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Abstract: Boryl substitution of organohalides with a silylborane and alkoxy bases is described. This 

reaction can be applied to various functionalized aryl halides. Alkyl and alkenyl halides, and even 

sterically congested aryl bromides also provided the corresponding borylated products in high yields. 

Mechanistic studies indicated that neither trace transition-metal impurities nor aryl radical species 

involved in this reaction. (57 words) 

 

Introduction: Aryl boronate esters are regarded as essential building blocks due to their broad 

applicability to various C−X (X = C, N, O) bond-forming reactions and ease of handling [1–3]. 

Reactions of a carbon nucleophile such as an Grignard or lithium reagent with trialkylboronate esters 

are common methods for the preparation of organoboronates [1,3–6]. However, these reactions 

generally lack functional group compatibility because of the strong basicity and nucleophilicity of 

the organometallic reagents. Over the past two decades, transition-metal-catalyzed boryl substitution 

of aryl halides and C−H borylation with high functional group tolerance have been developed as 

complementary methods to the conventional procedures [7–15]. However, the high process cost of 

the catalysts and transition-metal impurities in the products often make them unsuitable for 

pharmaceutical production purpose [16]. To overcome this, several transition-metal-free borylation 

reactions such as the Sandmeyer-type borylations [17,18] and electrophilic arene C−H borylations 

[19–24] have been developed recently, but there are still limitations in terms of both the substrate 

scope and regioselectivity. Recently, we reported K(O-t-Bu)-catalyzed silaboration of aromatic 

alkenes [25]. During our studies on the silaboration and borylation reactions [26–30], we found that 

PhMe2Si−B(pin) (1) showed unexpected reactivity in the presence of an alkoxy base: the formal 

nucleophilic boryl substitution of aryl, alkenyl, and alkyl halides (Scheme 1). This boryl substitution 

reaction is counterintuitive, because silyl substitution should be anticipated on the basis of the 

general reactivity of silylboranes. Kawachi, Tamao, and co-workers [31–36] have reported that 

reacting a silylborane with a stoichiometric amount of strong base such as RLi, MeMgBr, or 

K(O-t-Bu) affords the silyl nucleophilic species. Hoveyda and co-workers [37] reported that a chiral 

N-heterocyclic carbene can also activate silylboranes, enabling catalytic enantioselective silylation 

of α,β-unsaturated compounds. These examples indicate that silylboranes react with a base or 

nucleophilic catalyst to generate the silyl nucleophile rather than the boryl nucleophile [38–40]. 

Generation of nucleophilic boryl species by base activation of diboron was recently reported from 



the laboratories of Hoveyda [41,42] and Fernández [43–45]. However, there have been no reports for 

silylborane showing a boryl nucleophile. 

 

X
 = 

halogen

KOMe 
(1

.2
 equiv)

R X R SiMe2Ph

R
 = alkyl,

 alkenyl,
 aryl

Si B
O

O
Ph

1

high
 
functional

 
group

 compatibility

transition-metal-free conditions
high

 
tolerance 

to
 steric

 
hindrance

R B
O

O

 
Scheme 1. Boryl Substitution in the Silylborane/Alkoxy Base System 

 

Herein, we report a novel, transition-metal-free boryl substitution of aryl, alkenyl, and 

alkyl halides with silylborane 1 and alkoxy bases. The reaction provides the boryl substitution 

products in high yields with high borylation/silylation (B/Si) ratios. A part of the results described in 

this manuscript was already reported in our previous paper [46]. 

Results and Discussion: We started to explore the reactions of p-bromoanisole 2a with silylborane 1 

under various conditions (Table 1) [47,48]. The reaction of 2a (1.0 equiv) with 1 (1.5 equiv) and 

KOMe (1.2 equiv) in the 1,2-dimethoxyethane (DME) as the solvent at 30 oC afforded the boryl 

substitution product in a high yield and with an excellent borylation/silylation ratio (total 92% yield, 

B/Si = 95:5, borylation product 3a: 87% GC yield, 77% isolated, entry 1). No reaction occurred 

without the base (entry 2). This reaction proceeded rapidly; requiring only 15 min to reach 

completion while comparable transition-metal-catalyzed borylations [8,9,11,12], which are 

conventional methods for production of functionalized aryl boronates, require several hours at 

80−100 oC under standard conditions. Ethereal solvents are suitable for this boryl substitution 

(entries 1 and 3–7). The use of THF afforded similar results to those for DME (85% yield, B/Si = 

94:6, entry 3), while toluene or CH2Cl2 gave the product in lower yields (entries 4 and 5, 

respectively). When N,N-dimethylformamide (DMF) or MeOH was used as a solvent, silylborane 1 

was consumed completely, but no desired product was obtained (entries 6 and 7). Next, the effects of 

reaction temperature were investigated (entries 8 and 9). The reaction at a higher temperature of 50 
oC afforded similar results to those at 30 oC (87% yield, B/Si = 95:5, entry 8), whereas the reaction at 

0 oC resulted in lower B/Si selectivity as compared to the reactions at 30 and 50 oC (83% yield, B/Si 

= 86:14, entry 9). The reaction was performed at high concentration and gave only slightly inferior 

results (in 1/10 amount of the solvent, 87% yield, 92:8, entry 10). Bases other than KOMe proved to 

be inferior (entries 11–17). LiOMe gave no product and NaOMe resulted in a lower B/Si ratio 

(entries 11 and 12, respectively). Using K(O-t-Bu) resulted in a significant decrease in the product 

yield and B/Si selectivity (66%, B/Si = 73:27, entry 13). No reaction occurred with weaker inorganic 



bases (entries 14–16). The reaction with a strong organic base (DBU, 

1,8-diazabicyclo[5.4.0]-7-undecene) also gave no desired product (entry 17). We next investigated 

the effects of the halogen group. p-Chloroanisole 2a’ gave the product 3a in lower yield, while 

p-iodoanisole 2a’’ provided the product with a yield and B/Si ratio comparable to those for 2a 

(entries 18 and 19). 

 

Table 1. Optimization of Reaction Conditions for the Boryl Substitution of Aryl Halides with 

PhMe2Si–B(pin)/Alkoxy Bases 

1
 
(1

.5
 equiv)

base 
(1

.2
 equiv)

X

solvent,
 
temp.,1

 
h

B(pin)
MeO

MeO

SiMe2Ph

MeO2a: X
 = 

Br
2a': X

 = 
Cl

2a'': X
 = 

I
3a 4a

Entry X Solvent

1
2
3
4
5
6
7
8
9
10[c]

11
12
13
14
15
16
17
18
19

Br

Br

Br

Br

Br

Br

Br

Br

Br

Br

Br

Br

Br

Br

Br

Br

Br

Cl
I

DME
DME
THF
toluene

CH2Cl2
DMF
MeOH
DME
DME
DME
DME
DME
DME
DME
DME
DME
DME
DME
DME

Base

KOMe
none

KOMe

KOMe

KOMe

KOMe

KOMe

KOMe

KOMe

KOMe

LiOMe

NaOMe

K(O
-t-Bu)

KOAc

K2CO3
KF
DBU
KOMe

KOMe

30
30
30
30
30
30
30
50
0
30
30
30
30
30
30
30
30
30
30

Temp. 
(
oC) Yield

 
(%)[a] B/Si

0
85
20
10
0
0

87
83
87
0

81
66
0
0
0
0

27
81

95:5

94:6
95:5

50:50

95:5
86:14
92:8

80:20
73:27

85:15
96:4

[a]
 
GC

 
yield. 

[b]
 
Isolated

 
yield. 

[c]
 
The reaction was 

performed
 
in

 
1/10

 amount of
 the solvent.

92
 
(77)[b]

 

 
With the optimized conditions in hand, the substrate scope of this reaction was examined 

with a variety of aryl bromides (Table 2). Aryl bromides with a neutral or electron-donating 

substitutent underwent the reaction in high yields (3b–3e). The substitution position of the methyl 



group in 2b–2d had no significant effect on the yields. Reactions of electron-deficient substrates (2f 

and 2g) also provided the borylated products (3f and 3g) in good yields, respectively. In addition, 

other electron-deficient substrates bearing an ester group (2h and 2i) were also tolerated and no 

transesterified byproduct was detected. Reactions with nitrogen-containing aryl bromides 2j–2l gave 

the desired products in high yields (3j–3l, 68–78% yield). Boryl substitution of the alkenyl bromide 

2m also proceeded in 58% yield without any silaborated byproduct. Surprisingly, the sterically 

hindered 1-bromo-2,6-dimethylbenzene 2n and 9-bromo-anthracene 2o afforded the borylated 

products in high yields (3n and 3o, 85 and 72% yield, respectively). In addition, the sterically more 

congested 1-bromo-2,4,6-triisopropylbenzene 2p also reacted to provide the borylation product 3p in 

excellent yield (92% yield). It is noteworthy that boryl substitution of substrate 2p has been reported 

as a difficult transformation even using diboron and transition-metal catalysts [9, 12, 49]. This boryl 

substitution reaction was also successfully applied to the reaction of alkyl bromide 2q in dioxane at 

100 oC to give the corresponding product 3q in good yield with high B/Si selectivity (Scheme 2, 

total 82% yield, B/Si = 91:9). 
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Scheme 2. Boryl Substitution Reaction with Alkyl Halide 2q 

 

We next examined sequential boryl substitution/Suzuki−Miyaura coupling procedures to 

show the practical utility of our reaction. Conventional Suzuki−Miyaura coupling conditions could 

be used after workup of the borylation without chromatographic purification of the arylboronate 

intermediates and afforded the corresponding cross coupling products in high yields (80–84% yields, 

Scheme 3). The utility of this boryl substitution reaction was further demonstrated by the reaction of 

the aryl halide 2r having an allyloxy group, which is a functional group sensitive to the 

palladium-catalyzed borylation (Scheme 4). Generally, palladium (0) species react with any allyloxy 

group to generate π-allyl palladium species, which lead to the decomposition of the allyloxy group. 

In fact, the reaction of aryl halide 2r under typical palladium-catalyzed borylation conditions [50] 

resulted in the decomposition of the substrate, whereas our boryl substitution method afforded the 

desired product 3r in 90% yield.  
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Scheme 3. Sequential Boryl Substitution and Suzuki−Miyaura Coupling[a] 
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Scheme 4. Chemoselective Boryl Substitution of 4-Allyloxyphenyl Bromide 2r 

 

As for the reaction mechanism, we first investigated the possibility of aryl radical 

mediated mechanism. To probe this, the reaction of o-(3-butenyl)bromobenzene 2s was conducted 

(Scheme 5). The corresponding aryl radical has been reported to undergo 5-exo-trig cyclization with 

a rate constant of 108 s-1 to form 1-methylindane after hydrogen atom abstraction [51]. The reaction 

of 2s under the standard conditions afforded the acyclic borylated product 3s in 91% yield, and no 

cyclic borylated product 6s was detected. In addition, reaction of 4-bromoanisole 2a in the presence 

of 1,9-dihydroanthracene 7, which is a known radical scavenger, was carried out to find that no 

significant retardation in the reaction rate was observed (Scheme 6).  
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Scheme 5. Mechanistic Investigations into Aryl Radical Mediated Mechanism 
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Scheme 6. Mechanistic Investigations with Radical Scavenger 7 

 

We next assumed that there was contamination by transition-metal impurities in the metal 

alkoxide reagents [52,53]. However, significant amounts of any transition-metal (Ni, Pd, Pt, Rh, Ru, 



Au, Ag and Co) were not detected on the basis of the ICP-AES analysis [54]. In addition, the 

borylation reactions were repeated in the presence of transition-metal salts (5–10 mol %), but 

showed no acceleration in the reaction [46]. Control experiments with virgin reagents and new 

labwares conducted by another research group showed almost the same results (boryl substitution of 

2a under the same reaction conditions in Table 1, entry 3. 82% total GC yield; B/Si = 95:5). These 

results indicate that the boryl substitution reaction involves neither a transition-metal- nor aryl 

radical mediated mechanism.  

From these results, we propose a possible reaction mechanism as shown in Scheme 7, 

which includes neither transition-metal nor radical mechanism. In this proposed mechanism, 

potassium methoxide first coordinates the boron atom of the silylborane 1 to give the 

silylborane/alkoxy base complex A, whose existence was suggested by the 11B NMR experiment 

[25]. On the basis of the studies on the reactions of silyllithium species and organohalides reported 

by Strohmann and co-workers [55,56], the aryl anion species seems to be produced subsequently 

through the formation of the ate complex B, which is generated via nucleophilic attack of the silyl 

group to the Br atom of the aryl bromide [57–61]. Next, the aryl anion attacks the boron electrophile 

preferentially rather than silyl bromide to give the corresponding aryl pinacol borate, followed by the 

reaction of methoxide with the in situ generated silyl bromide. We observed the generation of 

dimethylmethoxyphenylsilane in this reaction, which is consistent with the proposed mechanism. 
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Conclusion: We have achieved the first transition-metal-free boryl substitution of alkyl, alkenyl, and 

aryl halides with the silylborane 1 and alkoxy bases. This reaction tolerated a variety of functional 

groups including esters which are fragile in the presence of strong nucleophiles or basic reagents. 

This reaction is highly reactive; the borylation of unhindered substrates finished within 30 min. For 

more challenging, sterically-hindered aryl bromides, the reaction was completed within one hour at 

room temperature to give the corresponding borylated products in high yields. As for the reaction 

mechanism, the results of the preliminary investigations discounted catalysis due to transition-metal 



contamination and aryl radical mediated process.  

Acknowledgement: We thank Prof. T. Ohkuma and Prof. N. Kurono (Hokkaido University) for 

conducting the independent control experiments. The Funding Program for Next Generation 

World-Leading Researchers (NEXT Program, GR002) is gratefully acknowledged. We thank the 

Open Facility (Sousei Hall, Hokkaido University) for allowing us to perform ICPE-9000 

measurements on the ICP-AES and especially N. Takeda for her great technical assistance and 

helpful suggestions. 

References: 

[1] A. Suzuki, in Boronic Acids: Preparation and Applications in Organic Synthesis and Medicine; 

eds. D. G. Hall, (Wiley-VCH: Weinheim, Germany, 2005) ch. 3. 

[2] N. Miyaura, Bull. Chem. Soc. Jpn. 81 (2008) 1535.  

[3] N. Miyaura, A. Suzuki, Chem. Rev. 95 (1995) 2457. 

[4] H. C. Brown, M. Srebnik, T. E. Cole, Organometallics 5 (1986) 2300. 

[5] H. C. Brown, T. E. Cole, Organometallics 2 (1983) 1316. 

[6] C. Pintaric, S. Olivero, Y. Gimbert, P. Y. Chavant, E. J. Duñach, J. Am. Chem. Soc. 132 (2010) 

11825. 

[7] H.-X. Dai, J.-Q. Yu, J. Am. Chem. Soc. 134 (2012) 134.  

[8] Y. Sogabe, T. Namikoshi, S. Watanabe, M. Murata, Synthesis 44 (2012) 1233. 

[9] S. Kawamorita, H. Ohmiya, T. Iwai, M. Sawamura, Angew. Chem., Int. Ed. 50 (2011) 8363.  

[10] S. Kawamorita, T. Miyazaki, H. Ohmiya, T. Iwai, M. Sawamura, J. Am. Chem. Soc. 133 (2011) 

19310. 

[11] T. Yamamoto, T. Morita, J. Takagi, T. Yamakawa, Org. Lett. 13 (2011) 5766.  

[12] W. Tang, S. Keshipeddy, Y. Zhang, X. Wei, J. Savoie, N. D. Patel, N. K. Yee, C. H. Senanayake, 

Org. Lett. 13 (2011) 1366. 

[13] A. Ros, B. Estepa, R. López-Rodríguez, E. Álvarez, R. Fernández, J. M. Lassaletta, Angew. 

Chem., Int. Ed. 50 (2011) 11724. 

[14] D. H. Nguyen, J. J. Pérez-Torrente, L. Lomba, M. Victoria Jiménez, F. J. Lahoz, L. A. Oro, 

Dalton Trans. 40 (2011) 8429.  

[15] C. Kleeberg, L. Dang, Z. Y. Lin, T. B. Marder, Angew. Chem., Int. Ed. 48 (2009) 5350. 

[16] V. W. Rosso, D. A. Lust, P. J. Bernot, J. A. Grosso, S. P. Modi, A. Rusowicz, T. C. Sedergran, J. 

H. Simpson, S. K. Srivastava, M. J. Humora, N. G. Anderson, Org. Process Res. Dev. 1 (1997) 311. 

[17] F. Mo, Y. Jiang, D. Qiu, Y. Zhang, J. Wang, Angew. Chem., Int. Ed. 49 (2010) 1846.  

[18] C. Zhu, M. Yamane, Org. Lett. 14 (2012) 4560. 

[19] L. Niu, H. Yang, R. Wang, H. Fu, Org. Lett. 14 (2012) 2618. 

[20] S. A. Solomon, A. Del Grosso, E. R. Clark, V. Bagutski, J. J. W. McDouall, M. J. Ingleson, 

Organometallics 31 (2012) 1908. 



[21] A. Del Grosso, P. J. Singleton, C. A. Muryn, M. J. Ingleson, Angew. Chem., Int. Ed. 50 (2011) 

2102.  

[22] A. Del Grosso, M. D. Helm, S. A. Solomon, D. Caras-Quintero, M. J. Ingleson, Chem. 

Commun. 47 (2011) 12459.  

[23] T. Hatakeyama, S. Hashimoto, S. Seki, M. Nakamura, J. Am. Chem. Soc. 133 (2011) 18614. 

[24] A. Del Grosso, R. G. Pritchard, C. A. Muryn, M. J. Ingleson, Organometallics 29 (2010) 241. 

[25] H. Ito, Y. Horita, E. Yamamoto, Chem. Commun. 48 (2012) 8006. 

[26] H. Ito, C. Kawakami, M. Sawamura, J. Am. Chem. Soc. 127 (2005) 16034.  

[27] H. Ito, Y. Kosaka, K. Nonomiya, Y. Sasaki, M. Sawamura, Angew. Chem., Int. Ed. 47 (2008) 

7424.  

[28] H. Ito, Y. Sasaki, M. Sawamura, J. Am. Chem. Soc. 130 (2008) 15774.  

[29] H. Ito, S. Kunii, M. Sawamura, Nat. Chem. 2 (2010) 972.  

[30] Y. Sasaki, C. Zhong, M. Sawamura, H. Ito, J. Am. Chem. Soc. 132 (2010) 1226. 

[31] A. Kawachi, T. Minamimoto, K. Tamao, Chem. Lett. (2001) 1216. 

[32] T. Ohmura, M. Suginome, Bull. Chem. Soc. Jpn. 82 (2009) 29. 

[33] H. E. Burks, J. P. Morken, Chem. Commun. (2007) 4717. 

[34] M. Suginome, Y. Ito, J. Organomet. Chem. 680 (2003) 43. 

[35] M. Oestreich, E. Hartmann, M. Mewald, Chem. Rev. 113 (2013) 402.  

[36] E. Hartmann, D. J. Vyas, M. Oestreich, Chem. Commun. 47 (2011) 7917. 

[37] J. M. O’Brien, A. H. Hoveyda, J. Am. Chem. Soc. 133 (2011) 7712. 

[38] J. Cid, H. Gulyás, J. J. Carbó, E. Fernández, Chem. Soc. Rev. 41 (2012) 3558. 

[39] M. Yamashita, Bull. Chem. Soc. Jpn. 84 (2011) 983. 

[40] Y. Segawa, M. Yamashita, K. Nozaki, Science 314 (2006) 113. 

[41] K.-S. Lee, A. R. Zhugralin, A. H. Hoveyda, J. Am. Chem. Soc. 131 (2009) 7253. 

[42] H. Wu, S. Radomkit, J. M. O’Brien, A. H. Hoveyda, J. Am. Chem. Soc. 134 (2012) 8277. 

[43] A. Bonet, H. Gulyás, E. Fernández, Angew. Chem., Int. Ed. 49 (2010) 5130. 

[44] A. Bonet, C. Pubill-Ulldemolins, C. Bo, H. Gulyás, E. Fernández, Angew. Chem., Int. Ed. 50 

(2011) 7158. 

[45] C. Pubill-Ulldemolins, A. Bonet, C. Bo, H. Gulyás, E. Fernández, Chem. Eur. J. 18 (2012) 

1121. 

[46] E. Yamamoto, K. Izumi, Y. Horita, H. Ito, J. Am. Chem. Soc. 134 (2012) 19997.  

[47] A representative experimental procedures, see: To a vial sealed with a screw cap was added 

KOMe (0.6 mmol) in the globe box under argon. Then, DME (5 mL) and silylborane 1 (0.75 mmol) 

were added to the vial and the mixture was stirred for 10 min at 30 oC followed by adding 2a (0.50 

mmol). After the reaction completed (1 h), the solution was cooled to 0 oC followed by the addition 

of TBAF (0.8 mmol) to remove unreacted 1 and dimethylmethoxyphenylsilane. The resultant 



solution was stirred for 3 h at 0 oC. After that, the mixture was added to the H2O (100 mL), then 

extracted with Et2O (50 mL). The organic layer was washed with water (50 mL x 2). The combined 

organic layer was then dried over MgSO4, followed by evaporation. The crude product was purified 

by boric acid-impregnated silica-gel chromatography [48] to give borylated product 3a (77% yield) 

as a colorless oil (Table 1, entry 1).  

[48] S. Hitosugi, D. Tanimoto, W. Nakanishi, H. Isobe, Chem. Lett. 41 (2012) 972. 

[49] M. Murata, T. Sambommatsu, S. Watanabe, Y. Masuda, Synlett (2006) 1867. 

[50] T. Ishiyama, M. Murata, N. Miyaura, J. Org. Chem. 60 (1995) 7508.  

[51] A. N. Abeywickrema, A. L. J. Beckwith, J. Chem. Soc., Chem. Commun. (1986) 464. 

[52] I. Thomé, A. Nijs, C. Bolm, Chem. Soc. Rev. 41 (2012) 979. 

[53] N. E. Leadbeater, Nat. Chem. 2 (2010) 1007. 

[54] ICP-AES analysis showed no clear evidence of the presence of Co, Ni, Ir, Pd, Ag, Pt, Rh, Ru, or 

Au in the KOMe reagent. This analysis indicated that the contents of these transition metals were 

below the detection limits (3.0 ppm for Co, Ni, Ir, and Pd; 2.0 ppm for Ag, Pt, Rh, Ru, and Au). For 

details, see ref. [46].  

[55] C. Däschlein, S. O. Bauer, C. Strohmann, Eur. J. Inorg. Chem. (2011) 1454. 

[56] C. Strohmann, M. Bindl, V. C. Fraaß, J. Hörnig, Angew. Chem., Int. Ed. 43 (2004) 1011. 

[57] The possibility of the involvement of other radical anion-mediated mechanism such as 

successive double SET process instead of the nucleophilic attack of silyl group cannot be excluded 

completely. Recent reports about radical anions generated from Grignard reagents and aryl halides 

were reported by Shirakawa, Hayashi and co-workers. For details, see ref. [58–61]. 

[58] E, Shirakawa, Y. Hayashi, K. Itoh, R. Watabe, N. Uchiyama, W. Konagaya, S. Masui, T. 

Hayashi, Angew. Chem., Int. Ed. 51 (2012) 218. 

[59] E. Shirakawa, T. Hayashi, Chem. Lett. 41 (2012) 130. 

[60] E. Shirakawa, R. Watabe, T. Murakami, T. Hayashi, Chem. Commun. 49 (2013) 5219. 

[61] N. Uchiyama, E. Shirakawa, T. Hayashi, Chem. Commun. 49 (2013) 364.  


