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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)sACHCI; 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
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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)
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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
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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
p-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

12



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%) pinacol 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)
T G g
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)
T JC
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 Suginomets 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 (d), 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), ICYAHCI (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), ICYAHCI (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), ICYAHCI (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), ICyAHCI (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): d 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): d1.37 (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): d 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): d 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