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ABSTRACT: Ni/Cu-catalyzed transformation of fluoroarenes to arylboronic acid pinacol esters via C–F bond cleavage has been 
achieved. Further versatile derivatization of an arylboronic ester has allowed for the facile two-step conversion of a fluoroarene to 
diverse functionalized arenes, demonstrating the synthetic utility of the method.  

INTRODUCTION 

Carbon–fluorine (C–F) bonds are found in a broad range of 
organic molecules, including pharmaceuticals, agrochemicals, 
and organic materials.1 Recent advances in late-stage fluorina-
tion reactions have enabled the facile construction of C–F 
bonds, significantly expanding the diversity of available fluo-
rine-containing compounds.2 In light of the growing im-
portance of C–F bond formation, C–F bond functionalization 
has also been attracting considerable interest.3 This is because 
transformation through cleavage of significantly stable C–F 
bonds is challenging.4 Furthermore, the ready availability of 
fluorine-containing molecules renders them a favorable plat-
form for further diversification of synthesizable compounds 
through various derivatizations.3,5 As such, fluorine-containing 
compounds are preferred over other halogenated compounds, 
as a wider range of potential compounds are available due to 
the chemical stability of C–F bonds, which can tolerate vari-
ous synthetic transformations. 

To achieve a flexible C–F bond functionalization, we devel-
oped a method to transform fluoroarenes into arylboronic es-
ters that serve as versatile synthetic intermediates applicable to 
a wide spectrum of reliable derivatizations (Scheme 1).6 Re-
cently reported copper-mediated ipso-[18F]fluorination of aryl-
boronic esters7 also encouraged us to realize the 
defluoroborylation of fluoroarenes. Sequential use of these 
reactions was anticipated to greatly expedite the development 
of 18F-labeled probes for positron emission tomography (PET) 
imaging.8 We describe herein the transition metal-catalyzed 
ipso-borylation of fluoroarenes via C–F bond cleavage, which 
has enabled the facile diversification of fluoroarenes.9 

The challenge of this method was to cleave a stable C–F 
bond while simultaneously forming an easily transformable 
C–B bond. When we started working on this project, the 
defluoroborylation was limited to reactive fluoroarenes such 
as polyfluorinated substrates.3b,10,11 Conversely, C–F bond 
cleavage of simple fluoroarenes has often been observed in 
cross-coupling reactions using highly reactive nucleophiles, 
such as organomagnesium12 or organozinc reagents,13 in the 

presence of a nickel catalyst. Moreover, Tobisu, Chatani, and 
co-workers achieved a nickel-catalyzed cross-coupling reac-
tion of monofluoroarenes with arylboronic esters through the 
addition of a Lewis acid to enhance the leaving group ability 
of the fluoride.14 These reports suggested that using a nickel 
catalyst in combination with a highly nucleophilic boron rea-
gent is a promising approach for achieving the desired 
defluoroborylation of fluoroarenes. We envisioned that a 
borylcopper species, which has previously been used for sev-
eral nucleophilic borylative reactions and demonstrates a 
broad functional group tolerance, could serve as an efficient 
boron source.15 

 

Scheme 1. Proposed Strategy: Versatile Derivatization of 

Fluoroarenes via Defluoroborylation 

 
 

RESULTS AND DISCUSSION 

After extensive screening of reaction conditions using 4-
fluorobiphenyl (1a) as a model substrate, we discovered an 
efficient nickel and copper co-catalyst system16 that suited our 
purpose (Tables 1 and S1–S617). Heating the mixture of 1a, 
bis(pinacolato)diboron (2a, (Bpin)2, 2.0 equiv), Ni(cod)2 (10 
mol %), PCy3 (50 mol %), CuI (20 mol %), and CsF (2.4 
equiv) in toluene at 80 °C for 20 h afforded the desired 
defluoroborylated product 3a in high yield (entry 1). The use 
of copper sources other than CuI led to poor results (entries 2–
5 and 11). Using 3.0 equiv of CsF provided the best result 
(entry 6), and the choice of CsF as the base was also crucial 
(entries 7–10 and 12). Performing the reaction without PCy3 or 
using other ligands instead resulted in poor yields of 3a (entry 
13 and Table S117). Furthermore, defluoroborylation of 1a 
using bis(neopentyl glycolato)diboron (2b) instead of (Bpin)2 
(2a) under the optimal conditions did not afford the borylated 
product, which is in stark contrast to a related Ni(0)-catalyzed 
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borylation of fluoroarenes recently reported by Martin and co-
workers.9 

 

Table 1. Optimization of Reaction Conditions 

 
entry [Cu] base x yield 3a (%)a 

1 CuI CsF 2.4 89 

2 CuBr CsF 2.4 5 

3 CuCl  CsF 2.4 1 

4 CuOAc CsF 2.4 <1 

5 CuF2 CsF 2.4 4 

6 CuI CsF 3.0  >99 (99)b 

7 CuI KF 3.0 0 

8 CuI TBAF 3.0 0 

9 CuI KOt-Bu 3.0 <1 

10 CuI Cs2CO3 3.0 0 

11 none CsF 3.0 3 

12 CuI none – 0 

 13c CuI CsF 3.0 0 

aYields determined by GC analysis, unless otherwise noted.  
bIsolated yield in parentheses. cReaction performed without PCy3. 

 
The optimal conditions were applicable to other 

fluoroarenes (Table 2). Substituted 4-fluorobiaryls, bearing an 
electron-donating group at the 4′-position, participated in the 
reaction to afford defluoroborylated products 3b–h in moder-
ate to high yields (Table 2, condition A). Although the C–O 
bond in aryl ethers18 or the C–N bond in aniline derivatives19 
can potentially be cleaved by Ni(0) complexes, borylation via 
C–F bond cleavage proceeded faster in our case, demonstrat-
ing high chemoselectivities. Defluoroborylation of 2-
fluorobiphenyl efficiently provided product 3i, irrespective of 
the steric hindrance of the 2-phenyl group. The reaction of 4-
mesitylphenyl fluoride afforded desired product 3j in a lower 
yield than other biaryl fluorides, indicating that substrates with 
extended π-systems are favorable for this transformation. A 
similar trend was reported for nickel-catalyzed transformations 
via cleavage of chemically stable bonds, such as C–O 
bonds.14,18e,20 

A threefold increase in the amounts of the catalysts and base 
enabled expansion of the method to monoaryl fluorides (Table 
2, condition B and Table S717). Under the modified conditions, 
a variety of fluoroarenes, including 2- or 4-fluorotoluene, pro-
tected 4-fluorophenols, and 4-fluoroaniline derivatives, un-
derwent defluoroborylation, providing borylarenes 3k–s in 
moderate to high yields. The yield of 3j was also largely im-
proved. Notably, fluoroarenes bearing a pyrrole, pyrazole, or 
indole ring, which are often found in bioactive compounds, 
also participated in the reaction, affording boronates 3t, 3u, 
and 3v, respectively, in high yields. Unexpectedly, substrates 
with an electron-withdrawing group, such as a trifluoromethyl 
or ester group, showed unusually low reactivity without pro-

ducing the desired defluoroborylated product (Table 2C and 
Figure S117). 

 

Table 2. Defluoroborylation of Fluoroarenesa 

 
aIsolated yields are shown. bReaction time was 20 h. cThe yield of 
3j under condition B (x = 3) in parentheses. dThe yield of 3k un-
der condition A (x = 1) in parentheses. 

 
Since oxidative addition of electron-deficient haloarenes to 

Ni(0) complexes generally proceeds faster than that for elec-
tron-rich haloarenes,21 we currently anticipate that the active 
catalyst contributing to the C–F bond cleavage is not a simple 
Ni(0)-phosphine complex, but a Ni(I) complex,20c which must 
have been generated via oxidation of Ni(0) with Cu(I) 
(Scheme 2a). In this mechanism, Ni(I) fluoride B is generated 
via the one-electron oxidation of Ni(0) complex A with CuI.22 
Subsequently, transmetalation of B with borylcopper complex 
C, which is formed in situ, affords borylnickel(I) complex E, 
which cleaves the C–F bond of fluoroarene 1 to form arylnick-
el(I) complex F. Finally, borylation of F with (Bpin)2 (2a) 
affords desired product 3 with regeneration of E. This Ni(I)-
catalyzed mechanism was also supported by other experi-
mental results and some preliminary attempts to gain insight 
into the reaction mechanism. For example, we observed that 
3a was not produced at all for the first few hours under the 
optimized conditions for defluoroborylation of 1a with 2a 
(Table 3). The observed induction period possibly results from 
the time required for the generation of E. Indeed, a cocktail 
prepared separately by heating a mixture of Ni(cod)2, PCy3, 
CuI, and CsF in toluene at 80 °C for 20 h effectively promoted 
the defluoroborylation of 1a with 2a to afford 3a after stirring 
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at 80 °C for several hours (Table 4). These results demonstrate 
that preheating of the catalyst is effective for eliminating the 
induction period by generating the active catalyst. 

 

Scheme 2. Possible Reaction Mechanisms 

 

 
We also observed that defluoroborylation of 1a efficiently 

proceeded using a preconditioned Ni catalyst, which was sepa-
rately prepared as a “Ni(I) complex” by mixing Ni(0) and 
Ni(II) complexes with PCy3 in THF at room temperature, fol-
lowed by evaporation of the solvent (Table 5, entry 5).23 The 
reaction using this separately prepared catalyst showed an 
induction period (entries 1–4) similar to that for the reaction 
under the standard conditions, indicating that the ligand ex-
change step (B to E in Scheme 2a) to afford borylnickel(I) 
complex E, which we consider to be the active catalyst, re-
quires a high activation energy for its generation. Furthermore, 
even using this separately prepared Ni catalyst, CuI was essen-
tial for the successful defluoroborylation, which agreed with 
our hypothesis assuming the Cu-mediated generation of 
borylnickel(I) complex E (Table 5, entry 6). Although we 
cannot currently provide the direct evidence for the involve-
ment of borylnickel(I) complex E in the C–F bond cleavage of 
1 (1 to F in Scheme 2a), a similar transformation, cleavage of 
the stable Ar–OMe bonds with a silylnickel(I) complex to 
afford arylnickel(I) compounds, was proposed with support 
from experimental and theoretical studies.20c Additionally, we 
could not disregard the contribution of Cu(I) to the Ni cycle 
after initiation. 

 
 
 

Table 3. Time Course of the Yield of 3a 

 
entry time (h) yield 3a (%)a 

1 2 0 

2 4.5 0 

3 6 0 

4 9 0 

5 10 4 

6 20 >99 

aYields determined by GC analysis. 

 

Table 4. Time Course of the Yield of 3a Using the Precon-

ditioned Catalyst 

 
entry time (h) yield 3a (%)a 

1 2 1 

2 4 23 

3 6 34 

4 8 71 

aYields determined by GC analysis.  

 

Table 5. Defluoroborylation Using the Ni Catalyst Pre-

pared Separately from Ni(0) and Ni(II) 

 
entry time (h) yield 3a (%)a 

1 1 0 

2 2 0 

3 6 0 

4 7.5 27 

5 24 71 

 6b 24 1 

aYields determined by GC analysis. bReaction performed without 
CuI. 

 
A conventional cross-coupling mechanism involving C–F 

bond cleavage via oxidative addition of 1 to Ni(0) is also pos-
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sible (Scheme 2b).9 In this mechanism, the oxidative addition 
step (A + 1 to G) would have to overcome a high barrier in 
order to proceed, whereas the subsequent transmetalation (G + 
2a to H + D)24 and reductive elimination (H to A + 3) could 
occur much more easily. However, our results showed that the 
defluoroborylation did not proceed with electron-deficient 
arenes (Table 2C and Figure S117), which are generally the 
preferred substrates for oxidative addition of C–X bonds.21 
Although we could not explain the exact role of CuI in this 
mechanism, these results indicate that the simple oxidative 
addition step is unlikely to contribute to the C–F bond cleav-
age. 

Alternatively, a radical mechanism involving a single-
electron transfer (SET) from Ni(0) complex A to 1 to afford a 
radical anion species is conceivable (Scheme S117). In this 
scheme, cleavage of the C–F bond occurs to generate aryl 
radical, followed by borylation with 2a to give desired product 
3.25 To evaluate the probability of this mechanism, we con-
ducted the defluoroborylation in the presence of radical scav-
engers. Consequently, the reaction in the presence of 60 mol 
% of 2,6-di-tert-butyl-4-methylphenol (BHT) or 9,10-
dihydroanthracene (DHA) proceeded with comparable effi-
ciency to that without radical scavengers (Scheme 3),26 sug-
gesting that a mechanism involving the free radical species is 
improbable. Although further mechanistic studies are required, 
these experimental results suggested that the defluoroboryla-
tion proceeds via C–F bond cleavage by a Ni(I) complex. 

The synthetic utility of the defluoroborylation reaction was 
considerably enhanced by organoboron chemistry, as demon-
strated by several formal C–F bond functionalizations of  

Scheme 3. Defluoroborylation in the Presence of Radical 

Scavengers 

 
 

dihydrofluvastatin derivative 1w (Scheme 4). Thus, Ni/Cu-
catalyzed defluoroborylation of 1w proceeded efficiently un-
der the standard conditions to afford boronic ester 3w in 69% 
isolated yield,27 which served as a common intermediate for 
further transformations. For example, Suzuki–Miyaura cross-
coupling28 of 3w with 1-fluoro-4-iodobenzene afforded phe-
nylogous fluoroarene 4a in excellent yield. Transformations of 
the C–B bond of 3w into various C–heteroatom bonds, such as 
C–O,29 C–I,30 and C–N31 were also achieved efficiently under 
oxidative conditions to afford hydroxy-, iodo-, and azido-
functionalized derivatives 4b, 4c, and 4d, respectively. The 
two-step conversion of a fluoroarene to an azidoarene would 
be a useful method for the development of photoaffinity label-
ing probes for identification of target proteins,32 as well as 
further diversification through the use of click chemistry.33 
Moreover, using the recently reported copper-mediated meth-
od,7 boronate 3w was successfully transformed into 18F-
labeled compound [18F]-1w.34,35 Because short-lived 18F (t1/2 =  
 

 

Scheme 4. Versatile C–F Bond Functionalizations of Dihydrofluvastatin Derivative 1w via Defluoroborylation
a
 

 

aReagents and conditions: (i) condition B (Table 2); (ii) 1-fluoro-4-iodobenzene, Pd(PPh3)4, Cs2CO3, toluene, H2O, 100 °C, 12 h; (iii) 
H2O2, NaOH, H2O, rt, 50 min; (iv) NaI, chloramine-T, THF, H2O, 70 °C, 3 h; (v) NaN3, Cu(OAc)2, MeOH, 50 °C, 8 h; (vi) Py4Cu(OTf)2, 
[18F]KF/K222, 110 °C, 20 min. For details, see Supporting Information. bRCY indicates the radiochemical yield calculated via radio-TLC of 
the reaction mixture. 
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110 min) must be introduced in the last stage of synthesis, 
precursors of 18F-labeled PET probes are generally prepared 
via a different synthetic route from that of the non-radioactive 
19F-containing compounds. Our defluoroborylation approach 
that enables the two-step preparation of precursors will facili-
tate the development of useful 18F-labeled PET probes for the 
diagnosis of various diseases and evaluation of drug candi-
dates in the early stages of drug development.1c,8,36 

CONCLUSIONS 

We have developed an efficient synthetic method for 
borylarenes from fluoroarenes via Ni/Cu-catalyzed C–F bond 
cleavage. In combination with versatile borylarene transfor-
mations, this method has enabled a variety of formal C–F 
bond functionalizations of a fluoroarene, involving formation 
of C–C, C–O, C–I, and C–N bonds. The two-step isotope-
exchange of 19F- to 18F-fluoroarene has also been achieved, 
enabling expeditious preparation of 18F-labeled PET probes. 
Further investigations, including detailed mechanistic studies, 
expansion of the substrate scope, and application to PET imag-
ing research, are currently underway in our group. 

ASSOCIATED CONTENT  

Supporting Information 

Experimental procedures, characterization for new compounds 
including copies of NMR spectra, and HPLC chromatograms for 
characterization of [18F]-1w. This material is available free of 
charge via the Internet at http://pubs.acs.org. 

AUTHOR INFORMATION 

Corresponding Authors 

*takashi.niwa@riken.jp 
*takamitsu.hosoya@riken.jp 
 

Notes 
The authors declare no competing financial interest. 

ACKNOWLEDGMENT  

This research was supported by JSPS KAKENHI Grant Number 
15K05509 and the Incentive Research Grant from RIKEN (T.N.). 
The authors thank Dr. Suguru Yoshida (Tokyo Medical and Den-
tal University) for the helpful discussions, Mr. Masahiro Ku-
rahashi (Sumitomo Heavy Industry Accelerator Service Ltd.) for 
operating the cyclotron, and KANEKA Co. for their generous gift 
of tert-butyl (3R,5S)-6-hydroxy-3,5-O-isopropylidene-3,5-
dihydroxyhexanoate. 

REFERENCES 

(1) (a) Swallow, S. In Fluorine in Pharmaceutical and Medicinal 

Chemistry: From Biophysical Aspects to Clinical Applications; Gou-
verneur, V.; Müller, K., Ed.; Imperial Collage Press: London, 2012; 
pp 141–174. (b) Müller, K.; Faeh, C.; Diederich, F. Science 2007, 
317, 1881–1886. (c) Purser, S.; Moore, P. R.; Swallow, S.; Gouver-
neur, V. Chem. Soc. Rev. 2008, 37, 320–330. (d) Wang, J.; Sánchez-
Roselló, M.; Aceña, J. L.; der Pozo, C.; Sorochinsky, A. E.; Fustero, 
S.; Soloshonok, V. A.; Liu, H. Chem. Rev. 2014, 114, 2432–2506. (e) 
Gillis, E. P.; Eastman, K. J.; Hill, M. D.; Donnelly, D. J.; Meanwell, 
N. A. J. Med. Chem. DOI: 10.1021/acs.jmedchem.5b00258. 

(2) (a) Furuya, T.; Klein, J. E. M. N.; Ritter, T. Synthesis 2010, 
1804–1821. (b) Furuya, T.; Kamlet, A. S.; Ritter, T. Nature 2011, 
473, 470–477. (c) Liang, T.; Neumann, C.; Ritter, T. Angew. Chem., 

Int. Ed. 2013, 52, 8214–8264. (d) Campbell, M. G.; Ritter, T. Org. 

Process. Res. Dev. 2014, 18, 474–480. (e) Campbell, M. G.; Ritter, T. 
Chem. Rev. 2015, 115, 612–633. 

(3) (a) Jones, W. D. Dalton Trans. 2003, 3991–3995. (b) Amii, H.; 
Uneyama, K. Chem. Rev. 2009, 109, 2119–2183. (c) Hughes, R. P. 
Eur. J. Inorg. Chem. 2009, 4591–4606. (d) Ahrens, T.; Kohlmann, J.; 
Ahrens, M.; Braun, T. Chem. Rev. 2015, 115, 931–972. 

(4) (a) Blanksby, S. J.; Ellison, G. B. Acc. Chem. Res. 2003, 36, 
255–263. (b) O’Hagan, D. Chem. Soc. Rev. 2008, 37, 308–319. 

(5) Clot, E.; Eisenstein, O.; Jasim, N.; Macgregor, S. A.; McGrady, 
J. E.; Perutz, R. N. Acc. Chem. Res. 2011, 44, 333–348. 

(6) Hall, D. G. In Boronic Acids: Preparation and Applications in 

Organic Synthesis, Medicine and Materials, 2nd ed.; Hall, D. G. Ed.; 
Wiley-VCH: Weinheim, 2011; Vol. 1, pp 1–134. 

(7) Tredwell, M.; Preshlock, S. M.; Taylor, N. J.; Gruber, S.; 
Huiban, M.; Passchier, J.; Mercier, J.; Génicot, C.; Gouverneur, V. 
Angew. Chem., Int. Ed. 2014, 53, 7751–7755. 

(8) (a) Phelps, M. E. Ed.; PET: Molecular Imaging and its Biologi-

cal Applications, Springer: New York, 2004. (b) Ametamey, S. M.; 
Honer, M.; Schubiger, P. A.; Chem. Rev. 2008, 108, 1501–1516. (c) 
Miller, P. J.; Ni. J. Long, R. Vilar, A. D. Gee, Angew. Chem., Int. Ed. 
2008, 47, 8998–9033. (d) Luthra, S. K.; Robins, E. G. In Fluorine in 

Pharmaceutical and Medicinal Chemistry: From Biophysical Aspects 

to Clinical Applications; Gouverneur, V.; Müller, K., Ed.; Imperial 
Collage Press: London, 2012; pp 383–460. (e) Tredwell, M.; Gouver-
neur, V. Angew. Chem., Int. Ed. 2012, 51, 11426–11437. (f) Lång-
ström, B.; Karimi, F.; Watanabe, Y. J. Labelled Compd. Radiopharm. 
2013, 56, 251–262. (g) Suzuki, M.; Doi, H.; Koyama, H.; Zhang, Z.; 
Hosoya, T.; Onoe, H.; Watanabe, Y. Chem. Rec. 2014, 14, 516–541. 
(h) Brooks, A. F.; Topczewski, J. J.; Ichiishi, N.; Sanford, M. S.; 
Scott, P. J. Chem. Sci. 2014, 5, 4545–4553. (i) Doi, H. J. Labelled 

Compd. Radiopharm. 2015, 58, 73–85.  
(9) This work was presented at the OMCOS-18, Sitges (June 28–

July 2, 2015). At the same conference, R. Martin and co-workers 
described a related Ni-catalyzed borylation of fluoroarenes via oxida-
tive addition of C–F bond to Ni(0) complex. See: Liu, X.-W.; Ec-
havarren, J.; Zarate, C.; Martin, R. J. Am. Chem. Soc. 2015, 137, 
12470–12473. 

(10) (a) Lindup, R. J.; Marder, T. B.; Perutz, R. N.; Whitwood, A. 
C.; Chem. Commun. 2007, 3664–3666. (b) Braun, T.; Salomon, M. 
A.; Altenhöner, K.; Teltewskoi, M.; Hinze, S. Angew. Chem., Int. Ed. 
2009, 48, 1818–1822. (c) Teltewskoi, M.; Panetier, J. A.; Macgregor, 
S. A.; Braun, T. Angew. Chem., Int. Ed. 2010, 49, 3947–3951. (d) 
Teltewskoi, M.; Kalläne, S. I.; Braun, T.; Herrmann, R. Eur. J. Inorg. 

Chem. 2013, 5762–5768. (e) Kalläne, S. I.; Braun, T.; Braun, B.; 
Mebs, S. Dalton Trans. 2014, 43, 6786–6801. (f) Kalläne, S. I.; 
Braun, T. Angew. Chem., Int. Ed. 2014, 53, 9311–9315. (g) Kalläne, 
S. I.; Teltewskoi, M.; Braun, T.; Braun, B. Organometallics 2015, 34, 
1156–1169. (h) Guo, W.-H.; Min, Q.-Q.; Gu, J.-W.; Zhang, X. An-

gew. Chem., Int. Ed. 2015, 54, 9075–9078. 
(11) C–F bond cleavage of fluorobenzene to afford borylbenzene 

(10% yield) was achieved by using boryllithium species. See: Sega-
wa, Y.; Suzuki, Y.; Yamashita, M.; Nozaki, K. J. Am. Chem. Soc. 
2008, 130, 16069–16079. 

(12) For selected examples, see: (a) Kiso, Y.; Tamao, K.; Kumada, 
M. J. Organomet. Chem. 1973, 50, C12–C14. (b) Böhm, V. P. W.; 
Gstöttmayr, C. W. K.; Weskamp, T.; Herrmann, W. A. Angew. 

Chem., Int. Ed. 2001, 40, 3387–3389. (c) Mongin, F.; Mojovic, L.; 
Guillamet, B.; Trécourt, F.; Quéguiner, G. J. Org. Chem. 2002, 67, 
8991–8994. (d) Lamm, K.; Stollenz, M.; Meier, M.; Görls, H.; Wal-
ther, D. J. Organomet. Chem. 2003, 681, 24–36. (e) Dankwardt, J. J. 

Organomet. Chem. 2005, 690, 932–938. (f) Saeki, T.; Takashima, Y.; 
Tamao K.  Synlett 2005, 1771–1774. (g) Ackermann, L.; Born, R.; 
Spatz, J. H.; Meyer, D. Angew. Chem., Int. Ed. 2005, 44, 7216–7219. 

(h) Yoshikai, N.; Mashima, H; Nakamura, E. J. Am. Chem. Soc. 2005, 
127, 17978–17979. (i) Inamoto, K.; Kuroda, J.; Sakamoto, T.; Hiroya, 
K. Synthesis 2007, 2853–2861. (j) Yoshikai, N.; Matsuda, H; Naka-
mura, E. J. Am. Chem. Soc. 2009, 131, 9590–9599. (k) Xie, L.-G.; 
Wang, Z.-X. Chem. Eur. J. 2010, 16, 10332–10336. (l) Ackermann, 
L.; Wechsler, C.; Kapdi, A. R.; Althammer, A. Synlett 2010, 294–
298. (m) Guo, W.-J.; Wang, Z.-X. J. Org. Chem. 2013, 78, 1054–
1061. (n) Wu, D.; Wang, Z.-X. Org. Biomol. Chem. 2014, 12, 6414–
6424. 

Page 5 of 7

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

(13) (a) Nakamura, Y.; Yoshikai, N.; Nakamura, E. Org. Lett. 
2012, 14, 3316–3319. (b) Zhu, F.; Wang, Z.-X. J. Org. Chem. 2014, 
79, 4285–4292. 

(14) Tobisu, M.; Xu, T.; Shimasaki, T.; Chatani, N. J. Am. Chem. 

Soc. 2011, 133, 19505–19511. 
(15) For the reviews of synthetic applications of the borylcopper 

species, see: (a) Dang, L.; Lin, Z.; Marder, T. B. Chem. Commun. 
2009, 3987–3995. (b) Cid, J.; Gulyás, H.; Carbó, J. J.; Fernández, E. 
Chem. Soc. Rev. 2012, 41, 3558–3570. (c) Semba, K.; Fujihara, T.; 
Terao, J.; Tsuji, Y. Tetrahedron, 2015, 71, 2183–2197. 

(16) For Ni/Cu-catalyzed silylation of aryl pivalates, see: Zarate, 
C.; Martin, R. J. Am. Chem. Soc. 2014, 136, 2236–2239.  

(17) See Supporting Information for details. 
(18) For recent examples, see: (a) Leiendecker, M.; Hsiao, C.-C.; 

Guo, L.; Alandini, N.; Rueping, M. Angew. Chem., Int. Ed. 2014, 53, 
12912–12915. (b) Tobisu, M.; Yasutome, A.; Kinuta, H.; Nakamura, 
K.; Chatani, N. Org. Lett. 2014, 16, 5572–5575. (c) Zarate, C.; Man-
zano, R.; Martin, R. J. Am. Chem. Soc. 2015, 137, 6754–6757. (d) 
Tobisu, M.; Takahira, T.; Ohtsuki, A.; Chatani, N. Org. Lett. 2015, 
17, 680–683. (e) Tobisu, M.; Norioka, T.; Ohtsuki, A.; Chatani, N. 
Chem. Sci. 2015, 6, 3410–3414. For the reviews of nickel-mediated 
activation of aryl ethers, see: (f) Cornella, J.; Zarate, C.; Martin, R. 
Chem. Soc. Rev. 2014, 43, 8081–8097. (g) Tobisu, M.; Chatani, N. 
Acc. Chem. Res. 2015, 48, 1717–1726. 

(19) Tobisu, M.; Nakamura, K.; Chatani, N. J. Am. Chem. Soc. 
2014, 136, 5587–5590. 

(20) (a) Guan, B.-T.; Xiang, S.-K.; Wu, T.; Sun, Z.-P.; Wang, B.-
Q.; Zhao, K.-Q.; Shi, Z.-J. Chem. Commun. 2008, 1437–1439. (b) 
Álvarez-Bercedo, P.; Martin, R. J. Am. Chem. Soc. 2010, 132, 17352–
17353. (c) Cornella, J.; Gómez-Bengoa, E.; Martin, R. J. Am. Chem. 

Soc. 2013, 135, 1997–2009. 
(21) Hartwig, J. F. Organotransition Metal Chemistry: From Bond-

ing to Catalysis; University Science Books; Sausalito, CA, 2010; pp 
301–320. 

(22) For the synthesis of Ni(I) complex via one-electron oxidation 
of Ni(0) with Ag(I), see: Schwab, M. M.; Himmel, D.; Kacprzak, S.; 
Kratzert, D.; Radtke, V.; Weis, P.; Ray, K.; Scheidt, E.-W.; Scherer, 
W.; de Bruin, B.; Weber, S.; Krossing, I. Angew. Chem., Int. Ed. DOI: 
10.1002/anie.201506475. 

(23) Iluc, V. M.; Hillhouse, G. L. J. Am. Chem. Soc. 2010, 132, 
11890–11892. 

(24) Transmetalation of Ni(II)–F with an arylboronic acid was re-
ported to occur smoothly at room temperature. See: Steffen, A.; Slad-
ek, M. I.; Braun, T.; Neumann, B.; Stammler, H.-G. Organometallics 
2005, 24, 4057–4064. 

(25) Borylation of aryl radical species to afford arylboronic esters 
was proposed. See: Qiu, D.; Jin, L.; Zheng, Z.; Meng, H.; Mo, F.; 
Wang, X.; Zhang, Y.; Wang, J. J. Org. Chem. 2013, 78, 1923–1933. 

(26) Attempts toward defluoroborylation in the presence of 2,2,6,6-
tetramethylpiperidine 1-oxyl (TEMPO) or Galvinoxyl free radical 
resulted in poor conversion, presumably due to deactivation of the 

low-valent Ni complex. We did not observe any product potentially 
generated from the carbon-centered radical. 

(27) Protection of the functional groups containing acidic protons, 
such as hydroxy, carboxyl, and amide groups, was required to achieve 
the defluoroborylation. See Figure S1 in Supporting Information for 
examples. 

(28) (a) Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457. (b) 
Suzuki, A.; Brown, H. C. Organic Syntheses via Boranes Suzuki Cou-

pling, Vol. 3; Aldrich: Milwaukee, 2003. 
(29) Crawford, A. G.; Liu, Z.; Mkhalid, I. A. I.; Thibault, M.-H.; 

Schwarz, N.; Alcaraz, G.; Steffen, A.; Collings, J. C.; Batsanov, A. S.; 
Howard, J. A. K.; Marder, T. B. Chem. Eur. J. 2012, 18, 5022–5035. 

(30) Battagliarin, G.; Li, C.; Enkelmann, V.; Müllen, K. Org. Lett. 
2011, 13, 3012–3015. 

(31) Ryu, J.; Shin, K.; Park, S. H.; Kim, J. Y.; Cheng, S. Angew. 

Chem., Int. Ed. 2012, 51, 9904–9908. 
(32) (a) Dormán, G. Top. Curr. Chem. 2001, 211, 169–225. (b) 

Hosoya, T.; Hiramatsu, T.; Ikemoto, T.; Nakanishi, M.; Aoyama, H.; 
Hosoya, A.; Iwata, T.; Maruyama, K.; Endo, M.; Suzuki, M. Org. 

Biomol. Chem. 2004, 2, 637–641. (c) Lapinsky, D. J. Bioorg. Med. 

Chem. 2012, 20, 6237–6247. (d) Yoshida, S.; Misawa, Y.; Hosoya, T. 
Eur. J. Org. Chem. 2014, 3991–3995, and references cited therein. 

(33) (a) Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Angew. Chem., 

Int. Ed. 2001, 40, 2004–2021. (b) Lahann, J. Click Chemistry for 

Biotechnology and Materials Science; John Wiley & Sons: West 
Sussex, 2009. 

(34) We performed the 18F-labeling reaction of 3w using [18F]KF 
with approximately 400 MBq of radioactivity. At present, we have 
not succeeded in the synthesis of [18F]-1w using [18F]KF with a higher 
amount of radioactivity (>2 GBq), most likely due to technical issues 
with our automated radiolabeling system. Improvements to the system 
are currently underway. 

(35) 18F-Labeled statins are expected to act as a PET probe for im-
aging hepatic organic anion transporters. See: (a) Switzer, J. A.; Hess, 
D. C. Expert Rev. Neurother. 2006, 6, 195–202. (b) Ijuin, R.; Ta-
kashima, T.; Watanabe, Y.; Sugiyama, Y.; Suzuki, M. Bioorg. Med. 

Chem. 2012, 20, 3703–3709. (c) Shingaki, T.; Takashima, T.; Ijuin, 
R.; Zhang, X.; Onoue, T.; Katayama, Y.; Okauchi, T.; Hayashinaka, 
E.; Cui, Y. L.; Wada, Y.; Suzuki, M.; Maeda, K.; Kusuhara, H.; 
Sugiyama, Y.; Watanabe, Y. J. Pharmacol. Exp. Ther. 2013, 347, 
193–202. (d) He, J.; Yu, Y.; Prasad, B.; Link, J.; Miyaoka, R. S.; 
Chen, X.; Unadkat, J. D. Mol. Pharmaceutics 2014, 11, 2745–2754. 
(e) Yagi, Y.; Kimura, H.; Arimitsu, K.; Ono, M.; Maeda, K.; Kusuha-
ra, H.; Kajimoto, T.; Sugiyama, Y.; Saji, H. Org. Biomol. Chem. 

2015, 13, 1113–1121. For the review, see: Testa, A.; Zanda, M.; 
Elmore, C. S.; Sharma, P. Mol. Pharmaceutics 2015, 12, 2203–2216. 

(36) (a) Willmann, J. K.; van Bruggen, N.; Dinkelborg, L. M.; 
Gambhir, S. S. Nat. Rev. Drug Discovery 2008, 7, 591–607. (b) Row-
land, M. J. Pharm. Sci. 2012, 101, 4067–4074. 

 

 

 

 

 

 

 

 

 

 

Page 6 of 7

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

7

 

 

Page 7 of 7

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


