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铱催化的(杂)芳烃远端区域选择性 C—H 硼化反应的最新进展 

邹晓亮 a,b    徐森苗*,a 
(a中国科学院兰州化学物理研究所  羰基合成与选择氧化国家重点实验室  兰州 730000) 

(b中国科学院大学  北京 100049) 

摘要  (杂)芳基硼酸及其衍生物在合成化学、材料科学和药物化学领域具有广泛的用途, 因此, 其合成方法研究一直备

受关注. 铱催化的 C—H 硼化反应是合成这类化合物最为有效的途径之一, 然而, 由于反应机理的限制, 区域选择性可

控的 C—H 硼化是铱催化体系的一大挑战, 同时也是该领域的一个重要发展方向. 系统介绍了最近几年铱催化的芳烃

远端硼氢化反应的最新进展. 
关键词  碳氢键活化; (杂)芳基硼酸酯; 合成方法; 硼化 

Recent Progress in Iridium-Catalyzed Remote Regioselective  
C—H Borylation of (Hetero)Arenes 
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(a State Key Laboratory for Oxo Synthesis and Selective Oxidation, Lanzhou Institute of Chemical Physics,  
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Abstract  (Hetero)Aryl boronic acids and their derivatives have been widely used in synthetic chemistry, material sciences, 
and drug discovery. Accordingly, the development of novel synthetic methods towards these structures has received a great 
deal of attention. In particular, Ir-catalyzed C—H borylation represents one of the most efficient methods. Due to the 
restriction of the reaction mechanism, regioselective controllable C—H borylation of Ir catalysis is a formidable challenge, and 
it is also an important development direction in this area. In this review, the recent progress in Ir-catalyzed remote selective C
—H borylation of arenes is systematically discussed. 
Keywords  C—H activation; (hetero)aryl boronates; synthetic methods; borylation 

 

1  Introduction 
Transition-metal-catalyzed C—H borylation of (het-

ero)arenes has become a powerful approach to access syn-
thetically useful aryl boronic acids and their derivatives in 
an atom- and step-economic manner.[1-8] In particular, the 
state-of-art Ir-catalyzed C—H borylation has received in-
creasing attention due to its mild reaction conditions, addi-
tive-free, high efficiency, and simple operation since the 
turn of the millennium (Scheme 1A).[9-10] In addition, the 
mechanism has been well documented for the Ir/bipyridine 
(Ir/bpy) catalytic system as shown in Scheme 1B.[11] In the 
presence of HBpin (pinacol borane) and/or B2pin2 (bis- 
(pinacolato)diboron), the Ir(I)/bpy complex A is converted 
to a 16-electron trisboryl Ir(III)/bpy intermediate B, which 

could cleave the nearby arene C—H bond through oxida-
tive addition to generate an Ir(V)/bpy species D. Reductive 
elimination of D furnishes Ar-Bpin along with the concur-
rent formation of a hydridoboryl Ir(III)/bpy complex E. 
Reaction of E with HBPin or B2pin2 could regenerate B for 
the next catalytic cycle. Because there is only a single va-
cant site of active species B, a secondary interaction be-
tween substrate and metal center is not available. There-
fore, the regioselectivity is governed by steric issues. Par-
ticularly, the C—H borylation of mono- and 1,2-disubsti-
tuted benzenes results in an inseparable mixture of 
borylated regioisomers. In order to achieve Ir-catalyzed 
regioselective C—H borylation, a secondary interaction is 
usually required to fix the substrate, allowing for the de-
sired C—H bond approaching the Ir center. To this end, 
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Scheme 1  Ir-catalyzed C—H borylation of arenes and its 
mechanism 

a number of substrate-control and substrate-control meth-
ods for the (hetero)arenes bearing a directing group (DG) 
have been developed.[12-29] Most of them rely on the for-
mation of a 14-electron iridium complex that can exert C—
H activation through a chelation mode (inner-sphere di-
rected), leading to ortho-borylated products, which has 
been reviewed several times.[30-32] On the other hand, re-
mote regioselective C — H borylation of mono- and 
1,2-substituted (hetero)arenes is less studied[33] but in-
creasing. In this review, we discuss the recent progress in 
Ir-catalyzed outer-sphere directed meta- and para- 

selective C—H borylation of (hetero)arenes contributed by 
the groups of Kanai, Chattopadhyay, Phipps, Itami, Nakao, 
and Gramage-Doria. This review is organized by research 
group. 

2  Remote C—H borylation of arenes 
2.1  The Kanai group 

In 2015, the Kanai group[34] reported an elegant me-
ta-selective C—H borylation of (hetero)arenes (Scheme 2). 
They designed a new ligand L1 in which a hydrogen-bond 
donor urea was appended to the bipyridine unit. Thus, a 
secondary interaction between this donor and a suitable 
hydrogen-bond acceptor in the substrate would place the 
metal center of the catalyst in close proximity to the de-
sired C—H bond (Scheme 2, INT-1). They found that 
L1/Ir catalytic system was suitable for controlling meta- 
positions of benzamides 2a～2e with good to excellent 
regioselectivity (up to ＞30∶1 meta/para ratio). In addi-
tion to the amide functionality, the current meta-selective 
C—H borylation also well proceeded using aromatic 
phosphorus compounds, such as phenyl phosphate 1f, 
phosphonic diamide 1g, and phosphine oxide 1h, and the 
corresponding products 2f～2h were obtained with high 
meta-selectivity. In addition to improving meta-selectivity, 
the Kanai group[35] also found that the reaction rate was 
also accelerated due to the recognition and capture of the 
aromatic substrate by the urea moiety of the ligand through 
hydrogen bonding. 

2.2  The Chattopadhyay group 
Chattopadhyay and coworkers[36] developed a formal 

Ir-catalyzed meta-selective C—H borylation of aromatic 
aldehydes via in situ-generated imines (Scheme 3). In the 
presence of 3,4,7,8-tethramethylphenanthroline (L2), a  
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Scheme 2  Hydrogen-bond directed meta-selective C—H borylation  
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Scheme 3  B—N bond directed formal meta-selective C—H borylation 

 
variety of substituted benzaldehydes underwent reaction 
smoothly, and the corresponding borylated products 4a～
4e were obtained with very high meta-selectivity. The au-
thors proposed two transition states (TS-1 and TS-2) to 
elucidate the outcome of regioselectivity. In the case H- 
bond-directed approach TS-1, the imine substituent (R) is 
far away from the Bpin moiety, thus meta-selectivity 
should almost be independent of the size of R group. On 
the other hand, in the cases of TS-2, because of the close 
proximity of the R group to the Bpin moiety, the outcome 
should be affected by the size of the R group. A remarka-
bly clear trend for the meta-selectivity was observed as the 
imine substituent R was made smaller (Scheme 3, Entries 
1～3), indicating that TS-2 is more plausible in which the 
secondary interaction through the imine N and boryl B is 
facilitated because of the reduced steric repulsion for the 
smaller R group. 

In 2017, the same group[37] reported a novel noncovalent 
interaction approach for the Ir-catalyzed para-selective   
C—H borylation of (hetero)aromatic esters (Scheme 4). 
They designed an L-shaped ligand (L3) with a quinoline 
moiety being appended to the bipyridine moiety. The 
quinoline may tautomerize to the more stable L3' due to 
the aromatic resonance stabilization, which could further 
form an O—K bond with the treatment of KOtBu. Thus, in 
the presence of [Ir(OMe)(cod)]2, B2pin2, and KOtBu, the 

O-K group of the trisboryl irdium catalyst could recognize 
the functionality of carbonyl oxygen atom of the aromatic 
ester through the noncovalent interaction as shown in the 
proposed INT-2, which would place the desired C—H 
bond of the substrate in close proximity to the center of the 
catalyst. They found that L2/Ir/KOtBu catalytic system 
was suitable for the para-selective C―H borylation of (he- 
tero)aromatic esters 5a～5i with excellent regioselectivity. 

2.3  The Phipps group 
In 2016, Phipps and coworkers[38] developed an elegant 

Ir-catalyzed meta-selective C—H borylation of readily 
accessed aromatic quaternary ammonium salts (Scheme 5). 
They designed and synthesized a new ion-pairing ligand 
(L4) with a sulfonate-bearing tether appending to the bi-
pyridine unit. The putative key intermediate INT-3 that 
determined the regioselectivity is formed through ion pair-
ing between the charge center of cationic arene substrates 
and anionic sulfonate of the catalyst, thus placing the de-
sired meta-C―H bond close proximity to the iridium cen-
ter. As a comparison, the observed poor regioselectivity of 
the C―H borylation with two neutral surrogates 9 and 10 
for 7a demonstrated the importance of the positive charge 
on the substrate for the ion pairing. This method could tol-
erate a broad spectrum of substrates including flexible 
ammonium salts,[39] affording meta-borylated products 
8a～8e with good to excellent regioselectivities. The same   
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Scheme 4  Non-covalent interaction directed para-selective C—H borylation of (hetero)aromatic esters 
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Scheme 5  Ion-pair directed meta-selective C—H borylation of aromatic quaternary ammonium salts  
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group[40] further applied the same strategy to the Ir-catal-
yzed meta-selective C—borylation of aromatic phospho-
nium salts 11, which showed excellent regioselectivities 
(Scheme 6). 

Apart from the ion-paired directed regioselective C—H 
borylation, the same group[41] reported that this same ani-
onic ligand L4 was also highly proficient as a hydrogen 
bond acceptor to direct Ir-catalyzed meta-C(sp2)—H bory-
lation of (hetero)aromatic substrates bearing amide hydro-

gen bond donor as shown in Scheme 7. The presence of 
hydrogen bond was evidenced by NMR titrations. The ob-
served poor regioselectivity of N-alkylated substrates fur-
ther demonstrated the importance of the hydrogen bond 
between substrates and the catalyst. A proposed hydrogen 
bonding intermediate INT-5 that places the iridium center 
close proximity to the meta-C—H bond is responsible for 
the observed regioselectivity. This method was well toler-
ated with benzylamine (13a～13c), phenethylamine  

 
Scheme 6  Ion-pair directed meta-selective C—H borylation of aromatic phosphonium salts 
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Scheme 7  Hydrogen-bond directed meta-selective C—H borylation 
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(13d～13g), phenylpropylamine (14h and 14i), and pyri-
dine containing amine (14j～14l) derivatives, providing 
valuable and partial access to pharmaceutically relevant 
scaffolds bearing complex substitution patterns. 

Based on the above results, Phipps and coworkers[42] re-
placed achiral cation tetra-n-butylammonium with dihy-
droquinine (DHQ) derived chiral cation to form the chiral 
ion-paired ligand (L5). They envisioned that stereoselec-
tivity could be determined by the DHQ derived chiral cat-
ion by virtue of hydrogen bond between the substrate and 
the chiral ion pairing catalyst (Scheme 8, INT-6). The re-
action of prochiral benzhdrylamides 15a～15f with B2pin2 
could perfectly undergo enantioselective meta-C(sp2)—H 
borylation, resulting 17a～17f with 85%～96% ee after 
oxidation. Notably, excellent meta-selectivity was ob-
served when a substrate contains a competitive reaction 

site at its para-position (17d～17f). In addition to ben-
zhdrylamides, this protocol could be further extended to 
the enantioselective meta-C(sp2)—H borylation of prochi-
ral diarylphophinamides 15g ～ 15i, affording P-chiral 
compounds 17g～17i with 80%～93% ee.  

To further explore more diverse remote selectivity, the 
Phipps group[43] developed an alternative ion-pairing strat-
egy, in which the counterion of sulfamate salt 18a' does 
not deliver the reactive catalyst but is unfunctionalized and 
bulky, acting as a “steric shield” to obstruct borylation at 
the meta-position as shown in Scheme 9 (INT-7), thereby 
allowing for para-selective C—H borylation with simple 
commercially available 4,4'-di-tert-butyl-2,2'-bipyrdine 
(L6). The para-selectivity increased with increasing the 
bulkiness of the size of the coutercation (Scheme 1, Entry 
1 vs Entry 2). The facilely removable anionic directing  
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Scheme 8  Hydrogen-bond directed enantioselective meta-selective C—H borylation 
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Scheme 9  Steric repulsion directed para-selective C—H borylation 

groups for ion pairing make this method valuable and 
practical. Another advantage of the current method is that 
it can transform a broad range of the most useful arene 
building blocks encompassing anilines, benzylamines (18d 
and 18e), phenols (18f and 18g), and benzyl alcohols (18h 
and 18i) as well as several classes of arenesulfonate (18j～
18m) to valuable para-borylated products (19a～19m). 
2.4  The Itami group 

In 2015, the Itami group[44] reported a highly para-sele-
ctive C—H borylation (up to 91%) of monosubstituted 
benzene derivatives (Scheme 10, 20a～20i) using a new 
iridium catalyst bearing a bulky diphosphine ligand, Xyl- 
MeO-BIPHEP (L7). They found that regioselectivity is 
predominantly controlled by the steric repulsion between 
the substrate and the para-selectivity according to the re-
gioselectivity increased with the increasing bulkiness of 
the substituent on the arene (Scheme 10, 21b～21e). In the 
proposed reaction mechanism of C—H borylation, 20a 

approaches from the top side of the square pyramidal irid-
ium trisboryl complex (INT-8). The bulky substituents on 
diphosphine ligand restrict the upper hemisphere around 
the iridium center so that the para-C—H bond reacts pref-
erentially over that in meta-position.  
2.5  The Nakao group 

Another interesting alternative to control remote selec-
tivity is synergistic catalysis.[45] In 2017, Nakao and 
coworkers[46] reported highly para-selective C—H boryla-
tion of (hetero)aromatic amides enabled by cooperative 
iridium/aluminum catalysis (Scheme 11). This reaction is 
well tolerated with aryl amides (22a～22f), heteroaromatic 
amides (22g and 22h), and aryl phosphonate (22i) using a 
combination of L6/Ir and aluminum catalyst MAD, af-
fording the desired borylated products (23a～23i) with 
good to excellent regioselectivities. They further success-
fully applied this strategy to C4-selective borylation of 
pyridine and its derivatives (24) using a slightly different    
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Scheme 10  Steric repulsion induced para-selective C—H borylation 
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Scheme 11  para-Selective C—H borylation by cooperative iridium/aluminum catalysis 
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aluminum catalyst (iBABr) (Scheme 12).[46] The key to the 
success of the above transformations relies on the use of a 
bulky aluminum Lewis acid (LA) that can reversibly un-
dergo complexation with the carbonyl oxygen atom of the 
amide moiety of substrates or pyridine nitrogen atom. Such 
interaction could not only make arene core more elec-
tron-deficient and thus more reactive but also create steric 
repulsion between a ligand on iridium and LA that would 
block the ortho- and meta-positions and force the C—H 
borylation to proceed at the para-position (Scheme 12, 

INT-9). 
Inspired by the above results, the same group[47] devel-

oped an Ir-LA bifunctional catalyst for the meta-selective 
C—H borylation of benzamides and pyridines. The de-
signed bifunctional catalyst consists of a bpy or phenan-
throline moiety for ligating Ir, a linker which arranges the 
position of the metal center to control the site selectivity, 
and a Lewis acidic alkylaluminum- or alkylboron-based 
moiety to recognize Lewis basic functionality of substrates 
(Scheme 13A). They found that L7-AlOct, which has a  
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Scheme 12  C4-selective C—H borylation of pyridines by cooperative iridium/aluminum catalysis 

 

Scheme 13  meta-Selective C—H borylation of (hetero)arenes  



   
Chinese Journal of Organic Chemistry REVIEW  

 
Chin. J. Org. Chem. 2021, 41, 2610～2620 © 2021 Chinese Chemical Society & SIOC, CAS http://sioc-journal.cn/     2619 

biphenyl diol linker with octylaluminum LA moiety, was 
able to control excellent meta-selectivity with good reac-
tivity for the C—H borylation of benzamides and aryl 
phosphonate (Scheme 13B). As a comparison, the use of 
MOM protected L7 (L7-MOM) and Al(n-Oct)3, however, 
gave a mixture of isomers as products without selectivity. 
In addition, by using a rationally-designed borane-based 
1,10-phenanthroline ligand L8, highly regioselective C—H 
borylation of pyridine derivatives was observed (Scheme 
13). 
2.6  The Gramage-Doria group 

Very recently, the Gramage-Doria group[48] realized a 
highly meta-selective C—H borylation of pyridines ena-
bled by enzyme-like supermolecular iridium catalysis 
(Scheme 14). With a rationally-designed Zn(II)-porphyrin- 
based N,N-chelating ligand L9, they found its iridium 
complex exhibiting a strong affinity for pyridine deriva-
tives (K＞104 L•mol－1) by means of kinetically labile 
Zn-N coordination (Scheme 14, INT-9). The perfect ge-
ometry and ideal atom-precise distance between the active 
site and the substrate recognition site rendered borylated 
products 27 with exclusive meta-selectivities (Scheme 14, 

INT-9). Kinetic studies revealed that the current catalytic 
system displayed enzyme-like features such as Michae-
lis-Menten kinetic and substrate selectivity. This work also 
showed that N,N-chelating ligands beyond bpy and phe-
nanthroline derivatives are suitable for Ir-catalyzed C—H 
borylation. 

3  Summary and outlook 
In summary, we discussed Ir-catalyzed remote regiose-

lective C—H borylation of (hetero)arenes using outer- 
sphere directed strategies. A secondary interaction such as 
hydrogen bond, ion pairing, Lewis acid-base complexation, 
steric repulsion, and other non-covalent recognition is cru-
cial to achieving either meta- or para-selectivity. Despite 
the advances made, challenges remain. Firstly, types of 
substrate types are still very limited, especially, diverse 
regioselective C—H borylation of aliphatic compounds 
remains underdeveloped. Secondly, remote stereoselective 
C—H borylation is still at the infancy stage. Thus, this area 
still needs more endeavors, with emphasis on the devel-
opment of new strategies and novel chiral/achiral ligands. 
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Scheme 14  Supermolecular iridium catalysis for meta-selective C—H borylation of pyridines 

References 
[1] Mkhalid, I. A. I.; Barnard, J. H.; Marder, T. B.; Murphy, J. M.; 

Hartwig, J. F. Chem. Rev. 2010, 110, 890.  
[2] Zhu, D.-X.; Xu, M.-H. Chin. J. Org. Chem. 2020, 40, 255 (in Chi-

nese). 
(祝东星, 徐明华, 有机化学, 2020, 40, 255.) 

[3] Liu, W.; Lu, Z. Chin. J. Org. Chem. 2020, 40, 3596 (in Chinese). 
(刘文伯, 陆展, 有机化学, 2020, 40, 3596.) 

[4] Xu, H.; Jiang, Z. Chin. J. Org. Chem. 2020, 40, 3483 (in Chinese). 
(许荷欢, 江智勇, 有机化学, 2020, 40, 3483.) 

[5] Yang, J.-M.; Li, Z.-Q.; Zhu, S.-F. Chin. J. Org. Chem. 2017, 37, 
2481 (in Chinese). 
(杨吉民, 李子奇, 朱守非, 有机化学, 2017, 37, 2481.) 

[6] Jiang, Z.-T.; Wang, Bi-Q.; Shi, Z.-J. Chin. J. Chem. 2018, 36, 950. 
[7] Zhan, M.; Song, P.; Jiao, J.; Li, P. Chin. J. Chem. 2020, 38, 665. 
[8] Wang, Y.-X.; Zhang, P.-F.; Ye, M. Chin. J. Chem. 2020, 38, 1762. 

[9] Ishiyama, T.; Takagi, J.; Ishida, K.; Miyaura, N.; Anastasi, N. R.; 
Hartwig, J. F. J. Am. Chem. Soc. 2002, 124, 390. 

[10] Cho, J.-Y.; Tse, M. K.; Holmes, D.; Maleczka, R. E.; Smith, M. R. 
Science 2002, 295, 305. 

[11] Boller, T. M.; Murphy, J. M.; Hapke, M.; Ishiyama, T.; Miyaura, N.; 
Hartwig, J. F. J. Am. Chem. Soc. 2005, 127, 14263. 

[12] Boebel, T. A.; Hartwig, J. F. J. Am. Chem. Soc. 2008, 130, 7534.  
[13] Robbins, D. W.; Boebel, T. A.; Hartwig, J. F. J. Am. Chem. Soc. 

2010, 132, 4068. 
[14] Preshlock, S. M.; Plattner, D. L.; Maligres, P. E.; Krska, S. W.; 

Maleczka, R. E.; Smith, M. R. Angew. Chem., Int. Ed. 2013, 52, 
12915. 

[15] Roosen, P. C.; Kallepalli, V. A.; Chattopadhyay, B.; Singleton, D. 
A.; Maleczka, R. E.; Smith, M. R. J. Am. Chem. Soc. 2012, 134, 
11350. 

[16] Li, H.-L.; Kanai, M.; Kuninobu, Y. Org. Lett. 2017, 19, 5944. 
[17] Liang, L. H.; Yoichiro, K.; Motomu, K. Angew. Chem., Int. Ed. 



   
有机化学 综述与进展 

 
2620      http://sioc-journal.cn/ © 2021 Chinese Chemical Society & SIOC, CAS Chin. J. Org. Chem. 2021, 41, 2610～2620 

2017, 56, 1495. 
[18] Ishiyama, T.; Isou, H.; Kikuchi, T.; Miyaura, N. Chem. Commun. 

2010, 46, 159. 
[19] Sasaki, I.; Taguchi, J.; Hiraki, S.; Ito, H.; Ishiyama, T. Chem.-Eur. J. 

2015, 21, 9236. 
[20] Kawamorita, S.; Ohmiya, H.; Hara, K.; Fukuoka, A.; Sawamura, M. 

J. Am. Chem. Soc. 2009, 131, 5058. 
[21] Kawamorita, S.; Ohmiya, H.; Sawamura, M. J. Org. Chem. 2010, 

75, 3855. 
[22] Yamazaki, K.; Kawamorita, S.; Ohmiya, H.; Sawamura, M. Org. 

Lett. 2010, 12, 3978. 
[23] Crawford, K. M.; Ramseyer, T. R.; Daley, C. J. A.; Clark, T. B. An-

gew. Chem., Int. Ed. 2014, 53, 7589. 
[24] Roering, A. J.; Hale, L. V. A.; Squier, P. A.; Ringgold, M. A.; Wie-

derspan, E. R.; Clark, T. B. Org. Lett. 2012, 14, 3558. 
[25] Hale, L. V. A.; McGarry, K. A.; Ringgold, M. A.; Clark, T. B. Or-

ganometallics 2015, 34, 51. 
[26] Ros, A.; Estepa, B.; López-Rodríguez, R.; Álvarez, E.; Fernández, 

R.; Lassaletta, J. M. Angew. Chem., Int. Ed. 2011, 50, 11724. 
[27] Ros, A.; López-Rodríguez, R.; Estepa, B.; Álvarez, E.; Fernández, 

R.; Lassaletta, J. M. J. Am. Chem. Soc. 2012, 134, 4573. 
[28] Ghaffari, B.; Preshlock, S. M.; Plattner, D. L.; Staples, R. J.; 

Maligres, P. E.; Krska, S. W.; Maleczka, R. E.; Smith, M. R. J. Am. 
Chem. Soc. 2014, 136, 14345. 

[29] Wang, G.; Liu, L.; Wang, H.; Ding, Y.-S.; Zhou, J.; Mao, S.; Li, P. 
J. Am. Chem. Soc. 2017, 13, 91. 

[30] Ros, A.; Fernandez, R.; Lassaletta, J. M. Chem. Soc. Rev. 2014, 43 
3229. 

[31] Hartwig, J. F. Chem. Soc. Rev. 2011, 40, 1992. 
[32] Xu, L.; Wang, G.; Zhang, S.; Wang, H.; Wang, L.; Liu, L.; Jiao, J.; 

Li, P. Tetrahedron 2017, 73, 7123.  

[33] Feng, Y.; Holte, D.; Zoller, J.; Umemiya, S.; Simke, L. P.; Baran, P. 
S. J. Am. Chem. Soc. 2015, 137, 10160. 

[34] Kuninobu, Y.; Ida, H.; Nishi, M.; Kanai, M. Nat. Chem. 2015, 7, 
712. 

[35] Lu, X.; Yoshigoe, Y.; Ida, H.; Nishi, M.; Kanai, M.; Kuninobu, Y. 
ACS Catal. 2019, 9, 1705. 

[36] Bisht, R.; Chattopadhyay, B. J. Am. Chem. Soc. 2016, 138, 84. 
[37] Hoque, M. E.; Bisht, R.; Haldar, C.; Chattopadhyay, B. J. Am. 

Chem. Soc. 2017, 139, 7745. 
[38] Davis, H. J.; Mihai, M. T.; Phipps, R. J. J. Am. Chem. Soc. 2016, 

138, 12759. 
[39] Mihai, M. T.; Davis, H. J.; Genov, G. R.; Phipps, R. J. ACS Catal. 

2018, 8, 3764. 
[40] Lee, B.; Mihai, M. T.; Stojalnikova, V.; Phipps, R. J. J. Org. Chem. 

2019, 84, 13124. 
[41] Davis, H. J.; Genov, G. R.; Phipps, R. J. Angew. Chem., Int. Ed. 

2017, 56, 13351. 
[42] Genov, G. R.; Douthwaite, J. L.; Lahdenperä, A. S. K.; Gibson, D. 

C.; Phipps, R. J. Science 2020, 367, 1246. 
[43] Mihai, M. T.; Williams, B. D.; Phipps, R. J. J. Am. Chem. Soc. 

2019, 141, 15477. 
[44] Saito, Y.; Segawa, Y.; Itami, K. J. Am. Chem. Soc. 2015, 137, 5193. 
[45] Okumura, S.; Tang, S.; Saito, T.; Semba, K.; Sakaki, S.; Nakao, Y. 

J. Am. Chem. Soc. 2016, 138, 14699. 
[46] Yang, L.; Semba, K.; Nakao, Y. Angew. Chem., Int. Ed. 2017, 56, 

4853. 
[47] Yang, L.; Uemura, N.; Nakao, Y. J. Am. Chem. Soc. 2019, 141, 

7972. 
[48] Trouvé, J.; Zardi, P.; Al-Shehimy, S.; Roisnel, T.; Gramage-Doria, 

R. Angew. Chem., Int. Ed. 10.1002/anie.202101997. 

(Cheng, F.) 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


