 28.29, 27.58.

19F NMR (376 MHz, Chloroform-d): § -62.66, -62.72.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + H]" Calcd for C2sH20BrFsN™ 536.1382; Found 536.1387.

N-3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl)-benzophenone imine (5.5g)

RFRFRFRF

FsC N
FFFFFF |

JC
Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and 5.2a (0.2
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using hexanes as an eluent to afford 66 mg (53%) of the title compound 5.5g.
'H NMR (400 MHz, Chloroform-d): § 7.66 — 7.57 (m, 2H), 7.54 — 7.30 (m, 6H), 7.22 — 7.12 (m,
2H), 3.66 (t,J="1.5 Hz, 2H), 2.72 — 2.40 (m, 2H).
13C NMR (101 MHz, Chloroform-d): § 170.10, 139.57, 136.48, 130.43, 128.90, 128.86, 128.57,
128.29, 127.64, 45.72 (t, J=3.9 Hz), 32.86 (t, /= 21.1 Hz).
YF NMR (376 MHz, Chloroform-d): & -80.84 (t, /= 10.0 Hz), -113.70 (t, J= 13.1 Hz), -121.70,
-121.96, -122.76, -123.67, -126.15.
Physical State: yellow oil.
HRMS (ESI/QTOF) m/z: [M + H]" Caled for C23HisF17N" 628.0928; Found 628.0928.

N-(cyclopentylmethyl)-3,3’-bis(trifluoromethyl)benzophenone imine (5.5h)

Y
F3CCF3
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Following the General Procedure C with the corresponding NHPI ester (derived from 6-heptenoic
acid, 0.4 mmol) and 5.2d (0.2 mmol). The crude product was purified by column chromatography
(with pre-neutralized silica gel) using hexanes as an eluent to afford 52 mg (65%) of the title
compound 5.5h.

ITH NMR (400 MHz, Chloroform-d): & 7.95 (s, 1H), 7.73 (d, J= 7.9 Hz, 1H), 7.64 (d, J = 7.8 Hz,
3H), 7.45 (t, J=7.8 Hz, 1H), 7.42 (s, 1H), 7.36 (d, /= 7.6 Hz, 1H), 3.31 (d, /= 6.9 Hz, 2H), 2.27
(hept, J=7.5 Hz, 1H), 1.90 — 1.69 (m, 2H), 1.61 — 1.50 (m, 4H), 1.29 — 1.14 (m, 2H).

13C NMR (101 MHz, Chloroform-d): § 164.43, 140.29, 137.16, 131.71, 131.47 (q, J = 32.6 Hz),
131.44, 130.96 (q, J = 32.4 Hz), 129.52, 128.84, 126.74 (q, J = 3.8 Hz), 125.72 (q, J = 3.7 Hz),
124.13 (q,J=272.5 Hz), 123.94 (q, J = 272.5 Hz), 59.40, 41.56, 30.84, 25.30.

1F NMR (376 MHz, Chloroform-d): § -62.68, -62.72.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + H]" Calcd for C21H20FsN" 400.1494; Found 400.1505.

N-(but-3-en-1-yl)-3,3’-bis(trifluoromethyl)benzophenone imine (5.5i)
I
N

F3CCF3

Following the General Procedure C with the corresponding NHPI ester (derived from
cyclopropylacetic acid, 0.4 mmol) and 5.2d (0.2 mmol). The crude product was purified by column
chromatography (with pre-neutralized silica gel) using hexanes as an eluent to afford 28 mg (38%)
of the title compound 5.5i.

'TH NMR (400 MHz, Chloroform-d): & 7.95 (s, 1H), 7.74 (d, J=8.0 Hz, 1H), 7.64 (td, J=7.7, 3.9
Hz, 3H), 7.51 — 7.39 (m, 2H), 7.37 (d, /= 7.7 Hz, 1H), 5.80 (ddt, /= 17.0, 10.2, 6.8 Hz, 1H), 5.14
—4.92 (m, 2H), 3.44 (t, J=7.0 Hz, 2H), 2.48 (q, /= 7.0 Hz, 2H).

13C NMR (101 MHz, Chloroform-d): § 165.23, 140.09, 136.90, 136.40, 131.76, 131.67, 131.34,
131.16, 130.84, 129.56, 128.87, 126.94, 126.91, 126.87, 125.87, 125.83, 125.45, 125.26, 124.87,
124.83, 124.78, 124.74, 124.70, 122.74, 122.55, 116.38, 53.84, 35.51.

YF NMR (376 MHz, Chloroform-d): § -62.69, -62.75.

Physical State: light yellow oil.

HRMS (APCI/QTOF) m/z: [M + H]" Calcd for Ci1oHi6FsN" 372.1181; Found 372.1187.
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(E)-N-(heptadec-8-en-1-yl)-3,3’-bis(trifluoromethyl)benzophenone imine (5.6a)

mca

Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and 5.2d (0.2

X

mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using hexanes as an eluent to afford 94 mg (85%) of the title compound 5.6a.

TH NMR (400 MHz, Chloroform-d): & 7.95 (s, 1H), 7.74 (d, J = 7.9 Hz, 1H), 7.64 (t, J = 7.6 Hz,
3H), 7.49 — 7.41 (m, 2H), 7.36 (d, J = 7.6 Hz, 1H), 5.37 (t, J = 4.0 Hz, 2H), 3.35 (t, /= 7.0 Hz,
2H), 1.95 (p, J=5.1, 4.4 Hz, 4H), 1.75 - 1.63 (m, 2H), 1.33 — 1.23 (m, 20H), 0.87 (t, /= 6.6 Hz,
3H).

13C NMR (101 MHz, Chloroform-d): & 164.69, 140.20, 137.05, 131.71, 131.48 (q, J = 32.7 Hz),
131.32, 130.98 (q, J=32.5 Hz), 130.59, 130.39, 129.91 (q, J=272.5 Hz), 129.52, 128.85, 126.78
(q,J=3.6 Hz), 125.75 (q,J=3.7 Hz), 124.79 (q, /= 3.8 Hz), 124.68 (q, /= 3.8 Hz), 124.11 (q, J
= 272.5 Hz), 54.36, 32.76, 32.72, 32.05, 31.17, 29.85, 29.81, 29.73, 29.64, 29.47, 29.42, 29.34,
29.20, 27.60, 22.83, 14.26.

YF NMR (376 MHz, Chloroform-d): § -62.67, -62.73.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + H]" Caled for C3HaFeN* 554.3216; Found 554.3212.

(Z)-N-(heptadec-8-en-1-yl)-3,3’-bis(trifluoromethyl)benzophenone imine (5.6b)

F3CCF3

Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and 5.2d (0.2

mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using hexanes as an eluent to afford 90 mg (82%) of the title compound 5.6b.

ITH NMR (400 MHz, Chloroform-d): § 7.96 (s, 1H), 7.74 (d, J = 7.9 Hz, 1H), 7.64 (t, J = 6.4 Hz,
3H), 7.49 — 7.40 (m, 2H), 7.36 (d, J = 7.6 Hz, 1H), 5.42 — 5.24 (m, 2H), 3.36 (t, J = 7.0 Hz, 2H),
2.01 (q,J=6.6 Hz, 4H), 1.70 (p, J= 7.0 Hz, 2H), 1.28 (d, J=11.5 Hz, 20H), 0.88 (t, /= 6.7 Hz,
3H).
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13C NMR (101 MHz, Chloroform-d): 8 164.68, 140.20, 137.07, 131.71, 131.49 (q, J = 34.6 Hz),
131.33, 130.99 (q,J=32.5 Hz), 130.11, 129.92, 129.52, 128.85, 126.77 (q, J = 3.7 Hz), 125.75 (q,
J=3.7Hz), 124.79 (q, J = 3.9 Hz), 124.68 (q, J = 3.8 Hz), 124.12 (q, J=272.5 Hz), 123.92 (q, J
= 272.5 Hz), 54.36, 32.06, 31.19, 29.93, 29.87, 29.68, 29.48, 29.36, 27.62, 27.37, 27.34, 22.84,
14.24.

1F NMR (376 MHz, Chloroform-d): § -62.68, -62.75.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + H]" Calcd for C32Ha2FsN" 554.3216; Found 554.3213.

N-((8Z,11Z)-heptadeca-8,11-dien-1-yl)-3,3’-bis(trifluoromethyl)benzophenone imine (5.6¢)

FsC
Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and 5.2d (0.2
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using hexanes as an eluent to afford 89 mg (81%) of the title compound S.6c¢.
ITH NMR (400 MHz, Chloroform-d): § 7.97 (s, 1H), 7.74 (d, J = 7.9 Hz, 1H), 7.64 (t, J = 6.4 Hz,
3H), 7.49 — 7.40 (m, 2H), 7.37 (d, J=7.6 Hz, 1H), 5.35 (m, 4H), 3.36 (t, /= 7.0 Hz, 2H), 2.77 (t,
J=6.3 Hz, 2H), 2.05 (q, /= 7.1 Hz, 4H), 1.69 (q, J = 7.1 Hz, 2H), 1.43 — 1.15 (m, 17H), 0.89 (t,
J=6.8 Hz, 3H).
13C NMR (101 MHz, Chloroform-d): § 164.69, 140.19, 131.71, 131.50 (q, J = 32.5 Hz), 131.32,
130.99 (q, J = 32.5 Hz), 130.34, 130.21, 129.52, 128.85, 128.16, 128.06, 126.78 (q, J = 3.7 Hz),
125.75 (q, J = 3.6 Hz), 124.79 (q, J = 3.8 Hz), 124.67 (q, J = 3.8 Hz), 124.13 (q, J = 272.5 Hz),
123.93 (q, J = 272.5 Hz), 54.35, 31.68, 31.18, 29.86, 29.76, 29.50, 29.47, 29.36, 27.61, 27.35,
25.78,22.72, 14.20.
YF NMR (376 MHz, Chloroform-d): § -62.68, -62.74.
Physical State: pale yellow oil.
HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for C3:HaoFsN* 552.3059; Found 552.3072.
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(8R,9S8,10S,13R,14S,17R)-17-((R)-4-((bis(3-
(trifluoromethyl)phenyl)methylene)amino)butan-2-yl)-10,13-dimethyldodecahydro-3 H-
cyclopenta[a]phenanthrene-3,7,12(2H,4H)-trione (5.6d)

Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and 5.2d (0.2
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using hexanes as an eluent to afford 69 mg (51%) of the title compound 5.6d.

TH NMR (400 MHz, Chloroform-d): & 7.96 (s, 1H), 7.73 (d, J = 7.9 Hz, 1H), 7.63 (t, J = 7.6 Hz,
2H), 7.58 (d, J=17.9 Hz, 1H), 7.48 — 7.39 (m, 2H), 7.36 (d, J= 7.6 Hz, 1H), 3.55 — 3.37 (m, 1H),
3.39-3.21 (m, 1H), 2.95 — 2.75 (m, 3H), 2.39 — 1.74 (m, 16H), 1.60 (td, J = 14.3, 5.1 Hz, 1H),
1.50 - 1.20 (m, 8H), 1.12 (d, J = 6.5 Hz, 2H), 1.05 (s, 3H), 0.75 (d, J = 6.4 Hz, 3H).

13C NMR (101 MHz, Chloroform-d): § 164.76, 156.99, 140.13, 136.89, 131.69, 131.42 (q, J =
31.0 Hz), 131.27, 130.91 (q, J = 32.4 Hz), 129.54, 128.85, 126.74 (q, J = 3.7 Hz), 125.79 (q, J =
3.7 Hz), 124.69 (q, J = 3.9 Hz), 124.54 (q, J = 3.8 Hz), 124.07 (d, J = 272.5 Hz), 123.87 (d, J =
272.5 Hz),60.49, 57.02,51.97,51.81,49.08, 46.94, 45.92, 45.62, 45.09, 42.89, 42.25, 38.72, 36.72,
36.59, 36.11, 35.37, 34.36, 27.76, 25.22, 23.61, 21.99, 19.21, 14.30, 11.91.

YF NMR (376 MHz, Chloroform-d): § -62.68, -62.69.

Physical State: white solid.

HRMS (ESI/QTOF) m/z: [M + H]" Caled for C3sHs2FeNO3" 674.3063; Found 674.3066.

(3-(4-(bis(2-chloroethyl)amino)phenyl)propyl) 3,3’-bis(trifluoromethyl)benzophenone imine
(5.6e)

N

cl CFy CFy
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Following the General Procedure C with the corresponding NHPI ester (0.4 mmol) and 5.2d (0.2
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using hexanes as an eluent to afford 79 mg (69%) of the title compound S.6e.

'TH NMR (400 MHz, Chloroform-d): & 7.97 (s, 1H), 7.74 (d, J = 7.9 Hz, 1H), 7.64 (dt, J = 15.8,
7.6 Hz, 3H), 7.47 (t, J= 7.8 Hz, 1H), 7.41 (s, 1H), 7.34 (d, /= 7.6 Hz, 1H), 7.05 (d, J = 8.4 Hz,
2H), 6.60 (d, J = 8.6 Hz, 2H), 3.73 — 3.57 (m, 8H), 3.38 (t, J = 6.8 Hz, 2H), 2.61 (t, /= 7.6 Hz,
2H), 2.00 (p, J = 7.2 Hz, 2H).

13C NMR (101 MHz, Chloroform-d): 8 164.98, 144.34, 140.11, 136.96, 131.71, 131.45 (q, J =
32.5Hz),131.29,131.19, 130.99 (q, J=32.5 Hz), 129.73, 129.52, 128.88, 126.84 (q, /= 3.8 Hz),
125.76 (q, J = 3.8 Hz), 124.78 (q, J = 3.9 Hz), 124.60 (q, J = 3.8 Hz), 124.10 (q, J = 272.5 Hz),
123.89 (q,J=272.5 Hz), 112.31, 53.77, 53.55, 40.67, 32.83, 32.55.

1F NMR (376 MHz, Chloroform-d): 8 -62.65, -62.66.

Physical State: yellow oil.

HRMS (ESI/QTOF) m/z: [M + H]" Caled for C2sH27CLFeN>™ 575.1450; Found 575.1457.

N-((1R,4aR,4bR,10aR)-7-isopropyl-1,4a-dimethyl-1,2,3,4,4a,4b,5,6,10,10a-
decahydrophenanthren-1-yl)-1,1-diphenylmethanimine (5.6f)

J

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and 5.2a (0.4
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using hexanes as an eluent to afford 43 mg (49%, d.r.=10.1:1) of the title compound 5.6f.

'H NMR (400 MHz, Chloroform-d): 8 7.54 — 7.46 (m, 2H), 7.41 — 7.32 (m, 3H), 7.27 (q, J = 6.6
Hz, 4H), 7.20 — 7.11 (m, 2H), 5.84 (s, 1H), 5.54 (d, J = 5.1 Hz, 1H), 2.61 (dd, J = 12.6, 4.6 Hz,
1H), 2.24 (p, J= 7.0 Hz, 1H), 2.04 (td, J=19.5, 9.8 Hz, 5H), 1.83 — 1.74 (m, 2H), 1.56 — 1.02 (m,
12H), 0.98 (s, 3H), 0.82 (s, 3H).
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13C NMR (101 MHz, Chloroform-d): & 162.19, 145.10, 142.54, 140.48, 135.53, 129.31, 128.66,
128.14,127.94, 127.90, 127.85, 127.81, 127.74, 122.71, 122.37, 61.84, 53.54, 51.52, 40.39, 38.40,
35.62,35.07,27.74, 27.72, 24.81, 22.85, 21.77, 21.59, 21.04, 19.70, 14.01.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + H]* Caled for C2HaoN" 438.3155; Found 438.3158.

N-(5-(2,5-dimethylphenoxy)-2-methylpentan-2-yl)-3,3’-bis(trifluoromethyl)benzophenone
imine (5.6g)

o X
-

Following the General Procedure B with the corresponding NHPI ester (0.2 mmol) and 5.2d (0.4
mmol). The crude product was purified by column chromatography (with pre-neutralized silica
gel) using hexanes as an eluent to afford 52 mg (50%) of the title compound 5.6g.

'TH NMR (400 MHz, Chloroform-d): & 7.90 (s, 1H), 7.72 (d, J=7.9 Hz, 1H), 7.64 — 7.55 (m, 3H),
7.49 (s, 1H), 7.42 (d, J = 8.0 Hz, 2H), 7.02 (d, J = 7.4 Hz, 1H), 6.70 — 6.61 (m, 2H), 3.99 (t,J =
6.3 Hz, 2H), 2.31 (s, 3H), 2.20 (s, 3H), 2.02 — 1.89 (m, 2H), 1.84 — 1.73 (m, 2H), 1.08 (s, 6H).
13C NMR (101 MHz, Chloroform-d): § 160.52, 157.21, 141.94, 140.01, 136.61, 131.70, 131.41,
130.42, 131.00 (q, J = 16.0 Hz), 130.67 (q, J = 15.7 Hz), 128.90, 128.69, 126.45 (q, J = 3.7 Hz),
125.52, 125.40 (q, J = 3.8 Hz), 125.28, 125.16 (q, J = 3.8 Hz), 124.56 (q, J = 4.0 Hz), 123.73,
122.82, 122.57,120.78, 112.17, 68.49, 59.69, 42.91, 28.91, 25.12, 21.54, 15.92.

1F NMR (376 MHz, Chloroform-d): § -62.66, -62.75.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + H]" Caled for C2oH30FsNO™ 522.2226; Found 522.2231.

Amphetamine hydrochloride (5.7a)

Following the General Procedure B and D with the corresponding NHPI ester (0.4 mmol) and 5.2d
(0.8 mmol), the title compound 5.7a was obtained in 60% (41 mg) overall yield.

ITH NMR (400 MHz, Chloroform-d): & 8.50 (s, 3H), 7.46 — 7.04 (m, 5H), 3.75 — 3.41 (m, 1H), 3.27
(dd, J=13.4,5.4 Hz, 1H), 2.89 (dd, /= 13.4, 9.1 Hz, 1H), 1.41 (d, /= 6.5 Hz, 3H).
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13C NMR (101 MHz, Chloroform-d): & 135.87, 129.46, 129.03, 127.43, 49.94, 41.27, 18.32.
Physical State: white solid.
The '"H NMR and '*C NMR spectra were consistent with the spectrum reported in the literature.[4’]

trans-2-Phenylcyclopropylamine hydrochloride (5.7b)

©\“'ANH2-HC|

Following the General Procedure B and D with the corresponding NHPI ester (0.5 mmol) and 5.2d
(1.0 mmol), the title compound 5.7b was obtained in 41% (35 mg) overall yield.

TH NMR (400 MHz, Chloroform-d): 8 8.76 (s, 3H), 7.36 — 7.08 (m, 5H), 2.94 —2.79 (m, 1H), 2.68
(ddd, /=10.3, 6.7, 3.5 Hz, 1H), 1.69 (ddd, J=10.6, 6.7, 4.3 Hz, 1H), 1.26 (q, J = 6.8 Hz, 1H).
13C NMR (101 MHz, Chloroform-d): § 138.06, 128.76, 127.04, 126.85, 31.01, 21.99, 13.57.
Physical State: white solid.

The '"H NMR and '*C NMR spectra were consistent with the spectrum reported in the literature.[4]
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Decarboxylative C(sp)-O Cross-Coupling via Synergetic Photoredox and Copper Catalysis

6.1 Introduction of the background

/\/\O
Butoxycaine Pioglitazone
’
s 1 8
m “OH N\”/ NN N
AT
Bufexamac Rabeprazole

Figure 70 Examples of drug molecules containing alkyl aryl ether moieties.

In Chapter 2.3, we have outlined the importance of ethers in natural products,
pharmaceuticals and agrochemicals.['!!: 2431 Alkaryl ethers, in particular, accounted for about 20%
of the top 200 drugs in 2018. (Figure 70).l'*¥] For this reason, the construction of alkyl aryl ethers
is of great interest to chemists. In the last two decades, transition metal-catalyzed O-arylation of
aliphatic alcohols have become one of the most important methods for the synthesis of alkyl aryl
ethers.[116: 123-124,246-247) By virtye of its wide range and good functional group tolerance, this
method has significant advantages over conventional methods such as nucleophilic substitution
(Sn2)1271281 and nucleophilic aryl substitution (SnAr).['*) However, according to a generally
accepted catalytic cycle for transition metal-catalyzed C-O cross-coupling of aryl halides and
primary alcohols (Figure 71), such approach typically requires harsh conditions, including strong
bases and high temperatures. Besides, activated electrophiles are critical for the success to undergo
oxidative elimination (the process of I to II, Figure 71), which somewhat limits the choice of
electrophiles. Furthermore, in contrast to analogous processes in metal-catalyzed C-N cross-
couplings, reductive elimination from the high-valence complex [L.M(Ar)(alkoxy)] in C-O
couplings is sluggish (the process of I'V to I, Figure 71), so that competitive B-hydride elimination
may occur (the process of IV to V, Figure 71), leading to an overall reduction of the aryl halide to
generate arene ArH.[?*3-2%] Therefore, a mild and robust method for the preparation of alkyl aryl

ethers will aid in the advancement of this field.
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M precatalyst

Ar’OvR *
LM ArX
alkyl aryl ether I
Ar=H
-H
A
L+ Lavcan elimination -nM(AT) Metal LM(ANX
R H | <«—— O_R catalytic " i
\% cycle
\'
base -HX HO" R
L M(ANX
base HOL R

Figure 71 General catalytic cycle for transition metal (M)-catalyzed C—O cross-coupling of aryl halides
and primary alcohols.

Catalytic C(sp®)-O coupling of alkyl electrophiles with phenols, on the other hand, is an
attractive alternative for the synthesis of alkyl aryl ethers (Figure 72b). A catalytic version of
Williamson ether synthesis has the potential to overcome some intrinsic deficiencies of classical
Williamson ether synthesis such as harsh conditions, restricted scope, and poor functional group
tolerance.['?’l More importantly, if applying alkyl NHPI esters, other than alkyl halides or aryl
halides, to the coupling reactions, base-promoted elimination from alkyl electrophiles or reduction

of aryl halides (the process of IV to V, Figure 71) will no longer be concerned (Figure 71, Figure
72a).1248:249] [248-249)
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(a) C(sp?)-0 coupling to form alkyl aryl ethers

Pd or Ni
FG FG
NS _OH X O~

= o difficult reductive elimination =
¢ ancillary ligand-promoted

FG Cu FG o)
S _OH x>

— * difficult oxidative addition =
e requires activated aryl electrophiles

(b) This work: decarboxylative C(sp®)-O cross coupling

“w PC  Cu
FG__ oH _COOA* 7] PO O~

alkyl * alternative disconnection
NHPI esters e complementary scope and tolerance alkyl aryl ethers

Figure 72 (a) Comparison of C-O cross-coupling methodologies for the transition metal-catalyzed
synthesis of alkyl aryl ethers. (b) This work: decarboxylative C(sp*)-O cross-coupling.

Chapter 4 and Chapter 5 have elaborated on the successful development of synergetic
photoredox and copper catalysis for decarboxylative C(sp®)-N cross-coupling. In this regard, we
reasoned our established tandem photoredox/copper catalysis system might also offer an
alternative method for the construction of C(sp®)-O bonds, thus facilitating the synthesis of alkyl
aryl ethers (Figure 72b).
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6.2 Screening of reaction conditions

6.2.1 Optimization of reaction parameters for secondary alkyl NHPI esters

We began our investigation by subjecting cyclohexyl NHPI ester 2.22 and guaiacol 5.2a to
the conditions previously employed for decarboxylative C(sp®)-N cross-coupling of NHPI esters
with anilines!?>*! (Chapter 4, Table 16, entry 1). To our delight, the desired ether 5.3a was formed,
albeit in a low yield (16%, Table 21, entry 1).

It is noteworthy that we chose guaiacol 5.2a as a nucleophilic reagent for the template
reaction. There are two reasons for this: (1) the traditional transition metal-catalyzed synthesis of
alkyl aryl ethers relies heavily on activated aryl halides. For this reason, the coupling effect is
usually poor for aryl halides containing electron-donating groups, especially those containing
neighboring electron-donating substituent groups (with sterically bulky effect). Therefore, we
hope that by using guaiacol 5.2a, which is a monomethoxybenzene that consists of phenol with a
methoxy substituent at the ortho position, as the nucleophilic reagent to explore the advantages of
the current approach over others. (2) At the same time, guaiacol can also act as an O, O-type ligand.
This property may avoid relying on an external ligand to modulate the activity of the catalytic
system, thus simplifying the screening process and speeding up the discovery of optimal reaction

conditions.

Table 21 Summary of the effects of reaction parameters and conditions on the reaction efficiency of
secondary alkyl NHPI ester

Photocatalyst (1 mol%)
copper catalyst (20 mol%) OMe

@)
0 OH )
\ N @ ligand (7.5 mol%) o)
o O)‘\O OMe base (x equiv.), solvent (0.1 M) U

RT, blue LEDs, 20 h

2.22 6.2a
0.2 mmol 2 equiv. 6.3a

R=0OMe, 4.L26 A=Ru(bpy)3(PFg)> B=Ir[dF(CF3)ppy],(dtbbpy)PFg C=Ir[(dtbbpy)(ppy)2]PFs
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entry PC copper catalyst base (x equiv.) solvent yield (%)*
1° A CuBr/4.1.26 Et:N (5 equiv.) MeCN 16%
2 A CuBr Et:N (2 equiv.) MeCN 19%
3 A CuCl Et:N (2 equiv.) MeCN 22%
4¢ A Cu Et:N (5 equiv.) MeCN 5%
5 A CuCl, Et:N (5 equiv.) MeCN 9%
67 A CuCl Cs2CO3(2 equiv.) MeCN trace
7 A CuCl Et;N (5 equiv.) DMF trace
8 A CuCl Et:N (5 equiv.) DCM 32%
9 A CuCl Et:N (2 equiv.) DCM 44%
10 B CuCl Et:N (2 equiv.) DCM 21%
11 C CuCl Et:N (2 equiv.) DCM 62%
12¢ C (CuOTH1)2+CsHs Et:N (2 equiv.) DCM 82%
13¢f C (CuOTf),*CsHs Et:N (2 equiv.) DCM 94%
14e9 C (CuOTH)22CsHs Et:N (2 equiv.) DCM 0%
15¢ none (CuOTH),*CeHs Et;N (2 equiv.) DCM 0%
16 C none Et;N (2 equiv.) DCM 0%

“Corrected GC yield using n-dodecane as an internal standard. *Same condition as the optimized reaction
condition in Chapter 4, Table 16, entry 1. Reaction was carried out with 2.22 (0.2 mmol), 6.2a (2 equiv.),
Ru(bpy)s(PF¢)2 (1 mol%), CuBr (20 mol%), 4.L.26 (7.5 mol%), Et;N (5 equiv.) and MeCN (2.0 mL). “‘Cu
(100 mol%). “Yield of the O-acylation product is 85%. “(CuOTf),*CsHs (10 mol%). 'DCM (0.05 M). ¥No
light.

The coupling was then optimized by varying reaction parameters and a summary of key
observations is shown in Table 21. As mentioned earlier, guaiacol can also act as a bidentate ligand
in cross-coupling reactions, so we attempted reactions without the addition of auxiliary ligands.
To our surprise, the omission of the ligand was feasible (Table 21, entry 2), giving a 19% yield.
CuCl is slightly better than CuBr, raising the reaction yield to 22% (Table 21, entry 3). By
comparing copper catalysts in different valence states, we found that Cu(I) catalysts were the best,
while Cu(Il) and Cu(0) catalysts gave lower yields (Table 21, entries 2-5). When Et;N was
replaced by an inorganic base - Cs2COs - O-acylation of phenol instead of O-alkylation (up to 85%)
was observed (Table 21, entry 6). CH2Cl, was the best solvent (Table 21, entries 6-8), and
decreasing the amount of base was able to increase the yield (Table 21, entry 9). Changing the
photocatalyst from [Ru(bpy)s](PFs)2 to an Ir-based photocatalyst could be beneficial (Table 21,
entries 9-11), and the best photocatalyst was [Ir(dtbbpy)(ppy)2]PFs (Table 21, entry 11). Further
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optimization indicated that using (CuOTf)2CsHe (10 mol%) as the copper catalyst and decreasing
the concentration could further improve the yields (Table 21, entries 12 and 13). The best
conditions were [Ir(dtbbpy)(ppy)2]PFs (1 mol%) as the photocatalyst, (CuOTf),*CeHs (10 mol%)
as the copper catalyst, triethylamine (2 equiv.) as the base, and CH2Cl> (0.05 M) as the solvent,
blue LED irradiation, 20 h. A yield of 94% was obtained under these conditions (Table 21, entry
13). Control experiments disclosed the essential roles of light, photocatalyst, and copper catalyst

for the coupling (Table 21, entries 14-16).

6.2.2 Optimization of reaction parameters for primary alkyl NHPI esters

For the coupling of primary alkyl NHPI esters, a modification of reaction conditions was
necessary (Table 22). To start with, we tested the coupling efficiency of NHPI ester 6.1a and
guaiacol 5.2a under the standard conditions of secondary NHPI ester (Table 21, entry 13); however,
only a 9% yield was obtained (Table 22, entry 1).

Considering the high activity of primary radicals, setting the nucleophilic reagent 6.2a as a
limiting reagent while adjusting 6.1a from 1 equivalent to 2 equivalents may be helpful. As
expected, the yield of the reaction could be increased to 16% (Table 22, entry 2). Furthermore, the
yield of the reaction was slightly increased when the copper catalyst loading was raised from 10
mol% to 20 mol% (Table 22, entry 3). Various copper catalysts were then screened and the results
showed that Cu(MeCN)4OTf was the most suitable copper catalyst (25% yield, Table 22, entries
3-6), probably due to its good solubility in DCM. Besides, the efficiency of the reaction did not
decrease significantly when the equivalence of triethylamine was reduced from 2 equivalents to 1
equivalent.

It is noteworthy that during the study of the photoredox/copper-catalyzed decarboxylation
system, we found that bases play a crucial role in promoting the construction of different types of
bonds (see Table 14, Table 19 and Table 20). Therefore, we carefully screened a variety of bases
and presented representative results in Table 22, entries 7-14. The results showed that inorganic
bases were not applicable to this reaction. Amine-based organic bases, on the other hand, could
give better results. More importantly, after comparing different amine-based organic bases, we
found that tertiary amines with sterically bulky groups were able to give satisfactory yields (Table
22, entries 10-14). As a result, N-isopropyl-N-methyl-ters-butylamine (1 eq.) proved to be the best
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base to boost the yield to 43% (Table 22, entry 14). Furthermore, increasing copper catalyst loading

could further increase the reaction yield to 65% (Table 22, entry 15). Interestingly, the reaction

yield could be further enhanced to 79% when the reaction was carried out at 0 °C - room

temperature (Table 22, entry 16). The optimized conditions for the coupling of primary alkyl NHPI

esters were NHPI ester (2 equiv.), phenol (1 equiv.), [Ir(dtbbpy)(ppy)2]PFs (1 mol%) as the

photocatalyst, Cu(MeCN)sOTf (40 mol%) as the copper catalyst, and N-isopropyl-N-methyl-tert-
butylamine (1 equiv.) as the base in CH2Cl (0.05 M), irradiated at 0-R.T. for 20 h.

Table 22 Summary of the effects of reaction parameters and conditions on the reaction efficiency of
primary alkyl NHPI ester

Qﬁo Q . @OH copperia(z:assotlof; mol%) &e/
O)‘\/j OMe base (y equiv.), DCM (0.05 M), |
61a Ph 6.20 RT, blue LEDs, 20 h Ny
2 equiv. 0.2 mmol 6.6e | _
C
entry copper catalyst (x mol%) base (y equiv.) yield (%)*
1 (CuOTH1)2*CsHe (10 mol%) Et:N (2 equiv.) 9%
2 (CuOTH1)22CsHe (10 mol%) Et;N (2 equiv.) 16%
3 (CuOTH1)2*CsHs (20 mol%) Et:N (2 equiv.) 20%
4 CuCl (20 mol%) Et;N (2 equiv.) 17%
5 Cu(MeCN)4PFs (20 mol%) Et;N (2 equiv.) 21%
6 Cu(MeCN)4OTf (20 mol%) Et:N (2 equiv.) 25%
7 Cu(MeCN),OTf (20 mol%) Et:N (1 equiv.) 20%
8 Cu(MeCN)4OTf (20 mol%) Cs2CO3(1 equiv.) trace
9 Cu(MeCN);OTf (20 mol%) K>COs(1 equiv.) trace
10 Cu(MeCN)4OTf (20 mol%) DABCO (1 equiv.) 9%
11 Cu(MeCN);OTf (20 mol%) DIPEA (1 equiv.) 26%
12 Cu(MeCN);OTf (20 mol%) dicyclohexylamine (1 equiv.) 21%
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13 Cu(MeCN),OTf (20 mol%)
14 Cu(MeCN),OTf (20 mol%)
15 Cu(MeCN),OTf (40 mol%)
16 Cu(MeCN),OTf (40 mol%)

N-isopropyl-tert-butyl amine

(1 equiv.)

N-isopropyl-N-methyl-
tert-butyl amine (1 equiv.)

N-isopropyl-N-methyl-
tert-butyl amine (1 equiv.)

N-isopropyl-N-methyl-
tert-butyl amine (1 equiv.)

32%

43%

65%

79%

“Corrected GC yield using n-dodecane as an internal standard. Same condition as the optimized reaction
condition in Table 21, entry 13. Reaction was carried out with 2.22 (0.2 mmol), 6.2a (2 equiv.), C (1 mol%),
(CuOTY)2*CsHg (10 mol%), EtsN (2 equiv.) and DCM (0.05 M), RT, blue LEDs, 20 h. °0 °C-RT. BTMG=
DABCO=1,4-diazabicyclo[2.2. 2]octane;

2-tert-butyl-1,1,3,3-tetramethylguanidine;
diisopropylethylamine.
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6.3  Scope of the decarboxylative C(sp®)-O cross-coupling

6.3.1 Scope of phenols

With the optimal condition in hand, we next investigated the scope of the decarboxylative
C(sp®)-O cross-coupling. As shown in Figure 73, a diverse range of phenols that containing
electron-donating (6.3a, 6.3b and 6.3d), electron-neutral (6.3¢), and electron-withdrawing (6.3e-
6.3j) groups were coupled smoothly to deliver the corresponding ethers in moderate to excellent
yields. Importantly, synthetically useful functional groups like aryl halides (6.3e-6.3i), aryl boronic
ester (6.3k) groups were well-tolerated in the coupling, indicating its excellent chemoselectivity.
Other phenols containing important functional groups such as ketone (6.3j), cyano (6.3l),
trifluoromethoxy (6.3m) groups, and polycyclic aromatic ring (6.3n) were also able to couple in
synthetically useful yields. Notably, although GC analysis indicated a higher calibrated GC yield
(72% GC yield) of 6.3m, its volatile nature led to a diminished isolated yield (54%).

[Ir(dtbbpy)(ppy)2]PFe (1 mol%)

o) 0
~OH (CuOTH)5*CgHg (10 mol%)
1
S OHL Yl <7 )
Z EtsN (2 equiv.), CH,Cl, (0.05 M
0

blue LEDs, RT, 20 h

alkyl aryl ether

Phenols?
fj‘@ PRGNS O@ CJ@U@U
6.3a (94%) 6.3b (67%) 6.3c (90%) 6.3d (81%) 6.3e (81%) R= Br6633f 73%)
R=l g (65%)
0O Y@ 1@ 1 JOACESCACHESAS
: r, 6.3h (75%) 6.3j (51%) 6.3k (65%) R=CN, 6.3 (49%) 6.3n (86%)

6.3i (59%) R=OCF3, 6.3m (54%)

Figure 73 Scope of phenols. “NHPI ester (1 equiv.), phenol (2 equiv.), [Ir(dtbbpy)(ppy):]PFs (1 mol%),
(CuOTH1),*CsHe (10 mol%) and EtzN (2 equiv.) in CH,Cl, (0.05 M), irradiated at room temperature for 20
h, isolated yield.
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6.3.2 Scope of secondary and tertiary alkyl NHPI esters

We then tested various secondary alkyl NHPI esters, including those containing cyclic alkyl
groups (Figure 74, 6.4a-6.4¢), heterocyclic alkyl group (6.4d), and acyclic alkyl groups (6.4e-6.4g).
To our delight, all these alkyl NHPI esters were coupled with ease. In our previously reported
decarboxylative C(sp®)-N cross-coupling reaction, tertiary alkyl NHPI esters could not be coupled
effectively.!>>!] In contrast, some tertiary NHPI esters, which generated non-planarizable radicals
via a SET process, could be coupled in good to excellent yields (Figure 74, 6.5a-6.5f). These
sterically bulky ether products are difficult to access otherwise using classic Williamson ether

synthesis, underscoring the importance of this method in complementing conventional syntheses.
[Ir(dtbbpy)(ppy)2]PFe (1 mol%)

OH (CuOTH),*CgHg (10 Mol%) O UR'
N— O)KKRZ O/ > R \ ERQ
Et3N (2 equiv.), CH,Cl, (0.05 M) G R

blue LEDs, RT, 20 h

6.4 & 6.5
alkyl aryl ether

Secondary acids?®

R cnsicadblicaclonticaas

0,
6.4a (78%) 6.4b (50%) 6.4c (78%) 6.4d (69%) " g:eszzﬁ(’ hooy 41 (65%)
2 (]

Tertiary acids?
2@ 2@ 2@ : cl OMe 2@\ : Me
6.5a (85%) 6.5b (69%) 6.5¢ (65%) 6.5d (75%) 6.5e (82%) 6.5f (79%)

Figure 74 Scope of secondary and tertiary alkyl NHPI esters. “NHPI ester (1 equiv.), phenol (2 equiv.),
[Ir(dtbbpy)(ppy)2]PFs (1 mol%), (CuOTf),*CsHe (10 mol%) and EtsN (2 equiv.) in CH,Cl (0.05 M),
irradiated at room temperature for 20 h, isolated yield.

6.3.3 Scope of primary alkyl NHPI esters

Primary aliphatic carboxylic acids stand for a class of the most readily available feedstocks;

the transformation of them into high value-added alkyl aryl ethers would be highly desirable. Thus
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we examined the reactivity of the corresponding NHPI esters derived from primary aliphatic
carboxylic acids.

A variety of primary alkyl NHPI esters are reliable coupling partners. (Figure 75, 6.6a-6.6m).
Both non-activated alkyl (6.6a-6.6f) and activated benzyl groups (6.6g-6.6j) were tolerated. To
our surprise, functional groups such as alkyl bromide (6.6k) and perfluorinated alkyl (6.61) groups
were also compatible under the standard conditions, highlighting the mildness of the conversion,
in contrast to the Sx2 reaction. Note that alkyl aryl ethers containing sterically bulky ortho, ortho-
disubstituted aryl groups (Figure 75, 6.6a, 6.6¢, 6.6d, 6.6f, 6.6k-6.6m) were readily obtained using
the current method. These products are difficult to obtain using conventional C(sp?)-O synthesis
methods, which are very dependent on activated electrophiles, illustrating the advantages of our
method. Coupling of the NHPI ester of 6-heptenoic acid, a radical-clock probe, was able to give
the 5-exo-trig cyclized product (Figure 75, 6.6m), suggesting the intermediacy of alkyl radical.

o} o [Ir(dtbbpy)(ppy)21PFs (1 mol%) o. R
Cu(MeCN),OTf (40 mol% ~N-
o NR N MeONOTIWOmet) ™
7 N-isopropyl-N-methyl-tert-butylamine (1 equiv.) Z
0 CH,Cl, (0.05 M) 6.6
6.2 blue LEDs, RT, 20 h alkyl aryl ether
Primary acids?

MeO 5 O MeO o s R 5 \@ Ph \/@
@i \/\/\/©/ @i ~ ©i ~ 0 ©/o

OMe OMe OMe ©/
R=iPr, 6.6¢ (70%) R=H, 6.6e (79%)
R=Bu, 6.6d (49%) R=OMe, 6.6f (87%)

6.6a (74%) 6.6b (56%) 6.6g (60%) 6.6h (72%)

FFFFFFFF

6.6m (40%)
6.6k (85%) 6.6l (66%) 5-exo-trig
cyclized product

R=OMe, 6.6i (72%)
R=Cl, 6.6] (68%)

Figure 75 Scope of primary alkyl NHPI esters. “NHPI ester (2 equiv.), phenol (1 equiv.),
[Ir(dtbbpy)(ppy)2]PFs (1 mol%), Cu(MeCN)4OTf (40 mol%) and N-isopropyl-N-methyl-tert-butylamine (1
equiv.) in CH>Cl; (0.05 M), irradiated at 0 °C-RT for 20 h, isolated yield.
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6.4 Synthetic applications

6.4.1 Late-stage functionalization of natural products and drugs

@m@ Ay

6.7a (77%)P 6.7b (75%)° 6.7¢c (70%)® 6.7d (71%)P
from stearic acid from elaidic acid from oleic acid from linoleic acid
N
Q! ?3 OO ot
6.7e (49%)P 6.7f (66%) 6.7g (73%)° 6.7h (69%)?
from chlorambucil from indomethacin from isoxepac from zaltoprofen
‘Y‘ T CRL, :U
6.7i (75%)° 6.7j (79%)? 6.7k (80%)? 6.71 (85%)°
from ketoprofen from naproxen from ibuprofen from OPP (biocide)
MeOOC : : Y\/©/
6.7m (61%)° 6.7n (71%)?
from methylparaben from raspberry ketone

Figure 76 Late-Stage decarboxylative etherification of natural products and drugs containing carboxylic
acids. “NHPI ester (1 equiv.), phenol (2 equiv.), [Ir(dtbbpy)(ppy)2]PFs (1 mol%), (CuOTf),*CsHg (10 mol%)
and Et;N (2 equiv.) in CH2Cl, (0.05 M), irradiated at RT for 20 h, isolated yield. "NHPI ester (2 equiv.),
phenol (1 equiv.), [Ir(dtbbpy)(ppy)2]PFs (1 mol%), Cu(MeCN)4,OTf (40 mol%) and N-Isopropyl-N-Methyl-
tert-butylamine (1 equiv.) in CH,Cl, (0.05 M), irradiated at 0-RT for 20 h, isolated yield.

Aliphatic carboxylic acid moieties widely exist in various natural products and drugs. The
use of aliphatic carboxylic acid derivatives as electrophiles enables the current method to rapidly
functionalize carboxylic acid-containing complex molecules (Figure 76). Indeed, fatty acids such
as stearic acid (Figure 76, 6.7a), elaidic acid (6.7b), oleic acid (6.7¢), and linoleic acid (6.7d) were
etherified smoothly. Furthermore, drugs such as chlorambucil (6.7e), indomethacin (6.7f),
isoxepac (6.7g), zaltoprofen (6.7h), ketoprofen (6.7i), naproxen (6.7j) and ibuprofen (6.7k)

underwent esterification with ease as well. Natural phenolic compounds such as O-phenyl phenol
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(OPP, 6.71), methylparaben (6.7m), and raspberry ketone (6.7n) could also be used as creditable
coupling partners. Most of these natural products and drug molecules contain sensitive functional
groups such as alkenes, carbonyl, halides and heterocyclic groups, and their late-stage
functionalizations demonstrate the high chemoselectivity and functional group tolerance of the

current method.
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6.5 Mechanistic investigations

6.5.1 Fluorescence quenching experiments

15+ —
— Ir+Guaiacol
— Ir+Et;N
= — Ir+Cu
> 10- Ir+NHPI ester
< — Ir+Cu+NHP!I ester
) Ir+Cu+Guaiaol
2
8 59
£
0f

500 600 700 800
Wavelength (nm)

Figure 77 Fluorescence quenching experiment 1. All solutions were prepared inside the glovebox before
analyzing. The solutions were irradiated at 410 nm and the luminescence was measured at 581 nm.
Fluorescence quenching studies were carried out using a 1.0 x 10° M solution of [Ir(dtbbpy)(ppy)2]PFsin
CH,Cly, upon addition of a 1.0 x 10° M solution of guaiacol, Et;N, Cu(MeCN)4PFs, NHPI ester 2.22,
mixture of Cu(MeCN)sPFsand NHPI ester 2.22, or mixture of Cu(MeCN)4PFs and guaiacol 6.2a. Under
these conditions, no obvious fluorescence quenching were detected.

15+ — Ir 2.5-

— 0.00025 M Y =1173X+1
- — 0.0005M 2,04 R%=0.9682 o
2_ 10- 0.00075 M
5 - 1.5
= =) ®
é 5 1.04
= 0.5
0 T T T 1 0.0 T T T 1
550 600 650 700 0.0000 0.0002 0.0004 0.0006 0.0008
Wavelength (nm) [Quencher] (M)

Figure 78 Left:fluorescence quenching experiment II; Fluorescence quenching studies were carried out
using a 1.0 x 10 M solution of [Ir(dtbbpy)(ppy)2]PFs in CH,>Cl,, upon addition of variable concentration
of the mixture of Cu(MeCN)sPFs and Et;N (1:1 molar ratio). Under these conditions, obvious fluorescence
quenching were detected, depending on the concentration of the solution. Right: Stern-Volmer kinetic
analysis, Stern-Volmer constant of 1173 M'S™%.

To have an insight into the mechanism of this method, we carried out some experiments

(Figure 77, Figure 78 and Figure 79) and hypothesized a plausible mechanistic pathway (Figure
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80). In our previously decarboxylative C(sp*)-N cross-coupling reaction,**!! we evidenced the
complex of a Cu(I) catalyst with an NHPI ester could serve as an effective oxidative quencher.
However, we observed the fluorescence of [Ir(dtbbpy)(ppy)2]PFs was not quenched by the mixture
of the complex of Cu(MeCN)4PFs and NHPI ester (2.22), guaiacol (6.2a), triethylamine (Et;N),
Cu(MeCN)4PFs, NHPI ester (2.22), or the mixture of Cu(MeCN)4PFs and guaiacol (6.2a) (Figure
77). To our surprise, the fluorescence was quenched by the mixture of Cu(MeCN)4PFs and EtsN
(Figure 78 left) with defined Stern-Volmer kinetics (Figure 78 right). These results indicated that
variations in the photocatalyst (Ru vs. Ir) and solvent (MeCN vs. CH>Cly) resulted in different

quenching processes for similar cross-coupling methods (C-N vs. C-0).[25%

6.5.2 Validation of radical intermediates

TEMPO (3 equiv.)

o [Ir(dtbbpy)(ppy).]PFs (1 mol%),
0 OH (CUOTH,*CgHg (10 Mol%) OMe ||
N\OJ\O . @ EtN (2 equiv.) N @NU D

0
0 OMe CH,Cl, (0.05 M), U
Blue-LEDs, rt, 20 h
2.22 6.2a 6.3a observed by
0.2 mmol, 1 equiv. 2 equiv. not observed HRMS

Figure 79 TEMPO trapping experiment. A reaction under the standard conditions was conducted in the
presence of 3.0 equivalents of TEMPO (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl) as a radical scavenger.
Under such conditions, the ether product 6.3a was not observed. TEMPO-adduct product was formed and
characterized by HR-MS (EST). HRMS (ESI/QTOF) m/z: [M + H]" Calcd for CisH3NO™ 240.2322; Found
240.2328.

Then, we performed a radical clock experiment as well as a TEMPO trapping experiment.
The free radical clock experiment allowed us to successfully obtain the product from the radical
clock probe substrate (Figure 75, 6.6m), thus verifying the intermediacy of alkyl radicals. Also,
by conducting the TEMPO trapping experiment, we could completely inhibit the reaction by
adding three equivalents of TEMPO under the standard conditions (Figure 79). At the same time,
by HRMS, we could observe the generation of alkyl-TEMPO adduct (Figure 79), demonstrating
the production of alkyl radicals.
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6.5.3 Proposed mechanistic pathway

LnCu' o
N, e A AT TSR
U Alkyl aryl
Visible light ether
" Photoredox Copper
Ir Catalytic SET Catalytic
Cycle Cycle I|R
o) ArO—Cu'Ln
C
*AOJ\R_\ LnCu!
SET\ B /
I \ Radical
trapping
(0] = .
JIL fragementation . /\
*AO” TR > R ArOH+base
[-CO2l [-AT]

Figure 80 Proposed catalytic cycle

After analyzing the obtained results, we proposed that the excited state *Ir'" complex (E1/2
[*Ir'"™/1r'"] = +0.66 vs. SCE in MeCN)”®! first oxidizes a Cu'-Et;N complex A to give Cu' species
B (Figure 80). The exceptional function of EtsN compared to other bases is evident here. Notably,
as illustrated before, the steric hindrance of the amine-based base could be tuned to fit different
types of alkyl radicals, facilitating the cross-coupling. The NHPI ester (E12°¢ <-1.28 vs. SCE in
MeCN)%2] would then be reduced by the newly formed highly reducing Ir" species (£12 [Ir'/1r™]
= -1.51 vs. SCE in MeCN), promoting the generation of the ground-state photocatalyst and
delivering a carboxyl radical to give an alkyl radical upon fragmentation. Cu'' complex B traps the

111

alkyl radical and coordinates with phenol to yield a Cu™ alkyl aryloxide intermediate C upon

deprotonation. Reductive elimination can then occur to furnish the Cu' catalyst A and etherified

products. (Figure 80).

6.6 Conclusions

In summary, decarboxylative C(sp*)-O coupling of alkyl NHPI esters has been achieved

using synergistic photoredox and Cu catalysis. This cross-coupling method enables the rapid
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conversion of earth-abundant, inexpensive, and environmentally benign aliphatic carboxylic acid
to valuable alkyl aryl ethers, which are crucial moieties in pharmaceutical, material, agricultural
sciences. This method fills a gap and provides an alternative to the traditional C(sp?)-O coupling
and SN2 reactions, nicely complementing the existing substrate scope, and improving the current

functional group tolerance.
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6.7 Experimental section

6.7.1 General manipulation considerations

All manipulations for the decarboxylative C(sp’)-O cross-coupling via synergetic
photoredox and copper-catalyzed reactions were set up in a 15 mL Teflon-screw capped test tubes
(unless otherwise noted) under an inert nitrogen (N2) atmosphere using glove-box techniques. The
test tubes were then sealed with airtight electrical tapes and the reaction mixtures were stirred
under irradiation of blue LEDs with a fan cooling down the temperature (approximately room
temperature). Blue LEDs were purchased from Kessil Co., Ltd. (40 W max., product No.
A160WE). Table fan was purchased from Galaxus Co., Ltd. (35 W max.). Flash column
chromatography was performed using silica gel (Silicycle, ultra-pure grade). Preparative Thin
Layer Chromatography (PTLC) was performed using glass plates from Merck KGaA, Darmstadt,
Germany. The eluents for column chromatography and PTLC were presented as ratios of solvent

volumes. Yields reported in the publication are of isolated materials unless otherwise noted.

6.7.2 Stern-Volmer kinetic analysis

All solutions were prepared inside the glovebox before analyzing. The solutions were
irradiated at 410 nm and the luminescence was measured at 581 nm.

Stern-Volmer constants were determined using Stern—Volmer kinetics (eq 1).

Io/T = 1+K[Quencher] (1)
Ky = kqto 2)

As shown in equation (1), Ip is the luminescence intensity without the quencher, I is the
intensity in the presence of the quencher, K, is the Stern-Volmer constant.

As shown in equation (2), the actual bimolecular rate of quenching (k,;) can be calculated
from K, using the lifetime (z9) of [Ir(dtbbpy)(ppy)2]PFs.

Under these conditions, the mixture of Cu(MeCN)4PFs¢ and Et;N (1:1, concentration) was
the only species that quenched the photoexcited catalyst with the Stern-Volmer constant of 1173
M!St (Figure 78).
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6.7.3 General Procedure for the synthesis of NHPI esters (General Procedure A)

0]

. R3OH (1.0 equiv.) . o

R2 DIC (1.1 equiv.), DMAP (0.1 equiv.), R?
DCM (0.2 - 0.5 M)

A round-bottom flask or culture tube was charged with carboxylic acid (if solid, 1.0 equiv),
nucleophile (N-hydroxyphthalimide, 1.0 equiv) and DMAP (0.1 equiv.). dichloromethane (DCM)
was added (0.2 M-0.5 M) and the mixture was stirred vigorously. Carboxylic acid (if liquid, 1.0
equiv.) was added via syringe. DIC (1.1 equiv.) was then added dropwise via syringe and the
mixture was allowed to stir until the carboxylic acid or the N-hydroxyphthalimide was fully
consumed (determined by TLC). Typical reaction times were between 0.5 h and12 h. Afterwards,
the mixture was filtered over Celite and rinsed with additional CH>Clz. The solvent was removed
under reduced pressure, and purified by column chromatography to give the corresponding NHPI
esters. Most NHPI esters are solid, which could be recrystallized (ethyl acetate and hexanes system)
after column chromatography. Unless otherwise stated, NHPI esters were prepared following the

General Procedure A. The preparation and spectral data of all NHPI esters used have been reported
before‘[46-47, 49, 53, 241, 250-251]

6.7.4 General procedure for visible-light-mediated decarboxylative etherification of
phenols with secondary or tertiary NHPI esters (General Procedure B)

An oven-dried 15 mL re-sealable screw-cap test tube equipped with a Teflon-coated
magnetic stir bar was sequentially charged with a secondary or tertiary NHPI ester (1 equiv.),
phenol (2 equiv), [Ir(dtbbpy)(ppy)2]PFs (1 mol%), (CuOTf)2*CeHe (10 mol%), CH>Cl, (0.05 M),
Et3N (2 equiv) in the glove box. The vial was sealed with a screw cap and removed from the glove
box. Then the vial was placed 3 cm away from one blue LED, and irradiated under fan cooling
(maintain the temperature at room temperature) for 20 h. After which time the vial was removed
from the light source. The crude reaction mixture was then diluted with EtOAc or diethyl ether (20
mL), washed with brine (2 x 10 mL), and separated. The aqueous layer was subsequently extracted
with EtOAc or diethyl ether (2 x 10 mL), and separated. The organic fractions were combined,
dried over Na,SOg, filtered, and concentrated under reduced pressure. The crude product residue
was purified by preparative TLC using a solvent mixture (EtOAc, hexanes) as an eluent to afford

the purified product. See Figure 60 for the reaction setup.
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6.7.5 General procedure for visible-light-mediated decarboxylative etherification of

phenols with primary NHPI esters (General Procedure C)

An oven-dried 15 mL re-sealable screw-cap test tube equipped with a Teflon-coated
magnetic stir bar was sequentially charged with a primary NHPI ester (2 equiv.), phenol (1 equiv),
[Ir(dtbbpy)(ppy)2]PFs (1 mol%), Cu(MeCN)4OTf (40 mol%), CH2Clz (0.05 M), N-isopropyl-N-
methyl-tert-butylamine (1 equiv.) in the glove box. The vial was sealed with a screw cap and
removed from the glove box. Then the vial was placed 3 cm away from one blue LED, and
irradiated at O-RT (ice bath and fan cooling) for 20 h. After which time the vial was removed from
the light source. The crude reaction mixture was then diluted with EtOAc or diethyl ether (20 mL),
washed with brine (2 x 10 mL), and separated. The aqueous layer was subsequently extracted with
EtOAc or diethyl ether (2 x 10 mL), and separated. The organic fractions were combined, dried
over NaxSOq, filtered, and concentrated under reduced pressure. The crude product residue was
purified by preparative TLC using a solvent mixture (EtOAc, hexanes) as an eluent to afford the

purified product. See Figure 81 for the reaction setup.

I
I

i

l1aeenn

.I e 3

Figure 81 Reaction setup for decarboxylative C(sp)-O cross-coupling of primary alkyl NHPI esters.
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6.7.6 Characterization of the reaction product

1-(cyclohexyloxy)-2-methoxybenzene (6.3a)

OMe
8¢
Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 40/1 (v/v) as an
eluent, to yield the title compound 6.3a (58 mg) in 94%.
TH NMR (400 MHz, Chloroform-d): & 7.07 — 6.70 (m, 4H), 4.18 (tt, /= 9.5, 3.9 Hz, 1H), 3.85 (s,
3H), 2.12 -1.93 (m, 2H), 1.93 — 1.72 (m, 2H), 1.70 — 1.47 (m, 3H), 1.44 — 1.19 (m, 3H).
13C NMR (101 MHz, Chloroform-d): § 150.83, 147.36, 121.51, 120.87, 116.80, 112.45, 77.45,
56.12, 32.19, 25.79, 24.28.
The '"H NMR and '>C NMR spectra were consistent with the spectrum reported in the literature [’

1-(cyclohexyloxy)-3-methylbenzene (6.3b)

O

Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 40/1 (v/v) as an
eluent, to yield the title compound 6.3b (38 mg) in 67%.

TH NMR (400 MHz, Chloroform-d): 8 7.15 (t, J = 8.0, 1H), 6.74 (d, J = 6.3 Hz, 3H), 4.23 (it, J =
8.8, 4.2 Hz, 1H), 2.33 (d, J= 3.1 Hz, 3H), 2.11 — 1.89 (m, 2H), 1.89 — 1.72 (m, 2H), 1.63 — 1.47
(m, 3H), 1.42 — 1.27 (m, 3H).

13C NMR (101 MHz, Chloroform-d): & 157.93, 139.56, 129.26, 121.45, 117.13, 112.98, 75.40,
32.06, 25.82, 23.98, 21.67.

The '"H NMR and '>C NMR spectra were consistent with the spectrum reported in the literature.[*>*]

Cyclohexyl phenyl ether (6.3¢)

SRe
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Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 40/1 (v/v) as an
eluent, to yield the title compound 6.3¢ (48 mg) in 90%.

'TH NMR (400 MHz, Chloroform-d): & 7.29 — 7.24 (m, 2H), 6.96 — 6.86 (m, 3H), 4.24 (tt, J=9.0,
3.8 Hz, 1H), 2.06 — 1.93 (m, 2H), 1.87 — 1.74 (m, 2H), 1.62 — 1.48 (m, 3H), 1.42 — 1.27 (m, 3H).
13C NMR (101 MHz, Chloroform-d): § 157.92, 129.55, 120.60, 116.22, 75.50, 32.02, 25.81, 23.97.
The '"H NMR and '*C NMR spectra were consistent with the spectrum reported in the literature.[>]

2-(cyclohexyloxy)-1,3-dimethoxybenzene (6.3d)

OMe

LD

Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 30/1 (v/v) as an
eluent, to yield the title compound 6.3d (57 mg) in 81%.

'TH NMR (400 MHz, Chloroform-d): 8 6.96 (t, J = 8.3 Hz, 1H), 6.64 — 6.49 (m, 2H), 4.04 — 3.92
(m, 1H), 3.84 (s, 3H), 3.82 (s, 3H), 2.02 — 1.93 (m, 2H), 1.84 — 1.76 (m, 2H), 1.62 — 1.51 (m, 3H),
1.29-1.19 (m, 3H).

I3C NMR (101 MHz, Chloroform-d): § 154.29, 136.43, 123.27, 105.54, 81.07, 56.26, 32.74, 25.85,
24.52.

Physical State: white solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for C14H203" 237.1485; Found 237.1487.

2,4-dichloro-1-(cyclohexyloxy)benzene (6.3¢)

Cl

0

S0
Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 30/1 (v/v) as an
eluent, to yield the title compound 6.3e (59 mg) in §1%.
'TH NMR (400 MHz, Chloroform-d): & 7.35 (d, J = 2.6 Hz, 1H), 7.14 (dd, J = 8.8, 2.6 Hz, 1H),
6.87 (d, J= 8.8 Hz, 1H), 4.25 (tt, J= 8.3, 3.6 Hz, 1H), 2.02 — 1.87 (m, 2H), 1.88 — 1.75 (m, 2H),
1.67 - 1.50 (m, 3H), 1.41 — 1.26 (m, 3H).
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13C NMR (101 MHz, Chloroform-d): & 152.47, 130.23, 127.52, 125.82, 125.37, 117.06, 77.63,
31.65, 25.68, 23.56.

Physical State: white solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Caled for C12H;sCL,O" 245.0494; Found 245.0499.

1-bromo-2-(cyclohexyloxy)benzene (6.3f)

Br
o0
Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 30/1 (v/v) as an
eluent, to yield the title compound 6.3f (56 mg) in 73%.
'TH NMR (400 MHz, Chloroform-d): 8 7.53 (dd, J= 7.9, 1.7 Hz, 1H), 7.22 (td, J = 7.8, 1.7 Hz,
1H), 6.92 (dd, J= 8.3, 1.4 Hz, 1H), 6.80 (td, J = 7.6, 1.5 Hz, 1H), 4.32 (tt, J = 8.1, 3.6 Hz, 1H),
2.00 — 1.88 (m, 2H), 1.89 — 1.80 (m, 2H), 1.73 — 1.60 (m, 2H), 1.58 — 1.49 (m, 1H), 1.42 — 1.32
(m, 3H).
13C NMR (101 MHz, Chloroform-d): § 154.51, 133.63, 128.31, 121.96, 116.02, 114.01, 77.01,
31.69, 25.78, 23.53.
Physical State: colorless oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M]" Calcd for C12HisBrO" 254.0301; Found 254.2479.

1-(cyclohexyloxy)-2-iodobenzene (6.3g)

|
8¢
Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 30/1 (v/v) as an
eluent, to yield the title compound 6.3g (59 mg) in 65%.
TH NMR (400 MHz, Chloroform-d): 8 7.77 (dd, J= 7.8, 1.7 Hz, 1H), 7.26 (td,J=8.1, 7.5, 1.7 Hz,
1H), 6.83 (dd, J= 8.3, 1.4 Hz, 1H), 6.68 (td, J = 7.6, 1.4 Hz, 1H), 4.36 (tt, J = 7.8, 3.2 Hz, 1H),
1.94 - 1.81 (m, 4H), 1.76 — 1.64 (m, 2H), 1.57 - 1.50 (m, 1H), 1.47 — 1.35 (m, 3H).
13C NMR (101 MHz, Chloroform-d): & 156.65, 139.70, 129.31, 122.48, 114.39, 88.65, 76.65,
31.56, 25.80, 23.36.
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Physical State: colorless oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M]" Calcd for C12H;sI0" 302.0162; Found 302.0165.

1-bromo-4-(cyclohexyloxy)benzene (6.3h)

A0

Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 30/1 (v/v) as an
eluent, to yield the title compound 6.3h (57 mg) in 75%.

'TH NMR (400 MHz, Chloroform-d): 8 7.41 —7.29 (m, 2H), 7.15 — 6.86 (m, 2H), 2.57 (tt,J=11.2,
3.6 Hz, 1H), 2.12 — 1.96 (m, 2H), 1.90 — 1.76 (m, 2H), 1.77 — 1.66 (m, 1H), 1.64 — 1.55 (m, 2H),
1.45—-1.25 (m, 3H).

I3C NMR (101 MHz, Chloroform-d): § 157.03, 132.36, 118.01, 112.64, 75.89, 31.80, 25.71, 23.83.
Physical State: pale brown oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M]" Calcd for C12H;sBrO™ 254.0301; Found 254.0304.

1-(cyclohexyloxy)-4-iodobenzene (6.3i)

o
JOR®
Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 30/1 (v/v) as an
eluent, to yield the title compound 6.3i (53 mg) in 59%.
H NMR (400 MHz, Chloroform-d): & 7.53 (dd, J = 8.9, 2.0 Hz, 2H), 6.68 (dd, J = 8.7, 2.0 Hz,
2H), 4.26 — 4.09 (m, 1H), 2.00 — 1.91 (m, 2H), 1.84 — 1.70 (m, 2H), 1.60 — 1.47 (m, 3H), 1.39 —
1.27 (m, 3H).
13C NMR (101 MHz, Chloroform-d): § 157.81, 138.33, 118.57, 82.46, 75.71,31.78, 25.71, 23.82.

Physical State: brown oil.
The '"H NMR and '*C NMR spectra were consistent with the spectrum reported in the literature.[*¢]

1-(4-(cyclohexyloxy)phenyl)ethan-1-one (6.3))
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Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 20/1 (v/v) as an
eluent, to yield the title compound 6.3j (33 mg) in 51%.

TH NMR (400 MHz, Chloroform-d): § 7.98 — 7.83 (m, 2H), 6.95 — 6.81 (m, 2H), 4.35 (tt, J = 9.0,
4.2 Hz, 1H), 2.54 (s, 3H), 2.04 — 1.91 (m, 2H), 1.85 — 1.77 (m, 2H), 1.62 — 1.48 (m, 3H), 1.46 —
1.31 (m, 3H).

13C NMR (101 MHz, Chloroform-d): & 196.86, 162.08, 130.73, 130.03, 115.30, 75.58, 31.74,
26.44,25.64,23.77.

Physical State: white solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Caled for C14H;90," 219.1380; Found 219.1382.

2-(4-(cyclohexyloxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (6.3k)

JOTO
>§ra

Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 30/1 (v/v) as an
eluent, to yield the title compound 6.3k (59 mg) in 65%.

'TH NMR (400 MHz, Chloroform-d):  7.83 — 7.60 (m, 2H), 6.97 — 6.73 (m, 2H), 4.31 (tt, J = 8.8,
3.8 Hz, 1H), 2.09 — 1.88 (m, 2H), 1.84 — 1.70 (m, 2H), 1.61 — 1.48 (m, 3H), 1.45 - 1.23 (m, 15H).
13C NMR (101 MHz, Chloroform-d): 8 160.62, 136.63, 115.30, 83.63, 75.09, 31.87, 25.77, 25.01,
23.86.

Physical State: colorless oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Caled for C1sH2sBO3" 303.2126; Found 303.2125.
4-(cyclohexyloxy)benzonitrile (6.31)

S0

Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 30/1 (v/v) as an
eluent, to yield the title compound 6.31 (30 mg) in 49%.
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'TH NMR (400 MHz, Chloroform-d): & 7.63 — 7.43 (m, 2H), 7.03 — 6.81 (m, 2H), 4.32 (tt, J = 8.5,
3.7 Hz, 1H), 2.01 — 1.91 (m, 2H), 1.80 (m, 2H), 1.59 — 1.52 (m, 3H), 1.41 — 1.30 (m, 3H).

13C NMR (101 MHz, Chloroform-d): & 161.44, 134.11, 119.54, 116.30, 103.45, 75.85, 31.62,
25.57,23.71.

Physical State: pale yellow oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for C13HisNO" 202.1226; Found 202.1228.

1-(cyclohexyloxy)-4-(trifluoromethoxy)benzene (6.3m)

NeRe

Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 30/1 (v/v) as an
eluent, to yield the title compound 6.3m (42 mg) in 54%.

'TH NMR (400 MHz, Chloroform-d): 8 7.11 (d, J = 8.4 Hz, 2H), 6.98 — 6.73 (m, 2H), 4.20 (tt, J =
8.3, 3.9 Hz, 1H), 2.04 — 1.91 (m, 2H), 1.87 — 1.72 (m, 2H), 1.62 — 1.46 (m, 3H), 1.39 — 1.32 (m,
2H), 0.93 — 0.74 (m, 1H).

13C NMR (101 MHz, Chloroform-d): § 156.47, 142.62, 122.50, 120.74 (q, J = 255.8 Hz), 116.86,
76.13, 31.85, 25.72, 23.85.

'F NMR (376 MHz, Chloroform-d): & -58.38.

Physical State: colorless oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for Ci13Hi6F302" 261.1097; Found 261.1095.

2-(cyclohexyloxy)naphthalene (6.3n)

SORS

Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 30/1 (v/v) as an
eluent, to yield the title compound 6.3n (58 mg) in 86%.

'TH NMR (400 MHz, Chloroform-d): & 7.93 — 7.71 (m, 3H), 7.52 (td, J = 7.4, 6.7, 1.3 Hz, 1H),
7.41 (td,J=17.5,6.8, 1.3 Hz, 1H), 7.30 — 7.19 (m, 4H), 4.51 (tt, /= 8.6, 3.8 Hz, 1H), 2.23 — 2.10
(m, 2H), 2.03 — 1.87 (m, 2H), 1.76 — 1.61 (m, 3H), 1.60 — 1.38 (m, 3H).
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13C NMR (101 MHz, Chloroform-d): & 155.75, 134.76, 129.50, 128.99, 127.73, 126.77, 126.34,
123.57,119.97, 108.80, 75.53, 31.91, 25.84, 23.97.

Physical State: yellow oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M]" Calcd for C16HisO" 226.1352; Found 226.1357.

1-cyclobutoxy-2-methoxybenzene (6.4a)

OMe
0

oo
Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 40/1 (v/v) as an
eluent, to yield the title compound 6.4a (42 mg) in 78%.

'"H NMR (400 MHz, Chloroform-d): 8 6.98 — 6.79 (m, 3H), 6.79 — 6.65 (m, 1H), 4.66 (p, J=7.3
Hz, 1H), 3.87 (s, 3H), 2.54 — 2.39 (m, 2H), 2.37 — 2.18 (m, 2H), 1.91 — 1.78 (m, 1H), 1.77 — 1.59
(m, 1H).

13C NMR (101 MHz, Chloroform-d): & 149.31, 147.17, 120.93, 120.87, 113.50, 111.72, 72.21,
55.99, 30.95, 13.31.

Physical State: pale yellow oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M]" Calcd for C11H;402" 178.0988; Found 178.0991.

1-(cyclopentyloxy)-2-methoxybenzene (6.4b)

OMe
SR
Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 40/1 (v/v) as an
eluent, to yield the title compound 6.4b (29 mg) in 50%.
'TH NMR (400 MHz, Chloroform-d): 8 6.91 (s, 4H), 4.86 — 4.73 (m, 1H), 3.87 (s, 3H), 1.99 — 1.79
(m, 6H), 1.66 — 1.58 (m, 2H).
13C NMR (101 MHz, Chloroform-d): § 150.23, 147.92, 120.94, 120.92, 115.29, 112.31, 80.54,
56.18, 33.00, 24.23.

Physical State: pale yellow oil.
HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Caled for Ci2H;70," 193.1223; Found 193.1227.
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(2-methoxyphenoxy)cyclododecane (6.4¢)

50

Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 40/1 (v/v) as an
eluent, to yield the title compound 6.4¢ (68 mg) in 78%.

ITH NMR (400 MHz, Chloroform-d): § 6.99 — 6.81 (m, 4H), 4.42 (tt, J= 7.4, 4.3 Hz, 1H), 3.84 (s,
3H), 1.88 — 1.74 (m, 2H), 1.75 — 1.60 (m, 2H), 1.50 — 1.28 (m, 18H).

13C NMR (101 MHz, Chloroform-d): & 150.73, 147.99, 121.22, 120.98, 116.25, 112.59, 76.95,
56.19, 29.13, 24.58, 24.20, 23.45, 23.39, 21.11.

Physical State: colorless oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Caled for Ci9H3;02" 291.2319; Found 291.2324.

4-(2-methoxyphenoxy)tetrahydro-2 H-pyran (6.4d)

OMe

o}

sge
Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 20/1 (v/v) as an
eluent, to yield the title compound 6.4d (43 mg) in 69%.
'TH NMR (400 MHz, Chloroform-d): 8 7.06 — 6.79 (m, 4H), 4.41 (tt, /= 8.3, 4.0 Hz, 1H), 4.02 (dt,
J=11.8,4.6 Hz, 2H), 3.86 (s, 3H), 3.53 (ddd, J=11.8, 9.0, 3.0 Hz, 2H), 2.10 — 1.90 (m, 2H), 1.92
—1.76 (m, 2H).
13C NMR (101 MHz, Chloroform-d): & 151.21, 146.61, 122.47, 120.93, 117.98, 112.60, 74.04,
65.59, 56.08, 32.32.
Physical State: yellow oil.
HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Caled for C12Hi705" 209.1172; Found 209.1172.

1-methoxy-2-(1-phenylethoxy)benzene (6.4¢)

OMe
0

(oY

Ph
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Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 20/1 (v/v) as an
eluent, to yield the title compound 6.4e (54 mg) in 79%.

TH NMR (400 MHz, Chloroform-d): 4 7.41 (d, J = 6.9 Hz, 2H), 7.37 — 7.30 (m, 2H), 7.27 — 7.23
(m, 1H), 6.88 (dd, J=4.4, 3.0 Hz, 2H), 6.75 (dd, J = 4.1, 2.0 Hz, 2H), 5.32 (q, J = 6.5 Hz, 1H),
3.90 (s, 3H), 1.70 (d, J = 6.4 Hz, 3H).

13C NMR (101 MHz, Chloroform-d): § 150.29, 147.61, 143.37, 128.62, 127.52, 125.82, 121.53,
120.82, 116.51, 112.27, 77.43, 56.16, 24.43.

Physical State: colorless oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + Na]" Caled for CisH;¢NaO," 251.1043; Found
251.1045

1-(heptan-3-yloxy)-2-methoxybenzene (6.4f)

OMe
o _Et

T

Bu

Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 30/1 (v/v) as an
eluent, to yield the title compound 6.4f (43 mg) in 65%.

'TH NMR (400 MHz, Chloroform-d): 8 6.89 (m, 4H), 4.14 (p, J= 5.9 Hz, 1H), 3.85 (s, 3H), 1.75
—1.57 (m, 4H), 1.43 — 1.27 (m, 4H), 0.97 (t, /= 7.4 Hz, 3H), 0.90 (t, J = 6.8 Hz, 3H).

13C NMR (101 MHz, Chloroform-d): & 150.73, 148.46, 121.17, 120.94, 116.25, 112.51, 81.13,
56.15, 33.44, 27.83, 26.86, 22.97, 14.23, 9.85.

Physical State: colorless oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for C14H230," 223.1693; Found 223.1692.

1-methoxy-2-((1-phenylpropan-2-yl)oxy)benzene (6.4g)

OMe

fj"t@
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Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 30/1 (v/v) as an
eluent, to yield the title compound 6.4g (33 mg) in 46%.

'TH NMR (400 MHz, Chloroform-d): § 7.32 — 7.20 (m, 5H), 7.04 — 6.74 (m, 4H), 4.62 — 4.45 (m,
1H), 3.85 (s, 3H), 3.21 (dd, J = 13.5, 5.5 Hz, 1H), 2.83 (dd, J = 13.6, 7.4 Hz, 1H), 1.32 (dd, J =
6.1, 1.3 Hz, 3H).

13C NMR (101 MHz, Chloroform-d): § 150.84, 147.53, 138.58, 129.68, 128.45, 126.42, 121.77,
120.99, 116.72, 112.55, 56.14, 42.96, 19.62.

Physical State: colorless oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M]" Calcd for Ci16HisO2" 242.1301; Found 242.1306.

1-methoxy-2-(1-phenylcyclopropoxy)benzene (6.5a)

vaed

Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 20/1 (v/v) as an
eluent, to yield the title compound 6.5a (61 mg) in 85%.

'"H NMR (400 MHz, Chloroform-d): 8§ 7.39 — 7.18 (m, 5H), 6.97 — 6.82 (m, 3H), 6.78 — 6.68 (m,
1H), 3.91 (s, 3H), 1.57 — 1.47 (m, 2H), 1.41 — 1.30 (m, 2H).

13C NMR (101 MHz, Chloroform-d) & 149.25, 146.70, 141.41, 128.52, 126.36, 124.19, 121.04,
120.54, 116.07, 111.80, 60.96, 56.09, 18.33.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + Na]" Calcd for CisHisNaO>" 263.1043; Found 263.1041.

2-(1-phenylcyclopropoxy)-1,1'-biphenyl (6.5b)

L
©X

Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 20/1 (v/v) as an
eluent, to yield the title compound 6.5b (59 mg) in 69%.
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'TH NMR (400 MHz, Chloroform-d): § 7.62 — 7.55 (m, 2H), 7.44 (t, J = 7.5 Hz, 2H), 7.37 — 7.28
(m, 4H), 7.23 — 7.18 (m, 3H), 7.16 — 7.11 (m, 1H), 6.99 (t, /= 7.1 Hz, 2H), 1.45 — 1.37 (m, 2H),
1.34 — 1.28 (m, 2H).

13C NMR (101 MHz, Chloroform-d) 8 154.21, 141.73, 138.78, 131.02, 130.96, 129.71, 128.57,
128.15, 128.05, 126.93, 126.36, 124.17, 121.05, 115.93, 60.85, 18.40.

Physical State: colorless oil.

HRMS (APCI/QTOF) m/z: [M + H]" Calcd for C21H190" 287.1430; Found 287.1431.

2,4-dichloro-1-(1-phenylcyclopropoxy)benzene (6.5¢)

s

Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 20/1 (v/v) as an
eluent, to yield the title compound 6.5¢ (54 mg) in 65%.

TH NMR (400 MHz, Chloroform-d): § 7.35 (d, J = 2.5 Hz, 1H), 7.33 — 7.27 (m, 2H), 7.25 — 7.15
(m, 3H), 6.99 (dd, J=8.9, 2.5 Hz, 1H), 6.86 (d, J = 8.9 Hz, 1H), 1.51 — 1.44 (m, 2H), 1.40 — 1.32
(m, 2H).

13C NMR (101 MHz, Chloroform-d): § 151.99, 140.27, 130.01, 128.77, 127.27, 126.88, 125.99,
124.20, 123.58, 117.28, 62.04, 17.76.

Physical State: colorless oil.

HRMS (APCI/QTOF) m/z: [M + H]" Calcd for CisHi3C1,O™ 279.0338; Found 279.0330.

1-(1-(4-chlorophenyl)cyclopropoxy)-2-methoxybenzene (6.5d)

Foaat

Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 20/1 (v/v) as an
eluent, to yield the title compound 6.5d (62 mg) in 75%.

TH NMR (400 MHz, Chloroform-d): § 7.31 — 7.22 (m, 2H), 7.21 — 7.10 (m, 2H), 7.01 — 6.81 (m,
3H), 6.76 (ddd, J=8.1, 6.1, 2.8 Hz, 1H), 3.93 (s, 3H), 1.60 — 1.48 (m, 2H), 1.41 — 1.29 (m, 2H).
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13C NMR (101 MHz, Chloroform-d): & 149.25, 146.37, 140.10, 132.18, 128.68, 125.69, 121.32,
120.51, 115.91, 111.83, 60.62, 56.04, 18.36.

Physical State: white solid.

HRMS (APCI/QTOF) m/z: [M + H]" Calcd for C16H16C102" 275.0833; Found 275.0829.

1-methoxy-2-(1-(p-tolyl)cyclopropoxy)benzene (6.5¢)

Joge

Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 20/1 (v/v) as an
eluent, to yield the title compound 6.5e (62 mg) in 82%.

'TH NMR (400 MHz, Chloroform-d): § 7.14 — 7.07 (m, 4H), 6.93 — 6.83 (m, 3H), 6.73 (ddd, J =
8.0,7.1,2.1 Hz, 1H), 3.91 (s, 3H), 2.30 (s, 3H), 1.53 — 1.45 (m, 2H), 1.35 - 1.29 (m, 2H).

13C NMR (101 MHz, Chloroform-d): § 149.24, 146.78, 138.32, 135.97, 129.24, 124.24, 120.96,
120.54, 116.08, 111.77, 60.95, 56.08, 21.09, 18.01.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + Na]" Calcd for Ci7HisNaO>" 277.1199; Found 277.1200.

1-methoxy-2-(1-(4-methoxyphenyl)cyclopropoxy)benzene (6.5f)

@X o ;
MeQO OMe

Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 20/1 (v/v) as an
eluent, to yield the title compound 6.5f (64 mg) in 79%.

'TH NMR (400 MHz, Chloroform-d): § 7.22 — 7.10 (m, 2H), 6.95 — 6.80 (m, 5H), 6.73 (ddd, J =
8.0, 6.8, 2.3 Hz, 1H), 3.90 (s, 3H), 3.76 (s, 3H), 1.50 — 1.41 (m, 2H), 1.30 — 1.25 (m, 2H).

13C NMR (101 MHz, Chloroform-d): § 158.33, 149.30, 146.75, 133.18, 125.81, 120.99, 120.52,
116.15, 113.97, 111.77, 60.92, 56.07, 55.36, 17.41.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + Na]" Calcd for Ci7H1sNaOs" 293.1148; Found 293.1153
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2-(hexyloxy)-1,3-dimethoxybenzene (6.62)

MeO
O~

OMe
Following the General Procedure C with the corresponding phenol (0.3 mmol) and NHPI ester (2
equiv.). The crude product was purified by preparative TLC, using hexanes/EA = 30/1 (v/v) as an
eluent, to yield the title compound 6.6a (53 mg) in 74%.
'TH NMR (400 MHz, Chloroform-d): & 6.97 (t, J= 8.4 Hz, 1H), 6.57 (d, J = 8.4 Hz, 2H), 3.96 (t, J
= 6.9 Hz, 2H), 3.84 (s, 6H), 1.76 (p, J = 7.0 Hz, 2H), 1.48 — 1.40 (m, 2H), 1.36 — 1.26 (m, 5H),
0.91 - 0.84 (m, 3H).
I3C NMR (101 MHz, Chloroform-d): § 153.93, 137.72, 123.46, 105.55, 73.64, 56.26,31.83, 30.22,
25.70, 22.82, 14.23.
Physical State: pale yellow oil.
HRMS (ESI/QTOF) m/z: [M + Na]" Calcd for Ci14H22NaOs" 261.1461; Found 261.1463.

butoxybenzene (6.6b)

©/0\/\/

Following the General Procedure C with the corresponding phenol (0.3 mmol) and NHPI ester (2
equiv.). The crude product was purified by preparative TLC, using hexanes/EA = 40/1 (v/v) as an
eluent, to yield the title compound 6.6b (25 mg) in 56%.

'TH NMR (400 MHz, Chloroform-d): & 7.29 (t, J = 7.8 Hz, 2H), 7.08 — 6.84 (m, 3H), 3.98 (t,J =
6.5 Hz, 2H), 1.85 - 1.71 (m, 2H), 1.51 (h, J= 7.4 Hz, 2H), 0.99 (t, /= 7.4 Hz, 3H).

I3C NMR (101 MHz, Chloroform-d): § 159.29, 129.53, 120.58, 114.64, 67.70, 31.52, 19.42, 14.01.
Physical State: colorless oil.

The '"H NMR and '>C NMR spectra were consistent with the spectrum reported in the literature.[*’]

2-isobutoxy-1,3-dimethoxybenzene (6.6¢)

MeO
@ox
OMe
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Following the General Procedure C with the corresponding phenol (0.3 mmol) and NHPI ester (2
equiv.). The crude product was purified by preparative TLC, using hexanes/EA = 30/1 (v/v) as an
eluent, to yield the title compound 6.6¢ (44 mg) in 70%.

TH NMR (400 MHz, Chloroform-d): & 6.96 (t, J = 8.4 Hz, 1H), 6.57 (d, J = 8.4 Hz, 2H), 3.84 (s,
6H), 3.73 (d, J= 6.7 Hz, 2H), 2.07 (dp, /= 13.4, 6.7 Hz, 1H), 1.02 (d, /= 6.7 Hz, 6H).

13C NMR (101 MHz, Chloroform-d): § 153.87, 138.16, 123.36, 105.78, 80.27, 56.34, 29.20, 19.45.
Physical State: pale yellow oil.

HRMS (ESI/QTOF) m/z: [M + Na]" Calcd for Ci2HisNaOs" 233.1148; Found 233.1149.

1,3-dimethoxy-2-(neopentyloxy)benzene (6.6d)

MEOD: ] J<
OMe

Following the General Procedure C with the corresponding phenol (0.3 mmol) and NHPI ester (2

equiv.). The crude product was purified by preparative TLC, using hexanes/EA = 30/1 (v/v) as an

eluent, to yield the title compound 6.6d (33 mg) in 49%.

'TH NMR (400 MHz, Chloroform-d): 8 6.95 (t, /= 8.3 Hz, 1H), 6.57 (d, J = 8.4 Hz, 2H), 3.83 (s,

6H), 3.62 (s, 2H), 1.06 (s, 9H).

I3C NMR (101 MHz, Chloroform-d): § 153.90, 138.79, 123.25, 106.16, 83.59, 56.49, 32.59, 26.71.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + Na]" Calcd for C13H20NaO3" 247.1305; Found 247.1304.

1-methoxy-2-(4-phenylbutoxy)benzene (6.6¢)

MeO
O

Following the General Procedure C with the corresponding phenol (0.3 mmol) and NHPI ester (2
equiv.). The crude product was purified by preparative TLC, using hexanes/EA = 30/1 (v/v) as an
eluent, to yield the title compound 6.6e (61 mg) in 79%.

'TH NMR (400 MHz, Chloroform-d): & 7.33 —7.27 (m, 2H), 7.24 — 7.17 (m, 3H), 6.90 (td, /= 5.9,
3.1 Hz, 4H), 4.05 (t, J = 6.5 Hz, 2H), 3.87 (s, 3H), 2.71 (t,J=7.4 Hz, 2H), 1.98 — 1.75 (m, 4H).
13C NMR (101 MHz, Chloroform-d): § 149.63, 148.69, 142.35, 128.56, 128.41, 125.87, 121.05,
120.95, 113.36, 112.00, 68.95, 56.06, 35.72, 28.94, 27.92.
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Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + Na]" Calcd for C17H20NaO>" 279.1356; Found 279.1352.

1,3-dimethoxy-2-(4-phenylbutoxy)benzene (6.6f)

MeO
O\/\/\Ph

OMe
Following the General Procedure C with the corresponding phenol (0.3 mmol) and NHPI ester (2
equiv.). The crude product was purified by preparative TLC, using hexanes/EA = 30/1 (v/v) as an
eluent, to yield the title compound 6.6f (75 mg) in 87%.

'TH NMR (400 MHz, Chloroform-d): 8 7.31 — 7.26 (m, 2H), 7.22 — 7.16 (m, 3H), 6.98 (t, J = 8.4
Hz, 1H), 6.58 (d, J = 8.4 Hz, 2H), 4.04 — 3.96 (m, 2H), 3.83 (s, 6H), 2.72 — 2.65 (m, 2H), 1.86 —
1.78 (m, 4H).

13C NMR (101 MHz, Chloroform-d): § 153.92, 142.80, 137.61, 128.60, 128.36, 125.75, 123.55,
105.51, 73.22, 56.24, 35.80, 29.91, 27.90.

Physical State: colorless oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for CisH2303" 287.1642; Found 287.1643.

(benzyloxy)benzene (6.6g)
o~ :

Following the General Procedure C with the corresponding phenol (0.3 mmol) and NHPI ester (2
equiv.). The crude product was purified by preparative TLC, using hexanes/EA = 30/1 (v/v) as an
eluent, to yield the title compound 6.6g (33 mg) in 60%.

TH NMR (400 MHz, Chloroform-d): § 7.50 — 7.37 (m, 4H), 7.37 — 7.27 (m, 3H), 7.04 — 6.93 (m,
3H), 5.08 (s, 2H).

13C NMR (101 MHz, Chloroform-d): § 158.93, 137.23, 129.62, 128.71, 128.07, 127.61, 121.08,
115.00, 70.06.

Physical State: colorless solid.

The '"H NMR and '*C NMR spectra were consistent with the spectrum reported in the literature.[*8]
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2-(benzyloxy)-1,1'-biphenyl (6.6h)

(J

O OQ
Following the General Procedure C with the corresponding phenol (0.3 mmol) and NHPI ester (2
equiv.). The crude product was purified by preparative TLC, using hexanes/EA = 30/1 (v/v) as an
eluent, to yield the title compound 6.6h (56 mg) in 72%.

'TH NMR (400 MHz, Chloroform-d): & 7.72 — 7.54 (m, 2H), 7.51 — 7.27 (m, 10H), 7.14 — 7.00 (m,
2H), 5.12 (s, 2H).

13C NMR (101 MHz, Chloroform-d): § 155.72, 138.65, 137.38, 131.54, 131.13, 129.78, 128.69,
128.53, 128.03, 127.69, 127.02, 126.95, 121.48, 113.55, 70.58.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + H]" Calcd for C19H;70" 261.1274; Found 261.1278.

1-methoxy-2-((4-methoxybenzyl)oxy)benzene (6.6i)

OMe OMe
oy

Following the General Procedure C with the corresponding phenol (0.3 mmol) and NHPI ester (2
equiv.). The crude product was purified by preparative TLC, using hexanes/EA = 20/1 (v/v) as an
eluent, to yield the title compound 6.6i (53 mg) in 72%.

'TH NMR (400 MHz, Chloroform-d): & 7.37 (d, J = 8.3 Hz, 2H), 6.96 — 6.84 (m, 6H), 5.08 (s, 2H),
3.88 (s, 3H), 3.81 (s, 3H).

13C NMR (101 MHz, Chloroform-d): § 159.45, 149.93, 148.37, 129.44, 129.13, 121.52, 120.90,
114.53, 114.05, 112.07, 77.36, 70.97, 56.07, 55.40.

Physical State: white solid.

HRMS (APCI/QTOF) m/z: [M + Na]" Calcd for CisHisNaO3" 267.0992; Found 267.0987.

1-((4-chlorobenzyl)oxy)-2-methoxybenzene (6.6))
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Following the General Procedure C with the corresponding phenol (0.3 mmol) and NHPI ester (2
equiv.). The crude product was purified by preparative TLC, using hexanes/EA = 20/1 (v/v) as an
eluent, to yield the title compound 6.6j (51 mg) in 68%.

TH NMR (400 MHz, Chloroform-d):  7.43 —7.30 (m, 4H), 7.00 — 6.82 (m, 4H), 5.12 (s, 2H), 3.89
(s, 3H).

13C NMR (101 MHz, Chloroform-d): & 149.87, 147.99, 135.87, 133.64, 128.77, 128.72, 121.85,
120.87, 114.47, 112.08, 70.40, 55.99.

Physical State: yellow oil.

HRMS (ESI/QTOF) m/z: [M + Na]" Calcd for C14H13CINaO>" 271.0496; Found 271.0497.

2-((10-bromodecyl)oxy)-1,3-dimethoxybenzene (6.6k)

MeO
O S Br

OMe
Following the General Procedure C with the corresponding phenol (0.3 mmol) and NHPI ester (2
equiv.). The crude product was purified by preparative TLC, using hexanes/EA = 30/1 (v/v) as an
eluent, to yield the title compound 6.6k (95 mg) in 85%.
'TH NMR (400 MHz, Chloroform-d): & 6.97 (t, J= 8.4 Hz, 1H), 6.57 (d, J = 8.3 Hz, 2H), 3.96 (t, J
= 6.8 Hz, 2H), 3.84 (s, 6H), 3.40 (t, J = 6.9 Hz, 2H), 1.85 (p, /= 7.0 Hz, 2H), 1.75 (p, J= 7.0 Hz,
2H), 1.49 — 1.27 (m, 12H).
I3C NMR (101 MHz, Chloroform-d): § 153.90, 137.67, 123.46, 105.52, 73.58, 56.25,34.17,32.97,
30.22, 29.63, 29.52, 28.90, 28.31, 25.98.
Physical State: pale yellow oil.
HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for CisH20BrNaOs" 395.1192; Found 395.1196.

2-((3,3.,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl)oxy)-1,3-dimethoxybenzene
(6.61)

OMe RFRFRF F

o F

F

FFFFF FFF
OMe

Following the General Procedure C with the corresponding phenol (0.3 mmol) and NHPI ester (2
equiv.). The crude product was purified by preparative TLC, using hexanes/EA = 20/1 (v/v) as an
eluent, to yield the title compound 6.6l (119 mg) in 66%.
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'"H NMR (400 MHz, Chloroform-d): 8 7.15 (t, J = 8.4 Hz, 1H), 6.62 (d, J = 8.5 Hz, 2H), 3.82 (s,
6H), 3.02 — 2.84 (m, 2H), 2.61 (tt, J=18.1, 8.0 Hz, 2H).

13C NMR (101 MHz, Chloroform-d): & 169.23, 152.36, 128.62, 126.68, 104.97, 56.23, 26.90 (t, J
=22.2 Hz), 25.35 (t, /= 4.1 Hz).

YF NMR (376 MHz, Chloroform-d): & -80.81 (t, /= 10.0 Hz), -114.66 (t, J= 14.1 Hz), -121.68,
-121.91,-122.72, -123.45, -126.12.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + H]" Calcd for CisHi4F1703" 601.0666; Found 601.0661.

2-(cyclopentylmethoxy)-1,3-dimethoxybenzene (6.6m)

Jre 0

OMe
Following the General Procedure C with the corresponding phenol (0.3 mmol) and NHPI ester (2
equiv.). The crude product was purified by preparative TLC, using hexanes/EA = 20/1 (v/v) as an
eluent, to yield the title compound 6.6m (28 mg) in 40%.
'TH NMR (400 MHz, Chloroform-d): 8 6.96 (t, J = 8.3 Hz, 1H), 6.57 (d, J = 8.3 Hz, 2H), 3.88 —
3.78 (m, 8H), 2.37 (hept, J= 7.6 Hz, 1H), 1.87 — 1.77 (m, 2H), 1.63 — 1.54 (m, 4H), 1.45 - 1.35
(m, 2H).
I3C NMR (101 MHz, Chloroform-d): § 153.92, 137.99, 123.41, 105.71, 77.92, 56.33, 39.99, 29.57,
25.68.
Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + Na]" Calcd for Ci14H20NaOs" 259.1305; Found 259.1307.

2-(heptadecyloxy)-1,3-dimethoxybenzene (6.7a)

OMe
e N N N N NG Y

MeO
Following the General Procedure C with the corresponding phenol (0.3 mmol) and NHPI ester (2
equiv.). The crude product was purified by preparative TLC, using hexanes/EA = 20/1 (v/v) as an
eluent, to yield the title compound 6.7a (91 mg) in 77%.
'TH NMR (400 MHz, Chloroform-d): 8 6.97 (t, J= 8.4 Hz, 1H), 6.57 (d, J = 8.4 Hz, 2H), 3.96 (t, J
=6.9 Hz, 2H), 3.84 (s, 6H), 1.76 (p, /= 7.0 Hz, 2H), 1.26 (m, 30H), 0.87 (d, J= 7.0 Hz, 3H).
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I3C NMR (101 MHz, Chloroform-d): § 153.92, 137.70, 123.45, 105.53, 73.63, 56.24,32.07, 30.25,
29.84, 29.80, 29.61, 29.51, 26.02, 22.83, 14.25.

Physical State: white solid.

HRMS (ESI/QTOF) m/z: [M + Na]" Calcd for C2sH44sNaOs" 415.3183; Found 415.3180.

(E)-2-(heptadec-8-en-1-yloxy)-1,3-dimethoxybenzene (6.7b)

OMe
/\/\/\/\/\/\/\/\/O

MeO
Following the General Procedure C with the corresponding phenol (0.3 mmol) and NHPI ester (2
equiv.). The crude product was purified by preparative TLC, using hexanes/EA = 20/1 (v/v) as an
eluent, to yield the title compound 6.7b (88 mg) in 75%.
'TH NMR (400 MHz, Chloroform-d):  6.97 (t, J= 8.4 Hz, 1H), 6.57 (d, J= 8.4 Hz, 2H), 5.39 (td,
J=3., 1.9 Hz, 2H), 3.96 (t, J = 6.8 Hz, 2H), 3.84 (s, 6H), 1.96 (dt, J = 8.0, 4.2 Hz, 4H), 1.75 (p,
J=17.0 Hz, 2H), 1.51 — 1.22 (m, 20H), 0.88 (t, /= 6.5 Hz, 3H).
13C NMR (101 MHz, Chloroform-d): & 153.93, 137.71, 130.53, 130.45, 123.46, 105.54, 73.61,
56.26, 32.76, 32.05, 30.25, 29.81, 29.78, 29.64, 29.47, 29.34, 29.30, 25.99, 22.83, 14.26.
Physical State: pale yellow oil.
HRMS (ESI/QTOF) m/z: [M + Na]" Calcd for C25sH4:NaO3" 413.3026; Found 413.30238.

(Z)-2-(heptadec-8-en-1-yloxy)-1,3-dimethoxybenzene (6.7¢)

OMe
W\/\/\/O

MeO
Following the General Procedure C with the corresponding phenol (0.3 mmol) and NHPI ester (2
equiv.). The crude product was purified by preparative TLC, using hexanes/EA = 20/1 (v/v) as an
eluent, to yield the title compound 6.7¢ (82 mg) in 70%.
'TH NMR (400 MHz, Chloroform-d): 8 6.97 (t, J = 8.4 Hz, 1H), 6.57 (d, J = 8.4 Hz, 2H), 5.42 —
5.27 (m, 2H), 3.96 (t, J= 6.9 Hz, 2H), 3.84 (s, 6H), 2.06 — 1.94 (m, 4H), 1.76 (p, /= 7.0 Hz, 2H),
1.48 — 1.19 (m, 20H), 0.88 (t, J = 6.5 Hz, 3H).
13C NMR (101 MHz, Chloroform-d): & 153.92, 137.70, 130.07, 129.98, 123.46, 105.53, 73.60,
56.25,32.05, 30.23, 29.92, 29.90, 29.85, 29.67, 29.50, 29.47, 29.45, 27.37, 25.99, 22.82, 14.25.

Physical State: colorless oil.
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HRMS (ESI/QTOF) m/z: [M + Na]" Calcd for C2sH42NaO3" 413.3026; Found 413.3028.

2-(((8Z,11Z)-heptadeca-8,11-dien-1-yl)oxy)-1,3-dimethoxybenzene (6.7d)

OMe
P Ve N Y NN

MeO
Following the General Procedure C with the corresponding phenol (0.3 mmol) and NHPI ester (2
equiv.). The crude product was purified by preparative TLC, using hexanes/EA = 20/1 (v/v) as an
eluent, to yield the title compound 6.7d (83 mg) in 71%.
'TH NMR (400 MHz, Chloroform-d):  6.97 (t, J= 8.4 Hz, 1H), 6.57 (d, J= 8.4 Hz, 2H), 5.35 (tq,
J=10.9, 6.8, 5.4 Hz, 4H), 3.96 (t, J = 6.8 Hz, 2H), 3.84 (s, 6H), 2.78 (t, J = 6.5 Hz, 2H), 2.09 —
2.00 (m, 4H), 1.76 (p, J=7.0 Hz, 2H), 1.51 — 1.24 (m, 13H), 0.89 (t, /= 6.7 Hz, 3H).
13C NMR (101 MHz, Chloroform-d): § 153.91, 137.69, 130.33, 130.27, 128.11, 128.07, 123.46,
105.53, 73.58, 56.24, 31.66, 30.23, 29.79, 29.49, 29.44, 27.39, 27.34, 25.98, 25.77, 22.71, 14.20.
Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + Na]" Calcd for C2sH4NaO3" 411.2870; Found 411.2879.

N,N-bis(2-chloroethyl)-4-(3-(2,6-dimethoxyphenoxy)propyl)aniline (6.7¢)

MeO

O
CI\/\N/©/\/\ OMe

Cl
Following the General Procedure C with the corresponding phenol (0.3 mmol) and NHPI ester (2
equiv.). The crude product was purified by preparative TLC, using hexanes/EA = 10/1 (v/v) as an
eluent, to yield the title compound 6.7e (60 mg) in 49%.
'TH NMR (400 MHz, Chloroform-d): 8 7.18 —7.07 (m, 2H), 6.98 (t, J = 8.4 Hz, 1H), 6.60 (dd, J =
18.0, 8.5 Hz, 4H), 4.01 (t, J = 6.4 Hz, 2H), 3.85 (s, 6H), 3.74 — 3.66 (m, 4H), 3.62 (m, 4H), 2.80 —
2.68 (m, 2H), 2.08 — 1.95 (m, 2H).
13C NMR (101 MHz, Chloroform-d): § 153.90, 144.27, 137.57, 131.74, 129.88, 123.57, 112.32,
105.54, 72.85, 56.26, 53.81, 40.71, 32.24, 31.24.
Physical State: light brown oil.
HRMS (ESI/QTOF) m/z: [M + Na]" Calcd for C21H27C1:NNaOs" 434.1260; Found 434.1264
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(4-chlorophenyl)(5-methoxy-3-((2-methoxyphenoxy)methyl)-2-methyl-7 H-indol-1-
y)methanone (6.7f)

Cl

O

N
KI/(
MeO
e
MeO

Following the General Procedure C with the corresponding phenol (0.3 mmol) and NHPI ester (2
equiv.). The crude product was purified by preparative TLC, using hexanes/EA = 10/1 (v/v) as an
eluent, to yield the title compound 6.7f (86 mg) in 66%.

'TH NMR (400 MHz, Chloroform-d): § 7.68 — 7.61 (m, 2H), 7.50 — 7.44 (m, 2H), 7.17 (d, J = 2.6
Hz, 1H), 7.05 — 6.96 (m, 2H), 6.96 — 6.88 (m, 2H), 6.83 (d, J=9.0 Hz, 1H), 6.67 (dd, J=9.0, 2.6
Hz, 1H), 5.22 (s, 2H), 3.87 (s, 3H), 3.83 (s, 3H), 2.42 (s, 3H).

13C NMR (101 MHz, Chloroform-d): § 168.56, 156.20, 150.66, 148.18, 139.52, 137.17, 133.90,
131.40, 131.12, 130.58, 129.26, 122.37, 120.96, 116.05, 115.39, 114.93, 112.27, 112.15, 101.85,
63.11, 56.03, 55.82, 13.41.

Physical State: bright yellow oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Caled for CasHx3CINO4™ 436.1310; Found
436.1300.

2-((2-methoxyphenoxy)methyl)dibenzo[b,e]oxepin-11(6H)-one (6.7g)

MeO

P

Qo

el

Following the General Procedure C with the corresponding phenol (0.3 mmol) and NHPI ester (2
equiv.). The crude product was purified by preparative TLC, using hexanes/EA = 10/1 (v/v) as an
eluent, to yield the title compound 6.7g (76 mg) in 73%.

'"H NMR (400 MHz, Chloroform-d): 8 8.29 (d, J = 2.3 Hz, 1H), 7.90 (dd, /= 7.7, 1.4 Hz, 1H),
7.63 (dd, J=8.5,2.4 Hz, 1H), 7.56 (td, /= 7.4, 1.4 Hz, 1H), 7.47 (td, J= 7.6, 1.3 Hz, 1H), 7.39 —
7.34 (m, 1H), 7.06 (d, J= 8.4 Hz, 1H), 6.96 — 6.84 (m, 4H), 5.19 (s, 2H), 5.14 (s, 2H), 3.89 (s, 3H).
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13C NMR (101 MHz, Chloroform-d): § 190.95, 161.16, 150.00, 148.15, 140.59, 135.67, 134.94,
132.90, 131.20, 129.61, 129.41, 127.94, 125.20, 121.86, 121.30, 120.94, 114.74, 112.12, 73.78,
70.60, 56.07.

Physical State: pale yellow oil.

HRMS (ESI/QTOF) m/z: [M + Na]" Calcd for C22HisNaO4" 369.1097; Found 369.1095.

2-(1-(2-methoxyphenoxy)ethyl)dibenzo[b,f]thiepin-10(11H)-one (6.7h)

OMe S O
0
(@]

Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 10/1 (v/v) as an
eluent, to yield the title compound 6.7h (78 mg) in 69%.

'TH NMR (400 MHz, Chloroform-d): & 8.22 (dd, J = 8.0, 1.6 Hz, 1H), 7.75 — 7.56 (m, 2H), 7.52
(d, /=19 Hz, 1H), 7.44 (td, J= 7.6, 1.7 Hz, 1H), 7.38 — 7.27 (m, 2H), 7.00 — 6.82 (m, 2H), 6.82
—6.61 (m, 2H), 5.33 (q, /= 6.5 Hz, 1H), 4.39 (s, 2H), 3.91 (s, 3H), 1.66 (d, /= 6.5 Hz, 3H).

13C NMR (101 MHz, Chloroform-d): § 191.49, 150.36, 147.23, 145.77, 140.37, 137.93, 136.30,
133.50, 132.61, 131.64, 131.58, 130.97, 126.94, 126.89, 124.67, 121.97, 120.82, 116.69, 112.28,
76.93, 56.09, 51.27, 24.28.

Physical State: pale yellow oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + Na]" Calcd for C23H20NaO3S"™ 399.1025; Found
399.1037.

(4-(1-(2-methoxyphenoxy)ethyl)phenyl)(phenyl)methanone (6.7i)

casVE.

Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 10/1 (v/v) as an
eluent, to yield the title compound 6.7i (75 mg) in 75%.
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'TH NMR (400 MHz, Chloroform-d): & 7.82 (s, 1H), 7.77 — 7.63 (m, 4H), 7.62 — 7.54 (m, 1H), 7.45
(td, J=7.6, 3.6 Hz, 3H), 6.94 — 6.82 (m, 2H), 6.82 — 6.69 (m, 2H), 5.40 (q, /= 6.5 Hz, 1H), 3.84
(s, 3H), 1.71 (d, J= 6.5 Hz, 3H).

13C NMR (101 MHz, Chloroform-d): § 196.72, 150.45, 147.21, 143.62, 137.87, 137.69, 132.52,
130.21, 129.96, 129.40, 128.74, 128.40, 127.68, 121.99, 120.82, 116.92, 112.36, 77.06, 56.07,
24.20.

Physical State: white solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Caled for C22H2103" 333.1485; Found 333.1485.

2-methoxy-6-(1-(2-methoxyphenoxy)ethyl)naphthalene (6.7))

Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 10/1 (v/v) as an
eluent, to yield the title compound 6.7j (73 mg) in 79%.

'TH NMR (400 MHz, Chloroform-d): 8 7.77 (d, J= 1.7 Hz, 1H), 7.72 (t, J = 8.5 Hz, 2H), 7.54 (dd,
J=28.4,1.8 Hz, 1H), 7.18 = 7.10 (m, 2H), 6.93 — 6.83 (m, 2H), 6.81 (dd, J= 8.0, 1.5 Hz, 1H), 6.72
(ddd, J=8.2,6.9,2.1 Hz, 1H), 5.45 (q, /= 6.4 Hz, 1H), 3.92 (s, 3H), 3.91 (s, 3H), 1.77 (d, /= 6.4
Hz, 3H).

13C NMR (101 MHz, Chloroform-d): § 157.75, 150.33, 147.66, 138.57, 134.15, 129.53, 128.89,
127.32,124.56, 124.51,121.55,120.82, 118.97, 116.69, 112.24, 105.81, 77.68, 56.16, 55.42,24.46.
Physical State: white solid.

HRMS (ESI/QTOF) m/z: [M + Na]" Calcd for C20H20NaOs" 331.1305; Found 331.1311.

1-(1-(4-isobutylphenyl)ethoxy)-2-methoxybenzene (6.7Kk)
OMe
pe

Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 10/1 (v/v) as an
eluent, to yield the title compound 6.7k (68 mg) in 80%.
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'TH NMR (400 MHz, Chloroform-d): § 7.35 — 7.27 (m, 2H), 7.15 — 7.07 (m, 2H), 6.93 — 6.82 (m,
2H), 6.81 — 6.72 (m, 2H), 5.29 (q, /= 6.4 Hz, 1H), 3.89 (s, 3H), 2.45 (d, J=7.2 Hz, 2H), 1.85 (dp,
J=13.5,6.7 Hz, 1H), 1.68 (d, J= 6.4 Hz, 3H), 0.90 (s, 3H), 0.88 (s, 3H).

13C NMR (101 MHz, Chloroform-d): § 150.34, 147.74, 140.95, 140.58, 129.33, 125.62, 121.44,
120.82, 116.60, 112.27, 77.41, 56.18, 45.28, 30.31, 24.31, 22.54, 22.53.

Physical State: yellow oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M]" Calcd for C19H240," 284.1771; Found 284.1774.

2-(cyclohexyloxy)-1,1'-biphenyl (6.71)

Ph
8o
Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 30/1 (v/v) as an
eluent, to yield the title compound 6.71 (64 mg) in 85%.
'TH NMR (400 MHz, Chloroform-d): 8 7.60 — 7.52 (m, 2H), 7.41 — 7.25 (m, 6H), 7.01 (t,J = 7.5
Hz, 2H), 4.20 (tt, J= 8.1, 3.7 Hz, 1H), 1.91 — 1.77 (m, 2H), 1.70 — 1.60 (m, 2H), 1.53 — 1.44 (m,
3H), 1.33 - 1.23 (m, 4H).
13C NMR (101 MHz, Chloroform-d): § 154.89, 139.06, 132.23, 131.19, 129.78, 128.46, 127.85,
126.75, 121.00, 115.19, 76.14, 31.75, 25.77, 23.57.

Physical State: colorless oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for C1gH210" 253.1587; Found 253.1589.

methyl 4-(cyclohexyloxy)benzoate (6.7m)

0
MeOOC

Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 20/1 (v/v) as an
eluent, to yield the title compound 6.7m (43 mg) in 61%.

'TH NMR (400 MHz, Chloroform-d): 6 7.96 (d, J = 8.8 Hz, 2H), 6.89 (d, J = 8.8 Hz, 2H), 4.33 (tt,
J=18.7,3.8 Hz, 1H), 3.87 (s, 3H), 2.06 — 1.90 (m, 2H), 1.87 — 1.74 (m, 2H), 1.54 (td, J = 12.6,
11.3, 7.8 Hz, 3H), 1.43 — 1.27 (m, 3H).
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13C NMR (101 MHz, Chloroform-d): 8 167.06, 161.90, 131.71, 122.21, 115.27, 75.54, 51.94,
31.76, 25.66, 23.80.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + H]" Calcd for Ci14H1903" 235.1329; Found 235.1327.

4-(4-(cyclohexyloxy)phenyl)butan-2-one (6.7n)

O
A
Following the General Procedure B with the corresponding phenol (2 equiv.) and NHPI ester (0.3
mmol). The crude product was purified by preparative TLC, using hexanes/EA = 20/1 (v/v) as an
eluent, to yield the title compound 6.7n (52 mg) in 71%.
'TH NMR (400 MHz, Chloroform-d):  7.06 (d, J = 8.5 Hz, 2H), 6.81 (d, J = 8.5 Hz, 2H), 4.18 (it,
J=28.8,3.8 Hz, 1H), 2.82 (t,J=7.4 Hz, 2H), 2.72 (t, /= 7.8 Hz, 2H), 2.13 (s, 3H), 2.05 — 1.89 (m,
2H), 1.89 — 1.70 (m, 2H), 1.59 — 1.41 (m, 3H), 1.39 — 1.25 (m, 3H).
I3C NMR (101 MHz, Chloroform-d): § 156.27, 132.99, 129.30, 116.31, 75.69, 45.61, 32.02, 30.24,
29.07, 25.78, 23.95.

Physical State: white solid.
HRMS (ESI/QTOF) m/z: [M + Na]" Calcd for C16H22NaO," 269.1512; Found 269.1512.
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Deoxygenative Trifluoromethylthiolation of Carboxylic Acids

7.1 Introduction of the background

In Chapter 2.5, we have introduced in detail the existing methodologies for the synthesis of
trifluoromethylthioesters as well as their shortcomings. Based on the issues with the existing
methods, we desired to develop a strategy for the synthesis of trifluoromethylthioesters so that (1)
simple, readily available, inexpensive and environmentally friendly raw materials can be used as
reactants. (2) a strategy to slow-release the trifluoromethylthio anion (SCF3°) could be developed,
thus avoiding its decomposition during the reaction process.!3%201]

We ventured to hypothesize whether or not carboxylic acids could be used directly for the
synthesis of trifluoromethylthioester. By using carboxylic acids as substrates, we could not only
generate trifluoromethylthioester straightforwardly. More importantly, we have repeatedly

mentioned the advantages of using carboxylic acids as feedstocks in the previous sections, and

such advantages will undoubtedly broaden the range of substrate scope.

(a) Decomposition of SCF3" in the presence of carboxylic acids

o F_ i
F,.C-S~ —=— J\ (Qing, Schoenebeck)
F7OF

o 0 S O © o
)]\OH \\= A AN — F

o 0O
2F

(b) Key intermidiates: (acyl)oxyphosphonium ions

@ n
0 PhsP—X AN NU" i
Lo [ e |
OH PhaP
0) Peptide coupling

Mitsunobu reaction

(acyl)oxyphosphonium ions R
Appel reaction

Figure 82 (a) Reaction of SCF;” with carboxylic acids to give acyl fluorides; (b) key intermidiates:
(acyl)oxyphosphonium ions.

Using carboxylic acids as starting materials and undergoing tandem carboxylic acid
activation/nucleophilic substitution processes seem to be a potential solution to deliver
trifluoromethylthioesters. However, in 2017, a study by Schoenebeck and co-workers seemed to

201

prove the infeasibility of this hypothesis (Figure 82a).?°!! Their study showed that after in-situ
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activation of the carboxylic acid, the nucleophilic trifluoromethylthio anion (SCF3") was not able
to attack the activated intermediate effectively. In contrast to the generation of
trifluoromethylthioester, this method only yielded acyl fluoride compounds in high yield (Figure
82a).

1 5
OH + NU_SCF3 > SCF3

PPh3 - Ph3P=0

o ® [ PS

Nu—SCF; —> ,PPhs e =

: PPhs

Figure 83 This work: deoxygenative trifluoromethylthiolation of carboxylic acids.

Inspired by the rich chemistry of phosphorus reagents and (acyl)oxyphosphonium ions I
(Figure 82b) in peptide coupling,>**! Mitsunobu,?°*2°!] and Appel®®* reactions, we assumed that
such intermediates could be possibly transformed into trifluoromethylthioesters from carboxylic
acids via a deoxygenative process.

Here we describe a ‘“umpolung” strategy that allows for the deoxygenative
trifluoromethylthiolation of carboxylic acids via the use of electrophilic trifluoromethylthiolating
reagents. This method is featured by its controllable release of CF3S™ anion and its mildness,
chemoselectivity and efficiency (Figure 83). An initial reaction design is depicted in Figure 83.
The “umpolung” is achieved with triphenylphosphine (PPhs), which first captures a CF3S" cation
to form a SCF3-phosphonium salt (I), followed by a methathesis reaction with a carboxylate to
give an oxyphosphonium intermediate (II), which is probe to deoxygenative
trifluoromethylthiolation to give a trifluoromethylthioester while eliminating triphenylphosphine

oxide (PPh3=0) (Figure 83).
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7.2  Screening of reaction conditions

We began our investigation by optimizing the reaction of 4-phenylbenzoic acid (7.1a) with
N-(trifluoromethylthio)phthalimide (7.2a). To our delight, the reaction proceeded in the presence
of 1.1 equiv of Ph;P in tetrahydrofuran (THF, 0.2 M) with a yield of 40% to give the desired
trifluoromethylthioester (7.3a) (Figure 84).

o]

0O ; 0
OH 7.2a(1.3 equiy.) SCF; N—SCF5
PPh3 (1.1 equiv.) :
C o, )
71a THF (0.2 M), RT, 30 min 7.3a ;

7.2
0.2 mmol 40% a

Figure 84 First milestone in the exploration of deoxygenative trifluoromethylthiolation of carboxylic acids

After obtaining this exciting result, we then proceeded to a systematic screening of the
reaction conditions. The reaction was then optimized by varying reaction parameters. A summary
of key observations is shown in Table 23. Notably, a small amount of Lewis acid could
significantly enhance the reactivity of 7.2a (Table 23, entries 1-6). We assumed that the
coordination of Lewis acid with the phthalimide group could facilitate polarizing 7.2a, promoting
the nucleophilic attack of PPhs to 7.2a and smoothing the generation of the key intermediate SCFs-
phosphonium salt (Figure 82b, I). Anhydrous FeCls (5 mol%) was the best Lewis acid to boost the
yield to 95% (Table 23, entry 2). THF was the best solvent (Table 23, entries 2, 7-12), probably
due to the good solubility of the system in THF.

Further optimization indicated Ph3P was the best mediator among several phosphine reagents
(Table 23, entries 2, 13-15). It is worth noting that the phosphine reagents played a vital role in the
transformation. When conducting the reaction in the absence of such reagents, no target product
was produced (Table 23, entry 16). 7.2a proved to be superior to other electrophilic
trifluoromethylthiolating reagents 7.2b-7.2d (Table 23, entries 17-20). When the nucleophilic
NMesSCF3 (7.2¢) was employed, no product was formed (Table 23, entry 10). The reliance on
electrophilic trifluoromethylating reagents demonstrates that this conversion is different from the

carboxylic acid activation/nucleophilic substitution process (see Figure 82a). The external bases
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were shown to be ineffective in promoting the transformation (Table 23, entries 21-24). It was

worthy to note that the reaction was completed within 30 minutes at room temperature.

Table 23 Summary of the effects of reaction parameters and conditions on the reaction efficiency

o] 0]
Lewis acid (5 mol%)

O OH SCF; reagent (x equiv.) O SCF,
PR3 (y equiv.), base (z equiv.)

l 7.1a

W

0.2 mmol solvent (0.2 M), RT, 30 min 7.3a
{ { Qéfo Me\ e@ [©)
E><<<N—SCF3 E‘éN_SCF?’ @:(N—SC% @*ﬁ—SCF;@ e/NMe SCF,
0] (0] O
7.2a 7.2b 7.2c 7.2d 7.2e

entry rSe(a:ll;gr_l ¢ Lewis acid PR3 base (x equiv.) solvent {ol/gad
1 7.2a - PPh; - THF 40%
2 7.2a FeCl3 PPh; - THF 95%
3 7.2a FeCl3-6H,O PPh; - THF 71%
4 7.2a BF;-OEt PPh; - THF 64%
5 7.2a AlCls PPh; - THF 39%
6 7.2a Sc(OT1)3 PPh; - THF 71%
7 7.2a FeCl; PPh; - MeCN 36%
8 7.2a FeCl3 PPh; - DCM 29%
9 7.2a FeCl3 PPh; - DMF 18%
10 7.2a FeCls PPh; - PhMe 70%
11 7.2a FeCls PPh; - PhCF3 81%
12 7.2a FeCl3 PPh; - Et,O 55%
13 7.2a FeCl3 PCys - THF 39%
14 7.2a FeCl; P(OEt); - THF 12%
15 7.2a FeCl; P(OEtY)P - THF 35%
16 7.2a FeCl; - - THF ND

17 7.2b FeCl; PPh; - THF 19%
18 7.2¢ FeCl3 PPh; - THF 51%
19 7.2d FeCl3 PPh; - THF 7%
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20
21
22
23
24

7.2¢
7.2a
7.2a
7.2a
7.2a

FeCl3
FeCl3
FeCl;
FeCls
FeCls

Deoxygenative Trifluoromethylthiolation of Carboxylic Acids

PPh;
PPh;
PPh;
PPh;
PPh;

NaHCO3
Cs2CO3
2,6-lutidine
NaH,PO4

THF
THF
THF
THF
THF

ND

69%
40%
68%
42%

“Yield determined by '°F NMR spectroscopy of the crude reaction mixture using a,a,a-trifluorotoluene as
an internal standard. BF3-OEt, (10 mol%).
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7.3  Scope of the deoxygenative trifluoromethylthiolation of carboxylic aicds

7.3.1 Scope of aromatic carboxylic acids

FeCls (5 mol%) O
(0] 7.2a (1.3 equiv.) 0
) N—SCF
PhsP (1.1 equiv. 3
i, i . @:ﬁ

_ o}
THF (0.2 M), RT, 30 min 73 7.2a

71

Aromatic carboxylic acids

/@)LSCFS /@)kSCFg, [;f‘\SCFS \©)‘\3ch E:i‘;SCF3 >(©)(SCF3

7.3a (95%) 7.3b (90%) 7.3¢ (85%) 7.3d (81%) 7.3¢ (69%) 7.3F (71%)
/©)kSCF3 (:ﬁl\SCFg /©)\SCF3 o)
R FsC /©)LSCF3 /©)LSCF3
R=F,7.3g (61%) R=Cl, 7.3k (61%) R=CF3 7.3n(65%)  Bpin
R=Cl, 7.3h (65%) R=Br, 7.31 (75%) R=COOMe, 730 (68%) . .
R=Br, 7.3i (80%)  R=l 7.3m (71%)  R=NHBoc, 7.3p (62%) 7.3r (60%) 7.3 (75%)
R=l, 7.3j (75%) R=SMe, 7.3q (72%)
/@)kscps < :©)‘\SCF3 “)kscps %}(SCF\% (t©)kSCF3
/\O
7.3t (68%) 7.3u (81%) 7.3v (89%) 7.3w (66%) 7.3% (71%)

Figure 85 Scope of the trifluoromethylthiolation of aromatic carboxylic acids. “Carboxylic acid (1.0 equiv.),
triphenylphosphine (PhsP, 1.1 equiv.), N-(trifluoromethylthio)phthalimide 7.2a (1.3 equiv.), FeCls (5 mol%)
in THF (0.2 M), room temperature, 30 min, isolated yield.

With the optimized conditions in hands (Table 23, entry 2), we next examined the scope of
our methodology (Figure 85). A range of aromatic carboxylic acids with electron-donating (7.3b-
7.3f) and electron-withdrawing (7.3g-7.30) substituents was coupled with 7.2a to give the
corresponding trifluoromethylthioesters in moderate to good yields. Importantly, aromatic
carboxylic acids with aryl halides (7.3g-7.3m), even reactive iodide groups (7.3j, 7.3m), were
tolerated in the reaction. Synthetically useful functional groups such as trifluoromethyl (7.3n),
ester (7.30), (tert-butoxycarbonyl)amino (7.3p), thiomethyl (7.3q), boronic ester (7.3r), alkene
(7.3s), alkyne (7.3t), 1,3-benzodioxole (7.3u) and naphthalene (7.3v) groups were all compatible.
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The reactions also enabled the transformations of a diverse set of heteroaryl carboxylic acids, thus

affording the desired products (7.3w—7.3x) in satisfactory yields.

7.3.2 Scope of aliphatic and cinnamic carboxylic acids
0

FeClz ( 5 mol%)
(0] 7.2a (1.3 equiv.) (0]
. N_SCF3
PhsP (1.1 equiv.
Mo 5P (1.1 equiv.) Aeer, ©f<«

_ o
THF (0.2 M), RT, 30 min 74875 7.2a

Y

71

Aliphatic carboxylic acids

Qi o o
SCFs © R o)

R=Cl, 7.4d (69%)

0 7.4b (65% 7.4c (68%
7.4 (68%) (65%) ¢ (68%) R=OMe, 7.4e (75%)

Cinnamic acids

o] o]
©/\)‘\SCF3 /@/\)LSCFS E:(\)LSCFS /©/\)‘\SCF3
CFs R
R=F, 7.5b (70%) R=OMe, 7.5f (91%)
7.5a (82%) R=Cl, 7.5¢ (71%) 7.5e (70%) R=NMe,, 7.5g (59%)
R=Br, 7.56d (82%) R=0OCFj3, 7.5h (75%)

Figure 86 Scope of the trifluoromethylthiolation of aliphatic and cinnamic carboxylic acids. “Carboxylic
acid (1.0 equiv.), triphenylphosphine (PhsP, 1.1 equiv.), N-(trifluoromethylthio)phthalimide 7.2a (1.3
equiv.), FeCls; (5 mol%) in THF (0.2 M), room temperature, 30 min, isolated yield.

The reactions could transform aliphatic carboxylic acids and cinnamic acids to the
corresponding trifluoromethylthioesters smoothly (Figure 86). These substrates were previously
unreactive using other methods.!187: 193 196. 198-19] primary, secondary and tertiary carboxylic acids
were all suitable starting materials to furnish the desired trifluoromethylthioester products (7.4a-
7.4e) in decent yields. The functionalization was also robust for a range of cinnamic acids
containing electron-neutral (7.5a), electron-withdrawing (7.5b-7.5e, 7.5h), and electron-donating
(7.5£-7.5g) substituents. Notably, most of the trifluoromethylthioester molecules were hitherto

unknown compounds.
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7.3.3 Unsuccessful substrate
FeCls ( 5 mol%) o

7.2a (1.3 equiv.)
Q PhsP (1.1 equiv.) Q N—SCF,
Ao~ ~Nscr,

THF (0.2 M), RT, 30 min 0]
7.2a

Y

Unsuccessful substrates
(0]

O
O OMe OH
o™ ® o
7.1b, ND 7.1¢, ND 7.1d, 12% 7.1e, trace
H
OOH S SR
o Tl 0" NH
O
7.1f, trace 7.1g, trace 7.1h, trace

Figure 87 Unsuccessful substrates for the deoxygenative trifluoromethylthiolation reaction. “Carboxylic
acid (1.0 equiv.), triphenylphosphine (PhsP, 1.1 equiv.), N-(trifluoromethylthio)phthalimide 7.2a (1.3
equiv.), FeCls (5 mol%) in THF (0.2 M), room temperature. Reactions were monitored using GC-MS after
30 minutes, yields mentioned here are GC yields, n-dodecane was used as an internal standard. ND (not
detected).

Besides, a variety of aliphatic alcohols and substituted methyl benzoates (Figure 87, 7.1b-
7.1h) were examined (Figure 87). Methyl benzoates (7.1b-7.1¢) gave no desired products under
the optimal condition. While some aliphatic alcohols, such as primary ones (7.1d), could give
desired products in meager yields, the messy products made it hard to obtain the desired product.
Several amino acids were also tested (7.1g-7.1h); nevertheless, they gave nearly no desired

products (Figure 87), possibly owing to the competition of multiple nucleophilic sites.
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7.4 Synthetic applications

7.4.1 Late-Stage trifluoromethylthiolation of natural products and drugs

sea e b
oo O % @J\ L & (5\ q o
s | I | 0)1\©)kSCF3
/-\

v

7.6a (91%) 7.6b (46%) 7.6¢ (88%) 7.6d (86%)
from adapalene from probenecid from lanosterol from L-menthol derivative
0O
0 Q o
X SCF
O 3
OMe
o) S 0
OMe
7.6e (71%) 7.6f (86%) 7.6g (66%) 7.6h (66%)
from piperic acid from caffeic acid isomer from zaltoprofen from ibuprofen
DYSY: e (T8
o) MeO
7.6i (62%) 7.6j (75%) 7.6k (56%) 7.61 (42%)
from ketoprofen from naproxen from gemfibrozil from abietic acid

Figure 88 Late-Stage trifluoromethylthiolation of natural products and drugs containing a carboxylic group.
“Carboxylic acid (1.0 equiv.), triphenylphosphine (PhsP, 1.1 equiv.), N-(trifluoromethylthio)phthalimide
7.2a (1.3 equiv.), FeCls (5 mol%) in THF (0.2 M), room temperature, 30 min, isolated yield.

Owing to the ubiquity of carboxylic acid-containing moieties in natural products and drug
molecules, the direct use of carboxylic acids as substrates enables a facile, rapid, and late-stage
functionalization of bio-active molecules (Figure 88). Indeed, aromatic carboxylic acids, such as
adapalene (7.6a), probenecid (7.6b), lanosterol (7.6¢), and L-menthol derivative (7.6d), were
converted with ease. Moreover, natural-occurring cinnamic acids, such as piperic acid, with a
conjugated double bond (7.6e); caffeic acid isomer, with an isolated double bond (7.6f), were
reliable coupling partners as well. To date, there are no reported methods that could convert drugs
and natural products with an aliphatic carboxylic acid group to their corresponding

trifluoromethylthioesters, showcasing the efficiency of our method. To further expand the scope,
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we then transformed zaltoprofen (7.6g), ibuprofen (7.6h), ketoprofen (7.6i), naproxen (7.6j),
gemfibrozil (7.6K) and abietic acid (7.61) to the corresponding products.

The successful late-stage modification of these natural products and drug molecules, many
of which contain sensitive sulfonamide, alkene, carbonyl, and heterocyclic groups, highlights the

mild condition, high chemoselectivity and functional group tolerance of the current method.

7.4.2 Palladium-catalyzed decarbonylative cross-coupling of trifluoromethylthioesters

Trifluoromethylthioethers are widely-existing in pharmaceutical and agrochemical
compounds,!! 7! the transformation of trifluoromethylthioesters that derived from carboxylic acids
to trifluoromethylthioethers could provide a valuable disconnection.

In 2017, the group of Sanford reported a palladium-catalyzed decarbonylative cross-
coupling of aroyl chlorides.?*! Considering the strong electron-withdrawing nature of the
trifluoromethylthio group, we anticipated that a similar strategy could also be feasible in the
decarbonylation of trifluoromethylthioesters. To our delight, as shown in Figure 89, 7.3a could be
transformed into trifluoromethylthioether 7.7a in 91% yield. This conversion provides a novel
approach of synthesizing trifluoromethylthioethers from inexpensive, environmentally benign, and
readily available carboxylic acids, providing a novel synthetic disconnection and nicely

complementing existing methods to synthesize trifluoromethylthioethers.

0]

SCF;
O SCF, Pd[P(o-tol)3] ( 10 mol%), BrettPhos (10 mol%) O
O Toluene (0.2 M), 130 °C, Ar, 20 h O

7.3a 7.7a (91%)

Figure 89 Pd-catalyzed decarbonylative trifluoromethyl thiolation of trifluoromethylthioester.
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7.5 Proposed mechanism

We tentatively proposed a mechanism for the deoxygenative trifluoromethylthiolation of

carboxylic acids (Figure 90). Nucleophilic attack of PPh;

to 7.2a could form a

trifluoromethylthiophosphonium ion II (Figure 90). Meanwhile, carboxylic acid attacks II to

generate acyloxyphosphonium intermediate III and release a CF3sS™ anion simultaneously. The

nucleophilic CF3S™ anion could then attack at the C—acyl moiety to give trifluoromethylthioester

products and Ph3PO.

PPh,

Y

Figure 90 Proposed mechanism.

-PhthH - Ph,P=0
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o]

Ao

3

o
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7.6 Conclusion

In summary, we have developed for the first time a deoxygenative trifluoromethylthiolation
method to synthesize trifluoromethylthioesters.

In this transformation process, PPh; can be used as a mediator to “umpolung” the
electrophilic trifluoromethylthiolating agent N-(trifluoromethylthio)phthalimide (7.2a) to yield
trifluoromethylthioesters from readily available carboxylic acids. The reactions are facile, rapid,
and mildness. The current method enables rapid access to a wide range of trifluoromethylthioesters
from earth-abundant, inexpensive, and environmentally benign carboxylic acids. This method can
modify a diversity of natural products and drug molecules to their corresponding
trifluoromethylthioesters.  Besides, with the aid of palladium catalysis, the
trifluoromethylthioesters can be further converted to the corresponding trifluoromethylthioethers.

We foresee this method can expedite drug discovery by providing novel synthetic

disconnections and offering facile access to potentially bio-active moieties.

250



Deoxygenative Trifluoromethylthiolation of Carboxylic Acids

7.7 Experimental section

7.7.1 General procedure for deoxygenative trifluoromethylthiolation of carboxylic acids

Two oven-dried 15 mL re-sealable screw-cap vials (oven-dried) were both equipped with a
Teflon-coated magnetic stirring bar (oven-dried), and were transferred into glovebox. One vial was
sequentially charged with carboxylic acid (1.0 equiv., 0.30 mmol), triphenylphosphine (PhsP, 1.1
equiv., 0.33 mmol, 87 mg) and anhydrous Tetrahydrofuran (THF, 0.5 mL) in glovebox and the
mixture was stirred vigorously. Another vial was sequentially charged with N-
(trifluoromethylthio)phthalimide (1.3 equiv., 0.39 mmol, 96 mg), anhydrous FeCls (5 mol%, 2.4
mg), and anhydrous THF (1 mL) in the glovebox. Then the 2 vials were transferred out of the
glovebox. The solution of the second vial was added into the first one dropwise under nitrogen at
room temperature. The resulting mixture was stirred at room temperature for 30 minutes during
which time the color of the mixture change from red to bright yellow. After the reaction, the solvent
was blown away by dry air and the reaction mixture was diluted with dichloromethane and was
purified by flash column chromatography using a solvent mixture (ethyl acetate, hexanes or diethyl
ether, n-pentane) as an eluent to afford the purified product. Notice: Because of the high volatility

of certain products, their isolated yields were low.
7.7.2 Characterization of the reaction product

S-(trifluoromethyl) [1,1'-biphenyl]-4-carbothioate (7.3a)

o]

O O SCF,

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using hexanes/EA = 30/1 (v/v) as an eluent, to
yield the title compound 7.3a (80 mg) in 95%.

'"H NMR (400 MHz, Chloroform-d): § 7.98 — 7.88 (m, 2H), 7.75 — 7.70 (m, 2H), 7.65 — 7.60 (m,
2H), 7.52 — 7.42 (m, 3H).

13C NMR (101 MHz, Chloroform-d): § 183.25, 148.40, 139.64, 134.24 (q, J = 2.7 Hz), 129.64,
129.32, 128.77, 128.61 (q, J = 309.6 Hz), 128.26, 127.83.

F NMR (376 MHz, Chloroform-d): & -39.50.
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Physical State: white solid.
HRMS (EI) m/z: [M]" Calcd for C14HoF30S™ 282.0321, Found 282.0321.

The spectra were consistent with the spectrum reported in the literature.!3”]

S-(trifluoromethyl) 4-methoxybenzothioate (7.3b)

0]

/©)‘\SCF3
MeO

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using hexanes/EA = 30/1 (v/v) as an eluent, to
yield the title compound 7.3b (64 mg) in 90%.

'"H NMR (400 MHz, Chloroform-d): & 7.82 (d, J = 8.9 Hz, 2H), 6.96 (d, J = 8.9 Hz, 2H), 3.89 (s,
3H).

13C NMR (101 MHz, Chloroform-d): & 181.48, 165.07, 130.09, 128.20 (q, J = 309.2 Hz), 127.82
(q,J=2.7 Hz), 114.41, 55.70.

'F NMR (376 MHz, Chloroform-d): § -39.43.

Physical State: pale brown oil.

HRMS (ESI/QTOF) m/z: [M + H]" Caled for C1oH7F302S" 237.0192, Found 237.0193.

The spectra were consistent with the spectrum reported in the literature.!'8”!

S-(trifluoromethyl) 2-methoxybenzothioate (7.3¢)

0]

©f‘\SCF3
OMe

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether = 30/1 (v/v) as
an eluent, to yield the title compound 7.3¢ (60 mg) in 85%.

'TH NMR (400 MHz, Chloroform-d):  7.89 (dd, J= 7.9, 1.8 Hz, 1H), 7.58 (ddd, /=8.2,7.3, 1.8
Hz, 1H), 7.10 — 7.05 (m, 1H), 7.03 (d, /= 8.4 Hz, 1H), 3.99 (s, 3H).

13C NMR (101 MHz, Chloroform-d): & 182.01, 159.32, 136.03, 130.37, 128.31 (q,J=310.1 Hz),
124.09 (q,J=2.6 Hz), 121.29, 112.30, 56.01.

19F NMR (376 MHz, Chloroform-d): & -42.13.

Physical State: colorless oil.
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HRMS (ESI/QTOF) m/z: [M + H]" Calcd for C10H7F302S" 237.0192, Found 237.0192.

The spectra were consistent with the spectrum reported in the literature.!!*®!

S-(trifluoromethyl) 2-methoxybenzothioate (7.3d)

0]

Meo\©)‘\SCF3

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether = 30/1 (v/v) as
an eluent, to yield the title compound 7.3d (57 mg) in 81%.

"H NMR (400 MHz, Chloroform-d): & 7.46 — 7.39 (m, 2H), 7.36 (s, 1H), 7.22 — 7.18 (m, 1H), 3.86
(s, 3H).

13C NMR (101 MHz, Chloroform-d): & 183.36, 160.27, 136.54, 130.36, 128.14 (q,J = 309.6 Hz),
121.67, 120.28, 111.93, 55.74.

19F NMR (376 MHz, Chloroform-d): & -39.77.

Physical State: colorless oil.

HRMS (ESI/QTOF) m/z: [M + Na]" Calcd for CoH7F302SNa’ 259.0017, Found 259.0018.

The spectra were consistent with the spectrum reported in the literature.[!*®!

S-(trifluoromethyl) 2-ethylbenzothioate (7.3¢)

o]

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether = 30/1 (v/v) as
an eluent, to yield the title compound 7.3e (48 mg) in 69%.

'TH NMR (400 MHz, Chloroform-d): 8 7.67 (dd, J=7.8, 1.4 Hz, 1H), 7.52 (td, J=7.6 Hz, 1.4 Hz,
1H), 7.32 (ddd, J=15.2, 7.7, 1.2 Hz, 2H), 2.88 (q, J = 7.5 Hz, 2H), 1.24 (td, J=7.5, 1.1 Hz, 4H).
13C NMR (101 MHz, Chloroform-d): 8 184.84, 144.67, 134.65 (q, J = 2.7 Hz), 133.67, 130.94,
128.74, 128.05 (q, J = 309.9 Hz), 126.36, 26.97, 15.81.

19F NMR (376 MHz, Chloroform-d): & -40.61.

Physical State: yellowish oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for C1oH10F30S* 235.0399, Found 235.0399.
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The spectra were consistent with the spectrum reported in the literature.!'8”!

S-(trifluoromethyl) 4-(zert-butyl)benzothioate (7.3f)

0
SCF,

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether = 30/1 (v/v) as
an eluent, to yield the title compound 7.3f (56 mg) in 71%.

TH NMR (400 MHz, Chloroform-d): § 7.87 — 7.72 (m, 2H), 7.59 — 7.45 (m, 2H), 1.35 (s, 9H).
13C NMR (101 MHz, Chloroform-d): § 182.73, 159.30, 132.51 (q, J = 2.8 Hz), 128.15 (q, J =
309.3 Hz), 127.65, 126.19, 35.42, 30.96.

'F NMR (376 MHz, Chloroform-d): & -39.57.

Physical State: yellowish oil.

HRMS (ESI/QTOF) m/z: [M + Na]" Calcd for Ci2H;3F30SNa* 285.0537, Found 285.0534.

The spectra were consistent with the spectrum reported in the literature.!3”]

S-(trifluoromethyl) 4-fluorobenzothioate (7.3g)

O

F

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether = 30/1 (v/v) as
an eluent, to yield the title compound 7.3g (41 mg) in 61%.

TH NMR (400 MHz, Chloroform-d): § 7.90 (dd, J = 8.5, 5.1 Hz, 2H), 7.20 (t, J = 8.3 Hz, 2H).
13C NMR (101 MHz, Chloroform-d): § 181.91, 168.23, 165.66, 131.62, 130.61, 130.51, 128.00
(q,/=309.8 Hz), 116.84, 116.62.

YF NMR (376 MHz, Chloroform-d): 8 -39.56, -101.01.

Physical State: yellowish oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for CsHsF4OS" 224.9992; Found 224.9994.

The spectra were consistent with the spectrum reported in the literature.!3”]
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S-(trifluoromethyl) 4-chlorobenzothioate (7.3h)

o

Cl

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether = 30/1 (v/v) as
an eluent, to yield the title compound 7.3h (47 mg) in 65%.

TH NMR (400 MHz, Chloroform-d): § 7.80 (d, J = 8.2 Hz, 2H), 7.50 (d, J = 8.2 Hz, 2H).

13C NMR (101 MHz, Chloroform-d): § 182.32, 141.90, 133.56 (q, J = 2.7 Hz), 129.75, 129.09,
127.95 (q,J=310.0 Hz).

'F NMR (376 MHz, Chloroform-d): & -39.53.

Physical State: yellowish oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Caled for CsHsF3CIOS™ 240.9696; Found
240.9698.

The spectra were consistent with the spectrum reported in the literature.!'8”!

S-(trifluoromethyl) 4-bromobenzothioate (7.3i)

o

Br

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether = 30/1 (v/v) as
an eluent, to yield the title compound 7.3i (68 mg) in 80%.

TH NMR (400 MHz, Chloroform-d): § 7.75 — 7.62 (m, 4H).

13C NMR (101 MHz, Chloroform-d): & 182.54, 133.98 (q, J = 2.7 Hz), 132.73, 130.63, 129.09,
127.91 (q,J = 309.9 Hz).

YF NMR (376 MHz, Chloroform-d): & -39.54.

Physical State: yellowish solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for CgHsBrF30S* 284.9191; Found
284.9192.

The spectra were consistent with the spectrum reported in the literature.!!3”!
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S-(trifluoromethyl) 4-iodobenzothioate (7.3j)

O

|

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether = 30/1 (v/v) as
an eluent, to yield the title compound 7.3j (75 mg) in 75%.

TH NMR (400 MHz, Chloroform-d): § 7.95 — 7.87 (m, 2H), 7.63 — 7.55 (m, 2H).

13C NMR (101 MHz, Chloroform-d): § 182.77, 138.57, 134.42, 134.39, 129.27, 128.71, 126.19,
103.38.

'F NMR (376 MHz, Chloroform-d): & -39.53.

Physical State: white solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for CsHsF3I0S" 332.9052; Found 332.9059.

S-(trifluoromethyl) 2-chlorobenzothioate (7.3k)

o

e
Cl

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether = 30/1 (v/v) as
an eluent, to yield the title compound 7.3k (44 mg) in 61%.

'"H NMR (400 MHz, Chloroform-d): 8 7.73 — 7.64 (m, 1H), 7.56 — 7.48 (m, 2H), 7.45 —7.35 (m,
1H).

13C NMR (101 MHz, Chloroform-d): § 182.67, 134.78 (q, J = 2.6 Hz), 134.12, 131.91, 131.68,
129.67, 127.60 (q, J=310.9 Hz), 127.28.

YF NMR (376 MHz, Chloroform-d): & -40.55.

Physical State: yellowish oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Caled for CsHsF3ClOS* 240.9696; Found
240.9697.

The spectra were consistent with the spectrum reported in the literature.!!%®!
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Deoxygenative Trifluoromethylthiolation of Carboxylic Acids

S-(trifluoromethyl) 2-bromobenzothioate (7.31)

o

dsc&
Br

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether = 30/1 (v/v) as
an eluent, to yield the title compound 7.31 (64 mg) in 75%.

H NMR (400 MHz, Chloroform-d): § 7.79 — 7.67 (m, 1H), 7.67 — 7.58 (m, 1H), 7.48 — 7.40 (m,
2H).

13C NMR (101 MHz, Chloroform-d): & 183.55 (q, J = 1.3 Hz), 136.84 (q, J = 2.8 Hz), 134.95,
134.02, 129.53, 127.80, 127.54 (q, J =311.1 Hz), 119.62.

'F NMR (376 MHz, Chloroform-d): & -40.51.

Physical State: yellowish oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for CgHsBrF30S* 284.9191; Found
284.9193.

S-(trifluoromethyl) 2-iodobenzothioate (7.3m)

o

(jfksoF3
|

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether = 30/1 (v/v) as
an eluent, to yield the title compound 7.3m (71 mg) in 71%.

IH NMR (400 MHz, Chloroform-d): § 8.01 (d, J = 8.0 Hz, 1H), 7.59 (dd, J = 7.9, 1.6 Hz, 1H),
7.51 =7.41 (m, 1H), 7.27 - 7.23 (m, 1H).

13C NMR (101 MHz, Chloroform-d): & 184.66, 141.86, 139.85 (q, J = 2.7 Hz), 134.00, 129.22,
128.48, 127.55 (q, J=311.0 Hz), 91.58.

1F NMR (376 MHz, Chloroform-d): § -40.46.

Physical State: yellowish oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for CsHsF310S* 332.9052; Found 332.9059.
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S-(trifluoromethyl) 4-(trifluoromethyl)benzothioate (7.3n)

0]

/©)J\SCF3
FoC

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using hexanes/EA = 30/1 (v/v) as an eluent, to
yield the title compound 7.3n (53 mg) in 65%.

'TH NMR (400 MHz, Chloroform-d): § 8.12 — 7.92 (m, 2H), 7.92 — 7.73 (m, 2H).

13C NMR (101 MHz, Chloroform-d): § 182.77, 137.95, 136.42 (q, J = 33.2 Hz), 128.16, 127.79
(q,/=310.2 Hz), 126.50 (q, J = 3.7 Hz), 123.29 (q, J = 273.1 Hz).

1F NMR (376 MHz, Chloroform-d): & -39.60, -63.42.

Physical State: white solid.

HRMS (EI) m/z: [M - F]" Calcd for 254.9903; Found: 254.9904.

The spectra were consistent with the spectrum reported in the literature.!!*®!

4-((trifluoromethylthio)carbonyl)benzoate (7.30)

O

MeOOC

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using hexanes/EA = 20/1 (v/v) as an eluent, to
yield the title compound 7.30 (54 mg) in 68%.

'TH NMR (400 MHz, Chloroform-d): & 8.23 — 8.07 (m, 2H), 7.99 — 7.84 (m, 2H), 3.96 (s, 3H).
13C NMR (101 MHz, Chloroform-d): & 183.06, 165.69, 138.32 (q, J = 2.7 Hz), 135.83, 130.47,
127.89 (d, J=310.1 Hz), 127.70, 52.85.

YF NMR (376 MHz, Chloroform-d): & -39.65.

Physical State: off-white solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Caled for C1oHsF303S* 265.0141; Found 265.0140.

The spectra were consistent with the spectrum reported in the literature.!'8”!
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Deoxygenative Trifluoromethylthiolation of Carboxylic Acids

S-(trifluoromethyl) 4-((fert-butoxycarbonyl)amino)benzothioate (7.3p)

0]

o
BocHN

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using hexanes/EA = 30/1 (v/v) as an eluent, to
yield the title compound 7.3p (60 mg) in 62%.

TH NMR (400 MHz, Chloroform-d): § 7.86 —7.76 (m, 2H), 7.58 — 7.49 (m, 2H), 6.88 (s, 1H), 1.55
(s, 9H).

13C NMR (101 MHz, Chloroform-d): 8 151.88, 144.83, 129.31, 128.16 (q, /= 309.3 Hz), 117.71,
81.82, 28.21.

YF NMR (376 MHz, Chloroform-d): & -39.43.

Physical State: pale grey solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for Ci3HisFsNOsS*™ 322.0719; Found
322.0710.

S-(trifluoromethyl) 4-(methylthio)benzothioate (7.3q)

O

o
MeS

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using hexanes/EA = 30/1 (v/v) as an eluent, to
yield the title compound 7.3q (54 mg) in 72%.

'"H NMR (400 MHz, Chloroform-d): § 7.88 — 7.69 (m, 2H), 7.40 — 7.24 (m, 2H), 2.55 (s, 3H).
13C NMR (101 MHz, Chloroform-d): & 182.14, 149.30, 131.17 (q, J = 2.9 Hz), 128.24 (q, J =
309.5 Hz), 128.05, 125.25, 14.73.

'F NMR (376 MHz, Chloroform-d): & -39.43.

Physical State: white solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for CoHgF30S,"252.9963; Found 252.9958.
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S-(trifluoromethyl) 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzothioate (7.3r)

O

/©)\SCF3
o\ll3
o

Following the General Procedure with the corresponding carboxylic acid (0.2 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether = 30/1 (v/v) as
an eluent, to yield the title compound 7.3r (40 mg) in 60%.

H NMR (400 MHz, Chloroform-d): & 8.04 — 7.90 (m, 2H), 7.90 — 7.79 (m, 2H), 1.38 (s, 12H).
13C NMR (101 MHz, Chloroform-d): & 183.69, 137.06 (q, J = 2.6 Hz), 135.52, 128.16 (q, J =
309.6 Hz), 126.69, 84.65, 25.03.

YF NMR (376 MHz, Chloroform-d): & -39.68.

Physical State: yellow oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for Ci4H;7BF303S" 333.0938; Found
333.0939.

S-(trifluoromethyl) 4-(allyloxy)benzothioate (7.3s)

0]

\/\O

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using hexanes/EA = 30/1 (v/v) as an eluent, to
yield the title compound 7.3s (59 mg) in 75%.

'TH NMR (400 MHz, Chloroform-d): 8 7.91 — 7.71 (m, 2H), 7.04 — 6.91 (m, 2H), 6.14 — 5.92 (m,
1H), 5.47 - 5.27 (m, 2H), 4.62 (dt, /= 5.3, 1.6 Hz, 2H).

13C NMR (101 MHz, Chloroform-d): § 181.57, 164.20, 132.12, 130.19, 128.34 (q, J = 309.2 Hz),
128.01 (q,J=2.9 Hz), 118.69, 115.23, 69.27.

YF NMR (376 MHz, Chloroform-d): & -39.43.

Physical State: white solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for C;1HoF30.S" 263.0348; Found
263.0347.

260



Deoxygenative Trifluoromethylthiolation of Carboxylic Acids

S-(trifluoromethyl) 4-(allyloxy)benzothioate (7.3t)
0

/©)LSCF3
0

=z

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using hexanes/EA = 30/1 (v/v) as an eluent, to
yield the title compound 7.3t (53 mg) in 68%.

'"H NMR (400 MHz, Chloroform-d): 8 7.89 — 7.80 (m, 2H), 7.10 — 7.01 (m, 2H), 4.78 (d, /=24
Hz, 2H), 2.57 (t, /= 2.4 Hz, 1H).

13C NMR (101 MHz, Chloroform-d): § 181.69, 162.94, 130.66, 130.13, 128.71 (q, J = 2.8 Hz),
128.27 (q,J=309.3 Hz), 115.44, 56.20.

19F NMR (376 MHz, Chloroform-d): & -39.44.

Physical State: white solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Caled for C11HsF302S" 261.0192; Found 261.0190.

S-(trifluoromethyl) benzo[1,3]dioxole-5-carbothioate (7.3u)

o
0 SCF,
s

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether = 20/1 (v/v) as
an eluent, to yield the title compound 7.3u (61 mg) in 81%.

'TH NMR (400 MHz, Chloroform-d): & 7.46 (ddd, /= 8.2, 1.9, 0.7 Hz, 1H), 7.28 (dd, J=12.7, 1.2
Hz, 1H), 6.88 (d, /=8.2 Hz, 1H), 6.09 (s, 2H).

13C NMR (101 MHz, Chloroform-d): & 181.40, 153.66, 148.81, 129.64 (q, J = 2.8 Hz), 128.20 (q,
J=309.3 Hz), 124.60, 108.58, 107.39, 102.61.

19F NMR (376 MHz, Chloroform-d): & -39.58.

Physical State: off-white solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for CoHsF303S* 250.9984; Found 250.9983.
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S-(trifluoromethyl) naphthalene-2-carbothioate (7.3v)

0]

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether = 20/1 (v/v) as
an eluent, to yield the title compound 7.3v (68 mg) in §9%.

TH NMR (400 MHz, Chloroform-d): & 8.39 (s, 1H), 8.05 — 7.76 (m, 4H), 7.64 (m, 2H).

13C NMR (101 MHz, Chloroform-d): & 183.14, 136.37, 132.40 (q, J = 2.8 Hz), 132.25, 129.86,
129.72, 129.59, 129.28, 128.13 (q, J = 309.6 Hz), 127.97, 127.56, 122.57.

YF NMR (376 MHz, Chloroform-d): & -39.50.

Physical State: white solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for C1oHsF30S" 257.0243; Found 257.0244.

The spectra were consistent with the spectrum reported in the literature.!3”!

S-(trifluoromethyl) quinoline-8-carbothioate (7.3w)

0
SCF,

N

)

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using hexanes/EA = 20/1 (v/v) as an eluent, to
yield the title compound 7.3w (51 mg) in 66%.

'"H NMR (400 MHz, Chloroform-d): 8 9.01 (dd, J = 4.2, 1.8 Hz, 1H), 8.44 (dd, J = 7.4, 1.5 Hz,
1H), 8.28 (dd, J = 8.3, 1.8 Hz, 1H), 8.10 (dd, J = 8.2, 1.5 Hz, 1H), 7.68 (t, J = 7.7 Hz, 1H), 7.56
(dd, J=8.4,4.2 Hz, 1H).

13C NMR (101 MHz, Chloroform-d): & 149.95, 145.01, 136.90, 134.32, 132.10 (q, J = 9.9 Hz),
131.92, 128.52 (q, J = 12.3 Hz), 128.29 (q, /= 313.1 Hz), 128.06, 126.34, 122.14.

YF NMR (376 MHz, Chloroform-d): & -43.85.

Physical State: off-white solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M +H]" Calcd for C11H7F3sNOS™ 258.0195; Found 258.019.
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Deoxygenative Trifluoromethylthiolation of Carboxylic Acids

S-(trifluoromethyl) benzothiophene-5-carbothioate (7.3x)

0]

S

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using hexanes/EA = 20/1 (v/v) as an eluent, to
yield the title compound 7.3x (56 mg) in 71%.

H NMR (400 MHz, Chloroform-d): § 8.33 (d, J = 1.8 Hz, 1H), 7.97 (dd, J = 8.4, 0.9 Hz, 1H),
7.79 (dd, J=8.5, 1.8 Hz, 1H), 7.60 (d, J = 5.5 Hz, 1H), 7.46 (dd, J=5.5, 0.8 Hz, 1H).

13C NMR (101 MHz, Chloroform-d): § 183.07, 146.08, 139.44, 131.61 (q, J = 2.8 Hz), 129.03,
128.11 (q,J=309.5 Hz), 124.52, 123.71, 123.28, 122.25.

'F NMR (376 MHz, Chloroform-d): & -39.51.

Physical State: yellowish solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Caled for C1oHsF30S," 262.9807; Found 262.9806.

S-(trifluoromethyl) 2-(4-methoxyphenyl)ethanethioate (7.4a)

/@/YSCﬂ,
MeO °

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using hexanes/EA = 30/1 (v/v) as an eluent, to
yield the title compound 7.4a (51 mg) in 68%.

'TH NMR (400 MHz, Chloroform-d): & 7.23 —7.16 (m, 2H), 6.97 — 6.85 (m, 2H), 3.82 (s, 3H), 3.81
(s, 2H).

13C NMR (101 MHz, Chloroform-d): & 190.03, 159.99, 131.52, 127.93 (q, J= 310.2 Hz), 122.62,
114.68, 55.43, 50.12 (q, /= 2.8 Hz).

19F NMR (376 MHz, Chloroform-d): & -40.69.

Physical State: colorless oil.

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M]" Caled for CioHoF30.S™ 250.0270; Found
250.0267.
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S-(trifluoromethyl) (1R,2R)-2-phenylcyclopropane-1-carbothioate (7.4b)

‘\\‘%(SCFS
S

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether = 30/1 (v/v) as
an eluent, to yield the title compound 7.4b (48 mg) in 65%.

'TH NMR (400 MHz, Chloroform-d): & 7.41 — 7.23 (m, 3H), 7.21 — 7.09 (m, 2H), 2.86 (ddd, J =
9.5,7.1,4.0 Hz, 1H), 2.17 (dt, J= 8.6, 4.6 Hz, 1H), 1.94 (dt, J=9.6, 5.0 Hz, 1H), 1.65 (td, /= 7.6,
4.8 Hz, 1H).

13C NMR (101 MHz, Chloroform-d): & 188.73, 138.41, 128.86, 127.72 (q, J=310.0 Hz), 12741,
126.42,33.92 (q, J=3.7 Hz), 30.30, 19.79.

'F NMR (376 MHz, Chloroform-d): & -40.02.

Physical State: pale yellow oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M]" Calcd for C11HoF30S" 246.0321; Found 246.0317.

S-(trifluoromethyl) 1-(4-methylphenyl)cyclopropane-1-carbothioate (7.4¢)
0]
SCF3

Me
Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether =30/1 (v/v) as an
eluent, to yield the title compound 7.4¢ (53 mg) in 68%.
'"H NMR (400 MHz, Chloroform-d): & 7.34 (d, J= 7.7 Hz, 2H), 7.21 (d, J = 7.7 Hz, 2H), 2.40 (s,
3H), 1.83 (q, J=3.6 Hz, 2H), 1.37 (q, J = 4.1 Hz, 2H).
13C NMR (101 MHz, Chloroform-d): 8 193.73, 139.75, 132.97, 132.42, 129.68, 128.07 (q, J =
310.1 Hz), 38.23 (q, J = 3.2 Hz), 21.45, 20.48.
19F NMR (376 MHz, Chloroform-d): & -41.84.
Physical State: yellowish oil.
HRMS (APPI/LTQ-Orbitrap) m/z: [M]" Calcd for C12H;1F30S" 260.0477; Found 260.0478.
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Deoxygenative Trifluoromethylthiolation of Carboxylic Acids

S-(trifluoromethyl) 1-(4-chlorophenyl)cyclopropane-1-carbothioate (7.4d)
0]
SCF3

Cl
Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether =30/1 (v/v) as an
eluent, to yield the title compound 7.4d (58 mg) in 69%.
'TH NMR (400 MHz, Chloroform-d): 4 7.38 (d, /= 2.4 Hz, 4H), 1.85 (q, /= 4.1 Hz, 2H), 1.36 (q,
J=4.1 Hz, 2H).
13C NMR (101 MHz, Chloroform-d): 8 192.73, 135.79, 134.53, 133.80, 129.27, 127.86 (q, J =
310.2 Hz), 38.02 (q, J = 3.3 Hz), 20.48.
19F NMR (376 MHz, Chloroform-d): & -41.61.
Physical State: yellowish oil.
HRMS (APPI/LTQ-Orbitrap) m/z: [M]" Caled for C11HsCIF30S™ 279.9931; Found 279.9932.

S-(trifluoromethyl) 1-(4-methoxyphenyl)cyclopropane-1-carbothioate (7.4¢)

o)
SCF;

OMe
Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether =30/1 (v/v) as an
eluent, to yield the title compound 7.4e (62 mg) in 75%.
'"H NMR (400 MHz, Chloroform-d): & 7.36 (d, J= 8.4 Hz, 2H), 6.91 (d, J = 8.4 Hz, 2H), 3.84 (s,
3H), 1.81 (q, J=3.9 Hz, 2H), 1.35 (q, J = 4.0 Hz, 2H).
13C NMR (101 MHz, Chloroform-d): § 194.05, 160.60, 133.82, 128.10 (q, J = 310.1 Hz), 127.80,
114.30, 55.46, 37.80 (q, J = 3.3 Hz), 20.64.
19F NMR (376 MHz, Chloroform-d): & -41.95.
Physical State: reddish oil.
HRMS (APPI/LTQ-Orbitrap) m/z: [M]" Calcd for C12H;1F30,S™ 276.0426; Found 276.0429.
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S-(trifluoromethyl) (E)-3-phenylprop-2-enethioate (7.5a)

0]

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether =30/1 (v/v) as an
eluent, to yield the title compound 7.5a (57 mg) in 82%.

TH NMR (400 MHz, Chloroform-d): § 7.65 (d, J = 15.8 Hz, 1H), 7.60 — 7.53 (m, 2H), 7.51 — 7.38
(m, 3H), 6.61 (d, J=15.8 Hz, 1H).

13C NMR (101 MHz, Chloroform-d): & 180.95, 145.18, 133.14, 131.95, 129.36, 129.01, 128.07
(q,J=309.5 Hz), 122.86 (q, J = 3.1 Hz).

YF NMR (376 MHz, Chloroform-d): § -39.52.

Physical State: colorless oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for C10HsF30S* 233.0242; Found 233.0241.

S-(trifluoromethyl) (E)-3-(4-fluorophenyl)prop-2-enethioate (7.5b)

o

F

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether =30/1 (v/v) as an
eluent, to yield the title compound 7.5b (53 mg) in 70%.

TH NMR (400 MHz, Chloroform-d): & 7.71 — 7.44 (m, 3H), 7.12 (t, J = 8.4 Hz, 2H), 6.53 (d, J =
15.8 Hz, 1H).

13C NMR (101 MHz, Chloroform-d): 8 180.77, 164.90 (d, J = 254.3 Hz), 143.75, 131.08 (d, J =
8.8 Hz), 129.42 (d,J=3.4 Hz), 128.02 (q, J=309.5 Hz), 122.86 — 122.11 (m), 116.64 (d, J=22.2
Hz).

YF NMR (376 MHz, Chloroform-d): & -39.53, -106.55.

Physical State: yellowish solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for C10H7F40S* 251.0148; Found 251.0149.
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Deoxygenative Trifluoromethylthiolation of Carboxylic Acids

S-(trifluoromethyl) (E)-3-(4-chlorophenyl)prop-2-enethioate (7.5¢)

(0]

Cl

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether =30/1 (v/v) as an
eluent, to yield the title compound 7.5¢ (57 mg) in 71%.

ITH NMR (400 MHz, Chloroform-d): § 7.59 (d, J = 15.8 Hz, 1H), 7.52 — 7.46 (m, 2H), 7.44 — 7.37
(m, 2H), 6.57 (d, J = 15.8 Hz, 1H).

13C NMR (101 MHz, Chloroform-d): & 180.77 (q, J = 1.6 Hz), 143.55, 138.04, 131.60, 130.11,
129.68, 127.97 (q, J = 309.6 Hz), 123.19 (q, J= 3.1 Hz).

YF NMR (376 MHz, Chloroform-d): § -39.52.

Physical State: white solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for CioH7CIF30S" 266.9853; Found
266.9853.

S-(trifluoromethyl) (E)-3-(4-bromophenyl)prop-2-enethioate (7.5d)

o

Br

Following the General Procedure with the corresponding carboxylic acid (0.2 mmol). The crude
product purified by flash column chromatography, using hexanes/EA = 30/1 (v/v) as an eluent, to
yield the title compound 7.5d (51 mg) in 82%.

ITH NMR (400 MHz, Chloroform-d): & 7.64 — 7.53 (m, 3H), 7.42 (d, J = 8.5 Hz, 2H), 6.59 (d, J =
15.8 Hz, 1H).

13C NMR (101 MHz, Chloroform-d): & 180.80, 143.64, 132.68, 132.04, 130.26, 127.95 (q, J =
309.7 Hz), 126.51, 123.30 (q, /= 3.2 Hz).

1F NMR (376 MHz, Chloroform-d): § -39.52.

Physical State: white solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for CioH7BrF30S" 310.9348; Found
310.9350.
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S-(trifluoromethyl) (E)-3-(2-(trifluoromethyl)phenyl)prop-2-enethioate (7.5¢)

O

CF

3
Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether =30/1 (v/v) as an
eluent, to yield the title compound 7.5e (63 mg) in 70%.

'"H NMR (400 MHz, Chloroform-d): & 8.03 (dd, J=15.7, 2.1 Hz, 1H), 7.73 (dd, J = 14.3, 7.7 Hz,
2H), 7.59 (dt, J=22.1, 7.5 Hz, 2H), 6.58 (d, /= 15.6 Hz, 1H).

13C NMR (101 MHz, Chloroform-d): & 180.67, 140.32 (q, J = 2.2 Hz), 132.33 (q, J = 1.1 Hz),
131.78 (q, J = 1.6 Hz), 130.91, 129.64 (q, J = 30.6 Hz), 128.00, 127.73 (q, J = 309.8 Hz), 126.82
—126.32 (m), 123.70 (q, J=274.1 Hz).

1F NMR (376 MHz, Chloroform-d): & -39.62, -58.73.

Physical State: yellowish oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for C11H7FsOS* 301.0116; Found 301.0116.

S-(trifluoromethyl) (E)-3-(4-methoxyphenyl)prop-2-enethioate (7.5f)

o

MeO

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether =20/1 (v/v) as an
eluent, to yield the title compound 7.5f (72 mg) in 91%.

TH NMR (400 MHz, Chloroform-d):  7.60 (d, J= 15.7 Hz, 1H), 7.55 — 7.48 (m, 2H), 6.96 — 6.88
(m, 2H), 6.46 (d, J=15.7 Hz, 1H), 3.86 (s, 3H).

13C NMR (101 MHz, Chloroform-d): 8 180.68, 162.84, 145.00, 130.99, 128.22 (q, J = 309.2 Hz),
125.81, 120.31 (q, J = 3.1 Hz), 114.84, 55.62.

19F NMR (376 MHz, Chloroform-d): & -39.45.

Physical State: off-white solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for Ci1H;0F302S" 263.0348; Found
263.0352.
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S-(trifluoromethyl) (E)-3-(4-(dimethylamino)phenyl)prop-2-enethioate (7.5g)

o)

MezN

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether =20/1 (v/v) as an
eluent, to yield the title compound 7.5g (49 mg) in 59%.

"H NMR (400 MHz, Chloroform-d): & 7.58 (d, J=15.4 Hz, 1H), 7.51 — 7.39 (m, 2H), 6.73 — 6.62
(m, 2H), 6.36 (d, J=15.4 Hz, 1H), 3.06 (s, 6H).

13C NMR (101 MHz, Chloroform-d): & 180.20, 152.91, 146.10, 131.27, 128.52 (q, J = 308.8 Hz),
120.69, 116.90 (q, J = 3.3 Hz), 111.92, 40.21.

19F NMR (376 MHz, Chloroform-d): & -39.29.

Physical State: yellowish solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Caled for Ci2Hi3F3NOS"™ 276.0664; Found
276.0665.

S-(trifluoromethyl) (E)-3-(4-(trifluoromethoxy)phenyl)prop-2-enethioate (7.5h)

0]

F,CO

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether =20/1 (v/v) as an
eluent, to yield the title compound 7.5h (71 mg) in 75%.

'TH NMR (400 MHz, Chloroform-d): 4 7.64 (d, J= 15.8 Hz, 1H), 7.55 — 7.45 (m, 2H), 7.42 (s, 1H),
7.38 —7.30 (m, 1H), 6.64 (d, J=15.8 Hz, 1H).

13C NMR (101 MHz, Chloroform-d): 8 180.61, 149.80 (d, J = 2.1 Hz), 142.94, 135.05, 130.69,
127.75 (q, J=309.8 Hz), 127.16, 124.20 (q, J = 3.1 Hz), 123.82, 120.71, 120.37 (q, J = 258.2 Hz).
1F NMR (376 MHz, Chloroform-d): & -39.60, -57.89.

Physical State: colorless oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for C11H7Fs02S" 317.0066; Found 317.0069.
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S-(trifluoromethyl)  6-(3-(adamantan-1-yl)-4-methoxyphenyl)naphthalene-2-carbothioate
(7.6a)

0]

: Iy e
MeO

e

Following the General Procedure with the corresponding carboxylic acid (0.2 mmol). The crude
product purified by flash column chromatography, using hexanes/EA = 30/1 (v/v) as an eluent, to
yield the title compound 7.6a (90 mg) in 91%.

'TH NMR (400 MHz, Chloroform-d): & 8.41 (s, 1H), 8.07 — 7.99 (m, 2H), 7.97 (d, J = 8.7 Hz, 1H),
7.87 (ddd, J = 8.6, 4.5, 1.8 Hz, 2H), 7.61 (d, J = 2.4 Hz, 1H), 7.56 (dd, J = 8.4, 2.3 Hz, 1H), 7.01
(d,J=8.5Hz, 1H), 2.23 - 2.07 (m, 9H), 1.81 (d, /= 3.0 Hz, 6H).

13C NMR (101 MHz, Chloroform-d): 182.97, 159.23, 142.80, 139.17, 136.89, 132.00, 131.90 (q,
J=2.6 Hz), 130.96, 130.10, 129.72, 129.28, 128.18 (q, J = 310.6 Hz), 127.34, 126.01, 125.83,
124.77,122.97, 112.16, 55.19, 40.61, 37.25, 37.12, 29.11.

'F NMR (376 MHz, Chloroform-d): & -39.46.

Physical State: white solid.

HRMS (APPI/LTQ-Orbitrap) [M]" Calcd for C20H27F30,S" 496.1678; Found 496.1672.

S-(trifluoromethyl) 4-(V,N-dipropylsulfamoyl)benzothioate (7.6b)

g 0

/—/N_§A®_/<SCF3

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using hexanes/EA = 20/1 (v/v) as an eluent, to
yield the title compound 7.6b (51 mg) in 46%.

'TH NMR (400 MHz, Methylene Chloride-d»): & 8.12 — 7.91 (m, 4H), 3.19 — 3.05 (t, /= 7.4 Hz,
4H), 1.57 (h, J=7.4 Hz, 4H), 0.90 (t, J = 7.4 Hz, 6H).

13C NMR (101 MHz, Methylene Chloride-d>): 8 146.29, 137.51 (q, J = 2.7 Hz), 132.15 (q, J =
10.8 Hz), 128.48 (q, J = 12.5 Hz), 128.28, 127.83 (q, /= 309.9 Hz), 127.73, 49.90, 21.88, 10.86.
19F NMR (376 MHz, Methylene Chloride-d»): & -40.18.
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Physical State: white solid.
HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Caled for Ci14aH19F3sNO3S," 370.0753; Found
370.0752.

(10S,13R,14R,17R)-4,4,10,13,14-pentamethyl-17-((R)-6-methylhept-5-en-2-yl)-
2,3,4,5,6,7,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl 3-
(((trifluoromethyl)thio)carbonyl)benzoate (7.6¢)

Following the General Procedure with the corresponding carboxylic acid (0.2 mmol). The crude
product purified by flash column chromatography, using hexanes/EA = 20/1 (v/v) as an eluent, to
yield the title compound 7.6¢ (116 mg) in 88% (mixture of 2 diastereoisomers).

'TH NMR (400 MHz, Chloroform-d): & 146.29, 137.51 (q, J = 2.7 Hz), 132.15 (q, J = 10.8 Hz),
128.48 (q, J = 12.5 Hz), 128.28, 127.83 (q, J = 309.9 Hz), 127.73, 49.90, 21.88, 10.86.

13C NMR (101 MHz, Chloroform-d): § 182.74, 164.57, 135.62, 134.68, 134.66, 134.13, 132.31,
131.25, 130.90, 129.47, 128.67, 125.25, 82.66, 50.59, 50.52, 50.41, 49.84, 44.51, 44.49, 39.54,
38.24, 36.96, 36.50, 36.37, 36.28, 35.28, 30.99, 30.85, 29.72, 28.23, 28.22, 28.14, 28.02, 26.39,
25.74, 24.94, 24.31, 24.29, 24.25, 24.13, 22.85, 22.56, 21.07, 19.22, 18.74, 18.66, 18.17, 17.65,
16.86, 15.78.

19F NMR (376 MHz, Chloroform-d): & -39.55.

Physical State: white solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M]" Calcd for C39Hs3F303S" 658.3662; Found 658.3661.

S-(trifluoromethyl) 4-(((1R,2S,5R)-2-isopropyl-5-methylcyclohexyl)oxy)benzothioate (7.6d)

QL]
OJ\©)kSCF3
/_\
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Following the General Procedure with the corresponding carboxylic acid (0.2 mmol). The crude
product purified by flash column chromatography, using hexanes/EA = 30/1 (v/v) as an eluent, to
yield the title compound 7.6d (67 mg) in 86%.

'TH NMR (400 MHz, Chloroform-d): & 8.49 (t,J= 1.8 Hz, 1H), 8.33 (dt,J= 7.8, 1.4 Hz, 1H), 8.03
(ddd,J=17.9,2.0,1.2 Hz, 1H), 7.61 (t,J=7.8 Hz, 1H), 4.98 (td, /J=10.9, 4.4 Hz, 1H), 2.16 — 2.08
(m, 1H), 1.92 (pd, J=7.0, 2.8 Hz, 1H), 1.78 — 1.71 (m, 2H), 1.62 — 1.55 (m, 2H), 1.18 — 1.09 (m,
2H), 0.93 (dd, J=6.8, 5.3 Hz, 6H), 0.80 (d, /= 6.9 Hz, 3H).

13C NMR (101 MHz, Chloroform-d): 8 182.98, 164.59, 135.82, 135.52 (q, J = 2.8 Hz), 132.32,
131.41, 129.58, 128.80, 127.98 (q, J=309.9 Hz), 76.03, 47.33,41.03, 34.36, 31.62, 26.76, 23.80,
22.15,20.87, 16.70.

1F NMR (376 MHz, Chloroform-d): § -39.58.

Physical State: white solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M+H]" Calcd for C19H24F303S" 389.1393; Found 389.1394.

S-(trifluoromethyl) (2E,4E)-5-(benzo|[1,3]dioxol-5-yl)penta-2,4-dienethioate (7.6e)

0]

0 NN""scF
<W \
0

Following the General Procedure with the corresponding carboxylic acid (0.2 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether =20/1 (v/v) as an
eluent, to yield the title compound 7.6e (43 mg) in 71%.

'TH NMR (400 MHz, Chloroform-d): 8 7.38 (dd, J=15.0, 11.1 Hz, 1H), 7.02 — 6.94 (m, 3H), 6.81
(d,J=8.0 Hz, 1H), 6.67 (dd, J=15.4, 11.1 Hz, 1H), 6.10 (d, /= 15.0 Hz, 1H), 6.01 (s, 2H).

13C NMR (101 MHz, Chloroform-d): & 180.46, 149.63, 148.62, 145.39, 144.81, 130.06, 128.21
(q,J=309.2 Hz), 124.57 (q, J = 3.1 Hz), 124.19, 123.43, 108.83, 106.17, 101.76.

1F NMR (376 MHz, Chloroform-d): § -39.42.

Physical State: yellowish solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for Ci3HioF303S™ 303.0297; Found
303.0296.
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S-(trifluoromethyl) (E)-3-(2,3-dimethoxyphenyl)prop-2-enethioate (7.6f)

o

N~ scr,

OMe
OMe

Following the General Procedure with the corresponding carboxylic acid (0.3 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether =20/1 (v/v) as an
eluent, to yield the title compound 7.6f (75 mg) in 86%.

'TH NMR (400 MHz, Chloroform-d): 8 7.96 (d, J = 16.0 Hz, 1H), 7.14 — 6.98 (m, 3H), 6.67 (d, J
=16.0 Hz, 1H), 3.89 (s, 6H).

13C NMR (101 MHz, Chloroform-d): 8 181.31, 153.31, 149.48, 140.29, 128.16 (q, J = 309.4 Hz),
127.19, 124.49, 124.07 (q, J = 3.1 Hz), 119.78, 115.59, 61.56, 56.04.

1F NMR (376 MHz, Chloroform-d): § -39.56.

Physical State: yellowish oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for C2H2F303S™ 293.0454; Found
293.0447.

S-(trifluoromethyl) 2-(10-0x0-10,11-dihydrodibenzo|b,f]thiepin-2-yl)propanethioate (7.6g)

SCF;

Lo
o}

Following the General Procedure with the corresponding carboxylic acid (0.2 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether =20/1 (v/v) as an
eluent, to yield the title compound 7.6g (50 mg) in 66%.
'TH NMR (400 MHz, Chloroform-d): § 8.21 (dd, J = 8.0, 1.7 Hz, 1H), 7.66 (d, J = 8.0 Hz, 1H),
7.60 (dd, J=7.9, 1.3 Hz, 1H), 7.44 (ddd, J=7.9, 7.2, 1.7 Hz, 1H), 7.39 — 7.30 (m, 2H), 7.13 (dd,
J=28.0,2.0 Hz, 1H), 4.38 (d, /= 1.9 Hz, 2H), 3.86 (q, /= 7.1 Hz, 1H), 1.55 (d, /= 7.1 Hz, 3H).
3C NMR (101 MHz, Chloroform-d) § 191.83, 191.06, 139.88, 139.38, 138.76, 136.19, 135.11,
132.80, 132.13, 131.70, 131.01, 129.37, 127.70 (q, J = 310.5 Hz), 127.14, 127.10, 54.80 (q, J =
2.7 Hz), 51.16, 17.91.
'F NMR (376 MHz, Chloroform-d): § -40.31.
Physical State: yellowish oil.
HRMS (APPI/LTQ-Orbitrap) m/z: [M]" Calcd for Ci1sH14F30,S," 383.0382; Found 383.0380.
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S-(trifluoromethyl) 2-(4-isobutylphenyl)propanethioate (7.6h)

0
SCF,

Following the General Procedure with the corresponding carboxylic acid (0.2 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether =20/1 (v/v) as an
eluent, to yield the title compound 7.6h (38 mg) in 66%.

'TH NMR (400 MHz, Chloroform-d): 8 7.17 (d, J = 2.3 Hz, 4H), 3.84 (q, /= 7.1 Hz, 1H), 2.49 (d,
J=7.2Hz, 2H), 1.87 (dp, J=13.6,7.0 Hz, 1H), 1.57 (d, J="7.1 Hz, 3H), 0.92 (d, /= 6.6 Hz, 6H).
13C NMR (101 MHz, Chloroform-d): § 192.87, 142.32, 134.23, 129.90, 128.24, 127.90 (q, J =
310.1 Hz), 54.87 (q, J = 2.5 Hz), 45.07, 30.16, 22.35, 17.57.

YF NMR (376 MHz, Chloroform-d): & -40.59.

Physical State: yellowish oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M]" Calcd for C14H7F30S" 290.0947; Found 290.0942.

S-(trifluoromethyl) 2-(3-benzoylphenyl)propanethioate (7.6i)

o

SAe

SCF,4
0

Following the General Procedure with the corresponding carboxylic acid (0.2 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether =20/1 (v/v) as an
eluent, to yield the title compound 7.6i (42 mg) in 62%.

'"H NMR (400 MHz, Chloroform-d): & 7.88 — 7.68 (m, 4H), 7.63 (d, J = 7.5 Hz, 1H), 7.57 — 7.45
(m, 4H), 3.95 (q,J=7.1 Hz, 1H), 1.61 (d, /= 7.1 Hz, 3H).

13C NMR (101 MHz, Chloroform-d): § 195.99, 191.93, 138.48, 137.60, 137.17, 132.77, 132.05,
130.21, 130.07, 129.88, 129.22, 128.43, 127.64 (q, J = 310.4 Hz), 54.94 (q, J= 2.6 Hz), 17.76.
19F NMR (376 MHz, Chloroform-d): & -40.33.

Physical State: yellowish oil.

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]" Calcd for C7H14F30.S™ 339.0661; Found
339.0659.
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S-(trifluoromethyl) ($)-2-(6-methoxynaphthalen-2-yl)propanethioate (7.6j)

. O
F5CS

Following the General Procedure with the corresponding carboxylic acid (0.2 mmol). The crude
product purified by flash column chromatography, using n-pentane/diethyl ether =20/1 (v/v) as an
eluent, to yield the title compound 7.6j (47 mg) in 75%.

'H NMR (400 MHz, Chloroform-d): 8 7.76 (t, J= 9.4 Hz, 2H), 7.68 (d, J = 1.9 Hz, 1H), 7.33 (dd,
J=8.4,1.8 Hz, 1H), 7.20 (dd, /= 8.9, 2.6 Hz, 1H), 7.15 (d, /= 2.5 Hz, 1H), 4.00 (q, /= 7.1 Hz,
1H), 3.93 (s, 3H), 1.65 (d, /= 7.0 Hz, 3H).

13C NMR (101 MHz, Chloroform-d): § 192.84, 158.29, 134.43, 132.04, 129.43, 128.89, 127.94,
127.81, 127.62 (q, J = 255.3 Hz), 126.19, 119.61, 105.70, 55.38, 55.19 (q, /= 2.5 Hz), 17.59.

19F NMR (376 MHz, Chloroform-d): & -40.55.

Physical State: white solide.

HRMS (APPI/LTQ-Orbitrap) m/z: [M]" Calcd for CisH;3F30.S" 314.0583; Found 314.058]1.

S-(trifluoromethyl) 5-(2,5-dimethylphenoxy)-2,2-dimethylpentanethioate (7.6k)

L

Following the General Procedure with the corresponding carboxylic acid (0.2 mmol). The crude
product purified by flash column chromatography, using hexanes/EA = 30/1 (v/v) as an eluent, to
yield the title compound 7.6k (37 mg) in 56%.

'TH NMR (400 MHz, Chloroform-d):  7.02 (d, J= 7.4 Hz, 1H), 6.68 (d, J= 7.0 Hz, 1H), 6.61 (s,
1H), 3.95 (p, /=2.8 Hz, 2H), 2.32 (s, 3H), 2.19 (s, 3H), 1.85 — 1.74 (m, 4H), 1.30 (s, 6H).

13C NMR (101 MHz, Chloroform-d): 8 197.30, 156.89, 136.67, 130.51, 128.43 (q, J = 309.4 Hz),
123.68, 121.02, 112.01, 67.46, 51.38 (q, J = 2.2 Hz), 37.20, 24.83, 24.72, 21.52, 15.90.

'F NMR (376 MHz, Chloroform-d): & -40.08.

Physical State: white solid.

HRMS (APPI/LTQ-Orbitrap) m/z: [M]" Calcd for Ci1sH21F30,S" 334.1209; Found 334.12009.
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S-(trifluoromethyl) (1R,4aR,4bR,10aR)-7-isopropyl-1,4a-dimethyl-1,2,3,4,4a,4b,5,6,10,10a-
decahydrophenanthrene-1-carbothioate (7.61)

FsCS™ 0

Following the General Procedure with the corresponding carboxylic acid (0.2 mmol). The crude
product purified by flash column chromatography, using hexanes/EA = 30/1 (v/v) as an eluent, to
yield the title compound 7.6l (32 mg) in 42%.

'TH NMR (400 MHz, Chloroform-d): 8 5.78 (s, 1H), 5.39 — 5.32 (m, 1H), 2.23 (octet, J = 8.0, Hz,
1H), 2.09 — 1.62 (m, 12H), 1.32 (s, 3H), 1.23 - 1.10 (m, 3H), 1.03 (d, /= 3.4 Hz, 3H), 1.01 (d, J
=3.4 Hz, 3H), 0.84 (s, 3H).

13C NMR (101 MHz, Chloroform-d): § 198.61, 145.72, 128.50 (q, J = 309.5 Hz), 119.78, 55.86,
50.92, 45.81, 38.00, 37.51, 34.91, 27.42, 25.28, 22.53, 21.42, 20.86, 18.00, 16.87, 14.29.

19F NMR (376 MHz, Chloroform-d): & -40.41.

Physical State: colorless oil.

HRMS (APPI/LTQ-Orbitrap) [M]" Calcd for C21H29F30S" 386.1886; Found 386.1880.

[1,1'-biphenyl]-4-yl(trifluoromethyl)sulfane (7.7a)

In a nitrogen-filled glovebox, 7.3a (1 equiv, 0.1 mmol) was weighed into a 4 mL vial equipped
with a 10 pm magnetic stir bar. A pre-mixed solution of Pd catalyst and ligand in toluene (0.3 mL)
was added. The vial was connected to a reflux condenser, capped with a rubber septum, and this
assembly was removed from the glovebox. An argon balloon was placed on top of the condenser
and the reaction mixture was stirred at 130 °C. After 20 h, the reaction mixture was cooled to room
temperature and diluted with diethyl ether. The resulting solution was filtered through a silica plug
and concentrated under reduced pressure. The products were purified via flash column
chromatography on silica gel (hexanes/Et20=30/1, v/v).

ITH NMR (400 MHz, Chloroform-d): § 7.79 (dd, J= 16.6, 8.4 Hz, 2H), 7.66 (dd, J = 15.0, 7.9 Hz,
4H), 7.51 (t,J= 7.6 Hz, 2H), 7.47 — 7.41 (m, 1H).
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13C NMR (101 MHz, Chloroform-d): 6 143.9 (s), 139.7 (s), 136.7 (s), 132.7 (q, J = 308.1 Hz),
129.0 (s), 128.2 (s), 127.2 (s), 123.1 (q, /= 1.8 Hz).

'F NMR (376 MHz, Chloroform-d): J -42.68 (s, 3F).

Physical State: White solid.

HRMS (APPI/LTQ-Orbitrap) [M+H]" Calcd for Ci3Hi0F3S* 255.0450; Found 255.0451.
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General Conclusions and Outlook

8.1 General conclusions

The research work discussed in this thesis aimed to develop novel carbon-heteroatom bond-
forming reactions using aliphatic carboxylic acids as versatile coupling partners, including (1)
decarboxylative C(sp*)-heteroatom (N, O) cross-couplings via tandem photoredox and copper

catalysis; (2) deoxygenative trifluoromethylthiolation of carboxylic acids.

8.1.1 Conclusions of decarboxylative C(sp®)-N and C(sp3)-O cross-coupling reactions

—COOH —— —— —Nu

* abundant
* stable
* non-toxic

Figure 91 Decarboxylative C(sp*)-N and C(sp?)-O cross-couplings via synergistic photoredox and copper
catalysis.

In Chapters 4-6, we describe the development of a synergistic photoredox/copper catalysis
system (Figure 91) and its applications in decarboxylative amination and etherification reactions.
This catalytic system enables efficient couplings of alkyl carboxylic acid-derived NHPI esters with
a variety of N-, O-nucleophiles.

Each chapter in Chapters 4-6 begins with a challenging cross-coupling puzzle and then
details how these puzzles can be solved using our established photoredox/copper cooperative
catalytic strategy. Chapters 4 and 6 show how C(sp®)-N and C(sp>)-O bonds can be efficiently
constructed via transition metal-catalyzed decarboxylative cross-coupling reactions, respectively,
and how carboxylic acid-containing natural products and drugs can be efficiently modified. The
method we developed not only fills a gap in the field of decarboxylative C(sp®)-N and C(sp)-O

bond-forming reactions, but also opens up more pathways for drug modifications.
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Chapter 3 describes the application of benzophenone imines as a class of amine equivalents
in the decarboxylative C(sp®)-N cross-coupling reactions. This method was established to provide
an efficient and safer alternative to the conventional Curtius rearrangement. By using distinctive
N-sp?-hybridized benzophenone amines as nucleophilic reagents, the reactions were not only
efficient (up to 99% yield) but also allows for the rapid transformaiton of a wide range of primary,

secondary and tertiary alkyl carboxylic acids into protected primary alkyl amines.
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8.1.2 Conclusions of Deoxygenative trifluoromethylthioesterification reactions of

carboxylic acids
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Figure 92 Deoxygenative trifluoromethylthiolation of carboxylic acids.

In Chapter 5, we describe a deoxygenative trifluoromethylthiolation method that enables the
generation of trifluoromethylthioesters directly from carboxylic acids in one step (Figure 92). The
method is based on a "umpolung" strategy wherein triphenylphosphine is first used to activate an
electrophilic trifluoromethylthiolating (CF3S™) reagent and then to act as an oxygen acceptor as
well as a trifluoromethylthio anion (CF3S7) donor. Based on this concept, the method provided a
strategy for the controlled release of CF3S™ anion, which was a long-standing challenge in synthetic
fluorine chemistry. The established method (Figure 92) is mild (room temperature), rapid (30

minutes), efficient (up to 95% yield), wide-ranging (nearly 50 examples including aromatic
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carboxylic acids, aliphatic acids, and cinnamic acids), and highly compatible (numerous functional
groups and complexes). Most importantly, it can be applied to the late-stage functionalization of a
wide range of natural products and drug molecules that containing carboxylic acid groups (Figure
92). This approach has largely expanded the library of trifluoromethylthioester molecules, most of
which were reported for the first time, thus providing more candidate molecules for drug discovery.

To further demonstrate the practicality of the synthesis of trifluoromethylthioesters, we
successfully  achieved the facile conversion of trifluoromethylthioesters to
trifluoromethylthioesters via palladium-catalyzed decarbonylation. Such an approach has offered

an expedient route to achieve trifluoromethylthioethers from carboxylic acids.
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8.2 Outlook

The thesis presents the development of a series of novel carbon-heteroatom bond-forming
reactions using carboxylic acids as a class of inexpensive and versatile coupling partners.
Following the experimental results and lines of research obtained in this thesis, we believe that
more interesting questions remain to be addressed. Here, we list these topics and ideas in the hope

that they will inspire more people.

8.2.1 Outlook concerning decarboxylative C(sp®)-N and C(sp?)-O cross-coupling reactions

(1) Although significant progress has been made in decarboxylative C(sp*)-N and C(sp?)-O
cross-coupling reactions, how to reduce the cost of such transformations remains an important
issue. For example, whether the ruthenium- and iridium-based photocatalysts can be replaced with
non-precious metal-based photocatalysts or even organic photocatalysts? It is worth mentioning
that the author has already identified some potential organic photocatalysts during the preparation
of the thesis and showed encouraging results, and further investigations are in progress.

(2) Enantioselective decarboxylative C(sp®)-N and C(sp*)-O coupling method is a very
intriguing and challenging topic. While the idea is conceptually feasible, the potential hurdles are
considerable. For example, the types of ligands that can be applied to the reaction are limited,
which poses a significant difficulty in finding suitable chiral ligands (see Figure 44, Figure 45,
Figure 46). Moreover, ligands are not essential in most reactions present in this thesis, thus the
high activity of the reaction would pose considerable challenges in selecting efficient chiral ligands.

(3) In order to improve the overall synthesis productivity, it would be interesting to extend
the established transformations to multi-component reactions. For example, additional Michael
acceptors or other acceptors could be added to the standard reaction conditions we have established.
Based on this approach, we may be able to forge both C-C and C-heteroatom bonds simultaneously,
thus significantly improving the reaction efficiency.

(4) The direct use of aliphatic carboxylic acids as coupling partners can avoid additional pre-
functionalization, which not only improves the synthesis efficiency but also improves the atom
economy. Relevant work is underway in our laboratory and some preliminary results have been

obtained.
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8.2.2 Outlook concerning deoxygenative trifluoromethylthioesterification reactions of
carboxylic acids

(1) Although this method is compatible with a wide range of functional groups and can be
applied to the late-stage functionalization of natural products and drug molecules, we did not test
the reactivity of this method to functionalize peptides. We expect that this efficient and
straightforward strategy may allow for the C-terminal selective bioconjugation of peptides (even
proteins).

(2) To date, we only have applied the reagent N-trifluoromethylthiophthalimide to
deoxygenative trifluoromethylthioesterification of carboxylic acids. However, more electrophilic
reagents other than N-trifluoromethylthiophthalimide could be applied to this methodology,
providing a more expansive playground for this novel strategy.

(3) As presented in chapter 7, trifluoromethylthioesters can be transformed into
trifluoromethylthioethers via a palladium-catalyzed decarbonylation pathway. In this process,
trifluoromethylthioesters need to be isolated. We envision the development of a one-pot reaction
to convert carboxylic acids directly to trifluoromethylthioethers would be of greatly synthetic

importance.
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