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1 Introduction

1 Introduction

,ESs ist also erwiesen, dass viele, sowohl einfache als
zusammengesetzte Korper, sowohl in fester als in aufgeléster Form, die
Eigenschaft besitzen, auf zusammengesetzte Korper einen, von der
gewdhnlichen chemischen Verwandtschaft ganz verschiedenen Einfluss
auszulben, indem sie dabei in dem Koérper eine Umsetzung der
Bestandtheile in anderen Verhaltnissen bewirken, ohne dass sie dabei mit

ihren Bestandtheilen nothwendig selbst Theil nehmen*
(Berzelius, 1835)"

In the early 19" century, BERZELIUS was the first to propose a “new force”, which he
described as an omnipresent phenomenon in nature, and called it “catalysis”.[z] The
word catalysis is derived from the ancient Greek words kata, meaning down and
lyein, meaning loosen. From a present point of view, this description seems to be an
extremely unfortunate choice, because catalytic reactions are in most cases highly

productive processes.

The definition of catalysis that lasts until now goes back to OSTWALD: “a catalyst
accelerates a chemical reaction without affecting the position of the equilibrium”.®!
From that date, almost 200 years ago, catalysis has raised to one of the most
important fields of research in chemistry. Groundbreaking technologies based on
catalysis, such as the HABER-BoscH process!” for the synthesis of ammonia from
elementary nitrogen and hydrogen, or the ZIEGLER-NATTA polymerization® for the
mass production of polymers, represent milestones for industrial processes, and

further caused changes in society.

Due to the growing demand for chemical products for a plethora of applications in
pharmaceutical and agrochemical industry, polymer science and many other areas,
the development of new organic transformations is indespensible. Obviously, the
accessibility of new compounds provided by these technologies represents a huge
benefit for the life of many people. However, a number of drawbacks are associated
with their synthesis, for example the production of toxic waste, the consumption of
non-renewable natural resources and the high energy demand.
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Therefore, catalytic transformations are important techniques, as implied within the
12 Principles of Green Chemistry,'® and nowadays, more than 85% of all produced

chemicals pass through at least one catalytical process.”!

1.1 Transition Metal-Catalyzed C—-H Activation

The defined construction of molecular building blocks for the development of various
functionalized materials and pharmaceuticals posed major challenges to organic
chemists for centuries. Therefore, the discovery of catalytic processes set the stage
for the selective formation of carbon—carbon (C-C) and carbon—heteroatom (C—Het)
bonds, which constituted one of the most important developments for organic

syntheses.

Early works by GLASER,®® ULLMANN,™ as well as GoLpserc!™” indicated the potential
of these catalytic methods. In particular, the copper-catalyzed formation of new C-C
bonds, especially on arene C(sp®)-H bonds, enabled the synthesis of biaryl motifs,
an omnipresent scaffold in natural occurring compounds, which are otherwise hard to
access.™™ Indeed, this method suffered from harsh reaction conditions, low
selectivities and moderate yields and, therefore, its applications was found to be
limited. A major breakthrough in the field of selective C—C/C—Het coupling was
achieved with the development of palladium-catalyzed cross-coupling reactions,
processes that tremendously expanded the toolbox of modern organic synthesis.*?
In this context, a range of well-known named reactions, such as the KuUMADA-
CorrIU,™ NEGIsHILEY MiciTa-Kosual-STiLLE, 42 191 Suzuki-Miyaural?® and Hiyamalt”
cross-couplings enabled the highly efficient and selective synthesis of biaryls, while
the MizorokI-Heck!*® reaction allowed for the selective alkenylation of aryl halides,
and the SoNoGASHIRA-HAGIHARAM® reaction represents a unique alkynylation
strategy. These methods have found widespread applications in the pharmaceutical,
agrochemical and chemical industry and, moreover, this research was recognized
with the Nobel Prize in 2010 awarded to A. Suzuki, E.-i. Negishi and R. Heck.?"

Indisputably, these remarkable achievements changed the world of organic chemists,
but still significant drawbacks are directly linked to cross-coupling reactions. Thus,
prefunctionalizations of the starting materials are necessary. Besides the organic

(pseudo)halides, the employed organic nucleophiles, such as Grignard reagents,

2
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organozinc and toxic organotin compounds, require multistep syntheses and, in
addition, these compounds are often difficult to handle and store. Therefore, the

development of alternative methodologies such as C-H activation is highly

desirable.[*!]
a) Traditional RU—x + M—R2 cat. [TM]
cross-coupling — MX
b) C-H 1 o2 cat. [TM] A D
functionalization R H + X=R _HX > R R
c) Cross-dehydrogenative [ p1 —py + H— R2 cat. [TM]
C—H activation —H,

Scheme 1.1: Comparison of traditional cross-coupling vs. C—H activation.

While cross-dehydrogenative C—H activation strategies in principle constitute the
most efficient approach, which formally only generate hydrogen as by-product,
stoichiometric oxidants are needed, resulting in additional waste generation (Scheme
1.1c).*Y Traditional cross-coupling, although very efficient, does not only require an
electrophilic coupling partner, but also an additional nucleophilc organometallic
reagent, which leads to the formation of stoichiometric amounts of partially toxic

waste (Scheme 1.1a).

Therefore, the direct functionalization of C—H bonds is extremely desirable in terms of
step- and atom-economy,?? and bears great potential for the construction of C—C
and C—Het bonds without the requirement of any prefunctionalization steps (Scheme
1.1b).1¥

Thus, C—H activation would provide the most favourable access for the synthesis of
highly-functionalized organic molecules, but some key challenges have to be
addressed. Whereas, in traditional cross-coupling reactions the regioselectivity of the
C—C or C-Het bond forming step is clearly defined by the substitution pattern of the
electrophile and nucleophile, for direct C—H functionalization reactions the control of

selectivity is of major importance.



1 Introduction

As C—H bonds are omnipresent in organic molecules, exhibiting almost identical bond
dissociation energies, there are mainly three ways how to control the selectivity: i) the
electronic distinction of C—H bonds caused by the differences in kinetic acidity, ii) the
use of bulky substituents, that are blocking adjacent positions and thereby resulting
in a steric control (Scheme 1.2a), and iii) the introduction of Lewis-basic directing
groups to coordinate transition metal complexes in close proximity to the C—H bond
to be activated (Scheme 1.2b).2"! Furthermore, the introduction of directing groups
generates a huge variety of different substrate classes, and in many cases the
directing group can be removed after the desired transformation, even in a traceless

fashion.

a) Differentiation of C—H bonds

electronic bias steric bias directing group
H N~
37.3 R R )\\ | H o
NN HN N R
e ;
203 || ~ 29.3 H H H
H” N~ N H

. H

b) Influence of the directing group

DG DG—[TM] DG
M é’ H [T™]

Scheme 1.2: Strategies for site-selectivity in C—H activation.

While the achievements in the field of C—H activation grew rapidly within the last
decades, extensive investigations on the nature of the key-step, the initial C—H bond
cleavage, have been conducted.?” Therefore, excluding radical-type outer-sphere
mechanisms,'* five different pathways for the C—H bond dissociation, depending on
the nature of the metal catalyst and oxidation state, have been identified (Scheme
1.3): a) oxidative addition for electron-rich late transition metals in low oxidation

states, such as ruthenium(0), rhodium(l) and palladium(0),*?

b) electrophilic
substitution in case of late transition metals in higher oxidation states,?*” ¢) o-bond
metathesis for early transition metals and lanthanoids,**” d) 1,2-addition to
unsaturated M=X bonds, such as metal imido complexes, and e) base-assisted

metalation.[?*d
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a) Oxidative addition

H H CHF _H
LM o+ | = LMl LM — LM
Cc Cc Cc
b) Electrophilic substitution
@ _X H X ©)
LM o+ 1 —— LM @ _H —— LM o+ H
Cc Cc Cc
¢) o-bond metathesis
_R H RO ®
LM + | —— LM CH —— LM + R/H
Cc Cc Cc
d) 1,2-Addition
T
X H XL XH
LM+ 1 — = MO CH| —— 1M
Cc Cc Cc
e) Base-assisted metalation
R t R
X R
e | x)Q X)\XH
,X + I e | | _— |
L,M c L.M_  H "MS G
Cc

Scheme 1.3: Different modes for organometallic C—H activation.

The base-assisted C—H cleavage was further investigated in detail and upon
intensive research in this area several transition states were proposed, describing the
activation mode of C—H activation events more precisely (Scheme 1.4).[24a

R t R % R t R _|@ t
Ao BN ! Ao

T T N G

LM, _H LaM:----H LM, H Y
c c C s® ¢ 59O

CMD AMLA IES BIES

Scheme 1.4: Transition state models for base-assisted C—H activation events.

The concerted metalation-deprotonation (CMD)?®

and ambiphilic metal-ligand
activation (AMLA)?" were independently disclosed and describe the interaction of the

metal center, carboxylate-ligand and the C—H bond via a six-membered transition

5
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state. These activation modes are especially used to describe C—H activation events
of electron-deficient substrates with relative high kinetic acidity. In contrast, the
intermolecular electrophilic substitution (IES)® proceeds via a strained four-
membered transition state and has been proposed for C—H activation mechanisms
relying on alkoxide bases. On the other hand, base-assisted internal substitution
(BIES)® has been proposed to explain the preferred reactivity of electron-rich

substrates.

1.2 Nickel-Catalyzed C-H Activation

Transition metal-catalyzed C—-H activation has become one of the most viable and
powerful tools for a broad range of chemical transformations. Especially, the noble 4d
and 5d metals, namely rhodium, iridium, palladium and ruthenium, contributed to
major achievements in this field of research.*® However, due to the relatively high
costs and low natural abundance of these metals, more sustainable resources for
metal catalysts are needed. Therefore, metal catalysts based on earth-abundant 3d

metals have gained significant attention throughout the last years."

In particular, nickel showcases many benefits, as it is less expensive than the
precious transition metals and less toxic than the commonly used palladium
catalysts.®™ Moreover, nickel exhibits specific properties, contrasting with palladium,
that needs to be pointed out. For instance, nickel is a relatively electropositive
transition metal. Therefore, it undergoes oxidative addition more readily and allows
for the use of electrophiles in cross-coupling reactions®® that would be considerably
less reactive under palladium catalysis such as phenol derivatives.*¥ In addition,
nickel can exhibit a number of readily available oxidation states, allowing for different
modes of reactivity, which enable the development of innovative transformations

based on single electron transfer (SET).!

To this end, a wide range of transformations have been developed employing nickel
catalysis, such as Kumapal®® and NecisHi®”) cross-coupling reactions, reduction of
multiple bonds and other functional groups employing Raney nickel, Heck-typel**”!

reactions, and C—H functionalizations, among others.
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One of the first and important contributions to nickel-catalyzed C—H activation was
reported in the early 1960s by Duseck (Scheme 1.5).B¥ In this report diazobenzene
(1) was reacted with stoichiometric amounts of nickelocene (2) at elevated
temperatures and the product 3 could be isolated and characterized. This example
highlights the strenght of nickel in being capable to undergo C—H nickelation at the
ortho C—H bond of diazoarenes 1 by using the diazo moiety as directing group.

N\
N /_V—\, 135°C, 4 h NA@
N + Ni p— Ni
Qd) —P \Cp

1 2 3

Scheme 1.5: C—H cyclometalation of diazobenzene 1.

After this seminal observation, research came to a standstill for almost 50 years, until
2006, when LIANG disclosed that the nickel(ll) pincer complex 4 could react with
benzene (5) to provide complex 6 via oxidative addition into the C—H bond of
benzene without any directing group (Scheme 1.6).%¥ This example is of particular

interest, highlighting the remarkable reactivity of inexpensive nickel(ll) catalysts as
compared to the commonly used 4d and 5d metals.
e

AIMe3 :\<
N—Ni-H + H
/ 25 80 °C
PR, =iPr, Cy

4 5 6: quant.

Scheme 1.6: Stoichiometric arene C—H activation with nickel(Il) pincer complex 4.

Subsequently, the use of nickel catalysis to achieve C—H activation was investigated
in more detail by the groups of NAKAO/HIYAMA, MIURA, ITAMI, HU and ACKERMANN,
among others.¥ In this context, the development of new methodologies for C—H
activation, including direct arylation, alkynylation and alkylation reactions,
hydroarylation-type reactions and annulations strategies** were mainly focused on

the use of electronically-biased azoles and related heterocycles.
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1.2.1 Nickel-Catalyzed C-H Arylation, Alkynylation and Alkylation

In 2009, the first examples of C—H arylation of the electronically activated azole
derivatives 7 and 8 with simple aryl halides 9/12 were concurrently reported by MIURA
and ITam (Scheme 1.7).1°0% 4%l |n poth reactions, simple nickel(ll) salts in the
presence of bidentate nitrogen-based ligands enabled the synthesis of arylated
azoles 10-11 in high yields.

Ni(OAc), (10 mol %)

- \ bipy (10 mol %) N
a . | s E )
Sy - LiOtBu, 14d|oxane SeoTTX

85°C,36h

NiBr; (10 mol %)

. phen (12 mol %) ==~ —N

0 T — I
Lo LiOtBu, diglyme Sy -~s
7 150 °C, 4-6 h 10

Scheme 1.7: Nickel-catalyzed C-H arylation of azoles.

The outcome of the reaction was strongly dependent on the nature of the base and
hence, solely LiOtBu was efficient to achieve the desired transformation. Later, the
protocol developed by ITamI could be improved by using the less expensive base
Mg(OtBu), as an alternative to LiOtBu.*? With these new conditions in hand, also
electron-deficient haloarenes were suitable substrates for the C-—H arylation

reactions.

In addition to aryl halides, readily available and inexpensive phenol derivatives could
also be employed as arylating reagents. The group of ITAmI developed the nickel-
catalyzed C-H/C-0O coupling of 1,3-azoles 7 and 8 with aryl pivalates or triflates 13,
featuring an effective Ni(cod)./dcype catalyst system (Scheme 1.8a).1% In addition
to aryl pivalates and triflates, also aryl carbonates, sulfamates, tosylates, and

mesylates proved to be viable substrates.!*!
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a) Nickel-catalyzed C—H arylation of azoles with aryl pivalates and triflates

Ni(cod), (10 mol %)

=7~ —N deype (20 mol % 2~ N
T )n ¢ ro—(ar) EEEE TN ()
Loty Cs,CO3, 1,4-dioxane Sou -~

X=0,S R = Tf, COtBu 120°C,12h
7or8 3 10 or 11

b) Mechanistic studies on the nickel-catalyzed C—H/C-O biaryl coupling

Ni(cod), (CylP P(Cy)
O _tBu ¢ Ni{ 8 N
cype
2-Napht” \ﬂ/ T - ° . \>—2-Napht
o)

o
o PhMe ’ PhMe
100 °C, 12 h 0 O%t 100 °C, 12 h

Bu

14 15: 80% 11a
67% (with Cs,CO3)
32% (without Cs,CO3)

Scheme 1.8: a) Nickel-catalyzed C—H arylation of azoles 7 and 8 with phenol derivatives, b) mechanistic
investigations.

Importantly, the use of dcype (22) as the ligand was crucial to obtain good results,
while other ligands, such as triphenyl phosphine, dppe or N-heterocyclic carbenes did
not perform well in the envisioned reaction. Detailed mechanistic studies by ITAMmI
revealed a pronounced ligand effect, since complex 15, generated via oxidative
addition into the C-O bond of naphthyl pivalate 14, could be isolated only in
presence of dcype. Furthermore, complex 15 was able to release the arylated

product 11a when treated with 8 in a stoichiometric fashion (Scheme 1.8b).[%

Whereas benzothiazoles 7 and benzoxazoles 8 mostly react smoothly in nickel-
catalyzed C—H arylation reactions, benzimidazoles and imidazoles had previously not
been viable substrates in this kind of transformations. However, ITAMI and YAMAGUCHI
were able to employ aryl carbamates 17 and rarely used chlorobenzene 19 for the
C-H arylation of challenging (benz)imidazole derivatives 16 (Scheme 1.9a and b).**
Interestingly, the envisioned reaction showed a strong dependence on the solvent
used, whereby only tertiary alcohols, especially tert-amyl alcohol, allowed for the
efficient C—H arylation. Furthermore, by changing the ligand from dcype, utilized for
the arylation protocol, to dcypt (23), enol derivatives such as vinyl carbamate 20
could be used as coupling partner to achieve the C-H alkenylation of

benzimidazoles, as well as other azole derivatives (Scheme 1.9c).1*®!
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a) Arylation of (benz)imidazoles with aryl carbamates

Ni(OTf), (10 mol %)

I P d 12 mol % N I
>, e oype (12mol %) (T Q
. O AL
\
17

~
-

\

\

~ . KsPO,, tAmylOH
110 °C, 12-36 h

b) Arylation of (benz)imidazoles with chlorobenzene

~
-

3 Ni(OTf), (10 mol %)

2 N " >N

L ]I S—H . C|© doype (12mol %) I~ E \>_©
>N KsPO4, tAmylOH N
110 °C, 36 h

¢) Alkenylation of benzimidazoles with vinyl carbamate

N Ni(OTf), (10 mol %)
©: \>—H . MezN\n/O decypt (12 mol %) . ©:N
N 9 K3POy4, tAmylOH N

Bn 110°C, 36 h Bn
16 20 21: 87%
S
S\ /Z
;> P P P P é:
dcype (22) dcypt (23)

Scheme 1.9: Nickel-catalyzed C—H arylation and alkenylation of (benz)imidazole derivatives.

In 2012, Itami disclosed a further approach to achieve biaryl formation via a
decarbonylative coupling of azoles 7 or 8 with aryl esters 24."% Here, the
Ni(cod)./dcype catalytic system, similar to the C—H/C-O coupling of aryl carbamates,
enabled the synthesis of various (hetero)arylated azole derivatives 10 or 11 (Scheme
1.10a).

A mechanistic proposal rationalized that nickel(0) complex 28 could be an
intermediate within a plausible catalytic cycle, involving a nickel(O)/nickel(ll) redox
system (Scheme 1.10b). Later on, the group of GADE supported the presidence of
intermediate 28 by the formation and characterization of a related complex.”
Furthermore, Houk an Lu reported more detailed investigations by computational

studies for the decarbonylation step./*®!
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a) Nickel-catalyzed decarbonylative arylation of azoles with aryl esters

Ni(cod), (10 mol %)

-~ —N O dcype (20 mol %) -~ N
r- I
> e A e . PRl
St~y Ar” O” K3POy, 1,4-dioxane Sy -y
X=0. S 150 °C, 24 h
7or8 24 10 or 11
b) Proposed catalytic cycle
Cy\P/ \P/Cy
co INil° 24 Cy” “NiT Cy
oc’ co
10/11
(CO), 28
n=0,1
) °>L@
(//’ il
" [ o= PhO [l\llI]
27 (€O
PhOH'\\ Q /
PhO— [N|]”
(CO)n+1
26

Scheme 1.10: a) Decarbonylative arylation of azoles 7 and 8; b) proposed catalytic cycle.

While a majority of reported methods for the direct C—H arylation were restricted to
the use of activated C—H bonds in heteroaromatic substrates, such as pyridines,
perfluorinated arenes or azole derivatives,® in which an acidic C-H bond is
functionalized, examples for the catalytic functionalization of unactivated C—H bonds
in arenes remain comparatively scarce. Inspired by the pioneering work of DAUGULIS
introducing the N,N*-bidentate directing groups 8-aminoquinoline (8-AQ) for
palladium-catalyzed C—H functionalizations,® the group of CHaTaNI developed a
nickel-catalyzed C—H arylation of aromatic amides 29 containing 8-AQ as the
directing group (Scheme 1.11).54
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o) o)
N Ni(OT#), (5.0 mol %) N
SR :
H Nx NaHCO3, PhMe Ph
160 °C, 20 h
29 9 30

Scheme 1.11: Nickel-catalyzed C—H arylation of benzamides 29 with iodobenzene 9.

Nickel-catalyzed C—H functionalizations are not limited to arylation reactions of
electronically-biased hetero(aromatic) substrates or arenes bearing bidentate
auxiliaries. Subsequently, numerous protocols for the corresponding nickel-catalyzed
alkyne annulation, alkynylation and alkylation reactions of inert C—H bonds under
bidentate chelate-assistance and substrates with activated C—H bonds have been

developed, which have been summarized in selected reviews. B 4!

It is noteworthy that the introduction of alkynes via transition metal-catalyzed C—H
activation has been identified as a powerful alternative to the conventional

SONOGASHIRA-HAGIHARA coupling.??

An early protocol for the nickel-catalyzed
alkynylation of 5-aryloxazoles 31 with alkynyl bromides 32 was described by MIURA in
2009 (Scheme 1.12a).5% Here, the catalytic system consisted of Ni(cod), as the
catalyst and 1,2-bis(diphenylphosphino)benzene (dppbz) as the ligand. One year
later, in 2010, the same group was able to achieve a similar C—H alkynylation of
azoles 8 with terminal alkynes 34, such as simple acetylenes, in an oxidative fashion,

utilizing environmentally benign O, as the sacrificial oxidant (Scheme 1.12b).554

a) Alkynylation of azoles with bromoalkynes
Ni(cod), (5.0 mol %)

N N
dppbz (5.0 mol % —
)I Y=H + Br—=—R Ppbz ( ©) )I S——=—R
A O LiOfBu, PhMe A O

110 °C, 3 h

b) Oxidative alkynylation of azoles with terminal alkynes

N NiBr,-diglyme (5.0 mol %) N
- _ dtbpy (5.0 mol %) r _

A\ A\
L e=r . (M=
-7 T0 LiOtBu, PhMe 270

8 34 80-120 °C, 1 h 35

0O, (1 atm)

Scheme 1.12: Nickel-catalyzed (oxidative) alkynylation of oxazoles 31 and 8.
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Furthermore, the use of monodentate and bidentate directing groups enabled a wide
variety of strategies, employing alkynes as coupling partners, either achieving
alkynylation reactions or annulations reactions.!** *° As highlighted in Scheme 1.13,
nickel-catalyzed C—H/N-H annulation reactions can be applied for the construction of

various N-heterocyclic structures.

a) Synthesis of isoquinolines

]
R! Ni(cod), (10 mol %) R
R3 dppf (10 mol %) N
el PP N
N n + % -
R2 PhMe, 110 °C ZNR3
H 24 h R?
36 37 38

b) Synthesis of isoquinolinones
Ni(cod), (10 mol %)

0
Q P
R2 PPh, (10 mol % N~ 2-
N L Z YT ° i
H R' PhMe, 160 °C ZNp2
H N 6 h R

R1
39 37 40
c) Synthesis of indoles
H Ni(cod), (10 mol %) 2-pym
N_ _N R? dppf (20 mol %) N
\ﬁ ~ + % / R2
N__~ R! neat, 160 °C
H 20 h R
41 37 42

Scheme 1.13: Synthesis of N-heterocyclic structures via nickel-catalyzed alkyne annulations.

For example, KurRAHASHI and MATSUBARA developed an alkyne annulation of
ketoximes 36 for the synthesis of isoquinolines 38 (Scheme 1.13a),°® whereas
CHATANI developed a protocol for the construction of substituted isoquinolones 40 by
reacting benzamides 39, bearing a bidentate directing group, with internal alkynes
under similar conditions (Scheme 1.13b).”"! In contrast, AckERMANN could achieve
the synthesis of indoles®®® 42 from N-pyrimidyl anilines 41 and alkynes 37 via nickel-
catalyzed C—H/N—H annulation (Scheme 1.13c).*® Noteworthy, this C—H/N-H bond
activation protocol proceeds in the absence of any metal oxidants and with excellent
chemo- and regio-selectivities. Furthermore, numerous other alkynylation and
annulations reactions utilizing terminal alkynes under oxidative conditions®®®® %% or

direct alkynylations using bromo alkynes® were developed.
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In addition to arylation and alkynylation reactions, methods for the introduction of
alkyl groups are highly desirable transformations. Regarding transition metal-
catalyzed C—H alkylations, two general approaches have been commonly followed, i)
the hydroarylation of alkenes, which will be discussed later, and ii) the use of
electrophilic alkyl halides for the direct C—H activation. However, the use of alkyl
halides in direct C—H alkylation suffers from several limitations. Thus, the oxidative
addition of alkyl halides to transition metal complexes is an unfavourable process and
the corresponding alkylmetal complexes tend to undergo B-hydride elimination.®¥ In
2010, HUM Miural®? and Ackermann'® independently reported on the nickel-
catalyzed C—H alkylation of azoles with alkyl halides (Scheme 1.14). The catalytic
system, reported by Hu was comprised of the nickel-pincer complex 47 and
additional copper(l) salts for facile transmetalation. Also, ACKERMANN made use of
similar copper(l) salts. Under those conditions, a broad substrate scope with various

alkyl iodides, bromides, and alkyl chlorides proved to be applicable in the

transformation.
a) Hu
R! 47 (5.0 mol %) R NMe,
IN\ ¢ Ak—X Cul (0-5.0 mol %) IN\
H - - Alk N—Ni—Cl
, | Y>_ LiOtBu, 1,4-dioxane | Y>_ !
R 140 °C, 16 h R NMe
Y = 0: 43 X =Cl: 45 Y = 0O: 48 2
Y=S: 44 X=1 46 Y=S: 49 47
b) Miura
NiBr,-diglyme (5.0 mol %)
N terpyridine (5.0 mol %) N
S—H +  Ak—Br - ° D= Alk
S LiOtBu, 1,4-dioxane s
7 50 120 °C, 6 h 51

c) Ackermann ) )
NiBr,-diglyme (5.0 mol %)

diglyme (15 mol %)

N Cul (7.5 mol %), Nal (20 mol %) N
o S—H *  Ak-—X ° S—Alk
Y LiOfBu, 1,4-dioxane Y
140 °C, 16 h
Y=8:7 X =Cl: 45 Y =8S: 51
Y=0:8 X =Br: 50’ Y =0: 52

Scheme 1.14: Nickel-catalyzed C—H alkylations of azoles.
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To gain insights into the mode of action of the nickel-catalyzed alkylation, MiurRA and
ACKERMANN independently performed detailed mechanistic studies. To this end,
radical clock experiments provided strong support for radical intermediates to be
involved, and therefore a plausible catalytic cycle was proposed (Scheme 1.15). After
initial C—H metalation of azole 7/8, the alkyl halide 50 is activated by single electron
transfer, followed by a radical recombination to generate nickel(lll) intermediate 54.
Then, reductive elimination releases the desired product 51/52 and regenerates the

catalytically active nickel(l) species.

N . N S
Ak— I[ ] H— E[ 1, LiotBu

51 \gr 52 NiL-Br Y7 or 8
Cul
LiX, HOtBuU
Alk
| N7, N -7,
Lnl\lli”"</xj[\;,/,j LnNi'—</Y1v,,,J
BT 54 53

Br—Alk
sy 50

Ne -

LoNil'= j[ .
| Y ~ e
Br |

-
s
~

Alk

Scheme 1.15: Plausible catalytic cycle for the nickel-catalyzed C—H alkylation of azoles.

In 2013, CHATANI reported on the chelation-assisted nickel-catalyzed C—H alkylation
of aromatic amides 29 with alkyl bromides 50 (Scheme 1.16a).°® Interestingly,
among various tested directing groups, only the bidentate 8-aminoquinoline auxiliary
provided efficient reactivity to give the desired alkylated products 55. Furthermore,

the addition of Nal allowed for the use of alkyl chlorides as electrophile.

15



1 Introduction

o)
Ni(OTf), (10 mol %)
N PPh; (20 mol %)
(a) H + Br—AK & -
H Nx Na,CO3, PhMe
140-160 °C, 24 h
29 50
o) .
. [NICI(DME)] (10 mol %)
N R BDMAE (40 mol %)
H Nx R2 LiOtBu, PhMe
160 °C, 20 h
29 56
o) .
[NiClo(DME)] (10 mol %)
N BDMAE (40 mol %)
(c) H |+ I=CH,CF; -
H Nx LiOtBu, PhMe
160 °C, 20 h
29 58
H [NiCl,(DME)] (5.0 mol %)
NN D{BEDA (10 mol %
(d) T o+ Br—Ak : (10 mol %)
N LiOtBu, 1,4-dioxane
H 100-120 °C, 16 h
41 50

Scheme 1.16: Nickel-catalyzed C—H alkylations under chelate-assistance.

Subsequently, ACKERMANN enabled the use of challenging secondary alkyl halides 56

(Scheme 1.16b and c), and trifluoroethyl iodide (58) also proved to be a viable

substrate for the first time.'®” Furthermore, the protocol could be applied to aniline

derivatives 41 being for the first time devoid of a bidentate directing group (Scheme

1.16d).! Thus, the monodentate pyrimidine directing group enabled access to

alkylated aniline derivatives 60.

Additionally, various protocols for the installation of alkyl,®® benzyl,!®%* 671 and allyI'®®"

6]

alkyl halides or pseudohalides.
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1.2.2 Nickel-Catalyzed C-S Bond Formation

Organosulfur compounds are useful building blocks in organic synthesis. Among
these compounds, aryl sulfides represent an important structural motif found in a
huge variety of biologically and pharmaceutically active compounds, e. g. for the
treatment of diabetes, immune or Alzheimer's desease, among others.[
Furthermore, dibenzothiophene, the fused form of diarylsulfides, represent one of the
most important subunits for optoelectronic devices such as semiconducting polymers
or OLEDs.™

Commonly applied strategies for the formation of C—S bonds have been devoted to
direct cross-coupling reactions of aryl halides with thiols or the addition of thiols to
unsaturated C—C bonds.["Y Nonetheless, the use of expensive aryl halides, high
catalyst loadings due to sulfide poisoning, or the addition of superstoichiometric
amounts of additives and harsh reaction conditions translate into significant

limitations.

To improve the synthetic access to sulfur-containing compounds, transformations via
transition metal-catalyzed C—H functionalizations have emerged as a rapidly
expanding field of research on C—S bond formation.[% 70 7% 711 \worth mentioning is
the pioneering work on C-S bond formation through the use of palladium(ll)-based

catalysts by INamoTO in 2008.["%

In the following years, numerous protocols for the construction of sulfur-containing
heterocycles by means of intramolecular palladium-catalyzed C—H activation were
developed.l”® Furthermore, copper-based catalysts significantly expanded the field of
C-S bond formation reactions, enabling the formation of diaryl sulfides and
benzothiazoles, among others.'®*¥ However, these methods required the use of
expensive second-row transition metals and/or stoichiometric copper(ll) or silver(l)
salts as cocatalytic oxidants. With regard to this, an approach employing nickel-
catalyzed C-H activation for the formation of C-S bonds would be a useful
alternative. SHiI reported the first nickel-catalyzed C—H thiolation reaction employing
bidentate chelate-assistance (Scheme 1.17)."¥ In the absence of silver(l) additives,
2-(pyridine-2-yl)isopropyl- (N-PIP) benzamides 61 could be converted into the
desired ortho-thiolated products 63 using diaryldisulfides 62.
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O Me Me o)

NiCl,-6H,0 (10 mol %) o
X BINOL (2 |9 -
° H | + ArS—SAr OL (20 mol %) _ ° H
N~ KO,CCF3, DMSO
H SAr
140 °C, 8 h
61 62 63

Scheme 1.17: Nickel-catalyzed C—H thiolation of benzamides 61 with disulfides 62.

The proposed mechanism includes a nickel(ll)/nickel(IV) catalytic cycle involving
oxidative addition of the disulfide to the nickel(ll)-pincer complex 65, followed by
reductive elimination to 67 (Scheme 1.18). Subsequently, protonation releases the

desired product 63 and thiophenol, with regeneration of the active catalyst.

63 61
L NiCl
2 HCl n 2 HCI
Me O Me Me Me O Me Me
N N° S
lllill__N _— PhSH ’{“”__N _—
\ H
67
Mezs
HCI
PhSSPh
Me O Me Me 62a Me O Me Me
N™ S N
NiV--N__~ Nil--N_
PhS SPh 65
66

Scheme 1.18: Proposed catalytic cycle.

In contrast, Lu independently reported on a related direct thioarylation procedure of
similar PIP-protected benzamides 61 using NiCl, as the catalyst and benzoic acid as
the ligand of choice.[”™ Here, using the same PIP-derived benzamides 61 and diaryl
disulfides 62 in the presence of stoichiometric amounts of Ag,CO3; as oxidant

provided an efficient access to valuable aryl sulfides.
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Whereas SHI proposed a Ni(ll)/Ni(IV) catalytic cycle by oxidative addition of the
disulfide,l’¥ Lu suggested a SET-type process via a phenyl sulfide radical to generate
the nickel(lll) intermediate 68 (Scheme 1.19). Subsequent reductive elimination of 68
followed by protodemetalation generates the ortho-thiolated product 63 and a
nickel(l) species, which is then reoxidized to the catalytically active nickel(ll) species
and a phenyl sulfide radical.

AQQCO3
PhSSPh
L,Ni'X L,Ni"X,
Me O Me Me Me O Me Me
|
Nil---N__ N'”--N %
69
Agch3
+ PhCOOAg
AgX + PhCOOAg
+ AgHCO4
Me O
e MeMe Me O Mg Me
X
@E)\@ P
) Ni'--N__~
68 SPh 65

Scheme 1.19. Proposed Ni(l)/Ni(lll) catalytic cycle for the direct ortho-thiolation of aromatic amides.

Additionally, various protocols for the direct thioetherification of acryl amides!® and
aliphatic amides!”” utilizing diaryl disulfides or thiophenols, as well as protocols for

the synthesis of sulfones, utilizing sulfonyl chlorides,!”® have been developed.

1.2.3 Nickel-Catalyzed Hydroarylation of Alkynes and Alkenes

Hydroarylation reactions of multiple C-C bonds are among the most popular
synthetic tools in transition metal catalysis for the selective introduction of alkyl or

alkenyl groups at aromatic or heteroaromatic compounds.!™!

In general, these methods provide a more selective access to various structural

scaffolds compared to complementary transformations such as FRIEDEL-CRAFTS
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alkylations®® or Heck- and Fuawara-MoriTaNi®Y reactions. For instance, in the case
of FRIEDEL-CRAFTS alkylations, halogenated precursors, strongly acidic reactants
and/or harsh reaction conditions are usually required. Furthermore, stoichiometric
amounts of waste products are often generated in these processes and undesired
overalkylations can occur. Similarly, HECK- and related cross-coupling reactions also
rely on pre-functionalized starting materials, at the cost of stoichiometric waste
formation. Therefore, more atom- and step economic hydroarylation reactions

represent an environmentally benign alternative to these traditional methodologies.

In general, two mechanistic pathways for the hydroarylation of alkynes are possible,
either through alkyne activation or (hetero)arene activation.''® In the latter case, the
arene C—H bond can be activated either by oxidative addition, by LLHT, CMD or
BIES, among others (Scheme 1.20). Subsequently, the alkyne can undergo a
migratory insertion into the corresponding [TM]-C or the [TM]-H bond to give an
arylmetal species or an alkenylated metal species, respectively. Finally, the adduct is
selectively formed either via protodemetalation or C—C bond forming reductive

elimination.

Ar—[TM] H
A H
O I U =
oxidative TM = Re, Ru, R R?
+ addition Rh, Ir, Pd Ar H
[TM] —{ }—¢
R" R?
+ CMD or
BIES cis-adduct
R'-=—R? Ay /™
Ar—[TM] —
—H R' R?
TM =Ru

Scheme 1.20: Mechanistic pathways for alkyne hydroarylation.

In the last decade, nickel-catalyzed hydroarylation reactions of alkynes and alkenes
have experienced a tremendous progress.*!*! In 2006, Nakao and Hivama made an
notable observation during their investigations on an attempted nickel(0)-catalyzed
arylcyanation of indole 70 with 4-octyne 37a.®? Besides the desired product 71,
arising from the arylcyanation reaction (Scheme 1.21; A), small amounts of a
compound resulting from the insertion of the alkyne into the C—H bond at the C-2
position from 70 were isolated. This switch in selectivity, from arylcyanation to
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hydroarylation, could further be optimized by changing the ligand from PMe; to PCy3
and the N-protecting group on the indole (Scheme 1.21; B), allowing for the selective

synthesis of alkenylated indole derivatives 72.

nPr nPr—=——nPr nPr——=——nPr
nPr 37a 37a
— N Ni(cod), (10 mol %) CN Ni(cod), (10 mol %) CN 5
N\ H PMe3 (10 mol %) @E%_H PCy; (10 mol %) Wﬂ r
N PhMe N PhMe N nPr
‘cone 100 °C, 18 h R 35°C, 18 h Me
A R = CO,Me, Me B
71: 68% 70 72: 95%

Scheme 1.21: Nickel-catalyzed arylcyanation (path A) or hydroarylation (path B) of alkynes.

In addition, various five-membered heteroarenes, including benzimidazole, caffeine,
purine, benzoxazole, benzofurane, benzothiazole, and thiazole, also participated in
the envisioned hydroarylation with alkyne 37a, affording the corresponding alkenyl
heteroarenes with high regioselectivity for the C-2 position.®? Subsequently, the
groups of NAKAO/HIYAMA, and MIURA applied similar nickel/phosphine catalysts for the
nickel-catalyzed hydroarylation of five-membered heteroarenes, such as pyrazoles

73,181 oxadiazoles 75, and imidazoles 77 (Scheme 1.22).
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a) Hydroarylation with pyrazoles (Nakao/Hiyama, 2007)

Ni(acac), (5.0 mol %)

PCy3-HBF,4 (10 mol %)
AlMe3 (40 mol %

~N t nPr—=—=—nPr 3 °)

\ PhMe, 100 °C, 1 h

73 37a

b) Hydroarylation with oxadiazoles (Miura, 2009)

Ni(cod), (5.0 mol %)
PCy3 (10 mol %)

N/N
J|\ \>_H + R2 — R3 >
r"” O PhMe, 100 °C, 1 h
75 37

c¢) Hydroarylation with imidazoles (Nakao/Hiyama, 2009)
Ni(cod), (3.0 mol %)

R2 P(tBu)s (12 mol %)

\[N\>—H . o et AlMe; (6.0 mol %)
N T PhMe, 100 °C
= 3-26 h
77 37

nPr

NN
Me
74a: 96%

nPr

R2 4
N R
0,
N R3
h1

78

Scheme 1.22: Nickel-catalyzed hydroarylation of alkynes 37 with five-membered heteroarenes.
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HivamA reported a catalytic system using bench-stable Ni(acac), for the
hydroarylation of alkynes 37. Here, the catalytically active nickel(0) species is formed
by the action of AlMes as the reducing agent (Scheme 1.22a). Furthermore, MIURA
reported a Ni(cod),/PCy; system, which allowed the efficient conversion of
oxadiazoles 75 (Scheme 1.22b), and NAKAO and HiYAMA reported on a C-2 selective
hydroarylation procedure for imidazoles 77 using AlMes; as the additive (Scheme
1.22c). However, when imidazoles bearing a substituent in the C-2 position were
used, regioselective hydroarylation in C-5 position occurred, leading to alkenylated
imidazoles 78 with high E/Z ratios.

Also electron-deficient six-membered heteroarenes 79 proved to be viable substrates
in nickel-catalyzed hydroarylation reactions. In 2007, NAKAO and HiyaAmA showed that
pyridine N-oxides 79 were suitable substrates, affording the desired 2-alkenylated
products x80x3 with exclusive C-2 selectivity and high E/Z ratios (Scheme 1.23).[5¢!

AN nPr  Ni(cod), (10 mol %) AN AN
H N@ H PhMe, 35 °C N@ = “nPr nPr~ ™ N® = “nPr
o}

|
o nPr 15 h nPr nPr O nPr
79 37a 80 81
72% (E/Z = 95:5) 7% (EElothers = 96:4)

Scheme 1.23: Nickel-catalyzed hydroarylation with pyridine N-oxides 79.

Furthermore, simple pyridines 82 could be emloyed in the hydroarylation of alkynes
37 through cooperative nickel/Lewis acid catalysis. NAKAO and HiYAMA developed a
regioselective C-2 alkenylation of pyridines employing ZnPh, or ZnMe, as Lewis
acids (Scheme 1.24a).2”) Whereas OnG devised a catalytic system utilizing Ni(cod)
as the catalyst precursor and the amino-linked bidentate NHC ligand 86 along with
the Lewis acid AlMes; for the unusual para-functionalization of pyridines 82 and
quinolines 85 (Scheme 1.24b).1%®!
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Ni(cod), (3.0 mol %) nPr
1 = Pr
nPr P(iPr); (12 mol %) | Yy X"
@ X I LA (6.0 mol %) N NAher | P
N H PhMe, 50 °C, 24 h nPr N ner
nPr nPr
83 84
82 37a (E/1Z =>99:1) (ZElothers = > 99:1)
LA = ZnPh,: 96% 3%
LA = ZnMey: 95% 3%
LA = AlMes: 5% 82%
Ni(cod), (10 mol %) R2
H R 86 (20 mol %) R! N//\N/tBu
. AlMe; (6.0 mol %) H
L | b fl PhMe, 80 °C, 16 h 2 [ )
'\\\\\ _ ~ ’ ’ [ \ N
N N R2 '\ | _ \
ASNANN Mes
82/85 37 87 (pyridine) 86

88 (quinoline)

Scheme 1.24: Nickel/Lewis acid-catalyzed C2-selective (a) or C-4-selective (b) hydroarylation
with pyridines 82 and quinolines 85.

Nickel-catalyzed hydroarylation reactions are not only applicable to alkynes, but also
to alkenes. In particular, nickel catalysts with NHC ligands have proven to be efficient

catalytic systems for the alkylation of various heteroarenes.

In this context, the group of NAkAO and HivyaAMA developed a procedure for the
hydroheteroarylation of alkenes. Here, the NHC ligand IMes along with Ni(cod), as
the precatalyst enabled the efficient C-2 selective functionalization of indoles 89.
Interestingly, this occured with a switch in selectivity depending on the nature of the

alkenes (Scheme 1.25).18

Activated alkene derivatives such as vinyl arenes (e.g. styrene (90)) reacted at the C-
2 position to selectively afford the branched alkylated indole 91 (Scheme 1.25a),
whereas unactivated olefins, such as simple 1-tridecene (92), gave the linear product

93 in high selectivity and good yields (Scheme 1.25b).

24



1 Introduction

a) Hydroarylation of styrene (90) (branched selectivity)

CO,Me Ni(cod), (5.0 mol %) CO,Me
IMes (5.0 mol % Me
nhexane, 130 °C

N\ ’ N Ph

Me Me

89 90 91: 90%

b) Hydroarylation of unactivated 1-tridecene (92) (linear selectivity)

CO,Me Ni(cod), (5.0 mol %) CO,Me
IMes (5.0 mol %)
©\/\8_H * /\C”H% nhexane, 130 °:3 %
N exane, N C14Ha3
Me Me
89 92 93: 80%

Scheme 1.25: Switch in selectivity in nickel-catalyzed hydroheteroarylation of terminal alkenes.

Subsequently, ONG developed a protocol for the hydroheteroarylation of vinylarenes
90 employing Ni(cod), and the amino-NHC ligand 86, where the regioselectivity
towards branched and linear alkylated products could be controlled by slight changes
in the reaction conditions (Scheme 1.26).°”? Hence, the selectivity switched from
branched to linear in the presence of the Lewis acid AlMe3 due to dative binding of
AlMe; by the benzimidazole nitrogen atom. Thus, the coordination of styrene to the
nickel-hydride species (Scheme 1.26) and the subsequent insertion into the Ni—H
bond is controlled by sterics over electronics, and therefore solely delivering the
linear product 94a. In absence of AlMes, electronic control favoured the insertion of
the hydride in B-position of the vinylarene 90, which enabled the formation of the
branched product 94b.

Furthermore, the use of cooperative nickel/Lewis acid catalytic systems was
expanded to other substrate classes, such as the C-4 selective alkylation of pyridines
employing the bulky Lewis acid MAD,® hydroarylations of simple alkenes with
pyridones,®® or the use of allylarenes as coupling partners, in which olefin
isomerization gave rise to either branched and linear alkylated benzimidazoles and

other azole derivatives, respectively.®®
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Ni(cod), (10 mol %

)
N 86 (10 mol %) N
©: S—h AlMes (10 mol %) ©: h
N Ph N Ph
Me

)

\ PhMe, 100 °C, 2 h

16a 90 94a: 90%

N Ni(cod), (10 mol %) N Me
©: R So 1o mole) ©: (
N PhMe, 150 °C, 15 h N Ph
Me Me

16a 20 94b: 70%

Me

Me_ ' M Ph
Al-Vie N
/ Ph —tBu
\>—4Ni—H versus \>—1Ni—H [ >3
N NHC N NHC N
Me Me Mes

steric control electronic control 86

Scheme 1.26: Switch in selectivity in the nickel-catalyzed hydroarylation of styrenes with benzimidazoles.

Despite the enhanced selectivities and reactivites observed in synergistic!®!
nickel/Lewis acid-catalyzed hydroarylations goverened by the judious choice of
aluminium-based Lewis acids, several reports highlighted the importance of the
utilized NHC ligands® to achieve hydroarylation reactions with new types of ligand-

controlled selectivities.

An elegant approach for rational ligand design to achieve hydroarylation reactions
with high anti-Markovnikov selectivities towards the linear alkylated heteroarene
products 101-103 was reported by Nakao and HARTWIG (Scheme 1.27).°% within
these studies, a nickel catalyst generated in situ from Ni(cod), and the sterically
hindered NHC ligand IPr™® or the well-defined nickel(NHC)(arene) complexes 99/100
were used. The envisioned hydroarylation reaction was not only applicable to
unactivated terminal and internal alkenes, also various heteroarene substrates, such
as indoles 95, pyrroles 96a, benzofurans 96b and thiazoles 97 proved to be suitable

substrates.
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99 or 100 (2.0-10 mol %)
or Ni(cod),/IPrMe

~ ~
2

St \ r "R (20-10 mol %) oo AN AN
) | H + Ik 1 > 1 | /)
Seg Ay SR neat, 50-100 °C S x -R'

Y

/s

124 h R

X =NR (95) 98 on R' R pp X =NR (101)

X=0 (96) Ph —( Ph X=0 (102)

X=8 (97) N N X=8 (103)
R? \N(. R?

Ph Ph@Ph Ph

R' = Me, R? = H: 99
R'=H, R? = OMe: 100

Scheme 1.27: Nickel-catalyzed hydroheteroarylation using well-defined Ni(NHC)(arene) complexes.

1.3 Iron-Catalyzed C-H Activation

The use of transition metals in catalytic transformations grew up to one of the most
important techniques to assemble molecular frameworks. As discussed before, major
contributions were achieved by the use of precious metals, such as rhodium,
palladium or platinum, among others. Nevertheless, the use of iron complexes as
catalysts has many attractive benefits over the use of “expensive alternatives” in

transition metal-catalyzed C—H functionalizations.®”!

First, iron is the most abundant transition metal in the Earth’s crust and therefore
much cheaper than the precious late transition metals. Second, due to its low toxicity,
iron compounds are tolerated or even incorporated in various biological systems,
such as cytochrome P450, the food industry and cosmetics. Furthermore, iron can
occupy various oxidation states ranging from -2 to +5, enabling plenty of reactivities
to be operative.®™ % For C—H activations, these reactivities can be grouped into two
main categories, i) outer-sphere activation, and ii) inner-sphere, organometallic
activation. Thus, iron complexes in high oxidation states preferentially proceeds
through radical pathways via hydrogen abstraction®® or C—H insertion with iron
oxol/imido species.'® Here, the weakest C—H bonds, such as benzylic or allylic C—H

bonds, are usually functionalized.
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On the other hand, iron in low oxidation states may be operative as an iron-centered
nucleophile and is capable to catalyze different reaction types such as nucleophilic
substitutions, hydrogenations, cycloisomerizations or traditional cross-coupling

reactions, among others.[*%!

Due to various different C—H activation modes, including iron-mediated radical
reactions, FRIEDEL-CRAFTS-type electrophilic substitutions, or cross-dehydrogenative
coupling reactions, low valent iron species have proven to be viable catalysts for the
direct C—H functionalizations that involve the participation of an organoiron species in
the C—H bond activation step.’™® %192 |n 1968, HATA reported on an early example
of stoichiometric organometallic C—-H activation upon irradiation of the 1,2-
bis(diphenyl-phosphino)ethane-ligated iron(0) ethylene complex 104 (Scheme
1.28).1%%

hv Ph,_ Ph_Ph_ Ph

N H N

~CHy  \{ P | _P

Fe(dppe)sCH [ el
ethylene pressure Ph/P PC
|
80 °C Ph Ph
104 105

Scheme 1.28: Stoichiometric C—H activation of a well-defined iron complex 104.

The ortho-C—H bond of one of the phenyl groups is oxidatively added to the iron(0)
center to form the cyclometallated iron(ll) hydride complex 105. Under ethylene
pressure, this complex can convert back to the initial iron(0) species. Subsequently,
stoichiometric cyclometalation reactions utilizing iron complexes were described. For
example, KLEIN disclosed the stoichiometric reaction of aryl imines using the iron
monophosphine complexes Fe(PMe3); and FeMey(PMes)s in  cyclometalation
reactions, which are representative of the reactivity of this kind of complexes
(Scheme 1.29).11%4
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R? H
Me3P,,, | ~ Fe(PMe3)4 R2 FeMez(PMeg,)‘L Me3P/,, |
H FeTN\H — PMejy ; — CHy4, — PMeg Me FeTN\R1
| “PMe; _, ) H NR ) PMe;
Mes R'=H, R2 = Ph, tBu R! = Me, Ph PMe,
107 (106a) 106 R? = H (106b) 108

Scheme 1.29: Stoichiometric cyclometalation of aryl imines with iron phosphine complexes.

The reaction of ketimine 106a with Fe(PMes3), proceeds via nitrogen-assisted C—H
oxidative addition. In contrast, when applying the complex FeMe,;(PMes3), to a
stoichiometric reaction with benzaldimine 106b, C—H activation was proposed to
proceed via o-bond metathesis.

The observation that stoichiometric C—H activation in the ortho-position of simple
arenes can occur under directed chelate-assistance set the stage for the
development of iron-catalyzed directing group-assisted C-H activation
methodologies. Here, two possible reaction manifolds can be differentiated, a) C—H
activation utilizing organometallic reagents, along with external oxidants, or b) C-H
activation by the reaction of nucleophilic iron intermediates with organic electrophiles.
In Scheme 1.30, hypothetical catalytic cycles with the key elementary steps are
depicted for each of the two concepts.*®!

(@) C L (b)
c—=H ; L
- [FelX; - MIX [FeR', C
oxidation C—H activation C=H
X2 HX transmetallation C—H activation
) R—[M] R'H
N
[Fel <C/[Fe]X
C - [FelXRy 4 C L\[Fe]R
n- -1
C-R R—[M] ¢ T
reductive .
elimination L transmetallation C—C coupling
N
C[Fel]
( ¢ M]X < L
R C=R2 R2-X

Scheme 1.30: Proposed mechanisms for iron-catalyzed C—H functionalizations with a) organometallic reagents,
or with b) organic electrophiles.
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1.3.1 Iron-Catalyzed C-H Activation with Organometallic Reagents

Typically, C—H functionalizations employing organometallic reagents are initiated by
cyclometallation of low-valent organoiron(ll) species or organoiron(lll) species,
followed by transmetallation with in situ generated aryl zinc reagents. Subsequently,
oxidation-induced reductive elimination is forming the thermodynamically stable C—C
bond (Scheme 1.30a). In general, this catalytic cycle is related to palladium-catalyzed

direct C—H alkylations using organotin or organoboron reagents.™%!

An early example of iron-catalyzed oxidative C—H activation was reported by
NAKAMURA based on a serendipitous observation during their studies on the iron-
catalyzed cross-coupling of 2-bromopyridine 109 with Grignard reagents (Scheme
1.31).1%! |n addition to the expected 2-phenylpyridine product 110, small amounts of
a second, C-C coupled product 111 were produced in 8% vyield. Noteworthily,
product 111 had to arise from an iron-catalyzed C—H activation of the initially

generated 2-phenylpyridine 110.

X
XN FeCls (5.0 mol %) |
| — = N/ *
N~ >Br  ZnCly, TMEDA (1.5 equiv)
PhMgBr (3.0 equiv)
THF, 50 °C, 3 h
109 110: 63% 111: 8%

Scheme 1.31: Early example of directed iron-catalyzed C—H arylation.

On the basis of further extensive studies, NAKAMURA made several conclusions in
order to develop a general methodology for directed iron-catalyzed C—H arylation
reactions: i) 2,2’-bipyridyl, the homo-coupled byproduct, served as indispensible
ligand for iron, ii) an oxidant was required to facilitate catalytic turnover, iii) diphenyl
zinc in situ formed from ZnCl,-TMEDA and PhMgBr likely served as proper coupling
partner. Thus, NAKAMURA reported an optimized protocol for the iron-catalyzed C-H
arylation of benzo[h]quinoline 112 using phenanthroline as bidentate ligand and
dichloroisobutane (DCIB) as the oxidant of choice (Scheme 1.32).1%”) The same
conditions had previously been used for iron-catalyzed homo-coupling reactions of

Grignard reagents.!*%®!
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Fe(acac)s (10 mol %)
phen (10 mol %)

ZnCly,"TMEDA (3.0 equiv)
PhMgBr (6.0 equiv)
DCIB (2.0 equiv)

112 THF,0°C, 16 h 113: 99%

Scheme 1.32: Direct iron-catalyzed C—H arylation of benzo[h]quinoline 112.

Subsequently, iron-catalyzed C—H arylation reactions could be extended to other
substrate classes such as (hetero)aryl imines,’®® N-methyl benzamides™® and

alkenes.*Y

Major progress in the field of low-valent iron-catalyzed C—H activation was achieved
by the development of direct arylation protocols of unactivated C(sp®~H and
C(sp?)-H bonds using bidentate directing groups.®® 2 |n particular, Nakamura**®!
reported on the direct arylation of aliphatic amides derived from 8-AQ (114) with aryl
zinc reagents (Scheme 1.33a), whereas AckerMANN'Y developed a powerful
method using the triazolyldimethylmethyl (TAM) group as a highly effective bidentate
directing group for the direct arylation of aliphatic as well as aromatic amides 116
(Scheme 1.33b).

(0] Fe(acac); (10 mol %) o)
Me dppbz (10 mol %) Me] 4
Ph N | ZnCl,-TMEDA (3.0 equi Ph N
Ho Ne -tz (3.0 equiv) H Ph,P  PPh,
H ArMgBr (7.0 equiv) Ar doob
H z
DCIB (2.0 equiv) Ar = 4-MeOCgH, pp
114 THF, 50 °C, 36 h 115: 85%

(b) Ackermann

Me OMe Me FeCl; (10 mol %) 0]
dppe (15 mol %) _TAM /T \
N ““NB : N Ph,P PPh,
H N=r/ N ZnCl,-TMEDA (3.0 equiv) H dbpe
H N ArMgBr (7.0 equiv) Ar PP
DCIB (2.0 equiv) Ar = 4-MeOCgH,
116 THF, 55 °C, 36 h 117: 90%

Scheme 1.33: Iron-catalyzed arylation of aliphatic and aromatic C—H bonds.

Noteworthy, the family of triazole-based TAM and TAH directing groups, developed
by ACKERMANN, are easily accessible by the copper-catalyzed click 1,3-dipolar

cycloaddition in a highly modular manner (Scheme 1.34).18: 114-115]
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TAM (116)
R2, R3 = Me R3 R?

o 3 52 ————— + R1_x + NaN3
C \)L R>§/\ CUR
H

N=N TAH (118) %
116/118 R4 R*=H + pi_y + NaN
EEANEA NS LN H\ R'-X 3

H

Scheme 1.34: Retrosynthetic analysis for the synthesis of the TAM and TAH directing group.

In general, contrary to the protocols employing monodentate directing groups,
bidentate phosphine ligands, such as dppbz or dppe, were found to be crucial to
promote the desired C-H arylation, while bidentate nitrogen-based ligands proved

ineffective.

Although the use of Grignard reagents as arylating reagents allowed for efficient C—H
arylations, significant limitations with respect to functional group tolerance arose. In
particular, the formation of aryl-alkenyl or alkenyl-alkenyl C-C bonds led to
undesired alkene isomerization, due to strong interactions of the metal center with
the m-bond of alkenes.**® Therefore, NakamurA developed a protocol to overcome
these limitations by employing organoboron reagents for the C-H arylation and
alkenylation of (hetero)aromatic and olefinic amides under chelate-assistance. For
example, the alkenyl amide 119 was efficiently converted to well-defined 1,3-dienes
121 using alkenyl boronates 120 (Scheme 1.35).1%"!

fj\ } e(acac); (10 mol %)

119 dppen (10 mol %)
ZnBry,-TMEDA (1.0 equiv)

via

pinB nB,l\J DCIB (2.0 equiv)
|/ o L THF, 70 °C, 24 h
.27 —
120

Scheme 1.35: C—H arylation/alkenylation using organoboron compounds.
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Furthermore, the use of zinc additives was mandatory to achieve the desired C-H
functionalization. The zinc salt is indeed considered to mediate the transmetalation of
the aryl/alkenyl group from the boronate to an iron(lll) species. Hence, after
transmetalation the octahedral coordinated key ferracycle intermediate 122 was

proposed to be generated.!*®!

In addition to arylation and alkenylation reactions, C—H alkylation reactions!***! using
in situ generated alkylzinc reagents were also accomplished via bidentate chelate-
assistance, with major contributions by Nakamural’®® and Ackermann,??!
respectively. Furthermore, NAKAMURA reported on a selective C—H methylation of
arenes 123 bearing weakly coordinating carbonyl groups (e.g. carboxylic acid, ester,
ketone), using AlMez as methyl source under oxidative conditions.*??) Noteworthy, a
significant ligand effect was observed. While the tridentate ligand Me,N-TP (124)
gave the best results, commonly used bidentate ligands such as dppen, dppbz, and

dtbpy fell short in providing the desired methylation products 125 (Scheme 1.36).

0 o)
Fe(acac)sz (10 mol %)
R . A, Me,N-TP (124) (10 mol %) o R Ph,P PPh,
H 2,3-DCB (3.0 equiv) Me P
123 THF/DME/PhMe 12 /©/
70°C, 16 h Mo

124

\ J

Scheme 1.36: Iron-catalyzed methylation of arenes bearing carbonyl directing groups.

1.3.2 Iron-Catalyzed C-H Activation with Organic Electrophiles

Iron-catalyzed C—H activations utilizing organometallic reagents as nucleophilic
coupling partners typically require the presence of an oxidant to achieve the desired

transformation.[*?!

In contrast, an external oxidant is not needed, when using
electrophiles as coupling partners in iron-catalyzed C—H activations. Instead, an
appropriate base for the deprotonation of the C—H bond is used, which does not react
with the electrophile itself. In this context, various electrophiles were employed for the
formation of C—C bonds, including coupling reactions with alkyl electrophiles,™?"

alkynyl electrophiles,™®* or allylic electrophiles,*?** 12l among others.
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In 2014, NAKAMURA reported an early example of iron-catalyzed C—H alkylation
reactions of alkenes 119 and (hetero)arenes 29 bearing the bidentate 8-AQ directing
group (Scheme 1.37a).%%°! Here, the use of an organometallic Grignard reagent is
still required as the base, since side reactions, such as arylation or methylation, were
observed in the presence of organozinc reagents. Also, the use of an excess of Nal
and of the conjugated bidentate phosphine ligand dppen appeared to be crucial for

the developed reaction in order to suppress undesired C—H arylations.

Besides primary and secondary alkyl tosylates, mesylates and halides proved to be
viable electrophiles for the transformation. It is noteworthy, that detailed mechanistic
studies revealed the radical nature of the key C—X cleavage step by performing
radical-clock experiments. This observation was further supported by inhibition of the

catalytic efficiency in presence of TEMPO as radical scavenger.

0] Fe(acac); (10 mol %) O
dppen (10 mol %
@ NG+ x-AK Ppen ( °) = NG
L H (1° or 2) ZnBry TMEDA (2.0 equiv) L. I H
H 4-MeOCgH,4MgBr (3.0 equiv) Alk
X = Hal (126) Nal (1.5 equiv)
29/119 X=0Ts, OMs (127)  THF, 50-70 °C, 9-12 h 128/129
O Fe(acac)z (10 mol %) O
_Q dppe (15 mol %) _Q
(b) N + I DAr N
H PhMgBr (3.25 equiv) H
H THF, 65 °C, 8 min
Ar
29 120 131
O Fe(acac)z (10 mol %) O
TAM dppe (15 mol %) TAM
(c) N~ + X—Alk N~
H (1° or 2°) PhMgBr (3.8 equiv) H
H THF, 65 °C, 30 min Alk
X =1,Cl, Br '
116 126 132

Scheme 1.37: Iron-catalyzed alkylation (1° and 2°) and benzylation of amides with tosylates, mesylates and
halides.

A similar protocol using benzyl (130) and secondary alkyl halides as coupling
partners (Scheme 1.37b),**! and in addition, an analogous C—H alkylation protocol
using primary alkyl bromides**¥ were described by Cook. Interestingly, slow
addition of PhMgBr was mandatory to achieve efficient conversions, enabling the

alkylation of a variety of aryl, heteroaryl and alkenyl amides.
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Due to the short reaction times of less than 10 minutes, the authors suggested that a
phenyliron species, formed by transmetallation from PhMgBr, immediately undergoes
turnover-limiting binding of the amide substrate, followed by rapid and irreversible C—

H cleavage.

In contrast, ACKERMANN described an alkylation approach utilizing the modular click-
triazole-based TAM. Their optimal catalytic system for the conversion of secondary
and primary alkyl bromides 126 was consisting of Fe(acac)s/dppe as catalyst and
PhMgBr as the base (Scheme 1.37c).'?*a Here, various (hetero)aromatic amides
116 were alkylated in short reaction times, delivering the desired products 132 in
good yields. Furthermore, NAKAMURA reported on the iron-catalyzed C—H allylation
reaction using allyl phenyl ether 133 as allylating reagent, which represents the first
example of iron-catalyzed activation utilizing organic electrophiles as coupling

partners for the allylation of quinolineamides 29 (Scheme 1.38).[26"]

0] Fe(acac)z (10 mol %) Q

N
DD dppen (10 mol % H
NG X~ ( d
H PhO ZnBr,- TMEDA (1.2 equiv)
H

fBUCH,MgBr (3.4 equiv) x-P
THF, 70 °C, 4 h i\
29 [D],-133 [D],-134: 96%
(y=1:>99)

Scheme 1.38: Iron-catalyzed allylation of arenes under chelate-assistance.

Interestingly, a reaction conducted in the presence of the deuterium-labelled allyl
phenyl ether [D],-133 selectively afforded the y-deuterated product [D],-134, which is
suggestive of an Sy2’-type mechanism to be operative (Scheme 1.38). Furthermore,
user-friendly allyl chlorides 135 proved to be viable allylating reagents in iron-
catalyzed C—H allylation reactions of amides, making use of the modular triazole-
containing TAM group as reported by ACKERMANN (Scheme 1.39).!2%4 Under the
optimized reaction conditions employing Fe(acac)s, dppe as the ligand and PhMgBr
as the base, a variety of aromatic, heteroaromatic, and olefinic C—H bonds could be
allylated in moderate to good yields. Notably, with (E)-crotyl chloride 135b or the
secondary allyl chloride 135c, the branched allylated product (b) was formed in both
cases with preferential regioselectivity as compared to the linear product (I), providing

support for the formation of a n*-allyl intermediate.
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a) Allylation of TAM-derived amides using allyl chloride 135a

O Fe(acac); (10 mol %)
- _TAM dppe (15 mol %)
C3e N + = >
L H N PhMgBr (3.75 equiv)
s H THF, 65 °C, 30 min
29 135a

b) Allylation using (E)-crotyl chloride 135b or secondary allyl chloride 135¢

0
0 1 Fe(acac); (10 mol %) N~ TAM
TAM )R\/A dppe (15mol %) 1
H Cl R? PhMgBr (3.75 equiv)
H THF, 65 °C, 30 min R
29 R" = H; R? = Me (135b) 134b: R = Me, 80% (b:/ = 4.2:1)
R' = Me; R? = H (135c) 134b: R = Me, 75% (b:/ = 2.5:1)

Scheme 1.39: Iron-catalyzed C-H allylation of triazole-based amides.

1.3.3 Iron-Catalyzed Hydroarylation of C—C Multiple Bonds

The addition of C—H bonds to unsaturated C—C bonds such as alkenes and alkynes
via transition metal-catalyzed C-H activation represents an atom-economical
approach for the introduction of synthetically meaningful alkyl or alkenyl groups.*?" In
this context, low-valent iron species and their corresponding ferracycle intermediates
are able to be coordinated by m-systems, such as alkynes and alkenes.*?® Here,
besides alkylation and alkenylation reactions, C—H activation/annulations strategies

could be exploited for the synthesis of polyaromatic structures and N-heterocycles.

NAKAMURA disclosed the synthesis of phenanthrene derivatives 137 through [4+2]
benzannulation between alkyne 37b and biaryl Grignard reagents 136 under
oxidative conditions (Scheme 1.40).!*) A catalytic system comprising of
Fe(acac)s/dtbpy as catalyst and DCIB as an oxidant allowed the synthesis of various

9-substituted or 9,10-disubstituted phenanthrenes.

O Ph Fe(acac); (10 mol %) O Ph
MgBr | | dtbpy (10 mol %) ‘
H 1,2-DCIB Ph
Ph THF/Et,0, 25 °C, 1 h

136 37b 137: 96%

Scheme 1.40: Synthesis of phenanthrene derivatives 137 via iron-catalyzed [4+2] benzannulation.
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Furthermore, NAKAMURA reported on the synthesis of polysubstituted naphthalene
derivatives 139 by slightly changing the reaction conditions.* An oxidative [2+2+2]
annulation of aryl Grignard reagents 138 with two molecules of alkyne 37b was
enabled by a combination of Fe(acac)s; as catalyst and 1,10-phen as the ligand,
together with DCIB as external oxidant (Scheme 1.41).

Ph 9
MgBr Fe(acac)sz (10 mol f)
@ . I 1,10-phen (10 mol %) OO
H 1,2-DCIB
Ph THF, 25 °C, 1 h
138 37b 139 73%
Me
via \ Fell Me Me Me/&  [Fel
Cl
Cl
Ph
Ph PhMgBr Ph Ph
Ph 37b ==
X L
Se i e -
ylFel PhH [Fe] Fel ™\,
140 141 142

Scheme 1.41: Iron-catalyzed oxidative [2+2+2] annulations.

As to the reaction mechanism, the reaction is proposed to proceed through an iron-
catalyzed carbometalation of the alkyne with an aryl Grignard reagent. The thus
formed alkenyliron species 140 undergoes intramolecular C—H activation to form the
five-membered ferracycle 141. Thereafter, insertion of a second molecule of alkyne,
followed by reductive elimination and oxidation by DCIB, forms the desired annulated

naphthalene derivative 139 and regenerates the active iron catalyst.

A related protocol developed by YosHIKAI made use of arylindium reagents to
achieve [2+2+2] annulation reactions.**Y) Here, using a simple iron(lll)/bisphosphine
catalytic system enabled the synthesis of polysubstituted naphthalene derivatives
from various alkyl- and aryl-substituted alkynes without the need of an additional

external oxidant.

Besides the construction of polyaromatic structures, such as phenanthrenes or
naphthalenes, the synthesis of N-heteroaromatic molecules was achieved by means
of iron-catalyzed C—H activation/annulation strategies using substrates bearing N-

containing Lewis-basic directing groups.
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Based on the seminal work of REED on iron(0)-mediated imine cyclometalations,*3?
WANG developed a redox-neutral [4+2] cyclization reaction between aromatic imines
106 and internal alkynes 37b using Fe3(CO)i» as catalyst to produce 3,4-

dihydroisoquinoline derivatives 143 (Scheme 1.42).1**

R Ph
| Fe3(CO)15 (10 mol %)

NH o+ |
Et,0, 120 °C, 12 h
H Ph

R = aryl, alkyl
106 37b 143

Scheme 1.42: Iron-catalyzed redox-neutral [4+2] annulations of imines and internal alkynes.

In contrast, Nakamura™®¥ and Ackermann®®®! achieved the synthesis of pyridone
and isoquinolone derivatives by the use of alkynes and aromatic amides bearing the

well-established 8-AQ or the modular triazole-based TAH bidentate groups,

respectively (Scheme 1.43).

(0]
3 o,
R N’Q R Fz(acac)(31(010 mﬁ:l/ )/o) R N/Q Me
ppen mol %
(a) | H + | | > | C|)\/C|
TMSCH,MgCl R2Z N R
1,2-DCP

R3
144

R? “H 4
R*  ZnBr, TMEDA, 1,2-DCP
116 a7 THF, 40 °C, 16 h
Q nPr Fe(acac)s (10 mol %) Q Q
Me NG dppen (10 mol %) Me N Me N
(b) Hoo+ — Ho *
H TMSCH,MgCI (n equiv) ZnPr = nPr
nPr  ZnBr, TMEDA, 1,2-DCP o pr
29 37a THF, 40°C, 16 h 145 146
n=30:  66% 15%
n=5.5: - 98%

R'  Fe(acac); (10 mol %)
| | dppe (15 mol %)

O
o W W e -
N:N'
H

iPrMgBr
R?  ZnBr, - TMEDA, DCIB
118 37 THF, 60 °C, 16 h

Scheme 1.43: Iron-catalyzed alkyne annulation for the synthesis of pyridines 144 and isoquinolones 146-147.
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C—-H activation has significantly improved the resource economy of organic
synthesis,**® not only through the development of new methodologies for the
construction of important organic scaffolds, but also by providing a more powerful
and more sustainable approach for the functionalization of various different substrate
classes.[?* 31 |n particular, during the last decade, considerable progress has been
made for the use of earth-abundant and cost-effective 3d metal catalysts as
alternatives to the frequently used precious 4d and 5d metals. In this context, the
development of new transformations utilizing nickel catalysts is of particular interest,
because nickel exhibits unique reactivity profiles, making nickel complexes
straightforward and environmentally friendly synthetic tools for the formation of new
C-C and C—Het bonds.

For instance, the development of general methods for the synthesis of biaryl sulfides
has received significant attention in the pharmaceutical industry, because the C-S
bond is indispensible in various biologically active compounds. Therefore, several
protocols using nickel catalysts for the formation of C—S bonds are known in the
literature. However, the known procedures are largely restricted to the direct

thiolation of electron-deficient benzamides bearing bidentate auxiliaries.

In stark contrast, the group of ACKERMANN was able to utilize electron-rich aniline
derivatives 41 bearing a pyrimidyl moiety as an efficient monodentate directing group
for nickel-catalyzed C—H alkylations using secondary alkyl bromides."*> *® Based on
these results, a new approach for the direct nickel-catalyzed C-H thiolation and
selenylation of electron-rich 2-pyrimidyl anilines 41 with diaryl dichalcogenides
62/148 was investigated (Scheme 2.1).

H H
N_ _N N.
Tj +  ArY—YAr @ 2-pym

N
H N YAr
41

Y =S (62) Y = S (149)
Y = Se (148) Y = Se (150)

Scheme 2.1: Nickel-catalyzed C—H chalcogenation of pyrimidyl anilines 41.
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The thus obtained 2-aminothiophenols 149 and selena-analogs 150 are important
structural motifs found in numerous biologically active compounds. Furthermore, they
are useful precursors in the synthesis of various drug molecules such as

phenothiazines, dibenzothiazepines and benzothiazoles.

The formation of C—C bonds via transition metal-catalyzed C-H activation has
emerged as powerful platform for synthetic chemists. In particular, hydroarylation-
type C—H functionalizations represent an expedient access for the introduction of
alkyl and alkenyl groups. In this regard, the use of nickel catalysts for the addition of
C—H bonds onto unsaturated substrates, such as alkynes and alkenes is well-
established.B' 4+ 1124 |n stark contrast, the use of allenes in the field of transition

metal-catalyzed C—H functionalization is comparatively under-explored.

Several examples utilizing allenes for hydroarylation reactions through C—H activation
have been developed by rhodium,™®% ruthenium,® cobalt,**! and manganese
catalysis,'**? but the use of nickel catalysts remained unprecedented. To address
these limitations, a user-friendly Ni(cod),/NHC catalytic system for the C-H
activation/hydroarylation of allenes 152 with benzimidazoles 16 and purine
derivatives 151 was developed in collaboration with S. Nakanowatari (Scheme 2.2).

R2
2
H = \ J 3
k\/IN>_ ¥ R3 k\/I R
Y L yoN,
R
16 or 151 152 153 or 154

Scheme 2.2: Nickel-catalyzed hydroheteroarylation of allenes 152.

However, the control of selectivity to obtain either allylated or alkenylated
hydroarylation products 153 or 154, respectively, represented a major issue that
needed to be addressed. Therefore, the question arose which reaction conditions
could offer a selective access to the desired products. The development of a versatile
protocol for the selective functionalization of various heteroaromatic substrates was

hence in high demand.
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Compared to nickel complexes, the use of iron compounds as catalysts in C—C bond
forming reactions is even more desirable. In particular, reactions that involve inner-
sphere C-H activation assisted by coordinating directing groups have gained
significant attention throughout the last years, and have been mainly dominated by

the use of the 8-AQ auxiliary.**

Major advances in the field of iron-catalyzed C-H functionalizations were
accomplished by ACkerRMANN who introduced a novel class of bidentate directing
groups based on the triazole moiety, namely the modular triazolyldimethylmethyl

(TAM) directing group family.**®!

With this easily accessible triazole-based directing groups in hand, ACKERMANN
developed various C—H transformations, such as arylation,*** alkylation,*?* 2@ and
alkynylation™®® reactions of benzamides. Furthermore, TAM-derived benzamides

could be applied for the synthesis of N-heterocycles using internal alkynes.™*!

However, iron-catalyzed C-H annulation reactions remained a challenging
transformation, and rather complicated reaction conditions are necessary to achieve
satisfactory results. Thus, in the case of oxidative C—H annulations, a huge excess of
Grignard reagents and the use of an external oxidants, such as 1,2-DCIB, are crucial
for an efficient conversion. Therefore, J. Mo identified allenyl acetates 155 as suitable
coupling partner in an iron-catalyzed annulation reaction using TAH-derived
benzamides 118 under external oxidant-free conditions. In this context, an iron-
catalyzed protocol for the synthesis of isoquinolone derivatives 156 or 157,
respectively, depending on the modular nature of the triazole-derived directing group,
was to be developed (Scheme 2.3).

O R'R! (0]
R3
N)QK\N’RZ v Y (r__. | TAHM
Ho Nsy OAc N\ P
H =N R?
%(_/
TAH/M
R' = H: 118 (TAH) 155 156 or 157

R' = Me : 116 (TAM)

Scheme 2.3: Iron-catalyzed C—-H/N-H annulations with allenyl acetates 155.
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Furthermore, detailed mechanistic investigations using isotopically-labelled
substrates were supposed to give unprecedented insights into the iron-catalyzed

C—H activation manifold.

Finally, a similar approach for the synthesis of various isoquinolone derivatives 147
using propargyl acetates 158 as coupling partners was probed (Scheme 2.4). Here,
detailed mechanistic studies, including computation and Méssbauer spectroscopy
should provide insights into the oxidation states of the key organoiron species, which

allows for a better understanding of the catalyst’s mode of action.

Q OAc Q
. TAH
= N -
H /\N/\\/N-—RA] * /\ R3 @ ° RS
H =N R2 4
-
TAH R?

118 158 147

Scheme 2.4: Envisioned iron-catalyzed C—H/N-H annulations with propargyl acetates 158.
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3 Results and Discussion

3 Results and Discussion

3.1 Nickel(ll)-Catalyzed C-H Chalcogenation of Anilines

Based on the initial studies of Lul™ and SH1,'"” who used diaryl disulfides 62 for the
ortho-thiolation of benzamides, various procedures for the formation of C—S bonds
via C—H activation were reported. Mainly bidentate directing groups, such as PIP or

8-AQ were required to enable efficient C—H thiolation reactions.["®"®!

Furthermore, efficient transformations required complex reaction conditions including
silver salts or organic oxidizing reagents, strong bases and in some instance

additional ligands.

In sharp contrast, the use of monodentate directing groups would illustrate an
alternative, more atom economic approach. The practical use of the monodentate
pyrimidyl group was previously demonstrated by ACKERMANN for the nickel-catalyzed
synthesis of indole derivatives and the ortho-alkylation of electron-rich aniline
derivatives.®% 5% ¢° Tq this end, the synthesis of thiolated aryl motifs, derived from
other substrate classes than benzamides using N-pyrimidyl anilines would be a

favourable approach for the formation of heteroatom-containing aryl thioethers.

3.1.1 Optimization Studies

The catalytic system composed of (DME)NICI,, Di-tertBEDA and LiOtBu, which was
based on a previous study by our group on the nickel(ll)-catalyzed alkylation of
anilines,® was chosen as a starting point to test the envisioned nickel-catalyzed
C—H chalcogenation of electron-rich anilines. For the synthesis of the desired aniline
derivatives, a generally applicable methodology was used (Scheme 3.1). Thus, a
nucleophilic aromatic substitution, using commercially available anilines 159 and
2-chloro pyrimidine (160) was employed, delivering the desired N-pyrimidyl anilines

41 in moderate to good yields.
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A H
o NH2 ﬁ AcOH o NN
R_' + N__N R_' T
L h 1,4-dioxane, 110 °C L N
Cl 24 h
159 160 41
(1.5 equiv) (1.0 equiv) 53 - 84%

Scheme 3.1: General method for the synthesis of 2-pyrimidyl anilines 41.

Preliminary studies conducted by Z. Ruan, employing N-pyrimidylaniline 41a with
diphenyl disulfide 62a as coupling partner in toluene as solvent (entry 1) showed
promising results, delivering the desired ortho-thiolated N-pyrimidyl aniline 149aa in
28% vyield (Table 3.1).

Table 3.1: Exploring of solvents and bases for the nickel-catalyzed thiolation of N-pyrimidyl aniline 41a.

Fooy (DME)NICI, (10 mol %) Foog
% 0
@N\Nﬁj + Phs—sph = tZZI::?:o(Z :VC;I %) @N\Z-pym
H solvent, T, time SPh
41a 62a 149aa
Entry Base Solvent T/°C t/h Yield / %
1 LiOtBu PhMe 100 18 28
2 LiOtBu DCE 120 16 9
3 LiOtBu DMF 120 16 traces
4 LiOtBu THF 60 18 4
5 LiOtBu DMSO 120 18 ---
6 LiOtBu m-Xylene 120 18 20
7 LiOtBu 1,4-Dioxane 120 18 31
8 KOtBu 1,4-Dioxane 120 18 22
9 Na,CO; 1,4-Dioxane 120 18 ---
10 Cs,CO;3 1,4-Dioxane 120 18 ---
11 NaOAc 1,4-Dioxane 120 18

[ Reaction conditions: 41a (0.50 mmoal), 62a (1.00 mmol), (DME)NICI, (10 mol %), Di-tertBEDA (161)
(20 mol %), base (2.0 equiv), solvent (1.5 mL), T, 16-18 h.
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Based on this result, various other solvents, such as DCE, DMF, THF or DMSO,
were tested, showing that compared to toluene the reaction was shut down or did not
lead to improved vyields (entries 2 to 5). Only m-xylene (entry 6) gave significant
product formation. 1,4-Dioxane was superior to toluene (entry 7), and 1,4-dioxane
was used as the solvent of choice. Probing of other bases, such as Na,CO3, Cs,CO3
or NaOAc (entry 9 and 11), could not improve the reactivity and the use of KOtBu as
strong base gave slightly lower yields, compared to LiOtBu. Therefore, LiOtBu was

chosen as base for further investigations.

Table 3.2: Testing of nickel catalysts and ligands for the catalytic thiolation of N-pyrimidyl aniline 41a."

F [Ni] (10 mol %) F

0N ligand (20 mol %) §
\ﬁ Xy + PhS—SPh ~2-pym
N LiOtBu (2.0 equiv)
H 1,4-dioxane, 120 °C, 18 h SPh
41a 62a 149aa
B N c N Ad N
u\”/\/ ~Bu y\”/\/ \Cy \H/\/ ~Ad
di-tertBEDA (161) 162 163
Entry [Ni] ligand Yield / %
1 (DME)NICI, Di-tertBEDA (161) 31
2 (DME)NIClI, 161 350
3 Ni(OTf), 161 31
4 Ni(acac), 161 14
5 NiCl, 161 24
6 (DME)NICI, PPh; 26
7 (DME)NICl, 162 11
8 (DME)NICI, 163 23
9 (DME)NICI, dppe
10 (DME)NICI, dppp
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Entry [Ni] ligand Yield / %
11 (DME)NICI, dppf 13
12 (DME)NICI, 1,10-phen 6

[l Reaction conditions: 41a (0.50 mmol), 62a (1.00 mmol), [Ni] (10 mol %), ligand (20 mol %), LiOtBu
(2.0 equiv), 1,4-dioxane (1.5 mL), 120 °C, 18 h, yields of isolated products. X! [Ni] (20 mol %) and Di-
tertBEDA (40 mol %).

The evaluation of nickel catalysts (Table 3.2) established that common nickel(ll)
catalysts in presence of the bidentate nitrogen based ligand di-tertBEDA (161) were
all competent catalyst precursors. Ni(OTf), showed comparable results to
(DME)NICI, delivering the desired product in 31% vyield. Ni(OAc), and NiCl, gave
slightly lower yields. The test of various ligands unraveled that a similar set of
bidentate nitrogen ligands (162/163) and 1,10-phenanthroline led to reduced vyields
(entry 7, 8 and 12). Triphenyl phosphine as monodentate phosphine ligand gave
comparable results to 161 (entry 6), but the use of bidentate phosphine ligands such
as dppe and dppp was not effective. Only dppf (entry 11) proved to be efficient,
affording the desired ortho-thiolated product 149aa with low yield.

To further optimize the reaction, the effect of different silver(l) and copper(ll) salts as
additives was evaluated (Table 3.3), as they were known to facilitate thiolation
reactions.**¥ Various nickel(ll) precursors in the presence of 161 or PPh; were
tested, showing that common silver(l) salts, such as Ag,CO3 or Ag,O with LiOtBu or
KTFA as base (entry 1 and 2), could not improve the vyields. The use of
substoichiometric amounts of copper(ll) salts for the first time was effective to
improve the yields significantly (entries 3-5). Reaction conditions composed of
(DME)NICI,, 161, LiOtBu and 0.2 equivalents of CuCl, considerably promoted the
reaction, yielding 51% of the desired product (entry 3). Other copper(ll) salts in
combination with Ni(OTf), as the catalyst also proved suitable. The slightly increased
yields can be explained by higher amounts of the copper(ll) salts (entry 4 to 8). The
use of 0.5 equivalents of CuCl;, (entry 9) seemed to be optimal, yielding the desired
product in 81% vyield, whereas the use of PPhs had no significant impact on the
reaction, compared to the use of 161. A control experiment in the absence of the

nickel catalyst showed a conversion to the product of only 39% (entry 10).
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Table 3.3: Probing additives for the nickel-catalyzed thiolation of N-pyrimidyl aniline 412

Il
C[\O + PhS—SPh
N
H N

[Ni] (10 mol %) F

ligand (20 mol %) f H\
> 2-pym
base (x equiv)
additive (y equiv) SPh
1,4-dioxane, 120 °C, 18 h

41a 62a 149aa
Entry [Ni] Ligand Base / x Additive /'y Yield / %
1 (DME)NICI, 161 LiOtBu /2.0 Ag,CO3/2.0 24
2 (DME)NICI, 161 KTFA /2.0 Ag,0 /1.0 25
3 (DME)NICI, 161 LiOtBu / 2.0 CuCl,/0.2 51
4 Ni(OTf), 161 LiOtBu /2.0 CuCl, /0.2 56
5 Ni(OTf), 161 LiOtBu/2.0  Cu(OAc),/0.2 53
6 Ni(OTf), PPh; LiOtBu / 2.0 CuCl, /0.2 58
7 Ni(OTf), 161 LiOtBu / 2.0 CuCl,/0.5 60
8 Ni(OTf), 161 LiOtBu / 2.0 CuBr,/0.5 68
9 Ni(OTf), PPh; LiOtBu / 2.0 CuCl,/0.5 81
10 PPh; LiOtBu / 2.0 CuCl, /0.5 39

[l Reaction conditions: 41a (0.50 mmol), 62a (1.00 mmol), [Ni] (10 mol %), ligand (20 mol %), base
(2.0 equiv), additive, 1,4-dioxane (1.5 mL), 120 °C, 18 h.

In view of reports by Yu, QING and FukuzawA on copper-mediated/-catalyzed
thiolation reactions of (hetero)arenes using stoichiometric or catalytic amounts of
copper(ll) salts,**¥ the observed background reaction in the absence of the nickel
catalyst (entry 10) is caused by the presence of copper. Therefore, alternative
additives were explored, which are unable to promote a competing copper- or silver-
mediated thiolation reactions. To this end, various possible metal salt were screened

(Table 3.4) in order to replace copper(ll) or silver(l) additives.

Highly promising results were achieved, employing Zn(OTf), as an additive,
delivering the desired ortho-thiolated N-pyrimidyl-aniline 149aa in 50% isolated yield
(entry 1). Next, a variety of first-row metal salts, such as vanadium(V) oxide, iron(lll)
chloride and manganese(lV) oxide were tested (entries 4-6).
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Among these, solely manganese(lV) oxide showed good conversions, affording the
desired product 149aa in 65% or 73% vyield, employing the ligands di-tertBEDA or
PPh; (entries 6 and 7), respectively. By increasing the amount of MnO, to 1.0

equivalent, the yield could be improved to 91% (entry 8).

To our surprise, in the absence of a ligand (entry 11) and in the presence of MnO; as
oxidant, the reaction resulted in almost quantitative turnover, delivering 149aa in 96%
yield. In addition, a decreased catalyst loading of 2.5 mol % yielded the desired
product with 89% (entry 12).

To ensure the catalytic nature of the envisioned reaction, again a control experiment
in absence of nickel catalyst was performed. Here, no product was formed,
confirming the necessity of catalytic amounts of nickel to achieve the desired
transformation.

Table 3.4: Probing oxidants for the nickel-catalyzed thiolation of N-pyrimidy! aniline 41a.”

ooy Ni(OTf), (10 mol %) S
li d (20 | %
NTN\ + Pphs-spn —2ndZOmol) | N~2 pym
N LiOtBu (2.0 equiv)
H additive (y equiv) SPh
41a 62a 1,4-dioxane, 120 c’C, 18 h 149aa
Entry Ligand Additive / y Yield / %
1 161 Zn(OTf), /0.5 50
2 PPh; Zn(0OTf), /0.5 35
3 161 Zn(OTf),/ 1.0 11
4 PPhs V,0s5/0.5 24
5 PPh; FeCl; /0.5 18
6 161 MnO, / 0.5 65
7 PPhs MnO, / 0.5 73
8 PPhs MnO, /1.0 91
9 PCy; MnO, / 1.0 68
10 PPh; MnO, /1.0 —
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Entry Ligand Additive /'y Yield / %
11 - MnO, / 1.0 96
12 - MnO, /1.0 8ol
13 --- MnO, /1.0 --- Il

[l Reaction conditions: 41a (0.50 mmol), 62a (0.60 mmol), Ni(OTf), (10 mol %), ligand (20 mol %),
LiOtBu (2.0 equiv), additive, 1,4-dioxane (1.5 mL), 120 °C, 18 h; ™ without [Ni]; ! Ni(OTf), (2.5 mol %).

With the optimized reaction conditions in hand, the influence of the catalyst loading
on the outcome of the C—H thiolation reaction was investigated (Table 3.5). To our
delight, even low catalyst loadings of 1.0 mol % delivered 149aa with a very good
yield of 88%. Also, performing a gram scale reaction starting with 5 mmol
N-pyrimidylaniline 41a, yielded the desired product in synthetically meaningful yields
of 76%.

Table 3.5: Effect of catalyst loading on the nickel-catalyzed thiolation of aniline 412

F H F H
N N Ni(OTf), (X mol %) N
\Wj + PhS—SPh > ~2-pym
) LiOfBu (2.0 equiv)
H N A (1.2 equiv) SPh
41a

MnO, (1.0 equiv)

62a 1,4-dioxane, 120 °C, 18 h 149aa
Entry Loading / X Yield / %
1 10 96, 76"
2 7.5 94
3 5.0 90
4 2.5 89
5 1.0 88

[l Reaction conditions: 41a (0.50 mmol), 62a (0.60 mmol), Ni(OTf), (X mol %), LiOtBu (2.0 equiv),
MnO, (1.0 equiv), 1,4-dioxane (1.5 mL), 120 °C, 18 h; Il gram scale reaction using 5 mmol 41a.
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Furthermore, the effect of the amount of the thiolating reagent diphenyl disulfide 62a
was probed (Table 3.6). As was shown in Table 3.5, 1.2 equivalents of 62a gave
optimal results, delivering the desired product 149aa in 96% vyield. Interestingly,
lowering the amount of 62a to 0.6 or 0.3 equivalents, yielded in 90% and 54% 149aa,
respectively. This result is a hint, that both sulfur motifs of the diphenyl disulfide were

incorporated in the product.

Table 3.6: Amount of diphenyl disulfide 62a.”
F F

RN Ni(OTf), (10 mol %) §
\ﬁj + PhS—SPh ~2-pym
) LiOtBu (2.0 equiv)
H N~ (X equiv) SPh

MnO, (1.0 equiv)

4a 62a 1,4-dioxane, 120 °C, 18 h 149aa
Entry 62a/ x equiv Yield / %
1 2.0 92
2 1.2 96
3 0.6 90
4 0.3 54

@ Reaction conditions: 41a (0.50 mmol), 62a (x equiv), Ni(OTf), (10 mol %), LiOtBu (2.0 equiv), MnO,
(1.0 equiv), 1,4-dioxane (1.5 mL), 120 °C, 18 h.

3.1.2 Scope of the Nickel-Catalyzed C-H Thiolation of Anilines

With the optimized reaction conditions in hand, we next explored the applicability of
the C-H thiolation protocol towards differently substituted N-pyrimidyl anilines 41
(Table 3.7). With regard to 2-substituted N-pyrimidyl anilines, electron-rich as well as
electron-deficient aniline derivatives were converted to the corresponding thiolated
products 149aa-149ga with high levels of positional selectivity. Here, phenyl-, tert-
butyl, methoxy- and even methyl thioether-substituted anilines were well-tolerated,
the latter one with a somewhat reduced yield of 49%. Unfortunately, bromo- and
methyl-substituents in 2-position (entry 6 and 7) were not tolerated in the desired
reaction. C—H thiolations on meta-decorated arenes 41n-41r preferentially proceeded
at the less congested C-H bond. In case of para-substituted arenes, valuable

electrophilic functional groups, such as chloro, bromo, and iodo, were well-tolerated
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(entry 9-11), delivering the desired di-thiolated products 149ha-149ma in moderate
yields. Furthermore, a variety of di- and tri-substituted aniline derivatives 41s-41x
delivered the desired products in good to excellent yields (entry 19-24).

Table 3.7: Scope of the nickel-catalyzed C—H thiolation of anilines with diphenyl disulfide.™

Ni(OTf), (10 mol %) H

H
N__N
\ﬁj +  PhS—SPh
N
L Nz

N<
> 2-pym
MnO,, (1.0 equiv)

LiOtBu, 1,4-dioxane SPh
41 120 °C, 18 h 149
41 149 Yield / %
F H F H
N N\2
2-pym pym 96
H SPh
41a 149aa
Ph H Ph H
N N\2
2-pym -pym 01
H SPh
41b 149ba
tBu H tBu H
N. N\2
2-pym -pym 66
H SPh
41c 149ca
OMe H OMe H
N. N\2
2-pym -pym 380
H SPh
41d 149da
SMeH SMeH
N N\2
2-pym -pym 49
H SPh

41e

41ea

Qg
()
ZT

Me H
N ~
f:[ 2-pym 2-pym -
H SPh
41f 149fa
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Entry 41 149 Yield / %
Br H Br H
H SPh
419 149ga
H SPh
N\2 pym H
8 @ 2-pym 52 (1:4.4)
F H F SPh
41h 149ha
H SPh
N\2 pym H
9 /@ 2-pym 530!
Cl H Cl SPh
Mi 149ia
H SPh
N\2 pym H
10 /E:[ 2-pym 55U
Br H Br SPh
A 149ja
H SPh
N\2 pym H
11 2-pym 350
| H | SPh
41k 149ka
H SPh
N\2 pym H
12 /(;[ 2-pym 39 (1:5.4)
Me H Me SPh
Ml 1491a
H SPh
N\2 pym H
13 /@ 2-pym 44 (1:4.2)°
MeO H MeO SPh
41m 149ma
H
FsC N H
~o. FaC N.
2-pym 3 2.pym
14 76
H SPh
41n 149na
H SPh
F N, oym F §
15 2-pym 56!
H SPh
410 1490a
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Entry 41

149 Yield / %

~2-pym
16

~2-pym
17

~2-pym

H
N
18
H

~2-pym

H
N
H
H
N
H
H
N

19

H

20 “2-pym

21 “2-pym

22 “2-pym

&
&
Io
o
o
XX

Cl
Me
Me
Me
F
F
F
F
F
F
Fs;C

23

L
H
N.
2-pym
. L

41x

41p

41q

41r
Me

41s

Me H

N

H

41t

F H

N

H

41u

H

N

H

41v

F H

N

H

41w
CFj3

SPh

ZT

cl ~2-pym 71 (2.4:1)"

2

SPh
149pa

Me ~2-pym
43

2

SPh
149qa

ZT

MeO N
2-pym
30

2

SPh
149ra

Me

2-pym 74

g8

Me SPh

149sa
Me

2-pym 93

SPh
149ta

-ni E
ZT

2-pym 94

M
Qm
ZT

SPh
149ua

SPh

ZT

2-pym 57 (1:3.1)¢

.

SPh
149va

2'pym 85

M ul
; § i
ZT

SPh
149wa

F5;C N
3 2-pym

SPh 12

Q

CF;3
149xa
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Entry 41 149 Yield / %
HN-2PYm HN-2PYm
H SPh
41y 149ya

(@ Reaction conditions: 41 (0.50 mmol), 62 (0.60 mmoI) Ni(OTf), (10 mol %), LiOtBu (2.0 equiv), MnO,
(1.0 equiv), 1,4-dioxane (1.5 mL), 120 °C, 18 h; ™ only di-thiolation; ' combined yields of isolated
products, ratio of mono- and diselectivity of the C—H thiolation in parantheses.

In addition, substrates exhibiting ortho-fluoro substituents were chemoselectively
functionalized at the ortho C—H bond, while the C—F bond™*® stayed intact. When
using the naphthalene derivative 41y (entry 25), C—H thiolation occurred site-
selectively at the B-position, while the peri-C—H bond remained unaffected.

During the examination of the reaction scope, various other modifications on the
aniline substrate (164-168) were investigated (Scheme 3.2). After changing the
nature of the directing group from pyrimidyl to pyridine (164) or benzoxazole (165),
no product formation was observed. Hence, the presence of the pyrimidyl group is
crucial for the outcome of the reaction. Furthermore, the free NH in the aniline is
essential, as methylation of the amine moiety (166) completely shuts down the
reaction completely. Using similar O-pyrimidyl or —pyridyl derived phenol substrates

(167 or 168) did not lead to any product formation.

JolN s YA el e
© © © s

X =CH: 167
X=N: 168

Scheme 3.2: Various aniline and phenol derivatives unsuccessfully tested in the nickel-catalyzed C—H thiolation.

Besides numerous aniline derivatives, a variety of diaryl disulfides 62 were tested in
the nickel-catalyzed C—H thiolation reaction. If not commercially available, diaryl
disulfides can be easily prepared by reacting the corresponding thiols under oxidative

conditions using N-bromosuccine imide (NBS).[:4¢!
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Both, electron-rich as well as electron-deficient diaryl disulfides bearing either a
methyl- or a chloro-substituent in the para-position, or even in the more sterically
congested ortho-position could be synthesized, using thiols 169 and NBS as oxidant
(Scheme 3.3).

S )¢
SN NBS UR
R—: A S\S X

= CH,Cly, 23°C, 30 min  R-—r P
169 62
Me
/©/ Me Cl
S. S<
Me Me Cl
62b: 92% 62c: 95% 62d: 97%

Scheme 3.3: Synthesis of diaryl disulfides 62.

With several diaryl disulfides 62 in hand, differently substituted N-pyrimidyl anilines
41 could be converted to the desired thioether products in moderate to very good
yields. Moreover, the challenging pyridyl disulfide 62f was a viable substrate,
delivering 149af in a moderate yield of 55%, despite its capability to act as a

bidentate ligand.

Table 3.8: Scope of the nickel-catalyzed C—H thiolation with disulfides 62.1

Ni(OTf), (10 mol %) H

H
N N N.
NNt RSTSR — 2-pym
N MnO, (1.0 equiv)
H SR

LiOfBu, 1,4-dioxane

41 62 120 °C, 18 h 149
Entry 62 149 Yield / %
HN/2-pym
S F s
1 \Q 94
Me 2
62b 149ab
HN- 2 Pym
S F s
2 o, -
62e 149ae
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Entry 62 149 Yield / %
_2-pym
S
Cl 2
62e 149de
Me ZWm
S
4 93
2
62c 149ac
Cl ~2-pym
S
5 94
2
62d 149ad
Cl N~ 2 Pym
S
6 37
2
62d 149dd
cl ~2-pym
S
7 82
2
62d 149yd
HN- 2 Pym
S S
Me 2 FsC Me
62b 149nb
HN-2PYm
S S
9 Q, -
Cl 2 FsC cl
62e 149ne
cl HN-ZPYM
S s
-\ oo
2 FsC
62d 149nd
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Entry 62 149 Yield / %
HN-2Pym
S
2 F. S N
11 <| ! > \©’ @ 55
62f 149af

[ Reaction conditions: 41 (0.50 mmol), 62 (0.60 mmol), Ni(OTf), (10 mol %), LiOtBu (2.0 equiv), MnO,
(1.0 equiv), 1,4-dioxane (1.5 mL), 120 °C, 18 h.

Unfortunately, under the optimized reaction conditions dialkyl- (170/171) or dibenzyl-
(172) disulfides (Scheme 3.4) fell short in providing the C—H thiolated product.

/S\ /C NAs NAs -
oy s y nPr/S S nPr Bn/S S Bn  pnsH p-TolSO,CI

170: -—-% 171: % 172: % 169: ---% 173: %

Scheme 3.4: Unsuccessful coupling partners.

Based on the reports by SHi, CHATANI and KAMBE, who employed thiophenols and
aryl sulfonylchlorides in nickel-catalyzed sulfenylation and sulfonylation reactions of

1471 we also tested thiophenol (169) and para-toluene

aromatic amides,™®
sulfonylchloride (173) as coupling partner, but they did not lead to any ortho-

functionalized aniline derivatives.

3.1.3 Scope of the Nickel-Catalyzed C-H Selenation of Anilines.

With the excellent versatility towards differently substituted N-pyrimidyl anilines 41
and various diaryl disulfides 62, we next became interested to probe whether this
protocol could also be exploited for the challenging nickel-catalyzed selenylation

reaction.

Indeed, this could be illustrated by employing diphenyl diselenide 148a under
otherwise identical reaction conditions. Thus, a variety of aniline derivatives 41,
comparable to the scope of the C—H thiolation reaction, were efficiently converted to
the desired 2-aminoselenophenols 150 (Table 3.9). The C-H selenylation proceeded
with a high positional selectivity and functional group tolerance. In case of anilines 41
with substitution at the C-2 and C-3 position, the desired products were afforded in

moderate to good yields (entries 2—6 and 10-14).
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Using the unsubstituted N-pyrimidyl aniline 41z or anilines with substituents in
4-position 41i-k resulted in mixtures of both mono- and di-selenylated products, in
which the mono-selenylated 2-aminoselenophenol is generated in slightly higher
amounts (entries 1 and 7-9). Moreover, various di- and tri-substituted N-pyrimidyl
anilines, bearing methyl and/or fluoro groups as well as the naphthyl aniline 41y
delivered the desired products 150ta-150wa and 150ya in moderate to very good

yields.

Table 3.9: Scope of the nickel-catalyzed C—H selenation of anilines 41 with diphenyl diselenides 148.%

Ni(OTf), (10 mol %)

H
N_ _N N
Y[ N *+ PhSe—SePh > 2-pym
N MnO, (1.0 equiv)
H LiOtBu, 1,4-dioxane SePh

41 148a 120 °C, 18 h 150
Entry 41 150 Yield / %
H SePhH
N. N\2
1 @ 2-pym @ “bym 39 (1.1:1)™
H SePh
41z 150za
F H F H
N\2 N\2
2 -pym -pym 74
H SePh
41a 150aa
Ph H Ph H
N\2 N\2
3 -pym -pym 82
H SePh
41b 150ba
tBu H tBu H
N\2 N\2
4 -pym -pym 45
H SePh
41c 150ca
OMe H OMe H
N\2 N\2
5 -pym -pym 65
H SePh

41d

150da
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Entry 41 150 Yield / %
SMe H SMe H
N\2 N\2
6 -pym -pym 52
H SePh
41e 150ea
H SePhH
“2pym N~2.pym b
7 58 (1.7:1)™
Cl H Cl SePh
41i 150ia
H\ SePhH
Br H Br SePh
41j 150ja
H SePhH
“2-pym N\Z-Pym b
9 59 (1.8:1)"
| H I SePh
41k 150ka
H H
F N., oym F N., oym
- y -
10 \Q 48
H SePh
410 1500a
H H
FsC N. 2-pym FsC N\z_onm
. X X .
H SePh
41n 150na
H H
Cl N\2 Cl N\2 pym
(- m -
- TCC "X .
H SePh
41p 150pa
H H
Me N\2 Me N\2 oym
- m -
T O G O .
H SePh
41q 150qa
H H
MeO N\2 MeO N\2 oym
- m -
« "CCm X .
H SePh
41r 150ra




3 Results and Discussion

Entry 41 150 Yield / %
Me H Me H
N\2 N\2
15 Pym Pym 84
F H F SePh
41t 150ta
F H F H
N\2 N\2
16 hym Pym 52
F H F SePh
41u 150ua
H
- N , F N oy
- m -
«  TCLm X .
F H F SePh
41v 150va
F H F H
F N\2 F N\2
F H F SePh
41w 150wa
/2_
HN 2Py N
H SePh
e cOlNeo ;
41y 150ya
. 2-pym
Se HN
F. Se
20 O 74
Cl
2 cl
148b 150ab

[ Reaction conditions: 41 (0.50 mmol), 148 (0.60 mmol), Ni(OTf), (10 mol %), LiOtBu (2.0 equiv),
MnO, (1.0 equiv), 1,4-dioxane (1.5 mL), 120 °C, 18 h; ™ combined yields of isolated products, ratio of
mono- and diselectivity of the C—H selenation in parantheses.

In addition to the aniline derivatives shown in the scope, various other N-pyrimidyl
anilines were tested. However, more sensitive functional groups, such as nitro,
ketone or ester, were not tolerated in the nickel(ll)-catalyzed C—H functionalization

reaction. Employing diphenyl ditelluride was not suitable as a coupling partner.
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A structural motif that is often found in pharmaceuticals and bioactive compounds is
the purine scafold. Nickel-catalyzed C—H activation strategies are largely limited to
benzamide substrates bearing a N,N-bidentate directing groups and the number of
protocols that can employ purines as substrate is scarce. Based on the work of our
group, regarding nickel-catalyzed C—H alkylation reaction of N-pyrimidyl anilines,®®
C-H alkylations also were achieved employing purine nucleosides.!**® Building on
those results, nickel-catalyzed C—H thiolation and C—H selenylation reactions using
purine 174 and diphenyl disulfide/diselenide 62a/148a could be achieved. Under
otherwise identical reaction conditions, a representative set of purines 174a-174b
was reacted with 62a or 148a to deliver the desired products 175/176 in good to

excellent yields with a high level of position-selectivity.

The purine 174b, bearing a para-methoxy substituent on the aryl moiety afforded

product 176ba in 20% yield, possibly as a result of an electronic effect.

Table 3.10: Nickel-catalyzed chalcogenation of purine derivatives 174.%

HN HN

Ni(OTf), (10 mol %)

_ N + PhX—-XPh : _ N
N | \> MnO, (1.0 equiv) N | \>
k\N N LiOtBu, 1,4-dioxane k\N N
\iPr 120 oC;, 18 h \I'Pr
174 62a or 148a X =8, Se X =8 (175)
X =Se (176)
Entry 174 175/176 Yield / %

H SPh
I, (L
1 F )IN\> F N)IN\> 92

174a Pr 175aa 7'
H SePh
; iNH ; iNH
2 F AN ANENGY 82
o LY LY
NT N NT N
174a FT 176aa FT
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Entry 174 175/176 Yield / %

MeO\@H MeO\@SePh
NH NH
3 N)\/'EN\> N)IN\> 20
Sy N Sy N
iPr iPr

174b 176ba

[ Reaction conditions: 174 (0.50 mmol), 62a or 148a (0.60 mmol), Ni(OTf), (10 mol %), LiOtBu
(2.0 equiv), MnO, (1.0 equiv), 1,4-dioxane (1.5 mL), 120 °C, 18 h.

To further highlight the practical utility of the nickel-catalyzed C—-H chalcogenation
strategy, the directing group was removed in a traceless fashion (Scheme 3.5). Here,
the products 149 of the thiolation reaction were successfully converted to the desired
2-amino thiophenols 177 via microwave irradiation in aqueous. HCI solution.
Unfortunately, the deprotection procedure was not suitable for the corresponding

selenophenols 150.

H
N NH
SAr W (40 W), 3 h SAr
149 177
FsC NH,
¥ cl NH \@
NH, \@ 2 S
Cl
SPh
177a: 58% 177b: 55% 177c: 58%

Scheme 3.5: Removal of the pyrimidyl directing group.

2-Amino thiophenols represent useful precursors for the synthesis of phenothiazines,
a structural class of highly potent drugs, which excerts diverse biological activities,
such as neuroleptic action, antimicrobial and antitumor effects.**¥ Thus, using the
2-amino thiophenol 177c, bearing a chloro-substituent in 2-position of the arene ring,
we were pleased to provide step-economical access to the phenothiazine 178 via a
nucleophilic aromatic substitution of the halogen, by heating 177c in dimethyl

formamide at 100 °C in presence of sodium hydride in 43% vield (Scheme 3.6).%%
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FsC H
NaH FsC N
S DMF, 100 °C, 3 h S

NH, o]
177¢ 178: 43%

Scheme 3.6: Synthesis of phenothiazine 178 from 2-amino thiophenol 177c.

3.1.4 Mechanistic Studies

After investigation of the scope of the nickel-catalyzed C—H chalcogenation, detailed
mechanistic experiments were conducted to gain detailed insights into its mode of

action.

We initiated these studies by performing intermolecular competition experiments
between the electron-deficient aniline 41n and the electron-rich aniline 41r (Scheme
3.7). In this experiment, a clear preference for the electron-deficient aniline 41n was

detected, being suggestive of an assisted electrophilic mode of action not to be

operative.
FsC N F3C N
3 \(:[ \2_pym 3 \(:[ \2_pym
PhS—SPh
H 623 SPh
41n 149na: 57%
Ni(OTf), (10 mol %)
+ +
H MnO, (1.0 equiv) H
MeO Nigpym LiOBuU, 1,4-dioxane  MeO Ns oym
120 °C, 18 h
a1 (149nal149ra = 3.1/1) 1a0ra: 1000

Scheme 3.7: Intermolecular competition experiment between electron-deficient and electron-rich pyrimidyl
anilines.

Next, to examine whether any radical species are involved in the C-H
chalcogenation, reactions in the presence of radical scavengers were conducted
(Table 3.11). Hence, overstoichiometric amounts of BHT and galvinoxyl completely
stopped the reaction (entries 3 and 4). By running the reaction in the presence of
TEMPO as radical scavenger the yield was decreased from 96% (standard
conditions, entry 1) to only 6% (entry 2). However, it should be taken into account
that TEMPO can also interact in many ways with the nickel catalyst, enabling side-

reactions such as coordination with the catalyst or oxidation reactions.
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Nevertheless, the assumption that this transformation involves a radical pathway
seems reasonable, particularly in comparison to similar nickel-catalyzed C-H

thiolation reactions.["®

Table 3.11: Influence of radical scavengers in the nickel-catalyzed thiolation.™

F H F H
N N NI(OTf)Z (10 mol %) N
\ﬁ X + PhS—SPh : ~2-pym
N radical scavenger
H
41a

MnO,, LiOtBu SPh
62a 1,4-dioxane, 120 °C, 18 h 149aa

Entry Radical Scavenger Equiv Yield / %
1 96
2 TEMPO 2.0 6
3 BHT 2.0 —
4 galvinoxyl 2.0

[ Reaction conditions: 41a (0.50 mmol), 62a (0.60 mmol), Ni(OTf), (10 mol %), LiOtBu (2.0 equiv),
MnO; (1.0 equiv), radical scavenger (2.0 equiv), 1,4-dioxane (1.5 mL), 120 °C.

Subsequently, a reaction using the isotopically-labelled N-pyrimidyl aniline [D]s-41z
and diphenyl diselenide 148a was performed under the standard conditions (Scheme
3.8). After 3 h, the reaction yielded the selenylated N-pyrimidyl aniline 150za in 10%
together with unreacted starting material 41z in 73%. Whereas no H/D scrambling
was determined in the reisolated starting material, the 2-aminoselenophenol 150za
slightly showed H/D scrambling in the other ortho position with 15% proton

incorporation.
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/15% H v >98% D
H/D
H PhSeSePh (148a) H/D H H
D | X N\2_pym Nl(OTf)2 (10 mol %) D | X \2_pym b | X \2_pym
470 - > 30 + 30
= D MnO, (1.0 equiv) F SePh = H/D
LiOtBu, 1,4-dioxane ™ .98% D
[Dls-41z 120°C, 3 h [D],-150za: 10% [Dls-41z: 73%

Scheme 3.8: H/D exchange studies.

Finally, an experiment to determine the KIE, using substrate 41a and isotopically-
labelled [D]:-41a, respectively, (Scheme 3.9) revealed a KIE of ky/kp = 5.0, indicating
a rate-determining C—H activation manifold. Noteworthy, the obeserved significant
primary KIE is in accordance with the result obtained by the H/D exchange
experiment, highlighting the possibly irreversible nature of the initial C—H activation

manifold.

F F PhSSPh (62aa) F

H H H
N._ N_ Ni(OTf), (10 mol %) N.
2-pym or 2-pym - 2-pym
MnO, (1.0 equiv)
H D LiOtBu, 1,4-dioxane, 120 °C SPh
41a [D]4-41a 149aa
kH/kD =50

Scheme 3.9: Kinetic isotope effect (KIE) studies.

Thus, based on these results a catalytic cycle was proposed, which initiates by a
rate-determining and irreversible C—H nickelation of 41 to generate nickelacycle 179
(Scheme 3.10). Then, oxidation by a sulfenyl radical generates the nickel(lll) species
180 via a SET-type process. Subsequently, reductive elimination follows and results
in the formation of ortho-sulfenylated product 149 and nickel(l) species 181. The
active nickel(ll) catalyst is proposed to be regenerated by the action of disulfide 62,

which itself is formed by the oxidant MnO,,
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H
N

Citne
H. 2 LiotB

MnO, o , 41 s
PhS [NiX,]
PhSSPh .
S2a 2 HOBu, 2 LiX

\

N\
[NiOtBu] Phs- o N
181 i

N
179
H
N
SPh N_ _N
N

149 HOBu h
N~

[Ni]
|
SPh
180

Scheme 3.10: Plausible catalytic cycle.

In summary, a versatile and robust method to access ortho-sulfenylated or
-selenylated N-pyrimidyl anilines has been developed. A simple ligand-free Ni(OTf),
catalyst enabled the synthesis of ortho-sulfenylated/selenylated N-pyrimidyl anilines
with high levels of positional control and good chemoselectivity. In addition, the
traceless removal of the directing group allowed for the synthesis of 2-amino
thiophenols, which are used as key building blocks for the synthesis of various
antipsychiotic, antidepressant and immunosuppressive agents,** as clearly
demonstared with their applicability to the synthesis of phenothiazines as important
drug molecules. Furthermore, the applicability of the nickel-catalyzed C-H
chalcogenation method to purine derivatives highlights the importance of this

transformation gaining access to a biologically important substrate class.
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3.2 Nickel(0)-Catalyzed C-H Activation of Heteroarenes with Allenes

Nickel-catalyzed C—H functionalization processes for the formal hydroarylation of
C—C multiple bonds have been rarely utilized until recently.**® 23 Consequently,
during the last decade reports on nickel-catalyzed hydroarylation strategies of
unsaturated compounds such as alkynes and alkenes using (hetero)arenes have
been developed. In contrast to these achievements, C-H functionalizations
employing more challenging allenes were thus far not accomplished by nickel
catalysis. A general approach using allenes for nickel-catalyzed hydroarylation
processes would considerably expand the chemist’s toolbox and is therefore highly

desirable.

3.2.1 Optimization Studies

Given the numerous examples by NAKAO/HIYAMA, ONG and others employing various
heteroarenes such as indoles, benzofuranes and benzimidazoles for nickel-catalyzed
hydroarylation reactions of alkynes and alkenes, we became interested to develop a
novel nickel-catalyzed hydroarylation methodology of allenes using heteroarenes.!**?
Nickel/phosphine and nickel/NHC catalytic systems are well-known to facilitate this
kind of transformations. Therefore, an alternative route that employs allenes 152 as
versatile coupling partners for the synthesis of alkenylated or alkylated heteroarenes

would indeed be highly desirable.

The study was commenced by S. Nakanowatari probing various reaction conditions
for the envisioned hydroarylation-type C-H functionalization using N-methyl

benzimidazole 16a and 1,1-disubstituted allene 152a (Scheme 3.11) as the model

substrates.
@EN B Ni(cod), (10 mol %)
\>—H u ligand >_/_< >_/_<
+ nBu d/
N <nBu PhMe, 100 °C, 6 h anafor
Me
16a 152a 1 53aa 1 54aa

Scheme 3.11: Nickel(0)-catalyzed hydroarylative C—H functionalization of 1,1-disubstituted allene 152a.
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Promising results were obtained, using Ni(cod), as source of nickel(0) in toluene as
solvent affording alkenylated and/or allylated N-methyl benzimidazoles 153aa and/or
154aa, respectively. Typically, elevated reaction temperatures of at least 100 °C
were required to achieve satisfactory results. Further, various reaction conditions with

different phosphine ligands were investigated (Table 3.12).

Here, commonly employed phosphine ligands, such as PPhs, PCy; or bidentate
phosphines (entries 3-6), did not lead to significant conversions, yielding only

undesired dimers and trimers of allene 152a.

Table 3.12: Test of phosphine ligands for the nickel(0)-catalyzed hydroarylation of allene 152a."

@[N B Ni(cod), (10 mol %)
\>—H u P-ligand (X mol %) >_/_< >_/_<
N + :|:< nBu +

wBu  PhMe, 100 °C, 6h

Me
16a 152a 1 53aa 1 54aa
Yield / %
Entry Ligand / X
153aa 154aa

1 PPh;/ 20
2 PCy;/ 20 11!
3 dppe / 10
4 dppf/ 10
5 XPhos / 10
6 SPhos / 10

[l Reaction conditions: 16a (0.50 mmol), 152a (0.80 mmol), [Ni(cod),] (10 mol %), ligand (X mol %),
toluene (1.5 mL), 100 °C, 6 h; yields of the isolated products; I Gc-conversion using n-dodecane as
the internal standard.

Since the catalyst consisting of Ni(cod)./phosphines catalytic system were not
applicable to the envisioned C-H allylation/alkenylation reaction, various
N-heterocyclic carbenes were tested (Scheme 3.12). Those ligands are similar to
electron-rich phosphine ligands in their electronic properties. Furthermore, NHC
ligands were shown to be efficient ligands for similar hydroarylation reactions using

nickel catalysts. 88 90¢. 91. 96, 153]
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Using the easily accessible azolium salts, NaOtBu was chosen as a base to generate
in situ the free carbene ligand. The imidazolium-based carbenes ICy and IMes
(entries 2 and 7) gave moderate to good vyields of the allylated product 153aa,
respectively. Less bulky ligands, such as IMe or ItBu (entries 1 and 3), resulted in
significantly lower conversions. Moving from imidazolium to benzimidazolium salts
(entries 4-6) did not improve the efficacy of the transformation. The bulkier IPr ligand
provided better conversion, yielding the desired allylated benzimidazole 153aa in
87% (entry 10). More electron-rich ligands, such as “eIPr (entry 13) or IPr°™® (entry

14), and the congested ligands IPr* (entry 15) and IPr+°Me

(entry 16) did not improve
the efficacy. Notably, the use of those types of NHC ligands led to the formation of a

side product, namely the alkenylated benzimidazole 154aa.

Furthermore, more specialized NHC ligands, such NHC ligands with benzothiazole or
triazole cores (entries 17 and 18), cyclopropylidene (entry 19) and bidentate NHCs
(entries 20-22) were tested, which led to no or very low conversions.

Because the commonly used imidazolium salts require a strong base to generate the
free carbene ligand in situ, hydroarylation reactions employing the free carbene
ligand IPr (entry 11) in the absence of an additional base were probed. The reaction
led to a comparable result, affording the desired product 153aa in 85% yield. This
result clearly showed that the base or the in situ generated alcohol is not essential for
the C-H activation step. Furthermore, the deliberate addition of tBuOH had no
significant impact on the outcome of the standard reaction.

Table 3.13: Screening of NHC ligands for the nickel(0)-catalyzed hydroarylation of allene 152a."

Ni(cod), (10 mol %)

N B NHC ligand (X mol %)
\>—H Y NaOfBu (20 mol %) >_/_< >_/_<
N\ + < nBu +

vBu  PhMe, 100 °C, 6 h

Me
16a 152a 1 53aa 1 54aa
Yield / %
Entry NHC ligand / X
153aa 154aa
1 IMe-HI / 10 25
2 ICy-HCI/ 10 61
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Yield / %
Entry NHC ligand / X
153aa 154aa
3 ItBu-HCI / 10
4 BIMe-HI / 10 10!
5 BICy-HBr/ 10
6 BIiPr-HCI / 10 36
7 IMes-HCI / 10 72
8 sIMes-HCI / 10 48
9 MeIMes-HCI / 10 73
10 IPr-HCI/ 10 87
11 IPr/10 g5l
12 sIPr-HCI/ 10
13 MIPr-HCI/ 10 52 27
14 IProMe-HCI / 10 49
15 IPr<-HCI / 10 20 16
16 IPr<OMe-HCI / 10 54 34
17 182-HBr / 10
18 183-HOTf/ 10 30!
19 184-HBPh; / 10
20 185 (HBr), / 5 11!

[ Reaction conditions: 16a (0.50 mmol), 152a (0.80 mmol), [Ni(cod),] (10 mol %), ligand (X mol %),
NaOtBu (20 mol %), solvent (1.5 mL), 100 °C, 6 h; vyields of the isolated products; ™ *H NMR yield
using n-dodecane as the internal standard; I without NaOtBu.

In the course of the optimization of the NHC ligands a major side product besides the
desired allylated product 153aa was represented by the formation of the isomeric

alkenylated hydroarylation product 154aa. Since the reaction using free IPr delivered
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chemoselectively the allylated benzimidazole (Table 3.14, entry 1), we became

interested in the selective formation of the alkenylated product 154aa.

-
Me/ng‘Me %/g\/ % /N\ N\tBu
Sf e ® eci @ CI

IMe-HI ICy-HCI 1tBu-HCI IMes-HCI

e @ @ @

ocl Me-Nx-N-Me 4v \vs Pr-Ns N~jpr
iPr  iPr ®@CI

IPr-HCI BIMe HI BICy HBr BIiPr-HCI
me Mie iP'V'e\) \/Me/Pr
BN 5 &0
Me c® Me cl Me 9 C'
Me Me Pr iPr
MejMes-HCI Me|pr-HCI sIMes-HCI
F’h Ph
N\ N
IPrOMe.HC| IPr-HClI
Ph Ph
N\ N
N\ N
e cl
iPr iPr
IPr*OMé.HCl sIPr-HCI

Me Me Me_

>=< @®N=N (iPr),N
Mng o5 PN Negn Hi®

Ph  ©Br ot

N(iPr
( )2 N/\N/®\N,Me

Me—N//CB\
@Br\?’ E/ BrO

© BPh,

182-HBr 183-HOTf 184-HBPh, 185-(HBr),

Scheme 3.12: Different NHC ligands tested.

Thus, we continued our study in regard of the targeted synthesis of 154aa. Using the
free carbene IPr in presence of NaOtBu, we could observe the formation of both, the
allylated and alkenylated product 153 and 154. Starting with 0.2 or 0.5 equivalents
NaOtBu (entries 2 and 3), respectively, mixtures of both products were formed,
whereas when using stoichiometric amounts of the base, the alkenylated product

154aa was obtained selectively in a high yield of 82% (Table 3.14, entry 4). In
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summary, two sets of conditions were developed for the selective synthesis of
allylated and alkenylated N-methyl benzimidazoles.

However, when we employed NaOiPr as the base (entry 5) a lower selectivity was
observed, delivering a mixture of 153aa and 154aa with 42% and 57% yield,
respectively. In contrast, NaOMe solely provided the allylated product 153aa.

Table 3.14: Effect of the base on the chemoselectivity of the nickel-catalyzed hydroarylation of allene 152a.1

@[N gy, Nicod; (10 mol %) Bu y Bu
S—H u IPr (10 mol %) @EN>_/:< @EN>_/_<
+ N nBu + N nBu
N I<
\ N N
Me Me

MBu base (X equiv)
Me PhMe, 100 °C, 14 h
16a 152a 153aa 154aa
Yield / %
Entry Base / X
153aa 154aa
1 85
2 NaOtBu /0.2 37 63
3 NaOtBu / 0.5 26 72
4 NaOtBu /1.0 --- 82
5 NaOtBu/ 2.0 81
6 o ___[b] ___[o]
7 NaOiPr/ 1.0 42 57
8 NaOMe /1.0 63 ---

[ Reaction conditions: 16a (0.50 mmol), 152a (0.80 mmol), [Ni(cod),] (10 mol %), IPr (10 mol %),
base (X mol %), solvent (1.5 mL), 100 °C, 14 h; yields of the isolated products; [ without Ni(cod),.

3.2.2 Scope of the Nickel-Catalyzed C-H Allylation of Imidazoles and Purines

With the optimized reaction conditions in hand, the applicability of the envisioned
C—H hydroarylation of allenes 152 using a variety of decorated heteroarenes 16/151
was examined. The scope for the nickel(0)-catalyzed allylation reaction is shown in
Table 3.15.
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To our delight, the protocol was found to be broadly applicable to differently
substituted benzimidazole 16 and purine derivatives 151. As for the substituents on
the nitrogen of the benzimidazole derivatives, methyl (entry 1), n-butyl, benzyl, and
the MOM group (entry 2) succeeded in the reaction, delivering the desired products
in moderate to good yields. Substitution on the benzimidazole was successfully
tested, bearing the electron-donating methoxy (entry 3) or the electron-withdrawing
trifluoromethyl group (entry 4) in C-5 position with good yields. Also, N-aryl
benzimidazoles 16g-16h, 4,5-diphenyl imidazole 16i as well as imidazo-[1,5-
aJpyridine 16j were well-tolerated, thereby delivering the allylated products 153ga-
153ja. Furthermore, various 6-aryl purine derivatives, including caffeine 16k, reacted
successfully, affording the C-8 allylated products 153ka and 186aa-186da in good to
excellent yields (entries 8-10) with high levels of positional selectivity for the C-8
position. Unfortunately, other heteroaromatic compounds, such as benzoxazole,
benzothiazole or indole derivatives, were no suitable substrates for the nickel(0)-

catalyzed C—H allylation protocol.

Table 3.15: Scope of the nickel-catalyzed C—H allylation reaction.®

N Ni(cod), (10 mol %) fBu
L/I S—=H | _ ,Bu IPr (10 mol %) NG N\>_/:< 5
V=N Q N | nBu
R vo R
R

wBu  PhMe, 100 °C, 14 h

16 or 151 152a 153 or 186
Entry 16 or 151 153 or 186 Yield / %
tBu
\
1 ©: H N o 85
N \
Me Me
16a 153aa
B
@N\%H N R = nBu (153ba): 62
2 N @ \ hBu R = Bn (153ca); 84
R N R = MOM (153da): 50
16b-d R
tBu
MeO N MeO N >_/:<
S—H @[ > nBu
3 \@N N 82
Me Me
16e 153ea
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Entry

N

(o]

16 or 151

FsC N
oon
N

Me
16f

16k

N/
N e
N

N

151a-c R

153 or 186

tBu
F3C N —
jesTat
N
\
Me

153fa

tBu
N —
©: N nBu
N

R
tBu
Ph N —
:[ N nBu
P~ N
Me

153ia
tBu
Ph N ___
| O nBu
N
L/
153ja

o Me tBu
Me.. |
N N —
)\ | / nBu
0~ "N N
Me

153ka
Ph tBu
N '’ N —
N N
R

Yield / %

65

R =H (153ga): 62
R = OMe (153ha): 77

57

64

90

R = H (186aa): 92
R = OMe (186ba): 72
R = CF; (186c¢a): 79
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Entry 16 or 151 153 or 186 Yield / %
OMe OMe
B
10 ! 94
- N
H nou
k\N N k\N N\
\nBu nBu
151d 186da

(@ Reaction conditions: 16/151 (0.50 mmol), 152a (0.80 mmol), [Ni(cod),] (10 mol %), IPr (10 mol %),
PhMe (1.5 mL), 100 °C, 14 h.

Next, the scope of the viable allenes 152 was examined (Table 3.16). The
substitution pattern of the allenes turned out to be crucial for the outcome of the
reaction. Therefore, allenes with a defined substitution pattern were needed. First,
1,1-disubstituted allenes 152 were suitable coupling partners, while 1,3-disubstituted
allenes did not react. Second, one of the substituents needed to have a quartenary
carbon center, such as tert-butyl or adamantly, while the other one should
preferentially feature a primary carbon center, such as n-butyl, n-pentyl, n-hexyl or

ethylbenzene.

Various allenes 152 were thus examined for their applicability. To our delight, the
tested allenes led to high yields (77—98%) for the allylated products 153ab-153ae.

Table 3.16: Scope of the nickel-catalyzed C—H allylation using different 1,1-disubstituted allenes 152.1

N Ni(cod), (10 mol %)
S—H R’ IPr (10 mol %) N —
N + I< > @ N\ R2

\ R? PhMe, 100 °C, 14 h N
Me \
Me
16a 152 153
Entry 152 153 Yield / %
tBu
N p—
tBu ©E \>_/_<
nPent
1 = N 77
nPent Me
152b 153ab
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Entry 152 153 Yield / %
tBu
N pr—
{Bu ©[ \>—/_<nHex
nHex l‘VI e
152c 153ac
tBu
tBu ©[N\>_/:<_\
3 :=<j N o 91
Me
152d Ph 153ad
1-Ad
N pr—
1-Ad ©: \>—/_<nBu
nBu \
Me
xx152e 153ae

[l Reaction conditions: 16a (0.50 mmol), 152 (0.80 mmol), [Ni(cod),] (10 mol %), IPr (10 mol %), PhMe
(1.5 mL), 100 °C, 14 h.

3.2.3 Scope of the Nickel-Catalyzed C-H Alkenylation of Imidazoles and

Purines.

Furthermore, with the protocol for the nickel(0)-catalyzed C—-H alkenylation in hand,
we subsequently also tested its versatility (Table 3.17). The desired C-H
functionalization proceeded efficiently in the presence of 1.0 equivalent NaOtBu with
excellent regioselectivity, delivering solely the corresponding alkenylated product
(E)-154. Similar to the C—H allylation reaction (see Table 3.15) variously substituted
benzimidazoles 16a-g, purines 151 and 4,5-diphenyl imidazole 16i were competent

substrates.

It is worth mentioning the reactions using purine derivatives, as these substrates are
of great interest in the medicinal and pharmaceutical chemistry.™®* The
corresponding alkenylated purines 187aa-187ea could be isolated in good to

excellent yields of 63 to 95% (entries 7-9).
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X4IN\ tBu

H

LAy =<
R

Table 3.17: Scope for the nickel-catalyzed C—H alkenylation.[a]

Ni(cod), (10 mol %)
IPr (10 mol %)

nBu NaOtBu (1.0 equiv)
PhMe, 100 °C, 14 h

tBu
N
XCI \>_//_<HBu
vy~ N
R

16 or 151 152a (E)-154/187
Entry 16/151 154/187 Yield / %
tBu
N N>_//_<
\
1 @ S—H @N neu 82
N \
Me Me
16a (E)-154aa
tBu
N N
, @ S @ \>_//_<n5u R = nBu (154ba): 72
N N R = Bn (154ca): 73
R
16b-c (E)-154ba-ca
tBu
MeO N MeO N >_//—<
N H \©[ \ nBu
3 \@,\P_ N 78
I\Vle Me
16e (E)-154ea
tBu
FSC\©:N>_ F3C\©[N>_//_<
\ H \ nBu
4 N N 87
Me Me
16f (E)-154fa
N tBu
L N/
N y nBu R = H (154ga): 58
5 R = CF; (154la): 85
R
169, R
tBu
Ph N Phe N >_//—<
N N
6 :[ —H :[ nBu 63
ph™ N Ph” N
Me Me
16i (E)-154ia

78



3 Results and Discussion

Entry 16/151 154/187 Yield / %
O Me
Me. Me\ >_/—<
7 )\ />_ H 86
Me
16k (E) -154ka
Ph Ph tBu
Z N N* N>_//_<
s TR g
NS N _ .
8 N~ N N R =H (187aa): 63
R = OMe (187ba): 87
R R
151a-b (E)-187aa-ba
R
9 R = H (187da): 95
NZ N >_/_< R = OMe (187ea): 79
N s o
N
N N
%Bu nBu
151d-e (E)-187da-ea

@ Reaction conditions: 16/151 (0.50 mmol), 152a (0.80 mmol), [Ni(cod),] (10 mol %), IPr (10 mol %),

NaOtBu (1.0 equiv), PhMe (1.5 mL), 100 °C, 14 h.

Likewise, the scope of allenes was investigated for the direct C—H alkenylation (Table
3.18). Indeed, as was the case for the C-H allylation (vide supra), only 1,1-

disubstituted allenes 152 were suitable substrates, delivering the corresponding

alkenylated products 154ab-af with good yields ranging from 71-86%.

At that time, A. Bigot synthesized several allenes during an internship within his
Bachelor studies. Therein, several allenes were synthesized, including allene 152f
bearing a cyclopropyl substituent. With this allene as valuable substrates in hand, we
were able to perform the desired C—H alkenylation reaction affording the desired

product 154af with 26% yield without ring-opening of the sensitive cyclopropane

motif.
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Table 3.18: Nickel-catalyzed C—H alkenylation using different 1,1-disubstituted allenes 152.1

Ni(cod), (10 mol %)
IPr (10 mol %)

\ R? NaOtBu (1.0 equiv) N
Me PhMe, 100 °C, 14 h Me
16a 152 (E)-154
Entry 152 154 Yield / %
tBu
tBu N\>_//_< Pont
nPen
nPent \
Me
152b (E)-154ab
tBu
tBu N\>—//_<nHe
X
nHex \
Me
152¢ (E)-154ac
tBu
tBu ©:N\>_//_<_\
Ph Me
152ad (E)-154ad
1-Ad
1-Ad N>_//_<
N\ nBu
4 —‘——< ©:N 71
nBu \
Me
152e (E)-154ae
tBu
tBu N
"/
5 N 26
Me
152f (E)-154af

[l Reaction conditions: 16a (0.50 mmol), 152 (0.80 mmol), [Ni(cod),] (10 mol %), IPr (10 mol %),

NaOtBu (1.0 equiv), PhMe (1.5 mL), 100 °C, 14 h.

In addition, several other 1,1-disubstituted allenes 152g-m (Scheme 3.13) were
nickel(0)-catalyzed C-H

synthesized and employed

the developed

allylation/alkenylation reaction, albeit with thus far limited success.
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nBuJJ\nBu nBuJ\Ph tBuJJ\ Ph CyJ\Ph

1529 152h 152i 152]
EtoﬁJJ\nBu PhMeZSiJ\Me CyJ\Me
152k 1521 152m

Scheme 3.13: Failed examples for 1,1-disubstituted allenes.

Moreover, the nickel(0)-catalyzed C—H alkenylation protocol could be applied to the
dienylative C—H activation and concurrent C—O cleavage under otherwise identical
reaction conditions (Scheme 3.14). Thus, the use of (tert-butyldimethylsilyl)ether
substituted allene 152n delivered the dienylated benzimidazole 188 as the sole

product in 59% yield with high levels of chemo- and stereo-selectivity.

Me

N Ni(cod), (10 mol %) / Me
N H IPr (10 mol %) N
[:E,\P_ * TBSO - ©: NI/

\ nBu  NaOfBu (1.0 equiv)

Me Me Me PhMe, 100 °C, 14 h N
Me
16a 152n 188: 59%

Scheme 3.14: Nickel-catalyzed dienylation using allene 152n.

3.2.4 Mechanistic Studies

After the investigation of the versatility of the nickel(0)-catalyzed C—H allylation and
C—H alkenylation reactions, detailed mechanistic experiments were conducted to

gain insights into its mode of action.

First, deuteration studies in the presence of CD3OD as co-solvent were conducted
(Scheme 3.15). Here, performing the reaction in the absence of allene 152a revealed
a significant H/D scrambling with 85% deuterium incorporation at the C-2 position.
The same holds true, when the reaction was performed in the presence of the allene
152a. The reisolated starting material also showed a significant H/D scrambling with

86% deuterium incorporation.
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without 152a 85% D
cat. Ni(cod), l
©:N\ cat. IPr ©:N\
S—H - S—H/D
N PhMe/CD30D (8:1) N
Me 100 °C, 14 h Me
16a [D],-16a: 89%
152a 86% D
cat. Ni(cod), l
©:N\ cat. IPr _ ©:N\
>—H »=H/ID + [D],-153aa: 0%
N PhMe/CD30D (8:1) N
Me 100 °C, 14 h Me
16a [D],-16a: 84%

Scheme 3.15: H/D exchange with isotopically labeled co-solvent.

These findings are indicative that the C-2 position of the benzimidazole 16 is
activated in a reversible fashion. Additionally, a KIE experiment was conducted by S.
Nakanowatari comparing the initial rates ot the deuterated benzimidazole [D];-16a
and the standard substrate 16a in independent reactions. A minor KIE of ky/kp = 1.1
suggested again a facile C—H activation, providing support that the C—H scission is

not the turnover-limiting step of the overall transformation (Scheme 3.16).

N
@ St
N 152a (1.00 equiv)

\

Me Ni(cod), (5.0 mol %)
16a IPr(5.0 mol %) N /=
or — tBu
n-dodecane (1.0 equivl)
N o N H/D
toluene, 92°C \
\>—D — Me
Me
[D]4-16a

Scheme 3.16: Kinetic isotope effect.

Moreover, C—H activations with the isotopically-labelled benzimidazole [D];-16a and
caffeine [D]1-16k, respectively, were performed (Scheme 3.17). Here, under the
reaction conditions allylated products [D],-153aa and [D],-153ka were obtained with
high deuterium incorporations at the olefinic position of the allyl moiety. In the
alkenylated products [D],-154aa and [D],-154ka, deuterium incorporation was

observed on both sides of the olefin in the range of 20-30%.
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(a) 20% D 51% D
152a (1.6 equiv) >08% D  152a (1.6 equiv) \
H/D tBu Ni(cod), (10 mol %) N * Ni(cod), (10 mol %) H/D tBu
N IPr (10 mol%) \ IPr (10 mol%) N =
@E \>_/2_<”B” @EI\P_D S nBu
N H/D NaOtBu (1.0 equiv) \ PhMe, 100 °C N H/D
Me X PhMe, 100 °C Me 14h Me X\
20% D 14 h <5% D
[D],-154aa: 79% [D]4-16a [D],-153aa: 92%
(b) 30% D 91% D
v 152a (1.6 equiv) o 152a (1.6 equiv)
0 Me HD_  tBu  Ni(cod); (10 mol %) Me Ni(cod), (10 mol %) 0 Me HD_ Bu
Me. N IPr (10 mol %) N N IPr (10 mol %) Me. N —
N N
)\in 4 L ey i PN W o A L/ nBu
o“>N" "N HD NaOtBu (1.0 equiv) o7 >N~ "N 4} PhMe, 100 °C o> N HD
| PhMe, 100 °C l\l/le >98% D 14 h |
Me 26% D 14h Me <5% D
[D];-16k

[D],-154ka: 84% [D],-153ka: 93%

Scheme 3.17: Reaction using isotopically-labelled substrates.

Since the formation of the alkenylated products likely occured through an
isomerization process originated from the allyl group, several test reactions were
performed to get detailed insights into the reaction mechanism (Scheme 3.18). When
the allylated product 153aa was subjected to the standard reaction conditions using
NaOtBu as the base in presence of the nickel catalyst (Scheme 3.18a), the
isomerized product 154aa could be isolated in 88% vyield. A similar result could be
achieved, when 153aa and 1.0 equivalent of NaOtBu were heated in toluene at
100 °C (Scheme 3.18b). Here, the alkenylated product 154aa was isolated in 85%

yield.

Importantly, no isomerization was observed, carrying out the same reaction starting
with the alkenylated benzimidazole 154aa (Scheme 3.18c). These results are in
agreement with observations achieved by an in operando 'HNMR study in
[Dls-toluene (performed by S. Nakanowatari) and computational DFT studies
(performed by Dr. J. C. A. Oliveira). It could be shown that the allylated product
153aa isomerized to the thermodynamically more stable alkenylated product

(E)-154aa in the presence of the base.
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NaO1Bu (1.0 equiv)

\ Bu  Ni(cod), (10 mol %) y fBu
— o,
(a) ©: \>—/_<nBu 1Pr (10 mol %) (:E \>—//_<nBu + 153aa: 8%
N N
Me Me

PhMe, 100 °C
14 h
153aa 154aa: 88%
tBu tBu
N — NaOtBu (1.0 equiv) N /
(b) N nBu N nBu + 153aa: 10%
N PhMe, 100 °C N
Me 14h Me
153aa 154aa: 85%
tBu tBu
N NaOtBu (1.0 equiv) N
(c) @ \>—//_<nBu N / nBu
N\ PhMe, 100 °C N
Me 14 h Me
154aa (no isomerization] 154aa: 88%

Scheme 3.18: Isomerization studies.

Based on the obtained results and previous reports on nickel(0)-catalyzed
hydroarylation reactions of alkynes and alkenes,*" a catalytic cycle was proposed,
which initiates with a ligand exchange, and the in situ generation of the [NHC-Ni°L,]
complex 189 (Scheme 3.19). This complex then undergoes oxidative addition with
the C—H bond of benzimidazole to form the activated nickel complex 190 (path A).
Subsequently, coordination of the allene 152 (191), followed by hydronickelation
(192) forms the allylated nickel complex 193. Upcoming C-C forming reductive
elimination will generate the product-nickel complex 194. Finally, ligand exchange will
regenerate the active complex 189 and release the desired allylated product 153,
which, in the presence of base, will isomerize to the alkenylated product 154. An
alternative route (path B) also starts from the active complex 189. Here, after
coordination of allene substrate 152 intermediate 195 is formed. Complex 195 further
undergoes agostic interaction (196), and C—H activation through ligand-to-ligand-

hydrogen transfer (LLHT) to form the key intermediate 193.
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[Ni(cod),]

IPr, 16a
Me Me

Pr= Me Me
cod

L = cod or solvent

L
(oxidative addition )

0
=\ L% BN _
_ N _
Me @189

Pr/N\(N\Pr Pr/N\(N\Pr
0 Me Hl
H Ni g Ni_
— R N
)=N" _
Me-N \(\ [isomerization] [Ilgand exchange coordmatlon
195 . 154 NaOtBu 153 /‘ 16a, L
~— \ s
/ 152 R
—\ —\
pr—N_N~pr Pr/N\(N\Pr Pr— N\Pr
0 R Me Me \( WH
Me bN' H--N| Nil! R
N = g w /—<
@ 196
Path B 194 Path A
\
_ N g N T i - 1
Pr— ~Pr
\( Pr/N\(N\Pr
ve N Me N R
N—-HYy— N W
R o=
Q' i Q.
- - Me NTIL - -
(C—H activation via LLHTJ N \/‘:< (hydromckelatlon}

Scheme 3.19: Plausible catalytic cycle.

Finally, the synthetic utility of the envisioned transformation was highlighted by the
late-stage diversification of caffeine-derived diphosphodiesterase inhibitor natural
products 16m-n and 16p (Scheme 3.20). Here, we were able to access the C-H

alkenylated products in synthetically useful yields of 82-87%.
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R ! Ni(cod), (10 mol %) R ’
. N R3 IPr (10 mol % . N
o N N R4 NaOfBu (1.0 equiv) o N N
I\I/Ie PhMe, 100 °C, 14 h I\I/Ie R%
16m-n or 16p 152 154

0 f<
)EE )K/[N N o™y | ) \ Ad
/ tBu %
nHex nHex Me
154mc: 86% 154nc: 87% 154pe: 82%*

*performed by S. Nakanowatari

Scheme 3.20: Late-stage C—H alkenylation of diphosphodiesterase inhibitors.

In summary, a powerful nickel(0)-catalyzed C—H activation with allenes has been
developed. The C-H activation/hydroarylation features excellent control of the
chemo- and region-selectivity. Furthermore, the switchable selectivity enabled the
introduction of either allyl or alkenyl groups, thereby providing a general access to

synthetically meaningful imidazole and purine derivatives.

3.3 Iron-Catalyzed C—H/N-H Allene Annulation

The development of methods that utilize iron catalysts for C—H activation reactions is
a highly attractive approach due to its beneficial features in terms of earth-
abundance, cost-effectiveness and low toxicities. Especially, the use of low-valent
iron species has been intensively investigated, because they are found to be
competent for the activation of thermodynamically stable C(sp?)—H as well as C(sp®)-
H bonds under mild reaction conditions, providing a step- and atom-economical

approach for the construction of new C—-C bonds.

In particular, a number of methods for the alkylation and alkenylation through
hydroarylation of alkenes or alkynes have been reported using low-valent iron
catalysts.*% 1283 Fyrthermore, C—H annulation methodologies utilizing alkynes were
developed for the synthesis of polyaromatic structures and N-heterocycles. One
major drawback of those annulation procedures is the necessity of stoichiometric
amounts of an oxidizing reagent, such as 1,2-DCIB or 1,2-DCP, which often limits the

functional group tolerance of these transformations.
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The use of bidentate directing groups in iron-catalyzed C—H activations has emerged
as a powerful approach for establishing novel C—C forming processes.!®® %2
Especially, the directing group derived from 8-AQ, developed by DaucuLis,?®
enabled various transformations with important contributions by Cook*?4 12?1 gng
NAKAMURA . [1208. 124¢. 12601 Byt the 8-AQ auxiliary is quite tedious to access in a modular
fashion and its removal usually requires harsh reaction conditions, such as
concentrated HCI at high reaction temperatures. Therefore, alternative bidentate

auxiliaries are highly desirable.

ACKERMANN recently introduced a new family of triazole-based directing groups, the
so called TAM group.™*¥ These kind of directing groups are easily accessible and the
traceless removal can be achieved under much milder reaction conditions, compared

to other bidentate auxiliaries.

3.3.1 Optimization Studies

Based on those major contributions in the field of iron catalysis achieved by
ACKERMANN, my colleague J. Mo in the ACKERMANN group has developed a strategy
for the iron-catalyzed C—H/N-H annulations of TAH benzamide 118a, using allenyl
acetate 155a for the synthesis of isoquinolone 156aa under external oxidant-free

conditions (Scheme 3.21).12%!

0] Fe(acac); (15 mol %) 0]

nPent dppe (15 mol %) _TAH
D Y\N~nHex * /\( . N
H N=n/ OAc ZnBry,-TMEDA (1.0 equiv) _—
H N nHept

TAH iPrMgBr (3™, 3.0 equiv)
THF, 65 °C, 16 h
118a 155a 156aa

Scheme 3.21: Optimized reaction conditions of the iron-catalyzed C—H/N—H annulation of benzamide xx
with allenyl acetate xx for the synthesis of isoquinolone xx.

The optimal catalytic system consisted of the cheap and commercially available
iron(lll) salt Fe(acac)s, dppe as the ligand, ZnBr,-TMEDA and iPrMgBr in THF at
65 °C. It is noteworthy that stoichiometric amounts of the zinc salt proved to be
mandatory for promoting the envisioned C—-H functionalization, and among a variety

of tested bidentate phosphine ligands, dppe was identified as being optimal.
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Furthermore, the use of an excess of Grignard was mandatory, first, to deprotonate
the amide and therefore making it more nucleophilic, and second to undergo the
transmetallation with the zinc salt in order to form an organometallic zinc reagent.
Among testing different iron sources, the iron(lll) compounds Fe(dbm); and FeCl; as
well as FeCl, provided excellent conversions to the annulated isoquinolone 156aa in
86-94% yield (Table 3.19).

Table 3.19: Screening of iron catalysts for the annulation reaction.®

O

9 [Fe] (15 mol %)
N/TAH nPent dppe (15 mol %) N/TAH
1 + ///\/
yH OAc ZnBr,s TMEDA (2.0 equiv) = nHept

iPrMgBr (3m, 3.0 equiv)

118a 155a THF, 65 °C, 16 h 156aa
Entry [Fe] Yield / %

1 Fe(acac)s; 91

2 Fe(dbm), 86

3 FeCl; 88

4 FeCl, 94

[l Reaction conditions: 118a (0.30 mmol), 155a (0.90 mmol), [Fe] (15 mol %), dppe
(15 mol %), ZnBr, TMEDA (0.60 mmol), iPrMgBr (3™, 0.90 mmol), THF (0.40 mL),
65 °C, 16 h.

3.3.2 Scope of the Iron-Catalyzed C-H/N-H Annulation

With the optimized reaction conditions in hand, we next explored the applicability

towards differently substituted TAH benzamides 118.

A representative scope with TAH benzamides was established by J. Mo.™® In
addition, the scope of suitable benzamides 118 could be extended to those bearing a
methyl- or fluoro-substituent at the 2-position, yielding the desired products 156ba
and 156ca in moderate amounts of 50% and 58%, respectively (Table 3.20).
Benzamides bearing a substituent at the 3-position (118d-f) reacted in a regioselctive
fashion, delivering the products in very good yields, even tolerating synthetically

useful bromo substituents.
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Table 3.20: Scope of the iron-catalyzed C—H/N—H annulations using different TAH benzamides 118.1

o) Fe(acac)s (15 mol %) O
nPent dppe (15 mol % _TAH
N/TAH . /\( ( o) g N
H OAc ZnBr,  TMEDA (2.0 equiv) _
H iPrMgBr (3M, 3.0 equiv) nHept
118 155a THF, 65 °C, 16 h 156
Entry 118 156 Yield / %
Me O Me O
N/TAH N/TAH
1 1 50
H Z
H nHept
118b 156ba
F O F O
N/TAH N/TAH
2 1 58
H %
H nHept
118¢c 156¢ca
(0] o]
Me N/TAH Me N/TAH
3 |:| P 82
H nHept
118d 156da
(0] H O
F N/TAH F N/TAH
4 ' 87 (3.6:1)™
H Z
H nHept
118e 156ea
O 0]
Br _TAH Br _TAH
N N
H 7
H nHept
118f 156fa

[ Reaction conditions: 118 (0.30 mmol), 155a (0.90 mmol), Fe(acac)s (15 mol %), dppe (15 mol %),
ZnBr, TMEDA (0.60 mmol), iPrMgBr (3™, 0.90 mmol), THF (0.40 mL), 65 °C, 16 h, ™ ratio of regio

isomers, combined yield of isolated products.

After establishing the scope with different benzamides 118, various allenyl acetates

155 were investigated for their use in the iron-catalyzed C—H/N—-H annulation reaction

(Table 3.21).
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In general, the synthesis of these allenes (Scheme 3.22) was accomplished,
beginning with a 1,2-addition of ethynylmagnesium bromide to the corresponding
aldehydes 198 forming the propargylic alcohols 199. Thereafter, a copper-catalyzed
Crabbé homologation to form the allene 200,**® and acetate protection of the alcohol
delivers the desired allenyl acetates 155 in overall good yields.

(CH0),
— OAc
O BrMg—= oH Cul (10 mol %) oH Ac,0
J g R)\ ; g R)\/// = RM
R THF, 0 °C, 3-4 h % iProNH NEt;, DMAP
1,4-dioxane CH,CI,, 0 °C
198 199 110°C, 24 h 200 1-2 h 155

Scheme 3.22: General synthesis of allenes xx2.

As shown in Table 3.21, various decorated allenes were amenable substrates.
Allenyl acetates 155 bearing alkyl groups with different chain-lenghts and also
a-cyclohexyl- or benzyl groups were efficiently converted, delivering the
corresponding isoquinolones 156aa-ae with very good yields (entries 1-5).
Furthermore, allenes bearing a benzylether moiety (155f, entry 6) or reactive alkyl
chloride (155g, entry 7) efficiently reacted to the desired products with excellent
yields. Aryl-substituted allenyl acetates 155h-j (entry 8-10) were also selectively
converted, tolerating the synthetically meaningful aryl chloride. With allenes
containing a quartenary carbon center in a-position, such as allene 155k and 155I
(entries 11 and 12), lower yields were observed, delivering the desired products
156ak and 156al in 40% and 25% vyield, respectively.

The inherently decreased reactivity of this kind of allenyl acetates, exhibiting an
additional substituent at the acetate leaving group may be due to the increased steric
bulk of these substrates.
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Table 3.21: Scope of the iron-catalyzed C—H/N—H annulations using different allenyl acetates 155.1

0] R Fe(acac)s; (15 mol %) 0]
R’ dppe (15 mol %
N/TAH N /\i/ ppe ( o) _ N/TAH
H OAc  ZnBry TMEDA (2.0 equiv) _
H iPrMgBr (3w, 3.0 equiv) R
118a 155 THF, 65 °C, 16 h 156
Entry 155 156 Yield / %
O
TAH
nPent N~
1 Y P 91
OAc nPent
155a 156aa
O
nBu N/TAH
2 Pt P 93
OAc nBu
155b 156ab
0]
nPr N/TAH
86
3 Y P
OAc nPr
155¢c 156ac
O
N/TAH
4 — 87
OAc
155d 156ad
O
N/TAH
5 Y ph _ 85
OAc Bn
155e 156ae
0]
_TAH
6 i O~ PP \ 94
7 O Ph
OAc 4 ~
155f 156af
O
NC| (:i}\/l\ll\/:;:H o1
7
7 Cl
OAc 7
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3 Results and Discussion

Entry 155 156 Yield / %
° ///\(© >
OAc
155h 156ah
0]
CF4 N/TAH
OAc O
. . CF3
155i 156ai
(0]
Cl N/TAH
10 P 67
OAc O
. Cl
155j 156aj
O
11 40
OAc = Cy
155k 156ak
O
N
Et
12 /\‘/npr = 25
OAc Et nPr
155l 156al

[ Reaction conditions: 118a (0.30 mmol), 155 (0.90 mmol), Fe(acac)s (15 mol %), dppe (15 mol %),
ZnBr, TMEDA (0.60 mmol), iPrMgBr (3Mm, 0.90 mmol), THF (0.40 mL), 65 °C, 16 h.

Besides the allenyl acetates 155a-I shown in Table 3.21, a series of differently
substituted allenes 155m-x were synthesized to investigate what the limitations of
this transformation are (Scheme 3.23). To this end, allenyl acetates bearing electron-
rich (hetero)aryl groups, such as the 4-methoxyphenyl (155m) or thiophenyl (155n)

substituents fell short in the reaction, only giving low conversions of <10%.



3 Results and Discussion

The homoallenyl acetate 1550, and various 1,1- and 1,3-disubstituted allenyl
acetates did not react under the optimized reaction conditions. Also, allenes having
two substituents in the a-position to the acetate leaving group failed in the desired

transformation.

OAc OAc OAc
MeO \ ’

155m 155n 1550
OAc OAc oac et OAc
Ph Pent )\/ nPr
Pent)\/\ Pent)\/\ Ph Ph)\/\
155p 155q 155r 155s

OAc OAc OAc OAc OAc

« Pent)\/ Ph)\/ PhM nBuM
nPr/\M
Pent Pent nBu nBu
155t 155u 155v 155w 155x

Scheme 3.23: Unsuccessful allenyl acetates.

Interestingly, changing the modular nature of the triazole group from the
triazolylmethyl amide (TAH) to the gem-dimethyl substituted TAM directing group
enabled the synthesis of non-aromatic exo-methylene dihydroisoquinolones 157
(Scheme 3.24). A representative scope with TAM benzamides 116 was established
by J. Mo.'®® Benzamides bearing a methyl- (116b) or a bromo-substituent (116a) in

the 4-position, delivered the desired products 157aa and 157ba in excellent yields.

O Me Me Fe(acac)z (15 mol %) (0]
nPent dppe (15 mol %) _TAM
'}‘)K\é\r\anex * /\( . N
H N=pN OAc ZnBr,-TMEDA (2.0 equiv) N
R H N~ iPrMgBr (3m, 3.0 equiv) R

TAM THF, 65 °C, 16 h nHex
R = Br (116a) 155a R = Br (157aa): 90%
R = Me (116b) R = Me (157ba): 97%

Scheme 3.24: Iron-catalyzed C—H/N—H annulations with TAM benzamides 116.
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3 Results and Discussion

3.3.3 Mechanistic Studies

To gain a better understanding of the reaction, mechanistic experiments were
performed by J. Mo, including i) intermolecular competition experiments between
electron-rich and electron-deficient TAH benzamides, ii) reactions with the
isotopically-labelled TAH substrate [D]s-118a and allene 155a, and iii) the
determination of a kinetic isotope effect (KIE) by independent reactions using in situ

React-IR measurement or an intermolecular KIE by performing a one-pot reaction.

These experiments showed that

e electron-deficient benzamides react preferentially as compared to electron-rich
ones,

e when performing the reaction with isotopically-labelled [D]s-118a, no
deuterium was transposed from the former ortho-position onto the allene
coupling partner,

e an intermolecular KIE of 1.2 was determined by independent reactions using
in situ React-IR measurement and an intermolecular KIE of 1.5 by one-pot

reaction.

A similar kinetic isotope effect was studied by a comparison of the deuterated
benzamide [D]s-118a and the standard substrate 118a in independent reactions,
which were analyzed by *H NMR spectroscopy. Here, a minor KIE of ku/kp = 1.2 was
observed, suggesting a facile C—H activation, which is not the rate-determining step
of the overall reaction (Scheme 3.25).

(0] O
N/TAH _ N/TAH
|!| 155a (3.0 equiv) _

H Fe(acac)z (15 mol %) nHept

118a dppe (15 mol %) 156aa
or or
0 ZnBry,-TMEDA (2.0 equiv) e}
TAH iPrMgBr (3.0 equiv) TAH
ot NN THF, 23 °C D, X7 N7
| |

= H NG

D k/kp = 1.2 nHept
[D]s-118a [D]4-156aa

Scheme 3.25: Intermolecular Kinetic Isotope Effect (KIE) by independent reactions.
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3 Results and Discussion

To gain more insight into the elementary steps of the reaction mechanism, we
subjected the isotopically-labelled allene [D].-155a to the standard reaction
conditions (Scheme 3.26). This reaction resulted in site-selective deuterium
incorporation in the product [D],-156aa, in which a single deuterium was selectively
transposed to the a-position of the acetate leaving group of allenyl acetate 155. The
same holds true, when reacting TAM benzamide 116 with [D],-155a as performed by
J. Mo. Also here, deuterium incorporation, with >98% deuterium content, could be

observed in the a-position of the allenyl acetate.™>!

0] Fe(acac)s (15 mol %) O

nPent dppe (15 mol %
N/TAH + D \/\T ppe ( 0) N/TAH
& OAc ZnBr, - TMEDA (2.0 equiv) _
H

iPrMgBr (3Mm, 3.0 equiv)
THF, 65 °C, 16 h

D
v

D nPent
>98% D \
>98% D
118a [D],-155a [D],-156aa: 71%

Scheme 3.26: Reaction of TAH benzamide 118 with the isotopically-labbeled allene [D]2-155a.

This observation highlights the key role of the C—-O cleavage of the acetate within the
external-oxidant-free allene annulation reaction. Furthermore, the importance of the
acetate for the C—H/N—H annulation process was shown, when reacting the terminal
allene 201 being devoid of the acetate leaving group (Scheme 3.27). Here, the
reaction under otherwise identical reaction conditions led to the corresponding
hydroarylation product 202, in albeit low yield of 25%. Both findings are suggestive of

an oxidation-induced reductive elimination being operative within the mechanistic

pathway.
(0] Fe(acac)s (15 mol %) Q
: /”\ N/TAH /\’/nPent dppe (15 mol %) N/TAH
1 + :
H H H ZnBr,- TMEDA (2.0 equiv) H
iPrMgBr (3Mm, 3.0 equiv) &
THF, 65 °C, 16 h
nPent
118a 201 202: 25%

Scheme 3.27: Allene hydroarylation.
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3 Results and Discussion

Finally, based on our mechanistic studies a catalytic cycle was proposed as depicted

in Scheme 3.28.
0
_TAM/H
L
H
H

116/118

o FeX,, RZnX, dppe
N TAMH
RH, ZnX,
N o)
157 R

’}‘/Y\N~nHex OAc
[Fel—N=\ H’\\\/'\R,
2

155
[proto-demetalation] 03
[migratory insertion]
116/118
O
N _TAM/H
X
Fe
[ ]H RI
206
[1,4-Fe migra tion] 0 oxidation-induced
N/TAM/ H reductive elimination
X
H
[Fe] R
205

Scheme 3.28: Plausible catalytic cycle.

The reaction is initiated by the facile C—H metalation to generate the iron species
203. Subsequent allene coordination and migratory insertion leads to the formation of
a key cyclometalated species 204. Thereafter, oxidation-induced reductive

elimination is proposed to yield the iron allyl complex 205.
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3 Results and Discussion

Based on the mechanistic findings, achieved by the reactions using allenyl acetate
[D]-155a, where selective deuterium transposition was observed, we propose that
the iron allyl complex 205 then undergoes a unique intramolecular C—H activation by
1,4-iron migration as the key step to generate the stabilized allylic-benzylic iron
intermediate 206. Finally, proto-demetalation with the amide motif either of TAM
amide 116 or TAH amide 118 delivers the exo-methylene-3,4-dihydroisoquinolone

157, which undergoes isomerization to 156.

In summary, we have developed a powerful C—H/N-H annulation strategy using
triazole-derived benzamides 116/118 and easily accessible allenyl acetates 155 for
the expedient synthesis of differently substituted isoquinolones. Furthermore, the
modular nature of the triazole group set the stage for the selective synthesis of exo-
methylene 3,4-dihydroisoquinolones by using the removable TAM directing group. In
addition, mechanistic studies enabled detailed insights into the catalyst's mode of
action, as an unprecedented 1,4-iron migration was revealed to be operative within

the catalytic cycle.
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3 Results and Discussion

3.4 Iron-Catalyzed Annulation Reaction using Propargyl Acetates

The iron-catalyzed C—H/N—-H annulation strategy using allenyl acetates (Chapter 3.3)
highlighted the necessity of the acetate leaving group to serve as an internal oxidant.
Therefore, in comparison to recent reports on iron-catalyzed annulation reactions, for
the first time additional oxidants were not required to enable highly efficient C—H
activation/annulation. Throughout the studies of this unique reactivity, we were
pleased to find out that not only allenyl acetates 155, but also propargyl acetates 158
served as suitable substrates to achieve a similar transformation being devoid of any

external oxidants.[*"]

3.4.1 Optimization

Throughout the investigation of the C—-H/N-H annulations reaction using allenyl
acetates 155, we also tested other unsaturated coupling partners. Hence, differently
substituted propargyl acetates 158 were found to be suitable coupling partners for

the synthesis of 3,4-disubstituted isoquinolones (Scheme 3.29).

0] OAc Fe(acac); (15 mol %) Q
. _TAH
_TAH dppe (15 mol %) N
N * Ph X > Ph
H AN ZnBry,- TMEDA (2.0 equiv) =
H nPr  iprMgBr (3m, 3.0 equiv) .
THF, 65 °C 16 h
118a 158a 147aa: 51%

Scheme 3.29: Iron-catalyzed C—H/N—H annulation using propargyl acetate 158a.

Hence, we commenced our studies by using propargyl acetate 158a and TAH
benzamide 118a for the iron-catalyzed C-H/N-H annulation reaction for the
synthesis of the 3,4-disubstituted isoquinolone 147aa (Table 3.22). With the same
conditions shown for the previous annulation protocol utilizing allenyl acetates,
already promising conversions were observed (entry 1). We further optimized the
C—H activation by testing various iron catalysts at different reaction temperatures.
Conducting the reaction in the presence of Fe(acac); at 40 °C or even at room
temperature (entries 2 and 3) increased the yields to 73% and 64%, respectively.
Also the biomass-derived®?® 8 solvent 2-MeTHF performed well in the reaction,

delivering the desired product 147aa in 60% yield (entry 4).
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3 Results and Discussion

Furthermore, probing simple iron(ll) and iron(lll) sources revealed that all of them are
active catalysts under the reaction conditions (entries 5-7). The best results were
obtained with iron(ll) chloride at ambient temperature (entry 7), affording product
147aa with 81% vyield (entry 4). This result could further be improved by lowering the
amount of propargyl acetate from 3.0 to 2.0 equivalents, yielding the isoquinolone
147aa with 85% (entry 8). In contrast, when performing the reaction within four hours
(entry 9) or with a lower catalyst loading of 10 mol % (entry 10) decrased yields were

observed. Lastly, no reaction took place in the absence of an iron catalyst (entry 14).

Table 3.22: Optimization of iron-catalyzed C—H activation with propargy! acetate 158a."

o}
(@] OAc [Fe] (15 mol %)
_TAH
_TAH dppe (15 mol %) N
N T PR R >
& X ZnBr, TMEDA % Ph
H npr iPrMgBr .
118a 158a solvent, 7, 16 h 147aa
Entry [Fe] Solvent T/°C Yield / %
1 Fe(acac); THF 65 51
2 Fe(acac)s THF 40 73
3 Fe(acac), THF 23 64"
4 Fe(acac)s 2-MeTHF 23 60
5 Fe(dbm)s THF 23 58
6 FeCl; THF 23 69
7 FeCl, THF 23 81
8 FeCl, THF 23 85c]
9 FeCl, THF 23 58
10 FeCl, THF 23 421
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3 Results and Discussion

Entry [Fe] Solvent T/°C Yield / %
11 FeCl, THF 40 80
12 FeCl, THF 65 75
13 FeCl, 2-MeTHF 23 56
14 THF 23 -

[ Reaction conditions: 118a (0.30 mmol), 158a (0.90 mmol), [Fe] (15 mol %), dppe (15 mol %),
ZnBr, TMEDA (0.60 mmol), iPrMgBr (3m, 0.90 mmol), THF (0.80 mL), T, 16 h, Blogah; €20 equiv
158a instead of 3.0; [ 4 h; ! FeCl, (10 mol %); " without [Fe].

As the use of dppe as the ligand was mandatory to achieve reasonable conversion in
the iron-catalyzed C—H/N—H annulation reaction using allenyl acetates,™®* we again
reinvestigated the role of the ligand (Scheme 3.30). Unfortunately, when other
phosphorous-based bidentate ligands, such as xantphos, dppf, dppp or dcype were
employed, no reaction was observed, proving the importance of dppe as the ligand of

choice.

OAc FeCl, (15 mol %)

0
N/TAH . Ligand (15 mol %) N/TAH
H TN ZnBr,- TMEDA (2.0 equiv) _A__Ph

H

iPrMgBr (3™, 3.0 equiv)
THF, 23 °C, 16 h

- % - % traces - %

Scheme 3.30: Tested bidentate phosphine ligands.

Further aspects that needed to be considered included the role of the zinc salt and
the Grignard reagent, as those can have distinct effects on the reaction. As shown in
earlier reports on iron-catalyzed C—H arylation reactions by Nakamural*?” 1091101 gnq
YosHikaLt®®! pPh,zn generated in situ from PhMgBr and ZnCl,TMEDA was
suggested to be important to achieve the C-H transformation, while other

organometallic additives proved to be ineffective.
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3 Results and Discussion

Also, the use of Grignard reagent as a reducing agent to generate low-valent iron

species or organometallic species is possible.

Therefore, we tried to investigate to what extend those two additives are necessary to
achieve an effective C—H transformation (Table 3.23). Lowering the amount of zinc
salt led to a slightly decreased yield of the desired product (entry 2). More
importantly, lowering the amount of the Grignard iPrMgBr from 3.0 to 1.5 equivalents,
resulted in poor conversions, where only 21% of product 147aa could be isolated
(entry 3). This result seems plausible, due to the fact that probably 1.0 equivalent of
iPrMgBr is needed for the deprotonation of the acidic amide N—H bond. Therefore,

there is not enough PhMgBr left, required for the formation of Ph,Zn.

The use of zinc salts lacking the additional TMEDA ligand, such as ZnBr; and ZnCly,
also performed well in the reaction, affording the desired product 147aa in 67% and
70%, respectively (entries 4 and 5). Interestingly, when employing the zinc additive in
substoichiometric amounts (entries 6 and 7), that is with 0.2 or 0.5 equivalents, the
yields dropped dramatically. Apparently, it is necessary to use equal amounts of the
zinc salt, in order to generate stoichiometric amounts of an organometallic zinc
species, which facilitates the reaction. Nevertheless, the exact role of the zinc
additive as well as the Grignard reagent is not yet understood exactly. For the
Grignard reagent, also other reagents, such as CyMgCl, showed comparable results
to iPrMgBr, and high yields of 147aa were obtained (entry 8).

Table 3.23: Test of zinc salts and Grignard reagents.[a]

o
0] OAc FeCl, (15 mol %) TAH
_TAH dppe (15 mol %) N
A TP N
,; A 5 ZnBr,- TMEDA % Ph
ner
H RM?X nPr
118a 158a THF,23°C, 16 h 147aa
Entry [Zn] / equiv RMgX / equiv Yield / %
1 ZnBr,TMEDA / 2.0 iPrMgBr / 3.0 85
2 ZnBr,TMEDA / 1.0 iPrMgBr / 3.0 70
3 ZnBr, TMEDA /1.0 iPrMgBr /1.5 21
4 ZnBr, /2.0 iPrMgBr /3.0 67
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3 Results and Discussion

Entry [Zn] / equiv RMgX / equiv Yield / %
5 ZnCl, /2.0 iPrMgBr / 3.0 70
6 ZnBr,-TMEDA / 0.5 iPrMgBr / 3.0 38
7 ZnBro,-TMEDA / 0.2 iPrMgBr / 3.0 16
8 ZnBr, TMEDA / 2.0 CyMgCI/ 3.0 86

[ Reaction conditions: 118a (0.30 mmol), 158a (0.60 mmol), FeCl, (15 mol %), dppe (15 mol %), [Zn],
Grignard, THF (0.80 mL), 23 °C, 16 h.

Next, a job plot analysis regarding the metal-to-ligand ratio was conducted in detalil
(Table 3.24). A ratio of [Fe].L of 1.1 seemed to perform best in the desired C-H

activation, as for other metal-to-ligand ratios slightly decreased yields were observed.

Table 3.24: Investigation of the metal-to-ligand ratio.

o)
(@] OAcC FeCI2 (X mol %) /TAH
_TAH dppe (Y mol %) N
N PR N g
4 A ZnBr,- TMEDA ZN_Ph
H nPr iPrMgBr, THF .
118a 158a 23°C,16h 147aa
Entry X Y [Fe]:L ratio Yield / %
1 15 7.5 2:1 (1:0.5) 74
2 15 15 1:1 85
3 15 30 1:2 70
4 15 60 1:4 72

[ Reaction conditions: 118a (0.30 mmol), 158a (0.60 mmol), FeCl, (X mol %), dppe (Y mol %),
ZnBr, TMEDA (2.0 equiv), iPrMgBr (3.0 M in 2-MeTHF, 0.90 mmol), THF (0.80 mL), 23 °C, 16 h.

3.4.2 Scope of the Iron-Catalyzed C—H Annulation

With the optimized reaction conditions in hand, we tested its applicability regarding
the triazole-derived TAH benzamide substrates 118, bearing different N-substituents

on the triazole moiety.
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3 Results and Discussion

We were pleased to find that structural variations, such as alkyl-, benzyl-, aryl- and
even the reactive alkyl chloride group, were well tolerated, delivering the desired
isoquinolones 147ga-ka in very good yields (Scheme 3.31a). Unfortunately, the gem-
dimethyl triazole-based TAM benzamide 116 and the tri-substituted 1,2,3-triazole-
based TST benzamide 207 were not suitable substrates. Also amides bearing the

8-AQ auxiliary delivered the corresponding isoquinolone only in small amounts.

O
O OAc FeCI2 (15 mol %)
dppe (15 mol %) N ~ “N—R
H/Y\N—R ¥ Ph)\ P /\,\\l/:\,N
N=N Pr ZnBry-TMEDA N
H o
’Pzrg"?gra T':F nPr Ph
118 158a 16 147
(a) e} 0 Cl
% N=N % N=N — N=pN
nPr Ph nPr Ph nPr Ph
R = nHex (147ga): 85% 147ja: 86% 147ka: 81%

R = nOct (147ha): 80%
R =Bn (147ia): 74%

(b) O Me Me 0 Me
N =N\ N)J\/( —
P e W e
=N N=N
116: --- 207: -

Scheme 3.31: Impact of the N-substituent of triazole moiety on the annulations reaction; Reaction conditions: 118
(0.30 mmol), 158a (0.60 mmol), FeCl, (15 mol %), dppe (15 mol %), ZnBr,-TMEDA (2.0 equiv), iPrMgBr (3.0 M in
2-MeTHF, 0.90 mmol), THF (0.80 mL), 23 °C, 16 h.

Thereafter, we explored the scope with differently decorated benzamides (Table
3.25). To our delight, the developed catalyst was applicable to a variety of decorated
amides 118, delivering the desired products 147 in overall high yields. Besides the
unsubstituted TAH benzamide 118a (entry 1), which was smoothly converted, various
para-, meta- and ortho-substituted benzamides were tested. Having a substituent in
para-position, a wide range of electron-withdrawing and electron-donating groups,
including thioether, methoxy as well as dimethyl amino (entries 2-7), were well-

tolerated.

103



3 Results and Discussion

Likewise, halides in the 4-position were efficiently converted with moderate to
excellent yields, giving rise to synthetically useful isoquinolones 147ra-ua (entries 8-
11). Having a fluoro substituent in 2-position, the reaction afforded the desired
product 147ca in a moderate yield of 56%, whereas the 2-methyl benzamide 118b
did not perform well in the reaction, presumably due to the increased steric bulk in
the ortho-position of the starting material (entries 12 and 13). Good yields with a high
level of regioselectivity could be observed for the meta-substituted benzamides
118d-f and 118v-w. Only with a fluoro group in the 3-position, we observed a mixture
of regioisomers (entry 15). Furthermore, thiophenyl- (118x) and naphthyl- (118y)
derived benzamides were suitable substrates in the present transformation, yielding
the desired products in moderate yield (entries 19 and 20). To our delight, the olefinic
C(sp?)-H bond of cyclohexene carboxamide 118z was identified to be reactive under
the optimized reaction conditions (entry 21), showing that also non-aromatic alkenyl
amides can be suitable substrates for the iron-catalyzed C-H/N-H annulation
reactions.

Table 3.25: Scope of benzamides 118 for the iron-catalyzed C—H/N-H alkyne annulations.®

o)
O OAc FeCl, (15 mol %) TAH
_TAH )\ dppe (15 mol %) o N
N PR
° H N o ZnBr, TMEDA ZN\_-Ph
H T iPrMgBr, THF .
118 158a 23°C.16h 147
Entry 118 147 Yield / %
o) O
_TAH _TAH
N N
1 H A __pnh 85
H
nPr
118a 147aa
o) @]
N/TAH N/TAH
2 H _A_Ph 75
Me H Me
nPr
118I 147la
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3 Results and Discussion

Entry 118

147 Yield / %

~TAH

w
T ;:O
Iz

MeO

118m

N/TAH

D

T ;:O
T

€\ ;:O

MeS

188n

~TAH

ol
I ;:O
Iz

Ph

1180

O
N/TAH
6 H
Me,N H
118p
(@)
N/TAH
7 H
Fs;C H
118q
(@)
N/TAH
8 H
F H
118r
_TAH

(o]
T ;:O
Iz

Cl

118s

~TAH

Ph 81
MeO

€ ;:O
\Z

nPr
147ma

~TAH

N
Ph 80
MeS

nPr
147na

_TAH
Ph 68

€ ;:C
\Z

Ph

nPr
1470a

_TAH
Ph 66

é\ Z;:O

Me2N

nPr
147pa

~TAH

Ph 87
FsC

é\ Z;O

nPr
147qa

N
>
T

Pz Ph 73

nPr
147ra

\
>
I

74
cl %% Ph

nPr
147sa
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3 Results and Discussion

Entry 118 147 Yield / %
o (@]
_TAH ~TAH
N N
10 H _ Ph 71
Br H Br
nPr
118t 147ta
o (@]
N/TAH N/TAH
11 H _ Ph 59
| H I
nPr
118u 147ua
Me O Me O
_TAH ~TAH
N N
12 ! H _A__Ph 34
nPr
118b 147ba
F O FO
N TAH N AR
13 H _A__Ph 58
H
nPr
118c 147ca
o (0]
M TAH
Me N/TAH € N~
14 y H _A_Ph 78
nPr
118d 147da
'8 H (@)
F N TAH F N TAR
15 H A _Ph 79 (1.1:1)Y
H
nPr
118e 147ea
e} (0]
Cl TAH
Cl N/TAH N~
16 y H _A__Ph 55
nPr
118v 147va
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3 Results and Discussion

Entry 118 147 Yield / %
o) O
Br _TAH Br ~TAH
N N
17 H _ Ph 72
H
nPr
118f 147fa
o (@]
F3C N TAH F3C N TAH
18 H _A__Ph 66
H
nPr
118w 147wa
(@] (@]
P TAH
s N TAH s | N~
19 \ ! H N\_A__A__Ph 48
nPr
118x 147xa
o (0]
N/TAH N/TAH
20 H _A__Ph 56
H
nPr
118y 147ya
(0] (@]
_TAH TAH
N N
21 H A __phn 22
H
nPr
118z 147za

[l Reaction conditions: 118 (0.30 mmoal), 158a (0.60 mmol), FeCl, (15 mol %), dppe (15 mol %),
ZnBr, TMEDA (2.0 equiv), iPrMgBr (3Mm, 3.0 equiv), THF (0.80 mL), 23 °C, 16 h; ™ ratio of regio
isomers, combined yield of isolated products.

With this broad applicability towards differently substituted benzamides in hand, we
became interested in exploring the scope regarding the propargyl acetates 155
(Table 3.26).
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3 Results and Discussion

Table 3.26: Scope of propargyl acetates 158 for the iron-catalyzed C—H/N-H alkyne annulations.®

o)
)
0 OAG FeCl, (15 mol %) TAH
N/TAH j\ dppe (15 mol %) N
R1 > 1
H N\,  ZnBr, TMEDA AN R
H iPrMgBr, THF R?
118a 158 23°C,16h 147
Entry 158 147 Yield / %
OAc O
TAH
N N~
1 N 86
nPr = Ar
Me
nPr
158b Ar = 4-MeCgH,: 147ab
OAc O
TAH
™ N~
2 oS 53
nPr = Ar
FsC
nPr
158c Ar = 4-CF5;CgH,: 147ac
OAc o
_TAH
S N
3 N 78
nPr = Ar
cl
nPr
158d Ar = 4-CIC¢H,: 147ad
OAc o
_TAH
S N
4 N 88
nPr = Ar
Br
nPr
158e Ar = 4-BrCgH,: 147ae
0
OAC TAH
5 Ph)\ A _Ph 35
nBu
nBu
158f 147af
0
OAc N TAH
6 X A ¢y 58
nPr
nPr
1589 147ag
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Entry 158 147 Yield / %
(0]
OAc N TAH
7 Ph)\ A __pn 78
Ph
Ph
158h 147ah
OAG O
nPent N
8 N nPent o nPent 64
. nPent
158i 147ai
OAc O
AN
9 nPr = Ph 39
. nPr
158 147aj

[ Reaction conditions: 118a (0.30 mmol), 158 (0.60 mmol), FeCl, (15 mol %), dppe (15 mol %),
ZnBry TMEDA (2.0 equiv), iPrMgBr (3m, 3.0 equiv), THF (0.80 mL), 23 °C, 16 h.

The reaction proceeded well for all employed substrates shown in Table 3.26.
Propargyl acetates, bearing a substituent in the 4-position of the aryl moiety (entries
1-4), such as methyl, trifluoromethyl, chloro or bromo, were efficiently converted to
the desired isoquinolones 147ab-ae with 53-88% yield. Substitution of the phenyl by
cyclohexyl substituent afforded the isoquinolone 147a with a moderate yield of 58%
(entry 6). Otherwise, different substitution pattern on the propargyl acetate, e.g.
diphenyl or di-n-pentyl (entries 7 and 8) proved to be applicable, giving good
conversions. Substitution of the phenyl group by a benzyl group in a-position of the

acetate led to a decreased yield of 39% (entry 9).

As shown in Scheme 3.32, a number of different propargyl acetates and carbonates
were tested in the iron-catalyzed annulation reaction, which gave less satisfactory

results.
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3 Results and Discussion

OAc
P X Ph™
Ph” O Pent)\\ )\ )\
A N Cy tBu
OAC OAc 0CO,Me 0CO,Me
F’”\\ Ph)\ Cy\ \
I TMS Ph Ph

Scheme 3.32: Unsuccessfull alkyne substrates.

3.4.3 Mechanistic Studies

After establishing the scope and limitations of the iron-catalyzed C—H/N-H
annulations of TAH benzamides 118, mechanistic studies were conducted to gain
insights into the mode of action. Competition experiments between the electron-rich
and electron-deficient propargyl acetates 158b and 158c were conducted (Scheme
3.33). Here, no preference for one over the other alkyne substrates could be
observed, showing that the electronic nature of the alkyne substrates 158 on the

reaction is negligible.

OAc FeCl, (15 mol %) ! Q ! 0
/©)\ dppe (15 mol %) | ~TAH N-TAH
118a + % : Dot
nPr  ZnBry TMEDA | AN A vl
F3C/HsC iPrMgBr, THF ! . 5 |,
158c/158b 23°C,2h (P !

Ar = 4-CF3CgH, (147ac) Ar = 4-MeCgH, (147ab)
21% 17%
Scheme 3.33: Competition experiments between electron-rich and electron-deficient propargyl acetates 158.

However, intermolecular competition experiments highlighted the inherently higher
reactivity of the electron-deficient arenes 118q and 118w, either with an electron-
withdrawing group in para- or meta-position (Scheme 3.34), which can be
rationalized by a ligand-to-ligand hydrogen transfer (LLHT) mechanism to be

operative. 2% 159
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158a pTTTTT sy , o
o) FeCl, (15 mol %) i |
gppelivmol %) :
! ZnBr,- TMEDA - _A_Ph _A_Ph
H 2 F ! H
HCIFsC H PPrMgBr iFaC . | 3C ,
1181/118q THF, rt, 2 h b e . . ner
147qa: 44% 147la: traces
158a pTTTTTT sy , o
0 FeCl, (15 mol %) i |
H3C/F3C N dppe (15 mol %) iFaC N TAH H3C N TAH
gppelivmot %) :
5 ZnBry- TMEDA : A _Ph! _A__ph
H iPrMgBr b 5
118d/118w THF, rt, 2 h e . . ner

147wa: 47%

147da: 28%

Scheme 3.34: Competition experiments between electron-rich and electron-deficient benzamides 118.

Since during the course of the reaction the acetate C—-O bond of the propargyl
acetate needs to be cleaved, we investigated the effect of the leaving group on the
reaction. Therefore, we tested various propargyl alcohol derivatives 158, bearing
different carboxyl leaving grous, such as acetate, pivalate and benzoate (Scheme
3.35).

Whereas the aliphatic carboxylates acetate and pivalate gave comparable results
yielding the desired product 147aa in 85% and 82%, respectively, the benzoate-

derived alkyne was less effective, affording 147aa in moderate yield of 48%.

(0] OR FeCI2 (15 mol %) Q TAH
N/TAH . dppe (15 mol %) N~ R= A<':: 85%
B PN ZnBr,- TMEDA A _Ph Piv: 82:Aa
H nPr iprMgBr, THF o Bz: 48%
R=Ac: 158a 23°C, 16 h ner
118a R = Piv: 158a’ 147aa
R=Bz 158a"

Scheme 3.35: Effect of the leaving group for the iron-catalyzed C—H/N-H annulations.

Obviously, there is a significant difference, whether aliphatic carboxylates or the
benzoate served as the internal oxidant. Here, either steric or electronic factors could

potentially play a major role with regard to the leaving group abilities.

To gain further insights into the electronic effect of the benzoate-derived alkynes, an
initial rate analysis for the reaction of TAH benzamide 118j with alkynes 158a”,
bearing different substituents in the para-position of the benzoyl group was
conducted (Scheme 3.36).
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3 Results and Discussion

In general, electron-rich benzoates are showing higher initial rates than the electron-
deficient ones. The results obtained, were not fully conclusive because e.g. the
substrate with the more electron-withdrawing chloro group is reacting faster than the

ones with electron-donating methoxy and tert-butyl groups.

(0] FeCl, (15 mol %) R
N/\(\ OF + 0)‘\©\ dppe (15 mol %) N’
1 N . 7 Ph
H N= / Ph)\ R Z.nBrz TMEDA
H iPrMgBr, THF
118j 158a" 23°C 147ja

16 4 & Ph
B 4-OMe

14

12 4-CF3
» 4-Cl
F4-Me

4-CN

4-tBu

0 10 20 30 40 50 60 70 80 90
time [min]

Scheme 3.36: Initial rates for the iron-catalyzed C—H/N—H alkyne annulations using differently
para-substituted propargyl benzoates.

In order to elucidate electronic effects on the iron-catalyzed C—H/N—-H annulation, a
Hammett-type analysis was done (Scheme 3.37). The initial rates log(kx/ky) of the
employed propargyl benzoates relative to the unsubstituted alkyne, given by the
reaction of 118j with 158a” are correlated with the sigma values of the para-

substituents of the benzoyl moiety on the alkyne.!**”

Here, a concave downwards deviation was observed, showing a positive slope for
electron-donating substituents exhibiting negative sigma values and a negative slope

for electron-withdrawing substituents exhibiting positive sigma values.
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3 Results and Discussion

These results indicate a change in the rate-limiting step, depending on the electronic
nature of substituent, whereas the inherent mechanism should not change
throughout the reaction.*®%*t! However, not only inductive electronic effects should
be considered, also other factors causing secondary effects on the reaction kinetics
such as steric or mesomeric effects can affect the course or kinetics of the reaction.

o 0 0
N/\(\N’OJF N O)b\ N/\(\,N__@F
H o Nsy Ph)\ R Z~ NN
H N N
nPr nPr Ph
118j 158a" 147ja
0 - o H
4-Me
-0,1 - .~ p=0.804
. 4-tBu
. 4-Cl o™
2027 o 4-OMe . p=-0.682
X
=
[=11]
2 .03 -
. 4-CF
0,4
e 4CN
-0,5 T T T T \ 1
-0,4 -0,2 0 0,2 0,4 0,6 0,8
o

Scheme 3.37: Hammett-plot correlation for the iron-catalyzed C—H/N-H alkyne annulations using differently para-
substituted propargyl benzoates.

Intermolecular kinetic isotope effects were conducted to figure out if the C-H
activation event is the rate-determining step. The comparison of the inherent
reactivity of [D]s-118a and 118 in a one-pot reaction revealed a KIE of ky/kp = 1.1
(Scheme 3.38a). In addition, a further KIE experiment was conducted, using
[D]s-118j or 118j and alkyne 158” in independent reactions (Scheme 3.38b). Also
here, a minor primary KIE of ky/kp = 1.1 was observed. Both findings indicate that the
C-H bond cleavage is not the rate-determining step of this reaction; rather an
elementary step that includes the involvement of the alkyne substrate, such as the

migratory insertion or reductive elimination steps that should be rate-determining.
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(a) Intermolecular KIE (one-pot reaction)
158a

0 FeCl, (15 mol %) Q
TAH 2 °
, N~ dppe (15 mol %) X N TAH
Hs/Ds H > Hu/D4
= ZnBry,-TMEDA NG Ph

iPrMgCl, THF, 23 °C o
ner
118a and [D]5-118a kkp = 1.1 147aa and [D],-147aa

(b) Intermolecular KIE (independent reactions)

Bz
Ph % .
w NFEr
o 158a o
FeCl, (15 mol %)
NN YF F dppe (15 mol ¢ A
H5/D5—: _ H/\N(\,N’@ ppe (15 mol %) H4/D4—: N/\\é\/N F
N ZnBry TMEDA NS N=N
iPrMgCl, THF, 23 °C B Ph
ner
118j or [D]5-118] K/kp = 1.1 147ja or [D],-147ja
16 -
14 - y = 0,1475x + 2,3261
12 -
y =0,1375x + 2,8397
= 10 Rz =0,9826
=
T 8 -
o
> 6 -
4 .
5 | * H5-TAH
= D5-TAH
0 T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90

t [min]

Scheme 3.38: Kinetic isotope effect studies.

In addition, detailed computational studies were conducted by Dr. J.C.A. de Oliveira
to gain further insights into the reaction mechanism, which will be discussed later on

by a plausible catalytic cycle.

Within the recently presented external-oxidant-free allene annulation process (see
Chapter 3.3),*® studies with deuterium-labelled [D],-155a revealed that a single
adeuterium was selectively transposed to the a-position of the allenyl acetate 155,
thereby highlighting the key role of the C—O/C-H cleavage in the course of an

oxidative-induced reductive elimination.
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3 Results and Discussion

Intrigued by this result and further investigations on the mechanism of the iron-
catalyzed C-H/N-H annulations, we became interested to elucidate the source of
protons for the C-O cleavage of the acetates leaving group in propargyl acetates 158
(Scheme 3.39).

To find out what a possible source of protons could be, several reactions using
isotopically-labelled substrates were conducted. First, running the reaction with the
deuterium-labelled TAH benzamide [D]s-118a under otherwise identical conditions,
65% of [D],-147aa could be isolated (Scheme 3.39a). Here, no deuterium was
incorporated in the benzylic position, the position where the acetate leaving group
was attached to. However, H/D scrambling (~20%) at the ortho-position of the
corresponding isoquinolone [D],-147aa could be observed, illustrating the reversible
nature of the C—H activation event. When the specifically labelled N-D amide
[D]:-118a was used, again no deuterium incorporation was observed (Scheme
3.39b), likely because this proton is readily removed by the Grignard reagent. Also,
when the standard reaction was conducted in the presence of isotopically-labelled
Grignard [D]e-iPrMgBr (Scheme 3.39c), [D]s-THF (Scheme 3.39d) or [D]x-dppe
(Scheme 3.39¢), no deuterium was transposed to the product. To finally elucidate
where the proton for the terminal proto-demetalation step originates from, it is

necessary to perform further studies.
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(a) Reaction using deuterium-labelled substrate [D]5-118a

20% H
o N
OAC FeCl, (15 mol %) /D Q
TAH TAH
o N N )\ dppe (15 mol %) XN
A ' + Ph Dy -
A ~p H X 5, ZnBry TMEDA L _A AL Ph
iPrMgCl p
THF, RT, 16 h ner
[D]s-118a 158a [D],-147aa: 65%

(b) Reaction using deuterium-labelled substrate [D];-118a

Q OAc FeCl, (15 mol %) o
N/TAH )\ dppe (15 mol %) N/TAH
1 + Ph -
by P X ZnBr,-TMEDA _A__Ph
nPr .
iPrMgCl P
THF, RT, 16 h ner
[D]4-118a 158a 147aa: 78%

(c) Reaction using deuterium-labelled Grignard reagent dg-iPrMgBr

0

O
OAC FeCl, (15 mol %)
N/TAH )\ dppe (15 mol %) N/TAH
! + Ph -
y 1 X ZnBr, TMEDA _A__Ph
nPr :
dg-iPrMgBr P
THF, RT, 16 h e
118a 158a 147aa: 76%

(d) Reaction using deuterium-labelled solvent dg-THF

Q OAC FeCl, (15 mol %) Q
N/TAH )\ dppe (15 mol %) N/TAH
\ )
H H N opr  ZnBra TMEDA Z Ph
iPrMgCl
dg-THF, RT, 16 h npr
118a 158a 147aa: 46%

(e) Reaction using deuterium-labelled ligand d,o-dppe

Q OAC FeCl, (15 mol %) Q
N/TAH )\ dyo-dppe (15 mol %) N/TAH
1
H H PN opr  ZnBrz TMEDA _ Ph
iPrMgCl
THF, RT, 16 h ner
118a 158a 147aa: 67%

Scheme 3.39: Mechanistic studies using isotopically-labelled substrates.
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Finally, based on these findings and detailed computational analysis a plausible
catalytic cycle is shown in Scheme 3.40. Here, the iron(ll)-catalyzed C—H/N-H
annulation sequence is proposed to be initiated by facile C—H activation via LLHT to
generate the cyclometalated iron species 208 (Scheme 8). After coordination of
substrate 158a, intermediate 209 undergoes fast migratory insertion to deliver
complex 210, which then forms the energetically favourable allene intermediate
complex 211 in an exergonic pathway by cleavage of the C—O bond of the acetate
leaving group. Thereatfter, insertion of the allene moiety into the N-Fe bond forms the
annulated iron complex 212 and, finally proto-demetalation releases the desired

isoquinolone product 147aa and regenerates the active iron catalyst.
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Scheme 3.40: Plausible catalytic cycle.

In summary, we have reported on a C-H activation/annulation strategy using

propargyl acetates 158 with the aid of a catalyst based on earth-abundant iron at

ambient temperature and in the absence of any external oxidants. The versatile iron

catalyst provided expedient access to differently substituted isoquinolones 147.

Furthermore, detailed mechanistic studies using DFT computation, supported by

unprecedented Mdssbauer spectroscopy provided key insights into the catalysts

mode of action, highlighting the importance of high spin iron(ll) complexes to be

invoved as the crucial intermediates in the developed C—H functionalization manifold.
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4 Summary and Outlook

During the last decade, transition metal-catalyzed C—H functionalizations have
emerged as a powerful and reliable tool for the efficient construction of C—C and C-
Het bonds, which allowed for novel sustainable and cost-efficient syntheses of key
structural motifs for material science, medicinal chemistry and crop protection. Within
this thesis, investigations have been devoted to the development of new
methodologies for powerful C—H functionalizations based on sustainable, earth-

abundant 3d transition metal catalysts.

In the first project, the nickel-catalyzed C—H chalcogenation of aniline derivatives 41
with diaryl dichalcogenides 62/148 was examined (Scheme 4.1). In contrast to the
previously described protocols for the direct C—H thiolation employing bidentate
directing groups, here a versatile nickel(ll) catalyst set the stage for a robust strategy
for C—H chalcogenations of electron-rich anilines bearing the monodentate pyrimidyl

group.

H H

N. Ni(OTf), (10 mol % N.
2-pyM 4 ArX—XAr (O ( 2 2-pym
MnO, (1.0 equiv
H 21,9 eau) XAr

LiOtBu, 1,4-dioxane
120 °C, 18 h
a1 X =8 (62) X =8, Se X =S (149)
X = Se (148) X = Se (150)

Scheme 4.1: Nickel-catalyzed C—H chalcogenation of N-pyrimidyl anilines 41.

Thus, easily accessible diaryl disulfides and diselenides allowed for the efficient
synthesis of ortho-thiolated and -selenylated 2-pyrimidyl anilines 149 and 150. Due to
the outstanding robustness of the nickel(ll) catalyst high levels of chemo- and site-
selectivity were achieved, which was further reflected by tolerating various functional
groups, such as sensitive halides. Furthermore, the traceless removal of the pyrimidyl
directing group enabled the synthesis of 2-aminothiophenols 177, which represent

important key scaffolds for various drug molecules (Scheme 4.2).
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H
SAr pW (40 W), 3 h SAr

149 177

Scheme 4.2: Removal of the pyrimidyl group.

Mechanistic studies revealed the C—-H activation step to be rate-determining and

provided strong evidence for a SET-type process to be involved in the catalytic cycle.

The C—H activation was not restricted to N-pyrimidyl anilines, but could also be
extended to purine derivatives. Thus, a small set of purine derivatives 174 were
efficiently converted to their thiolated and selenylated analogs 175/176, showing the
importance of the envisioned C-H chalcogenation reaction, allowing access to
biologically important substrate classes (Scheme 4.3).

HN HN

Ni(OTf), (10 mol %)

Y +  PhX—XPh > AN
N \ MnO, (1.0 equiv) N N
k\N | N> LiOtBu, 1,4-dioxane k\N | N>

o 120 °C, 18 h o
174 62/148 X=8,Se X =S (175)
X = Se (176)

Scheme 4.3: Nickel-catalyzed C-H chalcogenation of purine derivatives 174.

In the second project, we developed the first nickel(0)-catalyzed hydroheteroarylation
of allenes 152 using biologically relevant heterocycles (Scheme 4.4). Thus, a full
control in regio- and chemo-selectivity allowed for the synthesis of a variety of

allylated and alkenylated imidazole and purine derivatives 153 and 154.

120



4 Summary and Outlook

PhMe, 100 °C, 14 h

R2
Ni(cod), (10 mol %) N _
Prtomol%) X7 \>_/_<R3
N
Yy~ N
R1

R3 ;

\ R2
H o
16/151 152 Ni(cod), (10 mol %) NN
IPr (10 mol %) Il R3
N
Yo N
R1

153
Y \
R1

NaOifBu (1.0 equiv)

PhMe, 100 °C, 14 h 154

Scheme 4.4: Nickel-catalyzed hydroheteroarylation of allenes.

Initial investigations on a catalyst consisting of Ni(cod), and the N-heterocyclic
carbene ligand IPr enabled the highly efficient C—H allylation of imidazole and purine
derivatives 16 or 151, respectively. Interestingly, in the presence of NaOtBu as the
base a switch in selectivity from allylation to alkenylation was observed, highlighting
the versatile hydroarylation protocol for the introduction of either allyl or alkenyl
groups. This result was further confirmed by the base-mediated isomerization of 153
to the thermodynamically more stable alkenylated imidazole 154, which is in full

agreement with computational DFT studies.

With a versatile nickel catalyst in hand, the nickel(0)-catalyzed C—H alkenylation
protocol could further be applied to dienylation through C-H activation and
concurrent C-0O cleavage (Scheme 4.5) and the late-stage diversification of caffeine-

derived diphosphodiesterase inhibitors.

N Ni(cod), (10 mol %) / Me
©: S—H IPr (10 mol %) N
N T TBSO - N nBu
\ nBu  NaOfBu (1.0 equiv)
Me ME Me PhMe, 100 °C, 14 h N
Me

16a 1529 188: 59%

Scheme 4.5: Nickel-catalyzed dienylation of N-methyl benzimidazole 16a.

Overall, this protocol represents a useful method for the C—H allylation, alkenylation,
and dienylation of biologically relevant and synthetically meaningful imidazole and

purine derivatives.
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In the third project, an iron-catalyzed C—H/N—H annulations strategy for the synthesis
of isoquinolones 156 or exo-methylene isoquinolones 157 with triazole-derived
benzamides 118/116 using allenyl acetates 155 was realized (Scheme 4.6). While
other protocols relied on the use of external oxidants, such as expensive DCIB or
DCP, to achieve efficient reactions, the envisioned methodology represents the first
oxidative iron-catalyzed C-H activation/annulation under external oxidant-free

reaction conditions.

Fe(acac); (15 mol %)

O
R‘l
2 dppe (15 mol %
N NenHex /\{/R ZnB E‘IF')MI;DA 100) i
y H N=N OAc nBry (1.0 equiv)

e iPrMgBr (3.0 equiv)
TAH THF, 65 °C, 16 h
118 155
o)
OMe Me R Fe(acac)s (15 mol %) _TAM
>S/\ R2 dppe (15 mol %) ° N
N = N—nBu + /\i/ .
|!| N=p bac  ZNBra TMEDA (1.0 equiv) XN
Ho o iPrMgBr (3.0 equiv) A,
TAM THF, 65 °C, 16 h R R
116 155 157

Scheme 4.6: Iron-catalyzed C-H/N-H annulations with allenyl acetates 155.

After considerable investigations on the reaction conditions, the modular nature of
the triazole group enabled the synthesis of isoquinolones 156 and exo-methylene
isoquinolines 157, respectively. Thus, differently decorated allenes 155 as well as
aromatic TAH/M amides 118/116 delivered the desired products with high levels of
positional selectivity control, fully tolerating reactive functional groups, including
synthetically meaningful aryl and alkyl chlorides. Furthermore, the versatile C-H
activation/annulation proceeded through facile C-H cleavage even at room
temperature, and the modular nature of the triazole group allowed for the synthesis of
NH-free isoquinolones. Additionally, detailed mechanistic studies, including H/D-
exchange experiments, KIE studies, competition experiments and reactions using
isotopically-labelled allenyl acetates were conducted, revealing an unprecedented

1,4-iron migration to be involved in the C—H activation manifold.
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Within the last project, we developed an iron-catalyzed C—H activation/annulations
with propargyl acetates 158 for the synthesis of 3,4-disubstituted isoquinolones 147
(Scheme 4.7). Here, we became interested in delineating its catalytic nature in more

detail by extensive theoretical and experimental analysis.

OAc FeCI2 (15 mol %)

o
dppe (15 mol %)
I}‘/ﬁé\N—nHex * /\Rz .
— Z ZnBry,- TMEDA (1.0 equiv)
H H N\N R1
- N
TAH

iPrMgBr (3.0 equiv)
THF, 23 °C, 16 h
118 158 147

Scheme 4.7: Iron-catalyzed C—H/N-H annulations with alkynes 158.

To this end, mechanistic studies, including competition experiments, KIE studies and
DFT computation were conducted, revealing a plausible catalytic C—H activation
manifold. Furthermore, Mdssbauer spectroscopic analysis, conducted by my
colleagues provided detailed mechanistic insights into the catalyst's mode of action,
supporting the presence of high spin iron(ll) species as crucial intermediates in the

C-H functionalization manifold.
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5 Experimental Part

5.1 General Remarks

All reactions involving moisture- or air-sensitive reagents or products were performed
under an inert atmosphere of nitrogen using pre-dried glassware and standard
Schlenk techniques. If not otherwise noted yields refer to isolated compounds,

estimated to be >95% pure as determined by *H NMR and GC analysis.

Vacuum

A Vacuubrand RZ 6 vacuum pump was used throughout the course of this thesis.

The pressure was measured to be 0.7 mbar (uncorrected value).

Melting Points

Melting points were measured on a Stuart® Melting Point Apparatus SMP3 from

Barloworld Scientific. Values are uncorrected.

Chromatography

Analytical thin layer chromatography (TLC) was performed on silica gel 60 Fasq
aluminium sheets from MERCK. Plates were either visualized under irradiation at
254 nm or 365 nm or developed by treatment with a potassium permanganate
solution followed by careful warming. Chromatographic purification was
accomplished by flash column chromatography on Merck Geduran® silica gel, grade
60 (40-63 um, 70—-230 mesh ASTM).

Gas Chromatography

Monitoring of reaction process via gas chromatography or coupled gas
chromatography-mass spectrometry was performed using a 7890 GC-system
with/without mass detector 5975C (Triple-Axis-Detector) or a 7890B GC-system

coupled with a 5977A mass detector, both from Agilent Technologies®.
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Infrared Spectroscopy

Infrared (IR) spectra were recorded using a Bruker® Alpha-P ATR spectrometer.
Liquid samples were measured as film and solid samples neat. Spectra were
recorded in the range from 4000 to 400 cm™. Analysis of the spectral data were

carried out using Opus 6. Absorption is given in wave numbers (cm™).

Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectra were recorded on Mercury Plus 300, VNMRS
300, Inova 500 and 600 from Varian®, or Avance 300, Avance Ill 300 and 400, Avance Il HD
400 and 500 from Bruker®. Chemical shifts are reported in &-values in ppm relative to the

residual proton peak or carbon peak of the deuterated solvent.

'H NMR 13C NMR
CDCl, 7.26 77.16
DMSO-dg 2.50 39.52

The following abbreviations are used to describe the observed multiplicities: s
(singlet), d (doublet), t (triplet), g (quartet), p (pentet), h (hexet), hept (heptet), m
(multiplet) or analogous representations. The coupling constants J are reported in
Hertz (Hz). Analysis of the recorded spectra was carried out using MestReNova 10

software.

Mass Spectrometry

Electron ionization (EIl) and EI high resolution mass spectra (HRMS) were measured
on a a time-of-flight mass spectrometer AccuTOF from JOEL. Electrospray ionization
(ESIl) mass spectra were recorded on an lo-Trap mass spectrometer LCQ from
Finnigan, a quadropole time-of-flight maXis from Bruker Daltonic or on a time-of-flight
mass spectrometer microTOF from Bruker Daltonic. ESI-HRMS spectra were
recorded on a Bruker Apex IV or Bruker Daltonic 7T, fourier transform ion cyclotron
resonance (FTICR) mass spectrometer. The ratios of mass to charge (m/z) are

indicated, intensities relative to the base peak (I = 100) are given in parentheses.
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Solvents

Solvents for column chromatography were purified via distillation under reduced
pressure prior to their use. All solvents for reactions involving moisture-sensitive
reagents were dried, destilled and stored under inert atmosphere (Ar or N,) according

to following standard procedures:

Purified by solvent purification system (SPS-800, M. Braun): CH,Cl,, toluene,
tetrahydrofurane, dimethylformamide, diethylether.

Dried and destilled over sodium/benzophenone: 1,4-dioxane, o-, m-, p-xylene,
methanol.

Dried and destilled over CaH»: 1,2-Dichloroethane.

Chemicals

Chemicals obtained from commercial sources with a purity >95% were used as
received without further purification. The following compounds were known from the

literature and were synthesized according to the previously known methods:

N-(pyrimidine-2-yl)anilines 41,'%% [D]s-41z,*%¥ disulfides 62b-d,*** 1,2-dipropyl-
disulfane 171,*%¥ N-methyl benzimidazoles 16e-f,*®® benzimidazoles 16b-d,!*%®
N-aryl benzimidazoles 16g-h and 161,*7 purines 151a-e,1*® 1-phenylimidazo[1,5-
a]pyridine 16j,°¥ 1-methyl-4,5-diphenyl-1H-imidazole 16i,*"? [D];-caffeine 16k,
1,1-disubstituted allenes 152a-e,*"? 1,1-disubstituted allene 152g,*"! the NHC
ligands 1Pr,*" [Pr* 173 and [Pr+°Me 1781 TAM- and TAH benzamides 116 and 118,*%

135 allenyl acetates 155a-155I,""! propargyl acetates 158a-j.1*"®
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5.2 General Procedures

General Procedure A: Nickel(ll)-Catalyzed C-H Thiolation of Pyrimidyl Anilines

Anilines 41 (0.5 mmol, 1.0 equiv.), disulfides 62 (0.6 mmol, 1.2 equiv.), Ni(OTf),
(17.8 mg, 10.0 mol %), MnO, (43.5 mg, 0.5 mmol, 1.0 equiv) and LiOtBu (80.0 mg,
1.0 mmol, 2.0 equiv) were placed in a 25 ml Schlenk tube and equipped with a
septum. The tube was degassed and purged with N, three times. 1,4-Dioxane (1.5 ml
0.33 M) was added, and the tube was then placed into an oil bath and the mixture
was stirred at 120 °C for 18 h. At ambient temperature, EtOAc (5 ml) was added and
the reaction mixture was filtrated through a small pad of silica. The filtrate was
concentrated under reduced pressure and purified by flash column chromatography
(nhexane/EtOAC) to afford the desired product 149.

General Procedure B: Nickel(ll)-Catalyzed C-H Selenylation of Pyrimidyl

Anilines

Anilines 41 (0.5 mmol, 1.0 equiv.), diselenides 148 (0.6 mmol, 1.2 equiv.), Ni(OTf),
(17.8 mg, 10.0 mol %), MnO, (43.5 mg, 0.5 mmol, 1.0 equiv) and LiOtBu (80.0 mg,
1.0 mmol, 2.0 equiv) were placed in a 25 ml Schlenk tube and equipped with a
septum. The tube was degassed and purged with N, three times. 1,4-Dioxane
(2.5 ml) was added, and the tube was then placed into an oil bath and the mixture
was stirred at 120 °C for 18 h. At ambient temperature, EtOAc (5 ml) was added and
the reaction mixture was filtrated through a small pad of silica. The filtrate was
concentrated under reduced pressure and purified by flash column chromatography
(nhexane/EtOAc) to afford the desired product 150.

General Procedure C: Cleavage of the Pyrimidyl Group

ortho-Thiolated N-pyrimidyl anilines 149 were dissolved in aqueous HCI (37%;
1.0 mL per 0.2 mmol substrate) in a microwave vial. The vial was capped and heated
up to 150 °C (40 W) for 3 h in the microwave oven. The reaction mixture was allowed
to cool to ambient temperature and poured into EtOAc (10-40 mL), and saturated
aqueous Na,COg3 solution was added until the pH was adjusted to 7. The aqueous
layer was extracted with EtOAc (3 x 40 mL), the combined organic layers were dried
over Na;SO4 and concentrated under reduced pressure. Purification by flash column
chromatography (nhexane/EtOAc) afforded the desired product 177.
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General Procedure D: Nickel(0)-Catalyzed Hydroarylation of Allenes with Allyl-
Selectivity

A suspension of heteroarene 16/151 (0.50 mmol, 1.0 equiv), allene 152 (0.80 mmol,
1.6 equiv), Ni(cod), (13.8 mg, 50 ymol, 10.0 mol %) and IPr (19.4 mg, 50 umol,
10.0 mol %) in toluene (1.5 mL) was stirred at 100 °C for 14 h under a nitrogen
atmosphere. At ambient temperature, EtOAc (5 mL) was added. The solvent was
removed in vacuo and the remaining residue was purified by column chromatography

on silica gel to afford the desired product 153/186.

General Procedure E: Nickel(0)-Catalyzed Hydroarylation of Allenes with
Alkenyl-Selectivity

A suspension of heteroarene 16/151 (0.50 mmol, 1.0 equiv), allene 152 (0.80 mmaol,
1.6 equiv), Ni(cod), (13.8 mg, 50 umol, 10.0 mol %), IPr (19.4 mg, 50 umol,
10.0 mol %) and NaOtBu (0.50 mmol, 1.0 equiv) in toluene (1.5 mL) was stirred at
100 °C for 14 h under a nitrogen atmosphere. At ambient temperature, EtOAc (5 mL)
was added. The solvent was removed under reduced pressure and the remaining
residue was purified by column chromatography on silica gel to afford the desired
product 154/187.

General Procedure F: Iron(ll)-Catalyzed C-H/N-H Allene Annulation

To a stirred solution of 118/116 (0.30 mmol), ZnBr,-TMEDA (206 mg, 0.60 mmol)
and dppe (17.9 mg, 15 mol %) in THF (0.20 mL) iPrMgBr (3m in 2-MeTHF, 300 pL,
0.90 mmol) was added in one portion and the reaction mixture was stirred for 5 min
at ambient temperature. Fe(acac)s; (15.9 mg, 15 mol %) was added in a single
portion. After stirring the solution for additional 5 min, allene 155 (0.90 mmol,
3.0 equiv) was added as a solution in THF (0.20 mL) in one portion. The mixture was
placed in a pre-heated oil bath at 65 °C. After stirring for 16 h, sat. aqueous NH,4CI
(2.0 mL) was added to the reaction mixture, which was then extracted with CH,Cl;
(83 x 15 mL). The combined organic extracts were dried over Na,SQO,, filtered and
concentrated. The crude product was purified by column chromatography on silica

gel to afford the desired product 156.
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General Procedure G: Iron-Catalyzed C-H/N-H Alkyne Annulation.

To a stirred solution of 118 (0.30 mmol), ZnBr, TMEDA (205 mg, 0.60 mmol,
2.0 equiv) and dppe (17.9mg, 15 mol %) in THF (0.40 mL) iPrMgBr (3.0m™ in
2-MeTHF, 300 uL, 0.90 mmol) was added in one portion and the reaction mixture
was stirred for 5 min at ambient temperature. Then, FeCl, (5.7 mg, 15 mol %) was
added in a single portion. After stirring the solution for additional 5 min, alkyne 158
(0.90 mmol, 3.0 equiv) was added as a solution in THF (0.40 mL). Then, the mixture
was stirred at ambient temperature. After stirring for 16 h, sat. aqueous NH4CI
(3.0 mL) was added to the reaction mixture, which was extracted with CH,Cl,
(3 x 15 mL). The combined organic extracts were dried over Na,SO,, filtered and
concentrated under reduced pressure. The crude product was purified by column
chromatography on silica gel to afford the desired product 147.
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5.3 Nickel-Catalyzed C-H Thiolation/Selenylation of Pyrimidyl Anilines

5.3.1 Experimental Procedures and Analytical Data - Thiolation

N-[2-Fluoro-6-(phenylthio)phenyl]pyrimidin-2-amine (149aa)

Ch

I
\N)\NH
U0
149aa

The general procedure A was followed using substrate 41la (94.6 mg, 0.50 mmol)
and diphenyl disulfide 62a (131 mg, 0.60 mmol). Purification by column

chromatography (nhexane/EtOAc: 5/1) yielded 149aa (142 mg, 96%) as a colorless
solid.

M.p. 145-147 °C. *H NMR (300 MHz, CDCls): & = 8.31 (d, J = 4.8 Hz, 2H), 7.33-7.00
(m, 8H), 6.94 (brs, 1H), 6.65 (t, J=4.8 Hz, 1H). *C NMR (76 MHz, CDCly):
5=160.8 (Cy), 158.5 (d, "Jcr=251.8 Hz, C,), 158.2 (2C, CH), 134.9 (C,), 134.3
(Cq), 131.4 (CH), 129.4 (CH), 127.7 (d, “Jcr = 3.3 Hz, CH), 127.5 (CH), 127.1 (d,
3JcF=8.7Hz, CH), 126.7 (d, ?Jcr=13.1Hz, Cy), 115.6 (d, 2Jc_r = 20.8 Hz, CH),
112.9 (CH). °F NMR (282 MHz, CDCls): 8 = -115.87 (dd, J = 9.1, 5.1 Hz). IR (ATR):
3206, 3150, 3920, 1578, 1442, 1412, 897, 752, 687, 503 cm™. MS (El) m/z (relative
intensity): 297 (18) [M]", 276 (10), 205 (20), 188 (100), 168 (8). HR-MS (El) m/z calcd
for C16H12FN3S, [M]* 297.0736, found 297.0732.

N-[3-(Phenylthio)-(1,1'-biphenyl)-2-yl]pyrimidin-2-amine (149ba)
Ch
|
\N)\NH
0
149ba

The general procedure A was followed using substrate 41b (124 mg, 0.50 mmol) and
diphenyl disulfide 62a (131 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 5/1) yielded 149ba (161 mg, 91%) as a colorless solid.
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M.p. 132-135 °C. *H NMR (300 MHz, CDCls): 6 = 8.17 (d, J = 4.8 Hz, 2H), 7.41-7.33
(m, 4H), 7.33-7.17 (m, 9H), 6.80 (br s, 1H), 6.50 (t, J=4.8 Hz, 1H). **C NMR
(126 MHz, CDCls): 6 = 161.0 (Cg), 158.0 (CH), 140.4 (Cq), 139.9 (Cq), 135.4 (Cv),
135.1 (Cq), 135.0 (Cq), 131.9 (CH), 131.2 (CH), 129.9 (CH), 129.4 (CH), 128.8 (CH),
128.2 (CH), 127.5 (CH), 127.3 (CH), 127.2 (CH), 112.1 (CH). IR (ATR): 3209, 3055,
1584, 1514, 1438, 1401, 793, 753, 740, 696 cm™. MS (El) m/z (relative intensity):
355 (7) [M]", 246 (100), 167 (4), 109.0 (6), 77.0 (5). HR-MS (EI) m/z calcd for
C22H17N3S, [M]* 355.1143, found 355.1136.

N-[2-(tert-Butyl)-6-(phenylthio)phenyl]pyrimidin-2-amine (149ca)
Ch
I
\N)\NH
"0
149ca
The general procedure A was followed using substrate 41c (114 mg, 0.50 mmol) and

diphenyl disulfide 62a (131 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 4/1) yielded 149ca (110 mg, 66%) as a bright yellow solid.

M.p. 149-152 °C. *H NMR (300 MHz, CDCls): & = 8.34 (d, J = 4.8 Hz, 2H), 7.37 (dd,
J=8.0, 1.5 Hz, 1H), 7.35-7.20 (m, 5H), 7.16 (dd, J=7.9, 7.9 Hz, 1H), 7.04 (dd,
J=7.8, 1.5 Hz, 1H), 6.75 (br s, 1H), 6.61 (t, J = 4.8 Hz, 1H), 1.40 (s, 9H). *C NMR
(76 MHz, CDCls): 6 =162.4 (Cqg), 158.4 (CH), 149.4 (Cg), 140.3 (Cq), 135.3 (Cq),
135.0 (Cq), 132.8 (CH), 129.3 (CH), 129.2 (CH), 128.1 (CH), 127.6 (CH), 125.7 (CH),
111.8 (CH), 35.8 (Cg), 31.1 (CH3). IR (ATR): 3196, 2956, 1584, 1519, 1445, 1406,
794, 738, 688, 479 cm™. MS (ESI) m/z (relative intensity): 336 (100) [M+H]*, 288
(11), 280 (23). HR-MS (ESI) m/z calcd for CyoH22NsS, [M+H]" 336.1529, found
336.1531.

131



5 Experimental Part

N-[2-Methoxy-6-(phenylthio)phenyl]pyrimidin-2-amine (149da)
Ch
I
\N)\NH
“ O
149da
The general procedure A was followed using substrate 41d (101 mg, 0.50 mmol) and

diphenyl disulfide 62a (131 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 4/1) yielded 149da (124 mg, 80%) as a colorless solid.

M.p. 210-212 °C. *H NMR (300 MHz, CDCls): & = 8.33 (d, J = 4.8 Hz, 2H), 7.36-7.29
(m, 2H), 7.27-7.17 (m, 3H), 7.13 (dd, J = 8.1, 8.1 Hz, 1H), 6.91-6.84 (m, 2H), 6.75
(brs, 1H), 6.63 (t, J=4.8Hz, 1H), 3.81 (s, 3H). *C NMR (126 MHz, CDCls):
5=161.6 (Cq), 158.1 (CH), 155.3 (Cq), 135.6 (Cq), 135.5 (Cq), 131.8 (CH), 129.2
(CH), 127.2 (CH), 127.2 (CH), 124.0 (CH), 112.4 (CH), 110.4 (CH), 56.0 (CH3). IR
(ATR): 3208, 2963, 1572, 1527, 1445, 1410, 1258, 1036, 757, 692 cm™. MS (El) m/z
(relative intensity): 309 (15) [M]*, 278 (82), 200 (100), 185 (50), 157 (12), 43 (30).
HR-MS (EIl) m/z calcd for C17H15N30S, [M]" 309.0936, found 309.0946.

N-[2-(Methylthio)-6-(phenylthio)phenyl]pyrimidin-2-amine (149ea)
@
I
\N)\NH
MeS S

U0

149ea

The general procedure A was followed using substrate 41e (109 mg, 0.50 mmol) and
diphenyl disulfide 62a (131 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 4/1) yielded 149ea (80.2 mg, 49%) as a yellow solid.

M.p. 169-172 °C. *H NMR (300 MHz, CDCls): 6 = 8.34 (d, J = 4.8 Hz, 2H), 7.36-7.30
(m, 2H), 7.28-7.20 (m, 3H), 7.20-7.14 (m, 2H), 7.03 (dd, J = 6.2, 3.0 Hz, 1H), 6.79
(brs, 1H), 6.64 (t, J = 4.8 Hz, 1H), 2.40 (s, 3H). *C NMR (76 MHz, CDCls):
5 =161.4 (Cy), 158.4 (CH), 139.5 (Cy), 136.7 (Cy), 134.6 (Cy), 134.5 (Cy), 132.2 (CH),
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129.3 (CH), 128.0 (CH), 127.9 (CH), 127.6 (CH), 124.5 (CH), 112.6 (CH), 15.8 (CHy).
IR (ATR): 3204, 3143, 2917, 1580, 1523, 1438, 1404, 743, 689, 453 cm™. MS (El)
m/z (relative intensity): 325 (19) [M]", 278 (92), 216 (100), 201 (70), 200 (50), 169
(23). HR-MS (El) m/z calcd for C17H1sNsS,, [M]* 325.0707, found 325.0715.

N-[4-Fluoro-2-(phenylthio)phenyl]pyrimidin-2-amine (149ha) and N-[4-Fluoro-
2,6-bis(phenylthio)phenyl]pyrimidin-2-amine (149ha’)

Z\! Z\
| |
NS NS
N)\NH N)\NH
+
saslsacas
149ha 149ha

The general procedure A was followed using substrate 41h (94.6 mg, 0.50 mmol)
and diphenyl disulfide 62a (131 mg, 0.60 mmol). Purification by column
chromatography (nhexane/EtOAc: 4/1) yielded 149ha (14.2 mg, 10%) as a bright

yellow solid and 149ha’ (85.9 mg, 42%) as a colorless solid.

N-[4-Fluoro-2-(phenylthio)phenyl]pyrimidin-2-amine (149ha):

M.p. 88-90 °C. *H NMR (300 MHz, CDCls): & = 8.46 (dd, J = 9.1, 5.4 Hz, 1H), 8.39
(d, J =4.8 Hz, 2H), 7.90 (br s, 1H), 7.29-7.16 (m, 6H), 7.13 (ddd, J = 9.1, 8.0, 3.0 Hz,
1H), 6.72 (t, J = 4.8 Hz, 1H). **C NMR (126 MHz, CDCI3): 5 = 159.9 (C,), 158.0 (CH),
157.8 (d, Nc_r = 244.4 Hz, Cg), 137.0 (d, “Jc_r = 2.7 Hz, Cg), 135.0 (Cg), 129.4 (CH),
128.8 (CH), 126.9 (CH), 123.5 (d, ®Jc_r = 7.8 Hz, C,), 121.8 (d, ®Jc_r = 7.6 Hz, CH),
121.6 (d, 2Jc_r = 23.1 Hz, CH), 116.8 (d, ?Jc_r = 21.8 Hz, CH), 113.15 (CH). °F NMR
(282 MHz, CDCl3): 6 =-119.68 (ddd, J = 8.1, 8.1, 5.4 Hz). IR (ATR): 3350, 3053,
1580, 1526, 1448, 1406, 793, 737, 690, 541 cm™. MS (ESI) m/z (relative intensity):
336 (13) [M+K]", 320 (31) [M+Na]*, 298 (100) [M+H]*, 206 (7), 189 (13). HR-MS
(ESI) m/z calcd for C16H13FN3S, [M+H]" 298.0809, found 298.0810.

N-[4-Fluoro-2,6-bis(phenylthio)phenyl]pyrimidin-2-amine (149ha’):

M.p. 129-131 °C. *H NMR (400 MHz, CDCls). 6 = 8.37 (d, J = 4.8 Hz, 2H), 7.46—7.40
(m, 4H), 7.36-7.30 (m, 6H), 6.91 (brs, 1H), 6.68 (t, J = 4.8 Hz, 1H), 6.53 (d,
J=8.8Hz, 2H). ®C NMR (101 MHz, CDCls): 6 = 161.4 (d, "Jcr =249.4 Hz, C,),
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161.4 (Cy), 158.4 (CH), 141.1(d, *Jcr= 8.9 Hz, Cy), 134.0 (CH), 132.5(Cy),
129.7 (CH), 129.4 (d, “Jc_r = 3.0 Hz, C,), 128.8 (CH), 113.8 (d, 2Jc_r= 25.4 Hz, CH),
112.7 (CH). **F NMR (376 MHz, CDCls): 6 =-112.76 (dd, J = 8.7, 8.7 Hz). IR (ATR):
3184, 2912, 1582, 1439, 1404, 1196, 793, 742, 641, 417 cm™. MS (El) m/z (relative
intensity): 405 (7) [M]", 313 (8), 297 (18), 296 (100), 218 (51), 187 (12), 109 (18). HR-
MS (EI) m/z calcd for CxH16FN3S,, [M]* 405.0770, found 405.0763.

N-[4-Chloro-2,6-bis(phenylthio)phenyl]pyrimidin-2-amine (149ia):
Ch
I
\N)\NH
spepe
Cl
149ia

The general procedure A was followed using substrate 41i (103 mg, 0.50 mmol) and
diphenyl disulfide 62a (131 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 4/1) yielded 149ia (100 mg, 47%) as a colorless solid.

M.p. 139-142 °C. *H NMR (400 MHz, CDCls): 6 = 8.35 (d, J = 4.8 Hz, 2H), 7.42-7.36
(m, 4H), 7.34-7.27 (m, 6H), 7.05 (br s, 1H), 6.90 (s, 2H), 6.67 (t, J = 4.8 Hz, 1H).
13C NMR (101 MHz, CDCls): 6=161.1 (Cq), 158.3 (CH), 139.6 (Cgq), 133.3 (CH),
133.3 (Cq), 133.2 (Cq), 133.0 (Cg), 129.7 (CH), 128.5 (CH), 127.9 (CH), 112.8 (CH).
IR (ATR): 3319, 3058, 1580, 1476, 1439, 1392, 787, 742, 688, 476 cm™. MS (ESI)
m/z (relative intensity): 444 (10) [M+Na]* (**Cl), 422 (100) [M+H]* (**Cl). HR-MS (ESI)
m/z calcd for CxH17N3*°CIS,, [M+H]* 422.0547, found 422.0545.

N-[4-Bromo-2,6-bis(phenylthio)phenyl]pyrimidin-2-amine (149ja)
Ch
I
\N)\NH
spepe
Br
149ja

134



5 Experimental Part

The general procedure A was followed using substrate 41j (125 mg, 0.50 mmol) and
diphenyl disulfide 62a (131 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 4/1) yielded 149ja (129 mg, 55%) as a colorless solid.

M.p. 148-152 °C. *H NMR (300 MHz, CDCls): 6 = 8.32 (d, J = 4.8 Hz, 2H), 7.38-7.23
(m, 10H), 7.06 (s, 2H), 6.95 (br's, 1H), 6.65 (t, J = 4.8 Hz, 1H). **C NMR (76 MHz,
CDCl3): 6 = 161.0 (Cq), 158.3 (CH), 139.6 (Cq), 134.1 (Cq), 133.2 (Cq), 133.1 (CH),
131.0 (CH), 129.7 (CH), 128.4 (CH), 121.0 (Cq), 112.9 (CH). IR (ATR): 3057, 2909,
1583, 1520, 1407, 794, 741, 683, 645, 464 cm™. MS (El) m/z (relative intensity): 467
(5) [M]", 358 (100) (®'Br), 356 (98) ("°Br), 280 (50) (*'Br), 278 (49) ("°Br), 199 (28),
109 (17). HR-MS (El) m/z calcd for C2:H16N3S2"Br, [M]* 464.9969, found 464.9954.

N-[4-lodo-2,6-bis(phenylthio)phenyl]pyrimidin-2-amine (149ka)
@
I
\N)\NH
SRR

I
149ka

The general procedure A was followed using substrate 41k (149 mg, 0.50 mmol) and
diphenyl disulfide 62a (131 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 4/1) yielded 149ka (89.6 mg, 35%) as a yellow solid.

M.p. 150-152 °C. *H NMR (300 MHz, CDCl3): = 8.31 (d, J = 4.8 Hz, 2H), 7.36-7.22
(m, 12H), 6.87 (brs, 1H), 6.64 (t, J = 4.8 Hz, 1H). *C NMR (126 MHz, CDCl3): 5=
160.9 (Cq), 158.1 (CH), 138.9 (Cq), 137.7 (CH), 135.6 (Cq), 133.4 (Cq), 132.6 (CH),
129.5 (CH), 128.2 (CH), 112.9 (CH), 92.1 (Cq). IR (ATR): 3186, 2909, 1579, 1439,
1405, 793, 742, 687, 638, 458 cm™. MS (El) m/z (relative intensity): 513 (10) [M]*,
420 (8), 404 (100), 326 (22), 277 (14), 199 (8), 168 (7). HR-MS (El) m/z calcd for
C22H16IN3S,, [M]* 512.9830, found 512.9836.
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N-[4-Methyl-2-(phenylthio)phenyl]pyrimidin-2-amine (149la) and N-[4-Methyl-
2,6-bis(phenylthio)phenyl]pyrimidin-2-amine (149la’)

CH CH
| |
\N)\NH \N)\NH
+
spsllsacns
Me Me
149la 1491a’

The general procedure A was followed using substrate 411 (92.6 mg, 0.50 mmol) and
diphenyl disulfide 62a (131 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 5/1) yielded 149la (9.00 mg, 6%) as a yellow solid and 149la’

(66.7 mg, 33%) as a colorless solid.

N-[4-Methyl-2-(phenylthio)phenyl]pyrimidin-2-amine (149la):

M.p. 100-102 °C. *H NMR (300 MHz, CDCls): 6 = 8.43 (d, J = 8.4 Hz, 1H), 8.38 (d,
J=4.8 Hz, 2H), 8.06 (brs, 1H), 7.42 (d, J=1.5 Hz, 1H), 7.26 (dd, J = 8.3, 1.8 Hz,
1H), 7.23-7.15 (m, 2H), 7.15-7.05 (m, 3H), 6.69 (t, J = 4.8 Hz, 1H), 2.32 (s, 3H).
3C NMR (76 MHz, CDCls): & = 160.1 (Cg), 158.0 (CH), 139.1 (C), 137.2 (CH), 136.7
(Cy), 132.6 (Cy), 131.4 (CH), 129.2 (CH), 127.4 (CH), 126.0 (CH), 120.1 (CH), 120.0
(Cy), 112.9 (CH), 20.7 (CH3). IR (ATR): 3353, 2916, 1579, 1516, 1438, 1394, 831,
791, 742, 689 cm™. MS (ESI) m/z (relative intensity): 216 (26) [M+Na]*, 294 (100)
[M+H]*, 185 (16). HR-MS (ESI) m/z calcd for Ci17H16N3S, [M+H]" 294.1059, found
294.1061.

N-[4-Methyl-2,6-bis(phenylthio)phenyl]pyrimidin-2-amine (1491a’):

M.p. 142—144 °C. *H NMR (400 MHz, CDCls): 6 = 8.29 (d, J = 4.8 Hz, 2H), 7.34-7.30
(m, 4H), 7.27-7.18 (m, 6H), 6.99 (d, J=0.6 Hz, 2H), 6.91 (brs, 1H), 6.60 (t,
J=4.8Hz, 1H), 2.17 (s, 3H). ®*C NMR (101 MHz, CDCls): 5 = 161.4 (Cy), 158.1
(CH), 137.6 (Cy), 135.9 (Cg), 135.0 (Cy), 134.6 (C,), 131.8 (CH), 131.7 (CH), 129.3
(CH), 127.4 (CH), 112.5 (CH), 21.1 (CHs). IR (ATR): 3138, 2914, 1580, 1516, 1442,
1406, 799, 755, 685, 415 cm™. MS (El) m/z (relative intensity): 401 (6) [M]*, 292
(100), 214 (37), 182 (10). HR-MS (EI) m/z calcd for C23H19NsS,, [M]" 401.1020, found
401.1018.
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N-[4-Methoxy-2-(phenylthio)phenyl]pyrimidin-2-amine (149ma) and N-[4-Meth-
oxy-2,6-bis(phenylthio)phenyl]pyrimidin-2-amine (149ma’)

Z\ Z\
| |
NS NS
N)\NH N)\NH
+
sgellsadas
OMe OMe
149ma 149ma’

The general procedure A was followed using substrate 41m (101 mg, 0.50 mmol)
and diphenyl disulfide 62a (131 mg, 0.60 mmol). Purification by column
chromatography (nhexane/EtOAc: 5/1) yielded 149ma (13 mg, 8%) as a yellow oil

and 149ma’ (74 mg, 36%) as a colorless solid.

N-[4-Methoxy-2-(phenylthio)phenyl]pyrimidin-2-amine (149ma):

'H NMR (300 MHz, CDCls) 6 = 8.35 (d, J = 4.8 Hz, 2H), 8.31 (d, J = 9.0 Hz, 1H), 7.74
(brs, 1H), 7.25-7.08 (m, 6H), 7.00 (dd, J = 9.0, 3.0 Hz, 1H), 6.66 (t, J = 4.8 Hz, 1H),
3.78 (s, 3H). ®C NMR (76 MHz, CDCls): 6 = 160.3 (C,), 158.1 (CH), 155.4 (Cy),
135.9 (Cy), 134.4 (Cy), 129.3 (CH), 128.2 (CH), 126.4 (CH), 123.2 (Cy), 122.5 (CH),
120.5 (CH), 116.2 (CH), 112.7 (CH), 55.8 (CH3). IR (ATR): 3360, 2931, 1579, 1513,
1445, 1403, 1276, 1207, 1036, 740 cm™. MS (ESI) m/z (relative intensity): 332 (43)
[M+Na]*, 310 (100) [M+H]*, 201 (19). HR-MS (ESI) m/z calcd for Ci7H16N30S,
[M+H]" 310.1009, found 310.1009.

N-[4-Methoxy-2,6-bis(phenylthio)phenyl]pyrimidin-2-amine (149ma’):

M.p. 126-128 °C. *H NMR (300 MHz, CDCls): 6 = 8.32 (d, J = 4.8 Hz, 2H), 7.41-7.36
(m, 4H), 7.32-7.22 (m, 6H), 6.66 (brs, 1H), 6.62 (t, J = 4.8 Hz, 1H), 6.55 (s, 2H),
3.55 (s, 3H). *C NMR (76 MHz, CDCls): 6 = 161.7 (C,), 158.5 (C), 158.3 (CH),
138.9 (Cg), 133.8 (Cq), 133.0 (CH), 129.5 (CH), 128.3 (Cy), 128.0 (CH), 114.4 (CH),
112.4 (CH), 55.5 (CHg3). IR (ATR): 3188, 2961, 2911, 1517, 1439, 1407, 1224, 753,
735, 686 cm™. MS (ESI) m/z (relative intensity): 440 (20) [M+Na]*, 418 (100) [M+H]".
HR-MS (ESI) m/z calcd for C3H20N30S,, [M+H]" 418.1042, found 418.1041.
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N-[2-(Phenylthio)-5-(trifluoromethyl)phenyl]pyrimidin-2-amine (149na)
X
I
\N)\NH
0
F3C

149na

The general procedure A was followed using substrate 41n (120 mg, 0.50 mmol) and
diphenyl disulfide 62a (131 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 4/1) yielded 149na (133 mg, 76%) as a colorless solid.

M.p. 116-118 °C. *H NMR (300 MHz, CDCls): 6 = 9.03 (d, J = 1.7 Hz, 1H), 8.46 (d,
J = 4.8 Hz, 2H), 8.29 (br s, 1H), 7.64 (d, J = 8.1 Hz, 1H), 7.30-7.13 (m, 6H), 6.80 (t,
J = 4.8 Hz, 1H). 3C NMR (126 MHz, CDCl3): & = 159.6 (Cg), 158.1 (CH), 141.5 (Cy),
136.2 (CH), 134.8 (Cq), 132.2 (q, Jc_r = 32.4 Hz, Cq), 129.6 (CH), 128.7 (CH), 127.0
(CH), 124.6 (g, *Jc_r = 1.2 Hz, Cq), 124.1 (q, 3Jc_¢ = 272.7 Hz, Cq), 118.7 (q, *Jcr =
3.8 Hz, CH), 116.2 (q, *Jc_r = 4.0 Hz, CH), 113.9 (CH). °*F NMR (282 MHz, CDCl3):
5= -63.21 (s). IR (ATR): 3340, 1568, 1523, 1439, 1400, 1329, 1118, 1078, 794,
743 cm™. MS (ESI) m/z (relative intensity): 348 (100) [M+H]*, 279 (6), 223 (5), 173
(7). HR-MS (ESI) m/z calcd for C17H13N3SF3, [M+H]* 348.0777, found 348.0782.

N-[3-Fluoro-2,6-bis(phenylthio)phenyl]pyrimidin-2-amine (1490a)

QJN\NH
Sjijrs
©/F 1490a \©

The general procedure A was followed using substrate 410 (94.6 mg, 0.50 mmol)
and diphenyl disulfide 62a (131 mg, 0.60 mmol). Purification by column
chromatography (nhexane/EtOAc: 4/1) yielded 1490a (83.3 mg, 56%) as a colorless

solid.

M.p. 113-115 °C. *H NMR (400 MHz, CDCls): & = 8.26 (d, J = 4.8 Hz, 2H), 7.43 (dd,
J=8.7, 5.9 Hz, 1H), 7.29 (br s, 1H), 7.25-7.05 (m, 10H), 6.99 (dd, J = 8.7, 8.0 Hz,
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1H), 6.64 (t, J=4.8 Hz, 1H). *C NMR (101 MHz, CDCls): & = 162.9 (d, YJcr =
249.9 Hz, Cq), 160.9 (Cq), 157.9 (CH), 142.7 (d, *Jc_r = 2.7 Hz, Cq), 135.9 (Cq), 135.6
(Ca), 135.2 (d, 3Jc_r = 9.5 Hz, CH), 130.6 (CH), 129.3 (CH), 129.0 (CH), 128.9 (d,
3Jc_r = 3.6 Hz, Cq), 128.7 (CH), 127.2 (CH), 126.4 (CH), 120.2 (d, 2Jc_r = 19.0 Hz,
Cq), 114.3 (d, 2Jcr= 24.2 Hz, CH), 113.3 (CH). FNMR (376 MHz, CDCls):
5=-101.62 (dd, J = 7.9, 6.1 Hz). IR (ATR): 3209, 3059, 1584, 1437, 1401, 1023,
794, 737, 687, 469 cm™. MS (El) m/z (relative intensity): 405 (11) [M]*, 312 (12), 296
(100), 218 (62), 187 (12), 109 (10), 77 (8). HR-MS (El) m/z calcd for C,H16FN3S,,
[M]" 405.0770, found 405.0778.

N-[5-Chloro-2-(phenylthio)phenyl]pyrimidin-2-amine (149pa) and N-[3-Chloro-
2,6-bis(phenylthio)phenyl]pyrimidin-2-amine (149pa’)

X X
I I
\N)\NH \N)\NH
pelNeseae
Cl Cl
149pa 149pa’
The general procedure A was followed using substrate 41p (103 mg, 0.50 mmol) and
diphenyl disulfide 62a (131 mg, 0.60 mmol). Purification by column chromatography

(nhexane/ EtOAc: 4/1) yielded 149pa (80.0 mg, 51%) as a colorless solid and 149pa’

(45.0 mg, 21%) as a colorless solid.

N-[5-Chloro-2-(phenylthio)phenyl]pyrimidin-2-amine (149pa):

M.p. 136-138 °C. *H NMR (300 MHz, CDCls): 6 = 8.82 (d, J = 2.3 Hz, 1H), 8.42 (d,
J=4.8 Hz, 2H), 8.30 (brs, 1H), 7.51 (d, J = 8.2 Hz, 1H), 7.26-7.16 (m, 2H), 7.14-
7.07 (m, 3H), 6.99 (dd, J = 8.3, 2.3 Hz, 1H), 6.75 (t, J = 4.8 Hz, 1H). **C NMR
(126 MHz, CDCls3): 6 = 159.5 (Cy), 158.0 (CH), 142.6 (Cy), 137.9 (CH), 136.9 (Cy),
136.0 (Cy), 129.4 (CH), 127.4 (CH), 126.3 (CH), 122.4 (CH), 119.1 (CH), 117.5 (Cy),
113.8 (CH). IR (ATR): 3345, 3117, 1574, 1557, 1513, 1435, 939, 791, 740, 467 cm™.
MS (ESI) m/z (relative intensity): 740 (27), 381 (100), 353 (8) [M+K]*, 336 (14)
[IM+Na]* (*°Cl), 314 (45) [M+H]" (*°Cl), 279 (25). HR-MS (ESI) m/z calcd for
C16H13N3S>*°Cl, [M+H]* 314.0513, found 314.0506.
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N-[3-Chloro-2,6-bis(phenylthio)phenyl]pyrimidin-2-amine (149pa’):

M.p. 117-120 °C. *H NMR (300 MHz, CDCls): 6 = 8.24 (d, J = 4.8 Hz, 2H), 7.34-7.17
(m, 8H), 7.15-6.98 (m, 5H), 6.61 (t, J = 4.8 Hz, 1H). *C NMR (126 MHz, CDCl):
5 =160.9 (Cy), 158.0 (CH), 142.0 (C), 139.0 (Cg), 135.9 (C), 135.0 (Cg), 134.7 (Cy),
133.2 (CH), 132.2 (CH), 131.0 (Cg), 129.5 (CH), 129.1 (CH), 128.2 (CH), 128.2 (CH),
127.9 (CH), 126.2 (CH), 113.1 (CH). IR (ATR): 3203, 3058, 1581, 1445, 1401, 1387,
795, 737, 628, 491 cm™. MS (ESI) m/z (relative intensity): 444 (14) [M+Na]* (*°Cl),
422 (100) [M+H]" (**Cl). HR-MS (ESI) m/z calcd for CaH17N3S,*°Cl, [M+H]*
422.0547, found 422.0541.

N-[5-Methyl-2-(phenylthio)phenyl]pyrimidin-2-amine (149qga)
Ch
o
N)\NH
0
Me

149qa

The general procedure A was followed using substrate 41q (92.6 mg, 0.50 mmol)
and diphenyl disulfide 62a (131 mg, 0.60 mmol). Purification by column
chromatography (nhexane/ EtOAc: 4/1) yielded 149qga (63.3 mg, 43%) as a white
solid.

M.p. 110-112 °C. *H NMR (300 MHz, CDCl): & = 8.47 (s, 1H), 8.41 (d, J = 4.8 Hz,
2H), 8.22 (br s, 1H), 7.50 (d, J = 7.8 Hz, 1H), 7.23-7.14 (m, 2H), 7.14-7.04 (m, 3H),
6.90-6.85 (m, 1H), 6.72 (t, J = 4.8 Hz, 1H), 2.45 (s, 3H). **C NMR (76 MHz, CDCly):
5 =159.9 (Cy), 158.0 (CH), 141.6 (C,), 141.4 (Cy), 137.1 (CH), 137.1(Cy), 129.2
(CH), 127.0 (CH), 125.8 (CH), 123.8 (CH), 120.1 (CH), 116.2 (Cg), 113.1 (CH), 22.1
(CHs). IR (ATR): 3347, 2917, 1575, 1528, 1438, 1392, 791, 740, 690, 625, 469 cm™.
MS (El) m/z (relative intensity): 293.1 (16) [M]*, 184.1 (100), 169.1 (6), 109.0 (5),
77.0 (5). HR-MS (El) m/z calcd for C17H15N3sS, [M]* 293.0987, found 293.0988.
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N-[2,4-Dimethyl-6-(phenylthio)phenyl]pyrimidin-2-amine (149sa)

Me
149sa

The general procedure A was followed using substrate 41s (99.6 mg, 0.50 mmol)
and diphenyl disulfide 62a (131 mg, 0.60 mmol). Purification by column
chromatography (nhexane/EtOAc: 4/1) yielded 149sa (114 mg, 74%) as a colorless
solid.

M.p. 137-139 °C. *H NMR (300 MHz, CDCls): 5 = 8.26 (d, J = 4.8 Hz, 2H), 7.25-7.20
(m, 2H), 7.19-7.08 (m, 3H), 7.06 (s, 2H), 6.77 (br's, 1H), 6.56 (t, J = 4.8 Hz, 1H),
2.27 (s, 3H), 2.23 (s, 3H). *C NMR (76 MHz, CDCls): 6 = 161.5 (Cq), 158.2 (CH),
137.5 (Cq), 137.1 (Cq), 135.6 (Cq), 134.8 (Cq), 132.9 (Cq), 131.7 (CH), 131.3 (CH),
130.6 (CH), 129.1 (CH), 126.8 (CH), 111.9 (CH), 21.1 (CHs), 19.0 (CH3). IR (ATR):
3206, 2919, 1583, 1516, 1439, 1410, 798, 738, 686, 473 cm™. MS (ESI) m/z (relative
intensity): 308 (100) [M+H]*, 199 (16). HR-MS (ESI) m/z calcd for C1gH1gN3S, [M+H]"
308.1216, found 308.1212.

N-[4-Fluoro-2-methyl-6-(phenylthio)phenyl]pyrimidin-2-amine (149ta)

149ta

The general procedure A was followed using substrate 41t (102 mg, 0.50 mmol) and
diphenyl disulfide 62a (131 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 4/1) yielded 149ta (145 mg, 93%) as a colorless solid.

M.p. 157—159 °C. *H NMR (300 MHz, CDCls): & = 8.31 (d, J = 4.8 Hz, 2H), 7.40—7.33
(m, 2H), 7.32=7.22 (m, 3H), 6.89-6.83 (m, 2H), 6.67 (dd, J = 8.7, 2.9 Hz, 1H), 6.62 (t,
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J = 4.8 Hz, 1H), 2.25 (s, 3H). *C NMR (126 MHz, CDCls): 6 = 161.4 (Cq), 161.1 (d,
YJcF = 247.0 Hz, Cq), 158.3 (CH), 139.9 (d, *Jc_r = 8.7 Hz, Cq), 138.3 (d, 3Jcr =
8.9 Hz, Cq), 133.0 (Cq), 133.0 (CH), 131.4 (d, “Jc_r = 2.9 Hz, Cq), 129.5 (CH), 128.2
(CH), 115.8 (d, Jc_r = 22.2 Hz, CH), 114.5 (d, Jc_r = 24.7 Hz, CH), 112.2 (CH), 19.2
(CH3). *F NMR (282 MHz, CDCls): & = -114.69 (dd, J = 9.0, 9.0 Hz). IR (ATR): 3208,
2915, 1575, 1510, 1439, 1412, 850, 799, 752, 688 cm™. MS (El) m/z (relative
intensity): 311 (9) [M'], 202 (100). HR-MS (EI) m/z calcd for Ci7H14FN3S, [M]
311.0892, found 311.0887.

N-[2,4-Difluoro-6-(phenylthio)phenyl]pyrimidin-2-amine (149ua)

149ua

The general procedure A was followed using substrate 41u (104 mg, 0.50 mmol) and
diphenyl disulfide 62a (131 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 4/1) yielded 149ua (148 mg, 94%) as a colorless solid.

M.p. 145-147 °C. *H NMR (300 MHz, CDCls): & = 8.35 (d, J = 4.8 Hz, 2H), 7.45-7.39
(m, 2H), 7.37-7.28 (m, 4H), 6.81-6.72 (m, 1H), 6.68 (t, J = 4.8 Hz, 1H), 6.63-6.53
(m, 1H). ¥*C NMR (75 MHz, CDCls): &= 161.1 (Cq), 160.8 (dd, *3Jc_r=249.1,
12.7 Hz, Cq), 158.9 (dd, **Jc_¢ = 253.0, 13.3 Hz, Cq), 158.3 (CH), 130.0 (dd, J = 9.9,
2.4 Hz, Cq), 133.7 (CH), 131.9 (Cq), 129.8 (CH), 128.9 (CH), 121.1 (dd, J = 14.3, 4.0
Hz, Cq), 112.8 (CH), 111.7 (dd, #*Jc_¢ = 24.8, 3.4 Hz, CH), 102.7 (dd, %Jc_r = 26.5,
25.0 Hz, CH). °F NMR (282 MHz, CDCl3): 8 =-111.36 (dd, J = 16.0, 8.4 Hz), -112.72
(m). IR (ATR): 3205, 2972, 1577, 1441, 1407, 1112, 997, 789, 743, 495 cm™. MS
(ESI) m/z (relative intensity): 651 (36), 314 (100) [M-H]", 283 (58), 255 (61). HR-MS
(ESI) m/z calcd for C16H19N3F2S, [M—H]" 314.0569, found 314.0562.
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N-[4,5-Difluoro-2-(phenylthio)phenyl]pyrimidin-2-amine (149va) and N-[3,4-Di-
fluoro-2,6-bis(phenylthio)phenyl]pyrimidin-2-amine (149va’)

Z\ Z\
| |
NS NS
N)\NH N)\NH
+
O OUOXO0
F F
F F
149va 149va

The general procedure A was followed using substrate 41v (104 mg, 0.50 mmol) and
diphenyl disulfide 62a (131 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 4/1) yielded 149va (21.3 mg, 14%) as a sticky oil and 149va’

(90.0 mg, 42%) as a colorless solid.

N-[4,5-Difluoro-2-(phenylthio)phenyl]pyrimidin-2-amine (149va):

'H NMR (300 MHz, CDCl3): 6 = 8.71 (dd, J = 13.6, 8.0 Hz, 1H), 8.41 (d, J = 4.8 Hz,
2H), 8.19 (br s, 1H), 7.41 (dd, J = 9.2 Hz, 1H), 7.27-7.08 (m, 5H), 6.76 (t, J = 4.8 Hz,
1H). *C NMR (75 MHz, CDCls): & = 159.4 (C,), 158.0 (CH), 151.5(dd, “2Jc =
248.7, 12.7 Hz, Cg), 144.9 (dd, *Jc_ ¢ = 246.5, 13.6 Hz, C,), 138.8 (d, ®Jc r=10.3
Hz, Cg), 135.5 (Cy), 129.5 (CH), 127.6 (CH), 126.7 (CH), 124.7 (dd, ?*Jc_r = 18.1,
1.9 Hz, CH), 114.7 (Cg), 113.8 (CH), 108.6 (d, *Jc_r = 24.4 Hz, CH).

N-[3,4-Difluoro-2,6-bis(phenylthio)phenyl]pyrimidin-2-amine (149va’):

M.p. 108-110 °C. *H NMR (300 MHz, CDCls): 6 = 8.27 (d, J = 4.8 Hz, 2H), 7.38-7.26
(m, 4H), 7.23-7.10 (m, 6H), 7.09 (br s, 1H), 7.03 (dd, J = 10.1, 8.2 Hz, 1H), 6.65 (t,
J=4.8 Hz, 1H). *C NMR (126 MHz, CDCls): & = 161.0 (C,), 157.9 (CH), 150.0 (dd,
Y2)cr = 249.3, 13.5 Hz, Cg), 149.1 (dd, Y2Jc¢ = 252.2, 14.9 Hz, C,), 135.9 (d, 3Jc ¢ =
3.1 Hz, C,), 134.8 (Cy), 133.4 (Cy), 132.6 (CH), 132.2 (dd, Jc_r = 5.9, 4.0 Hz, C,),
129.6 (CH), 129.4 (CH), 129.1 (CH), 128.3 (CH), 126.9 (CH), 123.5(d, %Jcr=
15.0 Hz, Cg), 119.6 (d, “Jcr =19.7 Hz, CH), 113.1(CH). *FNMR (282 MHz,
CDCls): 6 =-126.57 (dd, J = 24.0, 8.2 Hz), -136.19 (dd, J = 24.0, 10.1 Hz). IR (ATR):
3211, 3070, 2919, 1581, 1523, 1439, 918, 795, 686, 490 cm™. MS (EI) m/z (relative
intensity): 423 (10) [M]*, 331 (12), 315 (19), 314 (100), 236(58), 205 (9), 43 (15).
HR-MS (El) m/z calcd for CH1sF2N3S,, [M]" 423.0675, found 423.0669.
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N-[2,3,4-Trifluoro-6-(phenylthio)phenyl]pyrimidin-2-amine (149wa)
CH
I
\N)\NH
F S\©
F

F
149wa

The general procedure A was followed using substrate 41w (113 mg, 0.50 mmol) and
diphenyl disulfide 62a (131 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 4/1) yielded 149wa (142 mg, 85%) as a yellow solid.

M.p. 126-128 °C. *H NMR (300 MHz, CDCls): 6 = 8.33 (d, J = 4.8 Hz, 2H), 7.36-7.22
(m, 5H), 6.98 (br s, 1H), 6.87 (ddd, J = 10.1, 7.6, 2.3 Hz, 1H), 6.72 (t, J = 4.8 Hz, 1H).
13C NMR (126 MHz, CDCl3): & = 160.4 (Cq), 158.2 (CH), 149.2 (ddd, *Jc_r = 250.5,
2Jo_r = 10.3, 3Jcr = 3.7 Hz, Cg), 148.1 (ddd, *Jc_r = 253.9 Hz, 2Jcr= 10.8 Hz,
3Jc_r = 4.5 Hz, Cq), 139.7 (ddd, *Jc_r = 251.8, ?Jc_¢ = 15.2, 15.2 Hz, Cq), 132.7 (Cq),
132.1 (CH), 130.0 (dd, Jc-r= 7.1, 3.3 Hz, Cq), 129.7 (CH), 128.3 (CH), 123.8 (dd,
Jc-F=10.8, 3.7 Hz, Cq), 113.8 (dd, 2Jc_r = 19.8 Hz, %Jc_¢ = 3.4 Hz, CH), 113.3 (CH).
F NMR (282 MHz, CDCls): & = -133.8 (ddd, J = 20.8, 6.5, 2.3 Hz), -135.99 (ddd,
J=21.4,10.2, 6.5 Hz), -158.53 (ddd, J = 21.1, 7.6 Hz). IR (ATR): 3165, 2973, 2922,
1580, 1489, 1439, 1012, 742, 686, 484 cm™. MS (El) m/z (relative intensity): 333 (24)
[M]*, 314 (11), 256 (6), 241 (18), 224 (100), 77 (6), 43 (13). HR-MS (EI) m/z calcd for
C16H10F3N3S, [M]* 333.0548, found 333.0551.

N-[2-(Phenylthio)naphthalen-1-yl]pyrimidin-2-amine (149ya)
Ch
I
\N)\NH
O
149ya

The general procedure A was followed using substrate 41y (111 mg, 0.50 mmol) and
diphenyl disulfide 62a (131 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 4/1) yielded 149ya (144 mg, 87%) as a pale yellow solid.
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M.p. 163-165 °C. *H NMR (400 MHz, CDCls): 6 = 8.29 (d, J = 4.5 Hz, 2H), 8.01-7.95
(m, 1H), 7.86-7.81 (m, 1H), 7.71 (d, J = 8.7 Hz, 1H), 7.61 (br s, 1H), 7.51-7.44 (m,
2H), 7.39 (d, J=8.7Hz, 1H), 7.37-7.32 (m, 2H), 7.28-7.16 (m, 3H), 6.62 (t,
J = 4.8 Hz, 1H). *C NMR (101 MHz, CDCls): 6 = 162.3 (Cq), 158.4 (CH), 135.3 (Cq),
134.3 (Cq), 133.7 (Cq), 131.8 (Cq), 131.6 (Cq), 131.6 (CH), 129.3 (CH), 129.0 (CH),
128.4 (CH), 127.9 (CH), 127.3 (CH), 126.9 (CH), 126.4 (CH), 124.1 (CH), 112.3
(CH). IR (ATR): 3196, 3058, 2920, 1579, 1444, 1375, 788, 743, 690, 515 cm™. MS
(El) m/z (relative intensity): 329 (6) [M]", 221 (17), 220 (100), 192 (4), 140 (7), 115
(7). HR-MS (EI) m/z calcd for CxoH1sNsS, [M]" 329.0987, found 329.0993.

N-[2-Fluoro-6-(p-tolylthio)phenyl]pyrimidin-2-amine (149ab)

Ch

I
\N)\NH
pege!
Me
149ab

The general procedure A was followed using substrate 41a (94.6 mg, 0.50 mmol)

and disulfide 62b (148 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 4/1) yielded 149ab (147 mg, 94%) as a colorless solid.

M.p. 178-180 °C. *H NMR (300 MHz, CDCls): & = 8.34 (d, J = 4.8 Hz, 2H), 7.25 (d,
J = 8.6 Hz, 2H), 7.15-6.96 (m, 5H), 6.77 (br s, 1H), 6.68 (t, J = 4.8 Hz, 1H), 2.30 (s,
3H). *C NMR (126 MHz, CDCls): 6 = 160.9 (Cg), 158.5 (d, Jc_r = 251.5 Hz, Cy),
158.2 (CH), 138.1 (Cq), 136.4 (Cq), 132.5 (CH), 130.3 (CH), 130.0 (Cq), 127.2 (d,
3Jc_r = 8.7 Hz, CH), 126.5 (d, *Jc_r = 3.3 Hz, CH), 125.8 (d, 3Jc_r = 13.4 Hz, Cy),
114.9 (d, 2Jc_¢ = 20.9 Hz, CH), 112.8 (CH), 21.3 (CH3). °F NMR (282 MHz, CDCly):
5= -116.54 (dd, J=9.3, 5.5 Hz). IR (ATR): 3207, 2927, 1581, 1523, 1443, 1410,
899, 776, 672, 509 cm™. MS (EI) m/z (relative intensity): 311 (20) [M]*, 290 (9), 205
(28), 188 (100). HR-MS (EI) m/z calcd for Ci7H14FNsS, [M]" 311.0892, found
311.0888.
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N-2-[(4-Chlorophenyl)thio]-6-fluorophenyl}pyrimidin-2-amine (149ae)
CJ
I
\N)\NH
F S

g ol

149ae

The general procedure A was followed using substrate 41a (94.6 mg, 0.50 mmol)
and disulfide 62e (172 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 4/1) yielded 149ae (159 mg, 96%) as a colorless solid.

M.p. 214-215°C. 'H NMR (300 MHz, ds-DMSO): 6= 8.91 (brs, 1H), 8.31 (d,
J=4.8Hz, 2H), 7.39 (d, J =8.8 Hz, 2H), 7.31 (d, J = 8.7 Hz), 7.29-7.15 (m, 2H),
6.97—6.91 (m, 1H), 6.74 (t, J = 4.8 Hz, 1H). **C NMR (75 MHz, ds-DMSO): & = 161.1
(Cq), 158.7 (d, *Jc_r = 248.4 Hz, Cq), 157.9 (CH), 137.0 (Cq), 133.4 (CH), 132.9 (Cqy),
132.5 (Cq), 129.4 (CH), 127.8 (d, *Jc_r = 8.9 Hz, CH), 126.7 (d, 2Jc_r = 14.3 Hz, Cq),
126.2 (d, *Jc_r = 3.2 Hz, CH), 114.7 (d, 2Jc_r = 21.2 Hz, CH), 112.0 (CH). °F NMR
(282 MHz, dg-DMSO): 6 = -112.83 (m). IR (ATR): 3200, 2923, 1583, 1443, 1410,
896, 788, 774, 504, 487 cm™. MS (ESI) m/z (relative intensity): 332 (100) [M+H]*
(**Cl). HR-MS (ESI) m/z calcd for CiH1,>°CIFNsS, [M+H]" 332.0421, found
332.0419.

N-{2-[(4-Chlorophenyl)thio]-6-methoxyphenyl}pyrimidin-2-amine (149de)
Ch
I
\N)\NH
e
Cl

149de

The general procedure A was followed using substrate 41d (101 mg, 0.50 mmol) and
disulfide 62e (172mg, 0.60 mmol). Purifiction by column chromatography
(nhexane/EtOAc: 3/1) yielded 149de (91.0 mg, 53%) as a yellow solid.

M.p. 161-163°C. *HNMR (500 MHz, ds-DMSO): &= 855 (s, 1H), 8.25 (d,
J=4.8 Hz, 1H), 7.37 (d, J = 8.6 Hz, 2H), 7.28 (d, J = 8.6 Hz, 2H), 7.18 (t, J = 8.1 Hz,
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1H), 6.99 (dd, J = 8.3, 0.9 Hz, 1H), 6.68 (dd, J = 8.4, 1.0 Hz, 1H), 6.66 (t, J = 4.8 Hz,
1H), 3.71 (s, 3H). *C NMR (126 MHz, dg-DMSO): & = 161.7 (Cq), 157.9 (CH), 156.3
(Cq), 136.2 (Cqg), 134.2 (Cq), 133.2 (CH), 132.2 (Cg), 129.4 (CH), 127.7 (CH), 127.6
(Cq), 122.5 (CH), 111.5 (CH), 110.9 (CH), 55.8 (CHs). IR (ATR): 3197, 2921, 1569,
151, 1443, 1407, 1039, 821, 796, 767 cm™. MS (ESI) m/z (relative intensity): 366 (35)
[M+Na]* (3°Cl), 344 (100) [M+H]" (**Cl), 201 (6), 170 (13). HR-MS (ESI) m/z calcd for
C17H14>°CIN3OS, [M+H]" 344.0619, found 344.0620.

N-[2-Fluoro-6-(o-tolylthio)phenyl]pyrimidin-2-amine (149ac)

ZZ\
I
N\
N)\NH Me
149ac

The general procedure A was followed using substrate 41la (94.6 mg, 0.50 mmol)
and disulfide 62c (148 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 4/1) yielded 149ac (145 mg, 94%) as a colorless solid.

M.p. 153-155 °C. *H NMR (300 MHz, CDCls): 6 = 8.35 (d, J = 4.8 Hz, 2H), 7.28-7.14
(m, 3H), 7.14-7.00 (m, 3H), 6.88—6.82 (m, 2H), 6.69 (t, J = 4.8 Hz, 1H), 2.34 (s, 3H).
13C NMR (76 MHz, CDCl3): 6 = 160.9 (Cg), 158.6 (d, *Jc_r = 251.5 Hz, Cq), 158.3
(CH), 140.3 (Cq), 135.7 (d, *Jc_r = 1.2 Hz, Cq), 133.2 (CH), 132.5 (Cq), 130.9 (CH),
128.4 (CH), 127.3 (d, 3Jc_r = 8.8 Hz, CH), 127.0 (CH), 125.9 (d, *Jc_r = 3.3 Hz, CH),
125.7 (Cq), 114.7 (d, 2Jcr =20.9 Hz, CH), 112.9 (CH), 20.7 (CHa3). *F NMR
(283 MHz, CDCl3): 6 = -116.13 (dd, J=9.1, 5.8 Hz). IR (ATR): 3204, 2925, 1579,
1523, 1442, 1408, 896, 776, 750, 514 cm™. MS (ESI) m/z (relative intensity): 312
(100) [M+H]*, 297 (6), 170 (7). HR-MS (ESI) m/z calcd for Ci7H1sNsFS, [M+H]"
312.0965, found 312.0967.
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N-{2-[(2-Chlorophenyl)thio]-6-fluorophenyl}pyrimidin-2-amine (149ad)

NH Cl
149ad

The general procedure A was followed using substrate 41a (94.6 mg, 0.50 mmol)
and disulfide 62d (172 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 4/1) yielded 149ad (156 mg, 96%) as a colorless solid.

M.p. 145-146 °C. *H NMR (400 MHz, CDCls): 6 = 8.32 (d, J = 4.8 Hz, 2H), 7.34-7.32
(m, 1H), 7.23-7.15 (m, 3H), 7.10-7.05 (m, 1H), 7.03—-7.00 (m, 2H), 6.96 (br s, 1H),
6.67 (t, J=4.8Hz, 1H). ®C NMR (101 MHz, CDCls): &= 160.6 (Cq), 158.4 (d,
13 F = 252.4 Hz, Cq), 158.1 (CH), 134.3 (d, 2Jc_r = 23.1 Hz, Cq), 131.6 (Cq), 131.6
(Cq), 131.0 (CH), 130.0 (CH), 129.4 (d, *Jc_r = 3.3 Hz, CH), 128.2 (d, 3Jc_r = 12.8 Hz,
Cq), 128.0 (CH), 127.4 (CH), 127.2 (d, *Jc_r = 8.6 Hz, CH), 116.9 (d, 2Jc_r = 20.9 Hz,
CH), 113.1 (CH). *F NMR (282 MHz, CDCls): & = -116.43 (dd, J=9.3, 5.5 Hz). IR
(ATR): 3202, 3060, 1581, 1567, 1442, 1409, 901, 786, 754, 690 cm™. MS (ESI) m/z
(relative intensity): 332 (100) [M+H]" (**Cl), 203 (9), 170 (8). HR-MS (ESI) m/z calcd
for C16H12NsF°CIS, [M+H]" 332.0419, found 332.0422.

N-{2-[(2-Chlorophenyl)thio]-6-methoxyphenyl}pyrimidin-2-amine (149dd)
Z "N
I
\N)\NH cl
U0
149dd

The general procedure A was followed using substrate 41d (101 mg, 0.50 mmol) and
disulfide 62d (172 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 4/1) yielded 149dd (63.6 mg, 37%) as a pale-yellow oil.

'H NMR (500 MHz, CDCls): 6 =8.38 (s, 2H), 7.33-7.30 (m, 1H), 7.18 (d, J=8.1,
8.1 Hz, 1H), 7.10-7.01 (m, 3H), 6.98-6.94 (m, 2H), 6.84 (s, 1H), 6.66 (s, 1H), 3.82 (s,

148



5 Experimental Part

3H). *C NMR (126 MHz, CDCly): & = 161.6 (Cg), 157.8 (CH), 155.3 (Cg), 135.7 (Cy),
134.4 (Cy), 132.4 (Cg), 131.6 (CH), 129.8 (CH), 128.8 (C,), 127.7 (CH), 127.7 (CH),
127.3 (CH), 127.2 (CH), 125.6 (CH), 111.6 (CH), 56.0 (CHs). MS (ESI) m/z (relative
intensity): 366 (32) [M+Na]* (**Cl), 344 (100) [M+H]" (**Cl). HR-MS (ESI) m/z calcd
for C17H15N3>>CIOS, [M+H]" 344.0619, found 344.0614.

N-{2-[(2-Chlorophenyl)thio]naphthalen-1-yl}pyrimidin-2-amine (149yd)
)
I
\N)\NH Cl
0

149yd

The general procedure A was followed using substrate 41y (110 mg, 0.50 mmol) and
disulfide 62d (148 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 4/1) yielded 149yd (148 mg, 82%) as a colorless oil.

'H NMR (500 MHz, CDCls): 6=8.43 (s, 2H), 7.99 (d, J=8.1Hz, 1H), 7.86 (dd,
J=8.0, 0.9 Hz, 1H), 7.75 (d, J = 8.6 Hz, 1H), 7.66 (s, 1H), 7.54—7.46 (m, 2H), 7.43
(d, J = 8.6 Hz, 1H), 7.34 (dd, J = 8.3, 1.2 Hz, 1H), 7.10-7.06 (m, 2H), 7.03—-6.98 (m,
1H), 6.73 (s, 1H). *C NMR (126 MHz, CDCl3): & = 158.0 (Cg), 136.1 (C), 135.3 (Cy),
134.4 (Cg), 134.2 (Cg), 131.6 (CH), 131.5 (Cy), 130.0 (CH), 129.9 (CH), 128.8 (C,),
128.4 (CH), 128.0 (CH), 127.8 (CH), 127.3 (CH), 126.9 (CH), 126.9 (CH), 124.5
(CH). MS (ESI) m/z (relative intensity): 386 (26) [M+Na]* (*°Cl), 364 (100) [M+H]"
(°Cl), 221 (11). HR-MS (ESI) m/z calcd for CpoH1sN3>°CIS, [M+H]" 364.0670, found
364.0665.

N-[2-(p-Tolylthio)-5-(trifluoromethyl)phenyl]pyrimidin-2-amine (149nb)
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The general procedure A was followed using substrate 41n (120 mg, 0.50 mmol) and
disulfide 62b (148 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 4/1) yielded 149nb (103 mg, 57%) as a colorless solid.

M.p. 93-95 °C. *H NMR (500 MHz, CDCls): 6 = 8.97 (d, J=1.4 Hz, 1H), 8.47 (d,
J=4.8Hz, 2H), 8.25 (br s, 1H), 7.57 (d, J=8.0 Hz, 1H), 7.21 (dd, J = 8.1, 1.4 Hz,
1H), 7.16 (d, J = 8.2 Hz, 2H), 7.08 (d, J = 8.0 Hz, 2H), 6.80 (t, J = 4.8 Hz, 1H), 2.29
(s, 3H). *C NMR (126 MHz, CDCls): 6 = 159.7 (Cq), 158.1 (CH), 140.9 (Cq), 137.5
(Ca), 135.4 (CH), 131.7 (q, 2Jc_r = 32.3 Hz, Cq), 130.7 (Cq), 130.4 (CH), 129.8 (CH),
126.1 (Cq), 124.1 (q, YJc_r = 272.6 Hz, Cq), 118.8 (q, *Jc_r = 3.8 Hz, CH), 116.3 (q,
3Jc_F = 4.0 Hz, CH), 113.8 (CH), 21.2 (CH3). °F NMR (471 MHz, CDCls): & = -62.72
(s). IR (ATR): 3347, 1577, 1522, 1430, 1327, 1157, 1140, 1077, 792, 483 cm™. MS
(ESI) m/z (relative intensity): 384 (24) [M+Na]", 362 (100) [M+H]". HR-MS (ESI) m/z
calcd for C1gH14N3F3S, [M+H]* 362.0933, found 362.0934.

N-{2-[(4-Chlorophenyl)thio]-5-(trifluoromethyl)phenyl}pyrimidin-2-amine (149ne)
@
I
\N)\NH
jegot
F3C Cl

149ne

The general procedure A was followed using substrate 41n (120 mg, 0.50 mmol) and
disulfide 62e (172 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 4/1) yielded 149ne (105 mg, 55%) as a colorless solid.

M.p. 105-106 °C. H NMR (500 MHz, d¢-DMSO): 6= 8.93 (s, 1H), 8.46 (d,
J = 4.8 Hz, 2H), 8.24 (d, J = 1.3 Hz, 1H), 7.48-7.43 (m, 2H), 7.41 (d, J = 8.7 Hz, 2H),
7.30 (d, J = 8.7 Hz, 2H), 6.90 (t, J = 4.8 Hz, 1H). *C NMR (126 MHz, ds-DMSO):
5 =160.0 (Cq), 158.4 (CH), 139.8 (Cg), 133.6 (CH), 132.7 (Cq), 132.7 (Cq), 132.5 (Cq),
132.4 (CH), 129.8 (CH), 129.0 (q, 2Jc_r = 32.0 Hz, Cq), 124.0 (q, “Jc_r = 272.4 Hz,
Cq), 120.8 (g, *Jcr=3.7Hz, CH), 119.9 (d, 3Jcr = 3.9 Hz, CH), 113.6 (CH).
F NMR (471 MHz, dg-DMSO): 6 = -61.22 (s). IR (ATR): 3347, 1576, 1519, 1428,
1396, 1325, 1127, 1078, 799, 484 cm™. MS (ESI) m/z (relative intensity): 420 (4)
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IM+K]* (3°Cl), 382 (100) [M+H]" (*°Cl), 288 (4). HR-MS (ESI) m/z calcd for
C17H1:N3F5*°CIS, [M+H]* 382.0387, found 382.0384.

N-{2-[(2-Chlorophenyl)thio]-5-(trifluoromethyl)phenyl}pyrimidin-2-amine
(149nd)

Z°N
I
NS
N/J\W%H Cl
F3C
149nd

The general procedure A was followed using substrate 41n (478 mg, 2.00 mmol) and
disulfide 62d (689 mg, 2.40 mmol). Purification by column chromatography
(nhexane/EtOAc: 4/1) yielded 149nd (552 mg, 72%) as a colorless solid.

M.p. 150-152 °C. *H NMR (300 MHz, CDCls): & = 9.12 (d, J = 1.7 Hz, 1H), 8.47 (d,
J=4.8Hz, 2H), 8.26 (br s, 1H), 7.67 (d, J = 8.1 Hz, 1H), 7.39 (dd, J = 7.5, 1.8 Hz,
1H), 7.31-7.25 (m, 1H), 7.14-7.02 (m, 2H), 6.82 (t, J = 4.8 Hz, 1H), 6.72 (dd, J = 7.6,
1.9 Hz 1H). **C NMR (75 MHz, CDCls): & = 159.5 (Cq), 158.1 (CH), 142.4 (Cq), 137.3
(CH), 134.5 (Cq), 133.1 (q, 2Jc_r = 32.4 Hz, Cq), 132.5 (Cq), 130.1 (CH), 127.9 (CH),
127.7 (CH), 127.5 (CH), 124.0 (g, *Jc_r = 272.9 Hz, Cq), 122.0 (d, “Jc_r = 1.3 Hz, Cq),
118.9 (q, *Jc_r = 3.8 Hz, CH), 116.2 (q, *Jc_r = 4.1 Hz, CH), 114.1 (CH). °F NMR
(282 MHz, CDCl): 6 = -62.94 (s). IR (ATR): 3366, 1576, 1524, 1430, 1398, 1325,
1157, 1119, 1081, 748 cm™. MS (ESI) m/z (relative intensity): 404 (31) [M+Na]*
(*°Cl), 382 (100) [M+H]* (**Cl). HR-MS (ESI) m/z calcd for C17H1.N3S*CIF3, [M+H]*
382.0387, found 382.0384.

N-[2-Fluoro-6-(pyridin-2-ylthio)phenyl]pyrimidin-2-amine (149af)

@
|
\N)\NH

F S._N

149af
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The general procedure A was followed using substrate 41a (94.6 mg, 0.50 mmol)
and disulfide 62f (132 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 2/1) yielded 149af (81.9 mg, 55%) as a yellow liquid.

'H NMR (300 MHz, CDCls): 6= 8.50 (d, J=4.8 Hz, 2H), 7.82 (d, J = 8.2 Hz, 1H),
7.78-7.69 (m, 1H), 7.56 (d, J = 8.1 Hz, 1H), 7.51-7.44 (m, 1H), 7.38 (d, J = 8.1 Hz,
1H), 7.31 (td, J=8.2, 5.4 Hz, 1H), 7.12-7.00 (m, 2H), 6.88 (t, J = 4.8 Hz, 1H).
13C NMR (75 MHz, CDCl3): 6 = 161.1 (Cq), 159.7 (d, *Jc_r = 252.1 Hz, Cq), 159.6
(Cq), 158.3 (CH), 154.7 (Cq), 148.4 (CH), 138.3 (Cq), 137.4 (CH), 129.3 (d, %Jcr =
8.6 Hz, CH), 122.4 (d, *Jc_r = 3.3 Hz, CH), 120.9 (CH), 119.7 (CH), 119.4 (CH),
114.8 (d, 2Jc_r = 20.5 Hz, CH), °F NMR (282 MHz, CDCls): 6 = -120.24 (dd, J = 8.9,
5.5 Hz). IR (ATR): 3196, 2943, 1593, 1446, 1418, 876, 776, 765, 514, 497 cm™. MS
(ESI) m/z (relative intensity): 297 (100) [M+H]", 265 (5), 203 (3). HR-MS (ESI) m/z
calcd for C1sH1,FN4S, [M+H]" 299.0564, found 299.0586.

5.3.2 Experimental Procedures and Analytical Data - Selenylation

N-[2-(Phenylselanyl)phenyl]pyrimidin-2-amine (150za) and N-[2,6-Bis(phenyl-
selanyl)phenyl]pyrimidin-2-amine (150za’)

I I
x> x>
N )\ NH + N )\ NH
@SGO : se\i)/seO
150za 150za’

The general procedure A was followed using substrate 41z (85.6 mg, 0.50 mmol) and
diphenyl diselenide 148a (187 mg, 0.60 mmol). Purification by column
chromatography (nhexane/EtOAc: 4/1) yielded 150za (33.5 mg, 21%) as a colorless

oil and 150za’ (43.9 mg, 18%) as a colorless solid.
N-[2-(Phenylselanyl)phenyl]pyrimidin-2-amine (150za):

'H NMR (300 MHz, CDCls): & = 8.54 (dd, J =8.3, 1.2 Hz, 1H), 8.40 (d, J = 4.8 Hz,
2H), 8.16 (br s, 1H), 7.72 (dd, J = 7.7, 1.6 Hz, 1H), 7.48-7.41 (m, 1H), 7.33-7.27 (m,
2H), 7.22-7.11 (m, 3H), 7.03-6.96 (m, 1H), 6.71 (t, J=4.8 Hz, 1H). *C NMR
(76 MHz, CDCls): 6 = 160.1 (C), 158.0 (CH), 141.2 (C,), 137.9 (CH), 131.4 (Cy),
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130.6 (CH), 130.4 (CH), 129.5 (CH), 126.8 (CH), 123.2 (CH), 120.0 (CH), 119.0 (Cy),
113.1 (CH). IR (ATR): 3336, 3049, 1572, 1512, 1431, 1397, 1303, 1020, 795, 753,
735, 689 cm™. MS (ESI) m/z (relative intensity): 328 (100) [M+H]", 170 (83). HR-MS
(ESI) m/z calcd for C16H14N3Se, [M+H]" 328.0348, found 328.0350.

N-[2,6-Bis(phenylselanyl)phenyl]pyrimidin-2-amine (150za’):

M.p. 141-143 °C. *H NMR (300 MHz, CDCls): & = 8.32 (d, J = 4.8 Hz, 2H), 7.50-7.45
(m, 4H), 7.27-7.18 (m, 8H), 7.01 (brs, 1H), 6.95 (dd, J=7.8 Hz, 1H), 6.65 (t,
J=4.8 Hz, 1H). ®*C NMR (76 MHz, CDCl3): 5 = 161.4 (Cg), 158.3 (CH), 137.4 (Cy),
134.4 (CH), 133.4 (Cy), 132.2 (CH), 130.3 (Cy), 129.5 (CH), 128.0 (CH), 127.9 (CH),
112.8 (CH). IR (ATR): 3194, 1573, 1429, 1394, 795, 777, 740, 718, 690, 462 cm™,
MS (ESI) m/z (relative intensity): 506 (18) [M+Na]", 484 (100) [M+H]", 381 (34), 353
(23), 170 (84). HR-MS (ESI) m/z calcd for C,HigN3Se,, [M+H]" 483.9830, found
483.9821.

N-[2-Fluoro-6-(phenylselanyl)phenyl]pyrimidin-2-amine (150aa)

!

I
\N)\NH
F\©/Se©
150aa

The general procedure B was followed using substrate 41a (94.6 mg, 0.50 mmol)
and diphenyl diselenide 148a (187 mg, 0.60 mmol). Purification by column

chromatography (nhexane/EtOAc: 4/1) yielded 150aa (128 mg, 74%) as a colorless

solid.

M.p. 146-148 °C. *H NMR (300 MHz, CDCls): 6 = 8.36 (d, J = 4.8 Hz, 2H), 7.54-7.45
(m, 2H), 7.28-7.20 (m, 3H), 7.19-7.03 (m, 4H), 6.70 (t, J = 4.8 Hz, 1H). **C NMR
(126 MHz, CDCls): & = 160.9 (Cq), 158.2 (d, *Jc_r = 251.6 Hz, Cq), 158.1 (CH), 134.1
(CH), 133.0 (Cq), 129.7 (Cq), 129.5 (CH), 128.4 (d, *Jc_r = 3.4 Hz, CH), 128.0 (CH),
127.5 (d, *Jcr = 8.3 Hz, CH), 126.7 (d, %Jcr = 13.1 Hz, Cg), 115.3 (d, Jcr =
20.9 Hz, CH), 112.8 (CH). F NMR (282 MHz, CDCls): &= -116.54 (dd, J = 9.3,
5.5 Hz). IR (ATR): 3209, 3152, 2923, 1582, 1525, 1443, 770, 748, 643, 487 cm™. MS
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(El) m/z (relative intensity): 345 (11) [M]", 253 (4), 188 (100), 168 (8), 141 (6). HR-MS
(El) m/z calcd for C16H1oN3Se, [M]* 345.0180, found 345.0172.

N-[3-(Phenylselanyl)-(1,1'-biphenyl)-2-yl]pyrimidin-2-amine (150ba)

g

I
\N)\NH
Ph\©,3e©
150ba

The general procedure B was followed using substrate 41b (124 mg, 0.50 mmol) and
diphenyl diselenide 148a (187 mg, 0.60 mmol). Purification by column

chromatography (nhexane/EtOAc: 4/1) yielded 150ba (166 mg, 82%) as a colorless
solid.

M.p. 143-146 °C. *H NMR (400 MHz, CDCls): 5 = 8.23 (d, J = 4.8 Hz, 2H), 7.57-7.53
(m, 2H), 7.36-7.32 (m, 2H), 7.32-7.22 (m, 8H), 7.17 (dd, J=7.7, 7.7 Hz, 1H), 6.85
(br's, 1H), 6.55 (t, J = 4.8 Hz, 1H). *C NMR (101 MHz, CDCls): 6 = 161.3 (Cg), 158.1
(CH), 140.2 (Cq), 139.7 (Cq), 135.1 (Cq), 134.8 (CH), 133.8 (Cq), 132.1 (CH), 130.4
(Cq), 129.7 (CH), 129.5 (CH), 128.9 (CH), 128.3 (CH), 128.0 (CH), 127.5 (CH), 127.4
(CH), 112.2 (CH). IR (ATR): 3194, 2919, 1580, 1519, 1441, 1406, 750, 692, 662, 637
cm™. MS (ESI) m/z (relative intensity): 426 (46) [M+Na]" , 404 (100) [M+H]", 236 (16),
103 (29). HR-MS (ESI) m/z calcd for CooH1gN3sSe, [M+H]* 404.0661, found 404.0660.

N-[2-(tert-Butyl)-6-(phenylselanyl)phenyl]pyrimidin-2-amine (150ca)
!
I
\N)\NH
tBu\@Se\O
150ca

The general procedure B was followed using substrate 41c (114 mg, 0.50 mmol) and
diphenyl diselenide 148a (187 mg, 0.60 mmol). Purification by column
chromatography (nhexane/EtOAc: 4/1) yielded 150ca (86.7 mg, 45%) as a colorless

solid.
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M.p. 154-156 °C. *H NMR (300 MHz, CDCls): 6 = 8.36 (s, 2H), 7.54-7.48 (m, 2H),
7.37 (dd, J = 6.1, 3.4 Hz, 1H), 7.32-7.24 (m, 3H), 7.11-7.08 (m, 2H), 6.87 (br s, 1H),
6.63 (t, J=4.8 Hz, 1H), 1.39 (s, 9H). >*C NMR (126 MHz, CDCls): & = 162.1 (Cy),
158.4 (CH), 149.1 (C,), 138.1 (Cg), 135.3 (C,), 135.2 (CH), 130.3 (CH), 130.2 (Cy),
129.4 (CH), 128.2 (CH), 128.0 (CH), 125.9 (CH), 111.8 (CH), 35.9 (Cg), 31.3 (CHby).
IR (ATR): 3197, 2962, 1576, 1442, 1401, 798, 781, 736, 691, 641 cm™. MS (El) m/z
(relative intensity): 383 (2) [M]", 326 (20), 248 (9), 226 (100), 210 (47), 196 (9), 169
(8), 77 (11). HR-MS (ESI) m/z calcd for CyoH»1N3Se, [M+H]" 384.0974, found
384.0976.

N-[2-Methoxy-6-(phenylselanyl)phenyl]pyrimidin-2-amine (150da)
@
I
\N)\NH
MeO\@Se\O

150da

The general procedure B was followed using substrate 41d (101 mg, 0.50 mmol) and
diphenyl diselenide 148a (187 mg, 0.60 mmol). Purification by column
chromatography (nhexane/EtOAc: 4/1) yielded 150da (115 mg, 65%) as a off-white
solid.

M.p. 198-201 °C. *H NMR (300 MHz, CDCls): 6 = 8.33 (d, J = 4.8 Hz, 2H), 7.54-7.41
(m, 2H), 7.27-7.19 (m, 3H), 7.04 (t, J=8.0 Hz, 1H), 6.92-6.78 (m, 3H), 6.64 (t,
J=4.8 Hz, 1H), 3.78 (s, 3H). *C NMR (75 MHz, CDCls): 6 = 161.7 (C,), 158.2 (CH),
154.7 (Cq), 134.6 (CH), 133.3 (Cy), 131.2 (Cy), 129.4 (CH), 127.8 (CH), 127.4 (Cy),
127.3 (CH), 124.9 (CH), 112.6 (CH), 110.0 (CH), 56.0 (CH3). IR (ATR): 3193, 2921,
1571, 1436, 1412, 1023, 763, 749, 691, 643 cm™. MS (ESI) m/z (relative intensity):
380 (31) [M+Na]*, 358 (100) [M+H]", 201 (45), 140 (93). HR-MS (ESI) m/z calcd for
C17H16N3OSe, [M+H]" 358.0454, found 358.0460.
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N-[2-(Methylthio)-6-(phenylselanyl)phenyl]pyrimidin-2-amine (150ea)

@

I
\N)\NH
MeS\@SeO
150ea

The general procedure B was followed using substrate 41e (109 mg, 0.50 mmol) and
diphenyl diselenide 148a (187 mg, 0.60 mmol). Purification by column

chromatography (nhexane/EtOAc: 4/1) yielded 150ea (97.3 mg, 52%) as a colorless

solid.

M.p. 155-156 °C. *H NMR (400 MHz, CDCls): 6 = 8.36 (d, J = 4.8 Hz, 2H), 7.54-7.46
(m, 2H), 7.32-7.21 (m, 3H), 7.16 (dd, J=7.7, 1.8 Hz, 1H), 7.11 (dd, J = 7.6 Hz, 1H),
7.06 (dd, J=7.6, 1.8 Hz, 1H), 6.87 (br s, 1H), 6.66 (t, J = 4.8 Hz, 1H), 2.39 (s, 3H).
13C NMR (101 MHz, CDCls): 6 = 161.5 (Cq), 158.5 (CH), 138.9 (Cq), 134.9 (CH),
134.8 (Cq), 134.6 (Cq), 130.1 (Cq), 129.5 (CH), 129.1 (CH), 128.1 (CH), 128.1 (CH),
124.8 (CH), 112.6 (CH), 15.8 (CH3). IR (ATR): 3179, 3048, 2905, 1575, 1511, 1435,
1401, 746, 694, 642 cm™. MS (ESI) m/z (relative intensity): 396 (9) [M+Na]*, 374
(100) [M+H]", 217 (30), 170 (77). HR-MS (ESI) m/z calcd for C17H1N3sSeS, [M+H]"
374.0225, found 374.0233.

N-[4-Chloro-2-(phenylselanyl)phenyl]pyrimidin-2-amine (150ia) and N-[4-Chloro-
2,6-bis(phenylselanyl)phenyl]pyrimidin-2-amine (150ia’)

) )
I I
NS NS
N/l\NH + N/L\NH
@ O @SGQ%O
Cl Cl
150ia 150ia’

The general procedure B was followed using substrate 41i (103 mg, 0.50 mmol) and
diphenyl diselenide 148a (187 mg, 0.60 mmol). Purification by column
chromatography (nhexane/EtOAc: 4/1) yielded 150ia (66.6 mg, 37%) as a colorless
solid and 150ia’ (55.2 mg, 21%) as a yellow solid.
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N-[4-Chloro-2-(phenylselanyl)phenyl]pyrimidin-2-amine (150ia):

M.p. 97-99 °C. *H NMR (300 MHz, CDCls): 6 = 8.50 (d, J=8.9 Hz, 1H), 8.40 (d,
J =4.8 Hz, 2H), 8.07 (br s, 1H), 7.67 (d, J = 2.5 Hz, 1H), 7.38 (dd, J =8.9, 2.5 Hz,
1H), 7.35-7.30 (m, 2H), 7.25-7.15 (m, 3H), 6.74 (t, J=4.8 Hz, 1H). *C NMR
(76 MHz, CDCls): 6 = 159.9 (Cq), 158.1 (CH), 139.7 (Cq), 136.6 (CH), 131.0 (CH),
130.5 (Cq), 130.3 (CH), 129.7 (CH), 127.4 (CH), 127.3 (Cq), 121.0 (CH), 120.6 (Cy),
113.4 (CH). IR (ATR): 3332, 3052, 1573, 1519, 1444, 1396, 795, 732, 690, 593 cm™.
MS (ESI) m/z (relative intensity): 383 (78) [M+Na]" (**Cl), 362 (100) [M+H]* (**Cl).
HR-MS (ESI) m/z calcd for C16H15*°CIN3Se, [M+H]* 361.9956, found 361.9956.

N-{4-Chloro-2,6-bis(phenylselanyl)phenyl}pyrimidin-2-amine (150ia’):

M.p. 166-168 °C. *H NMR (300 MHz, CDCls): 6 = 8.35 (d, J = 4.8 Hz, 2H), 7.55-7.48
(m, 4H), 7.36—7.24 (m, 6H), 7.03 (s, 2H), 6.94 (br s, 1H), 6.69 (t, J = 4.8 Hz, 1H).
13C NMR (126 MHz, CDCls): 6 = 161.1 (Cq), 158.3 (CH), 135.8 (Cq), 135.1 (CH),
134.9 (Cq), 133.5 (Cq), 130.2 (CH), 129.7 (CH), 128.9 (Cq), 128.6 (CH), 112.9 (CH).
IR (ATR): 3133, 2902, 1582, 1507, 1405, 1373, 796, 733, 687, 462 cm™. MS (ESI)
m/z (relative intensity): 518 (100) [M+H]" (*°Cl). HR-MS (ESI) m/z calcd for
Ca22H17°CIN3Se,, [M+H]* 517.9435, found 517.9443.

N-[4-Bromo-2-(phenylselanyl)phenyl]pyrimidin-2-amine (150ja) and N-[4-Bromo-
2,6-bis(phenylselanyl)phenyl]pyrimidin-2-amine (150ja’)

I I
NS NS
N)\NH . N)\NH
@F%O @Seéjfse@
150ja 150ja"

The general procedure B was followed using substrate 41j (125 mg, 0.50 mmol) and
diphenyl diselenide 148a (187 mg, 0.60 mmol). Purification by column
chromatography (nhexane/EtOAc: 5/1) yielded 150ja (68.3 mg, 34%) as a colorless
solid and 150ja’ (55.8 mg, 20%) as a colorless solid.
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N-[4-Bromo-2-(phenylselanyl)phenyl]pyrimidin-2-amine (150ja):

M.p. 91-93 °C. *H NMR (300 MHz, CDCls): 6 = 8.47 (d, J=8.9 Hz, 1H), 8.41 (d,
J = 4.8 Hz, 2H), 8.10 (br s, 1H), 7.82 (d, J = 2.4 Hz, 1H), 7.51 (dd, J = 8.9, 2.4 Hz,
1H), 7.36-7.30 (m, 2H), 7.25-7.17 (m, 3H), 6.74 (t, J=4.8 Hz, 1H). *C NMR
(126 MHz, CDCl3): 6 = 159.7 (Cq), 157.9 (CH), 140.1 (Cq), 139.4 (CH), 133.2 (CH),
130.9 (CH), 130.4 (Cq), 129.6 (CH), 127.3 (CH), 121.2 (CH), 120.8 (Cq), 114.6 (Ca),
113.4 (CH). IR (ATR): 3351, 3332, 1576, 1511, 1444, 1393, 1379, 1297, 793, 734
cm™. MS (ESI) m/z (relative intensity): 406 (100) [M+H]*, 327 (3), 249 (31). HR-MS
(ESI) m/z calcd for C16H13NsSe ®Br, [M+H]* 405.9450, found 405.9443.

N-[4-Bromo-2,6-bis(phenylselanyl)phenyl]pyrimidin-2-amine (150ja’):

M.p. 156-158 °C. 'H NMR (400 MHz, CDCls): 6 = 8.34 (d, J = 4.8 Hz, 2H), 7.52-7.48
(m, 4H), 7.32-7.25 (m, 6H), 7.20 (s, 2H), 6.96 (br s, 1H), 6.68 (t, J = 4.8 Hz, 1H).
13C NMR (101 MHz, CDCls): 6 = 161.1 (Cg), 158.4 (CH), 136.0 (Cq), 135.6 (Cq), 135.0
(CH), 133.3 (CH), 129.8 (CH), 129.1 (Cq), 128.6 (CH), 121.5 (Cq), 113.0 (CH). IR
(ATR): 3136, 2903, 1581, 1508, 1442, 1405, 1369, 732, 688, 445 cm™. MS (ESI) m/z
(relative intensity): 584 (7) [M+Na]" (“°Br), 562 (100) [M+H]" ("Br), 399 (7), 117 (30).
HR-MS (ESI) m/z calcd for C;H17N3"°BrSe,, [M+H]" 561.8929, found 561.8932.

N-[4-lodo-2-(phenylselanyl)phenyl]pyrimidin-2-amine (150ka) and N-[4-lodo-2,6-
bis-(phenyl-selanyl)phenyl]pyrimidin-2-amine (150ka’)

Ch Ch
| |
SN . S
@SGO @Sﬁjﬁe@
| |
150ka 150ka’

The general procedure B was followed using substrate 41k (149 mg, 0.50 mmol) and
diphenyl diselenide 148a (187 mg, 0.60 mmol). Purification by column
chromatography (nhexane/EtOAc: 4/1) yielded 150ka (84.4 mg, 38%) as a yellow
solid and 150ka’ (63.8 mg, 21%) as a colorless solid.
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N-[4-lodo-2-(phenylselanyl)phenyl]pyrimidin-2-amine (150ka):

M.p. 119-121 °C. *H NMR (300 MHz, CDCls): & = 8.40 (d, J = 4.8 Hz, 2H), 8.32 (d,
J =8.8 Hz, 1H), 8.23 (br s, 1H), 8.01 (d, J = 2.2 Hz, 1H), 7.69 (dd, J =8.8, 2.2 Hz,
1H), 7.35-7.27 (m, 2H), 7.25-7.14 (m, 3H), 6.75 (t, J=4.8 Hz, 1H). *C NMR
(75 MHz, CDClg): 6 = 159.5 (Cq), 158.0 (CH), 145.3 (CH), 140.7 (Cq), 139.2 (CH),
130.9 (CH), 130.6 (Cq), 129.7 (CH), 127.3 (CH), 121.9 (CH), 121.4 (Cq), 113.4 (CH),
85.2 (Cq). IR (ATR): 3344, 3321, 1575, 1555, 1507, 1476, 1440, 1392, 792, 739 cm™,
MS (ESI) m/z (relative intensity): 454 (100) [M+H]", 329 (25), 297 (25), 171 (20). HR-
MS (ESI) m/z calcd for Ci6H13NsSel, [M+H]" 453.9315, found 453.9310.

N-[4-lodo-2,6-bis(phenylselanyl)phenyl]pyrimidin-2-amine (150ka’):

M.p. 145-147 °C. *H NMR (400 MHz, CDCls): & = 8.33 (d, J = 4.6 Hz, 2H), 7.50-7.46
(m, 4H), 7.45 (s, 2H), 7.30-7.23 (m, 6H), 6.97 (br s, 1H), 6.68 (t, J = 4.8 Hz, 1H).
13C NMR (101 MHz, CDCl3): 6 = 161.0 (Cgq), 158.3 (CH), 139.7 (CH), 136.8 (Cy),
135.7 (Cq), 134.7 (CH), 129.8 (CH), 129.4 (Cq), 128.5 (CH), 113.0 (CH), 92.9 (Cq). IR
(ATR): 3187, 3045, 1581, 1443, 1404, 848, 737, 688, 669, 472 cm™. MS (ESI) m/z
(relative intensity): 610 (100) [M+H]* (®°Se), 483 (15), 452 (48), 308 (14), 172 (8).
HR-MS (ESI) m/z calcd for CxH17N3slSe,, [M+H]" 609.8796, found 609.8791.

N-[5-Fluoro-2-(phenylselanyl)phenyl]pyrimidin-2-amine (1500a)
I
I
\N)\NH
jege
F

1500a

The general procedure B was followed using substrate 410 (94.6 mg, 0.50 mmol)
and diphenyl diselenide 148a (187 mg, 0.60 mmol). Purification by column
chromatography (nhexane/EtOAc: 4/1) yielded 1500a (82.2 mg, 48%) as a colorless

solid.

M.p. 133-135 °C. *H NMR (300 MHz, CDCls): 6 = 8.59 (dd, J=12.2, 2.8 Hz, 1H),
8.44 (d, J = 4.8 Hz, 2H), 8.40 (br s, 1H), 7.73 (dd, J = 8.5, 6.6 Hz, 1H), 7.29-7.14 (m,
5H), 6.77 (t, J = 4.8 Hz, 1H), 6.71 (ddd, J = 8.5, 7.9, 2.8 Hz, 1H). *3C NMR (75 MHz,
CDCls): 6 = 164.5 (d, YJc_r = 246.5 Hz, Cq), 159.6 (Cq), 158.0 (CH), 143.2 (d, %Jcr =
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12.8 Hz, Cq), 139.7 (d, *Jc_r = 9.7 Hz, CH), 131.5 (Cq), 129.8 (CH), 129.6 (CH), 126.8
(CH), 113.7 (CH), 112.3 (d, *Jc_r = 3.3 Hz, Cq), 109.5 (d, 2Jc_r = 22.0 Hz, CH), 106.5
(d, 2Jc_r = 29.0 Hz, CH). *F NMR (282 MHz, CDCls): &= -107.95 (m). IR (ATR):
3331, 1568, 1520, 1435, 1393, 861, 790, 736, 616, 582 cm™. MS (ESI) m/z (relative
intensity): 384 (20) [M+K]", 362 (64) [M+NH4]*, 346 (100) [M+H]", 189 (72), 173 (38).
HR-MS (ESI) m/z calcd for C16H13FN3Se, [M+H]" 346.0254, found 346.0250.

N-[2-(Phenylselanyl)-5-(trifluoromethyl)phenyl]pyrimidin-2-amine (150na)
g
I
\N)\NH
jege
F3C

150na

The general procedure B was followed using substrate 41n (120 mg, 0.50 mmol) and
diphenyl diselenide 148a (187 mg, 0.60 mmol). Purification by column
chromatography (nhexane/EtOAc: 4/1) yielded 150na (110 mg, 56%) as a colorless
solid.

M.p. 97-100 °C. *H NMR (300 MHz, CDCls): & = 8.93 (d, J = 1.6 Hz, 1H), 8.45 (d,
J = 4.8 Hz, 2H), 8.22 (br s, 1H), 7.76 (d, J = 8.0 Hz, 1H), 7.40-7.29 (m, 2H), 7.27—
7.16 (m, 4H), 6.79 (t, J = 4.8 Hz, 1H). *C NMR (126 MHz, CDCls): 6 = 159.6 (C),
158.0 (CH), 141.3 (C,), 137.4 (CH), 132.2 (q, “Jc_r = 32.3 Hz, Cg), 131.4 (CH), 130.0
(Cq), 129.7 (CH), 127.5 (CH), 124.1 (q, "Jcr = 272.2 Hz, C4 Cg), 123.3 (Cy), 119.0 (q,
3JcF = 3.7 Hz, CH), 116.3 (q, 3Jc_r = 4.0 Hz, CH), 113.7 (CH). *°F NMR (282 MHz,
CDCls): 6= -62.81 (s). IR (ATR): 3325, 1569, 1524, 1437, 1426, 1328, 1119, 794,
737, 604 cm™. MS (ESI) m/z (relative intensity): 434 (27) [M+K]*, 412 (100), 396 (39)
[M+H]*, 353 (11), 238 (14). HR-MS (ESI) m/z calcd for Ci7HisFsNsSe, [M+H]*
396.0222, found 396.0227.
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N-[5-Chloro-2-(phenylselanyl)phenyl]pyrimidin-2-amine (150pa)
!
I
\N)\NH
jege
Cl

150pa

The general procedure B was followed using substrate 41p (103 mg, 0.50 mmol) and
diphenyl diselenide 148a (187 mg, 0.60 mmol). Purification by column
chromatography (nhexane/EtOAc: 4/1) yielded 150pa (104 mg, 58%) as a colorless

solid.

M.p. 133-135 °C. *H NMR (300 MHz, CDCls): & = 8.77 (d, J = 2.3 Hz, 1H), 8.44 (d,
J=4.8Hz, 2H), 8.27 (br s, 1H), 7.65 (d, J = 8.2 Hz, 1H), 7.32-7.24 (m, 2H), 7.23—
7.12 (m, 3H), 6.97 (dd, J=8.2, 2.3 Hz, 1H), 6.77 (t, J=4.8 Hz, 1H). *C NMR
(75 MHz, CDCls): 6 = 159.6 (Cq), 158.1 (CH), 142.4 (C,), 138.9 (CH), 136.7 (Cy),
131.0 (Cq), 130.3 (CH), 129.6 (CH), 127.0 (CH), 122.7 (CH), 119.2 (CH), 116.2 (C),
113.7 (CH). IR (ATR): 3331, 1574, 1557, 1515, 1434, 1410, 1391, 790, 737,
620 cm™. MS (El) m/z (relative intensity): 361 (7) [M]* (°°Cl), 206 (32), 204 (100), 169
(20). HR-MS (ESI) m/z calcd for C16H13*°CIN3Se, [M+H]" 361.9930, found 361.9946.

N-[5-Methyl-2-(phenylselanyl)phenyl]pyrimidin-2-amine (150qa)
()
I
\N)\NH
jege
Me

150qga

The general procedure B was followed using substrate 41q (92.6 mg, 0.50 mmol)
and diphenyl diselenide 148a (187 mg, 0.60 mmol). Purification by column
chromatography (nhexane/EtOAc: 4/1) yielded 150qa (54.7 mg, 32%) as a colorless

solid.

M.p. 106-108 °C. *H NMR (300 MHz, CDCls): & = 8.40 (d, J = 4.8 Hz, 1H), 8.37 (d,
J=1.2 Hz, 2H), 8.16 (brs, 1H), 7.61 (d, J = 7.8 Hz, 1H), 7.29-7.23 (m, 2H), 7.20-
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7.09 (m, 3H), 6.83 (dd, J=7.8, 1.3 Hz, 1H), 6.71 (t, J =4.8 Hz, 1H), 2.43 (s, 3H).
C NMR (126 MHz, CDCls): & =159.9 (C,), 157.9 (CH), 141.1(C,), 137.9 (CH),
131.8 (Cy), 123.0 (CH), 129.4 (CH), 126.5 (CH), 124.1 (CH), 120.4 (CH), 115.4 (Cy),
112.9 (CH), 22.10 (CHs). IR (ATR): 3333, 1574, 1527, 1437, 1392, 1020, 790, 736,
625, 610, 452 cm™. MS (ESI) m/z (relative intensity): 358 (98), 342 (88) [M+H]*, 185
(100). HR-MS (ESI) m/z calcd for C17H16NsSe, [M+H]" 342.0505, found 342.0508.

N-[5-Methoxy-2-(phenylselanyl)phenyl]pyrimidin-2-amine (150ra)
Ch
I
\N)\NH
jege
MeO

150ra

The general procedure B was followed using substrate 41r (101 mg, 0.50 mmol) and
diphenyl diselenide 148a (187 mg, 0.60 mmol). Purification by column
chromatography (nhexane/EtOAc: 4/1) yielded 150ra (63.4 mg, 41%) as a colorless
solid.

M.p. 85-87 °C. 'H NMR (300 MHz, CDCls): 6 =8.42 (d, J =4.8 Hz, 2H), 8.41 (d,
J = 2.5 Hz, 1H), 8.34 (br s, 1H), 7.67 (d, J = 8.5 Hz, 1H), 7.25-7.08 (m, 5H), 6.72 (t,
J=4.8 Hz, 1H), 6.58 (dd, J=8.5, 2.8 Hz, 1H), 3.89 (s, 3H). *C NMR (76 MHz,
CDCl3): 6 = 162.0 (Cq), 159.9 (C,), 158.0 (CH), 142.9 (C,), 139.6 (CH), 132.4 (Cy),
129.4 (CH), 129.3 (CH), 126.4 (CH), 113.2 (CH), 108.5 (Cg), 108.3 (CH), 105.2 (CH),
55.6 (CHas). IR (ATR): 3335, 2953, 1562, 1446, 1258, 1166, 859, 733, 632, 455 cm™,
MS (ESI) m/z (relative intensity): 396 (20) [M+K]", 374 (76), 358 (61) [M+H]", 201
(100), 173 (22). HR-MS (ESI) m/z calcd for C17H16N3OSe, [M+H]" 358.0454, found
358.0445.

162



5 Experimental Part

N-[4-Fluoro-2-methyl-6-(phenylselanyl)phenyl]pyrimidin-2-amine (150ta)
C
NS
N

I
A
@O
F
150ta

The general procedure B was followed using substrate 41t (102 mg, 0.50 mmol) and
diphenyl diselenide 148a (187 mg, 0.60 mmol). Purification by column
chromatography (nhexane/EtOAc: 4/1) yielded 150ta (150 mg, 84%) as a colorless
solid.

M.p. 143-145 °C. *H NMR (300 MHz, CDCls): 6 = 8.32 (d, J = 4.8 Hz, 2H), 7.55-7.50
(m, 2H), 7.33-7.24 (m, 3H), 6.86 (dd, J = 8.9, 2.8 Hz, 1H), 6.74 (br s, 1H), 6.70 (dd,
J=8.5,3.0 Hz, 1H), 6.64 (t, J = 4.8 Hz, 1H), 2.24 (s, 3H). **C NMR (75 MHz, CDCl,):
5= 161.3 (Cq), 161.3 (d, *Jc_r = 248.4 Hz, Cq), 158.4 (CH), 139.5 (d, %Jc_r = 8.4 Hz,
Cq), 136.0 (d, ®Jc_r = 8.1 Hz, Cq), 135.3 (CH), 131.5 (d, *Jc_r = 2.9 Hz, Cq), 129.6
(CH), 128.5 (CH), 128.3 (Cq), 115.8 (d, 2Jc_r = 22.4 Hz, CH), 115.45 (d, 2Jcr =
24.3 Hz, CH), 112.1 (CH), 18.9 (CHs). *F NMR (282 MHz, CDCls): 6 = -114.62 (t,
J = 8.7 Hz). IR (ATR): 3208, 3060, 1573, 1505, 1437, 1411, 799, 744, 690, 541 cm™.
MS (ESI) m/z (relative intensity): 773 (30), 398 (100) [M+K]*, 382 (24) [M+Na]", 376
(99) [M+NH,4]*, 360 (16) [M+H]", 203 (19). HR-MS (ESI) m/z calcd for C17H15FN3Se,
[M+H]* 360.0410, found 360.0416.

N-[2,4-Difluoro-6-(phenylselanyl)phenyl]pyrimidin-2-amine (150ua)

~ "N
X

I
N)\NH
F\<j8e\©
F
150ua

The general procedure B was followed using substrate 41u (104 mg, 0.50 mmol) and
diphenyl diselenide 148a (187 mg, 0.60 mmol). Purification by column
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chromatography (nhexane/EtOAc: 4/1) yielded 150ua (95.0 mg, 52%) as a yellow
solid.

M.p. 137-140 °C. *H NMR (300 MHz, CDCls): 6 = 8.36 (d, J = 4.8 Hz, 2H), 7.58-7.54
(m, 2H), 7.37-7.28 (m, 3H), 7.07 (br s, 1H), 6.78 (ddd, J = 9.5, 8.4, 2.8 Hz, 1H), 6.70
(t, J = 4.8 Hz, 1H), 6.64 (ddd, J = 8.4, 2.7, 1.6 Hz, 1H). *C NMR (75 MHz, CDCls):
5=161.6 (dd, "Jc_r = 183.7 Hz, ®Jc_r = 12.4 Hz, C,), 161.2 (Cy), 158.4 (CH), 158.2
(dd, JcF=187.2, *JcF = 12.5 Hz, Cy), 137.2(d, J = 7.9 Hz, C,), 135.8 (CH), 130.0
(CH), 129.1 (CH), 127.9 (Cy), 121.7 (dd, %Jc_r = 13.8, *Jcr = 4.0 Hz, Cg), 113.3 (dd,
2Jer = 24.3, “2Jc_r = 3.6 Hz, CH), 112.9 (CH), 102.9 (dd, %Jc_r = 26.5, 24.8 Hz, CH).
YF NMR (282 MHz, CDCls): 5=-111.28 (dd, J=15.6, 8.2 Hz), -113.20 (m). IR
(ATR): 3203, 2921, 1583, 1523, 1443, 1410, 997, 832, 745, 690 cm™. MS (ESI) m/z
(relative intensity): 402 (6) [M+K]", 380 (30), 364 (100) [M+H]". HR-MS (ESI) m/z
calcd for C1gH12F2N3Se, [M+H]" 364.0160, found 364.0162.

N-[4,5-Difluoro-2-(phenylselanyl)phenyl]pyrimidin-2-amine (150va)
!
I
\N)\NH
Se\@
F

F
150va

The general procedure B was followed using substrate 41v (104 mg, 0.50 mmol) and
diphenyl diselenide 148a (187 mg, 0.60 mmol). Purification by column
chromatography (nhexane/EtOAc: 4/1) yielded 150va (89.3 mg, 49%) as a colorless
solid.

M.p. 117-119 °C. *H NMR (300 MHz, CDCls): 6 = 8.65 (dd, J=13.6, 7.8 Hz, 1H),
8.43 (d, J = 4.8 Hz, 2H), 8.15 (br s, 1H), 7.54 (dd, J = 9.4, 8.8 Hz, 1H), 7.34-7.27 (m,
2H), 7.25-7.16 (m, 3H), 6.77 (t, J=4.8Hz, 1H). *C NMR (126 MHz, CDCly):
5=159.4 (C;), 157.9 (CH), 151.2 (dd, 'Jcr= 247.8Hz, °Jcr=12.8Hz, C,),
145.0 (dd, *Jc_r = 246.9 Hz, ®Jc ¢ = 13.4 Hz, Cg), 138.2 (dd, 2Jc_r = 10.0 Hz, 3Jc¢ =
2.5 Hz, CH), 130.6 (CH), 130.5 (Cy), 129.6 (CH), 127.3 (CH), 125.5(dd, *Jcr =
18.1 Hz, *Jc_r = 1.6 Hz, CH), 113.6 (CH), 112.9 (C,), 108.7 (d, 2Jc_r = 24.0 Hz, CH).
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F NMR (282 MHz, CDCls): 8 =-132.6 (dddd, J = 22.3, 13.6, 8.8, 1.3 Hz), -144.6
(ddd, J =22.2, 9.5, 7.9 Hz). IR (ATR): 3354, 3050, 1569, 1446, 1396, 881, 742, 690,
568, 452 cm™. MS (ESI) m/z (relative intensity): 386 (8) [M+Na]*, 381 (88), 364 (100)
[M+H]", 353 (44), 221 (11), 207 (75). HR-MS (ESI) m/z calcd for CigH1F2N3Se,
[M+H]* 364.0160, found 364.0155.

N-[2,3,4-Trifluoro-6-(phenylselanyl)phenyl]pyrimidin-2-amine (150wa)

Z "N
N

I
N)\NH
F SGO
F
F
150wa

The general procedure B was followed using substrate 41w (113 mg, 0.50 mmol) and
diphenyl diselenide 148a (187 mg, 0.60 mmol). Purification by column
chromatography (nhexane/EtOAc: 4/1) yielded 150wa (98.7 mg, 52%) as a yellow
solid.

M.p. 118-119 °C. *H NMR (300 MHz, CDCls): 6 = 8.35 (d, J = 4.8 Hz, 2H), 7.52—-7.46
(m, 2H), 7.35-7.23 (m, 3H), 7.20 (br s, 1H), 6.88 (ddd, J = 9.9, 7.7, 2.3 Hz, 1H), 6.73
(t, J=4.8Hz, 1H). “CNMR (126 MHz, CDCls): &=160.6 (C;), 158.2 (CH),
149.5 (ddd, "Jc_r = 251.5 Hz, 2Jc¢ = 10.4 Hz, *Jc_¢ = 3.2 Hz, Cy), 147.9 (ddd, "Jc_¢
254.7 Hz, %Jc_¢ = 10.6 Hz, *Jc_F = 4.0 Hz, C), 139.5 (ddd, *Jc_r = 251.8 Hz, %Jc ¢
15.4 Hz, Cg), 134.8 (CH), 129.8 (CH), 128.7 (CH), 128.3 (C,), 127.4 (dd, 3Jc ¢
6.2 Hz, *Jc_r = 3.8 Hz, Cg), 123.8 (dd, 2Jc_r = 10.7 Hz, 3Jc_¢ = 3.7 Hz, Cy), 114.6 (dd,
2Jer = 19.5 Hz, 3Jc_r = 3.5 Hz, CH), 113.3 (CH). ®F NMR (282 MHz, CDCls): & =
-134.66 (ddd, J = 20.6, 6.4, 2.3 Hz), -135.65 (ddd, J = 21.1, 9.9, 6.4 Hz), -158.80
(ddd, J = 20.9, 20.9, 7.7 Hz). IR (ATR): 3196, 2972, 1579, 1489, 1439, 1408, 1008,
735, 686, 465 cm™. MS (ESI) m/z (relative intensity): 382 (100) [M+H]", 236 (34), 159
(13). HR-MS (ESI) m/z calcd for C16H11N3F3Se, [M+H]" 382.0065, found 382.0067.
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N-[2-(Phenylselanyl)naphthalen-1-yl]pyrimidin-2-amine (150ya)
Ch
I
\N)\NH
sepe

150ya

The general procedure B was followed using substrate 41y (111 mg, 0.50 mmol) and
diphenyl diselenide 148a (187 mg, 0.60 mmol). Purification by column
chromatography (nhexane/EtOAc: 4/1) yielded 150ya (148 mg, 78%) as a yellow

solid.

M.p. 144-146 °C. *H NMR (300 MHz, CDCls): 6 = 8.31 (d, J = 4.8 Hz, 2H), 7.98-7.91
(m, 1H), 7.86-7.78 (m, 1H), 7.65 (d, J = 8.7 Hz, 1H), 7.55-7.49 (m, 2H), 7.49-7.44
(m, 2H), 7.41 (d, J=8.6 Hz, 1H), 7.40 (br s, 1H), 7.29-7.20 (m, 3H), 6.64 (t,
J = 4.8 Hz, 1H). *C NMR (126 MHz, CDCls): 6 = 162.1 (Cq), 158.4 (CH), 134.4 (CH),
133.8 (Cq), 133.7 (Cq), 131.6 (Cq), 130.2 (Cq), 130.2 (Cq), 129.7 (CH), 129.5 (CH),
128.4 (CH), 127.9 (CH), 127.9 (CH), 126.9 (CH), 126.2 (CH), 123.6 (CH), 112.3
(CH). IR (ATR): 3223, 3058, 1577, 1561, 1441, 1384, 817, 791, 738, 691 cm™. MS
(ESI) m/z (relative intensity): 400 (16) [M+Na]", 378 (67) [M+H]*, 221 (100). HR-MS
(ESI) m/z calcd for CooH1sN3Se, [M+H]" 378.0505, found 378.0507.

N-{2-[(4-Chlorophenyl)selanyl]-6-fluorophenyl}pyrimidin-2-amine (150ab)
Ch
I
\N)\NH
F\@SG\@\
Cl
150ab

The general procedure B was followed using substrate 41a (94.6 mg, 0.50 mmol)
and diselenide 148b (191 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 4/1) yielded 150ab (140 mg, 74%) as a yellow solid.

M.p. 210-212°C. 'H NMR (300 MHz, ds-DMSO): 5= 8.99 (s, 1H), 8.33 (d,
J = 4.8 Hz, 2H), 7.48 (d, J = 8.6 Hz, 2H), 7.39 (d, J = 8.6 Hz, 2H), 7.22-7.12 (m, 2H),
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6.97-6.88 (m, 1H), 6.76 (t, J = 4.8 Hz, 1H). *C NMR (75 MHz, d¢-DMSO): 6 = 161.2
(Cq), 158.4 (d, YJc_r= 249.1 Hz, Cg), 158.0 (CH), 136.1 (CH), 135.0 (Cq), 133.2 (Cq),
129.6 (CH), 128.0 (d, %Jc_r= 8.6 Hz, CH), 128.0 (Cq), 126.9 (d, “Jc_r = 3.4 Hz, CH),
126.7 (d, *Jcr=14.1 Hz, Cq), 114.5 (d, 2Jc_r= 21.1 Hz, CH), 112.1 (CH). *F NMR
(282 MHz, dg-DMSO): & = -113.03 (m). IR (ATR): 3195, 2966, 1580, 1520, 1441,
1408, 1086, 789, 774, 483 cm™. MS (ESI) m/z (relative intensity): 402 (6) [M+Na]",
381 (100) [M+2H]", 353 (49), 279 (7), 190 (8), 170 (8). HR-MS (ESI) m/z calcd for
C16H12°°CIFN3Se, [M+H]" 379.9861, found 379.9855.

N-[2-Fluoro-6-(phenylthio)phenyl]-9-isopropyl-9H-purin-6-amine (175aa)

oab
F Nt);EN\>

Pr
175aa
The general procedure A was followed using substrate 174a (136 mg, 0.50 mmol)
and diphenyl disulfide 62a (131 mg, 0.60 mmol). Purification by column
chromatography (nhexane/EtOAc: 1/1) yielded 175aa (175 mg, 92%) as a yellow oil.

'H NMR (300 MHz, CDCls): 6 = 8.41 (s, 1H), 7.86 (s, 1H), 7.48 (br s, 1H), 7.32—-7.26
(m, 2H), 7.21-7.07 (m, 6H), 4.84 (sept, J = 6.8 Hz, 1H), 1.61 (d, J = 6.8 Hz, 6H).
3C NMR (76 MHz, CDCls): 6 =158.7 (d, "Jcr = 252.1 Hz, C,), 153.0 (C,), 152.6
(CH), 149.9 (C,), 138.5 (CH), 136.2 (C,), 133.9 (C,), 132.0 (CH), 129.3 (CH), 127.9
(d, 3Jc_¢ = 8.6 Hz, CH), 127.6 (CH), 127.3 (d, *Jc_r = 3.3 Hz, CH), 125.5 (d, 2Jcr =
13.8 Hz, C,), 120.8 (Cg), 115.35 (d, 2Jc_r = 20.8 Hz, CH), 47.2 (CH), 22.9 (CHy).
F NMR (283 MHz, CDCls): 5 =-115.55 (dd, J = 9.0, 5.6 Hz). IR (ATR) = 3382,
1607, 1575, 1470, 1450, 1003, 896, 750, 694, 649 cm™. MS (El) m/z (relative
intensity):379 (10) [M]*, 360 (9), 287 (30), 270 (69), 228 (100), 201 (8). HR-MS (El)
m/z calcd for CxoH1gFNsS, [M]* 379.1267, found 379.1263.
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N-[2-Fluoro-6-(phenylselanyl)phenyl]-9-isopropyl-9H-purin-6-amine (176aa)

sae
F NKNEEN\>

iPr
176aa
The general procedure B was followed using substrate 174a (136 mg, 0.50 mmol)
and diphenyl diselenide 148a (187 mg, 0.60 mmol). Purification by column
chromatography (nhexane/EtOAc: 1/1) yielded 176aa (175 mg, 82%) as a yellow oil.

'H NMR (400 MHz, CDCls): 6 = 8.41 (s, 1H), 7.86 (s, 1H), 7.68 (br s, 1H), 7.46-7.42
(m, 2H), 7.18-7.07 (m, 6H), 4.85 (sept, J = 6.8 Hz, 1H), 1.61 (d, J = 6.8 Hz, 6H).
3C NMR (101 MHz, CDCls): 6 =158.5 (d, *Jc_r = 252.4 Hz, C,), 153.2 (C,), 152.5
(CH), 149.9 (C,), 138.5 (CH), 134.4 (CH), 133.8 (Cg), 129.6 (Cg), 129.4 (CH), 128.5
(d, *Jc_r = 3.4 Hz, CH), 128.3 (d, %Jc_r = 8.2 Hz, CH), 128.0 (CH), 125.8 (d, 2Jc_¢ =
13.6 Hz, Cg), 120.7 (Cg), 115.3 (d, *Jc_r =20.8 Hz, CH), 47.3 (CH), 22.8 (CHy).
F NMR (376 MHz, CDCls): 6 = -116.20— -116.25 (m). IR (ATR) = 3156, 2972, 1609,
1574, 1463, 1261, 1222, 881, 745, 693 cm™. MS (El) m/z (relative intensity): 427 (8)
[M]", 335 (6), 270 (73), 228 (100), 201 (7). HR-MS (ESI) m/z calcd for CxoH19FNsSe,
[M+H]" 428.0785, found 428.0781.

9-Isopropyl-N-[4-methoxy-2-(phenylselanyl)phenyl]-9H-purin-6-amine (176ba)

O
NH

k >

/Pr
176ba

The general procedure B was followed using substrate 174b (142 mg, 0.50 mmol)
and diphenyl diselenide 148a (187 mg, 0.60 mmol). Purification by column
chromatography (nhexane/EtOAc: 1/1) yielded 176ba (42.8 mg, 20%) as a yellow oil.
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'H NMR (300 MHz, CDCls): 6 = 8.45 (s, 1H), 8.32 (d, J = 8.9 Hz, 1H), 8.27 (br s, 1H),
7.86 (s, 1H), 7.42-7.36 (m, 2H), 7.17 (d, J = 2.9 Hz, 1H), 7.16-7.10 (m, 3H), 6.99
(dd, J = 9.0, 3.0 Hz, 1H), 4.84 (sept, J = 6.8 Hz, 1H), 3.77 (s, 3H), 1.61 (d, J = 6.8 Hz,
6H). **C NMR (76 MHz, CDCls): & = 156.2 (Cy), 152.6 (Cg), 152.5 (CH), 149.3 (Cy),
138.3 (CH), 132.8 (Cg), 132.1 (CH), 130.6 (Cy), 129.4 (CH), 127.3 (CH), 124.1 (Cy),
124.1 (CH), 121.2 (CH), 120.9 (Cg), 115.4 (CH), 55.7 (CHg), 47.2 (CH), 22.9 (CHy).

5.3.3 Experimental Procedures and Analytical Data — Removal of the Directing
Group

2-Fluoro-6-(phenylthio)aniline (177a)

ASRS
177a
The general procedure C was followed using substrate 149aa (59.6 mg, 0.20 mmol)

in aqueous HCI (37%, 1.0 mL). Purification by column chromatography (nhexane/
EtOAc: 5/1) yielded 177a (25.3 mg, 58%) as a colorless oil.

'H NMR (400 MHz, CDCls): 6 = 7.27-7.26 (m, 1H), 7.26-7.22 (m, 2H), 7.18-7.14 (m,
1H), 7.14-7.10 (m, 2H), 7.08 (ddd, J = 10.8, 8.2, 1.4 Hz, 1H), 6.68 (ddd, J = 8.0, 5.4,
5.4 Hz, 1H), 4.32 (br s, 2H). *C NMR (76 MHz, CDCls): 6= 151.6 (d, “Jcr=
241.6 Hz, Cy), 137.8 (d, 2Jc_r = 12.3 Hz, Cg), 136.1 (Cy), 132.4 (d, “Jc_r= 3.1 Hz,
CH), 129.2 (CH), 127.0 (CH), 125.9 (CH), 117.4 (d, %Jc_r= 7.7 Hz, CH), 116.8 (d,
3JcF= 3.0 Hz, Cy), 116.5 (d, Jc_r = 18.7 Hz, CH). °F NMR (283 MHz, CDCls): 6 = -
132.24 (dd,
J =10.7, 5.3 Hz). IR (ATR): 3479, 3372, 3060, 1616, 1568, 1473, 1196, 739, 722,
690 cm™. MS (El) m/z (relative intensity) 219 (82) [M]*, 204 (17), 186 (14), 86 (17),
84 (28), 58 (35), 43 (100). HR-MS (El) m/z calcd for C1,H1oFNS [M]" 219.0518, found
219.0512.
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5-Chloro-2-(phenylthio)aniline (177b)

NH,

Jogs

177b

The general procedure C was followed using substrate 149pa (157 mg, 0.50 mmol)
in aqueous HCI (37%, 2.0 mL). Purification by column chromatography (nhexane/
EtOAc: 5/1) yielded 177b (65.0 mg, 55%) as a yellow solid.

M.p. 62—-64 °C. *H NMR (300 MHz, CDCls): 6 = 7.38 (d, J =8.2 Hz, 1H), 7.27-7.20
(m, 2H), 7.16-7.05 (m, 3H), 6.78 (d, J = 2.2 Hz, 1H), 6.73 (dd, J = 8.2, 2.2 Hz, 1H),
4.37 (brs, 2H). **C NMR (76 MHz, CDCls): 6 = 149.8 (C,), 138.6 (CH), 137.0 (Cy),
136.4 (Cy), 129.2 (CH), 126.6 (CH), 125.8 (CH), 118.9 (CH), 115.0 (CH), 113.0 (Cy).
IR (ATR): 3477, 3371, 1598, 1579, 1473, 1254, 1074, 784, 737, 685 cm™. MS (El)
m/z (relative intensity) 235 (100) [M]* (*°Cl), 220 (10), 200 (13), 167 (23), 158 (12).
HR-MS (El) m/z calcd for C1oH10>>CINS [M]* 235.0222, found 235.0222.

2-[(2-Chlorophenyl)thio]-5-(trifluoromethyl)aniline (177c)

NH, Cl
FsC

177c

The general procedure C was followed using substrate 149nd (382 mg, 1.00 mmol)
in aqueous HCI (37%, 5.0 mL). Purification by column chromatography (nhexane/
EtOAc: 4/1) yielded 177c (157 mg, 52%) as a yellow oil.

'H NMR (300 MHz, CDCls): 6= 7.55 (d, J = 7.9 Hz, 1H), 7.41-7.34 (m, 1H), 7.14—
7.05 (m, 2H), 7.05-6.97 (m, 2H), 6.72-6.64 (m, 1H), 4.48 (br s, 2H). *C NMR
(126 MHz, CDCls): 6 = 149.1 (Cg), 138.0 (CH), 134.6 (C), 133.5 (q, “Jc_r = 32.2 Hz,
Cq), 131.9 (Cg), 129.9 (CH), 127.4 (CH), 127.0 (CH), 126.8 (CH), 123.9 (d, 'Jcr=
271.9 Hz, C,), 117.0 (Cy), 115.1 (q, *Jc_r = 3.8 Hz, CH), 111.8 (g, *Jc_r = 3.9 Hz, CH).
F NMR (283 MHz, CDCls): 6 = -63.28 (s). IR (ATR): 3480, 3380, 1613, 1450, 1432,
1335, 1249, 1167, 1121, 747 cm™. MS (El) m/z (relative intensity) 303 (77) [M]*
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(°Cl), 284 (9) (°°Cl), 268 (100), 247 (18), 235 (24), 199 (55). HR-MS (El) m/z calcd
for C13Hg> CIF3NS [M]* 303.0096, found 303.0094.

Synthesis of 2-(trifluoromethyl)-10H-phenothiazine 178

FsC H
NaH ~FC N
S DMF, 100 °C, 3 h
NH, S

Cl
177c 178: 43%

2-Amino thiophenol 177c (145 mg, 0.48 mmol, 1.0 equiv) was dissolved in dry DMF
(1.0 mL) and heated to 100 °C under a nitrogen atmosphere. Then, a suspension of
NaH (60% in mineral oil, 40.0 mg, 0.96 mmol, 2.0 equiv) in DMF (1.0 mL) was slowly
added. After complete addition, the reaction mixture was stirred for 3 h at 100 °C.
After complete reaction, the mixture was cooled to 0 °C and carefully diluted with
water (~5 mL). The aqueous phase was extracted with CH.Cl, (3 x 30 mL), the
combined organic layers washed with brine and dried over Na,SO,. The solvent was
removed under reduced pressure and the residue was purified by flash column
chromatography (SiO,, 100% npentane) to afford the desired product 178 (55.4 mg,

0.21 mmol, 43%) as pale yellow solid.

M.p. 187-189 °C. *H NMR (300 MHz, CDCls): 6 = 7.56 (d, J = 8.0 Hz, 1H), 7.39 (dd,
J=8.0, 1.4 Hz, 1H), 7.36-7.34 (m, 1H), 7.25-7.15 (m, 2H), 7.02-6.95 (m, 2H), 6.91
(s, 1H). *C NMR (126 MHz, CDCls): & = 144.1 (C,), 137.5 (C,), 136.4 (CH), 133.2
(9,°Jc_r = 32.5 Hz, Cg), 130.4 (CH), 127.7 (CH), 126.8 (q, *Jc_r = 1.7 Hz, Cy), 125.0
(Cq), 123.6 (CH), 1236 (0, “Jcr=2725Hz, C,), 119.0 (CH), 117.3 (q,
2Jc_F = 3.7 Hz, CH), 112.4 (q, e = 3.7 Hz, CH). *F NMR (283 MHz, CDCls): & =
-63.20 (s). MS (El) m/z (relative intensity) 267 (100) [M]*, 247 (16), 235 (14), 222 (5),
199 (7), 154 (4). HR-MS (EI) m/z calcd for Ci3HgFsNS [M]* 267.0330, found

267.0330. The analytical data correspond with those reported in literature.*"!

171



5 Experimental Part

5.3.4 Mechanistic Studies

Reactions with Radical Scavengers

F F

H N Ni(OTf), (10 mol %) H
\ﬁ X + PhS—SPh ~2-pym
N radical scavenger
H MnO, LiOtBu SPh
41a 62a 1,4-dioxane, 120 °C, 18 h 149aa
Entry Radical Scavenger Equiv Yield / %
1 --- 96
2 TEMPO 2.0 6
3 BHT 2.0 ---
4 galvinoxyl 2.0

The general procedure A was followed using pyrimidyl aniline 4la (94.6 mg,
0.50 mmol, 1.0 equiv), diphenyl disulfide 62a (131 mg, 0.6 mmol, 1.2 equiv) and a

radical scavenger (2.0 equiv). For TEMPO, the reaction mixture was

column chromatography (nhexane/EtOAc: 5/1) to yield the desired pro

purified by
duct 149aa

(8.9 mg, 6%) as a colorless solid. For BHT and galvinoxyl, no product formation was

observed by GC-MS and *H NMR analysis of the crude reaction mixture.

Intermolecular Competition Experiments

FsC N F3C H
3 \(:[ \2_pym 3 \(:[ \2_pym
PhS—SPh
H SPh
62a
41n 149na: 57%
Ni(OTf), (10 mol %)
+ +
H MnO, (1.0 equiv) H
MeO Nppym LiO®Bu, 1,4-dioxane ~ MeO Ns oym
120 °C, 18 h
H - SPh
41r (149na/149ra = 3.1/1) 149ra: 19%

172



5 Experimental Part

N-[3-(Trifluoromethyl)phenyl]pyrimidin-2-amine (41n) (120 mg, 0.50 mmol), N-(3-
methoxyphenyl)pyrimidin-2-amine (41r) (101 mg, 0.50 mmol), diphenyl disulfide 62a
(131 mg, 0.60 mmol) Ni(OTf), (17.8 mg, 10 mol %), MnO, (43.5 mg, 0.50 mmol) and
LiOtBu (80.0 mg, 1.00 mmol) were placed in a 25 mL Schlenk-tube. The tube was
degassed and purged with N, for three times. Then, dry 1,4-dioxane (1.5 mL) was
added, and the mixture was stirred at 120 °C for 18 h. At ambient temperature,
EtOAc (5.0 ml) was added, and the reaction mixture was filtered through a small plug
of silica. The filtrate was concentrated under reduced pressure and purified by flash
column chromatography on silica gel (nhexane/EtOAc: 5/1) to afford 149na (98.9 mg,
57%) as the major product and 149ra (28.9 mg, 19%) as the minor product.

Kinetic Isotope Effect Experiments

Synthesis of [D];-41a

HN N
F D
[D]1-41a

Pyrimidyl aniline 41a (1.14 g, 6.00 mmol), [RuCly(p-cymene)] (73.5 mg, 2.0 mol %),
KOAc (58.9 mg, 10.0 mol %) and D,O (1.1 mL, 10.3 equiv) were placed in a 25 mL
Schlenk-tube under a nitrogen atmosphere. Then, PhMe (3.0 mL) was added and the
mixture was stirred at 80 °C for 24 h. After cooling to ambient temperature, the
reaction mixture was extracted with EtOAc (3 x 10 mL). The combined organic layers
were dried over Na,SO, and concentrated under reduced pressure. With the crude
product the same procedure was repeated again. Following the same work-up
procedure, the crude product was purified by column chromatography
(nhexane/EtOAc: 5/1) to give the ortho-deuterated product [D];-41a (1.11 g) as a
colorless solid. *H NMR analysis showed >95% deuterium incorporation in the ortho-

position.

'H NMR (300 MHz, CDCls): & = 8.45 (d, J = 4.8 Hz, 2H), 7.45 (s, 1H), 7.19-7.06 (m,
2H), 6.98 (ddd, J=8.2, 7.4, 4.8 Hz, 1H), 6.77 (dd, J = 4.8, 4.8 Hz, 1H). *C NMR
(101 MHz, CDCls): & = 160.1 (C), 158.1 (CH), 152.8 (d, Jc_r = 243.0 Hz, C,), 128.0
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(d, 2Jc_r = 9.8 Hz, Cg), 124.3 (d, “Jc_r = 3.7 Hz, CH), 122.6 (d, 3Jcr = 7.6 Hz, CH),
120.6 (t, "Jcp = 25.2 Hz, Cy), 114.9 (d, ®Jo—r = 19.3 Hz, CH), 113.2 (CH). *°F NMR
(376 MHz, CDCl3): 6 =-131.25 — -131.33 (m). MS (El) m/z (relative intensity) 190
(36) [M]*, 172 (15), 171 (100), 137 (4), 84 (11). HR-MS (EI) m/z calcd for C10H7DFN3
[M]" 190.0765, found 190.0757.

I f@mf///

> 99% (D)

[D],-41a
(300 MHz, CDCls)

1.9
1.0

1.971
0.891
|1y
Lok

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

1) Parallel Experiments

Two independent reactions with 41a and [D]i-41a under the standard conditions were
performed: Following the general procedure A, 41a (189 mg, 1.0 mmol) or [D]:-41a
(2190 mg, 1.0 mmol), diphenyl disulfide 62a (262 mg, 1.2 mmol), Ni(OTf), (35.7 mg,
10.0 mol %), MnO; (86.9 mg, 1.0 mmol), LiOtBu (160 mg, 2.0 mmol) and internal
standard 1-fluorononane (36.6 mg, 0.25 mmol) in 1,4-dioxane (3.0 mL) were stirred
at 120 °C. After the reaction times indicated below, aliquots of 0.1 mL were taken out
of the reaction mixture. The aliquots were filtered over a short plug of silica gel and
diluted with CDCl; (0.5 mL). Yields of products were determined by °F NMR
spectroscopy.
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F

H H PhSSPh (62a) H
N\2-pym or N\2-pym Ni(OTf); (10 mol %) N\2-pym
MnO, (1.0 equiv)
H D LiOtBu, 1,4-dioxane, 120 °C SPh
41a [D]4-41a 149aa
kH/kD =50
t [min] 4 5 8 10 12 16 20 24 28
41a [%] 0 - 7.4 - 194 314 40.3 48.5 -
[D]:-41a [%] - 0 0 2.1 3.2 4.8 7.5 8.8 10.6
50 -
[ ]
y =2,5229x - 10,82
R2 = 0,9945 m4la
40 -
¢[D]1-41a
=30 -
=
o
2
> 20 -
y =0,5091x - 3,2995
R2=0,9852
10 A
0 bl T ¢ T T T 1
0 5 10 15 20 25 30
time [min]
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5.4 Nickel-Catalyzed C-H Allylation of Imidazole and Purine Derivatives

5.4.1 Experimental Procedures and Analytical Data — Nickel-catalyzed C-H
Allylation

(E)-2-[3-(tert-Butyl)hept-2-en-1-yl]-1-methyl-1H-benzo[d]imidazole (153aa)
{Bu
N —
Ly
N
Me
153aa

The general procedure D was followed using benzimidazole 16a (66.1 mg,
0.50 mmol) and allene 152a (122 mg, 0.80 mmol). Purification by column
chromatography on silica gel (hnhexane/EtOAc: 5/1) yielded 153aa (121 mg, 85%) as

a white solid.

M.p. = 84-86 °C. *H NMR (500 MHz, CDCls): & = 7.75-7.70 (m, 1H), 7.31-7.26 (m,
1H), 7.25-7.21 (m, 2H), 5.38 (t, J=6.5Hz, 1H), 3.68 (d, J =6.3 Hz, 2H), 3.68 (s,
3H), 2.22-2.16 (m, 2H), 1.49-1.38 (m, 4H), 1.05 (s, 9H), 0.96 (t, J=7.1 Hz, 3H).
3C NMR (126 MHz, CDCly): & = 154.9 (Cy), 151.0 (Cy), 142.7 (Cy), 136.2 (Cy), 122.1
(CH), 121.9 (CH), 119.4 (CH), 115.8 (CH), 108.9 (CH), 37.0 (Cy), 32.4 (CHy), 29.9
(CH3), 29.4 (CHg), 28.7 (CH,), 27.8 (CHy), 23.7 (CHy), 14.1 (CHg3). IR (ATR): 2951,
1650, 1461, 1287, 982, 735, 547, 442 cm™. MS (El) m/z (relative intensity): 284 (19)
[M]", 269 (35), 241 (28), 227 (100), 199 (8), 185 (22), 146 (25), 131 (9), 77 (6), 41 (9).
HR-MS (El) m/z calcd for C1gH2sN> [M]" 284.2252, found 284.2245.

(E)-2-[3-(tert-Butyl)hept-2-en-1-yl]-5-methoxy-1-methyl-1H-benzo[d]imidazole
(153ea)

tBu

MeO N —
e
N
\
Me
153ea

The general procedure D was followed using benzimidazole 16e (81.1 mg,

0.50 mmol) and allene 152a (122 mg, 0.80 mmol). Purification by column
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chromatography on silica gel (nhexane/EtOAc: 5/1) yielded 153ea (129 mg, 82%) as
a white solid.

M.p. = 86-88 °C. *H NMR (500 MHz, CDCls): 6 =7.22 (d, J = 2.3 Hz, 1H), 7.15 (d,
J =8.7 Hz, 1H), 6.89 (dd, J = 8.7, 2.4 Hz, 1H), 5.37 (t, J = 6.5 Hz, 1H), 3.85 (s, 3H),
3.65 (s, 3H), 3.65 (d, J = 6.3 Hz, 2H), 2.20-2.15 (m, 2H), 1.47-1.37 (m, 4H), 1.04 (s,
9H), 0.96 (t, J = 7.1 Hz, 3H). *C NMR (126 MHz, CDCls): & = 156.1 (C), 155.1 (Cy),
150.9 (Cy), 143.3 (Cg), 130.8 (Cq), 115.9 (CH), 111.8 (CH), 109.3 (CH), 102.0 (CH),
56.0 (CHg), 37.0 (Cy), 32.5 (CHy), 30.0 (CH3), 29.5 (CHg), 28.7 (CH,), 27.8 (CHy),
23.7 (CHy), 14.1 (CH3). IR (ATR): 2953, 2869, 1489, 1433, 1274, 1199, 1154, 1028,
825, 795 cm™. MS (ESI) m/z (relative intensity) 315 (100) [M+H]*. HR-MS (ESI) m/z
calcd for CxoH3:NoO [M+H]" 315.2431, found 315.2431.

(E)-2-[3-(tert-Butyl)hept-2-en-1-yl]-1-methyl-5-(trifluoromethyl)-1H-benzo[d]-
imidazole (153fa)

tBu

FsC N —
\O: N nBu
N

Me
153fa
The general procedure D was followed using benzimidazole 16f (100 mg, 0.50 mmol)

and allene 152a (122 mg, 0.80 mmol). Purification by column chromatography on
silica gel (nhexane/EtOAc: 5/1) yielded 153fa (115 mg, 65%) as a white solid.

M.p. = 98-100 °C. *H NMR (500 MHz, CDCls): 6 =7.99 (s, 1H), 7.49 (dd, J=8.4,
1.1 Hz, 1H), 7.35 (d, J = 8.4 Hz, 1H), 5.39 (t, J = 6.5 Hz, 1H), 3.73 (s, 3H), 3.70 (d,
J=6.5Hz, 2H), 2.22-2.17 (m, 2H), 1.47-1.39 (m, 4H), 1.06 (s, 9H), 0.96 (t,
J=7.0 Hz, 3H). **C NMR (126 MHz, CDCls): & = 156.9 (C,), 151.7 (Cy), 142.2 (Cy),
138.1 (Cg), 125.0 (q, “Jcr = 271.1 Hz, Cy), 124.4 (q, Jcr = 32.1 Hz, C), 119.1 (q,
3Jcr = 3.5 Hz, CH), 117.0 (g, 3Jcr = 3.9 Hz, CH), 115.2 (CH), 109.2 (CH), 37.2 (Cy),
32.5 (CH,), 30.3 (CHa), 29.6 (CHs), 28.8 (CH,), 27.9 (CH,), 23.8 (CH,), 14.1 (CHs).
F NMR (282 MHz, CDCls): 8 = -60.51 (s). IR (ATR): 2958, 2868, 1323, 1224, 1108,
1046, 891, 808, 713, 663 cm™. MS (ESI) m/z (relative intensity): 353 (100) [M+H]".
HR-MS (ESI) m/z calcd for CoH2gNoF3 [M+H]" 353.2199, found 353.2206.
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(E)-1-Butyl-2-[3-(tert-butyl)hept-2-en-1-yl]-1H-benzo[d]imidazole (153ba)

tBu
N —
[:::I: i-—J/__<hBu
N
%Bu
153ba

The general procedure D was followed using benzimidazole 16b (87.1 mg,
0.50 mmol) and allene 152a (122 mg, 0.80 mmol). Purification by column
chromatography on silica gel (nhexane/EtOAc: 4/1) yielded 153ba (101 mg, 62%) as
a white solid.

M.p. = 147-149 °C. *H NMR (500 MHz, CDCls): & =7.75-7.71 (m, 1H), 7.32-7.28
(m, 1H), 7.24-7.20 (m, 2H), 5.40 (t, J = 6.4 Hz, 1H), 4.07-4.04 (m, 2H), 3.68 (d,
J = 6.4 Hz, 2H), 2.20-2.15 (m, 2H), 1.81-1.73 (m, 2H), 1.47-1.38 (m, 6H), 1.04 (s,
9H), 0.98-0.94 (m, 6H). *C NMR (126 MHz, CDCls): 6 = 154.6 (Cg), 150.6 (Cy),
142.8 (Cq), 135.4 (Cg), 122.0 (CH), 121.8 (CH), 119.4 (CH), 116.5 (CH), 109.4 (CH),
43.8 (CHy), 37.0 (Cg), 32.4 (CHy), 32.1 (CHy), 29.4 (CHs), 28.7 (CH,), 27.8 (CH,),
23.7 (CHy), 20.5 (CHy), 14.0 (CHs), 13.9 (CHs). IR (ATR): 3093, 2959, 2870, 1454,
1415, 1365, 1330, 1153, 988, 744 cm™. MS (ESI) m/z (relative intensity): 327 (100)
[M+H]*, 285 (5). HR-MS (ESI) m/z calcd for CaHasNy [M+H]" 327.2795, found
327.2808.

(E)-1-Benzyl-2-[3-(tert-butyl)hept-2-en-1-yl]-1H-benzo[d]imidazole (153ca)
tBu
N>__//::<‘
[:::]:: N nBu
N
Bn
153ca

The general procedure D was followed using benzimidazole 16c¢c (104 mg,
0.50 mmol) and allene 152a (122 mg, 0.80 mmol). Purification by column
chromatography on silica gel (nhexane/EtOAc: 4/1) yielded 153ca (152 mg, 84%) as
an off-white solid.

M.p. = 54-55 °C. *H NMR (600 MHz, CDCls): & = 7.78 (d, J = 8.0 Hz, 1H), 7.30-7.23
(m, 4H), 7.19-7.17 (m, 2H), 7.02—6.99 (m, 2H), 5.37 (t, J = 6.4 Hz, 1H), 5.32 (s, 2H),
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3.66 (d, J =6.5 Hz, 2H), 2.08-2.03 (m, 2H), 1.37-1.29 (m, 4H), 0.95 (s, 9H), 0.88 (t,
J=7.0 Hz, 3H). ®*C NMR (126 MHz, CDCls): & = 155.0 (Cy), 151.1 (Cg), 142.7 (Cy),
136.2 (Cq), 135.8 (Cy), 129.0 (CH), 127.9 (CH), 126.2 (CH), 122.5 (CH), 122.1 (CH),
119.5 (CH), 115.9 (CH), 109.7 (CH), 47.1 (CH), 36.9 (Cy), 32.3 (CHy), 29.3 (CHsy),
28.5 (CHy), 27.9 (CHy), 23.6 (CHy), 13.9 (CHs). IR (ATR): 2958, 2869, 1495, 1452,
1406, 1348, 985, 913, 726, 695 cm™. MS (ESI) m/z (relative intensity): 361 (100)
[M+H]*, 317 (5), 130 (4). HR-MS (ESI) m/z calcd for CasHssN, [M+H]" 361.2638,
found 361.2649.

(E)-2-[3-(tert-Butyl)hept-2-en-1-yl]-1-(methoxymethyl)-1H-benzo[d]imidazole
(153da)

tBu
N —
©:\ nBu
N
MOM
153da
The general procedure D was followed using benzimidazole 16d (80.6 mg,
0.50 mmol) and allene 152a (122 mg, 0.80 mmol). Purification by column

chromatography on silica gel (nhexane/EtOAc: 4/1) yielded 153da (78.6 mg, 50%) as
a yellow oil.

'H NMR (300 MHz, CDClg): & = 7.74—7.70 (m, 1H), 7.42—7.39 (m, 1H), 7.26-7.23 (m,
2H), 5.42 (s, 2H), 5.29 (t, J = 6.5 Hz, 1H), 3.73 (d, J = 6.5 Hz, 2H), 3.28 (s, 3H), 2.26—
2.09 (m, 2H), 1.47-1.35 (m, 4H), 1.03 (s, 9H), 0.98-0.90 (m, 3H). *C NMR
(126 MHz, CDCls): & = 154.9 (Cg), 150.9 (Cg), 142.2 (Cy), 135.4 (Cy), 122.6 (CH),
122.4 (CH), 119.3 (CH), 115.7 (CH), 109.3 (CH), 74.3 (CH,), 56.3 (CHy), 36.9 (Cy),
32.4 (CHy), 29.4 (CHs), 28.5 (CHy), 26.7 (CHas), 23.6 (CH,), 14.0 (CHa). IR (ATR):
2956, 1704, 1455, 1362, 1153, 1120, 1097, 916, 744 cm™. MS (ESI) m/z (relative
intensity) 315 (100) [M+H]". HR-MS (ESI) m/z calcd for CoH2gN>O [M—H]* 313.2274,
found 313.2276.

179



5 Experimental Part

(E)-2-[3-(tert-Butyl)hept-2-en-1-yl]-1-phenyl-1H-benzo[d]imidazole (153ga)
tBu
N —
Ly
N
Ph
153ga

The general procedure D was followed using benzimidazole 16g (97.1 mg,
0.50 mmol) and allene 152a (122 mg, 0.80 mmol). Purification by column
chromatography on silica gel (nhexane/EtOAc: 4/1) yielded 153ga (107 mg, 62%) as
a yellow oil.

'H NMR (500 MHz, CDCls): 6 =7.79 (d, J = 8.0 Hz, 1H), 7.56-7.48 (m, 3H), 7.36—
7.34 (m, 2H), 7.29-7.26 (m, 1H), 7.21-7.18 (m, 1H), 7.09 (d, J = 8.0 Hz, 1H), 5.31 (t,
J = 6.6 Hz, 1H), 3.57 (d, J = 6.6 Hz, 2H), 1.77-1.70 (m, 2H), 1.24-1.13 (m, 4H), 0.93
(s, 9H), 0.82 (t, J=7.1 Hz, 3H). *C NMR (126 MHz, CDCls): 6 = 154.8 (C,), 150.2
(Cq), 142.6 (Cy), 136.8 (Cy), 136.1 (Cg), 129.8 (CH), 128.9 (CH), 127.6 (CH), 122.6
(CH), 122.4 (CH), 119.3 (CH), 116.5 (CH), 110.0 (CH), 36.9 (CH,), 32.4 (C,), 29.4
(CHs), 28.1 (CHy), 27.9 (CH>), 23.6 (CH,), 14.0 (CHs). IR (ATR): 2953, 2868, 1596,
1498, 1454, 1393, 1266, 760, 741, 696 cm™ MS (ESI) m/z (relative intensity): 347
(100) [M+H]*, 303 (7). HR-MS (ESI) m/z calcd for Ca4Hs1N, [M+H]" 347.2482, found
347.2482.

(E)-2-[3-(tert-Butyl)hept-2-en-1-yl]-1-(4-methoxyphenyl)-1H-benzo[d]imidazole
(153ha)

tBu
N —
[:::I: N nBu
N

OMe
153ha

The general procedure D was followed using benzimidazole 16h (112 mg,

0.50 mmol) and allene 152a (122 mg, 0.80 mmol). Purification by column
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chromatography on silica gel (nhexane/EtOAc: 4/1) yielded 153ha (145 mg, 77%) as
a yellow solid.

M.p. = 57-58 °C. *H NMR (500 MHz, CDCls): & = 7.78 (d, J = 8.0 Hz, 1H), 7.28-7.23
(m, 3H), 7.18 (ddd, J=8.2, 7.3, 1.1 Hz, 1H), 7.06 (d, J = 7.9 Hz, 1H), 7.05-7.01 (m,
2H), 5.32 (t, J=6.6 Hz, 1H), 3.89 (s, 3H), 3.54 (d, J = 6.7 Hz, 2H), 1.78-1.73 (m,
2H), 1.26-1.13 (m, 4H), 0.95 (s, 9H), 0.83 (t, J = 7.1 Hz, 3H). *C NMR (126 MHz,
CDClg): 6 =159.9 (Cgy), 155.3 (Cg), 150.1 (Cy), 142.6 (Cy), 137.2 (Cy), 128.9 (CH),
128.7 (Cy), 122.6 (CH), 122.3 (CH), 119.2 (CH), 116.6 (CH), 115.0 (CH), 110.1 (CH),
55.8 (CHgs), 36.8 (Cy), 32.3 (CHy), 29.3 (CHs3), 28.0 (CHy), 27.8 (CH,), 23.5 (CHy),
13.9 (CH3). IR (ATR): 2954, 2869, 1488, 1433, 1195, 1150, 1028, 825, 794,
623 cm™. MS (ESI) m/z (relative intensity): 393 (5) [M+NH,4]*, 377 (100) [M+H]", 333
(9). HR-MS (ESI) m/z calcd for CysH33N,0 [M+H]" 377.2587, found 377.2590.

(E)-8-[3-(tert-Butyl)hept-2-en-1-yl]-1,3,7-trimethyl-3,7-dihydro-1H-purine-2,6-
dione (153ka)

O Me tBu
Me |
esN N —
)\ | / nBu
0" "N N
Me
153ka

The general procedure D was followed using caffeine 16k (97.1 mg, 0.50 mmol) and
allene 152a (122 mg, 0.80 mmol). Purification by column chromatography on silica
gel (nhexane/EtOAc: 4/1) yielded 153ka (157 mg, 90%) as an off-white solid.

M.p. = 108-110 °C. *H NMR (500 MHz, CDCls): 6 = 5.26 (t, J = 6.5 Hz, 1H), 3.86 (s,
3H), 3.56 (s, 3H), 3.50 (d, J = 6.5 Hz, 2H), 3.38 (s, 3H), 2.16-2.10 (m, 2H), 1.41-1.35
(m, 4H), 1.03 (s, 9H), 0.93 (t, J = 7.0 Hz, 3H). **C NMR (126 MHz, CDCls): & = 155.4
(Cy), 153.8 (Cy), 152.1 (Cy), 151.8 (Cy), 148.0 (Cy), 114.4 (CH), 107.7 (Cy), 37.1 (Cy),
32.4 (CHy), 31.9 (CH3), 29.8 (CH3), 29.4 (CHgs), 28.6 (CHy), 28.0 (CH3), 27.0 (CHy),
23.6 (CHy), 14.0 (CH3). IR (ATR): 2952, 2869, 1708, 1653, 1546, 1442, 1219, 1038,
979, 743 cm™. MS (ESI) m/z (relative intensity): 715 (64) [2M+Na]*, 369 (25)
[M+Na]*, 347 (100) [M+H]". HR-MS (ESI) m/z calcd for C19H31N4O> [M+H]" 347.2442,
found 347.2449.
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(E)-8-[3-(tert-Butyl)hept-2-en-1-yl]-6,9-diphenyl-9H-purine (186aa)

Ph tBu
N/ N —_—
k> | §>-/r__<hBu
NT N
Ph
186aa

The general procedure D was followed using purine 151a (136 mg, 0.50 mmol) and
allene 152a (122 mg, 0.80 mmol). Purification by column chromatography on silica
gel (nhexane/EtOAc: 4/1) yielded 186aa (195 mg, 92%) as a pale yellow solid.

M.p. = 61-63 °C. *H NMR (500 MHz, CDCls): 6 =8.94 (s, 1H), 8.86 (ddd, J = 8.3,
2.4 Hz, 2H), 7.61-7.52 (m, 6H), 7.43-7.39 (m, 2H), 5.30 (t, J = 6.7 Hz, 1H), 3.67 (d,
J=6.7 Hz, 2H), 1.81-1.75 (m, 2H), 1.29-1.17 (m, 4H), 0.95 (s, 9H), 0.86 (t,
J=7.0 Hz, 3H). **C NMR (126 MHz, CDCls): & = 157.0 (Cg), 155.0 (Cg), 153.5 (Cy),
152.4 (CH), 151.4 (Cy), 136.1 (Cy), 134.1 (Cg), 130.9 (CH), 130.7 (Cg), 130.0 (CH),
129.9 (CH), 129.7 (CH), 128.8 (CH), 127.8 (CH), 115.4 (CH), 36.9 (Cy), 32.3 (CHy),
29.3 (CHg3), 28.4 (CHy), 28.1 (CHy), 23.6 (CH,), 14.0 (CH3). IR (ATR): 2955, 2869,
1585, 1561, 1502, 1454, 1324, 764, 690, 664 cm™. MS (El) m/z (relative intensity):
424 (100) [M]*, 409 (96), 381 (87), 367 (52), 325 (64), 285 (80). HR-MS (ESI) m/z
calcd for CagHaaN4 [M+H]" 425.2700, found 425.2696.

(E)-8-[3-(tert-Butyl)hept-2-en-1-yl]-9-(4-methoxyphenyl)-6-phenyl-9H-purine
(186ba)

u

Ph B
= N —
N N

OMe
186ba

The general procedure D was followed using purine 151b (151 mg, 0.50 mmol) and
allene 152a (122 mg, 0.80 mmol). Purification by column chromatography on silica
gel (nhexane/EtOAc: 4/1) yielded 186ba (164 mg, 72%) as an off-white solid.
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M.p. = 103-105 °C. *H NMR (600 MHz, CDCls): & = 8.93 (s, 1H), 8.87-8.84 (m, 2H),
7.60-7.55 (m, 2H), 7.54—7.50 (m, 1H), 7.32—7.29 (m, 2H), 7.09-7.06 (m, 2H), 5.32 (t,
J = 6.7 Hz, 1H), 3.88 (s, 3H), 3.65 (d, J = 6.7 Hz, 2H), 1.84-1.79 (m, 2H), 1.31-1.19
(m, 4H), 0.97 (s, 9H), 0.87 (t, J = 7.1 Hz, 3H). **C NMR (126 MHz, CDCl): & = 160.4
(Cq), 157.2 (Cy), 155.2 (Cg), 153.3 (Cg), 152.2 (CH), 151.2 (C), 136.1 (Cg), 130.7
(CH), 130.6 (Cq), 129.8 (CH), 128.9 (CH), 128.7 (CH), 126.5 (Cg), 115.5 (CH), 115.2
(CH), 55.9 (CHs), 37.0 (Cg), 32.4 (CH,), 29.4 (CH3), 28.4 (CH,), 28.2 (CH,), 23.7
(CH,), 14.1 (CHs). IR (ATR): 2960, 2862, 1562, 1515, 1321, 1256, 838, 765, 692,
614 cm™. MS (El) m/z (relative intensity): 454 (78) [M]*, 439 (100), 411 (87), 397
(47), 355 (45), 316 (69). HR-MS (EI) m/z calcd for CaoH34N4O [M]" 454.2733, found
454.2732.

(E)-8-[3-(tert-Butyl)hept-2-en-1-yl]-6-phenyl-9-[4-(trifluoromethyl)phenyl]-9H-
purine (186ca)

Ph tBu
= N —
N N

CF;
186c¢ca

The general procedure D was followed using purine 151c (170 mg, 0.50 mmol) and
allene 152a (122 mg, 0.80 mmol). Purification by column chromatography on silica
gel (nhexane/EtOAc: 4/1) yielded 186ca (195 mg, 79%) as a white solid.

M.p. = 93-95 °C. 'H NMR (600 MHz, CDCls): 6 =8.94 (s, 1H), 8.87-8.84 (m, 2H),
7.86 (d, J = 8.4 Hz, 2H), 7.61-7.57 (m, 4H), 7.56-7.52 (m, 1H), 5.27 (t, J = 6.7 Hz,
1H), 3.70 (d, J = 6.7 Hz, 2H), 1.84-1.78 (m, 2H), 1.30-1.20 (m, 4H), 0.94 (s, 9H),
0.86 (t, J=7.1Hz, 3H). ®*C NMR (126 MHz, CDCl3): & =156.2 (C,), 154.7 (Cy),
153.8 (Cq), 152.4 (CH), 151.8 (Cq), 137.3 (Cq), 135.8 (Cy, 131.70 (q,
?Jcr =33.0 Hz, Cy), 131.0 (CH), 130.6 (Cg), 129.9 (CH), 128.7 (CH), 128.1 (CH),
127.05 (q, *Jc.r = 3.5 Hz, CH), 123.6 (g, "Jcr = 272.2 Hz, Cy), 115.1 (CH), 37.0 (Cy),
32.3 (CHy), 29.3 (CHa), 28.5 (CH,), 28.3 (CHy), 23.6 (CH,), 14.0 (CHs). *F NMR
(282 MHz, CDCls): 6 = -62.84 (s). IR (ATR): 2958, 2871, 1586, 1322, 1167, 1124,
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1066, 767, 693, 623 cm™. MS (El) m/z (relative intensity): 492 (73) [M]*, 477 (100),
449 (82), 435 (42), 393 (62), 353 (77). HR-MS (ESI) m/z calcd for CogH3oN4F3 [M+H]*
493.2574, found 493.2576.

(E)-9-Butyl-8-[3-(tert-butyl)hept-2-en-1-yl]-6-(4-methoxyphenyl)-9H-purine
(186da)

OMe
tBu
N ’ N —
k\ | \>—/_<nBu
NT N
nBu
186da

The general procedure D was followed using purine 151d (141 mg, 0.50 mmol) and
allene 152a (122 mg, 0.80 mmol). Purification by column chromatography on silica
gel (nhexane/EtOAc: 4/1) yielded 186da (204 mg, 94%) as a yellow oil.

'H NMR (500 MHz, CDCls): & = 8.90 (s, 1H), 8.85-8.81 (m, 2H), 7.08-7.04 (m, 2H),
5.45 (t, J=6.5 Hz, 1H), 4.21-4.16 (m, 2H), 3.89 (s, 3H), 3.75 (d, J = 6.5 Hz, 2H),
2.22-2.17 (m, 2H), 1.87-1.79 (m, 2H), 1.52-1.36 (m, 6H), 1.07 (s, 9H), 0.99-0.95 (m,
6H). *C NMR (126 MHz, CDCly): 6 = 161.8 (Cy), 156.3 (Cg), 154.0 (Cy), 152.7 (Cy),
151.7 (Cg), 151.5 (Cg), 131.5 (CH), 130.2 (C,) 115.5 (CH), 114.1 (CH), 55.5 (CH),
42.9 (CHy), 37.1 (Cg), 32.4 (CHy), 32.1 (CHy), 30.5 (CHgs), 29.4 (CHs), 28.7 (CHy),
28.2 (CHy), 23.7 (CHy), 20.3 (CHy), 14.1 (CHj3), 13.8 (CH3). IR (ATR): 2957, 2871,
1703, 1577, 1513, 1251, 1172, 1030, 842, 805 cm™. MS (El) m/z (relative intensity):
434 (69) [M]", 419 (100), 391 (95), 377 (62), 335(45), 281 (48), 254 (37), 240 (41).
HR-MS (El) m/z calcd for C,7H3sN4O [M]* 434.3046, found 434.3037.
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(E)-3-[3-(tert-Butyl)hept-2-en-1-yl]-1-phenylimidazo[1,5-a]pyridine (153ja)

Ph

nBu
153ja

The general procedure D was followed using imidazole 16j (97.1 mg, 0.50 mmol) and
allene 152a (122 mg, 0.80 mmol). Purification by column chromatography on silica
gel (nhexane/EtOAc: 4/1) yielded 153ja (111 mg, 64%) as a brown oil.

'H NMR (300 MHz, CDCls): 6 = 7.91-7.86 (m, 2H), 7.78 (ddd, J = 9.3, 1.1 Hz, 1H),
7.67 (ddd, J=7.2, 1.0 Hz, 1H), 7.48-7.41 (m, 2H), 7.30-7.22 (m, 1H), 6.72 (ddd,
J=9.3, 6.4, 0.8 Hz, 1H), 6.56-6.50 (m, 1H), 5.41 (t, J=6.4 Hz, 1H), 3.86 (d,
J=6.4Hz, 2H), 2.30-2.21 (m, 2H), 1.55-1.39 (m, 4H), 1.07 (s, 9H), 0.98 (t,
J=6.1 Hz, 3H). **C NMR (126 MHz, CDCl3): & = 151.3 (C,), 138.2 (C), 135.3 (Cy),
130.0 (Cg), 128.7 (CH), 126.8 (Cg), 126.5 (CH), 126.2 (CH), 121.4 (CH), 119.1 (CH),
118.8 (CH), 115.6 (CH), 112.4 (CH), 37.1 (Cg), 32.6 (CH,), 29.6 (CHa), 28.9 (CHy),
27.1 (CHy), 23.8 (CHy), 14.2 (CHs). IR (ATR): 2953, 2868, 1601, 1519, 1474, 1327,
1065, 957, 768, 695 cm™. MS (El) m/z (relative intensity): 346 (62) [M]*, 289 (75),
245 (16), 207 (40), 194 (100), 167 (29). HR-MS (El) m/z calcd for Cy4HzoN2 [M]*
346.2409, found 346.2414.

(E)-2-[3-(tert-Butyl)hept-2-en-1-yl]-1-methyl-4,5-diphenyl-1H-imidazole (153ia)
tBu
Ph_ N _
I\ nBu
ph” N
Me
153ia

The general procedure D was followed using imidazole 16i (117 mg, 0.50 mmol) and
allene 152a (122 mg, 0.80 mmol). Purification by column chromatography on silica
gel (nhexane/EtOAc: 4/1) yielded 153ia (111 mg, 57%) as a yellow oil.
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'H NMR (600 MHz, CDCls): 6 = 7.49-7.41 (m, 5H), 7.35-7.32 (m, 2H), 7.20-7.16 (m,
2H), 7.13-7.09 (m, 1H), 5.44 (t, J=6.4 Hz, 1H), 3.61 (d, J = 6.4 Hz, 2H), 3.33 (s,
3H), 2.20-2.14 (m, 2H), 1.48-1.37 (m, 4H), 1.07 (s, 9H), 0.96 (t, J = 7.0 Hz, 3H).
C NMR (126 MHz, CDCly): & = 150.3 (Cy), 147.9 (Cg), 136.3 (C), 135.0 (C,), 131.6
(Cq), 131.0 (CH), 129.2 (C,), 129.0 (CH), 128.5 (CH), 128.1 (CH), 126.8 (CH), 126.1
(CH), 116.8 (CH), 37.0 (Cy), 32.4 (CHy), 31.1 (CHs), 29.5 (CH3), 28.7 (CHy), 27.8
(CHy), 23.7 (CHy), 14.1 (CHs). IR (ATR): 2957, 2870, 1601, 1505, 1441, 1395, 965,
917, 770, 694 cm™. MS (El) m/z (relative intensity): 386 (9) [M]", 371 (5), 329 (100),
299 (6), 285 (17), 247 (7). HR-MS (EI) m/z calcd for Co7HzsN, [M]" 386.2722, found
386.27109.

(E)-2-[3-(tert-Butyl)oct-2-en-1-yl]-1-methyl-1H-benzo[d]imidazole (153ab)

tBu
N —
N nPent
N
\
Me
153ab

The general procedure D was followed using benzimidazole 16a (66.1 mg,
0.50 mmol) and allene 152b (133 mg, 0.80 mmol). Purification by column
chromatography on silica gel (nhexane/EtOAc: 4/1) yielded 153ab (115 mg, 77%) as

a white solid.

M.p. = 76-78 °C. *H NMR (600 MHz, CDCls): 6 = 7.74-7.70 (m, 1H), 7.29-7.26 (m,
1H), 7.26-7.21 (m, 2H), 5.38 (t, J =6.5 Hz, 1H), 3.68 (d, J = 6.5 Hz, 2H), 3.68 (s,
3H), 2.22-2.15 (m, 2H), 1.50-1.43 (m, 2H), 1.41-1.33 (m, 4H), 1.05 (s, 9H), 0.94—
0.91 (m, 3H). 3C NMR (126 MHz, CDCls): & = 154.8 (C,), 151.0 (C,), 142.6 (Cy),
136.1 (Cy), 122.0 (CH), 121.8 (CH), 119.3 (CH), 115.8 (CH), 108.9 (CH), 37.1 (Cy),
32.9 (CHy), 30.1 (CHy), 30.0 (CHg), 29.6 (CHgz), 29.0 (CHy), 27.9 (CHy), 22.7 (CHy),
14.3 (CH3). IR (ATR): 2934, 2855, 1650, 1494, 1458, 1398, 1305, 1285, 980,
734 cm™. MS (ESI) m/z (relative intensity): 299 (100) [M+H]*. HR-MS (ESI) m/z calcd
for CooHs1N2 [M+H]" 299.2482, found 299.2483.
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(E)-2-(3-(tert-Butyl)non-2-en-1-yl)-1-methyl-1H-benzo[d]imidazole (153ac)

Me

153ac
The general procedure D was followed using benzimidazole 16a (66.1 mg,
0.50 mmol) and allene 152c (144 mg, 0.80 mmol). Purification by column
chromatography on silica gel (nhexane/EtOAc: 4/1) yielded 153ac (142 mg, 87%) as
a white solid.

M.p. = 77-79 °C. *H NMR (500 MHz, CDCls): & = 7.74-7.70 (m, 1H), 7.31-7.27 (m,
1H), 7.25-7.21 (m, 2H), 5.38 (t, J =6.5 Hz, 1H), 3.68 (s, 3H), 3.68 (d, J = 6.5 Hz,
2H), 2.21-2.16 (m, 2H), 1.49-1.36 (m, 4H), 1.36-1.29 (m, 4H), 1.05 (s, 9H), 0.91 (t,
J=6.9 Hz, 3H). **C NMR (126 MHz, CDCls): & = 154.9 (Cg), 151.1 (Cy), 142.7 (Cy),
136.2 (Cg), 122.1 (CH), 121.9 (CH), 119.4 (CH), 115.8 (CH), 109.0 (CH), 37.0
(Cy),31.8 (CHy), 30.3 (CHy), 30.3 (CH,), 30.0 (CHs), 29.5 (CHj3), 29.0 (CH,), 27.8
(CHy), 22.8 (CHy), 14.2 (CH3). IR (ATR): 2952, 2928, 2853, 1508, 1463, 1439, 1396,
1330, 767, 743 cm™. MS (ESI) m/z (relative intensity): 313 (100) [M+H]*. HR-MS
(ESI) m/z calcd for C,1HasN, [M+H]™ 313.2638, found 313.2640.

(E)-2-(4,4-Dimethyl-3-phenethylpent-2-en-1-yl)-1-methyl-1H-benzo[d]imidazole
(153ad)

tBu
©:N>_/:<_\
A\
N Ph
Me
153ad

The general procedure D was followed using benzimidazole 16a (66.1 mg,
0.50 mmol) and allene 152d (160 mg, 0.80 mmol). Purification by column
chromatography on silica gel (nhexane/EtOAc: 4/1) yielded 153ad (151 mg, 91%) as

a white solid.

M.p. = 84-85 °C. *H NMR (500 MHz, CDCl3): & = 7.76-7.72 (m, 1H), 7.35-7.21 (m,
8H), 5.51 (t, J = 6.5 Hz, 1H), 3.71 (d, J = 6.5 Hz, 2H), 3.68 (s, 3H), 2.80-2.75 (m,
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2H), 2.55-2.50 (m, 2H), 1.13 (s, 9H). *C NMR (126 MHz, CDCls): 6 = 154.6 (C),
149.9 (Cy), 142.6 (Cy), 142.4 (Cy), 136.1 (Cy), 128.7 (CH), 128.4 (CH), 126.2 (CH),
122.2 (CH), 122.0 (CH), 119.4 (CH), 116.9 (CH), 109.0 (CH), 37.2 (C), 36.3 (CHy),
31.2 (CHy), 29.9 (CHs), 29.5 (CH3), 27.7 (CHy). IR (ATR): 2962, 2868, 1497, 1474,
1393, 1286, 750, 718, 705, 462 cm™. MS (ESI) m/z (relative intensity): 333 (100)
[M+H]". HR-MS (ESI) m/z calcd for C,3H29N, [M+H]" 333.2325, found 333.2325.

2-(E)-3-(Adamantan-2-yl)hept-2-en-1-yl)-1-methyl-1H-benzo[d]imidazole (153ae)

1-Ad

N —
©: N nBu

N

Me

153ae
The general procedure D was followed using benzimidazole 16a (66.1 mag,
0.50 mmol) and allene 152e (184 mg, 0.80 mmol). Purification by column
chromatography on silica gel (nhexane/EtOAc: 4/1) yielded 153ae (178 mg, 98%) as

a white solid.

M.p. = 151-153 °C. *H NMR (500 MHz, CDCls): & = 7.74-7.70 (m, 1H), 7.30-7.26
(m, 1H), 7.26-7.21 (m, 2H), 5.30 (t, J = 6.5 Hz, 1H), 3.69 (d, J = 6.5 Hz, 2H), 3.68 (s,
3H), 2.20-2.14 (m, 2H), 1.98 (br s, 3H), 1.73-1.59 (m, 12H), 1.46-1.36 (m, 4H), 0.96
(t, J=6.9 Hz, 3H). *C NMR (126 MHz, CDCls): 6 =155.0 (C), 151.6 (C,), 142.7
(Cy), 136.2 (Cg), 122.1 (CH), 121.8 (CH), 119.4 (CH), 116.0 (CH), 108.9 (CH), 41.2
(CHy), 38.6 (Cg), 37.0 (CHy), 32.7 (CH,), 30.0 (CH3), 28.7 (CH), 27.8 (CHy), 27.5
(CH,), 23.7 (CH>), 14.1 (CHa). IR (ATR): 2896, 2845, 1512, 1471, 1443, 1332, 1239,
1006, 767, 744 cm™. MS (El) m/z (relative intensity): 362 (18) [M]", 319 (38), 306
(17), 227 (100), 146 (36), 135 (32). HR-MS (El) m/z calcd for CasHasNz [M]*
362.2722, found 362.2724.
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5.4.2 Experimental Procedures and Analytical Data — Nickel-catalyzed C-H
Alkenylation

(E)-2-[3-(tert-Butyl)hept-1-en-1-yl]-1-methyl-1H-benzo[d]imidazole (154aa)
tBu
N
SaTas
N
Me
154aa

The general procedure E was followed using benzimidazole 16a (66.1 mg,
0.50 mmol) and allene 152a (122 mg, 0.80 mmol). Purification by column
chromatography on silica gel (hnhexane/EtOAc: 5/1) yielded 154aa (117 mg, 82%) as

a pale yellow oil.

'H NMR (500 MHz, CDCls): 6 = 7.76-7.72 (m, 1H), 7.30-7.26 (m, 1H), 7.26-7.20 (m,
2H), 6.91 (dd, J = 15.4, 10.4 Hz, 1H), 6.38 (d, J = 15.4 Hz, 1H), 3.78 (s, 3H), 1.90 (td,
J=10.6, 2.3 Hz, 1H), 1.65-1.57 (m, 1H), 1.40-1.21 (m, 4H), 1.16-1.08 (m, 1H), 0.95
(s, 9H), 0.86 (t, J = 7.2 Hz, 3H). *C NMR (126 MHz, CDCls): & = 151.2 (C,), 143.9
(CH), 143.0 (Cy), 135.9 (Cy), 122.4 (CH), 122.3 (CH), 119.3 (CH), 117.0 (CH), 109.1
(CH), 55.4 (CH), 33.5 (Cy), 30.9 (CH2), 29.9 (CHs), 28.7 (CH,), 28.1 (CHj3), 22.9
(CHy), 14.2 (CHs). IR (ATR): 2952, 1649, 1461, 1287, 1005, 735, 547, 442 cm™. MS
(El) m/z (relative intensity): 284 (24) [M]", 227 (100), 197 (16), 185 (94), 170 (18),
146 (19), 57 (18). HR-MS (El) m/z calcd for C19H2gN5 [M]* 284.2252, found 284.2253.

(E)-2-[3-(tert-Butyl)hept-1-en-1-yl]-5-methoxy-1-methyl-1H-benzo[d]imidazole
(154ea)

tBu

MeO N
T e

N

Me

154ea
The general procedure E was followed using benzimidazole 16e (81.1 mg,
0.50 mmol) and allene 152a (122 mg, 0.80 mmol). Purification by column
chromatography on silica gel (nhexane/EtOAc: 5/1) yielded 154ea (123 mg, 78%) as

a white solid.
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M.p. = 117-119 °C. *H NMR (600 MHz, CDCls): 6 = 7.23 (d, J = 2.4 Hz, 1H), 7.14 (d,
J=8.7 Hz, 1H), 6.87 (dd, J = 8.7, 2.3 Hz, 1H), 6.86 (dd, J = 15.6, 10.2 Hz, 1H), 6.33
(d, J=15.3 Hz, 1H), 3.83 (s, 3H), 3.73 (s, 3H), 1.88 (td, J =10.7, 2.3 Hz, 1H), 1.64—
1.56 (m, 1H), 1.38-1.21 (m, 4H), 1.14-1.06 (m, 1H), 0.94 (s, 9H), 0.85 (t, J = 7.2 Hz,
3H). *C NMR (126 MHz, CDCls): 6 = 156.4 (Cg), 151.3 (Cg), 143.7 (Cg), 143.3 (CH),
130.5 (Cg), 117.0 (CH), 112.2 (CH), 109.4 (CH), 101.5 (CH), 55.9 (CH), 55.4 (CHy),
33.6 (Cy), 31.0 (CHy), 30.0 (CHs), 28.8 (CHy), 28.2 (CH3), 23.0 (CHy), 14.3 (CH3). IR
(ATR): 2964, 2946, 2867, 1489, 1453, 1191, 1153, 980, 835, 798 cm™. MS (El) m/z
(relative intensity): 314 (14) [M]*, 257 (100), 243 (3), 215 (32), 200 (9), 176 (8). HR-
MS (EI) m/z calcd for CxoH3oN-O [M]* 314.2358, found 314.2352.

(E)-2-[3-(tert-Butyl)hept-1-en-1-yl]-1-methyl-5-(trifluoromethyl)-1H-benzo[d]-
imidazole (154fa)

tBu

F3C N
T
N

Me
154fa
The general procedure E was followed using benzimidazole 16f (100 mg, 0.50 mmol)

and allene 152a (122 mg, 0.80 mmol). Purification by column chromatography on
silica gel (nhexane/EtOAc: 4/1) yielded 154fa (154 mg, 87%) as a pale yellow solid.

M.p. = 81-83 °C. *HNMR (600 MHz, CDCls): 6=8.00 (s, 1H), 7.46 (dd, J = 8.5,
1.3 Hz, 1H), 7.34 (d, J=8.5Hz, 1H), 6.97 (dd, J=15.4, 10.4 Hz, 1H), 6.39 (d,
J=15.4 Hz, 1H), 3.80 (s, 3H), 1.92 (td, J = 10.7, 2.4 Hz, 1H), 1.66-1.58 (m, 1H),
1.38-1.23 (m, 4H), 1.16-1.07 (m, 1H), 0.95 (s, 9H), 0.86 (t, J = 7.1 Hz, 3H). *C NMR
(126 MHz, CDCl): & =153.0 (C,), 145.6 (CH), 142.5 (C,), 137.8 (Cy), 125.0 (q,
Jer=271.5Hz, Cy), 124.8 (g, “Jcr = 32.1 Hz, Cg), 119.1 (q, *Jcr = 3.6 Hz, CH),
116.9 (g, ®Jcr = 4.2 Hz, CH), 116.5 (CH), 109.4 (CH), 55.5 (CH), 33.6 (C,), 31.0
(CH,), 30.2 (CH3), 28.8 (CH,), 28.2 (CHs), 23.0 (CH,), 14.3 (CH3). FNMR
(376 MHz, CDCls): 6 =-60.63 (s). IR (ATR): 2957, 2867, 1450, 1327, 1226, 1113,
1047, 931, 885, 803 cm™. MS (EI) m/z (relative intensity): 352 (7) [M]*, 337 (6), 296
(53), 253 (100), 251 (19), 239 (10), 214 (14), 57 (20). HR-MS (El) m/z calcd for
Ca0H27N2F3 [M]* 352.2126, found 352.2113.
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(E)-1-Butyl-2-[3-(tert-butyl)hept-1-en-1-yl]-1H-benzo[d]imidazole (154ba)

tBu
N
N

%Bu
154ba

The general procedure E was followed using benzimidazole 16b (87.1 mg,
0.50 mmol) and allene 152a (122 mg, 0.80 mmol). Purification by column
chromatography on silica gel (nhexane/EtOAc: 4/1) yielded 154ba (118 mg, 72%) as

a colorless oil.

'H NMR (500 MHz, CDCls): 6 = 7.77-7.72 (m, 1H), 7.31-7.27 (m, 1H), 7.25-7.19 (m,
2H), 6.92 (dd, J=15.4, 10.4 Hz, 1H), 6.35 (d, J = 15.4 Hz, 1H), 4.16 (t, J=7.2 Hz,
2H), 1.90 (td, J = 10.7, 2.3 Hz, 1H), 1.81-1.72 (m, 2H), 1.66-1.57 (m, 1H), 1.40-1.21
(m, 6H), 1.16-1.06 (m, 1H), 0.95 (s, 9H), 0.93 (t, J = 7.4 Hz, 3H), 0.86 (t, J = 7.1 Hz,
3H). *C NMR (126 MHz, CDCls): 6 = 150.8 (Cg), 143.6 (CH), 143.1 (Cy), 135.3 (Cy),
122.3 (CH), 122.2 (CH), 119.4 (CH), 117.3 (CH), 109.4 (CH), 55.4 (CH), 43.3 (CHy),
33.6 (Cy), 32.4 (CHy), 30.9 (CHy), 28.7 (CHy), 28.1 (CHgs), 22.9 (CH,), 20.3 (CHy),
14.2 (CH3), 13.9 (CH3). IR (ATR): 2955, 2932, 2862, 1650, 1453, 1405, 1329, 1284,
975, 739 cm™. MS (El) m/z (relative intensity): 326 (17) [M]*, 269 (100), 227 (46), 213
(15), 183 (12), 173 (13), 169 (22), HR-MS (El) m/z calcd for Co2HasN» [M]* 326.2722,
found 326.2733.

(E)-1-Benzyl-2-[3-(tert-butyl)hept-1-en-1-yl]-1H-benzo[d]imidazole (154ca)

The general procedure E was followed using benzimidazole 16c¢ (104 mg,
0.50 mmol) and allene 152a (122 mg, 0.80 mmol). Purification by column
chromatography on silica gel (nhexane/EtOAc: 4/1) yielded 154ca (132 mg, 73%) as

an off-white solid.
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M.p. = 73-75 °C. *H NMR (600 MHz, CDCls): 6 = 7.84-7.71 (m, 1H), 7.31-7.13 (m,
6H), 7.12-6.97 (m, 2H), 6.89 (dd, J = 15.4, 10.3 Hz, 1H), 6.32 (d, J = 15.4 Hz, 1H),
5.35 (s, 2H), 1.80 (td, J =10.3, 2.6 Hz, 1H), 1.62-1.48 (m, 1H), 1.30-1.18 (m, 4H),
1.00 (m, 1H), 0.87 (s, 9H), 0.83-0.77 (m, 3H). **C NMR (126 MHz, CDCl3): 6 = 151.0
(Cq), 143.9 (CH), 143.0 (Cg), 136.1 (Cg), 135.3 (Cq), 128.8 (CH), 127.8 (CH), 126.2
(CH), 122.4 (CH), 122.4 (CH), 119.3 (CH), 117.1 (CH), 109.3 (CH), 55.1 (CH), 46.7
(CHy), 33.3 (Cg), 30.6 (CHy), 28.5 (CH,), 27.8 (CHj3), 22.7 (CH,), 14.0 (CH3). IR
(ATR): 2957, 1651, 1495, 1453, 1366, 1251, 975, 734, 703, 444 cm™. MS (El) m/z
(relative intensity): 360 (12) [M]", 303 (67), 261 (38), 169 (17), 91 (100). HR-MS (EI)
m/z calcd for CusH3oN» [M]™ 360.2565, found 360.2566.

(E)-2-[3-(tert-Butyl)hept-1-en-1-yl]-1-phenyl-1H-benzo[d]imidazole (154ga)

The general procedure E was followed using benzimidazole 16g (97.1 mg,
0.50 mmol) and allene 152a (122 mg, 0.80 mmol). Purification by column
chromatography on silica gel (nhexane/EtOAc: 4/1) yielded 154ga (101 mg, 58%) as

a colorless oil.

'H NMR (600 MHz, CDCls): 6 =7.81 (d, J=8.1 Hz, 1H), 7.61-7.56 (m, 2H), 7.54—
7.51 (m, 1H), 7.41-7.38 (m, 2H), 7.28 (ddd, J = 8.2, 7.0, 1.3 Hz, 1H), 7.20-7.17 (m,
1H), 7.16-7.14 (m, 1H), 6.84 (dd, J = 15.5, 10.4 Hz, 1H), 6.12 (d, J = 15.7 Hz, 1H),
1.76 (td, J = 10.7, 2.3 Hz, 1H), 1.57-1.51 (m, 1H), 1.33-1.20 (m, 4H), 1.07-1.01 (m,
1H), 0.89 (s, 9H), 0.84 (t, J=7.2 Hz, 3H). *C NMR (126 MHz, CDCls): & = 150.8
(Cy), 143.7 (Cy), 136.4 (C,), 136.0 (Cg), 129.8 (CH), 128.8 (CH), 127.6 (CH), 122.9
(CH), 122.8 (CH), 119.3 (CH), 118.1 (CH), 110.1 (CH), 55.1 (CH), 33.6 (C,), 30.9
(CH,), 28.8 (CHy), 28.1 (CHs3), 22.9 (CH,), 14.3 (CHs). IR (ATR): 2955, 2864, 1595,
1498, 1450, 1388, 978, 759, 739, 695 cm™. MS (El) m/z (relative intensity): 346 (15)
[M]", 289 (100), 259 (14), 247 (58), 232 (15), 207 (12). HR-MS (El) m/z calcd for
Ca24H30N2 [M]" 346.2409, found 346.2413.
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(E)-2-[3-(tert-Butyl)hept-1-en-1-yl]-1-(4-(trifluoromethyl)phenyl)-1H-benzo[d]-
imidazole (154la)

{Bu
N
N

CF;
154la

The general procedure E was followed using benzimidazole 16l (131 mg, 0.50 mmol)
and allene 152a (122 mg, 0.80 mmol). Purification by column chromatography on
silica gel (nhexane/EtOAc: 4/1) yielded 154la (177 mg, 85%) as a yellow oil.

'H NMR (500 MHz, CDCls): 6=7.87 (d, J=8.2 Hz, 2H), 7.82 (d, J =8.1 Hz, 1H),
7.55 (d, J = 8.2 Hz, 2H), 7.31 (ddd, J = 8.2, 7.2, 1.2 Hz, 1H), 7.22 (ddd, J = 8.2, 7.2,
1.1 Hz, 1H), 7.16 (d, J=8.0 Hz, 1H), 6.90 (dd, J=15.5, 10.4 Hz, 1H), 6.10 (d,
J=15.5Hz, 1H), 1.79 (td, J = 10.4, 2.4 Hz, 1H), 1.61-1.52 (m, 1H), 1.33-1.19 (m,
4H), 1.09-1.00 (m, 1H), 0.90 (s, 9H), 0.85 (t, J = 7.1 Hz, 3H). **C NMR (126 MHz,
CDCls): 6 = 150.5 (Cg), 144.8 (CH), 143.2 (Cg), 139.2 (C,), 135.9 (Cg), 130.9 (q,
2JcF=33.0Hz, Cg), 128.0 (CH), 127.2 (q, *Jcr=3.6 Hz, CH), 123.8 (q,
YJer =272.4 Hz, Cy), 123.5 (CH), 123.3 (CH), 119.6 (CH), 117.6 (CH), 109.8 (CH),
55.2 (CH), 33.6 (Cg), 30.8 (CHy), 28.6 (CH,), 28.0 (CHs), 22.8 (CH,), 14.2 (CHs).
F NMR (471 MHz, CDCls): 8 =-62.55 (s). IR (ATR): 2957, 2867, 1609, 1451, 1319,
1127, 1066, 844, 739, 446 cm™. MS (El) m/z (relative intensity): 414 (12) [M]", 357
(100), 327 (15), 315 (90), 313 (31), 300 (14), 276 (10). HR-MS (El) m/z calcd for
CasHaoNoF3 [M]" 414.2283, found 414.2291.

(E)-8-[3-(tert-Butyl)hept-1-en-1-yl]-6,9-diphenyl-9H-purine (187aa)

Ph tBu
7 N
TL~ | §>—4%r__<h8u
N~ N
Ph
187aa
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The general procedure E was followed using purine 151a (136 mg, 0.50 mmol) and
allene 152a (122 mg, 0.80 mmol). Purification by column chromatography on silica
gel (nhexane/EtOAc: 4/1) yielded 187aa (135 mg, 63%) as a colorless oil.

'H NMR (600 MHz, CDCls): & = 8.93 (s, 1H), 8.92-8.90 (m, 2H), 7.65-7.52 (m, 6H),
7.48-7.45 (m, 2H), 7.00 (dd, J =15.6, 10.4 Hz, 1H), 6.25 (d, J = 15.6 Hz, 1H), 1.83
(td, J=10.6, 2.4 Hz, 1H), 1.63-1.55 (m, 1H), 1.34-1.22 (m, 4H), 1.10-1.03 (m, 1H),
0.92 (s, 9H), 0.87 (t, J = 7.1 Hz, 3H). *C NMR (126 MHz, CDCls): & = 154.6 (Cy),
153.1 (Cy), 152.2 (Cy), 152.1 (CH), 146.8 (CH), 136.1 (Cg), 134.0 (Cy), 131.2 (Cy),
130.8 (CH), 129.9 (CH), 129.9 (CH), 129.4 (CH), 128.7 (CH), 127.7 (CH), 117.8
(CH), 55.2 (CH), 33.8 (Cgy), 30.9 (CHy), 28.7 (CH,), 28.1 (CHs), 22.9 (CH,) 14.3
(CHs). IR (ATR): 2955, 2866, 1575, 1560, 1502, 1325, 908, 765, 731, 693 cm™. MS
(El) m/z (relative intensity): 424 (15) [M]", 409 (15), 368 (74), 325 (100), 299 (16),
286 (40). HR-MS (ESI) m/z calcd for CgHasN4 [M+H]" 425.2700, found 425.2698.

(E)-8-[3-(tert-Butyl)hept-1-en-1-yl]-9-(4-methoxyphenyl)-6-phenyl-9H-purine
(187ba)

Ph tBu
= N
N N

OMe
187ba

The general procedure E was followed using purine 151b (151 mg, 0.50 mmol) and
allene 152a (122 mg, 0.80 mmol). Purification by column chromatography on silica
gel (nhexane/EtOAc: 4/1) yielded 187ba (197 mg, 87%) as a white solid.

M.p. = 118-121 °C. *H NMR (600 MHz, CDCls): & = 8.92 (s, 1H), 8.91-8.89 (m, 2H),
7.61-7.58 (m, 2H), 7.55-7.51 (m, 1H), 7.38-7.35 (m, 2H), 7.13—7.10 (m, 2H), 7.00
(dd, J = 15.6, 10.4 Hz, 1H), 6.24 (d, J = 15.6 Hz, 1H), 3.91 (s, 3H), 1.83 (td, J = 10.6,
2.4 Hz, 1H), 1.62-1.55 (m, 1H), 1.34-1.21 (m, 4H), 1.10-1.04 (m, 1H), 0.92 (s, 9H),
0.86 (t, J=7.0 Hz, 3H). ®°C NMR (126 MHz, CDCl3): & =160.3 (C,), 155.0 (Cy),
153.1 (Cg), 152.6 (Cg), 152.2 (CH), 146.8 (CH), 136.2 (C,), 131.2 (Cg), 130.8 (CH),
130.0 (CH), 128.9 (CH), 128.8 (CH), 126.4 (C,), 117.8 (CH), 115.2 (CH), 55.8 (CHs3),
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55.2 (CH), 33.7 (Cy), 30.8 (CHy), 28.6 (CHy), 28.1 (CH3), 22.8 (CH>), 14.2 (CH3). IR
(ATR): 2952, 2866, 1585, 1514, 1250, 837, 763, 686, 651, 596 cm™. MS (El) m/z
(relative intensity): 454 (33) [M]", 439 (23), 411 (17), 398 (100), 355 (98), 316 (28), 57
(28). HR-MS (El) m/z calcd for CogHz4N4O [M]" 454.2733, found 454.2716.

(E)-9-Butyl-8-[3-(tert-butyl)hept-1-en-1-yl]-6-phenyl-9H-purine (187da)

Ph tBu
7 N
Nk | \>—//_<nBu
\nBu
187da

The general procedure E was followed using purine 151d (127 mg, 0.50 mmol) and
allene 152a (122 mg, 0.80 mmol). Purification by column chromatography on silica
gel (nhexane/EtOAc: 4/1) yielded 187da (193 mg, 95%) as a colorless oil.

'H NMR (600 MHz, CDCls): & = 8.93 (s, 1H), 8.88-8.86 (m, 2H), 7.58-7.55 (m, 2H),
7.52—-7.48 (m, 1H), 7.15 (dd, J = 15.3, 10.4 Hz, 1H), 6.43 (d, J = 15.3 Hz, 1H), 4.33 (t,
J=7.4 Hz, 2H), 1.97 (td, J = 10.4, 2.3 Hz, 1H), 1.85-1.79 (m, 2H), 1.70-1.62 (m, 1H),
1.43-1.23 (m, 6H), 1.19-1.10 (m, 1H), 0.99 (s, 9H), 0.96 (t, J = 7.4 Hz, 3H), 0.88 (t,
J=7.1Hz, 3H). **C NMR (126 MHz, CDCls): & = 153.9 (C,), 152.6 (Cg), 152.3 (Cy),
151.3 (CH), 146.4 (CH), 136.2 (Cg), 131.3 (Cg), 130.6 (CH), 129.9 (CH), 128.6 (CH),
117.0 (CH), 55.5 (CH), 42.3 (CH,), 33.8 (CH,), 32.5 (CH,), 31.0 (CHy), 28.7 (Cy),
28.2 (CHg3), 23.0 (CHy), 20.2 (CHy), 14.3 (CH3), 13.9 (CH3). IR (ATR): 2956, 2867,
1583, 1456, 1393, 1323, 1160, 975, 760, 724 cm™. MS (ESI) m/z (relative intensity):
405 (100) [M+H]". HR-MS (ESI) m/z calcd for CyHz7N4 [M+H]" 405.3013, found
405.3013.

195



5 Experimental Part

(E)-9-Butyl-8-[3-(tert-butyl)hept-1-en-1-yl]-6-(4-methoxyphenyl)-9H-purine
(187ea)

OMe
tBu
7 N
Nk | \>—//_<nBu
nBu
187ea

The general procedure E was followed using purine 151e (141 mg, 0.50 mmol) and
allene 152a (122 mg, 0.80 mmol). Purification by column chromatography on silica
gel (nhexane/EtOAc: 4/1) yielded 187ea (171 mg, 79%) as a colorless oil.

'H NMR (600 MHz, CDCls): & = 8.88-8.85 (m, 3H), 7.11 (dd, J = 15.4, 10.5 Hz, 1H),
7.08-7.05 (m, 2H), 6.40 (d, J = 15.3 Hz, 1H), 4.29 (t, J = 7.3 Hz, 1H), 3.88 (s, 3H),
1.95 (td, J =10.6, 2.1 Hz, 1H), 1.84-1.75 (m, 3H), 1.68-1.61 (m, 1H), 1.42-1.29 (m,
7H), 0.97 (s, 9H), 0.94 (t, J=7.3 Hz, 3H), 0.86 (t, J=6.9 Hz, 3H). *C NMR
(126 MHz, CDCl3): 6 =161.7 (Cy), 161.7 (Cg), 153.6 (Cqy), 151.3 (Cy), 146.0 (CH),
131.6 (CH), 131.5 (Cg), 130.6 (Cg), 117.1 (CH), 114.1 (CH), 114.1 (CH), 55.5 (OCHs3),
55.5 (CH), 42.3 (CH,), 33.8 (CHy), 32.5 (CH,), 31.0 (CH,), 28.8 (Cy), 28.2 (CH3), 23.0
(CH,), 20.2 (CH,), 14.3 (CHs), 13.9 (CHs). IR (ATR): 2954, 2932, 2867, 1577, 1512,
1439, 1251, 1173, 842, 805 cm™. MS (El) m/z (relative intensity): 434 (41) [M]*, 377
(100), 335 (92), 321 (37), 281 (40), 254 (28), 240 (32). HR-MS (EI) m/z calcd for
C,7H3sN4O [M]" 434.3046, found 434.3063.

(E)-8-[3-(tert-butyl)hept-1-en-1-yl]-1,3,7-trimethyl-3,7-dihydro-1H-purine-2,6-

dione (154ka)
o e tBu
Me. N
O~ "N N
Me

154ka

<
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The general procedure E was followed using caffeine (16k) (97.1 mg, 0.50 mmol)
and allene 152a (122 mg, 0.80 mmol). Purification by column chromatography on
silica gel (nhexane/EtOAc: 4/1) yielded 154ka (149 mg, 86%) as a white solid.

M.p. = 151-153 °C. *H NMR (500 MHz, CDCls): 6 = 6.79 (dd, J = 15.3, 10.5 Hz, 1H),
6.19 (d, J =15.3 Hz, 1H), 3.95 (s, 3H), 3.58 (s, 3H), 3.38 (s, 3H), 1.86 (td, J =10.5,
2.4 Hz, 1H), 1.65-1.55 (m, 1H), 1.36-1.22 (m, 4H), 1.12-1.03 (m, 1H), 0.92 (s, 9H),
0.86 (t, J=7.1 Hz, 3H). ®*C NMR (126 MHz, CDCls): & = 155.4 (Cg), 151.9 (Cy),
145.0 (Cy), 148.6 (Cy), 145.3 (CH), 115.5 (CH), 107.4 (C,), 55.3 (CH), 33.6 (Cy), 31.6
(CH3), 30.9 (CHy), 29.9 (CHgs), 28.6 (CH,), 28.1 (CHgs), 28.0 (CH3), 22.9 (CHy), 14.2
(CHa). IR (ATR): 2952, 2861, 1698, 1655, 1544, 1433, 1224, 1039, 980, 742 cm™,
MS (EI) m/z (relative intensity): 346 (14) [M]", 331 (4), 289 (100), 247 (52), 233(15),
207 (21), 57 (13). HR-MS (El) m/z calcd for CigH30N4O2 [M]" 346.2369, found
346.2373.

(E)-2-[3-(tert-Butyl)hept-1-en-1-yl]-1-methyl-4,5-diphenyl-1H-imidazole (154ia)
Ph tBu
N
I \>—//_<nBu
ph” N
Me
154ia

The general procedure E was followed using imidazole 16i (117 mg, 0.50 mmol) and
allene 152a (122 mg, 0.80 mmol). Purification by column chromatography on silica
gel (nhexane/EtOAc: 4/1) yielded 154ia (123 mg, 63%) as a brown solid.

M.p. = 86-89 °C. *H NMR (600 MHz, CDCls): & = 7.50-7.46 (m, 2H), 7.46—-7.40 (m,
3H), 7.34-7.31 (m, 2H), 7.21-7.17 (m, 2H), 7.15-7.10 (m, 1H), 6.63 (dd, J = 15.5,
10.2 Hz, 1H), 6.27 (d, J = 15.5 Hz, 1H), 3.45 (s, 3H), 1.84 (td, J = 10.7, 2.2 Hz, 1H),
1.65-1.57 (m, 1H), 1.45-1.23 (m, 5H), 0.96 (s, 9H), 0.88 (t, J = 7.2 Hz, 3H). *C NMR
(126 MHz, CDCl3): 6 = 145.6 (C), 138.7 (CH), 137.8 (Cg), 135.0 (Cg), 131.3 (Cy),
131.1 (CH), 129.4 (Cg), 129.0 (CH), 128.5 (CH), 128.2 (CH), 127.3 (CH), 126.3 (CH),
117.8 (CH), 55.3 (CH), 33.5 (C), 31.3 (CHs), 31.0 (CHy), 28.9 (CHy), 28.2 (CHa),
23.0 (CHy), 14.3 (CHs). IR (ATR): 2953, 2863, 1600, 1453, 1363, 1071, 967, 772,
713, 694 cm™. MS (El) m/z (relative intensity): 386 (69) [M]", 371 (58), 343 (64), 329
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(100), 287 (35), 247 (71). HR-MS (ESI) m/z calcd for Cy;HssN, [M+H]" 387.2795,
found 387.2805.

(E)-2-[3-(tert-Butyl)oct-1-en-1-yl]-1-methyl-1H-benzo[d]imidazole (154ab)

tBu
N
O e
N
\
Me
154ab

The general procedure E was followed using benzimidazole 16a (66.1 mg,
0.50 mmol) and allene 152b (133 mg, 0.80 mmol). Purification by column
chromatography on silica gel (nhexane/EtOAc: 4/1) yielded 154ab (119 mg, 80%) as

an off-white solid.

M.p. = 75-77 °C. *H NMR (600 MHz, CDCls): & = 7.76-7.72 (m, 1H), 7.29-7.26 (m,
1H), 7.25-7.21 (m, 2H), 6.91 (dd, J = 15.4, 10.4 Hz, 1H), 6.38 (d, J = 15.4 Hz, 1H),
3.76 (s, 3H), 1.90 (td, J = 10.7, 2.3 Hz, 1H), 1.63-1.56 (m, 1H), 1.41-1.33 (m, 1H),
1.33-1.20 (m, 5H), 1.17-1.10 (m, 1H), 0.95 (s, 9H), 0.87-0.84 (m, 3H). *C NMR
(126 MHz, CDCl3): 6 = 151.0 (C,), 143.8 (CH), 142.9 (C,), 135.8 (Cy), 122.3 (CH),
122.2 (CH), 119.2 (CH), 117.0 (CH), 109.1 (CH), 55.5 (CH), 33.6 (CH,), 32.2 (CHy>),
29.9 (CHs), 29.1 (CH,), 28.4 (Cg), 28.2 (CHs), 22.8 (CH,), 14.4 (CH3). IR (ATR):
2934, 2855, 1650, 1494, 1458, 1398, 1305, 1285, 980, 734 cm™. MS (ESI) m/z
(relative intensity): 597 (6) [2M+H]", 299 (100) [M+H]", 243 (4), 185 (3). HR-MS (ESI)
m/z calcd for CoHsiN2 [M+H]" 299.2482, found 299.2484.

(E)-2-[3-(tert-Butyl)non-1-en-1-yl]-1-methyl-1H-benzo[d]imidazole (154ac)
Bu
N
[:::I: 3*—47—_<%Hex
N
Me
154ac

The general procedure E was followed using benzimidazole 16a (66.1 mg,
0.50 mmol) and allene 152c (144 mg, 0.80 mmol). Purification by column
chromatography on silica gel (nhexane/EtOAc: 4/1) yielded 154ac (138 mg, 84%) as

a pale yellow solid.
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M.p. = 66-68 °C. *H NMR (500 MHz, CDCl): & = 7.76-7.71 (m, 1H), 7.30-7.26 (m,
1H), 7.25-7.20 (m, 2H), 6.90 (dd, J = 15.4, 10.4 Hz, 1H), 6.38 (d, J = 15.4 Hz, 1H),
3.77 (s, 3H), 1.90 (td, J = 10.6, 2.2 Hz, 1H), 1.63-1.56 (m, 1H), 1.41-1.19 (m, 8H),
1.17-1.08 (m, 1H), 0.95 (s, 9H), 0.85 (t, J = 7.0 Hz, 3H). *3C NMR (126 MHz, CDCly):
5=151.2 (Cg), 143.9 (CH), 143.1 (Cy), 135.9 (Cy), 122.4 (CH), 122.3 (CH), 119.3
(CH), 117.0 (CH), 109.1 (CH), 55.4 (CH), 33.5 (Cg), 32.0 (CH,), 29.8 (CH3), 29.6
(CH,), 29.0 (CH,), 28.7 (CH>), 28.1 (CHs), 22.8 (CHy), 14.2 (CHa). IR (ATR): 2934,
2858, 1650, 1493, 1458, 1398, 1305, 1284, 979, 734 cm™. MS (El) m/z (relative
intensity): 312 (17) [M]", 255 (100), 197 (12), 185 (77), 183 (25), 170 (13), 159 (14),
146 (22). HR-MS (EIl) m/z calcd for C,1H3,N, [M]* 312.2565, found 312.2555.

(E)-2-(4,4-Dimethyl-3-phenethylpent-1-en-1-yl)-1-methyl-1H-benzo[d]-imidazole
(154ad)

Me

154ad
The general procedure E was followed using benzimidazole 16a (66.1 mg,
0.50 mmol) and allene 152d (160 mg, 0.80 mmol). Purification by column
chromatography on silica gel (nhexane/EtOAc: 4/1) yielded 154ad (144 mg, 86%) as

a yellow oil.

'H NMR (300 MHz, CDCls): 6 = 7.81-7.74 (m, 1H), 7.34-7.24 (m, 5H), 7.21-7.14 (m,
3H), 7.01 (dd, J = 15.5, 10.3 Hz, 1H), 6.42 (d, J = 15.5 Hz, 1H), 3.80 (s, 3H), 2.81—
2.70 (m, 1H), 2.44 (ddd, J =13.7, 9.9, 6.9 Hz, 1H), 2.06-1.92 (m, 2H), 1.76-1.60 (m,
1H), 0.96 (s, 9H). *C NMR (126 MHz, CDCls): & =150.8 (C,), 143.1 (CH), 142.9
(Cy), 142.4 (Cy), 135.8 (Cy), 128.5 (CH), 128.4 (CH), 125.8 (CH), 122.5 (CH), 122.4
(CH), 119.3 (CH), 117.6 (CH), 109.2 (CH), 54.9 (CH), 34.8 (CHy), 33.7 (Cy), 30.9
(CHy), 29.9 (CH3), 28.2 (CHy3). IR (ATR): 2948, 2864, 1495, 1460, 1396, 1325, 976,
908, 738, 699 cm™. MS (ESI) m/z (relative intensity): 333 (100) [M+H]". HR-MS (ESI)
m/z calcd for Ca3HogN, [M+H]" 333.2325, found 333.2326.

199



5 Experimental Part

2-[(E)-3-(Adamantan-2-yl)hept-1-en-1-yl]-1-methyl-1H-benzo[d]imidazole (154ae)

1-Ad

N
QA"
N
\
Me
154ae

The general procedure E was followed using benzimidazole 16a (66.1 mg,
0.50 mmol) and allene 152e (184 mg, 0.80 mmol). Purification by column
chromatography on silica gel (nhexane/EtOAc: 4/1) yielded 154ae (129 mg, 71%) as
a white solid.

M.p. = 156-159 °C. *H NMR (600 MHz, CDCls): & = 7.76-7.72 (m, 1H), 7.30-7.27
(m, 1H), 7.26-7.21 (m, 2H), 6.93 (dd, J = 15.4, 10.5 Hz, 1H), 6.36 (d, J = 15.5 Hz,
1H), 3.78 (s, 3H), 1.96 (br s, 3H), 1.74 (td, J = 10.8, 2.2 Hz, 1H), 1.71-1.53 (m, 13H),
1.38-1.21 (m, 4H), 1.12-1.04 (m, 1H), 0.86 (t, J = 7.2 Hz, 3H). *C NMR (126 MHz,
CDCls): 6 = 151.1 (Cg), 143.4 (CH), 143.0 (C,), 135.8 (Cg), 122.3 (CH), 122.2 (CH),
119.3 (CH), 117.1 (CH), 109.1 (CH), 56.3 (CH), 40.6 (CHy), 37.5 (CHy), 35.5 (Cy),
30.9 (CH,), 29.9 (CHa), 29.1 (CH), 27.0 (CH,), 23.0 (CH,), 14.3 (CHa). IR (ATR):
2901, 2848, 1650, 1460, 1398, 1324, 1285, 969, 740, 437 cm™. MS (El) m/z (relative
intensity): 362 (19) [M]*,319 (45), 291 (52), 227 (14), 183 (16), 135 (100), 93 (23).
HR-MS (El) m/z calcd for CosHasN, [M]™ 362.2722, found 362.2717.

(E)-1-Methyl-2-[3-(propan-2-ylidene)hept-1-en-1-yl]-1H-benzo[d]imidazole (188)

Me

©:N \>_//_/2—Me
hBu

N
Me
188
The general procedure E was followed using benzimidazole 16a (66.1 mg,
0.50 mmol) and allene 152g (215 mg, 0.80 mmol). Purification by column
chromatography on silica gel (nhexane/EtOAc: 5/1) yielded 188 (79.4 mg, 59%) as a

pale brownish solid.
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M.p. = 100-103 °C. *H NMR (500 MHz, CDCls): 5 = 8.00 (d, J = 15.6 Hz, 1H), 7.74-
7.72 (m, 1H), 7.28-7.19 (m, 3H), 6.45 (d, J = 15.6 Hz, 1H), 3.76 (s, 3H), 2.41-2.36
(m, 2H), 2.02 (s, 3H), 1.90 (s, 3H), 1.48-1.37 (m, 4H), 0.96 (t, J=7.1 Hz, 3H).
3C NMR (126 MHz, CDCly): & = 152.6 (C), 143.4 (Cg), 138.3 (Cy), 136.1 (Cy), 136.0
(CH), 131.6 (Cg), 122.3 (CH), 122.1 (CH), 119.1 (CH), 110.2 (CH), 109.0 (CH), 31.2
(CH,), 29.8 (CHs), 28.1 (CH>), 23.1 (CH,), 22.3 (CHs), 21.2 (CHs), 14.2 (CHa). IR
(ATR): 2952, 2857, 1618, 1458, 1434, 1392, 1330, 1290, 964, 740 cm™. MS (El) m/z
(relative intensity): 268 (17) [M]", 253 (100), 225 (14), 210 (27), 195 (10), 146 (5).
HR-MS (El) m/z calcd for C1gH24N> [M]" 268.1939, found 268.1938.

(E)-7-[(1,3-Dioxolan-2-yl)methyl]-8-[3-(tert-butyl)non-1-en-1-yl]-1,3-dimethyl-3,7-
dihydro-1H-purine-2,6-dione (154mc)

The general procedure E was followed using caffeine derivative 16m (133 mg,
0.50 mmol) and allene 152c (144 mg, 0.80 mmol). Purification by column
chromatography on silica gel (nhexane/EtOAc: 2/1) yielded 154mc (193 mg, 86%) as

a white solid.

M.p. = 112-114 °C. *H NMR (400 MHz, CDCl3): 6 = 6.82 (dd, J = 15.3, 10.4 Hz, 1H),
6.30 (d, J =15.3 Hz, 1H), 5.22 (t, J = 3.6 Hz, 1H), 4.58 (d, J = 3.6 Hz, 2H), 3.83 (s,
4H), 3.59 (s, 3H), 3.39 (s, 3H), 1.88 (td, J=10.6, 2.3 Hz, 1H), 1.64-1.54 (m, 1H),
1.33-1.19 (m, 8H), 1.16-1.05 (m, 1H), 0.93 (s, 9H), 0.86 (t, J = 6.9 Hz, 3H). *C NMR
(101 MHz, CDCl3): 6 = 155.3 (Cq), 151.9 (C), 150.6 (Cy), 148.6 (Cg), 144.7 (CH),
116.5 (CH), 107.4 (Cg), 101.8 (CH), 65.4 (CH,), 55.1 (CH), 46.5 (CHy), 33.7 (CHy),
32.0 (CHy), 29.9 (CHg), 29.5 (CH,), 29.0 (Cg), 28.6 (CH,), 28.1 (CHj3), 28.0 (CHg),
22.8 (CHg), 14.2 (CH3). IR (ATR): 2950, 1702, 1654, 1543, 1469, 1413, 1223, 977,
745, 503 cm™. MS (ESI) m/z (relative intensity): 915 (53) [2M+Na]*, 827 (13), 447
(100) [M+H]". HR-MS (ESI) m/z calcd for Cy4H3oN4O4 [M+H]" 447.2966, found
447.2957.
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(E)-8-[3-(tert-Butyl)non-1-en-1-yl]-7-[2-(methoxymethoxy)propyl]-1,3-dimethyl-
3,7-dihydro-1H-purine-2,6-dione (154nc)

O’“\ —“Me

NS
JI SN

154nc

The general procedure E was followed using caffeine derivative 16n (141 mag,
0.50 mmol) and allene 152c (144 mg, 0.80 mmol). Purification by column
chromatography on silica gel (nhexane/EtOAc: 2/1) yielded 154nc (202 mg, 87%) as

a colorless oil.

'H NMR (300 MHz, CDCls): 5= 6.79 (dd, J = 15.4, 10.6 Hz, 1H), 6.31 (ddd, J = 15.4,
1.3, 0.6 Hz, 1H), 4.53 (dd, J=6.9, 1.8 Hz, 1H), 4.43 (dt, J = 13.7, 3.3 Hz, 1H), 4.31
(dd, J = 6.9, 1.0 Hz, 1H), 4.18-4.10 (m, 1H), 4.07-4.01 (m, 1H), 3.56 (s, 3H), 3.37 (s,
3H), 3.05 (s, 3H), 1.86 (td, J = 10.6, 2.5 Hz, 1H), 1.30-1.21 (m, 11H), 1.12-1.03 (m,
1H), 0.90 (s, 9H), 0.83 (t, J=6.9 Hz, 3H). *C NMR (126 MHz, CDCls): 6 = 154.9
(Cy), 151.7 (Cy), 150.4 (Cy), 148.6 (Cy), 144.4 (CH), 144.4 (CH), 116.4 (CH), 106.6
(Cy), 95.0 (Cy), 72.8 (CH), 55.2 (CH3), 55.0 (CH3), 50.2 (CHy), 33.6 (CH>), 32.0 (CHy),
29.9 (CHg), 28.9 (CHy), 28.6 (CHy,), 28.0 (CHy), 27.9 (CHj3), 22.7 (CH), 18.0 (CH3),
14.1 (CH3). IR (ATR): 2932, 1698, 1654, 1542, 1469, 1411, 1223, 1031, 917,
729 cm™. MS (ESI) m/z (relative intensity): 462 (52) [M]*, 417 (100), 373 (21), 194
(37), 45 (57). HR-MS (ESI) m/z calcd for CusHi3sN4O4 [M+H]" 463.3284, found
463.3277.
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5.4.3 Mechanistic Studies
H/D Exchange experiments

In absence of allene 152

without 152a 85% D
cat. Ni(cod), i
©:N\ cat. IPr ©:N\
>—H S—H/D
N PhMe/CD50D (8:1) N
Me 100 °C, 14 h Me
16a [D],-16a: 89%

To an oven-dried Schlenk tube were added 1-methyl-1H-benzo[d]imidazole 16a
(0.50 mmol, 1.0 equiv), Ni(cod), (13.8 mg, 50.0 umol, 10 mol %), IPr (19.4 mg,
50.0 umol, 10 mol %), toluene (1.5 mL) and CD3z;OD (0.2 mL) under a nitrogen
atmosphere. The mixture was stirred at 100 °C for 14 h. At ambient temperature, the
solvent was removed under reduced pressure and the remaining residue was purified
by column chromatography on silica gel (EtOAc) to afford [D],-16a (58.9 mg, 89%).

The deuterium incorporation was estimated by *H-NMR spectroscopy.

In presence of allene 152a

152a 86% D
cat. Ni(cod),

N N
cat. IPr
©: S—H . ©: S—H/D + [D],-153aa: 0%
N PhMe/CD40D (8:1) N

Me 100 °C, 14 h Me
16a [D],-16a: 84%

To an oven-dried Schlenk tube were added 1-methyl-1H-benzo[d]imidazole 16a
(0.50 mmol, 1.0 equiv), allene 152a (0.80 mmol, 1.6 equiv), Ni(cod), (13.8 mg,
50.0 ymol, 10 mol %), IPr (19.4 mg, 50.0 ymol, 10 mol %), toluene (1.5 mL) and
CD30D (0.2 mL) under a nitrogen atmosphere.
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The mixture was stirred at 100 °C for 14 h. At ambient temperature, the solvent was
removed under reduced pressure and the remaining residue was purified by column
chromatography on silica gel (100 % EtOAc) to afford [D],-16a (55.5 mg, 84%). The

deuterium incorporation was estimated by *H-NMR spectroscopy.

% N
©: S—H/D
N
Me
[D],-16a: 89%
(CDCl3, 500 MHz)

:
b
4

N 1.0

T T T T T
8 77 76 75 74 713 72 7.1
ppm

w e

T T T
9.0 8.5 8.0 7

T T T
8.1 8.0 7.9

111
oo
3.00]

2.0

| 0.9

T T T T T T T T T T T T T T T
7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0
ppm

Reaction using isotopically-labelled substrates

Reaction with of isotopically-labelled [D]:-16a with allene 152a

20% D 51% D
152a (1.6 equiv) >98% D  152a (1.6 equiv)
H/D tBu Ni(cod), (10 mol %) ¢ Ni(cod), (10 mol %) H/D tBu
N IPr (10 mol%) N IPr (10 1% N —
@E >4 ey i i — @E ) hBu
N
N H/D NaOtBu (1.0 equiv) \ PhMe, 100 °C N H/D
Me N\ PhMe, 100 °C Me 14 h Me N
20% D 14 h <5% D
[D],-154aa: 79% [D]4-16a [D],-153aa: 92%

A solution of [D];-16a (66.6 mg, 0.50 mmol, 1.0 equiv), allene 152a (122 mg,
0.80 mmol, 1.6 equiv), Ni(cod), (13.8 mg, 50.0 ymol, 10.0 mol %), IPr (19.4 mg,
50.0 ymol, 10.0 mol %) with or without NaOtBu (48.1 mg, 0.50 mmol, 1.0 equiv) in
toluene (1.5 mL) was stirred at 100 °C for 14 h.
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At ambient temperature, the solvent was removed under reduced pressure and the
remaining residue was purified by column chromatography on silica gel
(nhexane/EtOAc: 8/1 to 100% EtOAc) to afford the desired products [D],-154aa
(112 mg, 79%) or [D],-153aa (131 mg, 92%), respectively. The deuterium
incorporation was estimated by *H-NMR spectroscopy.

30% D 91% D
152a (1.6 equiv) o 152a (1.6 equiv)
0 Me H/D tBu  Ni(cod), (10 mol %) Me Ni(cod), (10 mol %) o Me H/D tBu
Me. N IPr (10 mol %) e~N N IPr(10mol %)  Me N —
)\ ) nBu )\ ‘ />_D )\ | nBu
>N N HD NaOfBu (1.0 equiv) o7 >N~ N 4 PhMe, 100 °C 0“>N" "N HD
I PhMe, 100 °C ! 5089 14 h |
Me Me 98% D Me
26% D 14 h <5% D
[D],-154ka: 84% [D]s-16k [D],-153ka: 93%

A solution of [D];-16k (97.6 mg, 0.50 mmol, 1.0 equiv), allene 152a (122 mg,
0.80 mmol, 1.6 equiv), Ni(cod), (13.8 mg, 50.0 umol, 10.0 mol %), IPr (19.4 mg,
50.0 uymol, 10.0 mol %) with or without NaOtBu (48.1 mg, 0.50 mmol, 1.0 equiv) in
toluene (1.5 mL) was stirred at 100 °C for 14 h. At ambient temperature, the solvent
was removed under reduced pressure and the remaining residue was purified by
column chromatography on silica gel (nhexane/EtOAc: 5/1) to afford [D],-153ka
(162 mg, 93%) or [D],-154ka (146 mg, 84%), respectively. The deuterium
incorporation was estimated by *H-NMR spectroscopy.

] N

91% D
o Me H/D {Bu
Me\N N —
%j\ / nBu
o) N N H/D
|
Me <5% D
[D],-153ka: 93%
(CDCls, 600 MHz)
F)
S
5‘.5 5‘,4 ;.3 5‘.2 5‘.1
ppm
| . L A }\ k
A d 2 d 3 g LY
< S oA < < <
(=) N N — N [\l <t o0 o
7‘.5 7‘.0 6‘.5 6‘.0 5‘.5 ;.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 l‘.S 1‘.0 (;.5 6,0



5 Experimental Part

30% D

O Me HID tBu

Me\NJt[N)_/g—<n5u
41\ N H/D
AN

N
I

Me 26% D

[D],-154ka: 84%
(CDCl,, 600 MHz)

‘Jﬁu

g
= =
T T T T O\ T T \O T T T
7.6 74 72 7.0 6.8 6.6 6.4 6.2 6.0 5.8 5.6
ppm
| i I ..J J .
g g 4 44 e
= = S S o QRS Q%S
(=} (=} o oo SO T O oA
7{5 7{0 6{5 6{0 S‘AS 5“0 4{5 4‘.0 3{5 3.0 2{5 2.0 1{5 l‘ 0 0{5 0.0
ppm
Isomerization Experiments
tB
N Y Ni(cod), (10 mol %)
N BU IPr (10 mol %) >_/_<
> + 153aa: 8%
N NaOtBu (1.0 equiv)
Me PhMe, 100 °C
14 h
153aa 154aa: 88%

A solution of 153aa (142 mg, 0.50 mmol, 1.0 equiv), Ni(cod), (13.8 mg, 50.0 ymol,
10.0 mol %), IPr (19.4 mg, 50.0 ymol, 10.0 mol %) and NaOtBu (48.1 mg, 0.50 mmol,
1.0 equiv) in toluene (1.5 mL) was stirred at 100 °C for 14 h. At ambient temperature,
the solvent was removed under reduced pressure and the remaining residue was
purified by column chromatography on silica gel (nhexane/EtOAc: 5/1) to afford the
isomerized product 154aa (124.7 mg, 88%) and reisolated 153aa (11.4 mg, 8%).
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tBu tBu
N>_/:< NaOBu (1.0 equiv) N>_//—<
\ i N\
(:E nBu ©: nBu . 153aa: 10%
N PhMe, 100 °C N
Me 14 h Me
153aa 154aa: 85%

A solution of 153aa (142 mg, 0.50 mmol, 1.0 equiv) and NaOtBu (48.1 mg,
0.50 mmol, 1.0 equiv) in toluene (1.5 mL) was stirred at 100 °C for 14 h. At ambient
temperature, the solvent was removed under reduced pressure and the remaining
residue was purified by column chromatography on silica gel (nhexane/EtOAc: 5/1) to
afford the isomerized product 154aa (121 mg, 85%) and reisolated 153aa (14.1 mg,
10%).

tBu tBu
N NaO#Bu (1.0 equiv N
@Wnsu (1.0 equiv)_ @[\ 2R
N PhMe, 100 °C N\
Me 14 h Me
154aa { no isomerization] 154aa: 88%

A solution of 154aa (142 mg, 0.50 mmol, 1.0 equiv) and NaOtBu (48.1 mg,
0.50 mmol, 1.0 equiv) in toluene (1.5 mL) was stirred at 100 °C for 14 h. At ambient
temperature, the solvent was removed under reduced pressure and the remaining
residue was purified by column chromatography on silica gel (n-hexane/EtOAc: 5/1)

to reisolate the non-isomerized starting material 154aa (125 mg, 88%).

5.5 Iron-Catalyzed C-H/N-H Annulation with Allenyl Acetates

5.5.1 Experimental Procedures and Analytical Data — Allenyl Acetates

3-n-Heptyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]isoquinolin-1(2H)-one
(156aa)
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The general procedure F was followed using 118a (85.9 mg, 0.30 mmol) and allene
155a (164 mg, 0.90 mmol). Purification by column chromatography (nhexane/EtOAc:
4/1) yielded 156aa (112 mg, 91%) as a white solid.

M.p. = 76-78 °C. *H NMR (600 MHz, CDCls): & =8.35 (d, J = 8.0 Hz, 1H), 7.70 (s,
1H), 7.60-7.56 (m, 1H), 7.43-7.38 (m, 2H), 6.34 (s, 1H), 5.38 (s, 2H), 4.24 (t,
J=7.3Hz, 2H), 2.98 (t, J = 7.7 Hz, 2H), 1.86—-1.80 (m, 2H), 1.71 (dt, J = 15.4, 7.7 Hz,
2H), 1.48 (dt, J = 15.3, 7.3 Hz, 2H), 1.40-1.34 (m, 2H), 1.32-1.23 (m, 10H), 0.89 (t,
J=6.9 Hz, 3H), 0.83 (t, J = 7.0 Hz, 3H). *C NMR (126 MHz, CDCls): 6 = 163.3 (Cy),
144.1 (Cg), 143.6 (Cg), 136.9 (Cy), 132.3 (CH), 127.7 (CH), 125.9 (CH), 125.4 (CH),
124.3 (Cg), 123.8 (CH), 105.2 (CH), 50.5 (CH,), 39.2 (CH,), 33.2 (CHy), 31.9 (CHy),
31.3 (CHy), 30.3 (CH,), 29.4 (CH,), 29.3 (CH,), 28.9 (CH,), 26.3 (CH,), 22.8 (CHy),
22.6 (CH,), 14.3 (CHs3), 14.1 (CHs). IR (ATR): 2926, 2853, 1643, 1618, 1593, 1413,
1052, 801, 756, 690 cm™. MS (El) m/z (relative intensity): 408 (70) [M]*, 337 (53),
324 (47), 295 (63), 242 (48), 172 (39), 159 (91), 43 (100). HR-MS (EIl) m/z calcd for
CasH3sN4O [M]" 408.2889, found 408.2879.

3-n-Hexyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]lisoquinolin-1(2H)-one
(156ab)

nBu
156ab

The general procedure F was followed using 118a (85.9 mg, 0.30 mmol) and allene
155b (151 mg, 0.90 mmol). Purification by column chromatography
(nhexane/EtOAcCc: 4/1) yielded 156ab (112 mg, 93%) as a white solid.

M.p. = 79-81 °C. *H NMR (600 MHz, CDCls): 6 =8.34 (d, J = 8.1 Hz, 1H), 7.70 (s,
1H), 7.59-7.56 (m, 1H), 7.40-7.38 (m, 2H), 6.34 (s, 1H), 5.38 (s, 2H), 4.24 (t,
J=7.3Hz 2H), 2.98 (t, J = 7.7 Hz, 2H), 1.87-1.81 (m, 2H), 1.71 (dt, J = 15.5, 7.7 Hz,
2H), 1.52-1.45 (m, 2H), 1.37-1.31 (m, 4H), 1.29-1.22 (m, 6H), 0.90 (t, J = 7.1 Hz,
3H), 0.83 (t, J = 7.0 Hz, 3H). 3C NMR (126 MHz, CDCl3): & = 163.3 (Cy), 144.1 (Cy),
143.6 (Cy), 136.9 (Cg), 132.3 (CH), 127.7 (CH), 125.9 (CH), 125.4 (CH), 124.3 (Cy),
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123.8 (CH), 105.2 (CH), 50.5 (CHy), 39.2 (CHy,), 33.2 (CH,), 31.9 (CHy), 31.3 (CHy),
30.3 (CHy), 29.1 (CHy), 28.9 (CHy,), 26.3 (CHy), 22.8 (CH>), 22.6 (CHy), 14.3 (CHj3),
14.1 (CHg). IR (ATR): 3149, 2953, 2929, 2858, 1646, 1619, 1595, 1047, 754, 673
cm™. MS (El) m/z (relative intensity): 394 (82) [M]*, 337 (60), 324 (47), 295 (31), 281
(56), 228 (53), 159 (100). HR-MS (El) m/z calcd for C24H34N4O [M]" 394.2733, found
394.2723.

2-[(1-n-Hexyl-1H-1,2,3-triazol-4-yl)methyl]-3-n-pentylisoquinolin-1(2H)-one
(156ac)

nPr
156ac

The general procedure F was followed using 118a (85.9 mg, 0.30 mmol) and allene
155¢ (139 mg, 0.90 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/1) yielded 156ac (98.5 mg, 86%) as a white solid.

M.p. = 75-77 °C. *H NMR (600 MHz, CDCls): 6 =8.34 (d, J=8.0 Hz, 1H), 7.70 (s,
1H), 7.58 (ddd, J=8.1, 7.2, 1.3 Hz, 1H), 7.43-7.38 (m, 2H), 6.34 (s, 1H), 5.38 (s,
2H), 4.24 (t, J=7.3 Hz, 2H), 2.98 (t, J = 7.7 Hz, 2H), 1.87-1.81 (m, 2H), 1.72 (dt,
J=15.4, 7.6 Hz, 2H), 1.50-1.44 (m, 2H), 1.43-1.36 (m, 2H), 1.29-1.23 (m, 6H), 0.92
(t, J=7.2 Hz, 3H), 0.85-0.82 (m, 3H). *C NMR (126 MHz, CDCl3): 6 = 163.3 (C),
144.1 (Cg), 143.6 (Cg), 136.9 (Cy), 132.3 (CH), 127.7 (CH), 125.9 (CH), 125.4 (CH),
124.3 (Cg), 123.8 (CH), 105.2 (CH), 50.5 (CH,), 39.2 (CH,), 33.1 (CHy), 31.6 (CHy),
31.3 (CH,), 30.3 (CH,), 28.6 (CH,), 26.3 (CHy), 22.7 (CH,), 22.6 (CH,), 14.2 (CHs),
14.1 (CH3). IR (ATR): 2950, 2932, 2857, 1648, 1619, 1593, 1438, 1169, 1042,
734 cm™. MS (El) m/z (relative intensity): 380 (100) [M]*, 337 (61), 324 (43), 267
(59), 214 (50), 159 (98), 138 (33). HR-MS (El) m/z calcd for Ca3HzN4O [M]*
380.2576, found 380.2566.
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3-(2-Cyclohexylethyl)-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]isoquinolin-
1(2H)-one (156ad)

156ad

The general procedure F was followed using 118a (85.9 mg, 0.30 mmol) and allene
155d  (175mg, 0.90 mmol). Purification by column  chromatography
(nhexane/EtOAc: 3/2) yielded 156ad (110 mg, 87%) as a white solid.

M.p. = 106-107 °C. *H NMR (600 MHz, CDCls): 6 = 8.34 (d, J = 8.0 Hz, 1H), 7.70 (s,
1H), 7.59-7.56 (m, 1H), 7.42-7.38 (m, 2H), 6.34 (s, 1H), 5.37 (s, 2H), 4.24 (t,
J = 7.3 Hz, 2H), 3.02-2.97 (m, 2H), 1.85-1.81 (m, 4H), 1.76-1.70 (m, 2H), 1.69-1.64
(m, 1H), 1.61-1.57 (m, 2H), 1.47-1.39 (m, 1H), 1.29-1.23 (m, 8H), 1.21-1.13 (m,
1H), 1.00 (qd, J=12.4, 3.2 Hz, 2H), 0.84 (t, J = 7.0 Hz, 3H). *C NMR (126 MHz,
CDCls): 6 =163.3 (Cy), 144.1 (Cy), 144.1 (Cy), 137.0 (Cy), 132.3 (CH), 127.7 (CH),
125.9 (CH), 125.4 (CH), 124.2 (Cy), 123.8 (CH), 105.0 (CH), 50.5 (CH2), 39.2 (CHy),
37.7 (CH), 36.8 (CHy), 33.5 (CHy), 31.3 (CHy), 30.7 (CH,), 30.3 (CH,), 26.8 (CHy,),
26.5 (CHy), 26.3 (CH,), 22.6 (CH,), 14.1 (CHs). IR (ATR): 2923, 2851, 1647, 1617,
1593, 1412, 1047, 831, 778, 755 cm™. MS (El) m/z (relative intensity): 420 (60) [M]*,
337 (83), 324 (100), 254 (35), 172 (32), 159 (70), 138 (28). HR-MS (EI) m/z calcd for
Ca6H3sN40O [M]" 420.2889, found 420.2890.

2-[(1-n-Hexyl-1H-1,2,3-triazol-4-yl)methyl]-3-(3-phenylpropyl)isoquinolin-1(2H)-
one (156ae)
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The general procedure F was followed using 118a (85.9 mg, 0.30 mmol) and allene
155e (182mg, 0.90 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 156ae (109 mg, 85%) as a white solid.

M.p. = 100-102 °C. *H NMR (300 MHz, CDCls): 6 = 8.35 (d, J = 8.1 Hz, 1H), 7.70 (s,
1H), 7.60-7.56 (m, 1H), 7.42—-7.39 (m, 2H), 7.32—-7.29 (m, 2H), 7.29-7.19 (m, 3H),
6.34 (s, 1H), 5.37 (s, 2H), 4.27 (t, 3 =7.3 Hz, 2H), 3.08 (t, J = 7.5 Hz, 2H), 2.84 (t,
J=7.6 Hz 2H), 2.08-2.03 (m, 2H), 1.87-1.81 (m, 2H), 1.30-1.24 (m, 6H), 0.84 {t,
J =7.0 Hz, 3H). *C NMR (126 MHz, CDCly): & = 163.2 (C,), 144.0 (C), 143.0 (Cy),
141.6 (Cy), 136.8 (Cy), 132.4 (CH), 128.5 (CH), 128.5 (CH), 127.7 (CH), 126.1 (CH),
126.0 (CH), 125.4 (CH), 124.3 (Cy), 123.8 (CH), 105.2 (CH), 50.5 (CHy), 39.2 (CHy),
35.6 (CHy), 32.7 (CHy), 31.3 (CHy), 30.5 (CHy), 30.3 (CHy), 26.3 (CH), 22.6 (CHy),
14.1 (CH3). IR (ATR): 2925, 2859, 1645, 1620, 1594, 1410, 1047, 752, 698, 675
cm™. MS (El) m/z (relative intensity): 428 (14) [M]*, 337 (100), 324 (18), 172 (19),
159 (67), 138 (30), 91 (38). HR-MS (EI) m/z calcd for Cy7H3,N4O [M]" 428.2576,
found 428.2564.

3-[4-(Benzyloxy)-n-butyl]-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]isoquinolin-
1(2H)-one (156af)

(0]
156af

The general procedure F was followed using 118a (85.9 mg, 0.30 mmol) and allene
155f (222 mg, 0.90 mmol). Purification by  column  chromatography
(nhexane/EtOAc: 3/1) yielded 156af (133 mg, 94%) as a white solid.

M.p. = 68—69 °C. *H NMR (600 MHz, CDCls): 6 =8.35 (d, J = 8.4 Hz, 1H), 7.71 (s,
1H), 7.60-7.56 (m, 1H), 7.42-7.39 (m, 2H), 7.35-7.31 (m, 4H), 7.29-7.25 (m, 1H),
6.35 (s, 1H), 5.37 (s, 2H), 4.52 (s, 2H), 4.26-4.22 (m, 2H), 3.58 (t, J = 5.8 Hz, 2H),
3.02 (t, J = 7.2 Hz, 2H), 1.87-1.80 (m, 6H), 1.30-1.24 (m, 6H), 0.84 (t, J = 6.9 Hz,
3H). **C NMR (126 MHz, CDCls): & = 163.3 (C), 144.0 (C,), 143.2 (Cg), 138.6 (Cy),
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136.9 (Cy), 132.3 (CH), 128.4 (CH), 127.7 (CH), 127.7 (CH), 127.6 (CH), 126.0 (CH),
125.4 (CH), 124.3 (Cy), 123.8 (CH), 105.3 (CH), 73.1 (CHy), 69.9 (CH), 50.5 (CH,),
39.1 (CHy), 32.8 (CHy), 31.3 (CH,), 30.3 (CHy), 29.4 (CH,), 26.3 (CH), 25.5 (CHy),
22.6 (CHy), 14.1 (CHg). IR (ATR): 2951, 2927, 2855, 1644, 1619, 1594, 1411, 1118,
727, 692 cm™. MS (El) m/z (relative intensity): 472 (28) [M]", 381 (28), 367 (19), 200
(67), 167 (40), 91 (100). HR-MS (EI) m/z calcd for C9H3sN4O- [M]" 472.2838, found
472.2844.

3-(7-Chloro-n-heptyl)-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]isoquinolin-
1(2H)-one (156ag)

156ag

The general procedure F was followed using 118a (85.9 mg, 0.30 mmol) and allene
155g (195mg, 0.90 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 156ag (121 mg, 91%) as a white solid.

M.p. = 62—63 °C. *H NMR (300 MHz, CDCls): & = 8.35 (dd, J = 8.0, 1.2 Hz, 1H), 7.72
(s, 1H), 7.59 (ddd, J = 8.1, 6.9, 1.4 Hz, 1H), 7.47-7.34 (m, 2H), 6.34 (s, 1H), 5.38 (s,
2H), 4.25 (t, J = 7.3 Hz, 2H), 3.54 (t, J = 6.7 Hz, 2H), 3.05-2.94 (m, 2H), 1.92-1.64
(m, 6H), 1.58-1.36 (m, 6H), 1.32-1.21 (m, 6H), 0.90-0.78 (m, 3H). *C NMR
(126 MHz, CDCls): 6 = 163.3 (Cg), 144.0 (Cy), 143.4 (Cg), 136.9 (Cg), 132.4 (CH),
127.7 (CH), 126.0 (CH), 125.4 (CH), 124.3 (C,), 123.8 (CH), 105.2 (CH), 50.5 (CHy),
45.2 (CHy), 39.2 (CH,), 33.1 (CH,), 32.7 (CH,), 31.3 (CH,), 30.3 (CH,), 29.3 (CH,),
28.9 (CHy), 28.7 (CHy), 27.0 (CH,), 26.3 (CHy), 22.6 (CH,), 14.1 (CHs). IR (ATR):
2929, 2857, 1650, 1621, 1596, 1410, 1167, 1046, 755, 728 cm™. MS (El) m/z
(relative intensity): 442 (66) [*°Cl, M]*, 407 (52), 337 (72), 324 (58), 276 (31), 172
(35), 159 (100), 138 (40). HR-MS (EI) m/z calcd for CasHss>>CIN,O [M]" 442.2499,
found 442.2514.
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2-[(1-n-Hexyl-1H-1,2,3-triazol-4-yl)methyl]-3-phenethylisoquinolin-1(2H)-one
(156ah)

156ah

The general procedure F was followed using 118a (85.9 mg, 0.30 mmol) and allene
155h (169 mg, 0.9 mmol). Purification by  column  chromatography
(nhexane/EtOAc: 3/1) yielded 156ah (66.1 mg, 53%) as a white solid.

M.p. = 67-69 °C. *H NMR (300 MHz, CDCls): 6 =8.36 (d, J=7.4 Hz, 1H), 7.72 (s,
1H), 7.62-7.56 (m, 1H), 7.45-7.38 (m, 2H), 7.33-7.21 (m, 5H), 6.35 (s, 1H), 5.39 (s,
2H), 4.30—-4.21 (m, 2H), 3.39-3.30 (m, 2H), 3.10-3.02 (m, 2H), 1.90-1.79 (m, 2H),
1.32-1.23 (m, 6H), 0.89-0.80 (m, 3H). *C NMR (126 MHz, CDCls): & = 163.2 (Cy),
143.9 (Cg), 142.6 (Cg), 140.2 (Cy), 136.8 (Cy), 132.4 (CH), 128.6 (CH), 128.5 (CH),
127.7 (CH), 126.5 (CH), 126.1 (CH), 125.5 (CH), 124.4 (C), 123.8 (CH), 105.7 (CH),
50.5 (CHy), 39.2 (CH,), 35.2 (CHy), 34.7 (CH,), 31.3 (CHy), 30.3 (CH,), 26.3 (CHy),
22.6 (CHy), 14.1 (CHa). IR (ATR): 2953, 2925, 1646, 1621, 1592, 1338, 1169, 830,
764, 697 cm™. MS (El) m/z (relative intensity): 414 (100) [M*], 323 (17), 301 (46), 248
(60), 158 (45), 91 (67). HR-MS (El) m/z calcd for CosHzoN4O [M]" 414.2420, found
414.2418.

2-[(1-n-Hexyl-1H-1,2,3-triazol-4-yl)methyl]-3-[4-(trifluoromethyl)phenethyl]-iso-
qguinolin-1(2H)-one (156ai)

156ai
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The general procedure F was followed using 118a (85.9 mg, 0.30 mmol) and allene
155i (231 mg,  0.90 mmol). Purification by column  chromatography
(nhexane/EtOAc: 3/1) yielded 156ai (81.3 mg, 56%) as a pale yellow solid.

M.p. = 108-109 °C. *H NMR (300 MHz, CDCls): & = 8.40-8.33 (m, 1H), 7.76 (s, 1H),
7.62—7.54 (m, 3H), 7.46-7.37 (m, 4H), 6.32 (s, 1H), 5.39 (s, 2H), 4.26 (t, J = 7.3 Hz,
2H), 3.38 (t, J = 7.4 Hz, 2H), 3.12 (t, J = 7.3 Hz, 2H), 1.91-1.79 (m, 2H), 1.34-1.21
(m, 6H), 0.90-0.78 (m, 3H). *C NMR (126 MHz, CDCls): & = 163.2 (C,), 144.3 (Cy),
143.8 (Cg), 141.9 (C,), 136.6 (Cy), 132.5 (CH), 128.9 (CH), 128.9 (q, %Jc_r = 32.3 Hz,
Cy), 127.7 (CH), 126.3 (CH), 125.6 (q, *Jc_r = 3.7 Hz, CH), 125.5 (CH), 124.4 (C),
124.3 (g, NJc_r = 271.4 Hz, Cg), 124.0 (CH), 105.8 (CH), 50.6 (CH,), 39.2 (CH,), 34.8
(CHy), 34.3 (CHy), 31.3 (CHy), 30.3 (CH), 26.3 (CHy), 22.6 (CH,), 14.1 (CHy).
F NMR (282 MHz, CDCls): & = -62.41 (s). IR (ATR): 2933, 2860, 1649, 1617, 1597,
1323, 1158, 1111, 1066, 753 cm™. MS (El) m/z (relative intensity): 482 (100) [M]",
369 (43), 323 (27), 317 (42), 295 (22), 158 (57), 138 (23). HR-MS (ESI) m/z calcd for
C27H30F3N4O [M+H]" 483.2366, found 483.2369.

3-(4-Chlorophenethyl)-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]isoquinolin-
1(2H)-one (1564aj)

156aj

The general procedure F was followed using 118a (85.9 mg, 0.30 mmol) and allene
155 (200 mg, 0.90 mmol).  Purification by column  chromatography
(nhexane/EtOAc: 3/2) yielded 156aj (89.9 mg, 67%) as a pale yellow solid.

M.p. = 92-94 °C. *H NMR (600 MHz, CDCls): &=8.36 (d, J = 8.0 Hz, 1H), 7.74 (s,

1H), 7.59 (ddd, J = 8.2, 7.2, 1.3 Hz, 1H), 7.42 (ddd, J = 8.2, 7.2, 1.1 Hz, 1H), 7.40 (d,

J=7.9Hz, 1H), 7.28-7.25 (m, 2H), 7.22-7.19 (m, 2H), 6.31 (s, 1H), 5.38 (s, 2H),

4.26 (t, J=7.3 Hz, 2H), 3.33 (t, J = 7.7 Hz, 2H), 3.03 (t, J = 7.5 Hz, 2H), 1.88-1.82

(m, 2H), 1.31-1.23 (m, 6H), 0.86-0.82 (m, 3H). *C NMR (126 MHz, CDCls):

5 =163.2 (Cy), 143.9 (Cy), 142.2 (C,), 138.6 (Cy), 136.7 (Cy), 132.5 (CH), 132.2 (Cy),
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129.9 (CH), 128.8 (CH), 127.7 (CH), 126.2 (CH), 125.5 (CH), 124.4 (C,), 123.9 (CH),
105.8 (CH), 50.5 (CH>), 39.2 (CH,), 34.5 (CH,), 34.4 (CHy), 31.3 (CH,), 30.3 (CHy),
26.3 (CHy), 22.6 (CH.), 14.1 (CHs). IR (ATR): 2959, 2927, 2857, 1649, 1622, 1592,
1490, 1169, 1092, 764 cm™. MS (ESI) m/z (relative intensity): 919 (53) [*°Cl,
2M+Na]*, 471 (40) [**Cl, M+Na]*, 449 (100) [**CI, M+H]*. HR-MS (ESI) m/z calcd for
C26H30N40%*Cl [M+H]* 449.2103, found 449.2100.

3-(Cyclohexylmethyl)-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]isoquinolin-
1(2H)-one (156ak)

156ak

The general procedure F was followed using 118a (85.9 mg, 0.30 mmol) and allene
155k (163 mg, 0.90 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 156ak (49.2 mg, 40%) as a brownish oil.

'H NMR (300 MHz, CDCl3): & = 8.37-8.32 (m, 1H), 7.67 (s, 1H), 7.59 (ddd, J = 8.1,
6.9, 1.4 Hz, 1H), 7.44-7.36 (m, 2H), 6.29 (s, 1H), 5.37 (s, 2H), 4.24 (t, J = 7.3 Hz,
2H), 2.83 (d, J = 6.9 Hz, 2H), 1.92-1.78 (m, 4H), 1.79-1.57 (m, 4H), 1.35-1.16 (m,
9H), 1.14-0.96 (m, 2H), 0.89-0.78 (m, 3H). *C NMR (126 MHz, CDCls): 6 = 163.4
(Cq), 144.1 (Cy), 141.7 (Cy), 136.7 (Cg), 132.3 (CH), 127.7 (CH), 125.9 (CH), 125.4
(CH), 124.3 (C,), 123.7 (CH), 107.0 (CH), 50.5 (CHy), 41.3 (CHy), 39.6 (CHy), 37.4
(CH), 33.4 (CH,), 31.3 (CH,), 30.3 (CHy,), 26.5 (CH,), 26.4 (CH,), 26.3 (CH,), 22.5
(CH>), 14.1 (CH3). IR (ATR): 2922, 2851, 1646, 1622, 1592, 1419, 1340, 1168, 1043,
766 cm™. MS (ESI) m/z (relative intensity): 835 (35) [2M+Na]*, 813 (8) [2M+H]*, 429
(19) [M+Na]*, 407 (100) [M+H]". HR-MS (ESI) m/z calcd for CusHzsN4sO [M+H]"
407.2805, found 407.2805.
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3-(2-Ethylpentyl)-2-[(1-hexyl-1H-1,2,3-triazol-4-yl)methyllisoquinolin-1(2H)-one
(1564al)

(@

N/\\ff\N~nHex
7 N=N
nPr Et

156al

The general procedure F was followed using 118a (85.9 mg, 0.30 mmol) and allene
1551 (164 mg, 0.90 mmol). Purification by column  chromatography
(nhexane/EtOAc: 3/2) yielded 156al (30.2 mg, 25%) as a yellow oil.

'H NMR (600 MHz, CDCls): 5=8.35 (d, J=8.2 Hz, 1H), 7.68 (s, 1H), 7.58 (ddd,
J=8.2,7.1, 1.3 Hz, 1H), 7.43-7.38 (m, 2H), 6.30 (s, 1H), 5.38 (s, 2H), 4.26—4.20 (m,
2H), 2.89 (s, 2H), 1.86-1.80 (m, 2H), 1.76-1.69 (m, 1H), 1.48-1.35 (m, 6H), 1.29—
1.23 (m, 6H), 0.93 (t, J = 7.5 Hz, 3H), 0.89 (t, J = 6.8 Hz, 3H), 0.83 (t, J = 7.0 Hz, 3H).
3C NMR (126 MHz, CDCl): 6 = 163.4 (Cy), 144.1 (Cg), 142.3 (C,), 136.8 (C,), 132.3
(CH), 127.7 (CH), 125.9 (CH), 125.4 (CH), 124.3 (C,), 123.7 (CH), 107.1 (CH), 50.5
(CH,), 39.4 (CH,), 38.4 (CH), 38.1 (CH,), 35.3 (CH,), 31.3 (CHy), 30.3 (CHy), 26.3
(CH,), 25.8 (CH>), 22.6 (CH5), 19.9 (CH,), 14.6 (CHs3), 14.1 (CHs), 10.9 (CHs).

(E)-N-[(1-n-Hexyl-1H-1,2,3-triazol-4-yl)methyl]-2-(non-2-en-1-yl)benzamide (202)

nPent
202

The general procedure F was followed using 118a (85.9 mg, 0.30 mmol) and allene
201 (112 mg, 0.90 mmol). Purification by column  chromatography
(nhexane/EtOAc: 1/1) yielded 202 (62.2 mg, 25%) as a colorless oil.

'H NMR (600 MHz, CDCly): & = 7.61 (s, 1H), 7.34-7.29 (m, 2H), 7.23 (d, J = 7.9 Hz,

1H), 7.17 (dd, J=7.5, 7.5Hz, 1H), 6.62 (s, 1H), 5.49-5.41 (m, 2H), 4.65 (d,

J=5.6 Hz, 2H), 4.31 (t, J = 7.3 Hz, 2H), 3.53 (d, J = 5.6 Hz, 2H), 2.13-2.05 (m, 2H),
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1.92-1.84 (m, 2H), 1.40-1.22 (m, 14H), 0.90-0.84 (m, 6H). *C NMR (126 MHz,
CDClg): 6 =170.0 (Cq), 144.5 (Cy), 139.5 (Cy), 135.7 (Cy), 131.4 (CH), 130.2 (CH),
130.0 (CH), 127.7 (CH), 127.1 (CH), 126.0 (CH), 122.1 (CH), 50.6 (CH), 35.6 (CH,),
32.0 (CHy), 31.3 (CHy), 31.1 (CH,), 30.4 (CHy), 29.8 (CHy), 29.2 (CHy), 27.5 (CHy),
26.3 (CHy), 22.8 (CHy), 22.6 (CH,), 14.3 (CH3), 14.1 (CHg). IR (ATR): 3286, 2925,
2855, 1656, 1594, 1436, 1240, 767, 749, 695 cm™. MS (El) m/z (relative intensity):
410 (25) [M]*, 325 (18), 311 (34), 157 (31), 144 (100), 138 (30). HR-MS (El) m/z
calcd for CasH3sN4O [M]" 410.3046, found 410.3053.

5.5.2 Experimental Procedures and Analytical Data — TAH Benzamides

3-n-Heptyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-8-methylisoquinolin-1(2H)-

one (156ba)
N/\\ff\N~nHex
Pz N=N\

nHept
156ba

The general procedure F was followed using 118b (90.1 mg, 0.30 mmol) and allene
155a (164 mg, 0.90 mmol). Purification by column chromatography
(nhexane/EtOAc: 4/1) yielded 156ba (63.5 mg, 50%) as a white solid.

M.p. = 76-78 °C. *H NMR (600 MHz, CDCls): 6 =7.67 (s, 1H), 7.40 (dd, J =7.6,
7.6 Hz, 1H), 7.23 (d, J=7.6 Hz, 1H), 7.14 (d, J = 7.6 Hz, 1H), 6.26 (s, 1H), 5.32 (s,
2H), 4.25 (t, J=7.3 Hz, 2H), 2.93-2.90 (m, 5H), 1.88-1.82 (m, 2H), 1.72-1.65 (m,
2H), 1.49-1.42 (m, 2H), 1.38-1.33 (m, 2H), 1.32-1.25 (m, 10H), 0.89 (t, J = 7.0 Hz,
3H), 0.86-0.83 (m, 3H). *C NMR (126 MHz, CDCls): 6 = 164.0 (C), 144.4 (Cy),
143.3 (Cy), 141.5 (Cy), 138.6 (Cy), 131.6 (CH), 129.0 (CH), 123.8 (CH), 123.7 (CH),
122.9 (Cy), 105.5 (CH), 50.5 (CHy), 39.2 (CH>), 33.1 (CH), 31.9 (CHy), 31.3 (CHy),
30.3 (CHy), 29.4 (CHy), 29.4 (CH,), 28.9 (CHy), 26.3 (CHy), 24.1 (CH3), 22.8 (CHy),
22.6 (CHy), 14.3 (CHs), 14.1 (CH3). IR (ATR): 2953, 2931, 2857, 1651, 1608, 1460,
1291, 1043, 821, 807 cm™. MS (El) m/z (relative intensity): 422 (100) [M]*, 351 (41),
338 (42), 309 (48), 256 (65), 173 (90), 43 (94). HR-MS (El) m/z calcd for CzsH3sN4O
[M]" 422.3046, found 422.3056.
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8-Fluoro-3-n-heptyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyllisoquinolin-1(2H)-

one (156ca)
N/\\ff\N—nHex
P~ N=N\

nHept
156ca

The general procedure F was followed using 118c (91.3 mg, 0.30 mmol) and allene
155a (164 mg, 0.90 mmol). Purification by column  chromatography
(nhexane/EtOAc: 4/1) yielded 156ca (74.2 mg, 58%) as a white solid.

M.p. = 134-136 °C. 'H NMR (500 MHz, CDCls): & = 7.81 (s, 1H), 7.48 (ddd, J = 8.0,
8.0, 4.8 Hz, 1H), 7.16 (d, J = 7.9 Hz, 1H), 7.00 (ddd, J = 11.7, 8.0, 0.7 Hz, 1H), 6.29
(s, 1H), 5.31 (s, 2H), 4.25 (t, J = 7.3 Hz, 2H), 3.00 (t, J = 7.7 Hz, 2H), 1.87-1.82 (m,
2H), 1.73-1.68 (m, 2H), 1.51-1.45 (m, 2H), 1.40-1.34 (m, 2H), 1.32-1.24 (m, 10H),
0.88 (t, J = 7.0 Hz, 3H), 0.85-0.82 (m, 3H). **C NMR (126 MHz, CDCls): 5 = 162.4 (d,
Yer = 262.7 Hz, Cy), 160.6 (d, *Jcr = 4.6 Hz, Cg), 145.0 (C,), 143.6 (Cy), 139.7 (Cy),
133.1 (d, ®Jc_r = 10.1 Hz, CH), 124.4 (CH), 121.3 (d, *Jc_¢ = 4.4 Hz, CH), 113.5 (d,
3JcF=5.3Hz, Cg), 112.5 (d, 2J cr =21.9 Hz, CH), 104.5 (d, “Jc_r = 2.2 Hz, CH),
50.6 (CHy), 38.9 (CH,), 33.2 (CHy), 31.9 (CH,), 31.3 (CHy), 30.3 (CH,), 29.4 (CHy,),
29.3 (CH,), 28.8 (CHy), 26.3 (CHy), 22.8 (CHy), 22.6 (CHy), 14.3 (CHs), 14.1 (CHy).
F NMR (282 MHz, CDCls): 6 = -111.95 (ddd, J = 11.8, 4.9, 2.1 Hz). IR (ATR): 2927,
2855, 1646, 1619, 1604, 1420, 1158, 1055, 819, 684 cm™. MS (ESI) m/z (relative
intensity): 875 (27) [2M+Na]", 853 (16) [2M+H]", 449 (14) [M+Na]", 427 (100) [M+H]".
HR-MS (ESI) m/z calcd for C,5H3sN4,OF [M+H]" 427.2868, found 427.2870.

3-n-Heptyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-7-methylisoquinolin-1(2H)-
one (156da)

O

Me
N/\(\N___nHeX
_— :N/

nHept
156da
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The general procedure F was followed using 118d (90.1 mg, 0.30 mmol) and allene
155a (164 mg, 0.90 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 156da (104 mg, 82%) as a white solid.

M.p. = 74-75 °C. *H NMR (500 MHz, CDCls): & = 8.15 (s, 1H), 7.70 (s, 1H), 7.41 (dd,
J=8.1, 1.8 Hz, 1H), 7.33 (d, J=8.1 Hz, 1H), 6.32 (s, 1H), 5.38 (s, 2H), 4.24 (t,
J=7.3Hz, 2H), 2.96 (t, J = 7.7 Hz, 2H), 2.46 (s, 3H), 1.87—1.80 (m, 2H), 1.74-1.66
(m, 2H), 1.50-1.44 (m, 2H), 1.40-1.33 (m, 2H), 1.32-1.23 (m, 10H), 0.89 (t,
J=6.9 Hz, 3H), 0.85-0.82 (m, 3H). *C NMR (126 MHz, CDCl): &=163.4 (Cy),
144.3 (Cy), 142.6 (Cg), 136.0 (Cg), 134.7 (Cy), 134.0 (CH), 127.2 (CH), 125.4 (CH),
124.2 (C,), 123.8 (CH), 105.1 (CH), 50.4 (CH,), 39.1 (CH,), 33.0 (CH,), 31.9 (CH,),
31.2 (CH,), 30.2 (CH,), 29.4 (CH,), 29.3 (CH,), 28.8 (CH,), 26.2 (CH,), 22.7 (CH,),
22.5 (CH,), 21.5 (CHa), 14.2 (CH3), 14.0 (CHs). IR (ATR): 2954, 2924, 2856, 1645,
1598, 1208, 1052, 830, 799, 531 cm™. MS (El) m/z (relative intensity): 422 (100) [M]",
351 (49), 338 (42), 309 (67), 256 (66), 186 (36), 173 (90). HR-MS (EI) m/z calcd for
Ca6HasN4O [M]* 422.3046, found 422.3048.

7-Fluoro-3-n-heptyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyllisoquinolin-1(2H)-
one (156ea) and 5-Fluoro-3-n-heptyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-
isoquinolin-1(2H)-one (156ea’)

o (@]
F N =N\ _
% N=pN it
nHeptN I nHept
156ea 156ea’

The general procedure F was followed using 118e (91.3 mg, 0.30 mmol) and allene
155a (164 mg, 0.90 mmol). Purification by column  chromatography
(nhexane/EtOAc: 4/1) yielded 156ea (86.9 mg, 68%) and 156ea’ (24.6 mg, 19%) as

white solids.

7-Fluoro-3-n-heptyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]isoquinolin-1(2H)-
one (156ea):

M.p. = 127-129 °C. *H NMR (600 MHz, CDCls): & =7.97 (dd, J=9.4, 2.7 Hz, 1H),
7.70 (s, 1H), 7.41 (dd, J = 8.6, 5.1 Hz, 1H), 7.31 (ddd, J = 8.6, 8.5, 2.7 Hz, 1H), 6.33
(s, 1H), 5.36 (s, 2H), 4.25 (t, J = 7.3 Hz, 2H), 3.00-2.95 (m, 2H), 1.87-1.81 (m, 2H),
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1.70 (dt, J = 15.4, 7.7 Hz, 2H), 1.51-1.44 (m, 2H), 1.40-1.34 (m, 2H), 1.32-1.23 (m,
10H), 0.88 (t, J=6.9 Hz, 3H), 0.85-0.81 (m, 3H). *C NMR (126 MHz, CDCly):
5=162.5 (d, “Jc_r = 3.7 Hz, Cy), 160.9 (d, "Jc_r = 245.8 Hz, C,), 143.8 (C,), 142.9 (d,
*Jcr = 2.5 Hz, Cy), 133.6 (Cy), 127.7 (d, *Jc_¢ = 7.7 Hz, CH), 125.6 (d, *Jc_r = 7.9 Hz,
Cy), 123.8 (CH), 121.3 (d, 2Jc_r = 23.8 Hz, CH), 112.6 (d, “Jc_r = 22.6 Hz, CH), 104.5
(CH), 50.5 (CHy), 39.3 (CHy), 33.1 (CH,), 31.9 (CH,), 31.3 (CH,), 30.3 (CHy), 29.4
(CHy), 29.3 (CHy), 28.9 (CH,), 26.3 (CH,), 22.8 (CH>), 22.6 (CH,), 14.3 (CHa), 14.1
(CH3). ®F NMR (282 MHz, CDCls): 6 =-114.34 (m). IR (ATR): 2928, 2854, 1646,
1596, 1493, 1428, 1053, 893, 845, 797 cm™. MS (El) m/z (relative intensity): 426 (64)
[M]*, 355 (42), 342 (40), 260 (26), 190 (32), 177 (100), 138 (32). HR-MS (El) m/z
calcd for CasHasFN4O [M]T 426.2795, found 426.2792.

5-Fluoro-3-n-heptyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyllisoquinolin-1(2H)-
one (156ea’):

M.p. = 123-124 °C. *H NMR (600 MHz, CDCl3): 6 =8.12 (d, J = 7.9 Hz, 1H), 7.70 (s,
1H), 7.32 (ddd, J=7.9, 7.9, 5.2 Hz, 1H), 7.29-7.27 (m, 1H), 6.55 (s, 1H), 5.37 (s,
2H), 4.25 (t, J=7.4 Hz, 2H), 3.03-2.99 (m, 2H), 1.87-1.82 (m, 2H), 1.73 (dt,
J=15.4, 7.7 Hz, 2H), 1.51-1.46 (m, 2H), 1.38 (dt, J = 14.7, 7.1 Hz, 2H), 1.32-1.23
(m, 10H), 0.89 (t, J = 6.9 Hz, 3H), 0.84 (t, J = 6.9 Hz, 3H). *C NMR (126 MHz,
CDCls): & = 162.4 (d, “Jcr = 2.9 Hz, Cy), 157.2 (d, "Jc_r = 250.3 Hz, C), 144.6 (Cy),
143.8 (Cy), 126.5 (d, Jc_r = 16.7 Hz, Cy), 126.0 (d, *Jcr = 4.2 Hz, Cg), 125.9 (d,
3Jcr = 7.6 Hz, CH), 123.8 (CH), 123.4 (d, *Jc_r = 3.8 Hz, CH), 117.0 (d, 2Jcr =
19.6 Hz, CH), 97.4 (d, ®Jc_r = 5.5 Hz, CH), 50.5 (CHy), 39.3 (CHy), 33.5 (CH>), 31.9
(CHy), 31.3 (CHy), 30.3 (CHy), 29.4 (CHy), 29.3 (CHy), 28.9 (CHy), 26.3 (CHy), 22.8
(CHy), 22.6 (CHy), 14.3 (CHs), 14.1 (CHa3). *°F NMR (282 MHz, CDCl3): & = -123.54
(dd, J =9.5, 5.5 Hz).*NMR contains 8% of regioisomer 156ea’. IR (ATR): 2925, 2854,
1624, 1465, 1284, 1053, 893, 809, 722, 552 cm™. MS (El) m/z (relative intensity):
426 (96) [M]", 355 (63), 342 (60), 260 (38), 177 (100), 167 (39), 138 (32). HR-MS (EI)
m/z calcd for CsH3sFNLO [M]* 426.2795, found 426.2799.
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7-Bromo-3-n-heptyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]isoquinolin-1(2H)-
one (156fa)

O

Br
N/\\\/’;\N—nHex
Z N=N

nHept
156fa

The general procedure F was followed using 118f (110 mg, 0.30 mmol) and allene
155a (164 mg, 0.90 mmol). Purification by column  chromatography
(nhexane/EtOAc: 3/2) yielded 156fa (126 mg, 86%) as a white solid.

M.p. = 72-73 °C. *H NMR (500 MHz, CDCls): 6 =8.48 (d, J = 2.1 Hz, 1H), 7.71 (s,
1H), 7.65 (dd, J = 8.4, 2.1 Hz, 1H), 7.29 (d, J = 8.4 Hz, 1H), 6.30 (s, 1H), 5.36 (s, 2H),
4.25 (t, J=7.4 Hz, 2H), 2.98 (t, J = 7.7 Hz, 2H), 1.88-1.80 (m, 2H), 1.74-1.67 (m,
2H), 1.51-1.44 (m, 2H), 1.41-1.34 (m, 2H), 1.31-1.24 (m, 10H), 0.89 (t, J = 6.9 Hz,
3H), 0.84 (t, J = 7.0 Hz, 3H). *C NMR (126 MHz, CDCls): & = 162.2 (C), 144.4 (Cy),
143.8 (Cy), 135.6 (Cg), 135.6 (CH), 130.4 (CH), 127.3 (CH), 125.6 (C,), 123.9 (CH),
119.5 (Cg), 104.6 (CH), 50.5 (CHy), 39.2 (CH,), 33.2 (CH,), 31.9 (CH,), 31.2 (CHy),
30.2 (CHy), 29.4 (CH,), 29.3 (CHy), 28.7 (CHy), 26.2 (CH,), 22.7 (CHy), 22.5 (CH,),
14.2 (CH3), 14.0 (CHs). IR (ATR): 2951, 2929, 2858, 1645, 1618, 1588, 1467, 1276,
799, 533 cm™. MS (El) m/z (relative intensity): 486 (63) ["°Br, M]*, 415 (35), 373 (25),
320 (24), 236 (55), 138 (47), 43 (100). HR-MS (EI) m/z calcd for CasHas °BrN4O [M]*
486.1994, found 486.1980.

(E)-2-[2-(1-n-Butyl-1H-1,2,3-triazol-4-yl)propan-2-yl]-3-heptylidene-6-methyl-3,4-
dihydroisoquinolin-1(2H)-one (157ba)

O Me Me nBU
ad
N=N
Me N
nHex

157ba

The general procedure F was followed using 116b (45.1 mg, 0.15 mmol) and allene
155a (82.0mg, 0.45mmol). Purification by column chromatography
(nhexane/EtOAc: 3/1) yielded 157ba (63.4 mg, 97%) as a colorless oil.
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IH NMR (600 MHz, C¢Dg): 5=8.32 (d, J=7.9 Hz, 1H), 7.50 (s, 1H), 6.81 (dd,
J=7.9, 1.7, 1H), 6.63 (s, 1H), 5.58 (t, J = 7.7 Hz, 1H), 3.65 (t, J = 7.3 Hz, 2H), 3.43
(s, 2H), 2.17 (s, 6H), 2.00 (s, 3H), 1.93 (dt, J = 7.4 Hz, 2H), 1.39-1.30 (m, 2H), 1.21—
1.10 (m, 8H), 0.98-0.91 (m, 2H), 0.84 (t, J=7.1 Hz, 3H), 0.62 (t, J = 7.4 Hz, 3H).
13C NMR (126 MHz, CeDg): & = 164.9 (C,), 153.7 (Cq), 141.8 (Cy), 139.0 (Cy), 135.8
(Cg), 129.2 (CH), 129.0 (Cg), 127.7 (CH), 127.0 (CH), 122.8 (CH), 122.0 (CH), 57.9
(Cq), 49.6 (CHy), 32.9 (CHy), 32.5 (CHy), 32.1 (CHy), 30.2 (CHy), 30.1 (CHs), 29.5
(CH,), 27.6 (CH,), 23.2 (CH,), 21.5 (CHa), 20.1 (CH,), 14.5 (CHs), 13.6 (CHs). IR
(ATR): 2957, 2930, 2871, 1648, 1457, 1378, 1163, 1046, 835, 498 cm™. MS (ESI)
m/z (relative intensity): 868 (100) [2M+Na]", 445 (94) [M+Na]", 423 (93) [M+H]", 407
(100) [M+H]". HR-MS (ESI) m/z calcd for CaH3gN4O [M+H]" 423.3118, found
423.3114.

(E)-6-Bromo-2-[2-(1-n-butyl-1H-1,2,3-triazol-4-yl)propan-2-yl]-3-heptylidene-3,4-
dihydro-isoquinolin-1(2H)-one (157aa)

O Me Me

~nBu
NM\II\I

N=N
Br N

nHex
157aa

The general procedure F was followed using 116a (110 mg, 0.30 mmol) and allene
155a (164 mg, 0.90 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/1) yielded 157aa (131 mg, 90%) as a colorless oil.

'H NMR (300 MHz, C¢Dg): 6=8.03 (d, J = 8.3 Hz, 1H), 7.38 (s, 1H), 7.06 (dd,
J=8.3, 2.0 Hz, 1H), 6.96 (s, 1H), 5.56 (t, J = 7.8 Hz, 1H), 3.64 (t, J = 7.3 Hz, 2H),
3.23 (s, 2H), 2.09 (s, 6H), 1.90-1.76 (m, 2H), 1.42-1.26 (m, 2H), 1.24—1.08 (m, 8H),
1.01-0.83 (m, 5H), 0.62 (t, J = 7.3 Hz, 3H). *C NMR (126 MHz, C¢D¢): 6 = 163.9
(Cq), 153.4 (Cg), 140.9 (Cg), 134.8 (Cy), 130.7 (CH), 130.3 (Cg), 130.2 (CH), 129.4
(CH), 126.2 (Cy), 123.8 (CH), 121.7 (CH), 58.1 (C,), 49.7 (CHy), 32.5 (CHy), 32.5
(CH,), 32.1 (CH,), 30.1 (CH,), 29.8 (CHs), 29.5 (CH,), 27.6 (CH,), 23.2 (CH,), 20.0
(CH,), 14.5 (CHs), 13.6 (CHa). IR (ATR): 2956, 2927, 2855, 1649, 1590, 1321, 1167,
1045, 766, 498 cm™.MS (ESI) m/z (relative intensity): 509 (16) [°Br, 2M+Na]", 487

222



5 Experimental Part

(34) [®Br, M+H]*, 166 (100). HR-MS (ESI) m/z calcd for CasHss °BrN,O [M+H]*
487.2067, found 487.2071.

5.5.3 Mechanistic Studies

Intermolecular Kinetic Isotope Effect (KIE) Measurement (independent

reactions)

To a stirred solution of 118a (85.9 mg, 0.30 mmol) or [D]s-118a (87.4 mg,
0.30 mmol), ZnBr,"TMEDA (206 mg, 0.60 mmol), dppe (17.9 mg, 15 mol %) in THF
(0.6 mL) iPrMgBr (3.0M in 2-MeTHF, 300 pL, 0.90 mmol) was added in one portion
and the reaction mixture was stirred for 5 min at ambient temperature. Then,
Fe(acac)s (15.9 mg, 15 mol %) was added in a single portion. After stirring the
solution for additional 5 min, a solution of allene 155a (164 mg, 0.90 mmol) in THF
(0.6 mL) was added in one portion. The mixture was stirred at ambient temperature
and quenched after the reaction times indicated below by addition of sat. aqueous
NH4Cl (2 mL) and EtOAc (5mL). The samples were extracted with CH,Cl,
(4 x 5mL). The combined organic layers were dried over Na,SO, and the solvent
was removed under reduced pressure. Yields of products were determined by

'H NMR spectroscopy, using 1,3,5-trimethoxybenzene as internal standard.

i ¢}
'}'/TAH (TAH
H 155a (3.0 equiv)
i Fe(acac)s (15 mol %) nHept
1182 dppe (15 mol %) 156aa
or or
ZnBry TMEDA (2.0 equiv)
Q iPrMgBr (3.0 equiv) O
N oNTAR THF, 23 °C N S TAH
i |
al Z I __H/k =12 Dar P
P — nHept
[Dls-118a [D],-156aa
t [min] 5 10 15 20 30 40
156aa [%] 11.4 13.2 14.7 17.1 21.3 24.0
[D],-156aa [%)] 7.8 9.0 10.5 12.9 14.7 18.6
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30 -
N 156aa
y =0,3724x +9,5029 -
R?=0,9939
20 -
S
o 15
@ |
] y =0,3053x + 6,1441 [D]s-156aa
10 b RZ - 0,9881
5 -
0 T T T T : I | |
0 5 10 15 20 ) - . -

time [min]

C-H/N-H/C-0O/C-H Functionalizations with Isotopically-labelled Substrates

0]
@) ~TAH

D Fe(acac)s (15 mol %) N
+ >
nPent . . D
H ZnBr, * TMEDA (2.0 equiv) ~“ b nPent

iPrMgBr (3.0 equiv)  >98% D
THF, 65 °C, 16 h

>98% D
118a [D],-155a [D],-156aa: 83%

To a stirred solution of 118a (85.9 mg, 0.30 mmol), ZnBr,-TMEDA (206 mg,
0.60 mmol), dppe (17.9 mg, 15 mol %) in THF (0.20 mL), iPrMgBr (3.0M in 2-MeTHF,
300 pL, 0.90 mmol) was added in one portion and the reaction mixture was stirred for
5 min at ambient temperature. Then, Fe(acac)sz (15.9 mg, 15 mol %) was added in a
single portion. After stirring the solution for additional 5 min, a solution of allene
[D]>-155a (166 mg, 0.90 mmol) in THF (0.20 mL) was added in one portion. The
mixture was placed in a pre-heated oil bath at 65 °C. After stirring for 16 h, sat.
aqueous NH4CI (2.0 mL) was added to the reaction mixture, which was extracted with
CH.CI;, (3 x 15 mL). The combined organic extracts were dried over Na,SO,, filtered
and concentrated. Purification by column chromatography (nhexane/EtOAc: 3/1)
yielded [D],-156aa (102 mg, 83%) as a white solid. HR-MS (ESI) m/z calcd for
CasHasN4OD, [M+H]* 411.3087, found 411.3090.
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5.6 Iron-Catalyzed C-H/N-H Annulation with Propargyl Acetates

5.6.1 Experimental Procedures and Analytical Data — TAH Benzamides

3-Benzyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-propylisoquinolin-1(2H)-
one (147aa)

nPr Ph
147aa

The general procedure G was followed using 118a (85.9 mg, 0.30 mmol) and
proparrgyl acetate 158a (130mg, 0.60 mmol). Purification by column
chromatography (nhexane/EtOAc: 3/2) yielded 147aa (112 mg, 85%) as a white
solid.

M.p. = 97-98 °C. *H NMR (600 MHz, CDCls): 6 = 8.49 (d, J = 8.0 Hz, 1H), 7.74-7.68
(m, 3H), 7.48 (t, J=7.3 Hz, 1H), 7.33 (t, J=7.7 Hz, 2H), 7.28 — 7.24 (m, 3H), 5.19
(brs, 2H), 4.61 (s, 2H), 4.26 (t, J = 7.3 Hz, 2H), 2.77-2.71 (m, 2H), 1.89-1.82 (m,
2H), 1.61-1.53 (m, 2H), 1.32-1.23 (m, 6H), 0.99 (t, J=7.3Hz, 3H), 0.84 (t,
J=6.7 Hz, 3H). **C NMR (126 MHz, CDCls): & = 162.7 (C,), 144.2 (Cg), 137.4 (Cy),
137.1 (Cy), 136.7 (Cy), 132.4 (CH), 129.1 (CH), 128.3 (CH), 128.0 (CH), 126.9 (CH),
126.2 (CH), 125.3 (Cy), 124.0 (CH), 123.1 (CH), 116.4 (Cg), 50.5 (CH,), 40.0 (CHy),
35.0 (CHy), 31.3 (CHy), 30.4 (CH,), 30.3 (CHy), 26.3 (CH,), 23.6 (CH), 22.6 (CHy),
14.6 (CHs), 14.1 (CHy). IR (ATR): 3122, 2952, 2931, 1650, 1610, 1313, 1063, 776,
732, 715 cm™. MS (El) m/z (relative intensity): 442 (72) [M]+, 329 (32), 276 (86), 248
(100), 242 (47), 112 (64). HR-MS (El) m/z calcd for C2gH34N4O [M]" 442.2733, found
442.2722.
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3-Benzyl-2-[(1-n-octyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-propylisoquinolin-1(2H)-
one (147ha)

O

N/A\ff\N—nOdw

= N=N

nPr Ph
147ha

The general procedure G was followed using 118h (94.3 mg, 0.30 mmol) and
propargyl acetate 158a (130 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147ha (113 mg, 80%) as an off-white solid.

M.p. = 112-113 °C. *H NMR (600 MHz, CDCl3): 6 =8.49 (dd, J=8.1, 0.9 Hz, 1H),
7.74-7.68 (m, 3H), 7.48 (ddd, J = 8.0, 6.7, 1.4 Hz, 1H), 7.33 (dd, J = 7.6, 7.6 Hz, 2H),
7.27-7.24 (m, 3H), 5.19 (br s, 2H), 4.61 (s, 2H), 4.26 (t, J = 7.3 Hz, 2H), 2.76-2.71
(m, 2H), 1.90-1.81 (m, 2H), 1.62-1.53 (m, 2H), 1.32-1.18 (m, 10H), 0.99 (t,
J=7.3 Hz, 3H), 0.85 (t, J = 7.1 Hz, 3H). *C NMR (126 MHz, CDCl3): 6 = 162.7 (Cy),
144.2 (Cg), 137.4 (Cg), 137.1 (Cy), 136.7 (Cy), 132.4 (CH), 129.1 (CH), 128.3 (CH),
128.0 (CH), 126.9 (CH), 126.2 (CH), 125.3 (C,), 124.1 (CH), 123.1 (CH), 116.4 (Cy),
50.6 (CH,), 40.0 (CH,), 35.0 (CH>), 31.9 (CH,), 30.4 (CH,), 30.3 (CHy), 29.2 (CH,),
29.1 (CHy), 26.7 (CH>), 23.6 (CH,), 22.8 (CH,), 14.6 (CHs), 14.3 (CHa). IR (ATR):
3153, 2924, 1640, 1592, 1333, 1044, 773, 751, 714, 698 cm™. MS (El) m/z (relative
intensity): 470 (90) [M]+, 329 (36), 276 (100), 270 (44), 248 (99), 140 (74). HR-MS
(ESI) m/z calcd for C3oHagN4O [M+H]" 471.3118, found 471.3114.

3-Benzyl-2-{[1-(3-chloropropyl)-1H-1,2,3-triazol-4-yllmethyl}-4-n-propyliso-
quinolin-1(2H)-one (147ka)

O

= N:N/ ”\"‘\
Cl

nPr Ph
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The general procedure G was followed using 118k (83.6 mg, 0.30 mmol) and
propargyl acetate 158a (130 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147ka (106 mg, 81%) as a yellow oil.

'H NMR (600 MHz, CDCls): & = 8.48 (d, J = 7.7 Hz, 1H), 7.78 (s, 1H), 7.74-7.68 (m,
2H), 7.50-7.47 (m, 1H), 7.36-7.32 (m, 2H), 7.27-7.25 (m, 3H), 5.19 (s, 2H), 4.60 (s,
2H), 4.46 (t, J = 6.7 Hz, 2H), 3.51 (t, J = 6.1 Hz, 2H), 2.76-2.72 (m, 2H), 2.37-2.33
(m, 2H), 1.61-1.54 (m, 2H), 1.00 (t, J = 7.3 Hz, 3H). *C NMR (126 MHz, CDCly):
5 =162.7 (Cy), 144.3 (Cy), 137.3 (Cy), 137.0 (Cy), 136.7 (C,), 132.5 (CH), 129.1 (CH),
128.3 (CH), 127.9 (CH), 126.9 (CH), 126.2 (CH), 125.3 (C), 124.7 (CH), 123.2 (CH),
116.5 (Cq), 47.3 (CHy), 41.4 (CHy), 39.9 (CHy), 35.0 (CHy), 32.7 (CHy), 30.5 (CHy),
23.6 (CHy), 14.62 (CHa). IR (ATR): 2957, 2870, 1639, 1590, 1337, 1314, 1045, 770,
710, 698 cm™. MS (El) m/z (relative intensity): 434 (50) [*°CI, M]*, 329 (39), 276 (68),
248 (100), 234 (66), 91 (43). HR-MS (ESI) m/z calcd for CysHzg>>CIN,O [M+H]"
435.1946, found 435.1944.

3-Benzyl-2-[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-propylisoquinolin-1(2H)-
one (147ia)

0
NP NNA
%

N=N  Ph

nPr Ph
147ia

The general procedure G was followed using 118i (57.7 mg, 0.20 mmol) and
propargyl acetate 158a (86.5mg, 0.40 mmol). Purification by column
chromatography (nhexane/EtOAc: 3/2) yielded 147ia (65.0 mg, 74%) as a white

solid.

M.p. = 156-157 °C. *H NMR (600 MHz, CDCls): 6 = 8.46 (d, J = 8.0 Hz, 1H), 7.73-
7.68 (m, 3H), 7.47 (ddd, J = 8.1, 6.7, 1.4 Hz, 1H), 7.35-7.31 (m, 5H), 7.27-7.24 (m,
5H), 5.44 (s, 2H), 5.17 (br s, 2H), 4.61 (s, 2H), 2.76-2.71 (m, 2H), 1.61-1.53 (m, 2H),
0.99 (t, J=7.3 Hz, 3H). ®*C NMR (126 MHz, CDCls): & = 162.7 (Cg), 144.7 (Cy),
137.3 (Cg), 137.1 (Cy), 136.7 (Cy), 134.5 (Cy), 132.4 (CH), 129.1 (CH), 128.7 (CH),
128.3 (CH), 128.2 (CH), 127.9 (CH), 126.9 (CH), 126.1 (CH), 125.3 (C,), 124.2 (CH),
123.1 (CH), 116.4 (C), 54.3 (CHy), 39.9 (CHy), 35.0 (CHy), 30.4 (CH,), 23.6 (CHy),
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14.6 (CHs). IR (ATR): 3134, 2958, 1644, 2594, 1340, 1054, 804, 713, 693, 454 cm™.
MS (El) m/z (relative intensity): 448 (19) [M]*, 329 (23), 276 (22), 248 (43), 91 (100),
43 (70). HR-MS (ESI) m/z calcd for CogH29N4O [M+H]" 449.2336, found 449.2332.

3-Benzyl-2-{[1-(4-fluorophenyl)-1H-1,2,3-triazol-4-yllmethyl}-4-n-propyliso-
qguinolin-1(2H)-one (147ja)

nPr Ph
147ja

The general procedure G was followed using 118 (88.9 mg, 0.30 mmol) and
propargyl acetate 158a (130 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147ja (117 mg, 86%) as a white solid.

M.p. = 94-96 °C. *H NMR (600 MHz, CDCls): & =8.49 (d, J =8.1 Hz, 1H), 8.17 (s,
1H), 7.75-7.70 (m, 2H), 7.70-7.67 (m, 2H), 7.51-7.48 (m, 1H), 7.36 (dd, J = 7.6,
7.6 Hz, 2H), 7.30-7.26 (m, 3H), 7.19-7.15 (m, 2H), 5.27 (s, 2H), 4.64 (s, 2H), 2.78—
2.73 (m, 2H), 1.63-1.54 (m, 2H), 1.01 (t, J=7.3 Hz, 3H). *C NMR (126 MHz,
CDCl3): & = 162.8 (Cy), 162.4 (d, *Jc_r = 248.8 Hz, C,), 145.1 (C,), 137.3 (C,), 136.9
(Cy), 136.7 (Cg), 133.3 (d, “Jc_r = 2.8 Hz,C,), 132.5 (CH), 129.2 (CH), 128.3 (CH),
128.0 (CH), 127.0 (CH), 126.3 (CH), 125.2 (Cy), 123.2 (CH), 122.6 (CH), 122.5 (d,
3JcF =8.6 Hz, CH), 116.7 (d, 2Jc_r = 23.2 Hz, CH), 116.7 (Cg), 39.9 (CH,), 35.1
(CHy), 30.5 (CHy), 23.7 (CH,), 14.6 (CHs). °F NMR (282 MHz, CDCls): 6 = -112.24 —
-112.34 (m). IR (ATR): 2957, 1640, 1590, 1514, 1337, 1232, 1041, 836, 769,
703 cm™. MS (El) m/z (relative intensity): 452 (41) [M]+, 424 (50), 276 (40), 248
(100), 148 (71), 43 (81). HR-MS (EI) m/z calcd for CagHa6FN,O [M+H]* 453.2085,
found 453.2082.
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3-Benzyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-6-methyl-4-n-propyliso-
quinolin-1(2H)-one (1471a)

0]

N/\(\N—nHex

N=\
Me = N

nPr Ph
1471a

The general procedure G was followed using 118 (90.1 mg, 0.30 mmol) and
propargyl acetate 158a (130 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147la (103 mg, 75%) as a white solid.

M.p. = 93-94 °C. *H NMR (600 MHz, CDCls): 6 =8.37 (d, J = 8.2 Hz, 1H), 7.72 (s,
1H), 7.48 (s, 1H), 7.34-7.30 (m, 3H), 7.27-7.24 (m, 3H), 5.17 (br s, 2H), 4.59 (br s,
2H), 4.25 (t, J=7.4 Hz, 2H), 2.74-2.68 (m, 2H), 2.52 (s, 3H), 1.88-1.82 (m, 2H),
1.61-1.52 (m, 2H), 1.31-1.23 (m, 6H), 1.00 (t, J = 7.3 Hz, 3H), 0.84 (t, J = 7.0 Hz,
3H). **C NMR (126 MHz, CDCls): 6 = 162.7 (C,), 144.4 (C,), 142.8 (Cg), 137.5 (Cy),
137.2 (Cy), 136.9 (Cg), 129.1 (CH), 128.3 (CH), 1280 (CH), 127.8 (CH), 126.9 (CH),
124.0 (CH), 123.1 (C,), 122.9 (CH), 116.2 (Cg), 50.5 (CHy), 39.9 (CHy), 35.0 (CHy),
31.3 (CHy), 30.4 (CH,), 30.3 (CHy), 26.4 (CH,), 23.6 (CHy), 22.6 (CH,), 22.5 (CHs),
14.6 (CHs), 14.1 (CHs). IR (ATR): 3133, 2958, 2917, 1649, 1614, 1336, 1055, 830,
723, 467 cm™. MS (El) m/z (relative intensity): 456 (100) [M]", 343 (45), 290 (98), 262
(89), 242 (37), 112 (51). HR-MS (El) m/z calcd for Ca9H3sN4O [M]* 456.2889, found
456.2883.

3-Benzyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-6-methoxy-4-n-propyliso-
quinolin-1(2H)-one (147ma)

O

N/\/\N—nHex

Pz N=\/
MeO N

nPr Ph
147ma

The general procedure G was followed using 118m (94.9 mg, 0.30 mmol) and
propargyl acetate 158a (130 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147ma (115 mg, 81%) as a white solid.
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M.p. = 108-110 °C. *H NMR (600 MHz, CDCls): & = 8.42—8.40 (m, 1H), 7.72 (s, 1H),
7.35-7.31 (m, 2H), 7.27-7.23 (m, 3H), 7.09-7.05 (m, 2H), 5.16 (br s, 2H), 4.58 (br s,
2H), 4.25 (t, J=7.3 Hz, 2H), 3.93 (s, 3H), 2.71-2.67 (m, 2H), 1.88-1.82 (m, 2H),
1.61-1.52 (m, 2H), 1.31-1.24 (m, 6H), 0.99 (t, J = 7.3 Hz, 3H), 0.84 (t, J = 7.0 Hz,
3H). **C NMR (126 MHz, CDCls): & = 162.9 (C,), 162.4 (C,), 144.4 (Cy), 138.7 (Cy),
137.8 (Cy), 137.4 (Cy), 130.4 (CH), 129.1 (CH), 128.0 (CH), 126.9 (CH), 124.0 (CH),
119.3 (Cy), 115.9 (Cy), 114.7 (CH), 105.3 (CH), 55.6 (CHgs), 50.5 (CH,), 39.8 (CHy),
35.1 (CHy), 31.3 (CHy), 30.6 (CH,), 30.3 (CHy), 26.4 (CH,), 23.4 (CHy), 22.6 (CHy),
14.7 (s CHs), 14.1 (CHa). IR (ATR): 2950, 2929, 1646, 1612, 1597, 1235, 1031, 840,
791, 724 cm™. MS (ESI) m/z (relative intensity): 967 (30) [2M+Na]*, 945 (13)
[2M+H]*, 495 (17) [M+Na]’, 473 (100) [M+H]". HR-MS (ESI) m/z calcd for
Ca9H37N4O5 [M+H]" 473.2911, found 473.2902.

3-Benzyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-6-phenyl-4-n-propyliso-
qguinolin-1(2H)-one (1470a)

O

N/A\Tff\N—nHex

N=p
Ph = N

nPr Ph
1470a

The general procedure G was followed using 1180 (109 mg, 0.30 mmol) and
propargyl acetate 158a (130 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 1470a (106 mg, 68%) as a pale yellow solid.

M.p. = 90-92 °C. 'H NMR (600 MHz, CDCl3): & = 8.55 (d, J = 8.3 Hz, 1H), 7.89 (d,
J=1.5Hz, 1H), 7.75 (s, 1H), 7.72 (dd, J = 8.3, 1.6 Hz, 1H), 7.70-7.67 (m, 2H), 7.54—
7.50 (m, 2H), 7.45-7.42 (m, 1H), 7.37-7.33 (m, 2H), 7.30-7.25 (m, 3H), 5.21 (br s,
2H), 4.64 (br's, 2H), 4.27 (t, J = 7.3 Hz, 2H), 2.83-2.79 (m, 2H), 1.90-1.83 (m, 2H),
1.68-1.58 (m, 2H), 1.33-1.24 (m, 6H), 1.01 (t, J = 7.3 Hz, 3H), 0.85 (t, J = 7.0 Hz,
3H). *C NMR (126 MHz, CDCly): & = 162.6 (Cy), 145.3 (Cq), 144.2 (Cg), 140.9 (Cy),
137.6 (Cy), 137.3 (Cqg), 137.1 (Cy), 129.1 (CH), 129.1 (CH), 128.9 (CH), 128.2 (CH),
128.0 (CH), 127.6 (CH), 126.9 (CH), 125.5 (CH), 124.2 (Cq), 124.0 (CH), 121.6 (CH),
116.5 (Cg), 50.5 (CHy), 40.0 (CHy), 35.1 (CHy), 31.3 (CH,), 30.4 (CH,), 30.3 (CH,),
26.4 (CHp), 23.7 (CHp), 22.6 (CHp), 14.7 (CHg), 14.1 (CHa). IR (ATR): 2954, 2928,
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2868, 1640, 1614, 1452, 1314, 1046, 761, 696 cm™. MS (ESI) m/z (relative intensity):
1059 (63) [2M+Na]*, 841 (16), 519 (100) [M+H]*, 323 (73). HR-MS (ESI) m/z calcd
for Cz4Hz9N4O [M+H]" 519.3118, found 519.3104.

3-Benzyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-propyl-6-(trifluoro-
methyl)-isoquinolin-1(2H)-one (147qga)

FiC
nPr Ph
147qa

The general procedure G was followed using 118q (106 mg, 0.30 mmol) and
propargyl acetate 158a (130 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147ga (133 mg, 87%) as a white solid.

M.p. = 133-134 °C. *H NMR (600 MHz, CDCls): 6 = 8.59 (d, J = 8.4 Hz, 1H), 7.96 (s,
1H), 7.73 (s, 1H), 7.67 (dd, J = 8.4, 1.3 Hz, 1H), 7.35 (dd, J = 7.6, 7.6 Hz, 2H), 7.29—
7.24 (m, 3H), 5.19 (br s, 2H), 4.66 (br s, 2H), 4.27 (t, J = 7.3 Hz, 2H), 2.79-2.74 (m,
2H), 1.90-1.83 (m, 2H), 1.62-1.53 (m, 2H), 1.32-1.24 (m, 6H), 1.01 (t, J = 7.3 Hz,
3H), 0.84 (t, J = 7.0 Hz, 3H). *C NMR (126 MHz, CDCl): & = 161.9 (C), 143.7 (Cy),
139.0 (Cy), 136.9 (Cy), 136.8 (Cy), 134.01 (g, 2Jc_r = 32.1 Hz, Cy), 129.4 (CH), 129.2
(CH), 127.9 (CH), 127.3 (Cy), 127.1 (CH), 124.1 (CH), 124.0 (q, "Jc_r = 272.7 Hz,
Cq), 122.1 (g, ®Jcr = 3.1 Hz, CH), 120.5 (q, 3Jcr = 4.0 Hz, CH), 116.2 (C), 50.6
(CH,), 40.2 (CHy), 35.1 (CH,), 31.3 (CHy), 30.3 (CHy), 26.3 (CH,), 23.6 (CH,), 22.6
(CH,), 14.5 (CHs), 14.1 (CHs). *°F NMR (282 MHz, CDCls): 5 = -62.93 (s). IR (ATR):
2955, 2873, 1651, 1360, 1315, 1125, 1074, 795, 724, 696 cm™. MS (ESI) m/z
(relative intensity): 1043 (31) [2M+Na]", 511 (100) [M+H]*. HR-MS (ESI) m/z calcd for
Ca9H34F3N4O [M+H]" 511.2679, found 511.2678.
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3-Benzyl-6-fluoro-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-propyliso-
quinolin-1(2H)-one (147ra)

nPr Ph
147ra

The general procedure G was followed using 118r (91.3 mg, 0.30 mmol) and
propargyl acetate 158a (130 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147ra (100 mg, 73%) as a white solid.

M.p. = 135-137 °C. *H NMR (600 MHz, CDCls): 5 =8.48 (dd, J=8.9, 6.1 Hz, 1H),
7.72 (s, 1H), 7.36-7.30 (m, 3H), 7.28-7.24 (m, 3H), 7.18 (ddd, J = 8.4, 8.4, 2.3 Hz,
1H), 5.16 (brs, 2H), 4.61 (brs, 2H), 4.26 (t, J = 7.3 Hz, 2H), 2.70-2.64 (m, 2H),
1.89-1.82 (m, 2H), 1.59-1.51 (m, 2H), 1.32-1.24 (m, 6H), 0.99 (t, J = 7.3 Hz, 3H),
0.84 (t, J = 6.8 Hz, 3H). *C NMR (126 MHz, CDCls): 6 = 165.6 (d, *Jc_r = 250.9 Hz,
Cy), 162.0 (Cy), 144.0 (Cy), 139.2 (d, *Jcr = 9.7 Hz, Cy), 138.7 (Cy), 137.1 (Cy), 131.5
(d, *Jc_r = 10.1 Hz, CH), 129.2 (CH), 127.9 (CH), 127.0 (CH), 124.0 (CH), 121.9 (Cy),
115.9 (d, Jcr = 3.3 Hz, Cy), 114.8 (d, 2Jcr = 23.4 Hz, CH), 108.4 (d, *Jc.r = 22.8
Hz, CH), 50.5 (CHy), 39.9 (CH,), 35.1 (CH,), 31.3 (CH,), 30.6 (CH,), 30.3 (CH,), 26.4
(CH,), 23.4 (CH,), 22.6 (CH,), 14.6 (CH3), 14.1 (CHs). *°F NMR (282 MHz, CDCls):
5 =-105.94 — -106.06 (m). IR (ATR): 2952, 2929, 2868, 1650, 1601, 1342, 1165,
787, 724, 699 cm™. MS (ESI) m/z (relative intensity): 943 (100) [2M+Na]*, 921 (8)
[2M+H]*, 483 (36) [M+Na]*, 461 (94) [M+H]".HR-MS (ESI) m/z calcd for CagH34FN4O
[M+H]" 461.2711, found 461.2705.

3-Benzyl-6-chloro-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-propyliso-
quinolin-1(2H)-one (147sa)

O

N/\\ff\N—nHex

N=p/
cl = N

nPr Ph
147sa
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The general procedure G was followed using 118s (96.2 mg, 0.30 mmol) and
propargyl acetate 158a (130 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147sa (118 mg, 80%) as a pale yellow solid.

M.p. = 146-147 °C. *H NMR (600 MHz, CDCls): 6 = 8.40 (d, J = 8.6 Hz, 1H), 7.71 (s,
1H), 7.66 (d, J = 1.9 Hz, 1H), 7.42 (dd, J = 8.6, 1.9 Hz, 1H), 7.34 (dd, J = 7.6, 7.6 Hz,
2H), 7.28-7.23 (m, 3H), 5.16 (s, 2H), 4.61 (s, 2H), 4.26 (t, J = 7.3 Hz, 2H), 2.71-2.66
(m, 2H), 1.89-1.83 (m, 2H), 1.59-1.52 (m, 2H), 1.31-1.25 (m, 6H), 1.00 (t,
J=7.3 Hz, 3H), 0.84 (t, J = 7.0 Hz, 3H). **C NMR (126 MHz, CDCls): 6 = 162.1 (Cy),
143.9 (Cg), 139.1 (Cy), 138.8 (Cg), 138.1 (Cy), 137.0 (Cy), 130.1 (CH), 129.2 (CH),
127.9 (CH), 127.0 (CH), 126.6 (CH), 124.0 (CH), 123.6 (C,), 122.7 (CH), 115.6 (Cy),
50.5 (CHy), 40.0 (CH,), 35.1 (CHy), 31.3 (CH,), 30.4 (CHy), 30.3 (CH,), 26.4 (CHy,),
23.5 (CH,), 22.6 (CH,), 14.6 (CHs), 14.1 (CHs). IR (ATR): 3134, 2949, 2918, 1648,
1600, 1335, 1055, 831, 787, 723 cm™. MS (El) m/z (relative intensity): 476 (83) [*°Cl,
M]*, 310 (89), 282 (89), 242 (80), 112 (100), 85 (88). HR-MS (EI) m/z calcd for
CasH33>>CIN,O [M]* 476.2343, found 476.2343.

3-Benzyl-6-bromo-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-propyliso-
guinolin-1(2H)-one (147ta)

O

N/Y\N—nHex

N=\
Br = N

nPr Ph
147ta

The general procedure G was followed using 118t (110 mg, 0.30 mmol) and
propargyl acetate 158a (130 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147ta (112 mg, 71%) as a white solid.

M.p. = 144-145 °C. *H NMR (600 MHz, CDCls): 6 = 8.32 (d, J = 8.6 Hz, 1H), 7.83 (d,
J=1.6 Hz, 1H), 7.71 (s, 1H), 7.57 (dd, J = 8.6, 1.6 Hz, 1H), 7.34 (dd, J = 7.6, 7.6 Hz,
2H), 7.27-7.23 (m, 3H), 5.15 (brs, 2H), 4.61 (brs, 2H), 4.26 (t, J =7.3 Hz, 2H),
2.71-2.65 (m, 2H), 1.89-1.81 (m, 2H), 1.59-1.51 (m, 2H), 1.32—1.23 (m, 6H), 1.00 (t,
J=7.3 Hz, 3H), 0.84 (t, J = 6.8 Hz, 3H). *C NMR (126 MHz, CDCl3): 6 = 162.2 (Cy),
143.9 (Cg), 138.8 (Cg), 138.3 (Cy), 137.0 (Cy), 130.1 (CH), 129.4 (CH), 129.2 (CH),
127.9 (CH),127.9 (Cy), 127.0 (CH), 125.9 (CH), 124.0 (CH), 123.9 (C,), 115.5 (Cy),
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50.5 (CHy), 40.0 (CH,), 35.1 (CHy), 31.3 (CH,), 30.3 (CHy), 30.3 (CH,), 26.3 (CHy),
23.5 (CH,), 22.6 (CH,), 14.6 (CHs), 14.1 (CHs). IR (ATR): 3134, 2949, 2917, 1647,
1598, 1377, 1055, 821, 786, 722 cm™. MS (El) m/z (relative intensity): 522 (55) [*'Br,
M]*, 354 (54), 326 (58), 242 (80), 112 (100), 85 (75). HR-MS (El) m/z calcd for
CagH33>'BrN4O [M]" 522.1817, found 522.1803.

3-Benzyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-6-iodo-4-n-propyliso-
guinolin-1(2H)-one (147ua)

O

N/\\\/’f\N—nHex

/

% N=N

nPr Ph
147ua

The general procedure G was followed using 118u (124 mg, 0.30 mmol) and
propargyl acetate 158a (130 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147ua (100 mg, 59%) as a white solid.

M.p. = 131-133 °C. *H NMR (600 MHz, CDCls): 6 = 8.15 (d, J = 8.5 Hz, 1H), 8.06 (d,
J=1.5Hz, 1H), 7.77 (dd, J = 8.4, 1.5 Hz, 1H), 7.71 (s, 1H), 7.34 (dd, J = 7.5, 7.5 Hz,
2H), 7.28-7.22 (m, 3H), 5.15 (brs, 2H), 4.60 (brs, 2H), 4.26 (t, J = 7.4 Hz, 2H),
2.71-2.65 (m, 2H), 1.89-1.82 (m, 2H), 1.59-1.50 (m, 2H), 1.31-1.24 (m, 6H), 0.99 (t,
J =7.3 Hz, 3H), 0.84 (t, J = 7.0 Hz, 3H). *C NMR (126 MHz, CDCly): & = 162.4 (C,),
143.9 (Cg), 138.6 (Cg), 138.3 (Cy), 137.0 (Cy), 135.1 (CH), 132.3 (CH), 129.9 (CH),
129.2 (CH), 127.9 (CH), 127.0 (CH), 124.4 (C,), 124.0 (CH), 115.2 (C), 100.8 (Cy),
50.5 (CH,), 40.1 (CH,), 35.1 (CHy), 31.3 (CH,), 30.3 (CH,), 30.2 (CH,), 26.4 (CH,),
23.6 (CH,), 22.6 (CHy), 14.6 (CHs), 14.1 (CHs). IR (ATR): 2949, 2915, 1647, 1596,
1583, 1377, 1174, 1055, 786, 722 cm™. MS (ESI) m/z (relative intensity): 1159 (64)
[2M+Na]", 591 (31) [M+Na]*, 569 (100) [M+H]*, 263 (41). HR-MS (ESI) m/z calcd for
CagH34IN4O [M+H]* 569.1772, found 569.1771.
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3-Benzyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-6-(methylthio)-4-n-propyliso-
qguinolin-1(2H)-one (147na)

MeS

nPr Ph
147na

The general procedure G was followed using 118n (99.7 mg, 0.30 mmol) and
propargyl acetate 158a (130 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147na (118 mg, 80%) as a white solid.

M.p. = 111-112 °C. *H NMR (600 MHz, CDCls): 6 = 8.36 (d, J = 8.5 Hz, 1H), 7.73 (s,
1H), 7.46 (d, J = 1.6 Hz, 1H), 7.35-7.32 (m, 3H), 7.27-7.24 (m, 3H), 5.17 (s, 2H),
4.60 (s, 2H), 4.26 (t, J = 7.3 Hz, 2H), 2.73-2.69 (m, 2H), 2.58 (s, 3H), 1.89-1.82 (m,
2H), 1.61-1.54 (m, 2H), 1.31-1.25 (m, 6H), 1.00 (t, J=7.3 Hz, 3H), 0.85 (t,
J=6.9 Hz, 3H). **C NMR (126 MHz, CDCls): & = 162.4 (C,), 144.7 (Cy), 144.1 (Cy),
138.0 (Cy), 137.2 (Cy), 137.1 (Cy), 129.1 (CH), 128.6 (CH), 127.9 (CH), 126.9 (CH),
124.1 (CH), 123.9 (CH), 122.2 (Cy), 118.7 (CH), 115.7 (Cg), 50.6 (CH,), 39.9 (CH,),
35.0 (CHy), 31.3 (CHy), 30.4 (CH,), 30.3 (CHy), 26.3 (CHy), 23.5 (CHy), 22.6 (CHy),
15.3 (CHs), 14.6 (CH3), 14.1 (CHs). IR (ATR): 3125, 2949, 2921, 1645, 1601, 1587,
1178, 834, 787, 722 cm™. MS (El) m/z (relative intensity): 488 (100) [M]", 375 (50),
322 (81), 294 (74), 242 (42), 112 (72). HR-MS (ESI) m/z calcd for Cy9H37N4,OS
[M+H]" 489.2683, found 489.2680.

3-Benzyl-6-(dimethylamino)-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-
propyl-isoquinolin-1(2H)-one (147pa)

O

N/\T;;\N—nHex

N=N/
Me,N = N

nPr Ph
147pa

The general procedure G was followed using 118p (95.8 mg, 0.30 mmol) and
propargyl acetate 158a (130 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147pa (95.8 mg, 66%) as an off-white solid.
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M.p. = 118-120 °C. *H NMR (600 MHz, CDCls): 6 = 8.33 (d, J = 9.0 Hz, 1H), 7.71 (s,
1H), 7.34-7.30 (m, 2H), 7.27-7.22 (m, 3H), 6.95 (dd, J=9.0, 1.8 Hz, 1H), 6.78 (s,
1H), 5.15 (s, 2H), 4.54 (s, 2H), 4.24 (t, J = 7.4 Hz, 2H), 3.11 (s, 6H), 2.71-2.66 (m,
2H), 1.88-1.81 (m, 2H), 1.62—1.55 (m, 2H), 1.31-1.24 (m, 6H), 0.98 (t, J = 7.4 Hz,
3H), 0.86-0.83 (m, 3H). *C NMR (126 MHz, CDCls): 6 = 162.5 (Cg), 152.7 (Cy),
144.8 (Cy), 138.2 (Cy), 137.6 (Cg), 137.3 (Cy), 129.7 (CH), 129.0 (CH), 128.0 (CH),
126.7 (CH), 123.9 (CH), 115.9 (Cy), 112.6 (CH), 112.6 (CH), 103.0 (Cg), 50.5 (CHy),
40.6 (CHg3), 40.6 (CHs3), 39.6 (CHy), 35.1 (CHy), 31.3 (CH,), 30.6 (CH,), 30.3 (CHy,),
26.3 (CHy), 23.2 (CHy), 22.6 (CH,), 14.8 (CH3), 14.1 (CH3). IR (ATR): 2952, 2927,
1633, 1609, 1579, 1395, 1187, 826, 792, 698 cm™. MS (El) m/z (relative intensity):
485 (57) [M]", 457 (38), 372 (100), 319 (63), 291 (83), 91 (34). HR-MS (ESI) m/z
calcd for CzgH40NsO [M+H]" 486.3227, found 486.3224.

3-Benzyl-8-fluoro-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-propyliso-
qguinolin-1(2H)-one (147ca)

F O

N/\\ff\N——nHex

/

% N=N

nPr Ph
147ca

The general procedure G was followed using 118c (91.3 mg, 0.30 mmol) and
propargyl acetate 158a (130 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc = 3/2) yielded 147ca (80.2 mg, 58%) as a white solid.

M.p. = 133-135 °C. *H NMR (600 MHz, CDCls): 5 = 7.83 (s, 1H), 7.61 (ddd, J = 8.1,
8.1, 5.1 Hz, 1H), 7.48 (d, J = 8.3 Hz, 1H), 7.34 (dd, J = 7.6, 7.6 Hz, 2H), 7.26 (dd,
J=17.6,7.6 Hz, 3H), 7.11 (dd, J = 11.5, 8.0 Hz, 1H), 5.12 (br s, 2H), 4.65 (br s, 2H),
4.26 (t, J=7.3 Hz, 2H), 2.73-2.67 (m, 2H), 1.89-1.82 (m, 2H), 1.59-1.50 (m, 2H),
1.32-1.24 (m, 6H), 0.98 (t, J=7.3 Hz, 3H), 0.84 (t, J=7.0 Hz, 3H). **C NMR
(126 MHz, CDCls): & = 162.9 (d, *Jc_r = 262.9 Hz, C,), 160.0 (d, *Jc_r = 4.8 Hz, C,),
143.9 (Cy), 139.6 (Cg), 138.7 (Cy), 137.1 (Cy), 133.0 (d, *Jcr = 10.3 Hz, CH), 129.1
(CH), 127.9 (CH), 127.0 (CH), 124.5 (CH), 118.9 (d, *Jc_r = 4.4 Hz, CH), 115.5 (d,
°Jcr = 1.9 Hz, Cy), 114.6 (d, ®Jc_r = 4.1 Hz, Cg), 113.0 (d, Jc_r = 22.1 Hz, CH), 50.5
(CH,), 39.8 (CHy), 35.1 (CH,), 31.3 (CH>), 30.9 (CHy), 30.3 (CH,), 26.4 (CH,), 23.4
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(CH,), 22.6 (CH,), 14.6 (CHs), 14.1 (CHs). *F NMR (282 MHz, CDCls): 6 = -110.53
(dd, J=11.7, 5.1 Hz). IR (ATR): 3130, 2957, 2928, 1645, 1596, 1306, 1051, 811,
768, 708 cm™. MS (El) m/z (relative intensity): 460 (55) [M]*, 347 (24), 294 (100), 266
(63), 242 (28), 112 (34). HR-MS (El) m/z calcd for C2gH33FN4O [M]* 460.2638 found
460.2620.

3-Benzyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-8-methyl-4-n-propyliso-
guinolin-1(2H)-one (147ba)

Me O

N/A\ff\N~nHex

’

Z N=N

nPr Ph
147ba

The general procedure G was followed using 118b (90.1 mg, 0.30 mmol) and
propargyl acetate 158a (130 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147ba (46.3 mg, 34%) as a pale yellow solid.

M.p. = 101-102 °C. *H NMR (600 MHz, CDCls): 6 = 7.71 (s, 1H), 7.57 (d, J = 8.1 Hz,
1H), 7.54-7.51 (m, 1H), 7.35-7.32 (m, 2H), 7.27-7.23 (m, 4H), 5.14 (br s, 2H), 4.56
(brs, 2H), 4.27 (t, J=7.3 Hz, 2H), 2.97 (s, 3H), 2.73-2.67 (m, 2H), 1.89-1.82 (m,
2H), 1.59-1.52 (m, 2H), 1.31-1.25 (m, 6H), 0.98 (t, J=7.3 Hz, 3H), 0.85 (t,
J=7.0 Hz, 3H). **C NMR (126 MHz, CDCls): & = 163.4 (C,), 144.6 (Cg), 142.1 (Cy),
138.3 (Cy), 137.5 (Cy), 137.1 (Cy), 131.5 (CH), 129.5 (CH), 129.1 (CH), 128.0 (CH),
126.8 (CH), 124.0 (Cy), 123.9 (CH), 121.3 (CH), 116.0 (C), 50.5 (CH,), 40.0 (CHy),
35.1 (CHy), 31.3 (CHy), 30.9 (CH,), 30.3 (CHy), 26.4 (CH,), 24.9 (CH3), 23.4 (CHy),
22.6 (CHy), 14.6 (CH3), 14.1 (CHg). IR (ATR): 2956, 2928, 2869, 1770, 1644, 1600,
1305, 1049, 785, 697 cm™. MS (El) m/z (relative intensity): 456 (96) [M]", 343 (22),
290 (100), 262 (91), 242 (42), 112 (50).HR-MS (El) m/z calcd for CygH3sN4O [M]”
456.2889, found 456.2896.
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3-Benzyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-7-methyl-4-n-propyliso-
qguinolin-1(2H)-one (147da)

nPr Ph
147da

The general procedure G was followed using 118d (90.1 mg, 0.30 mmol) and
propargyl acetate 158a (130 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147da (107 mg, 78%) as a white solid.

M.p. = 136-138 °C. *H NMR (600 MHz, CDCls): & =8.29 (s, 1H), 7.73 (s, 1H), 7.62
(d, J=8.4 Hz, 1H), 7.52 (dd, J = 8.3, 1.9 Hz, 1H), 7.35-7.31 (m, 2H), 7.27-7.23 (m,
3H), 5.18 (br s, 2H), 4.59 (br s, 2H), 4.25 (t, J = 7.3 Hz, 2H), 2.74-2.69 (m, 2H), 2.50
(s, 3H), 1.88-1.81 (m, 2H), 1.59-1.52 (m, 2H), 1.32-1.24 (m, 6H), 0.98 (t, J = 7.3 Hz,
3H), 0.84 (t, J = 6.9 Hz, 3H). *C NMR (126 MHz, CDCl3): & = 162.7 (C), 144.3 (Cy),
137.6 (Cy), 136.1 (Cy), 136.1 (Cy), 134.5 (Cy), 133.9 (CH), 129.1 (CH), 128.0 (CH),
127.8 (CH), 126.8 (CH), 125.2 (C,), 124.0 (CH), 123.2 (CH), 116.4 (Cg), 50.5 (CHy),
40.0 (CHy), 34.9 (CHy), 31.3 (CH,), 30.5 (CHy), 30.3 (CH,), 26.4 (CH,), 23.7 (CH,),
22.6 (CH,), 21.4 (CH3), 14.6 (CHs), 14.1 (CHs). IR (ATR): 2949, 2867, 1649, 1600,
1341, 1057, 841, 797, 724, 465 cm™. MS (El) m/z (relative intensity): 456 (100) [M]",
290 (97), 262 (94), 242 (39), 215 (36), 112 (48). HR-MS (EI) m/z calcd for Cy9H36N4O
[M]" 456.2889, found 456.2889.

3-Benzyl-7-fluoro-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-propyliso-
quinolin-1(2H)-one (147ea) and 3-Benzyl-5-fluoro-2-[(1-n-hexyl-1H-1,2,3-triazol-
4-yl)methyl]-4-n-propylisoquinolin-1(2H)-one (147ea’)

O O
F
N/\\ff\N——nHex N/\\ff\N~nHex
nPr Ph F nPr Ph
147ea 147ea’

The general procedure G was followed using 118e (91.3 mg, 0.30 mmol) and

propargyl acetate 158a (130 mg, 0.60 mmol). Purification by column chromatography
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(nhexane/EtOAc: 3/2) yielded 147ea (51.5 mg, 37%) and 147ea’ (58.2 mg, 42%) as
white solids.

3-Benzyl-7-fluoro-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-propyliso-
guinolin-1(2H)-one (147ea):

M.p. = 141-143 °C. *H NMR (600 MHz, CDCl3): 5 =8.11 (dd, J=9.3, 2.9 Hz, 1H),
7.73 (s, 1H), 7.71 (dd, J =9.1, 5.0 Hz, 1H), 7.42 (ddd, J =8.9, 8.1, 2.9 Hz, 1H), 7.34
(dd, J =7.5, 7.5 Hz, 2H), 7.28-7.25 (m, 3H), 5.17 (br s, 2H), 4.61 (br s, 2H), 4.27 (t,
J=7.3 Hz, 2H), 2.75-2.70 (m, 2H), 1.89-1.82 (m, 2H), 1.59-1.51 (m, 2H), 1.32-1.24
(m, 6H), 0.99 (t, J = 7.3 Hz, 3H), 0.84 (t, J = 7.0 Hz, 3H). **C NMR (126 MHz, CDCls):
5=161.9 (d, “Jc.r = 3.4 Hz, Cy), 161.0 (d, "Jc_F = 246.7 Hz, C,), 144.0 (C,), 137.3
(Cqy), 136.4 (d, °Jc_r = 2.4 Hz, Cy), 133.4 (Cy), 129.1 (CH), 127.9 (CH), 127.0 (CH),
126.9 (d, 3JcF=7.9 Hz, Cg), 125.7 (d, *Jc_F = 7.6 Hz, CH), 124.0 (CH), 121.1 (d,
?Jc_F =23.3 Hz, CH), 116.0 (Cg), 113.2 (d, 2Jcr = 22.4 Hz, CH), 50.5 (CH,), 40.1
(CHy), 34.9 (CHy), 31.3 (CHy), 30.6 (CH>), 30.3 (CHy), 26.4 (CHy), 23.7 (CH,), 22.6
(CH,), 14.6 (CHs), 14.1 (CHs). *F NMR (282 MHz, CDCls): 6 = -114.57 (ddd, J = 9.3,
8.1, 5.0 Hz). IR (ATR): 2954, 2920, 1648, 1600, 1493, 1346, 1057, 825, 725,
542 cm™. MS (El) m/z (relative intensity): 460 (83) [M]*, 294 (92), 266 (100), 242
(61), 112 (62), 85 (48). HR-MS (EI) m/z calcd for CagH33FN4O [M]* 460.2638, found
460.2639.

3-Benzyl-5-fluoro-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-propyliso-
qguinolin-1(2H)-one (147ea’):

M.p. = 142-144 °C. *H NMR (600 MHz, CDCls): 5=8.32 (dd, J=7.9, 1.4 Hz, 1H),
7.73 (s, 1H), 7.41 (ddd, J=7.9, 7.9, 4.6 Hz, 1H), 7.38-7.33 (m, 3H), 7.29-7.26 (m,
3H), 5.17 (br s, 2H), 4.61 (br s, 2H), 4.27 (t, J = 7.3 Hz, 2H), 2.81 (s, 2H), 1.89-1.82
(m, 2H), 1.60-1.52 (m, 2H), 1.33-1.24 (m, 6H), 0.97 (t, J=7.3 Hz, 3H), 0.85 {t,
J =7.0 Hz, 3H). *C NMR (126 MHz, CDCls): & = 161.6 (d, *Jc_r = 3.0 Hz, C), 158.5
(d, Ycr = 252.6 Hz, Cg), 143.9 (Cy), 138.0 (Cy), 137.2 (Cy), 129.1 (CH), 127.9 (CH),
127.8 (d, *Jcr = 3.9 Hz, Cy), 127.0 (CH), 126.6 (d, *Jc_r = 9.1 Hz, CH), 126.3 (d,
3JcF = 9.9 Hz, Cy), 124.5 (d, “JC—F = 3.5 Hz, CH), 124.0 (CH), 119.4 (d, 2Jc_F = 25.1
Hz, CH), 114.4 (d, “Jc_r = 5.8 Hz, C,), 50.5 (CH,), 40.4 (CH,), 34.6 (CH,), 32.4 (d,
*Jc_F = 12.2 Hz, CHy), 31.3 (CHy), 30.3 (CH,), 26.4 (CHy), 24.6 (d, *Jc_r = 3.7 Hz,
CH,), 22.6 (CH,), 14.6 (CH3), 14.1 (CH3). °F NMR (282 MHz, CDCl3): 5 = -114.13
(ddd, J = 4.2, 2.9, 1.6 Hz). IR (ATR): 2957, 2930, 1649, 1594, 1228, 1063, 1007, 782,
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755, 726 cm™. MS (El) m/z (relative intensity): 460 (75) [M]*, 294 (82), 266 (100), 242
(58), 112 (61), 85 (47). HR-MS (EI) m/z calcd for C2gH33FN4O [M]* 460.2638, found
460.2641.

3-Benzyl-7-chloro-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-propyliso-
quinolin-1(2H)-one (147va)

O

Cl
N/Y\N—nHex

/

7 N=N

nPr Ph
147va

The general procedure G was followed using 118v (96.2 mg, 0.30 mmol) and
propargyl acetate 158a (130 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147va (78.9 mg, 55%) as an off-white solid.

M.p. = 138-139 °C. *H NMR (600 MHz, CDCls): 6 = 8.45 (d, J = 2.3 Hz, 1H), 7.72 (s,
1H), 7.66—7.61 (m, 2H), 7.36—7.32 (m, 2H), 7.28-7.23 (m, 3H), 5.17 (s, 2H), 4.61 (s,
2H), 4.26 (t, J=7.3 Hz, 2H), 2.73-2.69 (m, 2H), 1.89-1.83 (m, 2H), 1.58-1.51 (m,
2H), 1.31-1.25 (m, 6H), 0.98 (t, J = 7.3 Hz, 3H), 0.85 (t, J = 7.0 Hz, 3H). *C NMR
(126 MHz, CDCls): & =161.7 (Cg), 143.9 (Cg), 137.6 (Cg), 137.1 (Cy), 135.1 (Cy),
132.8 (CH), 132.2 (Cy), 129.2 (CH), 127.9 (CH), 127.7 (CH), 127.0 (CH), 126.4 (C,),
125.0 (CH), 124.1 (CH), 116.0 (Cg), 50.5 (CH,), 40.1 (CH,), 35.0 (CH,), 31.3 (CHy),
30.5 (CHy), 30.3 (CHy), 26.4 (CHy), 23.6 (CH,), 22.6 (CHy), 14.6 (CHs), 14.1 (CHy).
IR (ATR): 3134, 2953, 2923, 1648, 1595, 1304, 1055, 823, 724, 669 cm™. MS (El)
m/z (relative intensity): 476 (61) [*°Cl, M]", 310 (80), 282 (86), 242 (71), 112 (97), 69
(100). HR-MS (EI) m/z calcd for CogH33>>CIN,O [M]* 476.2343, found 476.2345.

3-Benzyl-7-bromo-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-propyliso-
qguinolin-1(2H)-one (147fa)

(@]
Br >
N/\/\N~nHex
P N=N

nPr Ph
147fa
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The general procedure G was followed using 118f (110 mg, 0.30 mmol) and
propargyl acetate 158a (130 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147fa (113 mg, 72%) as a white solid.

M.p. = 143-144 °C. 'H NMR (600 MHz, CDCls): 6=8.61 (d, J=2.2 Hz, 1H), 7.76
(dd, J=8.8, 2.2 Hz, 1H), 7.72 (s, 1H), 7.58 (d, J =8.8 Hz, 1H), 7.34 (dd, J = 7.5,
7.5 Hz, 2H), 7.28-7.23 (m, 3H), 5.17 (br s, 2H), 4.61 (br s, 2H), 4.26 (t, J = 7.3 Hz,
2H), 2.73-2.68 (m, 2H), 1.89-1.82 (m, 2H), 1.58-1.49 (m, 2H), 1.32-1.25 (m, 6H),
0.98 (t, J=7.3 Hz, 3H), 0.85 (t, J=7.0 Hz, 3H). ®C NMR (126 MHz, CDCly):
& =161.7 (Cy), 143.9 (Cy), 137.9 (Cy), 137.1 (Cy), 135.6 (CH), 135.5 (Cy), 130.9 (CH),
129.2 (CH), 128.0 (CH), 127.1 (CH), 126.7 (Cg), 125.2 (CH), 124.2 (CH), 120.1 (Cy),
116.1 (Cg), 50.5 (CHy), 40.1 (CHy), 34.9 (CHy), 31.2 (CH,), 30.3 (CHy), 30.2 (CHy),
26.3 (CHy), 23.5 (CHy), 22.5 (CH,), 14.5 (CHs), 14.0 (CHa). IR (ATR): 2949, 2916,
1647, 1596, 1583, 1377, 1055, 813, 786, 722 cm™. MS (ESI) m/z (relative intensity):
1065 (44) [*'Br, 2M+Na]*, 523 (100) [*'Br, M+H]". HR-MS (EI) m/z calcd for
CasH342"BrN,4O [M+H]" 523.1892, found 523.1890.

3-Benzyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-propyl-7-(trifluoro-
methyl) isoquinolin-1(2H)-one (147wa)

O

F3C
N/\/\N——nHex

’

Pz N=N

nPr Ph
147wa

The general procedure G was followed using 118w (106 mg, 0.30 mmol) and
propargyl acetate 158a (130 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147wa (102 mg, 66%) as a white solid.

M.p. = 116-117 °C. *H NMR (300 MHz, CDCls): & = 8.77 (s, 1H), 7.90-7.79 (m, 2H),
7.75 (s, 1H), 7.38-7.31 (m, 2H), 7.31-7.22 (m, 3H), 5.19 (s, 2H), 4.67 (s, 2H), 4.27 (t,
J =7.3 Hz, 2H), 2.80-2.71 (m, 2H), 1.92-1.80 (m, 2H), 1.65-1.49 (m, 2H), 1.36—1.20
(m, 6H), 1.01 (t, J = 7.3 Hz, 3H), 0.88-0.81 (m, 3H). *C NMR (126 MHz, CDCly):
5=162.1 (Cy), 143.7 (Cy), 139.9 (C,), 139.1 (Cy), 136.8 (Cg), 129.2 (CH), 128.4 (q,
3Jcr = 3.2 Hz, CH), 128.2 (Cy) 127.9 (CH), 127.1 (CH), 126.1 (q, *Jc_r = 3.6 Hz, CH),
125.0 (C,), 124.2 (CH), 124.1 (CH), 124.1 (q, Jc-r = 271.5 Hz, Cg), 116.0 (Cy), 50.6
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(CHy), 40.1 (CHy), 35.2 (CH,), 31.3 (CHy), 30.4 (CH,), 30.3 (CHy), 26.4 (CH,), 23.6
(CH,), 22.6 (CH,), 14.6 (CHs), 14.1 (CHs). *°F NMR (282 MHz, CDCls). & = -62.38 (s).
IR (ATR): 2931, 2872, 1655, 1622, 1323, 1297, 1130, 1030, 830, 714 cm™. MS (El)
m/z (relative intensity): 510 (63) [M]+, 344 (72), 316 (76), 242 (57), 112 (88), 85 (70),
43 (100). HR-MS (ESI) m/z calcd for CagH34F3N4O [M+H]* 511.2679, found 511.2676.

5-Benzyl-6-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-propylthieno[2,3-c]-
pyridin-7(6H)-one (147xa)

0]

S
C N/Y\r\anex

/

/ N=N

nPr Ph
147xa

The general procedure G was followed using 118x (87.7 mg, 0.30 mmol) and
propargyl acetate 158a (130 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147xa (64.6 mg, 48%) as an off-white solid.

M.p. = 100-102 °C. 'H NMR (600 MHz, CDCls): & = 7.76 (s, 1H), 7.70 (d, J = 5.3 Hz,
1H), 7.35-7.31 (m, 2H), 7.29 (d, J = 5.3 Hz, 1H), 7.27-7.25 (m, 1H), 7.24-7.21 (m,
2H), 5.19 (s, 2H), 4.60 (s, 2H), 4.26 (t, J = 7.4 Hz, 2H), 2.72-2.67 (m, 2H), 1.88-1.82
(m, 2H), 1.59-1.52 (m, 2H), 1.31-1.24 (m, 6H), 0.95 (t, J = 7.3 Hz, 3H), 0.85 (t,
J = 6.9 Hz, 3H). 3C NMR (126 MHz, CDCls): & = 158.9 (Cy), 146.2 (C,), 144.0 (Cy),
138.4 (Cq), 137.4 (Cg), 133.1 (CH), 129.1 (CH), 128.7 (Cg), 127.9 (CH), 126.9 (CH),
124.2 (CH), 123.3 (CH), 116.4 (Cg), 50.5 (CH5), 39.7 (CH,), 34.5 (CHy), 32.3 (CHy),
31.3 (CHy), 30.3 (CH,), 26.4 (CH,), 24.0 (CH,), 22.6 (CH,), 14.5 (CHz), 14.1 (CHs).
IR (ATR): 2930, 2866, 1646, 1576, 1450, 1131, 787, 718, 694, 457 cm™. MS (ESI)
m/z (relative intensity): 919 (81) [2M+Na]*, 897 (13) [2M+H]", 471 (45) [M+Na]", 449
(100) [M+H]". HR-MS (ESI) m/z calcd for CysH33sN4OS [M+H]" 449.2370, found
449.2377.
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3-Benzyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-propylbenzo[g]iso-
qguinolin-1(2H)-one (147ya)

nPr Ph
147ya

The general procedure G was followed using 118y (101 mg, 0.30 mmol) and
propargyl acetate 158a (130 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147ya (82.4 mg, 56%) as a yellow solid.

M.p. = 155-157 °C. *H NMR (600 MHz, CDCls): 5 = 9.09 (s, 1H), 8.15 (s, 1H), 8.05
(d, J=8.3Hz, 1H), 7.98 (d, J=8.3 Hz, 1H), 7.75 (s, 1H), 7.59 (ddd, J=8.1, 6.9,
1.0 Hz, 1H), 7.51 (ddd, J = 7.9, 6.9, 1.0 Hz, 1H), 7.36-7.30 (m, 4H), 7.28-7.25 (m,
1H), 5.21 (s, 2H), 4.63 (s, 2H), 4.26 (t, J = 7.3 Hz, 2H), 2.89-2.83 (m, 2H), 1.89-1.82
(m, 2H), 1.71-1.63 (m, 2H), 1.31-1.24 (m, 6H), 1.06 (t, J=7.3 Hz, 3H), 0.84 (t,
J=7.0 Hz, 3H). **C NMR (126 MHz, CDCls): & = 163.3 (C,), 144.3 (Cg), 137.5 (Cy),
135.8 (Cy), 135.5 (Cy), 132.8 (Cy), 131.4 (Cy), 129.4 (CH), 129.2 (CH), 129.1 (CH),
128.1 (CH), 128.1 (CH), 128.0 (CH), 126.9 (CH), 126.0 (CH), 124.0 (CH), 124.0 (Cy),
121.6 (CH), 116.3 (C), 50.6 (CHy), 39.8 (CH,), 35.1 (CH,), 31.3 (CHy), 30.7 (CHy),
30.3 (CHy), 26.3 (CHy), 23.5 (CH,), 22.6 (CH,), 14.7 (CHj3), 14.1 (CH3). IR (ATR):
2926, 1641, 1619, 1380, 1218, 1047, 882, 795, 728, 477 cm™. MS (El) m/z (relative
intensity): 492 (69) [M]+, 401 (17), 326 (75), 298 (69), 112 (33), 91 (53). HR-MS (EIl)
m/z calcd for CaoH3sN4O [M]* 492.2889, found 492.2889.

3-Benzyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-propyl-5,6,7,8-tetra-
hydroisoquinolin-1(2H)-one (147za)

O

N/«\ff\N~nHex

/

P~ N=N

nPr Ph
147za
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The general procedure G was followed using 118z (87.1 mg, 0.30 mmol) and
propargyl acetate 158a (130 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147za (29.7 mg, 22%) as a yellow oil.

'H NMR (600 MHz, CDCls): 6 = 7.75 (s, 1H), 7.32 (dd, J = 7.6, 7.6 Hz, 2H), 7.24 (dd,
J=7.3, 7.3 Hz, 1H), 7.18 (d, J=7.3 Hz, 2H), 5.08 (s, 2H), 4.50 (s, 2H), 4.25 {t,
J=7.4Hz, 2H), 258 (q, J=6.5 Hz, 4H), 2.37-2.32 (m, 2H), 1.88-1.82 (m, 2H),
1.79-1.72 (m, 4H), 1.41-1.34 (m, 2H), 1.31-1.26 (m, 6H), 0.90 (t, J = 7.3 Hz, 3H),
0.85 (t, J=7.0 Hz, 3H). ®*C NMR (126 MHz, CDCl3): & =162.2 (C,), 147.0 (Cy),
143.9 (Cy), 139.3 (Cy), 137.4 (Cy), 129.0 (CH), 127.9 (CH), 126.8 (CH), 125.7 (Cy),
124.3 (CH), 119.7 (Cg), 50.5 (CHy), 40.0 (CH>), 34.7 (CH), 31.3 (CHy), 30.3 (CHy),
30.3 (CHy), 27.1 (CHy), 26.3 (CHy,), 24.7 (CHy), 24.0 (CH,), 22.7 (CHy), 22.6 (CH,),
22.1 (CHy), 14.6 (CHa3), 14.1 (CHs). IR (ATR): 2951, 2923, 1644, 1591, 1484, 1302,
1302, 1056, 723, 657 cm™. MS (El) m/z (relative intensity): 446 (57) [M]*, 418 (35),
333 (95), 280 (100), 252 (40), 91 (46).HR-MS (El) m/z calcd for CygH3gN4O [M]”
446.3046, found 446.3045.

5.6.2 Experimental Procedures and Analytical Data — Propargyl Acetates

2-[(1-n-Hexyl-1H-1,2,3-triazol-4-yl)methyl]-3-(4-methylbenzyl)-4-n-propyliso-
guinolin-1(2H)-one (147ab)

147ab

The general procedure G was followed using 118a (85.9 mg, 0.30 mmol) and
propargyl acetate 158b (138 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147ab (118 mg, 86%) as a colorless oil.

'H NMR (300 MHz, CDCls): 5=8.48 (d, J=7.8 Hz, 1H), 7.75-7.66 (m, 3H), 7.48
(ddd, J=8.1, 6.0, 2.1 Hz, 1H), 7.14 (s, 4H), 5.19 (s, 2H), 4.56 (s, 2H), 4.26 (t,
J=7.3Hz, 2H), 2.77-2.69 (m, 2H), 2.33 (s, 3H), 1.91-1.80 (m, 2H), 1.64-1.50 (m,

245



5 Experimental Part

2H), 1.33-1.22 (m, 6H), 0.99 (t, J = 7.3 Hz, 3H), 0.84 (t, J = 6.8 Hz, 3H). *C NMR
(75 MHz, CDCls): 6 = 162.8 (Cg), 144.3 (Cg), 137.4 (Cy), 136.9 (Cy), 136.6 (C,), 134.3
(Cq), 132.5 (CH), 129.8 (CH), 128.3 (CH), 127.9 (CH), 126.2 (CH), 125.3 (C,), 124.1
(CH), 123.2 (CH), 116.4 (Cg), 50.5 (CHy), 39.9 (CH,), 34.5 (CH,), 31.2 (CH,), 30.4
(CH,), 30.2 (CH,), 26.3 (CH,), 23.6 (CH,), 22.5 (CH,), 21.2 (CHs), 14.5 (CH3), 14.0
(CH3). IR (ATR): 2955, 2928, 2869, 1641, 1610, 1590, 1336, 1047, 772, 729 cm™.
MS (El) m/z (relative intensity): 456 (100) [M], 343 (24), 290 (88), 262 (50), 256 (84),
112 (53), 85 (50). HR-MS (EI) m/z calcd for CuoH3sN4O [M]" 456.2889, found
456.2885.

2-[(1-n-Hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-propyl-3-[4-(trifluoromethyl)-
benzyl]-isoquinolin-1(2H)-one (147ac)

O

O N/\\/\N——nHex

Z N=N

nPr g

CF;
147ac

The general procedure G was followed using 118a (85.9 mg, 0.30 mmol) and
propargyl acetate 158c (171 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147ac (81.3 mg, 53%) as a sticky yellow oil.

'H NMR (300 MHz, CDCls): & = 8.49 (d, J = 8.0 Hz, 1H), 7.77-7.70 (m, 3H), 7.60 (d,
J =8.1 Hz, 2H), 7.50 (ddd, J = 8.1, 5.0, 3.2 Hz, 1H), 7.39 (d, J = 8.0 Hz, 2H), 5.13 (s,
2H), 4.69 (s, 2H), 4.26 (t, J = 7.3 Hz, 2H), 2.76-2.67 (m, 2H), 1.91-1.80 (m, 2H), 1.6—
1.49 (m, 2H), 1.32-1.22 (m, 6H), 1.00 (t, J=7.2 Hz, 3H), 0.84 (t, J = 6.8 Hz, 3H).
3C NMR (126 MHz, CDCly): & = 162.6 (C), 143.9 (C,), 141.7 (C,), 136.6 (C,), 136.1
(Cq), 132.6 (CH), 129.4 (q, “Jc_r = 32.4 Hz, C,), 128.3 (CH), 128.3 (CH), 126.5 (CH),
126.0 (q, %Jc_r = 3.7 Hz, CH), 125.4 (C,), 124.2 (q, "Jc_r = 271.5 Hz, C,), 124.2 (CH),
123.2 (CH), 116.8 (Cq), 50.6 (CHy), 40.0 (CHy), 34.9 (CHy), 31.3 (CHy), 30.5 (CHy),
30.3 (CHy), 26.3 (CH,), 23.6 (CH,), 22.6 (CH,), 14.6 (CH3), 14.1 (CH,). °*F NMR
(282 MHz, CDCls): 6 =-62.47 (s). IR (ATR): 2957, 2931, 1643, 1611, 1592, 1322,
1162, 1121, 1066, 772 cm™. MS (ESI) m/z (relative intensity): 1043 (86) [2M+Na]",
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901 (5), 777 (3), 511 (100) [M+H]*. HR-MS (ESI) m/z calcd for CagHzaFsN4O [M+H]*
511.2679, found 511.2674.

3-(4-Chlorobenzyl)-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-propyliso-
guinolin-1(2H)-one (147ad)

Cl
147ad

The general procedure G was followed using 118a (85.9 mg, 0.30 mmol) and
propargyl acetate 158d (150 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147ad (111 mg, 78%) as a yellow oll.

'H NMR (600 MHz, CDCls): 5 =8.48 (d, J = 7.9 Hz, 1H), 7.74 (s, 1H), 7.73-7.68 (m,
2H), 7.49 (ddd, J = 8.1, 6.0, 2.1 Hz, 1H), 7.30 (d, J = 8.4 Hz, 2H), 7.19 (d, J = 8.4 Hz,
2H), 5.15 (s, 2H), 4.58 (s, 2H), 4.26 (t, J = 7.3 Hz, 2H), 2.73-2.68 (m, 2H), 1.88-1.82
(m, 2H), 1.59-1.52 (m, 2H), 1.31-1.24 (m, 6H), 0.99 (t, J=7.3 Hz, 3H), 0.84 (t,
J=6.9 Hz, 3H). **C NMR (126 MHz, CDCls): & = 162.7 (Cg), 144.0 (C,), 136.6 (Cy),
136.6 (Cg), 135.9 (Cy), 132.8 (C,), 132.5 (CH), 129.3 (CH), 129.2 (CH), 128.3 (CH),
126.3 (CH), 125.3 (Cg), 124.1 (CH), 123.2 (CH), 116.6 (C,), 50.6 (CHy), 39.9 (CHy),
34.4 (CHy), 31.3 (CHy), 30.4 (CHy), 30.3 (CH,), 26.3 (CHy), 23.6 (CH,), 22.6 (CHy>),
14.6 (CHa3), 14.1 (CHs). IR (ATR): 3120, 2956, 2927, 1643, 1589, 1489, 1340, 1091,
769, 482 cm™. MS (ESI) m/z (relative intensity): 975 (61) [2M+Na]*, 833 (5), 727 (5),
477 (100) [M+H]". HR-MS (ESI) m/z calcd for CpgHs4>°CIN,O [M+H]" 477.2416, found
477.2410.
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3-(4-Bromobenzyl)-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-propyliso-
qguinolin-1(2H)-one (147ae)

O

O N/Y\N——nHex

/

= N=N

nP]i]Il

Br
147ae

The general procedure G was followed using 118a (85.9 mg, 0.30 mmol) and
propargyl acetate 158e (177 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147ae (137 mg, 88%) as a white solid.

M.p. = 51-53 °C. *H NMR (300 MHz, CDCls): 6 = 8.48 (d, J = 8.0 Hz, 1H), 7.77-7.66
(m, 3H), 7.54-7.41 (m, 3H), 7.14 (d, J = 8.1 Hz, 2H), 5.14 (s, 2H), 4.56 (s, 2H), 4.26
(t, J =7.3 Hz, 2H), 2.76-2.64 (m, 2H), 1.92-1.79 (m, 2H), 1.63-1.48 (m, 2H), 1.28 (s,
6H), 0.99 (t, J=7.3 Hz, 3H), 0.84 (t, J=6.0 Hz, 3H). *C NMR (75 MHz, CDCly):
0 =162.8 (Cy), 144.1 (Cy), 136.7 (Cy), 136.6 (Cy), 136.5 (Cy), 132.6 (CH), 132.3 (CH),
129.8 (CH), 128.4 (CH), 126.4 (CH), 125.4 (Cy), 124.2 (CH), 123.2 (CH), 120.9 (Cy),
116.6 (Cgq), 50.5 (CHy), 39.9 (CHy), 34.4 (CH,), 31.2 (CHy), 30.4 (CHy), 30.2 (CHy),
26.3 (CHy), 23.6 (CHy), 22.5 (CHy), 14.5 (CHj3), 14.0 (CH3). IR (ATR): 2954, 2928,
2869, 1641, 1590, 1486, 1010, 770, 727, 699 cm™. MS (El) m/z (relative intensity):
522 (67) [*'Br, M]", 356 (47), 320 (50), 246 (100), 112 (61), 85 (60). HR-MS (EI) m/z
calcd for C28H33818rN4O [M]" 522.1824, found 522.1829.

3-Benzyl-4-n-butyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyllisoquinolin-1(2H)-
one (147af)

0
N/Y\N—nHex
7 N=N

nBu Ph
147af
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The general procedure G was followed using 118a (85.9 mg, 0.30 mmol) and
propargyl acetate 158f (138 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147af (48.5 mg, 35%) as an off-white solid.

M.p. = 97-99 °C. *H NMR (400 MHz, CDCls): 6 = 8.49 (d, J = 7.9 Hz, 1H), 7.75-7.68
(m, 3H), 7.48 (ddd, J=8.1, 6.4, 1.7 Hz, 1H), 7.36=7.31 (m, 2H), 7.29-7.23 (m, 3H),
5.19 (s, 2H), 4.61 (s, 2H), 4.26 (t, J = 7.3 Hz, 2H), 2.79-2.72 (m, 2H), 1.90-1.82 (m,
2H), 1.57-1.48 (m, 2H), 1.46-1.36 (m, 2H), 1.32-1.24 (m, 6H), 0.91 (t, J=7.2 Hz,
3H), 0.87-0.82 (m, 3H). *C NMR (101 MHz, CDCls): 6 = 162.8 (Cg), 144.3 (Cy),
137.5 (Cy), 137.1 (Cy), 136.8 (Cy), 132.5 (CH), 129.2 (CH), 128.4 (CH), 128.1 (CH),
127.0 (CH), 126.2 (CH), 125.4 (C,), 124.1 (CH), 123.2 (CH), 116.6 (Cg), 50.5 (CHy),
39.9 (CHy), 34.9 (CHy), 32.5 (CH,), 31.2 (CHy), 30.2 (CH>), 28.0 (CHy), 26.3 (CH,),
23.2 (CHy), 22.5 (CHs), 14.0 (CH3). IR (ATR): 2954, 2928, 2858, 1650, 1597, 1313,
1031, 764, 714, 696 cm™. MS (ESI) m/z (relative intensity): 935 (80) [2M+Na]*, 779
(6), 489 (20) [M+Na]", 457 (100) [M+H]*. HR-MS (ESI) m/z calcd for Cy9H37N4O
[M+H]" 457.2962, found 457.2953.

3-(Cyclohexylmethyl)-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-propyliso-
guinolin-1(2H)-one (147aq)

147ag

The general procedure G was followed using 118a (85.9 mg, 0.30 mmol) and
propargyl acetate 1589 (133 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147ag (78.2 mg, 58%) as white solid.

M.p. = 126-128 °C. *H NMR (600 MHz, CDCls): & = 8.44 (d, J = 8.0 Hz, 1H), 7.65—
7.63 (m, 3H), 7.42 (ddd, J = 8.0, 4.9, 3.2 Hz, 1H), 5.45 (s, 2H), 4.23 (t, J = 7.3 Hz,
2H), 2.97 (s, 2H), 2.76-2.70 (m, 2H), 1.88-1.80 (m, 4H), 1.77-1.72 (m, 2H), 1.69—
1.61 (m, 2H), 1.56-1.48 (m, 2H), 1.28-1.23 (m, 6H), 1.23-1.13 (m, 5H), 1.00 (t,
J=7.3Hz, 3H), 0.85-0.81 (m, 3H). *C NMR (126 MHz, CDCls): &=162.8 (Cy),
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144.4 (C,), 138.5 (Cy), 136.7 (Cy), 132.2 (CH), 128.2 (CH), 125.7 (CH), 124.9 (Cy),
123.7 (CH), 123.1 (CH), 115.5 (C), 50.5 (CHy), 40.2 (CHy), 39.4 (CH), 36.3 (CHy),
33.4 (CHy), 31.3 (CHy), 30.4 (CH,), 30.3 (CHy), 26.8 (CH,), 26.5 (CHy), 26.3 (CHy),
23.5 (CHy), 22.6 (CHy), 14.6 (CH3), 14.1 (CH3). IR (ATR): 2925, 2851, 1639, 1608,
1588, 1451, 1382, 1043, 768, 699 cm™. MS (El) m/z (relative intensity): 448 (79) [M]",
366 (72), 282 (100), 254 (55), 200 (56), 172 (70). HR-MS (ESI) m/z calcd for
C2gH1N4O [M+H]" 449.3275, found 449.3274.

3-Benzyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-phenylisoquinolin-1(2H)-
one (147ah)

Ph Ph
147ah

The general procedure G was followed using 118a (85.9 mg, 0.30 mmol) and
propargyl acetate 158h (150 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147ah (117 mg, 83%) as a yellow oil.

'H NMR (300 MHz, CDCls): 6 =8.55 (d, J = 7.9 Hz, 1H), 7.65 (s, 1H), 7.61-7.46 (m,
3H), 7.45-7.41 (m, 2H), 7.32-7.27 (m, 2H), 7.26=7.12 (m, 4H), 7.09-7.00 (m, 2H),
5.12 (s, 2H), 4.28 (t, J = 7.3 Hz, 2H), 3.85 (s, 2H), 1.94-1.82 (m, 2H), 1.36-1.26 (m,
6H), 0.88 (t, J = 6.8 Hz, 3H). **C NMR (126 MHz, CDCls): & = 162.4 (C,), 143.9 (Cy),
142.3 (Cy), 140.3 (Cy), 136.8 (Cy), 134.3 (Cg), 132.5 (CH), 129.9 (CH), 129.3 (CH),
128.8 (CH), 128.4 (CH), 128.2 (CH), 127.8 (CH), 126.6 (CH), 126.0 (CH), 125.8 (C,),
124.5 (CH), 123.6 (CH), 113.2 (C), 50.4 (CH,), 42.4 (CH,), 34.8 (CH,), 31.3 (CHy),
30.3 (CH,), 26.3 (CH>), 22.6 (CH,), 14.1 (CHs). IR (ATR): 2929, 2857, 1644, 1589,
1485, 1320, 1047, 762, 696, 524 cm™. MS (El) m/z (relative intensity): 476 (96) [M]*,
377 (25), 363 (53), 311 (100), 234 (46), 232 (44). HR-MS (ESI) m/z calcd for
Ca1H3sN4O [M+H]" 477.2649, found 477.2648.
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3-n-Hexyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-pentylisoquinolin-1(2H)-
one (147ai)

O

N/\\ff\N~nHex
=

N=\/
nHexN

nPent
147ai

The general procedure G was followed using 118a (85.9 mg, 0.30 mmol) and
propargyl acetate 158i (143 mg, 0.60 mmol). Purification by column chromatography
(CH.Cl,/MeOH: 95/5) yielded 147ai (88.6 mg, 64%) as a colorless oil.

'H NMR (600 MHz, CDCls): & = 8.44 (d, J = 7.9 Hz, 1H), 7.71 (s, 1H), 7.66-7.61 (m,
2H), 7.42 (ddd, J = 8.0, 6.0, 2.0 Hz, 1H), 5.40 (s, 2H), 4.25 (t, J = 7.3 Hz, 2H), 3.03
(s, 2H), 2.71-2.66 (m, 2H), 1.87-1.81 (m, 2H), 1.68-1.62 (m, 2H), 1.58-1.51 (m, 4H),
1.46-1.34 (m, 8H), 1.28-1.23 (m, 6H), 0.94-0.90 (m, 6H), 0.84 (t, J = 6.9 Hz, 3H).
3C NMR (126 MHz, CDCls): & = 162.7 (Cy), 144.4 (Cg), 140.2 (Cg), 136.9 (Cy), 132.3
(CH), 128.2 (CH), 125.7 (CH), 124.9 (Cy), 123.9 (CH), 122.8 (CH), 114.5 (C,), 50.5
(CHy), 40.0 (CHy), 32.5 (CHy), 31.8 (CHy,), 31.3 (CH), 30.3 (CHy), 30.3 (CHy), 30.1
(CHy), 29.7 (CHy), 29.7 (CHy), 27.9 (CH,), 26.3 (CHy), 22.8 (CHy), 22.7 (CH,), 22.6
(CHy), 14.3 (CHs), 14.3 (CH3), 14.1 (CH3). IR (ATR): 2953, 2923, 2856, 1642, 1589,
1463, 1337, 1046, 772, 730 cm™. MS (ESI) m/z (relative intensity): 951 (100)
[2M+Na]*, 929 (31), 895 (9), 781 (10), 465 (92) [M+H]", 317 (15). HR-MS (ESI) m/z
calcd for CagH4sN4O [M+H]™ 465.3588, found 465.3575.

2-[(1-n-Hexyl-1H-1,2,3-triazol-4-yl)methyl]-3-phenethyl-4-n-propylisoquinolin-
1(2H)-one (147aj)
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The general procedure G was followed using 118a (85.9 mg, 0.30 mmol) and
propargyl acetate 158j (138 mg, 0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147aj (53.8 mg, 39%) as off-white solid.

M.p. = 106-108 °C. 'H NMR (600 MHz, CDCls): & = 8.47 (d, J = 7.8 Hz, 1H), 7.72 (s,
1H), 7.68-7.64 (m, 2H), 7.45 (ddd, J=8.1, 6.2, 1.9 Hz, 1H), 7.36-7.32 (m, 4H),
7.27-7.23 (m, 1H), 5.46 (s, 2H), 4.25 (t, J = 7.3 Hz, 2H), 3.39 (s, 2H), 3.00-2.96 (m,
2H), 2.71-2.67 (m, 2H), 1.88-1.82 (m, 2H), 1.62-1.54 (m, 2H), 1.30-1.24 (m, 6H),
1.04 (t, J=7.3Hz, 3H), 0.84 (t, J=7.0Hz, 3H). 3CNMR (126 MHz, CDCly):
5= 162.7 (Cy), 144.3 (Cg), 140.3 (Cq), 139.0 (Cy), 136.8 (C,), 132.3 (CH), 128.8 (CH),
128.4 (CH), 128.3 (CH), 126.6 (CH), 125.9 (CH), 125.0 (Cg), 123.9 (CH), 123.0 (CH),
115.1 (Cq), 50.5 (CHy), 40.1 (CHy), 36.1 (CHy), 31.5 (CHy), 31.3 (CH,), 30.3 (CHy),
30.0 (CH), 26.3 (CH,), 23.8 (CH,), 22.6 (CH,), 14.7 (CHa), 14.1 (CHs). IR (ATR):
2058, 2928, 2859, 1632, 1581, 1327, 1057, 772, 749, 694 cm™. MS (ESI) m/z
(relative intensity): 935 (100) [2M+Na]*, 913 (22) [2M+H]*, 479 (36) [M+Na]*, 457
(89) [M+H]*. HR-MS (ESI) m/z calcd for CygH3;N4O [M+H]" 457.2962, found
457.2946.

5.6.3 Mechanistic Studies

Effect of the Leaving Group

The general procedure G was followed using 118a (85.9 mg, 0.30 mmol) and
propargyl acetates 158a-a” (0.60 mmol). Purification by column chromatography
(nhexane/EtOAc: 3/2) yielded 147aa as off-white solids with the corresponding yields

indicated inside the Scheme.

]
_TAH
L
H
H o)
N dppe (15 mol %) N~ R = Ac (158a): 85%
ZnBry TMEDA A _Ph Piv (158a"): 82%
OR iPrMgBr, THF Bz (158a"): 48%
Ph N 23°C, 16 h ner
AN ’ 147aa
158 nPr
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Intermolecular Competition Experiments

_______________________

o) 5 o 5
: TAH |
] ! !
H : % !
FsC H FaC :
| nPr Ph
118q (0.15 mmol) OAc FeCl, (15mol %) ~ “==========-==mm--o-o-
dppe (15 mol %) 147qa: 44%
* +
Ph
O P Z ZnBry,"TMEDA (2.0 equiv) o
_TAH e iPrMgBr (3.0 equiv) N/TAH
D 158a THF, 23°C, 2 h P
H
HsC H HsC
1181 (0.15 mmol) nPr Ph

147la: traces

To a stirred solution of 118I (45.1 mg, 0.15 mmol), 1189 (53.2 mg, 0.15 mmol),
ZnBr,-TMEDA (205 mg, 0.60 mmol) and dppe (17.9 mg, 15 mol %) in THF (0.4 mL),
iPrMgBr (3.0 M in 2-MeTHF, 300 pL, 0.90 mmol) was added in one portion and the
reaction mixture was stirred for 5 min at ambient temperature. Then, FeCl, (5.7 mg,
15 mol %) was added in a single portion. After stirring for additional 5 min, a solution
of propargyl acetate 158a (130 mg, 0.60 mmol) in THF (0.40 mL) was added in one
portion. The reaction mixture was stirred at ambient temperature. After 2 h, sat.
aqueous NH4CI (3.0 mL) was added and the reaction mixture was extracted with
CH.CI, (3 x 15 mL). The combined organic extracts were dried over Na,SO,, filtered
and concentrated. Purification by column chromatography (nhexane/EtOAc: 3/2)
yielded 147qa (66.7 mg, 44%) as the sole product.
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_______________________

o} : |
FsC N TAH | F3C N TAH
H | Pz i
H | :
| nPr Ph
118w (0.15 mmol) OAG FeCl, (15mol %) ~  S-==========--=----o---
dppe (15 mol %) 147wa: 47%
+ +
= Ph ZnBry TMEDA (2.0 equiv) o)

i nPr iPrMgBr (3.0 equiv) H,C _TAH
HsC TAH :
3 N~ 158a THF, 23 °C, 2 h N
B =
H

118d (0.15 mmol) 147da: ;;’; "
. 0

To a stirred solution of 118d (45.1 mg, 0.15 mmol), 118w (53.2 mg, 0.15 mmol),
ZnBr,-TMEDA (205 mg, 0.60 mmol) and dppe (17.9 mg, 15 mol %) in THF (0.4 mL),
iPrMgBr (3.0 M in 2-MeTHF, 300 pL, 0.90 mmol) was added in one portion and the
reaction mixture was stirred for 5 min at ambient temperature. Then, FeCl, (5.7 mg,
15 mol %) was added in a single portion. After stirring for additional 5 min, a solution
of propargyl acetate 158a (130 mg, 0.60 mmol) in THF (0.40 mL) was added in one
portion. The reaction mixture was stirred at ambient temperature. After 2 h, sat.
aqueous NH4CI (3.0 mL) was added and the reaction mixture was extracted with
CH.CI, (3 x 15 mL). The combined organic extracts were dried over Na,SO,, filtered
and concentrated. Purification by column chromatography (nhexane/EtOAc: 3/2)
yielded 147wa (71.9 mg, 47%) and 147da (37.9 mg, 28%).

SR e
: _TAH |
OAc I |
! % Ar
Z E nPr E
nPr CF tommmmmomme oo
3 0 Ar = 4-CF3CgH, (147ac)
o 158¢ (0.30 mmol) FeCl, (15 mol %) 1%
_TAH dppe (15 mol %)
N + +
y B OAc ZnBrZ-TMEDA (2.0 e?quiv) o
iPrMgBr (3.0 equiv) _TAH
118a P THF, rt, 2 h N
= Ar
nPr
CH,4
158b (0.30 mmol) ner

Ar = 4-MeCgH, (147ab)
17%
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To a stirred solution of 118a (85.9 mg, 0.30 mmol), ZnBr,- TMEDA (205 mg,
0.60 mmol) and dppe (17.9 mg, 15 mol %) in THF (0.4 mL), iPrMgBr (3.0 M in 2-
MeTHF, 300 uL, 0.90 mmol) was added in one portion and the reaction mixture was
stirred for 5 min at ambient temperature. Then, FeCl, (5.7 mg, 15 mol %) was added
in a single portion. After stirring for additional 5 min, a solution of propargyl acetate
158b (69.0 mg, 0.30 mmol) and 158c (85.3 mg, 0.30 mmol) in THF (0.40 mL) was
added in one portion. The reaction mixture was stirred at ambient temperature. After
2 h, sat. aqueous NH,CI (3.0 mL) was added and the reaction mixture was extracted
with CH,Cl, (3 x 15 mL). The combined organic extracts were dried over Na,SOy,,
fitered and  concentrated. Purification by column  chromatography
(nhexane/EtOAc: 3/2) afforded a mixture of both products. The yields of 147ac (21%)
and 147ab (17%) were determined by *H-NMR spectroscopy with 1,3,5-

trimethoxybenzene as internal standard.

Hammett-Plot with para-Substituted Propargyl Benzoates

(@)
= F
LT
=N
H 18] FeCl, (15 mol %) 0
dppe (15 mol %) N/Y\ F
+ > = N
o) ZnBr,-TMEDA (2.0 equiv) = N=N
iPrMgBr (3.0 equiv) nPr Ph
O THF, 23 °C,2h 147i
ja
Ph)\ R
nPr
158a"

To a stirred solution of 118] (296 mg, 1.00 mmol), ZnBro>TMEDA (603 mg,
2.00 mmol) and dppe (59.8 mg, 15 mol %) and n-nonanyl fluoride (73.1 mg,
0.50 mmol, 0.5 equiv) in THF (1.3 mL), iPrMgBr (3.0 M in 2-MeTHF, 1.0 mL,
3.00 mmol) was added in one portion and the reaction mixture was stirred for 5 min
at ambient temperature. Then, FeCl, (19.0 mg, 15 mol %) was added in a single
portion. After stirring for additional 5 min, a solution of propargyl acetate 158a”
(2.00 mmol, 2.0 equiv) in THF (1.3 mL) was added in one portion. The reaction
mixture was stirred at ambient temperature. After the times indicated below, aliquots

of 0.1 mL were taken out of the reaction mixture. The aliquots were filtered over a
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short plug of silica gel and diluted with CDCI; (1.0 mL). Yields of products were

determined by *°F NMR spectroscopy using n-nonanyl fluoride as internal standard.

time [min] 5 10 20 30 45 60 90
4-OMe [%] 1.00 1.50 3.00 3.50 4.50 5.50 9.00
4-tBu [%] 0.99 1.49 2.48 3.71 4.95 6.68 9.65
4-Me [%] 2.00 3.50 4.50 6.50 7.00 9.50 13.00
H [%] 3.01 4.01 5.01 6.52 9.52 11.03 15.54
4-Cl [%] 2.00 2.50 3.50 4.50 6.00 7.50 10.00
4-CF3[%)] 0.50 1.00 2.00 2.50 3.50 4.00 6.00
4-CN [%] 0.50 1.00 1.50 2.00 2.50 3.50 5.00
R rate [1/min] o, rate [M/s] Kx/Kn log(kx/ky)
4-OMe 0.0887 -0.268 0,00041065  0,601355932 -0,2208684
4-tBu 0.1021 -0.197 0,00047269 0,69220339 -0,159766278
4-Me 0.1231 -0,170 0,00056991  0,834576271 -0,078533967
H 0.1475 0.00 0,00068287 1 0
4-Cl 0.0952 0.227 0,00044074 0,645423729 -0,190155072
4-CF; 0.062 0.54 0,00028704  0,420338983 -0,376400331
4-CN 0.0511 0.66 0,00023657 0,346440678 -0,46037112
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0 - e H
4-Me o .
-0,1 " p=0.804
. 4-tBu
—_ | 4Cl @™
02 o 4-OMe " p=-0.682
>
=
=T
2 .03
e 4-CF,
-0,4
e 4-CN
-0,5 T T T T T l
-0,4 -0,2 0 0,2 0,4 0,6 0,8

Kinetic Isotope Effects (KIE)

1) Intermolecular KIE (One-Pot Reaction)

o 158a o

FeCl, (15 mol %)
TAH
7 N~ dppe (15 mol %) X N/TAH
Hs/Ds H > Hy/Dyr
= ZnBr,- TMEDA NS Ph

iPrMgCl, THF, 23 °C
nPr

118a and [D]5-118a Kifkp = 1.1 147aa and [D],-147aa

To a stirred solution of 118a (43.0 mg, 0.15 mmol), [D]s-118a (43.7 mg, 0.15 mmol)
ZnBr,-TMEDA (205 mg, 0.60 mmol) and dppe (17.9 mg, 15 mol %) in THF (0.4 mL),
iPrMgBr (3.0 M in 2-MeTHF, 300 pL, 0.90 mmol) was added in one portion and the

reaction mixture was stirred for 5 min at ambient temperature. Then, FeCl, (5.7 mg,
15 mol %) was added in a single portion. After stirring for additional 5 min, a solution
of propargyl acetate 158a (130 mg, 0.60 mmol) in THF (0.4 mL) was added in one
portion. After stirring 1 h at ambient temperature, sat. aqueous NH4Cl (3.0 mL) was
added and the reaction mixture was extracted with CH,Cl, (3 x 15 mL). The
combined organic extracts were dried over Na,SOy, filtered and concentrated under
reduced pressure. Purification by column chromatography (nhexane/EtOAc: 3/2)
afforded a mixture of both products. The ratio of 147aa to [D]4-147aa was determined
by *H NMR analysis.
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0 |

TAH
Ha/Dy+ N
YL A Ph
nPr

147aa and [D]4-147aa
(300 MHz, CDClj)

l

i |
=
-

g S g R X 4 & @' T ¥ e
0 -N~Neo @ @ Q @ Qe o
=) Noam - -~ o - aNN©®m®
T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 L5 1.0 0.5 0.0

ppm

2) Intermolecular KIE (Parallel Experiments)

OBz
Ph %
o 158a" nPr
0
FeCl, (15 mol %)
Hg/Dg H/\(\N’@F dppe (15 mol %) TN N/Y\N F
s8I N:N/ Hy/Dy7m —_
ZnBr,- TMEDA A Nz
iPrMgCl, THF, 23 °C o b
ner
118 or [D]5-118 Kifkp = 1.1 147ja or [D],-147ja

Two independent reactions using either 118j or [D]s-118] were conducted. To a
stirred solution of 118j (148.0 mg, 0.50 mmol) or [D]s-118j (151 mg, 0.50 mmol)
ZnBr, TMEDA (341 mg, 1.00 mmol), dppe (29.9 mg, 15 mol %) and n-nonanyl
fluoride (36.6 mg, 0.25 mmol) in THF (0.65 mL), iPrMgBr (3.0 M in 2-MeTHF, 500 pL,
1.50 mmol) was added in one portion and the reaction mixture was stirred for 5 min
at ambient temperature. Then, FeCl, (9.5 mg, 15 mol %) was added in a single
portion. After stirring for additional 5 min, a solution of propargyl acetate 158a”
(216 mg, 1.00 mmol) in THF (0.65 mL) was added in one portion. The reaction

mixture was stirred at ambient temperature. After the reaction times indicated below,

258



5 Experimental Part

aliquots of 0.1 mL were taken out of the reaction mixture. The aliquots were filtered
over a short plug of silica gel and diluted with CDCl3 (1.0 mL). Yields of products were

determined by *°F NMR spectroscopy using n-nonanyl fluoride as internal standard.

time [min] 5 10 20 30 45 60 90
147ja [%] 3.01 4.01 5.01 6.52 9.52 11.03 15.54
[D]s-147ja [%] | 3.01 4.01 6.01 7.02 9.02 12.03 14.53
18 -
¥=0,1475x+ 2,3261
16 - R*=0,9057
14 - )
12 y=0,1375x+ 28397
R*=0,9826
¥ 10
k-]
T B -
> # H5-TAH
& m O5-TAH
4
2
Q T T T T T T
0 10 20 30 40 50 &0 70 80 o0
time [min]
Reactions using Isotopically-Labelled Substrates
Reaction using deuterium-labelled substrate [D]s-118a
20% H
o N
OAG FeCl, (15 mol %) HD o
o 0N N TAR )\ dppe (15 mol %) AN SN TAR
e ! Ph > D3
P H * A o ZnBry TMEDA P _AA_Ph
iPrMgCl, THF
23°C, 16 h ner
[D]s-118a 158a [D],-147aa: 65%

To a stirred solution of [D]s-118a (87.4 mg, 0.30 mmol), ZnBr,TMEDA (205 mg,
0.60 mmol) and dppe (17.9 mg, 15 mol %) in THF (0.4 mL), iPrMgBr (3.0 M in
2-MeTHF, 300 uL, 0.90 mmol) was added in one portion and the reaction mixture
was stirred for 5 min at ambient temperature. Then, FeCl, (5.7 mg, 15 mol %) was
added in a single portion. After stirring for additional 5 min, a solution of propargyl
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acetate 158a (130 mg, 0.60 mmol) in THF (0.4 mL) was added in one portion. The
reaction mixture was stirred at ambient temperature. After 16 h, sat. aqueous NH.CI
(3.0 mL) was added and the reaction mixture was extracted with CH,Cl;, (3 x 15 mL).
The combined organic extracts were dried over Na,SOy,, filtered and concentrated.
Purification by column chromatography (nhexane/EtOAc: 3/2) yielded the annulated
isoquinolone [D],-147aa (86.8 mg, 65%) as a white solid. The amount of deuterium

incorporation was determined by *H NMR spectroscopy.

Reaction using deuterium-labelled substrate [D];-118a

O OAc FeCl, (15 mol %) Q
(:fj\N/TAH )\ dppe (15 mol %) N/TAH
' +  Ph
b D X ZnBr,- TMEDA _A_Ph
iPrMgCl, THF

23°C,16h
[D]4-118a 158a 147aa: 78%

nPr

To a stirred solution of [D];-118a (86.2 mg, 0.30 mmol), ZnBr,TMEDA (205 mg,
0.60 mmol) and dppe (17.9 mg, 15 mol %) in THF (0.4 mL), iPrMgBr (3.0 M in
2-MeTHF, 300 uL, 0.90 mmol) was added in one portion and the reaction mixture
was stirred for 5 min at ambient temperature. Then, FeCl, (5.7 mg, 15 mol %) was
added in a single portion. After stirring for additional 5 min, a solution of propargyl
acetate 158a (130 mg, 0.60 mmol) in THF (0.4 mL) was added in one portion. The
reaction mixture was stirred at ambient temperature. After 16 h, sat. aqueous NH.CI
(3.0 mL) was added and the reaction mixture was extracted with CH,ClI, (3 x 15 mL).
The combined organic extracts were dried over Na,SOy,, filtered and concentrated.
Purification by column chromatography (nhexane/EtOAc: 3/2) yielded the annulated
isoquinolone 147aa (103 mg, 78%) as a white solid. No deuterium incorporation

could be observed by *H NMR spectroscopy.
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Reaction using deuterium-labelled Grignard Reagent de-iPrMgBr

Q OAG FeCl, (15 mol %) o
(:\HJ\N/TAH )\ dppe (15 mol %) N/TAH
' + Ph -
o - X . ZnBryTMEDA A _Ph
dg-iPrMgBr

THF, 23 °C, 16 h
118a 158a 147aa: 76%

nPr

To a stirred solution of 118a (85.9 mg, 0.30 mmol), ZnBr,- TMEDA (205 mg,
0.60 mmol) and dppe (17.9 mg, 15 mol %) in THF (0.4 mL), de-iPrMgBr (2.0 M in
THF, 450 pL, 0.90 mmol) was added in one portion and the reaction mixture was
stirred for 5 min at ambient temperature. Then, FeCl, (5.7 mg, 15 mol %) was added
in a single portion. After stirring for additional 5 min, a solution of propargyl acetate
158a (130 mg, 0.60 mmol) in THF (0.4 mL) was added in one portion. The reaction
mixture was stirred at ambient temperature. After 16 h, sat. aqueous NH4Cl (3.0 mL)
was added and the reaction mixture was extracted with CH,Cl, (3 x 15 mL). The
combined organic extracts were dried over Na,SO,, filtered and concentrated.
Purification by column chromatography (nhexane/EtOAc: 3/2) yielded the annulated
isoquinolone 147aa (100 mg, 76%) as a white solid. No deuterium incorporation
could be observed by *H NMR spectroscopy.

Reaction using deuterium-labelled solvent dg-THF

Q OAG FeCl, (15 mol %) o
(:\HJ\N/TAH )\ dppe (15 mol %) N/TAH
' + Ph -
y H X o ZnBry TMEDA A _ph
iPrMgCl, dg-THF

23°C, 16 h
118a 158a 147aa: 46%

nPr

To a stirred solution of 118 (85.9 mg, 0.30 mmol), ZnBr, TMEDA (205 mg,
0.60 mmol) and dppe (17.9 mg, 15 mol %) in dg-THF (0.4 mL), iPrMgBr (3.0 M in
2-MeTHF, 300 pL, 0.90 mmol) was added in one portion and the reaction mixture
was stirred for 5 min at ambient temperature. Then, FeCl, (5.7 mg, 15 mol %) was
added in a single portion. After stirring for additional 5 min, a solution of propargyl
acetate 158a (130 mg, 0.60 mmol) in dg-THF (0.4 mL) was added in one portion. The
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5 Experimental Part

reaction mixture was stirred at ambient temperature. After 16 h, sat. aqueous NH.CI
(3.0 mL) was added and the reaction mixture was extracted with CH,Cl;, (3 x 15 mL).
The combined organic extracts were dried over Na,SOy, filtered and concentrated.
Purification by column chromatography (nhexane/EtOAc: 3/2) yielded the annulated
isoquinolone 147aa (61.5 mg, 46%) as a white solid. No deuterium incorporation

could be observed by *H NMR spectroscopy.

Reaction using deuterium-labelled ligand d,o-dppe

O O

OAc FeCl, (15 mol %)
(:fj\N/TAH )\ dyo-dppe (15 mol %) N/TAH
1
H H RN opr  ZnBr2 TMEDA = Ph
PrMgCl, THF
23°C, 16 h ner
118a 158a 147aa: 67%

To a stirred solution of 118a (85.9 mg, 0.30 mmol), ZnBr,-TMEDA (205 mg,
0.60 mmol) and dy-dppe (18.8 mg, 15 mol %) in THF (0.4 mL), iPrMgBr (3.0 M in
2-MeTHF, 300 uL, 0.90 mmol) was added in one portion and the reaction mixture
was stirred for 5 min at ambient temperature. Then, FeCl, (5.7 mg, 15 mol %) was
added in a single portion. After stirring for additional 5 min, a solution of propargyl
acetate 158a (130 mg, 0.60 mmol) in THF (0.4 mL) was added in one portion. The
reaction mixture was stirred at ambient temperature. After 16 h, sat. aqueous NH,ClI
(3.0 mL) was added and the reaction mixture was extracted with CH,Cl, (3 x 15 mL).
The combined organic extracts were dried over Na,SOy,, filtered and concentrated.
Purification by column chromatography (nhexane/EtOAc: 3/2) yielded the annulated
isoquinolone 147aa (89.3 mg, 67%) as a white solid. No deuterium incorporation
could be observed by *H NMR spectroscopy.
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