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Abstract Transition-metal-catalyzed asymmetric C—H borylation is one of the most powerful strategies for the construction
of chiral organoborate compounds, which has attracted extensive attention in the fields of synthetic chemistry, medicinal
chemistry and materials science due to its atom- and step-economy. The design and synthesis of novel chiral ligands are essen-
tial for the success of asymmetric C—H borylation. Based on the design and development of chiral ligands, the recent progress

of transition-metal-catalyzed asymmetric C(sp*)—H and C(sp*)—H borylation reactions is summarized.
Keywords asymmetric C—H borylation; chiral ligand; transition metal complex
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Scheme 3 Silyl-directed iridium-catalyzed enantioselective borylation of aryl C—H bonds
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Scheme 7 Representative substrate scope of enantioselective C(sp?)—H borylation of prochiral diarylmethylamines
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Table 2  Effect of Bopin2 dosage on enantioselective C(sp?)—H borylation of benzhydryl ethers
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2 0.50 98.8:0.0:1.2:0.0 65 87
3 0.75 96.2:0.0:3.1:0.7 88 88
4 1.30 57.7 0.0 2388 3.5 53 (52)° 96
“ The ratio and yield were determined by gas chromatography (GC). ® The enantiomeric excess (ee) was determined by HPLC. ¢ Isolated yield.
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Scheme 10 Representative substrate scope of iridium/L7 system catalyzed enantioselective C(sp?)—H borylation
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Vi & BRI Y, BE e 2-Z8 5L, YT DL
o B BRI (AL 96%  ee) 3K A5 T E W RO L P
(Scheme 10). —f&kii, N-=5F A FEEILEYI L N-FUCT
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S AL (Scheme 11), S2HL T AL 7% 5 G 1) B2 4]
)L ) C—H S e Bl k. (Scheme 11), F=4IANST
R 2 & T S E TR 3 0. @idix
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=R BRI BRI SRR, T Mk i 2= BRI A7
X W BRI A S B A B A TR G PR 52 P (14b: 89% e,
14c: 91% ee, 14d: 94% ee) (Scheme 12). ZEIR[Af7 - HY
AEEA = F L (13e) BREE(136) R L (13g) (142 LA
KR IR _EAT AT B (13h~ 13K) 4 #5411 47 1038 v i
71, BICVE S O WLk FEPE AR B R4 72, X AR
1% AR 2 R DB 1. it T /N I A
2 i 11 4 AR A TR R T Rl N F T 0 SR R I SRR
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Scheme 11  Anionic ligands, chiral cation, ion-paired complexes and enantioselective remote C(sp?)—H borylation
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G X DA Bopin, > X ~/ i N N
X | | ) X | | 7 i Anionic ligand X~ 'OH
N = Chiral cation \ P nionic figands N| P
i [
X = CH, PO Bpin | Chiral cation Bu
13 14 i L1g gy
selected examples
o 14a, R = CF3, 72%, 96% ee Ar = 4-MeO-CgH,
14b, R = Cl, 77%, 89% ee o, N Ar

14c, R = Br, 84%, 91% ee
14d, R =1, 63%, 94% ee

14e, R = OCF3, 59%, 95% ee
14f, R = CO,Et, 50%, 89% ee
149, R =CN, 39%, 86% ee

@: minor site

Bpin 141, R = Cl, 66%, 90% ee
14m, R = Br, 80%, 88% ee
@ ©/ 14n, R = CO,Et, 39%, 80% ee
140, R =1, 65%, 91% ee

H

14h, R = Cl, 43%, 10:1 rr, 85% ee O N By
14i, R = Br, 57%, 7:1 rr, 79% ee

Bpin o o
14j, R = CF3, 42%, 15:1 rr, 79% ee 14p, 67%, 95% ee
14k, R = OCF3, 72%, 8:1 rr, 83% ee

BRI 12 7 BB RN — 57 SL R Ak & M xT s 4k C(sp?)—H Bl b S L AR B 20 A 471 F

Scheme 12 Representative substrate scope of enantioselective C(sp?)—

H borylation of benzhydrylamides and diaryl phosphinamides
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A UAT 52 2 FA RO B RE ML, BLAR A1), #R(13m). filt BERT A=A B SN, DA Rt B AT R4 Y
(130) FIBE KL (13m) 55, #RLAB S (0 BRGE SR PEA BIAIAL 7RG 2) T AlL ™ P)(Scheme 13).

F=PI(Scheme 12). T EFRH I, M AR — 05 5
FERZ IR ) NH B, TEARAESR A R AR AE R, TR
JERER A RN, HF=H) ee AN 8%, RKIAJKY NH 5[]
B I A [B] A7 7 1) S0 B AR P T S B R S AR S B
i B R
1.5 BAE-2-MIE R LK U SHIXTAIEE M C(sp?)—H
Wk &= R

ARG AIT 2019 EHER BT FE N,B-HC
& CBL, & —AFHmtiE o — AN FHEE
JCHA(Scheme 5). 7E 2021 47, Z=f5 AR IR 4H 201K
BT A —MFEME NB-FLAR, %A b e 2
%ﬁ%ﬂgé%ﬁ@ﬁﬂﬂi%&éﬂﬁi(@ 1), FHXFp o 2 4

Me Fe Me HN B
Me
Me Chiral pyridine-derived
Me bidentate N,B-ligands
CP1 CPS skeleton

B 1 ke KBk CP1 I CPS Mk me fi7 4 X ¥ N,B-

He fA i 28
Figure 1 Chiral pyridine-type ligands CP1 and CPS5 and chiral
pyridine-derived bidentate N,B-ligands skeleton
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16b. R = Me, 86%. 89% ce 16f, R = Me, 73%, 86% ee

- 0 0
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16d, R = Ph, 92%, 96% ee X
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Scheme 13 Representative substrate scope of triarylmethanes
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B D152 NEERR R, IFIETEAXIFR C—H WAL B
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e 2815 B (I BCAA L8 (Scheme 13) e i, Nk
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/C&ez B,pin, Fe R i =N Ph/s|Me2

Pk, FemnlIk 96% ee (Scheme 13). XHFIR L&A M
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Scheme 14 Representative substrate scope of ferrocene
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Scheme 15  Pd(II)-catalyzed enantioselective borylation of methylene C(sp*)—H in cyclic substrates
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FERIRBLAEAE TR, BB VAL T — RV T Btk AT
AR R EEYE C(sp®)—H WAL AITE Bl (Scheme 15).
SR L, AR BN B oAU a- R RO SR TR 52
PER T, ee {115 99.8%. #Tas Bnl LUR I, JRI4EH)
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22a, R = 3-F, 81%, 88% ee
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Scheme 16 Iridium-catalyzed enantioselective C(sp®)—H borylation of cyclobutanes
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Scheme 17 Iridium-catalyzed enantioselective C(sp*)—H borylation of cyclopropanecarboxamides
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Scheme 18 Synthesis of Levomilnacipran through C—B bond conversion
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23— RN AT LA V6 97 5 R AR E 1) 77 e
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BRI R BN e L AT R 2 B
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REB, B2, T2 ATAED I Bk R C—
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BT, ZRNIEE AN Tok & B IR kAT, itz
J5 20T LAIRAG K & 11 T 1t 2 35 24 7R 2 0 1R &k (Schemes
19, 20).

AT /N LN R 2R TR e AT A 0 B ) e a1k
C—HIGWAATEE KPR, PIRE& Tz —FpAE .
RERS L B — AT AT R SR T e & @ 30 1) e 1) Bk A 3
W, JEYIAESTAR I 5e(HBpin) E4E R, T24+ITT3F o 4
R R AN e el b S A S = S R = - SNV Y 61787

3158

http://sioc-journal.cn/

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

PRk C—H® (/B A B9 At (BDE) /N T3 F 9 C—HP f it
BHE, DRI AR X e B S R 3 C—HP B AL A Te 4
SN 2 R R FIRAEE R A, % AN O TAE
BTl oVt = o0 W VA B L A (B S R A 1 B~ i I
FOR G T R R BT PR BB A& CBL B 42 11 N-J%
FEAAL I N 1-4 W b 2 BT 15 2 R L13 f
[Ir(OMe)(cod)], 4RI Nk &, Bz T F a5
KRB G PR . %k R/ — RIS
A o-HARHE M) 1-20 P R bE-2,5- B fiT A= 4 # m] LA
Mif 52, CL3E o- BRI N E B R SCREDCHE . PRe .
75 B0 b A BRI R 05 B B B B | i )
W, #BATLLORL, FF HE AR Bk B TS
(Scheme 19, 26a~26e). 7 4b, Xt HAhIREE W% /F
T R B R R KR, A E CO) R E TN
2,6- IORBEORIE N-JF R ERIARALEIN 1-4x Wb R A
BRNECAE L14, 5[Ir(cod)Cl), AN MNAKZR, BT
[l 7N TeIA I (28¢e) . BRTE A (28d) B 2 HA (28e) 12 1A
BT LA R, 433 AR SEB AL P2 o0 e BT, B
B Al A 99% (Scheme 20).
2.1.23 FARBEATAED

2023 4F, FRAR IR BMRIE T [Ir(cod)Cl]o/L14 i
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[Ir(OMe)(cod)],/L13

B,piny A

: 3 N ; Q\l/ SlMe2
Bpin E
25 26 i

selected examples
o o OMe g
Ty kO ﬁ a
N IS I A0
Bpin plnB Bpin

© /A © A
Me :
n
26d, 60%, 94% ee

Bpin Bpi

26a, 70%, 97% ee  26b, 75%, 98% ee 26c¢, 62%, 98% ee 26e, 64%, 94% ee

B 19 [Ir(OMe)(cod)]2/L13 4 F AL IEIA P e xt Wk #E4%E C(sp®)—H WAL S
Scheme 19  [Ir(OMe)(cod)]2/L13 system catalyzed enantioselective C(sp*)—H borylation of aminocyclopropanes

REVIEW

o r
N
g H [Ir(cod)Cl],/L14 /// WH _ N SlMe2
O/ \ Bopin, ©
Bpin
27

selected examples

(0] M <
X ekﬁ"
N oH HY
o A N WH

O
Bpin . Bpm

Bpin

28a, 83%, 94% ee 28b, 91%, 94% ee

28c, 60%, 99% ee

Bpm
Bpln

28d, 88%, 95% ee  28e, 77%, 94% ee

B 20 [Ir(cod)CIL/L14 14 F A LR IEIR A e s Wi 3 C(sp)—H M fL 5 Bz
Scheme 20 [Ir(cod)Cl]2/L14 system catalyzed enantioselective C(sp*)—H borylation of aminocyclopropanes

Tk 2R SIS P AR R R 5 ) PR B TR B AT AR )
PIAXFR B-C(sp)—H WAL R B.(Scheme 21). %44 R
YiE R EEEAEE 2, BT R R REE AT
P& TG 1R IS 90 (29a), X T HoAth 2038 FH R I8 5 1 2%, 3 4,
Z L (29b) IRIE(29¢) FIZUBE(29d), WA H AT 1
B, LA 75 B 5 i 4% 14 45 21 72 9 (Scheme 21,
30b~30d, 92%~94% ee,). K, TREFFHIEN TN
SRR, 10 28a 1 o A7 B & S AEURE Rt
AL, BN a-"R BRI b5 A [ B E (1 R 42D
o-ZBVEREIL KA . SCRERCIEIRY) . IR IR A o
FERA, HAT AR a7t & AR R R, DA R R i 4 1 3R
BT WA BEATEY). A, MABER 125 9%
IYWITTE, SEANEE R R 1,2- R AT A kAT N,
WIRAF T B AT w0 0o e 3 4 1) T 1 0 AL 2R TR AT 2E 4,
S s (B TE R D 49~78.
2,123 BAFXEEELES

2023 4F, {RAREIRAHRE A M TAERA L, 5
F& 2 2 A W[Ir(OMe)(cod)]> 4T HHAK AT H 4 2 (MeO) /7
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TE Ir—O MrBX, AT BR TR e KA b s 5 Tk e ]
ME%*%MﬁTMWﬁEWﬁlﬁﬁﬁﬁﬁ&h—o
MBS, AT SEILER Y R WOk 5P C(sp®)—H ik
(Scheme 22). T ULFES, %M 7T/ N 1 PR B4
SR, JFK T [Ir(cod)Cl/L15 44 £ Al [Ir(cod)Cl]y/
L16 14 2 = UL IR T BExT ik B C(sp®)—H WL
J7i%(Scheme 23). it i 25 52 W) 15 & PEVE L o] U
2R T A A D FRRBRINE, 5 — AN HOAE R O
B, Fofk L15 PR3 ECAA, FE BT 05 3 B AN R
EEMIRY), YIReREXTUER RN Csp’)—H Witk
FED; TR S B E O R, 5 — NIRRT
BB A o-bE B BRI R, fEFHEMAERC A CBL &
HREEA Btk 5 Ar gl AR dE, N-J5EEARALGIN 3,5-—
BUT FEZREE, Ar BERDOA 51N S AR L16 B8 R
B, PRI WOE B EE 92% L 1, I s nlis
99%. TORFIBLLIG S5 R, UL FIHESN 02
mol%H, ANEL SN 7= 4 (1 6 Bl 3 38 M A (R 4,
FIFEALEth AT ik 335, AL RCRIR .
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BT FREHR

OY N(i-Pr)

O, — R

oY NR, oY NR,

OX R [Ir(cod)Cl,/L14 O R’ A \ 7
Bapin, Bpin
Bpin
29 30 30e, R = 4-F, 67%, 94% ee
selected examples 30f, R = 4-Cl, 53%, 95% ee
. 309, R = 4-Me, 79%, 92% ee
OY N(-Pr), OY NEt, Q Q 30h, R = 4-+-Bu, 78%, 90% ee
5 o 30, R = 4-MeO, 53%, 91% ee
\@ \© 30j, R = 4-CF3, 87%, 93% ee
\© \© 30k, R = 4-CF30, 72%, 93% ee
Bpin Bpin 301, R = 4-Ph, 52%, 95% ee
Bpin Bpin 30m, R = 3-MeO, 66%, 92% ee
= 9. 0 0
30a, 86%, 92% ee 30b, 63%, 93% e 30c, 67%, 92% ee  30d, 90%, 94% ee oM R = 2-Me, 88%, 93% ee
(i-Pr)oN
o N(i-Pr), o N(i-Pr o)
( ( ) \? R
10) N(i-Pr), 300, n=1, 82%, 88% ee (@) -
Y 30p. n =2, 88%, 88% ee ’\( A
0 30q, n = 3, 80%, 88% ee A ,A .
ST Me 30r, n = 4, 87%, 88% ee Bpin Bpin Bpin
30s, n =5, 90%, 88% ee
Bpin 30t, n =6, 85%, 89% ee 30u, n=1, 78%, 85% ee 30x, R=H, 70%, 95% ee

30v, n=2,85%, 87% ee 30w, 97%, 94% ee 30y, R = Cl, 88%, 95% ee

B 21 [Ir(cod)Cll/L14 R AEIR PIRERT AR WL R C(sp®)—H Bk M
Scheme 21  [Ir(cod)Cl]2/L14 system catalyzed enantioselective C(sp®)—H borylation of cyclopropanol derivatives

DG

lul o ;_l\_/l:e_ \R Me\O “R
,Ir
FG

B 22  Ir—O HrkfEfb A
Scheme 22 Ir—O bridging catalytic hypothesis

N. N
Jou
RN Ph/SiMez
¥
L15: Ar = 3,5-i-Pry-CeHa, R = 2,6-Ph,CgHg, R' = i-Pr
L16: Ar = 3,5--Buy-CgHs, R = i-Pr, R' = Me

MeO R
2 [Ir(cod)Cl],/Ligand
Bopin,

31

selected examples

with L15 R’ MeO QR'
@ 32a, R'=H, 78%, 99.6:0.4 1, 93% ee 2

MeO— 32b, R' = Me, 94%, 95% ee
32c, R'= MeO, 91%, 94% ee Bpin
Bpin 32d, R' = Bpin, 98%, 92% ee 32f, R'= Me, 80%, 99.5:0.5 rr, 93% ee
32e, R' = SiMe;3, 98%, 94% ee 32g, R' = O(CH,CH,),N, 94%, 96.9:3.1 rr, 93% ee
with L16 TBSO
Meo: \© MeO: \©\ ; \H/ MeO Q MeO ;j
Bpin Bpin B . : )
o P pin Bpin Bpin
32h 32i 32j,n=14 32k 32i
61%, 93.3:6.7 rr, 97% ee 86%, 98% ee 72%, 93% ee 89%, 96% ee 70%, 99% ee

B 23 HRAEACBEEEIA T BER WL FEE C(sp®)—H Bl b S

Scheme 23  Iridium-catalyzed enantioselective C(sp*)—H borylation of ether cyclopropane
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213 RIAFENLLSWATBEFE C(sp’)—H AL A

JE WA & B3R C(sp®)—H i AkIX — ATk AT AR A7 A
IRKHIBRGR, B, RMBERT C—Ar B#AITE R
%, NUAFEMR(THIQ)ZREMIM C(sp>)—H itk —
WA CONLE, X COHMRNERMAERE. T
C(OHAZHUARH THIQ M E ZE M, H K a-C(sp)—H ifib 7
EWRRE] 7, 2020 4F, FRAR IR EOHRIE | —FhEk
AL & R AR g B a-C(sp®)—H BiIfL [ B, SZHl
T X} T A S v RS (THIQ) A HeAth B 43R 2R Y C(1)fr
175 1k(Scheme 24). 7 /NEAE A TAERA L, Frik
THHIBCAR L17~1L19 BERE SR a-C(sp>)—H Wlith, X
Bet KRR C(sp)—H Blitk. Horb, FHEm
FEACR CBL MERE S 4310 5 7R 2,6- —ZRFEFIE, N-J5 5
)2 Al 6 frfl CEEBARE RS RIMEAE L17, 5
[Ir(cod)Cl], 2H 5 1 4k 1 2 AT DL A By b A — 5% %71 DA
N,N-— BRI A Oy 5 1m) 25k A 1R eG4 O 2B %) e ik 4%
P a-C(sp>)—H Bk, Hiltn, ¥ THIQ FIF53F L& ANH
HBAREMEY), Y] LLLMETE ) ee K15 72 #)(Scheme
24, 34b~34de, 88%~93% ee), H &= 34f J& XL~
W, EHIFH ERAET CspH)—H BlfL, TTHEZ SR
FIEL, FI5EIR C(sp)—H ZAILIBHEE /DN, SO 5 o
T RN R TFHER YR AT LR, Fln 4 67 & L
RO IR R BTG 3272 34h, F=20H 78%, dr i
911 D1 SiAk, FRFEEEER T NN-Z B Z AL,
N,N-" 57 79 6 P g e 4 R 5 ) 6 [ 1) DS 4 . T DUAR 4
R AR SOBE, R 7 EE R A e B M R B AL )

xow
,,/H \DG

H
33 34

szinz

[Ir(cod)Cl]o/L17 R

épin

(Scheme 24, 34i, =% 97%, 93% ee).

T RE e & B AR IR, Bt i e 24 iRimE 5
W IREAT A DA S 2 0 R A A RIR Y, FIFHIERE 5 5
Pr 2R 2,6- T 2R FEIRHE, N-JF L1 2 467 /2 3 2L (Cy) L
& L18 B N-J73E1 2 20T Bk L19, 7300
[Ir(cod)Cl]o IR RITFISZEL C(sp®)—H itk %
N, 152 R a-C(sp®)—H Mi4LF=4)(Scheme 25).
2.2 $ERRYI B EXTBUEEM C(sp®)—H it & K

FHEC T IR, BRI X B e 438 14 FE 3% A 7 HH
JE C(sp®)—H AL AR A, [ A SER A C(sp®)—H KA
A RAEE &, MEEES, SRS S IR R A
Rk, KR s R FER R S e £ 1% C(sp>)—
H AL AL A R AT Pk 141,
22.1 sk RSt pki F M C(sp’)—H PR B

LA AR W P R 24 A R PR AL s i e AR C—
H 3G T m R B2, e ] DU A T3 4 @ H TR A,
WAL R ) N--C(sp®)—H. 534b, MR LURZ 5
HhE o B A S R A R RS, RS R BARE AL B
PL, ZEAKTRR C(sp®)—H S ALt Fp 4 A i A oA S 1 3
@, AMETT LIRS B 0GP i b A4, ik mT B
B3 p-FHERATAY). 2021 4F, AR 1 R DLk g
Ve RSB, 8 F[Ir(OMe)(cod)]/L20 kA FS2H
T N-B A7 C(sp>)—H HIRTBRIE SN S B, Bifk 120
FEAE O PSR CBL B4 1, 78 N-J5 3k
247 4 5. 6 FLEI AN IE(Cy)E1RE]. ZEIER
JEE A3 F VS HEH )72 (Scheme 26), X T-MEMEEE | 4

Ph Phg¢
Ph N N\B/N

DG N _SiMe, Ef
Ph

Ph
L17

selected examples

7 NTNEtz , NTNEtZ 7 N\"/NEtz F 7 N\n/NEtz 7 NTNEtZ

Bpin O épin O

34a,90%, 94% ee  34b, 87%, 93% ee

7
Bplnm
S VN\n/NEtZ :OI N

Bpin O épin o}

34f, 71%, 97% ee 349, 96%, 95% ee

épin [e]

34c, 89%, 94% ee

Me
\n/NEtz ©ij\l\"/NEt2

34h, 78%, 11:1 dr

Bpin O Bpin O

34d, 81%, 92% ee 34e, 52%, 88% ee

©©\1 ¥ N(i-Pr),

= épin O
Bpin O

34i, 97%, 93% ee
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B 24 SRAEAL U EUST RS WO B C(sp®)—H WAL S R
Scheme 24 Iridium-catalyzed enantioselective C(sp*)—H borylation of THIQ
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ENpY, #)\
[Ir(cod)Cl],/Ligand B /N SlMe2
pin
ZN’&O Bopin, !
0 : L18, R = Cy
35 L19, R = t-Bu
selected examples with L18 W|th L19
& ﬁ SR G! i C l Q
Bpin Bpin N Bpin N Bpin | i Bpin Bpin
EtZN 0 (FPr)2N o (FPNN"Tg (i-Pr)2N’go 5 (i-Pr) N/& (-Pr)

36a, 99%, 94% ee  36b, 79%, 98% ee

36¢, 42%, 84% ee  36d, 88%, 81% ee :

36e, 86%, 84% ee 36f, 58%, 62% ee

B 25 FRAEALE IR BRI BIEFENE C(sp®)—H BIML SR

Scheme 25

/\ [Ir(OMe)(cod)],/L20
\

Bpin N/x

Iridium-catalyzed enantioselective C(sp®)—H borylation of azacycles

Ph Ph

=

N. N
@F B \Qw
=N /SIM62 Cy
Ph
L20

R N7 Bopin, N\/ R4
37 38
selected examples M
Me e
. Bpin N} Me Bpin Ni
Bpin N=
|
/'\/NQ /'\/N
Me Me "
Me
38a 38b, R = Me, 86%, 99% ee 38f, n=1,82%, 97% ee

87%,98% ee  38c, R =NO,, 70%, 97% ee

38d, R = Br, 81%, 99% ee

389, n=2, 84%, 95% ee
38h, n=3, 81%, 95% ee
38e, R = COsEt, 73%, 99% ee  38i n =8, 52%, 92% ee

38|, R =H, 94%, 93% ee 38p, R =MeO, 91%, 94% ee
38m, R = MeO, 86%, 94% ee 384, R=Cl, 94%, 90% ee
38n, R = Cl, 88%, 91% ee

380, R = Me, 91%, 94% ee

38j, n =10, 53%, 94% ee
38k, n =14, 51%, 94% ee

B 26 SRAEALIEPESION WL C(sp®)—H LS

Scheme 26

i Me. NO,. Br il CO.Et BURIESY), [ in] BALL
AR DL F5 0T B 81415 21 H F5 72 #(Scheme 26, 38b~
38e), ee HILE N 97%~99%. HANFFEK LM N-
PRI (BN 4 2 18 M) AT UK AE R B, A
2 TR PR K A 3% 14 3145 72 W) (Scheme 26, 38f~38K), ee
HVEFEN 92%~97%. X T B4 N-Fi kR AN 75 FE IR
Y, Tt IR AL TS B8 b IR H - AR Bt T AR
H, RAR REBREHEL, LA s R AR Bk PR SRS
F=), ee {HRIA 94%.
222 HAEBEEAT B F M C(sp®)—H ML R
2021 4F, AT ARy T R 7, 6
7F CBL A 2 rtne 5 47 5] N RAZRE 2,6-PhoCeHs B
RIE, N-F5F 5 N KAZBHE 1- £ R BRI J5 TS i e
1A L14 5[Ir(cod)Cl], AR R, BIhSEEL T TEH
Bk AL S Rtk 86 -C(sp)—H Witk N, 53T
— RH T B-F BE B EEIZ AL A ¥)(Scheme 27). 1%k &R
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Iridium-catalyzed enantioselective C(sp>)—H borylation of pyrazoles

AT DI B iy T 1) 5 A 2 Fh R e T B I R G R
fif 52, a0, X F B % 07 - W e I A, TE R 3 N I
(39e)J M S I E B AR HUREE KA 39~39) #Rn]
PUBR 34T B-C(sp®)—H Bk, X6 T -k i (e 4
39k~390, J5¥F FICiR R Al B L A0 2 M e
H, Toie s B HURIE 2 WU, e B8 5 R s 12k,
PN L B IITE 90% UL b, f i lik 98% ee. 4TI
T3 ER R D R B RE RR BE I 52, AT BRI T Bkt e
IR AT IR SN, A=) 40a (1) ee 1H A 93%. Xt
T KB I ), RO AR BR IR A& 2, FH =
W) B A 75 % Wik 51 (Scheme 27, 40¢, 94% ee;
40d, 90% ee). LAk, MRTITEEN T S BEZ R RE
Mg, LA BT, dr {EN 95 15, ee KT
99% (Scheme 27, 40b).

223 RAMHIETAARIZ 5% C(sp)—H ML B2

55T AT A48 0 3 R 2R B B A C(sp®)—H #IAL
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BN, i 105 R Y B AR S oL 0 0 S M Ak B AL
KAEAIT S C(sp?)—H, I LR S— 3 I 4 J ik Ak 71
S A R W B S M A/ R AL BB I ZE L, 2018 4F, i
FEVR AL 4O E T — b 7 [X 430 36 R B i 388 e 1
SR PR AR B S C(sp)—H BIK R BE, %%
7 SR FE A3 IR 0 e (HBpin) J9 WL, A ) 1 ok s g 5
LN E PR A AR (L21: ImPPA) RIS R4S (Co(OAc),) 3 [
P, e P SR F A AL SR A3 3 C(sp®)—H
M1k, PEECAR20) ) E 22 Ene 6 172 i B 2R U, IR

Mgl b ) N SR GRA, I ELR ek A By Bl A K ik
FUBUT 2. S TR E T o, A BRI,
A TE EERAMAMEAR, BRI Z Gz, N
FIF=9 B RAF I ok BbE, B #m T 97%
(Scheme 28). i, AR 41a [N RAF 90%)™ %
F198% ee [ H AR, MR 41a H I — DK G
B O HE(Cy), 73— IR BRI & (i i 2 ]
WA A R TR — RBERA, YT LU X ke
BEFEMESRIS P W) (Scheme 28, 42¢~42)), ee fH LM

1 arly-substitued

) Bpin o
/\)‘i [I(cod)Cl],/L14 Bpin o
| N -
R N(i-Pr), Boping R N(-Pr), 'RT P N(i-Pr),
39 R =aryl, alkyl 40
40e, R = H, 80%, 90% ee
selected examples
alkyl-substitued 40f, R = 2-MeO, 78%, 92% ee
Bpin Bpin o 409, R = 2-Cl, 55%, 90% ee
Q (PPN 40h, R = 3-Me, 77%, 90% ee
Me N(-Pr), ? N(i-Pr)y 40i, R = 3-F, 62%, 90% ee

(0] Bpin

40a, 72%, 93% ee

Bpin 16}

Me/\/\/\/\/\/\NNHZ

n

40c, n=1, 77%, 94% ee (from Palmitamide)
40d, n = 3, 63%, 90% ee (from Stearamide)

40b, 65%, 95:5 dr, >99% ee

40j, R = 4-CF3, 86%, 89% ee
Bpin o

7N N(i-Pr),

40k, R = H, 80%, 98% ee

401, R = 3-Me, 96%, 94% ee
40m, R = 3-F, 83%, 97% ee
40n, R = 4-MeO, 82%, 97% ee
400, R = 4-CF3, 87%, 92% ee

B 27 AL IR BE A Mk B C(sp®)—H Bk [

Scheme 27 Iridium-catalyzed enantioselective C(sp*)—H borylation of acyclic amides
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Bpin
_Cy
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42b, 87%, 99% ee

42c, R = 2-Me, 31%, >99% ee
42d, R = 2-F, 63%, 99% ee
42e, R = 3-Br, 79%, 97% ee
42f, R = 3-Me, 78%, 98% ee
429, R = 4-MeO, 70%, 98% ee
42h, R = 4-Ph, 81%, 99% ee
42i, R = 4-Me, 80%, 99% ee
42j, R = 4-F, 84%, 98% ee

Bpin
O Bpin I\
S GAPRY
4
O Ph /\X

42k, 70%, >99% ee 42m, 71%, 99% ee

Bpin Bpin
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B 28 I e A AL SEBL B AL N IR AN R Bz i C(sp®)—H B4k S b

Scheme 28 Cobalt-catalyzed asymmetric remote C(sp>)—H borylation of internal alkenes via alkene isomerization
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97%~>99%. & Z I MBI KLY, A3 21
TN WL BRI =), ee HIGHEIE 97%~>99%. % T
W R EE — M 2R, 5 — M & AR Fh e RE AT
Vi, WNZERE . BRFIBERE, OB RTA3 BAH R H bR e
(Scheme 28, 421~42n), ee ¥4 99%.
224 Bk B RIE A B AR T % C(sp®)—H ML R
2023 4R, &R ERGE TR b AR
JE () AN o R ot o B A S RE. 32 381 i F2 PR RIZH 14612018 4F
A& BN IR AR R G C(sp®)—H ML TAERE &,
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PAS TR RCAR L21 A s Ak 2R, R R T izt i
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] Jsc L THE 4 T3 % 42 e s AL ] <5 DT 3R B RN B
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PC A 1) < o i M E AL AS X AR C—H Bl A S 2 PR At 7 i
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