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Synthesis of 1,3-Bis-(boryl)alkanes through Boronic Ester Induced

Consecutive Double 1,2-Migration

Cai You and Armido Studer*

Abstract: A general and efficient approach for the preparation
of 1,3-bis-(boryl)alkanes is introduced. It is shown that readily
generated vinylboron ate complexes react with commercially
available ICH,Bpin to valuable 1,3-bis-(boryl)alkanes. The
introduced transformation, which is experimentally easy to
conduct, shows broad substrate scope and high functional-
group tolerance. Mechanistic studies reveal that the reaction
does not proceed via radical intermediates. Instead, an
unprecedented boronic ester induced sequential bis-1,2-migra-
tion cascade is suggested.

Organoboron compounds are versatile intermediates in
synthesisl!! that also play an important role in materials
science and medicinal chemistry.”) Bis-(boryl)alkanes, an
interesting subclass, have attracted increasing attention as
synthetic precursors in organic synthesis enabling multiple C—
C and C-heteroatom bond construction.”***! Although many
methods for accessing 1,1- and 1,2-bis-(boryl)alkanes have
been reported,”*! general methods for the synthesis of 1,3-bis-
(boryl)alkanes are rare.”® Therefore, an efficient and
general procedure for the preparation of 1,3-bis-(boryl)al-
kanes is demanded.

1,2-migrations of boron ate complexes have been shown
to be highly reliable for C—C bond construction while
retaining the valuable boron moiety in the product.*” In
1967, Zweifel and co-workers first reported 1,2-alkyl/aryl
migrations of vinylboron ate complexes induced by electro-
philic halogenation (Scheme 1a).®! In 2016, Morken and co-
workers disclosed the electrophilic palladation-induced 1,2-
alkyl/aryl migration of vinylboron ate complexes.”) More
recently, we,'”! Aggarwal "'l and Renaud™? developed radical
polar crossover reactions, in which 1,2-alkyl/aryl migrations of
vinylboron ate complexes are induced by alkyl radical
additions. This radical approach was further extended by
Shi and co-workers to the radical-induced 1,2-boron migra-
tion.['3)

In 2018, Ingleson and co-workers demonstrated that soft
boron-based Lewis acids (BPh; and 9-Ph-BBN) induce 1,2-
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boron migration of a vinyl diboron ate complex to enable the
one-pot synthesis of 1,1,2-triborylated alkanes (Scheme
1b).1" Inspired by this reaction, we envisioned that commer-
cially available ICH,Bpin would react with vinyl boron ate
complexes to form 1,3-bis-(boryl)alkanes (Scheme 1c, pin=
pinacolato). We considered that ICH,Bpin acting as a soft
electrophile would induce a Zweifel-type 1,2-Ry-migration of
a vinyl boron ate complex to form the 1,2-diborylated alkane
intermediate I that might engage in a subsequent Matteson
rearrangement® to afford a 1,3-bis-(boryl)alkane. This
strategy comprising two sequential 1,2-alkyl/aryl migration
steps would offer a general and efficient approach for the
synthesis of 1,3-bis-(boryl)alkanes, and first results are
reported in this communication.

We began our investigations by exploring the reaction
between the vinyl boron ate complex 2a and ICH,Bpin. To
this end, 2a was generated in situ by addition of n-butyl-
lithium to the boronic ester 1a in diethyl ether at 0°C. The
solvent was removed and crude 2a was redissolved in
acetonitrile. An excess (2 equivalents) of ICH,Bpin was
added and the mixture was stirred at room temperature for
16 hours. To our delight, the desired 1,3-bis-(boryl)alkane 3a
was obtained in high yield (85%, Table 1, entry 1). Solvent

a) 1,2-Aryl/alkyl/boryl migration of vinyl boronates

electrophile-induced 1,2-R-migration

(@weifel)
O\S/O Li® o r\(;lngr x-Q Bpin conjunctive cross-coupling
Ry™ — TR (Morken)
RTX Rm

radical-induced 1,2-R-migration

Ry = aryl, alkyl, Bpin (Studer, Aggarwal)

b) Borane-induced 1,2-boryl-migration of a vinyl diboronate (Ingleson)

®
. MgBr
MgB BR S}
Q\Q gBr 3 plnB\(\BR3
0" 3NF Bpin
Bpin

BR; = BPhj or 9-Ph-BBN

c) Boronic ester-induced bis-1,2-migration (this work):

A~p Bpin
o\Cg,o |_i® | Bpin »
Ry R Ru Bpin
RTX
first second
1,2-migration I L 1,2-migration

Scheme 1. 1,2-Group migrations of vinyl boron ate complexes.
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screening revealed acetonitrile to be superior to all other
solvents tested (entries 1-4). Upon replacing ICH,Bpin by
BrCH,Bpin or CICH,Bpin, the yield of 3a significantly
dropped (entries 5 and 6). However, in the presence of
1.0 equiv of Nal, the reaction with CICH,Bpin delivered 3a in
80% vyield (entry 7). Increasing the amount of ICH,Bpin led
to a further improvement and the best result was obtained
when 3 equivalents were used (86 % yield of isolated product;
entries 8 and 9).

To investigate the substrate scope, various vinyl boron ate
complexes were tested (Scheme 2). B-ate complexes 2a—2e
generated by treating the boronic ester 1a with n-butyl-
lithium, n-hexyllithium, isobutyllithium, isopropyllithium, or
tert-butyllithium underwent this transformation smoothly to
afford 3a-3e in 73-86 % yield, which demonstrates that the
sequence tolerates different levels of steric hindrance with
respect to the migrating alkyl group. By using PhLi for
boronate formation, the tertiary benzylic boronic ester 3 f was
obtained (73%). Other aryllithiums bearing various func-
tional groups at the para position of the aryl moiety, such as
methyl (3g), tert-butyl (3h), trifluoromethyl (3i), methoxyl
(3j), trimethylsilyl (3k), and halides (31 and 3m) are all
compatible with this transformation. Aryl groups bearing
meta or ortho substituents are tolerated, as documented by
the successful preparation of 3n-3p. We also tested a sub-
strate containing a C=C bond at the phenyl ring, and 3q was
obtained in 72% yield with the less nucleophilic styrenic
double bond unreacted. Substrates containing extended
aromatic systems also engage in this cascade (see 3r and
3s). Isopropenylmagnesium bromide could be employed for
boronate generation to afford 3t, albeit in a slightly lower
yield (46%). We also tested whether ICH,Bpin can be
replaced by secondary borylated alkyl iodides. However,
reaction of 2a with ICHCH;Bpin under optimized conditions
afforded only traces of the targeted compound.

Studies were continued by varying the R substituent at the
vinyl boronic ester 1 with the n-butyllithium group as the

Table 1: Reaction optimization.”

Bpin n-BuLi(1.1equiv) O_ O Li® X" Bpin (n equiv) Bpin
AN Tewo0cron ”B“)g solvent, rt, 16 h By~ Bpin
1a 2a 3a
Entry Solvent X n Yield [%]®
1 MeCN | 2 85
2 DMSO | 2 43
3 THF | 2 26
4 DMF | 2 44
5 MeCN Br 2 64
6 MeCN Cl 2 5
71 MeCN cl 2 80
8 MeCN | 3 92 (86)
9 MeCN | 4 90

[a] Reaction conditions: Ta (0.20 mmol), n-BuLi (0.22 mmol), in Et,0
(2mL), 0°C to rt, 1 h, under Ar. After boronate complex formation,
solvent exchange to the selected solvent (2 mL) was performed. [b] GC
yield using n-Cy,Hs, as an internal standard; yield of isolated product is
given in parentheses. [c] 0.20 mmol Nal was added.
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Me/i\/\Bpm e PN 39 R=Me, 75% 3k R = SiMes, 91%
tBu 3h,R=tBu,87% 3l, R=F, 78%
3i, R=CF3; 82% 3m,R=Cl, 68%
3e, 75% 3f-m
R
Bpin Bpin Bpin Bpin
Me Bpin Me; l } Bpin %\Bpin Me Bpin
3n, 85% 30, 64% 3p, 66% ™ 39, 72%
Bpin Bpin Bpin
Bpin Bpin Me Bpin
Z “Me
3r, 68% (78%) 3s, 70% 3t, 46%le
Bpin Bpin Bpin Bpin
H/*\/\Bpin nBu/*\/\Bpin Bn/*\/\Bpin nBu_ oPin
nBu nBu nBu
3u, 58%°! 3v, 80% 3w, 50% 3x, 27%
Bpin Bpin
= Bpi )\/\/*\A ,
w pin T Bpin
3y, 68% 3z, 80%

Scheme 2. Substrate scope. Reaction conditions: 1 (0.20 mmol,

1.0 equiv), RyLi (0.22 mmol, 1.1 equiv), in Et,0 (2 mL), 0°Ctort, Th,
under Ar; then ICH,Bpin (0.60 mmol, 3 equiv), rt, 16 h, in MeCN

(2 mL). Yields given correspond to isolated products. Yield in paren-
theses for 1.2 mmol scale experiment. [a] a-Substituted alkenyl
Grignard reagent isopropenylmagnesium bromide was used. [b] Vinyl-
boronic acid pinacol ester (0.30 mmol), n-BuLi (0.33 mmol, 1.1 equiv),
in Et,0 (2 mL), 0°Cto rt, 1 h, under Ar; then 1 mol % Ir(ppy)s,
ICH,Bpin (0.60 mmol, 2 equiv), rt, 16 h, in MeCN (1 mL), blue LEDs.
ppy =2-phenylpyridine.

migrating substituent R, When the unsubstituted vinyl
boronate 2u was employed (R=H), trace amounts of the
targeted 3u were formed, likely due to the lowered nucleo-
philicity of 2u compared to the a-methyl congeners. How-
ever, upon using Ir photocatalysis, smooth reaction occurred
and 3u was obtained in 58 % yield, likely through a different
mechanism (see discussion below).

In contrast, vinylboron ate complexes bearing an activat-
ing R group at the a-position of the double bond engaged in
the cascade without the necessity of using an Ir photocatalyst.
Hence, various a-substituents R, such as n-butyl (3v), benzyl
(3w), prenyl (3y), and homoprenyl (3z) serve as activating
groups and the corresponding products were obtained in 50—
80% yields. However, the o-styrenyl boronate 2x gave

Angew. Chem. Int. Ed. 2020, 59, 17245-17249
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a significantly lower yield of 3x (27 %). This is in our eyes not
a serious limitation, since an a-phenyl group in the product
boronic ester can be installed through phenyl-group migra-
tion (see 3 f). Notably, upon running the reaction on a larger
scale (1.2 mmol), an increase in yield was obtained (3r, 78 %).

We also tested whether [-substituents at the vinylic
double bond of the boron ate complexes are tolerated
(Scheme 3). The sterically highly hindered trimethyl deriva-
tive 2aa engaged in the cascade with nBuLi as reaction
partner, although a drop in the yield was noted (3aa, 34 %).
Better yields were achieved with o,p-disubstituted alkenyl-
boron ate complexes. However, reactions were not stereo-
specific and the cis complex 2 ab derived from 1i reacted with
a 1.7:1 diastereoselectivity to bisboronic ester 3ab. The
isomeric ate complex trans-2ab’ derived from 1j provided
3ab with 1.3:1 diastereoselectivity. The relative configuration
was not assigned but the same major isomer was formed in
both transformations. 1-Cyclopentenylboronic ester reacted
with a 2.2:1 selectivity to 3ac.

We next tested whether our strategy enables the prepa-
ration of triborylated alkanes. Reaction of B,pin, with the
propenyl Grignard gave bisboronate complex 2ad that was
reacted with ICH,Bpin to give the targeted 3ad, albeit in
a low yield (Scheme 4). Regarding the mechanism, we first
explored the possibility of a radical-based process!™™ by
performing radical-probe experiments'® (Scheme 5). Typical
scavengers such as 2,2-6,6-tetramethyl piperidine-N-oxyl

N .
Bpin nBui 0.0 Li® I~ “Bpin Bpin
s (1.1 equiv) nBu’B o (3 equiv) ]
xR —— R3 R Bpin
R Et,0 RIS nBu
R2 . 2 ) MeCN R2R3
1 0°Ctort 2 R rt, 16 h 3
Bpin Bpin Bpin
M% Bpin ”B"\‘Aj\/\Bpin from: Me)\
NSUnve Me Me Me
3aa, 34% 3ab, 91%, dr = 1.7:1 1i
pinB Bpin Bpin Bpin
nBuﬁ\ nBKAj\ﬁ Bpin  from: Me)\/ Me
Me
3ac, 59%, dr = 2.2:1 3ab, 90%, dr = 1.3:1 1j

Scheme 3. Reaction with B-substituted boron ate complexes. Reaction
conditions: 1 (0.20 mmol, 1.0 equiv), nBulLi (0.22 mmol, 1.1 equiv), in
Et,O (2 mL), 0°C to rt, 1 h, under Ar; then ICH,Bpin (0.60 mmol,

3 equiv), rt, 16 h, in MeCN (2 mL).

® 1”">Bpin )
; Bpin
B,pin MgBr (1.1 equiv) O\S/O lMgBr (3 equiv)
2 THF, 0°Ctort )\BP'” VeCN Me” 1" 8pin
Me™ =% it, 16 h
2ad 3ad, 16%

Scheme 4. Synthesis 1,1,3-triborylated alkanes through boronic ester
induced consecutive double 1,2-migration. Reaction conditions: B,pin,
(0.20 mmol, 1.0 equiv), isopropenylmagnesium bromide (0.22 mmol,
1.1 equiv), in THF (2 mL), 0°C to rt, 1 h, under Ar; then ICH,Bpin
(0.60 mmol, 3 equiv), rt, 16 h, in MeCN (2 mL).
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(TEMPO) or 3,5-di-tert-4-butylhydroxytoluene (BHT) did
not suppress the reaction and radical trapping products could
not be identified. Furthermore, the reaction of the radical
probes 2ae and 2 af gave the bisboronic esters 3ae and 3af in
high yields. Ring-opening products (in case of 2ae) or any
products derived from a 5-exo-cyclization (in case of 2af)
were not identified. These results indicate that the cascade
does not occur through a radical process. Considering these
findings and Ingleson’s work,!' we suggest the following
mechanism (Scheme 5c¢). ICH,Bpin acts as soft Lewis acid,
which triggers the first 1,2-migration of the boron ate complex
2. Since this initial 1,2-migration does not proceed stereose-
lectively, the reaction likely proceeds via intermediate A,
where the Ry, group can migrate in a non-concerted process to
both sites of the carbenium ion. This is in agreement with the
findings of Aggarwal and co-workers, who showed that
Zweifel-type processes occur stereospecifically if induced by
electrophiles that can form closed three-membered-ring
intermediates with alkenes (onium ions).'”’ The Ry-1,2-
migration leads to the intermediate ate complex B that
further reacts in a Matteson 1,2-migration!®! to give the 1,3-
bis-(boryl)alkane 3. However, for the less-nucleophilic bor-
onic ester 1u, where an Ir photocatalyst and light were
required, the cascade likely proceeds via radical intermedi-
ates!'™ in analogy to the previously suggested radical/polar
cross over additions to boronate complexes.["?!

To demonstrate the synthetic utility, three follow-up
transformations were conducted on the product bisboronic
esters (Scheme 6). Under Matteson conditions, 1,3-bis-(bor-
yl)alkane 3r was successfully converted in a double homo-
logation sequence into the 1,5-bis-(boryl)alkane 4 (63 %).
Treatment of 3r with a NaOH-H,O, mixture provided the 1,3-

a) Control experiments

0...0,® 1" Bpin (3 equiv) Bpin GC Yield of 3a
— o . {
nBu” [ © additive (3 equiv) ~ Me T Bpin m EE‘“T"_PO' 220/};
Me™ X MeCN, tt, 16 h nbu :
1a 3a

b) Radical probe experiments

w Bpin

0,0 L@ 17 Bpin (3 equiv)
nBu”7© MeCN, rt, 16 h WBPM
v/&

2ae 3ae, 87%

Bpin
®

O\B, Li /\/\/J'\/\ ;
/\/'13‘)3 MeCN, tt, 16 h nBu B
Z X

2af 3af, 84%

1~ Bpin (3 equiv)

© 2020 The Authors. Published by Wiley-VCH GmbH

c) Proposed mechanism

B|
o._.0 ~ €) .
R8O Li~ 17 “Bpin fR Ui R2L<Bpln Bpin
M RS R1® o — RS — .
R Bpin R RMR1 Bpin
R2 !'?M R,/ BPin R2R3
2 A B 3

Scheme 5. Mechanistic studies and suggested mechanism.
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Bpin Chem. Int. Ed. 2020, 59,2745; Angew. Chem. 2020, 132,2767; For
CIGH,Br, nBuLi Bpin gz\;lgw, see: g) L. Xu, S. Zhang, P. Li, Chem. Soc. Rev. 2015, 44,
THF, T8¢ OO Me 4,63% [4] Reviews: a) N. Miralles, R. J. Maza, E. Fernandez, Adv. Synth.
Bpin OH Catal. 2018, 360, 1306; b) R. Nallagonda, K. Padala, A. Masarwa,
“/&\/\Bpin NaOH, H,0, on Org. Biomol. Chem. 2018, 16, 1050; c) J. Takaya, N. Iwasawa,
OO Me 0°Ctort OO Me ACS Catal. 2012, 2, 1993; d) J. Ramirez, V. Lillo, A. M. Segarra,
ar 5,90% E. Ferndndez, Chim. 2007, 10, 138; e) T. B. Marder, N. C.
BUINF- 3H:0. toluene H Norman, Top. Catal. 1998, 5, 63.
3 s Bpin [5] a) D. J. Blair, D. Tanini, J. M. Bateman, H. K. Scott, E. L. Myers,
90°C.4h OO M o s V.K. Aggarwal, Chem. Sci. 2017, 8, 2898; b) A. Pujol, A.
’ Whiting, J. Org. Chem. 2017, 82,7265, c) H. Ito, K. Kubota, Org.
Scheme 6. Synthetic transformations. Lett. 2012, 14, 890; d) D. Wang, C. Miick-Lichtenfeld, A. Studer,
J. Am. Chem. Soc. 2020, 142, 9119.

[6] a) D.S. Matteson, R. W. H. Mah, J. Am. Chem. Soc. 1963, 85,
diol 5 in 90 % yield. Selective protodeboronation[w] of 3r was 2599; b) D. S. Matteson, Acc. Chem. Res. 1988, 21, 294; c) M.
achieved with n-butylammonium fluoride trihydrate and the Ishikura, M. Terashima, Chem. Commun. 1991, 1219; d) M.

boronic ester 6 was obtained in 54 % yield. Ishikura, I. Agata, Heterocycles 1996, 43, 1591.
In summary, we have developed a process for the [7] Reviews: a) D. Leonori, V. K. Aggarwal, Acc. Chem. Res. 2014,

preparation of 1,3-bis-(boryl)alkanes. Commercially available
ICH,Bpin reacts with readily prepared vinyl boron ate
complexes to afford the corresponding valuable 1,3-bisbor-
onic esters. The cascade is operationally easy to conduct and
features broad substrate scope and high functional-group
tolerance. Mechanistic investigations revealed that that the
process does not proceed via radical intermediates. An ionic
unprecedented boronic ester ICH,Bpin-induced bis-1,2-
migration mechanism is suggested. The value of the method
was documented by successful follow-up reactions.

Acknowledgements

We thank the WWU Miinster and the European Research
Council (ERC Advanced Grant Agreement no. 692640) for
financial support. Open access funding enabled and organized
by Projekt DEAL.

Conflict of interest
The authors declare no conflict of interest.
Keywords: 1,2-migration - 1,3-bis-(boryl)alkanes -

reaction mechanisms - synthetic methods -
vinylboron ate complexes

[1] Reviews: a) N. Miyaura, A. Suzuki, Chem. Rev. 1995, 95, 2457,
b) A. Suzuki, Angew. Chem. Int. Ed. 2011, 50, 6722; Angew.
Chem. 2011, 123, 6854; c) D. Leonori, V. K. Aggarwal, Angew.
Chem. Int. Ed. 2015, 54, 1082; Angew. Chem. 2015, 127, 1096;
d) C. Sandford, V. K. Aggarwal, Chem. Commun. 2017, 53, 5481.

[2] W. L. A. Brooks, B. S. Sumerlin, Chem. Rev. 2016, 116, 1375.

[3] Selected recent examples: a) S. N. Mlynarski, C. H. Schuster,
J. P. Morken, Nature 2014, 505, 386; b) A. Fawcett, D. Nitsch, M.
Ali, J. M. Bateman, E. L. Myers, V. K. Aggarwal, Angew. Chem.
Int. Ed. 2016, 55, 14663; Angew. Chem. 2016, 128, 14883; c) L.
Yan, Y. Meng, F. Haeffner, R. M. Leon, M. P. Crockett, J. P.
Morken, J. Am. Chem. Soc. 2018, 140, 3663; d) L. Yan, J. P.
Morken, Org. Lett. 2019, 21, 3760; e) D. Kaiser, A. Noble, V.
Fasano, V. K. Aggarwal, J. Am. Chem. Soc. 2019, 141, 14104;
f) X. Liu, Q. Zhu, D. Chen, L. Wang, L. Jin, C. Liu, Angew.

© 2020 The Authors. Published by Wiley-VCH GmbH

47,3174;b) R. J. Armstrong, V. K. Aggarwal, Synthesis 2017, 49,
3323; ¢) S. Namirembe, J. P. Morken, Chem. Soc. Rev. 2019, 48,
3464; d) M. Kischkewitz, F. W. Friese, A. Studer, Adv. Synth.
Catal. 2020, 362, 2077; ¢) N. D. C. Tappin, P. Renaud, Chimia
2020, 74, 33; f) N. Kumar, R. R. Reddy, N. Eghbarieh, A.
Masarwa, Chem. Commun. 2020, 56, 13.

[8] G. Zweifel, H. Arzoumanian, C. C. Whitney, J. Am. Chem. Soc.
1967, 89, 3652.

[9] a) L. Zhang, G.J. Lovinger, E. K. Edelstein, A. A. Szymaniak,
M. P. Chierchia, J. P. Morken, Science 2016, 351, 70; For related
examples: b) G. J. Lovinger, M. D. Aparece, J. P. Morken, J. Am.
Chem. Soc. 2017, 139, 3153; c) E. K. Edelstein, S. Namirembe,
J. P.Morken, J. Am. Chem. Soc. 2017, 139, 5027; d) M. Chierchia,
C. Law, J. P. Morken, Angew. Chem. Int. Ed. 2017, 56, 11870;
Angew. Chem. 2017, 129, 12032; e) J. A. Myhill, L. Zhang, G. J.
Lovinger, J. P. Morken, Angew. Chem. Int. Ed. 2018, 57, 12799;
Angew. Chem. 2018, 130, 12981, f) J. A. Myhill, C. A. Wilhelm-
sen, L. Zhang, J. P. Morken, J. Am. Chem. Soc. 2018, 140, 15181,
g) M. D. Aparece, C. Gao, G. J. Lovinger, J. P. Morken, Angew.
Chem. Int. Ed. 2019, 58, 592; Angew. Chem. 2019, 131, 602; h) C.
Law, Y. Meng, S. M. Koo, J. P. Morken, Angew. Chem. Int. Ed.
2019, 58, 6654; Angew. Chem. 2019, 131, 6726; i) M. D. Aparece,
W. Hu, J. P. Morken, ACS Catal. 2019, 9, 11381; j) Y. Meng, Z.
Kong, J. P. Morken, Angew. Chem. Int. Ed. 2020, 59, 8456;
Angew. Chem. 2020, 132, 8534; k) C. Law, E. Kativhu, J. Wang,
J. P. Morken, Angew. Chem. Int. Ed. 2020, 59, 10311; Angew.
Chem. 2020, 132, 10397.

[10] a) M. Kischkewitz, K. Okamoto, C. Miick-Lichtenfeld, A.
Studer, Science 2017, 355, 936; b) C. Gerleve, M. Kischkewitz,
A. Studer, Angew. Chem. Int. Ed. 2018, 57, 2441; Angew. Chem.
2018, 130, 2466; c) M. Kischkewitz, C. Gerleve, A. Studer, Org.
Lett. 2018, 20, 3666.

[11] a) M. Silvi, C. Sandford, V. K. Aggarwal,J. Am. Chem. Soc. 2017,
139, 5736; b) S. Yu, C. Jing, A. Noble, V. K. Aggarwal, Angew.
Chem. Int. Ed. 2020, 59, 3917; Angew. Chem. 2020, 132, 3945;
c) R. Davenport, M. Silvi, A. Noble, Z. Hosni, N. Fey, V. K.
Aggarwal, Angew. Chem. Int. Ed. 2020, 59, 6525; Angew. Chem.
2020, 132, 6587.

[12] N. D. C. Tappin, M. Gnégi-Lux, P. Renaud, Chem. Eur. J. 2018,
24, 11498.

[13] B.Zhao, Z. Li, Y. Wu, Y. Wang, J. Qian, Y. Yuan, Z. Shi, Angew.
Chem. Int. Ed. 2019, 58, 9448; Angew. Chem. 2019, 131, 9548.

[14] V. Fasano, J. Cid, R.J. Procter, E. Ross, M. J. Ingleson, Angew.
Chem. Int. Ed. 2018, 57, 13293; Angew. Chem. 2018, 130, 13477.

[15] Examples of addition of a-borylalkyl radicals to alkenes: a) N.
Guennouni, F. Lhermitte, S. Cochard, B. Carboni, Tetrahedron
1995, 51, 6999; b) R. A. Batey, B. Pedram, K. Yong, G. Baquer,
Tetrahedron Lett. 1996, 37, 6847; c) R. A. Batey, D. V. Smil,

Angew. Chem. Int. Ed. 2020, 59, 17245-17249


https://doi.org/10.1021/cr00039a007
https://doi.org/10.1002/anie.201101379
https://doi.org/10.1002/ange.201101379
https://doi.org/10.1002/ange.201101379
https://doi.org/10.1002/anie.201407701
https://doi.org/10.1002/anie.201407701
https://doi.org/10.1002/ange.201407701
https://doi.org/10.1039/C7CC01254C
https://doi.org/10.1021/acs.chemrev.5b00300
https://doi.org/10.1038/nature12781
https://doi.org/10.1002/anie.201608406
https://doi.org/10.1002/anie.201608406
https://doi.org/10.1002/ange.201608406
https://doi.org/10.1021/jacs.7b12316
https://doi.org/10.1021/acs.orglett.9b01204
https://doi.org/10.1021/jacs.9b07564
https://doi.org/10.1002/anie.201913388
https://doi.org/10.1002/anie.201913388
https://doi.org/10.1039/C7OB02978K
https://doi.org/10.1021/cs300320u
https://doi.org/10.1016/j.crci.2006.09.019
https://doi.org/10.1023/A:1019145818515
https://doi.org/10.1021/acs.joc.7b00854
https://doi.org/10.1021/ol203413w
https://doi.org/10.1021/ol203413w
https://doi.org/10.1021/jacs.0c03058
https://doi.org/10.1021/ja00900a017
https://doi.org/10.1021/ja00900a017
https://doi.org/10.1021/ar00152a002
https://doi.org/10.1039/c39910001219
https://doi.org/10.3987/COM-96-7498
https://doi.org/10.1021/ar5002473
https://doi.org/10.1021/ar5002473
https://doi.org/10.1039/C9CS00180H
https://doi.org/10.1039/C9CS00180H
https://doi.org/10.1002/adsc.201901503
https://doi.org/10.1002/adsc.201901503
https://doi.org/10.1039/C9CC08027A
https://doi.org/10.1021/ja00990a061
https://doi.org/10.1021/ja00990a061
https://doi.org/10.1126/science.aad6080
https://doi.org/10.1021/jacs.6b12663
https://doi.org/10.1021/jacs.6b12663
https://doi.org/10.1021/jacs.7b01774
https://doi.org/10.1002/anie.201706719
https://doi.org/10.1002/ange.201706719
https://doi.org/10.1002/anie.201807775
https://doi.org/10.1002/ange.201807775
https://doi.org/10.1021/jacs.8b09909
https://doi.org/10.1002/anie.201901927
https://doi.org/10.1002/anie.201901927
https://doi.org/10.1002/ange.201901927
https://doi.org/10.1021/acscatal.9b04453
https://doi.org/10.1002/anie.202000937
https://doi.org/10.1002/ange.202000937
https://doi.org/10.1002/anie.202001580
https://doi.org/10.1002/ange.202001580
https://doi.org/10.1002/ange.202001580
https://doi.org/10.1126/science.aal3803
https://doi.org/10.1002/anie.201711390
https://doi.org/10.1002/ange.201711390
https://doi.org/10.1002/ange.201711390
https://doi.org/10.1021/acs.orglett.8b01459
https://doi.org/10.1021/acs.orglett.8b01459
https://doi.org/10.1021/jacs.7b02569
https://doi.org/10.1021/jacs.7b02569
https://doi.org/10.1002/anie.201914875
https://doi.org/10.1002/anie.201914875
https://doi.org/10.1002/ange.201914875
https://doi.org/10.1002/anie.201915409
https://doi.org/10.1002/ange.201915409
https://doi.org/10.1002/ange.201915409
https://doi.org/10.1002/chem.201802384
https://doi.org/10.1002/chem.201802384
https://doi.org/10.1002/anie.201903721
https://doi.org/10.1002/anie.201903721
https://doi.org/10.1002/ange.201903721
https://doi.org/10.1002/anie.201808216
https://doi.org/10.1002/anie.201808216
https://doi.org/10.1002/ange.201808216
https://doi.org/10.1016/0040-4020(95)00358-F
https://doi.org/10.1016/0040-4020(95)00358-F
https://doi.org/10.1016/0040-4039(96)01533-X
http://www.angewandte.org

GDCh Communications

Tetrahedron Lett. 1999, 40, 9183; d) J. C. Lo, D. Kim, C.-M. Pan,
J. T. Edwards, Y. Yabe, J. Gui, T. Qin, S. Gutiérrez, J. Giacoboni,
M. W. Smith, P. L. Holland, P. S. Baran, J. Am. Chem. Soc. 2017,
139, 2484; e) T. Nishikawa, M. Ouchi, Angew. Chem. Int. Ed.
2019, 58, 12435; Angew. Chem. 2019, 131, 12565, f) Q. Huang, J.
Michalland, S. Z. Zard, Angew. Chem. Int. Ed. 2019, 58, 16936;
Angew. Chem. 2019, 131, 17092; g) N. D. C. Tappin, W. Michal-
ska, S. Rohrbach, P. Renaud, Angew. Chem. Int. Ed. 2019, 58,
14240; Angew. Chem. 2019, 131, 14378.

[16] D. Griller, K. U. Ingold, Acc. Chem. Res. 1980, 13, 317.

[17] R.J. Armstrong, C. Sandford, C. Gracia-Ruiz, V. K. Aggarwal,
Chem. Commun. 2017, 53, 4922.

[18] The reaction was suppressed upon addition of TEMPO
(2 equiv), thus further supporting the radical nature of the
process.

[19] S. Nave, R. P. Sonawane, T. G. Elford, V. K. Aggarwal, J. Am.
Chem. Soc. 2010, 132, 17096.

Manuscript received: May 26, 2020
Accepted manuscript online: June 24, 2020
Version of record online: August 2, 2020

Angew. Chem. Int. Ed. 2020, 59, 17245-17249 © 2020 The Authors. Published by Wiley-VCH GmbH www.angewandte.org

Angewandte

intemationalEdition’y Chemie

17249


https://doi.org/10.1016/S0040-4039(99)01970-X
https://doi.org/10.1021/jacs.6b13155
https://doi.org/10.1021/jacs.6b13155
https://doi.org/10.1002/anie.201905135
https://doi.org/10.1002/anie.201905135
https://doi.org/10.1002/ange.201905135
https://doi.org/10.1002/anie.201906497
https://doi.org/10.1002/ange.201906497
https://doi.org/10.1002/anie.201907962
https://doi.org/10.1002/anie.201907962
https://doi.org/10.1002/ange.201907962
https://doi.org/10.1021/ar50153a004
https://doi.org/10.1039/C7CC01671A
https://doi.org/10.1021/ja1084207
https://doi.org/10.1021/ja1084207
http://www.angewandte.org

