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ABSTRACT: We successfully developed a para-selective C–H borylation of aromatic compounds using iridium catalysts with bulky 

bipyridine-type ligands. The key to success is the introduction of bulky substituents (m-terphenyl groups) at the 4- and 4′-positions 

of the bipyridine-type ligands to sterically protect both sides and back of the catalysts, thereby efficiently preventing substrate orien-

tation that gives ortho- and meta-borylated products. Using these ligands, higher para-selectivity was achieved compared to the 

conventional iridium-catalyzed para-selective C–H borylation. Interestingly, high para-selectivity was achieved even when using 

aromatic compounds with small substituents such as ethyl or isopropyl groups on the aromatic ring. 

Site-selective C–H transformations have attracted the most 

attention in recent years because they enable the synthesis of 

desired organic compounds in a shorter process and are more 

efficient than conventional synthetic organic reactions.1 How-

ever, site-selective C–H transformations are generally difficult 

because there are multiple C–H bonds with similar reactivity in 

organic compounds, and the reaction proceeds at various reac-

tion sites, resulting in a mixture of regioisomers. Therefore, it 

is important to control site-selectivity with high efficiency; the 

“directing group method” controls site-selectivity in C–H trans-

formations, and many C–H transformations at the ortho-posi-

tion of directing groups have been reported.2 Recently, meta3- 

and para4-selective C–H transformations have been reported by 

using large, precisely designed directing groups, but there are 

considerably fewer reports of such reactions than those at the 

ortho-position. The greater the distance between the directing 

group and the reaction site, the larger the structure of the direct-

ing group and the more complicated its synthesis. The greater 

the freedom due to the bond rotation of each bond of the direct-

ing group, the more difficult it becomes to precisely control the 

site-selectivity. 

The most remote position in benzene derivatives is the 

para-position, and the realization of site-selective C–H trans-

formations at this para-position is difficult but important. The 

methods for controlling site-selectivity in para-selective C–H 

transformations so far include (a) a method using directing 

groups (directing group method, Figure 1a),4 (b) a method using 

noncovalent bond between a catalyst and a substrate (noncova-

lent method,5 Figure 1b),6 and (c) a method using steric repul-

sion between a bulky substituent of a substrate and a bulky lig-

and or bulky Lewis acids and ligands (Figure 1c).7 Although the 

“directing group method” in (a) can achieve para-selectivity, it 

requires the synthesis of directing groups with complex struc-

tures in advance, introduction of the directing groups to the sub-

strates before the reactions, and removal of the directing groups 

from the products after the reactions, which increases the num-

ber of reaction steps, and the reaction efficiency is not high due 

to “substrate control”. The “noncovalent method” in (b) is “cat-

alyst control” and therefore more efficient than the substrate-

controlled “directing group method,” but there are not many ex-

amples of para-selective C–H borylation to date.6 In method (c) 

using steric repulsion, the degree of steric repulsion by the 

bulky bisphosphine ligand is not sufficient (see Figure 2a),7a,b,e 

so the para-selectivity was not satisfactory, and aromatic com-

pounds with bulky substituents had to be used as substrates to 

achieve high para-selectivity (substrate and catalyst control). 

Organoboron compounds are important starting materials 

for synthetic organic reactions (e.g., Suzuki-Miyaura cross-cou-

pling reactions and oxidation reactions),8 organic functional 

materials,9 and pharmaceuticals.10 Therefore, the development 

of highly efficient synthetic reactions for boron-containing or-

ganic compounds is highly desired. To date, synthetic methods 

for boron-containing aromatic compounds, such as the reactions 

of Grignard or organolithium reagents with boron sources11 and 

the borylation of aromatic halides (Miyaura−Ishiyama boryla-

tion),12 have been used for the synthesis of various useful boron-

containing organic compounds. Direct C–H borylation is a 

more efficient borylation method that can efficiently introduce 

boryl groups into organic compounds.1c,13 However, iridium-

catalyzed C–H borylation of monosubstituted aromatic com-

pounds leads to borylation at the meta- and para-positions, 

yielding a mixture of isomers.14 Therefore, the control of site-

selectivity is an important issue in C–H borylation. 

In this study, to avoid the issue of increased freedom of di-

recting groups, a limitation of the directing group method, we 

used steric repulsion between the catalyst and the substituent of 

the substrate. Consequently, we developed a new bulky bipyri-

dine-type ligand with two bulky substituents at the 4- and 4'-

positions and succeeded in achieving high para-selectivity 

(Figure 1d). In catalytic C–H borylation using conventional lig-

ands, para-selectivity is rarely observed for aromatic com-

pounds with small substituents such as isopropyl and ethyl 

groups (isopropylbenzene and ethylbenzene).7 However, by 



 

using the new ligand, C–H borylation at ortho- and meta-posi-

tions could be efficiently inhibited, and para-selective C–H 

borylation was achieved. 

 

 

Figure 1. Examples of para-selective C–H borylation 

Itami, Segawa, and coworkers succeeded for the first time 

in para-selective C–H borylation by steric protection from both 

sides by aryl groups on the bisphosphine ligand (Figure 2a).7a,b,e 

However, judging from the molecular model, steric protection 

on both sides appears sufficient but that from the back appears 

insufficient so that even aromatic compounds with bulky sub-

stituents such as isopropyl groups do not have satisfactory para-

selectivity. To achieve high para-selectivity, it is necessary to 

sterically block not only both sides of the ligand but also the 

back of the ligand. Therefore, we considered that the introduc-

tion of bulky substituents at the 4- and 4'-positions of the bipyr-

idine-type ligand can sterically block both sides and the back of 

the catalyst. The introduction of these substituents, together 

with the three boryl groups (Bpin) on the iridium center, may 

lead to high para-selectivity because of the efficient steric re-

pulsion between the catalyst and the substituents on the sub-

strates (Figure 2b). 

 

 

Figure 2. Design of iridium catalysts for para-selective C–H 

borylation 

Using tert-butylbenzene as the model substrate, several lig-

ands were investigated (Schemes 1 and S1). For phenanthroline 

ligands often used in iridium-catalyzed C–H borylation reac-

tions, the reaction proceeded preferentially at the meta-position 

rather than at the para-position (entry 1). One reason for this is 

that the para-position has a single reaction site, whereas the 

meta-position has two reaction sites; thus, the frequency of the 

reaction at the meta-position is higher than that at the para-po-

sition. The use of a 1,10-phenanthroline ligand with phenyl 

groups at the 3-, 5-, 6-, and 8-positions increased the yield; how-

ever, the selectivity did not change (entry 2). Although the 1,10-

phenanthroline-type ligand with 4-biphenyl groups at 3-, 5-, 6-, 

and 8-positions did not change the selectivity (entry 3), the phe-

nanthroline ligand with 2-biphenyl groups at 3-, 5-, 6-, and 8-

positions significantly increased the selectivity to 96:4 (3a:3a′), 

but the reaction hardly proceeded in 2% yield, probably because 

the ligand was too bulky (entry 4). Next, bipyridine-type lig-

ands were examined, and the dtbpy ligand gave meta-borylated 

product selectively (entry 5). By contrast, 2,2'-bipyridine lig-

ands with 2,6-diarylphenyl groups at the 4- and 4'-positions im-

proved the para-selectivity (entries 6−9). Therefore, ligand L1 

was chosen as one of the best ligands, with a good balance be-

tween yield and para-selectivity (entry 7). Although the yield 

was slightly lower than that of ligand L1, Ligand L2, which af-

forded the highest para-selectivity, was selected as the optimal 

ligand for subsequent studies (entry 9). 

Subsequently, several other solvents were investigated 

(Scheme 2). When the reaction was performed in cyclohexane 

or hexane using ligand L1, the reaction proceeded at the para-

position selectively (3a:(3a′+3a′′) = ca. 7:3), yielding the 

borylated products in moderate yield (entries 1 and 2). The use 

of p-xylene as the solvent increased the yield of the borylated 

product to 76% (entry 3). Furthermore, the use of more polar 

ether solvents, such as dioxane and THF, significantly increased 

the yield, producing 89% and 95% borylated products, respec-

tively (entries 4 and 5). Interestingly, the para-selectivity was 

similar, regardless of the solvent polarity. These results suggest 

that the site-selectivity of C–H borylation is controlled by steric 

repulsion rather than by noncovalent interactions.5 



 

Scheme 1. Screening of Several Ligands 

 
aDetermined by 1H NMR. 

 

Scheme 2. Screening of Several Solvents 

 

Before investigating the substrate scope using ligands L1 

and L2, the yields and para-selectivities of four ligands (dtbpy, 

xyl-MeO-BIPHEP,7a and ligands L1 and L2) were compared to 

clarify the selectivity of ligands L1 and L2 compared to previ-

ously reported ligands in the C–H borylation of trimethylsi-

lylbenzene, tert-butylbenzene, isopropylbenzene, ethylbenzene, 

and toluene (Scheme 3). The dtbpy ligand gave the borylated 

products in high yields; however, the selectivity (3:(3'+3'')) 

was approximately 3:7 in all cases, and the reaction was meta-

selective. The xyl-MeO-BIPHEP ligand gave high para-selec-

tivity for trimethylsilylbenzene and tert-butylbenzene; however, 

the selectivity for isopropylbenzene and ethylbenzene with 

smaller substituents was lower, and the selectivity for ethylben-

zene was comparable to that of dtbpy. Ligand L1 showed a 

selectivity comparable to that of xyl-MeO-BIPHEP. Interest-

ingly, ligand L2 showed para-selectivity not only with trime-

thylsilylbenzene and tert-butylbenzene but also with iso-

propylbenzene and ethylbenzene. The use of ligand L2 also 

 

Scheme 3. Comparison of Yields and para-Selectivity 

Among dtbpy, xyl-MeO-BIPHEP, and Ligands L1 and L2 

 



 

improved para-selectivity when toluene was used as the sub-

strate. In the reactions with isopropylbenzene and ethylbenzene, 

ligands L1 and L2 also improved the yield compared to xyl-

MeO-BIPHEP. 

For all substrates, the highest para-selectivity was observed 

for the ligand L2, but the yields tended to decrease for sub-

strates with bulky substituents. Therefore, the substrate scope 

was investigated using ligand L1 for substrates with bulky sub-

stituents and ligand L2 for substrates with small substituents. 

The substrate scope was investigated using L1 (Scheme 4). 

For all substrates, the dtbpy ligand, which is often used in C–H 

borylation, showed a selectivity of approximately 3:7 

(3a:(3a′+3a′′)), with preference for the meta-position (probably 

owing to the presence of two reaction sites at the meta-position 

compared to one at the para-position). By contrast, ligand L1 

exhibited significantly improved para-selectivity. For all sub-

stituents, the para-selectivity tended to increase as the bulkiness 

of the substituents increased; for aromatic substrates 1f−1h with  

a primary alkyl group, the corresponding para-C–H borylated 

products 3f−3h were selectively obtained. For substrates 1i−1l 

with a silyl group, the reaction proceeded with high para-selec-

tivity. The reaction also proceeded with good para-selectivity 

for substrates 1m−1q having aryl groups, and the corresponding 

borylated products 3m−3q were obtained. C–H borylation pro-

ceeded using substrates 1r−1v having an amino group, 1w with 

a siloxy group, and 1x−1z with a carbonyl group. The corre-

sponding para-borylated products 3r−3z were obtained in good 

yield and para-selectivity without inhibition by the functional 

groups. The reactions proceeded without any loss of functional 

groups in the case of the siloxy and boryl group-containing sub-

strates 1w and 1A. Next, the reaction was performed with sub-

strate 1B bearing both large and small substituents; the reaction 

proceeded preferentially at the para-position of the bulkier sub-

stituent (tert-butyl group). 

Scheme 4. Scope of Substrates with Bulky Substituent Using 

Ligand L1a 

aThe ratio between 3 and (3′+3′′) is reported in square brackets. 



 

High para-selectivity was not observed for substrates with 

small substituents when ligand L1. To improve para-selectivity, 

we used ligand L2, which is bulkier than L1, and performed C–

H borylation (Scheme 5). Consequently, the para-selectivity 

was expressed for all the substrates using L2. The reaction was 

not inhibited by amino or alkoxy groups. In addition, the corre-

sponding borylated product 3G was obtained without loss of the 

iodine atom. 

 

Scheme 5. Scope of Substrates with Small Substituent Using 

Ligand L2a 

 
aThe ratio (3:(3′+3′′)) is reported in square brackets. 

 

C–H borylation proceeded without the loss of yield or site-

selectivity for the borylated product, even on the gram scale 

(Scheme 6). In the presence of iridium catalyst [Ir(OMe)(cod)]2, 

1.00 g of trimethylsilylbenzene 1b reacted with B2pin2 (2) in 

THF at 85 °C for 24 h, 1.74 g of para-borylation product 3b 

was obtained in 95% yield (3#:(3#′+3#′′) = 89:11). 

 

Scheme 6. Gram-scale Synthesis 

 

Following the para-selective C–H borylation, various trans-

formations were performed without isolating the borylated 

product 3b, allowing the introduction of various functional 

groups at the para-position (Scheme 7).15 Treatment of the re-

action mixture of the C–H borylation with NaIO4 led to the 

deprotection of the Bpin group and the corresponding boronic 

acid 4 was obtained in 89% yield. The oxidation reaction pro-

ceeded by treating the reaction mixture with H2O2 and NaOH, 

and the corresponding phenol derivative 5 was produced in 90% 

yield. Treatment of the reaction mixture with CuCl2 or CuBr2 

promoted halogenation, yielding chlorides 6 and 7 in 87% and 

82% yields, respectively. Furthermore, the reaction with bro-

mobenzene in the presence of a palladium catalyst proceeded to 

a carbon−carbon bond formation reaction, yielding the phenyl-

ated product 8 in 75% yield. 

 

Scheme 7. Several Transformations of Borylated Product 

without Isolation of Borylated Product 

 

In summary, we have successfully promoted para-selective 

C–H borylation using our originally developed bulky bipyri-

dine-type ligands. In previous reports, para-selectivity was ob-

served in aromatic compounds with bulky substituents but not 

in those with smaller substituents, such as isopropyl and ethyl 

groups. By contrast, using a bulky bipyridine-type ligand, we 

succeeded in developing para-selective C–H borylation, even 

for aromatic compounds with small substituents. The key to the 

high para-selectivity in this reaction is the use of bipyridine-

type ligands with bulky meta-terphenyl groups introduced at the 

4- and 4'-positions, which efficiently and sterically block both 

sides and the back of the iridium center. This reaction proceeded 

with good functional group tolerance, even on the gram scale. 

In addition, several functional groups can be introduced at the 

para-position of the aromatic compound by conversion of the 

introduced boryl group without isolation of the borylated com-

pound. These results provide useful insights for the design of 

catalysts for site-selective C–H transformations at remote posi-

tions, such as the para-position. 
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We successfully developed a para-selective C–H borylation of aromatic compounds using iridium catalysts with bulky bipyridine-

type ligands. The key to success is the introduction of bulky substituents (m-terphenyl groups) at the 4- and 4′-positions of the bipyr-

idine-type ligands to sterically protect both sides and back of the catalysts, thereby efficiently preventing substrate orientation that 

gives ortho- and meta-borylated products. Using these ligands, higher para-selectivity was achieved compared to the conventional 

iridium-catalyzed para-selective C–H borylation. Interestingly, high para-selectivity was achieved even when using aromatic com-

pounds with small substituents such as ethyl or isopropyl groups on the aromatic ring. 

 


