|

) <

The University of Osaka
Institutional Knowledge Archive

. Studies on Catalytic Borylation and Reduction
Title ; ; .
Reactions Using Aminoborane Reagents

Author(s) |R+&E, 1Ak

Citation |KFRKZ, 2019, HIHwX

Version Type|VoR

URL https://doi.org/10.18910/72355

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



Doctoral Dissertation

Studies on Catalytic Borylation and Reduction Reactions

Using Aminoborane Reagents

Takuya Igarashi

January 2019

Department of Applied Chemistry,
Graduate School of Engineering,

Osaka University






Preface and Acknowledgement

The research presented in this thesis was carried out under the direction of Professor Naoto Chatani and
Professor Mamoru Tobisu of the Department of Applied Chemistry, Faculty of Engineering, Osaka Unversity from
April 2014 to March 2019. The thesis is concerned with catalytic borylation and reduction reactions using
aminoborane reagents.

This thesis could not have been completed without the support from numerous people. Here, | wish to express
my sincerest appreciation to all of those people.

First of all, I express utmost appreciation to Professor Naoto Chatani. He showed me the way to live as a
reasearcher in my laboratory life. | learned from him that, in order to survive as a researcher, it is essential to think
thoroughly about chemistry, and to be a hard worker. Above all, his words remained in my heart strongly that the
desire to get promoted is important. | would like continue striving to be a respectable researcher like him.

I would also like to express my deepest gratitude to Professor Mamoru Tobisu for his valuable and continuous
support. It is thanks to his excellent surpoort that | submitted papers at an early stage, despite being later to start
my original research than other students. His creative and logical advice always encouraged me to work out
problems, and developed my research. In addition, | am most grateful that he allowed me to do what | want to do,
and supported whatever | did. This experience cultivated my creativity and proposal ability. | have thought from
the bottom of my heart that it is a right thing for me to go on to the doctoral course, which is largely thanks to his
respectable character and personality.

I deeply appreciate Professor Yoshiya Fukumoto and Dr. Yusuke Ano for his instructive, expert and enthusiasm
advice based on their deeply understanding in chemistry. Through my labolatory life, they helped me in the daily
scenes other than research.

I would also like to express my appreciation to Professor Toshiyuki Moriuchi (Osaka City University),
Professor Toru Amaya and Dr. Takuya Kodama in the Tobisu group. They always provided me valuable advice

and comment from different point of view from me.



I wish to appreciate Professor Mitsuru Akashi, Professor Toshiyuki Kida, Professor Michiya Matsusaki,
Professor Hiroharu Ajiro (Nara Institute of Science and Technology), Professsor Takami Akagi and Dr. Akihiro
Nishiguchi (Reasearcher, National Institute for Materials Science) in the once Akashi group. They helped me build
the foundation to paly an active part as a researcher, when | was a fourth year undergraduate student.

I express special appreciation to the secretaries in our labolatory, including Ms. Yoshimi Shinomiya and Ms.
Junko Ohmagari for their generous assistance.

I would like to express my appreciation to the past and and present members of the Chatani group. The
respectable and talented senior menbers: Dr. Takeshi Uemura (Mitusbishi Tanabe Pharma), Dr. Katsuaki Baba
(Ono Pharma), Dr. Hirotaka Kinuta (Shionogi Pharma), Dr. Yoshinori Aihara (Sumitomo Dainippon Pharma), Dr.
Keisuke Nakamura (TOSOH), Dr. Kaname Shibata (Mitsui Chemicals), Dr. Takayuki Furukawa (Japan Tabacco),
Dr. Masaya Hirano (TOSOH) and Dr. Toshifumi Morioka (Mitsubishi Chemicals). Thanks to them, | could spent
fruitfull and happy time, and developed my research through discussion with them, especially Dr. Hirotaka Kinuta
and Dr. Takayuki Furukawa, who had worked on the similar contents of research to my theme.

I also express my thanks to my classmates of the Chatani and the Tobisu group: Dr. Yoshihiro Masuya, Dr. Dai
Hata, Dr. Takashi Sakuramoto, Mr. Teruhiko Kubo (Mitsui Chemicals), Mr. Tsuyoshi Takahira (Sekisui Chemical),
Mr. Yuto Tamura (TOYOTA), Mr. Jiangning Zhao (Bridgestone). They were higly motivated and worked hard. We
could encourage each other and improve ourselves.

I would also like to appreciate junior members of the Chatani and the Tobisu group: Mr. Wang Chenan, Mr.
Yasuaki lyori, Ms. Akane Sasagawa (Sasser), Mr. Akira Haito, Mr. He Qiyuan, Mr. Masaya Higashino, Mr. Nao
Matsubara, Mr. Yuki Amano (Amanty), Mr. Ken Yamazaki (Ken, The Dixon group, University of Oxford), Mr.
Kenjiro Takahashi (Kenjiro), Ms. Rina Ueno, Mr. Shunsuke Ando, Mr. Yasuhiro Takami, Mr. Itsuki Nohira, Mr.
Kazuki Azumagawa, Mr. Natsuki Kawai, Ms. Nozomi Oharai, Mr. Kosuke Yasui, Mr. Shun Sakurai, Mr. Hayato
Fujimoto, Ms. Maiko Kubo, Mr. Junpei Oniki, Mr. Shun Nakatani, Mr. Tomoki Yoshida, Mr. Yuki Kawashima, Mr.
Wataru Ishiga, Ms. Zhu Kaige, Mr. Kosuke Kamochi, Ms. Miharu Kamitani, Ms. Momoka Kusano, Mr. Ryoma
Shimazumi and Mr. Wataru Shiniji.

Furthermore, | express my appreciation to Dr. Luis Carlos Misal Castro, Dr. Akimichi Ohtsuki (Postdoctoral



fellow, Kogakuin University), Dr. Yadagiri Kommagalla, Dr. Aymen Skhiri, Dr. Supriya Rej, Dr. Shrikant Kahake
Manmathappa, Dr. Sanjit Kumar Mahato, Mr. Mikhail Konev, Ms. Lu Lu, Mr. Alex Moerman, Ms. Meria Ronge
and Mr. Daichi Koseki (Ph.D. student, Ritsumeikan University) who worked in the Chatani group as postdoctoral
fellows or visiting students.

Professor Chatani allowed me to spend a period of time to be engaged in total synthesis in the Brian M. Stoltz
group at California Institute of Technology (Caltech) in USA from April to July 2017. It was great and exiting
experience not only to deepen my knowledge about chemistry through studying the different research theme from
that in the Chatani group but also to touch the culture and customs of the foreign country. | would like to express
my sincere gratitude to Professor Brian M. Stoltz for accepting me as a visiting student. In addition, I deeply
appreciate Japanese postdoctoral fellows and visiting resarchers in Caltech who helped me in various situations
during the research stay: Dr. Kohei Hayashida (Nippon Chemiphar), Dr. Makoto Yoritate (Postdoctoral fellow, UC
Berkeley), Mr. Tatsuya Okita (Ishihara Sangyo), Dr. Toshihiko lwayama (Japan Tabacco), Dr. Yasuaki Nakayama
(Postdoctoral fellow, Caltech), Dr. Yusuke Masuda (Kyoto University).

I am grateful for and wish to acknowledge Yoshida Scholarship Foundation for Doctor 21. Thanks to the
financial assistance, | could enjoy my research and produce reselts including submitting papers and presenting in
many scientific meetings.

At last but not least, 1 would like to express my thanks to my parents Mr. Shinobu Igarashi and Ms. Hiroe

Igarashi for their continuous and kind support.

Suita, Osaka

January 2019

Takuya Igarashi






Contents

General Introduction

References

Chapter 1 Iridium-Catalyzed Borylation of Aromatic C-H Bonds Using Diisopropylaminoborane
1.1 Introduction
1.2 Results and Discussion
1.3 Conclusion
1.4 Experimental Section
1.5 References

Chapter 2 Palladium-Catalyzed Two-Fold Borylation Using Diisopropylaminoborane for the Synthesis
of Cyclic Diarylborinic Acids
2.1 Introduction
2.2 Results and Discussion
2.3 Conclusion
2.4 Experimental Section

2.5 References

Chapter 3 Nickel-Catalyzed Reductive Reaction of C-O Bonds in Anisole Derivatives Using
Diisopropylaminoborane
3.1 Introduction
3.2 Results and Discussion
3.3 Conclusion
3.4 Experimental Section

3.5 References

Conclusion

List of Publications / Supplementary List of Publications



General Introduction

Organoboron reagents are widely used for the construction of carbon-carbon and carbon-heteroatom bonds in
modern organic synthesis.! They are typically prepared by the reaction of organomagnesium or organolithium
reagents with boron electrophiles (eq. 1). However, this reaction has poor functional group tolerance because of

the strong nucleophilicity of the organometallic reagents that are used in such reactions.

©/'V' B(OR), ©/B(OR)2
— (™)

M = Li or MgX
A catalytic method that does not require the use of strong nucleophiles such as the examples shown above has
recently been developed. One of the most useful catalytic methods involves the borylation of aryl halides using
organoboron reagents in the presence of a Pd catalyst, a reaction that was first reported by Miyaura and Ishiyama,
and which shows a higher functional group tolerance than the method shown in eg. 1 (eq. 2).2 Another important
and commonly used catalytic method is the direct borylation of an inert aromatic C-H bond, which proceeds under

mild reaction conditions by using an Ir/bipyridine system developed by Hartwig, Miyaura and Ishiyama (eq. 3).2

X RY, YR YR cat Pd B(YR),
+ /B—B\ or H—B\ —_— (2)
RY YR YR
Y=0O,N
: RY, R NR  cat. Ir/ cat. bipyridine B(YR),
— _ - 3)
+ B—B, or H—B (
RY YR YR

Because they are stable and readily available, diboron A and hydroborane B derivatives are frequently used as
boron reagents in such reactions (Scheme 1). Although, like A and B, the dihydroaminoborane C is also stable in
air, and can be readily synthesized in two steps from the corresponding amine and NaBH,, C has rarely been used
in catalytic reactions. The aminoborane C was first reported in the 1960s,* although catalytic reactions using C
had not been developed until the 2000s, because C typically exists in the form of unreactive cyclic and linear
oligomers. In 2003, Alcaraz and co-workers reported that aminoborane reagents bearing a sterically hindered
amino group can be isolated in monomeric form as a distillable liquid (Scheme 2).°> This group also utilized
diisopropylaminoborane as a borylating reagent of aryl halides in the presence of PdCl,(PPhs), (eq. 4). In 2005,
they reported on the use of diisopropylaminoborane in the Pd-catalyzed borylation of alkenyl halides (eq. 5).° In
2008, a further detailed study of aminoborane reagents was conducted by Singaram and co-workers.” They
developed a systematic procedure for the synthesis of aminoborane reagents bearing various amino groups, and
demonstrated (using B NMR spectroscopy) that less sterically hindered aminoborane reagents such as
pyrrolidylborane and morpholinoborane exist as dimers (Scheme 2). The dimers exist as four-membered cyclic
structures that are formed through the coordination of a nitrogen atom to a boron atom. They also showed that
dimeric aminoborane reagents are less reactive than monomeric aminoborane reagents in reduction reactions of

cyano or ester moieties in the presence of a catalytic amount of LiBH,4 (eq. 6, 7).



Scheme 1. Commonly Used Boron Reagents for Catalytic Borylation
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Scheme 2. Aminoborane Reagents
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Since these pioneering works by Alcaraz and Singaram, other examples of the use of diisopropylaminoborane
in the catalytic borylation of aryl halides have been reported. In 2011, Singaram and co-workers reported that the
borylation of aryl halides using diisopopylaminoborane was accelerated by using a combination of
Pd,(dba)s*CHCl; and PPhs, instead of PdCI,(PPhs), (eq. 8).2 Unlike previously reported methods, the reaction
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conditions enabled the effective borylation of, not only aryl iodides and bromides but, aryl triflates as well.

cat. Pd2(dba)3°CHCI3

H
t. PPh |
X H >_ ca s B\ J\
\ EtsN N
+ B—N > (8)
H/ THF )\
65 °C

X =Bror OTf

In 2012, Pucheault and co-workers reported that Pd-catalyzed homo-coupling reactions of aryl iodides via
borylation using diisopropylaminoborane proceeded in the presence of an excess amount of an aryl iodide (eq. 9).°
They reported on the development of Pd-catalyzed tandem cross-coupling reactions of aryl iodides with the
aminoborylated products generated by the borylation of other aryl iodides using diisopropylaminoborane, to give

unsymmetrical biaryl derivatives (eq. 10).

| cat. Pd(dppp)Cl,
H >_ cat. Kl, EtzN O
+ B—N > )
! toluene O
H
. ; reflux
(5.0 equiv)

1) cat. Pd(dppp)Cl,
cat. Kl, EtzN

| >_
H\ toluene, reflux @
+ /B—N (10)

H >_ 2) Arl, Cs,CO4 O
H,O/EtOH, reflux

In 2013, Pucheault and co-workers also reported that diisopropylaminoborane can be used for the Fe-catalyzed

T
>0
N
-Ui
T
Y
=
¥

\J

borylation of arenediazonium salts at room temperature (eq. 11).2° The tolerance of the aryl iodide and bromide
moieties is notable, when considering that the borylation of aryl halides proceeds smoothly when Pd catalysts are
used. Hence, unlike previously reported borylation reactions using an aminoborane reagent, this reaction permits
iodo- and bromo-substituted aminoborylated compounds to be prepared. Although the reaction proceeded
efficiently with 1.0 mol% FeCp,, increasing the amount of FeCp, was ineffective, indicating that the reaction
proceeded via a radical mechanism. In fact, the radical nature of the mechanism was confirmed when cyclization
products and no borylated products were formed when the reaction was carried out using the

2-allyloxyphenyldiazonium salt under borylation reaction conditions (eq. 12).

H
N2BFy H >7 cat. FeCp, B J\
A CHZCN g b
3
" )7 rt )\
O, O,
0} 7/ ’
X H cat. FeCp,
+  B—N - (12)
0 o
0
=

(1)

N,BF, H gHsCN

In 2014, the use of a Ti or Zr complex as a catalyst in the same type of reaction was reported by the same group
(eq. 13)." Interestingly, this reaction did not proceed with the commonly used boron reagents A or B were used,

but only diisipropylaminoborane showed a high reactivity under these reaction conditions.



cat. TICp2C|2 H

N2BF4 H, > or cat. ZrCp,HClI B J\
+ /B—N > >N (13)

rt

They also reported sequential dehydrogenation-arylation reactions of the easily accessible and quite stable
diisopropylamine-borane complex using aryl bromides catalyzed by a Pd nanoparticle, Pd@CTA-NTf,
(cetyltrimethylammonium triflimide) (eq. 14)."? Although the yields of the borylation products were less than 50%
with any aryl bromide, the theoretical yield was limited to 50%, because 0.50 equivalent of the aryl bromide is
consumed for the generation of diisopropylaminoborane through the reaction of diisopropylamine-borane

complex with the oxidative addition complex Ar-Pd-Br, which releases Ar-H and H-Pd-Br.

cat. PA@CTA-NTF, H /k
Br H, >* (iPr),NH Bsn
+ H—B=<—N—H > (14)
H/ > toluene

110 °C
Ar-Pd-Br H-Pd-Br
Ar-Pd-H, Ar—H H\ Ar-Pd-Br
/B—N
H

They also reported on the use of diisopropylaminoborane in a Pd/XPhos system®® in the borylation of aryl
chlorides (eq. 15).** In this reaction, the addition of Kl is essential for the reaction to proceed efficiently. The K
was thought to be involved in the transmetallation step of the catalytic cycle, because this reaction was not
accelerated when electron-poor aryl chlorides were used as substrates, which suggested that the rate-determining
step of this reaction was not the oxidative addition to C-Cl bonds. DFT calculations indicate that, when an
aminoborane reagent is used in the borylation of aryl iodides, a Ar-Pd" species would be generated from the
dissociation of the iodide ligand in a Ar-Pd-I complex, which then reacts smoothly with an aminoborane reagent.™
Based on these results, it is thought that the role of KI is to convert Ar-Pd-Cl to Ar-Pd-1, and promote the

formation of a Ar-Pd" species.

cat. Pd(OAc), H
cl H cat. XPhos I|3 J\ !
)
S N> cat. KI, EtsN N as) | PCy,
- > [ i
o EtOAc PY pPr Pr

50 °C 1
]
:

E ipr

! XPhos

In 2015, the use of an diisopropylamine-borane complex in Pd-catalyzed borylation reactions of aryl halides was
reported by Pucheault and co-workers (eq. 16).*® The amine-borane complex is treated by HCI in Et,O to afford
the amine-boronium intermediate D, followed by ('Pr),NH, leading to the corresponding aminoborane reagent.
This reaction can be applied to aryl triflates, iodides, bromides and chlorides, and can be performed on a

multigram scale.



1) HCI, Et,0, rt

I;l J\
H >— 2) (Pr),NH, rt BN
H—B<—N—H > (16)
H )_ 3) ArCl, cat. Pd(OAc),, )\

cat. XPhos, cat. KI,
Et3N, EtOAc, 50 °C

HCI |- H, cat. Pd
ArCl
H i H
Pr),NH
Cl—B<—N—H ( . > B—N
H )7 - (Pr);NH,CI o
D

Non-catalyzed reactions using diisopropylaminoborane have also been reported. In 2012, Singaram and
co-workers reported on the reaction of diisopropylaminoborane with Grignard reagents to afford aliphatic and
aromatic aminoborylated products (eq. 17).*® This reaction proceeds efficiently at 0 °C within 1 h. Although the
mechanism is not fully understood, they observed the formation of the bromomagnesium
aryl(diisopropylamino)borohydride adduct E as an intermediate in this reaction by B NMR spectroscopy. The
hydride of E functions as a leaving group to give the desired borylated product. Hydride elimination from E was
thought to take place through pathway A or B. They proposed that the reaction proceeds mainly through Pathway
A, because only 1.2 equivalents of aminoborane were required to form the aminoborylated product in yields in

excess of 95%.

pathwayA
)\ +  HMgBr
MgBr H\ @ N Q||sopropyl
+ /B—N — aminoborane (A7)
H THF MgBr

0°C,1h
11 >_
B NMR observed by 11B NMR | PathwayB . he \éa
835 ppm §-16 ppm dllsopropyl )\ > MgBr
aminoborane
B NMR "B NMR
5 34 ppm 5 -22 ppm

In 2015, Pucheault and co-workers reported on the reaction of phenyl Grignard reagents with both of the two B-H
bonds in diisopropylaminoborane to give, not only symmetrical, but also unsymmetrical diarylborinic acids™ (eq.
18).%% To the best of our knowledge, this is the first reaction in which both of the B-H bonds in an aminoborane
reagent are utilized. In addition, they confirmed that the use of phenyl Grignard reagents is essential for the
reaction to proceed efficiently, but phenyllithium reagents were found to be ineffective. In this reaction, pure
borinic acids were obtained without the need for column chromatography or crystallization. The final products
could be isolated by simple filtration as borinate adducts with ethanolamine or 8-hydroxyquinoline. The resulting
diarylborinic acid derivatives can be used as the reactants in various types of cross-coupling reactions® and

organocatalysts.”



Q \>
1) Mg, THF, 70 °C [\
O. _NH, o, _N=

N~

Br H >— 2 o
@/ . Ben 2) Ar’Br, Mg, 70 °C B o B (18)
58 --emmicachioac
4) aminoethanol
or 8-hydroxyquinoline,
Etzo, rt

Yy

In 2017, Pucheault, Pinet and co-workers also reported on the synthesis of diarylborinic acid derivatives by the
reaction of aryl bromides with diisopropylamine-borane or dicyclohexylamine-borane complexes in the presence
of Mg (eq. 19).* The reaction of an amine-borane complex with PhMgBr afforded an aminoborohydride F, which
reacts with an amine-borane complex to afford the corresponding aminoborane (eq. 20). This reaction cannot be
applied to Grignard reagents that contain CF;z and NO, groups as substituents, because of the stability of

arylaminoborohydride intermediates (cf. E in eq. 17) and the low nucleophilicity of the Grignard reagents.

H\
H—B<—N—H
H )— 1) cat. PhMgBr, THF, rt /am
Br  2) Mg, THF, 70 °C O.__NH;
or + - > B (19)
3) aminoethanol, Et,0, rt
H\
H—B~—N—H
H
)
PhMgBr H=B=—N-H
H )—
20
H B<—N H %» MgBr (20)
)
\
B—N H,

In 2019, they also reported the boryaltion reactions of aryl halides using diisopropylamine-borane or a
dicyclohexylamine-borane complex in the presence of Mg (eq. 21).% Unlike the previously reported reaction (eq.

19), diarylborinic acids were not formed, because of the low loading of Grignard reagents to the amine-borane

e
H—B<—N—H
H )7 1) cat. PhMgBr, THF, rt )\

Br 2) Mg, THF, 70 °C
or + > or (21)
H [ j
<} > !
H
\

N
H—B<—N—H ©/
H O

Diisopropylaminoborane has also been utilized for the synthesis of polyaminoborane. Alcaraz and co-workers

complex.

reported that, at low temperatures, the reaction of diisopropylaminoborane with a variety of primary amines
6



affords high-molecular-weight linear polyaminoborane under solvent-free and metal-free conditions (eq. 22).° A
mixture of cyclotriborazane, diaminoborane and an amine-borane complex were produced when the reaction was
carried out at room temperature. In this reaction, diisopropylaminoborane plays the role of an efficient
BH,-transfer reagent via the temporary formation of the amine-diisopropylaminoborane adduct G, followed by the
elimination of diisopropylamine, leading to the corresponding alkylaminoborane H which further polymerizes to

afford the desired polyaminoborane.

BH-transfer BH;<—NH,R

G

H Fli é products at room temperature
n :B—N + NnR—NH, - kﬁ\B* (22) H H H
H neat, -40 °C H/ \H n i R\ /\B/\ /H \B—N(fPr)z
p HEN TR RN
l P ASNR
polymerization 1 H H H H,
HoB—N(Pr), i B—NHR
- HN(Pr), [HQB_NHR] | BHy<—NH(Pr), RHN
R—NH, > H |

As discussed thus far, catalytic reactions using diisopropylaminoborane are limited to the catalytic borylation of
aryl halides and pseudohalides, and its use in other types of catalytic reactions has not been reported.

In this study, the use of diisopropylaminoborane in a new type of reaction is reported. This thesis consists of the
following three chapters (Scheme 3).

In chapter 1, the borylation of aromatic C-H bonds using diisopropylaminoborane by an Ir/N-heterocyclic
carbene (NHC) ligand is discussed. This is the first demonstration of the use of diisopropylaminoborane in the
borylation of aromatic C-H bonds. The resulting aminoborylated intermediates can be converted into various
boron products by the treatment with protecting reagents in a one-pot reaction.

In chapter 2, the Pd-catalyzed, two-fold borylation of dihalides using diisopropylaminoborane for the synthesis
of cyclic diarylborinic acids is discussed. Catalytic reactions using both of the two B-H bonds of an aminobornane
reagent had not reported, because the second B-H bond of an aminoborane reagent is not very reactive. In this
reaction, the second borylation successfully proceeds by utilizing an intramolecular process in which an entropic
advantage can facilitate this difficult process.

In chapter 3, the Ni-catalyzed reduction of C-O bonds in anisole derivatives using diisopropylaminoborane as a
reductant is discussed. The reductive cleavage reactions of anisole derivatives reported here can only be applied to
n-extended ethers such as naphthyl and biphenyl skeletons, and cannot be used in reactions involving anisole
derivatives. In this study, unlike previously reported reactions, the use of diisopropylaminoborane enables the

effective reduction of simple anisole derivatives.



Scheme 3. Catalytic Reactions Using Diisopropylaminoborane
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Chapter 1
Iridium-Catalyzed Borylation of Aromatic C-H Bonds Using Diisopropylaminoborane

1.1 Introduction

The catalytic borylation of aromatic C-H bonds is an important tool in modern organic synthesis, because it
allows the introduction of synthetically useful boron functional groups directly and regioselectively based on
steric factors of substrates without the help of any directing groups.' Although catalytic systems using various
base metals for the borylation of aromatic C-H bonds have been developed, an Ir/bipyridine complex reported by
Hartwig and co-workers is the most state-of-the-art.> Herrmann and co-workers reported that an Ir/NHC ligand
complex is effective in the borylation of aromatic C-H bonds.?

Herein, the borylation of aromatic C-H bonds using diisopropylaminoborane 1 in the presence of an Ir/NHC

ligand catalyst was investigated.

1.2 Results and Discussion

On the basis of a superior reactivity of indoles in several C-H borylation reactions,” the author initially
examined the borylation of N-methylindole 2 with diisopropylaminoborane 1 using an Ir catalyst at 140 °C for 15
h. The crude reaction mixture including the aminoborylated intermediate 3 was treated with pinacol and the yield
of the product was estimated by 'H NMR spectroscopy. Using dtbpy, the common and effective ligand for
Ir-catalyzed C-H borylation,” failed to give 2-B (Entry 1, Table 1). Several mono- and diphosphine ligands were
found to be active for the formation of 2-B, but the yields were up to 21% (Entries 2-6). Among the NHCs
examined, 1,3-dicyclohexylimidazol-2-ylidene (ICy)° was found to be most effective, affording 2-B in 33% yield
with a 2-/3-borylation ratio of 88:12 (Entry 9). It should be noted that [Ir(cod)(ICy),](CFsCO,) was previously
reported to promote C-H borylation of arenes using HBpin®. Further optimization using an ICy ligand determined
that decreasing the reaction temperature to 110 °C and shortening the reaction time to 4 h markedly improved the

yield of 2-B (72%) with near complete regioselectivity (99:1) (Entry 12).
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Table 1. Effect of the Ligand on the Ir-Catalyzed Borylation of 2 with 1?

[Ir(cod)(OMe)], (10 mol%) [
’ j Ligand (20 mol%) 4(
0 N
@ . :B—N Base (40 mol%) _ | A g <
N H )— methylcyclohexane N H
\ 15 h \
2 .
1 (2.0 equiv) — 3 =
pinacol (4.0 equiv) A
- | B(pin)
THF N
rt, 1.5 h \
2-B
Entry Ligand Base Temp. (°C) NMR vyield®  2-isomer/3-isomer
1 dtbpy none 140 trace -
2 PPh3 none 140 21 57/43
3 PCy; none 140 3 >99/1
4 dppe none 140 2 >99/1
5 XantPhos none 140 18 56/44
6 XPhos none 140 19 71/29
7 IMes+HCI NaO'Bu 140 5 >99/1
8 IPreHCI NaO'Bu 140 3 >99/1
9 ICy+HCI NaOBu 140 33 88/12
10 I'BusHCI NaOBu 140 0 -
11 ICysHCI NaOBu 110 58 95/5
12°¢ ICysHCI NaOBu 110 72 (65)¢ 99/1
Ol
N N~
‘Bu ‘Bu Pcy, T oV, R
— e / \ iPr iPr Cl
Ph,P PPh,
N\ 7 N/ O IMes*HCI (R = 2,4,6-Me3CgH>)
NN PPh, PPh, IPrHCI (R = 2,6-Pr,CqHy)
pr ICy<HCI (R = cyclohexyl)
dtbpy dppe XantPhos XPhos [tBusHCI (R = 'Bu)

?Reaction conditions: 2 (0.50 mmol), 1 (1.0 mmol), [Ir(cod)(OMe)], (0.050 mmol), ligand (0.10 mmol), NaO'Bu
(0.20 mmol) in methylcyclohexane (1.0 mL) at 140 °C for 15 h. After treatment with pinacol (2.0 mmol), the
borylated product was converted to the corresponding pinacolate. ® The yield refers to a combined NMR yield of

2- and 3-borylated products. ¢ Reaction time was shorten to 4 h. ¢ Isolated yield.

Having optimized the conditions, the author next examined the scope of Ir/ICy-catalyzed borylation of
heteroarene substrates using 1 (Table 2). Functionalized indoles, such as those bearing methoxy, fluoro, chloro
and bromo groups, all underwent the borylation to form the corresponding 2-borylated products 4-B, 5-B, 6-B
and 7-B, respectively. When 1,4-dimethylindole was used as a substrate, 2-borylated product 8-B was formed
exclusively with no borylation occurring at the benzylic position®. Benzothiophenes readily gave 2-borylated
products using my catalytic system, as exemplified by the high yields obtained from 9 and 10. Although
benzofuran 11 was also borylated at the 2-position efficiently, the isolated yield was somewhat lower than the
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yield calculated from the *H NMR data, probably because of the instability of 11-B during isolation. My protocol
was able to borylate non-benzofused five-membered heteroarenes. Pyrrole 12 was much less reactive than indoles,
and required neat conditions to obtain a modest yield of the borylated product 12-B. 2-Substituted thiophene 13,
14 and furan 15 were borylated successfully at the 6-positions. Thiophene 16 afforded a 1.1:1 mixture of
2-borylated and 2,5-diborylated products under my standard conditions. Electron-deficient heteroarenes such as
pyridine and quinolone failed to form the borylated product under the current conditions.

Table 2. Scope of the Heteroarene Substrates®

[Ir(cod)(OMe)], (10 mol%)

P H >7 ICy=HCI (20 mol%) pinacol P

A . I3

O N Neosswomom)  @oew T e
DN - g - \\\/’

7{?/ X H > methylcyclohexane THF R~ X

050 mmol  1(2.0equiv) 10 C4N m 1.5h

X=NMe, S, 0

R R=H 65% (2-B)
\<I\>—B(pin) = OMe 51% (4-B) B(pin) ©f\>—s(pm | \ B(pin)
N\ =F  75% (5-B)

=Cl  66% (6-B)
=Br  50% (7-B)®

| D—Bein) [ D—8(pin) )f\>—s<'> £>— (pin) )f\>—8<pm

58% (8-B) 94% (9-B) 91% (10-B)

65% (11-B) 52% (12-B)° 96% (13-B) 91% (14-B) 68% (15-B)
87% (NMR yield) 92% (NMR yield)
[\> —_— E\>—B(pin) + /E\>— (pin)
S s (pin)g” S
16 48% (16-B) 43% (16-2B)

% Reaction conditions: heteroarene (0.50 mmol), 1 (1.0 mmol), [Ir(cod)(OMe)], (0.050 mmol), ICy-HCI (0.10
mmol), NaO'Bu (0.20 mmol) in methylcyclohexane (1.0 mL) at 110 °C for 4 h. After treatment with pinacol (2.0
mmol), the borylated product was converted to the corresponding pinacolate. ” Debrominative borylation also

occurred with a yield of 6%. ° Run using 1.0 mL of N-methylpyrrole instead of methylcyclohexane.

The author next turned my attention to the borylation reaction of benzene derivatives as substrates (Table 3).
Unfortunately, benzene derivatives proved to be much less reactive than heteroarenes. For example,
Ir/ICy-catalyzed borylation of benzene 17 with 1 afforded 17-B in 48% isolated yield even when the reaction was
conducted under neat conditions. Borylation was relatively independent of the electronic nature of the arene
substrates, as indicated by the similar yields and regioselectivity observed with toluene 18, anisole 19 and
trifluoromethylbenzene 20. Similar to the reported C-H borylation using other boron sources, 1,3-disubstituted
benzenes were borylated at the 5-position in a regioselective manner. For example, 1,3-dichlorobenzene 21 was
borylated at the 5-position to afford only one product 21-B. Naphthalene 22 also underwent borylation with 1 at
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the less hindered 2-position to give 22-B.

Table 3. Scope of the Arene Substrates®

[Ir(cod)(OMe)], (10 mol%)

R H |Cy'HC| (20 mol%) pinac0| R
‘B—N NaOBu (40 mol%) (4.0 equiv)
g > - B(pin)
H )— 110 °C, 18 h THF
1 rt, 1.5 h
1.0 mL 0.50 mmol
B(pin) X MeO N
—B(pin) =~B(pin)
' A =
48% (17-B) 42% (18-B) 35% (19-B)
(o:m:p = 0:64:36) (0:m:p = 0:60:40)

FsC N Cl B(pin) B(pin)
Cl

49% (20-B) 50% (22-B)?
(0:m:p = 0:76:24) 31% (21-B) ( naphthalene 6.0 equiv )

in methylcyclohexane

 Reaction conditions: arene (1.0 mL), 1 (0.50 mmol), [Ir(cod)(OMe)], (0.050 mmol), ICy-HCI (0.10 mmol),
NaO'Bu (0.20 mmol) at 110 °C for 15 h. After treatment with pinacol (2.0 mmol), the borylated product was

converted to the corresponding pinacolate. ® Naphthalene (3.0 mmol) was used in methylcyclohexane (1.0 mL).

My protocol can be performed on a gram scale without any difficulty using a lower loading of the Ir catalyst
(Scheme 1, top). Using 1 as the boron source in C-H borylation reactions has the synthetic advantage of allowing
various substituents to be introduced onto the boron atom during the work-up stage simply by changing the
protecting reagents added (Scheme 1, bottom). For example, the addition of different diols affored the
corresponding boronic esters 10-Bnep and 10-Bmep.” It was also possible to introduce Suginome’s dan group
(10-Bdan),® which allows to use the borylated products in more elaborate manners, such as iterative

cross-couplings.®
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Scheme 1. Scalability and Derivatization

[Ir(cod)(OMe)], (2.5 mol%)

|CyHC| (50 mol%) pinaco|
“ N\ i NaO'Bu (10 mol%) (4.0 equiv) © \ _
| +  B—N > > | B(pin)
S H methylcyclohexane S
110 °C, 24 h
10 1 (2.0 equiv) 10-B
(1.09) (1.25 g, 74%)

[Ir(cod)(OMe)], (10 mol%)

ICy-HCI (20 mol%) —( 4<

NaOBu (40 mol%) cl N
> \ /
methylcyclohexane l B\
S H

110 °C,4 h

HO:>< HO H,N O
- - L)

Y Y

Me Me Me
/
TI-{ < D >

\
HN

10-Bnep 10-Bmep 10-Bdan
88% 87% 75%

The borylation reaction of aromatic C-H bonds with 1 as a boron source also proceeded using a Ni catalyst,*
instead of an Ir catalyst (Scheme 2). The borylation reaction of N-methylindole 2 gave 2-B successfully even at

room temperature using a Ni/Mes™® catalytic system. The optimization of this reaction is ongoing.

Scheme 2. Ni-Catalyzed Borylation of 2 with 1*
Ni(cod), (10 mol%)

H, >7 IMesMe (10 mol%) pinacol
@ , BN NaOAc (3.0 equiv) (4.0 equiv) ©|\/\>_B(pi”)
N H )— diglyme THF N

\ rt, 24 h r,1.5h \
2 1 (3.0 equiv) 2-B
H 97% (NMR yield)
N\“/N
IMesMe

2 Reaction conditions: 2 (0.10 mmol), 1 (0.30 mmol), Ni(cod), (0.010 mmol), IMes™® (0.010 mmol), NaOAc
(0.30 mmol) in diglyme (0.05 mL) at rt for 24 h. After treatment with pinacol (0.50 mmol), the borylated product
was converted to the corresponding pinacolate.
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1.3 Conclusion

The author has developed an Ir/NHC complex-catalyzed C-H borylation of aromatic substrates using
disopropylaminoborane 1 as a borylating reagent. This is the first example of C-H borylation using an
aminoborane reagent. The use of an Ir catalyst in conjunction with ICy ligand and 1 resulted in effective catalysts
for the borylation of a wide range of C-H bonds in arenes and heterarenes. Notably, the initially formed
aminoborylated products can readily be converted into various organoboron compounds bearing various

boron-protecting groups just by changing the added protecting reagents.

1.4 Experimental Section

1.4.1 General Information

'H NMR and **C NMR spectra were recorded on a JEOL ECS-400 spectrometer in CDCl; or C¢Dg with
tetrachloroethane as the internal standard. Data are reported as follows: chemical shift in ppm (8), multiplicity (s =
singlet, d = doublet, t = triplet, and m = multiplet), coupling constant (Hz), and integration. Infrared spectra (IR)
were obtained using a JASCO FT/IR-4200 spectrometer; absorptions are reported in reciprocal centimeters with
the following relative intensities: s (strong), m (medium), or w (weak). Mass spectra and high resolution mass
spectra (HRMS) were obtained on a JEOL JMS-700 spectrometer. Analytical gas chromatography (GC) was
carried out on a Shimazu GC-2014 gas chromatograph, equipped with a flame ionization detector. Melting points
were determined using a Yamato melting point apparatus. Column chromatography was performed with SiO,
(silicycle SilicaFlash F60 (230-400 mesh)).

1.4.2 Materials

[Ir(cod)(OMe)], (TCI), ICy=HCI (TCI) and NaO'Bu (TCI) were used as received. Methylcyclohexane was purified
by distillation prior to use. 2 (TCI), 9 (TCI), 10 (TCI), 11 (TCI), 12 (TCI), 13 (TCl), 14 (TCI), 15 (TCI) and 16
(TCI) were obtained from commercial suppliers and used as received. All arenes (TCI) and 22 (Aldrich) were
used as received. The other N-methylindoles used in this study were synthesized by the reaction of the

corresponding indole with Mel according to the literature procedure.™

Diisopropylaminoborane (1). [CAS: 22092-92-8]
He _H

Y

To a stirred solution of diisopropylamine (28.2 mL, 200 mmol, 1.0 equiv) in THF (70 mL) were added at 0 °C,

1 was prepared as described in literatures.*

H,SO, (5.4 mL, 100 mmol, 0.5 equiv). A white precipitate appeared immediately. After 30 min at 0 °C, were
carefully added NaBH, (8.2 g, 220 mmol, 1.1 equiv). The mixture was allowed to warm to room temperature and
stirred for 4 h. The crude was concentrated under vacuum and the residue was taken with toluene (100 mL),
washed with water (4 x 100 mL). The organic phase was dried by using Na,SO, and concentrated under reduced
pressure to give the amine-borane complex as colorless oil.
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The amine-borane complex was refluxed at 195 °C for 9 h, and the 1 was distilled under N, to give 17.2 g (76%

yield).

1.4.3 General Procedures for Ir-Catalyzed Borylation of Aromatic C-H Bonds Using 1

Method A: Procedure for the Ir-Catalyzed Borylation of Heterocycles Using 1

In a glovebox, [Ir(cod)(OMe)], (33.1 mg, 0.050 mmol, 0.10 equiv), ICy*HCI (26.2 mg, 0.10 mmol, 0.20 equiv),
NaO'Bu (19.2 mg, 0.20 mmol, 0.40 equiv) and methylcyclohexane (1.0 mL) were added to a 10 mL-sample vial
with Teflon-sealed screwcap, and stirred for 5 min at room temperature. A heterocycle (0.50 mmol, 1.0 equiv) and
1 (113.1 mg, 2.0 equiv) were then added, and the cap was applied to seal the vial. The vial was stirred at 110 °C
for 4 h. After the reaction mixture was cooled to room temperature, the pinacol (236 mg, 2.0 mmol) in THF (2.0
mL) was added and stirred for 1.5 h at room temperature under N,. The crude mixture was filtered through a pad
of Celite eluting with AcOEt. The filtrate was concentrated in vacuo and analyzed by 'HNMR using
1,2-dichloroethane as an internal standard. The crude mixture was concentrated under reduced pressure again, and
purified by flash column chromatography over silica gel eluting with Hexane/AcOEt solution. The filtrate was

concentrated in vacuo to give a pure borylated product.

Method B: Procedure for the Ir-Catalyzed Borylation of Arenes Using 1

In a glovebox, [Ir(cod)(OMe)], (33.1 mg, 0.050 mmol, 0.10 equiv), ICy*HCI (26.2 mg, 0.10 mmol, 0.20 equiv),
NaO'Bu (19.2 mg, 0.20 mmol, 0.40 equiv) and benzene (1.0 mL) were added to a 10 mL-sample vial with
Teflon-sealed screwcap, and stirred for 5 min at room temperature. 1 (113.1 mg, 0.10 mmol, 2.0 equiv) was then
added, and the cap was applied to seal the vial. The vial was stirred at 110 °C for 18 h. After the reaction mixture
was cooled to room temperature, the pinacol (236 mg, 2.0 mmol) in THF (2.0 mL) was added and stirred for 1.5 h
at room temperature under N,. The crude mixture was filtered through a pad of Celite eluting with an internal
standard. The crude

mixture was concentrated under reduced pressure again, and purified by flash column chromatography over silica

gel eluting with Hexane/AcOEt solution. The filtrate was concentrated in vacuo to give a pure borylated product.

1.4.4 A procedure for the Gram Scale Synthesis of 2-Borylated 10

In a glovebox, [Ir(cod)(OMe)], (91.0 mg, 0.138 mmol, 0.025 equiv), ICy<HCI (73.8 mg, 0.275 mmol, 0.050
equiv), NaO'Bu (52.8 mg, 0.55 mmol, 0.10 equiv) and methylcyclohexane (11.0 mL) were added to a 200
mL-sample vial with Teflon-sealed screwcap, and stirred for 5 min at room temperature. 10 (1.00 g, 5.50 mmol,
1.0 equiv) and 1 (1.24g, 11.0 mmol, 2.0 equiv) were then added, and the cap was applied to seal the vial. The vial
was stirred at 110 °C for 24 h. After the reaction mixture was cooled to room temperature, pinacol (2.57 g, 22.0
mmol, 4.0 equiv) in THF (16 mL) was added and stirred for 1.5 h at room temperature under N,. The crude
mixture was filtered through a pad of Celite eluting with AcOEt. The filtrate was concentrated in vacuo and
analyzed by "HNMR using 1,2-dichloroethane as an internal standard. The crude mixture was concentrated under
reduced pressure again, and purified by flash column chromatography over silica gel eluting with Hexane/AcOEt

(40/1) solution. The filtrate was concentrated in vacuo to give 10-B as a white solid (1.25 g, 74%).
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1.4.5 Spectroscopic Data for Products
1-Methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole (2-B). [CAS: 596819-10-2]

N\ 0
Method A was used. R¢ 0.14 (Hexane/EtOAc =20/1). White solid (83 mg, 65%).
'H NMR (CgDg, 399.78 MHz): & 1.12 (s, 12H), 3.69 (s, 3H), 7.13 (d, J = 7.8 Hz, 2H), 7.27 (td, J = 0.9, 7.8 Hz,
1H), 7.57 (s, 1H), 7.68-7.70 (m, 1H).
'H NMR (CDCl3, 399.78 MHz): 51.37 (s, 12H), 3.98 (s, 3H), 7.07-7.10 (m, 1H), 7.14 (s, 1H), 7.24-7.28 (m, 1H),
7.35(d, J = 8.2 Hz, 1H), 7.64 (d, J = 8.2 Hz, 1H).
B3C NMR (CgDs, 100.53 MHz): § 24.9, 32.1, 83.6, 110.1, 115.6, 119.9, 122.2, 123.6, 128.8, 140.9.

HRMS (El): Calcd for C;5H20BNO, 257.1587, Found 257.1585.

'H NMR spectroscopic data was in agreement with the reported value.*

5-Methoxy-1-methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole (4-B). [CAS: 1256360-41-4]

MeO 0
N o
\
Method A was used. R¢ 0.057 (Hexane/EtOAc = 40/1). White solid (69 mg, 48%).
'H NMR (CgDg, 399.78 MHz): & 1.13 (s, 12H), 3.45 (s, 3H), 3.68 (s, 3H), 6.99 (d, J = 9.2 Hz, 1H), 7.08 (d, J = 2.6
Hz, 1H), 7.19 (d, J = 2.6 Hz, 1H), 7.56 (s, 1H).
3C NMR (C¢Ds, 100.53 MHz): & 24.9, 30.1, 32.2, 55.2, 83.6, 102.4, 110.9, 114.9, 115.4, 136.53, 154.9.

HRMS (El): Calcd for C16H,,BNO3 287.1693, Found 257.1695.

'H NMR spectroscopic data was in agreement with the reported value®.

5-Fluoro-1-methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole (5-B). [CAS: 1683582-67-3]

N\ o]
Method A was used. R; 0.085 (Hexane/EtOAc = 40/1). White solid (103 mg, 75%).
'H NMR (CgDs, 399.78 MHz):  1.10 (s, 12H), 3.57 (s, 3H), 6.79 (dd, J = 4.1, 9.2 Hz, 1H), 7.00 (dt, J = 2.3, 9.2
Hz, 1H), 7.28 (dd, J = 2.3, 9.6 Hz, 1H), 7.36 (s, 1H).
3C NMR (C¢Ds, 100.53 MHz): & 24.8, 32.2, 83.7, 106.3 (d, J = 23 Hz), 110.8 (d, J = 9.5 Hz), 112.2 (d, J = 27 Hz),
115.1 (d, J= 4.8 Hz), 128.7 (d, J = 9.5 Hz), 137.5, 158.5 (d, J = 234 Hz).
HRMS (EI): Calcd for C15H,,BFNO, 276.1568, Found 276.1570.

'H NMR spectroscopic data was in agreement with the reported value®.
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5-Chloro-1-methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole (6-B).

CImB:Oi

N\ 0

Method A was used. After purification by flush column chromatography over silica gel, a mixture of a borylated
product and 6 were obtained (6-B: 66%, 6: 22%; isolated yields). GC/MS analysis revealed the existence of 6-B
and 6; 6-B had an m/z of 291 (M"), and 6 had an m/z of 165 (M"). The identity and ratio of each of these was
determined by the obtained the ‘HNMR spectrum of a mixture. The resonances specific to each isomer are as
follows: *H NMR (CgDg, 399.78 MHz): & 0.454 (s, 3H, 6), 3.52 (s, 3H, 6-B).

R¢ 0.086 (Hexane/EtOAc = 40/1). White solid (6-B = 96 mg). Mp = 111 °C.

'H NMR (CgDg, 399.78 MHz): & 1.10 (s, 12H), 3.52 (s, 3H), 6.76 (d, 1H, J = 8.8 Hz), 7.23 (dd, J = 2.0, 8.7 Hz,
1H), 7.33 (s, 1H), 7.60 (d, J = 1.9 Hz, 1H).

BC NMR (CsDe, 100.53 MHz): 6 24.8, 32.1, 83.8, 111.1, 114.8, 121.4, 123.9, 125.7, 129.5, 139.0.

IR (ATR): 2977 w, 2927 w, 2361 m, 2339 w, 1735 w, 1649 w, 1558 w, 1526 m, 1438 w, 1361 s, 1306 s, 1264 m,
1208 w, 1137 s, 1106 m, 1077 m, 1030 m, 974 w, 949 w, 866 m, 849 s, 805 m, 780 w, 732 w, 692 w, 671m.

MS m/z (% relative intensity): 293 (32), 292 (24), 291 (M*, 100), 290 (25), 218 (12), 209 (18), 208 (17), 207 (10),
206 (31), 205 (12), 193 (12), 192 (21), 191 (35), 190 (22).

HRMS (EI): Calcd for C45H9BCINO, 291.1197, Found 291.1204.

5-Bromo-1-methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole (7-B) [CAS: 1192037-87-8]
and 1-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole (7-B’). [CAS: 837392-62-8]

Br i%@

7-B (50% 7-B' (6%)
Method A was used. After purification by flush column chromatography over silica gel, a mixture of two
borylated products and 7 were obtained (7-B: 50%, 7-B’: 6%, 7: 20%; isolated yields). GC/MS analysis revealed
the existence of two borylated products and 7; 7-B had an m/z of 335 (M), 7-B’ had an m/z of 257 (M"), and 7
had an m/z of 209 (M"). The identity and ratio of each of these was determined by the obtained the "HNMR
spectrum of a mixture. The resonances specific to each isomer are as follws: '"H NMR (C¢Dg, 399.78 MHz): 5 2.74
(s,3H, 7), 3.50 (s, 3H, 7-B), 3.69 (s, 3H, 7-B’).
MS m/z (% relative intensity) 7-B: 338 (16), 337 (99), 336 (39), 335 (M", 100), 334 (23), 255 (15), 253 (15), 252
(25), 251 (11), 250 (22), 237 (24), 236 (24), 235 (27), 234 (14), 183 (11), 156 (10).
7-B’: 258 (18), 257 (M*, 100), 256 (25), 184 (21), 175 (21), 172 (31), 158 (15), 157 (36), 156 (25).
HRMS (EI) 7-B: Calcd for C15H19BBrNO, 335.0692, Found 335.0689.
7-B’: Calcd for C5sH,,BNO, 257.1587, Found 257.1583.

'H NMR spectroscopic data was in agreement with the reported value.*®
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1,4-Dimethyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole (8-B).

N o
\

Method A was used. Rs 0.14 (Hexane/EtOAc = 40/1). White solid (69 mg, 51%). Mp = 151 °C.

'H NMR (CgDg, 399.78 MHz): & 1.14 (s, 12H), 2.51 (s, 3H), 3.71 (s, 3H), 6.97 (d, J = 7.4 Hz, 1H), 7.04 (d, J = 8.2
Hz, 1H), 7.25 (t, J = 8.2 Hz, 1H), 7.64 (s, 1H).

BC NMR (CsDe, 100.53 MHz): 6 18.8, 24.9, 32.3, 83.6, 107.9, 114.3, 120.1, 124.0, 128.8, 131.4, 140.8.

IR (ATR): 2975 w, 2921 w, 2361 w, 1606 w, 1580 w, 1522 m, 1496 w, 1467 w, 1383 m, 1349 w, 1317 m, 1293 m,
1258 m, 1239 m, 1216 w, 1139 m, 1111 w, 1070 m, 964 w, 858 m, 827 w, 805 w, 770m , 739 m, 688 m, 670 w.
MS m/z (% relative intensity): 272 (18), 271 (M", 100), 270 (25), 198 (16), 189 (29), 188 (11), 172 (10), 171 (29),
170 (24).

HRMS (EI): Calcd for C1gH»,BNO, 271.1744, Found 271.17430.

2-(Benzo[b]thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (9-B). [CAS : 376584-76-8]

QP
s o

Method A was used. R¢ 0.086 (Hexane/EtOAc = 40/1). White solid (122 mg, 94%).

'H NMR (CgDg, 399.78 MHz): & 1.10 (s, 12H), 7.01-7.09 (m, 2H), 7.54-7.58 (m, 2H), 8.06 (s, 1H).
'H NMR (CDCls, 399.78 MHz): 5 1.38 (s, 12H), 7.35-7.39 (m, 2H), 7.85-7.92 (m, 3H).

3C NMR (C¢Ds, 100.53 MHz): & 24.8, 84.3, 124.4, 124.7, 122.9, 125.6, 135.3, 141.0, 144.4.
HRMS (EI): Calcd for C4H,7BO,S 260.1042, Found 260.1040.

'H NMR spectroscopic data was in agreement with the reported value.*

2-(5-Chloro-3-methylbenzo[b]thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (10-B).
[CAS : 1809298-96-1]

Cl
s o

Method A was used. Rs 0.22 (Hexane/EtOAc = 40/1). White solid (140 mg, 91%).

'H NMR (CgDg, 399.78 MHz): § 1.07 (s, 12H), 2.51 (s, 3H), 7.04 (dd, J = 1.8, 8.7 Hz, 1H), 7.18 (d, J = 8.7 Hz,
1H), 7.63 (d, J = 1.8 Hz, 1H).

BC NMR (CsDe, 100.53 MHz): 6 14.0, 24.8, 84.1, 122.7, 124.0, 126.1, 130.5, 141.9, 142.9, 143.4.

HRMS (EI): Calcd for C;5sH;sBCIO,S 308.0809, Found 308.0811.

'H NMR spectroscopic data was in agreement with the reported value.**
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2-(Benzofuran-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (11-B). [CAS: 402503-13-3]

Jd Lo

Method A was used. R¢ 0.057 (Hexane/EtOAc = 40/1). White solid (79 mg, 65%).

'H NMR (C¢Ds, 399.78 MHz): & 1.08 (s, 12H), 6.98-7.08 (m, 2H), 7.34-7.36 (m, 1H), 7.40-7.42 (m, 1H), 7.48 (d,
J=0.92 Hz, 1H).

'H NMR (CDCl3, 399.78 MHz): & 1.39 (s, 12H), 7.23 (t, J = 7.8 Hz, 1H), 7.34 (td, 0.9, J = 8.2 Hz, 1H), 7.40 (s,
1H), 7.57 (d, J = 8.2 Hz, 1H), 7.63 (1H, J = 7.8 Hz, 1H).

BC NMR (CgDs, 100.53 MHz): 624.8, 84.4, 112.1, 120.1, 122.2, 123.0, 126.3, 158.3. One carbon peak is
overlapped with solvent peaks.

HRMS (EI): Calcd for C14H;BO5 244.1271, Found 244.1276.

'H NMR spectroscopic data was in agreement with the reported value.*

1-Methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrrole (12-B). [CAS : 850567-47-4]

(0]

Method B was used except that the reaction was conducted in N-methyl pyrrole (1.0 mL).

R¢ 0.14 (Hexane/EtOAc = 40/1). White solid (52 mg, 50%).

'H NMR (CgDe, 399.78 MHz): & 1.11 (s, 12H), 3.52 (s, 3H), 6.30 (dd, J = 1.4, 2.3 Hz, 1H), 7.22 (t, J = 1.8 Hz,
1H), 7.33 (dd, J = 1.4, 2.3 Hz, 1H).

B3C NMR (Cg¢Dg, 100.53 MHz): & 24.9, 36.3, 83.0, 109.2, 123.4. One carbon peak is overlapped with solvent
peaks.

HRMS (EI): Calcd for C;;H1sBNO, 207.1431, Found 207.1431.

'H NMR spectroscopic data was in agreement with the reported value®.

4,4,55-Tetramethyl-2-(5-methylthiophen-2-yl)-1,3,2-dioxaborolane (13-B). [CAS: 476004-80-5]

g
<8 jf
(0]
Method A was used. Rs 0.14 (Hexane/EtOAc = 40/1). Colorless oil (108 mg, 96%).
'H NMR (CgDg, 399.78 MHz): & 1.09 (s, 12H), 2.11 (s, 3H), 6.62 (d, J = 3.3 Hz, 1H), 7.8 (d, J = 3.5 Hz, 1H).
B3C NMR (C¢Ds, 100.53 MHz): 8 15.1, 24.9, 83.9, 127.5, 138.4, 147.8.
HRMS (El): Calcd for Cy;H1,BO5S 208.1271, Found 208.1272.

'H NMR spectroscopic data was in agreement with the reported value®.
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2-(5-Methoxythiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (14-B). [CAS : 596819-12-4]

MeO/Q\B\/Ci‘f
o]

Method A was used. R¢ 0.14 (Hexane/EtOAc = 40/1). Colorless oil (109 mg, 91%).

'H NMR (C¢Dg, 399.78 MHz): & 1.09 (s, 12H), 3.24 (s, 3H), 6.07 (d, J = 4.0 Hz, 1H), 7.62 (d, J = 3.9 Hz, 1H).
'H NMR (CDCls, 399.78 MHz): § 1.32 (s, 12H), 3.92 (s, 3H), 6.30 (d, J = 3.8 Hz, 1H), 7.33 (d, J = 3.8 Hz, 1H).
3C NMR (C¢Ds, 100.53 MHz): & 24.9, 59.7, 83.8, 106.4, 137.2, 173.5.

HRMS (EI): Calcd for C15H26B,0,4S 240.0991, Found 240.0994.

'H NMR spectroscopic data was in agreement with the reported value®.

4,4,5,5-Tetramethyl-2-(5-methylfuran-2-yl)-1,3,2-dioxaborolane (15-B). [CAS : 338998-93-9]

/Q\B\/i\f
0

Method A was used. R¢ 0.028 (Hexane/EtOAc = 40/1). Colorless oil (71 mg, 68%).

'H NMR (CgDg, 399.78 MHz): & 1.09 (s, 12H), 1.99 (s, 3H), 5.81 (d, J = 2.3 Hz, 1H), 7.22 (d, J = 3.2 Hz, 1H).
B3C NMR (CgDs, 100.53 MHz): § 13.6, 24.8, 83.7, 107.2, 125.4, 157.6.

HRMS (EI): Calcd for C;;H;7,BO3 208.1271, Found 208.1270.

'H NMR spectroscopic data was in agreement with the reported value.*

4,4,55-Tetramethyl-2-(thiophen-2-yl)-1,3,2-dioxaborolane

and 2,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene.

Method A was used. The product was obtained as a mixture of mono and diborylated thiophenes. It was possible
to purify two products by flush column chromatography over silica gel.
4,4,55-Tetramethyl-2-(thiophen-2-yl)-1,3,2-dioxaborolane (16-B). [CAS: 193978-23-3]

ety

Rf 0.22 (Hexane/EtOAc = 40/1). White solid (41 mg, 39%).

'H NMR (CsDe, 399.78 MHz): & 1.08 (s, 12H), 6.89 (m, LH), 7.18 (dd, J = 0.92, 4.6 Hz, 1H), 7.88-7.89 (m, 1H).
BC NMR (CeDg, 100.53 MHz): 6 24.8, 84.0, 128.5, 132.8, 137.7.

HRMS (EI): Calcd for C1oH15B0O,S 210.0886, Found 210.0889.

'H NMR spectroscopic data was in agreement with the reported value.™
2,5-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene (16-2B). [CAS: 175361-81-6]

ﬁi)\lB/@\B\/oi
O O

R¢ 0.14 (Hexane/EtOAc = 40/1). White solid (54 mg, 32%).
'H NMR (CgDg, 399.78 MHz): & 1.03 (s, 24H), 7.97 (s. 2H) .
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'H NMR (CDCls, 399.78 MHz):  1.34 (s, 24H), 7.66 (s, 2H).

13C NMR (CgDs, 100.53 MHz): & 24.8, 84.1, 138.6.

HRMS (EI): Calcd for C1gH26B,0,4S 336.1738, Found 336.1738.

'H NMR spectroscopic data was in agreement with the reported value.'®

4,4,55-Tetramethyl-2-phenyl-1,3,2-dioxaborolane (17-B). [CAS: 24388-23-6]

X
o
Method B was used. R 0.20 (Hexane/EtOAc = 40/1). White solid (49 mg, 48%).
'H NMR (CgDg, 399.78 MHz): & 1.11 (s, 12H), 7.21-7.22 (m, 3H), 8.15-8.17 (m, 2H).
'H NMR (CDCls, 399.78 MHz): 8 1.35 (s, 12H), 7.34-7.38 (m, 2H), 7.44-7.48 (m, 1H), 7.78-7.82 (m, 1H).

13C NMR (CDCl3, 100.53 MHz): & 25.0, 83.9, 127.8, 131.4, 134.9.
HRMS (EI): Calcd for C1,H17BO, 204.1322, Found 204.1321.

Borylation of toluene (18-B, Table 3).

Ha
. He He
-0 B
B‘ O/ \o
H, O /)_$
27% 15%

Method B was followed except that the reaction was conducted in toluene (1.0 mL). After purification by flash
column chromatography over silica gel eluting with hexane/AcOEt = 20/1, a mixture of two isomers was obtained.
GC/MS analysis revealed the two isomers of the borylated products, all of which had an m/z of 218 (M™). The
identity and ratio of each of the two isomers was determined by comparing the ‘HNMR spectrum of the product
mixture with those reported in the literature.”® The resonances specific to each isomer are as follows: 'H NMR
(CDCls3, 399.78 MHz): 7.60-7.64 ppm (m, 2H, meta isomer , H, and Hy), 7.70 ppm (d, J = 7.8 Hz, 2H, para

isomer, H,).
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Borylation of anisole (19-B, Table 3).

OMe
OMe
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+ Hb Hb
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Method B was followed except that the reaction was conducted in anisole (1.0 mL). After purification by flash
column chromatography over silica gel eluting with hexane/AcOEt = 20/1, a mixture of two isomers was obtained.
GC/MS analysis revealed the two isomers of the borylated products, all of which had an m/z of 232 (M"). The
identity and ratio of each of the two isomers was determined by comparing the ‘HNMR spectrum of the product
mixture with those reported in the literature.”® The resonances specific to each isomer are as follows: *H NMR
(CDCl3, 399.78 MHz): 7.01 ppm (ddd, J = 0.8, 2.8, 8.0 Hz, 1H, meta isomer, H,), 7.75 ppm (d, J = 8.2 Hz, 2H,

para isomer, Hy).
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Borylation of trifuluoromethylbenzene (20-B, Table 3).

CF3
CFs Ha Ha
Hy
O +
~ B

B N
: Q" o
o %

37% 12%

Method B was followed except that the reaction was conducted in trifluoromethylbenzene (1.0 mL). After
purification by flash column chromatography over silica gel eluting with hexane/AcOEt = 40/1, a mixture of two
isomers was obtained. GC/MS analysis revealed the two isomers of the borylated products, all of which had an
m/z of 272 (M"). The identity and ratio of each of the two isomers was determined by comparing the 'HNMR
spectrum of the product mixture with those reported in the literature.?* The resonances specific to each isomer are
as follows: *H NMR (CgDs, 399.78 MHZz): 7.96 (d, J = 8.2 Hz, 1H, para isomer, H,), 8.46 (s, 1H, meta isomer,

Hp).
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Hp

0.63

1080~
1.067

Method B was followed except that the reaction was conducted in 1,3-dichlorobenzene (1.0 mL).
White solid (42 mg, 31%).

'H NMR (CDCls, 399.78 MHz): 8 1.34 (s, 12H), 7.43 (t, J = 2.2 Hz, 1H), 7.64 (d, J = 2.3 Hz, 2H).
BC NMR (CDCls, 100.53 MHz): 6 25.0, 84.7, 131.2, 132.9, 134.9.

HRMS (EI): Calcd for C1,H1sBCl,0, 272.0542, Found 272.0540.

4,4,5,5-Tetramethyl-2-(naphthalen-2-yl)-1,3,2-dioxaborolane (22-B). [CAS : 256652-04-7]

In a glovebox, [Ir(cod)(OMe)], (33.1 mg, 0.050 mmol, 0.10 equiv), ICy*HCI (26.2 mg, 0.10 mmol, 0.20 equiv),
NaO'Bu (19.2 mg, 0.20 mmol, 0.40 equiv) and methylcyclohexane (1.0 mL) were added to a 10 mL-sample vial

with Teflon-sealed screwcap, and stirred for 5 min at room temperature. A naphthalene (384.1 mg, 3.0 mmol, 6.0

equiv) and 1 (113.1 mg, 2.0 equiv) were then added, and the cap was applied to seal the vial. The vial was stirred

at 110 °C for 4 h. After the reaction mixture was cooled to room temperature, the pinacol (236 mg, 2.0 mmol) in

THF (2.0 mL) was added and stirred for 1.5 h at room temperature under N,. The crude mixture was filtered

26



through a pad of Celite eluting with AcOEt. The filtrate was concentrated in vacuo and analyzed by *HNMR using
1,2-dichloroethane as an internal standard. The crude mixture was concentrated under reduced pressure again, and
purified by flash column chromatography over silica gel eluting with Hexane/AcOEt (40/1) solution. The filtrate
was concentrated in vacuo to give a pure borylated product as a white solid (63.5 mg, 50%).

R¢ 0.17 (Hexane/EtOAc = 40/1). White solid (64 mg, 50%).

'H NMR (C¢Ds, 399.78 MHz): & 1.16 (s, 12H), 7.19-7.24 (m, 2H), 7.6 (d, J = 8.2 Hz, 1H), 7.69 (t, J = 18.3, 18.3
Hz, 2H), 8.23 (d, J = 7.3 Hz, 1H), 8.75 (s, 1H).

'H NMR (CDCl3, 399.78 MHz): & 1.40 (s, 12H), 7.47-7.53 (m, 2H), 7.82-7.83 (m, 3H), 7.89 (d, J = 7.8 Hz, 1H),
8.37 (s, 1H).

3C NMR (CDCls, 100.53 MHz): & 25.0, 84.0, 125.9, 127.0, 127.8, 128.7, 130.5, 132.9, 135.1, 136.3. One carbon
peak is overlapped with solvent peaks.

HRMS (EI): Calcd for C1gH19BO, 254.1478, Found 254.1482.

'H NMR spectroscopic data was in agreement with the reported value.'’

2-(5-Chloro-3-methylbenzo[b]thiophen-2-yl)-5,5-dimethyl-1,3,2-dioxaborinane (10-Bnep).

Cl
ws’ok
\
S (0]

Method A was followed except that after the reaction mixture was cooled to room temperature, the neopentyl
glycol (208 mg, 2.0 mmol) in THF (2.0 mL) was added and stirred for 1.5 h at room temperature under No.

R¢ 0.085 (Hexane/EtOAc = 40/1). White Solid (130 mg, 88%). Mp = 119 °C.

'H NMR (C¢Ds, 399.78 MHz): & 0.53 (s, 6H), 2.50 (s, 3H), 3.32 (s, 4H), 7.08 (dd, J = 1.8, 7.8 Hz, 1H), 7.27 (d, J
= 7.3 Hz, 1H), 7.69 (d, J = 2.3 Hz, 1H).

B3C NMR (C¢Ds, 100.53 MHz): 8 13.7, 21.5, 31.5, 72.2, 122.6, 124.0, 125.7, 130.3, 141.4, 141.6, 143.5.

IR (ATR): 2964 w, 2936 w, 1895 w, 1580 w, 1555 w, 1525 m, 1475 w, 1438 w, 1415 m, 1375 w, 1341 m, 1290 s,
1272's, 1244 s, 1149 w, 1117 s, 1074 m, 1028 w, 977 w, 933 w, 916 w, 894 w, 865 w, 850 m, 809 s, 729 w, 697 w,
669 m.

MS m/z (% relative intensity) : 296 (38), 295 (27), 294 (M", 100), 293 (30), 260 (12), 259 (67), 258 (21), 208 (15),
207 (14), 181 (14), 173 (15).

HRMS (EI): Calcd for C14H;sBCIO,S 294.0653, Found 294.0653.

2-(5-Chloro-3-methylbenzo[b]thiophen-2-yl)-4,4,6-trimethyl-1,3,2-dioxaborinane (10-Bmep).

Cl 0
s L

Method A was followed except that after the reaction mixture was cooled to room temperature, the

2-methylpentane-2,4-diol (236 mg, 2.0 mmol) in THF (2.0 mL) was added and stirred for 1.5 h at room

temperature under N,.

R¢ 0.23 (Hexane/EtOAc = 40/1). Colorless oil (134 mg, 87%).

'H NMR (C¢Ds, 399.78 MHz): & 1.00 (s, 3H), 1.06 (d, J = 6.4 Hz, 3H), 1.12-1.14 (m, 5H), 2.57 (s, 3H), 3.87-3.95
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(m, 1H), 7.08 (dd, J = 1.8, 8.5 Hz, 1H), 7.28 (d, J = 8.4 Hz, 1H), 7.70 (d, J = 1.8 Hz, 1H).

BC NMR (CsDe, 100.53 MH2z): 6 13.6, 23.0, 28.0, 31.1, 45.7, 65.5, 71.7, 122.5, 123.9, 125.6, 130.3, 141.1, 141.3,
143.5.

IR (ATR): 2973 w, 2914 w, 2360 w, 2340 w, 1737 w, 1581 w, 1554 w, 1523 w, 1440 w, 1396 m, 1379 w, 1344 m,
1319w, 1286's, 12655, 1243 s, 1206 m, 1160 m, 1109 m, 1077 m, 1059 w, 1027 w, 980 w, 963 w, 937 w, 901 w,
864 w, 851 w, 823 w, 799 m, 768 m, 730 w, 692 w, 972 m.

MS m/z (% relative intensity) : 310 (38), 309 (26), 308 (M", 100), 307 (24), 254 (13), 252 (35), 251 (13), 237 (16),
225 (11), 211 (18), 210 (42), 209 (57), 208 (97), 207 (24), 182 (11), 181 (18), 173 (26), 83 (21), 55 (10), 43 (26).
HRMS (EI): Calcd for C;5H:sBCIO,S 308.0809, Found 308.0804.

2-(5-Chloro-3-methylbenzo[b]thiophen-2-yl)-2,3-dihydro-1H-naphtho[1,8-de][1,3,2]diazaborinine
(10-Bdan).

; =)
CE\%
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Method A was followed except that after the reaction mixture was cooled to room temperature, the
1,8-naphthalenediamine (316 mg, 2.0 mmol) in THF (2.0 mL) was added and stirred for 1.5 h at room temperature
under No.

R¢ 0.29 (Hexane/EtOAc = 20/1). White solid (131 mg, 75%). Mp =173 °C.

'H NMR (CgDs, 399.78 MHz): & 1.97 (s, 3H), 5.32 (s, 2H), 5.92 (dd, J = 0.92, 7.3 Hz, 2H), 7.02-7.15 (m, 5H),
7.33(d, J=8.2 Hz, 1H). 7.65 (d, J = 1.8 Hz, 1H).

BC NMR (CsDs, 100.53 MHz): 6 13.9, 106.8, 118.8, 120.6, 122.2, 123.8, 125.5, 130.9, 136.9, 137.0, 140.3, 140.8,
143.0.

IR (ATR): 3428 w, 3415 w, 3049 w, 2360 w, 1734 w, 1627 w, 1596 s, 1554 w, 1528 m, 1497 m, 1437 w, 1405 m,
1371 m, 1337 m, 1281 w, 1195 m, 1164 m, 1099 m, 1074 m, 1035 w, 935 w, 859 m, 814 m, 798 m, 751 s, 660 s.
MS m/z (% relative intensity): 350 (42), 349 (32), 348 (M", 100), 347 (29), 174 (15), 173 (14), 166 (38), 165 (21).
HRMS (EI): Calcd for C19H14BCIN,S348.0659, Found 348.0662.
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Chapter 2
Palladium-Catalyzed Two-Fold Borylation Using Diisopropylaminoborane
for the Synthesis of Cyclic Diarylborinic Acids

2.1 Introduction

The development of synthetic methods for m-conjugated molecules is essential for the creation of new
functional organic materials, such as light emitting diodes, transistors and solar cells." The annulative two-fold
C(sp?)-C(sp?) cross-coupling reactions between organodimetallic reagents and dilalides is one of the powerful
methods for this purpose (Scheme 1a). Among the reported organodimetallic reagents,” cyclic diarylborinic acids
13 are useful, because of its low toxicity and stability towards air and moisture. However, the potential utility of 1
has been limited, because all of the reported synthetic methods for 1 require the use of organolithium reagents 2.2
This makes it impossible to synthesize 1 bearing various functional groups (Scheme 1b).

Herein, the Pd-catalyzed annulative two-fold C(sp?)-C(sp?) cross-coupling reactions between dilalides 3 and
diisopropylaminoborane 4 was investigated (Scheme 1b). However, although many catalytic borylation reactions
of aryl halides with 4 have been reported, no reaction using both of two B-H bonds in 4 have been reported even
in the presence of an excess amount of the aryl halides (Scheme 2a).” This suggests that the second B-H bond of 4
has the low reactivity. Nevertheless, it was expected that the second borylation would be facilitated in my

intramolecular system (Scheme 2b).

Scheme 1. Cyclic Diarylborinic Acids 1 and Methods for its Preparation

(a) Annulative two-fold cross-coupling

o
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Scheme 2. Working Hypothesis

(a) Available knowledge
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(b) Working hypothesis

cat. Pd
intramolecular
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2.2 Results and Discussion

To test the hypothesis (Scheme 2b), the author initially examined the reaction of ditriflate 3a with 4 (2.0 equiv)
in the presence of a Pd catalyst at 65 °C for 15 h (Table 1). The yield of borylated product 1a was estimated by *H
NMR spectroscopy after the treatment with methanol and an aqueous solution of NH,CI. A brief screening of the
ligands revealed that a bisphosphine with a diphenyl ether backbone (i.e., DPEPhos) displayed the highest activity,
giving the cyclic boron 1a in >99% NMR vyield (Entry 1). The product 1a could be isolated in 76% yield by
column chromatography. Unfortunately, however, reactions under these optimized conditions using DPEPhos
failed to promote the borylation of dibromide 3b (Entry 2). Biarylphosphine ligand, XPhos afforded product 1b in
6% yield (Entry 3). Furthermore, the addition of KI greatly improved the yield (Entry 4).*" As the results of
examining several biaryl phosphine ligands in the presence of KI, the simplest CyJohnPhos® was found to be the
best ligand to form 1b in 97% yield (Entry 6).
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Table 1. Optimization of the Reaction Conditions

Pd(OAC)2 (1 0 mOI%) Aqueous (@)
H. _H )
0 . B Ligand (20 mol%) Work Up @[ D\
+ > >
N Et;N (5.0 equiv) B R
X X
4

Additive (50 mol%) OH
THF, 65 °C, 15 h

3a: X=0Tf,R=H 1a:R=H
3b: X =Br, R=CF;4 (2.0 equiv) 1b: R = CF,4

Entry  Substrate Ligand Additive NMR yield

1 3a DPEPhos none >99 (76)°

2 3b DPEPhos none 0

3 3b XPhos none 6

4 3b XPhos Kl 68

5 3b RuPhos Kl 60

6 3b CyJohnPhos  KI 97 (75)°

O XPhos (R'=R"="Pr)
(@) PCy2

PPh, PPh, R R' RuPhos (R' = OiPr, R" = H)
DPEPhos O CyJohnPhos (R'=R" = H)

R"
#Reaction conditions: 3a or 3b (0.50 mmol), 4 (1.0 mmol), Pd(OAc), (0.050 mmol), ligand (0.10 mmol), Et;N
(2.5 mmol), additive (0.25 mmol) in THF (2 mL) at 65 °C for 15 h. " Isolated yields are shown.

The reaction was successfully applied to the synthesis of a series of cyclic diarylborinic acids (Table 2). In
addition to diarylborinic acids bearing simple alkyl, aryl and alkoxy groups (1c-1h), those containing cyano,
chloro, ester, amide, carbamate and fluoro groups (1i-10) were all compatible with these catalytic conditions. This
highlights the synthetic advantage of my protocol over previously reported methods using organolithium
reagents.® In particular, the tolerance of an aryl chloride moiety, as shown for 1k, is notable when considering the
report that the borylation of aryl chlorides with 4 occurs using a Pd/XPhos catalyst.” My protocol also allowed the
synthesis of n-extended analogue 1p as well as diarylborinic acids containing nitrogen (1q) and sulfur (1r) tethers.
Notably, seven-membered diarylborinic acid 1s was successfully synthesized.® Although the author routinely
isolated the product after hydrolysis in the form of borinic acid 1, column chromatographic separation led to a
considerable loss of 1 in some cases (numbers in parentheses in Table 2 refer to isolated yields). However, this
issue could be easily addressed by the formation of an aminoalcohol adduct, such as 1j,” which could be isolated

by simple filtration and used directly for the subsequent two-fold cross-coupling (vide infra).
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Table 2. Scope of the Substrates®

E H. H Pd(OAc), (10 mol%) Aqueous E
Q/ \@ B~ Ligand (20 mol%) Work Up @[
R + N - 5
Y Y j/ Et;N, THF I
3

R
65°C, 15 h OH
1
(2.0 equiv)
QUL (I EIOI;
? e ?
OH OH OH OMe
1¢ 91% (74%) 1d 88% (68%) 1e 80% (58%) 1f 58% (43%)
X =Y =OTf X=Y=O0Tf X=Ys= OTf X=Y = OTf
: /C[ i : : i “CN
OH
19 >99% (75%) 1h >99% (70%) 11 96% (72%) 15 (85%)
X =Y =OTf X=Y= OTf X =Y =Br° X =Y =Br?°
o o 0 o
L, X X L
OEt NEt
B cl B 8 2 B N7 0B
e
OH OH 0 OH 0 OH
1k >99% (77%) 11 98% (81%) 1m 78% (65%) 1n >99% (72%)
X=1Y=8r X=Y=Br’ X=Y=Br X=Y=Br
00, 00, Q00 00 LD
NN e YT : i
OH OH OH OH OH
10 54% (23%) 1p 45% (26%) 1q 56% (42%) r 71% (55%) 1s 68% (37%)"
X=Y=Br X=Y=Br X=Y=Br’ X=Y=BrP X=Y=Brf

#Reaction conditions: 3 (0.50 mmol), 4 (1.0 mmol), Pd(OAc), (0.050 mmol), ligand (0.10 mmol), EtzN (2.5

mmol) in THF (2 mL) at 65 °C for 15 h. Ligand: DPEPhos for ditriflates 3c-3h; CyJohnPhos for dibromides

3i-30 and 3s; XPhos for 3p and 3r; RuPhos for 3q. *H-NMR yields are shown. Numbers in parentheses are
isolated yields. ° K1 was added. ® After the reaction, 2-aminoethanol (4.0 equiv) was added. ¢ Using 1.0 g of 3s.

As the author have seen so far, the addition of Kl is essential for an efficient reaction, when dibromides were
used as substrates (Table 1, 2). In contrast, the cyclization proceeded effectively even in the absence of KI when
using ditriflate. A possible mechanism is shown in Scheme 3, when considering the effect of KI. Marder and Lin
reported on a mechanism for the Pd-catalyzed borylation of aromatic halides with 4 using DFT calculations.® The
initial step involves oxidative addition of phenyl boromide to Pd(0) to form the phenylpalladium bromide
intermediate. The direct reaction of this phenyl palladium bromide with 4 is energetically unfavorable. Instead, the
reaction with 4 is more favored from the cationic phenyl palladium species. The dissociation of the halide ligand
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needs to occur for an efficient transmetallation. Based on this proposal, it is believed that the role of Kl is to
convert arylpalladium boromide to the corresponding iodide. This iodide is much easier to generate a cationic
palladium species. This cationic phenyl palladium rapidly reacts with 4 to form the desired borylated product.
This mechanistic proposal also explains why KI is not required for the reaction of aromatic triflate. Because
triflate is a better leaving group than bromide, a cationic palladium is easily generated without the aid of KI. In
this catalytic synthesis of cyclic diarylborinic acids, this borylation takes place twice.

Scheme 3. Plausible Mechanism

EtsN*HX ™ —Q

Br
Pd(0)
Et3N + X_

: BH-NPr, H—Pd Br—Pd@

_qt
H—BH-N'Pr,

o @ ) @

-
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My catalytic protocol can be readily performed to the gram scale synthesis of cyclic diarylborinic acids
(Scheme 4, 3i—1i). The obtained functionalized boracycle can then serve as a 1,5-dianion equivalent in
annulative two-fold cross-coupling with dihalides under a Pd catalysis, and thus allows access to a diverse range
of m-extended heteroarenes (Scheme 4).* For example, cross-coupling of 1i with 1,2-dibromo(hetero)arenes
5a-5d enabled the efficient synthesis of the tribenzo[b,d,floxepine skeleton in 6a-6¢ or the heteroarene-fused
analogue 6d. This structural motif is found in antidepressant drugs® and natural products.’® In addition,
cross-coupling of 1i with 1,2-dibromocyclopentene 5e proceeded efficiently to afford corresponding
dibenzo[b,floxepin derivative 6e. n-Extended xanthene derivative 6f was also assembled by cross-coupling of 1i
with 1,1-dibromoalkene 5f, valuable finding with respect to potential application in the synthesis of molecular
probes for aggregation induced emission.™ Moreover, a larger ring system can also be accessible by the reaction
of 1i with dibromobiaryl 5g and 5h, which led to the formation of a tetrabenzo[b,d,f,h]Joxonine skeleton 6g and
6h." Cross-coupling with 1,8-dibromonaphthalene 5i affored dibenzo[b,g]naphtho[1,8-deJoxocine framework 6i,
for which a synthetic method has not previously been reported. This modular assembly of six- to nine-membered
n systems by simply changing the dihalide coupling partners highlights the synthetic utility of the cyclic
diarylborinic acids.
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Scheme 4. Scalability for the Synthesis of Cyclic Diarylborinic Acids and Pd-Catalyzed Annulative Two-Fold

Suzuki-Miyaura Coupling for the Synthesis of Benzannulated Heterocycles®

O ()
O O CN CN
Br. Br 4
o 2/ \; cat. Pd(OAc),
O O S 5d cat. CyJohnPhos
N < 6a 75%
/\ ‘ Br 6b 68%
© O O
CN

5 5
6d 50% 0 ame
Br
5 B CN

o i
CN i

‘ 73% (1.38 g) 6c 71%

o 5g, 5h
990 o
CN

| oN ° oN

6g 67%

6i 48% (52%)P
6h 51%

2 Reaction conditions: 1i (0.25 mmol), 5 (0.50 mmol), Pd,(dba); (0.0038 mmol), ‘BusPHBF, (0.0090 mmol),
Cs,CO3 (0.83 mmol), H,O (2.5 mmol) in "AmOH (3 mL) at 100 °C for 24-48 h. Yields of isolated products are

shown. ® Run on a 1.0 mmol scale.

Importantly, this annulative two-fold cross-coupling can be applied directly from dihalide 3 and 4 without the
need for column chromatographic isolation of borinic acid 1 (Scheme 5). The Pd-catalyzed reaction of 3i and 4,
followed by the treatment with 2-aminoethanol, led to the formation of borinate 1j, which could be isolated by
simple filtration. This product was used directly in a subsequent annulation with 5a to give 6a in 51% overall

yield.

Scheme 5. Pd-Catalyzed Two-Fold Suzuki-Miyaura Coupling Using Cyclic Vorinate 1j

As in © cat. Pdy(dba), o
O Table 2 cat. ‘BuzP-HBF, CN
Q CN————> ~BC CN -
O NH; Br Br
Br Br -/ @

6a 51%
no column chromatography 5a (for two steps)
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In addition to their use as a 1,5-dianion equivalent, cyclic diarylborinic acid derivatives can also serve as useful
precursors to functional organoboron compounds. For example, the annulative reaction of ditriflate 3a with 4,
followed by addition of MesL.i instead of aqueous work up, led to the construction of 9-mesityl-9H-boraxanthene

7a, a class of fluorescent compounds that are currently attracting much attention (Scheme 6).%

Scheme 6. One-Pot Synthesis of 9-Mesityl-9H-boraxanthene 7a

0]
cat. Pd(OAc), @: D
Q/ \Q cat DPEPhos MesLi (5.0 equiv) . B

Et3N THF -78°Ctort, 24 h

OTf TfO 65 °C, 15 h Y \‘/

(2.0 equw)

not isolated
7a 53%

2.3 Conclusion

In summary, the author has developed the catalytic method for the synthesis of cyclic diarylborinic acids
through the two-fold annulative borylation of dihalides using both of two B-H bonds in diisopropylaminoborane.
This method allows the synthesis of cyclic diarylborinic acids bearing various functional groups, which could not
be synthesized by previously reported methods using organolithium reagents. Furthermore, cyclic diarylborinic
acids can serve as non-toxic and stable building blocks for the rapid synthesis of n-conjugated molecules through
annulative two-fold Suzuki-Miyaura cross coupling reactions with dihalides. It is expected that the unique

compound libraries given by this reaction accelerates the discovery of new functional materials.

2.4 Experimental Section

2.4.1 General Information

'H NMR and *C NMR spectra were recorded on a JEOL ECS-400 spectrometer in CDCl; or C¢Dg with
tetrachloroethane as the internal standard. Data are reported as follows: chemical shift in ppm (8), multiplicity (s =
singlet, d = doublet, t = triplet, g = quartet, m = multiplet and br = broad peak), coupling constant (Hz), and
integration. Infrared spectra (IR) were obtained using a JASCO FT/IR-4200 spectrometer; absorptions are
reported in reciprocal centimeters with the following relative intensities: s (strong), m (medium), or w (weak).
Mass spectra and high resolution mass spectra (HRMS) were obtained on a JEOL JMS-700 spectrometer.
Analytical gas chromatography (GC) was carried out on a Shimazu GC-2014 gas chromatograph, equipped with a
flame ionization detector. Melting points were determined using a Yamato melting point apparatus. UV vis
absorption spectrum was obtained on a Shimazu UV-1800 UV spectrophotometer. Column chromatography was
performed with SiO, (silicycle SilicaFlash F60 (230-400 mesh)).

2.4.2 Materials
Pd(OACc), (Wako), DPEPhos (Wako), Xantphos (Wako), 2-(dicyclohexylphosphino)-biphenyl (TCI),
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2-dicyclohexylphosphino-2°,4°,6’-triisopropylbiphenyl (Aldrich),
dicyclohexyl(2’,6’-diisopropoxy-[1,1’-biphenyl]-2-yl)phosphine (Wako), EtsN (Nacalai tesque), KI (Wako), THF
(super dehydrated, TCI), MeOH (super dehydrated, Wako), NH4CI (Nacalai tesque), MgSO, anhydrous (Nacalai
tesque), NaSO, (anhydrous, Nacalai tesque), 2-aminoethanol (TCI), Pd,dbas (Aldrich),'BusPH(BF,) (TCI),
'AmOH (TCI), 5a (TCI), 5b (TCI), 5¢ (TCI), 5d (TCI), 5e (Wako), 5g (TCI), 5h (TCI) and 5i (TCI) were
purchased from the commercial suppliers, and used as received.

3q [CAS: 87345-09-3]," 3r [CAS: 21848-84-0],"° 3s [CAS: 56667-11-9],'° 4 [CAS: 22092-92-8],*" and 5f
[CAS: 2592-73-6]" were prepared according to the literature methods.

2-(4-(tert -Butyl)-2-(((trifluoromethyl)sulfonyl)oxy)phenoxy)phenyl trifluoromethanesulfonate (3d).

H,0 OH OH
9 "BulLi KOH o
©/ TMEDA = B(OMe)3 = H202 o
\©\’< r,18h  r,5h  rt overnight ©/
THF

Tf,0

pyrldme
°C 6 h

CH.CI,

"BuLi (1.6 M in hexane, 21 mL, 33 mmol, 2.2 equiv) was slowly added to a solution of
1-(t-buty!)-4-phenoxybenzene®® (3.4 g, 15 mmol, 1.0 equiv) in THF (15 mL) at room temperature. After the
addition of N,N,N’,N’-tetramethylethylenediamine (TMEDA, 5.0 mL, 33 mmol, 2.2 equiv), the mixture was
stirred for 18 h at room temperature. B(OMe); (6.7 mL, 59 mmol, 4.0 equiv) was added and the mixture was
stirred for further 5 h. A solution of KOH (2.3 g, 41 mmol, 2.7 equiv) and 30% H,0, (5.7 mL) in H,O (19 mL)
was then added to the mixture, which was further stirred 18 h at room temperature. After the mixture was acidified
to pH 1 with 2 M HCI, the mixture was extracted with CHCl3, dried over MgSQ,. The solvent was then removed
under reduced pressure, and the residue was purified by flash column chromatography over silica gel eluting with
hexane/EtOAc solution. The collected fractions were recrystallized from hexane/CHCIl; to give
5-(t-butyl)-2-(2-hydroxyphenoxy)phenol as a pale yellow solid (1.4 g, 36%).
5-(t-Butyl)-2-(2-hydroxyphenoxy)phenol (1.3 g, 5.0 mmol, 1.0 equiv) was dissolved in a solution of dehydrated
pyridine (1.6 mL) in dehydrated CH,Cl,. To this solution, Tf,O (2.9 g, 10 mmol, 2.0 equiv) was added slowly at
0 °C. The reaction was stirred at 0 °C for 6 h. The reaction mixture was diluted with CH,Cl, and washed
sequentially with 1 M HCI, 1 M NaHCOj3, and brine. The organic layer was dried over Na,SO,, and the solvent
was removed under reduced pressure. The residue was purified by flash column chromatography over silica gel
eluting with hexane/EtOAc (40:1). The filtrate was concentrated in vacuo to give 3d as a white solid (2.3 g, 88%).
R¢0.20 (Hexane/EtOAc = 20/1). White solid (2.3 g, 88%). Mp =45 °C.

'H NMR (CDCls, 399.78 MHz): & 1.33 (s, 9H), 6.98 (d, J = 8.2 Hz, 1H), 7.01 (dd, J = 1.4, 8.2 Hz, 1H), 7.19 (td, J
= 1.8, 8.4 Hz, 1H), 7.29-7.39 (m, 4H).

BC NMR (CDCls, 150.92 MHz): 6 31.3, 34.9, 116.8 (g, J = 320.2 Hz), 119.7, 120.0, 120.6, 123.4, 124.8, 126.5,
129.4,140.2, 140.3, 145.0, 148.4, 149.5. One carbon peak (CFy3) is overlapped with other carbon peaks.

IR (ATR): 2970 w, 1604 w, 1587 w, 1495 m, 1458 w, 1420 s, 1366 w, 1302 w, 1274 m, 1246 m, 1200 s, 1167 m,
1154 m, 1134 s, 1118 m, 1096 m, 1077 m, 1042 w, 940 m, 904 m, 880 w, 859 m, 841 m, 764 m, 780 w, 760 s, 720
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w, 705 w, 669 w.

MS m/z (% relative intensity): 522 (M", 36), 509 (12), 508 (20), 507 (100), 374 (10), 256 (16), 241 (12), 240 (23),
225 (29), 57 (14).

HRMS (EI): Calcd for CigH16Fs07S, 522.0242, Found 522.0242.

Ditriflates 3a and 3c-3h were prepared according to this procedure using the corresponding diaryl ethers.

Oxybis(2,1-phenylene) bis(trifluoromethanesulfonate) (3a).

OoTf OoTf

R¢0.29 (Hexane/EtOAc = 10/1), Colorless oil (3.7 g, 75%).

'H NMR (CDCls, 399.78 MHz): & 7.03 (dd, J = 1.8, 8.3 Hz, 2H), 7.21-7.25 (m, 2H), 7.32-7.36 (m, 2H), 7.40 (dd,
J=14,8.3Hz, 2H).

IR (ATR): 2955 w, 1921 w, 1600 w, 1493 m, 1457 w, 1423 m, 1274 m, 1249 m, 1203 s, 1134 s, 1094 m, 1035 w,
940 w, 905 m, 888 m, 849 m, 793 m, 759 m, 714 w.

3C NMR (CDCls, 100.53 MHz): 5 118.8 (q, J = 321.1 Hz), 120.2, 123.6, 125.3, 129.6, 140.4, 147.9.

MS m/z (% relative intensity): 466 (M*, 41), 200 (72), 184 (100), 172 (16), 171 (26).

HRMS (EI): Calcd for C14HgF:0O+S, 465.9616, Found 465.9612.

2-(4-Methyl-2-(((trifluoromethyl)sulfonyl)oxy)phenoxy)pheny! trifluoromethanesulfonate (3c).

OTf OTf
fj °ﬁl

R¢0.29 (Hexane/EtOAc = 10/1). White solid (4.1 g, 74%). Mp =52 °C.

'H NMR (CDCl,, 399.78 MHz): § 2.39 (s, 3H), 6.93-6.99 (m, 2H), 7.14 (dd, J = 1.4, 8.3 Hz, 1H), 7.17 — 7.21 (m,
2H), 7.31 (td, = 1.4, 7.8 Hz, 1H), 7.37 (dd, J = 1.4, 8.3 Hz, 1H).

3C NMR (CDCls, 100.53 MHz): § 20.9, 118.8 (g, J = 318.2 Hz), 118.9 (q, J = 321.1 Hz), 119.6, 120.4, 1235,
123.8,124.8, 129.5, 130.2.136.1, 140.1, 140.2, 145.2, 148.4.

IR (ATR): 2934 w, 1606 w, 1509 m, 1493 m, 1457 w, 1415 s, 1267 m, 1246 m, 1206 s, 1152 m, 1134 s, 1091 s,
1035w, 1013 w, 952 m, 903 m, 879 w, 851 s, 832 s, 775 m, 760 s, 734 w, 717 w, 700 w.

MS m/z (% relative intensity): 480 (M*, 42), 347 (11), 215 (11), 214 (79), 199 (14), 198 (100), 186 (13), 185 (15).
HRMS (EI): Calcd for Cy5H1oFs0;S; 479.9772, Found 479.9769.

2-((3-(((Trifluoromethyl)sulfonyl)oxy)-[1,1'-biphenyl]-4-yl)oxy)phenyl trifluoromethanesulfonate (3e).
oTf OTf

She
R¢0.22 (Hexane/EtOAc = 20/1). White solid (5.8 g, 78%). Mp =58 °C.

'H NMR (CDCls, 399.78 MHz): & 7.10 (d, J = 8.7 Hz, 2H), 7.24 (td, J = 1.4, 7.8 Hz, 1H), 7.36 (td, J = 1.4, 7.8 Hz,
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1H), 7.40-7.42 (m, 2H), 7.45-7.49 (m, 2H), 7.52-7.55 (m, 3H), 7.58 (d, J = 2.3 Hz, 1H).

3C NMR (CDCl;, 150.92 MHz): & 118.9 (q, J = 321.3 Hz), 120.2, 120.4, 122.0, 123.6, 125.3, 127.2, 128.0, 128.4,
129.3, 129.7, 138.6, 139.2, 140.4, 140.6, 147.0, 148.0. One carbon peak (CF3) is overlapped with other carbon
peaks.

IR (ATR): 3072 w, 1603 w, 1514 w, 1487 m, 1455 w, 1421 s, 1302 w, 1277 m, 1248 m, 1206 s, 1136 s, 1094 m,
1046 w, 1025 w, 986 w, 950 w, 922 m, 894 s, 849 m, 805 s, 781 w, 762 s, 741 w, 700 m, 659 w.

MS m/z (% relative intensity): 543 (15), 542 (M", 64), 409 (10), 277 (14), 276 (72), 261 (19), 260 (100), 248 (18),
247 (21), 128 (17).

HRMS (EI): Calcd for CyH1,Fs07S; 541.9929, Found 541.9925.

2-(3-Methoxy-2-(((trifluoromethyl)sulfonyl)oxy)phenoxy)phenyl trifluoromethanesulfonate (3f).

OTf OTf

R¢0.086 (Hexane/EtOAc = 20/1). Pale yellow oil (3.2 g, 53%).

'H NMR (CDCls, 399.78 MHz): & 3.95 (s, 3H), 6.55 (dd, J = 1.4, 8.2 Hz, 1H), 6.83 (dd, J = 1.4, 8.7 Hz, 1H), 7.04
(dd, J = 1.4, 8.2 Hz, 1H), 7.20-7.26 (m, 2H), 7.33 (td, J = 1.4, 7.8 Hz, 1H), 7.39 (dd, J = 1.8, 8.2 Hz, 1H).

3C NMR (CDCls, 100.53 MHz): & 56.7, 108.4, 111.1, 118.8 (q, J = 311.5 Hz), 118.9 (g, J = 328.7 Hz), 120.5,
1235, 125.3, 128.9, 129.6, 130.1, 140.5, 147.8, 149.0, 153.3.

IR (ATR): 1912 w, 1602 w, 1493 m, 1479 m, 1459 w, 1421 s, 1297 w, 1260 m, 1204 s, 1134 s, 1097 s, 1082 m,
1034 w, 947 w, 884 s, 817 m, 780 m, 755 m, 686 w, 668 w, 657 w.

MS m/z (% relative intensity): 496 (M", 32), 364 (16), 363 (100), 230 (51), 215 (16), 214 (96), 202 (10), 187 (57).
HRMS (EI): Calcd for C15H1oFs0sS, 495.9721, Found 495.9718.

Oxybis(5-methyl-2,1-phenylene) bis(trifluoromethanesulfonate) (3g).
oTf OTf
Jonel
R¢0.37 (Hexane/EtOAc = 10/1). White solid (4.0 g, 54%). Mp =98 °C.
'H NMR (CDCls, 399.78 MHz): § 2.37 (s, 6H), 6.89 (d, J = 8.7 Hz, 2H), 7.11 (dd, J = 1.4, 8.4 Hz, 2H), 7.17 (dd, J
= 1.4 Hz, 2H).
BC NMR (CDCls, 100.53 MHz): 5 20.8, 118.8 (g, J = 320.1 Hz), 119.8, 123.7, 130.1, 135.5, 140.0, 145.7.
IR (ATR): 2936 w, 1503 m, 1415 m, 1265 m, 1246 m, 1209 s, 1135 s, 1089 s, 1011 w, 949 s, 874 m, 851 s, 817 s,
765w, 725w, 701 m.
MS m/z (% relative intensity): 494 (M*, 39), 346 (14), 229 (12), 228 (78), 213 (30), 212 (100), 200 (10), 199 (10),
198 (14), 185 (11).
HRMS (EI): Calcd for C16H1,Fs07S; 493.9929, Found 493.9931.
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4-(4-Methyl-2-(((trifluoromethyl)sulfonyl)oxy)phenoxy)-[1,1'-biphenyl]-3-yI trifluoromethanesulfonate
(3h).
oTf oTf

Q0

R¢0.37 (Hexane/EtOAc = 10/1). Colorless oil (3.1 g, 81%).

'H NMR (CDCls, 399.78 MHz): § 2.40 (s, 3H), 7.00 (d, J = 8.2 Hz, 1H), 7.04 (d, J = 8.7 Hz, 1H), 7.15-7.17 (m,
1H), 7.21 (d, J = 1.4 Hz. 1H), 7.37-7.41 (m, 1H), 7.44-7.56 (m, 6H).

3C NMR (CDCls, 150.92 MHz): & 20.9, 118.8 (q, J = 321.4 Hz), 118.9 (q, J = 321.4 Hz), 119.8, 120.4, 122.0,
123.8,127.1, 127.9, 128.3, 129.2, 130.2, 136.1, 138.6, 138.7, 140.2, 140.3, 145.3, 147.5.

IR (ATR): 3064 w, 1901 w, 1573 w, 1506 m, 1486 m, 1425 s, 1276 m, 1246 m, 1207 s, 1137 s, 1095 m, 1045 w,
1004 w, 950 m, 924 m, 855 m, 836 m, 801 w, 761 m, 698 w.

MS m/z (% relative intensity): 557 (13), 556 (M", 56), 291 (14), 290 (67), 275 (20), 274 (100), 262 (11), 261 (12),

128 (13).
HRMS (EI): Calcd for CpyH14F0+S; 556. 0085, Found 556.0082.

3-Bromo-4-(2-bromophenoxy)benzonitrile (3i). [CAS: 1553446-38-0]

Br Br
OH F K,CO, o)
+ —_—
95°C, 20 h
Br Br CN DMSO CN

K,COs (6.9 g, 50 mmol, 2.0 equiv) was added to a solution of 2-bromophenol (4.3 g, 25 mmol, 1.0 equiv) and
3-bromo-4-fluorobenzonitrile (5.0 g, 25 mmol, 1.0 equiv) in dehydrated DMSO (160 mL) and the suspension was
stirred at 95 °C in 20 h. After cooling to room temperature, water (60 mL) was added to the reaction mixture, and
the resulting mixture was extracted with EtOAc (3 x 30 mL). The combined organic extracts were washed with
brine and dried over MgSQ,. The solvent was then removed under reduced pressure, and purified by flash column
chromatography over silica gel eluting with hexane/EtOAc (10/1). The filtrate was concentrated in vacuo to give
3i as a white solid (4.8 g, 55%). The spectroscopic data of this material was in agreement with those reported in
the literature.?

Dibromides 3b, 30 and 3p were prepared according to this method.

2-Bromo-4-chloro-1-(2-iodophenoxy)benzene (3Kk).

Br N02
OH F KGO, o
+ —_—
95°C,24h
cl Br O,N cl

DMSO
Br NH, p-TsOH+H,O
Fe o NaNO,
NH,4CI KI
_—
reflux, 5 h rt, overmght
EtOH, H,0  Cl CH3CN/H,0

K,CO3 (20 g, 150 mmol, 2.0 equiv) was added to a solution of 2-bromo-4-chlorophenol (15 g, 73 mmom, 1.0
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equiv) and 1-fluoro-2-nitrobenzene (10 g, 73 mmol, 1.0 equiv) in dehydrated DMSO (250 mL) and suspension
was stirred at 95 °C for 24 h. After cooling to room temperature, water (50 mL) was added to the reaction mixture,
and the resulting mixture was extracted with EtOAc (3 x 50 mL). The combined organic extracts were washed
with brine and dried over MgSO,. The solvent was then removed under reduced pressure to give
2-bromo-4-chloro-1-(2-nitrophenoxy)benzene as a pale yellow solid.

The crude product was dissolved in EtOH (81 mL) and H,O (81 mL), and Fe powder (12 g, 220 mmol) and
NH.4CI (12 g, 220 mmol) were then added. The reaction mixture was refluxed for 5 h. After cooling to room
temperature, the mixture was filtrated through a pad of Celite and the filtrate was concentrated in vacuo. To the
residue, brine (100 mL) was added, and the mixture was extracted with EtOAc (3 x 100 mL). The combined
organic extracts were dried over MgSO,, and the solvent was removed under reduced pressure to give an aniline
derivative. This product was used for the next step without further purification.

To a solution of the aniline intermediate in acetonitrile (200 mL), p-TsOH<H,0 (34 g, 180 mmol) was added. After
cooling to 0 °C, a solution of NaNO, (8.1 g, 120 mmol) and Kl (25 g, 150 mmol) in H,O (120 mL) was added
dropwise, and the resulting mixture was stirred at room temperature overnight. The reaction was quenched by
addition of saturated aqueous solution of NaHCO;3; (50 mL). Following the extraction with EtOAc (3 x 100 mL),
the combined organic extracts were washed with Na,S,05 ag. (50 mL) and dried over MgSO,. The solvent was
then removed in vacuo to give the crude product, which was purified by column chromatography over silica gel
eluting with hexane to give 3k (8.0 g, 27% over three steps).

R¢ 0.29 (Hexane). Colorless oil (8.0 g, 27% over three steps).

'H NMR (CDCls, 399.78 MHz): & 6.74 (d, J = 9.2 Hz, 1H), 6.79 (dd, J = 1.4, 7.8 Hz, 1H), 6.90 (td, J = 1.4, 7.8
Hz, 1H), 7.21 (dd, J = 2.7, 8.7 Hz, 1H),7.30 (m, 1H), 7.64 (d, J = 2.7 Hz, 1H), 7.87 (dd, J = 1.4, 7.8 Hz, 1H).

3C NMR (CDCls, 100.53 MHz): & 88.3, 115.0, 118.8, 120.2, 126.0, 128.8, 129.6, 129.9, 133.6, 140.3, 152.4,
155.8.

IR (ATR): 3066 w, 1916 w, 1571 w, 1492 m, 1461 s, 1425 m, 1383 m, 1254 m, 1209 s, 1137 m, 1095 m, 1043 m,
1020 m, 941 w, 906 m, 888 m, 850 m, 795 w, 761 s, 691 w.

MS m/z (% relative intensity): 412 (12), 410 (M", 45), 408 (36), 204 (32), 203 (16), 202 (100), 139 (18), 76 (18).
HRMS (EI): Calcd for C;,H;BrClIO 407.8413, Found 407.8412.

3-Bromo-4-(2-bromophenoxy)benzoic acid.
Br Br Br Br

(o) NaOH (o)
reflux, overnight -
CN EtOH/H,0O COOH

To a solution of 3i** (6.5 g, 19 mmol, 1.0 equiv) in H,O/EtOH (1:2, 100 mL), NaOH (19 g, 460 mmol, 25 equiv)

was adeded. The resulting solution was refluxed overnight. After being cooled to room temperature, the mixture

was evaporated to remove EtOH. The resulting mixture was diluted with H,O (100 mL), cooled to 0 °C and
acidified to pH 1 with conc. HCI ag. The generated white solid was collected by filtration, washed with H,O, and

dried in vacuo to give 3-bromo-4-(2-bromophenoxy)benzoic acid as a white solid (6.2 g, 91%).
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Ethyl 3-bromo-4-(2-bromophenoxy)benzoate (3I).

Br Br

Br Br
(o) conc. H,SO4 (o)
reflux, 24 h o
COOH EtOH ~

O

A few drops of conc. H,SO, was added to a solution of 3-bromo-4-(2-bromophenoxy)benzoic acid (3.0 g, 8.1
mmol) in ethanol (100 mL), and the resulting mixture was refluxed for 24 h. After the solvent was evaporated in
vacuo, the residue was basified with sat. NaHCO; aqg. until the pH of the solution becomes ~8. The mixture was
the extracted with Et,O (3 x 30 mL). The combined organic extracts were washed with brine, dried over MgSO,,
filtered and evaporated in vacuo to give the crude product, which was purified by column chromatography over
silica gel eluting with hexane/EtOAc (10/1). The filtrate was concentrated in vacuo to 3l as a pale yellow solid
(900 mg, 28%).

R¢ 0.31 (Hexane/EtOAc = 10/1). Pale yellow solid (900 mg, 28%). Mp = 82 °C.

'H NMR (CDCls, 399.78 MHz): & 1.39 (t, J = 7.3 Hz, 3H), 4.37 (q, J = 7.3 Hz, 2H), 6.68 (d, J = 8.7 Hz, 1H), 7.04
(dd, J = 1.4, 8.2 Hz, 1H), 7.13 (td, J = 1.4, 7.8 Hz, 1H), 7.34 (td, J = 1.4, 7.8 Hz, 1H), 7.67 (dd, J = 1.4, 7.8 Hz,
1H), 7.89 (dd, J = 2.3, 8.7 Hz, 1H), 8.33 (d, J = 2.3 Hz, 1H).

3C NMR (CDCl3, 100.53 MHz): § 14.5, 61.4, 112.9, 115.6, 116.7, 121.8, 126.6, 126.7, 129.1, 130.3, 134.4, 135.5,
152.1, 157.5, 165.0.

IR (ATR): 2983 w, 2902 w, 1708 m, 1599 w, 1575 w, 1485 w, 1465 m, 1402 w, 1367 w, 1281 s, 1262 s, 1238 s,
1202 m, 1124 m, 1108 m, 1042 m, 1025 m, 951 w, 901 m, 873 m, 829 m, 797 w, 760 s, 680 m, 655 m.

MS m/z (% relative intensity): 402 (45), 401 (15), 400 (90), 398 (M", 46), 372 (13), 357 (50), 356 (17), 355 (100),
353 (52), 248 (14), 246 (14), 225 (11), 212 (16), 195 (16), 177 (13), 168 (22), 139 (30), 75 (10).

HRMS (EI): Calcd for C15H1,Br,05 397.9153, Found 397.9151.

3-Bromo-4-(2-bromophenoxy)-N,N-diethylbenzamide (3m).

Br Br (COCl), Br Br
o) DMF ‘EtzNH _ o
©/ \©\ rt, 5h rt, overnight ©/ \©\'r (
coon CH2Cla N~

o

To a solution of 3-bromo-4-(2-bromophenoxy)benzoic acid (3.0 g, 8.1 mmol, 1.0 equiv), DMF (0.30 mL, 3.8

mmol, 0.47 equiv) in dehydrated CH,Cl, (20 mL) and oxalyl chloride (1.0 mL, 12 mmol, 1.5 equiv) was added

dropwise at 0 °C. The reaction mixture was then allowed to warm to room temperature and stirred for 5 h. Et,NH

(4.1 mL, 39 mmol, 4.8 equiv) was added slowly to the reaction mixture at 0 °C and it was stirred at room

temperature overnight. The reaction mixture was concentrated under reduced pressure to give a crude product,

which was purified by column chromatography over silica gel eluting with hexane/EtOAc (10/1) to give 3m as a

white solid (2.8 g, 80%).

R¢ 0.14 (Hexane/EtOAcC = 3/1). White solid (2.8 g, 80%). Mp =59 °C.

'H NMR (CDCl,, 399.78 MHz): & 1.19 (br, 6H), 3.41 (br, 4H), 6.78 (d, J = 8.2 Hz, 1H), 6.93 (dd, J = 1.5, 7.8 Hz,

1H), 7.07 (td, J = 1.4, 7.8 Hz, 1H), 7.25-7.32 (m, 2H), 7.66 (dd, J = 1.4, 7.8 Hz, 1H), 7.69 (d, J = 1.8 Hz, 1H).

3C NMR (CDCls, 100.53 MHz): § 13.0, 14.3, 39.6, 43.6, 113.8, 114.9, 118.5, 120.6, 125.9, 127.1, 129.0, 132.3,
42



133.8, 134.2, 152.8, 154.3, 169.3.

IR (ATR): 2972 w, 2940 w, 1617 s, 1566 w, 1468 m, 1450 s, 1427 m, 1381 w, 1364 w, 1308 m, 1290 m, 1258 s,
1240s, 1217 m, 1148 w, 1096 m, 1067 w, 1045 m, 1030 w, 944 w, 894 m, 865 w, 822 w, 810 w, 789 m, 767 s, 757
S, 728 w, 714 w, 687 w, 658 w.

MS m/z (% relative intensity): 429 (17), 428 (33), 427 (33), 426 (59), 425 (M*, 17), 424 (28), 357 (49), 356 (15),
355 (100), 353 (51), 248 (11), 246 (11), 195 (12), 139 (23).

tert -Butyl (3-bromo-4-(2-bromophenoxy)phenyl)(methyl)carbamate (3n).

Br Br DPPA 1)NaH, rt, 1 h Br Br
(o) Et3N 2) Mel, rt, overnight fe)
0
toluene/'BuOH DMF )J\ )<
COOH reflux, 24 h N o)
I

A solution of 3-bromo-4-(2-bromophenoxy)benzoic acid (3.0 g, 8.1 mmol, 1.0 equiv) in toluene/t-BuOH (1/1, 100

mL) was treated with Et;N (1.3 mL, 9.4 mmol, 1.2 equiv), 3 A molecular sieves (9.6 g) and diphenyl phosphpryl
azide (DPPA, 2.0 mL, 9.6 mmol, 1.2 equiv). The reaction mixture was heated at reflux for 24 h and then cooled to
room temperature. The solid was filtered off by passing the solution through a Celite Pad and the solvent was
removed in vacuo. The residue was dissolved in EtOAc (60 mL), and the solution was washed with HCI (1 M, 2
x50 mL), sat. NaHCO3; ag. (2 x 50 mL), dried over MgSQ,, and concentrated. Silica gel chromatography with
hexane/EtOAc (10/1) afforded t-butyl (3-bromo-4-(2-bromophenoxy)phenyl)carbamate as a pale yellow oil (3.0 g,
84%).

(3-Bromo-4-(2-bromophenoxy)phenyl)carbamate (3.0 g, 6.8 mmol, 1.0 equiv) was added slowly at 0 °C to a
suspension of NaH (60% in mineral oil, 410 mg, 10 mmol, 1.5 equiv) in DMF (70 mL). After stirring the mixture
at room temperature for 1 h, Mel (2.2 mL, 35 mmol, 5.2 equiv) was added. The reaction mixture was stirred at
room temperature overnight, quenched with H,0, and extracted with CH,Cl, (2 x 30 mL). The combined organic
extracts were dried over MgSO, and then evaporated. The residue was purified by silica gel chromatography with
hexane/EtOAc (10/1) to give t-butyl 3n as a white solid (1.8 g, 58%).

R¢ 0.49 (Hexane/EtOAc = 5/1).White solid (1.8 g, 58%). Mp = 64 °C.

'H NMR (CDCls, 399.78 MHz): & 1.47 (s, 9H), 3.25 (s, 3H), 6.78-6.85 (m, 2H), 7.01 (td, J = 1.4, 7.8 Hz, 1H),
7.14 (dd, J = 2.3, 8.7 Hz, 1H), 7.22-7.26 (m, 1H), 7.55 (dd, J = 2.8 Hz, 1H), 7.63 (dd, J = 1.4, 7.8 Hz, 1H).

B¢ NMR (CDClj3, 100.53 MHz): 6 28.4, 37.4, 80.9, 113.8, 114.1, 119.3, 119.4, 125.1, 125.9, 128.8, 130.9, 134.0,
140.7, 150.7, 153.5, 154.6.

IR (ATR): 3074 w, 2981 w, 1687 s, 1596 w, 1576 w, 1484 m, 1469 s, 1446 m, 1429 m, 1361 s, 1255 s, 1232 m,
1180 w, 1146 s, 1106 s, 1044 m, 1030 m, 985 w, 881 m, 840 m, 821 m, 759 s, 723 w, 687 w, 665 w.

MS m/z (% relative intensity): 403 (49), 402 (16), 401 (100), 400 (10), 399 (51), 359 (34), 358 (14), 357 (68), 356
(14), 355 (37), 202 (26), 200 (27), 149 (17), 57 (80.)

HRMS (EI): Calcd for C1gH19Br,NO3 454.9732, Found 454.9728.

2.4.3 General Procedures for the Pd-Catalyzed Synthesis of Cyclic Diarylborinic Acids 1

Method A: Procedure for the Pd-Catalyzed Synthesis of Cyclic Diarylborinic Acids 1 Using Ditriflates

DPEPhos (54 mg, 0.10 mmol, 0.20 equiv), ditriflate 3a (230 mg, 0.50 mmol, 1.0 equiv), EtsN (230 mg, 2.5 mmol,
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5.0 equiv) and Pd(OAC); (11 mg, 0.050 mmol, 0.10 equiv) were added to an oven-dried-10-mL-sample vial with a
Teflon-sealed screwcap under a gentle stream of Ny, and stirred for 15 min at room temperature. 4 (110 mg, 1.0
mmol, 2.0 equiv) in THF (2.0 mL) was added, and the cap was applied to seal the vial. The reaction mixture was
then stirred at 65 °C for 15 h. After the reaction mixture was cooled to room temperature, MeOH (1.5 mL) was
added and the mixture was stirred under N, at room temperature for 1.0 h. The crude mixture was concentrated
under reduced pressure, and CH,Cl, (10 mL) and a saturated aqueous solution of NH,CI (10 mL) were added. The
solution was stirred for 1.5 h at room temperature. The mixture was then extracted with CH,Cl, (30 mL x 3). The
combined organic extracts were washed with brine (30 mL) and dried over MgSO,. The solvent was removed
under reduced pressure, and the residue was purified by flash column chromatography on silica gel with
hexane/EtOAc (10:1) as the eluent to give pure product 1a (89 mg, 91%).

Method B: Procedure for the Pd-Catalyzed Synthesis of Cyclic Diarylborinic Acids 1 Using Dibromides
CyJohnPhos (35 mg, 0.10 mmol, 0.20 equiv), dibromide 3b (200 mg, 0.50 mmol, 1.0 equiv), KI (42 mg, 0.25
mmol, 0.50 equiv), EtsN (230 mg, 2.5 mmol, 5.0 equiv) and Pd(OAc), (11 mg, 0.050 mmol, 0.10 equiv) were
added to an oven-dried-10-mL-sample vial with a Teflon-sealed screwcap under a gentle stream of N,, and stirred
for 15 min at room temperature. 4 (110 mg, 1.0 mmol, 2.0 equiv) in THF (2 mL) was added, and the cap was
applied to seal the vial. The reaction mixture was then stirred at 65 °C for 15 h. After the reaction mixture was
cooled to room temperature, MeOH (1.5 mL) was added and the reaction mixture was stirred under N, at room
temperature for 1.0 h. The crude mixture was concentrated under reduced pressure, and CH,Cl, (10 mL) and as
saturated aqueous solution of NH,CI (10 mL) were added. The solution was stirred for 1.5 h at room temperature.
The mixture was then extracted with CH,ClI, (30 mL x 3). The combined organic extracts were washed with brine
(30 mL) and dried over MgSQO,. The solvent was removed under reduced pressure and purified by flash column
chromatography on silica gel eluting with hexane/EtOAc (10:1). The filtrate was concentrated in vacuo to give
pure product 1b (99 mg, 75%).

2.4.4 A Procedure for the Gram Scale Synthesis of 1i

CyJohnPhos (480 mg, 1.4 mmol, 0.16 equiv), dibromide 3i (3.0 g, 8.9 mmol, 1.0 equiv), KI (570 mg, 3.4 mmol,
0.40 equiv), EtsN (3.5 mg, 34 mmol, 4.0 equiv) and Pd(OAc), (150 mg, 0.68 mmol, 0.080 equiv) were added to
an oven-dried-190-mL-sample vial with a Teflon-sealed screwcap under a gentle stream of N, and stirred for 15
min at room temperature. 4 (1.9 g, 17 mmol, 2.0 equiv) in THF (15 mL) was then added, and the cap was applied
to seal the vial. The reaction mixture was stirred at 65 °C for 24 h. After the reaction mixture was cooled to room
temperature, MeOH (30 mL) was added and the reaction mixture was stirred under N, at room temperature for 2.0
h. The crude mixture was concentrated under reduced pressure, and then CH,CIl, (100 mL) and a saturated
aqueous solution of NH,CI (100 mL) were added. The solution was stirred for 2.0 h at room temperature. The
mixture was extracted with CH,Cl, (100 mL x 3). The combined organic extracts were washed with brine (100
mL) and dried over MgSO,. The solvent was removed under reduced pressure and purified by flash column
chromatography on silica gel eluting with hexane/EtOAc (10:1). The filtrate was concentrated in vacuo to give
pure product 1i (1.4 g, 73%).
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2.4.5 General Procedure for the Suzuki-Miyaura Cross-Coupling Reaction with Cyclic Diarylborinic Acids
1i3e

Cyclic diarylborinic acid 1i (55 mg, 0.25 mmol, 1.0 equiv), Pd,(dba); (3.4 mg, 0.0038 mmol, 0.015 equiv),
'‘BusP+HBF, (2.6 mg, 0.0090 mmol, 0.036 equiv) and Cs,COj; (270 mg, 0.83 mmol, 3.3 equiv) were added to an
oven-dried-10-mL-sample vial with a Teflon-sealed screwcap under a gentle stream of N,. The vial was evacuated
and refilled with N, three times, and then ‘AmOH (3.0 mL), H,0 (45 mg, 2.5 mmol, 10 equiv) and 5a (120 mg,
0.50 mmol, 2.0 equiv) were added. The reaction was stirred for 1 h at room temperature prior to heating at 100 °C
for 20 h. The reaction was then cooled to room temperature, and the crude product was filtered through a pad of
Celite using EtOAc as the eluent. The filtrate was concentrated in vacuo, and the residue was purified by flash
column chromatography on silica gel eluting with hexane/EtOAc (10:1). The filtrate was further purified by GPC
to give pure product 6a as a white solid (50 mg, 75%).

2.4.6 A Procedure for Suzuki-Miyaura Cross-Coupling Reaction with Borinate 1j

CyJohnPhos (35 mg, 0.10 mmol, 0.20 equiv), dibromide 3i (200 mg, 0.50 mmol, 1.0 equiv), KI (42 mg, 0.25
mmol, 0.50 equiv), EtsN (230 mg, 2.5 mmol, 5.0 equiv) and Pd(OAc), (11 mg, 0.050 mmol, 0.10 equiv) were
added to an oven-dried-10 mL-sample vial with a Teflon-sealed screwcap under a gentle stream of Ny, and stirred
for 15 min at room temperature. 4 (110 mg, 1.0 mmol, 2.0 equiv) in THF (2 mL) was then added, and the cap was
applied to seal the vial. The reaction mixture was stirred at 65 °C for 15 h. After the reaction mixture was cooled
to room temperature, 2-aminoethanol (122 mg, 2.0 mmol, 4.0 equiv) and THF (1.5 mL) were added and stirred
under N, at room temperature for 24 h. The resulting mixture was washed with EtOAc (50 mL) and then with
CH,CI, (10 mL) and the filtrate was concentrated in vacuo. The crude 1j, Pd,(dba); (6.8 mg, 0.0076 mmol, 0.015
equiv), ‘BusPsHBF, (5.2 mg, 0.018 mmol, 0.036 equiv) and Cs,CO; (540 mg, 1.7 mmol, 3.3 equiv) was added to
an oven-dried-10 mL-sample vial with a Teflon-sealed screwcap under a gentle stream of nitrogen. The vial was
evacuated and refilled with N, three times. "AmOH (5.0 mL), H,O (90 mg, 5.0 mmol, 10 equiv) and 5a (240 mg,
1.0 mmol, 2.0 equiv) were added. The reaction mixture was stirred for 1 h at room temperature prior to heating at
100 °C for 24 h. The reaction was cooled to room temperature, and the crude was filtered through a pad of Celite
eluting with EtOAc. The filtrate was concentrated in vacuo, and the residue was purified by flash column
chromatography on silica gel eluting with hexane/EtOAc (10:1). The filtrate was further purified by GPC to give

pure product 6a as a white solid (69 mg, 51% for two steps).

2.4.7 A Procedure for the Synthesis of 10-Mesityl-10H-dibenzo[b,e][1,4]oxaborinine (7a)

DPEPhos (32 mg, 0.060 mmol, 0.20 equiv), 1a (140 mg, 0.30 mmol, 1.0 equiv), EtsN (140 mg, 1.5 mmol, 5.0
equiv) and Pd(OAc), (6.7 mg, 0.030 mmol, 0.10 equiv) were added to an oven-dried-10 mL-sample vial with a
Teflon-sealed screwcap under a gentle stream of N,, and stirred for 15 min at room temperature. 4 (68 mg, 0.60
mmol, 2.0 equiv) in THF (2 mL) was added, and the cap was applied to seal the vial. The reaction mixture was
then stirred at 65 °C for 15 h. After the reaction mixture was cooled to room temperature, it was transferred to a
dry 30 mL two-necked flask under N, and THF (10 mL) was added. Mesityllithium? (ca. 0.3 M in hexane, 5.0
mL, 1.5 mmol, 5.0 equiv) was added slowly to the solution at -78 °C. The suspension was allowed to warm to
room temperature and then stirred for 24 h. The reaction mixture was poured into ice/water (50 mL), and extracted
with CH,Cl, (30 mL x 3). The combined organic extracts were washed with brine and dried over MgSQO,. The
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solvent was then removed under reduced pressure, and the residue was purified by flash column chromatography
on silica gel eluting with hexane/CH,ClI, (20:1). The filtrate was concentrated in vacuo to give a pale yellow solid.

This solid was washed with hexane (20 mL) to afford 7a as a white solid (47 mg, 53%).

2.4.8 Spectroscopic Data for Products
10H-Dibenzo[b,e][1,4]oxaborinin-10-o0l (1a). [CAS: 19014-28-9]

o]
L0

OH
Method A was used. R¢ 0.20 (Hexane/EtOAc = 10/1). White solid (72 mg, 76%).
'H NMR (DMSO-ds, 399.78 MHz): § 7.28 (t, J = 7.3 Hz, 2H), 7.43 (d, J = 8.2 Hz, 2H), 7.67 (t, J = 8.3 Hz, 2H),
8.15 (d, J = 7.3 Hz, 2H), 9.88 (s, 1H).
B3C NMR (CD.Cl,, 100.53 MHz): § 117.1, 120.3, 122.2, 132.0, 133.3, 160.8.
HRMS (EI): Calcd for C1,HgBO, 196.0696, Found 190.0696.
1B NMR (DMSO-dg, 128.27 MHz): 38.2.

Spectroscopic data was in agreement with the reported values.**®

2-(Trifluoromethyl)-10H-dibenzol[b,e][1,4]oxaborinin-10-ol (1b).

T2,

|
OH

Method B was used. R 0.23 (Hexane/EtOAc = 10/1). Pale yellow solid (99 mg, 75%).

'H NMR (DMSO-dg, 399.78 MHz): & 7.33 (t, J = 7.4 Hz, 1H), 7.47 (d, J = 8.2 Hz, 1H), 7.62 (d, J = 8.9 Hz, 1H),
7.69-7.73 (m, 1H), 7.97 (dd, J = 1.8, 8.8 Hz, 1H), 8.15 (d, J = 7.4 Hz, 1H), 8.53 (s, 1H), 10.2 (s, 1H).

BC NMR (DMSO-dg, 100.53 MHz): 6 117.3, 118.5, 120.1, 120.2 (g, J = 3.8 Hz), 120.4, 120.5 (g, J = 6.6 Hz),
122.8 (q, J = 31 Hz), 124.5 (g, J = 271 Hz), 129.6, 132.0, 133.8, 160.6, 162.4.

B NMR (DMSO-dg, 128.27 MHz): & 36.9.

IR (ATR): 3414 w, 2360 w, 1629 w, 1610 m, 1586 w, 1492 w, 1450 m, 1400 w, 1361 m, 1297 s, 1279 m, 1229 m,
1200 w, 1156 m, 1137 m, 1106 s, 1086 s, 1069 m, 1029 w, 964 w, 917 w, 863 w, 829 m, 756 s, 702 w, 664 m.

MS m/z (% relative intensity): 265 (13), 264 (M*, 76), 263 (26), 255 (11), 248 (16), 247 (29), 236 (38), 235 (12),
217 (39), 170 (12), 84 (24), 66 (26).

HRMS (EI): Calcd for C13HgBF30, 264.0569, Found 264.0572.

3

2-Methyl-10H-dibenzol[b,e][1,4]oxaborinin-10-ol (1c). [CAS: 1608475-76-8]
o}
0L
OH
Method A was used. R¢ 0.20 (Hexane/EtOAc = 10/1). White solid (78 mg, 74%).
'H NMR (DMSO-ds, 399.78 MHz): & 2.38 (s, 3H), 7.24-7.28 (m, 1H), 7.32 (d, J = 8.7 Hz, 1H), 7.40 (d, J = 7.8

Hz, 1H), 7.47 (dd, J = 2.3, 8.7 Hz, 1H), 7.63-7.67 (m, 1H), 7.92 (d, J = 1.8 Hz, 1H), 8.13 (dd, J = 1.3, 7.3 Hz, 1H),
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9.77 (s, 1H).

B¢ NMR (DMSO-dg, 100.53 MHz): 6 20.5, 116.9, 117.1, 120.1, 120.3, 122.0, 130.9, 131.5, 131.9, 133.1, 134.2,
159.0, 160.8.

B NMR (DMSO-dg, 128.27 MHz): & 37.9.

HRMS (EI): Calcd for C43H,BO, 210.0852, Found 210.0854.

Spectroscopic data was in agreement with the reported values.*

2-(tert -Butyl)-10H-dibenzo[b,e][1,4]oxaborinin-10-ol (1d). [CAS: 1608475-80-4]
o}
94
OH
Method A was used. R¢ 0.37 (Hexane/EtOAc = 10/1). Colorless oil (86 mg, 68%).
'H NMR (DMSO-ds, 399.78 MHz): & 1.35 (s, 9H), 7.26 (t, J = 7.1 Hz, 1H), 7.35 (d, J = 9.0 Hz, 1H), 7.40 (t, J =
8.3 Hz, 1H), 7.62-7.67 (m, 1H), 7.71 (dd, J = 2.7, 8.9 Hz, 1H), 8.12 (dd, J = 1.4, 7.3 Hz, 1H), 8.17 (d, J = 2.7 Hz,
1H), 9.80 (s, 1H).
BC NMR (DMSO-dg, 100.53 MHz): 6 31.4, 34.3, 116.7, 117.0, 119.5, 120.4, 122.0, 127.7, 130.8, 131.9, 133.1,
144.2, 158.9, 160.8.
B NMR (DMSO-dg, 128.27 MHz): & 37.8.
HRMS (CI): Calcd for C16H1,BO,+H™ 253.1401, Found 253.1397.

Spectroscopic data was in agreement with the reported values.*

2-Phenyl-10H-dibenzo[b,e][1,4]oxaborinin-10-ol (1e).

o
0

OH
Method A was used. R¢ 0.29 (Hexane/EtOAc = 10/1). White solid (79 mg, 58%).
'H NMR (DMSO-ds, 399.78 MHz): & 7.30 (d, J = 7.3 Hz, 1H), 7.37 (d, J = 7.3 Hz, 1H), 7.44-7.53 (m, 4H),
7.66-7.71 (m, 1H), 7.74 (d, J = 7.3 Hz, 2H), 7.98 (dd, J = 2.3, 8.7 Hz, 1H), 8.15 (dd, J = 1.4, 7.3 Hz, 1H), 8.50 (d,
J =23 Hz, 1H), 9.96 (s, 1H).
3C NMR (DMSO-ds, 100.53 MHz): & 117.2, 117.8, 120.4, 120.5, 122.3, 126.5, 127.2, 129.0, 129.9, 131.6, 131.9,
133.3, 134.0, 139.7, 160.4, 160.8.
1B NMR (DMSO-dg, 128.27 MHz): 33.7.
IR (ATR): 3422 w, 3059 w, 3033 w, 2359 w, 1610 m, 1583 w, 1511 w, 1482 m, 1442 s, 1409 m, 1352 m, 1324 s,
1285 m, 1230s, 1172 w, 1082 w, 1033 w, 953 w, 920 w, 897 w, 867 w, 833 w, 815w, 756 s, 717 w, 681 m.
MS m/z (% relative intensity, Cl): 274 (20), 273 (M", 97), 272 (46).
HRMS (CI): Calcd for C1gH;3BO,+H™ 273.1088, Found 273.1085.
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1-Methoxy-10H-dibenzo[b,e][1,4]oxaborinin-10-ol (1f). [CAS: 1562342-67-9]
o}
O

OH OMe
Method A was used. R¢ 0.26 (Hexane/EtOAc = 10/1). White solid (49 mg, 43%).
'H NMR (DMSO-dg, 399.78 MHz): & 3.93 (s, 3H), 6.82 (d, J = 8.2 Hz, 1H), 7.03 (d, J = 8.7 Hz, 1H), 7.28 (t, J =
7.4 Hz, 1H), 7.40 (d, J = 8.2 Hz, 1H), 7.60-7.68 (m, 2H), 7.98 (dd, J = 1.4, 7.4 Hz, 1H), 8.35 (s, 1H).
BC NMR (CD,Cl,, 100.53 MHz): 6 55.9, 102.8, 110.8, 116.9, 122.3, 131.3, 133.1, 133.8, 161.0, 162.1, 164.8.
B NMR (DMSO-ds, 128.27 MHz): 37.0.
HRMS (EI): Calcd for C13H,:BO3 226.0801, Found 226.0802.

Spectroscopic data was in agreement with the reported values.**®

2,8-Dimethyl-10H-dibenzol[b,e][1,4]oxaborinin-10-ol (1g). [CAS: 1103654-00-7]
o}
00
OH
Method A was used. R¢ 0.29 (Hexane/EtOAc = 10/1). White solid (84 mg, 75%).
'H NMR (DMSO-dg, 399.78 MHz): & 2.37 (s, 6H), 7.30 (d, J = 8.7 Hz, 2H), 7.45 (dd, J = 2.2, 8.7 Hz, 2H), 7.91 (d,
J =2.1Hz, 2H), 9.68 (s, 1H).
BC NMR (DMSO-dg, 100.53 MHz): 5 20.5, 116.9, 120.0, 130.6, 131.5, 134.1, 159.0.
B NMR (DMSO-dg, 128.27 MHz): & 37.3.
HRMS (EI): Calcd for C14H13BO, 224.1009, Found 224.1010.

Spectroscopic data was in agreement with the reported values.™

2-Methyl-8-phenyl-10H-dibenzo[b,e][1,4]oxaborinin-10-ol (1h). [CAS: 1608475-86-0]
o}
00
OH
Method A was used. R¢ 0.26 (Hexane/EtOAc = 10/1). White solid (100 mg, 70%).
'H NMR (DMSO-ds, 399.78 MHz): & 2.40 (s, 3H), 7.34-7.39 (m, 2H), 7.48-7.52 (m, 4H), 7.73 (d, J = 7.8 Hz, 2H),
7.92 (d, J = 1.8 Hz, 1H), 7.96 (dd, J = 2.3, 8.7 Hz, 1H), 8.49 (d, J = 2.8 Hz, 1H), 9.88 (s, 1H).
B¢ NMR (DMSO-dg, 100.53 MHz): & 20.5, 117.0, 117.8, 120.1, 120.4, 126.5, 127.1, 129.0, 129.9, 131.0, 131.5,
133.8, 134.3, 139.7, 159.0, 160.4. One carbon peak is overlapped with solvent peaks.3d
B NMR (DMSO-dg, 128.27 MHz): & 35.5.
HRMS (EI): Calcd for C19H15sBO, 286.1165, Found 286.1160.

Spectroscopic data was in agreement with the reported values.*
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10-Hydroxy-10H-dibenzo[b,e][1,4]Joxaborinine-2-carbonitrile (1i).

SOSH

|
OH

Method B was used. R 0.22 (Hexane/EtOAc = 5/1). Pale yellow solid (80 mg, 72%).

'H NMR (DMSO-dg, 399.78 MHz): & 7.35 (t, J = 6.9 Hz, 1H), 7.47 (d, J = 8.2 Hz, 1H), 7.60 (d, J = 8.7 Hz, 1H),
7.70-7.74 (m, 1H), 8.06 (dd, J = 2.3, 8.7 Hz, 1H), 8.14 (dd, J = 1.8, 8.0 Hz, 1H), 8.56 (d, J = 2.3 Hz, 1H), 10.2 (s,
1H).

B3¢ NMR (DMSO-dg, 100.53 MHz): 6 105.1, 117.4, 118.8, 119.0, 120.2, 121.2, 123.2, 132.1, 133.9, 135.9, 137.6
160.5, 162.8.

B NMR (DMSO-dg, 128.27 MHz): & 36.5.

IR (ATR): 3444 m, 3079 w, 3053 w, 2924 w, 2853 w, 2542 w, 2301 w, 2231 m, 1925 w, 1806 w, 1729 w, 1604 s,
1579 m, 1485 m, 1463 w, 1441 s, 14155, 1385 s, 1317 5, 1305 s, 1234 s, 1188 m, 1133 m, 1109 s, 1082 s, 1027 m,
966 w, 943 m, 904 w, 867 m, 829 s, 744 s, 729 s, 691 s.

MS m/z (% relative intensity): 221 (M, 48), 220 (17), 193 (27).

HRMS (EI): Calcd for C13HgBNO, 221.0648, Found 221.0651.

10-(2-Aminoethoxy)-10H-dibenzo[b,e][1,4]oxaborinine-2-carbonitrile (1j).
LI
B CN

CyJohnPhos (35 mg, 0.10 mmol, 0.20 equiv), 3i (180 mg, 0.50 mmol, 1.0 equiv), KI (42 mg, 0.25 mmol, 0.50
equiv), EtsN (230 mg, 2.5 mmol, 5.0 equiv) and Pd(OAc), (11 mg, 0.050 mmol, 0.10 equiv) were added to an
oven-dried-10 mL-sample vial with a Teflon-sealed screwcap under a gentle stream of N,, and stirred for 15 min
at room temperature. 4 (113.1 mg, 1.0 mmol, 2.0 equiv) in THF (2 mL) was added, and the cap was applied to
seal the vial. The reaction mixture was then stirred at 65 °C for 15 h. After the reaction was cooled to room
temperature, 2-aminoethanol (122 mg, 2.0 mmol, 4.0 equiv) and THF (1.5 mL) were added and the mixture was
stirred under N, at room temperature for 24 h. The resulting mixture was washed with EtOAc (30 mL) and then
with CH,Cl, (10 mL). The filtrate was concentrated in vacuo, and the crude product was washed with EtOAc (10
mL) to give a gray solid (112 mg, 85%).
Gray solid (112 mg, 85%).
'H NMR (DMSO-dg, 399.78 MHz): & 3.09 (m, 2H), 4.12 (t, J = 6.0 Hz, 2H), 5.98 (bs, 2H), 7.06 (m, 2H), 7.15 (m,
1H), 7.25 (m, 1H), 7.51 (d, J = 6.0 Hz, 1H), 7.64 (dd, J = 1.8, 8.2 Hz, 1H), 7.86 (d, J = 1.8 Hz, 1H).
B3C NMR (DMSO-dg, 100.53 MHz): 6 41.5, 65.0, 103.9, 115.3, 116.4, 120.1, 122.5, 127.8, 131.4, 132.9, 138.0,
156.6, 160.2.
B NMR (DMSO-dg, 128.27 MHz): 22.5.
IR (ATR): 3211 w, 2035 w, 2957 m, 2914 w, 2847 w, 1628 w, 1592 m, 1467 m, 1433 m, 1394 m, 1365 w, 1341 w,
1300 s, 1285 s, 1242 s, 1213 m, 1194 m, 1137 m, 1123 m, 1080 s, 1061 s, 958 m, 937 m, 889 m, 834 s, 822 s, 791
w, 754 s, 722 s, 676 w.
MS m/z (% relative intensity): 264 (M*, 24). 263 (30), 234 (29), 233 (100), 232 (25). 204 (20), 203 (12).
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HRMS (El): Calcd for C15H13BN,0, 264.1070, Found 264.1067.

2-Chloro-10H-dibenzol[b,e][1,4]oxaborinin-10-ol (1k).

T2,

|
OH

Method B was used. R 0.26 (Hexane/EtOAc = 8/1). White solid (89 mg, 77%).

'H NMR (DMSO-dg, 399.78 MHz): & 7.29 (t, J = 7.2 Hz, 1H), 7.42-7.48 (m, 2H), 7.66-7.70 (m, 2H), 8.11-8.14 (m,
2H), 10.0 (s, 1H).

3C NMR (DMSO-ds, 100.53 MHz): & 117.2, 119.6, 119.9, 122.1, 122.6, 126.5, 130.9, 132.0, 133.0, 133.6, 159.2,
160.7.

B NMR (DMSO-dg, 128.27 MHz): 37.2.

IR (ATR): 3052 w, 1784 w, 1605 m, 1578 w, 1475 w, 1460 w, 1435 s, 1407 s, 1302 s, 1261 w, 1221 m, 1200 m,
1144 m, 1119 m, 1103 m, 1085 w, 1030 w, 977 w, 932 w, 894 w, 873 w, 859 w, 873 w, 859 w, 840 w, 818 m, 754
m, 715 m, 692 w, 662 w.

MS m/z (% relative intensity): 232 (27), 231 (19), 230 (M", 100), 229 (23).

HRMS (EI): Calcd for C;,HgBCIO, 230.0306, Found 230.0305.

Ethyl 10-hydroxy-10H-dibenzo[b,e][1,4]Joxaborinine-2-carboxylate (11).

o]
@?:@\(0\/

OH o]
Method B was used. Rf 0.20 (Hexane/EtOAc = 10/1). Pale yellow solid (109 mg, 81%).
'H NMR (DMSO-dg, 399.78 MHz): & 1.35 (t, J = 7.3 Hz, 3H), 4.34 (q, J = 7.3 Hz, 2H), 7.32 (t, J = 7.3 Hz, 1H),
7.45 (d, J = 8.7 Hz, 1H), 7.50 (dd, J = 2.4, 8.7 Hz, 1H), 7.69 (td, J = 1.4, 8.7 Hz, 1H), 8.15-8.19 (m, 2H), 8.81 (d,
J=2.4Hz, 1H), 10.2 (s, 1H).
BC NMR (DMSO-dg, 100.53 MHz): 6 14.3, 60.6, 117.3, 117.7, 120.1, 120.3, 122.9, 123.7, 132.1, 133.6, 133.7,
134.4, 160.6, 163.5, 165.5.
B NMR (DMSO-dg, 128.27 MHz): 37.6.
IR (ATR): 3409 w, 3047 w, 2994 w, 2361 w, 1693 m, 1605 m, 1581 m, 1482 w, 1445 m, 1421 w, 1385 m, 1325 m,
1283 m, 1261 m, 1230 m, 1199 m, 1153 w, 1107 m, 1092 m, 1022 m, 944 m, 878 m, 835 m, 768 m, 754 s, 713 m,
671 w.
MS m/z (% relative intensity): 268 (M", 41), 267 (11), 240 (19), 224 (12), 223 (72), 222 (19), 195 (16), 167 (13).
HRMS (El): Calcd for C15H13BO, 268.0907, Found 268.0909.

N,N-Diethyl-10-hydroxy-10H-dibenzo[b,e][1,4]oxaborinine-2-carboxamide (1m).

sesVe

Method B was used. R¢ 0.25 (Hexane/EtOAc = 1/2). Pale yellow solid (96 mg, 65%).
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'H NMR (DMSO-dg, 399.78 MHz): & 1.12 (br, 6H), 3.34 (br, 4H), 7.30 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 8.2 Hz,
2H), 7.63-7.71 (m, 2H), 8.12-8.16 (m, 2H), 9.99 (s, 1H).

3C NMR (DMSO-ds, 100.53 MHz): § 13.0, 14.0, 43.0 (br, 2C), 117.1, 117.2, 119.9, 120.3, 122.5, 130.1, 131.1,
131.3,131.9, 133.5, 160.7, 160.8, 169.8.

B NMR (DMSO-dg, 128.27 MHz): 37.4.

IR (ATR): 3261 w, 2974 w, 2933 w, 2366 w, 1570 s, 1439 s, 1409 m, 1384 m, 1308 m, 1286 m, 1225 m, 1111 m,
1029 w, 950 w, 932 w, 822 m, 761 s, 704 w, 687 w, 658w.

MS m/z (% relative intensity, CI): 298 (16), 297 (25), 296 (100), 295 (M", 34), 286 (10).

HRMS (CI): Calcd for C17H:sBNOs+H™ 296.1459, Found 296.1455.

tert -Butyl (10-hydroxy-10H-dibenzo[b,e][1,4]oxaborinin-2-yl)(methyl)carbamate (1n).
T

i T*Ok

OH
Method B was used. R¢ 0.09 (Hexane/EtOAc = 10/1). Brown solid (117 mg, 72%).
'H NMR (DMSO-dg, 399.78 MHz): & 1.39 (s, 9H), 3.23 (s, 3H), 7.28 (t, J = 7.3 Hz, 1H), 7.41 (t, J = 8.7 Hz, 2H),
7.57 (dd, J = 2.8, 9.2 Hz, 1H), 7.65-7.69 (m, 1H), 7.98 (d, J = 2.8 Hz, 1H), 8.12 (dd, J = 1.4, 7.3 Hz, 1H), 9.87 (s,
1H)
BC NMR (DMSO-dg, 100.53 MHz): 6 27.9, 37.3, 79.5, 117.1, 117.4, 119.9, 120.2, 122.3, 127.7, 131.3, 131.9,
133.3, 137.9, 154.0, 158.1, 160.8.
B NMR (DMSO-dg, 128.27 MHz): & 33.8.
IR (ATR): 3360 w, 2978 w, 2927 w, 2340 w, 1668 s, 1609 m, 1582 w, 1486 m, 1442 s, 1378 s, 1318 s, 1302 m,
1254 m, 1223 m, 1156 s, 1114 s, 1028 w, 997 w, 919 w, 867 w, 836 m, 754 s.
MS m/z (% relative intensity): 325 (M, 10), 270 (16), 269 (100), 268 (25), 259 (15), 226 (10), 225 (67), 224 (39),
57 (33).
HRMS (EI): Calcd for C;1gHBNO, 325.1485, Found 325.1487.

8-Fluoro-10-hydroxy-10H-dibenzo[b,e][1,4]Joxaborinine-2-carbonitrile (10).

S,

|
OH

Method B was used. R¢ 0.09 (Hexane/EtOAc = 10/1). White solid (28 mg, 23%).
'H NMR (DMSO-dg, 399.78 MHz): & 7.52-7.59 (m, 3H), 7.83 (dd, J = 2.8, 8.5 Hz, 1H), 8.06 (dd, J = 2.3, 8.6 Hz,
1H), 8.52 (d, J = 1.8 Hz, 1H), 10.3 (s, 1H).
B3C NMR (DMSO-dg, 100.53 MHz): & 105.2, 116.2 (d, J = 21 Hz), 118.8, 118.9, 119.8 (d, J = 7.6 Hz), 120.5,
121.4 (d,J =25 Hz), 121.9, 136.0, 137.6, 156.5, 157.7 (d, J = 240 Hz), 162.6.
B NMR (DMSO-dg, 128.27 MHz): & 35.9.
IR (ATR): 3445 w, 3086 w, 2358 w, 2339 w, 1885 w, 1806 w, 1609 m, 1558 w, 1488 m, 1451 s, 1386 s, 1297 s,
1265 m, 1213 m, 1186 s, 1172 m, 1132 m, 1111 s, 1084 s, 1004 w, 972 m, 900 m, 882 m, 867 m, 829 s, 815 s, 769
w, 751 m, 737 m, 689 m.
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MS m/z (% relative intensity, CI): 241 (17), 240 (100), 239 (M, 31).
HRMS (CI): Calcd for C13H1;BFNO,+H™ 240.0633, Found 240.0633.

12-Hydroxy-12H-benzo[b]naphtho[1,2-e][1,4]oxaborinine-10-carbonitrile (1p).

PCYQ
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iPr  XPhos

Method B was used. Instead of CyJohnPhos, XPhos was used as a ligand. R¢ 0.20 (Hexane/EtOAc = 10/1). White
solid (35 mg, 26%).

'H NMR (DMSO-dg, 399.78 MHz): & 7.53-7.57 (m, 1H), 7.60 (d, J = 8.7 Hz, 1H), 7.66-7.70 (m, 2H), 7.99 (d, J =
7.3 Hz, 1H), 8.09 (dd, J = 1.8, 8.7 Hz, 1H), 8.21 (d, J = 9.2 Hz, 1H), 8.87 (d, J = 2.3 Hz, 1H), 9.42 (d, J = 8.2 Hz,
1H), 10.4 (s, 1H).

B¢ NMR (DMSO-dg, 100.53 MHz): 5 105.3, 114.3, 118.4, 118.8, 119.1, 121.5, 125.1, 127.6, 128.3, 128.6, 129.7,
135.0, 135.5, 136.1, 137.9, 160.9, 161.6.

B NMR (DMSO-dg, 128.27 MHz): & 38.2.

IR (ATR): 3472 m, 3052 w, 2923 w, 2852 w, 2295 w, 1921 w, 1804 w, 1597 m, 1580 s, 1517 m, 1481 m, 1455 w,
1431 s, 1405 w, 1360 s, 1340 s, 1319 m, 1292 s, 1266 m, 1251 s, 1207 s, 1167 m, 1140 m, 1123 m, 1085 s, 1027
m, 966 s, 925 m, 903 m, 858 w, 829 m, 806 s, 782 m, 744 s, 714 s, 691 m, 664 m.

MS m/z (% relative intensity): 272 (20), 271 (M*, 100), 270 (27), 243 (43).

HRMS (EI): Calcd for C17H(BNO, 271.0805, Found 271.0800.

5-Methyldibenzo[b,e][1,4]azaborinin-10(5H)-ol (1q). [CAS:123420-96-2]

' (J
0
5 Pro O O'Pr
OH RuPhos
Method B was used. Instead of CyJohnPhos, RuPhos was used as a ligand. R¢ 0.17 (Hexane/EtOAc = 10/1). White
solid (44 mg, 42%).
'H NMR (DMSO-dg, 399.78 MHz): 6 3.79 (s, 3H), 7.11 (t, J = 7.4 Hz, 2H), 7.57 (d, J = 5.7 Hz, 2H), 7.61-7.66 (m,
2H), 8.22 (dd, J = 1.8, 5.9 Hz, 2H), 9.00 (s, 1H).
BC NMR (DMSO-dg, 100.53 MHz): 6 35.0, 114.9, 118.6, 121.2, 132.0, 132.1, 148.3.
B NMR (DMSO-dg, 128.27 MHz): & 38.0.
HRMS (EI): Calcd for C13H;,BNO 209.1012, Found 209.1011.

Spectroscopic data was in agreement with the reported values.**?
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10H-Dibenzo[b,e][1,4]thiaborinin-10-ol (1r). [CAS: 1562266-28-7]

S PCyZ
0 [+

: (J

OH

'Pr  XPhos

Method B was used. Instead of CyJohnPhos, XPhos was used as a ligand. R¢ 0.20 (Hexane/EtOAc = 10/1). White
solid (59 mg, 55%).
'H NMR (DMSO-dg, 399.78 MHz): & 7.36-7.40 (m, 2H), 7.56-7.61 (m, 4H), 8.34-8.36 (m, 2H), 9.89 (s, 1H).
3C NMR (DMSO-dg, 100.53 MHz): & 124.6, 125.2, 129.4, 131.2, 133.8, 143.0.
B NMR (DMSO-dg, 128.27 MHz): & 37.9.
HRMS (CI): Calcd for C1,HsBOS+H" 213.0546, Found 213.0547.

Spectroscopic data was in agreement with the reported values.?

5H-Dibenzol[b,f]borepin-5-ol (1s). [CAS: 109476-11-1]
OH
Method B was used. R 0.23 (Hexane/EtOAc = 10/1). White solid (228 mg, 37%).
'H NMR (DMSO-dg, 399.78 MHz): § 6.99 (s, 2H), 7.45-7.49 (m, 2H), 7.59-7.61 (m, 4H), 8.19 (d, J = 7.3 Hz, 2H),
9.86 (s, 1H).
BC NMR (DMSO-dg, 100.53 MHz): 6 127.1, 130.7, 131.1, 131.8, 133.7, 136.9, 141.4.
B NMR (DMSO-dg, 128.27 MHz): & 42.4.
IR (ATR): 3056 w, 3021 w, 2364 w, 1735 w, 1651 w, 1594 w, 1543 w, 1425 m, 1389 w, 1311 w, 1279 m, 1240 w,
1205w, 1165 w, 1138 m, 1042 w, 962 w, 914 w, 886 w, 873 w, 842 m, 814 s, 768 m, 720 m.

MS m/z (% relative intensity, CI): 208 (10), 207 (55), 206 (M", 28), 193 (37).
HRMS (CI): Calcd for C14H;BO+H" 207.0982, Found 207.0979.

Tribenzo[b,d,floxepine-6-carbonitrile (6a).

W

Rf 0.29 (Hexane/EtOAc = 10/1). White solid (50 mg, 75%). Mp = 144 °C.

'H NMR (CDCls, 399.78 MHz): § 7.27-7.31 (m, 2H), 7.35-7.40 (m, 2H), 7.50-7.58 (m, 4H), 7.62-7.66 (m, 2H),

7.86 (d, J = 1.8 Hz, 1H).

BC NMR (CDCls3, 100.53 MHz): & 109.7, 118.6, 121.0, 122.4, 126.4, 128.7, 129.4, 129.6, 129.7, 129.9, 130.0,

132.4,133.2, 134.0, 134.6, 134.7, 136.7, 159.4, 163.3.

IR (ATR): 3065 w, 2923 w, 2360 w, 2339 w, 1904 w, 1600 w, 1571 w, 1484 s, 1427 m, 1395 w, 1280 w, 1240 s,

1218 m, 1119 w, 1096 w, 1042 w, 939 w, 912 m, 889 w, 864 m, 843 m, 825 m, 789 m, 768 m, 734 s, 719 m, 690
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W.
MS m/z (% relative intensity): 270 (21), 269 (M", 100), 241 (38), 240 (56), 238 (11), 107 (27), 94 (10).
HRMS (EI): Calcd for C1oH;,NO 269.0841, Found 269.0838.

[1,3]Dioxolo[4",5":4,5]benzo[1,2-d]benzo[b]benzo[f]oxepine-6-carbonitrile (6b).
o)
O O CN

O\/O

The reaction time was 48 h. R; 0.14 (Hexane/EtOAc = 10/1). White solid (53 mg, 68%). Mp = 226 °C.

'H NMR (CDCls, 399.78 MHz): §6.08 (s, 1H), 6.09 (s, 1H), 7.01 (s, 1H), 7.09 (s, 1H), 7.24-7.28 (m, 2H),
7.32-7.37 (m, 2H), 7.47 (dd, J = 1.4, 7.8 Hz, 1H), 7.60 (dd, J = 2.3, 8.5 Hz, 1H), 7.76 (d, J = 2.3 Hz, 1H).

3C NMR (CDCl,, 100.53 MHz): & 102.4, 109.6, 109.9, 110.1, 119.0, 121.4, 122.8, 126.8, 129.0, 130.0, 130.2,
131.6, 132.7, 133.3, 134.1. 134.9, 148.7, 149.2, 159.2, 163.1.

IR (ATR): 3078 w, 1920 w, 2358 w, 1625 w, 1574 w, 1507 m, 1485 s, 1449 m, 1415 m, 1392 w, 1368 w, 1264 m,
1247 m, 1224 s, 1199 w, 1165 w, 1119 w, 1040 m, 930 m, 869 m, 734 m, 818 w, 782 w, 765 w, 741 m, 672 w.

MS m/z (% relative intensity): 314 (22), 313 (M", 100), 254 (16), 227 (14).

HRMS (El): Calcd for CyH13;NO3 313.0739, Found 313.0741.

Dibenzo[b,f]lnaphtho[2,3-d]oxepine-7-carbonitrile (6¢).
o)
O O CN

The reaction time was 48 h. Ry 0.23 (Hexane/EtOAc = 10/1). White solid (57 mg, 71%). Mp = 225 °C.

'H NMR (CDCl;, 399.78 MHz): & 7.31-7.34 (m, 2H), 7.37-7.42 (m, 2H), 7.55-7.59 (m, 2H), 7.62-7.65 (m, 1H),
7.72 (d, J = 6.8 Hz, 1H), 7.93-7.96 (m, 2H), 8.00-8.02 (m, 2H), 8.08 (s, 1H).

3C NMR (CDCl,, 100.53 MHz): § 109.8, 118.6, 121.1, 122.4, 126.5, 127.2, 127.4, 128.1, 128.2, 129.0, 129.2,
129.8, 130.4, 132.5, 132.6, 132.9, 133.1, 133.4, 134.2, 134.3, 134.8, 159.5, 163.5.

IR (ATR): 3053 w, 1600 w, 1572 w, 1483 m, 1436 w, 1399 w, 1333 w, 1281 w, 1234 m, 1190 m, 1119 w, 1102 w,
1038 w, 1014 w, 982 w, 950 w, 917 w, 901 m, 888 m, 848 m, 822 m, 781 m, 749 s, 697 w.

MS m/z (% relative intensity): 320 (26), 319 (M*, 100), 291 (14), 290 (31), 288 (11).

HRMS (EI): Calcd for Cp3H;3NO 319.0997, Found 319.0995.
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Dibenzo[b,f]thieno[3,4-d]oxepine-5-carbonitrile (6d).

S

The reaction time was 48 h. Ry 0.23 (Hexane/EtOAc = 10/1). White solid (34 mg, 50%). Mp = 148 °C.

'H NMR (CDCls, 399.78 MHz): § 7.23-7.27 (m, 1H), 7.23-7.37 (m, 2H), 7.40 (d, J = 8.7 Hz, 1H), 7.57-7.62 (m,
4H), 7.87 (d, J = 2.3 Hz, 1H).

3C NMR (CDCl,, 150.92 MHz): § 109.6, 118.5, 121.8, 123.2, 123.5, 124.4, 126.3, 128.3, 129.1, 129.7, 130.5,
133.0, 133.1, 135.7, 137.3, 156.2, 160.1.

IR (ATR): 3098 w, 1578 w, 1533 w, 1501 w, 1469 m, 1455 m, 1246 s, 1209 m, 1190 m, 1168 w, 1122 w, 1102 w,
1034 w, 947 w, 904 w, 881 w, 850 m, 827 w, 800 m, 780 m, 749 m, 722 w, 708 w.

MS m/z (% relative intensity): 276 (20), 275 (M", 100), 247 (14), 246 (33), 137 (13).

HRMS (EI): Calcd for C;1;HyNOS 275.0405, Found 275.0403.

2,3-Dihydro-1H-dibenzo[b,flcyclopenta[d]oxepine-5-carbonitrile (6e).

O

The reaction time was 48 h. R; 0.31 (Hexane/EtOAc = 10/1). White solid (45 mg, 70%). Mp = 153 °C.

'H NMR (CDCl3, 399.78 MH.2): & 2.16 (quint, J = 7.8 Hz, 2H), 2.89-2.98 (m, 4H), 7.15-7.33 (m, 5H), 7.47 (d, J
= 1.8 Hz, 1H), 7.54 (dd, J = 3.1, 8.2 Hz, 1H).

3C NMR (CDCls, 100.53 MHz): & 22.4, 36.0, 36.2, 108.9, 118.8, 121.2, 122.4, 125.6, 127.0, 130.0, 130.1, 130.8,
132.3,132.9, 136.0, 140.5, 155.6, 159.5.

IR (ATR): 2958 w, 2844 w, 1617 w, 1566 w, 1483 s, 1442 m, 1398 w, 1296 w, 1265 m, 1225 s, 1188 w, 1134 m,
1116 w, 1061 w, 944 w, 880 m, 844 m, 780 s, 756 s, 685 W..

MS m/z (% relative intensity): 260 (19), 259 (M*, 100), 258 (26), 245 (13), 244 (73), 243 (42), 231 (10), 230 (21).
HRMS (El): Calcd for C1gH13NO 259.0997, Found 259.0994.

9-(Diphenylmethylene)-9H-xanthene-2-carbonitrile (6f).

48’
| CN

The reaction time was 48 h. R; 0.31 (Hexane/EtOAc = 10/1). Pale yellow solid (68 mg, 73%). Mp =208 °C.
'H NMR (CDCls, 399.78 MHz): 6 6.71-6.78 (m, 1H), 6.89 (d, J = 8.2 Hz, 1H), 7.13-7.20 (m, 4H), 7.21-7.34 (m,
10H), 7.37 (dd, J = 1.8, 8.7 Hz, 1H).
3C NMR (CDCl,, 159.92 MHz): & 106.0, 116.5, 117.7, 118.7, 123.4, 123.6, 123.7, 125.6, 127.3, 127.8, 128.6,
128.8 (2C), 129.0 (2C), 129.2 (5C), 131.6, 133.7, 141.2, 142.0, 142.3, 153.0, 156.7.
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IR (ATR): 3074 w, 1595 w, 1489 w, 1470 m, 1448 m, 1415 w, 1297 w, 1255 s, 1199 w, 1172 w, 1155 w, 1134 w,
1105 w, 1074 w, 1031 w, 1000 w, 946 w, 900 w, 875 w, 847 w, 827 m, 799 w, 764 m, 745 s, 703 s.

MS m/z (% relative intensity): 372 (29), 371 (M" 100), 370 (18), 293 (20).

HRMS (EI): Calcd for C,7H7NO 371.1310, Found 371.1310.

Tetrabenzol[b,d,f,hJoxonine-6-carbonitrile (69).

oad

The reaction time was 48 h. R; 0.29 (Hexane/EtOAc = 10/1). White solid (58 mg, 67%). Mp = 171 °C.

'H NMR (CDCls, 399.78 MHz): § 6.87-6.94 (m, 4H), 6.98 (d, J = 8.7 Hz, 1H), 7.06-7.12 (m, 3H), 7.14-7.23 (m,
3H), 7.24-7.27 (m, 1H), 7.29-7.32 (m, 2H), 7.39 (dd, J = 2.3, 8.7 Hz, 1H).

B3C NMR (CDCls, 100.53 MHz): 6 105.6, 118.9, 120.4, 121.1, 124.3, 127.5, 127.6, 127.7, 127,8, 127.9, 128.0,
128.5, 128.9, 129.0, 130.8, 131.3, 132.5, 133.1, 136.3, 137.6, 138.0, 141.6, 141.7, 152.5, 157.2.

IR (ATR): 3065 w, 1600 w, 1566 w, 1488 w, 1466 m, 1432 w, 1391 w, 1311 w, 1282 m, 1242 m, 1187 w, 1159 w,
1132 w, 1105 w, 1056 w, 1006 w, 942 w, 893 w, 852 w, 837 w, 750 s, 687 w.

MS m/z (% relative intensity): 346 (25), 345 (M", 100), 344 (51), 330 (14), 329 (14), 328 (57), 327 (26), 326 (18),
325 (12), 314 (17), 144 (15).

HRMS (EI): Calcd for C,sH1sNO 345.1154, Found 345.1151.

Dibenzo[b,h]dinaphtho[2,3-d:2",3'-floxonine-7-carbonitrile (6h).
WaaWer

&S

The reaction time was 48 h. R; 0.46 (Hexane/EtOAc = 20/1). White solid (57 mg, 51%). Mp = 214 °C.

'H NMR (CDCls, 399.78 MHz): & 6.62-6.66 (m, 1H), 6.73 (dd, J = 1.8, 7.3 Hz, 1H), 6.86 (d, J = 8.2 HZ, 1H),
6.92 (d, J = 8.7 Hz, 1H), 6.96-7.00 (m, 2H), 7.07 (d, J = 8.2 Hz, 1H), 7.20-7.22 (m, 2H), 7.24-7.25 (m, 1H),
7.26-7.28 (m, 1H), 7.31 (d, J = 8.7 Hz, 1H), 7.38-7.45 (m, 2H), 7.55 (d, J = 8.2 Hz, 1H), 7.77 (dd, J = 2.7, 8.7 Hz,
2H), 7.86 (d, J = 8.2 Hz, 1H), 7.91 (d, J = 8.2 Hz, 1H).

BC NMR (CDCls3, 100.53 MHz): & 105.0, 118.8, 120.2, 120.9, 123.8, 125.8, 126.1, 126.2, 126.3, 126.4, 126.7,
126.8, 127.1, 128.0, 128.2, 128.4, 129.0, 129.9, 130.4, 131.6, 131.9, 132.5, 132.7, 132.8, 133.3, 134.3, 136.1,
136.3, 136.6, 136.7, 152.3, 157.2. One carbon peak is overlapped.

IR (ATR): 3056 w, 2924 w, 2853 w, 2359 w, 1679 w, 1599 w, 1566 w, 1481 m, 1460 w, 1437 w, 1393 w, 1308 m,
1281 m, 1242 m, 1184 w, 1130 w, 1067 w, 1037 w, 1020 w, 948 w, 898 w, 868 w, 833 w, 818 s, 752 s, 898 m.

MS m/z (% relative intensity, CI): 448 (20), 447 (36), 446 (100).

HRMS (CI): Calcd for Ca3H1gNO+H" 446.1546, Found 446.1544.
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Dibenzo[b,g]naphtho[1,8-de]oxocine-2-carbonitrile (6i).
o]
QL D

The reaction time was 48 h. Ry 0.22 (Hexane/EtOAc = 40/1). White solid (38 mg, 48%). Mp = 157 °C.

'H NMR (CDCls, 399.78 MHz): 7.21-7.32 (m, 4H), 7.34-7.36 (m, 2H), 7.52-7.59 (m, 4H), 7.81 (d, J = 2.3 Hz,
1H), 7.97 (dd, J = 1.4, 8.3 Hz, 1H), 8.00 (dd, J = 1.4, 8.3 Hz, 1H).

B3C NMR (CD,Cl,, 100.53 MHz): 6 110.5, 118.7, 122.0, 123.5, 125.9, 126.1, 127.0, 130.4, 130.8, 131.7, 132.3,
133.8, 133.9, 134.6, 135.5, 135.6, 135.7, 136.2, 136.5, 137.5, 138.8, 159.8, 164.0.

IR (ATR): 3060 w, 2923 w, 2853 w, 1600 w, 1569 w, 1478 m, 1442 w, 1396 w, 1363 w, 1322 w, 1263 w, 1243 w,
1207 w, 1184 m, 1130 w, 1107 w, 1054 w, 987 w, 913w, 876 w, 861 w, 843 w, 829 m, 808 w, 789 m, 768 s, 755 m,
734 w, 701 w.

MS m/z (% relative intensity, Cl): 322 (14), 321 (27), 320 (100), 319 (M" 11).

HRMS (CI): Calcd for C3H1sNO+H™ 320.1076, Found 320.1076.

The solid-state structure was determined by X-ray crystallography.

UV vis absorption (Amax = 310 nm) of 6i in acetonitrile (c = 1.1 x 10™ M) at room temperature.

1.5 -

Abs

0.5 -

280 300 320 340 360
A/ nm
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10-Mesityl-10H-dibenzo[b,e][1,4]oxaborinine (7a).

L0

R¢ 0.34 (Hexane/CH,CI, = 20/1). White solid (47 mg, 53%). Mp = 163 °C.

'H NMR (CD,Cl,, 399.78 MHz): & 1.98 (s, 6H), 2.39 (s, 3H), 6.96 (s, 2H), 7.27 (t, J = 7.4 Hz, 2H), 7.63 (d, J =
8.7 Hz, 2H), 7.71 (d, J = 7.3 Hz, 2H), 7.75-7.79 (m, 2H).

BC NMR (CD.Cl,, 100.53 MHz): 6 21.0, 22.6, 117.6, 122.5, 124.9, 127.0, 134.8, 136.2, 137.0, 138.6, 159.4. One
of the B-aryl carbon signals cannot be observed.*

B NMR (CD,Cl,, 128.27 MHz): & 56.4.

IR (ATR): 2908 w, 1602 m, 1576 m, 1475 w, 1449 w, 1430 s, 1375 w, 1329 m, 1307 m, 1258 m, 1214 m, 1155 m,
1130 w, 1098 w, 1029 w, 963 w, 908 w, 893 w, 872 w, 851 w, 780 w, 757 s, 725 w, 656 w.

MS m/z (% relative intensity): 299 (22), 298 (M, 100), 297 (31), 283 (13), 179 (15), 178 (11).

HRMS (EI): Calcd for CpHiBO 298.1529, Found 298.1529.
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Chapter 3
Nickel-Catalyzed Reductive Reaction of C-O Bonds in Anisole Derivatives

Using Diisopropylaminoborane

3.1 Introduction

Functional group removal reactions play a key role in organic synthesis, allowing electronic, steric and
coordinating properties to enable characteristic conversion in a traceless manner. A methoxy group is one of
common functionalities that exert a significant electronic effect to make it possible to activate aromatic rings
toward SgAr reactions with the regioselectivity at ortho and para positions.* Furthermore, a methoxy group can be
utilized as an ortho-directing group in lithiation’ and transition metal-catalyzed reactions,® as well as a
para-directing group in other aromatic reactions.*> Therefore, the removal reaction of a methoxy group is a
valuable tool in organic chemistry.

Over the past decade, low valent Ni complexes were used in the cleavage reactions of C(aryl)-O bonds in inert
phenol derivatives, including anisoles.® Meanwhile, several reductive cleavage of C(aryl)-O bonds in anisole
derivatives were developed (Scheme 1a).”® However, all of these reactions can only be applied to polyaromatic
ethers such as naphthalene derivatives, and simple anisole derivatives cannot be used in these reactions (Scheme
1b).

Herein, the Ni-catalyzed reductive cleavage of C(aryl)-O bonds in anisole derivatives using
diisopropylaminoborane 1a was investigated. The development of this reaction enabled simple anisole derivatives
to be reduced effectively.

Scheme 1. Ni-Catalyzed Reductive Cleavage of C-O Bonds in Anisole Derivatives

(a) Prior arts
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3.2 Results and Discussion

The author initially examined the effect of reductants on the reduction of 4-tert-butylanisole (2a) in the
presence of Ni(cod),, IMes™® and NaOAc (Table 1a). As previously reported, the addition of hydrosilane reagents
(entries 1 and 2), which are effective reductants for the reductive deoxygenation of polycyclic aryl ethers,”*" did
not give the reduction product 3a. The reaction also failed to proceed, when hydrogen was used as a reductant
(entry 3)"°. The catalytic conditions in the absence of an external reductant™® afforded 3a in only 11% yield (entry
4). The author next examined a series of boron-based reductants, expecting that substrate activated by the Lewis
acidic boron atom would facilitate the difficult oxidative addition of C(aryl)-O bonds.? Reductive deoxygenation
did not proceed when common utilized hydroboranes, such as HBcat (entry 5), 9-BBN (entry 6), HBpin (entry 7)
and BHj; (entry 8), were used. In contrast, using diisopropylaminoborane (1a) achieved the formation of 3a in
79% vyield (entry 9). The yield of 3a was further improved to 93% by increasing the amount of 1a to 2.5 equiv
(entry 10). The use of excess la was required for an efficient reaction in this reaction, because a significant
amount of 1a was consumed by undesired C(aryl)-H borylation of solvent toluene (ca. 55% based on l1a).
Although other solvents were explored to avoid C(aryl)-H borylation, such as 1,4-dioxane and "octane, using

excess 1a in toluene gave the highest yield of 3a.

The author next turned my attention to investigating the effect of the ligand. Among the ligands reported to be
effective for C(aryl)-O bond cleavage, IMes™® was found to be the best ligand for reductive cleavage using la
(Table 1b). When the amount of IMes™ was reduced to 10 mol%, the yield of 3a decreased to 4% (entry 9). The
yield of the reductive deoxygenation also decreased in the absence of NaOAc (entry 10).

Table 1. Optimization of Ni-Catalyzed Reductive Cleavage of 2a

a) Effect of Reductants b) Effect of Ligands
Ni(cod), (10 mol%) ) & Ni(cod), (10 mol%)
IMesM® (20 mol%) Ligand (20 mol%)
OMe NaOAc (3.0 equiv) NaOAc (3.0 equiv) H
+ Reductant
4 toluene toluene ®
Bu 180 °C, 18 h 180 °C, 18 h u
2a (2.0 equiv) 3a
(2.0 equw)
GC yields (%) ) GC yields (%)
Entry Reductant _— Entry Ligand _—
3a 2a 3a 2a
1 HSiMe(OMe), 0 >99 1 PCy; 0 75
2 HSiEts 0 95 2 PPh; 0 92
3 H, (1 atm) 1 96 3 dcype 0 >99
4 none 11 88 4 ICy 0 >99
5 HBcat 0 98 5 IPr 36 64
6 9-BBN dimer 0 99 6 IMes 0 58
7 HBpin 13 85 7 SIMes 0 >99
8 BH3+iPr2NH 0 91 8 IMesMe 79 17
9 1a 79 17 9 IMesMe (10 mol%) 4 92
10 1a (2.5 equiv) 93 6 10 IMesM® (without NaOAc) 51 7
\—( M O N
N N Cy:P PCyz RNANR NN
v deype ICy (R = cyclohexyl)
— 9@
IMesMe IPr (R =2,6-PryCgH3) SIMes

IMes (R = 2,4,6—Me3CGH2)
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To evaluate the superiority of the catalytic system using 1a, the reductive cleavage of several demanding
substrates was performed under these conditions (Method A) and previously reported conditions (Methods B-D)
(Table 2). Method B used HSiMe(OMe), as reductant,”® Method C involved reduction under H, atmosphere in the
presence of a stoichiometric amount of AlMe;," and Method D represents the conditions in the absence of an
external reductant.”® Anisole 2a, which has no fused aromatic ring, did not undergo reductive cleavage reaction
efficiently using Methods B-D, highlighting the outstanding effectiveness of Method A. Method A was
advantageous in terms of functional group compatibility, as evidenced by the reductive cleavage of the anisole
bearing a boryl group (2b). Methods C and D required more than a stoichiometric amount of NaO'Bu, which
limited their application to substrates bearing base-sensitive functional groups. In contrast, Method A allowed
reductive cleavage to occur under virtually neutral conditions, which made the boryl group compatible.
Electron-rich anisoles are among the most difficult substrates to reduce, and found to be ineffective at reducing
this type of substrate (2c) with Methods B-D. Method A was able to reduce electron-rich anisoles successfully.
Heteroaromatic substrates are another challenging class of compounds for which Methods B-D were also
ineffective (2d and 2e). For pyridine derivative 2e, the pyridine ring was hydrogenated under a H, atmosphere
(Method C). Substrates 2d and 2e were successfully reduced by Method A, demonstrating its robustness toward
heteroaromatic systems. Furthermore, unlike other methods, Method A was uniquely tolerant of steric hindrance,
as exemplified by the reaction of 2-methoxybiphenyl (2f). Method A performed better than reported methods,
even in the case of relatively reactive biphenyl substrate 2g, which underwent reductive cleavage at a low

temperature of 60 °C, while Methods B-D did not form any desired product at this temperature.
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Table 2. Comparison with Reported Catalytic Methods®

Yield of reduced product [%] (yield of recovered substrate [%])

Substrate
Method/ A (This work) B C D
OMe
/©/ 93 (6) 1(78) 13 (87) 27 (-)
Bu
2a

OMe
/©/ 77 (0) 4 (96) 1(1) 0(6)
(pin)B
2b
OMe
(\NO/ 77 (5) 0 (>99) 5 (89) 13 (37)
2c

OMe
(/\/|©/ 56 (0) 3(97) 0 (95) 24 (72)
N
/

77 (0) 0 (>99) 0 (0) 0 (80)

2e
OMe
O O 80 (16) 0 (>99) 0 (97) 13 (87)

2f
OMe
88 (0) 0 (93) 0 (76) 0 (>99)

2 Conditions: Method A: 1a with Ni(cod),/IMes®/NaOAc; Method B: HSiMe(OMe), with Ni(cod),/PCy;™;
Method C: H, with Ni(cod)zlsIPr/NaO‘Bu/AIMeJC; Method D: no external reductant with
Ni(cod),/I(2-Ad)/NaO'Bu™. ® Reactions were conducted at 60 °C.

Having established the exceptional reactivity of aminobororane l1a in the reductive cleavage of aryl ethers
(Table 2), the author next examined the scope of substrates in more detail (Table 3). The reaction was
successfully applied to anisole derivatives bearing a series of functional groups, including silyl (2i), boryl (2b, 2s,

2v, 2aj), ester (2p, 2at), amide (2j, 2k, 2aa), and amino groups (2c, 2e, 2I, 2m, 2n, 2t, 2ae, 2af). In particular,
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the applicability of highly electron-rich para-amino-substituted anisoles (2c, 2e, 2I-2n) was notable. Although
amide groups can be reduced by mild reducing agents in the presence of transition metal catalysts,'® aryl ethers
bearing both secondary (2j) and tertiary (2k, 2aa) amides were compatible. Although ketones were reduced easily
by 1a, such substrates could be used by protecting as ketals (20). Similarly, the incompatibility of hydroxyl
groups was addressed by using the corresponding silyl ethers (2q). This reaction was also applied to naphthyl
ethers (2w-2ac), which underwent reductive cleavage at 100 °C. Regarding the scope of alkoxy substituents,
methoxy (2w), ethoxy (2x), isopropoxy (2y), and phenoxy (2z) groups were all cleaved under identical
conditions. Biphenyl compounds (2f, 2g, 2ad) were also suitable substrates, undergoing reductive cleavage at
100 °C. Although the reductive cleavage of relatively reactive polyaromatic substrates were routinely performed
at 100 °C, some reacted efficiently even at 60 °C (2g in Table 2). Methoxy groups located at sterically hindered
positions, such as those in 2f, 2ac, 2af and 2ag, were reduced under these conditions to form corresponding
reduction products. The tolerance of this catalytic method toward steric hindrance was further highlighted by the
successful reduction of an anisole derivative bearing two ortho methyl groups (2ag). The reaction of
4.4'-diethoxy-1,1"-biphenyl (2ai) with 2.0 equiv of 1la gave a mixture of biphenyl and 4-ethoxy-1,1'-biphenyl.
Selective formation of 4-ethoxy-1,1'-biphenyl was difficult because 4-ethoxy-1,1"-biphenyl is less electron-rich,
and therefore more reactive, than the starting 2ai. The two ethoxy groups in 2ai were completely cleaved by
increasing the amount of 1a to 3.0 equiv. In contrast, the selective removal of one of two methoxy groups was
possible when less reactive 1,3-dimethoxybenzene derivative 2aj was used. This reaction was also applicable to a
variety of N-heteroaromatic compounds, including pyridines (2e), quinolines (2ak, 2al), indoles (2d), and
carbazoles (2am), which are common motifs in medicinal and materials chemistry. A methoxy group at the
benzylic position can be reduced under these conditions, forming the corresponding alkylarenes. Furthermore,
primary (2an, 2ar) and secondary (2ao-2aq) benzylic ethers underwent reductive cleavage. A competition
experiment between 2a and 1-(tert-butyl)-4-(methoxymethyl)benzene (2a’) using 2.0 equiv of la under the
standard conditions led to the exclusive formation of 3a with the complete recovery of 2a’, indicating that
C(benzyl)-O bonds are less reactive than C(aryl)-O bonds under these conditions (see the Experimental Section).
Interestingly, the reaction of 2-(2-methoxyethyl)naphthalene (2as) under the standard reaction conditions
afforded 2-ethylnaphthalene in 93% vyield, demonstrating the potential utility of this method for the reductive
cleavage of non-benzylic C(sp®)-O  bonds.™  Similarly,  4-(2-methoxyethyl)-1,1"-biphenyl  and
(2-methoxyethyl)benzene can be applied to this reaction (see the Experimental Section). Methoxyarenes are
common substructures found in various natural and unnatural biologically active compounds. Deoxygenated
analogues of such compounds can readily be accessed using my protocol. For example, the removal of a methoxy
group from naproxen (2at), estradiol (2au), and harmine (2av) derivatives was possible in one step under these

Ni-catalyzed conditions using la.
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Table 3. Scope of the Substrates®

H

\/

s

Ni(cod), (10 mol%)

IMesM® (20 mol%)

NaOAc (3.0 equiv)

@’

toluene
T°C,18h
isolated yield
20equw)
Q/OMe
oM
R T(°C) “/ T(C) B ° T(°C)
1 R= 'Bu(2a) 180 93ab 19 = Me (2w) 100 982 35 (\N N/ 180 77
2 tOct (2h) 180 852 20 ,-Et (2x) 762 o\)
a
3 SiMe; (2i) 180 992 21 Pr (2y) 100 50 ) 2e
a,
4 B(pin) (2b) 180 74 22 Ph (22) 100 82
f i OMe = OMe
5 CONH'Bu (2)) 180 58 /(D/
23 (Pr),N 100 87 RN
6 p 180 78 0 2an 6 R= Hsk) 180 57
37 Me (2al) 180 55
OMe
24 OO 180 892 OMe
/©/ s ¢ | 180 56
7 (\N 180 75 2ab /N
o
e - .
25 180 91 \
N OMe
39 180 91
8 180 51° 2ac O
3
4
2 2 O OMe 2-OMe (2) 100 80° 2am
27 3-OMe (2ad) 100 972 R
28 4-OMe (2g) 100  90° OMe
9 180 66
OMe
2m O 40 R= H(2an) 180 827
a1 Me (2a0) 180 979
/©/ 29 (\N O 100 67 42 'Bu (2ap) 180 46
10 (\N 180 57 o 43 Ph (2aq) 180 86
N
Pn” \)2n 2ae OMe
OMe
OMe
30 100 59
180 52 O NQ 44 180 597
1 <o
2af
2ar
20 OMe
12 ove 180 53 31 O 180 56 OMe
(0] 2a
2p 9 2as
oM "Bu
° O OMe
13 180 83 OMe o OO f
B |O 46 100 66
> 2 'Pro Y
4 32 100 92 H
\©/ O 2at
"Bu
14 = pentadecanyl (2r) 180 87 2ah
15 B(pin) (2s) 180 65 OFt 47 180 75
16 NMe, (2t) 180 557
33 100 682
OMe O
a
17 C©/ 180 67 o
zai \N OMe
OMe (pin)B OMe (pin)B H 48 N/ N\ 180 70
18 180 70 34 \Q/ — —
(pin)B 2av
OMe OMe
2v 2aj

+ recoverd 48%




Yields determined by GC analysis owing to product volatility. ®l1a (0.75 mmol) was used.  Ni(cod), (0.060
mmol) and IMes™® (0.12 mmol) were used. ¢ Phenol was obtained in 75% GC yield. ¢ 1a (0.90 mmol) was used.
The yield refers to that for biphenyl. "NaOAc was not added.

To gain insight into the high reactivity of 1a in this reductive cleavage of C(aryl)-O bonds, the reactivities of
several common hydride reagents with 1a in the reduction of benzophenone 4 were compared (Table 4).
HSiMe(OMe),, HBcat and HBpin did not react with 4 in the absence of catalyst. In contrast, 1a reduced 4 to give
5 in 76% yield at room temperature. This clearly indicated that the Lewis acidity of 1a was higher than those of
HSiMe(OMe),, HBcat, and HBpin, which allowed stronger interaction with the carbonyl oxygen atom of 4,
thereby facilitating the reduction.® The relatively high Lewis acidity of 1a was further confirmed by B NMR
spectroscopy, which showed that the chemical shift of 1a appeared down field of the others (1a, 35.5 ppm; HBcat,
28.7 ppm; HBpin, 28.3 ppm). Based on these results, the Lewis acid nature of 1a probably played a key role in the
reductive cleavage of aryl ethers. Although these observations indicated the relatively high Lewis acidity of 1a,
the author were unable to obtain any direct evidence of interaction between 1a and aryl ether 2a by 'H and "'B
NMR, probably due to the equilibrium favoring their uncomplexed forms.

Table 4. Reduction of 4 by Using Hydrosilane or Hydroboranes®

* OH
Reductant
_—

4 5

Reductant Yield (%)° & (ppm)°©

HSiMe(OMe), 0 -

HBcat 0 28.7
HBpin 0 28.3
1a 76 355

# Reaction conditions: 4 (0.30 mmol), hydrosilane or hydroborane (0.60 mmol), and THF (5.0 mL) at room

temperature for 15 h. ® Isolated yield is shown. © Chemical shiftsin ‘B NMR using toluene-ds.

The author next conducted a series of deuterium labeling experiments to clarify the origin of hydride
incorporated into the reduced product (Scheme 2). The Ni-catalyzed reaction of labeled substrate
4-CD30-biphenyl 2aw with 1a afforded deoxygenated product 3aw without deuterium incorporation. This result
indicated that, unlike the previously reported method,”™ B-hydrogen elimination from the oxidative addition
complex (Ar-Ni-OMe) was not a major pathway in this catalytic system (Scheme 2A). The author next conducted
the reductive cleavage of 2ax using a labeled aminoborane 1b (75%D) and again found no deuterium
incorporated into product 3ax (Scheme 2B). In contrast, 97% deuterium was found to be incorporated at the ipso

position of the product when the same reaction using 1b was conducted in toluene-dg (Scheme 2C). Furthermore,
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91% deuterium was incorporated into the product when the reaction of non-labelled 2ax and 1a was conducted in
toluene-dg (Scheme 2D). These results indicated that an H/D exchange reaction was occurring between the
reduced product and toluene solvent in the presence of 1a.*® Owing to this H/D exchange reaction, deuterium was
also incorporated into other aromatic C-H bonds in 3ax (Scheme 2C). To avoid H/D exchange with the solvent,
we conducted the reaction of 2ax with 1b in 1,4-dioxane. However, H/D scrambling between the aromatic C-H
bonds in 2ax and 3ax still hampered probing of the origin of incorporated hydride (Scheme 2E). Although rapid
H/D exchange between 1b and aromatic C-H bonds complicated the results of this labeling study, the source of

hydride for the deoxygenation of C(aryl)-O bonds was most likely to be 1a.

Scheme 2. Deuterium Labeling Experiments
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A possible mechanism is shown in Scheme 3. Given that using 1a as the reducing agent is essential for the
reaction to occur and that 1a can reduce ketones in the absence of catalyst, coordination of the oxygen atom of
anisole with the boron atom of 1a to generate complex A was likely key for reductive cleavage. The formation of
A should reduce the electron density of the C(aryl)-O bond of anisole, thereby facilitating oxidative addition of
the C-O bond to Ni(IMes™), (n = 1 or 2) to form intermediate B. Subsequent hydride migration from boron atom
to the Ni center, presumably occurring in an intramolecular manner through C, provides a Ni hydride D, which
finally forms deoxygenated product E by reductive elimination accompanied by regeneration of the Ni catalyst.
To investigate the fate of the boron residue, we analyzed the crude reaction mixture using B NMR. Signals were
observed at 38, 32, and 30 ppm in toluene-dg. Dimethoxyaminoborane 1c was not thought to be generated in this
reaction, as the chemical shift corresponding to 1c was confirmed to appear at 19 ppm by synthesizing 1c
separately. These results indicated that mono-hydride F was incapable of reducing anisole and that only one of the
two B-H bonds in la reacted in the deoxygenation reaction. Pathways involving Ni-hydride* or boryl Ni
intermediate™ cannot be completely excluded at this stage. However, these pathways require Ni(IV) or a
dearomatized intermediate, which we currently believe to be unlikely. Several reductive cleavage reactions are
proposed to proceed through heterogeneous catalysis, even though soluble metal complexes are used as catalyst
precursors.2*® Therefore, we conducted a mercury test'” for the Ni-catalyzed reaction of 2a with 1a. However, no
significant decrease in the yield of 3a was observed with the addition of mercury (79% without Hg vs 71% with

Hg (23 equiv)), which suggested that this reaction was catalyzed by a homogeneous catalytic species.

Scheme 3. Proposed Mechanism
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The potential utility of this reductive cleavage reaction of anisoles in the site-selective functionalization of
biologically active phenol derivatives is demonstrated in Scheme 4. A methoxy group can activate an aromatic
ring toward SgAr and direct the reaction to occur at the ortho position. After serving as an activating group, a
methoxy group can be removed using our method. Overall, a methoxy group can be used as a traceless
ortho-directing group. This strategy allows C2 functionalization of steroidal architecture 2au and regioselective

functionalization of 2av, a derivative of harmine (a reversible inhibitor of monoamine oxidase type-A).

Scheme 4. Synthetic Applications®

OMe 1) NBS (75%)

2) Suzuki-Miyaura
Cross Coupling (88%)

h

3) Ni/IMesMe/
1a (59%)

2au
steroid-derivative

1) NBS (80%)

\ 2) Suzuki-Miyaura
N OMe Cross Coupling (85%)
N/ N 3) Ni/IMesMe/
— 1a (70%)°
2av

inhibitors of monoamine
oxidase derivative

2Reaction Conditions: (1) NBS, CCly, rt. (2) cat. Pd(P'Bus),, Na,COs, boryl compound, toluene/H.,0, reflux. (3)
aryl ether (0.30 mmol), 1a (0.60 mmol), Ni(cod), (0.030 mmol), IMes™® (0.060 mmol), NaOAc (0.90 mmol),
toluene (1.0 mL) at 180 °C for 18 h. ® 1a (1.2 mmol) was used.

3.3 Conclusion

In summary, the Ni-catalyzed reductive cleavage reaction of C(aryl)-O bonds in anisole derivatives using
diisopropylaminoborane as a reductant has been developed. Unlike previously reported methods, this reaction can
reduce simple anisole derivatives effectively, which is thought to depend on the higher Lewis acidity of
diisopropylaminoborane than commonly used hydroborane reagents in catalytic reactions such as pinacolborane
and catecholborane. The dramatically decreased reactivity of monoaromatic derivatives compared with
polyaromatic derivatives is a common problem throughout the Ni-catalyzed cross-coupling reactions using inert
aromatic electrophiles, including aryl fluorides, aryl amides, aryl esters and phenols.®® This study indicates that the

use of high Lewis acidic reagents, which activate these substrates, helps solve this problem.

3.4 Experimental Section
3.4.1 General Information
'H NMR **C NMR and "B NMR spectra were recorded on a JEOL ECS-400 spectrometer or VARIAN UNITY
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INOVA-600 spectrometer in CDCIl; with tetramethylsilane as an internal reference standard toluene-dg or
benzene-ds. Data are reported as follows: chemical shift (8) in ppm, multiplicity (s = singlet, d = doublet, t =
triplet, g= quartet, quin = quintet and m = multiplet), coupling constant (J) in Hz, and integration. Infrared spectra
(IR) were obtained using a JASCO FT/IR-4200 spectrometer; absorptions are reported in reciprocal centimeters
with the following relative intensities: s (strong), m (medium), or w (weak). Mass spectra and high resolution
mass spectra (HRMS) were obtained on a JEOL JMS-700 spectrometer. Analytical gas chromatography (GC) was
carried out on a Shimazu GC-2014 gas chromatograph, equipped with a flame ionization detector. Melting points
were determined using a Yamato melting point apparatus. Column chromatography was performed with SiO,
(Silicycle Silica Flash F60 (230-400 mesh)) or NH Silica (Silica Gel 60 (sperical) NH; (40-50 um)).

3.4.2 Materials

Ni(cod), (Strem Chemicals), Pd(OAc), (Wako), Pd(P'Bus), (TCI), PCys (Aldrich), PPh; (Wako), dcype (Aldrich),
IPr (TCI), HSiMe(OMe), (TCI), HSiEt; (TCI), HBcat (Aldrich), 9-BBN dimer (Aldrich), HBpin (TCI), PCy;
(Aldrich), PPhs (Wako), dcype (Aldrich), IPr (TCI), SPhos (TCI), CsF (TCI), DBU (TCI), NaOMe (Wako),
LiOAc (Wako), NaOAc (Wako), KOAc (Wako), Na,CO3 (Nakalai tesque), NaHCO3 (Nakarai tesque), NazPO4
(Wako), K,COj3 (Nakarai tesque), toluene, super dehydrated (Wako), mesitylene (Wako), p-xylene (Wako),
1,4-dioxane, super dehydrated (Wako), n-octane (Wako), diglyme (Wako), MeOH, super dehydrated (Wako), THF,
super dehydrated (Kanto kagaku), benzene-ds (Wako), toluene-dg (Euriso-top), 2a (TCI), 2b (TCI), 2f (TCI), 2g
(TCI), 2s (TCI), 2t (TCI), 2u (TCI), 2w (TCI), 2x (TCI), 2ad (TCI), 2al (TCI), 2ak (TCl), 4 (TCI), pyrrolidine
(TCI), Hg (Wako), 2-(3,5-dimethylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (TCI), NBS (Wako), CCl,
(Wako), (4-pentylphenyl)boronic acid (TCI) and 2-phenylethyl methyl ether (TCI) were purchased from the
commercial suppliers, and used as received. BHge'Pr,NH [CAS: 55124-35-1] and 1a [CAS: 22092-92-8] was
prepared according to the literature method.*® 1b was also synthesized by using NaBD, (Aldrich), instead of
NaBH,, according to the same literature method.'® IMes™® [CAS: 848085-28-9], IMes [CAS: 141556-42-5] and
SIMes [CAS: 173035-11-5] were prepared from IMes®HCI [CAS: 118916-80-5],"° IMes-HCI (TCI) and
SIMes=HCI (TCI) according to the literature procedure.’ ICy [CAS: 181422-81-1] was prepared from ICysHBF,
(TCI) according to the literature procedure.” 2d [CAS: 2521-13-3], 2h [CAS: 5413-23-0], 2r [CAS: 15071-57-5],
2al [CAS: 1078-28-0], 2an [CAS: 42101-58-7], 2a0 [CAS: 133339-20-5], 2ar [CAS: 1016160-90-9], 2au
[CAS: 4945-14-7], 2-bromo-5-methoxypyridine [CAS: 105170-27-2], 4-bromo-4'-methoxy-1,1"-biphenyl [CAS:
58743-83-2] and 3-chloro-4-methoxy-1,1'-biphenyl [CAS: 21424-83-9] were prepared from 5-hydroxyindole
(TCI), 4-(2,4,4-trimethylpentan-2-yl)phenol (TCI), 3-pentadecylphenol (TCI), 6-hydroxy-2-methylquinoline
(TCI), 2-naphthalenemethanol (TCI), 1-(2-naphthyl)ethanol (TCI), 3-(hydroxymethyl)biphenyl (TCI), g-estradiol
(TCI), 6-bromopyridin-3-ol (TCI), 4-bromo-4'-hydroxybiphenyl (TCI) and 2-chloro-4-phenylphenol (TCI)
respectively, by the treatment with NaH (Wako) followed by Mel (TCI). 2e [CAS: 1871740-78-1], 2| [CAS:
120238-37-1], 2m [CAS: 78317-83-6], 2n [CAS: 15018-73-2] and 2ae [CAS: 873949-97-4] were prepared by
Buchwald-Hartwig cross-coupling reactions of 2-bromo-5-methoxypyridine [CAS: 105170-27-2], 4-bromoanisole
(TCI) or 4-bromo-4'-methoxy-1,1"-biphenyl [CAS: 58743-83-2] used as a bromide, and morpholine (TCI),
hexamethyleneimine (TCl),1,2,3,4-tetrahydroisoquinoline (TCI) or 1-phenylpiperazine (TCI) as an amine by the
previously reported literature procedure.”” 2q [CAS: 1010078-75-7] was prepared from 4-methoxyphenethyl
alcohol (TCI) by the protection with TBSCI (TCI). 2v [CAS: 214360-68-6] and 2aj [CAS: 365564-07-4] was
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prepared from 4-methoxy-2-methylphenylboronic acid (TCI) and 3,5-dimethoxyphenylboroni acid (TCI) by the
protection with pinacol (TCI). 2c [CAS: 27347-14-4],% 2i [CAS: 877-68-9]," 2j [CAS: 19486-73-8],% 2k [CAS:
7504-58-7],%° 20 [CAS: 500344-36-5],%° 2y [CAS: 15052-09-2]," 2z [CAS: 19420-29-2],% 2aa [CAS:
108711-00-8],% 2ab [CAS: 3401-47-6],% 2ag [CAS: 94001-39-5],*' 2ah [CAS: 1835666-41-5],% 2am [CAS:
39027-93-5],% 2aq [CAS: 130778-69-7],% 2at [CAS: 156967-24-7]*° and 2aw [CAS: 129603-22-1]* were
prepared by the previously reported literature procedure.

1-(4-Methoxy-[1,1'-biphenyl]-3-yl)pyrrolidine (2af).

Pd(OAc), (10 mol%)

1

O

1
OMe " SPhos (20 mol%) OMe 5 PCy,

N NaOBu (3.0 equiv) i MeO OMe

o e

!

1

1

1

1

O \ / toluene '\D
110 °C, 26 h

(2.0 euqiv) 2af SPhos

Pd(OAc), (31 mg, 0.14 mmol, 0.10 equiv), SPhos (113 mg, 0.28 mmol, 0.20 equiv), NaO'Bu (404 mg, 4.2 mmol,
3.0 equiv), toluene (3.0 mL), 3-chloro-4-methoxy-1,1'-biphenyl (300 mg, 1.4 mmol, 1.0 equiv) and pyrrolidine
(196 mg, 2.8 mmol, 2.0 equiv) were added in a 20 mL-sample vial with a Teflon sealed screwcap, and then the
suspension was stirred at 110 °C for 26 h. After the reaction mixture was cooled to room temperature, the crude
mixture was filtered through silica gel eluting with EtOAc. The solvent was concentrated under reduced pressure,
and purified by flash column chromatography over silica gel with hexane/EtOAc (20/1). The filtrate was
concentrated in vacuo to give a pure product 2af as a pale yellow solid (142 mg, 40%).

R¢0.11 (hexane/EtOAc = 20/1). Mp = 69 °C.

'H NMR (CDCl3, 399.78 MHz): & 1.95 (quin, J = 3.4 Hz, 4H), 3.35 (t, J = 6.4 Hz, 4H), 3.87 (s, 3H), 6.91 (d, J =
8.2 Hz, 1H), 7.00 (s, 1H), 7.05 (dd, J = 2.1, 8.2 Hz, 1H), 7.29 (it, J = 1.1, 6.6 Hz, 1H), 7.38-7.42 (m, 2H),
7.55-7.58 (m, 2H).

B3C NMR (CDCl3, 100.53 MHz): 6 24.8, 50.7, 55.8, 112.0, 114.7, 118.5, 126.6, 127.0, 128.7, 134.3, 139.8, 141.7,
150.1

IR (ATR): 2972 w, 2865 w, 2802 w, 2361 w, 1596 w, 1567 w, 1515 m, 1482 m, 1461 w, 1448 w, 1409 m, 1348 m,
1334 m, 1229 m, 1175 m, 1151 m, 1128 w, 1053 w, 1018 m, 971 w, 935 w, 880 w, 859, m, 816 m, 761 s, 700 m.
MS m/z (% relative intensity): 254 (14), 253 (M*, 75), 252 (15), 239 (18), 238 (100).

HRMS (EI): Calcd for C;;HgNO 253.1467, Found 253.1471.

3.4.3 General Procedures for the Ni-Catalyzed Reductive Reaction of C-O Bonds in Anisole Derivatives
Using la

In a glovebox filled with nitrogen, Ni(cod), (8.3 mg, 0.030 mmol, 0.10 equiv), IMes® (20 mg, 0.060 mmol, 0.20
equiv) and toluene (1.0 mL) were added to a 10 mL-sample vial with a Teflon-sealed screwcap, and stirred for 3
min at room temperature. NaOAc (74 mg, 0.90 mmol, 3.0 equiv), an aryl alkyl ether (0.30 mmol, 1.0 equiv), and
1la (68 mg, 0.60 mmol, 2.0 equiv) were then added, and the cap was applied to seal the vial. The vial was stirred at
100 or 180 °C for 18 h. After the reaction mixture was cooled to room temperature, the crude mixture was filtered
through silica gel eluting with EtOAc. The filtrate was analyzed by GC using eicosane as an internal standard. The

crude mixture was concentrated under reduced pressure, and purified by flash column chromatography over silica

72


http://www.tcichemicals.com/eshop/ja/jp/commodity/M2255/
http://www.tcichemicals.com/eshop/ja/jp/commodity/D3513/

gel eluting with hexane/EtOAcC solution. The filtrate was concentrated in vacuo to give a pure reduced product.

3.4.4 Spectroscopic Data for Products
tert-Butylbenzene (3a). [CAS: 98-06-6]
OMe

The typical procedure was followed using 2a except that 2.5 equiv of 1a was added, and the reaction temperature
was 180 °C. The yield was determined by GC analysis using eicosane as an internal standard due to volatility of
the product (93%). The identity of 3a was unambiguously confirmed by GC analysis using tert-butylbenzene
(TCI) as an authentic sample.

4,4,55-Tetramethyl-2-phenyl-1,3,2-dioxaborolane (3b, 3s). [CAS: 24388-23-6]

i o, . 0
o\,B - O\'B or O\,B OMe
o o o

The typical procedure was followed using 2b or 2s, and the reaction temperature was 180 °C. Isolated yields of
the product from 2b or 2s were 74% or 65%, respectively.

R¢ 0.31 (hexane/EtOAC = 20/1). White solid (45 mg, 74% from 2b), White solid (40 mg, 65% from 2s).

'H NMR (CDCls, 399.78 MHz): & 1.35 (s, 12H), 7.35-7.39 (m, 2H), 7.46 (it, J = 1.4, 6.4 Hz, 1H), 7.80-7.82 (m,
2H).

3C NMR (CDCls, 100.53 MHz):  25.0, 83.9, 127.9, 131.4, 134.9.

HRMS (EI): Calcd for C1,H;BO, 204.1322, Found 204.1323.

4-Phenylmorpholine (3c). [CAS: 92-35-5]

(\N/© - (\N/©/

o _J b

The typical procedure was followed using 2c, and the reaction temperature was 180 °C.

R 0.23 (hexane/EtOAc = 10/1). Pale yellow oil (37 mg, 75%).

'H NMR (CDCl3, 399.78 MHz): § 3.15 (t, J = 4.8 Hz, 4H), 3.86 (t, J = 4.8 Hz, 4H), 6.87-6.94 (m, 3H), 7.26-7.31
(m, 2H).

3C NMR (CDCls, 100.53 MHz): § 49.5, 67.0, 115.8, 120.2, 129.3, 151.3.

HRMS (EI): Calcd for C1oH;3NO 163.0997, Found 163.0997.
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1-Methyl-1H-indole (3d). [CAS: 603-76-9]

OMe

) [— Y

N N

/ /
The typical procedure was followed using 2d, and the reaction temperature was 180 °C.
R¢ 0.17 (hexane/EtOAc = 40/1). Colorless oil (22 mg, 56%).
'H NMR (CDCls, 399.78 MHz): & 3.78 (s, 3H), 6.48 (d, J = 3.2 Hz, 1H), 7.04 (d, J = 3.2 Hz, 1H), 7.08-7.12 (m,
1H), 7.20-7.24 (m, 1H), 7.32 (d, J = 8.2 Hz, 1H), 7.63 (d, J = 7.8 Hz, 1H).
3C NMR (CDCls, 100.53 MHz): 5 32.9, 101.0, 109.3, 119.4, 121.0, 121.6, 128.6, 128.9, 136.8.
HRMS (EI): Calcd for CgHgN 131.0735, Found 131.0732.

4-(Pyridin-2-yl)morpholine (3e). [CAS: 24255-25-2]

(\N N NN

o} o\)

The typical procedure was followed using 2e, and the reaction temperature was 180 °C.

R¢ 0.20 (NH silica, hexane/EtOAc = 20/1). Colorless oil (38 mg, 77%).

'H NMR (CDCls, 399.78 MHz): & 3.50 (t, J = 4.9 Hz, 4H), 3.83 (t, J = 4.9 Hz, 4H), 6.63-6.68 (m, 2H), 7.48-7.52
(m, 1H), 8.20-8.21 (m, 1H).

3C NMR (CDCls, 100.53 MHz): § 45.7, 66.9, 107.1, 114.0, 137.7, 148.1, 159.7.

HRMS (EI): Calcd for CgH1,N,0 164.0950, Found 164.0951.

Biphenyl (3f, 3g, 3ad, 3ai). [CAS: 92-52-4]

OEt
or l O
EtO

The typical procedure was followed using 2f, 2g, 2ad or 2ai except that 3.0 equiv of 1a was added when using
2ai as a substrate, and the reaction temperature was 100 °C. The yield was determined by GC analysis using
eicosane as an internal standard due to volatility of the product. GC yields of a product from 2f, 2g, 2ad or 2ai
were 80, 90, 97 or 68%, respectively.

Rf 0.29 (hexane). White solid.

'H NMR (CDCls, 399.78 MHz): 8 7.35 (t, J = 7.4 Hz, 2H), 7.44 (t, J = 7.5 Hz, 4H), 7.60 (d, J = 7.5 Hz, 4H).

3C NMR (CDCls, 100.53 MHz): § 127.3, 127.4, 128.9, 141.4.
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HRMS (El): Calcd for C;,H;o 154.0783, Found 157.0785.

(2,4,4-Trimethylpentan-2-yl)benzene (3h). [CAS: 35293-37-9]
OMe

The typical procedure was followed using 2h, and the reaction temperature was 180 °C. The yield was determined
by GC analysis using eicosane as an internal standard due to volatility of the product (85%).

R¢ 0.43 (hexane). Colorless oil.

'H NMR (CDCls, 399.78 MHz): & 0.71 (s, 9H), 1.37 (s, 6H), 1.74 (s, 2H), 7.13-7.17 (m, 1H), 7.25-7.29 (m, 2H),
7.36-7.39 (m, 2H).

3C NMR (CDCls, 100.53 MHz): § 31.7, 31.9, 32.5, 38.7, 57.1, 125.3, 126.3, 127.9, 150.2.

HRMS (EI): Calcd for Cy4H», 190.1722, Found 190.1721.

Trimethyl(phenyl)silane (3i). [CAS: 768-32-1]

The typical procedure was followed using 2i, and the reaction temperature was 180 °C. The yield was determined
by GC analysis using eicosane as an internal standard due to volatility of the product (99%). The identity of 3i

was unambiguously confirmed by GC analysis using trimethyl(phenyl)silane (Aldrich) as an authentic sample.

N-(tert-Butyl)benzamide (3j). [CAS: 5894-65-5]

The typical procedure was followed using 2j, and the reaction temperature was 180 °C.

R¢ 0.34 (hexane/EtOACc = 3/1). White solid (31 mg, 58%).

'H NMR (CDCls, 399.78 MHz): & 1.48 (s, 9H), 5.94 (br, 1H), 7.39-7.47 (m, 3H), 7.71-7.73 (m, 2H).
3C NMR (CDCls, 100.53 MHz): § 29.0, 51.8, 126.8, 128.6, 131.2, 136.1, 167.0.

HRMS (EI): Calcd for Cx3H3,N,03177.1154, Found 177.1153.

Morpholino(phenyl)methanone (3k). [CAS: 1468-28-6]

The typical procedure was followed using 2k, and the reaction temperature was 180 °C.

R 0.40 (hexane/EtOACc = 3/1). White solid (45 mg, 78%).

'H NMR (CDCls, 399.78 MHz): & 3.45-3.79 (m, 8H), 7.39-7.46 (m, 5H).

3C NMR (CDCl3, 100.53 MHz): & 42.7 (br), 48.4 (br), 67.0, 127.2, 128.7, 130.0, 135.4, 170.6.
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HRMS (CI): Calcd for C11H13sNO,+H™ 192.1025, Found 192.1023.

1-Phenylazepane (3l). [CAS: 40832-99-3]
O "
o\ o
7 7

The typical procedure was followed using 2| except that Ni(cod), (20 mol%) and IMes™® (40 mol%) were used ,
and the reaction temperature was 180 °C.

R¢ 0.34 (hexane/EtOAc = 100/1). Colorless oil (27 mg, 51%).

'H NMR (CDCls, 399.78 MHz): & 1.50-1.56 (m, 4H), 1.77-1.78 (m, 4H), 3.45 (t, J = 6.0 Hz, 4H), 6.62 (t, J = 7.3
Hz, 1H), 6.69 (d, J = 8.2 Hz, 2H), 7.18-7.22 (m, 2H).

B3C NMR (CDCls, 100.53 MHz): § 27.3, 27.9, 49.1, 111.2, 115.2, 129.4, 149.0.

HRMS (EI): Calcd for C1,H;7N 175.1361, Found 175.1359.

2-Phenyl-1,2,3,4-tetrahydroisoquinoline (3m). [CAS: 3340-78-1]

98 O

The typical procedure was followed using 2m, and the reaction temperature was 180 °C.

R¢ 0.37 (hexane/EtOAc = 10/1). Pale yellow solid (41 mg, 66%).

'H NMR (CDCls, 399.78 MHz): & 2.98 (t, J = 5.9 Hz, 2H), 3.56 (t, J = 5.9 Hz, 2H), 4.41 (s, 2H), 6.83 (t, J = 7.3
Hz, 1H), 6.99 (d, J = 8.3 Hz, 2H), 7.14-7.21 (m, 4H), 7.26-7.31 (m, 2H).

3C NMR (CDCls, 100.53 MHz): & 29.2, 46.7, 50.8, 115.3, 118.8, 126.1, 126.5, 126.7, 128.6, 129.3, 134.5, 134.9,

150.6.
HRMS (El): Calcd for C;sH35N 209.1204, Found 209.1203.

1,4-Diphenylpiperazine (3n). [CAS: 613-39-8]

The typical procedure was followed using 2n, and the reaction temperature was 180 °C.

R 0.23 (hexane/EtOAC = 10/1). Pale yellow solid (41 mg, 57%).

'H NMR (CDCls, 399.78 MHz): & 3.35 (s, 8H), 6.90 (t, J = 7.3 Hz, 2H), 7.00 (d, J = 7.8 Hz, 4H), 7.28-7.32 (m,
4H).

3C NMR (CDCls, 100.53 MHz): § 49.6, 116.5, 120.3, 129.3, 151.3.

HRMS (EI): Calcd for C;6H1gN, 238.1470, Found 238.1471.
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2,5,5-Trimethyl-2-phenethyl-1,3-dioxane (30). [CAS: 92208-11-2]

><\)© ><\/©/OM6

0560 o

The typical procedure was followed using 20, and the reaction temperature was 180 °C.

R¢ 0.14 (hexane/EtOAc = 20/1). Pale yellow oil (37 mg, 52%).

'H NMR (CDCls, 399.78 MHz): & 0.93 (s, 3H), 1.04 (s, 3H), 1.44 (s, 3H), 1.98-2.03 (m, 2H), 2.74-2.79 (m, 2H),
3.49 (d, J =11 Hz, 2H), 3.59 (d, J = 11 Hz, 2H), 7.18-7.24 (m, 3H), 7.27-7.31 (m, 2H).

3C NMR (CDCls, 100.53 MHz): 5 20.9, 22.7, 22.9, 29.8, 30.1, 40.0, 70.5, 98.7, 125.8, 128.5, 142.6.
HRMS (El): Calcd for C;5H,,0,234.16207, Found 234.1617.

Ethyl 3-phenylpropanoate (3p). [CAS: 2021-28-5]

OMe
\/O\H/\/© < \/OYVO/
(0]

o

The typical procedure was followed using 2p, and the reaction temperature was 180 °C.

R¢ 0.29 (hexane/EtOAc = 20/1). Colorless oil (28 mg, 53%).

'H NMR (CDCls, 399.78 MHz): 8 1.24 (t, J = 6.9 Hz, 3H), 2.62 (t, J = 7.7 Hz, 2H), 2.95 (t, J = 7.7 Hz, 2H), 4.13
(9, J = 6.9 Hz, 2H), 7.19-7.22 (m, 3H), 7.27-7.32 (m, 2H).

3C NMR (CDCls, 100.53 MHz): & 14.4, 31.1, 36.1, 60.6, 126.4, 128.5, 128.6, 140.7, 173.1.

HRMS (EI): Calcd for Cy;H40,178.0994, Found 178.0994.

tert-Butyldimethyl(phenethoxy)silane (3q). [CAS: 78926-09-7]

OMe
/Sl\o - I\O

The typical procedure was followed using 29, and the reaction temperature was 180 °C.

R 0.46 (hexane/EtOAc = 20/1). Colorless oil (59 mg, 83%).

'H NMR (CDCl3, 399.78 MHz): & 0.00-0.001 (m, 6H), 0.89-0.90 (m, 9H), 2.84 (t, J = 7.4 Hz, 2H), 3.80-3.84 (m,
2H), 7.22-7.23 (m, 3H), 7.27-7.32 (m, 2H).

3C NMR (CDCls, 100.53 MHz): § -5.3, 18.5, 26.1, 39.8, 64.7, 126.2, 128.3, 129.3, 139.3.

HRMS (CI): Calcd for C14H,,0Si+H" 237.1675, Found 237.1678.

Pentadecylbenzene (3r). [CAS: 2131-18-2]

OMe
14 - 14
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The typical procedure was followed using 2r, and the reaction temperature was 180 °C.

R 0.45 (hexane). Colorless oil (75 mg, 87%).

'H NMR (CDCls, 399.78 MHz): 5 0.88 (t, J = 6.7 Hz, 3H), 1.25-1.30 (m, 24H), 1.51-1.64 (m, 2H), 2.59 (t, J = 7.3
Hz, 2H), 7.14-7.18 (m, 3H), 7.25-7.29 (m, 2H).

3C NMR (CDCl;, 150.92 MHz): § 14.3, 22.9, 29.5, 29.6, 29.7, 29.8, 29.9, 31.7, 32.1, 36.2, 125.7, 128.3, 128.5,
143.1.

HRMS (EI): Calcd for C,;H3 288.2817, Found 288.2815.

N,N-Dimethylaniline (3t). [CAS: 121-69-7]

/N\© /N\©/OM6

The typical procedure was followed using 2t, and the reaction temperature was 180 °C. The yield was determined
by GC analysis using eicosane as an internal standard due to volatility of the product (55%). The identity of 3t

was unambiguously confirmed by GC analysis using N,N-dimethylaniline (Wako) as an authentic sample.

1,2,3,4-Tetrahydronaphthalene (3u). [CAS: 119-64-2]

OMe
O —
The typical procedure was followed using 2u, and the reaction temperature was 180 °C. The yield was determined

by GC analysis using eicosane as an internal standard due to volatility of the product (67%). The identity of 3u

was unambiguously confirmed by GC analysis using 1,2,3,4-tetrahydronaphthalene (TCI) as an authentic sample.

4,4,5,5-Tetramethyl-2-(o-tolyl)-1,3,2-dioxaborolane (3v). [CAS: 195062-59-0]

OMe
O\?/@ D O\?Q
0] 0]

The typical procedure was followed using 2v, and the reaction temperature was 180 °C.

R 0.60 (hexane/EtOAC = 20/1). White solid (46 mg, 70%).

'H NMR (CDCls, 399.78 MHz): & 1.34 (s, 12H), 2.54 (s, 3H), 7.14-7.17 (m, 2H), 7.31 (td, J = 1.4, 7.8 Hz, 1H),
7.75-7.77 (m, 1H).

3C NMR (CDCls, 100.53 MHz): § 22.4, 25.0, 83.5, 124.8, 129.9, 130.9, 136.0, 145.0.

HRMS (El): Calcd for C13H10BO, 218.1478, Found 218.1479.

Naphthalene (3w, 3x, 3y, 3z). [CAS: 91-20-3]

OR 98% (R = Me)
76% (R = Et)
- .
50% (R = Pr)
82% (R = Ph)
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The typical procedure was followed using 2w, 2x, 2y or 2z and the reaction temperature was 100 °C. The yield
was determined by GC analysis using eicosane as an internal standard due to volatility of the product. GC yield of
a product from 2w, 2x, 2y or 2z were 98%, 76%, 50% or 82%, respectively. When using 2z as a substrate,
phenol was also obtained in 75% GC vyield.

R¢ 0.43 (hexane).

'H NMR (CDCls, 399.78 MHz): & 7.45-7.48 (m, 4H), 7.82-7.84 (m, 4H).

3C NMR (CDCls, 100.53 MHz): 5 126.0, 128.0, 133.6.

HRMS (EI): Calcd for CygHg 128.0626, Found 128.0627.

N,N-Diisopropyl-2-naphthamide (3aa). [CAS: 31609-22-0]"

Y OMe
T 00 (— 00
el T
The typical procedure was followed using 2aa, and the reaction temperature was 100 °C.
R¢0.26 (hexane/EtOAC = 40/1). White solid (67 mg, 87%).
'H NMR (CDCls, 399.78 MHz): & 1.37 (br, 12H), 3.73 (br, 2H), 7.42 (dd, J = 1.8, 8.3 Hz, 1H), 7.49-7.54 (m, 2H),
7.80 (d, J =0.68 Hz, 1H), 7.83-7.87 (m, 3H).
3C NMR (CDCls, 100.53 MHz): §20.9, 46.1 (br), 51.1 (br), 123.6, 124.9, 126.7, 127.9, 128.3, 128.4, 133.0,
133.2,136.3, 171.2.
HRMS (EI): Calcd for C;7H,;NO 255.1623, Found 255.1623.

1-Methylnaphthalene (3ab). [CAS: 90-12-0]

OMe
0 (—C1C

The typical procedure was followed using 2ab, and the reaction temperature was 180 °C. The yield was
determined by GC analysis using eicosane as an internal standard due to volatility of the product (89%).

R¢ 0.43 (hexane). Colorless oil.

'H NMR (CDCls, 399.78 MHz): & 2.68 (s, 3H), 7.30 (d, J = 7.0 Hz, 1H), 7.36 (t, J = 7.0 Hz, 1H), 7.45-7.53 (m,
2H), 7.69 (d, J = 7.8 Hz, 1H), 7.72-7.84 (m, 1H), 7.98 (d, J = 8.2 Hz, 1H).

BC NMR (CDCl3, 100.53 MHz): 6 19.5, 124.2, 125.6, 125.7, 125.8, 126.5, 126.7, 128.6, 132.7, 133.6, 134.4.
HRMS (EI): Calcd for C13;H19 142.0783, Found 142.0785.

2-Phenylnaphthalene (3ac). [CAS: 612-94-2]

90

The typical procedure was followed using 2ac, and the reaction temperature was 180 °C.
R¢ 0.40 (hexane). White solid (56 mg, 91%).
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'H NMR (CDCls, 399.78 MHz): § 7.38 (tt, J = 1.4, 7.3 Hz, 1H), 7.46-7.53 (m, 4H), 7.71-7.77 (m, 3H), 7.86-7.93
(m, 3H), 8.05 (d, J = 1.6 Hz, 1H).

3C NMR (CDCly, 100.53 MHz): 8 125.7, 125.9, 126.1, 126.4, 127.5, 127.6, 127.8, 128.3, 128.6, 129.0, 132.7,
133.8, 138.7, 141.3.

HRMS (EI): Calcd for CigH1, 204.0939, Found 204.0937.

4-([1,1'-Biphenyl]-4-yl)morpholine (3ae). [CAS: 169963-54-6]°

O O o O OMe
S S

The typical procedure was followed using 2ae, and the reaction temperature was 100 °C.

R¢ 0.23 (hexane/EtOAC = 4/1). White solid (48 mg, 67%).

'H NMR (CDCls, 399.78 MHz): & 3.21 (t, J = 4.8 Hz, 4H), 3.88 (t, J = 4.8 Hz, 4H), 6.99 (d, J = 8.7 Hz, 2H), 7.29
(t, J=7.3Hz, 1H), 7.41 (t, J = 7.3 Hz, 2H), 7.52-7.57 (m, 4H).

3C NMR (CDCls, 100.53 MHz): & 49.3, 67.0, 115.9, 126.7, 127.9, 128.8, 132.8, 140.9, 150.6.

HRMS (EI): Calcd for C;6H;7NO 239.1310, Found 239.1311.

1-([1,1'-Biphenyl]-3-yl)pyrrolidine (3af). [CAS: 852227-07-7]

oo (— oo

The typical procedure was followed using 2af, and the reaction temperature was 180 °C.

R¢ 0.31 (hexane/EtOAcC = 40/1). Pale yellow oil (39 mg, 59%).

'H NMR (CDCls, 399.78 MHz): & 1.97 (quin, J = 3.2 Hz, 4H), 3.30 (t, J = 6.4 Hz, 4H), 6.55 (dd, J = 1.8, 8.3 Hz,
1H), 6.74 (t, J = 1.8 Hz, 1H), 6.87 (d, J = 7.6 Hz, 1H), 7.25-7.32 (m, 2H), 7.38-7.42 (m, 2H), 7.58-7.61 (m, 2H).
3C NMR (CDCls, 100.53 MHz): & 25.6, 47.8, 110.6, 110.8, 114.7, 127.1, 127.4, 128.6, 129.5, 142.3, 142.4,
148.3.

HRMS (EI): Calcd for C1gH7N 223.1361, Found 223.1362.

3,5-Dimethyl-1,1'-biphenyl (3ag). [CAS: 17057-88-4]

OMe
OO — 3

The typical procedure was followed using 2ag, and the reaction temperature was 180 °C.
R¢ 0.23 (hexane). Colorless oil (31 mg, 56%).
'H NMR (CDCl;, 399.78 MHz): & 2.38 (s, 6H), 6.99-7.00 (m, 1H), 7.21 (s, 2H), 7.30-7.34 (m, 1H), 7.40-7.43 (m,
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2H), 7.56-7.58 (m, 2H).
BC NMR (CDClg, 100.53 MHz): 6 21.6, 125.2, 127.2, 127.3, 128.8, 129.0, 138.4, 141.4, 141.6.
HRMS (EI): Calcd for Cy4Hy4 182.1096, Found 182.1098.

4,4"-Dibutyl-1,1":3",1""-terphenyl (3ah).

OO lwe

! O

The typical procedure was followed using 2ah, and the reaction temperature was 100 °C.

R¢ 0.31 (hexane). White solid (94 mg, 92%). Mp = 38 °C.

'H NMR (CDCl3, 399.78 MHz): 6 0.95 (t, J = 7.4 Hz, 6H), 1.34-1.44 (m, 4H), 1.60-1.68 (m, 4H), 2.65 (t, J = 7.4
Hz, 4H), 7.26 (d, J = 8.2 Hz, 4H), 7.44-7.48 (m, 1H), 7.52-7.56 (m, 6H), 7.78-7.79 (m, 1H).

3C NMR (CDCls, 100.53 MHz): & 14.1, 22.6, 33.8, 35.5, 125.8, 126.0, 127.2, 129.0, 129.2, 138.7, 141.8, 142.3.
IR (ATR): 3025 w, 2958 m, 2925 m, 2856 m, 2363 w, 1602 w, 1563 w, 1516 m, 1475 m, 1375 w, 1189 w, 1123 w,
1102 w, 1017 w, 895w, 831 m, 776 s, 729 w, 696 m, 667 w.

MS m/z (% relative intensity): 343 (17), 342 (M", 66), 300 (24), 299 (100), 256 (23).

HRMS (EI): Calcd for C,gHsy 342.2348, Found 342.2347.

2-(3-Methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3aj). [CAS: 325142-84-5]

>?L 1 >?L :
O/B\Q O/B\Q/OM(B
OMe OMe

The typical procedure was followed using 2aj, and the reaction temperature was 180 °C.

R¢ 0.20 (hexane/EtOAc = 20/1). Colorless oil (32 mg, 45%).

'H NMR (CDCls, 399.78 MHz): & 1.34 (s, 12H), 3.83 (s, 3H), 7.01 (dd, J = 0.92, 8.3 Hz, 1H), 7.28-7.33 (m, 2H),
7.40 (d, J = 6.9 Hz, 1H).

3C NMR (CDCls, 100.53 MHz): § 25.0, 55.4, 84.0, 118.1, 118.7, 127.3, 129.1, 159.1.

HRMS (EI): Calcd for C13H10B03234.1427, Found 234.1427.

Quinoline (3ak). [CAS: 91-22-5]
O (—cco™
NS

N SN
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The typical procedure was followed using 2ak, and the reaction temperature was 180 °C.

R¢ 0.23 (hexane/EtOAc = 3/1). Pale yellow oil (22 mg, 57%).

'H NMR (CDCls, 399.78 MHz): & 7.33-7.39 (m, 1H), 7.49-7.55 (m, 1H), 7.67-7.73 (m, 1H), 7.77-7.81 (m, 1H),
8.10-8.13 (m, 2H), 8.89-8.92 (m, 1H).

3C NMR (CDCls, 100.53 MHz): § 121.1, 126.6, 127.8, 128.3, 129.4, 129.5, 136.1, 148.3, 150.4.

HRMS (EI): Calcd for CgH;N 129.0578, Found 129.0577.

2-Methylquinoline (3al). [CAS: 91-63-4]

fj@ = OMe
-—
The typical procedure was followed using 2al, and the reaction temperature was 180 °C.
R¢ 0.20 (hexane/EtOAC = 4/1). Pale yellow oil (24 mg, 55%).
'H NMR (CDCls, 399.78 MHz): & 2.75 (s, 3H), 7.29 (d, J = 8.0 Hz, 1H), 7.46-7.50 (m, 1H), 7.66-7.70 (m, 1H),
7.77 (d, J = 8.0 Hz, 1H), 8.03 (t, J = 8.4 Hz, 2H).
3C NMR (CDCls, 100.53 MHz): § 25.5, 122.1, 125.8, 126.6, 127.6, 128.7, 129.6, 136.3, 148.0, 159.1.
HRMS (El): Calcd for C1oHgN 143.0735, Found 143.0735.

9-Methyl-9H-carbazole (3am). [CAS: 1484-12-4]
\N \N OMe
aStiare e
The typical procedure was followed using 2am, and the reaction temperature was 180 °C.
R 0.21 (hexane/EtOAC = 40/1). White solid (49 mg, 91%).
'H NMR (CDCls, 399.78 MHz): & 3.83 (s, 3H), 7.23 (t, J = 7.8 Hz, 2H), 7.39 (d, J = 7.8 Hz, 2H), 7.45-7.49 (m,
2H), 8.09 (d, J = 7.8 Hz, 2H).

3C NMR (CDCl;, 100.53 MHz): § 29.2, 108.5, 119.0, 120.4, 122.9, 125.8, 141.1.
HRMS (El): Calcd for C;3H;;N 181.0891, Found 181.0889.

2-Methylnaphthalene (3an). [CAS: 91-57-6]

— Qo

The typical procedure was followed using 2an, and the reaction temperature was 180 °C. The yield was
determined by GC analysis using eicosane as an internal standard due to volatility of the product (82%).

R 0.46 (hexane). Colorless oil.

'H NMR (CDCl, 399.78 MHz): & 2.51 (s, 3H), 7.30 (dd, J = 1.4, 8.2 Hz, 1H), 7.37-7.45 (m, 2H), 7.60 (s, 1H),
7.72-7.75 (m, 2H), 7.78 (d, J = 7.8 Hz, 1H).

3C NMR (CDCls, 100.53 MHz): § 21.9, 125.1, 126.0, 127.0, 127.4, 127.7, 127.8, 128.2, 131.8, 133.8, 135.6.
HRMS (EI): Calcd for Cy;H;0 142.0783, Found 142.0782.
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2-Ethylnaphthalene (3a0, 3as). [CAS: 939-27-5]

OMe
OMe
—Cy T -

The typical procedure was followed using 2ao, and the reaction temperature was 180 °C. The yield was
determined by GC analysis using eicosane as an internal standard due to volatility of the product (97%). The
typical procedure was followed using 2as except that Ni(cod), (20 mol%) and IMes™® (40 mol%) were used , and
the reaction temperature was 180 °C. The yield was determined by GC analysis using eicosane as an internal
standard due to volatility of the product (93%).

R 0.47 (hexane). Colorless oil.

'H NMR (CDCls, 399.78 MHz): 6 1.32 (t, J = 7.6 Hz, 3H), 2.81 (q, J = 7.6 Hz, 2H), 7.35 (dd, J = 1.8, 8.7 Hz, 1H),
7.39-7.46 (m, 2H), 7.62 (s, 1H), 7.76-7.81 (m, 3H).

3C NMR (CDCl,, 100.53 MHz): & 15.7, 29.2, 125.1, 125.6, 126.0, 127.2, 127.5, 127.7, 127.9, 132.0, 133.8,
141.9.

HRMS (EI): Calcd for C;,H;, 156.0939, Found 156.0936.

2-Neopentylnaphthalene (3ap). [CAS: 61760-11-0]*
OMe

OO | — QK

The typical procedure was followed using 2ap, and the reaction temperature was 180 °C.

R¢ 0.37 (hexane). White solid (27 mg, 46%).

'H NMR (CDCl;, 399.78 MHz): & 0.95 (s, 9H), 2.66 (s, 2H), 7.29 (dd, J = 1.8, 8.2 Hz, 1H), 7.40-7.47 (m, 2H),
7.57 (s, 1H), 7.74 (d, J = 8.7 Hz, 1H), 7.78-7.82 (m, 2H).

3C NMR (CDCls, 100.53 MHz): & 29.6, 32.3, 50.5, 125.2, 125.8, 127.0, 127.7, 128.7, 129.6, 132.0, 133.4, 137.6.
HRMS (EI): Calcd for Cy5H1g 198.1409, Found 198.1407.

2-Benzylnaphthalene (3aq). [CAS: 613-59-2]

OMe

The typical procedure was followed using 2aq, and the reaction temperature was 180 °C.

R¢ 0.20 (hexane/EtOAC = 40/1). Colorless oil (56 mg, 86%).

'H NMR (CDCl;, 399.78 MHz): & 4.13 (s, 2H), 7.18-7.23 (m, 3H), 7.27-7.32 (m, 3H), 7.39-7.46 (m, 2H), 7.62 (s,
1H), 7.73-7.79 (m, 3H).

3C NMR (CDCls, 100.53 MHz): & 42.2, 125.5, 126.1, 126.3, 127.2, 127.6, 127.7, 127.8, 128.2, 128.6, 129.2,
132.2,133.7,138.7, 141.1.

HRMS (EI): Calcd for C;7H;4 218.1096, Found 218.1095.
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3-Methyl-1,1'-biphenyl (3ar). [CAS: 643-93-6]*

OMe

OOO‘

The typical procedure was followed using 2ar, and the reaction temperature was 180 °C. The yield was
determined by GC analysis using eicosane as an internal standard due to volatility of the product (59%).

R¢ 0.23 (hexane). Colorless oil.

'H NMR (CDCls, 399.78 MHz): & 2.42 (s, 3H), 7.16 (d, J = 7.3 Hz, 1H), 7.33 (t, J = 7.3 Hz, 2H), 7.38-7.45 (m,
4H), 7.58 (d, J = 7.3 Hz, 2H).

3C NMR (CDCl;, 100.53 MHz): § 21.7, 124.4, 127.3, 128.1, 128.8, 128.9, 138.5, 141.3, 141.5. HRMS (EI):
Calcd for Cy3H;, 168.0939, Found 168.0938.

Isopropy! (S)-2-(6-methoxynaphthalen-2-yl)propanoate (3at).

LI (— 2

The typical procedure was followed using 2at except that NaOAc was not added, and the reaction temperature
was 100 °C.

R¢ 0.20 (hexane/EtOAc = 20/1). Colorless oil (48 mg, 66%).

'H NMR (CDCl;, 399.78 MHz): & 1.12 (d, J = 6.4 Hz, 3H), 1.22 (d, J = 6.4 Hz, 3H), 1.57 (d, J = 7.3 Hz, 3H),
3.84 (q, J = 7.3 Hz, 1H), 5.01 (quintet, J = 6.4 Hz, 1H), 7.42-7.50 (m, 3H), 7.74 (s, 1H), 7.79-7.82 (m, 3H).

3C NMR (CDCls, 100.53 MHz): §19.2, 22.1, 22.3, 46.4, 68.6, 126.2, 126.3, 126.6, 126.7, 128.2, 128.4, 128.7,
133.1, 134.0, 138.8, 174.6.

IR (ATR): 2979 w, 2935 w, 1716 s, 1600 w, 1508 w, 1453 w, 1374 m, 1319 w, 1249 w, 1184 s, 1104

s, 1017 w, 950 w, 928 w, 892 w, 858 w, 820 m, 795 w, 746 m.

MS m/z (% relative intensity): 242 (M*, 34), 155 (100), 153 (23).

HRMS (EI): Calcd for C1gH130,242.1307, Found 242.1304.

[a]2° =+9.2 (c = 9.8 x 102, CHCI,).

(8R,9S,13S,17S)-17-Methoxy-13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopenta[a]phenanthren
e (3au).

The typical procedure was followed using 2au, and the reaction temperature was 180 °C.
R¢ 0.23 (hexane/EtOAc = 20/1). White solid (61 mg, 75%). Mp = 131 °C.

84



'H NMR (CDCls, 399.78 MHz): § 0.79 (s, 3H), 1.07-1.25 (m, 3H), 1.31-1.59 (m, 3H), 1.66-1.73 (m, 1H), 1.88 (d,
J =12 Hz, 1H), 2.02-2.12 (m, 2H), 2.23-2.33 (m, 3H), 2.85-2.88 (m, 2H), 3.32 (t, J = 8.2 Hz, 1H), 3.38 (s, 3H),
7.07-7.16 (m, 3H), 7.30 (d, J = 6.8 Hz, 1H).

BC NMR (CDCl3, 100.53 MHz): 8 11.7, 23.2, 26.3, 27.3, 27.9, 29.7, 38.2, 38.5, 43.3, 44.6, 50.6, 58.0, 90.9, 125.5,
125.6, 125.7, 129.1, 136.8, 140.5.

IR (ATR): 2935 m, 2866 m, 1486 w, 1446 w, 1363 w, 1266 w, 1190 m, 1168 w, 1134 w, 1100 s, 1011 w, 990 w,
820 w, 769 w, 747 s.

MS m/z (% relative intensity): 270 (M", 41), 238 (22), 198 (17), 197 (100), 196 (11), 144 (25), 143 (17), 142 (17),
141 (14), 129 (21), 128 (14), 117 (25), 115 (11).

HRMS (EI): Calcd for C19H20 270.1984, Found 270.1986.

[a]2° =+28.0 (c =7.7 x 102, CHCly).

1,9-Dimethyl-9H-pyrido[3,4-b]indole (3av). [CAS: 16498-64-9]

\N \N OMe

The typical procedure was followed using 2av, and the reaction temperature was 180 °C.

R¢ 0.43 (NH silica, hexane/EtOAc = 1/1). White solid (41 mg, 70%).

'H NMR (CDCls, 399.78 MHz): & 3.08 (s, 3H), 4.12 (s, 3H), 7.25-7.27 (m, 1H), 7.43 (d, J = 8.3 Hz, 1H),
7.56-7.61 (m, 1H), 7.81 (d, J = 5.3 Hz, 1H), 8.10 (d, J = 7.8 Hz, 1H), 8.30 (d, J = 5.3 Hz, 1H).

3C NMR (CDCl3, 100.53 MHz): & 23.8, 32.4, 109.5, 113.0, 119.7, 121.2, 121.6, 128.2, 128.9, 136.0, 138.1, 141.8,
142.2.

HRMS (El): Calcd for C;3H1,N,196.1000, Found 196.1003.

3.4.5 The Observation of C(aryl)-H Borylation of Solvent Toluene by the Addition of Pinacol

Ni(cod), (10 mol%)

H. _H IMes"® (20 mol%)
OMe B NaOAc (3.0 equiv) H
/@/ + N + +
toluene .
By \( W/ Bu (pin)B
2a 1a )

180 °C, 18 h _
then pinacol (12 equiv 3a B(pin)
. in THF, rt, 6 h 37% (GC) 16% (GC) 39% (GC)
(0.30 mmol) (2.5 equiv) based on 1a based on1a based on 1a
93% (GC)

based on 2a
In a glovebox filled with nitrogen, Ni(cod), (8.3 mg, 0.030 mmol, 0.10 equiv), IMes™® (20 mg, 0.060 mmol,
0.20 equiv), NaOAc (74 mg, 0.90 mmol, 3.0 equiv) and toluene (1.0 mL) were added to a 10 mL-sample vial with
a Teflon-sealed screwcap, and stirred for 3 min at room temperature. 2a (0.30 mmol, 1.0 equiv), and 1a (68 mg,
0.60 mmol, 2.0 equiv) were then added, and the cap was applied to seal the vial. The vial was stirred at 180 °C for
18 h. After the reaction mixture was cooled to room temperature, pinacol (424 mg, 3.6 mmol, 12 equiv) in
dehydrated THF (2.0 mL) was added to the mixture, and then stirred at room temperature for 6 h under N,. The

resulting mixture was filtered through silica gel eluting with EtOAc. The filtrate was analyzed by GC using
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eicosane as an internal standard. The borylated products of the toluene solvent were observed in 55% total yields
based on la, along with the generation of the deoxygenated product 3a in 37% yield based on la. This result

indicates that significant amount of 1a is consumed by C-H borylation of solvent toluene.

3.4.6 Competitive Reduction of 2a and 1-(tert-Butyl)-4-(methoxymethyl)benzene (2a’) with 1a under the

Standard Reaction Conditions

OMe H.g-H

+ + N

Bu Bu Y w/
2a 2a' 1a

(0.30 mmol) (1.0 equiv) (2.0 equiv)

Ni(cod), (10 mol%)
IMesMe (20 mol%

)
NaOAc (3.0 equv) H /©/\H
> + + 2a '
toluene By By * 2a
3a 3a

180 °C, 18 h
74% (GC) trace (GC) 24% (GC) >99% (GC)

In a glovebox filled with nitrogen, Ni(cod), (8.3 mg, 0.030 mmol, 0.10 equiv), IMes™® (20 mg, 0.060 mmol, 0.20
equiv) and toluene (1.0 mL) were added to a 10 mL-sample vial with a Teflon-sealed screwcap, and stirred for 3
min at room temperature. NaOAc (74 mg, 0.90 mmol, 3.0 equiv), 2a (49 mg, 0.30 mmol, 1.0 equiv), 2a’ (53 mg,
0.30 mmol, 1.0 equiv) and 1a (68 mg, 0.60 mmol, 2.0 equiv) were then added, and the cap was applied to seal the
vial. The vial was stirred at 180 °C for 18 h. After the reaction mixture was cooled to room temperature, the crude
mixture was filtered through silica gel eluting with EtOAc. The filtrate was analyzed by GC using eicosane as an

internal standard. 3a was obtained from 2a in 74% GC vyield. In contrast, this reaction didn’t afford 3a’ from 2a’.

3.4.7 The Attempted Observation of the Interaction between Reagents by B NMR Spectroscopy

BH,N'Pr,

H\ /H ~
N + _ =
Y Y - benzen-dg 'Bu/©/
1a 2a

rt, 1h

(0.10 mmol) (1.0 equiv) not observed

In a glovebox filled with nitrogen, 1a (11 mg, 1.0 equiv), 2a (16 mg, 0.10 mmol, 1.0 equiv) and benzene-ds (1.0
mL) were added to a 10 mL-sample vial with a Teflon-sealed screwcap, and stirred for 1 h at room temperature.
1B NMR analysis of the resulting mixture showed no indication of the formation of a 1a/2a complex.

H A

H. OAC
B NaOAc (1.0 equiv) \FT’,/
YNW/ benzen-dg N
rt, 1 h Y j/
1

not observed

(0.10 mmol)
In a glovebox filled with nitrogen, 1a (11 mg, 1.0 equiv), NaOAc (7.4 mg, 0.10 mmol, 1.0 equiv) and benzene-ds

(1.0 mL) were added to a 10 mL-sample vial with a Teflon-sealed screwcap, and stirred for 1 h at room
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temperature. 'B NMR analysis of the resulting mixture did not indicate the formation of the complex of 1a with
NaOAc.

OAc

Ho _H C
B B

NaOAc (3.0 equiv) |
YNW/ benzen-dg N
hiad

not observed

(0.10 mmol)

In a glovebox filled with nitrogen, 1a (11 mg, 1.0 equiv), NaOAc (7.4 mg, 0.10 mmol, 1.0 equiv) and benzene-ds
(1.0 mL) were added to a 10 mL-sample vial with a Teflon-sealed screwcap, and stirred for 1 h at room
temperature. 'B NMR analysis of the resulting mixture did not indicate the formation of the complex of 1a with
NaOAc.

In summary, we were unable to obtain any direct evidence of interaction between 1a and 2a or NaOAc by "B

NMR, probably because the equilibrium favors the uncomplexed forms.

3.4.8 Reduction of 4 by Using 1a in the Absence of a Catalyst (5). [CAS: 91-01-0]

0 OH
1a (2.0 equiv)
_—
O O THF O O
4 0°Ctort,15h 5
(0.30 mmol) then H,0, 76% (isolated)
0°Ctort,2h

la (68 mg, 0.60 mmol, 2.0 equiv) was added dropwise to a solution of 4 (55 mg, 0.30 mmol, 1.0 equiv) in
dehydtrated THF (5.0 mL), and the reaction mixture was stirred at 0 °C for 15 min. The mixture was then allowed
to warm to room temperature and stirred for 15 h. H,O (5.0 mL) was added slowly to the reaction mixture at 0 °C
and it was stirred at room temperature for 2 h. After the solvent was evaporated in vacuo, H,O (10 mL) was added,
and the residue was then extracted with CH,Cl, (10 mL x 3). The combined organic extracts were dried over
Na,SO,. The solvent was then removed under reduced pressure, and purified by flash column chromatography
over silica gel eluting with hexane/EtOAc (10/1). The filtrate was concentrated in vacuo to give 5 as a white solid
(42 mg, 76%).

'H NMR (CDCls, 399.78 MHz): & 2.31 (br, 1H), 5.81 (s, 1H), 7.23-7.27 (m, 2H), 7.30-7.37 (m, 8H).

3C NMR (CDCls, 100.53 MHz): & 76.4, 126.7, 127.7, 128.6, 143.9.

HRMS (EI): Calcd for C43H;,0 184.0888, Found 184.0888.

3.4.9 Deuterium Labeling Studies

“ YYT

then H,O 76% (Isolated)
(0.30 mmoI) (2.0 equw)

1b (69 mg, 0.60 mmol, 2.0 equiv) was added dropwise to a solution of 4 (55 mg, 0.30 mmol, 1.0 equiv) in

dehydtrated THF (5.0 mL), and the reaction mixture was stirred at 0 °C for 15 min. The mixture was then allowed
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to warm to room temperature and stirred for 15 h. H,O (5.0 mL) was added slowly to the reaction mixture at 0 °C
and it was stirred at room temperature for 2 h. After the solvent was evaporated in vacuo, H,O (10 mL) was added,
and the residue was then extracted with CH,Cl, (10 mL x 3). The combined organic extracts were dried over
Na,SO,. The solvent was then removed under reduced pressure, and purified by flash column chromatography
over silica gel eluting with hexane/EtOAc (10/1). The filtrate was concentrated in vacuo to give a corresponding
alcohol as a white solid (42 mg, 76%). 'H NMR analysis of the product revealed the level of deuterium
incorporation to be 75% based on the integration value of the resonance signal appeared at 5.8 ppm.
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’H NMR of generated alcohol with deuterium incorporation in CDCl,

Ni(cod), (10 mol%)
OCDs H. H IMes™® (20 mol%)
O ? NaOAc (3.0 equiv)
+ N
W/ j/ 1,4-dioxane
100 °C, 18 h
2aw 1a 3aw
(0.30 mmol) (2.0 equiv) 37% (isolated)

In a glovebox filled with nitrogen, Ni(cod), (8.3 mg, 0.030 mmol, 0.10 equiv), IMes™® (20 mg, 0.060 mmol,

0.20 equiv) and 1,4-dioxane (1.0 mL) were added to a 10 mL-sample vial with a Teflon-sealed screwcap, and

stirred for 3 min at room temperature. NaOAc (74 mg, 0.90 mmol, 3.0 equiv), 2aw (56 mg, 0.30 mmol, 1.0 equiv),

and 1a (68 mg, 0.60 mmol, 2.0 equiv) were then added, and the cap was applied to seal the vial. The vial was

stirred at 100 'C for 18 h. After the reaction mixture was cooled to room temperature, the crude mixture was

filtered through silica gel eluting with EtOAc. The filtrate was analyzed by GC using eicosane as an internal

standard. The crude mixture was concentrated under reduced pressure, and purified by flash column

chromatography over silica gel eluting with hexane. The filtrate was concentrated in vacuo to give a pure reduced

product 3aw (17 mg, 37%) without the deuterium incorporation. This result suggested that, unlike our previously

reported method,” B-hydrogen elimination from the oxidative addition complex (Ar-Ni-OMe) is not involved as a

major pathway in this catalytic system.
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OMe Ni(cod), (10 mol%) D
IMes™M®e (20 mol%) no D
NaOAc (3.0 equiv)

D._.D
3
O * \(NW/ toluene K\ O
o N
o()N . 100 °C, 18 h [

2ax 75% D 3ax
(0.30 mmol) (2.0 equiv) 65% (Isolated)

In a glovebox filled with nitrogen, Ni(cod), (8.3 mg, 0.030 mmol, 0.10 equiv), IMes™® (20 mg, 0.060 mmol,
0.20 equiv) and toluene (1.0 mL) were added to a 10 mL-sample vial with a Teflon-sealed screwcap, and stirred
for 3 min at room temperature. NaOAc (74 mg, 0.90 mmol, 3.0 equiv), 2ax (81 mg, 0.30 mmol, 1.0 equiv), and
1b (69 mg, 0.60 mmol, 2.0 equiv) were then added, and the cap was applied to seal the vial. The vial was stirred
at 100 ‘C for 18 h. After the reaction mixture was cooled to room temperature, the crude mixture was filtered
through silica gel eluting with EtOAc. The filtrate was analyzed by GC using eicosane as an internal standard. The
crude mixture was concentrated under reduced pressure, and purified by flash column chromatography over silica
gel eluting with hexane/EtOAc (5/1). The filtrate was concentrated in vacuo to give a pure reduced product 3ax

(47 mg, 65%). The deuterium was not incorporated in the product 3ax.
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OMe Ni(cod), (10 mol%) D
D.__D IMesM® (20 mol%) O -0.97D
‘ E‘i NaOAc (3.0 equiv)
O + YN j/
toluene-dg
(\N 100 °C, 18 h @l
o 1b

2ax 75% D 3ax
(0.30 mmol) (2.0 equiv) 82% (Isolated)

In a glovebox filled with nitrogen, Ni(cod), (8.3 mg, 0.030 mmol, 0.10 equiv), IMes™® (20 mg, 0.060 mmol,
0.20 equiv) and toluene-dg (1.0 mL) were added to a 10 mL-sample vial with a Teflon-sealed screwcap, and stirred
for 3 min at room temperature. NaOAc (74 mg, 0.90 mmol, 3.0 equiv), 2ax (81 mg, 0.30 mmol, 1.0 equiv), and
1b (69 mg, 0.60 mmol, 2.0 equiv) were then added, and the cap was applied to seal the vial. The vial was stirred
at 100 'C for 18 h. After the reaction mixture was cooled to room temperature, the crude mixture was filtered
through silica gel eluting with EtOAc. The filtrate was analyzed by GC using eicosane as an internal standard. The
crude mixture was concentrated under reduced pressure, and purified by flash column chromatography over silica
gel eluting with hexane/EtOAc (5/1). The filtrate was concentrated in vacuo to give a pure reduced product 3ax
(60 mg, 82%). In contrast, 97% deuterium was incorporated at the ipso position of the product, when toluene-dg
was used as the reaction solvent instead of toluene, which indicated that an H/D exchange reaction was occurring
between the reduced product and toluene solvent. Due to this H/D exchange reaction, deuterium was also

incorporated at other aromatic C-H bonds of the product 3ax.
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OMe Ni(cod), (10 mol%) D
Ho _H  IMesM® (20 mol%) O -0.91D
‘ B NaOAc (3.0 equiv)
& Y
toluene-dg
(\N 100 °C, 18 h O(\\)N
O\) 1a

2ax (2.0 equiv) 3ax
(0.30 mmol) 63% (Isolated)

In a glovebox filled with nitrogen, Ni(cod), (8.3 mg, 0.030 mmol, 0.10 equiv), IMes™® (20 mg, 0.060 mmol,
0.20 equiv) and toluene-dg (1.0 mL) were added to a 10 mL-sample vial with a Teflon-sealed screwcap, and stirred
for 3 min at room temperature. NaOAc (74 mg, 0.90 mmol, 3.0 equiv), 2ax (81 mg, 0.30 mmol, 1.0 equiv), and
1la (68 mg, 0.60 mmol, 2.0 equiv) were then added, and the cap was applied to seal the vial. The vial was stirred at
100 “C for 18 h. After the reaction mixture was cooled to room temperature, the crude mixture was filtered through
silica gel eluting with EtOAc. The filtrate was analyzed by GC using eicosane as an internal standard. The crude
mixture was concentrated under reduced pressure, and purified by flash column chromatography over silica gel
eluting with hexane/EtOAc (5/1). The filtrate was concentrated in vacuo to give a pure reduced product 3ax (45
mg, 63%). 91% deuterium was incorporated at the ipso position of the product in the reaction of 2ax with 1a in

toluene. This result clarified that the source of deuterium is derived from toluene solvent.
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0.69D

OMe Ni(cod), (10 mol%) D
D. D Mes"® (20 mol%) O -o_zgo
‘ L?’ NaOAc (3.0 equiv) O
|O + N
1,4-dioxane
N Y W/ 100 °C, 18 h (N
o/ 1

o

2ax 75% D 3ax
(0.30 mmol) (2.0 equiv) 37% (Isolated)

In a glovebox filled with nitrogen, Ni(cod), (8.3 mg, 0.030 mmol, 0.10 equiv), IMes™® (20 mg, 0.060 mmol,
0.20 equiv) and 1,4-dioxane (1.0 mL) were added to a 10 mL-sample vial with a Teflon-sealed screwcap, and
stirred for 3 min at room temperature. NaOAc (74 mg, 0.90 mmol, 3.0 equiv), 2ax (81 mg, 0.30 mmol, 1.0 equiv),
and 1b (69 mg, 0.60 mmol, 2.0 equiv) were then added, and the cap was applied to seal the vial. The vial was
stirred at 100 'C for 18 h. After the reaction mixture was cooled to room temperature, the crude mixture was
filtered through silica gel eluting with EtOAc. The filtrate was analyzed by GC using eicosane as an internal
standard. The crude mixture was concentrated under reduced pressure, and purified by flash column
chromatography over silica gel eluting with hexane/EtOAc (5/1). The filtrate was concentrated in vacuo to give a
pure reduced product 3ax (27 mg, 37%). To avoid the H/D exchange reaction with the solvent, we also conducted
the reaction of 2ax with 1b in 1,4-dioxane. However, an H/D scrambling between aromatic C-H bonds in 2ax

and 3ax still hampered probing of the origin of the incorporated hydride.

@
4.00
4.00

1.0
)
o]

abundance
0

8.0 7.0 6.0 50 4.0 3.0 20

3.883
3.871

3.219

3.895

X : parts per Million : Proton

'H NMR of 3ax with deuterium incorporation in CDCl,

95



8.0

40 6.0

e
o
©
[w)

o L)

)

©

o

1.0

abundance
0

8.0 7.0 6.0 5.0 40 30 20

7.027

X : parts per Million : Deuterium

’H NMR of 3ax with deuterium incorporation in CDCl,

Ni(cod), (10 mol%) / D
IMesMe (20 mol%) ‘ -no D
O ‘ NaOAc (3.0 equiv) O
toluene-dg
(\N 100 °C, 18 h (\N
O\) o\)

3ax 3ax
(0.30 mmol) 95% (Isolated)

In a glovebox filled with nitrogen, Ni(cod), (8.3 mg, 0.030 mmol, 0.10 equiv), IMes™® (20 mg, 0.060 mmol,
0.20 equiv) and toluene-dg (1.0 mL) were added to a 10 mL-sample vial with a Teflon-sealed screwcap, and stirred
for 3 min at room temperature. NaOAc (74 mg, 0.90 mmol, 3.0 equiv) and 3ax (81 mg, 0.30 mmol, 1.0 equiv)
were then added, and the cap was applied to seal the vial. The vial was stirred at 100 'C for 18 h. After the reaction
mixture was cooled to room temperature, the crude mixture was filtered through silica gel eluting with EtOAc.
The filtrate was analyzed by GC using eicosane as an internal standard. The crude mixture was concentrated under
reduced pressure, and purified by flash column chromatography over silica gel eluting with hexane/EtOAc (5/1).
The filtrate was concentrated in vacuo to give a pure reduced product 3ax (68 mg, 95%). This result indicates that

an H/D exchange reaction didn’t occur directly between the reduced product and toluene solvent.
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Although the rapid H/D exchange between la and aromatic C-H bonds has complicated these results of the
labeling study, the source of hydride for the deoxygenation of C(aryl)-O bonds is most likely to be derived from

la.

3.4.10 Synthesis of Dimethoxyaminoborane (1c)

H. MeO. ,-OMe
MeOH
Y w/ toluene- dg Y Y
(1.0 equiv) rt,1h
(0. 30 mmol)

In a glovebox filled with nitrogen, dehydtrated MeOH (9.6 mg, 0.30 mmol, 1.0 equiv) was added to a solution of
1la (33 mg, 0.30 mmol, 1.0 equiv) in toluene-dg (0.50 mL), and stirred for 1 h at room temperature. After the
reaction, the generation of 1c was observed by 'H NMR and B NMR. However, unreacted 1a was remained in
this reaction mixture.

'HNMR (toluene-dg, 399.78 MHz): 6 0.93 (d, J = 6.2 Hz, 12 H), 2.78 (octet, J = 6.2 Hz, 2H), 3.42 (s, 6H).

3C NMR (toluene-dg, 100.53 MHz): & 23.7, 45.4, 51.1.

B NMR (toluene-dg, 128.27 MHz): & 18.6.
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3.4.11 The Observation by B NMR Spectroscopy after the Reaction

H\B,H
OMe |
/O/ + YNW/
Bu
2a 1a

(0.30 mmol) (2.5 equiv)

Ni(cod), (10 mol%)
IMesMe (20 mol%)
NaOAc (3.0 equiv)

toluene-dg
180 °C, 18 h

"B NMR: 38, 32, 30 ppm

authentic samples

B NMR (ppm)
in toluene-dg '

In a glovebox filled with nitrogen, Ni(cod), (8.3 mg, 0.030 mmol, 0.10 equiv), IMes™® (20 mg, 0.060 mmol,
0.20 equiv) and toluene-dg (1.0 mL) were added to a 10 mL-sample vial with a Teflon-sealed screwcap, and stirred
for 3 min at room temperature. NaOAc (74 mg, 0.90 mmol, 3.0 equiv), 2a (49 mg, 0.30 mmol, 1.0 equiv), and 1a
(85 mg, 0.75 mmol, 2.0 equiv) were then added, and the cap was applied to seal the vial. The vial was stirred at
180 °C for 18 h. After the reaction mixture was cooled to room temperature, the NMR sample was prepared in a
glovebox with N, and analyzed by B NMR. Large signals were appeared at 38, 32 and 30 ppm in toluene-ds.
This result indicates that 1c was not thought to be generated in this reaction, since we confirmed that the 'B
chemical shift of 1c appeared at 19 ppm by separately synthesizing 1c. We have already reported that the

chemical shift corresponding to aminoborylated toluene compounds appeared at 38 ppm.*® However, we could not
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assign the two signals appeared at 32 and 30 ppm. We expect that either signal probably corresponds to
mono-methoxyaminoborane (F), since the chemical shift corresponding to HBpin appears at 29 ppm. These
results indicates that F is incapable of reducing anisole and only one of two B-H bonds in la reacts in this
deoxygenated reaction.
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1B NMR of the reaction mixture observed in toluene-ds after the reaction

3.4.12 Hg Poisoning Test

Ni(cod), (10 mol%)
IMesM® (20 mol%)
NaOAc (3.0 equiv)

Ho__H
/©/0Me l? Hg (23 equiv) /©/H
+ N
- Y w/ toluene By
2a 1a

180 °C, 18 h
3a
(0.30 mmol) (2.0 equiv) 71% (GC)

In a glovebox filled with nitrogen, Ni(cod), (8.3 mg, 0.030 mmol, 0.10 equiv), IMes™® (20 mg, 0.060 mmol,
0.20 equiv) and toluene (1.0 mL) were added to a 10 mL-sample vial with a Teflon-sealed screwcap, and stirred
for 3 min at room temperature. NaOAc (74 mg, 0.90 mmol, 3.0 equiv), 2a (49 mg, 0.30 mmol, 1.0 equiv), 1a (68
mg, 0.60 mmol, 2.0 equiv) and Hg (1.4 g, 6.9 mmol, 23 equiv) were then added, and the cap was applied to seal
the vial. The vial was stirred at 180 °C for 18 h. After the reaction mixture was cooled to room temperature, the
crude mixture was filtered through silica gel eluting with EtOAc. The filtrate was analyzed by GC using eicosane
as an internal standard. The yield was determined by GC analysis due to volatility of the product. GC yield of 3a
was 71%. This result indicates that a homogeneous catalyst is responsible for this reaction.
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3.4.13 Synthetic Applications
(8R,13S,14S,17S)-2-(3,5-Dimethylphenyl)-3,17-Dimethoxy-13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-6

H-cyclopenta[a]phenanthrene.

OMe  pb4(PBus), (5.0 mol%)

Na,CO3 (3.0 equiv)

toluene / H,O =2 /1
130 °C,43 h

(pin)B
\Q/ (2.0 equiv)

Pd(P'Bus), (10 mg, 0.020 mmol, 0.050 equiv),  2-(3,5-dimethylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(184 mg, 0.79 mmol, 2.0 equiv), Na,CO3 (126 mg, 1.2 mmol, 3.0 equiv) and H,O (0.70 mL) were added to a
solution of
(8R,13S,14S,17S)-2-bromo-3,17-dimethoxy-13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopenta[a]ph
enanthrene® (150 mg, 0.40 mmol, 1.0 equiv) in toluene (1.4 mL) in a 190 mL-sample vial with a Teflon sealed

screwcap, and then the suspension was stirred at 130 °C for 43 h. After cooling to room temperature, H,O (20 mL)
was added to the reaction mixture. The resulting mixture was extracted with CH,Cl, (3 x 30 mL). The combined
organic extracts were dried over MgSO,. The solvent was then removed under reduced pressure, and purified by
flash column chromatography over silica gel eluting with hexane/EtOAc (10/1). The filtrate was concentrated in
vacuo to give an arylated product as a white solid (141 mg, 88%).

R¢ 0.37 (hexane/EtOACc = 1/1). Mp = 134 °C.

'H NMR (CDCls, 399.78 MHz): & 0.79 (s, 3H), 1.18-1.25 (m, 1H), 1.30-1.43 (m, 3H), 1.45-1.58 (m, 3H),
1.65-1.73 (m, 1H), 1.87-1.93 (m, 1H), 2.00-2.11 (m, 2H), 2.19-2.25 (m, 1H), 2.28-2.34 (m, 7H), 2.84-2.97 (m,
2H), 3.31 (t, J = 8.4 Hz, 1H), 3.37 (s, 3H), 3.76 (s, 3H), 6.67 (s, 1H), 6.94 (s, 1H), 7.09 (s, 2H), 7.19 (s, 1H).

BC NMR (CDCl3, 100.53 MHz): 6 11.7, 21.6, 23.2, 26.6, 27.5, 27.9, 30.0, 38.2, 38.8, 43.4, 44.1, 50.4, 55.8, 58.1,
90.9, 111.6, 127.5, 128.2, 128.6, 128.7, 132.6, 137.1, 137.5, 138.9, 154 4.

IR (ATR): 2924 m, 1603 m, 1503 m, 1461 m, 1396 m, 1312 m, 1246 s, 1204 m, 1127 s, 1106 s, 1070 m, 1028 s,
889 m, 851 s, 790 w, 708 s.

MS m/z (% relative intensity): 405 (30), 404 (M*, 100), 331 (10).

HRMS (EI): Calcd for C,gH350,404.2715, Found 404.2712.

(8R,9S,13S,14S,17S)-2-(3,5-Dimethylphenyl)-17-methoxy-13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-6
H-cyclopenta[a]phenanthrene (6).

The typical procedure was followed using the corresponding aryl ether, and the reaction temperature was 180 °C.
R¢ 0.40 (hexane/EtOAc = 10/1). White solid (66 mg, 59%). Mp = 129 °C.
'H NMR (CDCls, 399.78 MHz): & 0.81 (s, 3H), 1.16-1.28 (m, 2H), 1.31-1.52 (m, 4H), 1.58-1.63 (m, 1H),
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1.65-1.76 (m, 1H), 1.89-1.95 (m, 1H), 2.02-2.13 (m, 2H), 2.27-2.35 (m, 1H), 2.37 (s, 6H), 2.39-2.45 (m, 1H),
2.89-2.92 (m, 2H), 3.33 (t, J = 8.2 Hz, 1H), 3.39 (s, 3H), 6.97 (s, 1H), 7.13 (d, J = 8.1 Hz, 1H), 7.17 (s, 2H), 7.32
(dd, J = 0.92, 8.1 Hz, 1H), 7.50 (s, 1H).

3C NMR (CDCls, 100.53 MHz): 5 11.7, 21.6, 23.2, 26.4, 27.4, 27.9, 29.4, 38.2, 38.6, 43.3, 44.7, 50.6, 58.1, 90.9,
124.4,124.6,125.2, 128.7, 129.4, 135.9, 138.3, 139.1, 140.7, 141.9.

IR (ATR): 2926 s, 2361 w, 1601 m, 1455 m, 1379 m, 1105 s, 847 m, 790 m, 702 m.

MS m/z (% relative intensity): 375 (29), 374 (M*, 100), 301 (32), 198 (17), 197 (100), 196 (11), 144 (25), 143
(17), 142 (17), 141 (14), 129 (21), 128 (14), 117 (25), 115 (11).

HRMS (EI): Calcd for C,7H3,0 374.2610, Found 374.2606.

[a]?° =-33.4 (c=5.8x 10 CHCIs).

6-Bromo-7-methoxy-1,9-dimethyl-9H-pyrido[3,4-b]indole.

\ \
N OMe \Bs (1.1 equiv) N OMe
N CCly N Br
— i, 12 h —
2av

NBS (1.5 g, 8.4 mmol, 1.1 equiv) was added to a solution of 2av** (1.8 g, 7.8 mmol, 1.0 equiv) in CH,Cl, (70
mL), and then the resulting mixture was stirred at room temperature for 12 h while protected from light. After the
reaction, H,O (50 mL) was added, and then the mixture was extracted with CH,Cl, (50 mL x 3). The combined
organic extracts were washed with brine (50 mL) and dried over Na,SO,. The solvent was then removed under
reduced pressure to give the crude product, which was purified by flash column chromatography over NH silica
gel eluting with hexane/EtOAc (1/1) to give a mixture of a brominated product and succinimide. The mixture was
dissolved in CH,ClI,, and then washed with 1 M NaOH (30 mL x 3). The separated organic layer was dried over
Na,SQO,, and the solvent was removed under reduced pressure to give a brominated product as a pale yellow solid
(1.9 g, 80%).

Rf 0.34 (NH silica, hexane/EtOAc = 1/1). Mp = 215 °C.

'H NMR (CDCls, 600.13 MHz): & 3.00 (s, 3H), 3.99 (s, 6H), 6.71 (s, 1H), 7.60 (d, J = 3.4 Hz, 1H), 8.13 (s, 1H),
8.26 (d, J = 3.4 Hz, 1H).

3C NMR (CDCls, 150.92 MHz): & 23.6, 32.5, 56.6, 92.3, 104.2, 112.3, 115.6, 125.6, 128.0, 135.9, 138.6, 141.4,
142.4, 156.4.

IR (ATR): 2937 w, 2360 w, 1623 m, 1563 m, 1489 w, 1447 s, 1399 m, 1362 m, 1327 m, 1282 w, 1241 s, 1136 m,
1106 m, 1037 s, 975 m, 894 w, 879 w, 825 s, 804 m, 714 m.

MS m/z (% relative intensity): 307 (15), 306 (96), 305 (31), 304 (100), 303 (15), 263 (23), 261 (23), 210 (24), 195
(10), 182 (10).

HRMS (EI): Calcd for C14H13BrN,0O 304.0211, Found 304.0217.
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7-Methoxy-1,9-dimethyl-6-(4-pentylphenyl)-9H-pyrido[3,4-b]indole.

\ Pd(PtBug)z (5.0 mol%)
N OMe  Na,CO; (3.0 equiv)
N/ N Br toluene / H,O =7 /1
— 140 °C, 38 h
(HO)ZB\©\/\/\
(2.0 equiv)

Pd(P'Bus), (34 mg, 0.066 mmol, 0.050 equiv), (4-pentylphenyl)boronic acid (507 mg, 2.6 mmol, 2.0 equiv),
Na,CO3 (420 mg, 4.0 mmol, 3.0 equiv) and H,O (1.0 mL) were added to a solution of
6-bromo-7-methoxy-1,9-dimethyl-9H-pyrido[3,4-b]indole (400 mg, 1.3 mmol, 1.0 equiv) in toluene (7.0 mL) in a
190 mL-sample vial with a Teflon sealed screwcap, and then the suspension was stirred at 140 °C for 38 h. After
cooling to room temperature, H,O (30 mL) was added to the reaction mixture. The resulting mixture was extracted
with CH,Cl, (3 x 100 mL). The combined organic extracts were dried over MgSQ,. The solvent was then
removed under reduced pressure, and purified by flash column chromatography over NH silica gel eluting with
hexane/EtOAc (1/1). The filtrate was concentrated in vacuo to give an arylated product as a pale yellow solid (418
mg, 85%).

R¢0.20 (NH silica, hexane/EtOAc = 1/1). Mp = 167 °C.

'H NMR (CDCls, 399.78 MHz): § 0.91-0.94 (m, 3H), 1.37-1.40 (m, 4H), 1.65-1.72 (m, 2H), 2.66 (t, J = 8.2 Hz,
2H), 3.08 (s, 3H), 3.96 (s, 3H), 4.13 (s, 3H), 6.89 (s, 1H), 7.26 (d, J = 7.8 Hz, 2H), 7.51 (d, J = 7.8 Hz, 2H), 7.72
(d, J=5.2 Hz, 1H), 7.98 (s, 1H), 8.27 (d, J = 5.2 Hz, 1H).

BC NMR (CDCl3, 100.53 MHz): 6 14.2, 22.0, 22.7, 31.3, 31.7, 32.5, 35.8, 56.0, 91.3, 112.5, 114.0, 123.5, 125.7,
128.2,129.6, 130.3, 135.4, 135.6, 135.7, 139.8, 141.7, 143.6, 159.0.

IR (ATR): 2926 w, 2852 w, 2504 w, 1967 w, 1627 s, 1563 w, 1492 w, 1452 s, 1400 m, 1366 m, 1332 w, 1243 s,
1221s, 1185 m, 1137 m, 1105 w, 1037 m, 958 w, 895 w, 826 s, 802 m, 722 m, 673 w.

MS m/z (% relative intensity): 373 (29), 372 (M", 100), 316 (11), 315 (46), 299 (13).

HRMS (EI): Calcd for C,5H2sN,0 372.2202, Found 372.2202.

6-(4-Pentylphenyl)-1,9-dimethyl-9H-pyrido[3,4-b]indole (7).

The typical procedure was followed using the corresponding aryl ether except that 4.0 equiv of 1a was used, and
that the reaction temperature was 180 °C.

R¢ 0.31 (NH silica, hexane/EtOAc = 1/1). Pale yellow solid (72 mg, 70%). Mp = 94 °C.

'H NMR (CDCls, 399.78 MHz): & 0.90-0.94 (m, 3H), 1.33-1.39 (m, 4H), 1.64-1.72 (m, 2H), 2.67 (t, J = 7.8 Hz,
2H), 3.10 (s, 3H), 4.16 (s, 3H), 7.29 (d, J = 7.8 Hz, 2H), 7.48 (d, J = 8.7 Hz, 1H), 7.62 (d, J = 6.4 Hz, 2H),
7.82-7.86 (m, 2H), 8.29 (d, J = 1.4 Hz, 1H), 8.32 (d, J = 5.5 Hz, 1H).

3¢ NMR (CDClg, 100.53 MHz): 6 14.2, 22.7, 23.8, 31.4, 31.7, 32,5, 35.7, 109.8, 113.1, 119.7, 121.7, 127.2,
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127.8,129.0, 129.1, 133.2, 136.4, 138.3, 138.9, 141.5, 141.7, 142.0.

IR (ATR): 2954 m, 2925 s, 2855 m, 1626 m, 1567 m, 1461 s, 1398 w, 1377 m, 1360 m, 1300 m, 1240 m, 1142 w,
1106 m, 1046 w, 984 m, 814 s, 795 s, 671 m.

MS m/z (% relative intensity): 343 (29), 342 (M", 100), 286 (17), 285 (70).

HRMS (EI): Calcd for C,4H2N, 342.2096, Found 342.2101.
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Conclusion

The research reported in this thesis was directed at new types of catalytic reactions using
diisopropylaminoborane.

In Chapter 1, the Ir-catalyzed borylation reaction of aromatic C-H bonds using diisopropylaminoborane as a
borylating reagent is described. The use of an NHC ligand is essential for an efficient reaction. This reaction can
be applied to a series of heterocycles and benzene derivatives. The resulting aminoborylated intermediates are
converted into various boron products by the treatment with protecting reagents in a one-pot reaction. The
development of this reaction using an aminoborane reagent enabled the synthesis of boron compounds bearing
various protecting groups just by one catalytic system.

In Chapter 2, the Pd-catalyzed two-fold borylation of dihalides using diisopropylaminoborane for the synthesis
of cyclic diarylborinic acids is described. Although no catalytic reaction using both of two B-H bonds of an
aminoborane reagent have been reported even in the presence of an excess amount of aryl halides, in this reaction
of dihalides, the difficult second borylation is an intramolecular process, which promotes this process to give
cyclic diarylborinic acids efficiently. Diaryborinic acids can be used in annulative two-fold Suzuki-Miyaura cross
coupling reactions with dihalides to afford a series of unique n-conjugated molecules.

In Chapter 3, the Ni-catalyzed reductive cleavage of aromatic C-O bonds in anisole derivatives using
diisopropylaminobornae as a boron source is described. Unlike previously reported methods, this reaction can
reduce not only naphthyl or polyaromatic ethers but also monoaromatic ethers by the higher Lewis acidity of
diisopropylaminoborane than other hydroborane reagents. This reaction allows methoxy groups to serve as
tracelss ortho-directing groups, which will provide opportunities for the late-stage functionalization of anisole
derivatives.

In this study, the utility of diisopropylaminoborane can be expanded through the development of the above
three catalytic reactions. All these reactions proceed by taking advantage of characteristic properties of an
aminoborane reagent: 1) two B-H bonds 2) high Lewis acidity. The knowledge and findings obtained through this
study will contribute to the further development of catalytic reactions using an aminoborane reagent. Especially,
two B-H bonds of an aminoborane reagent will be utilized frequently in the future like a dihydrosilane reagent in

catalytic reactions.
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