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Chapter 1 

Introduction 

 

Carbon-Carbon bonds are the molecular “bricks and mortar” from which diverse 

architectures in living organisms and manmade materials are constructed. In the field of 

organic chemistry, there are numerous methods for carbon-carbon bond construction 

ranging from traditional nucleophilic reaction to metal catalyzed reaction [1]. Among of 

them, Suzuki-Miyaura reaction is one of the most powerful methods for the construction 

of C-C bonds since its discovery in 1979[2]. The use of an arylboron reagent and an 

organic halide or pseudo-halide in the presence of a transition metal catalyst such as 

palladium or nickel and a base is the standard condition of this reaction. In addition, 

organoboron reagents are extensively used as versatile intermediates in synthetic 

chemistry because it can be converted to more complex molecules by further 

transformations, such as Chan-Lam-Evans coupling[3] and oxidation[4]. Therefore, 

developing a highly effective method for synthesis of organoboron reagents is very 

desirable.  

 

 

 

 

 

 

 

 

 

Scheme 1-1 Traditional methods for preparation of organoboron reagents 
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Traditional methods to obtain organoboron reagents are categorized to three main 

methods (Scheme 1.1), which contain synthesis from organolithium or 

organomagnesium, hydroboration of alkenes or alkynes and haloboration of terminal 

alkynes[5]. However, there are some limitations of these methods. For example, the 

synthesis from organometallics usually requires stoichiometric amounts of strong base 

such as n-BuLi and very lower temperature. As for the reactions of hydroboration and 

haloboration, the boron atom always adds to the terminal position of alkenes or alkynes. 

It is difficult to obtain internal boron reagents form these two methods. Besides, these 

three methods also are not necessarily in accordance with the rule of atomic economy. 

   The development of transition metal catalyzed C-H borylation provides a good way 

for preparation of organoboron reagents, especially for aromatic boron reagents. The 

most active catalyst for the borylation of aromatic compounds is the iridium/bipyridine 

catalytic system, which was found by Prof. Hartwig, Ishiyama, and Miyaura et al. in 

2002 [6].  

a) Borylation of mono-substituted arene 

 

 

 

b) Borylation of di-substituted arene 

 

 

 

 

 

 

 

Scheme 1-2 Steric effects on borylation of mono- and di-substituted arenes 
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Moreover, they also found that the C-H borylation reaction often occurs with 

regioselectivity which is controlled predominantly by steric effect[7]. For instance, for 

mono-substituted arenes as substrates, borylation always gives a mixture of meta- and 

para-borylated products in a 2 : 1 ratio[6]. Usually, the ortho-borylated isomer was not 

formed because of the steric hindrance of methyl substituent (Scheme 1-2, a)). In the 

case of di-substituted arenes, borylation reaction always proceeds at the position with 

less steric hindrance[8].  

Reactions of 1,4-disustituted aromatic compounds could account for this steric effect 

more apparently. Borylation of symmetrically 1,4-disubstituted arenes will give rise to 

1,2,4-trisubstituted products. For asymmetrically 1,4-substituted substrates, borylation 

regioselectively proceeds at the ortho-position of the substituent with less steric 

hindrance between the two possible reactive positions[9]. 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1-3 Steric effect on borylation of 1,4-disubstituted arenes 
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furan, thiophene or pyrrole give products with boryl group at alpha position to the 

heteroatom. Reactions of benzofuran, benzothiphene and indole also lead to borylation 

proceeded at alpha position to the heteroatom[10].  

Although C-H borylation of aromatic compounds controlled by steric effect could 

lead to reactions occurred with regioselectivity, many challenges still exist in this kind 

of reaction. For example, the repulsion between substituent(s) of substrates and 

iridium/bipyridine catalytic species make it difficult to achieve ortho-selective C-H 

borylation of mono-substituted aromatic compounds. Therefore, the purpose of my 

research work during PhD stage is to develop a method which could overcome the steric 

effect to achieve ortho-selective C-H borylation of aromatic compounds.  

a) The ortho-selective C-H borylation of aryl sulfides[11] 

 

 

 

 

b) The ortho-selective C-H borylation of phenol and aniline derivatives 

 

 

 

 

Scheme 1-4  Outline of my research works throughout my doctor course 
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Chapter 2 

Development of ortho-Selective C-H Borylation of Aryl Sufides 

Controlled by Lewis Acid-Base Interaction 

 

2.1 Introduction 

C-H activation reactions have become a powerful method to direct functionalization 

of alkyl, alkenyl, and aryl C-H bonds over the past few decades. Among them, iridium 

catalyzed transformation of aryl C-H bonds to C-B bonds is one of the most useful 

methods. However, just like above description, a central challenge in these reactions is 

controlling their site selectivity, especially for ortho-selectivity, because steric effects 

often dominate the regioselectivity. Over the past decade, some methods have been 

developed to accomplish ortho-selective C-H borylation by catalysts or substrates 

modification[1]. Generally, these methods can be divided into the following three 

strategies including directing group (DG) assist, ligand-enabled and non-covalent bond 

interaction controlled ortho-selective C-H borylation. 

 

2.1.1 Precedents of directing group assist ortho-selective C-H borylation 

In this section, precedents of directing group assisted ortho-selective C-H borylation 

are briefly reviewed[2]. In 2008, Hartwig et al. disclosed the first example of ortho-

selective C-H borylation for aromatic substrates directed by alkylhydrosilyl group. This 

reaction proceeded according to a relay directed process. The alkylhydrosilyl group 

could reversibly attach to iridium center by s-bond metathesis process to form a 16-

electron intermediate, and bring iridium-boryl catalytic species close to ortho-position, 

which will facilitate the cleavage of ortho C-H bond (Scheme 2-1). 

Benzyldimethylsilane as substrate, the reaction could proceed with high ortho-

selectivity in good yield. 
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In 2009, Sawamura et al. reported an ortho-selective C-H borylation of aromatic 

compounds catalyzed by a silica supported mono-dentate phosphine ligand. In this 

reaction, mono-dentate ligand and iridium formed a 14-electron intermediate, which 

contains two vacant sites, one for directing group of substrate and the other for the 

cleavage of ortho C-H bond. Therefore, the ortho-selective C-H borylation proceeded 

through the intermediate. The reaction has very wide substrates scope including 

benzoate, ether, sulfonate and so on. In addition, he also developed an ortho-selective 

C-H borylation of 2-phenylpyridine in 2011, which was catalyzed by Rh with silica 

supported mono-dentate phosphine ligand. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2-1 Directing group assisted ortho-selective C-H borylation 
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2.1.2 Precedents of ligand-enabled ortho-selective C-H borylation 

Ligand-enabled ortho-selective C-H borylation is as its name, in which ortho-

selectivity is achieved by modifying ligand structure[3]. In traditional methods, 

bipyridine type ligand is the most commonly used ligand in iridium catalyzed sp2 C-H 

borylation reaction. In 2014, Smith et al. reported silyl-phosphorous ligand catalyzed 

ortho-selective C-H borylation of alkyl benzoate. The reaction not only gave good 

yields of borylated product but also controlled ortho-selectivity very well. 

    In 2016, Chattopadhyay et al. developed ortho-selective C-H borylation of 

benzaldehydes. The ortho-borylation could be achieved using 8-aminoquinoline as 

ligand, in which methylamine was as the traceless protecting/directing group. The yield 

of ortho-borylated products could reach up to 80%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2-2 Ligand-enabled ortho-selective C-H borylation 
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   In 2017, Li et al. reported a new ortho-selective C-H borylation catalyzed by a 

designed N,B-bidentate boryl ligand. By introducing convenient silylborane precursors 

onto N,B-bidentate boryl ligands, the iridium (III) complex was formed via Si-B 

oxidative addition. The ortho-borylation reaction could be suitable for a broad range of 

substrates.  

 

 

 

 

 

 

 

 

 

Scheme 2-3 B, N-bidentate ligand-enabled ortho-selective C-H borylation 
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    The first ortho-selective C-H borylation of aromatic compounds controlled by non-

covalent bond interaction was found by Smith et al. in 2012, in which hydrogen 

bonding interaction between the H atom of the Boc protected aniline substrate and the O 

atom of Bpin ligand favored ortho-selective C-H borylation[4] (Scheme 2-4). 

In 2013, Kuninobu and Takai reported an ortho-selective C-H borylation of 2-

phenylpyridine. In this reaction, 9-borabicyclo[3.3.1]nonane (9-BBN) was selected as a 

borylation reagent. The boryl group was introduced at the ortho-position of 2-

phenylpyridine by Lewis acid-base interaction between the Lewis basic N atom and the 

Lewis acidic B atom.  

 

 

 

 

 

 

 

 

 

Scheme 2-4 Non-covalent bond interaction-controlled ortho-selective borylation 
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catalyzed meta-selective C–H borylation of aromatic compounds using a newly 

designed ligand[5]. The hydrogen bonding interaction between the urea moiety of the 

designed ligand and a hydrogen-bond acceptor in a substrate places the iridium catalyst 

close to the meta-positon of amide substrates (Scheme 2-5). 

   In 2016, Phipps et al. also reported a meta-selective C-H borylation of aromatic 

compounds. In his work, the site selectivity was controlled by ion pairing interaction 

between substrate and designed ligand (Scheme 2-5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2-5 Non-covalent interaction of B-N controlled meta-selective borylation 
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   In the same year, Chattopadhyay reported a meta-selective C-H borylation of 

benzaldehydes. The reaction underwent through a non-covalent bond interaction 

between the boryl group of catalyst and the imine intermediates (Scheme 2-5). 

As for para-selectivity[6], Itami and coworkers developed the first example of para-

selective C-H borylation of aromatic compounds using an iridium catalyst bearing a 

bulky ligand in 2015. The para-selectivity increases with increasing bulkiness of the 

substituent on substrates (mon-substituted benzenes), indicating that the regioselectivity 

of this reaction is primarily controlled by steric repulsion between substrate and 

catalyst. 

In 2016, Nakao and coworkers reported a method of para-selective C-H borylation of 

benzamides by using cooperative iridium/aluminum catalysis (Scheme 2-6). They 

thought that the regioselectivity is controlled by the steric repulsion between the 

substrates coordinating to the bulky aluminum catalysts and the iridium catalyst because 

the coordination shields the ortho- and meta- reactive position of substrates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2-6 Non-covalent interaction-controlled para-selective borylation 
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2.1.4 My research purpose 

   Before I started my research work, there was no method reported to achieve iridium 

catalyzed ortho-selective C-H borylation of aromatic compounds controlled by Lewis 

acid-base interaction between ligand and substrate. Our group is interested in the 

regiocontrol of C-H bond transformations using non-covalent bond interactions between 

catalysts and substrates.  

   Based on these methods and some experimental results, I found that the interaction of 

Lewis acid-base is a good way to promote ortho-selective C-H borylation of aromatic 

compounds, because it would be strong enough to overcome the steric repulsion 

between the iridium-boryl catalytic species and substituent(s) of the substrates. In the 

following sections, I will describe how to develop iridium catalyzed ortho-selective C-

H borylation controlled by Lewis acid-base interaction during my doctor stage. 
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2.2 Development of Lewis Acid-Base Controlled ortho-Selective C-H 

Borylation of Aryl sulfides 

2.2.1 Ligand design and synthesis 

    Inspired on the meta-selective C-H borylation of aromatic compounds developed by 

our group (Figure 2.1-1), I hypothesized that bipyridine type ligands with a Lewis 

acidic boryl group at ortho-position will be suitable for recognizing Lewis basic 

functional group of substrates and promoting ortho-selective C-H borylation[7]. As a 

result, identification of a ligand with suitable Lewis acidity and a substrate with suitable 

Lewis basicity is the key of this hypothesis (Figure 2.1-2). 

 

 

 

 

 

 

 

Figure 2.1 The hypothesis of ortho-selective C-H borylation reaction 

 

 

 

 

 

 

 

 

 

Scheme 2-7 Planned synthetic route of ligand 3a 
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Hence, I initially began to design the synthetic route of target bipyridine type ligands. 

At first, I wanted to synthesize the target ligand with a Lewis acidic pinacolate boryl 

group at ortho-position according to the above synthetic route, because this kind of 

boryl group is comparatively stable than other boryl groups.  

Table 2.1 The investigation of different bases for the reaction 

 

 

 

 

 

 

 

 

But there were some problems in this method. In the coupling reaction between 5-

bromobipyridine and 3a-1, self-coupling byproduct of 3a-1 was always obtained with 

intermediate 3a-2, which decreased the efficiency of this synthetic method (Scheme 2-

7). In addition, the reaction of introducing boryl reagent onto bipyridine ligand was 

often resulted in failure to give target compound (Table 2.1). One possibility for the 

failure is that the trimethylborate is very unstable and very sensitive to moisture and air. 

 

 

 

 

 

 

 

 

Scheme 2-8 The new synthetic route of ligand-3a 
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 Therefore, I decided to change the synthetic route. Starting from 1,2-dibromobenzene, 

1,2-diborylated intermediate 3a-4 was easily synthesized in good yield using 

organolithium and organomagnesium[8]. The coupling reaction between 5-

bromobipyridine and intermediate 3a-4 catalyzed by Pd(PPh3)4 gave the target ligand 

3a in 70% yield[9]. In addition, the coupling reaction also could avoid to produce self-

coupling byproduct (Scheme 2-8).  

Table 2.2 The investigation of different Lewis base substrates 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

With ligand 3a in hand, I started to investigate a series of aromatic compounds, all of 

which contain a Lewis basic center such as carbonyl, ether and imine. The dtbpy (4,4’-

dimethyl-2,2’-dipyridyl) was used as a control ligand. Unfortunately, I did not observe 

ortho-borylated product from these substrates. In many cases, the C-H borylation 
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reaction did not proceed. There were some entries giving a mixture of meta- and para-

borylated products in low yield. I thought that these unsatisfactory results were probably 

caused by low reaction temperature. But when I carried out some reactions at 80 oC, the 

yield of C-H borylation reaction did not increase. Regarding to the low yield of C-H 

borylation for these substrates, selecting a suitable solvent is necessary for improving 

it[10]. On the other hand, how to improve the ratio of ortho-borylated product in the 

reaction is more important. By analyzed this C-H borylation reaction, I envisioned that 

there are three main factors for controlling ortho-regioselectivity, including Lewis 

acidity of bipyridine type ligand, steric hindrance between ligand and substrate, and 

Lewis basicity of substrates. Ligand 3a with a pinacolate boryl group as Lewis acid 

center, the four methyl groups are too sterically hindered for the approaching of ligand 

and substrate. Besides, these methyl groups have electron donating effects to the boron 

atom, which is also unfavorable for Lewis acid-base interaction. 

 

 

 

 

 

 

 

 

 

Scheme 2-9 The strategy for the synthesis of new ligands 
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the boron atom (Scheme 2-9)[12-13].  

As for the hydrolysis reaction, I screened several conditions as shown in Table 2.3. 

The hydrolysis reaction could not give good yield of 3a-5 in organic solvents because 

the oxidant NaIO4 is difficult to dissolve in these solvents. However, the hydrolysis 

product could be obtained in 40% using acetone as solvent. Encouraged by this result, I 

tried to use a mixture solvent of acetone/H2O to increase the solubility of NaIO4. 

Finally, a good condition was developed successfully, which provided a convenient way 

to synthesize some new ligands. 

Table 2.3 Optimization process for hydrolysis reaction 

 

 

 

 

 

 

 

 

 

 

According to my strategy, new ligands were successfully synthesized. In order to 

reduce the steric hindrance between ligand and substrate, ligand-3b was synthesized by 

introducing 2-methylpentane-2,4-diol to the boron atom. Ligand-3c with 2,3-

bis(trifluoromethyl)butane-2,3-diol was aimed at enhancing Lewis acidity. 

    I also tried to optimize the condition of C-H borylation reaction. After studying a 

series of solvents and temperature, I found that aromatic substrates with B2pin2 (0.5 

equiv.) in p-xylene under 55 oC could give rise to good yields of borylated product.   

Under the best conditions, I continued to investigate substrates using ligand-3b and 

ligand-3c. The ortho-substituted benzamides was selected as substrates based on our 
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previous results and the screening results were shown in Table 2.4. Compared with 

ligand-3a, the yield of borylated product was dramatically improved using ligand-3b in 

the case of ortho-substituted substrates, but the ortho-borylated isomer was still not 

formed in these cases. The low Lewis acidity of ligand-3b could account for this 

undesirable result. As regards to ligand-3c, most entries were failure to give borylated 

products. Poor solubility of it in p-xylene was one of reasons for the failure results. 

Therefore, a ligand with enough strong Lewis acidity, good solubility and less steric 

hindrance was very essential for ortho-selectivity.  

 

Table 2.4 The screening results of ligand 3b and ligand 3c 
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   Ligand-3d bearing one trifluoromethyl group in the 1,3,2-dioxaborolanyl group was 

synthesized in this context. The screening results were shown in Table 2.5. By using 

dtbpy as ligand, the C-H borylation of substrates with electron donating group gave a 

ratio of meta- and para-isomer about 1 : 1, which was lower than those of substrates 

containing electron withdrawing group. This result is consistent with the rule of 

electronic effect on C-H borylation, in which reactions of electron-poor C-H bond was 

shown to be faster than those of electron-rich C-H bond[14]. In the case of 2-methoxy-

N,N-dimethylbenzamide, I observed an interesting result the borylation reaction gave a 

ratio of meta- and para-isomer in 1 : 2. 

Table 2.5 The screening results of ligand 3d  

 

 

 

 

 

 

 

 

 

 

 

 

   One possibility to account for this interesting result (para-position of the amide 

functionality is meta-position to methoxy functionality) is that there’s a very weak 

interaction between methoxyl group and ligand-3d. However, this interaction is not 

strong enough to promote ortho-selectivity. From this point of view, the type of anisole 

compounds will be suitable for ligand-substrate interaction. Then, I investigated this 

type of substrates and the results were shown in Table 2.6. 
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To my delight, the C-H borylation reaction of thiolanisole catalyzed by ligand-3d 

could proceed with high ortho-selectivity in 57% yield. Whereas, the C-H borylation 

reaction gave a mixture of meta- and para-borylated products in the case of anisole and 

N,N-dimethylamine. The sterically hindered substituents of N,N-dimethylamine make 

the C-H borylation difficult to proceed at ortho-position.   

The enthalpy change for a Lewis acid-base reaction can be predicted using the Drago-

Wayland equation[15] (DH (in kJ/mol) = -4.184 (CACB + EAEB)). I calculated the DH 

values using model compounds, such as diethyl sulfide (instead of thiolanisole), diethyl 

ether (instead of anisole), and BF3 (instead of ligand-3d); 

Et2S-BF3: DH (in kJ/mol) = -4.184 (1.62 x 7.4 + 9.88 x 0.339) = -64.2 

Et2O-BF3: DH (in kJ/mol) = -4.184 (1.62 x 3.25 + 9.88 x 0.936) = -60.7 

   The energy of the S-B interaction is lower than O-B interaction which indicates that 

the S-B interaction is stronger than O-B interaction. These results provide a good 

explanation for the reason why the C-H borylation reaction only gave a mixture of 

meta- and para-borylated product in the case of anisole. 

 

Table 2.6 The screening results of ligand 3d  
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2.2.2 Ligand effects on ortho-selective C-H borylation of aryl sulfides 

    After getting this good result, I turned my attention to study ligand effects on ortho-

selective C-H borylation of thiolanisole derivatives. Therefore, several bipyridine-type 

ligands with a boryl group were investigated (Scheme 2-10). In the case of ligand-3a 

with a pinacolboryl group, the [ortho/(meta + para)] ratio was about 3.8. I thought that 

the reason for this result is the same as previous screening result. The pinacolboryl 

group was too bulky for the ligand-substrate interaction. Then, I investigated several 

ligands with a less sterically hindered boryl group. The ratio of the products, however, 

was not increased further using ligands 3b, 3e, or 3f. I considered that the moderate 

ratios must be due to the low Lewis acidity of ligands compared with ligand-3d. In 

addition, the desired reaction did not proceed using ligand-3c bearing four 

trifluoromethyl groups in the 1,3,2-dioxaborolanyl group. Besides its poor solubility, the 

excessively strong interaction between ligand and a sulfur atom is another reason. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2-10 The ligand effect on C-H borylation reaction of thioanisole 
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2.2.3 The effect of solvent and catalyst loading 

     In order to improve the yield of borylation reaction, I investigated several catalyst 

amounts and solvents. I found 3.0 mol% of the catalyst was the best, and gave the 

borylated product in 75% yield[16] and the ratio of [ortho/(meta + para)] was over 30. 

By increasing the loading of the catalyst, the yield and ratio decreased, probably due to 

the too concentrated reaction mixture. Then, I investigated several solvents. As a result, 

p-xylene was the best compared with other solvents, because p-xylene is non-polar 

solvent, which is favorable for the interaction of Lewis acid-base. In addition, p-xylene 

also has good solubility for substrates and ligands. The yield of the C-H borylation 

reaction could reach up to 75% and the ratio was more than 30:1 (Table 2.7). 

 

Table 2.7 The screening results of catalyst loading and solvents 
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2.2.4 Substrates scope for ortho-selective C-H borylation of aryl sulfides 

The substrate scope was then studied under the optimized conditions (Table 2.7). In 

general, treatment of thioanisole (1a) with bis(pinacolato)diboron (2) in the presence of 

an iridium catalyst [Ir(OMe)(cod)]2 and ligand 3d at 55 °C gave borylated product with 

high ortho-regioselectivity. The C-H borylation proceeded with high ortho-selectivity 

using ethyl(phenyl)sulfane (1b)[17]. ortho-Borylated products 4c-4f were obtained 

without inhibition by the functional groups and/or loss of the functional groups at the 

para-positions. In the case of (4-methoxyphenyl)(methyl)sulfane (1c), the C-H 

borylation occurred at the ortho-position of the methylthio group, not of the methoxy 

group. In the case of 4-phenylthioanisole 1g, ortho-selective C-H borylated product 4g 

was obtained using ligand 3d, whereas C-H borylation occurred at the other aromatic 

ring at the 4-position (5g and 5gʹ) using the dtbpy ligand. In the case of meta-substituted 

thioanisole derivatives 1h-1u, the C-H borylation regioselectively proceeded at the 

ortho-position with less steric hindrance between the two possible ortho-reaction sites 

using ligand 3d. These results were in sharp contrast to those of reactions using the 

dtbpy ligand, in which C-H borylation occurred predominantly at the meta-positions of 

thioanisoles. The functional groups of thioanisoles 1h-1u remained unchanged during 

the reactions. More interestingly, the reaction proceeded only at the ortho-position of a 

sulfur atom whereas ester, amide, cyano, pyrrolidinyl, and morpholinyl groups in 4p, 

4q, 4s, 4t, and 4u could work as Lewis basic sites and coordinate to the boryl group of 

the ligand. The desired reaction did not proceed when using 3-(methylthio)pyridine, 3-

(methylthio)furan, and 3-(methylthio)-1-(trimethylsilyl)-1H-pyrrole. In the case of 3-

(methylthio)thiophene, a mixture of 5-borylated and 2,5-diborylated products was 

obtained, but the ratio of regioisomers was almost the same in both ligand 3d and dtbpy. 

The yields of the borylated products using ligand 3d were higher than those using the 

dtbpy ligand in several substrates, such as 4d-4f, 4h, and 4k. These results suggest that 

ligand 3d accelerates the C-H borylation reaction by capturing the substrates using a 

Lewis acid-base interaction.  



25 

 

Table 2.7 The results of ortho-selective C-H borylation of different aryl sulfides 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1

+

2

SR1

4

Bpin

B2pin2

SR1

4c
Bpin

SMe

4b

Bpin
SEt

72% [>30]b
R
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4d

86%b

<1%c

4g

Bpin
SMe

4r

64% [5.1]b
75% [<0.01]c

79% [6.7]b
72% [0.13]c

60% [>30]b
69% [<0.01]c

64% [>30]b
62% [0.16]c

89% [>30]b
83% [<0.01]c

77% [>30]b
85% [<0.01]c

O O

83% [>30]b
78% [<0.01]c

76% [>30]b
63% [<0.01]c

+

<1%b

54%c

5g

SMe

+

<1%b

29%c

5g'

SMe

88% [>30]b
74% [<0.01]c

62% [>30]b
63% [<0.01]c

75% [>30]b
82% [<0.01]c

pinB

pinB

R= OMe R= Me

4e R= Cl 4f R= Br

R

Bpin
SMe 4h R= NMe2 4i R= OMe 4j R= Me
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2.2.5 Control experiments 

   In order to confirm the existence of a Lewis acid-base interaction between ligand and 

substrates, I performed some control experiments and revealed the following: (1) the 

ortho-selectivity highly depended on the Lewis acidity of the boryl groups, as shown in 

Scheme 2-11; (2) the [ortho/(meta + para)] ratio in non-polar solvents was much higher 

than that in polar solvents, such as dioxane and ethyl acetate (Table 2.7); (3) the ortho-

selectivity decreased in the case of aryl sulfides with a bulky substituent on the sulfur 

atom, such as isopropylthiobenzene ([ortho/(meta + para)] ratio <0.01 (47% yield)); 

and (4) the ortho-selectivity was not observed in several reactions using the following 

control ligands: (a) bipyridyl-type ligand 3h with a boryl group at the para-position of 

the phenyl group instead of at the ortho-position; and (b) a mixture of 2,2’-bipyridine 

and borylbenzene 3i without covalently connecting the two components. These results 

indicate that the Lewis acid-base interaction worked during the reaction and played an 

important role in the high ortho-selectivity. 

 

Figure 2.2 Some experimental results supporting Lewis acid-base interaction 
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2.2.6 Application of ortho-selective C-H borylation 

   After finishing the main work of this research, I devoted to exploring the application 

reaction of this method. I found that this borylation reaction could proceed in good yield 

with high ortho-selectivity, even in gram-scale (Scheme 2-11). Treatment of 1.24 g of 

thioanisole (1a) with diboron 2 in the presence of iridium/3d catalyst gave 1.79 g of 

ortho-borylated product 4a in 72% yield ([ortho/meta + para] >30).  

 

 

 

Scheme 2-11 Gram-scale of ortho-selective C-H borylation of aryl suldfide 
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Scheme 2-12 Applications of ortho-borylated thioanisole 4a 
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a bromine atom[18], a trifluoromethyl group[19], and a methoxy group[20], which 

demonstrates the synthetic utility of the borylated products. In addition, 2-borylated aryl 

sulfides can be used as substrates to synthesize intermediate of factor Xa inhibitors by 

the Suzuki-Miyaura cross-coupling reaction[21]. Palladium-catalyzed Suzuki-Miyaura 

cross-coupling between ortho-borylated thioanisole 4a and 5-bromoindoline (6) gave 

the desired product in 68% yield without protecting the NH group (Scheme 2-12). 

    The ortho-selective C-H borylation was also applied to bioactive compound 8, which 

is an insecticide (Scheme 2-13)[22]. Treatment of 8 with bis(pinacolato)diboron (2) in 

the presence of an iridium catalyst [Ir(OMe)(cod)]2 and ligand 3d gave ortho-borylated 

product 9 in 61% yield (9/10 >30). This result, too, was in sharp contrast to that of the 

reaction using dtbpy, in which borylation proceeded mainly at the meta-position of 8 

(9/10 = <0.01). Interestingly, the reaction occurred exclusively at the ortho-position of 

the sulfide group, even though there are two sulfur-containing functional groups (i.e., 

sulfide and thiophosphate groups) in 8. 

 

 

 

 

 

 

Scheme 2-13 ortho-Selective C-H borylation of insecticide 8 
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2.3 Summary 

   In summary, I successfully developed an iridium/bipyridine-catalyzed ortho-selective 

C-H borylation of aromatic sulfides. The regioselectivity was controlled by a Lewis 

acid-base interaction between a boryl group of bipyridine ligand 3d and a sulfur atom of 

aryl sulfides. The present reaction is the first example of regioselective C-H 

transformations controlled by a Lewis acid-base interaction between a ligand and 

substrate. The Lewis acid-base interaction is strong enough to overcome the steric 

repulsion between the catalytically active iridium-boryl species and a substituent of the 

substrates. The C-H borylation proceeded with high ortho-selectivity and functional 

group tolerance, even in gram-scale. In addition, the reaction could be applied to late-

stage ortho-selective C-H borylation of a bioactive molecule. A bioactive molecule was 

synthesized from an ortho-borylated product. Because many C-H transformations 

require harsh reaction conditions, the regiocontrol mediated by the strong but reversible 

Lewis acid-base interaction will become a powerful general method. 
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Chapter 3 

Development of Iridium/Bipyridine-Catalyzed ortho-Selective C-H 

Boylation of Phenol and Aniline Derivatives 

3.1 Introduction 

   Phenol and aniline derivatives are very useful compounds in organic chemistry. For 

example, phenols are widely found in numerous natural products, bioactive compounds, 

pharmaceuticals, and polymers[1]. Anilines as raw materials have been widely used in 

different fields over the past hundred years, such as dyes and pigments, agricultural 

chemicals and pharmaceuticals[2]. In addition, phenols and anilines also constitute 

common versatile building blocks in organic synthesis. Therefore, the development of 

methods for site-selective C-H functionalization of phenol and aniline derivatives is of 

great importance. 

 

 

 

 

 

 

 

 

 

 

Scheme 3-1 Directing group-assisted ortho C-H borylation of phenols and anilines 
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be divided into the following two strategies. One is the directing group-assisted ortho 

C-H borylation of phenol and aniline substrates. In 2008, Hartwig reported an example, 

in which the use of an alkyl hydrosilyl functionality as directing group controlled the 

borylation at the ortho position of a hydroxyl or amino substituent[3]. The directing 

group could coordinate with iridium center and bring the iridium boryl catalytic species 

close to ortho position that will facilitate the cleavage of ortho C-H bond (Scheme 3-1). 

    Besides, Smith also developed two methods of ortho C-H borylation of phenol and 

aniline substrates. By using non-covalent bond interaction between iridium boryl 

catalytic species and substrates, they could achieve ortho C-H borylation of Bpin 

protecting phenols and anilines (Scheme 3-2). In the first example of using Bpin 

protecting phenols as substrates, an electrostatic interaction between the oxygen atom of 

the boryl moiety of the substrates and the bipyridine ligand of the catalyst is the key 

activating and controlling element for ortho C-H borylation. In the case of aniline 

derivatives, hydrogen bonding interaction between the proton of NH of substrates and 

the oxygen atom of the boryl moiety on the catalyst favors ortho selectivity[4]. 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3-2 Non-covalent bond interaction-controlled ortho C-H borylation 
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3.2 Iridium/Bipyridine Catalyzed ortho-Selective C-H Borylation of 

Phenol and Aniline Derivatives 

   The ortho C-H borylation of phenols and anilines is more difficult than ortho C-H 

borylation of other aromatic substrates because hydroxy and amino groups will hamper 

borylation reaction. Therefore, a suitable protecting group is very important for this kind 

of reaction. In those precedent examples, alkyl hydrosilyl and Bpin were successfully 

used as protecting groups. They can be easily removed under mild conditions. Herein I 

developed a new ortho-selective C-H borylation of phenol and aniline derivatives by 

protecting hydroxy and amino group using methylthiolmethlene (-CH2SCH3, MTM) 

and simply introducing an electron withdrawing group on the bipyridine type ligand. 

Figure 3.1 The ortho-selective C-H borylation of phenols and anilines 
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Table 3.1 ortho-Selective C-H borylation of methyl(phenethyl)sulfane 

 

 

 

 

 

 

 

 

 

 

3.2.1 Ligand screening of ortho-selective C-H borylation of phenols substrates 

    First, I investigated several symmetric bipyridine type ligands in a reaction between 

phenol substrate 11a and bis(pinacolato)diboron (2) (Table 3.2). Ligand L1 (dtbpy) 

gave a mixture of ortho-, meta-, and para-C-H borylated products in 88% yield, but the 

[ortho/(meta + para)] ratio was low (0.83). Compared with dtbpy case, the [ortho/(meta 

+ para)] ratio was improved using bipyridine ligands L2-L3 with electron-withdrawing 

groups, but the yield of C-H borylated products decreased. One possibility to account 

for the decreased yields is that electron-withdrawing effects on bipyridine ligand are 

unfavorable for ligand-iridium coordination. The [ortho/(meta + para)] ratio was 

dramatically improved using ligand 3d bearing one trifluoromethyl group-substituted 1,

3,2-dioxaborolanyl group at ortho position. More interestingly, the borylation reaction 

also occurred with high ortho selectivity using ligand 3h with one trifluoromethyl 

groups substituted 1,3,2-dioxaborolanyl group at para position, but the yield of 

borylated products was still unsatisfactory in these two cases. These results suggested 

that the key activating and controlling element for ortho C-H borylation of phenol 

substrate was related to electronic property of bipyridine ligand instead of Lewis acid-
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electronic property of ligand effect on ortho-selectivity, I started to screen a series of 

asymmetric bipyridine ligands with different electronic properties[5]. When using 5-

phenyl-2,2'-bipyridine (L4) as a ligand, a mixture of C-H borylated products was 

afforded in 57% yield with [ortho/(meta + para)] in 6.0. Several substituents at para 

position of bipyridine ligands were screened to improve the yield and the ratio. I found, 

the increased electron-withdrawing ability of the substituent enhanced the yield and the 

[ortho/(meta + para)] ratio, and trifluoromethylated ligand L9 gave the best result in 

90% yield with [ortho / meta + para] ratio over 30. 

 

Table 3.2 Ligand effect on ortho-selective C-H borylation of phenol substrates 
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3.2.2 Substrates scope of this ortho-selective C-H borylation reaction [6] 

Under the best conditions, I began to investigate the substrate scope of this ortho 

selective C-H borylation reaction (Table 3.3-3.4). Using phenol derivatives as 

substrates, the ortho-selectivity in all entries was dramatically improved using ligand 

L9 compared with dtbpy. The desired ortho-C-H borylation proceeded in good to 

excellent yield by introducing an electron-withdrawing or -donating substituent at the 

ortho-position and meta-position of the benzene ring in the case of 11b-11l. There are 

two possible reaction sites in the case of phenol substrates with a substituent at the 

meta-position. The C-H borylation proceeded only at the ortho-position with less steric 

hindrance and gave ortho-borylated products 12d-12l without loss of the functional 

groups.  

The ortho-selective C-H borylation also occurred very well using aniline derivatives 

11m-11t and gave the corresponding ortho-borylated products 12m-12t in good yield 

without inhibition by the functional groups and/or loss of the functional groups. In the 

case of substrate 11t with a cyano substituent at meta-position, it can give di-ortho-

borylated product even at the sterically hindered ortho-position. However, the C-H 

borylation will give poor ortho-selectivity when protecting the hydroxy or amino group 

using methoxylmethlene (-CH2OCH3, MOM) to replace methylthiolmethlene (-

CH2SCH3, MTM) such as using (methoxymethoxy)benzene as substrate (L9: 61% 

[ortho/(meta + para) <0.01]; dtbpy: 50% [ortho/(meta + para) <0.01]). Interestingly, 

the yield of borylated products and the [ortho/(meta + para)] ratio were improved using 

electron poor ligand compared with dtbpy in many entries. The result indicated that the 

sulfur atom at the g-position and ligand with electron withdrawing group are important 

to control the ortho-regioselectivity.  
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Table 3.3 Substrates scope for ortho C-H borylation of phenol derivatives 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.4 Substrates scope for ortho C-H borylation of aniline derivatives 
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3.2.3 Application and deprotection reaction[7-10] 

     To demonstrate the utility of this ortho C-H borylation, I tried to synthesize the 

modulator of calcium receptor 15 through the following three steps. Using MTM-

protected para-hydroxybenzaldehyde as starting material, the desired borylation 

reaction proceeded in good yield and regioselectively, introducing Bpin at ortho-positon 

of the hydroxyl substituent. Then, ortho-borylated product 12s coupled with 5-bromo-1-

methyl-1H-indole to generate 14 in 85% yield. The last step is a one-pot reaction in 

which imine formation occurred between intermediate 14 and (R)-1-phenylethan-1-

amine followed by reduction using BH3 in THF. It is notable that the MTM protecting 

group was reduced to methyl at the same time. 

  

 

 

 

 

 

 

 

 

Scheme 3-3 The synthetic route of bioactive compound 15 

   In addition, I also investigated some experiments to removal the MTM protecting 

group. The I2/MeOH system showed extremely efficient capability of removing the 

MTM group in good yield, even in gram scale[11].  

 

 

 

 

Scheme 3-4 Method for removing MTM protecting group 
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3.2.4 Proposed mechanism of this ortho C-H borylation 

   According to experimental results, I proposed two possible mechanisms of this 

reaction. (1) via outer-sphere Lewis acid-base interaction between a boryl ligand of an 

iridium center and a sulfur atom of a substrate (Figure 3.2, 1)); (2) via coordination of a 

sulfur atom of a substrate to an iridium center as a directing group-assisted process 

(Figure 3.2, 2)). 

 

 

 

 

Figure 3.2 Two possible mechanisms of this ortho C-H borylation 

Evidence for mechanism A: an experimental result supporting Lewis acid-base 

interaction between substrate and catalyst is the observation that the ortho-selectivity 

was consistent with the acidity of bipyridine ligands. For example, increased acidity of 

ligand from L5 to L9 dramatically enhanced ortho-selectivity (Figure 3.3). I proposed 

electron-poor ligand could increase Lewis acidity of the boron atom in the iridium boryl 

complex, which accounts for the increased ortho-selectivity[12]. However, the effect of 

electronic property of substrate on the ortho-selectivity was not obvious. In the case of 

substrate 12q with a strong EWG (-CF3) at meta position also gave high ortho-

selectivity. One possible reason for this result is that the distance between the sulfur 

atom of MTM group and the benzene ring made the trifluoromethyl substituent weak 

impact on sulfur atom. 

 

 

 

 

 

Figure 3.3 The effect of electronic property of ligand on ortho-selectivity 
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   Evidence for mechanism B: Usually, the iridium/bipyridine-catalyzed C-H borylation 

reaction proceeds through a 16-electron intermediate I, which only contains one 

coordination site. The directing atom Y coordinating with intermediate I can not give 

borylated product. As a result, the activation of arene C-H bonds can only proceed 

through intermediate-III and the regioselectivity is therefore mainly controlled by steric 

hindrance (Figure 3.4 (1)). On the other hand, the ortho C-H borylation of phenol and 

aniline derivatives made me to envision that such a reaction would require to regenerate 

an additional coordination site during the reaction. This idea has been confirmed by 

Lassaletta in 2011. He developed an ortho-selective C-H borylation of 2-phenylpyridine 

using a designed ligand, in which the two nitrogen atom has different coordination 

ability to iridium center and one of them could dissociate from iridium during reaction 

(Figure 3.4 (2)). Thus, I propose that the existence of trifluoromethyl group at para-

position makes the two nitrogen atom of L9 have different coordination ability to 

iridium, which results in ortho-selectivity[13]. 

     In order to prove this hypothesis, I also investigated this reaction by using the 

following two mono-dentate ligands (Figure 3.4 (3): L10, L11). Both of them afforded 

high [ortho/(meta + para)] ratio, which can be view as a potential evidence to support 

mechanism B. 
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Figure 3.4 Some evidences for supporting mechanism B 
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3.3 Summary 

   In summary, I successfully developed ortho-selective C-H borylation of phenol and 

aniline derivatives by introducing an MTM group on the hydroxyl and amino 

substituents and using a bipyridine-type ligand with an electron-withdrawing group. The 

protecting group of phenol and aniline derivatives can be easily removed under mild 

conditions, even in gram-scale. The reaction also proceeded in high yields and ortho-

regioselectivity with good functional group tolerance. The ortho-selective C-H 

borylation was applied to the synthesis of a bioactive compound. Even though the 

mechanism of this reaction has not been clarified at present, it is confirmed that the 

ortho-selectivity is related to the electronic property of bipyridine ligand. I hope that my 

research could provide a new view for the development of regioselective C-H borylation 

reaction. 
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Experimental Sections 

1. Development of ortho-Selective C-H Borylation of Aryl Sufides 

Controlled by Lewis Acid-Base Interaction 

General. All reactions were carried out in a dry and degassed solvent under an argon 

atmosphere. Compounds 1a-1f, 1j, 1n, 1o, 1,2-dibromobenzene, 

diethylchlorothiophosphate 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, 1,4-

dibromobutane 3-(methylthiol)aniline Bis(2-bromoethyl)ether and diols including 2-

methyl-2,4-pentanedol, 1,3-butanediol, 2,2-dimethyl-1,3-propanediol, 6-bromoindole,  

(±)-N,N,N’,N’-tetramethyltartardiamide, 3,3,3-trifluoro-1,2-propanediol, hexafluoro-

2,3-bis(trifluoromethyl)-2,3-butanediol and 3-(methylthiol)phenol were purchased from 

Aldrich, Alfa Aesar, TCI, and Wako, and used without further purification unless 

otherwise noted. Compounds 1g,1 1h,2 1k,3 1l,3 1m,4 1p,5 1q,3 1s,6 1t,7 and 1u7 were 

prepared according to the literature methods. Reactions were monitored by thin-layer 

chromatography (TLC) visualizing with UV-light (254 nm). Organic solutions were 

concentrated under reduced pressure using a rotary evaporator (30 °C, <50 torr). NMR 

spectra were recorded on 500 MHz (500 MHz for 1H NMR and 125 MHz for 13C NMR) 

and 400 MHz (400 MHz for 1H NMR, 100 MHz for 13C NMR) spectrometers. Proton 

and carbon chemical shifts are reported relative to the solvent used as an internal 

reference. In 13C NMR, signals of carbons adjacent to a boron atom were not observed 

because of the quadrupolar relaxation. Infrared (IR) spectra were recorded on Fourier 

transform infrared spectrophotometer. ESI-MS spectra were measured on a spectrometer 

for HRMS. 
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Synthesis of 2-(2-bromophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3a-1). 
 

 

 

 

1,2-Dibromobenzene (1.5 mL, 2.90 g, 12.3 mmol) and (i-PrO)Bpin (4.9 mL, 4.58 g, 

24.6 mmol) were dissolved in a mixture of toluene/THF (4/1, 150 mL), and the solution 

was cooled to −78 °C. A solution of BuLi in n-hexane (1.6 M, 17.4 mL, 27.9 mmol) was 

added dropwise with stirring over 3 h. After the addition, the solution was stirred for 4 h 

at −78 °C and then slowly warmed to room temperature and the mixture was stirred at 

room temperature overnight. The resulting suspension was treated with a saturated 

aqueous solution of NaHCO3 (10 mL). After stirring for 10 min, separation of the 

organic and aqueous phases, then the aqueous phase was extracted with hexane (2 × 10 

mL) and ethyl acetate (2 × 10 mL). The combined organic phase was washed with H2O 

(50 mL), dried over anhydrous Na2SO4, and filtered. The solvent was evaporated under 

vacuum and the pale yellow oily residue was distilled under reduced pressure (0.2 MPa, 

120 oC) to give a colorless viscous liquid. Yield: 2.5 g (72.3%); 1H NMR (400 MHz, 

CDCl3) d 1.36 (s, 12H), 7.22-7.26 (m, 2H), 7.51-7.58 (m, 2H); 13C NMR (100 MHz, 

CDCl3) d 25.0, 84.5, 126.5, 128.2, 132.1, 132.9, 136.6. 

 

Synthesis of 1,2-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene(3a-4). 

 

 

 

 

 

Mg turnings (1.52 g, 62.5 mmol) were heated under vacuum for 15 min in a two-

necked flask equipped with a reflux condenser and a dropping funnel. After the flask 

was cooled to room temperature, 2-(2-bromophenyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (5.90 g, 20.9 mmol), (i-PrO)Bpin (7.9 mL, 7.30 g, 39.2 mmol), and THF 

(100 mL) were added. The mixture was heated at 70 oC for 30 min, and the oil bath was 

switched off and a solution of 1,2-dibromoethane (1.8 mL, 3.90 g, 20.8 mmol) in THF 

(10 mL) was added slowly to the reaction mixture at ca. 50 oC over 1 h. After the 
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addition, the solution was heated under reflux for 4 h. Then, the mixture was allowed to 

cool to room temperature and stirred overnight. The mixture was treated with a 

saturated aqueous solution of NaHCO3 (30 mL) and stirred for 30 min, the two liquid 

phases were separated, and the aqueous phase was extracted with hexane (30 mL) and 

ethyl acetate (30 mL). The combined organic phases were washed with H2O (30 mL), 

dried over anhydrous Na2SO4, filtered, and all volatiles were removed by filtration. The 

crude product was purified by column chromatography on silica gel (hexane/EtOAc = 

10/1). The desired product was obtained as a colorless solid. Yield: 4.78 g (69%); 

colorless oil; 1H NMR (400 MHz, CDCl3) d 1.36 (s, 24H), 7.36-7.38 (m, 2H), 7.63-7.66 

(m, 2H); 13C NMR (100 MHz, CDCl3) d25.1, 84.1, 129.4, 133.7. 

 

5-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-2,2'-bipyridine(3a). 

 

 

 

 

 

 

 

Into a 50 mL two-necked flask quipped with a reflux condenser, 5-bromo-2,2’-

bipyridine (1.00 g, 4.27 mmol), 1,2-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzene(1.41 g, 4.27 mmol), Pd(PPh3)4 (745 mg, 0.640 mmol), and sodium 

carbonate (2.30 g, 21.5 mmol) were added. After addition of 1,4-dioxane (40 mL), 

EtOH (28 mL) and water (28 mL), the mixture was refluxed for 4 h. The reaction was 

cooled to room temperature and extracted with a mixture of EtOAc (20 mL) and hexane 

(20 mL). The two liquid phases were separated and the organic phase was washed with 

H2O (50 mL), and dried over anhydrous Na2SO4. The mixture was filtered, and the 

solvent was removed under vacuum to give yellow oil crude product, which was 

purified by column chromatography on silica gel (hexane/EtOAc = 10/1). The target 

compound was obtained as a colorless solid. Yield: (1.1 g, 70%); white solid (mp. 112-

115 oC); 1H NMR (400 MHz, CDCl3) d 1.21 (s, 12H), 7.30-7.33 (m, 1H), 7.39-7.43 (m, 

2H), 7.50-7.52 (m, 1H), 7.81-7.86 (m, 3H), 8.40-8.46 (m, 2H), 8.69-8.71 (m, 2H); 13C 

Pd(PPh3)4 (15 mol%)
Na2CO3 (5.0 equiv)

H2O/dioxane/EtOH
80 °C, 5 hN

N

Br

+ B
O O

BO
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NMR (100 MHz, CDCl3) d 24.9, 84.2, 120.1, 121.3, 123.8, 127.4, 129.5, 130.9, 135.7, 

137.1, 137.6, 138.9, 144.3, 149.4, 149.6, 154.7, 156.5; IR (KBr, n / cm-1) 2973, 1594, 

1431, 1348, 1269, 1146, 859, 766, 662; HRMS (ESI+) Calcd for C22H23BN2O2H 

([M+H]+) 359.1925, Found 359.1921.  
 
Synthesis of 2-(2,2'-bipyridin-5-yl)phenylboronic acid. 
 

 

 

 

 

5-(2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-2,2'-bipyridine (3a, 1.00 

g, 2.79 mmol), NH4OAc (1.08 g, 14.0 mmol), NaIO4 (2.98 g, 14.0 mmol), and a mixture 

of acetone and H2O (1/1) were added into a one-necked round-bottom flask. The 

mixture was stirred at room temperature for 24 h, then the reaction mixture was 

extracted with EtOAc (15 mL). The organic phase was dried over Na2SO4, filtered, and 

the solvent was removed under vacuum. As a result, the target compound was obtained 

as a light yellow powder (mp. 121-123 oC). Yield: (10.6 mg, 70%); 1H NMR (400 MHz, 

CD3OH) d 7.43-7.55 (m, 5H), 7.94-8.00 (m, 2H), 8.36-8.40 (m, 2H), 8.66-8.69 (m, 2H); 
13C NMR (100 MHz, CD3OH) d 123.2, 123.5, 126.3, 129.6, 130.4, 131.5, 134.6, 138.8, 

139.7, 141.5, 143.0, 150.2, 151.2, 156.8, 157.7; IR (KBr, n / cm-1) 3166, 1592, 1463, 

1433, 1381, 1149, 1028, 860, 762; HRMS (ESI+) Calcd for C16H13BN2O2H ([M+H]+) 

277.1143, Found 277.1151.  

 
Synthesis of ligands 3b-3g. 
 

 

 

 

2-(2,2'-Bipyridin-5-yl)phenylboronic acid (100 mg, 0.360 mmol) and diol (2.0 equiv) 

were dissolved in chloroform (20 mL) in a round-bottom flask, and the mixture was 

refluxed for 12 h. After removal of the solvent, the yellow oil crude product was 

purified by column chromatography on silica gel (hexane/toluene/EtOH = 10/1/1).  
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5-(2-(4,4,6-Trimethyl-1,3,2-dioxaborinan-2-yl)phenyl)-2,2'-bipyridine (3b). 

Yield: 80%; white solid (mp. 80-82 oC); 1H NMR (400 MHz, CDCl3) 

d 1.08-1.09 (m, 6H), 1.21 (s, 3H), 1.46-1.53 (m, 1H), 1.72 (dd, J = 

14.2, 3.2 Hz, 1H), 4.16-4.21 (m, 1H), 7.29-7.40 (m, 3H), 7.43-7.47 (m, 

1H), 7.79-7.84 (m, 3H), 8.39-8.44 (m, 2H), 8.68-8.71 (m, 2H); 13C 

NMR (100 MHz, CDCl3) d 23.1, 28.1, 31.1, 46.0, 65.5, 71.6, 120.1, 

121.2, 123.7, 127.4, 129.4, 129.9, 134.5, 137.1, 137.2, 140.0, 143.5, 149.4, 149.5, 

154.2, 156.6; IR (KBr, n / cm-1) 2972, 1588, 1457, 1301, 1167, 801, 750, 649; HRMS 

(ESI+) Calcd for C22H23BN2O2H ([M+H]+) 359.1925, Found 359.1909.  

 
5-(2-(4,4,5,5-Tetrakis(trifluoromethyl)-1,3,2-dioxaborolan-2-yl)phenyl)-2,2'-
bipyridine (3c). 
Yield: 78%; yellow solid (mp. 168-170 oC); 1H NMR (400 MHz, 

CD3OH) d 7.19-7.21 (m, 1H), 7.28-7.32 (m, 2H), 7.66-7.69 (m, 1H), 

7.79 (d, J = 6.8 Hz, 1H), 8.14-8.18 (m, 1H), 8.41 (d, J = 8.2 Hz, 1H), 

8.57-8.60 (m, 2H), 8.87-8.90 (m,2H); 13C NMR (100 MHz, CD3OH) 

d 124.3, 124.5 (q, J = 306 Hz), 124.6, 128.1, 128.6, 129.3, 130.4, 

136.6, 139.7, 141.2, 144.7, 147.1, 148.0, 148.2, 149.3, 151.7 [Two quaternary aliphatic 

carbons could not be detected.]; IR (KBr, n / cm-1) 1544, 1464, 1227, 1166, 963, 878, 

795, 754, 713; HRMS (ESI+) Calcd for C22H11BF12N2O2Na ([M+Na]+) 597.0614, Found 

597.0625. 

 

5-(2-(4-(Trifluoromethyl)-1,3,2-dioxaborolan-2-yl)phenyl)-2,2'-bipyridine (3d). 

Yield: 70%; pink oil; 1H NMR (400 MHz, CDCl3) d 4.27-4.35 

(m, 2H), 4.69-4.71 (m, 1H), 7.34-7.35 (m, 1H), 7.41-7.48 (m, 

2H), 7.58-7.60 (m, 1H), 7.80-7.85 (m, 2H), 7.96 (d, J = 7.3 Hz, 

1H), 8.41-8.46 (m, 2H), 8.67-8.73 (m, 2H); 13C NMR (100 MHz, 

CDCl3) d 65.9, 74.3 (q, J = 34.3 Hz), 120.5, 121.6, 123.9 (q, J = 

284 Hz), 124.0, 127.7, 130.0, 132.1, 136.7, 137.4, 137.8, 138.6, 145.2, 149.1, 149.4, 

154.7, 156.0; IR (KBr, n / cm-1) 1591, 1462, 1432, 1381, 1147, 801, 754; HRMS (ESI+) 

A target mass was not detected due to decomposition of 3d. 
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5-(2-(5,5-Dimethyl-1,3,2-dioxaborinan-2-yl)phenyl)-2,2'-bipyridine (3e). 
Yield: 73%; yellow oil; 1H NMR (400 MHz, CDCl3) d 0.93 (s, 

6H), 3.55 (s, 4H), 7.29-7.30 (m, 1H), 7.36-7.40 (m, 2H), 7.46-7.48 

(m, 1H), 7.80-7.85 (m, 3H), 8.39 (d, J = 8.2Hz, 1H), 8.43 (dd, J = 

8.2 Hz, 1H), 8.70-8.71 (m, 2H); 13C NMR (100 MHz, CDCl3) 

d 22.1, 31.8, 72.4, 120.1, 121.3, 123.7, 127.4, 129.6, 130.2, 134.8, 

137.1, 137.3, 139.7, 143.6, 149.3, 149.4, 154.4, 156.5; IR (KBr, n / cm-1) 2961, 1589, 

1457, 1303, 1134, 801, 766, 650; HRMS (ESI+) A target mass was not detected due to 

decomposition of 3e. 

 

5-(2-(4-Methyl-1,3,2-dioxaborinan-2-yl)phenyl)-2,2'-bipyridine (3f). 

Yield: 65%; yellow solid (mp. 95-97 oC); 1H NMR (400 MHz, 

CDCl3) d 1.05-1.07 (m, 3H), 1.68-1.71 (m, 1H), 1.87-1.90 (m,1H), 

3.94-4.08 (m, 2H), 4.09-4.10 (m, 1H), 7.28-7.32 (m, 1H), 7.34-

7.41 (m, 2H), 7.44-7.48 (m, 1H), 7.79-7.84 (m, 3H), 8.39-8.44 (m, 

2H), 8.69-8.70 (m, 2H); 13C NMR (100 MHz, CDCl3) d 22.7, 34.3, 

61.6, 68.0, 120.2, 121.2, 123.7, 127.3, 129.5, 130.0, 134.6, 137.1, 137.2, 139.8, 143.5, 

149.4, 149.5, 154.3, 156.5; IR (KBr, n / cm-1) 1589, 1457, 1364, 1303, 1138, 769, 752, 

648; HRMS (ESI+) A target mass was not detected due to decomposition of 3c.  

 
2-(2-(2,2'-Bipyridin-5-yl)phenyl)-N4,N4,N5,N5-tetramethyl-1,3,2-dioxaborolane-
4,5-dicarboxamide (3g). 
Yield: 53%; yellow oil; 1H NMR (400 MHz, CDCl3) d 2.89 (s, 

12H), 5.61 (s, 2H), 7.33-7.43 (m, 3H), 7.56-7.58 (m, 1H), 7.77 (d, 

J = 8.3 Hz, 1H), 7.82-7.86 (m, 1H), 7.95 (d, J = 7.8Hz, 1H), 8.39-

8.45 (m, 2H), 8.65-8.71 (m, 2H); 13C NMR (100 MHz, CDCl3) 

d 36.1, 37.0, 76.3, 120.1, 121.1, 123.9, 127.5, 129.8, 131.8, 136.7, 

137.2, 137.7, 139.0, 145.3, 149.4, 149.5, 154.6, 156.2, 168.0; IR (KBr, n / cm-1) 3305, 

1634, 1373, 1155, 862, 758, 640; HRMS (ESI+) A target mass was not detected due to 

decomposition of 3g. 
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5-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-2,2'-bipyridine. 

 

 

 

 

 

 

Into a 250 mL two-necked flask equipped with a reflux condenser, 5-bromo-2,2’-

bipyridine (1.99 g, 8.54 mmol), 1,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzene (2.81 g, 8.54 mmol), Pd(PPh3)4 (1.50 g, 1.28 mmol), sodium carbonate (4.55 

g, 42.9 mmol),1,4-dioxane (60 mL), EtOH (36 mL), and H2O (36 mL) were added. 

Then the mixture was refluxed for 4 h. The reaction mixture was cooled to room 

temperature and extracted with a mixture of EtOAc (50 mL) and hexane (50 mL). The 

two liquid phases were separated, the organic phase was washed with H2O (50 mL), and 

dried over anhydrous Na2SO4. The mixture was filtered, and the solvent was removed 

under vacuum to give a yellow oil crud product, which was purified by column 

chromatography on silica gel (hexane/EtOAc = 10/1). The target compound was 

obtained as a colorless solid. Yield: 2.5 g, (80%); white solid (mp. 144-146 oC); 1H 

NMR (400 MHz, CDCl3) d 1.37 (s, 12H), 7.32-7.33 (m, 1H), 7.66 (d, J = 8.2 Hz, 2H), 

7.83-7.86 (m, 1H), 7.93 (d, J = 8.2 Hz, 2H), 8.04-8.06 (m, 1H), 8.43-8.49 (m, 2H), 8.70-

8.71 (m, 1H), 8.93-8.94 (m, 1H); 13C NMR (100 MHz, CDCl3) d 25.1, 84.2, 121.2, 

121.3, 123.9, 126.6, 135.5, 135.8, 136.5, 137.2, 140.4, 147.9, 149.5, 155.4, 156.1; IR 

(KBr, n / cm-1) 2986, 1957, 1611, 1019, 963, 839, 799, 755, 660; HRMS (ESI+) Calcd 

for C22H23BN2O2H ([M+H]+) 359.1925, Found 359.1908.  

 

Synthesis of 4-(2,2'-bipyridin-5-yl)phenylboronic acid. 

 

 

 

 

 

5-(4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-2,2'-bipyridine (500 mg, 

Pd(PPh3)4 (15 mol%)
Na2CO3 (5.0 equiv)

H2O/dioxane/EtOH
80 °C, 5 h

N
N

N
N
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+

B O

O

B O

O

BO

O
(1.0 equiv)

NaIO4 (5.0 equiv)
NH4OAc (5.0 equiv)

acetone/H2O (1/1)
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1.81 mmol), NH4OAc (697 mg, 9.05 mmol), NaIO4 (1.94 g, 9.05 mmol), and a mixture 

of acetone and H2O (1/1) were added into a one-necked round-bottom flask, and the 

mixture was stirred at room temperature for 24 h. Then, the reaction mixture was 

extracted with EtOAc (35 mL). The organic phase was dried over Na2SO4, filtered, and 

the solvent was removed under vacuum to give the target compound as a light yellow 

powder (mp.178-180 oC). Yield: 61.6 mg (79%); 1H NMR (400 MHz, CD3OH) d 7.43-

7.46 (m, 1H), 7.71-7.97 (m, 5H), 8.18-8.20 (m, 1H), 8.35-8.39 (m, 2H), 8.66-8.67 (m, 

1H), 8.92 (s, 1H); 13C NMR (100 MHz, CD3OH) d 123.4, 123.5, 126.2, 128.0, 136.4, 

136.7, 137.6, 138.9, 139.6, 149.3, 151.1, 156.8, 157.7; IR (KBr, n / cm-1) 3351, 1608, 

1370, 795, 752, 638; HRMS (ESI+) Calcd for C16H13BN2O2H ([M+H]+) 277.1143, 

Found 277.1132.  

 

5-(4-(4-(trifluoromethyl)-1,3,2-dioxaborolan-2-yl)phenyl)-2,2'-bipyridine (3h). 

 

 

 

 

 

 

4-(2,2'-Bipyridin-5-yl)phenylboronic acid (50.0 mg, 0.180 mmol) and 3,3,3-

trifluoropropane-1,2-diol (46.8 mg, 0.360 mmol) were dissolved in chloroform (20 mL) 

in a round-bottom flask, and the mixture was refluxed for 12 h. After removal of the 

solvent, a yellow oil crude product was purified by column chromatography on silica 

gel (hexane/toluene/EtOH = 10/1/1). The target compound was obtained as a colorless 

oil. Yield: 44.6 mg (67%); 1H NMR (400 MHz, CD3OH) d 3.58-3.75 (m, 2H), 3.90-4.10 

(m, 1H), 7.40-7.50 (m, 1H), 7.60-8.10 (m, 5H), 8.20-8.30 (m, 1H), 8.35-8.50 (m, 2H), 

8.58-8.72 (m, 1H), 8.90-9.05 (m, 1H); 13C NMR (100 MHz, CD3OH) d 62.5, 72.9 (q, J 

= 29.6 Hz), 123.4, 123.5, 125.9, 126.2, 127.2 (q, J = 287 Hz), 128.0, 136.4, 136.7, 

137.6, 139.6, 149.4, 151.2, 156.8, 157.7; IR (KBr, n / cm-1) 3052, 1591, 1462, 1432, 

1381, 1262, 1147, 801, 754; HRMS (ESI+) A target mass was not detected due to 

decomposition of 3h. 
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Synthesis of 2-phenyl-4-(trifluoromethyl)-1,3,2-dioxaborolane (3i). 
 

 

 

 

Phenyl boronic acid (70.0 mg, 0.570 mmol) and 3,3,3-trifluoropropane-1,2-diol (149 

mg, 1.15 mmol) were dissolved in chloroform (25 mL) in a round-bottom flask, and the 

mixture was refluxed for 12 h. After removal of the solvent, a crude product (yellow oil) 

was purified by column chromatography on silica gel (hexane/toluene/EtOH = 10/1/1). 

The target compound was obtained as a colorless oil. Yield: 98.4 mg (80%); 1H NMR 

(400 MHz, CD3OH) d 4.44-4.55 (m, 2H), 4.84-4.90 (m, 1H), 7.40-7.44 (m, 2H), 7.51-

7.55 (m, 1H), 7.84 (d, J = 8.2 Hz, 2H); 13C NMR (100 MHz, CD3OH) d 65.9, 74.8 (q J 

= 34.3 Hz), 124.1 (q, J = 284 Hz), 128.2, 132.5, 135.4; IR (KBr, n / cm-1) 3077, 2964, 

1965, 1602, 1493, 1353, 800, 700; HRMS (ESI+) A target mass was not detected due to 

decomposition of 3i. 

 

General procedure for the preparation of aryl sulfides 1k-1m, 1q, and 1r. 
 

 

 

 

 
To a solution of m-substituted bromobenzene (0.500 mmol) in THF (15.0 mL), n-

BuLi (0.600 mmol, 1.2 equiv) was added dropwise at -78 °C under an argon 

atmosphere. After stirring for 30 min at the same temperature, a solution of dimethyl 

disulfide in 8.0 mL of THF (0.600 mmol, 1.2 equiv) was added dropwise. The mixture 

was then stirred for 4 h and slowly warmed to room temperature. After removal of the 

solvent under vacuum, the mixture was extracted with EtOAc. The organic layer was 

separated, dried over Na2SO4, filtered, and the solvent was removed in vacuo. The crude 

product was purified by column chromatography on silica gel (hexane/EtOAc = 10/1). 

 
Biphenyl-4-yl(methyl)sulfane (1g). 
Yield: 53%; white solid; 1H NMR (400 MHz, CDCl3) d 2.53 (s, 3H), 7.32-

7.34 (m, 3H), 7.41-7.45 (m, 2H), 7.52-7.58 (m, 4H); 13C NMR (100 MHz, 

+
SMe

1k-1m, 1q, and 1r

BuLi (1.2 equiv)

THF, -78 °C, 12 h
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CDCl3) d 16.1, 127.1, 127.2, 127.4, 127.7, 129.1, 137.8, 138.3, 140.8; IR (KBr, n / cm-

1) 1541, 1475, 823, 754. 

 
N,N-Dimethyl-3-(methylthio)aniline (1h). 
Yield: 86%; yellow oil; 1H NMR (400 MHz, CDCl3) d 2.49 (s, 3H), 2.95 (s, 

6H), 6.53-6.55 (m, 1H), 6.63-6.65 (m, 2H), 7.15-7.19 (m, 1H); 13C NMR 

(100 MHz, CDCl3) d 16.2, 40.8, 110.0, 111.0, 114.9, 129.6, 139.2, 151.0; IR 

(KBr, n / cm-1) 2918, 1588, 1490, 1349, 1104, 989, 760, 685. 

 
(3-Ethylphenyl)(methyl)sulfane (1k). 
Yield: 78%; colorless oil; 1H NMR (400 MHz, CDCl3) d 1.26 (t,  J = 7.6 Hz, 

3H), 2.53 (s, 3H), 2.66 (q, J = 7.6 Hz, 2H), 7.01-7.30 (m, 4H); 13C NMR 

(100 MHz, CDCl3) d 15.5, 15.8, 28.8, 123.8, 124.7, 126.2, 128.8, 138.1, 

144.9; IR (KBr, n / cm-1) 2965, 1591, 1456, 1086, 781, 694. 

 
(3-Isopropylphenyl)(methyl)sulfane (1l). 
Yield: 83%;colorless oil; 1H NMR (400 MHz, CDCl3) d 1.28 (d, J = 7.0 

Hz, 6H), 2.52 (s, 3H), 2.91 (sep, J = 7.0 Hz, 1H), 7.04-7.27 (m, 4H); 13C 

NMR (100 MHz, CDCl3) d 16.1, 24.1, 34.3, 123.6, 124.2, 125.2, 129.1, 

138.3, 149.8; IR (KBr, n / cm-1) 2960, 1590, 1472, 1088, 967, 781, 698. 

 
Trimethyl(3-(methylthio)phenyl)silane (1m). 
Yield: 67%; colorless oil; 1H NMR (400 MHz, acetone-d6) d 0.26 (s, 9H), 

2.49 (s, 3H), 7.28-7.30 (m, 3H), 7.41 (s, 1H); 13C NMR (100 MHz, 

CDCl3) d -0.9, 16.2, 127.2, 128.5, 130.3, 131.9, 137.9, 141.5; IR (KBr, n / 

cm-1) 2955, 1556, 1377, 1247, 1134, 967, 837, 751, 644. 
 
Methyl 3-(methylthio)benzoate (1p). 
Yield: 76%; colorless oil; 1H NMR (400 MHz, CDCl3) d 2.52 (s, 3H), 

3.92 (s, 3H), 7.33-7.36 (dd, J = 7.8, 6.9 Hz, 1H), 7.42 (d, J = 6.9 Hz, 1H), 

7.78 (d, J = 7.8 Hz, 1H), 7.90 (s, 1H); 13C NMR (100 MHz, CDCl3) 

d 15.9, 52.5, 126.3, 127.2, 128.9, 131.0, 139.5, 166.9; IR (KBr, n / cm-1) 

2950, 1724, 1573, 1435, 1264, 1127, 968, 746, 679. 
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N,N-Dimethyl-3-(methylthio)benzamide (1q). 
Yield: 65%; yellow solid; 1H NMR (400 MHz, CDCl3) d 2.46 (s, 3H), 

2.95 (s, 3H), 3.08 (s, 3H), 7.11-7.13 (m, 1H), 7.24-7.30 (m, 3H); 13C 

NMR (100 MHz, CDCl3) d 15.8, 35.5, 39.8, 123.6, 124.8, 127.6, 128.9, 

137.2, 139.4, 171.3; IR (KBr, n / cm-1) 3480, 2921, 1634, 1263, 1086, 

935, 803, 744, 677. 

 
2-(3-(Methylthio)phenyl)-1,3-dioxolane (1r). 
Yield: 86%; colorless oil; 1H NMR (400 MHz, CDCl3) d 2.49 (s, 3H), 4.01-

4.14 (m, 4H), 5.79 (s, 1H), 7.25-7.30 (m, 3H), 7.38 (s, 1H); 13C NMR (100 

MHz, CDCl3) d 16.0, 65.1, 103.6, 123.4, 124.6, 127.5, 129.0, 138.9, 139.0; 

IR (KBr, n / cm-1) 2884, 1576, 1474, 1430, 1217, 1086, 943, 787, 700. 

 
Preparation of 3-(methylthio)benzonitrile (1s). 
 

 

 

An argon-flushed round-bottomed flask was charged with anhydrous LiCl (0.630 g, 

14.8 mmol) and a magnetic stir bar. The flask was dried by heating under reduced 

pressure and cooled to room temperature. Mg turnings (0.400 g, 16.3 mmol) and THF (5 

mL) were added to the flask. To the resulting slurry, 2.5 mL solution of aryl bromide 

(15.0 mmol in 4.0 mL of THF) was added and the mixture was stirred vigorously. After 

2-3 min, the remaining aryl bromide solution was added and stirred at room temperature 

for 0.5 h. To the resulting mixture, a solution of dimethylmalononitrile (2.08 g, 22.2 

mmol in 15 mL THF) was added at 0 oC and the reaction mixture was allowed to warm 

up to room temperature for 3 h. The reaction mixture was extracted with Et2O (20 mL). 

The organic layers were dried over Na2SO4, filtered, and concentrated in vacuum. The 

crude product was purified by column chromatography on silica gel (hexane/ethyl 

acetate = 5/1) to provide benzonitrile 1s. Yield: 65%; colorless oil; 1H NMR (400 MHz, 

CDCl3) d 2.49 (s, 3H), 7.34-7.44 (m, 4H); 13C NMR (100 MHz, CDCl3) d 15.4, 113.2, 

118.7, 128.4, 128.9, 129.5, 130.5, 141.1; IR (KBr, n / cm-1) 2922, 2229, 1566, 1473, 

1197, 1100, 844, 787, 680. 
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Preparation of 3-heterocycle substituted thiolanisole (1t and 1u) 
 

 

 

 

  A mixture of 3-(methylthio)aniline (5.00 g, 36.0 mmol), 1,4-dibromobutane (5.90 g, 

27.7 mmol) or bis(2-bromoethyl)ether (10.0 g, 43.2 mmol), potassium iodide (10.1 g, 

60.9 mmol), and potassium carbonate (8.40 g, 60.9 mmol) in acetonitrile (100 mL) was 

heated at 90 oC for 12 h. Then the reaction mixture was cooled to room temperature and 

filtered. The filtrate was concentrated in vacuo and purified by a flash chromatography 

on silica gel (petroleum ether/ethyl acetate = 20/1) to afford an oily product.  

 

1-(3-(Methylthio)phenyl)pyrrolidine (1t). 

Yield: 75%; colorless oil; 1H NMR (400 MHz, CDCl3) d 1.97-2.02 (m, 4H), 

2.48 (s, 3H), 3.26-3.29 (m, 4H), 6.35 (dd, J = 8.2, 2.5 Hz, 1H), 6.47-6.48 

(m, 1H), 6.56 (d, J = 7.8 Hz, 1H), 7.12 (ddd, J = 8.2, 8.2, 2.5 Hz, 1H); 13C 

NMR (100 MHz, CDCl3) d 16.3, 25.7, 47.8, 109.2, 110.1, 113.9, 129.7, 

139.1, 148.4; IR (KBr, n / cm-1) 2966, 1588, 1101, 960, 822, 757, 684. 

 

4-(3-(Methylthio)phenyl)morpholine (1u). 

Yield: 80%; colorless oil; 1H NMR (400 MHz, CDCl3) d 2.54 (s, 3H), 3.20 

(t, J = 5.0 Hz, 4H), 3.90 (t, J = 5.0 Hz, 4H), 6.75 (dd, J = 8.2 Hz, 2.3 Hz, 

1H), 6.83-6.88 (m, 2H), 7.24 (t, J = 8.2 Hz, 7.8 Hz, 1H); 13C NMR (100 

MHz, CDCl3) d 16.2, 49.4, 67.1, 113.0, 114.2, 118.2, 129.8, 139.6, 151.8; IR 

(KBr, n / cm-1) 2853, 1587, 1484, 1235, 1121, 989, 769, 687. 

 
General procedure for ortho-selective C-H borylation of aryl sulfides 1a-s. 
 

 

 

 

 

Aryl sulfide (1, 0.500 mmol), B2pin2 (2, 63.5 mg, 0.250 mmol, 0.50 equiv), 

SMe

NH2

+

KI (2.2 equiv)

MeCN, 90 oC

1t

Br
Br

O
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[Ir(OMe)(cod)]2 (9.94 mg, 0.0150 mmol, 3.0 mol%), ligand 3f (11.1 mg, 0.0300 mmol, 

6.0 mol%), and p-xylene (1.5 mL) were added into a 10 mL sealed tube. The mixture 

was stirred at 55 oC for 24 h. Then, the solvent was removed under vacuum, and 

borylation products 4, 5, and 5ʹ were separated by column chromatography on silica gel 

(hexane/EtOAc = 10/1). 

 
4,4,5,5-Tetramethyl-2-(2-(methylthio)phenyl)-1,3,2-dioxaborolane (4a). 
Ligand 3f: The mixture of product (86 mg, 69% yield, ortho/meta + para = 

>30); ortho-borylated product 4a was obtained by further purification of the 

crude mixture by GPC (78 mg, 63% yield), white solid (mp 70-73 oC); 1H 

NMR (400 MHz, CDCl3) d 1.37 (s, 12H), 2.45 (s, 3H), 7.08-7.11 (m, 1H), 

7.15 (d, J = 7.8 Hz, 1H), 7.35-7.39 (m, 1H), 7.68 (d, J = 7.3 Hz, 1H); 13C NMR (100 

MHz, CDCl3) d 15.9, 25.0, 84.2, 123.8, 124.0, 131.5, 136.1, 145.4; IR (KBr, n / cm-1) 

2976, 1591, 1352, 963, 863, 791, 702, 667; HRMS (ESI+) Calcd for C13H19BO2SNa 

([M+Na]+ 273.1091, Found 273.1104.  

 
2-Methylthio-phenyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5a+5aʹ). 
dtbpy: The mixture of product (88 mg, 70% yield, ortho/meta + para = 

0.22); meta- and para- (5a+5aʹ) was obtained by further purification of 

the mixture by GPC (58 mg, 46% yield), colorless oil; meta-isomer: 1H 

NMR (400 MHz, CDCl3) d 1.31 (s, 12H), 2.46 (s, 3H), 7.24-7.28 (m, 

1H), 7.31 (d, J = 6.9 Hz, 1H), 7.54 (d, J = 7.3 Hz, 1H), 7.68 (s, 1H); 

para-isomer: d 1.38 (s, 12H), 2.53 (s, 3H), 7.26-7.28 (d, J = 8.2 Hz, 2H), 7.74 (d, J = 

8.2 Hz, 2H); 13C NMR (100 MHz, CDCl3) meta-isomer: d 16.0, 25.0, 84.1, 128.4, 

129.7, 131.6, 132.9, 138.0; para-isomer: d 15.2, 25.1, 83.9, 125.2, 135.3, 142.8; IR 

(KBr, n / cm-1) 2974, 1583, 1348, 1048, 959, 857, 738, 654, 751, 644. HRMS (ESI+) 

Calcd for C13H19BO2SNa ([M+Na]+ 273.1091, Found 273.1098. 

 
2-(2-(Ethylthio)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4b). 
Ligand 3f: The mixture of product (95 mg, 72% yield, ortho/meta + para 

= >30); ortho-borylated product 4b was obtained by further purification of 

the crude mixture by GPC (89 mg, 67% yield), white solid (mp. 48-50 oC); 
1H NMR (400 MHz, CDCl3) d 1.32 (t, J = 7.8 Hz, 3H), 1.36 (s, 12H), 2.92 (q, J = 7.8 

SMe
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SMepinB

+
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SEt
Bpin



58 

Hz, 2H), 7.09-7.13 (m, 1H), 7.24 (d, J = 7.8 Hz, 1H), 7.29 (d, J = 7.3 Hz, 1H), 7.61 (d, J 

= 7.3 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 14.2, 25.1, 27.7, 84.2, 124.7, 127.1, 

131.1, 135.7, 143.3; IR (KBr, n / cm-1) 2974, 1584, 1344, 1141, 1047, 960, 856, 739, 

655; HRMS (ESI+) Calcd for C14H21BO2SNa ([M+Na]+ 287.1248, Found 287.1248.  

 
2-Ethylthio-phenyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5b+5bʹ). 
dtbpy: The mixture of product (110 mg, 83% yield, ortho/meta + para 

= 0.29); meta- and para- isomers (5b+5bʹ) were obtained by further 

purification of the crude mixture by GPC (77 mg, 58% yield), 

colorless oil; 1H NMR (400 MHz, CDCl3) meta-isomer: d 1.28 (t, J = 

7.4 Hz, 3H), 1.31 (s, 12H), 2.94 (q, J = 7.4 Hz, 2H), 7.23-7.28 (m, 

2H), 7.57 (d, J = 7.3 Hz, 1H), 7.75 (s, 1H); para-isomer: d 1.28-1.34 (s, 15H), 2.95 (q, J 

= 7.3 Hz, 2H), 7.26 (d, J = 8.2 Hz, 2H), 7.71 (d, J = 8.2 Hz, 2H); 13C NMR (100 MHz, 

CDCl3) meta-isomer: d 14.6, 25.1, 27.9, 84.1, 128.4, 132.1, 132.3, 135.6, 136.3; para-

isomer: d 14.2, 24.9, 26.5, 83.8, 126.8, 135.2, 141.2; IR (KBr, n / cm-1) 2977, 1596, 

1359, 1144, 1103, 1016, 962, 859, 729, 653; HRMS (ESI+) Calcd for C14H21BO2SNa 

([M+Na]+ 287.1248, Found 287.1256. 

 

2-(5-Methoxy-2-(methylthio)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4c). 

Ligand 3f: A mixture of ortho- and meta-borylated products (92 mg, 

66% yield, ortho/meta + para = >20); ortho-borylated product 4c was 

obtained by further purification by GPC (70 mg, 50% yield), white solid 

(mp. 71-73 oC); 1H NMR (400 MHz, acetone-d6) d 1.35 (s, 12H), 2.39 (s, 3H), 3.78 (s, 

3H), 6.98 (dd, J = 8.7, 3.2 Hz, 1H), 7.14 (d, J = 3.2 Hz, 1H), 7.26 (d, J = 8.7 Hz, 1H); 
13C NMR (100 MHz, CDCl3) d 17.9, 25.1, 55.6, 84.3, 117.5, 120.6, 128.5, 135.2, 157.3; 

IR (KBr, n / cm-1) 2972, 1561, 1349, 1152, 1056, 964, 863, 703; HRMS (ESI+) Calcd 

for C14H21BO3S ([M]) 280.1304, Found 280.1300.  

 

4,4,5,5-Tetramethyl-2-(2-methyl-5-(methylthio)phenyl)-1,3,2-dioxaborolane (5c). 

dtbpy: A mixture of ortho- and meta-borylated products (88 mg, 63% 

yield, ortho/meta + para = 1.0); yellow solid; 1H NMR (400 MHz, 

acetone-d6) d 1.33 (s, 12H), 2.42 (s, 3H), 3.78 (s, 3H), 6.95 (d, J = 8.7 Hz, 

1H), 7.41 (d, J = 8.7 Hz, 1H), 7.58 (s, 1H); 13C NMR (100 MHz, CDCl3) d 18.5, 25.0, 
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56.3, 83.9, 111.5, 128.4, 133.5, 137.8, 163.1; IR (KBr, n / cm-1) 2967, 1564, 1351, 1150, 

1057, 964, 864, 828, 703; HRMS (ESI+) Calcd for C14H21BO3SH ([M+H]+) 303.1197, 

Found 303.1200.  

 

4,4,5,5-Tetramethyl-2-(5-methyl-2-(methylthio)phenyl)-1,3,2-dioxaborolane (4d). 

Ligand 3f: A mixture of ortho- and meta-borylated products (96 mg, 73% 

yield, ortho/meta + para = >30); ortho-borylated product 4d was obtained by 

further purification by GPC (74 mg, 56% yield), white solid (mp. 85-87 oC); 
1H NMR (400 MHz, CDCl3) d 1.37 (s, 12H), 2.29 (s, 3H), 2.43 (s, 3H), 7.08 (d, J = 7.8, 

1H), 7.18 (d, J = 7.8 Hz, 1H), 7.51 (s, 1H); 13C NMR (100 MHz, CDCl3) d 16.4, 20.9, 

25.1, 84.1, 124.8, 132.2, 133.5, 136.8, 141.7; IR (KBr, n / cm-1) 2980, 1339, 1144, 1068, 

964, 873, 730; HRMS (ESI+) Calcd for C14H21BO2S ([M]+) 264.1355, Found 264.1343.  

 

4,4,5,5-Tetramethyl-2-(2-methyl-5-(methylthio)phenyl)-1,3,2-dioxaborolane (5d). 

dtbpy: A mixture of ortho- and meta-borylated products (79 mg, 61% yield, 

ortho/meta + para = 2.0); meta-Isomer 5d was obtained by further 

purification by GPC (18 mg, 14% yield), yellow solid (mp. 85-87 oC); 1H 

NMR (400 MHz, acetone-d6) d 1.35 (s, 12H), 2.46 (s, 6H), 7.13 (d, J = 7.8 Hz, 1H), 

7.26 (d, J = 8.2 Hz, 1H), 7.63 (s, 1H); 13C NMR (100 MHz, CDCl3) d 16.9, 21.9, 25.1, 

83.8, 130.1, 130.7, 134.2, 135.1, 142.3; IR (KBr, n / cm-1) 2980, 1590, 1337, 1144, 964, 

873, 730; HRMS (ESI+) Calcd for C14H21BO2S ([M]+) 264.1355, Found 264.1343.  

 

2-(5-Chloro-2-(methylthio)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4e). 

Ligand 3f: A mixture of ortho- and meta-borylated products (114 mg, 80% 

yield, ortho/meta + para = 12); ortho-borylated product 4e was obtained by 

further purification by GPC (70 mg, 49% yield), white solid (mp. 80-82 oC); 
1H NMR (400 MHz, CDCl3) d 1.36 (s, 12H), 2.43 (s, 3H), 7.08 (d, J = 8.7 Hz, 1H), 7.32 

(dd, J = 8.7, 2.3 Hz, 1H), 7.64 (d, J = 2.3 Hz, 1H); 13C NMR (100 MHz, CDCl3) d16.2, 

25.1, 84.6, 125.6, 130.1, 131.3, 135.8, 143.9; IR (KBr, n / cm-1) 2978, 1392, 1334, 

1244, 1141, 1106, 1042, 862. HRMS (ESI+) Calcd for C13H18BClO2SNa ([M+Na]+) 

307.0701, Found 307.0687.  
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2-(2-Chloro-5-(methylthio)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5e). 

dtbpy: A mixture of ortho- and meta-borylated products (102 mg, 71% 

yield, ortho/meta + para = 2.0); white solid; 1H NMR (400 MHz, acetone-

d6) d 1.36 (s, 12H), 2.50 (s, 3H), 7.28-7.33 (m, 2H), 7.49-7.52 (m, 1H); 13C 

NMR (100 MHz, CDCl3) d 16.4, 25.0, 84.5, 129.9,130.3, 134.8, 136.4, 136.6; IR (KBr, 

n / cm-1) 2980, 1392, 1335, 1244, 1141, 1105, 963, 862. HRMS (ESI+) Calcd for 
C13H18BClO2SNa ([M+Na]+) 307.0701, Found 307.0707.  

 
2-(5-Bromo-2-(methylthio)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4f). 
Ligand 3f: A mixture of ortho- and meta-borylated products (139 mg, 85% 

yield, ortho/meta + para = 6.6); ortho-borylated product 4f was obtained by 

further purification by GPC (101 mg, 62% yield), yellow solid (mp. 88-90 
oC); 1H NMR (400 MHz, CDCl3) d 1.37 (s, 12H), 2.43 (s, 3H), 7.00 (d, J = 

8.7 Hz, 1H), 7.45 (d, J = 8.7 Hz, 1H), 7.78 (s, 1H); 13C NMR (100 MHz, CDCl3) d 16.0, 

25.1, 84.6, 118.0, 125.8, 134.2, 138.6, 144.7; IR (KBr, n / cm-1) 2977, 1544, 1339, 1140, 

961, 868, 698. HRMS (ESI+) Calcd for C13H18BBrO2SNa ([M+Na]+) 351.0196, Found 

351.0208.  

 

2-(2-Bromo-5-(methylthio)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5f). 

dtbpy: A mixture of ortho- and meta-borylated products (125 mg, 76% yield, 

ortho/meta + para = 3.0); yellow oil; 1H NMR (400 MHz, CDCl3) d 1.37 (s, 

12H), 2.49 (s, 3H), 7.11 (d, J = 8.2 Hz, 1H), 7.43-7.47 (m, 2H); 13C NMR 

(100 MHz, CDCl3) d 16.3, 25.0, 84.7, 124.5, 130.2, 133.2, 134.7, 137.2; IR (KBr, n / 

cm-1) 2977, 1570, 1141, 1045, 962, 858, 699. HRMS (ESI+) Calcd for C13H18BBrO2SNa 

([M+Na]+) 351.0196, Found 351.0208. 
 
4,4,5,5-Tetramethyl-2-(4-(methylthio)biphenyl-3-yl)-1,3,2-dioxaborolane (4g). 

Ligand 3f: A mixture of ortho- and meta-borylated products (140 mg, 86% 

yield, ortho/meta + para = >30); ortho-borylated product 4g was obtained 

by further purification by GPC (128 mg, 79% yield), white solid (mp. 116-

118 oC); 1H NMR (400 MHz, CDCl3) d 1.40 (s, 12H), 2.51 (s, 3H), 7.26-

7.28 (m, 2H), 7.33-7.35 (m, 2H), 7.61 (m, 3H), 7.95-7.96 (m, 1H); 13C NMR (100 MHz, 

CDCl3) d 16.0, 25.1, 84.3, 124.5, 127.1, 127.2, 128.9, 130.0, 134.9, 136.7, 140.8, 144.7. 
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HRMS (ESI+) Calcd for C19H23BO2S ([M]+) 326.1512, Found 326.1461.  

 

4,4,5,5-Tetramethyl-2-(4'-(methylthio)biphenyl)-1,3,2-dioxaborolane (5g+5gʹ). 

dtbpy: A mixture of meta- and para-borylated products (135 mg, 

83% yield, meta/para = 1.9); meta- and para-Isomers (5g+5gʹ) 

were obtained by further purification by GPC (119 mg, 73% 

yield), white solid (mp. 112-114 oC); 1H NMR (400 MHz, CDCl3) 

meta-isomer: d 1.36 (s, 12H), 2.52 (s, 1H), 7.31 (d, J = 8.7 Hz, 

2H), 7.42-7.48 (m, 1H), 7.56 (d, J = 8.7 Hz, 2H), 7.66 (d, J = 7.8 

Hz, 1H), 7.78 (d, J = 7.8 Hz, 1H), 8.03 (s, 1H); para-isomer: 

d 1.37 (s, 12H), 2.52 (s, 3H), 7.32 (d, J = 8.2 Hz, 2H), 7.56 (d, J = 8.2 Hz, 2H), 7.59 (d, 

J = 7.8 Hz, 2H), 7.87 (d, J = 7.8 Hz, 2H); 13C NMR (100 MHz, CDCl3) meta-isomer: 

d 16.2, 25.1, 84.1, 127.1, 127.8, 128.5, 129.9, 133.4, 133.8, 137.6, 138.2, 140.1; para-

isomer: d 16.1, 25.1, 84.1, 126.3, 127.1, 127.8, 135.5, 138.0, 138.3, 143.4; IR (KBr, n / 

cm-1) 2973, 1420, 1358, 1319, 1144, 963, 864, 798, 709; HRMS (ESI+) Calcd for 

C19H23BO2S ([M]+) 326.1512, Found 326.1460.  

 

N,N-Dimethyl-3-(methylthio)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)aniline (4h). 

Ligand 3f: A mixture of ortho- and meta-borylated products (111 mg, 76% 

yield, ortho/meta + para = >30); ortho-borylated product 4h was obtained 

by further purification by GPC (100 mg, 68% yield), yellow oil; 1H NMR 

(400 MHz, CDCl3) d 1.34 (s, 12H), 2.45 (s, 3H), 2.97 (s, 6H), 6.40-6.45 (m, 

2H), 7.61 (d, J = 8.2 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 15.8, 25.0, 40.3, 83.4, 

107.5, 107.8, 138.2, 147.0, 152.7; IR (KBr, n / cm-1) 3391, 2977, 1590, 1476, 1348, 

1143, 982, 851, 762, 673; HRMS (ESI+) Calcd for C15H24BNO2SH ([M+H]+) 294.1694, 

Found 294.1708. 

 

N,N-Dimethyl-3-(methylthio)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)aniline (5h). 

dtbpy: A mixture of ortho- and meta-borylated products (92 mg, 63% 

yield, ortho/meta + para = <0.01); meta-Isomer (5h) were obtained by 
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further purification by GPC (88 mg, 60% yield), yellow solid; 1H NMR (400 MHz, 

CDCl3) d 1.33 (s, 12H), 2.50 (s, 3H), 2.96 (s, 6H), 6.74 (s, 1H), 6.97 (s, 1H), 7.07 (s, 

1H); 13C NMR (100 MHz, CDCl3) d 16.3, 25.1, 40.9, 84.0, 114.2, 116.2, 121.3, 138.7, 

150.6; IR (KBr, n / cm-1) 3391, 2977, 1590, 1478, 1349, 1143, 851,673; HRMS (ESI+) 

Calcd for C15H24BNO2SH ([M+H]+) 294.1694, Found 294.1684. 
 
2-(4-Methoxy-2-(methylthio)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4i). 
Ligand 3f: A mixture of ortho- and meta-borylated products (84 mg, 60% 

yield, ortho/meta + para = >30); ortho-borylated product 4i was obtained by 

further purification by GPC (71 mg, 51% yield), colorless oil; (400 MHz, 

CDCl3) d 1.37 (s, 12H), 2.43 (s, 3H), 3.83 (s, 3H), 6.61 (d, J = 8.2 Hz, 1H), 

6.68 (s, 1H), 7.67 (d, J = 8.7 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 15.6, 25.1, 55.4, 

83.9, 108.2, 110.5, 138.4, 147.9, 162.4; IR (KBr, n / cm-1) 2976, 1563, 1351, 1235, 

1151, 1056, 964, 863, 703; HRMS (ESI+) Calcd for C14H21BO3SNa ([M+Na]+) 

303.1197, Found 303.1197. 

 

2-(3-Methoxy-5-(methylthio)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5i). 

dtbpy: A mixture of ortho- and meta-borylated products (97 mg, 69% 

yield, ortho/meta + para = <0.01); meta-Isomer 5i were obtained by 

further purification by GPC (92 mg, 66% yield), white solid (mp. 73-75 
oC); 1H NMR (400 MHz, CDCl3) d 1.34 (s, 12H), 2.49 (s, 3H), 3.82 (s, 

3H), 6.88 (s, 1H), 7.08 (s, 1H), 7.29 (s, 1H); 13C NMR (100 MHz, CDCl3) d 16.0, 25.1, 

55.6, 84.2, 115.6, 116.0, 125.4, 139.6, 159.6; IR (KBr, n / cm-1) 2976, 1563, 1351, 1235, 

1151, 1056, 964, 863, 703; HRMS (ESI+) Calcd for C14H21BO3SNa ([M+Na]+) 

303.1197, Found 303.1196.  

 

4,4,5,5-Tetramethyl-2-(4-methyl-2-(methylthio)phenyl)-1,3,2-dioxaborolane (4j). 

Ligand 3f: A mixture of ortho- and meta-borylated products (85 mg, 64% 

yield, ortho/meta + para = >30); ortho-borylated product 4j was obtained by 

further purification by GPC (76 mg, 58% yield), yellow solid (mp. 58-60 oC); 
1H NMR (400 MHz, CDCl3) d 1.36 (s, 12H), 2.34 (s, 3H), 2.44 (s, 3H), 6.90 

(d, J = 7.8 Hz, 1H), 6.96 (s, 1H), 7.59 (d, J = 7.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) 

d 15.8, 22.0, 25.0, 84.0, 124.6, 124.7, 136.4, 141.6, 145.4; IR (KBr, n / cm-1) 2968, 
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1572, 1354, 1214, 1152, 964, 863, 706; HRMS (ESI+) Calcd for C14H21BO2S ([M]+) 

264.1355, Found 264.1344.  

 

4,4,5,5-Tetramethyl-2-(3-methyl-5-(methylthio)phenyl)-1,3,2-dioxaborolane (5j). 

dtbpy: A mixture of ortho- and meta-borylated products (82 mg, 62% 

yield, ortho/meta + para = 0.16); meta-Isomer 5j was obtained by further 

purification by GPC (65 mg, 48% yield), white solid; 1H NMR (400 MHz, 

CDCl3) d 1.36 (s, 12H), 2.32 (s, 3H), 2.44 (s, 3H), 7.18 (s, 1H), 7.39 (s, 1H), 7.50 (s, 

1H); 13C NMR (100 MHz, CDCl3) d 16.1, 21.4, 25.1, 84.1, 130.1, 130.5, 132.5, 137.9, 

138.1; IR (KBr, n / cm-1) 2968, 1354, 1214, 1152, 863, 706; HRMS (ESI+) Calcd for 

C14H21BO2S ([M]+) 264.1355, Found 264.1344. 

 

2-(4-Ethyl-2-(methylthio)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4k). 

Ligand 3f: A mixture of ortho- and meta-borylated products (122 mg, 88% 

yield, ortho/meta + para = >30); ortho-borylated product 4k was obtained by 

further purification by GPC (111 mg, 80% yield), colorless oil; 1H NMR (400 

MHz, CDCl3) d 1.19 (t, 3H), 1.34 (s, 12H), 2.44 (s, 3H), 2.60 (q, J = 7.8 Hz, 

2H), 6.93 (d, J = 7.3 Hz, 1H), 6.99 (s, 1H), 7.62 (d, J = 7.3 Hz, 1H); 13C NMR (100 

MHz, CDCl3) d 15.7, 15.9, 25.1, 29.4, 84.0, 123.6, 123.7, 136.6, 145.4, 148.0; IR (KBr, 

n / cm-1) 2975, 1595, 1348, 1145, 1108, 1046, 852, 662; HRMS (ESI+) Calcd for 

C15H23BO2SH ([M+H]+) 279.1585, Found 279.1585. 

 

2-(3-Ethyl-5-(methylthio)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5k). 

Yield: A mixture of ortho- and meta-borylated products (103 mg, 74% 

yield, ortho/meta + para = <0.01); meta-Isomer 5k was obtained by 

further purification by GPC (93 mg, 67% yield), colorless oil; 1H NMR 

(400 MHz, CDCl3) d 1.21 (t, J = 6.9 Hz, 6.8 Hz, 3H), 1.34 (s, 12H), 2.50 (s, 3H), 2.59 

(q, J = 6.9 Hz, 2H), 7.20 (s, 1H), 7.42 (s, 1H), 7.52 (s, 1H); 13C NMR (100 MHz, 

CDCl3) d 15.9, 16.2, 25.0, 29.0, 84.1, 129.5, 130.4, 131.5, 137.9, 144.5; IR (KBr, n / 

cm-1) 2975, 1596, 1349, 1269, 1145, 1109, 1046, 962, 852, 642; HRMS (ESI+) Calcd 

for C15H23BO2SH ([M+H]+) 279.1585, Found 279.1585. 
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2-(4-Isopropyl-2-(methylthio)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4l). 

Ligand 3f: A mixture of ortho- and meta-borylated products (91 mg, 62% 

yield, ortho/meta + para = >30); ortho-borylated product 4l was obtained by 

further purification by GPC (80 mg, 54% yield), colorless oil; 1H NMR (400 

MHz, CDCl3) d 1.23 (d, J = 7.3 Hz, 6H), 1.36 (s, 12H), 2.46 (s, 3H), 2.89 

(sep, J = 7.3 Hz, 1H), 6.96 (d, J = 7.8 Hz, 1H), 7.02 (s, 1H), 7.64 (d, J = 7.8 Hz, 1H); 
13C NMR (100 MHz, CDCl3) d 15.9, 24.0, 25.1, 34.7, 84.0, 112.1, 122.6, 136.6, 145.3, 

152.6; IR (KBr, n / cm-1) 2975, 1594, 1545, 1352, 1142, 1045, 962, 861, 666; HRMS 

(ESI+) Calcd for C16H25BO2SNa ([M+Na]+) 315.1561, Found 315.1568. 

 

2-(3-Isopropyl-5-(methylthio)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5l). 

dtbpy: A mixture of ortho- and meta-borylated products (92 mg, 63% 

yield, ortho/meta + para = <0.01); meta-Isomer 5l was obtained by further 

purification by GPC (86 mg, 59% yield), white solid (mp. 60-62 oC); 1H 

NMR (400 MHz, CDCl3) d 1.24 (d, J = 6.9 Hz, 6H), 1.34 (s, 12H), 2.49 (s, 

3H), 2.89 (sep, J = 6.9 Hz, 1H), 7.23-7.24 (s, 1H), 7.43 (s, 1H), 7.52 (s, 1H); 13C NMR 

(100 MHz, CDCl3) d 16.2, 24.2, 25.1, 34.4, 84.1, 128.2, 130.1, 130.5, 137.9, 149.0; IR 

(KBr, n / cm-1) 2975, 1594, 1351, 1142, 861, 666; HRMS (ESI+) Calcd for 

C16H25BO2SNa ([M+Na]+) 315.1561, Found 315.1568.  
 
Trimethyl(3-(methylthio)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)silane (4m). 

Ligand 3f: A mixture of ortho- and meta-borylated products (134 mg, 83% 

yield, ortho/meta + para = >30); ortho-borylated product 4m was obtained by 

further purification by GPC (120 mg, 74% yield), yellow solid (mp. 98-100 
oC); 1H NMR (400 MHz, CDCl3) d 0.27 (s, 9H), 1.36 (s, 12H), 2.48 (s, 3H), 

7.25-7.27 (m, 1H), 7.32 (s, 1H), 7.65 (d, J = 7.3 Hz, 1H); 13C NMR (100 MHz, CDCl3) 

d -1.1, 16.2, 25.0, 84.2, 128.9, 129.1, 135.2, 144.2, 144.4; IR (KBr, n / cm-1) 2978, 

1580, 1344, 1249, 1137, 964, 857, 754, 707; HRMS (ESI+)Calcdfor C16H27BO2SSi Na 

([M+Na]+) 345.1486, Found 345.1492.  
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Trimethyl(3-(methylthio)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)silane (5m). 
dtbpy: A mixture of ortho- and meta-borylated products (126 mg, 78% 

yield, ortho/meta + para = <0.01); meta-Isomer 5m was obtained by 

further purification by GPC (114 mg, 71% yield), colorless oil; 1H NMR 

(400 MHz, CDCl3) d 0.28 (s, 9H), 1.35 (s, 12H), 2.52 (s, 3H), 7.51 (s, 

1H), 7.70 (s, 1H), 7.72 (s, 1H); 13C NMR (100 MHz, CDCl3) d -0.8, 16.3, 25.1, 84.1, 

133.6, 134.9, 136.6, 137.3, 140.6; IR (KBr, n / cm-1) 2978, 1344, 1249, 1137, 964, 856, 

754, 707, 751; HRMS (ESI+) Calcdfor C16H27BO2SSiNa ([M+Na]+) 345.1486, Found 

345.1491. 

 

2-(4-Chloro-2-(methylthio)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4n). 

Ligand 3f: A mixture of ortho- and meta-borylated products (91 mg, 64% 

yield, ortho/meta + para = 5.1); ortho-borylated product 4n was obtained by 

further purification by GPC (60 mg, 42% yield), colorless oil; 1H NMR (400 

MHz, CDCl3) d 1.35 (s, 12H), 2.43 (s, 3H), 7.02-7.06 (m, 2H), 7.59-7.61 (m, 

1H), 13C NMR (100 MHz, CDCl3) d 15.6, 25.0, 84.3, 123.3, 123.8, 137.5, 137.9, 148.0; 

IR (KBr, n / cm-1) 2978, 1576, 1342, 1145, 1105, 1046, 962, 831, 650. HRMS (ESI+) 

Calcdfor C13H18BClO2SNa ([M+Na]+) 307.0701, Found 307.0699. 

 

2-(3-Chloro-5-(methylthio)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5n). 

dtbpy: A mixture of ortho- and meta-borylated products (107 mg, 75% 

yield, ortho/meta + para = <0.01); meta-iIsomer 5n was obtained by 

further purification by GPC (93 mg, 66% yield), yellow oil; 1H NMR 

(400 MHz, CDCl3) d 1.34 (s, 12H), 2.49 (s, 3H), 7.27-7.28 (dd, J = 2.3, 1.8 Hz, 1H), 

7.52-7.53 (m, 2H); 13C NMR (100 MHz, CDCl3) d 15.9, 25.1,84.5, 128.7, 130.8, 131.2, 

134.7, 140.4; IR (KBr, n / cm-1) 2978, 1555, 1342, 1144, 964, 873, 794, 701. HRMS 

(ESI+) Calcdfor C13H18BClO2SNa ([M+Na]+) 307.0701, Found 307.0695. 

 
2-(4-Bromo-2-(methylthio)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4o). 
Ligand 3f: A mixture of ortho- and meta-borylated products (130 mg, 79% 

yield, ortho/meta + para = 6.7); ortho-borylated product 4o was obtained by 

further purification by GPC (96 mg, 59% yield), colorless oil; 1H NMR (400 
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MHz, CDCl3) d 1.38 (s, 12H), 2.47 (s, 3H), 7.23-7.28 (m, 2H), 7.56 (d, J = 7.8 Hz, 1H); 
13C NMR (100 MHz, CDCl3) d 15.7, 25.1,84.4, 126.2, 126.6, 126.8, 137.6, 148.1; IR 

(KBr, n / cm-1) 2977, 1569, 1341, 1145, 1045, 858. HRMS (ESI+) Calcd for 
C13H18BBrO2SNa ([M+Na]+) 351.0196, Found 351.0185. 

 

2-(3-Bromo-5-(methylthio)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5o). 

dtbpy: A mixture of ortho- and meta-borylated products (118 mg, 72% 

yield, ortho/meta + para = 0.13); meta-Isomer 5o was obtained by further 

purification of the crude mixture by GPC (86 mg, 52% yield), yellow oil; 
1H NMR (400 MHz, CDCl3) d 1.38 (s, 12H), 2.48 (s, 3H), 7.43 (s, 1H), 

7.58 (s, 1H), 7.67 (s, 1H); 13C NMR (100 MHz, CDCl3) d 15.9, 25.0, 84.5, 123.0, 131.2, 

131.4, 134.0, 140.7; IR (KBr, n / cm-1) 2978, 1546, 1341, 1213, 1144, 963, 869, 769, 

700. RMS (ESI+) Calcd for C13H18BBrO2SNa ([M+Na]+) 351.0196, Found 351.0179. 

 

3-(Methylthio)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate ester (4p). 

Ligand 3f: A mixture of ortho- and meta-borylated products (137 mg, 89% yield, 

ortho/meta + para = >30); ortho-borylated product 4p was obtained by further 

purification by GPC (130 mg, 84% yield), colorless oil; 1H NMR (400 MHz, 

CDCl3) d 1.37 (s, 12H), 2.49 (s, 3H), 3.90 (s,3H), 7.69-7.71 (m, 2H), 7.78 (s, 1H); 
13C NMR (100 MHz, CDCl3) d 15.8, 25.0, 52.4, 84.6, 124.4, 124.6, 132.6, 135.9, 146.1, 

167.1; IR (KBr, n / cm-1) 2978, 1715, 1384, 962, 852, 731, 650; HRMS (ESI+) Calcd for  

C15H21BO4SNa ([M+Na]+) 331.1146, Found 331.1157. 

 

3-(Methylthio)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (5p). 

dtbpy: A mixture of ortho- and meta-borylated products (128 mg, 83% 

yield, ortho/meta + para = <0.01); meta-Isomer 5p was obtained by 

further purification by GPC (116 mg, 75% yield), white solid (mp. 115-

117 oC); 1H NMR (400 MHz, CDCl3) d 1.34 (s, 12H), 2.52 (s, 3H), 3.90 

(s, 3H), 7.84 (s, 1H), 7.97(s, 1H), 8.20 (s, 1H); 13C NMR (100 MHz, CDCl3) d 15.9, 

25.1, 52.4, 84.4, 129.9, 130.4, 132.5, 137.1, 139.0, 167.0; IR (KBr, n / cm-1) 2950, 

1724, 1435, 1127, 968, 846, 679; HRMS (ESI+) Calcd forC15H21BO4SNa ([M+Na]+) 

331.1146, Found 331.1157.  

SMepinB

Br

SMe
Bpin

CO2Me

SMepinB

CO2Me



67 

N,N-Dimethyl-3-(methylthio)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzamide (4q). 

Ligand 3f: A mixture of ortho- and meta-borylated products (124 mg, 77% 

yield, ortho/meta + para = >30); ortho-borylated product 4q was obtained by 

further purification by GPC (91 mg, 57% yield), yellow solid (mp. 118-120 oC); 
1H NMR (400 MHz, CDCl3) d 1.37 (s, 12H), 2.45 (s, 3H), 2.93 (s, 3H), 3.10 (s, 

3H), 7.07 (d, J = 7.8 Hz, 1H), 7.17 (s, 1H), 7.69 (d, J = 7.8, 1H); 13C NMR (100 MHz, 

CDCl3) d 15.8, 25.1, 35.5, 39.7, 84.5, 122.0, 122.2, 136.0, 139.2, 146.4, 171.5; IR (KBr, 

n / cm-1) 3466, 2977, 1633, 1348, 1143, 965, 871, 791, 756, 706, 652; HRMS (ESI+) 

Calcd for C16H24BNO3SNa ([M+Na]+) 344.1462, Found 344.1466.  

 
N,N-Dimethyl-3-(methylthio)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)benzamide (5q). 
dtbpy: A mixture of ortho- and meta-borylated products (136 mg, 85% 

yield, ortho/meta + para = <0.01); meta-Isomer 5q was obtained by 

further purification by GPC (127 mg, 79% yield), colorless oil; 1H NMR 

(400 MHz, CDCl3) d 1.31 (s, 12H), 2.48 (s, 3H), 2.95 (s, 3H), 3.07 (s, 3H), 

7.34 (s, 1H), 7.55 (s, 1H), 7.68 (s, 1H); 13C NMR (100 MHz, CDCl3) d15.8, 25.0, 35.4, 

39.8, 84.3, 127.4, 129.6, 133.7, 136.6, 138.8, 171.4; IR (KBr, n / cm-1) 3465, 2977, 

1633, 1348, 1143, 965, 871, 791, 756, 706, 652; HRMS (ESI+) Calcd for 

C16H24BNO3SNa ([M+Na]+) 344.1462, Found 344.1475. 
 
2-(4-(1,3-Dioxolan-2-yl)-2-(methylthio)phenyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (4r). 

Ligand 3f: A mixture of ortho- and meta-borylated products (145 mg, 90% 

yield, ortho/meta + para = >30); ortho-borylated product 4r was obtained by 

further purification by GPC (132 mg, 82% yield), white solid (mp. 48-50 oC); 
1H NMR (400 MHz, CDCl3) d 1.36 (s, 12H), 2.47 (s,3H), 4.02-4.11 (m,4H), 

5.82 (s, 1H), 7.19 (d, J = 7.8 Hz, 1H), 7.26 (s, 1H), 7.67 (d, J = 7.8Hz, 1H); 
13C NMR (100 MHz, CDCl3) d 15.9, 25.1, 65.4, 84.3, 103.6, 121.7, 121.8, 136.3, 141.2, 

145.9; IR (KBr, n / cm-1) 2977, 1598, 1355, 1143, 869, 707, 669, 644; HRMS (ESI+) 

Calcd for C16H23BO4SNa ([M+Na]+ 345.1302, Found 345.1316.  
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2-(3-(1,3-Dioxolan-2-yl)-5-(methylthio)phenyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (5r). 
dtbpy: A mixture of ortho- and meta-borylated products (148 mg, 92% 

yield, ortho/meta + para = <0.01); meta-Isomer 5r was obtained by 

further purification by GPC (125 mg, 78% yield), white solid (mp. 52-54 
oC); 1H NMR (400 MHz, CDCl3) d 1.33 (s, 12H), 2.50 (s, 1H), 4.02-4.13 

(m, 4H), 5.78 (s, 1H), 7.46(s, 1H), 7.68 (s, 1H), 7.69 (s, 1H); 13C NMR 

(100 MHz, CDCl3) d 16.1, 25.1, 65.5, 84.2, 103.7, 127.5, 129.8, 133.8, 138.1, 138.5; IR 

(KBr, n / cm-1) 2978, 1599, 1353, 1214, 1143, 964, 869, 706; HRMS (ESI+) Calcd for 

C16H23BO4SNa ([M+Na]+ 345.1302, Found 345.1316.  

 
3-(Methylthio)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzonitrile (4s). 
Ligand 3f: A mixture of ortho- and meta-borylated products (103 mg, 75% 

yield, ortho/meta + para = >30); ortho-borylated product 4s was obtained by 

further purification by GPC (74 mg, 54% yield), white solid (mp. 68-70 oC); 1H 

NMR (400 MHz, CDCl3) d 1.37 (s, 12H), 2.47 (s, 3H), 7.34 (s, 1H), 7.35 (d, J = 

7.5 Hz, 1H), 7.73-7.75 (d, J = 7.5 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 15.7, 

25.3,84.9, 115.1, 119.0, 126.3, 126.8, 136.4, 147.6; IR (KBr, n / cm-1) 2974, 2237, 1567, 

1356, 1155, 967, 860, 700; HRMS (ESI+) Calcd for C14H18BNO2SNa ([M+Na]+) 

298.1044, Found 298.1038.  

 

3-(Methylthio)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzonitrile (5s). 

dtbpy: A mixture of ortho- and meta-borylated products (112 mg, 82% 

yield, ortho/meta + para = <0.01); meta-Isomer 5s was obtained by further 

purification of the crude mixture by GPC (67 mg, 60% yield), white solid 

(mp. 75-77 oC); 1H NMR (400 MHz, CDCl3) d 1.31 (s, 12H), 2.48 (s, 3H), 

7.49 (s, 1H), 7.79 (s, 1H), 7.81 (s, 1H); 13C NMR (100 MHz, CDCl3) d 15.5, 25.0, 84.8, 

112.9, 118.7, 131.1, 134.6, 136.5, 140.4; IR (KBr, n / cm-1) 2974, 2237, 1568, 1357, 

1201, 1151, 967, 898, 761, 700; HRMS (ESI+) Calcd for C14H18BNO2SNa ([M+Na]+) 

298.1044, Found 298.1046.  
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1-(3-(Methylthio)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)pyrrolidine (4t).  

Ligand 3f: A mixture of ortho- and meta-borylated products (112 mg, 70% 

yield, ortho/meta + para = >30); ortho-borylated product 4t was obtained by 

further purification by GPC (99 mg, 62% yield), yellow oil; 1H NMR (400 

MHz, CDCl3) d 1.34 (s, 12H), 1.98 (t, J = 6.4 Hz, 4H), 2.44 (s, 3H), 3.30 (t, J 

= 6.4 Hz Hz, 4H), 6.27-6.29 (m, 2H), 7.59 (d, J = 8.7 Hz, 1H); 13C NMR (100 

MHz, CDCl3) d 15.8, 25.1, 25.6, 47.6, 83.4, 107.0, 107.5, 138.3, 147.2, 150.2; IR (KBr, 

n / cm-1) 2968, 2359, 1588, 1487, 650; HRMS (ESI+) Calcd for C17H26BNO2SNa 

([M+Na]+) 342.1670, Found 342.1676. 

 

1-(3-(Methylthio)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)pyrrolidine (5t).  

dtbpy: A mixture of ortho- and meta-borylated products (101 mg, 63% 

yield, ortho/meta + para = <0.01); meta-Isomer 5t was obtained by 

further purification by GPC (86 mg, 54% yield), yellow oil; 1H NMR 

(400 MHz, CDCl3) d 1.33 (s, 12H), 1.96 (t, J = 6.6 Hz, 4H), 2.50 (s, 3H), 

3.29 (t, J = 6.6 Hz, 4H), 6.57 (s, 1H), 6.80 (s, 1H), 7.01 (s, 1H); 13C 

NMR (100 MHz, CDCl3) d 16.3, 25.1, 25.7, 47.9, 83.9, 113.0, 115.4, 120.1, 138.6, 

147.9; IR (KBr, n / cm-1) 2967, 2359, 1588, 1487, 1373, 756; HRMS (ESI+) Calcd for 

C17H26BNO2SNa ([M+H]+) 320.1850, Found 320.1853. 

 

4-(3-(Methylthio)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)morpholine (4u). 

Ligand 3f: A mixture of ortho- and meta-borylated products (122 mg, 73% 

yield, ortho/meta + para = >30); ortho-borylated product 4u was obtained by 

further purification by GPC (102 mg, 61% yield), white solid (mp. 92-94 oC); 
1H NMR (400 MHz, CDCl3) d 1.34 (s, 12H), 2.43 (s, 3H), 3.20 (t, J = 4.8 Hz, 

4H), 3.83 (t, J = 4.8 Hz, 4H), 6.59-6.62 (m, 1H), 6.65 (s, 1H), 7.62 (d, J = 8.2 

Hz, 1H); 13C NMR (100 MHz, CDCl3) d 15.9, 25.0, 48.6, 66.9, 83.7, 110.6, 110.7, 

138.0, 147.1, 153.7; IR (KBr, n / cm-1) 2976, 1565, 1427, 1371, 1316, 1231, 1115, 989, 

706; HRMS (ESI+) Calcd for C17H26BNO3S Na ([M+Na]+) 358.1619, Found 358.1630.  
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4-(3-(Methylthio)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)morpholine (5u). 

dtbpy: A mixture of ortho- and meta-borylated products (125 mg, 75% 

yield, ortho/meta + para = <0.01); meta-Isomer 5u was obtained by 

further purification by GPC (110 mg, 66% yield), white solid (mp. 73-75 
oC); 1H NMR (400 MHz, CDCl3) d 1.33 (s, 12H), 2.50 (s, 3H), 3.17 (t, J 

= 5.0 Hz, 4H), 3.83 (t, J = 5.0 Hz, 4H), 6.90 (s, 1H), 7.14 (s, 1H), 7.22 (s, 

1H); 13C NMR (100 MHz, CDCl3) d 16.2, 25.1, 49.6, 67.1, 84.1, 117.3, 119.2, 124.5, 

139.1, 151.2; IR (KBr, n / cm-1) 2976, 1566, 1427, 1371, 1231, 1115, 989, 854, 706; 

HRMS (ESI+) Calcd for C17H26BNO3SNa ([M+Na]+) 358.1619, Found 358.1631.  

 

Control experiments. 

 

 

 

 

 

 

 

 

 

 In order to confirm the importance of the positions of a catalytic site and boryl group, 

we investigated C-H borylation reactions using ligand 3h or a mixture of bipyridine and 

3i as a ligand. These results indicated that the Lewis acid-base interaction worked 

during the reaction and played an important role for the high ortho-selectivity. 

 
Synthesis of 5-(2-(methylthio)phenyl)indoline. 
 

 

 

 

Into a 50 mL two-necked flask equipped with a reflux condenser, 4a (100 mg, 0.400 

mmol), 5-bromoindoline (6, 79.2 mg, 0.400 mmol), Pd(PPh3)4 (69.3 mg, 0.0600 mmol), 
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sodium carbonate (212 mg, 2.00 mmol), dioxane (10 mL), ethanol (5.0 mL), and H2O 

(25 mL) were added. Then the mixture was heated at 90 oC for 12 h. The reaction 

mixture was cooled to room temperature and was extracted with EtOAc (2 x 15 mL). 

Then the organic phase was washed with H2O and dried over anhydrous Na2SO4. After 

filtration, the solvent was removed under vacuum to give a yellow oil crude product, 

which was purified by GPC to give 7 as a brown oil. Yield: (65.6 mg, 68%); 1H NMR 

(400 MHz, CDCl3) d 2.46 (s, 3H), 3.14 (t, J = 8.5 Hz, 2H), 3.66 (t, J = 8.5 Hz, 2H), 6.77 

(d, J = 8.3 Hz, 1H), 7.15 (d, J = 8.2 Hz, 1H), 7.24-7.38 (m, 5H); 13C NMR (100 MHz, 

CDCl3) d 15.9, 29.7, 47.4, 108.8, 124.4, 124.6, 125.6, 127.2, 128.4, 129.2, 129.9, 131.0, 

137.2, 141.3, 150.8. 

 

Preparation of O,O-diethyl O-(3-(methylthio)phenyl) phosphorothioate (8). 

 

 

 

 

  A mixture of 3-(methylthio)phenol (1.30 g, 8.90 mmol), Et3N (1.20 g, 10.6 mmol), and 

DMAP (0.120 g, 0.900 mmol) in THF (15 mL) was stirred at 25 oC for 1 h, and then 

diethyl phosphorochloridate was added dropwise into the mixture. After 12 h, the 

reaction mixture was extracted with ethyl ether and the organic layer was concentrated 

in vacuo. The crude product was purified by chromatography on silica gel (hexane/ethyl 

acetate = 10/1) to give an oily product. Yield: 85%; colorless oil; 1H NMR (400 MHz, 

CDCl3) d 1.36 (t, J = 7.1 Hz, 6H), 2.49 (s, 3H), 4.21-4.30 (m, 4H), 6.97 (dd, J = 8.2, 3.3 

Hz, 1H), 7.09 (d, J = 1.4 Hz, 1H), 7.23-7.29 (m, 2H); 13C NMR (100 MHz, CDCl3) 

d 15.6, 15.9 (d, J = 7.6 Hz), 65.1 (d, J = 5.7 Hz), 117.3 (d, J = 3.8 Hz), 118.6 (d, J = 4.8 

Hz), 123.1 (d, J = 1.9 Hz), 129.6, 140.3, 151.0 (d, J = 7.6 Hz); IR (KBr, n / cm-1) 2983, 

1590, 1473, 1265, 1208, 1024, 824, 680. 
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C-H borylation of a bioactive compound. 

 

 

 

 

 

 

 

  O,O-Diethyl O-3-(methylthio)phenyl phosphorothioate (8, 146 mg, 0.500 mmol), 

B2pin2 (2, 63.5 mg, 0.250 mmol, 0.50 equiv), [Ir(OMe)cod]2 (9.94 mg, 0.0150 mmol, 

3.0 mol%), ligand 3f (11.1 mg, 0.0300 mmol, 6.0 mol%), and p-xylene (1.5 mL) were 

added into a 10 mL sealed tube. Then the mixture was stirred at 55 oC for 24 h, and the 

solvent was removed under vacuum. Borylation products 9 and 10 were isolated by 

column chromatography on silica gel (hexane/EtOAc = 10/1). 

 

O,O-Diethyl-O-3-(methylthio)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl Phosphorothioate (9). 

Ligand 3f: A mixture of ortho- and meta-borylated products (123 mg, 61% 

yield, ortho/meta + para = >30); ortho-borylated product 9 was obtained 

by further purification by GPC (110 mg, 55% yield), colorless oil; 1H 

NMR (400 MHz, CDCl3) d 1.33-1.36 (m, 18H), 2.43 (s, 3H), 4.18-4.26 (m, 

4H), 6.89 (d, J = 8.2 Hz, 1H), 6.99 (s, 1H), 7.67 (d, J = 8.2 Hz, 1H); 13C 

NMR (100 MHz, CDCl3) d 15.6, 16.1, 16.2, 25.1, 65.3, 65.4, 84.3, 115.9 (d, J = 4.8 Hz), 

116.2 (d, J = 5.7 Hz), 137.8, 148.1  , 153.4 (d, J = 7.4 Hz); IR (KBr, n / cm-1) 2979, 

1567, 1349, 1024, 826, 702; HRMS (ESI+) Calcd for C17H28BO5PS2Na ([M+Na]+) 

441.1101, Found 441.1095. 

 

O,O-Diethyl-O-3-(methylthio)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenylphosphorothioate (10). 

dtbpy: A mixture of ortho- and meta-borylated products (137 mg, 68% 

yield, ortho/meta + para = <0.01); meta-Isomer 10 was obtained by 

further purification by GPC (100 mg, 50% yield), yellow oil; 1H NMR 
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(400 MHz, CDCl3) d 1.31-1.38 (m, 18H), 2.48 (s, 3H), 4.19-4.27 (m, 4H), 7.17 (s, 1H), 

7.31 (s, 1H), 7.49 (s, 1H); 13C NMR (100 MHz, CDCl3) d 15.9, 16.1, 16.2, 25.1, 65.2, 

65.3, 84.3, 121.6 (d, J = 4.8 Hz), 123.5 (d, J = 5.7 Hz), 129.5, 140.0, 150.8; IR (KBr, n / 

cm-1) 2979, 1567, 1349, 1210, 1143, 1024, 826, 701; HRMS (ESI+) Calcd for 

C17H28BO5PS2Na ([M+Na]+) 441.1101, Found 441.1122. 
 
Transformations of a boryl group of borylated product 4a. 

We investigated further transformations of the boryl group of borylated product 4a 

(Scheme S1). The boryl group of 4a was converted to a bromine atom and 

trifluoromethyl and methoxy groups. 

 

 

 

 

 

 

 

 

 

 

 

Scheme S1. Transformations of a boryl group of borylated product 4a 

 

Synthesis of (2-bromophenyl)(methyl)sulfane (A). 

  A solution of CuBr2 (268 mg, 1.20 mmol, 3.0 equiv) in H2O (1.5 mL) was added to a 

solution of 4a (100 mg, 0.400 mmol) in MeOH (3.5 mL). The mixture was stirred at 

reflux for 24 h and the reaction mixture was diluted with dichloromethane (5.0 mL). 

The organic layer was dried with MgSO4, the mixture was filtered, and the filtrate was 

concentrated under reduced pressure. The crude product was purified by column 

chromatography on silica gel using hexane/ethyl acetate (10/1) as an eluent to give A as 

a colorless oil. Yield: (46 mg, 57%); 1H NMR (400 MHz, CDCl3) d 2.81 (s, 3H), 7.35 

(ddd, J = 7.8, 7.8, 1.8 Hz, 1H), 7.55-7.60 (m, 2H), 7.93 (d, J = 7.8 Hz, 1H); 13C NMR 
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(100 MHz, CDCl3) d 42.1, 118.7, 125.9, 129.0, 132.5, 133.2, 145.5; IR (KBr, n / cm-1) 

3474, 1447, 1093, 1057, 1014, 758. 

 

Synthesis of methyl(2-(trifluoromethyl)phenyl)sulfane (B). 

  A mixture of 4a (100 mg, 0.400 mmol), KHF2 (125 mg, 1.60 mmol, 4.0 equiv) in 

MeOH/H2O (8/1) was stirred at room temperature for 12 h. Then the mixture was 

concentrated under vacuum conditions, diluted with hot acetone (10 mL), and filtered. 

The filtrate was washed with hot acetone (2 x 2 mL). The solution was concentrated to 

give a crude product, which was used in the next step without purification.  

   A mixture of the crude product, NaSO2CF3 (207 mg, 1.20 mmol), NaHCO3 (33.6 mg, 

0.400 mmol), and CuCl (39.6 mg, 0.400 mmol) in CH2Cl2 (5 mL) was cooled to 0 °C, 

then TBHP (70% solution in water, 220 µL, 2.0 mmol) was added under vigorous 

stirring, and the stirring was continued at 25 °C for overnight. The reaction mixture was 

washed with water and the organic layer was dried with Na2SO4, filtered, and 

concentrated in vacuo. The crude product was purified by column chromatography on 

silica gel using hexane as an eluent to give B as a colorless oil. Yield: (54 mg, 70%); 1H 

NMR (400 MHz, CDCl3) d 2.55 (s, 3H), 7.26-7.29 (m, 1H), 7.39 (d, J = 8.3 Hz, 1H), 

7.49 (dd, J = 7.8, 7.3 Hz, 1H), 7.64 (d, J = 8.3 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 

16.5, 120.0 (q, J = 139 Hz), 124.9, 126.8 (q, J = 6.0 Hz), 127.6, 128.3 (q, J = 15.5 Hz), 

132.2, 138.5; IR (KBr, n / cm-1) 1593, 1441, 1313, 1256, 1172, 1115, 1034, 759. 

 

Synthesis of (2-methoxyphenyl)(methyl)sulfane (C). 

  A round bottom flask was charged with 4a (1.6 g, 6.4 mmol), NaBO3/4H2O (2.90 g, 

19.2 mmol), and THF/H2O (1/1, 30 mL). Then the mixture was stirred at 25 °C for 2 h. 

The precipitate was filtered, the mixture was extracted with ethyl acetate, and the 

organic layer was concentrated in vacuo to give a crude product.  

  A mixture of the crude product, NaH (329 mg, 9.60 mmol), and THF (20 mL) was 

cooled to 0 oC, and MeI (0.6 mL, 9.6 mmol) was added to the mixture. The mixture was 

stirred at 25 °C for 5 h. The reaction mixture was concentrated in vacuo and extracted 

with CH2Cl2 (15 mL). The organic solvent was removed in vacuo to give a crude 

product, which was purified by column chromatography on silica gel to give C a 

colorless oil. Yield: (0.67 g, 68%); 1H NMR (400 MHz, CDCl3) d 2.74 (s, 3H), 3.86 (s, 
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3H), 6.89 (d, J = 8.2 Hz, 1H), 7.14 (dd, J = 7.8, 7.8 Hz, 1H), 7.40 (dd, J = 8.2, 7.8 Hz, 

1H), 7.77 (d, J = 8.3 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 41.3, 55.8, 110.7, 121.8, 

124.7, 132.1, 133.0, 154.9; IR (KBr, n / cm-1) 2361, 1587, 1476, 1273, 1239, 1027, 758. 
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2. Development of Iridium/Bipyridine-Catalyzed ortho-Selective C-H 

Boylation of Phenol and Aniline Derivatives 

General. All reactions were carried out in a dry and degassed solvent under an argon 

atmosphere. Reactions were monitored by thin-layer chromatography (TLC) visualizing 

with UV-light (254 nm). Organic solutions were concentrated under reduced pressure 

using a rotary evaporator (30 °C, <50 torr). NMR spectra were recorded on 500 MHz 

(500 MHz for 1H NMR and 125 MHz for 13C NMR) and 400 MHz (400 MHz for 1H 

NMR, 100 MHz for 13C NMR) spectrometers. Proton and carbon chemical shifts are 

reported relative to the solvent used as an internal reference. In 13C NMR, signals of 

carbons adjacent to a boron atom were not observed because of the quadrupolar 

relaxation. Infrared (IR) spectra were recorded on Fourier transform infrared 

spectrophotometer. ESI-MS spectra were measured on a spectrometer for HRMS. 

 

General procedure for the preparation of phenol and aniline derivatives 11a-11t  

 

 

 

 

 

    To a solution of a phenol or acetanilide derivative (32.0 mmol) in DMF (25.0 mL), 

NaH (38.0 mmol, 1.2 equiv) was added slowly at 0 °C. After stirring for 1.5 h at the 

same temperature, chloromethyl methyl sulfide (38.0 mmol, 1.2 equiv) was added 

dropwise. The mixture was then stirred for 2.5 h and slowly warmed to room 

temperature. After removal of the solvent under vacuum, the mixture was extracted with 

EtOAc. The organic layer was separated, dried over Na2SO4, filtered, and the solvent 

was removed in vacuo. The crude product was purified by column chromatography on 

silica gel (hexane/EtOAc = 10/1). 

OH

+ ClCH2SCH3 (1.2 eq.)
NaH (1.2 eq.)

DMF, 0oC for 4 hR

O

R

S

NHAc

+ ClCH2SCH3 (1.2 eq.)
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DMF, 0oC for 4 hR
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Methyl(phenoxymethyl)sulfane (11a). 
Yield: 60%; colorless oil; 1H NMR (400 MHz, CDCl3) d 2.23 (s, 3H), 5.12 

(s, 2H), 6.92-6.99 (m, 3H), 7.28-7.30 (m, 2H); 13C NMR (100 MHz, CDCl3) 

d 14.6, 72.3, 115.9, 121.7, 129.4, 157.0. 

 
(2-Fluorophenoxy)methyl)(methyl)sulfane (11b). 
Yield: 88%; colorless oil; 1H NMR (400 MHz, CDCl3) d 2.27 (s, 3H), 5.23 (s, 

2H), 6.98-7.13 (m, 4H); 13C NMR (100 MHz, CDCl3) d 14.6, 74.5 (d, J = 1.9 

Hz), 116.4 (d, J = 19.0 Hz), 118.2 (d, J = 1.9 Hz), 122.7 (d, J = 6.7 Hz), 124.2 

(d, J = 3.8 Hz), 144.5 (d, J = 10.5 Hz), 153.8 (d, J = 250 Hz). 

 
Methyl((o-tolyloxy)methyl)sulfane (11c). 
Yield: 74%; colorless oil; 1H NMR (400 MHz, CDCl3) d 2.26 (s, 3H), 2.27 (s, 

3H), 5.18 (s, 2H), 6.89 (d, J = 8.7 Hz, 1H), 6.92 (d, J = 7.8 Hz, 1H), 7.15-7.19 

(m, 2H); 13C NMR (100 MHz, CDCl3) d 14.6, 16.3, 72.4, 112.9, 121.4, 126.6, 

127.8, 130.9, 155.1. 

 
(3-Bromophenoxy)methyl)(methyl)sulfane (11d). 
Yield: 65%; yellow oil; 1H NMR (400 MHz, CDCl3) d 2.25 (s, 3H), 5.12 (s, 

2H), 6.88-6.90 (m, 1H), 7.12-7.18 (m, 3H); 13C NMR (100 MHz, CDCl3) 

d 14.6, 72.5, 114.7, 119.3, 122.7, 124.8, 130.5, 155.7. 

 
(3-Chlorophenoxy)methyl)(methyl)sulfane (11e). 
Yield: 79%; colorless oil; 1H NMR (400 MHz, CDCl3) d 2.29 (s, 3H), 5.17 (s, 

2H), 6.87-6.89 (m, 1H), 6.99-7.01 (m, 2H), 7.24 (dd, J = 7.8, 8.2 Hz, 1H); 13C 

NMR (100 MHz, CDCl3) d 14.6, 72.5, 114.2, 116.4, 121.9, 130.2, 134.8, 157.7. 

 
(3-Methoxyphenoxy)methyl)(methyl)sulfane (11f). 
Yield: 68%; colorless oil; 1H NMR (400 MHz, CDCl3) d 2.31 (s, 3H), 3.84 (s, 

3H), 5.18 (s, 2H), 6.59-6.63 (m, 3H), 7.24 (dd, J = 8.2, 8.0 Hz, 1H); 13C NMR 

(100 MHz, CDCl3) d 14.7, 55.3, 72.4, 102.4, 107.3, 107.8, 129.9, 158.3, 160.7. 
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Trimethyl(3-((methylthio)methoxy)phenyl)silane (11g). 
Yield: 72%; colorless oil; 1H NMR (400 MHz, CDCl3) d 0.24 (s, 9H), 2.23 (s, 

3H), 5.13 (s, 2H), 6.89-6.92 (m, 1H), 7.07-7.08 (m, 1H), 7.12-7.14 (m, 1H), 

7.26 (dd, J = 8.2, 7.3 Hz, 1H); 13C NMR (100 MHz, CDCl3) d -1.2, 14.7, 

72.3, 115.7, 120.9, 126.6, 128.9, 142.4, 156.5. 
 
Methyl((3-(trifluoromethyl)phenoxy)methyl)sulfane (11h). 
Yield: 62%; colorless oil; 1H NMR (400 MHz, CDCl3) d 2.33 (s, 3H), 5.25 (s, 

2H), 7.19 (d, J = 8.3 Hz, 1H), 7.26 (s, 1H), 7.32-7.34 (m, 1H), 7.47 (dd, J = 8.3, 

7.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 14.6, 72.3, 112.9 (q, J = 3.8 Hz), 

118.3 (q, J = 3.8 Hz), 119.2, 123.8 (q, J = 290 Hz), 130.0, 131.4 (q, J = 34.3 Hz), 157.1. 
 
3-((Methylthio)methoxy)benzonitrile (11i). 
Yield: 77%; colorless oil; 1H NMR (400 MHz, CDCl3) d 2.31 (s, 3H), 5.22 (d, 

2H), 7.23-7.26 (m, 2H), 7.31-7.36 (m, 1H), 7.43-7.47 (m, 1H); 13C NMR (100 

MHz, CDCl3) d 14.5, 72.6, 113.2, 118.5, 119.1, 120.9, 125.4, 130.3, 157.0. 
 
Methyl 3-((methylthio)methoxy)benzoate (11j). 
Yield: 62%; colorless oil; 1H NMR (400 MHz, CDCl3) d 2.25 (s, 3H), 3.91 (s, 

3H), 5.19 (s, 2H), 7.14 (d, J = 8.7 Hz, 1H), 7.34 (dd, J = 8.3, 8.3 Hz, 1H), 7.61 

(s, 1H), 7.68 (d, J = 7.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 14.5, 52.2, 

72.4, 116.4, 121.1, 122.9, 129.4, 131.4, 156.9, 166.5. 

 
4,4,5,5-Tetramethyl-2-(3-((methylthio)methoxy)phenyl)-1,3,2-dioxaborolane (11k). 
Yield: 58%; colorless oil; 1H NMR (400 MHz, CDCl3) d 1.34 (s, 12H), 2.24 (s, 

3H), 5.17 (s, 2H), 7.05 (d, J = 7.3 Hz, 1H), 7.29 (dd, J = 7.8, 7.3 Hz, 1H), 7.37 

(s, 1H), 7.44 (d, J = 6.9 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 14.5, 24.8, 

72.3, 83.9, 119.5, 121.2, 128.2, 129.0, 156.5. 

 
1-(3-((Methylthio)methoxy)phenyl)ethan-1-one (11l). 
Yield: 70%; colorless oil; 1H NMR (400 MHz, CDCl3) d 2.24 (s, 3H), 2.59 (s, 

3H), 5.18 (s, 2H), 7.14 (d, J = 8.3 Hz, 1H), 7.37 (dd, J = 8.2, 7.8 Hz, 1H), 

7.53 (s, 1H), 7.57 (d, J = 7.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 14.6, 

26.7, 72.4, 114.9, 121.1, 122.0, 129.6, 138.5, 157.2, 197.7. 
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N-((Methylthio)methyl)-N-phenylacetamide (11m). 
Yield: 74%; yellow oil; 1H NMR (400 MHz, CDCl3) d 1.86 (s, 3H), 2.15 

(s, 3H), 4.83 (s, 2H), 7.24-7.26 (m, 2H), 7.38-7.44 (m, 3H); 13C NMR 

(100 MHz, CDCl3) d 15.3, 22.7, 52.5, 128.3, 128.4, 129.7, 141.8, 170.7. 

 
N-(3-Bromophenyl)-N-((methylthio)methyl)acetamide (11n). 
Yield: 84%; yellow oil; 1H NMR (400 MHz, CDCl3) d 1.88 (s, 3H), 2.16 (s, 

3H), 4.81 (s, 2H), 7.21 (d, J = 7.8 Hz, 1H), 7.30 (dd, J = 8.2, 8.2 Hz, 1H), 

7.44 (s, 1H), 7.52 (d, J = 7.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 15.4, 

22.7, 52.5, 122.9, 127.3, 130.9, 131.6, 131.7, 143.1, 170.4. 

 

N-(3-Ethylphenyl)-N-((methylthio)methyl)acetamide (11o). 

Yield: 75%; colorless oil; 1H NMR (400 MHz, CDCl3) d 1.23 (t, J = 7.8 Hz, 

3H), 1.87 (s, 3H), 2.16 (s, 3H), 2.66 (q, J = 7.8 Hz, 3H), 4.83 (s, 2H), 7.05-

7.08 (m, 2H), 7.20 (d, J = 7.8 Hz, 1H), 7.32 (dd, J = 7.8, 7.3 Hz, 1H); 13C 

NMR (100 MHz, CDCl3) d 14.8, 14.9, 22.1, 28.1, 51.9, 125.1, 127.2, 127.3, 

129.0, 141.3, 145.5, 170.1. 

 
N-(3-Methoxyphenyl)-N-((methylthio)methyl)acetamide (11p). 
Yield: 66%; yellow oil; 1H NMR (400 MHz, CDCl3) d 1.89 (s, 3H), 2.16 (s, 

3H), 3.83 (s, 3H), 4.82 (s, 2H), 6.79-6.86 (m, 2H), 6.91 (d, J = 8.7 Hz, 1H), 7.31 

(dd, J = 8.3, 8.2 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 15.4, 22.6, 52.5, 55.4, 

113.6, 114.3, 120.6, 130.3, 143.0, 160.5, 170.7. 

 

N-((Methylthio)methyl)-N-(3-(trifluoromethyl)phenyl)acetamide (11q). 

Yield: 69%; yellow oil; 1H NMR (400 MHz, CDCl3) d 1.85 (s, 3H), 2.16 (s, 

3H), 4.82 (s, 2H), 7.46 (d, J = 7.3 Hz, 1H), 7.53 (s, 1H), 7.57 (dd, J = 7.8, 7.8 

Hz, 1H), 7.64 (d, J = 7.3 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 15.3, 22.7, 

52.4, 120.6 (q, J = 276 Hz), 125.3, 125.4, 130.3, 131.8 (q, J = 33.3 Hz), 132.1, 

142.3, 170.2. 
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Methyl 3-(N-((methylthio)methyl)acetamido)benzoate (1r). 

Yield: 80%; yellow oil; 1H NMR (400 MHz, CDCl3) d 1.82 (s, 3H), 2.13 (s, 

3H), 3.91 (s, 3H), 4.82 (s, 2H), 7.43 (d, J = 8.7 Hz, 1H), 7.49-7.53 (m, 1H), 

7.89 (s, 1H), 8.02 (d, J = 8.2 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 15.2, 

22.6, 52.3, 52.4, 129.4, 129.7, 130.0, 131.8, 133.0, 141.9, 165.9, 170.3. 

 

N-(3-Chlorophenyl)-N-((methylthio)methyl)acetamide (11s). 

Yield: 70%; yellow oil; 1H NMR (400 MHz, CDCl3) d 1.88 (s, 3H), 2.17 (s, 

3H), 4.82 (s, 2H), 7.15-7.18 (m, 1H), 7.28-7.29 (m, 1H), 7.38-7.39 (m, 2H); 13C 

NMR (100 MHz, CDCl3) d 15.4, 22.7, 52.5, 126.9, 128.7, 128.8, 130.6, 135.1, 

142.9, 170.4. 

 

N-(3-Cyanophenyl)-N-((methylthio)methyl)acetamide (1t). 

Yield: 78%; yellow oil; 1H NMR (400 MHz, CDCl3) d 1.80 (s, 3H), 2.09 (s, 

3H), 4.76 (s, 2H), 7.47-7.50 (m, 1H), 7.52-7.56 (m, 2H), 7.63 (d, J = 7.3 Hz, 

1H); 13C NMR (100 MHz, CDCl3) d 14.9, 22.5, 52.1, 113.6, 117.4, 130.6, 

131.8, 132.0, 133.2, 142.3, 169.8. 

 
General procedure for the synthesis of ligands L4-L9. 
 

 

 

 

 

5-Bromo-2,2’-bipyridine (1.00 g, 4.27 mmol), para-substituted 4,4,5,5-tetramethyl-2-

phenyl-1,3,2-dioxaborolane (4.27 mmol, 1.0 equiv), Pd(PPh3)4 (745 mg, 0.640 mmol), 

and sodium carbonate (2.30 g, 21.5 mmol) were added into a 50 mL two-necked flask 

quipped with a reflux condenser. After addition of 1,4-dioxane (20 mL), EtOH (12 mL), 

and water (12 mL), the mixture was refluxed for 4 h. The reaction mixture was cooled 

to room temperature and extracted with EtOAc (20 mL) two times. The organic phase 

was separated and washed with H2O (30 mL), and dried over anhydrous Na2SO4. The 

mixture was filtered, and the solvent was removed under vacuum and the mixture was 
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purified by column chromatography on silica gel. 

 

5-Phenyl-2,2'-bipyridine (L4). 

Yield: 88%; colorless solid; 1H NMR (400 MHz, CDCl3) d 7.31-7.33 (m, 

1H), 7.43-7.53 (m, 3H), 7.65 (d, J = 7.8 Hz, 2H), 7.82-7.86 (m, 1H), 8.02 

(d, J = 8.2 Hz, 1H), 8.43-7.49 (m, 2H), 8.69-8.71 (m, 1H), 8.93 (s, 1H); 
13C NMR (100 MHz, CDCl3) d 120.9, 121.0, 123.7, 127.1, 128.2, 129.1, 

135.2, 136.5, 136.9, 137.6, 147.6, 149.2, 155.0, 155.9; IR (KBr, n/cm-1) 3047, 1549, 

1458, 1374, 856, 797, 750, 696; HRMS (ESI+) Calcd for C16H12N2Na+ ([M+Na]+) 

255.0893, Found 255.0898. 

 

4-([2,2'-Bipyridin]-5-yl)-N,N-dimethylaniline (L5). 

Yield: 70%; yellow solid; 1H NMR (400 MHz, CDCl3) d 3.02 (s, 

6H), 6.83-6.85 (m, 2H), 7.28-7.31 (m, 1H), 7.57-7.59 (m, 2H), 7.80-

7.84 (m, 1H), 7.96 (dd, J = 8.7, 2.3 Hz, 1H), 8.40 (d, J = 8.7 Hz, 

2H), 8.68-8.69 (m, 1H), 8.90-8.91 (m, 1H); 13C NM (100 MHz, 

CDCl3) d 40.4, 112.8, 120.8, 120.9, 123.3, 125.0, 127.6, 134.0, 136.4, 136.9, 146.8, 

149.1, 150.4, 153.5, 156.1; IR (KBr, n/cm-1) 2884, 1610, 1459, 1363, 1211, 945, 860, 

794, 632; HRMS (ESI+) Calcd for C18H17N3Na+ ([M+Na]+) 298.1315, Found 298.1318. 

 

5-(4-Methoxyphenyl)-2,2'-bipyridine (L6). 

Yield: 90%; colorless solid; 1H NMR (400 MHz, CDCl3) d 3.87 (s, 

3H), 7.02 (dd, J = 8.7, 3.2 Hz, 2H), 7.30-7.33 (m, 1H), 7.59-7.62 (m, 

2H), 7.82-7.85 (m, 1H), 7.98 (d, J = 8.2 Hz, 1H), 8.42-8.46 (m, 2H), 

8.70-8.71 (m, 1H), 8.90 (s, 1H); 13C NMR (100 MHz, CDCl3) d 

55.4, 114.5, 120.9, 123.5, 128.1, 129.9, 134.6, 136.0, 136.9, 147.1, 

149.2, 154.2, 156.0, 159.8; IR (KBr, n/cm-1) 2989, 1605, 1521, 1454, 1370, 1282, 1032, 

830, 747, 692; HRMS (ESI+) Calcd for C17H14N2ONa+ ([M+Na]+) 285.0998, Found 

285.0998. 
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5-(p-Tolyl)-2,2'-bipyridine (L7). 

Yield: 71%; colorless solid; 1H NMR (400 MHz, CDCl3) d 2.42 (s, 

3H), 7.29-7.32 (m, 3H), 7.54 (d, J = 8.2 Hz, 2H), 7.80-7.85 (m, 1H), 

7.99-8.02 (m, 1H), 8.42-8.46 (m, 2H), 8.69-8.71 (m, 1H), 8.91-8.92 

(m, 1H); 13C NMR (100 MHz, CDCl3) d 21.2, 120.9, 121.0, 123.6, 

126.9, 129.8, 134.6, 135.0, 136.4, 136.9, 138.1, 147.4, 149.2, 154.6, 155.9; IR (KBr, 

n/cm-1) 3046, 1587, 1456, 1371, 1241, 1133, 1089, 1027, 792, 648; HRMS (ESI+) Calcd 

for C17H14N2Na+ ([M+Na]+) 269.1049, Found 269.1038. 

 

Ethyl 4-([2,2'-bipyridin]-5-yl)benzoate (L8). 

Yield: 80%; colorless solid; 1H NMR (400 MHz, CDCl3) d 1.41 (t, 

J = 7.1 Hz, 3H), 4.40 (q, J = 7.1 Hz, 4H), 7.32-7.36 (m, 1H), 7.71-

7.74 (d, J = 8.7 Hz, 2H), 7.82-7.87 (m, 1H), 8.05 (dd, J = 8.2, 2.3 

Hz, 1H), 8.16-8.19 (d, J = 8.7 Hz, 2H), 8.44 (d, J = 8.2 Hz, 1H), 

8.50 (d, J = 8.2 Hz, 1H), 8.70-8.72 (m, 1H), 8.94-8.95 (m, 1H); 13C NMR (100 MHz, 

CDCl3) d 14.3, 61.1, 121.0, 121.1, 123.9, 126.9, 130.1, 130.3, 135.3, 135.4, 137.0, 

141.9, 147.7, 149.3, 155.5, 155.6, 166.2; IR (KBr, n/cm-1) 3396, 2981, 1722, 1590, 

1437, 1275, 1125, 1025, 843, 765, 645; HRMS (ESI+) Calcd for C19H16N2O2 

Na+([M+Na]+) 327.1104, Found 327.1100. 

 

5-(4-(Trifluoromethyl)phenyl)-2,2'-bipyridine (L9). 

Yield: 73%; colorless solid; 1H NMR (400 MHz, CDCl3) d 7.32-7.35 

(m, 1H), 7.75-7.76 (m, 4H), 7.82-7.87 (m, 1H), 8.01-8.04 (m, 1H), 

8.43 (d, J = 7.8 Hz, 1H), 8.50 (d, J = 8.2 Hz, 1H), 8.70-8.71 (m, 1H), 

8.92 (s, 1H); 13C NMR (100 MHz, CDCl3) d 121.1, 121.2 , 124.0, 

124.1 (q, J = 275 Hz), 126.0 (q, J = 3.8 Hz), 127.4, 130.4, 135.0, 135.4, 137.0, 141.2, 

147.6, 149.3, 155.5, 155.8; IR (KBr, n/cm-1) 3019, 1588, 1437, 1329, 1113, 1072, 840, 

754, 658; HRMS (ESI+) Calcd for C17H11F3N2H+ ([M+H]+) 301.0947, Found 301.0948. 
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General procedure for ortho-selective C-H borylation of phenol and aniline 
derivatives 11a-11t. 
 

 

 

 

 

 

 

A phenol(11a, 0.500 mmol) or aniline derivative (11t, 0.500 mmol), B2pin2 (2, 63.5 mg, 

0.250 mmol, 0.50 equiv), [Ir(OMe)(cod)]2 (9.94 mg, 0.0150 mmol, 3.0 mol%), ligand 

3a (11.1 mg, 0.0300 mmol, 6.0 mol%), and p-xylene (1.5 mL) were added into a 10 mL 

sealed tube. The mixture was stirred at 55 oC for 24 h. Then, the solvent was removed 

under vacuum, and C-H borylation products 4 and 5 were separated by column 

chromatography on silica gel (hexane/EtOAc = 10/1). 

 

4,4,5,5-Tetramethyl-2-(2-((methylthio)methoxy)phenyl)-1,3,2-dioxaborolane (12a). 

 L9: A mixture of ortho-, meta- and para-borylated products (126 mg, 90% 

yield, ortho / meta + para = >30); ortho-borylated product 12a was obtained 

by further purification (115 mg, 82% yield), colorless oil; 1H NMR (400 MHz, 

CDCl3) d 1.35 (s, 12H), 2.23 (s, 3H), 5.18 (s, 2H), 6.91 (d, J = 7.3 Hz, 1H), 7.02 (d, J = 

6.8 Hz, 1H), 7.41 (d, J = 5.9 Hz, 1H), 7.72 (s, 1H); 13C NMR (100 MHz, CDCl3) d 14.3, 

24.8, 73.0, 83.4, 114.6, 121.7, 132.2, 136.8, 161.5; IR (KBr, n/cm-1) 2978, 1574, 1357, 

1271, 1198, 1019, 850, 797; HRMS (ESI+) Calcd for C14H21BO3SNa+ ([M+Na]+) 

303.1197, Found 303.1208. 

 

4,4,5,5-Tetramethyl-(2-((methylthio)methoxy)phenyl)-1,3,2-dioxaborolane 

(13a+13a′). 

 dtbpy: A mixture of ortho-, meta- and para-borylated products (123 mg, 

88% yield, ortho / meta + para = 0.83); a mixture of meta and para-

isomers (13a+13a′) was obtained by further purification by GPC (61.0 

mg, 44% yield), colorless; meta-isomer 13a: 1H NMR (400 MHz, 

CDCl3) d 1.34 (s, 12H), 2.25 (s, 3H), 5.17 (s, 2H), 7.05 (d, J = 7.3 Hz, 
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1H), 7.29 (dd, J = 7.8, 7.3 Hz, 1H), 7.37 (s, 1H), 7.44 (d, J = 6.9 Hz, 1H); 13C NMR 

(100 MHz, CDCl3) d 14.5, 24.8, 72.3, 83.9, 119.5, 121.2, 128.2, 129.0, 156.5; para-

isomer 13a′: 1H NMR (400 MHz, CDCl3) d 1.33 (s, 12H), 2.25 (s, 3H), 5.16 (s, 2H), 

6.93 (d, J = 7.8 Hz, 2H), 7.75 (d, J = 7.8 Hz, 2H); 13C NMR (100 MHz, CDCl3) d 14.6, 

24.8, 72.0, 83.6, 115.1, 136.4, 159.6; IR (KBr, n / cm-1) 2977, 1603, 1359, 1143, 1091, 

994, 860, 743, 654; HRMS (ESI+) Calcd for C14H21BO3SNa+ ([M+Na]+) 303.1197, 

Found 303.1182. 

 

2-(3-Fluoro-2-((methylthio)methoxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (12b). 

 L9: A mixture of ortho-, meta- and para-borylated products (104 mg, 70% 

yield, ortho / meta + para = >30); ortho-borylated product 12b was obtained 

by further purification (93.0 mg, 62% yield), colorless oil; 1H NMR (400 

MHz, CDCl3) d 1.34 (s, 12H), 2.30 (s, 3H), 5.22 (s, 2H), 7.06-7.09 (m, 1H), 7.15-7.20 

(m, 1H), 7.48 (d, J = 7.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 15.3 (d, J = 1.4 Hz), 

24.8, 78.7 (d, J = 5.2 Hz), 83.9 (d, J = 3.3 Hz), 119.4 (d, J = 20 Hz), 124.4 (d, J = 6.6 

Hz), 131.6 (d, J = 3.8 Hz), 148.9 (d, J = 10.5 Hz), 155.7 （d, J = 251 Hz）; IR (KBr, 

n/cm-1) 2979, 1633, 1455, 966, 852, 741, 669; HRMS (ESI+) Calcd for 

C14H20BFO3SNa+ ([M+Na]+) 321.1102, Found 321.1088. 

 

(3-Fluoro-2-((methylthio)methoxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(13b+13b′). 

 dtbpy: A mixture of ortho-, meta- and para-borylated products (75.0 

mg, 50% yield, ortho / meta + para = 0.83); a mixture of meta- and 

para-isomers (13b+13b′) was obtained by further purification by GPC 

(35.0 mg, 24% yield), colorless oil; meta-isomer: 1H NMR (400 MHz, 

CDCl3)  d 1.34 (s, 12H), 2.27 (s, 3H), 5.25 (s, 2H), 7.06 (m, 1H), 7.26 

(s, 1H), 7.44 (d, J = 8.2 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 14.6, 24.8, 74.3, 84.0, 

116.0 (d, J = 18 Hz), 123.8 (d, J = 2.4 Hz), 129.8 (d, J = 7.6 Hz), 144.1 (d, J = 10.4 Hz), 

156.0 (d, J = 255 Hz) para-isomer: d 1.33 (s, 12H), 2.26 (s, 3H), 5.24 (s, 2H), 7.00-7.04 

(m, 1H), 7.50-7.53 (m, 2H); 13C NMR (100 MHz, CDCl3) d 14.6, 24.8, 73.9 (d, J = 1.4 

Hz), 83.9, 116.8 (d, J = 1.4 Hz), 122.1 (d, J = 17.2 Hz), 131.0 (d, J = 3.8 Hz), 147.0 (d, 
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J = 10.9 Hz), 153.2 (d, J = 250 Hz); IR (KBr, n / cm-1) 2978, 2359, 1734, 1599, 1417, 

853, 760, 681; HRMS (ESI+) Calcd for C14H20BFO3SNa+ ([M+Na]+) 321.1102, Found 

321.1102. 

 

4,4,5,5-Tetramethyl-2-(3-methyl-2-((methylthio)methoxy)phenyl)-1,3,2-

dioxaborolane (12c). 

 L9: A mixture of ortho-, meta and para-borylated products (101 mg, 69% 

yield, ortho / meta + para = >30); ortho-borylated product 12c was obtained 

by further purification (98 mg, 67% yield), colorless oil; 1H NMR (400 

MHz, CDCl3) d 1.35 (s, 12H), 2.30 (s, 3H), 2.35 (s, 3H), 5.08 (s, 2H), 7.02 (dd, J = 7.8, 

7.3 Hz, 1H), 7.28-7.30 (m, 1H), 7.59 (d, J = 7.3 Hz, 1H); 13C NMR (100 MHz, CDCl3) 

d 15.7, 16.9, 24.8, 79.4, 83.7, 123.9, 131.3, 134.4, 134.7, 161.6; IR (KBr, n/cm-1) 2977, 

1596, 1418, 980, 853, 784, 668; HRMS (ESI+) Calcd for C15H23BO3SNa+ ([M+Na]+) 

317.1353, Found 317.1354. 

 

4,4,5,5-Tetramethyl-(3-methyl-2-((methylthio)methoxy)phenyl)-1,3,2-

dioxaborolane (13c+13c′). 

 dtbpy: A mixture of ortho-, meta-, and para-borylated products (109 

mg, 74% yield, ortho / meta + para = 0.76); a mixture of meta- and 

para-isomers (13c+13c′) was obtained by further purification by GPC 

(58.0 mg, 40% yield), colorless oil; meta-isomer: 1H NMR (400 MHz, 

CDCl3) d 1.34 (s, 12H), 2.26 (s, 3H), 2.28 (s, 3H), 5.21 (s, 2H), 7.16 (d, 

J = 7.3 Hz, 1H), 7.28 (s, 1H), 7.37 (d, J = 7.3 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 

14.7, 16.6, 24.8, 72.4, 83.7, 118.3, 128.2, 130.6, 131.5, 154.9; para-isomer: 1H NMR 

(400 MHz, CDCl3) d 1.33 (s, 12H), 2.25 (s, 6H), 5.19 (s, 2H), 6.86 (d, J = 8.2 Hz, 1H), 

7.62-7.65 (m, 2H); 13C NMR (100 MHz, CDCl3) d 14.6, 16.0, 24.8, 72.0, 83.5, 111.9, 

127.0, 133.8, 137.5, 157.7; IR (KBr, n / cm-1) 2977, 1604, 1357, 1132, 995, 855, 735, 

670; HRMS (ESI+) Calcd for C15H23BO3SNa+ ([M+Na]+) 317.1353, Found 317.1352. 
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2-(4-Bromo-2-((methylthio)methoxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (12d). 

 L9: A mixture of ortho- and meta-borylated products (147 mg, 82% yield, 

ortho / meta + para = >30); ortho-borylated product 12d was obtained by 

further purification of the crude mixture by GPC (140 mg, 78% yield), 

colorless oil; 1H NMR (400 MHz, CDCl3) d 1.33 (s, 12H), 2.27 (s, 3H), 

5.15 (s, 2H), 7.06-7.07 (m, 1H), 7.14 (d, J = 7.8 Hz, 1H), 7.55 (d, J = 7.6 Hz, 1H); 13C 

NMR (100 MHz, CDCl3) d 14.3, 24.8, 73.1, 83.6, 117.9, 124.8, 126.1, 138.0, 162.2; IR 

(KBr, n/cm-1) 2977, 1558, 1397, 1143, 843, 668; HRMS (ESI+) Calcd for 

C14H20BBrO3SNa+ ([M+Na]+) 381.0302, Found 381.0284. 

 

2-(3-Bromo-5-((methylthio)methoxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (13d). 

dtbpy: A mixture of ortho- and meta-borylated products ( 120 mg, 67% 

yield, ortho/meta + para = < 0.1); meta-Isomer (13d) were obtained by 

further purification of the crude mixture by GPC (106 mg, 59% yield), 

colorless oil; 1H NMR (400 MHz, CDCl3) d 1.31 (s, 12H), 2.22 (s, 3H), 5.12 (s, 2H), 

7.18 (s, 1H), 7.26 (s, 1H), 7.55 (s, 1H); 13C NMR (100 MHz, CDCl3) d 14.5, 24.8, 72.5, 

84.2, 120.0, 122.4, 122.6, 130.7, 157.3; IR (KBr, n/cm-1) 2977, 1558, 1417, 1143, 1048, 

851, 701; HRMS (ESI+) Calcd for C14H20BBrO3SNa+ ([M+Na]+) 381.0302, Found 

381.0284. 

 

2-(4-Chloro-2-((methylthio)methoxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (12e). 

L9: A mixture of ortho- and meta-borylated products (144 mg, 92% yield, 

ortho / meta + para = >30); ortho-borylated product 12e was obtained by 

further purification of the crude mixture by GPC (130 mg, 83% yield), 

colorless oil; 1H NMR (400 MHz, CDCl3) d 1.33 (s, 12H), 2.27 (s, 3H), 5.15 

(s, 2H), 6.90 (s, 1H), 6.98 (d, J = 8.2 Hz, 1H), 7.61 (d, J = 8.2 Hz, 1H); 13C NMR (100 

MHz, CDCl3) d 14.2, 24.8, 73.0, 83.6, 115.0, 121.8, 137.7, 137.8, 162.2; IR (KBr, n/cm-

1) 2978, 1591, 1402, 1206, 1145, 1061, 996, 853, 652; HRMS (ESI+) Calcd for 

C14H20BClO3SNa+ ([M+Na]+) 337.0807, Found 337.0798. 
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2-(3-Chloro-5-((methylthio)methoxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (13e). 

dtbpy: A mixture of ortho- and meta-borylated products (133 mg, 85% 

yield, ortho / meta + para = 0.45); meta-isomer (13e) was obtained by 

further purification of the crude mixture by GPC (86 mg, 55% yield), 

colorless oil; 1H NMR (400 MHz, CDCl3) d 1.35 (s, 12H), 2.25 (s, 3H), 5.16 (s, 2H), 

7.06 (s, 1H), 7.26 (s, 1H), 7.44 (s, 1H); 13C NMR (100 MHz, CDCl3) d 14.5, 24.8, 72.4, 

84.2, 119.5, 119.6, 127.9, 134.5, 157.2; IR (KBr, n/cm-1) 2987, 1566, 1471, 1143, 1019, 

854, 701; HRMS (ESI+) Calcd for C14H20BClO3SNa+ ([M+Na]+) 337.0807, Found 

337.0801. 

 

2-(4-Methoxy-2-((methylthio)methoxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (12f). 

L9: A mixture of ortho- and meta-borylated products (115 mg, 74% yield, 

ortho / meta + para = >30); ortho-borylated product 12f was obtained by 

further purification of the crude mixture by GPC (110 mg, 71% yield), 

colorless oil; 1H NMR (400 MHz, CDCl3) d 1.32 (s, 12H), 2.27 (s, 3H), 3.79 

(s, 3H), 5.14 (s, 2H), 6.46-6.47 (m, 1H), 6.54 (d, J = 8.7 Hz, 1H), 7.65 (d, J = 8.7 Hz, 

1H); 13C NMR (100 MHz, CDCl3) d 14.3, 24.8, 55.3, 73.1, 83.1, 101.8, 106.5, 138.3, 

163.2, 163.4; IR (KBr, n/cm-1) 2976, 1604, 1351, 1146, 1035, 860, 659; HRMS (ESI+) 

Calcd for C15H23BNO4SNa+ ([M+Na]+) 333.1302, Found 333.1287. 

 

2-(3-Methoxy-5-((methylthio)methoxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (13f). 

dtbpy: A mixture of ortho- and meta-borylated products (85.0 mg, 55% 

yield, ortho / meta + para = 2.0); meta-isomer (13f) was obtained by 

further purification of the crude mixture by GPC (17.0 mg, 11% yield); 

colorless oil; 1H NMR (400 MHz, CDCl3) d 1.34 (s, 12H), 2.24 (s, 3H), 3.81 (s, 3H), 

5.14 (s, 2H), 6.63 (s, 1H), 6.98-6.99 (m, 2H); 13C NMR (100 MHz, CDCl3) d 14.6, 24.8, 

55.4, 72.3, 83.9, 106.3, 112.5, 113.6, 157.8, 160.3; IR (KBr, n/cm-1) 2977, 1586, 1371, 

1145, 1025, 966, 850, 704; HRMS (ESI+) Calcd for C15H23BNO4SNa+ ([M+Na]+) 

333.1302, Found 333.1289. 
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Trimethyl(3-((methylthio)methoxy)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)silane (12g). 

L9: A mixture of ortho- and meta-borylated products (141 mg, 80% yield, 

ortho / meta + para = >30); ortho-borylated product 12g was obtained by 

further purification of the crude mixture by GPC (122 mg, 69% yield), 

colorless solid; 1H NMR (400 MHz, CDCl3) d 0.26 (s, 9H), 1.34 (s, 12H), 

2.28 (s, 3H), 5.19 (s, 2H), 7.06 (s, 1H), 7.17 (d, J = 7.1 Hz, 1H), 7.69 (d, J = 7.1 Hz, 

1H); 13C NMR (100 MHz, CDCl3) d -1.30, 14.4, 24.8, 73.5, 83.4, 119.6, 126.7, 136.1, 

145.7, 161.1; IR (KBr, n/cm-1) 2977, 1396, 1202, 1144, 1055, 836; HRMS (ESI+) Calcd 

for C17H29BO3SSiNa+ ([M+Na]+) 375.1592, Found 375.1603. 

 

Trimethyl(3-((methylthio)methoxy)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)silane (13g). 

dtbpy: A mixture of ortho- and meta-borylated products (127 mg, 72% 

yield, ortho / meta + para = 1.0); meta-isomer (13g) was obtained by 

further purification of the crude mixture by GPC (50.0 mg, 28% yield); 

colorless oil; 1H NMR (400 MHz, CDCl3) d 0.27 (s, 9H), 1.33 (s, 12H), 

2.26 (s, 3H), 5.18 (s, 2H), 7.21 (s, 1H), 7.35 (s, 1H), 7.59 (s, 1H); 13C NMR (100 MHz, 

CDCl3) d -1.10, 14.6, 24.8, 72.2, 83.8, 121.0, 124.6, 133.1, 141.7, 156.0; IR (KBr, n/cm-

1) 2976, 1540, 1396, 1202, 1144, 1055, 836; HRMS (ESI+) Calcd for C17H29BO3SSiNa+ 

([M+Na]+) 375.1592, Found 375.1600. 

 

4,4,5,5-Tetramethyl-2-(2-((methylthio)methoxy)-4-(trifluoromethyl)phenyl)-1,3,2-

dioxaborolane (12h). 

L9: A mixture of ortho- and meta-borylated products (150 mg, 86% yield, 

ortho / meta + para = >30); ortho-borylated product 12h was obtained by 

further purification of the crude mixture by GPC (127 mg, 72% yield), 

colorless oil; 1H NMR (400 MHz, CDCl3) d 1.34 (s, 12H), 2.27 (s, 3H), 5.19 

(s, 2H), 7.11 (s, 1H), 7.24 (d, J = 7.8 Hz, 1H), 7.77 (d, J = 7.8 Hz, 1H); 13C NMR (100 

MHz, CDCl3) d 14.3, 24.8, 73.1, 83.9, 110.8 (q, J = 3.8 Hz), 118.0 (q, J = 3.8 Hz), 123.8 

(q, J = 276 Hz), 133.6 (q, J = 33 Hz), 137.2, 161.5; IR (KBr, n/cm-1) 2980, 1595, 1387, 
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1130, 1019, 857, 743, 685; HRMS (ESI+) Calcd for C15H20BF3O3SNa+ ([M+Na]+) 

371.1071, Found 371.1075. 

 

4,4,5,5-Tetramethyl-2-(3-((methylthio)methoxy)-5-(trifluoromethyl)phenyl)-1,3,2-

dioxaborolane (13h). 

dtbpy: A mixture of ortho- and meta-borylated products (143 mg, 82% 

yield, ortho / meta + para = 0.65); meta-isomer (13h) was obtained by 

further purification of the crude mixture by GPC (81.0 mg, 46% yield), 

colorless oil; 1H NMR (400 MHz, CDCl3) d 1.34 (s, 12H), 2.24 (s, 3H), 

5.19 (s, 2H), 7.26 (s, 1H), 7.51 (s, 1H), 7.69 (s, 1H); 13C NMR (100 MHz, CDCl3) d 

14.5, 24.8, 72.4, 84.3, 115.9 (q, J = 4.3 Hz), 123.9 (q, J = 276 Hz), 124.4 (q, J = 3.8 

Hz), 131.6 (q, J = 33 Hz), 156.6, 161.5; IR (KBr, n/cm-1) 2980, 1617, 1507, 1387, 1127, 

1019, 857, 706, 685; HRMS (ESI+) Calcd for C15H20BF3O3SNa+ ([M+Na]+) 371.1071, 

Found 371.1078. 

 

3-((Methylthio)methoxy)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzonitrile (12i). 

L9: A mixture of ortho- and meta-borylated products (109 mg, 71% yield, 

ortho / meta + para = >30); ortho-borylated product 12i was obtained by 

further purification of the crude mixture by GPC (95.0 mg, 62% yield), 

colorless oil; 1H NMR (400 MHz, CDCl3) d 1.34 (s, 12H), 2.26 (s, 3H), 5.18 (s, 2H), 

7.14 (s, 1H), 7.28 (d, J = 7.6 Hz, 1H), 7.74 (d, J = 7.6 Hz, 1H); 13C NMR (100 MHz, 

CDCl3) d 14.2, 24.8, 73.0, 84.2, 115.1, 117.2, 118.7, 125.0, 137.2, 161.1; IR (KBr, n/cm-

1) 2980, 2229, 1583, 1371, 1135, 1036, 847, 698, 620; HRMS (ESI+) Calcd for 

C15H20BNO3SNa+ ([M+Na]+) 328.1149, Found 328.1142. 

 

3-((Methylthio)methoxy)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzonitrile (13i). 

dtbpy: A mixture of ortho- and meta-borylated products (130 mg, 85% 

yield, ortho / meta + para = 0.35); meta-isomer (13i) was obtained by 

further purification of the crude mixture by GPC (92.0 mg, 60% yield), 

colorless solid; 1H NMR (400 MHz, CDCl3) d 1.32 (s, 12H), 2.22 (s, 3H), 5.16 (s, 2H), 

O S

CF3

pinB

O S
Bpin

CN

O S

CN

pinB



90 

7.26 (s, 1H), 7.55 (s, 1H), 7.70 (s, 1H); 13C NMR (100 MHz, CDCl3) d 14.4, 24.7, 72.4, 

84.4, 122.8, 118.4, 121.7, 126.1, 131.4, 156.3; IR (KBr, n/cm-1) 2978, 2229, 1583, 1378, 

1139, 1040, 847, 697, 620; HRMS (ESI+) Calcd for C15H20BNO3SNa+ ([M+Na]+) 

328.1149, Found 328.1158. 

 

Methyl 3-((methylthio)methoxy)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzoate (12j). 

L9: A mixture of ortho- and meta-borylated products (154 mg, 91% yield, ortho 

/ meta + para = >30); ortho-borylated product 12j was obtained by further 

purification of the crude mixture by GPC (142 mg, 84% yield), colorless oil; 1H 

NMR (400 MHz, CDCl3) d 1.34 (s, 12H), 2.26 (s, 3H), 3.90 (s, 3H), 5.21 (s, 

2H), 7.54 (s, 1H), 7.64 (d, J = 7.8 Hz, 1H), 7.72 (d, J = 7.8 Hz, 1H); 13C NMR (100 

MHz, CDCl3) d 14.2, 24.8, 52.2, 72.7, 83.8, 114.5, 122.4, 133.3, 136.5, 161.3, 166.7; IR 

(KBr, n/cm-1) 3446, 2979, 1716, 1559, 1418, 668; HRMS (ESI+) Calcd for 

C16H23BO5SNa+ ([M+Na]+) 361.1251, Found 361.1265. 

 

Methyl 3-((methylthio)methoxy)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzoate (13j). 

dtbpy: A mixture of ortho- and meta-borylated products (88.0 mg, 52% 

yield, ortho / meta + para = 1.8); meta-isomer (13j) was obtained by 

further purification of the crude mixture by GPC (19.0 mg, 11% yield), 

colorless solid; 1H NMR (400 MHz, CDCl3) d 1.34 (s, 12H), 2.24 (s, 3H), 3.91 (s, 3H), 

5.20 (s, 2H), 7.56 (s, 1H), 7.70 (s, 1H), 8.11 (s, 1H); 13C NMR (100 MHz, CDCl3) d 

14.5, 24.8, 52.1, 72.4, 84.2, 119.6, 126.5, 129.2, 131.0, 156.5, 166.8; IR (KBr, n/cm-1) 

3446, 2979, 1717, 1559, 1417, 1143, 853, 668; HRMS (ESI+) Calcd for C16H23BO5SNa+ 

([M+Na]+) 361.1251, Found 361.1265. 
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2,2'-(2-((Methylthio)methoxy)-1,4-phenylene)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) (12k). 

L9: A mixture of ortho- and meta-borylated products (148 mg, 73% yield, 

ortho / meta + para = >30); ortho-borylated product 12k was obtained by 

further purification of the crude mixture by GPC (137 mg, 68% yield), 

colorless solid; 1H NMR (400 MHz, CDCl3) d 1.34 (s, 12H), 1.35 (s, 12H), 

2.28 (s, 3H), 5.21 (s, 2H), 7.31 (s, 1H), 7.43 (d, J = 7.3 Hz, 1H), 7.68 (d, J = 7.3 Hz, 

1H); 13C NMR (100 MHz, CDCl3) d 14.3, 24.8, 72.9, 83.5, 83.9, 119.8, 127.9, 136.1, 

161.1; IR (KBr, n/cm-1) 2977, 1390, 1141, 1033, 966, 847, 712; HRMS (ESI+) Calcd for 

C20H32B2O5SNa+ ([M+Na]+) 429.2049, Found 429.2029. 

 

2,2'-(5-((Methylthio)methoxy)-1,3-phenylene)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) (13k). 

dtbpy: A mixture of ortho- and meta-borylated products (168 mg, 83% 

yield, ortho / meta + para = 0.3); meta-isomer (13k) was obtained by 

further purification of the crude mixture by GPC (116 mg, 57% yield); 

colorless solid; 1H NMR (400 MHz, CDCl3) d 1.33 (s, 24H), 2.23 (s, 3H), 

5.18 (s, 2H), 7.47 (s, 2H), 7.92 (s, 1H); 13C NMR (100 MHz, CDCl3) d 14.4, 24.8, 72.1, 

83.8, 124.8, 134.7, 156.0; IR (KBr, n/cm-1) 2977, 1316, 1142, 1033, 966, 847, 712; 

HRMS (ESI+) Calcd for C20H32B2O5SNa+ ([M+Na]+) 429.2049, Found 429.2033. 

 

1-(3-((Methylthio)methoxy)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)ethan-1-one (12l). 

L9: A mixture of ortho- and meta-borylated products (143 mg, 89% yield, 

ortho / meta + para = >30); ortho-borylated product 12l was obtained by 

further purification of the crude mixture by GPC (125 mg, 78% yield), 

yellow oil; 1H NMR (400 MHz, CDCl3) d 1.34 (s, 12H), 2.25 (s, 3H), 2.58 

(s, 3H), 5.21 (s, 2H), 7.46 (s, 1H), 7.52 (d, J = 7.8 Hz, 1H), 7.73 (d, J = 7.8 Hz, 1H); 13C 

NMR (100 MHz, CDCl3) d 14.2, 24.7, 26.7, 72.7, 83.8, 112.6, 121.6, 136.7, 140.0, 

161.5, 197.9; IR (KBr, n/cm-1) 3434, 2987, 1685, 1559, 1407, 1052, 853, 749, 663; 

HRMS (ESI+) Calcd for C16H23BO4SNa+ ([M+Na]+) 345.1302, Found 345.1294. 
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1-(3-((Methylthio)methoxy)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)ethan-1-one (13l). 

dtbpy: A mixture of ortho- and meta-borylated products (129 mg, 80% 

yield, ortho / meta + para = 2.1); meta-isomer (13l) was obtained by 

further purification of the crude mixture by GPC (31.0 mg, 19% yield), 

colorless solid; 1H NMR (400 MHz, CDCl3) d 1.35 (s, 12H), 2.24 (s, 3H), 

2.63 (s, 3H), 5.21 (s, 2H), 7.57 (s, 1H), 7.63 (s, 1H), 7.99 (s, 1H); 13C NMR (100 MHz, 

CDCl3) d 14.5, 24.8, 26.9, 72.3, 84.2, 117.6, 126.9, 128.4, 138.0, 156.8, 198.0; IR (KBr, 

n/cm-1) 3435, 2978, 1685, 1559, 1407, 1143, 853, 749, 664; HRMS (ESI+) Calcd for 

C16H23BO4SNa+ ([M+Na]+) 345.1302, Found 345.1311. 

 

N-((Methythio)methyl)-N-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)acetamide (12m). 

L9: A mixture of ortho-, meta-, and para-borylated products (129 mg, 80% 

yield, ortho / meta + para = >30); ortho-borylated product 12m was obtained 

by further purification  of the crude mixture by GPC (125 mg, 78% yield), 

yellow oil; 1H NMR (400 MHz, CDCl3) d 1.29 (s, 6H), 1.31(s, 6H) 1.76 (s, 3H), 2.17 (s, 

3H), 4.12 (d, J = 14.2 Hz, 1H), 5.44 (d, J = 14.2 Hz, 1H), 7.27 (d, J = 7.8 Hz, 1H), 7.37 

(dd, J = 7.8, 6.8 Hz, 1H), 7.50 (dd, J = 8.2, 7.8 Hz, 1H), 7.86 (d, J = 7.3 Hz, 1H); 13C 

NMR (100 MHz, CDCl3) d 15.6, 22.7, 24.5, 24.9, 53.2, 84.0, 127.9, 129.9, 132.2, 137.0, 

146.9, 170.7; IR (KBr, n/cm-1) 3734, 3648, 2975, 1652, 1396, 859, 660; HRMS (ESI+) 

Calcd for C16H24BNO3SNa+ ([M+Na]+) 344.1462, Found 344.1479. 

 

N-((Methylthio)methyl)-N-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl 

acetamide (13m+13m′). 

dtbpy: A mixture of ortho-, meta-, and para-borylated products (109 mg, 

68% yield, ortho / meta + para = 0.5); A mixture of meta- and para-

isomers (13m+13m′) was obtained by further purification by GPC (58.0 

mg, 36% yield); yellow solid; meta-isomer: 1H NMR (400 MHz, CDCl3) 

d 1.34 (s, 12H), 1.84 (s, 3H), 2.14 (s, 3H), 4.83 (s, 2H), 7.33 (d, J = 6.9 

Hz, 1H), 7.41 (dd, J = 7.8, 7.8 Hz, 1H), 7.63 (s, 1H), 7.79 (d, J = 7.8 Hz, 1H); 13C NMR 

(100 MHz, CDCl3) d 15.3, 22.7, 24.8, 52.5, 84.1, 129.0, 131.5, 134.0, 134.6, 141.4, 
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170.7; para-isomer: 1H NMR (400 MHz, CDCl3) d 1.34 (s, 12H), 1.86 (s, 3H), 2.13 (s, 

3H), 4.83 (s, 2H), 7.24 (d, J = 8.3 Hz, 2H), 7.86 (d, J = 8.3 Hz, 2H); 13C NMR (100 

MHz, CDCl3) d 15.4, 22.7, 24.8, 52.5, 84.1, 127.6, 136.2, 144.4, 170.5; IR (KBr, n/cm-

1) 3648, 2979, 1669, 1576, 1428, 1252, 1143, 963, 867, 755, 708; HRMS (ESI+) Calcd 

for C16H24BNO3SNa+ ([M+Na]+) 344.1462, Found 344.1479. 

 

N-(5-Bromo-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-N-

((methylthio)methyl)acetamide (12n). 

L9: A mixture of ortho- and meta-borylated products (181 mg, 91% yield, 

ortho / meta + para = >30); ortho-borylated product 12n was obtained by 

further purification of the crude mixture by GPC (166 mg, 83% yield); 

yellow oil; 1H NMR (400 MHz, CDCl3) d 1.28 (s, 6H), 1.30 (s, 6H), 1.77 (s, 

3H), 2.18 (s, 3H), 4.12 (d, J = 11.4 Hz, 1H), 5.38 (d, J = 11.4 Hz, 1H), 7.46 (m, 1H), 

7.52-7.54 (m, 1H), 7.72 (d, J = 6.4 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 15.8, 22.7, 

24.5, 24.9, 53.1, 84.3, 126.0, 131.3, 133.0, 138.2, 148.1, 170.1; IR (KBr, n/cm-1) 2977, 

1669, 1582, 1418, 1143, 963, 849, 766, 706; HRMS (ESI+) Calcd for 

C16H23BBrNO3SNa+ ([M+Na]+) 422.0567, Found 422.0559. 

 

N-(3-Bromo-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-N-

((methylthio)methyl)acetamide (13n). 

dtbpy: A mixture of ortho- and meta-borylated products (158 mg, 79% 

yield, ortho / meta + para = 0.3); meta-isomer (13n) was obtained by 

further purification  of the crude mixture by GPC (112 mg, 56% yield); 

colorless oil; 1H NMR (400 MHz, CDCl3) d 1.33 (s, 12H), 1.85 (s, 3H), 2.16 (s, 3H), 

4.80 (s, 2H), 7.50 (s, 1H), 7.56 (s, 1H), 7.93 (s, 1H); 13C NMR (100 MHz, CDCl3) d 

15.4, 22.7, 24.8, 52.5, 84.5, 122.6, 132.7, 134.3, 137.4, 142.6, 170.3; IR (KBr, n/cm-1) 

2977, 1669, 1418, 1143, 962, 849, 706; HRMS (ESI+) Calcd for C16H23BBrNO3SNa+ 

([M+Na]+) 422.0567, Found 422.0543. 
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N-(5-Ethyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-N-

((methylthio)methyl)acetamide (12o). 

L9: A mixture of ortho- and meta-borylated products (114 mg, 65% yield, 

ortho / meta + para = >30); ortho-borylated product 12o was obtained by 

further purification of the crude mixture by GPC (94.0 mg, 54% yield); 

yellow oil; 1H NMR (400 MHz, CDCl3) d 1.22 (t, J = 7.8 Hz, 3H), 1.27 (s, 

6H), 1.28 (s, 6H), 1.75 (s, 3H), 2.16 (s, 3H), 2.65 (q, J = 7.8 Hz, 2H), 4.11 (d, J = 14.2 

Hz, 1H), 5.39 (d, J = 14.2 Hz, 1H), 7.09 (s, 1H), 7.20 (d, J = 7.8 Hz, 1H), 7.76 (d, J = 

7.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 15.2, 15.7, 22.6, 24.5, 24.8, 28.7, 53.2, 

83.7, 127.3, 129.2, 137.0, 147.1, 149.1, 170.6; IR (KBr, n/cm-1) 2973, 1667, 1352, 1136, 

964, 855, 740, 659; HRMS (ESI+) Calcd for C18H28BNO3SNa+ ([M+Na]+) 372.1775, 

Found 372.1773. 

 

N-(3-Ethyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-N-

((methylthio)methyl)acetamide (13o). 

dtbpy: A mixture of ortho- and meta-borylated products (140 mg, 80% 

yield, ortho / meta + para = 0.5); meta-isomer (13o) was obtained by 

further purification of the crude mixture by GPC (88.0 mg, 50% yield); 

colorless solid; 1H NMR (400 MHz, CDCl3) d 1.23 (t, J = 7.8 Hz, 3H), 

1.35 (s, 12H), 1.86 (s, 3H), 2.16 (s, 3H), 2.65 (q, J = 7.8 Hz, 2H), 4.83 (s, 2H), 7.17 (s, 

1H), 7.46 (s, 1H), 7.65 (s, 1H); 13C NMR (100 MHz, CDCl3) d 15.5, 15.6, 22.7, 24.8, 

28.5, 52.5, 84.1, 130.9, 131.3, 134.2, 141.6, 145.4, 170.8; IR (KBr, n/cm-1) 2972, 1667, 

1352, 1262, 1137, 1094, 964, 855, 740, 658; HRMS (ESI+) Calcd for C18H28BNO3SNa+ 

([M+Na]+) 372.1775, Found 372.1793. 

 

N-(5-Methoxy-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-N-

((methylthio)methyl) acetamide (12p). 

L9: A mixture of ortho- and meta-borylated products (128 mg, 73% yield, 

ortho / meta + para = >30); ortho-borylated product 12p was obtained by 

further purification	of the crude mixture by GPC (120 mg, 68% yield); yellow 

oil; 1H NMR (400 MHz, CDCl3) d 1.26 (s, 6H), 1.28 (s, 6H) 1.78 (s, 3H), 2.17 

(s, 3H), 3.84 (s, 3H), 4.07 (d, J = 14.2 Hz, 1H), 5.42 (d, J = 14.2 Hz, 1H), 6.81-6.82 (m, 
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1H), 6.89 (d, J = 8.5 Hz, 1H), 7.79 (d, J = 8.5 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 

15.7, 22.5, 24.5, 24.9, 53.1, 55.4, 83.7, 113.0, 116.0, 138.5, 148.8, 162.7, 170.5; IR 

(KBr, n/cm-1) 3565, 2976, 1559, 1418, 1028, 963, 857, 739, 660; HRMS (ESI+) Calcd 

for C17H26BNO4SNa+ ([M+Na]+) 374.1568, Found 374.1576. 

 

N-(3-Methoxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-N-

((methylthio)methyl)acetamide (13p). 

dtbpy: A mixture of ortho- and meta-borylated products (121 mg, 69% 

yield, ortho / meta + para = 0.7); meta-isomer (13p) was obtained by 

further purification of the crude mixture by GPC (60.0 mg, 34% yield); 

colorless solid; 1H NMR (400 MHz, CDCl3) d 1.34 (s, 12H), 1.88 (s, 

3H), 2.16 (s, 3H), 3.85 (s, 3H), 4.82 (s, 2H), 6.90 (s, 1H), 7.23 (s, 1H), 7.32 (s, 1H); 13C 

NMR (100 MHz, CDCl3) d 15.4, 22.7, 24.8, 52.4, 55.5, 84.2, 118.3, 118.4, 126.3, 142.6, 

159.9, 170.7; IR (KBr, n/cm-1) 3565, 2976, 1559, 1418, 1028, 963, 857, 739, 668; 

HRMS (ESI+) Calcd for C17H26BNO4SNa+ ([M+Na]+) 374.1568, Found 374.1572. 

 

N-((Methylthio)methyl)-N-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-5-

(trifluoromethyl)phenyl)acetamide (12q). 

L9: A mixture of ortho- and meta-borylated products (163 mg, 84% yield, 

ortho / meta + para = >30); ortho-borylated product 12q was obtained by 

further purification of the crude mixture by GPC (160 mg, 82% yield); 

colorless oil; 1H NMR (400 MHz, CDCl3) d 1.30 (s, 6H), 1.32 (s, 6H), 1.76 

(s, 3H), 2.18 (s, 3H), 4.16 (d, J = 14.2 Hz, 1H), 5.39 (d, J = 14.2 Hz, 1H), 7.53 (s, 1H), 

7.64 (d, J = 7.8 Hz, 1H), 7.99 (d, J = 7.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 15.6, 

22.8, 24.5, 24.8, 53.1, 84.5, 123.3 (q, J = 276 Hz), 124.4 (q, J = 3.8 Hz), 126.5 (q, J = 

3.8 Hz), 133.6 (q, J = 33.4 Hz), 137.6, 147.3, 170.2; IR (KBr, n/cm-1) 3648, 2980, 1682, 

1507, 1418, 847, 687; HRMS (ESI+) Calcd for C17H23BF3NO3SNa+ ([M+Na]+) 

412.1336, Found 412.1325. 
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N-((Methylthio)methyl)-N-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-5-

(trifluoromethyl)phenyl)acetamide (13q). 

dtbpy: A mixture of ortho- and meta-borylated products (140 mg, 72% 

yield, ortho	/ meta + para = 0.9); meta-isomer (13q) was obtained by 

further purification of the crude mixture by GPC (51.0 mg, 26% yield); 

colorless solid; 1H NMR (400 MHz, CDCl3) d 1.35 (s, 12H), 1.85 (s, 

3H), 2.16 (s, 3H), 4.84 (s, 2H), 7.59 (s, 1H), 7.82 (s, 1H), 8.01 (s, 1H); 13C NMR (100 

MHz, CDCl3) d 15.3, 22.7, 24.4, 52.5, 84.7, 123.3 (q, J = 280 Hz), 128.1, 131.3, 131.5 

(q, J = 33.3 Hz), 137.6, 141.8, 170.2; IR (KBr, n/cm-1) 3502, 2980, 1682, 1418, 964, 

847, 711, 687, 623; HRMS (ESI+) Calcd for C17H23BF3NO3SNa+ ([M+Na]+) 412.1336, 

Found 412.1331. 

 

Methyl-3-(N-((methylthio)methyl)acetamido)-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)benzoate (12r). 

L9: A mixture of ortho- and meta-borylated products (165 mg, 87% yield, 

ortho / meta + para = >30); ortho-borylated product 12r was obtained by 

further purification of the crude mixture by GPC (142 mg, 75% yield); 

colorless oil; 1H NMR (400 MHz, CDCl3) d 1.31 (s, 6H), 1.33 (s, 6H), 1.77 

(s, 3H), 2.18 (s, 3H), 3.95 (s, 3H), 4.21 (d, J = 14.2 Hz, 1H), 5.37 (d, J = 14.2 Hz, 1H), 

7.90 (s, 1H), 7.93 (d, J = 7.8 Hz, 1H), 8.03 (d, J = 7.8 Hz, 1H); 13C NMR (100 MHz, 

CDCl3) d 15.7, 22.8, 24.5, 24.9, 52.5, 53.1, 84.4, 128.6, 130.6, 133.7, 137.0, 146.9, 

166.1, 170.4; IR (KBr, n/cm-1) 3445, 2980, 1716, 1557, 1456, 850, 705, 631; HRMS 

(ESI+) Calcd for C18H26BNO5SNa+ ([M+Na]+) 402.1517, Found 402.1505. 

 

Methyl-3-(N-((methylthio)methyl)acetamido)-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)benzoate (13r). 

dtbpy: A mixture of ortho- and meta-borylated products (148 mg, 78% 

yield, ortho / meta + para = 0.9); meta-isomer (13r) was obtained by 

further purification	 of the crude mixture by GPC (56.0 mg, 30% yield); 

colorless oil; 1H NMR (400 MHz, CDCl3) d 1.33 (s, 12H), 1.82 (s, 3H), 

2.14 (s, 3H), 3.91 (s, 3H), 4.82 (s, 2H), 7.80 (s, 1H), 7.96 (s, 1H), 8.43 (s, 1H); 13C 

NMR (100 MHz, CDCl3) d 15.2, 22.7, 24.7, 52.3, 53.0, 84.3, 131.2, 132.2, 135.5, 138.5, 
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141.5, 166.0, 170.3; IR (KBr, n/cm-1) 3445, 2978, 1716, 1456, 850, 772, 705, 632; 

HRMS (ESI+) Calcd for C18H26BNO5SNa+ ([M+Na]+) 402.1517, Found 402.1514. 

 

N-(5-Chloro-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-N-

((methylthio)methyl)acetamide (12s). 

Ligand 3a: A mixture of ortho- and meta-borylated products (115 mg, 65% 

yield, ortho / meta + para = >30); ortho-borylated product 12s was obtained 

by further purification	 of the crude mixture by GPC (106 mg, 60% yield); 

colorless oil; 1H NMR (400 MHz, CDCl3) d 1.28 (s, 6H), 1.29 (s, 6H), 1.77 (s, 

3H), 2.17 (s, 3H), 4.11 (d, J = 14.2 Hz, 1H), 5.39 (d, J = 14.2 Hz, 1H), 7.29-7.30 (m, 

1H), 7.36 (d, J = 8.3 Hz, 1H), 7.79 (d, J = 8.3 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 

15.6, 22.7, 24.5, 24.9, 53.1, 84.2, 128.2, 130.1, 137.8, 138.0, 148.0, 170.2; IR (KBr, 

n/cm-1) 2977, 1682, 1557, 1418, 850, 669; HRMS (ESI+) Calcd for C16H23BClNO3SNa+ 

([M+Na]+) 378.1072, Found 378.1057. 

 

N-(3-Chloro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-N-

((methylthio)methyl)acetamide (13s). 

dtbpy: A mixture of ortho- and meta-borylated products (124 mg, 70% 

yield, ortho / meta + para = 0.9); meta-isomer (13s) was obtained by 

further purification of the crude mixture by GPC (98.0 mg, 55% yield); 

colorless oil; 1H NMR (400 MHz, CDCl3) d 1.35 (s, 12H), 1.87 (s, 3H), 

2.17 (s, 3H), 4.82 (s, 2H), 7.36 (s, 1H), 7.53 (s, 1H), 7.79 (s, 1H); 13C NMR (100 MHz, 

CDCl3) d 15.4, 22.8, 24.8, 52.4, 84.5, 131.5, 132.3, 134.6, 134.7, 142.5, 170.4; IR (KBr, 

n/cm-1) 3648, 2977, 1682, 1557, 1418, 1095, 850, 669; HRMS (ESI+) Calcd for 

C16H23BClNO3SNa+ ([M+Na]+) 378.1072, Found 378.1070. 

 

N-(5-Cyano-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-N-

((methylthio)methyl)acetamide (12t). 

L9: A mixture of ortho- and meta-borylated products (184 mg, 78% yield, 

ortho / meta + para = >30); ortho-borylated product 12t was obtained by 

further purification of the crude mixture by GPC (159 mg, 67% yield); 

colorless oil; 1H NMR (400 MHz, CDCl3) d 1.29 (s, 6H), 1.33 (s, 6H), 1.36 (s, 
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6H), 1.37 (s, 6H), 1.80 (s, 3H), 1.99 (s, 3H), 4.23 (d, J = 14.2 Hz, 1H), 5.28 (d, J = 14.2 

Hz, 1H), 7.65 (d, J = 7.8 Hz, 1H), 7.99 (d, J = 7.8 Hz, 1H); 13C NMR (100 MHz, 

CDCl3) d 17.4, 23.0, 24.2, 24.7, 24.8, 25.3, 54.2, 84.5, 85.4, 118.0, 119.8, 131.4, 138.1, 

150.2, 170.3; IR (KBr, n/cm-1) 2977, 2227, 1668, 1329, 1132, 962, 843, 663, 607; 

HRMS (ESI+) Calcd for C23H34B2N2O5SNa+ ([M+Na]+) 495.2267, Found 495.2267. 

 

N-(3-Cyano-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-N-

((methylthio)methyl)acetamide (13t). 

dtbpy: A mixture of ortho- and meta-borylated products (114 mg, 66% 

yield, ortho / meta + para = 0.9); meta-isomer (13t) was obtained by 

further purification	of the crude mixture by GPC (48.0 mg, 28% yield); 

colorless solid; 1H NMR (400 MHz, CDCl3) d 1.35 (s, 12H), 1.86 (s, 3H), 2.18 (s, 3H), 

4.83 (s, 2H), 7.64 (s, 1H), 7.86 (s, 1H), 8.10 (s, 1H); 13C NMR (100 MHz, CDCl3) d 

15.2, 22.8, 25.0, 52.4, 84.9, 113.5, 117.6, 134.6, 138.2, 138.6, 142.0, 170.1; IR (KBr, 

n/cm-1) 3446, 2980, 2226, 1666, 1543, 1313, 1132, 965, 844, 667; HRMS (ESI+) Calcd 

for C17H23BN2O3SNa+ ([M+Na]+) 369.1415, Found 369.1425 

 

Preparation of a modulator for calcium receptor. 

 

 

 

 

 

 

 

 

 

 

Synthesis of compound 12s. 

  A mixture of 4-((methylthio)methoxy)benzaldehyde (0.500 g, 2.75 mmol), B2pin2 

(0.350 g, 1.38 mmol), [Ir(OMe)(cod)]2 (54.7 mg, 0.0825 mmol, 3.0 mol%), L9 (49.5 

mg, 0.165 mmol, 6.0 mol%), and p-xylene (4.5 mL) were added into a 20 mL sealed 
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tube and stirred at 80 oC for 24 h. The reaction mixture was concentrated under vacuum 

and extracted with ethyl acetate (20 mL) two times. Then, the organic layer was 

removed in vacu. The crude product was purified by chromatography on silica gel 

(hexane/ethyl acetate = 20/1) to give colorless oily product. Yield: 78%; yellow oil; 1H 

NMR (400 MHz, CDCl3) d 1.36 (s, 12H), 2.29 (s, 3H), 5.25 (s, 2H), 6.99 (d, J = 8.7 Hz, 

1H), 7.94 (d, J = 8.7 Hz, 1H), 8.22 (s, 1H), 9.92 (s, 1H); 13C NMR (100 MHz, CDCl3) 

d 14.2, 24.8, 72.2, 83.9, 113.3, 130.1, 133.5, 140.0, 166.2, 191.0; IR (KBr, n / cm-1) 

3399, 2979, 1684, 1577, 1375, 850, 668; HRMS (ESI+) Calcd for C15H21BO4SNa+ 

([M+Na]+) 331.1146, Found 331.1131. 

 

Synthesis of compound 14. 

  ortho-borylated compound 12s (0.750 g, 2.44 mmol), 5-bromo-1-methyl-1H-indole 

(0.510 g, 2.44 mmol), Pd(PPh3)4 (423 mg, 0.366 mmol), and sodium carbonate (1.30 g, 

12.2 mmol) were added in a 50 ml flask equipped with reflux condenser. The mixed 

solvents of 1,4-dioxane (8.0 mL), EtOH (5.0 mL), and water (5.0 mL) were added and 

the mixture was refluxed for 4 h. The reaction was cooled to room temperature and 

concentrated under vacuum. The mixture was extracted with EtOAc (20 mL), dried over 

anhydrous Na2SO4, and filtered. Then, the solvent was removed under vacuum and 

purified by column chromatography on silica gel to give a brown oil. Yield: 85%; 1H 

NMR (400 MHz, CDCl3) d 2.14 (s, 3H), 3.83 (s, 3H), 5.20 (s, 2H), 6.52 (s, 1H), 7.09-

7.10 (m, 1H), 7.16 (d, J = 7.8 Hz, 1H), 7.37-7.39 (m, 2H), 7.74-7.76 (m, 1H), 7.83 (d, J 

= 6.8 Hz, 1H), 7.90-7.95 (m, 1H), 9.96 (s, 1H); 13C NMR (100 MHz, CDCl3) d 14.7, 

32.9, 72.9, 101.3, 108.8, 114.3, 121.8, 123.2, 128.2, 128.4, 129.4, 129.8, 130.7, 133.3, 

134.2, 136.1, 159.0, 191.2; IR (KBr, n / cm-1) 3648, 1698, 1598, 1507, 1215, 1159, 985; 

HRMS (ESI+) Calcd for C18H17NO2SNa+ ([M+Na]+) 334.0872, Found 334.0878. 

 

Synthesis of modulator of calcium receptor 15. 

  In a 50 ml round bottom flask, compound 14 (1.20 g, 4.53 mmol), (R)-1-phenylethan-

1-amine (0.548 g, 4.53 mmol), p-TsOH (3.89 mg, 0.0226 mmol) were dissolved in 

anhydrous CH2Cl2 (25 mL), then some amount of MgSO4 was added in the mixture. The 

reaction was stirred at 50 °C for 12 h. The precipitates were filtered, and the organic 

layer was concentrated in vacuo to give imine intermediate.  
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  Anhydrous THF (20 mL) was used to dissolve the imine intermediate and the mixture 

was cooled to 0 oC. BH3 in THF (9.06 ml, 1.0 mol/L, 2.0 equiv) was slowly dropped 

into the mixture. The mixture was stirred at 0 °C for 12 h. Then, the reaction mixture 

was concentrated in vacuo and the mixture was extracted with CH2Cl2 (15 mL). The 

organic solvent was removed in vacuo to give a crude product, which was purified by 

column chromatography on silica gel (hexane/ethyl acetate = 3 : 1) to give 15 as a 

brown oil. Yield: (1.42 g, 85%); 1H NMR (400 MHz, acetone-d6) d 1.30 (d, J = 5.0 Hz, 

3H), 3.53 (d, J = 10.5 Hz, 1H), 3.60 (d, J = 10.5 Hz, 3H), 3.76 (s, 3H), 3.82-3.84 (m, 

1H), 3.85 (s, 3H), 6.44-6.45 (m, 1H), 6.99 (d, J = 6.9 Hz, 1H), 7.19-7.23 (m, 3H), 7.29-

7.34 (m, 4H), 7.38-7.42 (m, 3H), 7.67 (s, 1H), 8.01 (s, 1H); 13C NMR (100 MHz, 

CDCl3) d 24.4, 32.6, 51.0, 55.5, 57.3, 101.3, 108.4, 111.0, 121.6, 123.4, 126.6, 126.7, 

127.3, 128.2, 128.3, 128.9, 129.5, 131.1, 131.8, 132.7, 135.7, 145.5, 155.5; IR (KBr, n / 

cm-1) 2958, 1733, 1604, 1487, 1244, 1026, 883, 757; HRMS (ESI+) Calcd for 

C25H26N2ONa+ ([M+Na]+) 393.1937, Found 393.1938. 

 

Deprotection reaction 

 

 

 

 

The ortho-borylated product 12a (0.50 g, 1.79 mmol) and I2 (0.45g, 2.0 equiv) was 

dissolved in MeOH and the reaction proceeded at 55 oC for 12 h. Deprotection product 

16 was obtained in 83% yield. colorless oil; 1H NMR (400 MHz, CDCl3) d 1.37 (s, 

12H), 6.87-6.90 (m, 2H), 7.36 (t, J = 7.3, 8.7 Hz, 1H), 7.60 (d, J = 7.7 Hz, 1H), 7.81 (s, 

1H); 13C NMR (100 MHz, CDCl3) d 24.8, 84.4, 115.4, 119.5, 133.8, 135.7, 163.6. 
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Synthesis of control ligands L10 and L11 . 
 

 

 

 

 

 

 

Into a 30 mL two-necked flask quipped with a reflux condenser, substituted pyridine 

(1.00 g, 4.29 mmol), 4,4,5,5-tetramethyl-2-(4-trifluoromethyl)phenyl-1,3,2-

dioxaborolane (1.12 g, 4.29 mmol, 1.0 equiv.), Pd(PPh3)4 (745 mg, 0.640 mmol), and 

sodium carbonate (2.30 g, 21.5 mmol) were added. After addition of 1,4-dioxane (20 

mL), EtOH (12 mL), and water (12 mL), the mixture was refluxed for 4 h. The reaction 

was cooled to room temperature and extracted with EtOAc (20 mL) two times. The 

organic phase was separated and washed with H2O (30 mL), and dried over anhydrous 

Na2SO4. The mixture was filtered, and the solvent was removed under vacuum, and the 

mixture purified by column chromatography on silica gel. ligand L10: 1H NMR (400 

MHz, CDCl3) d 7.25-7.27 (m, 1H), 7.71-7.79 (m, 8H), 8.10 (d, J = 8.7, 2H), 8.72-8.74 

(m, 1H); 13C NMR (100 MHz, CDCl3) d 120.5, 121.5 (q, J = 283 Hz)122.4, 125.7 (q, J 

= 38.2 Hz), 127.3, 127.5, 127.6, 129.1 (q, J = 31.5 Hz), 136.8, 139.2, 140.1, 144.0, 

149.8, 156.7; L11: 1H NMR (400 MHz, CDCl3) d 7.45-7.47 (m, 3H), 7.51-7.53 (m, 4H), 

7.84 (d, J = 8.2 Hz, 1H), 7.96-7.98 (m, 1H), 8.05-8.07 (m, 2H), 8.93-8.95 (m, 1H); 13C 

NMR (100 MHz, CDCl3) d 120.5, 122.7, 125.5, 126.0 (q, J = 38.1 Hz), 126.9, 127.3, 

128.9, 129.3, 129.9 (q, J = 33.3 Hz), 133.5, 135.3, 139.9 (q, J = 254 Hz), 148.1, 157.1; 

IR (KBr, n/cm-1) 3648, 2979, 1669, 1576, 1428, 1252, 1143, 963, 867, 755, 708; HRMS 

(ESI+) Calcd for C16H24BNO3SNa+ ([M+Na]+) 344.1462, Found 344.1479. 
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