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The metal catalyzed direct functionalization of aromatic C-H
bonds is a straightforward method for the formation of carbon-
carbon and carbon-heteroatom bonds in organic synthesis.1 Gener-
ally, the activation of the C-H bond is facilitated by efficient
generation of a coordinatively unsaturated metal species, where the
sparsity of the vacant coordination site is important for high catalytic
activity and a broad substrate scope. We have developed Silica-
SMAP, a silica-supported, caged, compact phosphine ligand.
Because of its constrained mobility, this ligand selectively forms a
monophosphine-metal complex despite its extreme compactness.2-4

Accordingly, we envisioned that the supported phosphine would
be useful in creating a highly active catalytic environment for C-H
bond functionalizations.

Herein, we report that a solid-supported monophosphine-Ir
system, Silica-SMAP-Ir, which was prepared in situ from [Ir(OMe)-
(cod)]2 and Silica-SMAP, showed high activities and selectivities
for the borylation of aromatic C-H bonds with bis(pinacolato)di-
boron (2).5-7 This system was effective not only for the borylation
of benzene but also for the directed ortho borylation of function-
alized arenes.6,7 The latter showed considerable tolerance toward
the steric congestion at the reaction site. Moreover, it was applicable
to various arenes with different directing groups, including ester,
amide, sulfonate, acetal, alkoxymethyl, and chloro groups.

The reaction of benzene (30 mmol) with 2 (0.5 mmol) in the
presence of Silica-SMAP-Ir(OMe)(cod) (0.5 mol %) proceeded
smoothly at 80 °C and gave the corresponding monoborylation product
in 101% isolated yield (based on 2, 3 h) together with H-Bpin
(Scheme 1).8 In contrast to Ishiyama and Miyaura’s observations for

the dtbpy-Ir(OMe)(cod) system,5d H-Bpin was not efficiently used
for the C-H borylation.

Interestingly, benzoate derivatives 1 were more reactive than
unsubstituted benzene because of the ortho-directing effect of the
ester group (Table 1).5d,8 The reaction of methyl benzoate (1a, 1
mmol) and 2 (0.5 mmol) in hexane in the presence of 0.5 mol %
Silica-SMAP-Ir(OMe)(cod) proceeded smoothly at 25 °C and gave
the ortho borylation product 3a in 89% yield based on 2 (101%
NMR yield) (Table 1, entry 1).9 Notably, when the reaction of 1a
was carried out without a solvent at a higher temperature (100 °C)

on a larger scale (1a, 20.0 mmol; 2, 10.0 mmol), the Silica-
SMAP-Ir system exhibited a much higher turnover number (TON
of 20 000) while retaining perfect ortho selectivity (eq 1).8

The corresponding homogeneous catalysts that were prepared in
situ from [Ir(OMe)(cod)]2 and Ph-SMAP2a,c (0.5 mol % Ir, 1:1 or 1:2
Ir/P) afforded only trace conversion at 25 °C, indicating that im-
mobilization of the phosphine is crucial. No reaction took place with
other phosphines such as 4-CF3-Ph-SMAP,2b Ph3P, (t-Bu)3P, Cy3P,
and Me3P (1:1 or 1:2 Ir/P) under essentially the same conditions.10

The Silica-SMAP-Ir catalyst (0.5 mol %) was applicable to the
reaction of various benzoate derivatives 1b-j with one or more
additional substituents on the aromatic ring (Table 1, entries 2-10).
Remarkably, ortho borylation with 3,5- (1b) and 2,5-dimethyl (1c)
derivatives proceeded at 50 °C regardless of the considerable steric
congestion at the reaction site, with no borylation occurring at the
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Scheme 1. Borylation of Benzene Catalyzed by the
Silica-SMAP-Ir System

Table 1. Ortho Borylation of Methyl Benzoate Derivatives
Catalyzed by the Silica-SMAP-Ir Systema

a Conditions: 1 (1.0 mmol), 2 (0.5 mmol), Silica-SMAP-Ir(OMe)(cod)
(0.5 mol %), hexane (1.5 mL). b Isolated yield of 3 based on 2. The yield
in parentheses was determined by 1H NMR spectroscopy. c A small
amount of 2,6-borylation product was detected in the crude mixture (entry
1, 4%; entry 2, 6%; entry 9, 6%; entry 10, 6%). d The regiochemistry was
assigned on the basis of the JC-F values in the 13C NMR spectrum.
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benzylic positions (entries 2 and 3).11 The borylation of 3-isopro-
pylbenzoate (1d) occurred predominantly at the less hindered C6
position (C6/C2 > 20:1) (entry 4).

Substitution of the aromatic ring of methyl benzoate with either
MeO or CF3 groups caused only marginal and capricious effects
on the reactivity (Table 1, entries 5-10).12 The reaction with
3-methoxybenzoate 1g afforded the C6-borylation product 3g and
the C2-borylation product in an 84:16 ratio (entry 7).

Functional groups other than methyl ester also served as directing
groups. These results are summarized in Table 2.8 Among the
directing groups, tert-butyl ester (1k), N,N-dimethylamide (1l), and
sulfonate (1m) seemed to direct the borylation via coordination with
their sp2 oxygen atoms (entries 1-3), while acetal (1n) and MOM-
protected hydroxymethyl groups (1o) directed the borylation via
coordination with the sp3 oxygen atoms (entries 4 and 5).

Notably, the chlorine atom showed a considerable ortho-directing
effect. Thus, the reaction of chlorobenzene (1p) at 50 °C took place
with a reasonably high ortho selectivity [o/(m+p) ) 92:8] (Table
2, entry 6). Although the directing effect of the chlorine atom is
apparently weaker than those of the ester groups, it was strong
enough to deliver the boryl group to the ortho position with perfect
selectivity in the reaction of 4-chloro-1-trifluorobenzene (1q) (entry
7).12 The borylation of ethyl 4-chlorobenzoate 1r occurred exclu-
sively at the ortho position of the ester group (entry 8).12 The
reaction of methyl 2-methoxy-5-chlorobenzoate (1s) proceeded
smoothly at 25 °C and afforded with excellent regioselectivity the
highly functionalized, hindered arylboronate 3s, which is difficult
to prepare by other methods (entry 9).

These highly efficient ortho-directing effects probably rely on the
monocoordinating feature of the immobilized phosphine ligand. In
addition, the sparse nature of the Ir catalytic center, which contains
only a single phosphine ligand with extreme compactness, is respon-
sible for the high activity, while electronic effects of the strongly
σ-donating SMAP ligand may have an additional influence on the
catalytic properties.

In conclusion, a silica-supported, compact phosphine was suc-
cessfully used in the Ir-catalyzed borylation of arenes. The use of
the heterogeneous catalyst system allowed for directed ortho
borylation of various functionalized arenes. The application of the
immobilized phosphine ligand to other metal catalyzed reactions
is under investigation.
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Table 2. Ortho Borylation of Functionalized Arenes Catalyzed by
the Silica-SMAP-Ir Systema

a Conditions: 1 (1.0 mmol), 2 (0.5 mmol), Silica-SMAP-Ir(OMe)(cod)
(0.5 mol %), hexane or octane (1.5 mL). A small amount of 2,6-borylation
product was detected in the crude mixture in entries 3-8 (entry 3, 7%;
entry 4, 16%; entry 5, 14%; entry 6, 2%; entry 7, 9%; entry 8, 23%).
b Isolated yield of 3 based on 2. The yield in parentheses was determined
by 1H NMR spectroscopy. c Determined by 1H NMR spectroscopy. d The
regiochemistry was assigned on the basis of the JC-F values in the 13C
NMR spectrum.
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