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(a) Boron-centered radicals

Neutral Boryl Radicals Lewis Base-Boryl Radicals (LBRs)

Lewis base R
. coordination d

5 _ /Y _ /Y | _./Y —\+ - Y

Y " H RsN— B_ RyP— B | )—B_ & N-B

H H N H RN_% H
R

3-center-5-electron 4-center-7-electron

highly electron-deficient, unstable relatively more stable Y
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Roberts (1980s)

+ -
"BusP—BH,Ph
TBPB (initiator)

!+ Pcom o~ COsEL
PhCI, 110 °C
@+ ) O S{EAEHEBEE TERET
N—BH (cat.)
A~ e EEEEAT C-b B
MeOQC\rH + /YOOBU (initiator) MeO,C Me
CO,Me Me Me PhH, UV light, 30 °C CO,Me © B3I

TBPB = tert-Butyl perbenzoate, DTBP = Di-fert-butyl peroxide D ﬂiﬁﬁﬁ_tzzﬂg *u %ﬁ?ﬁﬁgl
Curran and coworkers (2008-2015) aﬁu %iﬂj‘%’ggl\%o
O \HCBHX  + R O fSEREBRAIRIRM C-F.

/ radical reduction
X ‘
CH H C-CIFEEHERL
NG - ArS-SAr ]
[ )—BH, . . — [ \>_BH3n +  ArS
N radical homolytic substitution (SAD),
CHy \CHg
. A R
(NHC-BH2) R ‘\.//\BHZ_NHC - . pOlymerS 5

radical polymerization



Radical Borylation
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;B\ I‘ & ? D ! ® Mechanistic insights
H H Radical initiation H

Lewis base-borane e
complexes

C-X Bond Activation

® New reaction development @ Synthetic applications @ Mechanistic investigation
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Radical Borylation/Cyclization Cascade of 1,6-Enynes for the
Synthesis of Boron-Handled Hetero- and Carbocycles

Shi-Chao Ren,” Feng-Lian Zhang,i Jing Qi, Yun-Shuai Huang, Ai-Qing Xu, Hong-Yi Yan,
and Yi-Feng Wang™

J. Am. Chem. Soc. 2018, 139, 6050. 8
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Table 1. Optimization of the Radical Borylation/Cyclization
Reaction of 1,6-Enyne*

PhH H Me
initiator (20 mol %) B .N*
>_ additive (50 mol %) TT 7 J
b BHa = N
solvent, 80 °C, 12 h rrl Me”
Ts 3a

1a (1.2 equiv) 2 (single diastereomer)

entry initiator additive solvent 3a yield (%)b
1 AIBN — PhCH;, 21 (61)°
2 AIBN PhSH PhCH, 33 (20)°
3 AIBN CyH,,C(CH;),SH PhCH, 58 (13)°
4 AIBN CyH,,C(CH,),SH CH,CN 84
5 TBHN CyH,,C(CH;),SH  CH,CN 80
6° Et;B/0,  C,H,,C(CH,),SH  CH,CN 0 (90)°
7 - CyH,,C(CH,),SH  CH,CN 0 (98)°

“Reaction conditions: 2 (0.2—0.3 mmol), 1a (1.2 equw), 1r11tlat0r (20
mol %), additive (50 mol %), solvent (2 mL), 80 °C for 12 h. ’NMR
yield using tetrachloroethane as an internal standard. “Recovery yield
of 2 is shown in parentheses. “Isolated yield. “The reaction was run at
room temperature under an air atmosphere

Me i

’ AIBN N+

Ne S—BH
[\>_BH3 Gl [N =

N 80 °C e =B

Me 1a (1)

- - " -

| Plausible mechanisms of the formation of 3a and 5a

Me
N Ph
%"m(’ /J\ [‘}—BHE /kﬂ VAN
B
N
(V) (i (=E‘J am Ts
init. T
Ph Ph

B CH, Me N B
RSH N RSH
[ H—BH;

N I N
+s RS* N RS- Ts
(Vi) 5a e 3a (Iv)

2
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enynes 1 products 3 enynes 1 products 3 A R 2 (1.5 equiv) H H Me
= s R1 =} . AIBN (20 mol %) \B! r"u*
—R 1R : 1 CgH4gC(CH3)2SH (50 mol %) _ Wiz
| B @ I - B o oH1g a)2 _ B=% \(j
z" "~ CH4CN, 80 °C, 2-11 h Me
ik R'=Ph, Z=0 3k 52%
N N 1I: R = 4-CO,EtC¢H,, Z = C(CO,EY), 3L 70% enynes 4 products 5 products 5
Ts Ts

im: R' = CO,Me, Z = NTs 3m: 58% S I
1b: R = 4-C 3b: 92% - | R
1c:R=2F 3c: 90% R R2 R
1d: R = 4-CF, 3d: 70% I N B i 5
1e: R = 4-OMe 3e: 63% (-
1£: R = 3-Me 3. 78%
z

B
N N
1g: R = 4-OCH,CH=CH, 3g: 68% iy g
‘R =4- : 29% ‘R1 = = = . o4b :
1h:R 4A?r 3hA-’r¢‘9 % 1n:R'=Ph, R2=CH, 3n: 64% 4a:R'=H,R=H,Z=NTs 5a: 55%b.¢ Ts
| | : B 10: R' = Ph, R2 = CH,OH® 30: 51% 4b: R' = 4-CO;Me, R =H, Z=NTs 5b: 47%%€ 4g: R2=4-CO.Et,n=1 5g: 81%
L /If) YT 1p: R! =Ph, R? =GH20H=CH2b 3p: 51%° 4c:R' = 3-F, R=H, Z=NTs 5c¢: 40% 4h: R2 = 4'GGEEL n=2 5h 70%
N N 1q:R'=H, R2=H 3qg: 0% [81%}: 4d: R' =4-CO,Et, R=CH3, Z=NTs  5d:51% 4j R2=4-CN,n=2 5i 58%¢
=1 . 2 - b - R/l = 4- = = . o .
'i's 'i's 1r: R'=Me, R2=H 3r. 0% (86%)°| 4e: R' = 4-CO.Et, R =H, Z = C(CO.Et), 5e: 41% 4 R2=4-CFg n=2 5j; 66%

1s: R = Me, R?=Me 3s: 0% (82%) Ar Ar ) o
1i: Ar= 3i: 74% Me 4kR?=4-OMe,n=2 5k 53%
Ar= Ph B
% : Z

lﬂ j’Ph ~5 [ Me Me 4:RZ=H,n=2 5I: 64%
1§ A = 3§ 46% N N 4m:R2=2-Cl,n=2 5m: 60%
j: Ar= ) 3j46% N N ‘ " 60°
N Ts g 1 (Ar=4-COEICEH,) T 4n: R2=4-COEt,n =3 5n: 35%

Anns 1t 3t (Not detected)e af 5f (Not detected)’

B BERITLINGERREE, BaIlMRSRER: MEIME, BRFH—gERAERENEBERBEFE 10
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Ph
Ph 2 (1.5 equiv) Ph Ph Ph
AIBN (20 mol %) . B B
C1HH37SH (50 mol %) Ph
- + (1)
N CHZCN, 80 °C, 12 h N N
Ts 1u Ts 3u (35%) Ts Su (34%)

a) Radical clock experiments

2 (1.0 equiv) Ph B ai
Ph AIBN (20 mol %) s, P o=
Il J/ CoH1oC(CHa),SH (50 mol %) \]\\/“j,
- 5
" CH4CN, 80 °C, 16 h N
| 3v: 57% Ts N
Ts 1 :
=W (4,5-trans, dr=1.07:1) [ s A
Ar 2 (1.5 equiv) - -
AIBN (40 mol %) Ar Ar
o .
| | e CgH19C(CH3),SH (50 mol %) . B 2 s _Et B . ’\h(“
CH4CN, 80 °C, 7.5 h
N N N
| | | (B)
Ts 4o (Ar = 4-COEtCeH,) Ts 50:44% | s )

11
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Ar TONGJI UNIVERSITY
Fl1 \‘gi Me
N N+ H
3
RRHH Me f Me I’;J/g’ [ “>—_E|5’H Ar
- B" hi Z 6 N+ _ HE B r\l‘
_\H/ [ \>;BH3 Me
7 "':-l\/} N | NH
Me Me R?
7, 18 examples, 42-90% yield 1a 9, 17 examples, 51-91% yield
condition: AIBN (20 mol%), CgH1gC{CH3)>SH (20 mol%), CH5CN, 80 °C, 12 h
R = Ar, CO,Et, CONEty, R2 = Ts, Ar, Bn, Boc, Z = NTs, O, C(COsEt),
representative products from 1,6-dienes representative products from N-allylcyanamides
Me Me
ACHH Me PhH H  Me N+ H N+ By
iPra._“~__,B__N iPra -~ B__N [ =8’ [ S—=8"
WD te Th '**
N _N Me Me
N° Me™+ 0" Me + NT =NH
Ts 1
Ts
7a, 80%
(Ar = 2-CICgH,) 7b, 72% 9a, 83%
Ar HH Me Me Me
SO , 2L LI : ,
Y HH Me I-Pr B._-N N- By N K
z =2 _. _1_H
i-Pr. - .B( hj \“/j [ N B_' Ph [ \>_ é" Ph
Ny 0 N N
OBV, e o L5 o [
N Me” + EtO,C CO,Et © SNy TNH Me N7 =NH
TS | 1
Bn Boc
o 7d, 63% o 0
7c, 61% (Ar = 4-CO,EtCHa) 9c, 71% 9d, 66%

Org. Lett. 2018, 20, 2360. Org. Lett. 2018, 20, 7558. e
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ARTICLE

https://doi.org/10.1038/541467-019-09825-3 OPEN

Regioselective radical a-borylation
of a,p-unsaturated carbonyl compounds for
direct synthesis of a-borylcarbonyl molecules

Shi-Chao Ren'*, Feng-Lian Zhang"#, Ai-Qing Xu'!, Yinuo Yang', Min Zhengz, Xiaoguo Zhou 2 Yao Fu' &
13

Yi-Feng Wang

Nat. Commun. 2019, 10, 1934. 13
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Initiator (20 mol%)
RSH (x mol%)

/COEEt ,002 Et
- |

H2|3,NHC

CHBCN, 80 OC, 12 h \LB #'product
1a 2 3a not formed
Me Me J-Pr Me
N+ _ N+ _ N + N + Me
N - - N - =
[rBHs T B [N\>—BH3 [N\>—BHQCN ¢ +N-BH, Me-N; BH,
Me Me Y-Pr Me
2a 2b 2c 2d 2e 2f
Entry LB- Initiator RSH (x mol%) 3a Yield
BH; (%)b
1 2a AIBN tert-dodecanethiol (20) 49 (39)d
2 2a AIBN tert-dodecanethiol (50) 81¢
3 2a AIBN PhSH (20) 77
4 2a AIBN 4-MeOC4H,SH (20) 75
5 2a AIBN 4-CO,MeCeH,SH (20) 73
6 2a AIBN MeO,CCH5SH (20) 80
7 2b AIBN PhSH (20) 89
8 2c AIBN PhSH (20) 70
o) 24 ALRN PLSH (20) £7
10 2e AIBN PhSH (20) 0 (95)&
T 2f AIBN PhSH (20) 0 (98)¢
12 2a AIBN - 0 (83)d
131 2a TBHN tert-dodecanethiol (50) 67 (17)4
14 2a TBHN PhSH (20) 60
15 2a - tert-dodecanethiol (50) 0 (98)d
16 2a -- PhSH (20) 0 (88)d

4Reaction conditions: 2 (0.2-0.3 mmol), 1a (1.2 equiv), initiator (20 mol%), RSH (x mol%), CH3CN (2 ml), 80 °C for 12h
bNMR yield using tetrachloroethane as an internal standard

Clsolated yield

dRecovery vield of 2a is shown in parentheses
eRecovery yield of 1a is shown in parentheses

fThe reaction was conducted at 50 °C

TONGJI UNIVERSITY

2b AEWHEBHEREF
IIE-BH, / MesN-BH; RREL
fREEN RMEXEE
SIRFIARE, ZIFEHENE

14
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ax-boryl-g-aryl esters
(0] O 0] J
H4W0Et OEt W )n
- B 3h h=1,83%

b
3b: R4 2-Me, 78% 39 :72% 3i:n=289%
3c: 4 =2-NH,, 77% o) 0
3d - R= 3-OH, 74%
3e : R%= 4-F, 85% ml\o/\/\l\ﬂe m o
3f : R%= 4-CN, 52%"° |\160 N
0 3j : 85% Me 3k : 59%
B Me O
O B o 0 B
X Me
31: 82%" : 95%° 3n : 72%” 30 : 95%” (dr = 4:1)
( —=-vs. - borylation — )
2 5 9 TS
Ph/%LOEt + Ph)j/“\OEt EPh/ﬁ)LOEtE
Me B ' 1
Me ' Me :
Q, . c 1 ]
3p-a : 22%" 3p-B: 53%" (dr > 95:5)° |! 1p .

o (BT A, B BEENE o MEEgE 15
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wboryl-f-arylamides | o © T arboryiparyi ketonss and adids T
0O B o) /U\ 0 0 Me OMe o) 0
Ph/%N/\O m Ph/\T)LN o "_P Ph/\T)LMe /\T)J\,N MeO O O Ph/\T)J\OH
Ph
o~ l|
AN hNﬂe bc; g H , B pr , B B NJ MeO B OH B
3q : 86% 3r:79%" 3s :88% 3t :96% (dr = 1.7:1) Caqo b ooy b 4o, bOMe ™
(— hydroboration vs. borylation/cyclization —) Me - 3ab: 94% 3ac : 86% 3ad: 91% 3ae : 70%
Ph 2 4 ,
o w = - o) Me e > B (— a-vs. -borylation— )
O O
S t + € S +
Ts (Ar = 4-OMeC H,) 2 3ans 5 Me OEt ) M NHTs
. o, ’ . o; C " & a o _ 5 ) o
3u: 29% 3u’ :42% 3v:15% 3v’' : 34% (dr = 281) 3af-a 41% 3af"'ﬁ: 26°/°b Sag-cc: 49% 339.'6_ < 5%
(— borylation/cyclization — ) 3af-a: 22%° 3af-p: 45%
n-Bu n-Bu n-Bu n-Bu = ( —a-borylation only— )
Cl ]
wAr R Cl ~Ph N S .
" 0 | 0o ; Me O
B B B 1 1
K Y WARS Me e B Me I OEt : : Me T OEt
3w : Ar=Ph, R=Me, 70%° 4, - e : e _ ce : 1ah :
3x:Ar=Ph, R =allyl 47%¢ 3y : 55% 3z:62% Saa: 58% 3ah: 64% (E:Z=2:1) Mececcceccecccanas ! 3ai: 56% (43%b)
Hf B H’ o o Me o Me O
Ar 5 J\J’) Ar w OEt Me MMNHTS
: B
N‘\J/ - N‘\; g| — —— % y M © 7
i 0, -1 b . oy b . o,
= 5 H o 3aj: 39% (dr = 1:1) 3ak: 70% 3al: 47%

1x-1aa - A = 16
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araddition o COEt eH P CO,Et
> 2 -
AG* = 6.4 kcal/mol F’h/\?/ AGE = 7.5 keal/mol Ph/\?/ 2
B B
B (1) _ _
CO.Et Int-5, AG = -6.9 kcal/mol 15a, AG = -12.2 kcal/mol
Ph/{‘:‘g’ 2 1
B PhSH  PhS’ B
14a p-addition Ph)\fCOgEt M;:? 31/ — Ph)\{COEEt
AG* = 7.7 keal/mol * - [ Kealimo
HH (reversible)  Int-6, AG = +0.2 kcal/mol 15a’, AG = -8.5 kcal/mol
— v = r
‘ \F;N+ Radical addition Hydrogen atom transfer
A2 s |- |
Me
kops(I/14a) = 5.22 x 10" M1 7' ky(Bn' /PhSH) = 3.0 x 10° M1 5™

o NIRERN B MFEAYSELERIAK, (B o DIRLSA/RAY S BB
FRIIRSERTF HAT, & p IETUTSEE, SERSNNSEREN iy,
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initiator (cat.)
RSH (cat.)

© r\EWG 4+ NHC-BH - R/\T/EWG

CH4CN, 80 °C H,B

EWG = CN, CF, Bpin,

PO(OEt),, SO,R
Chem. Commun. 2019, 55, 11904.

ACCN (20 mol%)

Me 0 R1
. ¢ HS™ >co,Me (90 mol%) J\t;‘a’CN N!”"E
F — = 2 -
g+ [ )—Bron R
B N>_ CH3CN, 95 °C, 15 h FF NS
Me Me” +
1c, 1.2 equiv. 17, 21 examples, 46-83% yield

ACCN = 1,1'-azobis(cyclohexanecarbonitrile)

Org. Lett. 2019, 21, 8414. 18
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How to cite: Angew. Chem. Int. Ed. 2020, 59, 12876—12884

Radical Borylation Reactions International Edition: doi.org/10.1002/anie.201915619

German Edition: doi.org/10.1002/ange.201915619

New Radical Borylation Pathways for Organoboron Synthesis Enabled
by Photoredox Catalysis

Jing Qi, Feng-Lian Zhang, Ji-Kang Jin, Qiang Zhao, Bin Li, Lin-Xuan Liu, and Yi-Feng Wang*

Angew. Chem. Int. Ed. 2020, 59, 12876. 19
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a. Reported initiation methods and reactions of NHC-boryl radicals for
the construction of organoboron molecules

H-abstraction : § — FG . .
NHC—BHy ——— - NHC—-BH, . ! . _NHC
! initiators : _ radical it I?i
. diazo compounds ! addition/cascades 2
'\ peroxides :
- N

Limitations:

1) specific alkenes/alkynes for radical borylation

2) high temperature (50-120 °C) for initiation

| 3) limited numbers of initiaton methods and reaction modes

20
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b. New reaction modes of NHC-boryl radicals to synthesize organoborons
based on photoredox catalysis (This work)

radiqal NHC
coupling

/
> (R¥BH;
//f LG

NHC—BHs |

+  NHC-BH
& C photoredox -H ¢

catalysis L
R-LG | RHLG | _ REE
\ BH»
- 2
alkene &
difunctionalization
LG

2
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Table 1: Oxidation potentials of NHC-BH; 1.

NHC-BH; (1) Ta 1b 1c 1d Te 1f
E,p 076 077 078 085 082 078
(V vs. SCE)
"CHg pHs I'.'-F'I' pHa CH3 CH3
N+ _ N+ Ny N+ - CONC N+ _ N+
[ >—an (IN\)—BHg [ e o I S—irs [ S,
v 1 ! h'l‘. N N j
CHs CHa iPr CH, “ CH, CH, i

1a 1b 1c 1d 1e 1f

HEFRMNL — B

(a) Redox potential studies of 1al®

0.00014

0.00012 -
J E.,=076V

0.00010 - (Eprz )

0.00008

0.00006

Current (A)

0.00004 -

0.00002

0.00000 -:_————*“"/,__//

-0.00002 y T b T . T L T b T g T b T . T ‘
0.0 0.2 0.4 06 08 1.0 1.2 14 16
Potential (V vs. SCE)

5 — B HRE%ER 22
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x
F.C E1® (21/Int-7) = -1.41 V o N
P copEt —2 2T ;F3Cﬁ4’ﬂ‘cozl;l —
Ar mme Ar

Me. Fo _F
*lrlll N,B
21 (PPY)3 Int-7 PN \ o LCOEH
h Irv radical § (" H2B= +N o A Me
Vv (PPY)3 coupling F/)\ﬁ(‘a\ Me - B _N
L Me I (ppy)s L e " Ar o H“L\'ﬂ/\/)
N N Me”
- IVl = +0.77 =
[ S—BH; N [ S—BH, Int.8
R — N 22
e e ()
1a

(Epp = +0.76 V)

23
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3b, R = 3-F: 89%

=4-F: 0 O
_ 5 3¢, R = 4-F: 75% < B B Al > -
R | 3d,R=3CN:71% 4 - i Y
2
COEt 3¢, R=2-Cl: 71% | 2 2 CO2Et
FF F”F F”F

F~ °F 3f, R=H: 65%
39, R = 4-OMe: 43%
3h, R = 4-Me: 35%

B %t - N/:y )n B (\ @)

3i: 51%

0 O

E F F 2 e e 0]
3n,n=1:65% "

3m: 50% 30,n=2:72% 39: 66%

3p,n=3:70%
B
Me
.
3w: 48%

3): 53%

 F
3k: 60% 3l: 32%
o
2 0
B E B Y
*Ph N
0
F7OF £ F O me” Me

- 7409 = 0.
3r R2 = Me, 60% 3t: 74% (d.r. = 2:1)

3s,R2=H, 41%

B H|--
B
" Oy
F*F
O
F”F

3x: 81%

3y: 65% (d.r. = 1:1) o4



FoF o :
0
i =

3z: 87% (d.r. = 1.3:1) 3aa: 64% (d.r. = 1:1)

B
O._-CHa
CHs
N e
CHs

3ac: 74%

F
O F

3ad: 70% (d.r. = 1.2:1)

i A

3ab: 84% (d.r. = 1.2:1)

- =,

TS

CF3
3 3 2ae
3ae:ND | (£, =-2.2V vs. SCE)

25
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Ir(ppY)s (3 moI%) s
F3C KF (1.5 equi
ad DMF, blue LED (30 W), et
(Ar = 4-CO2EtCgH,) 30°C, 36 h, N;
1 2a (1.2 equiv) 3
NHC-BH; 1 1b 1c 1d 1e 1f
cl
- Pr~ Meh
Me /L p Me.ﬁﬁ{N‘? Mex}‘\\ Cl /5
N T N\ = N N . N,
HB e . M8 ipr HE" e HE e PhBH e
r Ar
products 3 Ar]\/l\CDEEt r\COEEt Affcoza NjfLCDZEt f\COQEt
F”°F o F S F”F F~F
3ba: 90% 3ca: 89% 3da: 60% 3ea: 71% 3fa: 70% (d.r. = 1.1:1)

AR NHC-BH; A& 5 k=R,

iEAB SET 4Kk LBR BE5—EX S,

20



CN Ir(ppy)s (3 mol%)
. “/ﬁ/ KF (1.5 equiv.)
X ¥ DMF, blue LED (30 W)

R 30 °C, 24 h, N,

1a (1.2 equiv.) 23 24

(a) Representative products for radical arylboration

CN

25a, Ar = 4-OMeCgH,, 68%
25b, Ar = 2-MeCgH,, 58%

Ar COEt  25¢ Ar=2-pyridyl, 57%

_ 25d, Ar = 2-furyl, 44%

25f, 40% 25g, 40% 57
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(b) A proposed reaction mechanism

_NHC -NHC
radical HEI? HE?
/@/ Eqz® (24a/int9) =-1.61V coupling _ Ar EWG Ar EWG
NC " mh -1.73 [ Ne
*Ir (pmr
24a Int-9 _NHC
I'V(ppy)s 25
Ar A CN Int-11 CN 25
Me ||| , Me ' =WE
" I (ppy)3 |
N _ N . l'lt-'"}
[ »—BH; > - [ 7 BH,
N - H* N 23
Me Me
1a (0

SHEER4REBREPEF — NHC-BH,; 4B HRE — BEHBENRER
— 55 BHEEEFEEL — i CN- §7~=12. 28
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(c) A radical clock experiment verifying the oxidative generation of NHC-boryl radical

N\
HoB CH;,

Ph._
:lr/l\COEEt

Et
11

HsC\/F-\'IL/\B

11 (yield)

not formed

(13: 95%, Sl 98%\)

39%

CH, 4a (x equiv)
N+ Ir(ppy)s (3 mol%)
[ >—BH, * Ph > coset =
N DMF, blue LED (30 W),
CH; 30 °C, 22 h, N,
1a 51
4a + Ir(ppy)s 4a (x equiv)
visible light 11
k B 7 B
N+ _ 5  pp :
[N‘>—$Hz — "NV OCOoEt 0.2
bH3 (: B') i
0 (V1) 5
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Stereoselective hydrogen atom transfer to acyclic
radicals: a switch enabling diastereodivergent
borylative radical cascades

Tian Ye!?, Feng-Lian Zhang"#, Hui-Min Xia!, Xi Zhou!, Zhi-Xiang Yu M Yi-Feng Wang 1,30
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B
new synergistic modes for NHC-BH,/ H.s~CO,R3
' stereochemical control ! thiol catalyst R.7
! ' - \"'H
| : = 3 (major
| NHC-BH; : N” R’ (major)
R*0,C g .~ reagent . R?
@ | LS b
R / \ . i rJ - - lI‘ E
\’\f Ho synert_flstllc . ¢ diastereodivergent
N R Y contro P HAT
] v 1
2 A .
R L N = | R30,C
(1) ! thiol catalyst : H
: or Lewis acid ' _ R\,i o .
\ e : NHC-BH4/ _ .o, 4 (major)
Lewis acid f?l R
R2
E a radical cascade for the generation of structurally complex acyclic radicals
| "
i NT
! cyclization [ \%E:EHQ
| B ,COQR3 B.__CO,R® N \
| | R4 (= B) B/ _CO5R
| 1,5-H shift ) =
| n i " H (from NHC-BH, 2) X
: o R—
. /x = !
| hl"l R1 s Z N/\R1
! translocation R2 addition |
: R2
; ‘"’ (1) 1

XHE: R HAT s,
EIMAERTIRZ BN S FX.
HREZSSHHE(EMA — 3
Znl, Befoifiz —
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Sequential C-F bond functionalizations of
trifluoroacetamides and acetates via
spin-center shifts

You-Jie Yu'*, Feng-Lian Zhang', Tian-Yu Peng’, Chang-Ling Wang’, Jie Cheng’, Chen Chen’,
Kendall N. Houk?t, Yi-Feng Wang'~>+4+
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Spin-Center Shift

PPO
\%O?/R B-C-O cleavage PPO R BHERCETR
O
— SCS — Si2:
nes OH - H,0 O B EREAEE
(Int-) — HBFEHE
— B-C-X {EIRZ
R B-C-Z cleavage R — BHRBEEERIH(E
nggf\z\ —— SCS —— X>/'_8 R
. SEH C-XE4E;
(X=O, NR ) HZ SCH C-XSEiiE{b
Z = Br, Cl, OR’
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s—X F radical process s— X)_g
} < F —— stageA —> . F

O F
from trifluoroacetic
acid/anhydride
\(. radical trap —./
- YOH
first
§ X7 B-C-F cleavage _ .
F S \
a SCS —™

(Int-lN) (Int-1ll)

"384'

radical process %— X z §— X
sitageB —> or b_:.
ﬂ O F O F

radical trap —§) [ H,O
or radical trap —> — YOH

second
p-C-F cleavage %_X*
—— scs — ‘\)—8(?
Y-O
(Int=V)

S R EREREF — BHEROEER — CX B — ERAFIBHE.
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0O
\"S‘\YJJXRI -
HF

2aR'=H, 82%
(gram-scale, 68%)

2b R' = 4-i-Pr, 74%
2¢c R' = 4-OMe, 77%
2d R' = 4-CF,, 58%*
2e R' = 3-F, 62%*
2f R = 2-Cl. 64%*

DMAP—BH, (1.5 equiv)
TBHN (20 mol%) o)

PhSH (20 mol%)
NaH,PO,4- 2H,0 (1.2 equiv)

é‘sxvjy(ﬁf

2 Method-1
= O
R | .
q NJY
H 4 H

33 H1 = H, 85‘3“;0
(gram-scale, 76%)

3b R' = 4-iPr, 94%
3c R' = 4-OMe, 85%
3d R = 4-CF5, 73%
3e R' = 3-F, 88%"
3f R = 2-Cl, 71%!

CH4CN, 60 °C, 0.5 - 18 h

F F
(R¢= F or CFy)

29, X = F, 65%*
3g, X = H, 72%"

V@\ O

CbzHN H

‘ NJH(
H '\

2j, X = F, 70%
3j, X = H, 90%

DMAP—BH; (3.0 equiv)
TBHN (20 mol%)
PhSH (20 mol%)

Na,HPO4- 12H,0 (2.4 equiv)

1,4-dioxane, 60 °C, 0.5-18 h
Method-2

2h, X =F, 75%
3h, X =H, 92%

TsHN
\/\Q\ O
H
N
H %

2k, X =F, 84%
3k, X =H, 92%

2i, X=F, 76%
3i, X =H, 84%

NHBoc

E]\)D
H
NJY
H X

2|, X =F, 65%
3l, X =H, 80%
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Me
213 W QW U5 QB!
H
'}*-\\_/"\O NJJ»(H f,"& NJJYCFS N\ NJJXCFS I]JJYCFS
H Me F X H ¥ H H v H Ph X H
2m, X = F, 34% 2n, X = F, 41%1 20, X = F, 92%%* 2p, X = F, 84% 29, X = F, 63%
3m, X = H, 50% 3n, X =H, 51% 30, X =H, 94% 3p, X =H, 55% 3q, X =H, 89%
0 0
o 0 Me O’K/O’ r{—x
o) |
Et0,C—4 NJ%{CFa o F
CF, N
N X H 0
H v H MeO . H
‘0
2r. X = F, 73% 2s, X = F, 44% 2t X = F, 65% 2u X =F 56%* =~ X
3r. X = H, 70% 3s, X = H, trace (2s, 50%) 3t, X = H, 76% 3u, X = H, trace
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DMAP-BH; (2 equiv)

O R3 NaH,PO,4 2H,0 (1.2 equiv) o 5
,&Y J}( R, S _R2 DTBP (1-1.5 equiv) R
Ko PhSH (20 mol%) K\Y)%\r R2
R -
(= o CFa) ) CH4CN, 120 °C, 17 h A
5

..........................................................................................................................................

5aR=H, 75% o OMe
0 R (gramescale, 59%) ©\ OO
N 5b R = 4-MeO, 84% N

5k R = t-Bu, 59%
51 R = Cy, 54%

E 5d R = 3-Me, 80% - HEE <°:©\ o :
" 5q R = 4-Me, 67% 0 N/lg(\/ Ph
; 5 OMe o N o v 5r R = 4-OMe, 74% e |
Q Q ) O i~ EE =
" N CF; N NJS(\( ¥ 5tR = 3-Cl, 65%o 5w, 77% :
: H ¢F H H % pp U 5u R = 3-OH, 80% :
| b L 5v R = 4-CH,CO,Et, 75% :
[ 0, ! '
: e 59.83% 5h, 75% o :
: ¥ cl MeO :
O t. O CL3 - O RO =
: ' Ph .
' N/"BJ\/Ph N/ll}(\/OR NJS(\/O\/\/\OH 11 Me NJ}(\/ N~ NJS(\/Ph :
: HF'F HFF HFF Ld o HE E !
: 5i, 54% 5 R = n-Bu, 56% 5m, 45% ' 5%, 70% 5y, 65%

' H
OMe NH, o 0 o N Ph o OMe
0 w /
EtO EtO 0
EtO EtO
N FOF F7OF

F'F v F
5ab, 48%* 5ac, 40%* 5ad, 40%* 5ae, 52%* 5af, 46%* 38



A DMAP-BH; (3-4 equiv)
0 NaH,PQO,+ 2H,0 (3-4 equiv)
£ J}(H DTSBP (1.5 equiv) 5
<! . SUR? PhSH (20mol%) r"inY\/Rz
9 CH4CN, 120 °C, 12 h 7
stage B 7

hydrodefluorination products
from stage A

7aR=H, 70%
(gram-scale, 77%)

7b R = NH,, 79%

7¢ R = OMe, 83%

F
H
THP
0 N o) ° 0
Y Jﬁ(\/Ph JY\/Ph
N N N
H FH H F H H FH

7d, 64%

7f, 82% 79, 68% 7h, 61%
CCL ID® O
Ph
e et e
H FH H FH Me F H
7i, 53% 7, 63% 7k, 39%
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a coupling product
from stage A

. B

! DMAP-BH; (3-4 equiv)

! NaH,PO4 2H,0 (3-4 equiv)

: o Ph DTBP (1.5 equiv) Ph

! Ph . PhSH (20 mol%) O

: N R » Ph.

| H F"°F CH4CN, 120 °C, 12 h N

1 F 5
' 5a R
: stage B 8

F A ¢ \
i OMe Me H
i 8a, 60% (5a, 38% recovery) 8b, 62% (5a, 35% recovery) 8c, 55% (5a, 42% recovery)

E Ph

s SN SH Uy

E 8d, 42% (5a, 50% recovery) 8e, 46% (5a: 30% recovery) 8f, 30% (5a: 25% recovery)
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: R1 H/alkyl 1 ' d. 1) DIBAL-H '
; h R‘P:J H/alkyl ¥ on 2) hexylamine :
: R2 F F R2Z F F ' A b. MeMgBr 3) NaBH4 iy Ar !
' 2o0r5 . 1M M F = > Me™* "N '
| o) el AL ’ ¥ M FF 85% 64%, three steps SH/?(F\/ :
: RY Hralkyl B R! Hialkyl 13 1 1 :
: I‘l‘l "N/\r 1! '
' R2 F F'{2 F E : . 5 \ :
: Jor7 10 11 1
: 1! A ;
: H EtoJIB(\/ r .
: ' F7F :
O O O ] i
I N Ph 11 - ’ !
] H/\l/ ';J/\I/ ﬁ/»(\/ ¥ :
; 9a, 96% 9b, 95% 9c, 89% X e. 1) n-BuLli, o :
i ©\ F Ph ¥ HO S ™ = . b M JY\/Ar E
1 ' e 1
: H/\../ H/\l/\/ X e 92% 2) MeMgBr = '
1 F " 1
I 1 ! 58%, two steps !
! 10a, 87% 10b, 68% ' 12 P 14 ;
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DMAP-BH; (2 equiv)
NaH-;PO4-2H50 (1.2 equiv)
o DTEP (100 mol%)
PhSH (20 mol%)
@L PR + V)Lhr 29 mo @\ W
N™ "CFq CHaCN, 1209C, 17 h
H F F Ar
(Ar = 4-OMeC4Hg)
1a 15 16, 43% (E/Z isomers)
DMAP-BH; (2 equiv)
NaH;P04-2H-0 (1.2 equiv)
o Me Me DTBP (100 mol%)
©\ H., PhSH (20 mol%)
N’lLCF *
v 3 CH3CN Ny, 120 °C, 17 h FF
1a 17 18, 56%
Me Me
H., 17
B Fs DL N L o
ﬁz}" : F F F F Ar
Int-1
- B 1% TS AGH 1.
C), .
Ph.‘N)%( R TS-6 (29a, CF;) 7.9 kecal/mol 2.
. H FRr _ TS-7 (30a, CF,H) 9.2 keal/mol 3.
TS(R,R'=H,F) TS-8 (31a, CFH,)  11.1 kcal/mol

Mechanistic insights into SCS defluorination

*B (= DMAP-BH, II
gg ( 2,1 o B NaH,PO, o B
R F addition R1 Y .ﬂ(? -HF+NaH,;PO,4 R+ A__F
Y Y sCS Y
F F T FF F
29 Int-15 Int-16
The effect of NaH,PO,4 in SCS defluorination
Energy (kcal/mol) HO OH
O’B O= P
Ph F 2
1 ) ) F
Ph. A\<F H F Eto&
N 'F O\\ ,Na F F
e HO-p,
HO
TS-3 TS-4 TS-5
AG*=20.6,AG=0.6 AGF=96,AG=-52 AGF=125AG=117

EEE“E%i#:ﬁFEEEE¢EWMﬁEO
Na* thih F- %, SEM(E SCS BHmas

FIRFRD — BESEa g — BEEHE?JI]EE .
— BRI 4e
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Boryl Radicals Enabled a Three-Step Sequence to Assemble All-
Carbon Quaternary Centers from Activated Trichloromethyl Groups
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and Yi-Feng Wang™
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 This work: boryl radical enabled a three-step sequence to assemble all-carbon quaternary centers from activated CCl; groups

boryl radical-1 boryl radical-2

R R boryl radical-3 R
C :\R1 :\RE —\ 3
R
Hm g o Cl > 0 R2 g O R2
Cl step-1 Cl step-2 Cl step-3
j . . R3
via via Ri via R
0 0. 0.
Cl cl R2
Int-1 Int-2 Int-3
i other accessible building blocks after derivatizations
includes j\ ' 0 0
o YO N $ YOO N H ok $ R’ J ¢
amides R =Ar, CF5, CI . amines alkenes acids aldehydes
esters (dialkylation) : alcohols ketones

B A EREIRSENMEBRE, £ CCl; =4 C-Cl 219ZE. TIFEREIL.
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(a) Rate constants of quenching boryl radicals I-IV

by 2a and 3a

Cl

(Ar = 4'FC,5H4)

boryl radical
(B~)

DMAP-BH, (1)

NHC-BH, (Il)
DMAP-BHCN (1ll)

NHC-BHCN (IV)

R4 2aR*=R5=Cl
3aR*=H, R5=Cl
R> daR*=R°=H
2a 3a

| kq i Ky
(M) (M"s)
I at 25 °C I at 25 °C
' 3.9(3)x 108 ! 3.7(9) x 107
| 25(5)x 108 1 4.2(8) x 107
| 29(4)x10% 1 1.3(3)x 107
| 8.4(13)x 108 1 2.1(6) x 10°

(b) Identification of boryl radical precursors for dechlorinative coupling reactions of 2a?

1(1.2-1.5 equiv) O
DLP (0.5 equiv) Ar. J—S(\/Ph
2a + ZPh - H + 3a
5a PhSH (0.2 equiv) ¢ Cl
PhCF,, 80 °C 6
(2 equiv) a
entry radical yield of  yield of | AG*(TS-2) AAG*(TS-2vs. TS-1
precursor 6a 3a . (kcal/mol) (kcal/mol)
|
1 DMAP-BH; (1a) 40% 47% i 7.7 -0.7
2 NHC-BH; (1b) 21% 66% i 8.5 0.1
3 DMAP-BH,CN (1c) 67% (76%)¢ trace | 12.6 4.2
4 NHC-BH,CN (1d)  63% 10% 97 13
|

=AY 2a HliiBBABRMANEEXLILL SR 3a R—PMHIER
@75 LBR BFIER, & HAT B[R, {(Ri#iisBRESHIEEEL. 45
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RI™Xx (2 equiv.) R2™Xx (2-3 equiv.) R3™X (8 equiv.)
DMAP-BH,CN 1f (1.5 equiv.) NHC-BH,CN 1c (1.5-2 equiv.) DMAP-BH; 1b (3 equiv.)
DLP (50 mol%) DLP (50 mol%) DLP (50 mol%)
Cl PhSH (20 mol%) %/m PhSH (20 mol%) R1 PhSH (20 mol%) R’
Q-£ci H,0 (10 equiv.) o H,0 (10 equiv.) o NaH,PO4+2H,0 (1.2 equiv.)
Cl 2 2
PhCF3, 80 °C, 1.5-10 h PhCF3, 80 °C, 2-10 h R PhCF3, 80 °C, 4-10 h R
41 42 R3
37 (DLP = Dilauroyl peroxide) (yields shown (vields shown 43
in gray boxes) in gray boxes)
23 examples, 50-86% vyield 22 examples, 20-90% yield 9 examples, 40-75% yield

representative all-carbon quaternary centers tethering three alkyl chains

F g 0 M 9@
0 NC,
EtO s @] Me
N 0

H & @ -
O O ‘ OMe . OMe
OMe MeO o
Me K/
37a—41a : 76% 43a. 65° 37b—41b : 52% 43b. 40° 37c—41c : 60% 43c. 75° 37d—41d : 60% o
Ma42a:85% o 0% 41b—42b : 55% 40% Moaze 729 OO Mda2d - 48% A AT

46



Ph

Ci
Ph ) N
Me
0

\ N o
Ph Ph
37e

37e—41e : 75%
4 0
Me—d2e  67% 138 0%

other CCl; groups for two successive dechlorination

_ | OMe OMe
>~ N Cl N ‘ “
]
FsC N " Cl X
Cl Cl Cl
OMe Me OMe
42f 429 42h

37f—41f : 85% 37g—41g : 66% 37h—41h : 86%
41f—42f : 43% 41g—42g : 52% 41h—42h : 71%
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(a) Examples of naturally occurring and important «~hydroxy carboxylic acids and derivatives

) O

O
OH
HO)'K(OH Ho/k[o"' Hok[
Me o COOH

lactic acid glyceric acid malic acid
(from glycerol)
O OH ?H HO OH
0 Y OH
OH OH OH
OH

gluconic acid

(from glucose) salvianic acid A

Q 0
OH
Ph
mandelic acid glycolic acid
Me
O
Me ,lj,OH
Me O
Ph

cyclandelate

- BESEEI S EET EYRTAS FORATIS, NIk 4o
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DMAP-BH5 1b (2.0 equiv.)
TBHN (20 mol%)

0 PhSH (20 mol%) o R; = (Het)Ar, Alk
1 , or 2-CO,MeCgH,SH (20 mol%) 1 , R?=Ac,Ms
Ry OR® 4+ ZTR3 - Ry R*R3 = (Het)Ar, OR, Alk
CHCN, 60 °C, 12 h Y=N,O
44 (2.0 equiv.) 45, 42 examples, 34-91% yield
| A
i =
= r .
| A o
T RIGAQOR? T SES T RIS
(U _R2O"
Int-24 Int-25

SCS REgHREE C-0 gt EMPRERIREL. 50
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F S
U / NH2
F N

Me Me F F Me
F Anticancer
Insecticide Cathepsin S inhibitor B E >3x . H
potency Cyclooxygenase-2 inhibitor
25x%
- 51 2,000

p— - CHQOME F X - i-Bu F >, X - H E =>7,142x _
P y potency potency =

(Z)-metofluthrin potency

_ - R - . R
R R AN . R -
VLN SN L O SR N ST
:_Fr,l - @Fn - \"\- :_Fn * Fn_1 \\ I "
AN SET - E-
reduction _ R’ SET M

X F reduction
n = 4-6, typically - —

X-retained
X = alkyl, silyl, boryl products

NSRRI P ESE SRR RN, EEEIRSEE
SR BENEED X SRS RS S S SR =
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A functionally
distinct mediator

d Bv — -

R R Non-reductive R

,\4\ \ ﬁ\_ condition ,\

AN T ik — R - Fo-1

(B = pyridine-BH,) Fluoride eli_mination
F B F -F B8
n==6,54232 TREPR Distinct
characterized intermediate

zach of multiple C—F transformations (FG,, FG,, FG3 or FG,) could be:

— Hydrodefluorination —

R

NN

ETH Fi1

X

H
With LB-BH5/RSH

— Deuterodefluorination — —— Defluoroarylation —
R R
f\{‘\l_lz f\{'\l_l:
1 =1 1 =1
N N
D Ar

With LB-BD3/CD30D With arene

Coupling R
artner (FG A
partner (FG) e
Lose —
} lterative
B—F diversification
Myriad permutations of
various functionalities
—— Defluoroalkylation — —— Defluoroalkylation
R R
’\/\I_F _‘\4\
1 =1 |_Fn-1
A x
1 2
R R
With alkene With alkane
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4-MeO-Py-BH; or DMAP-BH; (1.5-2.0 equiv.)

TRIP-SH or 2,6-Me;PhSH (20 mol%)

S TBHN or TMCH (10-50 mol%)

s MeCN:H,O (3:1 v/v), 50-80 °C

Polyfluoroarenes

4-MeO-Py-BD5; or DMAP-BD5 (1.5—-2.0 equiv.)
TRIP-SH or 2,6-Me;PhSH (20 mol%)
TBHN (20-50 mol%) D

CD50D, 50 °C pZ

Condition A: hydrodefluorination n=6,543,2 Condition B: deuterodefluorination
Condition A products:
- Y R HN.___O
F F F F - - \ H c
N
F
F F H F
F F F F = F
H H & R
F F F
1 2 3 H = CONHQ, 73'?"3
4, R = Ph, 70%" d d b
Standard conditions: 1, 89% + 2, traceP® 5R= OMe 79%,0c 7, 74% 8, 68% 9, R=SCy, 71%
(p:m:0 = 2.5:2.5:1) (CCDC: 2372235) 10, R = Sn-Bu, 74%"
4-MeO-Py-BHj; (5.0 equiv.) 1, 14% + 2, 82%Pb:¢ 6, R = NMe,, 60%°4
and TBHN (3.0 equiv.): (p:m:o =10:4:1)

F RFEZ — SHiRBF — B5iE0F RFRL — SRRMNMERFE — FHIBFEZIE LBR
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CF4 R MeO 0] H
N 0
F—%\D H F
F F F F - = F
R Me F
11, R = OPh, 822%?° 13, R = OMe, 30%°4
12, R = NHPh, 849" 14, R = NMe,, 14%°4 15, 70%° 16, 92%¢
Condition B products:
Unsuccessful substrates MeO o
NN H
X _N_0 OMe OMe
D F
g F - F F
F F
F F F F Me
F F D
19, 66%¢ 20, NR 21, NR 22, 58%° (97% D) 23, 87%" (98% D)

SRFEENL — #0495 B- MIRkEMAIFARERCHR,

17, 80%°

Et

H
N 0
F F
24, 84%9 (93% D)

SCI C-D §#ti

18, 46%

HoN ,E.o
F
D

25, 45%9 (92% D)
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Arene (30-50 equiv.)

4-MeO-Py-BH; or DMAP-BHj3(2.0-3.0 equiv.) =
F TBHN or TMCH (2.0 equiv.) -4 R
= 1
I NS
s MeCN:H,0 (3:1 v/v), 50-90 °C Fo1——
=
Polyfluoroarenes Condition C: defluoroarylation
n=6,5,4,3,2
HoN 0 H,oN 0 HoN 0
F MeQ (@) 2 2 2
- - F F F
F F
F F F F ‘ MeO OMe
F 3 CN
F F
oo o F F F F Me Me F F F F F F
e e
MeO OMe MeO OMe MeO OMe
‘ |“‘OMEMG// ‘ [ F O at
P 5 N N N N ™
MeO M Me | |
OMe © OMe OMe OMe
26, 71%>" 27, 45%" 28, 38%P (9%) 29, 44%° (20%) 30, 62%P (11%) 31, 54%? (22%) 32, 60%° 33, 54%° (18%)
(CCDC: 2372239)

F— Ar
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SR (8.0-12.0 equiv.)
4-MeO-Py-BH; or DMAP-BH; (1.3-2.0 equiv.) F R=H (100-120 equiv.)

TRIP-SH or 2,6-Me,PhSH (50 mol%) Fo— N 4-MeO-Py-BH; or DMAP-BH; (2.5-3.0 equiv.) R
N R TBHN or TMCH (10-20 mol%) T TMCH (2.0-6.0 equiv.) SN
F o — - > F o —
! ©/\/ MeCN:H,0 (3:1 viv), 50-80 °C MeCN:H,0 (3:1 vAv), 85 °C T
Polyfluoroarenes
Condition D: defluoroalkylation with alkenes n=6,54,3,2 Condition E: defluoroalkylation with alkanes

Condition D products:

O H,N
O MeO_ _O MeO_ _O H,N_ O OH
F
F F F F F
F F
0 CyO
F F F F F F ) F F
F 3 R PMP CyO
v co G

35, R = O(CH,),OH,

\

34, 55%° 68%P (12%) 37, 52%"< (10%) 38, 59%" (10%) 39, 71%" (25%) (CCDC: 2372238) 40, 65%%° (15%)

(17%) 36, R = OEt, 57%" (18%) (CCDC: 2372236) Gram scale: 64%, 1.03 g°

H,N 0] 0 MeO_ 0O :
CF3 O O MezN
Ph F o F 0 =
M LO "
© F 0
Scy OPh F F PMP
41, 67%P (14%) 42, 70%P (15%) 43, 50%" (15%) 44, 76% (18%) 45, 60%" (32%) 57

(CCDC: 2372244) (CCDC: 2372237) (CCDC: 2372240) (CCDC: 2372241)



+-BuO O

MeO_ O
N___O
Ph”
F
F
" - PMP
HoN Cyo PMP F

47, 51% (one-pot two-step)
Key intermediate towards HCV

46, 76%° NS3 protease/NS4A inhibitor
From 3PGUF (liquid crystal compound) (Previously) Four steps 48, 43%9 (38%) 49, 72%¢ (15%) 50, 67% (15%)
Condition E products: F MeO 0

E . = F MeO 0 MeO @) MeO @)

F F

F F F F F
F F
F F Me - -
F F N Me . F F F F F
Me<n Ph \
- O
P ’ i Ime““N/&o i \)
JI\ | O
Me,N @) Me

51, 65%" 52, 55%¢ 53, 45%" (trace)? 54, 34%" (15%) 55, 36%" 56, 40% (14%) 57, 45%¢ 5 8



C-X #2iEft

d N
S
F F N . b
Condition C*# Condition E
_— F F — F
Arylation Alkylation
F F Me_\
F F F N
F 0
MeQNJj\O
82, 53% (13%) Norneostigmine-containing

tetrafluoroarene 83, 46%°

Condition D
—_—

Alkylation

F

‘ OCy
R

84, 60% (28%)

Condition AP
.

Hydrogenation

ARESHE—1 C-F i, MEYLREFRE-A. =4, BEEBOA C-F#

A
P
F
oC
H Fo
R
85, 32%

59
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AG (kcal mol™)

T
oo

. Ph

B »—PMP
0.0 F F H

B—F(H,0 \
TS-Il e SAT

82 Int-Il SRR —48.4

. ArSH .
ArS
Ph F F TS-IV
F F Int-I
8 -58.0
Ph Ph _ {;"w’“x.
F(H20)3

- \ —69.6
34

F R F
"""""""" \ F F — i _
} B(C-F):1.83A | F B B = H E?—NQOMe Ph
+ FBO (C-F): 1.29,; P R EEEE . 2 \_7 — PMP N
""""""" ’ 1B (C—F): 1424 F F
P . . : ArSH = 2,6-(CH3)2C¢6H38H PMP
SEHiic, {BfEEs (FeoC-: 113

-------------- F F

PR, FEiEkss
|<— Boryl radical addition :I: Defluorination 4>|<— Coupling to radical acceptor —>|<— Hydrogen atom transfer —>|

B- NRXHISS C-F & —~REF BEX — IHIZHHIR/B & — HAT 57~

00
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IRl #FHE F NG IR Bi

a(F,) =9.36 mT

a(Fy) = 1.93 mT

MeO. _O
a(B,) = 0.96 mT = F
F{ BH,
DMAP
\/\’M 100
| | | | | | |
321 325 329 333 337 341 345

Magnetic field (mT)

—— Simulation, Boltzmann distributed
g =2.0035, Iwpp = 0.34 mT, modulation depth of 0.5 mT

— Experiment, gate 0-300 ps

EEHNRMNPBHEAER. SasRiEEBREREE, thtlﬂ?#&*'}?&uUTEHCIEEEIE

c a(Hp) = —1.65mT

| | | | | | | | |
329 330 331 332 333 334 335 336 337

Magnetic field (mT)

— Simulation, Boltzmann distributed
g =2.0036, wpp = 0.12 mT, modulation depth of 0.2 mT
== Simulation, polarized, pgp(E/A) = 0.25

- Experiment, gate 0-300 ps
Ol

R SeIEEs — BHEREE 1005101 FTE
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Boryl radical catalysis enables asymmetric radical
cycloisomerization reactions
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cyclization

enantio-determining
step

*NHC —BH, (cat.)

initiated from C,

Cycle A

(1)

C_-addition

\

/

elimination
2

R5
D
v

N
-

d
bl ®

RS

/

\

elimination
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“NHC —BH, (cat.)

initiated from C,,

Cycle B
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enantio-determining
step
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2 AR FRIEN

A

CO,Et

= *NHC—BHj (20 mol%)
ACCN (30 mol%)

Eh/\@ Toluene, 90 C, 12 h
OMe

Cycle A
1a

2a, 83%, E/Z > 95:5, 96:4 er
(gram-scale, 86%, E/Z > 95:5, 95:5 er)
4a, 36%, 88.5:11.5 er

O,¥N Me

Me

2a, 29%, £/Z7=189:11, 37:63 er
4a, 94%, 93.5:6.5 er
(gram-scale, 65%, 93.5:6.5 er)

@]

7:(O
B} ﬂ*Br“J

"Bn
Ha

B-2
2a, 53%, E/Z > 95:5, 73:27 er
4a, 50%, 53:47 er

O’x_
=N

NYE'H-BU
BHj;

B-6
2a, 10%, E/Z=80:20, 73:27 er
4a, 61%, 89.5:10.5 er

B
N *NHC—BHs (20 mol°4) A
N ABVN (70 mol%) N
Y pn =
’ | Isopropyl ether, 60 °C, 24 h Ph
CO,Me
COMe Cycle B
3a 4a
Ph,. /7Y, Ph (\F'\!
2 Ph—y Y+
Me  gp, Me Ph”)
=8 OoTBS BHs
B-3 B-4

2a, 10%, E/Z=86:14, 46:54 er
4a, 66%, 48:52 er

=N

N
Me BH,
B-7

2a, 49%, E/Z = 94:6, 25:75 er
4a, 20%, 88:12 er

Me

2a, 37%, E/Z=91:9,71.5:28.5 er
4a, 35%, 18:82 er

Ph O/¥N
Ph>S/N\f[J\rl
Bn
BHs
B-8
2a, 19%, E/Z = 88:12, 32:68 er
4a, 70%, 4456 er

05



2 AR FRIEN

R B-1 (20 mol%) Rl Oy —°
{ ACCN (30 mol%) P HJ
+ Y ",
7 Re Toluene, 90 °C, 12 h = BH3 N
Cycle A B-1
1 2 )
NEt
0 2 NC

OMe

O O y O g O
Ph OMe Ph OMe Ph OMe Ph OMe
2b, 54%, E/Z > 95:5, 96.5:3.5 er 2c, 90%, E/Z > 95:5, 92.5:7.5 er 2d, 43%, E/Z > 95:5, 97:3 er 2e, 38%, E/Z > 95:5,94.5:55 er
EtO.C EtO.C

00

2f, 61%*, E/Z=88:12,94:6 er 29, 55%*, E/Z=T77:23,93:7 er 2h, 74%, E/Z > 95:5, 96:4 er 2i, 52%, E/Z > 95:5,95.5:4 5 er
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TONGJI UNIVERSITY

EtO-C EtO-C
V4 Y
OMe
Sy — ) N
NN N @
Ph Ph
2n, 51%1, E/Z > 95:5, 95.5:4.5 er 20, 84%, E/Z=91:9,95:5 er 2p, 51%, E/Z=83:17,94.5:5.5 er 2q, 44%, E/Z>95:5,92.5:7.5 er

EtO,C

Et0,C

o
Ph/&O Ho ©\0Me
2r, 43%, E/Z > 95:5, 94.5:5.5 er (chgyzgffs:lzs) 2s, 60%, E/Z = 92:8, 96:4 er 2t, 85%, E/Z > 95:5, 87:13 er
EtO,C MeO,C EtO,C

V
O'Bu
N

|
Boc o

2u, 52%, E/Z> 95:5, 84:16 er 2v, 36%%, E/Z> 95:5,91.5:8.5 er 2w, 40%85, E/Z > 95:5, 94:6 er 2x, 59%5, E/Z > 95:5, 85:15 er 67




2 AR FRIEN

>~ R
R6— || < o)
N N) B-5 (20 mol%) /\=N Me
» ABVN (70 mol%) N\f!ﬂ
‘ ‘ Isopropyl ether, 60 °C, 24 h BH3
R Cycle B Me
\ ycle . B.5

MeO @] OMe

4d, 75%, 94:6 er

MeO” S0 S

4f. 95%. 93.5:6.5 er 4q. 66%. 93:7 er 4h. 85%. 93.5:6.5 er 4i. 88%. 90:10 er 68



b __ %
>

P B+ F

X TONGJI UNIVERSITY

% =57
(I

I

W28 AITFRE

D 0
o « AT
o F TBHN (30 mol) i
Y Pu : y
OR .8 Toluene, 40 °C, 48 h Ar

19, 30%, dr > 95:5, 81.5:18.5 er

17 (Ar = 4-FCgH,) / H".
r
=T (10 equiv) | R= Q || ﬁ ‘
(/- 5 ‘l\ s? f ‘B "‘\

addition elimination

o B
N 1 PN - CDEH s _}.. VAT
T 7Aoot~ TA AT A T 0
Hojl\’f\s* & _
Ar B* Ar

FE NHC-B- (bR FA [2+2+2] 3FE, MEFIHETTH -



NN N2,
Proposal (e F) (45 £ 5
E p V"Wf TONGJI UNIVERSITY

1. LBR/Ti {HERiaE C-O #4A
2. LBR/Fe-LMCT iR EmEBARZIREAL

1.5 equiv DMAP-BH3
2.0 equiv TBHN

0
X 10 mol% Cp,TiCl XY UR
P ) RO e

a Ha
1.5 equiv DMAP-BH
2.0 equiv TBHN R Fb Fb
R 0 AN
. _:() + GO _ 1OmolkFeCh ¢ S =/ Bh,
Z 390 nm W

70
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