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Abstract: The C—H borylation of aromatic and hetero-
aromatic compounds, such as benzene, 1,3-dichloro-
benzene, 1,3-bis(trifluoromethyl)benzene, 2,6-di-
chloropyridine, indole, benzothiophene and benzo-
furan, by bis(pinacolato)diboron or pinacolborane
was catalyzed by a 1/2 [IrCI(COD)],-2,6-diisoprop-
yl-N-(2-pyridylmethylene)aniline complex. The iso-
propyl groups of the ligand are essential for obtain-
ing the products in high yield. Octane was a suitable
solvent for the reactions of the above compounds ex-
cept for indole. In the case of indole, DME was bet-
ter than octane and the yield tended to improve with
a smaller amount of the catalyst.

Keywords: aromatic C—H borylation; bis(pinacolato)-
diboron; 2,6-diisopropyl-N-(2-pyridylmethylene)ani-
line; iridium complex; pinacolborane

Aryl- and heteroarylboron compounds are versatile syn-
thons in organic synthesis, especially Suzuki-Miyaura
coupling.!l There are some well-known synthetic proce-
dures that involve the borylation of lithium intermedi-
ates, which are produced by lithium-halogen exchange
of aromatic halides” or directed ortho-metallation reac-
tions.”! In addition to these traditional methods, the di-
rect borylation of arenes by C—H activation reactions
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Scheme 1. Ligands of Types I-III.

Adv. Synth. Catal. 2004, 346, 1655—1660 DOI: 10.1002/adsc.200404179

has also been recently reported.”) The Miyaura—Hart-
wig team reported that when excess benzene substrate
was heated with bis(pinacolato)diboron or pinacolbor-
ane at 80°C for 16 hours in the presence of a mixture
of [IrCI(COD)], and bipyridine, the product was ob-
tained in good yield.’) We were interested in the diimine
moiety of bipyridine. Thus, the feasibility of three types
of compounds with a diimine moiety (Types I-III) as a
ligand was tested under the conditions mentioned
above. We report here aromatic C—H borylation cata-
lyzed by a 1/2 [IrCl(COD)],-2,6-diisopropyl-N-(2-pyri-
dylmethylene)aniline complex.

Table 1 shows that Type II was the most promising li-
gand (runs 4-6). Therefore, the influence of the R group
(Type 1I) on the reaction was studied.

To study the electronic effects of the ligand, a methoxy
group or a bromide was introduced to the phenyl ring of
2b (Table 2, runs 1 and 2). However, 2d and 2e gave the
products in 14% yield, which was almost the same yield
as was observed in the reaction with 2b (Table 1, run 5).
Although a mono-alkyl substituent did not improve the
yield (Table 2, runs 3-7), a 2,6-dialkyl substitution suc-

Table 1. Influence of ligands of Types I-1II on the C—H bor-

ylation of benzene.

O 0]
1/2 [IrC(COD)Y],-ligand B~

80°C, 16 h
Run Ligand Type R Yield [% ]
1 1a Type I Cy 9
2 1b Type I Ph 5
3 1c Type I  2,6-dimethylphenyl 5
4 2a Type I Cy 27
5 2b Type I Ph 17
6 2c Type I 2,6-dimethylphenyl 50
7 3a Type Il Cy 5
8 3b Type III Ph 6
9 3c Type III  2,6-dimethylphenyl 5

[ Yield was determined by GC. The internal standard was
4,4'-dimethylbiphenyl.
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Table 2. C—H borylation using ligand Type II.
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1/2 [IrCKCOD)},-ligand g~

80°C,12h
Ligand
— E C
N N D
A
2b-0 8B 2p
Run Ligand A B C D E  Yield [%]®
1 2d H H H OMe H 14
2 2e H H H Br H 14
3 2f H Me H H H 21
4 2g H Et H H H 19
5 2h H i-Pr H H H 20
6 2i H t-Bu H H H 16
7 2j H Ph H H H 19
8 2k H Et Et H H 32
9 21 H i-Pr i-Pr H H 74
10 2m H i-Pr i-Pr H Me 21
11 2n H iPr i-Pr H Ph 39
12 20 Me i-Pr i-Pr H H 78
13 2p Br i-Pr i-Pr H H 11
14 2q 14

[l Yield was determined by GC. The internal standard was
4,4'-dimethylbiphenyl.

cessfully increased the yield (Table 1, run 6, and Table 2,
runs 8 and 9). In the reaction with 21, the yield was as
high as 74% (Table 2, run 9). On the other hand, ligands
2 m and 2n, which had a methyl group or phenyl group at
position E, gave the product in a low yield (Table 2,
runs 10 and 11). While a methyl group at the 6-position
of pyridine in 2o slightly increased the yield (Table 2,
run 12), a bromide at this position, as in 2p, decreased
the yield (Table 2, run 13). When the reaction was con-
ducted with 2q, which had a quinoline moiety, the yield
decreased. The reaction may be impaired by the poor co-
ordination ability of ligands 2p and 2q. Among the li-
gands tested above, 2l and 20 gave good results. Thus,
we used 21 and 20 in the reactions of other substrates
with pinacolborane.

A mixture of benzene (60 mmol), pinacolborane
(2 mmol), [IrCI(COD)], (0.015 mmol), and ligand
(0.03 mmol) was stirred at 80 °C for 12 h. Both 21 and
20 gave the products in 79% yield (Table 3, runs 1 and
2). In the reaction of 1,3-dichlorobenzene, both bis(pi-
nacolato)diboron and pinacolborane gave the product
in over 80% yield (Table 3, runs 3 and 4). When 1,3-bis-
(trifluoromethyl)benzene was used as a substrate, pina-
colborane gave a higher yield than bis(pinacolato)dibor-
on (Table 3, runs 5-8). The same trend was observed in
the reaction of 2,6-dichloropyridine (Table 3, runs 9—
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12), where the reaction was conducted in octane accord-
ing [t? the conditions reported by Miyaura and Ishiya-
ma.l®

However, when the reaction of indole with bis(pinaco-
lato)diboron was carried out in octane, the product was
obtained in only 1% yield (Table 4, run 1). To identify
better conditions, we examined DME, DMF, and mesi-
tylene as possible solvents. Miyaura and Ishiyama re-
ported that a non-polar solvent was suitable for this re-
action.”! The reactivity in different solvents was in the
order hexane >mesitylene >DME >DMF. However,
among the solvents we tested, DME gave a relatively
good yield (Table 4, runs 1-4). When the ratio of bis(pi-
nacolato)diboron to indole was changed from 1:4 to
1:2,the yield was increased to 30% (Table 4, run 5). Sur-
prisingly, a smaller amount of the catalyst dramatically
improved the yield. When 0.2 mol % of catalyst was
used in the reaction, the product was obtained in 91%
yield (Table 4, run 7). However, 0.02 mol % of catalyst
was too little for the reaction to take place (Table 4,
run 8).

To clarify the role of the ligand, two experiments were
conducted. First, the reaction was carried out without a
ligand. When a mixture of indole, bis(pinacolato)dibor-
on, and [IrCI(COD)], (0.1 mol %) was heated in DME,
the product was not obtained. Second, we tested the fea-
sibility of the product as a ligand. When a mixture of in-
dole, bis(pinacolato)diboron, [IrCl(COD)], (0.1 mol %)
and 4a (0.2 mol %) was heated in DME, the product was
again not produced. These results showed that the ligand
was essential for this reaction and the product did not act
as a ligand. The detailed mechanism has not yet been
clarified.

The tendency for a smaller amount of catalyst to be as-
sociated with an improved yield was not observed when
octane was used as a solvent. In fact, the reaction in the
presence of 0.2 mol % of catalyst in octane resulted in
unsatisfactory conversion (Table 4, run 9).

When the reaction with pinacolborane in the presence
of 1.5 mol % catalyst was carried out in DME, the prod-
uct was obtained in 80% yield (Table 4, run 10). As was
seen in the reaction with bis(pinacolato)diboron,
0.1 mol % of catalyst improved the yield to 92% (Ta-
ble 4, run 11), and 0.01 mol% of catalyst gave the prod-
uct in only 15% yield (Table 4, run 12). On the other
hand, with octane as a solvent, 1.5mol % and
0.1 mol % of catalyst gave the product in respective
yields of 65% and 72% (Table 4, runs 13 and 14). In
the case of indole, pinacolborane gave a higher yield
than bis(pinacolato)diboron.

We wondered if the same tendency would be observed
in the reaction with a 1/2 [IrCI(COD)],-bipyridine sys-
tem in DME."®! As shown in Table 5, DME was a better
solvent than octane (Table 5, runs 1, 3, 4 and 6) and a
smaller amount of catalyst gave a slightly higher yield
in DME (Table 5, runs 1, 2, 4 and 5). These trends are
the same as those observed in the reaction of indole
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Table 3. Reactions with pinacolborane.
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1/2 [IrCI(COD)],-ligand
X
80 °C, 12 h |

X Y X PinBH P
X Y
] O\ o o 4a-d
Pin,B,: /B—B( PinBH: /‘B_H
¢] 0 o]
Run Substrate Ligand Pin,B, or PinBH Product 4 Yield [%]
X Y

1 H C 21 PinBH 4a 7912]

2 H C 20 PinBH 4a 790

3 Cl C 21 Pin,B, 4b 83(®l

4 Cl C 21 PinBH 4b 85t

5 CF, C 21 Pin,B, 4c 471]

6 CF, C 20 Pin,B, 4c 6]

7 CF, C 21 PinBH 4c 73]

8 CF, C 20 PinBH 4c 700!

9 Cl N 21 Pin,B, 4d 73M]
10 Cl N 20 Pin,B, 4d 710
11 Cl N 21 PinBH 4d 93t
12 Cl N 20 PinBH 4d 90(®!

[ Yields were determined by GC. The internal standard was 4,4'-dimethylbiphenyl.
®! Yields were determined by GC. The internal standard was 4,4'-di-t-butylbipyridine.

with 1/2 [IrCl(COD)],-2,6-diisopropyl-N-(2-pyridylme-
thylene)aniline.

We continued to examine the reactions with 1/2 [IrCI(-
COD)],-21. In the reactions of benzothiophene with
bis(pinacolato)diboron or pinacolborane, octane was a
better solvent than DME (Table 4, runs 15-20). Al-
though the reactions of benzothiophene with bis(pina-
colato)diboron in DME (Table 4, runs 15 and 16) did
not proceed smoothly, the product was obtained in
86% yield in octane (Table 4, run 17). Pinacolborane
in DME gave a better yield than bis(pinacolato)diboron
(Table 4, runs 18 and 19). The reaction with pinacolbor-
ane in octane gave the product in 94% yield (Table 4,
run 20).

In the reaction of benzofuran, octane again acted as a
good solvent. Unfortunately, in this case, a regioisomer,
which was determined by GC-MS, was found (Table 4,
runs 21-26). The reaction with bis(pinacolato)diboron
in the presence of 3 mol % of catalyst in octane gave
the product in 74% yield with 10% of the isomer (Ta-
ble 4, run 23). However, the reaction with pinacolbor-
ane in octane gave 74% yield with 1% of isomer (Ta-
ble 4, run 26). In the reaction of benzofuran, pinacolbor-
ane resulted in higher yield and selectivity compared to
bis(pinacolato)diboron.

Finally, to examine the steric effects of the imine moi-
ety, ligand 2r or 2s was used in the reaction. Compared to
the results obtained in the reaction catalyzed by 1/2

Ady. Synth. Catal. 2004, 346, 1655—-1660 asc.wiley-vch.de

[IrCI(COD)],-2a (Table 1, run 4), in both cases the
yields were improved from 27% to 60% (Table 6). It
seemed that steric bulkiness around the imine moiety
is important for obtaining the product in high yield.
Therefore, 6-diisopropyl-N-(2-pyridylmethylene)ani-
line was also effective.

In conclusion, a 1/2 [IrCl(COD)],-2,6-diisopropyl-N-
(2-pyridylmethylene)aniline complex catalyzed the
C—H borylation of aromatic and heteroaromatic com-
pounds. The isopropyl groups of 2,6-diisopropyl-N-(2-
pyridylmethylene)aniline are indispensable for obtain-
ing the products in high yield. In the reactions of ben-
zene, 1,3-bis(trifluoromethyl)benzene, and 2,6-dichloro-
pyridine in octane, pinacolborane gave a better yield
than bis(pinacolato)diboron. In the reactions of benzo-
thiophene and benzofuran, octane was also a better sol-
vent than DME, which was consistent with the reactivity
reported by Miyaura and Ishiyama. However, in the re-
action of indole, DME was the most suitable solvent and
the yield was improved with a smaller amount of cata-
lyst. The reason for this trend is under investigation.

Experimental Section

All reactions were conducted under a nitrogen atmosphere.
NMR spectra were recorded in CDCl; (*H at 400 MHz and
13C at 100 MHz). All starting materials, reagents and solvents
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Table 4. Reactions of indole with 1/2 [IrCl(COD)],-21.

©j\> , Pin;B; 172 [IrCI(COD)-2I ©:\>‘B/O
z ol 80 °C, 12 h 7 %

PinBH
5a: Z=NH
5b:Z=8
5¢c:.Z2=0
Run Z Solvent Pin,B, or Borane:Substrate 1/2 [TrCI(COD) ],-21 Yield
PinBH (mole ratio) (mol %) [% ]
1 NH octane Pin,B, 1:4 3 1
2 NH mesitylene Pin,B, 1:4 3 7
3 NH DMF Pin,B, 1:4 3 1
4 NH DME Pin,B, 1:4 3 15
5 NH DME Pin,B, 1:2 3 30
6 NH DME Pin,B, 1:2 1 37
7 NH DME Pin,B, 1:2 0.2 91
8 NH DME Pin,B, 1:2 0.02 1
9 NH octane Pin,B, 1:2 0.2 5
10 NH DME PinBH 1:1 1.5 80
11 NH DME PinBH 1:1 0.1 92
12 NH DME PinBH 1:1 0.01 15
13 NH octane PinBH 1:1 1.5 65
14 NH octane PinBH 1:1 0.1 72
15 S DME Pin,B, 1:2 3 1
16 S DME Pin,B, 1:2 0.2 1
17 S octane Pin,B, 1:2 3 86
18 S DME PinBH 1:1 1.5 59
19 S DME PinBH 1:1 0.1 77
20 S octane PinBH 1:1 1.5 94
21 ) DME Pin,B, 1:2 3 62 (1411
22 (0] DME Pin,B, 1:2 0.2 1 (trace®)
23 o) octane Pin,B, 1:2 3 74 (101
24 (o) DME PinBH 1:1 1.5 74 (1)
25 (0] DME PinBH 1:1 0.1 77 (21°1)
26 () octane PinBH 1:1 1.5 82 (11°h)
2] Yields were determined by GC. The internal standard was 4,4'-di-t-butylbipyridine.
] The yield of the isomer was determined by GC-MS.
Table 5. Reaction of indole with 1:2 [IrCI(COD)],-bipyridine.
©j\> Pin,B, 1/2 [IrCI(COD)],-ligand mB,O
N pmgH  80°C,12h N o
H H
tBu tBu
Ligand: || | = I D | N
- P o~ —
N N N
6a 6b
Run Ligand Solvent Pin,B, or Borane : Substrate 1:2 [IrCI(COD) ],-Ligand Yield
PinBH (mole ratio) (mol %) [% ]!
1 6b DME Pin,B, 1:2 3 87
2 6a DME Pin,B, 1: 0.2 92
3 6a octane Pin,B, 1:2 3 60
4 6a DME PinBH 1:1 1.5 67
5 6a DME PinBH 1:1 0.1 92
6 6a octane PinBH 1:1 1.5 1

[a] Yields were determined by GC. The internal standard was 4,4'-di-t-butylbipyridine.
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Table 6. C—H borylation using ligand Type II.

oKt
S g

%_é

e
172 [IrCI(COD)],-2r or 25 B”
80°C,12h

Run Ligand Yield [%]@
1 2r 60
2 2s 60

[ Yield was determined by GC. The internal standard was
4,4'-dimethylbiphenyl.

were of commercial grade. All products were known com-
pounds, and identified based on their NMR and GC-mass spec-
tra.

Reactions of Benzene with Bis(pinacolato)diboron in
Tables 1, 2, and 6, and of 1,3-Dichlorobenzene or 1,3-
Bis(trifluoromethyl)benzene with Bis(pinacolato)-
diboron in Table 3

A 20-mL tube fitted with a magnetic stirring bar, septum inlet,
and condenser was charged with [IrCI(COD)], (10.1 mg,
0.015 mmol), ligand (0.03 mmol), and bis(pinacolato)diboron
(254 mg, 1.0 mmol), and then flushed with argon. The substrate
(60 mmol) was added, and the mixture was stirred at 80 °C for
12 h. The yield was determined by GC. The internal standard
was 4,4'-dimethylbiphenyl. Compounds 4a,F! 4b,! and 4cl*!
are described in the literature.

Reactions of Benzene, 1,3-Dichlorobenzene and 1,3-
Bis(trifluoromethyl)benzene with Pinacolborane in
Table 3

A 20-mL tube fitted with a magnetic stirring bar, septum inlet,
and condenser was charged with [IrCI(COD)], (10.1 mg,
0.015 mmol) and ligand (0.03 mmol), and then flushed with ar-
gon. The substrate (60 mmol) and pinacolborane (256 mg,
2.0 mmol) were added, and the mixture was stirred at 80°C
for 12 h. The yield was determined by GC. The internal stand-
ard was 4,4'-dimethylbiphenyl.

Reactions of 2,6-Dichloropyridine with
Bis(pinacolato)diboron in Table 3

A 20-mL tube fitted with a magnetic stirring bar, septum inlet,
and condenser was charged with 2,6-dichloropyridine (296 mg,
2.0 mmol), [IrCI(COD)], (10.1 mg, 0.015 mmol), ligand 21 or
20 (0.03mmol), and bis(pinacolato)diboron (254 mg,
1.0 mmol), and then flushed with argon. Octane (5 mL) was
added, and the mixture was stirred at 80 °C for 12 h. The yield

Ady. Synth. Catal. 2004, 346, 1655—-1660 asc.wiley-vch.de

was determined by GC. The internal standard was 4,4'-di-t-bu-
tyl-2,2"-bipyridine. Compound 4d"*! is described in the litera-
ture.

Reactions of 2,6-Dichloropyridine with Pinacolborane
in Table 3

A 50-mL tube fitted with a magnetic stirring bar, septum inlet,
and condenser was charged with 2,6-dichloropyridine (1.48 g,
10 mmol), [IrCI(COD)], (50.3 mg, 0.075 mmol) and ligand 2k
or 2n (0.15 mmol), and then flushed with argon. Octane
(25 mL) and pinacolborane (1.28 g, 10 mmol) were then add-
ed, and the mixture was stirred at 80°C for 12 h. The yield
was determined by GC. The internal standard was 4,4'-di-¢-bu-
tyl-2,2'-bipyridine.

Reactions of Indole, Benzothiophene and Benzofuran
with Bis(pinacolato)diboron or Pinacolborane in
Table 4

Borylation of indole, benzothiophene and benzofuran was car-
ried out according to the procedure for the reactions of 2,6-di-
chloropyridine in Table 3. Besides octane, the other solvents
shown in Table 4 were also used in the reaction. The amounts
of [IrCI(COD)),, ligand 21, and starting material are also
shown in Table 4. Compounds 5a,! 5b,® and 5¢!*! are described
in the literature.

Reactions of Indole with Bis(pinacolato)diboron or
Pinacolborane in the Presence of 1/2 [IrCI(COD)],-
Bipyridyl in Table 5

Borylation of indole was carried out according to the proce-
dure for the reactions of 2,6-dichloropyridine in Table 3. Be-
sides ligand 21, 6a and 6b were also used as a ligand. The
amounts of [IrCI(COD)],, ligand, and starting material are
also shown in Table 5.
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