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Abstract

With numerous urgent issues such as the energy crisis, resource depletion, and
environmental problems to address, modern organic synthesis should aim toward maximizing
efficiency and sustainability. To this end, transition metal-catalyzed C—H bond functionalization
has recently received much attention as a potential strategy for solving these problems. This thesis
describes the development of an efficient iron-based system for aromatic C—H bond activation
followed by reaction with electrophiles.

Chapter 1 describes the significance of sustainability concepts for transition
metal-catalyzed C—H bond functionalization reactions, with a focus on those under iron catalysis,
together with current challenges in this field and the goal of this study.

Chapter 2 describes an initial attempt for iron-mediated C—H bond functionalization with
electrophiles using metallacyclic iron intermediate derived from 2-phenylpyridine.

In Chapter 3, iron-catalyzed ortho-allylation of arylpyrazoles using allyl phenyl ether as an
electrophilic coupling partner is described. In the presence of a catalytic amount of an iron salt,
4 A'-di-t-butyl-2-2'-bipyridine, and diphenylzinc reagent as an organometallic base, ortho-allylation
of arylpyrazoles with allyl phenyl ether took place smoothly at 0 °C.

In Chapter 4, iron-catalyzed ortho-allylation of carboxamides with allyl phenyl ether is
described. In the presence of a catalytic amount of iron salt, cis-1,2-bis(diphenylphosphino)ethylene,
and dineopentylzinc reagent as an organometallic base, the reaction of N-(quinlin-8-yl)benzamide
and congeners with allyl phenyl ether proceeded smoothly under mild conditions. N-(quinlin-8-yl)
amide bidentate directing group and dineopentylzinc reagent were utilized to stabilize the
metallacyclic iron intermediate and suppress the competing reaction between the substrate and the
neopentyl reagent.

Chapter 5 describes further attempts for iron-mediated C—H bond functionalization with

electrophiles. The metallacyclic iron intermediate derived from N-(quinlin-8-yl)benzamide was



reacted with various electrophiles. These results demonstrated that this iron intermediate is an
excellent and general tool for C—H bond functionalization with electrophiles.

Finally, Chapter 6 summarizes the present studies and gives a future outlook.
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1.1. Transition Metal-Catalyzed C—H Bond Functionalization

The transition metal-catalyzed cross-coupling reaction between an
electrophilic reagent and a nucleophilic reagent has matured into one of the most
important C—C bond forming reactions, due to high versatility, practicality, and
reliability (eq. 1).! It has found numerous applications both in the field of academia and
chemical industry for the construction of complex natural products, bioactive
compounds, functional materials, and so on. However, these reactions require
preactivation of both of the coupling partners, which have to be functionalized in
advance as an organic (pseudo)halide and an organometallic reagent, resulting in
consumption of a large amount of chemicals, energy, and time resources. On the other
hand, transition metal-catalyzed direct functionalization of a ubiquitous C—H bond has
recently emerged as a more efficient and straightforward method, because it avoids the
requirement for preactivation of the organic (pseudo)halide, of the organometallic
reagent, or even of both (eqs. 2-4).> Although a great number of C-H bond
functionalization reactions have been developed, in which various types of C—H bonds
such as sp, sp’, and even sp’ C—H bonds can be employed as “reactive” sites, most of
these reactions require rare and toxic second or third-row transition metals such as
ruthenium, rhodium, and palladium, and typically harsh reaction conditions, which is
incompatible with the concept of sustainability. Therefore, the development of direct
C-H bond functionalization reactions that are sustainable still remain a major

challenge .’
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transition metal
catalyst
R'—X + m—R2 EE—— R'—R? (1)

X=1 m= Mg (Kumada—Tamao—Corriu)
Br Zn, Al, Zr  (Negishi)
Cl B (Suzuki-Miyaura)
OTf, etc Si (Hiyama)
Sn (Migita—Kosugi—Stille)
transition metal
catalyst
R'—X + H—R? —_— R'—R? (2
base
transition metal
catalyst
R'—H + m—R2 _— R'—R2 (3)
oxidant
transition metal
catalyst
R'—H + H—R2 —_— R'—R? ()
oxidant

1.2. Iron-Catalysis for Sustainable C—H Bond Functionalization

On the other hand, iron is one of the first metals that human started to exploit
and has been the most valuable metal for human society since ancient times. Because
iron is abundant, inexpensive, non-toxic, and environmentally benign, it is currently
recognized as an indispensable metal for sustainable catalysis.® Therefore, it is not
surprising that iron-catalyzed C—H bond functionalization reactions, which combine the
advantages of iron catalysis and C—H bond transformation, have recently attracted much
attention.*

C-H bond oxidation catalyzed by natural enzymes containing high valent iron
center is a well-known process.” Inspired by these natural systems, synthetic iron
complexes have been investigated for their application in iron-catalyzed C—H bond
oxidation reactions. Following the seminal studies by Que et al..° a number of

non-heme iron complexes have been designed, among which a cationic Fe(Il) complex
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possessing a tetradentate nitrogen ligand developed by White et al. performed well for

the oxidation of unactivated sp’ C—H bonds under mild conditions (eq. 5).”

[SbFelo

H iron cat. OH
PivO N —_— Pivo—<:>\ ®)
H,0,, AcOH, rt

Iron-catalyzed cross-dehydrogenative coupling is one of the C-C bond
forming reactions via iron-catalyzed C—H bond activation, which connects two sp’ C-H
bonds (eq. 6)° or sp’ and sp> C-H bond (eq. 7).” Typically, sp’ C-H bonds of active
methylene compounds or those adjacent to heteroatoms, and sp° C—-H bonds of

electron-rich arenes participate in theses reactions.

R;_ R3 iron cat. R? R3
H + H : > — (6)
R2 ‘<R4 oxidant R2 R
R! iron cat. R!

>—H 4+ H — )
R2 oxidant R2

Except for the classical Lewis-acid-promoted Friedel-Crafts reactions,' a few
reports have appeared on iron-catalyzed aromatic C—H bond functionalization reactions.
Charette et al. and Lei et al. independently reported iron-catalyzed C—H bond arylation
of simple arenes with aryl halides (egs. 8 and 9)."" Arenes are used as a solvent and a

mixture of regioisomers was obtained due to a radical pathway, which was proposed
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based on mechanistic studies.

Fe(OAc), (5 mol %)

ligand (10 mol %) /@ Ph Ph

KO®Bu (2.0 eq) — = =
@—H + I@ - > \ (8) \ ,\] N /

130°C, 20 h
(solvent) 50% (0:m:p = 3.1:1.9:1.0) ligand

FeCly (15 mol %) OMe
DMEDA (30 mol %) /©/
LiHMDS (2.0 eq) —

OH + Br@OMe 7, v ©)
80 °C, 48 h

(solvent) 39% (o:m:p = 2.5:1.8:1.0)

Hu, Yu et al. and Shirakawa, Hayashi et al. developed iron-catalyzed C—H
bond arylation of pyrroles, pyridines, and simple arenes with arylboronic acids (eqgs. 10
and 11)."” A non-radical mechanism was proposed for the former reaction based on

DFT calculations, while a radical pathway was proposed for the latter reaction.

FeCZO4-2H20 (20 mol %)

AN ligand (20 mol %)
QH + (HO)ZBO i | (10)

H 130 °C, air

2

Iz

(solvent)

Fe(OTf)3 (10 mol %) Ar

Ar
ligand (10 mol %) 7 N\__/ N\
BuOOBuU (2 equiv) =N N=
O w0 ‘ w| S
Ar = 4'CF306H4

80 °C

ligand

(solvent)

The similar reaction conditions for the direct arylation with aryl halides can be

applied to formal iron-catalyzed olefinic C—H bond arylation reaction. Vogel et al.
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reported an iron-catalyzed Mizoroki—Heck reaction of aryl iodides with styrenes (eq.

12)."” Nakamura et al. developed a chelation-assisted iron-catalyzed oxidative

Mizoroki—Heck reaction using arylzinc reagents (eq. 13). The reaction proceeds via

chelation-assisted carbometallation to form a stable five-membered iron intermediate.

Another example for iron-catalyzed olefinic C-H bond functionalization is an

intermolecular iron-catalyzed 1 4-addition of terminal olefins to 1,3-dienes reported by

Ritter et al. (eq. 14)."* An active species generated upon reduction of FeCl, with Mg in

the presence of a diamine ligand is assumed to trigger an oxidative coupling of the two

substrates, followed by syn (-hydride elimination and reductive elimination to give

1 4-dienes with high regio- and (E)-stereoselectivity.

FeCl, (20 mol %)

2-picolinic acid (80 mol %)
KOtBu (4 eq.)

AL

7N\

0

ZnCl>*TMEDA
NN . +
Me,Si 2 Bng@
_\\_H
(3—4 equiv)
R .
_\\—H R2 R3

DMSO, 60 °C — \

(12)

Fe(acac)s (10 mol %)

Br/\/CI (2 equiv) <\ /N
MeZSiw

(13)
THF, rt

FeCl, (2 mol %)

ligand (2 mol %) R
Mg (4 mol %) AN
_—

Et,0

(14)
R2 R®
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1.3. Iron-Catalyzed Directed Aromatic C—H Bond Functionalization with Nucleophile
As a part of our continuous efforts towards sustainable synthetic
methodologies using iron as a ubiquitous and benign catalyst,” the author’s group has
reported a series of iron-catalyzed C—H bond arylation reactions with a nucleophilic
coupling partner (eq. 15)."° In contrast to the aromatic C—H bond arylation of simple
arenes (eqgs. 8—11), the reaction is completely regioselective due to the presence of a
nitrogen directing group. While these reactions are the first and still the only catalytic

examples of iron-catalyzed directed sp’ C—H bond functionalization,'”"®

the coupling
partner was always limited to nucleophilic aryl groups such as arylzinc reagents and

aryl Grignard reagents.

Fe(acac)s (10 mol %)

N RN NP 10 mot o) N
+ Metal@ m - > Q O (15)

CI></CI (2 equiv)

0°C

@ L7 by

Metal = Zn or Mg

1.4. Iron-Catalyzed Directed Aromatic C—H Bond Functionalization with Electrophile
Enabled by Mechanistic Understanding

Although iron has many attractive features as sustainable catalyst, iron
chemistry is not yet as reliable and practical as palladium chemistry. One of the reasons
is the lack of understanding of the ‘“crucial factors” governing the iron-catalyzed

reactions, resulting in sporadic and nondirectional research. To date, mechanistic
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studies on iron catalysis are in their infancy, and even for the long-studied
iron-catalyzed cross-coupling reactions, there is no agreement between various different
mechanisms." Naturally, the situation is far more serious for iron-catalyzed C—H bond
activation reactions.

Considering the rapid growth in the second- and third-row
transition-metal-catalyzed C—H bond functionalization reactions, which now enable
introduction of almost every type of coupling partner and find practical applications, the
introduction of various types of functional groups using iron and electrophiles would be
highly desirable and further expand the utility of iron as a sustainable catalyst for the
functionalization of C—H bonds. This should be enabled by understanding important

factors controlling the iron-catalyzed C—H bond activation reactions.
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1.5. Thesis Outline

In this thesis, the author developed iron-based aromatic C—H bond
functionalization reactions with electrophilic coupling partners. This unprecedented
reaction type was first attempted by the investigation of stoichiometric reactions using
2-phenylpyridine and electrophiles (Chapter 2), and was indeed demonstrated by
iron-catalyzed ortho-allylation of arylpyrazole and N-(quinlin-8-yl)benzamide
derivatives with allyl phenyl ether for the regioselective synthesis of allylbenzene
derivatives (Chapters 3 and 4). The careful control of reaction parameters such as
directing group and organometallic base was crucial for achieving the selective
allylation reactions. Furthermore, iron-mediated C—H bond functionalization with
electrophiles were developed by the reaction of a chelated iron intermediate generated
via stoichiometric C—H bond activation of N-(quinlin-8-yl)benzamide with various
electrophiles (Chapter 5). These examples demonstrated for the first time that the
iron-based C—H bond activation could be followed by reaction with electrophiles. These
newly established reaction modes will greatly expand the utility of iron-based C-H

bond activation.

ﬁ’ Fe catalyst @ - 0
+ /\/X _ > _ //>
O H ~ mild conditions O B M= Ny ‘%AH’ \/:\N j|

ay) Fe (1 equiv) N O
+ E* — N = L‘&)J\N
H mild conditions E H N |
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2.1. Introduction

The research project for iron-catalyzed aromatic C—H bond functionalization
with electrophiles commenced with considering the mechanism of the iron-catalyzed
aromatic C—H bond functionalization with aryl nucleophiles, which was developed

previously (Scheme 1).

Scheme 1.

with arylzinc reagent

ZnCl,*TMEDA
= | (3 equiv) Fe(acac)s (10 mol%) a |
+ phen (10 mol%)
SNTO+ > SN 4 \
B”"'QO C|></CI (2 equiv) on =N N=
(6 equiv) THE. 0 °C phen

with aryl Grignard reagent

= Fe(acac)s (10 mol%) 7

Bu
. | dtbpy (15 mol /o)‘ PhMgBr (3 equw)‘ . | I\
. slow addition =N N=
C|></C| (2equiv)  “over 5 min

THF/PhCI, 0 °C

A possible catalytic cycle for the iron-catalyzed oxidative aromatic C—H bond
arylation is shown in Figure 1. Reversible coordination of the pyridyl group of the
substrate to the iron center of an aryliron species (A) is followed by irreversible
metalation of the ortho position with concomitant elimination of an arene molecule. It
has been previously confirmed in the iron-catalyzed oxidative arylation using
deuterated substrate that 1 equiv of arylzinc reagent was used for the abstraction of the
ortho C-H bond (eq. 1)." The ortho-metalated intermediate B undergoes reductive
elimination upon interaction with 1,2-dichloro-2-methylpropane to afford the

ortho-arylation product, isobutene, and dichloroiron species. Transmetalation with the
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Grignard reagent regenerates the active species A.
With the background described in the previous chapter as well as the proposed

mechanism in Figure 1, it was envisioned that the metallacyclic iron intermedeiate B

could be trapped with eletrophiles.

SN
N, N
=
e"—Ar
- Q!
M H
H
Ar—H
TN
N N_ N
N N Ar-m N N / en\
+ . Fen A g Ar B
Ar CAr
Felll(acac)s
SN
NN ~
2 Ar-m Fen — SN
Cl' CI

Figure 1. A Possible Catalytc Cycle for Iron-Catalyzed Directed Arylation under

Oxidative Conditions

Fe(acac)s/phen (10 mol%)

ZnCl,*TMEDA (1 equiv) D = |
ArMgBr (2 equiv) H* D X
N" 4 A—H + Ar—D + Ar—Ar (1)
CI></CI (1 equiv) D Ar
D THF,0°C,3h D
(Ar = 4-BuCgH,) 29% 115% 30% 10%
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2.2. Metallacyclic Iron Intermediate

In order to probe the putative metallacyclic iron intermediate, a series of
stoichiometric reactions were initially performed. First, PhMgBr (4 equiv) was added to
a mixture of  2-phenylpyridine D), Fe(acac), (1 equiv), and
4 4'-di-#-butyl-2,2'-bipyridine (dtbpy, 2 equiv) in PhCI over a period of 3 minutes. After
stirring for 10 seconds, the reaction was immediately quenched with the addition of
D,0 to afford recovered 1, phenylated product (2), and biphenyl in 82%, 6%, and 90%
yields, respectively (Table 1, entry 1). A deuterium atom was incorporated into the
ortho position of 1 in 59%. When the same reaction was stirred for 1 h before the
addition of D,0, the D incorporation increased to 86%, while the yields of the products
did not change (entry 2). On the other hand, when 1,2-dichloro-2-methylpropane was
added before quenching with D,0O, the recovery of 1 decreased to 27% with the
increased yield of 2 in 59% (entry 3). In the absence of dtbpy, oxidative homocoupling
reaction took place to give biphenyl, and neither phenylation nor deuterium
incorporation occurred (entry 4). The reaction of 1 with PhMgBr without any catalyst

resulted in quantitative recovery of 1 without deuterium incorporation (entry 5).
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Table 1.
4 . .
o Fe(acac)s (x equiv) PhMgBrin THF
dtbpy (y equiv) (4 equiv) oxidant
H PhCl,0°C addition over &, stirring for t,
1
V4 \\/ Va \>
D0 =N =N
+ Ph-Ph
HD) © Ph
1 2
. yield (%)2
entry X y t oxidant tr
1 (%D)b 2 Ph—Ph
1 1 2 3 min none 10s 82 (59) 6 90
2 1 2 3 min none 1h 80 (86) 6 92
3 1 2 3 min CI></CI 40 s¢ 27 (20) 59 114
4 1 0 5 min none 30s 86 (0) 0 138
5 0 0 5 min none 30s > 95 (0) 0 0

2 Determined by GC using n-tridecane as an internal standard.

b Determined by 'H NMR analysis.

¢ Stiring for 10 s, addition of 1,2-dichloro-2-methylpropane, and additional stirring for 30 s
were followed by the addition of D,O.

The above stoichiometric experiments indicate the presence of a stable
metallacyclic intertermediate that bears an ortho C-metal bond. Because the
intermediate forms only when the iron salt and the dtbpy ligand are present, the
intermediate seems to be a metallacyclic iron intermediate bearing 2-(2-pyridyl)phenyl
group. The iron intermediate is stable enough at O °C at least for 1 h in the absence of
an oxidant. However, it quickly decomposes to give the ortho-phenylated product 2

upon addition of 1,2-dichloro-2-methylpropane as an oxidant.

19



Chapter 2

2.3. Reaction of Metallacyclic Iron Intermediate with Electrophiles

The stability of the metallacyclic iron intermediate in the absence of an oxidant
suggests a possibility to investigate its reactivity towards various electrophiles for
introducing various functional groups. The possibility of this unprecedented
iron-catalyzed directed functionalization of aromatic C—H bond with an electrophile
was encouraged by a recent mechanistic study on iron-catalyzed cross coupling reaction
between alkyl halides and aryl Grignard reagents reported by Nakamura and Nagashima
et al.,” describing that Ar,FesTMEDA species could react with alkyl halide to produce
an Ar—alkyl product.

The reactions of the stoichiometrically generated metallacyclic iron
intermediate with various electrophiles were attempted using 2-phenylpyridine as a
substrate (Table 2). The results when using carbon electrophiles are summarized in
entries 1-4. While allyl phenyl ether and iodomethane gave the corresponding products
in about 10% yield (entries 1 and 2), benzyl bromide, which also has sp’ carbon
afforded no benzylated product (entry 3). In these cases, the reactions yielded a large
amount of phenylated product 2. The use of methyl acrylate as a Michael acceptor gave
no product, again with the exclusive formation of 2 (entry 4). Entries 5-10 describe
attempts toward carbon—heteroatom bond formation. However, all the attempts to
incorporate O, F, S, and B atoms were unsuccessful and either phenylated product 2

was formed or the starting material was recovered.
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Table 2.
=
] Fe(acac)s (1 eq) - |
\N dtbpy (2 eq) PhMgBr (4 eq) \N
over 3 min /
; PhCI, 0 °C FePh,
= =
E* D,O - | - |
NS
N N + = |
(excess)
E Ph X
sm—-E 1
yield2
entry E+
SM-E 2 1 Ph—Ph
g
Ph S . . 50% o
1 0 N 8% 27% (51% D) 87%
AN
g
ob Mel SN 9% 21% 26% 108%
Me
~
3 BnBr SN 0% 80% 12% 100%
Bn
g
NS
4 MeOC N 0% 56% 13% 90%
COZMe
g
5 Phi(OAc), SN 0% 73% 21% 99%
OAc
0 = |
6 O,Bu SN 0% 80% 23% 102%
OBu
~
7 Bu—0—0—Bu SN 0% 7% oDy 84%
OBu
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0% 69% 23% 89%

/\ F
8 [N 2 BF,~

9 S @O 0% 60% 18% 95%

0% 6% 65% 93%

Bpin

2 Determined by GC using n-tridecane as an internal standard.
b Benzene was used instead of PhCI.

2.4. Summary

The properties and reactivity of a metallacyclic iron intermediate derived from
2-phenylpyridine were investigated. The iron intermediate was found to be stable at
0 °C when no oxidant was present, suggesting a possibility of introducing various
functional groups by electrophilic trapping of the intermediate. However, the reaction
of the intermediate with various electrophiles was found to be difficult. Thus, the
attempts to form carbon—carbon and carbon-heteroatom bonds using electrophiles were
hampered by the undesired coupling with the Ph group from PhMgBr used for the

generation of the iron intermediate.
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2.5. Experimental Part

General. All reactions dealing with air- or moisture-sensitive compounds were carried
out in a dry reaction vessel under nitrogen or argon. The water content of the solvent
was confirmed with a Karl-Fischer Moisture Titrator (MKC-210, Kyoto Electronics
Company) to be less than 30 ppm. Analytical thin-layer chromatography was performed
on glass plates coated with 0.25 mm 230—400 mesh silica gel containing a fluorescent
indicator (Merck). Gas-liquid chromatographic (GLC) analysis was performed on a
Shimadzu 14A or 14B machine equipped with glass capillary column HR-1 (0.25-mm
i.d. x 25 m). Flash silica gel column chromatography was performed on silica gel 60N
(Kanto, spherical and neutral, 140-325 mesh) as described by Still.” NMR spectra were
measured on a JEOL ECA-500 spectrometer and reported in parts per million from
tetramethylsilane. 'H NMR spectra in CDCl, were referenced internally to
tetramethylsilane as a standard, and ’C NMR spectra to the solvent resonance. Methyl,

methylene, and methyne signals in C NMR spectra were assigned by DEPT spectra.

Materials. Unless otherwise noted, materials were purchased from Tokyo Kasei Co.,
Aldrich Inc., and other commercial suppliers and used after appropriate purification
before use. Anhydrous ethereal solvents (stabilizer-free) were purchased from WAKO
Pure Chemical and purified by a solvent purification system (GlassContour) equipped
with columns of activated alumina and supported copper catalyst (Q-5) prior to use.*
Chlorobenzene was purified by distillation over CaH, and stored over molecular sieves
4A. Fe(acac), and 4 4'-di-tert-butyl-2 2'-bipyridyl were purchased from Aldrich Inc. and

1,2-dichloroisobutane was purchased from Tokyo Kasei Co, respectively, and used as

received. Grignard reagents were purchased from Aldrich Inc. or prepared from the
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corresponding halides and magnesium turnings in anhydrous THF, and titrated prior to

use.

Trapping of Metallacyclic Iron Intermediate with D,0

To a solution of 2-phenylpyridine (31.0 mg, 0.2 mmol), Fe(acac), (70.5 mg, 0.2 mmol),
and 4 4'-di-#-butyl-2,2'-bipyridine (107 mg, 0.4 mmol) in PhCl (3.0 mL) was added a
THF solution of PhMgBr (0.76 M, 1.05 mL, 1.6 mmol) over 3 min at 0 °C. After a
certain time, the reaction was quenched with D,O followed by the addition of saturated
aqueous solution of potassium sodium tartrate and water. The organic layer was
collected and analyzed by GC using n-tridecane as an internal standard to determine the

yield, and by '"H NMR to determine D incorporation of recovered substrate.

Trapping of Metallacyclic Iron Intermediate with Electrophiles

To a solution of 2-phenylpyridine (31.0 mg, 0.2 mmol), Fe(acac), (70.5 mg, 0.2 mmol),
and 4 4'-di-#-butyl-2-2'-bipyridine (107 mg, 0.4 mmol) in PhCl (3.0 mL) was added a
THF solution of PhMgBr (0.76 M, 1.05 mL, 1.6 mmol) over 3 min at O °C. The reaction
was quenched with electrophiles followed by addition of D,O, saturated aqueous
solution of potassium sodium tartrate, and water. The organic layer was collected and

analyzed by GC and GC-MS using n-tridecane as an internal standard.
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3.1. Introduction

Derivatives of allylbenzene, a structural motif in numerous natural products
and biologically active compounds,' which serve as versatile intermediates in synthesis
are typically synthesized via the reaction of an aryl donor with an allylic fragment.’
The Lewis acid-promoted Friedel-Crafts-type allylation of a simple arene is a classical
and straightforward method to synthesize allylarenes (Scheme 1).° However, the
reaction is limited to electron-rich arenes and it often produces a mixture of
regioisomers and overallylated products. Transition-metal-catalyzed directed C—H bond
allylation has been recently developed to achieve broader scope and superior
regioselectivity, in which C—H bond activation is followed by either coupling with
allylic electrophiles or addition to allenes (Scheme 2).*>*® However, these reactions
require a precious metal catalyst and/or typically harsh reaction conditions, which
sometimes lead to product isomerization from the terminal olefin to styrene

compounds.

Scheme 1. Lewis Acid-Promoted Friedel-Crafts-Type Allylation

R LewisAcid R | |
O e T L
X
X

excess amount . .
electron-rich Regioisomers Over allylation
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Scheme 2. Transition-Metal-Catalyzed Directed C—H Bond Allylation

coupling with allylic electrophile

] ! cat. Ru, Rh
X + oA —m——> +
~ | N " (base)
N
X =Cl, Br, OAc
X =0CO,R olefin isomerization

addition to allene

o)

, cat. Rh, Ir . l
: ’ ~ NRR
1 n + —_— > +
©)kNRR ’/ \\ | = AN [

On the other hand, the author’s group has been interested in sustainable
synthetic methodologies using iron as a ubiquitous and benign catalyst and have
reported a series of iron-catalyzed sp” and sp’ C—H bond arylation reactions with a
nucleophilic coupling partner.” With these backgrounds, in this Chapter, an

unprecedented iron-catalyzed ortho-allylation of arenes with allylic electrophile that

takes place in y-selective manner under mild conditions was developed.

3.2. Initial Finding

The investigation of this project started with unexpected discovery in the
author’s group when allyl phenyl ether was used instead of
1,2-dichloro-2-methylpropane for the iron-catalyzed reaction of 1-phenylpyrazole under
the standard conditions which were optimized for iron-catalyzed N-directed aromatic
C-H bond arylation with diphenylzinc reagent (eqs. 1 and 2).”*'° Thus, the ortho C-H
bond of 1-phenylpyrazole was allylated in the presence of catalytic amount of

Fe(acac),/1,10-phenanthroline, diphenyzinc reagent prepared from ZnCl,*TMEDA and
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PhMgBr, and allyl phenyl ether (eq 1). Surprisingly, the phenylated product produced
by the reaction with diphenylzinc reagent was not observed under these conditions,
which is in stark contrast to the result observed when 2-phenylpyridine was used as a
substrate as described in Chapter 2. In order to improve the efficiency of this allylation
reaction as well as to understand the factors which control the selectivity of the reaction,

i.e.. allylation vs. phenylation, the model reaction in eq 1 was further investigated.

[ ZnCl,* TMEDA ]
== (3 equiv) Fe(acac)s (10 mol %) -

D + phen (10 mol %) D — —
= N+ + /\/OPh N |\ 4 \ /)
“ | Bng@ ~ THF,0°C,16h N N

: (2 equiv) X phen

1 L (6 equiv) | 2 52%

[ ZnCly*TMEDA |
== (5 equiv) Fe(acac)s (15 mol %) —

D + phen (15 mol %) D — —
N + o~ No@ |\ N
U Bng@  THR,0°C,48h N N

. (3 equiv) phen
L (10 equiv)

-

3, 59%

3.3. Effect of Ligand and Organozinc Reagent

The effect of ligand on the allylation reaction was initially investigated
using 10 mol % of Fe(acac),/ligand, 3 equiv of diphenylzinc reagent, and 2 equiv of
allyl phenyl ether (Table 1). In the absence of any ligand, the orho-allylation reaction
did not proceed at all and the starting material was completely recovered, while a small
amount of allylbenzene was formed by cross-coupling between allyl phenyl ether and
diphenylzinc reagent (entry 1). The ortho-allylated product 2 was obtained when
2,2'-bipyridine and congeners were used, among which 4 4'-di-#-butyl-2,2'-bipyridine

(dtbpy) showed the best performance to afford 2 in 70% at O °C after 16 h (entry 4).
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The reaction was sensitive to the substituents on the ligand as illustrated by much
decreased yields obtained with 2,2'-bipyridine (bpy) and 4.4'-dimethyl-2,2'-bipyridine
(dmbpy) compared with dtbpy (entries 2 and 3). While 1,10-phenanthroline afforded

the product in moderate yield, bathophenanthroline and neocuproine greatly reduced the

Chapter 3

yields of the allylated product 2 (entries 5-7).

Table 1. Investigation of Ligands for the Iron-Catalyzed Allylation of 1-Phenylpyrazole

with Allyl Phenyl Ether
ZnCly*TMEDA
— (3 equiv) Fe(acac)s (10 mol %) ﬁ
N7 + ligand (10 mol %) N_. 7
N+ + o~ OPh @;/N\
: BrM —< > THF.0°C, 16 h
9 : (2 equiv) =
1 (6 equiv) 5
yield (%)@
entry  ligand
2 3 1 allyl-OPh allyl-Ph  PhOH Ph-Ph
1 none 0 0 106 217 5 19 7
2 bpy 31 0 62 127 30 80 26
3 dmbpy 26 1 65 132 21 62 19
4 dtbpy 70 3 15 85 29 136 34
5 phen 52 0 39 58 41 132 39
6 bathophen 12 0 83 27 43 161 81
7 neocup 0 0 99 189 9 18 17
2 GC yield using n-tridecane as an internal standard.
Bu Bu
/) \ / \ / \
\ NN / \ N N / \ N /
bpy dmbpy dtbpy
Ph Ph
/ \ / \
\_ 7 \_ 7
phen bathophen neocup
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With identifying dtbpy as the best ligand, the effect of organozinc reagent was
investigated to find that the choice of the zinc reagent largely affected the efficiency of
the allylation reaction (Table 2). Thus, both the diarylzinc reagents possessing either an
electron-donating or electron-withdrawing substituent dramatically decreased the yield
of the allylated product 2 (entries 2—4). The use of dimesitylzinc reagent and
dimethylzinc reagent completely shut off the reaction and the starting material was

recovered (entries 5 and 6).

Table 2. Investigation of Organozinc Reagents for the Iron-Catalyzed Allylation of

1-Phenylpyrazole with Allyl Phenyl Ether

- ZnCl,»TMEDA Fe(acac)z (10 mol %) = =
D (3 equiv) dtbpy (10 mol %) D D
| S e 0L
RMgBr . THF.0°C, 16 h
(6 equiv) (2 equiv) o R
1 2 sm-R
yield (%)?
entry RMgBr
2 sm-R 1 ally-OPh  ally-R PhOH R-R
1 PhMgBr 70 3 15 85 29 136 34
2  4-MeOCgH4MgBr 19 0 77 144 79 55 8
3  4-FCgH4MgBr 49 0 43 49 46 68 12
4  CgFsMgBr 0 0 103 196 ND 8 ND
5  MesMgBr 0 0 102 193 11 ND 1
6 MeMgBr 0 0 96 171 - 21 -

2 GC yield using n-tridecane as an internal standard.

3 4. Effect of Allylic Electrophiles
Significant dependence of the allylating reagent on the reaction efficiency was

also found (Table 3). Thus, other allylic electrophiles than allyl phenyl ether, bearing a
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poor leaving group such as thiolate, amide, and siloxy decreased the yield of allylated
product and the starting material was largely recovered (entries 2—4). Allylic substrates
bearing a better leaving group such as acetate, benzoate, carbonate, and chloride also
lowered the reaction efficiency largely due to the competing iron-catalyzed
cross-coupling between those allylic electrophiles with diphenylzinc reagent which

gave allylbenzene in a large amount (entries 5-8).

Table 3. Iron-Catalyzed Allylation of N-(quinolin-8-yl)benzamide with Allylic

Electrophiles
ZnCly*TMEDA
— (3 equiv) Fe(acac)s (10 mol %) — =
D + dtbpy (10 mol %) Q Q
r , 0 °C,
9 : (2 equiv) ~ Ph
1 (6 equiv) 2 3
yield (%)2
entry electrophile
2 3 1 ally-Ph  Ph-Ph
1 _~_OPh 65 2 27 17 13
2 _~_-SPh 20 3 73 3 14
3 ~-NPhy 2 2 77 1 7
4 A~OTMS 14 2 67 2 15
5 _~_OAc 19 1 78 155 19
O.__Ph
6 2 6 1 74 104 24
o
O.__OPh
7 P 1 1 106 177 10
0
8 O 1 0 95 138 26

2 GC yield using n-tridecane as an internal standard.
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3.5. Optimization of Amount of Catalyst and Reagents

With allyl phenyl ether as the best allylating reagent, the reaction with 10 mol %
of Fe(acac),/dtbpy was monitored (Table 4). Although the yield of the allylated product
2 increased to 80% after 48 h, the reaction stopped at this stage and the yield was not
further increased (81% yield after 88 h) (entry 1). The reaction did not further proceed
even by the addition of extra 10 mol % of Fe(acac),/dtbpy. Neither increased ligand
ratio nor catalyst loading improved the reaction yield (entries 2 and 3). The reaction at

rt was much less effective (entry 4).

Table 4.
ZnCl,»TMEDA
== (3 equiv) Fe(acac)s (x mol %) ﬁ ﬁ
p + dtbpy (y mol %) N.,7 N7
TS s oo SOEIe
BrM THF
g@ (2 equiv) ~ Ph
1 (6 equiv) 2 3
yield (%)2
entry temp xly time
2 3 1 ally-OPh allyl-Ph Ph-OH Ph-Ph

1 0°C 10/10 15h 65 2 27 97 17 67 13
10/10 48 h 80 3 12 46 43 115 16

10/10 88 h 81 3 11 46 43 116 15

+10/10 +10h 80 3 7 2 77 202 21

2 0°C 10/20 15h 59 2 23 83 28 97 14
10/20 48 h 70 2 11 23 64 128 18

10/20 96 h 77 2 14 7 90 219 20

3 0°C 20/20 15h 67 2 19 52 37 110 28
20/20 24 h 70 2 15 34 47 136 29

4 25°C 10/10 15h 27 3 50 74 36 73 24
10/10 48 h 25 3 39 21 62 137 30

2 GC yield using n-tridecane as an internal standard.
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A brief examination of the amount of diphenylzinc reagent and allyl phenyl
ether revealed that the use of 3 equiv of diphenylzinc reagent and 2 equiv of allyl
phenyl ether was optimal (Table 5, entries 1-6). The use of monophenylzinc reagent

instead of diphenylzinc reagent completely shut off the reaction (entry 7).

Table 5. Iron-Catalyzed Allylation of 1-Phenylpyrazole with Allyl Phenyl Ether and

Phenylzinc reagnet

ZnCl,*TMEDA
— (X equiv) Fe(acac)s (10 mol %) = =
N_. 7% + dtbpy (10 mol %) D D
Sl o Segie o
BrM THF, 0 °C ™ ™
g@ (Y equiv) = Ph
1 (2X equiv) 5 3

yield (%)2

entry X Y time
2 3 1 allyl-OPh allyl-Ph  Ph-OH Ph-Ph

1 2 2 15h 56 2 33 104 16 89 10
48 h 69 2 23 63 42 135 10
2 3 2 15h 65 2 26 96 16 88 11
48 h 80 2 10 41 46 159 13
3 5 2 15h 58 2 35 112 12 52 16
48 h 74 3 11 53 34 110 22
96 h 77 3 6 8 68 208 31
4 3 1.2 15h 64 3 27 29 9 72 13
48 h 62 3 1 2 16 110 17
96 h 58 3 10 1 17 137 20
5 3 15 15h 58 2 28 56 13 68 12
48 h 66 3 16 12 35 113 15
96 h 63 3 13 1 40 149 16
6 3 3 15h 65 2 34 202 23 99 13
48 h 71 2 16 116 78 182 19
96 h 80 2 20 114 108 232 22
7b 3 2 15h 0 0 106 229 0 12 4

2 GC yield using n-tridecane as an internal standard.
b PhZnCI*-TMEDA was used instead of Ph,Zn*TMEDA
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3.6. Possible Catalyst Deactivation by Phenoxide

The fact that the reaction stopped after 48 h in Table 4 suggested a possibility
of catalyst deactivation caused by phenoxide ion because the amount of phenol
increased gradually with time, which should be generated by the allylation reaction as
well as the cross-coupling between allyl phenyl ether and diphenylzinc reagent. With
the assumption of catalyst deactivation by phenoxide, the effect of Lewis acids or
oxophilic reagents which would capture it was examined (Table 6). However, All the
reagents examined such as aluminum, boron, scandium, and silicon failed to improve
the yield of the allylated product 2.

Table 6. Effect of Additive on Iron-Catalyzed Allylation of 1-Phenylpyrazole with Allyl
Phenyl Ether

ZnCly,*TMEDA Fe(acac)s (10 mol %)
== (3 equiv) dtbpy (10 mol %) = ——
D + additive (50 mol %) D D

N+ + ~~_OPh N+ “N
Bng@ THF, 0°C, 15 h
(2 equiv) A Ph
2

1 (6 equiv)

3
yield (%)?
entry additive
2 3 1 ally-OpPh allyl-Ph  PhOH  Ph-Ph
1 none 65 2 27 97 17 67 13
2 AlF, 61 2 31 108 20 103 10
3 Al(OPr)4 2 6 86 191 18 108 55
4 B(OEt)3 49 1 38 134 1 81 10
5 B(OPr)3 57 2 35 111 16 93 10
6 B(CgFs)s 45 2 46 135 11 74 9
7 B,O3 54 2 40 121 16 93 10
8 Sc(OTf)3 33 1 67 162 12 62 8
\ /—
9 %Si—O—)-Ar 42 3 46 53 62 113 25

2 GC yield using n-tridecane as an internal standard.
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Allyl aryl ethers bearing bulky substituents which might prevent their
coordination to the iron center were next examined (Table 7, entries 1-5). As expected,
the reaction rate increased at the early stage of the reaction in some cases. However,
after 48 h all the allylating reagents showed similar yields around 80%. Allyl
trichlorophenyl ether, which was expected to have less coordinating ability, was much
less effective due to the fast cross coupling with diphenylzinc reagent (entry 6). No
significant effect was observed with allyl aryl ethers having a methoxy and

trifluoromethyl substituent (entries 7 and 8).
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Table 7. Iron-Catalyzed Allylation of 1-Phenylpyrazole with Allyl Aryl Ethers

ZnCl,»TMEDA
== (3 equiv) Fe(acac)s (10 mol %) =
D . dtbpy (10 mol %) D
S A L v Ry A X
BrM THF, 0 °C
g@ (2 equiv) =
1 (6 equiv) 2
yield (%)2
entry Ar time
2 3 1 allyl-Ph  Ph—Ph

1 Ph 15h 65 2 27 17 13
24 h 72 2 18 26 14
48 h 80 3 12 43 16
2 3 7 N\ 15h 77 2 24 22 14
— 24 h 79 2 16 32 15
48 h 82 2 9 59 15
3 15h 79 1 19 20 20
- 24 h 82 2 12 30 19
48h 83 1 6 54 18
4 15h 67 1 22 16 13
- 24h 76 1 15 25 15
48 h 84 1 9 45 17
5 O 15h 69 1 21 14 14
§ 24 h 80 2 15 23 15
42 h 78 1 9 38 12
6 Cl 15 h 46 2 46 118 19
-$ cl 24h 46 2 42 133 17

Cl

7 —§@OMe 16 h 62 2 23 16 20
8 —3@05 16 h 59 2 29 29 18

2 GC yield using n-tridecane as an internal standard.
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3.7. Scope of the Reaction

Various 1-arylpyrazoles and congeners could be allylated with allyl phenyl
ether under the optimized conditions (Table 8). All the reactions gave the monoallylated
product selectively, and the diallylated product was observed in a trace amount (< 2%).
This selectivity agrees with the poor reactivity of an ortho-substituted substrate (entry
7), probably due to steric interactions disturbing the formation of a planar metallacycle.
Isomerization of the allylated product to the more thermodynamically stable styrene
derivative, was largely suppressed (< 5%), while prolonged reaction time led to an
increase in the amount of the styrene derivative for some cases. The phenylated product
was obtained in a trace amount, except for electron-deficient substrates and
2-naphthylpyrazole (entries 5, 8, and 10) where it was obtained in 5-7%.

While the reaction of substrates bearing an electron-donating group at the para
position proceeded smoothly (entries 2—4), para-substituted substrates bearing an
electron-withdrawing group were less reactive (entry 5). The allylation of
meta-substituted substrates took place selectively at the less hindered position with
good yields (entries 6 and 8). A substrate where the pyrazole is substituted with a
methyl group reacted more efficiently than the one substituted with an ester group
(entries 9 and 10). The ester group was tolerated under the reaction conditions, and the
unreacted substrate was recovered (entry 10). An indazolyl group also acted as an

excellent directing group (entry 11).
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Table 8. Iron-Catalyzed Allylation of 1-Arylpyrazoles with Allyl Phenyl Ether”

entry substrate product time yield (%)?
1¢ - - 48 h 0 (X=H)
2 - [ B e x=me
3 *N N a8 0 (X = OMe)
4 15h (X NMe,)
5 X X \ 3 (X = F)d
- i
6e \@/ ~N "N 48 h 65
X
7 “N N 48 h of
AN
8 “N OO N 24 h 54
X
X X
9 24 h 71 (X = Me)
10 f& ?g 48h 32 (X = CO,Et)?
N7 NI
o g
1 7 /; 36h 72

QZJQ
L

7
=z

2 Conditions: substrate (0.4 mmol), Fe(acac)s/dtbpy (10 mol %), allyl phenyl ether (2 equiv),
and Ph,Zn-TMEDA (3 equiv). ? Isolated yield. ¢ 0.8 mmol scale.

d Containing a trace amount of phenylated product.

€ ZnBr,* TEMDA was used instead of ZnCl,*TMEDA. f Determined by 'H NMR.

were less effective for the ortho-allylation, and resulted in the recovery of the starting
material or afforded mainly the phenylated product (Table 9). The results highlight the
importance of the choice of directing group for the selective allylation. Under these

conditions, substituted allyl ethers did not participate in the allylation reaction and the

Other directing groups such as triazole, pyridine, imine, and N-methylamide

arylpyrazole substrate was either recovered or partially phenylated.
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Table 9. Iron-Catalyzed Allylation of Arenes Possessing Various Directing Groups

ZnCl,»TMEDA

(3 equiv) Fe(acac)s (10 mol %) DG

DG + dtopy (10 mol %) DG
@ ; 4 _~_OPh @QA :
H Bng@ THF, 0°C,15h AN
(2 equiv)
(6 equiv)
sm-—allyl sm—Ph
yield (%)
entry substrate
sm-allyl sm-Ph recov.

1a @/ “N 65 2 27

2b

|
b 42 + 4
3 7 (mono + di) 22

NS
X, . Ar
4b ©)\N 8 80(EZ=31) 9

Ar = 4-MeOCGH4

0
5b N 13 18 64
H

2 GC yield using n-tridecane as an internal standard.
b1H NMR yield using 1,1,2,2-tetrachloroethane as an internal standard.

3.8. Mechanistic Considerations

In order to gain mechanistic insight into the allylation step, 1-phenylpyrazole
was reacted with 1,1-dideuterioallyl phenyl ether (eq. 3). The two deuterium atoms
were found selectively at the terminal vinylic positions, which suggests that the
allylation took place with high y selectivity and excludes the involvement of s-allyl iron

intermediate during the catalytic cycle. When allyloxytrimethylsilane was used as an
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allylating reagent, a small amount of alkylation product was observed suggesting that
the reaction proceeds through the insertion of the alkene with the necessary presence of
a f leaving group (eq. 4). This conjecture is supported by the complete lack of

reactivity of benzyl phenyl ether and homoallyl phenyl ether.

Fe(acac)s (10 mol%)
dtbpy (10 mol%)

- ZnCl,*TMEDA (3 equiv) =
= Q PhMgBr (6 equiv) N\N/
| R ot ; - 3)
X 5 b THF, 0°C, 48 h \/D
1 (1.5 equiv) 2D: 71%D
(ozy = 5:95)

Fe(acac)s (10 mol%)
dtbpy (10 mol%)

- ZnCl,*TMEDA (3 equiv) = =
l\/l/> PhMgBr (6 equiv) l\/l/> l\/l/>

~N . < <
, -~ OSiMeg N N @)
THF, 0°C,15h N e OSiM
1vVies

1 (2 equiv) 2, 14% 3%

3.9. A Possible Catalytic Cycle

A possible catalytic cycle of the allylation reaction is shown in Figure 1.
Active iron species is first generated from the catalyst precursor and organozinc reagent.
The ortho C—H bond cleavage takes place to form the iron metallacyclic intermediate
together with elimination of benzene. A sequence of olefin insertion of allyl phenyl
ether and p-phenoxy elimination affords the allylated product. The subsequent

transmetallation completes the catalytic cycle.
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@LN 0Pt

FenPhx_1 Ly
g o \
NH

Fe(acac)s )
+ N N,
dtbpy —> . Ph,FenL, FenPhx—1Ln
+
Ph,Zn OPh
PhZnOPh \ /{
L.Ph,_{Fe"OPh
Phyzn " <
=z | N‘N
X N

Figure 1. A Possible Catatlytic Cycle

3.10. Summary

In conclusion, an iron-catalyzed ortho-allylation of I-arylpyrazole and
congeners with allyl phenyl ether under mild reaction conditions was developed. The
reaction proceeds smoothly at 0 °C to afford allylated pyrazole derivatives with high y
selectivity and without overallylation and isomerization of the double bond to styrene
derivatives. Notably, the reaction for the first time demonstrated that iron-catalyzed

directed C—H bond activation can be followed by coupling with an electrophile.
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3.11. Experimental Part

General. All reactions dealing with air- or moisture-sensitive compounds were carried
out in a flame-dried, sealed Schlenk reaction tube under an atmosphere of nitrogen or
argon. The water content of the solvent was confirmed with a Karl-Fischer Moisture
Titrator (CA-21, Mitsubishi Chemical Analytech Company) to be less than 30 ppm.
Analytical thin-layer chromatography was performed on glass plates coated with 0.25
mm 230—400 mesh silica gel containing a fluorescent indicator (Merck). Flash silica gel
column chromatography was performed on silica gel 60N (Kanto, spherical and neutral,
140-325 mesh) as described by Still."" Gas-liquid chromatographic (GLC) analysis was
performed on a Shimadzu GC-14B or CG-2025 machine equipped with glass capillary
column HR-1 (0.25-mm i.d. x 25 m). Gel permeation column chromatography was
performed on a Japan Analytical Industry LC-908 (eluent: chloroform or toluene) with
JAIGEL 1H and 2H polystyrene columns. NMR spectra were measured on a JEOL
ECA-500 or ECX-400 spectrometer and reported in parts per million from an internal
standard, tetramethylsilane (0.0 ppm) and CDCl; (77.0 ppm), respectively. Methyl,
methylene, and methyne signals in °C NMR spectra were assigned by DEPT spectra.
Mass spectra were acquired by Shimadzu Parvum 2 gas chromatograph mass
spectrometer (GC-MS) or by atmospheric pressure ionization (APCI) or electrospray
ionization (ESI) using a time-of-flight mass analyzer on JEOL JMS-T100LC

(AccuTOF) spectrometer with a calibration standard of polyethylene glycol (MW 400).

Materials. Unless otherwise noted, materials were purchased from Tokyo Kasei Co.,
Aldrich Inc., and other commercial suppliers and used as received. Anhydrous THF and

diethyl ether (stabilizer-free) were purchased from WAKO Pure Chemical and purified
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by a solvent purification system (GlassContour) equipped with columns of activated
alumina and supported copper catalyst (Q-5) prior to use.”” Fe(acac), (99.9% metal
basis) and 4 4'-di-tert-butyl-2,2'-bipyridyl were purchased from Aldrich Inc. and
I-phenylpyrazole and allyl phenyl ether were purchased from Tokyo Kasei Co.,
respectively, and used as received. Grignard reagents were purchased from Aldrich Inc.
or prepared from the corresponding halides and magnesium turnings in anhydrous THF,

and titrated prior to use. ZnCl,»TMEDA was prepared according to the literature."

Preparation of Substrates

The following compounds were prepared according to the literature procedures, and
purified by column chromatography.
1-(4-Methylphenyl)-1H-pyrazole'
1-(4-Methoxyphenyl)-1H-pyrazole'*

N ,N-Dimethyl-4-(1H-pyrazol-1-yl)aniline'
1-(4-Fluorophenyl)-1H-pyrazole'*
1-(3-Methylphenyl)-1H-pyrazole'
1-(Naphthalen-2-yl)-1H-pyrazole'
1-(2-Methylphenyl)-1H-pyrazole"
4-Methyl-1-phenyl-1H-pyrazole'

Ethyl 1-phenyl-1H-pyrazole-4-carboxylate'*
1-Phenyl-1H-indazole'

((1,1-Dideuterioallyl)oxy)benzene'’

Spectral data for the following compounds showed good agreement with the literature
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data:

1-(4-Methylphenyl)-1H-pyrazole'
1-(4-Methoxyphenyl)-1H-pyrazole'

N ,N-Dimethyl-4-(1H-pyrazol-1-yl)aniline®
1-(4-Fluorophenyl)-1H-pyrazole"
1-(3-Methylphenyl)-1H-pyrazole"
1-(Naphthalen-2-yl)-1H-pyrazole™
1-(2-Methylphenyl)-1H-pyrazole™
4-Methyl-1-phenyl-1H-pyrazole™

Ethyl 1-phenyl-1H-pyrazole-4-carboxylate™

1-Phenyl-1H-indazole'®

((1,1-Dideuterioallyl)oxy)benzene'’

General Procedure for Iron-Catalyzed ortho-Allylation with Allyl Phenyl Ether

1-(2-Allylphenyl)-1H-pyrazole (Table 1, entry 1):

X
1-Phenyl-1H-pyrazole (116 mg, 0.8 mmol) and ZnCl,>TMEDA (606 mg, 2.4 mmol)

were placed in an oven-dried Schlenk flask under argon. A solution of PhMgBr in THF

(1.09 M, 4.40 mL, 4.8 mmol) was added dropwise to this mixture at 0 °C. After stirring
for 3 min, allyl phenyl ether (220 uL, 1.6 mmol) and a solution of Fe(acac),/4.4'
-di-tert-butyl-2,2'-bipyridyl in THF (1.0 mL, 0.08 M, 80 umol) were sequentially added.

The reaction mixture was stirred at 0 °C for 48 h, and was diluted with Et,O followed
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by the addition of a saturated aqueous solution of Rochelle’s salt. After extraction with
ethyl acetate, the combined organic layers were filtered through a pad of Florisil, and
concentrated under reduced pressure. The crude product was purified by column
chromatography on silica gel (hexane/AcOEt/NEt; = 99/0.5/0.5) and GPC using toluene
as an eluent to afford the title compound as a colorless oil (118 mg, 80%). The spectral

data were in accordance with those reported in the literature.*

1-(2-Allyl-4-methylphenyl)-1H-pyrazole (Table 1, entry 2):

The general procedure was applied to 1-(4-methylphenyl)-1H-pyrazole (63.2 mg, 0.40
mmol) using PhMgBr in THF (0.96 M, 2.49 mL, 2.4 mmol), and the reaction mixture
was stirred at 0 °C for 36 h. The crude product was purified by column chromatography
on silica gel (hexane/AcOEt/NEt, = 98/1/1) and GPC using toluene as an eluent to
afford the title compound as a colorless oil (53.0 mg, 67%); 'H NMR (500 MHz,
CDCly): 67.70 (d, 1.7 Hz, 1H), 7.56 (d, 2.3 Hz, 1H), 7.21 (d, 8.1 Hz, 1H), 7.13-7.09 (m,
2H), 6.40 (t, 1.7 Hz, 1H), 5.87-5.79 (m, 1H), 5.00 (dd,J=9.7, 1.2 Hz, 1H),4.93 (dd, J
=169, 14 Hz, 1H), 327 (d, J = 6.3 Hz, 2H), 2.39 (s, 3H); "C NMR (125 MHz,
CDCly): 6 140.2, 138.5, 137.3, 136.6, 1354, 131.1, 130.8, 127.6, 126.3, 116.1, 106.0,
35.5,21.1; GC-MS (EI) m/z (relative intensity): 198 (M*, 12), 183 (100), 168 (19), 144
(19), 130 (41), 115 (19); HRMS (APCI) Calcd for C,;H;sN," [M+H]" 199.1235, found,

199.1241.
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1-(2-Allyl-4-methoxyphenyl)-1H-pyrazole (Table 1, entry 3):
Meom

The general procedure was applied to 1-(4-methoxyphenyl)-1H-pyrazole (69.7 mg, 0.40
mmol) using PhMgBr in THF (0.75 M, 3.20 mL, 2.4 mmol), and the reaction mixture
was stirred at 0 °C for 18 h. The crude product was purified by column chromatography
on silica gel (hexane/AcOEt/NEt; = 90.5/9/0.5) and GPC using toluene as an eluent to
afford the title compound as a colorless oil (51.1 mg, 60%); 'H NMR (500 MHz,
CDCly): 67.69 (d, 1.2 Hz, 1H), 7.53 (d, 2.3 Hz, 1H), 7.24 (d, 8.6 Hz, 1H), 6.84-6.80 (m,
2H), 6.39 (t, 2.0 Hz, 1H), 5.86-5.77 (m, 1H), 5.01 (dd,J=9.8, 1.2 Hz, 1H),4.94 (dd, J
= 17.2, 1.7 Hz, 1H), 3.83 (s, 3H), 3.24 (d, J = 6.3 Hz, 2H); "C NMR (125 MHz,
CDCly): 6 1595, 140.1, 137.6, 136.2, 133.0, 131.0, 127.8, 1164, 1154, 111.9, 105.9,
55.5, 35.6; GC-MS (EI) m/z (relative intensity): 214 (M, 16), 199 (100), 146 (47);

HRMS (APCI) Calcd for C,;H,;N,O* [M+H]* 215.1184, found, 215.1175.

3-Allyl-N ,N-dimethyl-4-(1H-pyrazol-1-yl)aniline (Table 1, entry 4):

The general procedure was applied to N,N-Dimethyl-4-(1H-pyrazol-1-yl)aniline (74.7
mg, 0.40 mmol) using PhMgBr in THF (1.01 M, 2.38 mL, 2.4 mmol), and the reaction
mixture was stirred at 0 °C for 48 h. The crude product was purified by column

chromatography on silica gel (hexane/AcOEt/NEt, = 90.5/9/0.5) and GPC using toluene
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as an eluent to afford the title compound as a pale yellow oil (58.2 mg, 64%); '"H NMR
(500 MHz, CDCly): 6 7.67 (d, 1.7 Hz, 1H), 7.51 (d, 2.3 Hz, 1H), 7.18 (d, 8.1 Hz, 1H),
6.62-6.59 (m, 2H), 6.37 (t, 2.0 Hz, 1H), 5.86-5.80 (m, 1H), 4.98 (dd, J = 10.3, 1.2 Hz,
1H), 493 (dd, J = 17.2, 1.7 Hz, 1H), 3.22 (d, J = 6.3 Hz, 2H), 2.99 (s, 6H); °C NMR
(125 MHz, CDCl,): 6 150.6, 139.8, 1369, 136.7, 131.2, 1294, 1274, 1159, 1132,
110.3, 105.5, 40.5, 35.9; GC-MS (EI) m/z (relative intensity): 227 (M’, 48), 212 (100),
199 (29), 173 (17), 159 (33); HRMS (APCI) Calcd for C,H(N;* [M+H]" 228.1501,

found, 228.1505.

1-(2-Allyl-4-fluorophenyl)-1H-pyrazole (Table 1, entry 5):

The general procedure was applied to 1-(4-fluorophenyl)-1H-pyrazole (65.1 mg, 0.40
mmol) using PhMgBr in THF (1.01 M, 2.38 mL, 2.4 mmol) and the reaction mixture
was stirred at 0 °C for 15 h. The crude product was purified by column chromatography
on silica gel (hexane/AcOEt/NEt, = 98/1/1) and GPC using toluene as an eluent to
afford the title compound as a colorless oil (19.7 mg, 23%). A phenylated product was
obtained in 1% yield as an inseparable mixture with the desired product; '"H NMR (500
MHz, CDCl,): 6 7.71 (d, 1.7 Hz, 1H), 7.56 (d, 2.3 Hz, 1H), 7.31 (dd, 8.6, 5.2 Hz, 1H),
7.04 (dd,9.2,2.9 Hz, 1H), 6.99 (td, 8.1,2.9 Hz, 1H), 6.42 (t,2.0 Hz, 1H), 5.85-5.77 (m,
1H),5.06 (dd,J=10.0,1.4 Hz, 1H),4.97 (dd,J =172, 1.7 Hz, 1H), 3.27 (d,J = 6.9 Hz,
2H); "C NMR (125 MHz, CDCl,): 6§ 162.3 ("J. s = 246.8 Hz), 140.5, 138.6 (\J. - = 8.3

Hz), 135.8,135.6, 130.9, 128.3 (\Jo- = 9.5 Hz), 117.02, 116.98 (*J. = 22.6 Hz), 113.8
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(Jer = 22.7 Hz), 106.3, 35.4; GC-MS (EI) m/z (relative intensity): 202 (M", 13), 187
(100), 148 (29), 134 (55); HRMS (APCI) Calcd for C,,H,,FN,"” [M+H]* 203.0985,

found, 203.0986.

1-(2-Allyl-5-methylphenyl)-1H-pyrazole (Table 1, entry 6):

The general procedure was applied to 1-(3-methylphenyl)-1H-pyrazole (63.4 mg, 0.40
mmol) using PhMgBr in THF (1.01 M, 2.38 mL, 2.4 mmol) and ZnBr,>TMEDA (410
mg, 1.20 mmol), and the reaction mixture was stirred at O °C for 48 h. The crude
product was purified by column chromatography on silica gel (hexane/AcOEt/NEt; =
98/1/1) and GPC using toluene as an eluent to afford the title compound as a pale
yellow oil (51.7 mg, 65%); '"H NMR (400 MHz, CDCl,): §7.70 (d, 1.4 Hz, 1H), 7.59 (d,
2.3 Hz, 1H), 7.21 (d, 8.1 Hz, 1H), 7.22-7.16 (m, 3H), 6.41 (t, 2.5 Hz, 1H), 5.88-5.78
(m, 1H), 5.00 (ddd, J = 10.1, 3.0, 1.6 Hz, 1H), 4.93 (ddd, J = 17.0, 3.6, 1.7 Hz, 1H),
3.28 (d, J = 6.4 Hz, 2H), 2.36 (s, 3H); "C NMR (100 MHz, CDCl,): 6 140.2, 139.4,
1369, 136.8, 132.3, 130.7, 130.4, 129.3, 127.1, 116.0, 106.0, 35.2, 20.7; GC-MS (EI)
m/z (relative intensity): 198 (M", 9), 183 (100), 168 (18), 144 (17), 128 (21), 115 (35),
91 (19), 77 (30); HRMS (APCI) Caled for C;H;;N," [M+H]" 199.1235, found,

199.1238.

1-(3-Allylnaphthalen-2-yl)-1H-pyrazole (Table 1, entry 8):
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The general procedure was applied to 1-(naphthalen-2-yl)-1H-pyrazole (77.7 mg, 0.40
mmol) using PhMgBr in THF (1.15 M, 2.09 mL, 2.4 mmol), and the reaction mixture
was stirred at 0 °C for 24 h. The crude product was purified by column chromatography
on silica gel (hexane/AcOEt/NEt, = 98/1/1) and GPC using toluene as an eluent to
afford the title compound as a pale yellow oil (50.3 mg, 54%); 'H NMR (400 MHz,
CDCly): 6 7.85-7.76 (m, 5H), 7.68 (d, 2.3 Hz, 1H), 7.54-7.46 (m, 2H), 6.46 (t, 2.3 Hz,
1H), 5.93-5.82 (m, 1H), 5.03 (ddd, J = 10.1,2.7, 1.4 Hz, 1H), 4.96 (ddd, J = 17.2, 3.2,
1.7 Hz, 1H), 3.50 (d, J = 6.4 Hz, 2H); "C NMR (100 MHz, CDCl,): § 140.5, 138.2,
136.3,134.0,133.1,131.9,131.2,129.3,127.7,127.3,126.8, 126.3, 125.1, 116 4, 106 .2,
35.9; GC-MS (EI) m/z (relative intensity): 235 (M", 2), 234 (13), 220 (17), 166 (37);

HRMS (APCI) Calcd for C,H,sN," [M+H]* 235.1235, found, 235.1229.

1-(2-Allylphenyl)-4-methyl-1H-pyrazole (Table 1, entry 9):

A~ N

SO
The general procedure was applied to 4-methyl-1-phenyl-1H-pyrazole (62.8 mg, 0.40
mmol) using PhMgBr in THF (0.96 M, 2.50 mL, 2.4 mmol), and the reaction mixture
was stirred at 0 °C for 24 h. The crude product was purified by column chromatography

on silica gel (hexane/AcOEt/NEt, = 98/1/1) and GPC using toluene as an eluent to

afford the title compound as a colorless oil (56.2 mg, 71%); 'H NMR (500 MHz,
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CDCL,): 67.52 (s, 1H), 7.37 (s, 1H), 7.36-7.26 (m, 5H), 5.90-5.81 (m, 1H), 5.03 (dd, J
=103, 1.7 Hz, 1H), 4.95 (ddd, J = 17.2,3.4, 1.7 Hz, 1H), 3.35 (d, J = 6.3 Hz, 2H), 2.16
(s, 3H); °C NMR (125 MHz, CDCL,): 8 141.0, 139.8, 136.6, 135.4, 130.5, 129.4, 128.2,
126.9,126.3,116.6,116.2,35.5, 8.8; GC-MS (EI) m/z (relative intensity): 198 (M, 15),
183 (100), 130 (20), 116 (43); HRMS (APCI) Caled for C,;H,sN," [M+H]* 199.1235,

found, 199.1227.

Ethyl 1-(2-allylphenyl)-1H-pyrazole-4-carboxylate (Table 1, entry 10):

0]
OEt

P

LI
The general procedure was applied to ethyl 1-phenyl-1H-pyrazole-4-carboxylate (86.5
mg, 0.40 mmol) using PhMgBr in THF (1.01 M, 2.38 mL, 2.4 mmol), and the reaction
mixture was stirred at 0 °C for 48 h. The crude product was purified by column
chromatography on silica gel (hexane/AcOEt/NEt; = 90.5/9/0.5) and GPC using CHCI,
as an eluent to afford the title compound as a pale yellow oil (36.5 mg, 32%). A
phenylated product was obtained in 3% yield as an inseparable mixture with the desired
product; 'H NMR (400 MHz, CDCl,): 6 8.10 (s, 1H), 8.09 (s, 1H), 7.43-7.28 (m, 4H),
5.88-5.77 (m, 1H), 5.03 (dd, J = 10.1, 1.4 Hz, 1H), 492 (ddd, J = 17.0, 1.8 Hz, 1H),
433 (q,J =7.0 Hz, 2H), 3.33 (d, J = 6.4 Hz, 2H), 1.37 (t, 7.1 Hz, 3H); "C NMR (100
MHz, CDCly): 6 163.0, 141.6, 138.8, 136.0, 135.7, 134.2, 130.8, 1294, 127.2, 126 4,
116.5, 115.9, 60.3, 35.5, 14.4; GC-MS (EI) m/z (relative intensity): 256 (M", 10), 241

(82), 227 (22), 213 (62), 154 (25), 130 (36), 116 (100), 91 (20), 77 (24); HRMS (APCI)
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Calcd for CsH,,N,O," [M+H]* 257.1290, found, 257.1299.

1-(2-Allylphenyl)-1H-indazole (Table 1, entry 11):

A~ N

LA
The general procedure was applied to 1-phenyl-1H-indazole (77.6 mg, 0.40 mmol)
using PhMgBr in THF (0.96 M, 2.49 mL, 2.4 mmol), and the reaction mixture was
stirred at O °C for 36 h. The crude product was purified by column chromatography on
silica gel (hexane/AcOEt/NEt; = 98/1/1) and GPC using toluene as an eluent to afford
the title compound as a pale yellow oil (67.0 mg, 72%); 'H NMR (500 MHz, CDCL,): §
8.20 (s, 1H), 7.80 (d, 8.0 Hz, 1H), 7.46-7.43 (m, 2H), 7.39-7.34 (m, 3H), 7.25-7.219
(m, 2H), 5.76-5.68 (m, 1H), 4.89-4.81 (m, 2H), 3.24 (d, J = 6.9 Hz, 2H); "C NMR
(125 MHz, CDCl): d 140.6, 1379, 137.8, 136.1, 134.5, 130.7, 129.0, 127.7, 127.1,
126.8, 124.0, 121.05, 120.95, 116.2, 110.1, 35.6; GC-MS (EI) m/z (relative intensity):
234 (M, 25), 219 (100), 204 (16), 180 (14), 130 (22), 116 (28), 104 (19), 89 (13), 77

(22); HRMS (APCI) Calcd for C,H,N," [M+H]* 235.1235, found, 235.1237.

1-(2-(3,3-Dideuterioallyl)phenyl)-1H-pyrazole (eq 3):

e

(oy =5:95)

The general procedure was applied to 1-phenyl-1H-pyrazole (58.2 mg, 0.40 mmol) and
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((1,1-dideuterioallyl)oxy)benzene (82 mg, 0.60 mmol) using PhMgBr in THF (1.01 M,
2.38 mL, 2.4 mmol), and the reaction mixture was stirred at O °C for 48 h. The crude
mixture was analyzed by GC using n-tridecane as an internal standard to determined the

yield and was analyzed by 'H NMR to determine the D ratio.
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CHAPTER 4
Iron-Catalyzed Orhto-Allylation of Aromatic Carboxamides

with Allyl Ethers



Chapter 4

4.1. Introduction

In the previous chapter, unprecedented iron-catalyzed directed C—H bond
activation with an electrophile was demonstrated using l-arylpyrazole as a substrate
and allyl phenyl ether as an electrophile. While the selective allylation proceeded under
mild conditions for various arylpyrazole and indazole derivatives, a large amount of
diphenylzinc reagent and the allylic electrophile were necessary and the scope of allylic
electrophile was limited to the nonsubstituted allyl ether. In this chapter,
N-(quinolin-8-yl)benzamides were found to undergo the selective iron-catalyzed
ortho-allylation reaction much more efficiently. Notably, the reaction features the
improved atom economy with reduced amount of reagents as well as the broader scope

of the substrate and the allylic electrophile.

4.2. Reaction Design

Many of the reaction parameters such as directing group, organozinc base, and
allylating reagent were found to significantly affect the selectivity and reactivity of the
ortho-allylation reaction in Chapter 3, in which the reasons for the low yield of the
allylated product could be often ascribed to the competing side reactions such as the
phenylation and the cross-coupling of allylic reagent. With these observations, the
ortho-allylation reaction was reconsidered in order to improve the efficiency and
selectivity in a rational way.

The reaction was designed based on the following two considerations
(Scheme 1, path a): 1) an organoiron species cleaves the ortho C—H bond of an arene
possessing a directing group under mild conditions," and 2) the resulting metallacyclic

iron intermediate may react with an allylic electrophile. In order to achieve this scenario,
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two potential competing reactions must be overcome: the cross-coupling of the
organometallic reagent (R-m) with the allyl electrophile (path b),” and the
decomposition of the iron intermediate through oxidant-induced reductive elimination

(path c).?

Scheme 1.
R-m DG
DG | cat. Feily/ (I
@ + R,FeL ——— FeL
H path a .
path b l A~ X path ¢ i (oxidant)

DG
o X
R

For this purpose, the following two key parameters, i.e., directing group and
organometallic base, were reconsidered (Scheme 2). First, a bidentate directing group
such as N-quinolinyl amide should be used, instead of a monodentate directing group to
stabilize the chelated iron intermediate against reductive elimination which gives the
undesired product. This bidentate directing group has been recently shown to be
beneficial for C-H bond activation. Second, bulky sp’ metal species such as neopentyl
group should be used instead of Ph group because the competing reductive elimination

and the cross-coupling reaction should be slower for neopentyl group than Ph group.
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Scheme 2.

Fe(acac)s/L,

+ _ —
BuCH,-m e} Qi\>
NH N= 0 N
l N N= o) A\
H \Féin /\/OPh NH N=
[ (BuCH,),FeL, ] - \
mild & fast (‘BUCH2)rm 1 _

C—-H activation —

Selective Allylation
%Woph %oxidant)

NH N=
CHztBU

After extensive experimentation with the above hypothesis, the choice of

directing group and organometallic reagent was found indeed crucial to selectively
promote the allylation reaction (path a). Thus, N-(quinolin-8-yl)benzamide (1, 1.00 g,
4.03 mmol) reacted with allyl phenyl ether (1.2 equiv) in the presence of Fe(acac); (5
mol %), cis-1,2-bis(diphenylphosphino)ethylene (dppen, 5 mol %), ZnCl,*TMEDA (1.2
equiv), and ~BuCH,MgBr (3.4 equiv) to give the ortho-allylated product 2 in 96%

yield after 4 h at 70 °C (eq 1).

Fe(acac)s (5 mol %)
dppen (5 mol %)
ZnCly*TMEDA (1.2 equiv)

Q BuCH,MgBr (3.4 equiv) N /=\
N + /\/OPh H N | 1) Ph,P PPh,
Ho N | THF, 70°C, 4 h X dppen

1,1.00g (1.2 equiv) X 2, 29‘153/%;

Ortho-neopentylated product (path c) was obtained in a trace amount (1%).
Among 3.4 equiv of ~BuCH,MgBr, 1 equiv is consumed to deprotonate the amide

proton and the other 2.4 equiv forms 1.2 equiv of (--BuCH;),Zn. Arenes possessing a
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monodentate directing group such as N-methylbenzamide, 2-phenylpyridine, arylimine,
and 1-phenylpyrazole gave no product under these conditions. When organozinc
reagents such as PhyZn or Me,Zn were used instead of the neopentyl reagent, 2 was
obtained in a trace amount and paths b and ¢ were dominant. Details of the investigation

of reaction conditions are described in the following sections.

4 3. Effect of Organometallic Reagnet

The choice of organometallic reagent affected the reaction greatly (Table 1).
Diorganozinc reagents derived from PhMgBr and MeMgBr afforded the corresponding
phenylated and methylated product in larger amount than the allylated product (entries
1 and 2). Me,;SiCH,MgCl was ineffective both for the allylation and alkylation
reactions (entry 3). The reaction with a diorganozinc reagent prepared from CyMgBr,
which also has a bulkyl alkyl group, was comparable to that with +-BuCH,MgBr (entry

4).
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Table 1. Iron-Catalyzed Allylation of N-(quinolin-8-yl)benzamide with Diorganozinc

Reagents
Fe(acac)s (10 mol %)
dppen (10 mol %)
O ZnCly*TMEDA (2 equiv) O O
RMgX (5 equiv)
@H ) - YT N
THF, 70°C, 6 h
Nx (1.2 equiv) S Nx R Ny
1 X 2 sm-R
yield (%)2
entry RMgX
2 sm-R 1
1 PhMgBr 3 28 66
2 MeMgBr trace 33 51
3 Me3SiCH,MgCl trace trace 90
4 CyMgBr 88 trace trace
5b BuCH,MgBr 98 1 0

a1H NMR yield using 1,1,2,2-tetrachloroethane as an internal standard.
b Fe(acac); (5 mol %), dppen (5 mol %), ZnCl,*TMEDA (1.2 equiv), BuCH,MgBr (3.4 equiv), 4 h.

When the amount of (--BuCH,),Zn*TMEDA was decreased from 1.2 equiv to 0.5
equiv, the yield of the allylated product decreased (Table 2, entries 1 and 2). The use of
the monoalkylzinc reagent +~-BuCH,ZnCI*'TMEDA instead of the dialkylzinc reagent
dramatically decreased the product yield (entry 3). While the presence of TMEDA was
not important for the allylation (entry 4), the presence of zinc was crucial and the use of

t-BuCH,MgBr resulted in low yield (entry 5).
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Table 2. Iron-Catalyzed Allylation of N-(quinolin-8-yl)benzamide with Various

Organometallic Reagents

Fe(acac)s (5 mol %)
dppen (5 mol %)

o ZnCl,*TMEDA (X equiv) o) o
BuCH,MgBr (Y equiv)
H% I THF, 70 °C, 4 h <ﬁ”% ¥ @H%
(j N (1.2 equiv) g X Ny
1 X 2 Bu 3

yield (%)2
entry organometallic reagent X Y
2 3 1
1 (BUCH,),Zn*TMEDA + 2 MgBrCl 1.2 3.4 98 1 0
2 (BUCH,),Zn*TMEDA + 2 MgBrCl 0.5 2.0 45 0 55
3 (BUCH,)ZnCI* TMEDA + MgBrCl 1.2 2.2 13 0 87
4bc  (BUCH,),Zn + 2 MgBrCl 3.0 7.0 87 3 7
5b BuCH,MgBr 0 25 7 3 88

a1H NMR yield using 1,1,2,2-tetrachloroethane as an internal standard.
b Fe(acac); (10 mol %), dppbz (10 mol %), allyl phenyl ether (2 equiv), 70 °C for 15 h.
¢ ZnCl, was used instead of ZnCl,*TMEDA.

4 4. Effect of Ligand

The effect of ligand was investigated (Table 3). While no reaction took
place in the absence of any ligand (entry 11), 1,2-bis(diphenylphosphino)benzene
(dppbz) and congeners were found to be efficient for the allylation reaction, in which an
electron-rich ligand performed better (entries 1-3).
cis-1,2-Bis(diphenylphosphino)ethylene (dppen) showed the highest reactivity
affording the allylated product 2 in 98% yield at 70 °C after 4 h. The reaction also
proceeded under milder conditions at 50 °C when longer reaction time was applied
(entries 5 and 6). In the presence of a diphosphine having a flexible backbone (dppe,

entry 7), monodentate PPh, (entry 8), a bipyridine-type ligand (entries 9 and 10), the
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substrate was largely recovered.

Table

3. Investigation

Fe(acac)s (5 mol %)
ligand (5 mol %)

Chapter 4

of Ligands

for

the Iron-Catalyzed Allylation
N-(quinolin-8-yl)benzamide with Allyl Phenyl Ether

o)

0]

N N
+
HN\| @i\H

Bu

X 2

of

dppbz: Ar = CgHs

F-dppbz: Ar = 4-F-CgH,

OMe-dppbz: Ar = 4-OMe-CgH,

Bu

\

\

77N\
N N
dtbpy
7N
N N
phen

Y

Y

Bu

0 ZnCl,*TMEDA (1.2 equiv)
BuCH,MgBr (3.4 equiv)
N + /\/OPh >
Ho oy | _ THFR,70°C,4h
N (1.2 equiv)
1
yield (%)2
entry ligand
2 3 1
1 F-dppbz 9 3 88
2 dppbz 61 3 39 ArgP PArp
3  OMe-dppbz 85 1 16
4 dppen 98 1 0 Ph2P - PPh2
5 dppen (50 °C, 4 h) 73  trace 25
6 dppen(50°C,12h) 99 trace 0 dppen
7 dppe 13 1 84
8  PPhg (10 mol %) 0 0 100 PhoP PPh,
9 ditb 5 0 95
py dppe

10  phen 5 0 98
1 none 0 0 100

a1H NMR yield using 1,1,2,2-tetrachloroethane as an internal standard.

4.5. Effect of Allylic Electrophile

Compared with the reaction using 1-arylpyrazoles as a substrate, where only

allyl phenyl ether performed well as an allylic electrophile, the reaction with

N-(quinolin-8-yl)benzamide was less sensitive to the choice of electrophiles (Table 4).

While allyl phenyl ether still showed the best performance, other allylic substrates

having a different directing group, such as allyl acetate, allyl phenyl carbonate, allyl
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propyl ether, allyloxytrimethylsilane, and allyl phenyl sulfide gave the allylated product
2 in moderate to good yields (entries 2—6). Even highly reactive allyl chloride could be

used to afford the product in 24% yield (entry 7).

Table 4. Iron-Catalyzed Allylation of N-(quinolin-8-yl)benzamide with Allylic

Electrophiles
Fe(acac)s (5 mol %)
dppen (5 mol %) N
o ZnCl,»TMEDA (1.2 equiv) O
BuCH,MgBr (3.4 equiv) N =
N o X > H N |
Ho( | THF, 70°C, 4 h S
1 (1.2 equiv) X 2
yield (%)2
entry allylX
2 1
1 _~.OPh 98 0
2 A0 82 20
3 ~.-0C0zPh 47 52
4 ANOPr 71 25
5 _~_-OSiMe; 65 27
6 _~.-SPh 40 60
7 A~ 24 69

a1H NMR yield using 1,1,2,2-tetrachloroethane as an internal standard.
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4.6. Scope of Substrate

The scope of the allylation reaction is illustrated in Table 5. The reaction with
carboxamides bearing an electron-donating or electron-withdrawing substituent at the
para position proceeded smoothly to afford the corresponding ortho-allylated product in
good yields, while the latter needed longer reaction time (entries 1-8). Functional
groups such as chloride, bromide, trifluoromethyl, and ester are tolerated.
Meta-substituted carboxamides reacted smoothly at the less hindered ortho position
(entries 9 and 10). The allylation of ortho-substituted substrate (entry 11) on the
opposite ortho position proceeded slowly but still in good yield if higher catalyst
loading and longer reaction time were employed. This slow reaction accounts for the
selective mono allylation. The C—H bond of naphthalene, pyrene, and heteroarenes such
as indole and thiophene could also be allylated in a regioselective manner (entries 12—
15). Isomeric styrene compounds were not observed, despite the known reports on
double bond isomerization of terminal olefins in the presence of an iron catalyst and an

organometallic reagent.’
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Table 5. Iron-Catalyzed Allylation of N-(Quinolin-8-yl)benzamides"

entry substrate product time (h) vyield (%)
1b o] o} 4 96 (X = H)
.Qn .Qn
5 du N 4 97 (X = Me)
3 X X 4 96 (X = OMe)
x
4c.dfth 24 93 (X=F)
5 15 93 (X = Cl)
Gedfth 24 92 (X =Br)
7 36 90 (X = CFy)
8 6 74 (X = CO,Me)
9 o] o 4 95 (X = Me)
X .Qn X N,Qn
10 N N 4 98 (X = OMe)
x
o] 0
11egh N NN 160 74
H H
N
o] 0
12 N N 4 98
H H
N
R o TR
1300 N N3 135 68
H H
N
v 9 V9
N
o] 0
15¢ S -Qn S NN 40 61
\ H N\ H
N

aThe reaction was performed under the conditions in eq 1 on a 0.4 mmol scale.
Qn = quinolin-8-yl 1 g scale. €50 C. 910 mol % catalyst. €20 mol % catalyst.
1.5 equiv of ZnCl,*TMEDA and 4.0 equiv of +BuCH,MgBr.

92.0 equiv of ZnCl,*TMEDA and 5.0 equiv of +BuCH,MgBr.

h1.5 equiv of allylOPh. /2.0 equiv of allylOPh.
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4.7. y-Selective Allylation with a-Substituted Ally Phenyl Ether

The reaction with allyl phenyl ether possessing a methyl group at the a
position gave only the y product in high yield as a mixture of stereoisomers (E/Z =
59:41) (eq 2). The E/Z ratio remained constant throughout the reaction, indicating that
the stereo mixture is not due to product isomerization, but due to the allylation step
itself. Attempts to control the £/Z ratio using ligands with different electronic and steric
properties resulted in little change of the ratio (Table 6, entries 1-5). Although
‘Bu-SciOPP showed higher E/Z ratio, the yield of the allylation product decreased
dramatically (entry 6). Allyl phenyl ethers possessing a substituent at 5 or y position did

not participate in the reaction.

Fe(acac)s (10 mol %)
dppbz (10 mol %) (0]
ZnCl,*TMEDA (1.5 equiv)

.Qn
BuCH,MgBr (4 equiv) OO N
OPh 2Vig q H
7 N,On + /ﬁ/ (2)
| H THF, 70 °C

A
(1.2 equiv)
40 min 15% (E/Z = 58:42)
4h 54% (E/Z = 60:40)
a 2 equiv of allyl phenyl ether. 15h 92% (E/Z = 59:41)2
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Table 6. Ligand Effect on Iron-Catalyzed Allylation of N-(quinolin-8-yl)-2-naphthamide
with (But-3-en-2-yloxy)benzene

Fe(acac)z (10 mol %)
Ligand (10 mol %)

O ZnCly*TMEDA (1.5 equiv) Q a
.Qn BuCH,MgBr (4 equiv) N
oAty - Qo
THF, 70 °C, 15 h
(1.5 equiv) N
entry ligand yield (E/Z ratio)2
1 F-dppbz 46% (E/Z = 62:38) Ph,P  PPh,
Ar2P PAr2
2b dppbz 92% (E/Z = 59:41)
3 OMe-dppbz 97% (E/Z = 41:59) dppbz: Ar = CgHs dppen
F-dppbz: Ar = 4-F-CgH,
4 NMe,-dppbz 98% (E/Z = 34:66) OMe-dppbz: Ar = 4-OMe-CgH,
NMe,-dppbz: Ar = 4-NMe,-CgH,
5 dppen 98% (E/Z = 58:42 )
PP ( ) 'Bu-SciOPP: Ar = 3,5-Bu,-CgHs
6 'Bu-SciOPP 18% (E/Z = 76:24)

aDetermined by 'H NMR.
b2 equiv of allyl phenyl ether.

4 8. Mechanistic Insight
The reaction of ((1,1-dideuterioallyl)oxy)benzene selectively gave the y
product in 96% yield, which confirmed the preferred y selective allylation (eq 3). The

result also excludes the involvement of s-allyl iron intermediate.

Fe(acac)s (5 mol %) 0
dppen (5 mol %) an
0 (BUCH,),Zn-TMEDA N
N,Qn OPh (1.2 equiv) H
H + A (3)
DD 'BuCH,MgBr (1 equiv) XD
THF,70°C, 4 h D
1 99% D 2 96% (99% D)
(1.2 equiv) (a:y=1:>99)

An intermolecular competitive reaction using an equimolar amount of 1 and

1-D was stopped at 17% conversion to give an intermolecular KIE value of 1.1 (eq 4).
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The observed small KIE value suggests that the C—H bond cleavage step is not involved

in the turnover-limiting step unlike the iron-catalyzed oxidative C—H bond arylation

reaction, which showed a large KIE.>*

O
(0]
Qn = N’Qn
N” Fe(acac)s (5 mol %) | H
H dppen (5 mol %) X
(BuCHy),Zn*TMEDA S
1, 0.2 mmol (1.2 equiv) 2
+ + /\/OPh - + @
D O ) BuCH,MgBr (1 equiv) D O
D an  (-2eUV)  THE70°C 12min [ an
N~ N’
H H
D D D
D D S
2-D

1-D, 0.2 mmol
17% (2:2-D =1:1.1)

The reactions with different amount of allyl phenyl ether were monitored to
find nearly first order rate dependence on the concentration of allyl phenyl ether (Figure
1). Thus, when the amount of allyl phenyl ether was increased from 1.2 equiv to 2.4
equiv, the reaction rate became about 2 times higher. This result may suggest that the

allylation step is the turnover-limiting step of the reaction.

30 —
.~".
25 | |
Y(t) = -2.837 t- 5.524 e 2.4 equiv
2
20 R’ = 0.9959 . 12 equv
5 15— r
>- '."'. ' ' ’
10 . _
S Y() = -1.319 t- 0.795
R>=0.9861
0 —
' ' I T I I I |
0 2 4 6 8 10 12 14
Time (min)

Figure 1. Rate Dependence on [allyl phenyl ether]
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4.9. Metallacyclic Iron Intermediate

In order to obtain the information on the putative metallacyclic iron
intermediate, the stoichiometric reaction was performed using 1 equiv of Fe(acac),, 1
equiv of dppen, 2 equiv of (-BuCH,),Zn*TMEDA, and 1 equiv of +-BuCH,MgBr (for
deprotonation of the amide proton) (Table 7, entry 1). The addition of D,O after stirring
at 70 °C for 30 min afforded the recovered starting material with 88% D incorporation,
suggesting the existence of a stable metallacyclic intermediate. A similar result was
obtained with 3 equiv of -BuCH,MgBr instead of the organozinc reagent (entry 2). No
D incorporation was observed with (-BuCH,),Zn*TMEDA in the absence of Fe(acac),,
excluding the possibility of simple zincation for the C—H bond cleavage (entry 5). The
D incorporation was found to be nearly proportional to the amount of Fe(acac), used,
i.e., 89% D, 73% D, and 45% D for 1, 0.75, and 0.5 equiv of Fe(acac),, respectively
(entries 2—4). Therefore, it seems that the chelated metal is not zinc or magnesium but
the chelated iron intermediate is formed after the C—H bond activation by an active iron
species. The reaction of the stoichiometrically generated iron intermediate with 2 equiv

of allyl phenyl ether at 70 °C for 10 min afforded the allylated product 2 in 54% yield.
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Table 7. Stoichiometric Reaction of N-(quinolin-8-yl)benzamide

Fe(acac)s (X eq)
0 dppen (X eq) (0] o
organobase (Y eq) D,O
S | - NP CT N T
e H N THF, 70 C, 30 min b N S N
1-D By 3

NMR ratio

entry X organobase (Y)

(BuCH,),Zn*TMEDA (2 eq)

95% %D 5%
+ BuCH,MgBr (1 eq) o 88% °

2 1 BuCH,MgBr (3 eq) quant  89%D trace
38 075  BuCH,MgBr (2.5 eq) 94%  73%D 6%
4 05  BuCH,MgBr (2 eq) 98%  45%D 2%
5 0 (BBUCH,)»,Zn-TMEDA (1.2 eq) quant  0%D 0%

+ BuCH,MgBr (1 eq)

4.10. A Possible Catalytic Cycle

Figure 2 shows a possible catalytic cycle of the allylation reaction. First active
iron species is generated from the catalyst precursor and organozinc reagent. The fast
C-H bond cleavage takes place to form the iron metallacyclic intermediate along with
elimination of neopentane, which was supported by the result of KIE experiment and
the stoichiometric reaction. The turnover-limiting olefin insertion of allyl phenyl ether
and S-phenoxy elimination afford the allylated product, as proposed for the
ortho-allylation of 1-arylpyrazoles. The subsequent transmetallation completes the

catalytic cycle.
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e // e”RmL \\
Fe(acac)s/L,
+ > RFeL, Fe Ry1ln
RoZn
RZnOPh \ /{
A,Zn LR, ;FenOPh m

Figure 2. A Possible Catalytic Cycle

4.11. Summary

In conclusion, iron-catalyzed ortho-allylation of aromatic carboxamides via
directed C—H bond activation was developed. The reaction proceeds smoothly under
mild conditions to give allylbenzene derivatives with high y selectivity and without
isomerization of the double bond to styrene derivatives. The reaction exhibited a broad
scope of the substrate and an excellent compatibility with functional groups in the
presence of a catalytic amount of Fe(acac); and dppen using nearly stoichiometric
amounts of allylic reagent and organozinc reagent. The reaction demonstrated another
example of unprecedented iron-catalyzed directed C—H bond activation followed by the

coupling with an electrophile.
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4.12. Experimental Part

General. All reactions dealing with air- or moisture-sensitive compounds were carried
out in a flame-dried, sealed Schlenk reaction tube under an atmosphere of nitrogen or
argon. The water content of the solvent was confirmed with a Karl-Fischer Moisture
Titrator (CA-21, Mitsubishi Chemical Analytech Company) to be less than 30 ppm.
Analytical thin-layer chromatography was performed on glass plates coated with 0.25
mm 230—400 mesh silica gel containing a fluorescent indicator (Merck). Gas-liquid
chromatographic (GLC) analysis was performed on a Shimadzu GC-14B or CG-2025
machine equipped with glass capillary column HR-1 (0.25-mm i.d. x 25 m). Flash silica
gel column chromatography was performed on silica gel 60N (Kanto, spherical and
neutral, 140-325 mesh) as described by Still.® Gel permeation column chromatography
was performed on a Japan Analytical Industry LC-908 (eluent: chloroform or toluene)
with JAIGEL 1H and 2H polystyrene columns. 'H NMR, “"C NMR, and ""F NMR
spectra were measured on a JEOL ECA-500 or ECX-400 spectrometer and reported in
parts per million from an internal standard, tetramethylsilane (0.0 ppm), CDCIl; (77.0
ppm), and C,F, (-164.9 ppm), respectively. Methyl, methylene, and methyne signals in
“C NMR spectra were assigned by DEPT spectra. Mass spectra were acquired by
Shimadzu Parvum 2 gas chromatograph mass spectrometer (GC-MS) or by atmospheric
pressure ionization (APCI) or electrospray ionization (ESI) using a time-of-flight mass
analyzer on JEOL JMS-T100LC (AccuTOF) spectrometer with a calibration standard

of polyethylene glycol (MW 400).

Materials. Unless otherwise noted, materials were purchased from Tokyo Kasei Co.,

Aldrich Inc., and other commercial suppliers and used as received. Anhydrous THF and
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diethyl ether (stabilizer-free) were purchased from WAKO Pure Chemical and purified
by a solvent purification system (GlassContour) equipped with columns of activated
alumina and supported copper catalyst (Q-5) prior to use.” Fe(acac), (99.9% metal
basis) and cis-1,2-bis(diphenylphosphino)ethylene were purchased from Aldrich Inc.
and allyl phenyl ether was purchased from Tokyo Kasei Co., respectively, and used as
received. Grignard reagents were purchased from Aldrich Inc. or prepared from the
corresponding halides and magnesium turnings in anhydrous THF, and titrated prior to

use. ZnClL*TMEDA was prepared according to the literature..*

Preparation of Substrates

The following compounds were prepared according to the literature procedures, and
purified by column chromatography and recrystallization for the solid compounds.
N-(quinolin-8-yl)benzamide’

4-methyl-N-(quinolin-8-yl)benzamide’

4-methoxy-N-(quinolin-8-yl)benzamide’

4-fluoro-N-(quinolin-8-yl)benzamide’

4-chloro-N-(quinolin-8-yl)benzamide’

4-bromo-N-(quinolin-8-yl)benzamide’
4-trifluoromethyl-N-(quinolin-8-yl)benzamide’

methyl 4-(quinolin-8-ylcarbamoyl)benzoate’
3-methyl-N-(quinolin-8-yl)benzamide’

3-methoxyl-N-(quinolin-8-yl)benzamide’

2-methyl-N-(quinolin-8-yl)benzamide’

N-(quinolin-8-yl)-2-naphthamide’
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N-(quinolin-8-yl)pyrene-1-carboxamide’
1-methyl-N-(quinolin-8-yl)-1H-indole-2-carboxamide'’
N-(quinolin-8-yl)thiophene-2-carboxamide’
2,3.4.5,6-pentadeuterio-N-(quinolin-8-yl)benzamide was prepared according to the
literature'® from benzoic acid-d; (99.1% deuterium incorporation) purchased from CDN
Isotopes

(but-3-en-2-yloxy)benzene''

((1,1-dideuterioallyl)oxy)benzene'

Spectral data for the following compounds showed good agreement with the literature
data: N-(quinolin-8-yl)benzamide"’
4-methyl-N-(quinolin-8-yl)benzamide"
4-methoxy-N-(quinolin-8-yl)benzamide’
4-fluoro-N-(quinolin-8-yl)benzamide’
4-chloro-N-(quinolin-8-yl)benzamide'*
4-bromo-N-(quinolin-8-yl)benzamide’
4-trifluoromethyl-N-(quinolin-8-yl)benzamide'
methyl 4-(quinolin-8-ylcarbamoyl)benzoate’
3-methyl-N-(quinolin-8-yl)benzamide "
3-methoxyl-N-(quinolin-8-yl)benzamide’
2-methyl-N-(quinolin-8-yl)benzamide’
N-(quinolin-8-yl)-2-naphthamide'®
N-(quinolin-8-yl)pyrene-1-carboxamide'’

N-(quinolin-8-yl)thiophene-2-carboxamide'®
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(but-3-en-2-yloxy)benzene'®

((1,1-dideuterioallyl)oxy)benzene '

1-Methyl-N-(quinolin-8-yl)-1H-indole-2-carboxamide:

Colorless solid. 'H NMR (500 MHz, CDCl,): 6 10.72 (br s, 1H), 8.88-8.86 (m, 2H),
8.19 (dd,J=8.3,1.5Hz, 1H),7.74 (d,J =8.0 Hz, 1H), 7.59 (d,J = 7.8 Hz, 1H), 7.54 (d,
J=8.6Hz, 1H),749 (dd,J=8.0,40Hz, 1H),744 (d,/J=80Hz, 1H),7.37 (t,J=7.7
Hz, 1H), 7.31 (s, 1H), 7.19 (t, J = 7.5 Hz, 1H), 4.18 (s, 3H); "C NMR (125 MHz,
CDCl,): 6 160.7, 148.4, 139.5, 138.6, 1364, 134.7, 132.3, 128 0, 127.4, 126.1, 124 4,
122.1, 121.7, 121.6, 120.6, 116.2, 110.2, 105.0, 31.7; GC-MS (EI) m/z (relative

intensity): 301 (M, 24), 257 (20), 158 (93), 130 (26), 89 (100).

General Procedure for Iron-Catalyzed ortho-Allylation with Allyl Phenyl Ether

2-Allyl-N-(quinolin-8-yl)benzamide (Table 1, entry 1):

@)

N-(Quinolin-8-yl)benzamide (1.00 g, 4.03 mmol) and ZnClL,*TMEDA (1.22 g, 4.84
mmol) were placed in an oven-dried Schlenk flask under argon. A solution of

t-BuCH,MgBr in THF (1.10 M, 12.5 mL, 13.7 mmol) was added dropwise to this
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mixture. After stirring for 5 min at rt, allyl phenyl ether (664 ul., 4.83 mmol) and a
solution of Fe(acac)./cis-1,2-bis(diphenylphosphino)ethylene in THF (2.50 mL, 0.08 M,
200 umol) were sequentially added. The reaction mixture was stirred at 70 °C for 4 h,
and was diluted with Et,O followed by the addition of a saturated aqueous solution of
Rochelle’s salt. After extraction with ethyl acetate, the combined organic layers were
filtered through a pad of Florisil, and concentrated under reduced pressure. The crude
product was purified by column chromatography on silica gel (hexane/AcOEt/NEt; =
99/0.5/0.5) to afford the title compound as a colorless solid (1.12 g, 96%). Melting
point: 88-89 °C; 'H NMR (500 MHz, CDCI,): 6 10.18 (br s, 1H), 8.94 (d, J = 7.5 Hz,
1H), 8.76 (d,J=4.0 Hz, 1H), 8.17 (d,J = 8.6 Hz, 1H), 7.67 (d,J = 7.5 Hz, 1H), 7.59 (¢,
J=8.0Hz, 1H),7.54 (d,J = 8.0 Hz, 1H), 7.46-7.43 (m, 2H), 7.36-7.34 (m, 2H), 6.09—
6.01 (m, 1H), 5.09-5.01 (m, 2H), 3.72 (d, J = 6.9 Hz, 2H); "C NMR (125 MHz,
CDCly): 6 168.1,148.2,138.64, 138.55, 137.1, 136.6, 136.3, 134.7, 130.6, 130 4, 128.0,
1274, 1273, 1265, 121.8, 121.6, 116.6, 116.1, 37.6; GC-MS (EI) m/z (relative
intensity): 288 (M", 10), 144 (100), 115 (43), 91 (15); HRMS (APCI) Calcd for

C,,H,,N,O* [M+H]* 289.1341, found, 289.1342.

2-Allyl-4-methyl-N-(quinolin-8-yl)benzamide (Table 1, entry 2):

@)

The general procedure was applied to 4-methyl-N-(quinolin-8-yl)benzamide (104.8 mg,

0.40 mmol) and the reaction mixture was stirred at 70 °C for 4 h. The crude product
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was purified by column chromatography on silica gel (hexane/AcOEt/NEt, =
99/0.5/0.5) to afford the title compound as a colorless solid (117.3 mg, 97%). Melting
point: 60-62 °C; '"H NMR (500 MHz, CDCl,): 6 10.19 (br s, 1H), 8.93 (d, J = 8.0 Hz,
1H), 8.74 (dd,J=4.0,1.2 Hz, 1H), 8.12 (d, J = 8.3 Hz, 1H), 7.59-7.55 (m, 2H), 7.50 (d,
J =80 Hz, 1H), 740 (dd, J = 8.3,4.3 Hz, 1H), 7.14-7.13 (m, 2H), 6.09-6.01 (m, 1H),
5.09-5.02 (m, 2H), 3.71 (d, J = 6.3 Hz, 2H), 2.38 (s, 3H); °C NMR (125 MHz, CDCL,):
01680, 148.1, 140.5, 138.7, 138.5, 137.3, 136.2, 134.7, 133.6, 131.3, 127.9, 127.34,
127.28, 1270, 121.6, 1215, 1163, 1159, 375, 21.3; GC-MS (El) m/z (relative
intensity): 302 (M, 21), 158 (98), 144 (100), 131 (67), 115 (44), 91 (36); HRMS

(APCI) Calcd for C,0H,,N,0 [M+H]* 303.1497, found, 303.1501.

2-Allyl-4-methoxy-N-(quinolin-8-yl)benzamide (Table 1, entry 3):

MeO

The general procedure was applied to 4-methoxy-N-(quinolin-8-yl)benzamide (110.6
mg, 0.40 mmol) and the reaction mixture was stirred at 70 °C for 4 h. The crude
product was purified by column chromatography on silica gel (hexane/AcOEt/NEt; =
97.5/2/0.5) to afford the title compound as a colorless solid (122.4 mg, 96%). Melting
point: 134-135 °C; '"H NMR (500 MHz, CDCl,): 6§ 10.19 (br s, 1H), 8.91 (d, J = 7.4 Hz,
1H), 8.77 (dd, J = 4.3, 1.5 Hz, 1H), 8.16 (d, J = 8.1 Hz, 1H), 7.68 (d, J = 8.0 Hz, 1H),
7.58 (t,J =8.0 Hz, 1H), 7.53 (d, J = 8.0 Hz, 1H), 7.44 (dd, J = 8.0, 4.0 Hz, 1H), 6.87—

6.85 (m, 2H), 6.09-6.01 (m, 1H), 5.11-5.04 (m, 2H), 3.85 (s, 3H), 3.74 (d, J = 6.3 Hz,
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2H); °C NMR (125 MHz, CDCL): 8 167.7, 161.1, 148.2, 1413, 138.6, 137.0, 136.3,
1349, 129.2, 129.0, 128.0, 1274, 121.6, 121.5, 116.4, 1162 (2C), 1114, 55.3, 37.8;
GC-MS (EI) nv/z (relative intensity): 318 (M, 17), 174 (85), 147 (100), 144 (64), 131
(23), 115 (33), 103 (26), 91 (42), 77 (19); HRMS (APCI) Calcd for C,H,,N,0,"

[M+H]" 319.1447, found, 319.1448.

2-Allyl-4-fluoro-N-(quinolin-8-yl)benzamide (Table 1, entry 4):

@)

The general procedure was applied to 4-fluoro-N-(quinolin-8-yl)benzamide (106.5 mg,
0.40 mmol) using Fe(acac),/dppen (10 mol %), (+-BuCH,),Zn (1.5 equiv), and allyl
phenyl ether (1.5 equiv). The reaction mixture was stirred at 50 °C for 24 h. The crude
product was purified by column chromatography on silica gel (hexane/AcOEt/NEt; =
99/0.5/0.5) to afford the title compound as a colorless solid (114.0 mg, 93%). Melting
point: 78-79 °C; '"H NMR (500 MHz, CDCI,): 6 10.17 (br s, 1H), 8.90 (d, J = 7.5 Hz,
1H), 8.78 (dd,J =4.0, 1.8 Hz, 1H), 8.19 (dd, J = 8.3, 1.4 Hz, 1H), 7.69 (dd,J = 8.6,5.7
Hz, 1H), 7.62-7.56 (m, 2H), 7.47 (dd, J = 8.3, 4.3 Hz, 1H), 7.08-7.02 (m, 2H), 6.06—
5.98 (m, 1H), 5.12-5.08 (m, 2H), 3.72 (d, J = 6.3 Hz, 2H); "C NMR (125 MHz,
CDCl,): 6 167.1, 163.7 ('J. = 248.0 Hz), 148.3, 142.0 CJ. = 8.4 Hz), 138.5, 136 4,
136.2,134.5,132.7 (Jor =24 Hz), 1294 CJ. - = 8.3 Hz), 128.0, 127.4, 121.9, 121.7,
1174 CJor=215Hz),1169,116.6,113.4 (°\J. = 21.5 Hz), 37.4; "F NMR (470 MHz,

CDCL,): 6 —-113.0; GC-MS (EI) m/z (relative intensity): 306 (M", 11), 162 (48), 144
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(100), 134 (75), 115 (46), 109 (32); HRMS (APCI) Calcd for C,H,,FN,0* [M+H]*

307.1247, found, 307.1254.

2-Allyl-4-chloro-N-(quinolin-8-yl)benzamide (Table 1, entry 5):

@)

The general procedure was applied to 4-chloro-N-(quinolin-8-yl)benzamide (112.9 mg,
0.40 mmol) and the reaction mixture was stirred at 70 °C for 15 h. The crude product
was purified by column chromatography on silica gel (hexane/AcOEt/NEt, =
99/0.5/0.5) to afford the title compound as a colorless solid (119.3 mg, 93%). Melting
point: 107-108 °C; '"H NMR (500 MHz, CDCl,): 6§ 10.17 (br s, 1H), 8.90 (d, J = 6.9 Hz,
1H), 8.78 (dd, J = 4.0, 1.7 Hz, 1H), 8.19 (d, J = 8.3 Hz, 1H), 7.63-7.56 (m, 3H), 7.47
(dd, J = 8.1, 4.0 Hz, 1H), 7.35-7.33 (m, 2H), 6.05-5.97 (m, 1H), 5.11-5.07 (m, 2H),
3.70 (d, J = 6.3 Hz, 2H); "C NMR (125 MHz, CDCl,): § 167.1, 148.3, 140.9, 138.5,
136.4,136.3,136.2,135.0, 134.5,130.6, 128.7, 128.0, 127.4, 126.7, 122.0, 121.7, 116 .9,
116.6, 37.3; GC-MS (EI) m/z (relative intensity): 324 (M, 4), 322 (M", 11), 180 (11),
178 (30), 144 (100), 115 (97), 89 (19); HRMS (APCI) Calcd for C,,H,;’CIN,O"

[M+H]" 323.0951, found, 323.0947.

2-Allyl-4-bromo-N-(quinolin-8-yl)benzamide (Table 1, entry 6):
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Br

A solution of ~-BuCH,MgBr in THF (1.04 M, 1.54 mL, 1.60 mmol) was added
dropwise to ZnCL,*TMEDA (152 mg, 0.60 mmol) in an oven-dried Schlenk flask. After
stirring for 5 min at 0 °C, 4-bromo-N-(quinolin-8-yl)benzamide (130.4 mg, 0.40 mmol),
allyl  phenyl ether (82 uL, 060 mmol), and a solution of
Fe(acac),/cis-1,2-bis(diphenylphosphino)ethylene in THF (0.50 mL, 0.08 M, 40 umol)
were sequentially added. The reaction mixture was stirred at 50 °C for 24 h. The crude
product was purified by column chromatography on silica gel (hexane/AcOEt/NEt; =
99/0.5/0.5) to afford the title compound as a colorless solid (135.2 mg, 92%). Melting
point: 107-108 °C; '"H NMR (500 MHz, CDCl,): 6§ 10.17 (br s, 1H), 8.90 (d, J = 7.5 Hz,
1H), 8.78 (dd, J = 4.0, 1.7 Hz, 1H), 8.19 (d, J = 8.3 Hz, 1H), 7.61-7.54 (m, 3H), 7.51-
746 (m, 3H), 6.05-5.97 (m, 1H), 5.11-5.07 (m, 2H), 3.69 (d, J = 6.9 Hz, 2H); "C
NMR (125 MHz, CDCl,): 6 167.1, 148.3, 141.0, 138.5, 136.4, 136.2, 1354, 1344,
133.5,129.6, 1289, 128.0, 1274, 124.7, 122.0, 121.7, 117.0, 116.6, 37.3; GC-MS (EI)
m/z (relative intensity): 368 (M", 8), 366 (M', 9), 224 (11), 222 (10), 144 (100), 115
(84), 89 (15); HRMS (APCI) Calcd for C,,H,;”BrN,O" [M+H]" 367.0446, found,

367.0455.

2-Allyl-4-trifluoromethyl-N-(quinolin-8-yl)benzamide (Table 1, entry 7):
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FsC

The general procedure was applied to 4-trifluoromethyl-N-(quinolin-8-yl)benzamide
(126.6 mg, 0.40 mmol) and the reaction mixture was stirred at 70 °C for 36 h. The
crude product was purified by column chromatography on silica gel
(hexane/AcOEt/NEt, = 99/0.5/0.5) to afford the title compound as a colorless solid
(128.8 mg, 90%). Melting point: 101-102 °C;'H NMR (500 MHz, CDCl,): 6 10.19 (br
s, 1H), 891 (dd,J =69, 1.7 Hz, 1H), 8.78 (dd, J = 4.0, 1.7 Hz, 1H), 8.20 (dd, J = 8.3,
1.5Hz, 1H),7.78 (d,J =7.4 Hz, 1H), 7.64-7.58 (m, 4H), 7.48 (dd, J = 8.3, 4.3 Hz, 1H),
6.06-5.98 (m, 1H), 5.12-5.08 (m, 2H), 3.75 (d, J = 6.9 Hz, 2H); "C NMR (125 MHz,
CDCl,): 6 166.7, 148.3, 139.8, 139.6, 138.4, 136.4, 135.9, 134.2, 132.1 (q, Jop = 322
Hz), 127.9, 127.7, 127.3 (2C), 123.7 (q, 'Jor = 271.0 Hz), 123.4 (q, *Jor = 3.6 Hz),
122.2,121.7, 117.2, 116.7, 37.3; "F NMR (470 MHz, CDCl,): 6§ —66.0; GC-MS (EI)
m/z (relative intensity): 356 (M", 15), 212 (15), 184 (22), 165 (16), 144 (100), 115 (40);

HRMS (APCI) Caled for C,oH, F,N,0* [M+H]* 357.1215, found, 357.1208.

Methyl 3-allyl-4-(quinolin-8-ylcarbamoyl)benzoate (Table 1, entry 8):

@)

O Ns

OMe X

The general procedure was applied to methyl 4-(quinolin-8-ylcarbamoyl)benzoate
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(122.5 mg, 0.40 mmol) and the reaction mixture was stirred at 70 °C for 6 h. The crude
product was purified by column chromatography on silica gel (hexane/AcOEt/NEt; =
97/2.5/0.5) to afford the title compound as a colorless solid (102.8 mg, 74%). Melting
point: 121-122 °C; '"H NMR (500 MHz, CDCl,): 6 10.20 (br s, 1H), 8.92 (d,J = 7.2 Hz,
1H), 8.77 (dd,J =40, 1.8 Hz, 1H), 8.18 (d, J = 8.0 Hz, 1H), 8.02-8.01 (m, 2H), 7.73 (d,
J =8.0 Hz, 1H), 7.61-7.56 (m, 2H), 7.46 (dd, J = 8.3, 4.3 Hz, 1H), 6.08-6.00 (m, 1H),
5.10-5.05 (m, 2H), 3.96 (s, 3H), 3.74 (d, J = 6.9 Hz, 2H); "C NMR (125 MHz, CDCl,):
0167.1,166.3, 148.3, 140.5, 138.8, 138.4, 136.3 (2C), 134.3, 131.6 (2C), 127.9, 127.7,
127.3, 1272, 122.1, 121.7, 116.7, 116.6, 52.3, 37.4; GC-MS (EI) m/z (relative
intensity): 346 (M", 11), 202 (11), 171 (16), 144 (100), 129 (12), 115 (59), 91 (16);

HRMS (APCI) Calcd for C,,H,,N,O," [M+H]* 347.1396, found, 347.1396.

2-Allyl-5-methyl-N-(quinolin-8-yl)benzamide (Table 1, entry 9):

@)

The general procedure was applied to 3-methyl-N-(quinolin-8-yl)benzamide (104.4 mg,
0.40 mmol) and the reaction mixture was stirred at 70 °C for 4 h. The crude product
was purified by column chromatography on silica gel (hexane/AcOEt/NEt, =
99/0.5/0.5) to afford the title compound as a colorless solid (114.8 mg, 95%). Melting
point: 78-79 °C; '"H NMR (500 MHz, CDCI,): 6 10.15 (br s, 1H), 8.93 (d, J = 7.5 Hz,
1H), 8.77 (d, J = 4.0 Hz, 1H), 8.17 (d, J = 8.1 Hz, 1H), 7.61-7.53 (m, 2H), 7.47-7.43

(m, 2H), 7.26-7.22 (m, 2H), 6.07-5.99 (m, 1H), 5.06-5.00 (m, 2H), 3.66 (d, J = 6.3 Hz,
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2H), 2.40 (s, 3H); "C NMR (125 MHz, CDCL,): 6 168.3, 148.2, 138.6, 137.4, 136.6,
136.3,136.1, 1354, 134.7, 131.1, 130.5, 128.0, 127.8, 127.4, 121.7,121.6, 116.6, 1159,
37.2, 21.0; GC-MS (EI) m/z (relative intensity): 302 (M, 16), 287 (9), 158 (80), 144
(100), 131 (46), 115 (39), 91 (30); HRMS (APCI) Calcd for C,H,,N,O" [M+H]"

303.1497, found, 303.1499.

2-Allyl-5-methoxyl-NV-(quinolin-8-yl)benzamide (Table 1, entry 10):

MeO

The general procedure was applied to 3-methoxyl-N-(quinolin-8-yl)benzamide (111.5
mg, 0.40 mmol) and the reaction mixture was stirred at 70 °C for 4 h. The crude
product was purified by column chromatography on silica gel (hexane/AcOEt/NEt; =
97.5/2/0.5) to afford the title compound as a colorless solid (124.9 mg, 98%). Melting
point: 100-101 °C; '"H NMR (500 MHz, CDCl,): § 10.17 (br s, 1H), 8.92 (d,J = 7.5 Hz,
1H), 8.77 (dd, J = 4.0, 1.8 Hz, 1H), 8.17 (dd, J = 8.0, 1.7 Hz, 1H), 7.61-7.54 (m, 2H),
745 (dd,J =8.3,43 Hz, 1H), 7.25 (d, J = 8.0 Hz, 1H), 7.20 (d, J = 2.3 Hz, 1H), 6.99
(dd,J=8.6,2.9 Hz, 1H), 6.06-5.98 (m, 1H), 5.05-4.99 (m, 2H), 3.85 (s, 3H), 3.63 (d, J
= 6.3 Hz, 2H); "C NMR (125 MHz, CDCl,): § 167.9, 158.0, 148.2, 138.6, 137.6, 137.5,
136.3,134.6,131.7, 130.2, 128 0, 127.4,121.8, 121.6, 116.6, 116.0, 115.8, 112.7, 555,
36.8; GC-MS (EI) m/z (relative intensity): 318 (M", 9), 303 (18), 174 (44), 159 (20),
144 (100), 131 (30), 115 (21), 103 (26), 91 (25), 77 (16); HRMS (APCI) Calcd for

CyoH,,N,O," [M+H]" 319.1447, found, 319.1447.
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2-Allyl-6-methyl-N-(quinolin-8-yl)benzamide (Table 1, entry 11):

0]

The general procedure was applied to 2-methyl-N-(quinolin-8-yl)benzamide (104.5 mg,
0.40 mmol) using Fe(acac),/dppen (20 mol %), (+-BuCH,),Zn (2.0 equiv), and allyl
phenyl ether (1.5 equiv). The reaction mixture was stirred at 70 °C for 160 h. The crude
product was purified by column chromatography on silica gel (hexane/AcOEt/NEt; =
99/0.5/0.5) and GPC using CHCI, as an eluent to afford the title compound as a pale
yellow oil (89.5 mg, 74%). 'H NMR (500 MHz, CDCl,): §9.94 (br s, 1H), 8.99 (dd, J =
7.5,1.2 Hz, 1H), 8.72 (dd,J=4.0, 1.7 Hz, 1H), 8.16 (dd, J = 8.6, 1.7 Hz, 1H), 7.60 (t,J
= 8.0 Hz, 1H), 7.55 (dd, J = 8.3, 1.5 Hz, 1H), 743 (dd, J = 8.0,4.0 Hz, 1H), 7.29 (t,J =
7.7 Hz, 1H), 7.15-7.13 (m, 2H), 6.02-5.94 (m, 1H), 5.03-4.96 (m, 2H), 3.51 (d,J/=6.3
Hz, 2H), 2.44 (s, 3H); "C NMR (125 MHz, CDCl,): § 168.5, 148.2, 138 .4, 137.7,136.8,
136.6,136.3,134.7,134.3,129.1, 128.2,127.9,127.3,127.0, 1219, 121.6, 116.7, 116 2,
37.7,19.5; GC-MS (EI) m/z (relative intensity): 302 (M", 16), 158 (100), 144 (65), 131
(84), 115 (57), 91 (62); HRMS (APCI) Calcd for C,,H,,N,O" [M+H]" 303.1497, found,

303.1493.

3-Allyl-N-(quinolin-8-yl)-2-naphthamide (Table 1, entry 12):
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The general procedure was applied to N-(quinolin-8-yl)-2-naphthamide (118.7 mg, 0.40
mmol) and the reaction mixture was stirred at 70 °C for 4 h. The crude product was
purified by column chromatography on silica gel (hexane/AcOEt/NEt; = 99/0.5/0.5) to
afford the title compound as a colorless solid (133.3 mg, 98%). Melting point: 111-
113 °C; '"H NMR (500 MHz, CDCL,): 6 10.32 (br s, 1H), 8.97 (d, J = 7.5 Hz, 1H), 8.77
(d,J =4.0 Hz, 1H), 8.18-8.17 (m, 2H), 791 (d,J = 7.5 Hz, 1H), 7.84 (d, J = 8.0 Hz,
1H), 7.77 (s, 1H), 7.62 (t,J = 8.0 Hz, 1H), 7.57-7.49 (m, 3H), 7.45 (dd, J = 8.0, 4.0 Hz,
1H), 6.15-6.07 (m, 1H), 5.13-5.05 (m, 2H), 3.88 (d, J = 6.3 Hz, 2H); "C NMR (125
MHz, CDCl,): 6 168.1, 148.3, 138.6, 137.1, 136.3, 135.6, 135.3, 134.8, 134.2, 1314,
1290, 128.2, 128.0, 12742 (2C), 127.36, 127.3, 126.2, 121.8, 121.7, 116.6, 1164,
37.6; GC-MS (EI) m/z (relative intensity): 338 (M, 15), 194 (44), 165 (63), 152 (36),

144 (100); HRMS (APCI) Caled for C,;H,,N,O" [M+H]" 339.1497, found, 339.1501.

2-Allyl-N-(quinolin-8-yl)pyrene-1-carboxamide (Table 1, entry 13):

The general procedure was applied to N-(quinolin-8-yl)pyrene-1-carboxamide (148.5
mg, 0.40 mmol) using Fe(acac),/dppen (20 mol %), (+~-BuCH,),Zn (2.0 equiv), and allyl

phenyl ether (2.0 equiv). The reaction mixture was stirred at 70 °C for 135 h. The crude
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product was purified by column chromatography on silica gel (hexane/AcOEt/NEt; =
99/0.5/0.5) to afford the title compound as a colorless solid (112.2 mg, 68%). Melting
point: 200-201 °C; 10.28 (br s, 1H), 9.18 (dd, J = 7.5, 1.2 Hz, 1H), 8.56 (dd, J = 4.2,
1.4 Hz, 1H), 8.25 (d, J = 9.2 Hz, 1H), 8.16-8.03 (m, 6H), 8.00-7.94 (m, 2H), 7.65 (t,J
= 7.7 Hz, 1H), 7.55 (d, J = 8.0 Hz, 1H), 7.31 (dd, J = 7.3, 4.3 Hz, 1H), 6.23-6.15 (m,
1H),5.14 (dd,J=17.2,1.7 Hz, 1H), 5.08 (dd, J = 10.3, 1.2 Hz, 1H), 3.96 (d, J = 6.9 Hz,
2H); "C NMR (125 MHz, CDCl,): 6 168.4, 148.2, 138.4, 137.0, 136.2, 134.5, 134 4,
132.3,131.8,130.9, 130.5, 128.7, 128 4, 128.1, 1279, 127.4, 1269, 126 .0, 125.8, 125.6,
1254, 1243, 1242, 1232, 122.1, 121.6, 1169, 116.6, 38.3; HRMS (APCI) Calcd for

C,H,,N,O* [M+H]* 413.1654, found, 413.1652.

3-Allyl-1-methyl-N-(quinolin-8-yl)-1H-indole-2-carboxamide (Table 1, entry 14):

The general procedure was applied to
I-methyl-N-(quinolin-8-yl)-1H-indole-2-carboxamide (120.6 mg, 0.40 mmol) and the
reaction mixture was stirred at 70 °C for 18 h. The crude product was purified by
column chromatography on silica gel (hexane/AcOEt/NEt; = 98.5/1/0.5) to afford the
title compound as a colorless solid (123.9 mg, 91%). Melting point: 119-120 °C; 'H
NMR (500 MHz, CDCl,): 6 10.40 (br s, 1H), 891 (d,J =7.5 Hz, 1H), 8.77 (dd,J = 4.3,
1.5 Hz, 1H), 8.14 (dd, J = 8.3, 1.5 Hz, 1H), 7.68 (d, J = 8.0, 1H), 7.58 (t, J = 7.7 Hz,
1H),7.53 (d,J=8.1 Hz, 1H), 7.42 (dd, J = 8.6, 4.0 Hz, 1H), 7.38-7.33 (m, 2H), 7.16 (t,

J =8.0 Hz, 1H), 6.24-6.17 (m, 1H), 5.12-5.08 (m, 2H), 4.00 (s, 3H), 391 (d,J =5.8
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Hz, 2H); ®C NMR (125 MHz, CDCL,): 8 1610, 148.2, 138.6, 1383, 136.7, 136.2,
134.6,131.0,128.0, 1273, 1269, 124.3,121.9, 1217, 120.5, 119.9, 116 .8, 115.6, 115.2,
109.9, 31.5,29.3; GC-MS (EI) m/z (relative intensity): 341 (M", 12), 326 (35), 212 (20),

197 (50), 171 (73), 170 (100), 154 (28), 144 (68), 128 (42), 115 (32), 102 (17), 89 (18),

77 (25); HRMS (APCI) Calcd for C,,H,,N,O* [M+H]" 342.1606, found, 342.1594.

3-Allyl-N-(quinolin-8-yl)thiophene-2-carboxamide (Table 1, entry 15):

0
s
\ ! N

I=

AN
The general procedure was applied to N-(quinolin-8-yl)thiophene-2-carboxamide
(100.6 mg, 0.40 mmol) and the reaction mixture was stirred at 50 °C for 40 h. The
crude product was purified by column chromatography on silica gel
(hexane/AcOEt/NEt, = 99/0.5/0.5) and GPC using CHCI, as an eluent to afford the title
compound as a colorless solid (70.7 mg, 61%). Melting point: 62—-63 °C; 'H NMR (500
MHz, CDCI,): 6 1043 (br s, 1H), 8.85-8.83 (m, 2H), 8.18 (d, J = 7.5 Hz, 1H), 7.59—
7.53 (m, 2H), 747 (dd,J =8.3,43 Hz, 1H), 742 (d,J =52 Hz, 1H),7.03 (d,J =52
Hz, 1H), 6.16-6.09 (m, 1H), 5.16-5.12 (m, 2H), 3.91 (d, J = 6.9 Hz, 2H); "C NMR
(125 MHz, CDCly): 6 161.0, 148.3, 143.8, 138.6, 136.3, 136.1, 134.7, 1324, 131.3,
1280, 127.6, 1274, 121.6 (2C), 116.6, 1163, 33.9; GC-MS (EI) m/z (relative
intensity): 294 (M’, 29), 279 (17), 150 (88), 144 (97), 123 (100), 79 (41); HRMS

(APCI) Calcd for C,,H,;FN,0S* [M+H]* 295.0905, found, 295.0904.
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(E)-3-(But-2-en-1-yl)-N-(quinolin-8-yl)-2-naphthamide and

(Z)-3-(but-2-en-1-yl)-N-(quinolin-8-yl)-2-naphthamide (Eq 2):

0 0
N Z N
+
SOGRSRRGO GRS
> N

E/Z =59:41
The general procedure was applied to N-(quinolin-8-yl)-2-naphthamide (119.6 mg, 0.40
mmol) using Fe(acac),/dppen (10 mol %) and the reaction mixture was stirred at 70 °C
for 6 h. The crude product was purified by column chromatography on silica gel
(hexane/AcOEt/NEt, = 98.5/1/0.5) and GPC using toluene as an eluent to afford a
mixture of the title compounds as a colorless solid (126.6 mg, 90% (E/Z = 59:41)). 'H
NMR (500 MHz, CDCl,): 6 10.32 (Z: br s,0.41H), 10.28 (E: br s, 0.57H), 8.99-8.97 (m,
1H), 8.76-8.74 (m, 1H), 8.16-8.15 (m, 2H), 7.88 (d, J = 8.0 Hz, 1H), 7.82 (d, J = 8.0
Hz, 1H),7.76 (d,J = 8.6 Hz, 1H), 7.62-7.59 (m, 1H), 7.56-7.51 (m, 2H), 7.50-7.46 (m,
1H), 7.43 (ddd, J = 8.0, 4.0, 1.7 Hz, 1H), 5.72-5.67 (m, 1H), 5.60-5.50 (m, 1H), 3.89
(Z:d,J=75Hz,0.83H),3.78 (E: d,J =63 Hz, 1.19H), 1.68 (Z: d, J = 6.9 Hz, 1.29H),
1.55 (E: d, J = 6.3 Hz, 1.79H); “C NMR (125 MHz, CDCl,): § 168.3 (E), 163.2 (Z),
148.23 (E), 148.21 (Z), 138.5 (E + Z), 1365 (2), 136.4 (E), 1363 (E + Z), 1355 (E),
1354 (Z), 134.8 (), 134.7 (E), 134.19 (2), 134.15 (E), 131.3 (E), 131.2 (2), 1295 (2),
128.7 (E), 128.44 (Z2), 128.37 (E), 128.1 (E + 2), 1279 (E + Z), 1274 (E + Z), 127.32
(E+2),12731 (2), 12729 (E), 127.14 (E), 127.12 (2), 127.0 (E), 1260 (E + Z), 125.6
(2), 1218 (E + 2), 121.63 (Z), 121.61 (E), 116.62 (E), 116.56 (Z), 36.5 (E), 309 (2),
17.9 (E), 12.9 (Z); GC-MS (EI) m/z (relative intensity): 352 (M", 7), 208 (51), 181 (25),

165 (66), 144 (100); HRMS (APCI) Calcd for C,,H,,N,O* [M+H]* 353.1654, found,
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353.1659.

2-(3,3-Dideuterioallyl)-N-(quinolin-8-yl)benzamide (Eq 3):

@)

The general procedure was applied to N-(quinolin-8-yl)benzamide (99.7 mg, 0.40
mmol) and ((1,1-dideuterioallyl)oxy)benzene (1.2 equiv), and the reaction mixture was
stirred at 70 °C for 4 h. The crude product was purified by column chromatography on
silica gel (hexane/AcOEt/NEt, = 99/0.5/0.5) to afford the title compound as a colorless
solid (112.4 mg, 96%). 'H NMR (500 MHz, CDCl,): § 10.19 (br s, 1H),8.94 (d,J = 7.4
Hz, 1H), 8.75 (dd,J =43, 14 Hz, 1H), 8.14 (dd,J =8.3, 1.4 Hz, 1H),7.67 (d,J =7.8
Hz, 1H), 7.58 (t, J = 8.0 Hz, 1H), 7.53 (dd, J = 8.0, 1.2 Hz, 1H), 7.45-7.41 (m, 2H),
7.35-7.33 (m, 2H), 6.07-6.00 (m, 1H), 5.09-5.00 (m, 0.025H), 3.72 (d, J = 6.9 Hz,
2H); "C NMR (125 MHz, CDCl;): 6 168.0, 148.2, 138.6, 138.5, 136.9, 136.6, 136.3,
134.6, 130.6, 1304, 1279, 127.3,127.2, 126 4, 121.8, 121.6, 116.5, 37.4; GC-MS (EI)
m/z (relative intensity): 290 (M', 13), 144 (100), 117 (71), 93 (21); HRMS (APCI)

Calcd for C,(H,sD,N,O" [M+H]* 291.1466, found, 291.1457.

Intermolecular KIE
N-(quinolin-8-yl)benzamide 49.6 mg, 0.20 mmol),
2.3.4.5,6-pentadeuterio-N-(quinolin-8-yl)benzamide (50.7 mg, 0.20 mmol), and

ZnClL,*TMEDA (121 mg, 0.48 mmol) were placed in an oven-dried Schlenk flask under
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argon. A solution of +-BuCH,MgBr in THF (1.16 M, 1.17 mL, 1.36 mmol) was added
dropwise to the mixture. After stirring for 5 min at rt, allyl phenyl ether (66 uL, 0.48
mmol) and a solution of Fe(acac),/cis-1,2-bis(diphenylphosphino)ethylene in THF (0.25
mL, 0.08 M, 20 umol) were sequentially added. The reaction mixture was stirred at
70 °C for 12 min, and was diluted with Et,0O followed by the addition of a saturated
aqueous solution of Rochelle’s salt. After extraction with ethyl acetate, the combined
organic layers were filtered through a pad of Florisil, and concentrated under reduced
pressure. The crude product was analyzed by 'H NMR using 1,1,2 2-tetrachloroethane
as an internal standard and the yield of the allylated products was determined to be 17%.
After purification by GPC using CHCl, as an eluent, the isolated allylated products

were analyzed by '"H NMR to determine the ratio of 2 and 2-D.

o
Q .Qn
.Qn N
N Fe(acac)s (5 mol %) H
H dppen (5 mol %)
ZnCl,*TMEDA (1.2 equiv) S
1, 0.2 mmol BuCH,MgBr (3.4 equiv) 2
+ + _~~_-OPh > +
D O ) THF, 70 °C, 12 min D O
D Q (1.2 equiv) b aQ
N Naad
H H
D D D
D D e
1-D, 0.2 mmol 2-D

17% (2:2-D = 1.1:1)
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Chapter 6

The transition metal-catalyzed functionalization of a C-H bond has been
rapidly emerging as a straightforward and efficient method to construct organic
frameworks and replacing the conventional transition metal-catalyzed cross-coupling
reaction. However, most of these reactions require rare and toxic transition metal
catalysts and typically harsh reaction conditions, which is incompatible with the
concept of sustainability. Throughout my Ph.D. studies, I focused on the development
of C-H bond functionalization reactions using iron as a sustainable catalyst, and
achieved an unprecedented iron-based directed aromatic C—H bond functionalization
using electrophilic coupling partners.

In Chapter 2, iron-catalyzed C—H functionalization using electrophiles as the
coupling partner instead of an organometallic reagent was attempted using
2-phenylpyridine as a substrate. Unfortunately, most of the electrophiles could not be
successfully introduced to a C—H bond due to the competitive coupling with a Ph group
used to generate a chelated iron intermediate.

In Chapter 3, a combination of 1-arylpyrazoles as substrate and allyl phenyl
ether as electrophile was found to effect the unprecedented iron-catalyzed C—H bond
functionalization with electrophile. Thus, ortho-allylation of arylpyrazoles with allyl
phenyl ether took place smoothly at 0 °C to afford derivatives of allylbenzene, a part
structure of natural products and bioactive compounds, and versatile intermediates in
synthesis, in the presence of a catalytic amuont of an iron salt,
4 A'-di-tert-butyl-2 2'-bipyridyl, and diphenylzinc reagent as an organometallic base.

In Chapter 4, N-(quinlin-8-yl)benzamide possessing a bidentate directing
group and neopentyl reagent were used to stabilize the metallacyclic iron intermediate

and suppress the competing side reactions. The new reaction design was effective for
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the iron-catalyzed aromatic C—H bond allylation with allyl ether and greatly improved
the reactivity and selectivity of the reaction. Thus, the reaction of
N-(quinlin-8-yl)benzamide and congeners with allyl phenyl ether proceeded smoothly
under mild conditions in the presence of a catalytic amount of iron salt,
cis-1,2-bis(diphenylphosphino)ethylene, and dineopentylzinc reagent as an
organometallic base. The reaction exhibited a broad scope of the substrate and an
excellent compatibility with functional groups. A stoichiometric reaction suggested an
intermediacy of the stable metallacyclic iron intermediate.

In Chapter 5, iron-mediated C—H bond functionalization with electrophiles was
further demonstrated using the stoichiometrically generated iron intermediate derived
from N-(quinolin-8-yl)benzamide. The results demonstrated that the iron intermediate is
an excellent and general tool for C—H bond functionalization with electrophiles.

In this study, a novel concept of iron-catalyzed directed aromatic C—H bond
activation followed by reaction with an electrophile was demonstrated for the first time.
The factors governing the reactivity and selectivity of organoiron species in the
aromatic C-H bond activation were revealed and N-(quinolin-8-yl)benzamide was
found to be a particularly efficient directing group. The newly established concept will
provide a basis for novel iron-catalyzed aromatic C—H bond functionalization with
various electrophiles.

Further elucidation of the structure and reactivity of the iron intermediates will
be necessary for developing more efficient and practical catalytic systems in more
rational ways. Combined experimental and theoretical studies on the mechanism of
iron-catalyzed C-H bond activation will contribute to the future development of

sustainable C—H bond functionalization reactions using iron as a catalyst.
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