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ABSTRACT: We successfully developed an iridium-catalyzed ortho-selective
C−H silylation of aromatic compounds. The reaction exhibited a wide
substrate scope, and a variety of π-conjugated molecules were synthesized in
good to excellent yields, even in gram scale. Several silyl groups could also be
introduced into the products. The experimental results indicated that the
regioselectivity could be controlled by a Lewis acid−base interaction between
the Lewis acidic silicon atoms of fluorinated hydrosilanes and the Lewis basic
nitrogen atoms of aromatic compounds.

π-Conjugated molecules with a Lewis acid−base interaction have
recently attracted attention due to the special properties of such
molecules compared with π-conjugated molecules bearing only
covalent bonds (Figure 1).1−4 It is expected that the Lewis acid−

base interaction increases the efficiency of the π-conjugation by
constraining the π-conjugated system in a planar fashion, and the
electronegativity of Lewis acidic heteroatoms decreases the
LUMO level of π-conjugated molecules.3a We recently reported
the synthesis of silylated 2-phenylpyridines (silafluorene
equivalent) with a Lewis acid−base interaction between the
Lewis acidic silicon atoms of fluorinated silyl groups and the
Lewis basic nitrogen atoms of 2-phenylpyridines, and the
silafluorene equivalent has a fluorescent quantum yield higher
than that of the corresponding silafluorene.1c We also reported
palladium-catalyzed C−H borylation at the ortho-position of
aromatic compounds.3g In this reaction, regioselectivity was

controlled by the Lewis acid−base interaction between a boron
atom of hydroboranes and a nitrogen atom of aromatic
compounds. The Lewis acidity of a boron atom results from an
unoccupied orbital of the boron atom. On the other hand,
dispersion of electrons from the silicon atom to the electron-
withdrawing group(s) causes the Lewis acidity of the silicon
atom, and the silicon atom can thus form a five-coordinated
silicon species. Therefore, hydrosilanes with electron-with-
drawing group(s) are desirable candidate Lewis acidic reagents
for ortho-selective C−H functionalization. We report herein
iridium-catalyzed C(sp2)−H silylation of aromatic compounds at
the ortho-position, in which the regioselectivity could be
controlled by the Lewis acid−base interaction.5−8 In this
reaction, fluorinated hydrosilanes were used as silylation
reagents.
First, we investigated palladium complex [Pd(NCCH3)4]-

(BF4)2 and a Pd(OAc)2 salt as a catalyst using 2-phenylpyridine
(1a) and fluorodiphenylsilane (2a) as substrates because the two
above-mentioned reactions proceeded using palladium catalysts
(Table 1, entries 1 and 2).1c,3g The desired ortho-C−H silylation
reaction, however, did not proceed at all. Therefore, we next
investigated several other transition metal complexes. Although
carbonyl complexes W(CO)6 and Ru3(CO)12 did not produce
the desired product (Table 1, entries 3 and 5), a rhenium
complex, [ReBr(CO)3(thf)]2, afforded silylated product 3a in
37% yield (Table 1, entry 4). Ruthenium and cobalt complexes,
[RuCl(p-cymene)]2 and CoCl(PPh3)3, also did not produce
good results (Table 1, entries 6 and 7). In contrast, rhodium and
iridium complexes exhibited catalytic activities and gave the
desired product 3a in 35−48% yield (Table 1, entries 8−11). To
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Figure 1. Several examples of π-conjugated molecules with a Lewis
acid−base interaction.
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improve the yield of 3a, hydrogen acceptors were investigated.
Unfortunately, the yield of 3a decreased when [RhCl(cod)]2 was
used as a catalyst (Table 1, entry 12). On the other hand, the
yield of 3a was dramatically improved in the case of iridium
complexes [IrCl(cod)]2 and Ir(acac)(cod) (Table 1, entries 13−
15), and a combination of Ir(acac)(cod) and norbornene gave 3a
in 97% yield (93% isolated yield) (Table 1, entry 15). In this
reaction, a fluorine atom of hydrosilanes was indispensable for
promoting the silylation reaction. In fact, the silylation reaction
did not proceed under the reaction conditions even with the use
of several hydrosilanes, such as HSiPh3, HSiEt3, and H2SiPh2.
This reactivity is quite different from the previous ortho-selective
C−H silylation of aromatic compounds with a directing group, in
which HSiPh3, HSiEt3, and H2SiPh2 were good silylation
reagents.6b−d There are several reports of transition-catalyzed
meta- (or meta- and para-) selective C(sp2)−H silylations, in
which the regioselectivity is controlled by steric hindrance,7 but
the present silylation did not occur at the meta- and para-
positions. The silylated product 3a had a Lewis acid−base
interaction between the silicon and nitrogen atoms, as previously
reported.1c In this reaction, the double ortho-silylation reaction
did not proceed at all, likely due to the Lewis acid−base
interaction between the silyl and pyridyl groups.
We investigated the substrate scope of aromatic compounds

(Scheme 1). The silylation reaction was not affected by the
electronic properties of an electron-donating or electron-
withdrawing group at the para-position of aromatic compounds,
and the desired silylated compounds 3b−3e were obtained in
76−83% yields. Functional groups, such as a chlorine atom and
ethoxycarbonyl group, remained unchanged, and the corre-
sponding silylated products 3f and 3g were obtained in good
yields. The silylation reaction proceeded regioselectively at the
ortho-position with less steric hindrance, and only 3h was
obtained. The yield of silylated product 3i was low when a
substrate with a rigid structure (benzo[h]quinoline, 1i) was used.
Silylation also occurred at the C−H bond of pyridylferrocene,

which is a rare example of C−H functionalization of ferrocene
derivatives.9 Silylated products 3k−3n were also obtained using
aromatic compounds with other heterocyclic rings, such as
pyrimidinyl, pyrazinyl, pyrazolyl, and thiazolyl groups. (E)-1,2-
Diphenyldiazene also produced the corresponding silylated
product 3o in 84% yield.10 Based on the chemical shifts of 29Si
NMR spectra, all the products in Scheme 1 had Lewis acid−base
interactions between the silicon and nitrogen atoms (for details,
see Supporting Information).
We then investigated several fluorinated hydrosilanes

(Scheme 2). Compared with our previous report using borylated
silanamines as a silicon source,1c the preparation of silylation
reagents was easier, and many types of silylation reagents were
efficiently realized. Fluorinated hydrosilanes with an electron-
donating or electron-withdrawing group on the aromatic ring(s)
produced the corresponding silylated products 3p−3s in 84−
93% yields. In these reactions, silyl groups with two different aryl
groups could be introduced into the structures of products 3q−
3s. Based on the chemical shifts of 29Si NMR spectra, the Lewis
acid−base interaction between the silicon and nitrogen atoms of
the silylated product with an electron-withdrawing group on the
aromatic ring (3s, 29Si NMR δ −66.7 ppm) was stronger than
that of a silylated product bearing an electron-donating group
(3q, 29Si NMR δ −62.2 ppm). Silylated product 3t was also
obtained quantitatively using a fluorinated hydrosilane bearing a
naphthyl group. The silylation reaction using a fluorinated
hydrosilane with alkyl groups proceeded in excellent yield;
however, product 3u could not be isolated by column

Table 1. Investigation of Several Transition Metal
Compounds and Hydrogen Acceptorsa

entry catalyst hydrogen acceptor yield (%)

1 [Pd(NCCH3)4](BF4)2 <1
2 Pd(OAc)2 <1
3 W(CO)6 <1
4 [ReBr(CO)3(thf)]2 37
5 Ru3(CO)12 <1
6 [RuCl(p-cymene)]2 9
7 CoCl(PPh3)3 <1
8 RhCl(PPh3)3 35
9 [RhCl(cod)]2 45
10 [IrCl(cod)]2 42
11 Ir(acac)(cod) 48
12 [RhCl(cod)]2 3,3-dimethyl-1-butene 13
13 [IrCl(cod)]2 3,3-dimethyl-1-butene 84
14 [IrCl(cod)]2 norbornene 95
15 Ir(acac)(cod) norbornene 97 (93)b

a2a (1.4 equiv). bIsolated yield.

Scheme 1. Reactions between Aromatic Compounds 1 and
Hydrosilane 2aa

a2a (1.4 equiv). bYield was determined by converting a fluorine atom
of 3j to a methyl group. cNorbornene (2.0 equiv), chlorobenzene, 100
°C. dE/Z = 1:1.
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chromatography on silica gel due to the instability of 3u,
probably a result of the weak Lewis acid−base interaction (29Si
NMR δ −31.9). Therefore, the product was isolated in 89% total
yield by converting the fluorine atom to a methyl group through
the reaction of 3u with methyllithium.
The reaction mechanism remains unclear; the silylation

reaction may, however, proceed via Lewis acid−base interaction
based on the following experimental results:11 (1) Formation of a
complex between 2-phenylpyridine (1a) and fluorinated hydro-
silane 2a (intermediate I in Scheme 3) was observed by 29Si

NMR. (2) As mentioned above, the silylation reaction did not
proceed using several hydrosilanes, such as HSiPh3, HSiEt3, and
H2SiPh2. These results suggested that Lewis acidity of a silicon
atom caused by the electronegativity of the fluorine atom was
important to promote the silylation reaction.12 (3) One of the
authors reported Lewis acid−base interaction-controlled ortho-
selective C−H borylation of aromatic compounds as a related

reaction.3g The proposed mechanism for the silylation is as
follows (Scheme 3): (1) Lewis acid−base interaction between 2-
phenylpyridine derivative 1 and hydrosilane 2; (2) oxidative
addition of the formed complex I to the iridium catalyst; (3) σ-
bond metathesis via elimination of H2 to give intermediate II
(C−H bond activation); and (4) reductive elimination to give
silylated product 3 and regenerate the iridium catalyst. Another
possible pathway is (5) oxidative addition of the aromatic C−H
bond to the iridium center and (6) reductive elimination of the
formed intermediate III to give the desired silylated product 3
and regenerate the iridium catalyst via the formation of H2.
Kinetic isotope effect experiments revealed that the value of

the kinetic isotope effect, kH/kD, was 3.6 (for details, see
Supporting Information). This result indicates that C−H bond
activation was the rate-determining step of the reaction.
The silylation reaction proceeded in excellent yield, even on

gram scale (eq 1). Treatment of 0.776 g of 1a with 2a in the

presence of an iridium catalyst, Ir(acac)(cod), and norbornene
gave 1.63 g of ortho-silylated product 3a in 92% yield (eq 1). The
yield of 3a was comparable to that of 3a in a smaller scale (Table
1, entry 15, 1a: 66.2 mg).
In summary, we achieved an ortho-selective C(sp2)−H

silylation of aromatic compounds under iridium catalysis. The
reaction proceeded in good to excellent yields using a variety of
aromatic compounds, such as 2-phenylpyridines, benzo[h]-
quinoline, pyridylferrocene, 2-phenylpyrimidine, 2-phenylpyr-
azine, 1-phenyl-1H-pyrazole, 2-phenylthiazole, 2-phenylimida-
zole, and azobenzene, even in gram scale. In addition, several
fluorinated silyl groups could be introduced into the products.
The experimental results suggested that the regioselectivity could
be controlled by Lewis acid−base interaction between Lewis
acidic fluorinated silicon atoms of hydrosilanes and Lewis basic
nitrogen atoms of aromatic compounds. We believe that the
present results will contribute to synthetic organic chemistry,
especially C−H bond transformations, and organic materials
chemistry dealing with π-conjugated molecules.
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Scheme 2. Reactions between 2-Phenylpyridine 1a and
Hydrosilanes 2a

a2 (1.4 equiv). bNorbornene (2.0 equiv), chlorobenzene, 100 °C. c1H
NMR yield using 1,1,2,2-tetrachloroethane as an internal standard.

Scheme 3. Proposed Mechanism for the Silylation of 2-
Phenylpyridines via Lewis Acid−Base Interaction
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