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Abstract: para-Selective C�H borylation of benzamides and
pyridines has been achieved by cooperative iridium/aluminum
catalysis. A combination of iridium catalysts commonly
employed for arene C�H borylation and bulky aluminum-
based Lewis acid catalysts provides an unprecedented strategy
for controlling the regioselectivity of C�H borylation to give
variously substituted (hetero)arylboronates, which are versatile
synthetic intermediates for complex multi-substituted aromatic
compounds.

Selective C�H functionalization of readily available arene is
the most atom- and step-economic method for building C�C
and C-heteroatom bonds and, over the last decade, has
become a powerful tool for constructing complex molecules.[1]

One important issue of arene C�H functionalization is
regioselectivity. ortho-Selective reactions are well-developed
and incorporate various directing groups,[2] while remote C�H
functionalization still remains a major challenge. Compared
to recently developed meta-selective C�H functionalization,[3]

para-selective C�H functionalization is less explored and is
limited mainly to electron-rich arenes. Recent examples
include electrophilic metalations,[4] hypervalent iodine-
mediated reactions,[5] carbene insertions,[6] radical substitu-
tions,[7] steric control strategies,[8, 9] and template-directed
metalations.[10]

Among various C�H functionalization reactions, iridium-
catalyzed arene C�H borylation reactions[11] have received
significant attentions because resulting arylboronate esters
are versatile synthons of various derivatization reactions and
are widely used in the synthesis of functional materials,
natural products, and pharmaceuticals. Generally, steric
hindrance governs the regioselectivity of C�H borylation,
and the reaction often gives a mixture of regioisomers when
sterically less biased mono- and 1,2-di-substituted benzenes
are employed. Typically, regioselective arene C�H borylation
is limited to 1,3-di-substituted benzenes, which give
C5-selective C�H borylation products.[12] Several strategies
have been developed to overcome this problem. ortho-
Selective C�H borylation have been successful with nitrogen,
carbonyl, and other directing groups.[13] Recently, secondary
interactions have emerged as a powerful strategy to control
meta-selective C�H borylation.[14] On the other hand,

para-selective C�H borylation has lacked a general strategy.
The examples thus far are limited to arenes bearing tertiary
alkyl- and silyl-substituents, which induce steric repulsion
between a bulky ligand[9] and electrophilic borylations.[15]

Therefore, a catalyst-controlled strategy for para-selective
C�H borylation of arenes is highly desired.

Cooperative nickel/aluminum catalysis is a powerful
strategy for regioselective C�H alkylation and alkenyla-
tion.[16] We envisaged that cooperative catalysis could also
overcome the regioselectivity issue and achieve para-selective
arene C�H borylation. Our motivation was based on the
following considerations (Scheme 1): 1) Complexation of an
arene bearing a Lewis basic functionality with a Lewis acid
(LA) results in charge transfer, making the arene core more
electron-deficient and thus more reactive;[17] 2) steric repul-
sion between a ligand on iridium and LA would block the
ortho- and meta-positions and force the C�H borylation to
proceed at the para-position. Herein, we report the realiza-
tion of this strategy to develop para-selective C�H borylation
of benzamides and pyridines by cooperative iridium/alumi-
num catalysis.

From the outset, we chose the iridium-catalyzed C�H
borylation of N,N-diethylbenzamide (1 a) as a model reaction
and sought proper conditions for para-selective reaction
based on our hypothesis. The reaction of 1a with bis(pinaco-
lato)diboron (B2(pin)2) in the presence of [Ir(cod)(OMe)]2

(cod = 1,5-cyclooctadiene) and 2,2’-bipyridyl (bpy) in hexane
at room temperature gave a mixture of C�H borylation
products derived from para-C�H borylation 2a, meta-C�H
borylation 3a, and 3,5-di-borylation 4a in 74% overall yield
and with poor selectivity (Table 1, entry 1). The observed
statistic ratio of the meta- and para-C�H borylation products
indicated that the regioselectivity of the C�H borylation was
governed purely by steric hindrance and no electronic bias
affected the selectivity.[18] Adding 20 mol% methylaluminum
bis(2,6-di-tert-butyl-4-methylphenoxide) (MAD)[19] as a LA
catalyst dramatically increased the yield (> 99 %) and

Scheme 1. Hypothesis of cooperative iridium/aluminum catalysis for
para-selective C�H borylation.
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para-selectivity [2 a/(3a + 4 a) = 3.3:1.0] (Table 1, entry 2),
which was consistent with our hypothesis. Encouraged by
this result, we decided to further optimize the conditions by
screening various ligands. Conventionally used 4,4’-di-tert-
butyl-2,2’-bipyridyl (dtbpy) gave good yield with decreased
selectivity. (Table 1, entry 3). During the screening study, we
noticed that the bpy ligand was converted to 4,4’-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-2,2’-bipyridine (L1)
selectively under the reaction conditions. Therefore, we
tested L1, which was obtained by our own method (see
above), as a ligand. It gave improved para-selectivity (6.9:1.0;
Table 1, entry 4). Notably, almost complete loss of regio-
selectivity was observed in the absence of MAD (Table 1,
entry 5). We believed that the origin of the para-selectivity
was from the geometry of L1, which afforded a proper steric
repulsion with MAD (see Supporting Information). Subse-
quently, we screened various LA catalysts using L1 as
a ligand. Adding trialkylaluminum catalysts such as AlMe3

and Al(iBu)3 resulted in sluggish reactions with no improve-
ment of selectivity (Table 1, entries 6 and 7). We imagined
that a larger LA would give further improved selectivity.
However, ethylaluminum bis(2,6-di-tert-butyl-4-methylphen-
oxide) (EAD) gave lower para-selectivity compared to MAD
(Table 1, entry 8). Boron-based Lewis acid B(C6F5)3 gave
a moderate yield albeit with no selectivity (Table 1, entry 9).
All these results indicated that both L1 and MAD played
a key role in induction of para-selectivity. Additionally,
solvent effects were studied. The reaction in hexane solvent
showed the highest reactivity and selectivity (see Supporting
Information).

Using a combination of [Ir(cod)(OMe)]2/L1 and MAD as
a catalyst, we subsequently examined the scope of benzamide

products (Table 2). Firstly, a series of nonsubstituted benz-
amides with different N-substituents were examined (1a–1g).
We found that the regioselectivity was influenced by the size
of the N-substituents. N,N-Dimethylbenzamide (1b) afforded

Table 1: Optimization of para-selective C�H borylation of benzamide
1a.[a]

Entry Ligand LA Ratio Yield [%]
2 a

3 aþ4 a 2a 3a 4a

1 bpy none 0.4:1.0 22 45 7
2 bpy MAD 3.3:1.0 82 17 7
3 dtbpy MAD 0.9:1.0 44 41 12
4 L1 MAD 6.9:1.0 92 8 6
5 L1 none 0.6:1.0 25 41 2
6 L1 AlMe3 – – – –
7 L1 Al(iBu)3 0.5:1.0 11 22 1
8 L1 EAD 1.0:1.0 52 47 3
9 L1 B(C6F5)3) 0.5:1.0 18 35 4

[a] Yields and selectivities were calculated by crude 1H NMR spectro-
scopy with 1,3,5-trimethoxybenzene as an internal standard.

Table 2: Scope of benzamide products.[a]

R =

Et: 2a, 86 %/2% (6.9:1.0)
Me: 2b, 83%/9 % (2.2:1.0)
iPr: 2c,95%/0% (>20:1.0)
Hex: 2d, 78%/0% (9.2:1.0)

X =

CH2: 2e, 84%/0 % (2.0:1.0)
O: 2 f, 71%/16% (1.7:1.0)
CH2CH2: 2g, 95%/0 % (5.3:1.0)[b]

R =
Et: 2h, 89% (10:1.0)
iPr: 2 i, 94 % (>20:1.0)

2 j, 90% (>20:1.0)

2k, 98 % (>20:1.0)[b] 2 l, 97% (12:1.0)

R =
Cl: 2m,100% (>20:1.0)[b]

Br: 2n,94% (>20:1.0)[b]

F3C: 2o, 89% (9.0:1.0)
CF3O: 2p,78% (>20:1.0)[b]

MeO2C: 2q,89% (10:1.0)

R =
F: 2r, 93% (13:1.0)[b] , (0.85:1.0)[b,c]

CN: 2s, 96% (1.3:1.0)[b] , (0.064:1.0)[b,c]

Me: 2 t,55% (0:1.0)
OMe: 2u,77% (0.56:1.0)
Cl: 2v,96% (0.21:1.0)

2w, 74 % (20:1.0) 2x, 100% (7.3:1.0)

2y, 90% (1.0:0) 2z, 92% (6.6:1.0)

[a] Reactions were run with benzamide (0.20 mmol), B2(pin)2

(0.20 mmol), [Ir(cod)(OMe)]2 (1.0 mol%), L1 (2.0 mol%), and MAD
(20 mol%) in hexane (2.0 mL) at room temperature for 18 h. Selectivities
(p/m) were estimated by analysis of 1H NMR spectra of the crude
mixtures. Yields for the nonsubstituted benzamides are shown as mono-
C�H borylation product/3,5-di-C�H borylation product, which were
calculated based on an isolated mixture of mono- and di-C�H borylation
products. [b] Selectivity was calculated based on GC analysis. [c] Selec-
tivity of the control experiment without MAD.

Angewandte
ChemieCommunications

2 www.angewandte.org � 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2017, 56, 1 – 6
� �

These are not the final page numbers!

http://www.angewandte.org


para-selectivity lower than that of N,N-diethylbenzamide
(1a) and the selectivity became even worse when bulkier
Lewis acid was used instead of MAD (see Supporting
Information). In contrast, N,N-diisopropylbenzamide (1c)
and N,N-dihexylbenzamide (1d) showed selectivity higher
than 1b. The same trend was also found for benzamides
derived from cyclic amines (1e–1g). Subsequently, the C�H
borylation of ortho-monosubstituted benzamides was exam-
ined. Generally the reaction tolerated a wide range of
functional groups at the ortho-position and afforded good
yields and selectivities. N,N-Diethyl-2-methylbenzamide (1h)
gave good yield and selectivity. Substrate bearing a bulkier
amine moiety 1 i afforded improved selectivity. An electron-
donating and Lewis basic methoxy group was tolerated by our
method to give 2 j. A substituent on the aryl group of
2-arylbenzamide 1 k was essential to block the C�H boryla-
tion at its para-position. For 1 l, which has a small ortho-
fluorine substituent, a bulky amine moiety was essential to
achieve good selectivity. Our method could also tolerate other
halogen functionalities to give 2m–2p. An ortho-CF3 group
strongly activated the C5-position, which caused the moder-
ate selectivity of 1o. Notably, dicarbonyl substrate 1q was
exclusively borylated at the para-position of the amino-
carbonyl group. On the other hand, substrate-control governs
the regioselectivity with C3-substituted benzamides. While 1r
and 1s bearing a small substituent still showed para-selectiv-
ity, other substrates directed C�H borylation at their meta-
position. Heteroaromatic carboxamide 1w afforded C5 C�H
borylation product selectively. 5-Membered heteroarene
substrates 1x and 1y also afforded C5 C�H borylation
products. Our method could also be applied to arylphosph-
onate 1z, which afforded a para-C�H borylation product with
good yield and selectivity. However, other functionalized
arenes, such as arylketones and benzoates, were not tolerated
by our method (see Supporting Information).

The C�H borylation of some pyridine derivatives is
reported to be sluggish and lacking in selectivity.[20] Thus, we
wondered whether our method could also accelerate pyridine
functionalization and control C4-selectivity. Initially, we
chose pyridine (5 a) as a substrate and examined ligands and
LAs to achieve C4-selective C�H borylation (Table 3). The
reaction of 5a with B2(pin)2 in the presence of [Ir(cod)-
(OMe)]2 and dtbpy in hexane at room temperature was
indeed very slow, giving essentially no borylation products
(Table 3, entry 1). However, adding 10 mol % MAD as
a cocatalyst dramatically improved the yield and gave
moderate C4-selectivity (Table 3, entry 2). Increasing the
bulkiness of LA by introducing an isobutyl group instead of
methyl on aluminum improved the C4-selectivity (Table 3,
entry 3). Finally, iBABr[21] slightly improved the yield without
any loss of selectivity (Table 3, entry 4).

With the optimized conditions in hand, we investigated
the scope of substituted pyridines (Table 4). The C�H
borylation of 5a on a preparative scale gave mono-C�H
borylation product 6a in 76% isolated yield. C2-substituted
pyridines were borylated at the C4-position exclusively
because of steric repulsion between C2-substituents and
iBABr, forcing LA to provide more severe steric hindrance
at the C5-position. 2-Picoline (5b) reacted in moderate yield

but with complete C4-selectivity. 2-Phenylpyridine (5c), C�H
functionalization of which often proceeds at the phenyl ring,
afforded moderate yield and excellent C4-selectivity without
any detectable C�H borylation on the phenyl group. In this
case, iBABr gave good selectivity but low yield, probably
because of steric repulsion by the C2 phenyl group. Ether and
halogen functionalities were tolerated with excellent
C4-selectivities to give 6d–6g. Bpy could also serve as
a substrate for our method, giving 4,4’-di-borylation product
6h as the sole product, which was the ligand of choice (L1) for
the para-selective C�H borylation of benzamides (see above).
Our method failed for C3-substituted pyridines, which were
governed by substrate control to give C5 C�H borylation
products mainly.

The origin of the para-selectivity is likely steric repulsion
between the iridium catalysts and MAD-substrate adducts,
which participate in the originally proposed catalytic

Table 3: Optimization of C4-selective C�H borylation of pyridine.[a]

Entry LA Ratio Yield [%]

6 a
7 aþ8 a 6a 7a 8a

1 none – – – –
2 MAD 4.0:1.0 64 2 14
3 iBAD 12:1.0 75 1 4
4 iBABr 12:1.0 79 2 5

[a] Yields and selectivities were calculated by crude 1H NMR spectro-
scopy with 1,3,5-trimethoxybenzene as an internal standard.

Table 4: Scope of pyridine products.[a]

6a, 76 %
(12:1.0)

6b, 65%
(>20:1.0)

6c,[b] 52%
(>20:1.0)

6d, 76%
(>20:1.0)

6e, 81%
(>20:1.0)

6 f, [b] 86%
(>20:1.0)

6g,[b] 81 %
(>20:1.0)

6h,[c] 67%
(>20:1.0)

[a] Reactions were run with pyridine (1.0 mmol), B2(pin)2 (1.0 mmol),
[Ir(cod)(OMe)]2 (1.0 mol%), dtbpy (2.0 mol%), and iBABr (10 mol%) in
hexane (2.5 mL) at room temperature for 6 h. Selectivities (C4:C5) were
estimated by 1H NMR spectroscopy. [b] MAD (10 mol%) was used.
[c] The reaction was performed with 5h (1.0 mmol), [Ir(cod)(OMe)]2
(0.30 mol%), bpy (0.60 mol%), MAD (20 mol%), and B2(pin)2

(2.0 mmol) in hexane (5.0 mL) at room temperature for 24 h.
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cycle.[17, 22] We studied the interaction between MAD and 1a
by 1H NMR spectroscopy, which showed a 1:1 adduct formed
spontaneously after mixing the two compounds (see Support-
ing Information). Under otherwise identical conditions, the
addition of MAD to 1a greatly accelerated its conversion to
product, consistent with activation of the substrate by MAD.
(see Supporting Information). Finally, the turnover of the
MAD Lewis acid catalysis was also confirmed by observing
equilibrium quickly established between MAD-1a adduct
and MAD-2a adduct at room temperature (see Supporting
Information).

In summary, we have successfully achieved para-selective
C�H borylation of benzamides and pyridines by cooperative
iridium/aluminum catalysis. The aluminum Lewis acid cata-
lysts likely accelerate the reaction by generating highly
reactive Lewis-pair adducts. Moreover, the regioselectivity
is controlled by the steric repulsion between the substrates
coordinating to the bulky aluminum catalysts and the iridium
catalyst. In spite of the use of the strong Lewis acid
cocatalysts, our method shows good tolerance toward
a range of functional groups, including Lewis basic groups,
without loss of regioselectivity. This work demonstrates the
potential of cooperative iridium/aluminum catalysis as a pow-
erful tool to control the regioselectivity of otherwise non-
selective C�H functionalization reactions.

Experimental Section
A 4 mL vial was charged with L1 (1.60 mg, 4.0 mmol), B2(pin)2

(50.8 mg, 0.20 mmol) and brought into a nitrogen-filled glovebox. In
the glovebox, the vial was charged with a solution of [Ir(cod)(OMe)]2

(1.3 mg, 2.0 mmol) in hexane (1.0 mL) and a stir bar and it was sealed
with a Teflon screw cap. The resulting solution was stirred for 30 min
at 60 8C. After the mixture was cooled down to room temperature, it
was mixed with another mixture of 1 (0.20 mmol), MAD (19.2 mg,
0.040 mmol), and hexane (1.0 mL). The vial was sealed with a Teflon
screw cap again and taken out of the glovebox. The resulting mixture
was stirred for 18 h at room temperature. After stirring for 18 h it was
quenched with ethyl acetate. The regioselectivity was determined by
1H NMR spectroscopic analysis with CDCl3 as a solvent and 1,3,5-
trimethoxybenzene as an internal standard, or by GC analysis of the
crude product. All of the volatiles were removed in vacuo and the
residue was purified by medium pressure liquid chromatography
(MPLC) with a silica gel column (40–50 mm, D = 2.0 cm, V= 15 mL)
to give the corresponding products.
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para-Selective C�H Borylation of
(Hetero)Arenes by Cooperative Iridium/
Aluminum Catalysis Collect. Select. Reflect : para-Selective C�

H borylation of benzamide and pyridine
adducts is controlled by a combination of
iridium and bulky aluminum-based Lewis
acid catalysts. Variously substituted (het-

ero)arylboronates were prepared, which
are versatile synthetic intermediates for
complex multi-substituted aromatic
compounds.
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