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Organic Borylation Reactions via Radical Mechanism

Liu, Qianyi®  Zhang, Lei® Mo, Fanyang*“’
(“ Department of Energy and Resources Engineering, College of Engineering, Peking University, Beijing 100871, China)
(® Jiangsu Donghai Silicon Industry S&T Innovation Center, Lianyungang 222300, China)

Abstract Organoboronic acids and esters are highly valuable building blocks in cross-coupling reactions and practical in-
termediates of various functional group transformations. Additionally, organoboronic acids can be utilized directly as small
molecule drugs. Therefore, development of efficient methods to synthesize organoboronic compounds is of significant im-
portance. Traditional pathways to synthesize organoboronic compounds mainly rely on electrophilic borylation of organome-
tallic reagent and transition-metal-catalyzed borylation. Radical intermediates have unique chemical properties which are
quite different from those of polar intermediates resulted from the heterolysis of chemical bonds and those of the organome-
tallic compounds during transition metal catalysis. As such, borylation based on radical mechanism possesses distinctive
reaction process, substrate scope, reaction selectivity, etc., and have great potential in synthesis of organoboronic compounds.
In 2010, the Wang’s group first reported borylation via a radical mechanism. This method realized an efficient direct conver-
sion of anilines into aryl organoboronic esters. Inspired by this innovative work, more and more borylation methods via radi-
cal intermediates have been reported and developed as new avenues for C—B bond formation in the past decade. A series of
studies show that organoboronic acids and esters could be efficiently constructed by the reaction of aryl/alkyl radicals with
diboron compounds. In this paper, we summarize the recent development of borylation reactions via radical mechanisms,
including aryl and alkyl radical borylation. As for aryl radical borylation, the activation of substrates containing C—N, C—O0,
C—S, C—X (X=halogen) bonds and carboxylic acids to C—B bond is summarized respectively. As for alkyl radical boryla-
tion, the activation of substrates containing C—N, C—0, C—X (X=halogen), C—C bonds and carboxylic acids to C—B
bond is summarized respectively. Finally, we provide a perspective on the future development direction of this research area.
Keywords radical chemistry; borylation reaction; diboron compounds; aryl radical; alkyl radical
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Scheme 1 (a) Organoboronic acids and their common derivative; (b) Bioactive molecules containing organoboronic acid groups
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Scheme 2 Application of organoboronic compounds in synthesis
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(a) Electrophilic borylation
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Scheme 3  Electrophilic borylation and transition-metal-catalyzed
borylation
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(a) Wang, 2010
BPO (2 mol%)

_—
MeCN, r.t., 1-2h
22 examples
22% - 93% yields

(b) Proposed mechanism
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+  —> AN,OBu ——— AN, * o// B

'BUONO Buo  ©

ArNH, + !BUONO + B,pin, Ar—Bpin

SET -N;

ArNy* Ar- Ar—Bpin
7 N\ B b, O\

>?LO 0
0-B—B
[ o

BuO

ArN;

A Cc

B4 55 ent R A HE - B SO A S AT
Scheme 4 Mechanism of in-situ diazotization and radical borylation
starting from arylamines

(e) Pucheault, 2014

TiCp,Cly (1 mol%)

Ar—NyBF4 + Bopin, Ar—Bpin
MeCN, r.t., 25 W lamp 13 examples ! or ZrCp,HCI (1 mol%) ‘
i + - BH,-N'Pr; (2 equiv. Ni-Pry
60% - 80% yield: Ar—N,BF, ;A CNz(t Zh ) At
(b) Yamane, 2012 eCN, r.t, H
N—NG . BFyOEt, _
“ + Boping ————— Ar—B 1) MeOH
Ar—N P2 TNecN, 0-s0°c P ! 2) acor rBpin
19 examples ! ) pinaco|
30% - 83% vyield! 25 examples

(c) Blanchet, 2014

1) NaNO,, HCI
water, 0 °C, 15 min

(f) Ranu, 2016

Ar—NH,

(d) Xue and Xiao, 2014

Ar—NH,
MeOH/H,0

2) B5(OH)4, NaOAc
water, r.t., 20 min

NaNO,, HCI

-
11% - 77% yield Ar—N,BF4 + Boping

Baopiny, r.t. (h) Fang, 2018
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Zn(ClO,), (5 mol%)
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Ar—NH, + Bopi Ar—Boi
2 T BRI T eeN rt 2R P
blue LED 15 examples
Ar—=B(OH), 72% - 92% yield
(9) Wu, 2017
24 examples

Ar—Bpin

28 examples
46% - 94% yield

> Ar—Bpin Ar—Bpin
24 examples Ns M 21 examples
45% - 97% yield Ar-NoN-SO2Me Blue LED, rt 17h 130, Zg0% yield
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Scheme 5 Conversion of C—N to C—B based on radical mechanism
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Scheme 6 Ring-opening and borylation of benzotriazoles via photoca-
talysis
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TMEDA (0.5 equiv.)

i, T B AR R 5 2 A s R B Rk, O A
C—O HEMBIEE AL S B B AR = Pk 1. 2016 4F, 2=
S UG AR IR PR A2 AR, fRIE T — Rl s
IR T C—O fIms LR B, SEHL T %
A0 1) R F 5 AT 1) 7 R T i A A (o S Tl R e/
BERRES) AL FE (B 8a)™). 4 &t — b Mt
M, MR T A AL AR N A
JEHUE I POk, BRIER =R s, K4 C—X

Cornella, 2020
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Scheme 7 Borylation of aryl C—N bond via pyridinium salt intermedi-
ates
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Scheme 8 Borylation of aryl C—O bond
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(a) Glorius, 2017
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(b) Fu, 2017
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Scheme 9 Decarboxylative borylation of aryl carboxylic acid derivatives
Kang, 2019 7\
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Scheme 10 Borylation of C(aryl) —CHj; bond via N-hydroxyphthalimide ester
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o e 5 R AR ER A S (B 126)PY, FEiE
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R ?{O Me. _O.__N
J U
(0]
(b) Gao, 2019 pyridine (5 equiv.)
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3.5 equiv.
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Scheme 11 Borylation of aryl C—S bond
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(a) Zhang, 2013

Cs,CO )
Ar—Il  + Bopin, 223 Ar—Bpin
MeOH, reflux, 48 h
15 examples
26% - 96% yields
(b) Mo, 2019
Cs,CO
Ar—| + Bopin b Ar—Bpin
MeOH (5 mL)
(+)Pt, (-)Pt, 13 mA 11 examples ;
65°C,3h 30% - 76% yields !
(c) Li, 2016
TMDAM, hv, r.t., 4 h
MeCN/H,O/acetone
Ar—X Ar—[B]

B,pin,, Boneopo,
pin-B(dan) or Bo(OH)4,
then KHF,

X=8r, | 34 examples

37% - 93% yields |
(d) Larionov, 2016
B2(OH)4 or Bo(OR)4

Ar—X Ar—IB]
hv, MeOH, 3 - 24 h

X=F, Cl, Br, I, NR3*

40 examples !
43% - 98% yields |

B2 J5H: C—X B MER L R
Scheme 12 Borylation of aryl halides via C—X activation
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Li, 2017

B2(OH)4 or Boping (4 equiv.)

o [Ir(ppy)2(dtbpy)IPFe (1 mol%)
DMF or DMF/MeCN/H,0

Alkyl”” ~Ophth  “hy. (CFL), rt, 14 h Alky—[B]
then KHF, for Bo(OH)4
10, 90 [B] = BF3K, 15 examples, 40% - 84% yields

[B] = Bpin, 15 examples, 10% - 89% yields

CFL = compact fluorecent lamp, max at 465 nm.

B 13 2R R A e SR R 1) M AR - 1 S
Scheme 13  Decarboxylative borylation of alkyl esters from Li’s group
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' (e) Li and Lin, 2016

TN X
EDG—
=

B.pin,, TBAF, TMEDA

Bpin
Eoe{j
acetone/H,0O/MeCN, -5°C, < 1h

high-pressure mercury lamp
25 examples

25% - 85% yields

X=F,Cl

| (f) Jiao, 2017

Ph@N (20 mol%)

Ar—X Ar—Bpin
Bopin,, MeOK
MTBE, 80 °C, 12 h

42 examples

X=Cl, Br, | 19% - 95% vyields

! (g) Pucheault, 2017

B.pi -
Ar—I -pin,, CsF, pyridine Ar—Bpin
DMSO, 105 °C, 2 h

40 examples
16% - 98% yields

[A4F, Aggarwal R4 LAKE R AR R NHPI 55 BCA)
PR 21 K — My I (Bocaty) AR, (EIE GRS T 5280 17 Mt
FR-INER AL SR 14)%2) 2 S 7 KRS BRI AR, TR
WFAVER, — . M =T ERER NHPI g4
ALEATONER A OB, T B A R R I T R AF
FEAE. HLERF AN, B %G, Bacat, 555 DMAc FIlK
) NHPI BeAERINEY) E, &1 B—B $sRfE L
TEES (1) Bocat, A FTkSS; BlJS, &Y E 1EGHK K
SR, AERA ALY Beat R H S50 EY F, [FES
REHCH B EEE B B2 — 2D IR A5 B R R e 52 H
HH2E. kel 3 It Ak, JES2 R N AT LU E
BT, ik B 2 SR T Bycat, EFHAECH
HEEMEY) G, HIEBEFIER T k4 B—B BliA 5
s L B AR = FE AL Beat H S H H X — &Gt
H YA aT DAt — DR R RIS A L% A, AR
LA BHESS A 1, dEiEEE N—O HmT A
R A e B R, TR R U R,

2018 4F, Baran 1 Blackmond PR 2H 3L R #RIE T
AL e 2R BR NHPL BE R B el 258040 s R (]
152)) Z N AE S T 10 min P EIA] 52 4k, FR At
TR BRAN PO OIS AL . 2020 A, RIS DL
Ji) G R B RV AL I e 3R IS, TR e e i
15, EPATLE =R R Sl s fb i AR (B 15b)44)
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Aggarwal, 2017

(0] Bocat, (1.25 equiv.), DMAc

P hv. (blue LED), r.t., 14 h

38 examples

Alkyl Ophth

then pinacol, EtsN

10‘ 207 30

Proposed mechanism

Alkyl—Bpin
VP 16% - 91% yields

Oo o Alkyl Ophth
Bocat, + DMAc E
WNMGZ
CEO\O .9
-B
B o)
o 0 Akyl_O @[ B-0
Alkyl_ 0. \ T)r o
T)r OBcat MeoN
O N H
E
o
F CO,
QCatQ
%Alkyl &
AIkyI Alkyl
O |
g @E J@
F
DMAc
/@ DMAc
Me,N o)
z ):O”é\o Alkyl—Bcat
o o .
: Il
P o
A|ky| (0] MBQN
o)
H

Bl 14 Aggarwal URUZE Lt BRI 1 150 2 -0 e Ak S5 o

Scheme 14 Decarboxylative borylation of alkyl esters from Aggarwal’s group

(a) Baran and Blackmond, 2018

0 Cu(acac), (30 mol%)
)k LiOHeH,0 (15 equiv.) .
Alkyl—Bpin
Alkyl”™ ~Ophth MgClj (1.5 equiv.) e
10 20 30 Bopins (3 equiv.) 33 examples

dioxane/DMF, r.t., 10 min up to 86% yields
(b) Han, 2020

Bocat, (1.3 equiv.)
DMF, Ar, r.t., 20 min  Alkyl—Bpin

Lo L
.0
Alkyl © cl then pinacol, EtzN

© rt,1h 28 examplgs
1°,2°,3° 42% - 97% yields

B 15 Baran/Blackmond FH 5 PR 1585 41 for 22 72 198 110 IOt 32 -0 G 1 s ot

Scheme 15 Decarboxylative borylation of alkyl esters from
Baran/Blackmond and Han’s groups

1304  http://sioc-journal.cn

© 2020 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

AIkyl)kOphth

3.2 ke C—N #ERTAES LR K

K505 L T 1 E R AL - T A IR REAS [, o 25 i T
PEREBEERGEE S, YRS, —RARH T A&, Bk
b C—N SIS 0 75 22K T I & U g . 2018 4F,
Aggarwal PRI Glorius PRARZ LT[R IS 5230 T e ik
JeAT A R L AR, A E i b R S 2.4,6-=
ARIEMEER A N-fidk-2,4,6- =R FEntne 3h, A5 5
Bocat, 7E WG MIHEAGIE R AT IES LR BL(BE 162)),
JE 43 Y B o — 28RN — ) 1) N-Je e 25

HLFERTEFCIAAN: Bacat, 20 1 EIIZEIN N E BT 953K,
Sinttng 3L sk B 07 PR, B AT e T T R
ARE n %5, ERE T4 1K-32 /& (Electron donor-
acceptor, EDA)% &), X —%AGWIEJCRIER N R
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(a) Aggarwal, 2018. Glorius, 2018
Ph Ph~ ‘ PR Bcat, (15 equiv.)
NH, | i Y R _Na blue LED, 6- 14 h Bpin
R?r @O BFy ——— Rf?( * BF;  DMAc, 30-60°C Rﬁ/
Ph H o Ph then pinacol, EtsN
Agg_arwal‘s work 31 examples, 24% - 91% yields
Proposed mechanism Glorius's work 27 examples, 29% - 98% yields
WNMeQ WNMeZ
o o
Ph (O] O, i .\0
B DMA "B—B""
T 7 Baoats, DMAG @ BB @ hv., SET @9,5 B_‘O:©
" pn o4 R- N;_yph BF Ph o
4
PH R—N;z}Ph
EDA complex PH
Ph J
N
\ + R
PR > “ph
(b) Shi, 2018
Ph = ‘ Ph Bycat, (1.5 equiv.) )
R N dtbpy (10 mol%) Bpin Ry -BFK og examples
Rﬁ/ + BF, DMAc, 100°C, 6 h Ra/ RﬁH/ 47% - 74% yields
H Ph then pinacol, Et;N
or KHF;
B 16 kit C—N ISR B
Scheme 16 Borylation of alkyl C—N bond
A HY Bocat, [ AHEIE # ) B0 L TR AR I A, A B S Y V- (a) Studer, 2019
Bt g 5 AR A SR AL HESh ), X o O~ SMe ;msi (1.15 equiv.)
— E R A C—N BER AW 2,4,6- = 0 T+ oca, AbNGemiv) R-Bpin
ﬂ[:[juﬁ, HH‘J‘;F#}J&'EHJ()E% E Hﬂ%( 16b). %Ekﬁ% E EH% 4 equiv. then pinacol, Et;N 9 examples
W53 B ) Bocat, 15 FH AL B S AL 7. 56% - 88% yields
- R .15 equiv.
S SRR T NG SRR 10%H) 4.4°-— ROV . 4. bluelED DWAGS5C, . .
ﬂT%Q,z’-H%uH: “E(dtbpy)?ﬂ@%%‘], Eﬂﬂﬁ&%ﬁﬁ? E/‘J S e then pinacol, EtzN -
TN AE R LB 160) ) P2 4Bk T %5 4 Sk 50005 85 5 41, 4 equiv. 5 examples
. e A S R =2° or 3° alkyl 35% - 90% yields
AT LR AL Ay bt Ji — Sl R 440 26 X = SMe or imidazolyl
3.3 fRE C—O MBSt R & .
Proposed mechanism
2019 ﬂi Studer VR HRIE T kT FE I 1 7 SR BR IR 11 AIBN R/O SMe Os_ _SMe
MR AL SR 172), $EGE T ke LR LA A | I L siveo,
BRME R 9. 1207 A5 B E B3 5] G0 AIBN 2Ot % oL \
2 .
R

f, FE=(=HEERERERT, RERTEDS
Bocaty N AE B SN EE S, HLEEWE FTIACH: 1 %6, AIBN
YEN B BT R ATE A P24 5 T g H 2L, ZH i
SR TTMSS AR FAER = (M k) B 3, M
J&, X —HEHC H BT DL 8 R R T 1 B A SRR
S JETFAHEAEH, 15200k —mEi &9, HRH
e e, TS R R RS B AL .
[F4F, Aggarwal B RIE T WS HEIE R T bk
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TTMSS

(Me;Si)sSi”

(b) Aggarwal, 2019

.0_0O
R T + BzCatz
S |

1.3 equiv.

Et3N (2.0 equiv.), DMF
blue LED, 28 °C, 12 h

- R—Bpin
then pinacol, Et3N

22 examples

R =1° or 2° alkyl 32% - 85% yields

B 17 ik C—O BIYMIEL 1L R R
Scheme 17 Borylations of alkyl C—O bond
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%
4

(a) Studer, 2018

Bocat, (4 equiv.)
blue LED, DMF, r.t., 24 h

R—I - - R-Bpin
then pinacol (4 equiv.)
10 20 or 30 EtsN. r.t,1h 21 examples
’ 56% - 94% yields !
(b) Mo, 2019
B,pin,, ‘BuOLi _
R-X -
MeOH/H,0, 50 °C R~Bpin
X=1,Br 27 examples !
1° and 2° up to 86% yield |
(c) Jiao, 2019 B,cat,, MeONa
R-Br 4-PhPy (20 mol%)
MeCN, 400 nm LED R=Bpin
X=1,Br then pinacol, EtzN 27 examples |
1° and 2° 41% - 80% yields

B 18 hidk C—X BEIMIEL 1L R
Scheme 18 Borylation of alkyl C—X bond

T2 1 410 fl 2 48 25 A8 Bk R IR AT 2E 0 1 I T Ak e N
170)) % M R R R Gt T I5 3 C—T BEROBHELL
Wi 4 B i A& O N SEEL) C—O B, BE LT
Tl B H 2GRS REE YRR JE 7 R A5
3.4 RE C—XEBHMESLR N

ek VR BRI S0 18 T AFAE MR R, DRI A
Bt 8 o A H R A B e T R T B A S EAN A 2018
F, Studer WAEAHIRIE TOLMEMIISEEEMALY) S Bacat,
A AL PE P A S BB 18)! 7). 122 Jse N7 A2 i 451
38 1 e s A B AL T v

2019 4F, FATREHIRE T HRLESRS 5N, F
AR B e 35 5 A 0 B e A B Ak S B () 18B)B0L
%S RS S5O TTE Boping AT BEMY, /K AU,
SN G A 5 SERR AR WE 54T, ek, it s Bh )%
PRt S2a . HB TR SR (EPR)S2 5 LA K, DFT 5827
W, AR E T RS e, BT RE A T
B,pin, [N AE B I R RINE Y, il s
T o T oK ot i i AL DIE 5L, AR DS B I e I B FR 3R )
Bl BEJE, beE E S0 B AR R E
&y J, BRA B—B BRI 2] B AR~ A1 Bpin
HH%E K K PR, s T DLERE N7 I
W THEAIHE FERE L; S PEdss
THRGIE T 5 — 5 F b iAW T B sU0E 3E.

A4, FETR IR OE 778 4- KB MEEF T, ok
TR IR ot AL R B Ak S B2 (B 18¢)PM. %% s v 5
LY B e Y ) b C—Br 83 C—B #1844k
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Bapin,

3.5 1RE C—C BEMMEs Lk M

2018 4F, FRANURUREARIE T VU o IF 5 5 Bl iR
FITFERIIAL S B (B 19)P2, 3 o il & B R 11—
ke C—C BMIERIL RN, Z AR 5]k, Y]
DLF= A2 AH B R e 280 B B 3, Bl S A2 B-Tik — et
PRk E A, a5 IR I SIS BIRIAL .
Guo, 2018

N-OCOCeFs

R
\ B,(OH), (3.0 equiv.), DMA, r.t. ﬁ(k
R then Et3N, pinacol NC Bpin
R R’
R R'
23 examples

30% - 85% yields

B 19 skHEke: C—C S MING 1L R
Scheme 19 Borylation of alkyl C—C bond in strained rings

4 INESRE

ARG T HATH T B LR 1A HUA R 1
Rk, AAE T O7 AL B 3 P RS A M
F T B S ER AL S N FERARIR) i, AR B
Bl WU S RRE R RN EY. R, B
P S B e S S Sf Al A, 22 B A SR T B AT T 2K
Ay C—B B, W e E ML C—H BiE L
BTG AL S L 75 ZE ISR, A, B e SRR AL S
SR TR P /Wi i/ A 0 HRL R D BT R R RE A
Ak DL, B R S R e I < AL B R AL
552K FU MR AL 0 b Te, JFELAT )R R 2 .
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{E2, BLRY B e S0 B A 5 Ve AR TR R PR
WREHR PR ESRE. &, B BRI
F 000 L ER A G A S R I S T B X A N T R R A kAT
AL, ISR, AR SNSRI T S M FE AL 2L
R, AN T R ET R, ARG a0 E
K. H, XHEEARE . BE. BRI DL RCRER 4 R BRI
HAeHER L B AR . A4, B A A R
HE S EMER CIB(NMe,),, 153 B,(NMe,), BE
&Y, F5EE NS BB EE ERDY. 48 A4 F 4R
R RONEE B I ELR, R T B S R AR
ARGz b L BTk, BB S0 2 4 BRAN A R
T ERHEA B ABHIRER.

MR ASCIRBE, T 05 A C—N.C—O.
C—S. C—X #t LR ARIR AR I H th FBs 1k ) B L 4
BRI, R0, T AN o) C
—C I C—H i B IR AL = R 7T H e+
ZECE R, SRR E AT ER AT 7T s A R )
J7 1.

C—C #IENEVMED B L, RREANLE
iy —. C—C HHEEMIBEREZ 90 keal/mol, #J72E1: FiAR
SE; T H C—C B4 T C—H B0 C—X 4 &k 4k 1
BLE R, NG E AR, Ak, BT AV ED
HHEA Z AN C—C 8, EFEMERRIFEC—C
B BAPER . B0k H AT, C—C B E 2R L
SSAY A FR NSRRI A ) — B 400, T LN R R
IV Tesk IE RIS, R — R C—C 8 H
FH G A S N AT A SE B 20a). ST iR C—C
TE A ER AL S RN 4 B B B A + 0 EENE
X, R X T A K R | R SR R 22 A A O
VE.

(a) @@ diboron
pé via —63‘ G}{B
(b) @—'—H diboron .
ﬁei via —jf“

B 20 C—CH5 C—H A hEFLMREE
Scheme 20 Outlook on radical borylation via C—C and C—H activa-
tion

5 C—CHEEML, C—H B2 AL iRiEAR
ftb2t s —. TR MR TLFH e R P RA T 1ok
PF, C—H BEEEE RefC A0S i BLAR e FL AT P 1
TR AR, (B, HRIRATRBT A, AR &R AL
. 3T A R R R b C—H S ROIAL S M i AR L
IIE(FE] 20b). C—H HEH F H BB LA H B Al T,
1M A G R, B+ EER & A E
-9

Acta Chim. Sinica 2020, 78, 1297—1308

© 2020 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

EE RN

WiEH, bWRFIFE 2017 A4, KAEL T
FRFILFR, HENBERAELFEREMTR, TE2NF
AAA BB A F F F A NS RT EFZHR

KE, TR KFILFE 2016 B 4. 2012-2016 4 F ik
WL KF IR 25,2016 £ F 4, £ ELEHEHTR
BFTHEE LR, T2AFANELEERETELE
AL BB LB AT 5.

ELH, AXXFIEREBATA. HELFIF. 24
F 2004 4 15 2006 4 f b 7T K TS 5L E (%
T A A #%). 2006 £ 2010 ik T W RKFAE 55 F
TR, FAAANE R ERE(FIF: EEEHID). 2010
% 2012 442 Scripps AF R AT F LG R(FIF: KR HH
#); 2012 £ 2015 47248 S B0 M X5 R IT A RMKFH LB
BRI E WA, 2015 FRAEL T XF LR REH
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