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ABSTRACT: We describe a simple and efficient procedure for
nucleophilic borylation of imines in the absence of a photoredox
catalyst. Visible light irradiation of an acetonitrile solution of an
imine, an NHC-borane, and diphenyl disulfide (10 mol %)
provides various stable α-amino NHC-boranes in good yields. The
reaction proceeds via addition of a nucleophilic boryl radical to an
imine, followed by hydrogen abstraction from thiophenol, which is generated from NHC-borane and diphenyl disulfide.

Organoboron compounds are versatile building blocks in
organic synthesis.1 In the past two decades, boron-

containing drugs2 and functional materials3 have attracted
attention. In particular, α-amino boronic acids play an
important role in pharmaceuticals.4 Direct C-borylation of
imines is an ideal method for the formation of α-amino
boronic acids.5,6 Standard ionic hydroboration cannot be used
for this reaction because boranes behave as hydride sources
and simple reduction to an amine typically ensues.7 However,
several valuable methods based on diborylation are known. In
2000, Baker and co-workers reported diborylation of imines
with bis(catecholato)diboron in the presence of Pt(cod)Cl2
catalyst.6a Elman developed asymmetric diborylation of chiral
sulfinyl imines with copper catalyst,6b and Fernańdez reported
enantioselective diborylation of tosylaldimines with chiral
phosphine.6c The atom economy in these reactions is not
ideal because one of the two boron functional groups is
ultimately sacrificed for a proton.
In recent years, carbon−boron bond-forming reactions of N-

heterocyclic carbene boranes (NHC-boranes) with alkenes and
alkynes have been discovered.8−10 These hydroboration
reactions involve additions of NHC-boryl radicals to multiple
bonds. The resulting NHC-borane adducts are stable
compounds that nonetheless have a wide variety of reaction
chemistry centering around the boron atom and its
substituents.11 In 2015, we reported radical cyanation of
NHC-boranes with dinitriles.9a This reaction proceeds via
addition of a nucleophilic boryl radical to a nitrile to give an
iminyl radical, followed by β-cleavage.
Recently, Xie/Zhu and co-workers achieved inverse hydro-

boration of NHC-boranes to imines to afford α-amino boranes
(eq 1).12 This reaction requires a photocatalyst, benzyl thiol
(0.1 equiv), sodium hydride (0.2 equiv), and light, and two
nonchain mechanisms based on photoredox catalysis were
proposed. In one, the new C−B bond is formed by radical−
radical coupling, and in the other, it is formed by addition of an
NHC-boryl radical to the imine. In traditional radical

reactions, a radical Y adds to an unsaturated bond followed
by hydrogen abstraction from Z−H to give a product along
with a Z radical. The Z radical regenerates a Y radical thus
keeping a radical chain.13 If we could select an appropriate
radical initiator and hydrogen donor, the α-amino boranes
could be obtained through a radical chain mechanism under
simple reaction conditions. We have now discovered that the
inverse hydroboration reaction of imines with NHC-BH3
proceeds efficiently by using PhSSPh as an additive under
compact fluorescent light (CFL) irradiation conditions (eq 2).
Initially, we chose (E)-N-phenyl-1-(p-tolyl)methanimine

(1a) as a model substrate in this study (Table 1). Curran
reported hydrodehalogenation of aryl iodides and bromides
using NHC-BH3 and a catalytic amount of disulfide with a sun
lamp.14 These conditions are known to form thiols in situ.
Thus, a reaction in acetonitrile was conducted with 1a (0.5
mmol), diMeImd-BH3 2 (1.2 equiv), and PhSSPh (0.1 equiv)
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under irradiation from a 12 W white CFL (compact
fluorescence lamp) for 14 h. The target product 3a was
formed in 88% NMR yield and was isolated in 78% yield after
column chromatography on silica gel (entry 1). No borylation
product was observed in the absence of disulfide (entry 2).
Importantly, BnSSBn is not an effective additive (entry 3).
To understand why PhSSPh succeeds and BnSSBn fails, we

conducted control experiments that omitted the imine. CFL
irradiation of PhSSPh and 2 gave diMeImd-BH2(SPh) and
diMeImd-BH(SPh)2.

15 In contrast, the reaction of BnSSBn
with 2 afforded only trace amounts of NHC-boryl sulfides.
These results suggest that PhSSPh is absorbing a little light
from CFL to form an initial thiyl radical.
We next explored thermal reactions at 80 °C in the dark. In

these, we used thiols in place of disulfides. Heating of 1, 2a,
and 0.1 equiv of PhSSPh gave 3a in only 10% yield (entry 4).
Thermal initiation of PhSSPh is not effective.15 However,
when the traditional initiator AIBN was added, 3a was formed
in good yields (entries 5 and 6). The thermal reaction with
BnSH gave poor results (entries 7 and 8). This difference in
the reactivity may be based on the bond dissociation energies
(BDEBnS−H = 86.9 kcal mol−1 vs BDEPhS−H = 79.1 kcal
mol−1).16 This is suggested that the hydrogen abstraction by
the iminyl radical from BnS−H would not proceed efficiently.
No product was formed when AIBN was added and the thiol
was omitted (entry 9). Taken together, these experiments
support the notion that a radical chain is operating in both
thermal and photoreactions and that PhSSPh is a precursor of
PhSH in the photoreactions.
Next we explored the generality of this simple radical

borylation of imines (Table 2). The reaction of 1b gave
corresponding product in 87% yield (entry 2). Substrates
having halogen atoms at para, meta, and ortho positions, 1c−
1g, gave the corresponding products 3c−3g in good yields
(entries 3−7). The selectivity with aryl bromides (entries 5−7)
is significant; no dehydrobromination products14 were
observed in these reactions. The reaction of imines 1h−1j,
which were prepared from aniline with 2-naphthaldehyde, 3-
pyridinecarboxaldehyde, and thiophene-3-carbaldehyde, af-

forded α-amino boranes 3h−3j in 95%, 82%, and 69% yields,
respectively (entries 8−10). The reaction of imines 1k and 1l,
which are prepared from 4-bromoaniline, also worked well
(entries 11 and 12). The imines, which were prepared from the
combination of aliphatic aldehydes with aliphatic or aromatic
amines and aromatic aldehydes with aliphatic amines, were not
suitable for this inverse hydroboration reaction in optimized
conditions (Table 1, entry 1).
Finally, we conducted a gram-scale reaction of 1h (4.34

mmol) under the standard conditions (Scheme 1). This
furnished 3h in 79% yield (1.17 g) after evaporation and flash
chromatography.

Table 1. Optimization

entry light or initiator thiol or disulfide temp yielda

1 CFL PhSSPh (0.1 equiv) −c 88% (78%)b

2 CFL none −c 0%
3 CFL BnSSBn (0.1 equiv) −c 0%
4 none (under dark) PhSSPh (0.1 equiv) 80 °C 10%
5 AIBN (0.1 equiv) PhSH (0.1 equiv) 80 °C 97%
6 AIBN (0.1 equiv) PhSH (0.2 equiv) 80 °C 91%
7 AIBN (0.1 equiv) BnSH (0.1 equiv) 80 °C 24%
8 AIBN (0.1 equiv) BnSH (0.2 equiv) 80 °C 59%
9 AIBN (0.1 equiv) none 80 °C 0%

aDetermined by 1H NMR using CHCl2CHCl2 as an internal
standard. bIsolated yield after silica gel column chromatography.
cThe reaction was conducted at room temperature. However, the
solution temp was increased using CFL to around 33 °C.

Table 2. Substrate Scope for Inverse Hydroboration
Reactions of Iminesa

a1 (0.5 mmol), 2 (0.6 mmol), PhSSPh (0.05 mmol), CFL (12 W),
MeCN (2.5 mL), 14 h. bDetermined by 1H NMR spectroscopy using
1,1,2,2-tetrachloroethame as an internal standard. cYield of product,
isolated after flash column chromatography on SiO2, is given in
parentheses.

Scheme 1. Gram Scale Reaction
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A chain mechanism for this inverse hydroboration of imines
is proposed in Figure 1. In the initiation step, a thiyl radical A

is formed from the disulfide under visible light irradiation
conditions.14 The thiyl radical abstracts hydrogen from NHC-
borane 2 to give an NHC-boryl radical B.17 In the key step, the
NHC-boryl radical B adds to the imine 1 to give the α-NHC-
boryl aminyl radical C. Addition to the C-atom of the imine is
preferred over the N-atom due to the nucleophilicity of the
NHC-boryl radical. Finally, C abstracts hydrogen from thiol to
afford 3 and another thiyl radical A.
In summary, we discovered a convenient photochemical

procedure for inverse hydroboration of imines with NHC-
borane 2 leading to α-amino boranes. PhSSPh was employed
as a precursor of the thiyl radical and thiol. These reactions can
also be conducted with AIBN under traditional thermal
conditions, and this complementarity suggests that other types
of PhSSPh/visible light-initiated radical borylation are worthy
of investigation.
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C.; Gulyaś, H.; Fernańdez, E. Asymmetric synthesis of α-amino
boronate esters via organocatalytic pinacolboryl addition to
tosylaldimines. Chem. Commun. 2012, 48, 3769. (d) Wen, K.;
Wang, H.; Chen, J.; Zhang, H.; Cui, X.; Wei, C.; Fan, E.; Sun, Z.
Improving Carbene−Copper-Catalyzed Asymmetric Synthesis of α-
Aminoboronic Esters Using Benzimidazole-Based Precursors. J. Org.
Chem. 2013, 78, 3405. (e) Hong, K.; Morken, J. P. Catalytic
Enantioselective One-pot Aminoborylation of Aldehydes: A Strategy
for Construction of Nonracemic α-Amino Boronates. J. Am. Chem.
Soc. 2013, 135, 9252. (f) Wang, D.; Cao, P.; Wang, B.; Jia, T.; Lou, Y.;
Wang, M.; Liao, J. Copper(I)-Catalyzed Asymmetric Pinacolboryl
Addition of N-Boc-imines Using a Chiral Sulfoxide−Phosphine
Ligand. Org. Lett. 2015, 17, 2420. (g) Xia, Q.; Chang, H.-R.; Li, J.;
Wang, J.-Y.; Peng, Y.-Q.; Song, G.-H. Tunable Synthesis of α-Amino
Boronic Esters from Available Aldehydes and Amines through
Sequential One-Pot Dehydration and Copper-Catalyzed Borylacyla-
tion. J. Org. Chem. 2020, 85, 2716. (h) Ming, W.; Liu, X.; Friedrich,
A.; Krebs, J.; Budiman, Y. P.; Huang, M.; Marder, T. B. Concise
synthesis of α-amino cyclic boronates viamulticomponent coupling of
salicylaldehydes, amines, and B2(OH)4. Green Chem. 2020, 22, 2184.
(i) Ming, W.; Liu, X.; Friedrich, A.; Krebs, J.; Marder, T. B. The
Borono−Strecker Reaction: Synthesis of α-Aminoboronates via a
Multicomponent Reaction of Carbonyl Compounds, Amines, and B
2pin 2. Org. Lett. 2020, 22, 365.

Figure 1. Possible mechanism.

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.1c00230
Org. Lett. 2021, 23, 1825−1828

1827

https://pubs.acs.org/doi/10.1021/acs.orglett.1c00230?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c00230/suppl_file/ol1c00230_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takuji+Kawamoto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1845-4700
http://orcid.org/0000-0002-1845-4700
mailto:tak102@yamaguchi-u.ac.jp
mailto:tak102@yamaguchi-u.ac.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tsubasa+Morioka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kohki+Noguchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dennis+P.+Curran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-9644-7728
http://orcid.org/0000-0001-9644-7728
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Akio+Kamimura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-3060-4265
http://orcid.org/0000-0002-3060-4265
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00230?ref=pdf
https://dx.doi.org/10.1039/C5SC02207J
https://dx.doi.org/10.1039/C5SC02207J
https://dx.doi.org/10.1039/C7CC01254C
https://dx.doi.org/10.1039/C7CC01254C
https://dx.doi.org/10.1021/cr608202m
https://dx.doi.org/10.1016/j.ejmech.2019.06.092
https://dx.doi.org/10.1016/j.ejmech.2019.06.092
https://dx.doi.org/10.1002/anie.201911108
https://dx.doi.org/10.1039/c0cs00154f
https://dx.doi.org/10.1039/c0cs00154f
https://dx.doi.org/10.1039/C5CS00886G
https://dx.doi.org/10.1039/C5CS00886G
https://dx.doi.org/10.1021/ol006008v
https://dx.doi.org/10.1021/ol006008v
https://dx.doi.org/10.1021/ol006008v
https://dx.doi.org/10.1021/ja800829y
https://dx.doi.org/10.1021/ja800829y
https://dx.doi.org/10.1021/ja800829y
https://dx.doi.org/10.1039/c2cc00020b
https://dx.doi.org/10.1039/c2cc00020b
https://dx.doi.org/10.1039/c2cc00020b
https://dx.doi.org/10.1021/jo4000477
https://dx.doi.org/10.1021/jo4000477
https://dx.doi.org/10.1021/ja402569j
https://dx.doi.org/10.1021/ja402569j
https://dx.doi.org/10.1021/ja402569j
https://dx.doi.org/10.1021/acs.orglett.5b00934
https://dx.doi.org/10.1021/acs.orglett.5b00934
https://dx.doi.org/10.1021/acs.orglett.5b00934
https://dx.doi.org/10.1021/acs.joc.9b02887
https://dx.doi.org/10.1021/acs.joc.9b02887
https://dx.doi.org/10.1021/acs.joc.9b02887
https://dx.doi.org/10.1021/acs.joc.9b02887
https://dx.doi.org/10.1039/D0GC00346H
https://dx.doi.org/10.1039/D0GC00346H
https://dx.doi.org/10.1039/D0GC00346H
https://dx.doi.org/10.1021/acs.orglett.9b03773
https://dx.doi.org/10.1021/acs.orglett.9b03773
https://dx.doi.org/10.1021/acs.orglett.9b03773
https://dx.doi.org/10.1021/acs.orglett.9b03773
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00230?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00230?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00230?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00230?fig=fig1&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.1c00230?ref=pdf


(7) For selected examples on usual hydroboration of imines, see:
(a) Baker, R. T.; Calabrese, J. C.; Westcott, S. A. Coinage metal-
catalyzed hydroboration of imines. J. Organomet. Chem. 1995, 498,
109. (b) Chase, P. A.; Welch, G. C.; Jurca, T.; Stephan, D. W. Metal-
Free Catalytic Hydrogenation. Angew. Chem., Int. Ed. 2007, 46, 8050.
(c) Eisenberger, P.; Bailey, A. M.; Crudden, C. M. Taking the F out of
FLP: Simple Lewis Acid−Base Pairs for Mild Reductions with Neutral
Boranes via Borenium Ion Catalysis. J. Am. Chem. Soc. 2012, 134,
17384. (d) Chong, C. C.; Kinjo, R. Catalytic Hydroboration of
Carbonyl Derivatives, Imines, and Carbon Dioxide. ACS Catal. 2015,
5, 3238. (e) Liu, T.; Chen, L.-Y.; Sun, Z. Asymmetric Reduction of
tert-Butanesulfinyl Ketimines by N-Heterocyclic Carbene Boranes. J.
Org. Chem. 2015, 80, 11441. (f) Adams, M. R.; Tien, C.-H.;
Huchenski, B. S. N.; Ferguson, M. J.; Speed, A. W. H.
Diazaphospholene Precatalysts for Imine and Conjugate Reductions.
Angew. Chem., Int. Ed. 2017, 56, 6268. (g) Tien, C.-H.; Adams, M. R.;
Ferguson, M. J.; Johnson, E. R.; Speed, A. W. H. Hydroboration
Catalyzed by 1,2,4,3-Triazaphospholenes. Org. Lett. 2017, 19, 5565.
(h) Adams, M. R.; Tien, C.-H.; McDonald, R.; Speed, A. W. H.
Asymmetric Imine Hydroboration Catalyzed by Chiral Diazaphos-
pholenes. Angew. Chem., Int. Ed. 2017, 56, 16660.
(8) For seminal example on nucleophilicity of boryl radical, see:
(a) Giles, J. R. M.; Roberts, B. P. An electron spin resonance study of
the generation and reactions of borane radical anions in solution. J.
Chem. Soc., Perkin Trans. 2 1983, 743. (b) Paul, V.; Roberts, B. P.
Homolytic reactions of ligated boranes. Part 8. Electron spin
resonance studies of radicals derived from ligated alkylboranes. J.
Chem. Soc., Perkin Trans. 2 1988, 1183. (c) Sheeller, B.; Ingold, K. U.
Absolute rate constants for some reactions of the triethylamine-boryl
radical and the borane radical anion. J. Chem. Soc., Perkin Trans. 2
2001, 480. (d) Lalevée, J.; Tehfe, M. A.; Allonas, X.; Fouassier, J. P.
Boryl Radicals as a New Photoinitiating Species: A Way to Reduce the
Oxygen Inhibition. Macromolecules 2008, 41, 9057.
(9) (a) Kawamoto, T.; Geib, S. J.; Curran, D. P. Radical Reactions of
N-Heterocyclic Carbene Boranes with Organic Nitriles: Cyanation of
NHC-Boranes and Reductive Decyanation of Malononitriles. J. Am.
Chem. Soc. 2015, 137, 8617. (b) Watanabe, T.; Hirose, D.; Curran, D.
P.; Taniguchi, T. Borylative Radical Cyclizations of Benzo[3,4]-
cyclodec-3-ene-1,5-diynes and N-Heterocyclic Carbene-Boranes.
Chem. - Eur. J. 2017, 23, 5404. (c) Ren, S.-C.; Zhang, F.-L.; Qi, J.;
Huang, Y.-S.; Xu, A.-Q.; Yan, H.-Y.; Wang, Y.-F. Radical Borylation/
Cyclization Cascade of 1,6-Enynes for the Synthesis of Boron-
Handled Hetero- and Carbocycles. J. Am. Chem. Soc. 2017, 139, 6050.
(d) Yu, Y.-J.; Zhang, F.-L.; Cheng, J.; Hei, J.-H.; Deng, W.-T.; Wang,
Y.-F. Lewis Base−Boryl Radicals Enabled the Desulfurizative
Reduction and Annulation of Thioamides. Org. Lett. 2018, 20, 24.
(e) Qi, J.; Zhang, F.-L.; Huang, Y.-S.; Xu, A.-Q.; Ren, S.-C.; Yi, Z.-Y.;
Wang, Y.-F. Radical Borylative Cyclization of 1,6-Dienes: Synthesis of
Boron-Substituted Six-Membered Heterocycles and Carbocycles. Org.
Lett. 2018, 20, 2360. (f) Shimoi, M.; Watanabe, T.; Maeda, K.;
Curran, D. P.; Taniguchi, T. Radical trans-Hydroboration of Alkynes
with N-Heterocyclic Carbene Boranes. Angew. Chem., Int. Ed. 2018,
57, 9485. (g) Jin, J.-K.; Zhang, F.-L.; Zhao, Q.; Lu, J.-A.; Wang, Y.-F.
Synthesis of Diverse Boron-Handled N-Heterocycles via Radical
Borylative Cyclization of N-Allylcyanamides. Org. Lett. 2018, 20,
7558. (h) Huang, Y.-S.; Wang, J.; Zheng, W.-X.; Zhang, F.-L.; Yu, Y.-
J.; Zheng, M.; Zhou, X.; Wang, Y.-F. Regioselective radical
hydroboration of electron-deficient alkenes: synthesis of α-boryl
functionalized molecules. Chem. Commun. 2019, 55, 11904. (i) Ren,
S.-C.; Zhang, F.-L.; Xu, A.-Q.; Yang, Y.; Zheng, M.; Zhou, X.; Fu, Y.;
Wang, Y.-F. Regioselective radical α-borylation of α,β-unsaturated
carbonyl compounds for direct synthesis of α-borylcarbonyl
molecules. Nat. Commun. 2019, 10, 1934. (j) Dai, W.; Geib, S. J.;
Curran, D. P. Facile Synthesis of α-N-Heterocyclic Carbene-Boryl
Ketones from N-Heterocyclic Carbene-Boranes and Alkenyl Triflates.
J. Am. Chem. Soc. 2019, 141, 12355. (k) Liu, X.; Lin, E. E.; Chen, G.;
Li, J.-L.; Liu, P.; Wang, H. Radical Hydroboration and Hydrosilylation
of gem-Difluoroalkenes: Synthesis of α-Difluorinated Alkylborons and
Alkylsilanes. Org. Lett. 2019, 21, 8454. (l) Jin, J.-K.; Zheng, W.-X.;

Xia, H.-M.; Zhang, F.-L.; Wang, Y.-F. Regioselective Radical
Hydroboration of gem-Difluoroalkenes: Synthesis of α-Borylated
Organofluorines. Org. Lett. 2019, 21, 8414. (m) Xu, H.; Jiang, Z.
Photoredox-Catalysed New Radical Borylation Pathways for Organo-
boron Synthesis. Youji Huaxue 2020, 40, 3483. (n) Jin, J.; Xia, H.;
Zhang, F.; Wang, Y. Lewis-Base Boryl Radicals Enabled Borylation,
Radical Catalysis and Reduction Reactions. Youji Huaxue 2020, 40,
2185. (o) Xia, P. J.; Song, D.; Ye, Z. P.; Hu, Y. Z.; Xiao, J. A.; Xiang,
H. Y.; Chen, X. Q.; Yang, H. Photoinduced Single-Electron Transfer
as an Enabling Principle in the Radical Borylation of Alkenes with
NHC−Borane. Angew. Chem., Int. Ed. 2020, 59, 6706. (p) Xu, W.;
Jiang, H.; Leng, J.; Ong, H. W.; Wu, J. Visible-Light-Induced Selective
Defluoroborylation of Polyfluoroarenes, gem-Difluoroalkenes, and
Trifluoromethylalkenes. Angew. Chem., Int. Ed. 2020, 59, 4009.
(q) Xia, P. J.; Ye, Z. P.; Hu, Y. Z.; Xiao, J. A.; Chen, K.; Xiang, H. Y.;
Chen, X. Q.; Yang, H. Photocatalytic C−F Bond Borylation of
Polyfluoroarenes with NHC-boranes. Org. Lett. 2020, 22, 1742.
(r) Takahashi, K.; Shimoi, M.; Watanabe, T.; Maeda, K.; Geib, S. J.;
Curran, D. P.; Taniguchi, T. Revisiting Polyfluoroarenes as Radical
Acceptors: Radical C−F Bond Borylation of Polyfluoroarenes with N-
Heterocyclic Carbene Boranes and Synthesis of Borane-Containing
Liquid Crystals. Org. Lett. 2020, 22, 2054. (s) Dai, W.; Geib, S. J.;
Curran, D. P. 1,4-Hydroboration Reactions of Electron-Poor
Aromatic Rings by N-Heterocyclic Carbene Boranes. J. Am. Chem.
Soc. 2020, 142, 6261. (t) Zhu, C.; Dong, J.; Liu, X.; Gao, L.; Zhao, Y.;
Xie, J.; Li, S.; Zhu, C. Photoredox-Controlled β-Regioselective Radical
Hydroboration of Activated Alkenes with NHC-Boranes. Angew.
Chem., Int. Ed. 2020, 59, 12817. (u) Qi, J.; Zhang, F.-L.; Jin, J.-K.;
Zhao, Q.; Li, B.; Liu, L. X.; Wang, Y.-F. New Radical Borylation
Pathways for Organoboron Synthesis Enabled by Photoredox
Catalysis. Angew. Chem., Int. Ed. 2020, 59, 12876. (v) Chen, G.;
Wang, L.; Liu, X.; Liu, P. Visible-Light-Induced Radical Defluorobor-
ylation of Trifluoromethyl Alkenes: An Access to gem-Difluoroallyl-
boranes. Adv. Synth. Catal. 2020, 362, 2990.
(10) For a review of nucleophilic radical borylation, see: Taniguchi,
T. Boryl Radical Addition to Multiple Bonds in Organic Synthesis.
Eur. J. Org. Chem. 2019, 2019, 6308.
(11) For a review of NHC-borane chemistry, see: Curran, D. P.;
Solovyev, A.; Makhlouf Brahmi, M.; Fensterbank, L.; Malacria, M.;
Lacôte, E. Synthesis and Reactions of N-Heterocyclic Carbene
Boranes. Angew. Chem., Int. Ed. 2011, 50, 10294.
(12) Zhou, N.; Yuan, X.-A.; Zhao, Y.; Xie, J.; Zhu, C. Synergistic
Photoredox Catalysis and Organocatalysis for Inverse Hydroboration
of Imines. Angew. Chem., Int. Ed. 2018, 57, 3990.
(13) Studer, A.; Curran, D. P. Catalysis of radical reactions: A radical
chemistry perspective. Angew. Chem., Int. Ed. 2016, 55, 58−102.
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