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Abstract—The C-H coupling of aromatic heterocycles with bis(pinacolato)diboron was carried out in octane at 80-100°C in the
presence of a 1/2[IrCl(COD)],-(4,4'-di-tert-butyl-2,2'-bipyridine) catalyst (3 mol%). The reactions of five-membered substrates such
as thiophene, furan, pyrrole, and their benzo-fused derivatives exclusively produced 2-borylated products, whereas those of
six-membered heterocycles including pyridine and quinoline selectively occurred at the 3-position. Regioselective synthesis of
bis(boryl)heteroaromatics was also achieved by using an almost equimolar amount of substrates and the diboron. © 2002 Elsevier

Science Ltd. All rights reserved.

The transition metal-catalyzed cross-coupling reaction
of aromatic substrates with (alkoxo)diborons has
attracted considerable attention as a powerful tool for
the synthesis of arylboron compounds. Aryl elec-
trophiles such as halide and triflate derivatives have
been efficiently employed as substrates for this proto-
col.! Although the utility of the reaction has been
amply demonstrated by elegant synthesis of natural
products,? biologically active compounds,® and func-
tional materials,* an extension of the methodology
toward the direct borylation of aromatic hydrocarbons
would provide a more efficient and convenient route to
arylboron compounds because of the wide availability
and low cost of hydrocarbons. Hartwig has reported
the C-H coupling of benzene with bis(pinaco-
lato)diboron (pin,B,, pin=Me,C,0,) catalyzed by
Cp*Re(CO);° or Cp*Rh(n*-C4Meg)® under photoirradi-
ation or at temperatures above 150°C. Similar reactions
with pinacolborane in the presence of a (n°-
CoH)Ir(COD)-dppe (-dmpe)’” or a (Cp*RhCl,),® cata-
lyst also have been presented by Smith and Marder,
respectively. On the other hand, we recently found that
iridium(I) complexes generated from an air-stable, com-
mercially available [IrClI(COD)], precursor and a simple
2,2"-bipyridine (bpy) ligand exhibited high catalytic
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activity toward the C-H coupling of various arenes
with pin,B, at 80°C.° We wish to disclose here the C—-H
coupling between pin,B,'® (1) and heteroaromatic sub-
strates (2) catalyzed by 1/2[IrCI(COD)],-(4,4'-di-tert-
butyl-2,2'-bipyridine) (dtbpy) in octane at 80-100°C to
give the corresponding heteroarylboronates (3) in high
yields with high regioselectivity (Eq. (1)).

{ \ 1/2[IrCI(COD)],-dtbpy
pin,B, + 2 /X\ 2 2 pinB—Q + H,

octane/80 °C
(1

1 2 X=S 0,NH 3
dtbpy = 4,4'-di-tert-butyl-2,2'-bipyridine

The borylation of thiophene (60 mmol) with pin,B, 1
(1.0 mmol) in the presence of a catalyst generated from
[IrCI(COD)], (0.015 mmol) and bpy (0.03 mmol)
resulted in no conversion of 1 even after 16 h at 80°C,°
presumably due to the high coordinating ability of
thiophene which strongly retards the formation of a
coordinatively unsaturated iridium species active for
C-H activation. The result prompted us to use an
appropriate solvent inactive toward the C-H coupling.
Indeed, the desired monoborylation product 3 was
obtained in 64% yield when 10 mmol of thiophene was
diluted in 6 ml of octane. The dtbpy complex exhibited
higher catalytic activity (83%) than that of bpy due to
its higher solubility in octane. The selectivity of
monoborylation versus diborylation depended on the
relative stoichiometry of thiophene and 1. For instance,
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the use of 10 mmol of thiophene produced mono- and
bis(boryl)thiophene in a ratio of 83:17. The ratio was
decreased to 56:44 in the presence of 2.5 mmol of
thiophene and improved to 93:7 when using 20 mmol of
thiophene. However, the increase in concentration of
thiophene retarded the reaction and gave only 69%
yield. The borylation regioselectively occurred at the
2-position of thiophene in all cases.

The synthesis of mono(boryl)heteroaromatics 3 by the
C-H coupling between pin,B, 1 and representative
heteroaromatic substrates 2 in the presence of a cata-
Iytic amount of 1/2[IrCl(COD)],-dtbpy complex at 80—
100°C in octane is shown in Table 1.'"' As for
five-membered 2, not only thiophene (entry 1) but also
furan and pyrrole regioselectively provided 2-borylated
products 3 in high yields accompanied by diborylated
products (ca. 15%) (entries 2 and 3). On the other hand,

Table 1. Synthesis of mono(boryl)heteroaromatics 3 (Eq.
1

entry  boronate 3 2/equiv temp/°C  yield/%P 1.P./%C

1 pinB—@ 10 80 83¢ >099
3a

2 pinB—Q 10 80 83d 92¢
3b

3 ping—d ) 10 80 67¢ 99
N
3c H
4 pinB—@— 10 80 91 >99
ad S
o
5 pinB 4 80 89 >99
3e S
6 pinB*é_Q 4 80 91 97¢
o
af
e,
7 pinB 4 80 92 > 99
N
39 4
pinB_—
~N > d .af
8 4 2 100 42 67:33
\\_N
3h + 3h'
9  pinB \_, 10 100 84 >99
3i N

3A mixture of diboron 1 (1.0 mmol), heteroaromatic compound 2 (2-10
mmol), [IrCI(COD)], (0.015 mmol), 4,4'-di-tert-butyl-2,2'-bipyridine (0.03
mmol), and octane (6 ml) was stirred at 80-100 °C for 16 h.

bGC yields based on boron atom in 1.

Clsomeric purities (I.P.) were determined by 'H NMR and GC.
9dDiborylated products were also produced (12-17%).

®Reactions were accompanied by 3-borylated products.

fRatio of 3- and 4-borylpyridine.

2-methylthiophene selectively yielded a monoborylation
product (entry 4). The selective monoborylation of
benzothiophene, benzofuran, and indole was easily
achieved because the second borylation of the aromatic
ring was significantly slower than the first borylation at
the 2-position (entries 5-7). Although the reactions of
pyridine and quinoline were slow at 80°C, the boryla-
tion smoothly proceeded at 100°C (entries 8 and 9).
Pyridine afforded a mixture of 3- and 4-borylated prod-
ucts (3h and 3h') in a ratio of 67:33, while quinoline
exclusively yielded a 3-borylated product.

As reported for arene C-H borylation, coupling at C-H
bonds located ortho to substituents was very slow due
to steric hindrance.” This effect allows a regioselective
synthesis of 3-borylpyrrole and -indole by using N-sub-
stituted substrates. Although 1-methylpyrrole and
-indole still showed preferential reactivity at the 2-posi-
tion (76:24 and 89:11), sterically more hindered triiso-
propylsilyl derivatives reacted to provide 3-boryl
isomers selectively (Egs. (2) and (3)).!? The triisopropyl-
silyl group can be deprotected by treatment with TBAF
or CF;CO,H to provide isomerically pure 3-boryl-
pyrrole or -indole.!?

pinB
{/ \} 1/2[IrCI(COD)],-dtbpy 7\
1 2
" 2 Il\l octane/80 °C/16 h '.\l (2)
Si(i-Pr) Si(i-Pr)3
(4 equiv) 79% (1.P. > 99%)
pinB
1/2[IrCI(COD)],-dtb,
1+ 2 A/_Q (reACODL dwopy_ -, Z—Q
N octane/80 °C/16 h N (3)
Si(i-Pr)s Si(i-Pr)s
(4 equiv) 83% (1.P. > 99%)

The synthesis of bis(boryl)heteroaromatics (4) is shown
in Eq. (4). Thiophene, furan, and pyrrole were all
converted to the corresponding 2,5-diborylated prod-
ucts 4 in high yields with excellent regioselectivity in the
presence of 1.1 equiv. of pin,B, 1. The formation of the
2,5-diborylated product from furan (62%) was accom-
panied by a small amount of alternative 2,4-diborylated
product (9%). The palladium-catalyzed cross-coupling
reaction of bis(boryl)arenes with dihaloarenes has been
used for the synthesis of functional polymers such as
L+ Q 1/2[IrCI(COD)],-dtbpy

conducting materials.'*
pinB —ﬂ—Bpin
octane/80 °C/16 h X

(1.1 equiv) 4
X=S  80%(.P>9% 4
O 71%(1.P. = 87%)
NH: 80% (I.P. > 99%)

The borylation of these heteroaromatic substrates 2
most likely proceeds through tris(boryl)iridium(III)
intermediates that were isolated by Marder,'> Smith,’
and Hartwig® and shown to give arylboronates upon
thermolysis with arenes. A number of transition metal
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complexes are known to activate a C-H bond at the
2-position of 2.'® Therefore, C-H activation at the
2-position of 2 by tris(boryl)iridium(III) intermediates,
followed by C-B bond formation, is a reasonable mech-
anism for borylation of 2. However, the regioselectivity
of the borylation of pyridine and quinoline to give
3-borylated products is perplexing. One possibility is that
aniridium complex or a boron compound binds reversibly
to the basic nitrogen and both activates the substrate for
reaction and blocks borylation at the 2-position.
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