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Recent Progress on Cu-Catalyzed Asymmetric Conjugate
Borylation to a,8-Unsaturated Compounds

Liu, Qiang®” Tian, Bing®”’ Tian, Ping*?’ Tong, Xiaofeng™* Lin, Guo-Qiang™*”
(“ Shanghai Key Laboratory of Functional Materials Chemistry, East China University of
Science and Technology, Shanghai 200237)
(4 CAS Key Laboratory of Synthetic Chemistry of Natural Substances, Shanghai Institute of Organic Chemistry,
Chinese Academy of Sciences, Shanghai 200032)

Abstract Organoborons are an important class of organic compounds, because organoboronic acids and their derivatives can
be readily converted into a wide variety of functionalities in a stereospecific manner. Cu-catalyzed asymmetric conjugate
borylation of unsaturated compounds with bis(pinacolato)diboron (B,pin,) has emerged as a novel synthetic tool to afford a
variety of organoboron compounds. Herein, this research progress, which involves using bisphosphine, N-heterocyclic carbine,

and other chiral ligands, is summarized.
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TET, 805 DO R EE T R SR AZ M %) i B 420 P, ke i x
o B- IR FEAT I, MIMSEI a,B- AR E D)
(RIAN KT FRIL ORI AL B 0

2000 4, Hosomi /NAME RARIE T —Hr 4 AL
o B~ AN FI R A L HE A Ak S 8. ARATT FH BB s 4R D9
W, =T EBERNEAK, BL CuOTE AMEH], HiE T
DMF Hsiil 7R B AIROIRE o, - AN AR 5 L Hu b
R B, BERAATTI 7 VAN B R & BRI R I, (2
XA FL g R 7T DLE R A% R] i kA 3k
HO R B, R AR FR PO R BT R T — &
)34t (Scheme 1)

(CuOTf), -CgHg (5 mol%)
0 BusP (11 mol%)

+

. H30
/\)k +  Bopiny
RS R?Z  (12equiv.) Solvent,r.t. or80°C
1 2
Bpin O
R R2
3
(0] (0]
Ph/\)kph Ph/\)k Bu/\)k
1a 1c 1d
l r.t. l r.t. l r.t. l r.t.
Bpin O Bpin O Bpin O Bpin O
)\)Lph Ph)\)k BU)\A
3a (96%) 3b (72%) 3c (71%) 3d (82%)
(0] (0] (0]
1e 1f 19
l rt. r.t. 80 oc
Bpln Bpin
3e (87%) 3f67%) 3g (trace)

BIX 1 M o - ANHANER 0 I ERIAL S B
Scheme 1 Cu-catalyzed conjugate borylation of a,f-unsaturated
ketones

JUF- i, Miyaura /NPT 2000 45708 T — 1
BT af- AR . R AOIS B SLHER Ak s B, (R
AT TR SE R T BRI R I S Ik SRz, A AT T R
T P AN — A/ 4 B B 4 S A 3 T B T R A, R S A
D Foh P T or, B P AR SO i 5 R . R
AT HH S B SRAIE B S ST f 1 B A A, (ELJ S B 5
FHEIR TN H IR R 47(E (Scheme 2).
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n-CgHy7C=CH _ DMF/20 °C/16 h
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5 + (2) H,O Bpin Bpin

Boping 6 (82%) 7 (8%)
2

n-C8H17 n-C8H17

CuCl/ACOKILICI o~

/\/ + B et A lA ALl
cl 2PN2 B MF/20 C/16 h Bp'”

8
o) (0]

+ Bypin, CuCI/Ac(iK/LlCI 68% yield
DMF/20 °C/16 h
2 Bpin

1e

0 0
\AOEt /\AOEt

%OMe
10a 10b 10c

(0]
4c

Bpin OEt Bpin
59% yleld 54% yield 65% yield
(0]
/\/CN \/CN \)k
10d 10e 10f

| | |

O
JVCN CN
Bpin Bpin~ > BpinA)k
d 4e
49% vyield 57% vyield 90% vyield

B2 I o8- AR . EERIRE AL HEm Ak S
Scheme 2 Cu-catalyzed conjugate borylation of a,f-unsaturated
ketones, esters and nitriles
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Figure 1 The single crystal structure of Cu-B species
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(Scheme 3)
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~_EWG AorB Bpin
A Boping ———————
R™ * 22p 2 MeOH ( 2 equiv.) R/'\/EWG

THF, rt.
NaBO, OH

THF/H,0 (V:V = 1:1) R

EWG = CO,Et, CN
R = Aryl, alkyl

EWG

A: CuCl (2 mol%), L1 (4 mol%),
NaOBu-t (3 mol%)

B: CuClI (3 mol%), L2 (3 mol%),
NaOBu-t (3 mol%)

N(CHa),
p=4 rPCV2 Ph,P” \
PhoP” Fe “ich, o Fe
> H \/Q

87% ~ 97% yield
82% ~ 94% ee

Ph

(HCLN  PPh,

L1: (R,S)-josiphos L2: (R,S)-mandyphos

B3 EOREEA I o - AR B 1A X FRALFER Ak s
I

Scheme 3 The first Cu-catalyzed asymmetric conjugate boryla-
tion of a.f-unsaturated esters and nitriles
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BT R R A 3R R0 B R . G I A 1 T
AN, AT TARSRAE T8 B, 4RJE T Mk
FEHIVE I (Scheme 5).
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CuCl (3 mol%)

o ) NaOBu-t (3 mol%) Bpin O
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1 2 . igan mol~ 1 2
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o
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Enantioselective pathway
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3h
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h

P Ph

(HsC)N PPh,
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Scheme 4 Cu-catalyzed asymmetric conjugate borylation of enones
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CuCl (2 mol%) .
L3 (4 mol%) Bpin O

NaOBu-t (3 mol%) OR
MeOH, THF, r.t. 15

R = Me, ee = 50%
conv. =100% R=Et, ee=72%

R =i-Bu, ee = 79%

R =t-Bu, ee = 72%
B 5 /BRI a,B- AR B AS S AR SILHER b
A
Scheme S5 Cu/phosphine-nitrogen ligand-catalyzed asymmetric
conjugate borylation of a.f-unsaturated esters

WAL & Rt T 7 7 25(Eq. 1).
Yun /NAPOTF 2009 4 9 F FARIE T B ALECE EL
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0 CuPg(CH3CN),4 (5 or 10 mol%)

(R,R)-QuinoxP* (6 or 12 mol%) o
) LiOBu-t (6 or 12 mol%)
+ Boping WwR M
, R 2(1.5equiv) DMSO,rt,12h  Bpin
16
: I - IBu-t

R = Aryl, alkyl
P
s “Me

17
n=0,1,2
yield = 80% ~ 99%
ee =70% ~ 98%

L4: (R,R) -QuinoxP*

ARIERIIAR o0, B-AUFAER A X FRBIAL SR, ) AATTHR
T =P IR S AL S T, ABATTCL o B-AN
FH BRI EA CL s B FH IR IR B D S L JER A, J8 et e B2 2% A 1)

fitiik, i T LA(R,R)-Taniaphos (LS){ENRC/R, &AL
!ﬂﬁﬁ\ﬁﬁ]ﬁ, BCT BERN 908, H I A ot U, DY MR
BRI R, &K 24 h 5, fATTEL 92%F = 2 AN
98%1] ee fHAS R T WAL= 4. &t [ B DI i F %
2, AEFRINYG y A8 ZHURH a - A HEAITER CAR ER I,
SN TCVENRN AT 24 A N oA A L HE O (1) P AN
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oL B- AN RN B F AL A B AS X6 BRI 0 1l s 2 AR, SEZ
T IRORILHOIAER I B ALIAE(Scheme 6).
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(e}
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+ Bopin,
RT I 11equiv NaOBu-t (3 mol%) RC
h ) MeOH (2 equiv.), THF , r.t., 24 h n "Bpin

18 n=01,2 19
76% ~ 95% yield
74% ~ >99% ee
o CuCl (2 mol%) o)
. R,S)-Taniaphos (4 mol%
(0] + Bopiny (R.S) P ¢ )
| ) NaOBu-t (3 mol%)
1.1equiv. \MeOH (2 equiv.), THF , r.t, 24 h
2

20

""Bpin
21
95% yield, 97% ee

0 CuClI (2 mol%) 0]
(R,S)-Taniaphos (4 mol%)

+ Bapiny
; NaOBu-t (3 mol%)
1.1 equiv. .
) MeOH (2 equiv.), THF , r.t., 24 h Bpin

19 39
L6: 95% yield, 47% ee(-)
L7: 96% yield, 64% ee(+)

~
PhoP™ Fe ©i P
Pé>

& N(CHy)
L6: (S,S)-MeDuphos

L5: (R,R)-Taniaphos
0

Py P
Bu-t Bu-t
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A

Scheme 6 Cu-catalyzed asymmetric conjugate borylation of
cyclic a,f-unsaturated ketones and esters
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EFN 93%IH ee (EFF BRI =Hp; T 24 e 44 i ik 2]
(S,5)-MeDuphos (L6) FCAAET, RTEAEL 100% )% 14 2 Al
3% ee MEFENMALY. B, fEHEEEET
(S.5)-MeDuphos (L6)1E 4y s S HIBC A, K542 s 3 1 3
@, SERKEI, BB A R R ee {H. T
o - ANURIEE 2R R, BRI 7 ZRARAN 75 (E 0 e
P — M (Scheme 7).
CuCl (5 mol%)

(S,S)-MeDuphos (5 mol%)

NaOBu-t (10 mol%)
MeOH (2 equiv.), 20 h
THF, r.t.

R2
AN EWG * Baping
"™ 2 2

R2 Bpin ] 5
X/EWG R" = Aryl, Alkyl; R = Me, Et
R EWG = CO,Et, CO,Me, CN, CO,Bu-t
23
85% ~ 97% yield
69% ~ 94% ee

CuCl (5 mol%)
Me O (S,S)-MeDuphos (5 mol%)

+ Baopiny
NS
22a or 22b

NaOBu-t (10 mol%)
MeOH (2 equiv.), 20 h
THF, r.t.

Bpin
Me 23a, R = Ph; 91% vyield, 53% ee
PhMR 23b, R = CHg3; 92% yield, 65% ee

23a or 23b
13_
@[ é L6: (S,S)-MeDuphos
P

K
R

B 7 AR B.8- IR af-AMERIL A PRI A XS FRIL
HEIAL B S

Scheme 7 Cu-catalyzed asymmetric conjugate borylation of
p.p-disubstituted a,f-unsaturated compounds

2011 4, Carretero /NP E R SZEL T — 4R 1L )
oL B- AR ASKE R BIAY S RE, 5 Dy i 4 32 5N e 28
B, BHFE. B FERERREBIRCE. BYA TIRE RN
RIFTEeE, 1F7 LS4 9t 467, JEBER) Binap
BCAA, BUT BEEA R, R AV ngm), DO 00k i A v 77
TERIRT, XHURR o, B- AR BE A FR R 1 s o 1% e ik
1T THEFE. VEBARSRRIN, 4 LA BRI 4T S RL
1 S <. 5/ A S S A N (21 K SR (o) 1 S
FFeAR I, RUERERER . FCAR . BRI A AN I R I N
BN A IR A PR S IO FBE, SO B TR) DR OK 4 4
[F I [ R = 2645 BAR KA T, ORI & T R e, 48
I, VR AT T A IR RSB FE . ARAT] R I (R,S)-
josiphos (L1)F1(R,R)-Taniaphos (L5)nJ PAik 3 LA 75
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()= ZEREFR 1 T8 B k. 4K 2 BB AR B LA = 1)
FEER ee {HAFE] T AR, ERX—dEHEE MR
W, 4 p Ak o5 FEEUREERS, RBNA R E T,
ST U R R IR O BRI I, R MR LA
Carretero /NA I HAE o, 8- AL SV HIA ST FRINAL
LA R B e BIKE, i — 0% T RS SEH
P, FE THT af-AHALE PSS BRI B
(Scheme 8).

1) CUCI/L* (10 mol%)

ArO-S Booi NaOBu-t (15 mol%) OH
2 + in <
\/\R 2PNz = OH (2equiv.) A0S A~
24 2 THF , r.t. 25 R
R = Alkyl 2)NaBO3*4H0  37% ~ 90% yield

77% ~97% ee

1) CuCI/L1 (10 mol%)
NaOBu-t (15 mol%) OH

PhO,S._~_

PhO,S .
NANR BN T S o equiv)

2% 2 THF , r.t 7 R
R = Anyl 2) NaBOj3-4H,0
Ar = Ph; 50% yield, 91% ee
Ar =4-MeOCgHy;  72% yield, 89% ee
Ar =4-CF3CgHy4;  no reaction
Ph,P.
PCYQ
<
PhP” Fe Fe PPh
{S N(CHy),

L5: (R,R)-Taniaphos

BR 8 IR oS- AR A FRILHEIIAL S5 3
Scheme 8 Cu-catalyzed asymmetric conjugate borylation of
o,f-unsaturated sulphones

2012 4E, Lam /NAPHRGE 7 — ML I B A
ZER I o, B- /N VLR P AN 6 BB AL, B BB aldol FF AL S 82, B
R T BA VYA T O R 280 1. AT TAE SR
AR AT BEAN . DO BRI RIS (A 441 T,
e 7 ASFRIEC AR B 45 M 0 o, B-AN VLB AN FRBI AL 2R
A B2, IR T BAL = A AL S 4k 4k A= aldol
AL S RL I FE . T 2448 H (R,S)-josiphos (L1) A&,
T F= Y EE iR ) 93%, H. ee HIA T 85%. T4
B NIRRT, 724 ee (EIGINE] 94%,
=L R IR 87%. ST Lk, 1EE X R M
JRWIAT TR, R 55 A A3 #nT L LA R4 (K7
B AT ee [HFAKT 95 © 5 W) dr [HIFZIMET=H), H
AT ERAY P4 dr AR, 1EEINRAE aldol LB
P s T 0] D60 A M g ey 78 T i A B i b 55 SR £ JiL A
Lam /NH P TAEER T W Sl a,p-AHALEPIA
o MBI A £ BB S FR 8 R, R R XA B 41
FHEML$EME T 875 (Scheme 9).

2014 4, MREERNAPYR LT KT H AL
o, B-NEFZ BT AT E VA RN S S, AS[FT

L1: (R,S)-Josiphos
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CuCl (5 mol%)

o _, 0 L1 (5.5 mol%)
R . ~ NaOBu-t (7.5 mol %)
R2 *+ Bapiny — -
i-PrOH (2.0 equiv.)
0O (1.1equiv.) THF,rt,18h
28 2

R" = Me, allyl
R? = Aryl, OBn, CH,CH,0Bn
up to > 99% ee

0] R
@ up to > 95:5 dr

7 Bpin up to 82% yield

OH:
P
o/\R2
29
CuCl (5 mol%)
o s R¢ L1 (5.5 mol%)
R
m/ + Booi NaOBu-t (7.5 mol%)
n
2PIN2 TR OH (2.0 equiv.)
o (1.1equiv.) THF rt, 18h
30 2
n=1,2.m=1,2 o
3
R3 = Me, Et B up to 99% ee
4 _ ¢ i ;
R* = Aryl | Bpin yp to > 95:5
n: % up to 95% yield
OH 3
—pR4
O/\R
31

Me

2
L1: (R,S)-josiphos

BR 9 AT FRIIAL & X aldol 3Rk Js B
Scheme 9 Cu-Catalyzed tandem asymmetric conjugate boryla-
tion and aldol cyclization reaction

Z R AT B EUAR R U o f- ARG S
SR, 1EF RS T B-BUR A B SR AT
IR EA R B, IXAE—EFR A E AR T 2RI 9E o fif
BURILE D, BN o HJE I o7 3k B PR A A 25 1.
MATTUL B- 2 F - B S R R R B A IR, 7 AL T
BT TEEN . H BRI BR B A7 AE 26 A, RIAE H 2K
2 FH (S,S,)-ip-FOXAP (L8)ELA T, 4 HILL 96%
95%M1] ee [HAF 2 T M =CAN S UL =4, PFTF=4) dr
B2 101, {HR] DU I 5 008 E AT AT 70 3. 4B
MEREE I EIG NN 5 equiv.if, [N ATPALLIAT 99%f
BICR, 4331 97%F1 96% (1) ee fE 153 21 T Mt =0 AN S XA
S, HFEAFE af- AN R R AT AV RE AR
F5 W= R B 8 AL, BE 5 VR & AL P gk AT
T — RV FAL, BT HLSRAT T AH R ) 22 R A a5
fi. AR E SRR B-EUR o- & IE S o p- AN R IE
FEM I BI R B, 3P E T ap- NS
ISR AL B, A B E A F YRR BRI -2 2k
FRIEAE 7 W) )5 % (Scheme 10).
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CuCl (10 mol%)

NaOBu-t (15 mol%) Bpin Boi
S %) pin
‘/\(COQMe (S.5p)-ip-FOXAP (20 mol% ‘/'\rcone . CO,Me
B,Pin, (5 equiv.) @ @ B
@ NHBoc 2072 =
MeOH (4 equiv.), 3A MS NHBoc NHBoc
32 Tol t 33 34
oluene, .t Syn-isomer Anti-isomer
91% ~ 98% ee 92% ~ 98% ee
two isomers can be separated
total yield: 83% ~ 99%; dr~ 1:1
OH
= CO,H
Bpi OH "
pin NH
; CO,Me 2
CO,Me _NaBO3-4H,0 co,Me _HCI(g)/14-Dioxane ©/H/ 2ME 37a
THF/H,0 80°C,2h NH,*HCI
NHBoc rt,5h NHBoc 36 OH
syn-33a (97% ee) 35 (85% yield, 98% ee) 95% yield
L

@(43

PPh,

OH

NH,
( 37b

L8: (S,S,)-ip-FOXAP

Bpin
o 002Me NaBO3'4H20 o
< THFH,0 <
o) NHBoc rt,1.5h o]
syn-33b (91% ee)
OH

Ref.[14]

o CO,Me

<o NH,*HCI

39 (85% yield)

OH

CO,Me HCI (g)/1,4-Dioxane
80°C,1h

NHBoc

38 (90% vyield, 91% ee)

:©/H/002H

L-DOPS (Droxidopaa)

BR 10 AR of-AEAEIERRAT A A FREH SRR b S 52

Scheme 10 Cu-catalyzed asymmetric conjugate borylation of a,f-unsaturated amino acid derivatives

[F4E, Lam /NAPRRIE 7HIMEILR 1,6- 35000
PISCE. SCH LA a,By,0-ANHFN I B el s A R, LA
T ¥ B BC & (R,S)-josiphos (L1) 4 B /&, CuF(PPhs)ye
2MeOH NHTYR, SRR R FUR, 18P SURIRE it
BRI T Le-InaimaE 1L,4-Inpk, a8 E %
FR TS ee {l. RIAE B AL B 72 A1 34 4], 1,6- I pkth &
HIRE e, EE BRI 6 SrHURIERT B B X 455
EPME R KRR, 2 6 NEURIEE NI, 23t
A A7 BELAE /N B A, 1,6- IRk 1,4- D0 i) bp) kT4
T 190 1; MY 6 AN R SR RS0 B I 5
HI, JNLL 1, 4-IpohFE. Bl AR s S AR K,
SNAT IR DL e B A= R B T 1,6-M4k [ SR A
FIFH M T5 3%, AE# & AT B IR 25 BT EARARTT, &
B 7 %7 VA AR K B F AR (Scheme 11).

2 RFFREEIFESHA TR R B
2009 4, Fernandez /| #H U9 F T 4 k& w4
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[(NHC)Cu(NCCH;)1BF, AMEAT, 17ERUT BEANAAAE) 2%
PEF, HiR T T IR R I SE I T g BRI ap-A
LRI 2 B AN O AR R BE, FEEAR T LF 5 R
R R B AT R B AR AT B B s S b
BN SR REEART, X ORI I B LTI S,
A A BRI SR A A 28 I HL >4 S I 771) b DY S
g FEORIN, R IR SE PR 2= 20 2 A 38 I 1 R M 1) 5 ) . 5
N, A, AATTH (NHC)CuCl 75 A8 [H 26 4F R sz El 7
o3 BAR I o0, B- ANV RIS (A KEFRIAL S 87, BRAR T
7=, 1 B B =) B R ee fH. R M
B SER MBS R, B ZRAATE of- AR
AW A K R AL s B2 w1 T M5 SR FH KR
FrilE1(Scheme 12).

2010 4, Hoveyda /NHAPHRIE T FH41 R 254
AL I AERAR Z B o, - AN ANTR L G ANVBR G P AS X6 R
WA S RE. A AT 20 3o of ok e b 6 F i i, e T R SE T
A& L3 5 5L 4 R = AR R A, SN
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BT RIRE R

o ligand (0.24 mol%) OH 0
_ CuF(PPh 3)3-2MeOH (0.2 mol%) Bpin o  NaBO3-4H,0 (10 equiv.) M
W , *+ Boping M R = Bu-n
R! R (1.2 equiv.) FPTOH (2 equiv.), THF, rt, 15h 4 = R2 THF/HO (V:V=1:1) 41
R' = Alk To 2 61% ~ 94% yield
) Y 92% ~ 96% ee
R?= OBn, OEt, OBu-t, Me, Aryl OH o
i As above v):/\)kom 25% yield, 87% ee
) . a
V/MOBn + Bopiny (1.2 equiv.) —— " ", OH © PCy,
40a 2 N PPh
OBN  49% yield, 7% ee Fe 2
42 N
9 As above OH O i
+ Bypiny (1.2 equiv.) —— L1: (R,S)-josiphos
TR OBn 2 = OBn )
89% yield, 87% ee
43
Ot OEt DpBU, MeCN
, Me
PhHN As above PhHN
rt., 24 h
4 (EIZ= 16/1 40/ o6)
(]
Ph
OEt  PhCHO, KOBu-t (1) HCI, H,0, THF, 50 °C, 3 h
PhHN THF, -5 C OEt (2) NaOH, H,0, MeOH, r.t., 15 h
105 min PhHN
(34% yield, 99% ee)
(From 44)
ONa /N OH
PhHN HCl PhHN
(89% yleld from 47) (94% yield from 48)

B 11 SR 1e-SLEEmiib 8

Scheme 11 Cu-catalyzed asymmetric 1,6-conjugate borylationreaction

0 Bpin o
LCuX (2 mol%), NaOBu-t (3 mol%
+ Bypiny (1.1 equiv.) uX ( ) u )
2. 2
17 2 1 2
R ; R 2 MeOH (2 equiv.), solvent R 3 R
R' = Me, Ph up to 99% conv.

0,
R? = OMe, OEt, OBu-t up to 73% ee

R* O LCuX (2 mol%), NaOBu-t (3 mol%) g4 PP o
R3)§)KR5 + Bopiny (1.1 equiv.) MOE‘
Me 2 MeOH (2 equiv.), solvent R3 Me
50 51
R® = Me, H; R* = Me, H up to 99% conv.
RS = OMe, OFEt, i-Pr, i-Bu up to 74% ee

Ph///_(Ph h/’

B 12 HRERAT ap- ARSI A PRI SR

Scheme 12 Cu/carbene-catalyzed asymmetric conjugate borylation of a,f-unsaturated compounds
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A HA B IFROR. TR R DAL —T78 CHIBRIL T
WEVE K S, s B0 M Se il S L. Bl i AT TR s 2
Wil AT TR, EE R =R IEE R, = p AR
SERNT7 B AL PN, K2 HO7 & LB IRY, RS T BN
ee {HAN™ 2, (H 257 F R PR AR ORI, RAT 31%
HIHCRTT 6% ee fH. 24 p AL RN QHERT, Mt
AARFHICRAN ee fH. (HZHHEBH ALK A
SIS, DUOMASH TR R A, A R A e 45
BT PR, BTUMEE I T B R S LA [ R
ITHETRMNIRDNRE. 2 p TR B ER, &
RIS ARG IRCR. T 5 JE 182 R0 ) i = 3L e
WGBSR B 1 BT R R ee fH.
VIR R LRI AN I R, S 7t T DA DU F) 7 2 A
ce {HAF L. Hoveyda /NH R Ih A R =44 5]
ANE| a,f-AEAEEDRIAR RIS, A 135
N TR SRBCARAE IS B A 138 F P (Scheme 13).

L13 (5 mol%)
CuCl (5 mol%)

o R NaOBu-t (13 mol%) O R! Bpin
A e —— s A
07 7 “R? 11 equi THF,-78°C g R

22 -1 €quiv- - MeOH (1.2 equiv.) 23
R' = Me, Et 2 30% MeOH, HCl 5 10 98% ee
R2= Aryl, Alkyl up to 93% yield
L13 (5 mol%)
CuCl (5 mol%)
O Me ] NaOBu-t (13 mol%) OMe. Bpin
)J\)\ + Byping ———————> -,
R F Ph 1.1 equiv MeOH (1.2 equiv.) Ph
. . )
22 or 22b ) THF, 30% MeOH, HCI
23b: R = Me (-78 °C, 24 h)
89% yield, 84% ee
23a: R = Ph (-30 °C, 24 h)
73% vyield, 65% ee
L13 (5 mol%)
CuCl (5 mol%)
O Me NaOBu-t (13 mol%) /lo]\Mi<Bpm
+ Boping —m8M8M8M8 > i
Pz 2. 2
EtS)]\)\R 1.1 equiv, MeOH (1.2 equiv.) g R
52 5 THF, 30% MeOH, HCI 53

R = Alkyl 81% ~ 98% ee
Ph Ph  88%~94% yield

N

BFy4 H Pr-i
+
N§//N

“Ph iPr Pr-i
L13
BR 13 /R EEN 8,8- —BURK af-ANHIAI LAY
X FRALHERI A S B

Scheme 13 Cu/Carbene-Catalyzed asymmetric conjugate
borylation of 8,4-disubstituted a,f-unsaturated compounds

B J5 McQuade /INALPSVRIFIZS JEIR I 0%+ ST 74
RIS T HAMEACHT o - AN LR A AT BRI AL B BE. At
TR R SRR IR PP OB, PARIE 94%[)7™ #5445 3]
#h 55; AAJAEh 55 EAUT AR T, 5L
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i sz AT LA AR 98% [ 7= A3 2 7S JU M A A4k R
FEYIFN cat. 1, FENFH T o, f- AN HIEE AN G FRIL IR AL [
N @ — RPN SR, 1R DAMR M = R A
511 ee (HAFEN T NP2, 10 H BALRITEURIEE TEIL 2 b

TS AL, Y n] USZEUAL 75 s e e g k. B
J&, AT EBE AR =R RS, A AT A R B
NEH 10 mol%K R HEEE] 1. 0.1, 0.01 mol%, SN F)
AL FRARSR T LB 3 99% LA -, 117 H = HI1) ee (EANA Tk
NIRRT 91% 254k ) 88%), IXtHFE 4 IEM T b5
Be A i i 1. McQuade /NIRRT L& K T 8 O FAE R
FERCAR, FRRB R ThTINE] o, - AR A AR AL
M, FE T RERAAFIE(Schemel4).

LiNH,, 1,3,5-trimethylaniline
THF, reflux, 16 h

jA’ T Ph
L HNJ‘P" NH,BF;, (Et0)sCH ,VL NVNJ‘

0
Ph 120°C,5h BF, Ph
over 2 steps 94%

KOBU-t, CuCl Q\f
THF, CH,Cl,, 18 h Ph
0°Ctor.t., 98%
° CuCI Ph

cat. 1
cat. 1 (1 mol%)

54

o] NaOBu-t (30 mol%) Bpin o
+ Boping —M8
“ 2ny = 1R
R1/\AR2 (1.1 equiv.) MeOH (2equiv.) o1 R2
1 2 Et,0, -55 °C 3
= Aryl, alkyl 88% ~ 95% yield
R2 OEt, OBu-i 82% ~ 96% ee

B 14 /R R o8- AN HATES A BRI ST AL S
Scheme 14 Cu/carbene-catalyzed asymmetric conjugate boryla-
tion of a.f-unsaturated esters

Ma /NAPF 2011 4ERIE T80 -R B=ALH a,p- A1
] () A R A S L. AT B B T LR I e - 2 i
A&, BT oS- AN A SRR AL S B . 7
DA DY SR A3 750, NS A O B, B IBR B R
B, DAHERE NIRRT, RISz 7L a,8-A
T IAL, P2 ee (ETTIA 84% (Eq. 2).

A5 Ma /NP DL 4-F 2. 200 303 A F IR,
ZSUAY, 2 - A R R n A T S S A L iy SN
L15. BHEMATTCL o, B- ANV RN E 0 % SRR 0 AR, Xt
AT TN, 2R A, 2450 AR R
EMWLHE$X¢%&EA%F INTREREE . EHH
BRI AR EE, 0 CA4MF R ATEL 92%1) 72
F197%[1) ee (EAF R T WAL =20, JEVDIGRIF fE, ik
BT LA A A 2R 56 A ) 5 440 1) SR #8 L  AR G TR/
VB LIRS G 1R 72 20 R B A5 BB =4 13 SO
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Bl
L14 (5 mol%)
Cu,0 (2.3 mol%) -
o Kl (6 mol% pin o
A ¥ Bapina [ Omoh)_, SN @
X . CsCOj3 (5 mol%)

R R2 1.1 equiv. ; R R2

1 MeOH (2 equiv.) 3
R! = Aryl, Me THF 73% ~ 92% yield
R? = Ph, Me 62% ~ 84% ee

C o o

=T
NN~

0" >N
L14

SONALEEHEAT THEFE, AR =R SEY2 101
GEARFR, IR ACSRIIEAT TR, Ma /NH b
F B AR R Rt A7) 9] N B S S Z, - [R] IR B
FRIS H BT BE AN S5 90 e B bR FR 46, 57 1 T 1 ) B A4
R, MUEE T RERAEME, HE T ap- AW E
VI ASKEFRI AL S R (i e, R IE s 1 FeAR S AL
UEBA, A5 AATTIRT I s 2 7 38 i 10— 2D IR (Scheme 15).

N
NH, 6 steps Cy// N
@ i N _ @
N Cl
Ph
brl OH

56 L15

L15 (5 mol%)
Cu,0 (2.5 mol%)

0 i _ Cs,CO3 (5 mol%)
R/\)J\N\_/O :1_?2;::?\/_) MeOH (2.0 equiv.)
57 2 toluene, 0 or -40 °C
Bpinpog O
Sk

58
97% ~ 99% ee
84% ~ 95% yield
B 15 /R ML a,B- AN L% A A FRILHER b
I
Scheme 15 Cu/carbene-catalyzed asymmetric conjugate boryla-
tion of a,f-unsaturated imides

BiJE 2013 4F, Ma /NAPUR R T — AL
oL B- AN PR AN FRIAC S 7. 1 38 DA R B A A8 7R T
Y, BAE AL, BRERE B, NS N,
ST R P N IR, 78 DY SRR ot R =LA T T
ik, 4 RS ) L16 BARRT, ATLBLLL 97%7 %
PAKL 9% ee (1S3 HFRF=4. K770 B 408 F K,
SN 77 2R A ee (B 53 BIE ) 99% LA K 98%. 1E N A
M. TR p AL BRI TS R, F5 8B
B, ) e 45 LT3 sg e, AR LA 75
= ee (BRI H. AT HE—SRAUF RN
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RIS M, (EEH OB KB gk, FHUAH 0.1
mol %KL, HATEHRIR T, MATLL 98%IKI = F A1 95%
f) ee EAARITRL=4). Ma INH IR F EBCAE L6
FINBN B, FEH ST 50 SN R A A SRR Ak
SN, BB HERR T RO FISE I, TR K
EA AL T A BEM:(Scheme 16).

Cu,0 (2.5 mol%) ‘
L16 (5 mol%) Bpin o

0
+ Bopin _ >
/\)J\ 2Pin2 Cs,CO3, MeOH R/\)J\

2 .

1 R (11 zequw')toluene, 0°C, 10 min 3

R' = Aryl, Me up to 99% yield

R? = Aryl, Me, t-Bu up to 99% ee
Cu,0 (2.5 mol%)

/\)?\ + Bypin L16 (5 mol%)
2| 2
Ph”

: CSQCO3, MeOH
1a Ph (1.1 ;quw')toluene, 0°C, 10 min 3a Ph

98% yield, 95% ee

o =N
SPS(H
pn CF

B 16 /R AL a,B-ANHLATR AN 0 RS BT A AL s
Scheme 16 Cu/carbene-catalyzed asymmetric conjugate boryla-
tion of a,f-unsaturated ketones

2013 4E, Wang /NHAPHIN p-iRid ik, Sl x
N, AT DUE MR R AR L17, RERAE L17 &
WD R, IA R TR =Y cat. 2. BlJE, 1EE
DAPIRERR £ B8 Ak 0 i S 8225 %% 1 B R s . At
TCASAG AR | Bofk L7 AT 2ER0CT AN P
ICHI R i A1 DU S PR A7 TE I 250 R, X PIRERR 2 g 1 B
R SLFEAT 1T, FF DA S i 2R SR e R A
ML=, B 5 X UL R EPIFT cat. 2 NMEALF, TR
AHIE S5 A T AT IR B, RILZHUG O 2 H ee HZH
&5 OLERA B F+(Scheme 17).

[@—4F, Sawamura /NHPRIE T — iS5 T
NHC FCARMBEALIT o, B-ANHER AT FRI AL SR R8T 72
g MATE R T R BRI FPE NHC Bifk L18,
N T W FURCAR R B AR, A R T R SR A
L19. 1E# DAEERR F G MW, BF 70 T B EC Ak 1) 3&
P, - PAEE TR A, B R 25 (4] 1 1 NHC Rk
L19, 7E LASAL 4 R (A0 770 1R s AR R rfr, 1T DL
N LA 96%1H] ee fHFN 94% 11 7= 26 5 st Ak, T A A LA 1ol
PR L A () -1t NHC Bk L18, 1Y LL 89%[) ee {E 1 86%
FI7= R A B =, VR A T ARG R s Rt
FEXFL, RO F AR P RS, X AR T Ak
FIETECAAR B R AF ALt R, 0o TR ER L 1RO VE L, 1
FHILAERZE H (Eq. 3).

R1 R2

Bpin 0
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6 steps

LA
—_—
59

X
‘ N Ar = Ph, 2,4,6-M83C6H2, 2,6-(I‘-PI’)2C6H3,
)-\ 4-M9006H4, 3,5-(CF3)2C6H3

N
CICu Ar
Cat. 2

- =

o \=x 2)CuCl, CHCly
Lz A

X
| 1) Ag,0, CH,ClI,
NN

L17 (3 mol%)
o CuCl (3 mol%) Bpin o

. ~ NaOBu-t (9 mol%)
Okt B2Pin2 - OEt
. MeOH (2 equiv.)
1.1 equiv. 1
2 THF, rt. a

10a up to 65% ee
up to 90% yield

0 Bpin 0

g cat. 2 (3 mol%)
+ Bpping ———-
OEt ~ MeOH (2 equiv.) OEt
1.1 equiv.
10a 2 THF, r.t. 11a
up to 63% ee

up to 94% yield

BR 17 /R o8- ARSI A FRILHEIIAL S 8
Scheme 17 Cu/carbene-catalyzed asymmetric conjugate boryla-
tion of a,f-unsaturated esters

ligand (6 mol%)

0 CuOBu-t (3 mol%)
KOBu-t (30 mol%)
AN .
: OMe *Boping ————
11 ~ MeOH (2 equiv.)
1i (1. zeq“"") THF, -55 °C
Bpin 0
OMe 3
3i

L18: 86% vyield, 89% ee
L19: 94% vyield, 96% ee

L18 L19

ratomer (9:1) ratomer (1:1)

3 WRRECE. ¢ RS AL EC (4 X BX ML UEBC 445
SRR R &

2010 4F 8 H, Shibasaki /NP % & T Hi {4k 1 F- 1
TR ORI o8- N VLR AR A i R S ) S
YEHLL BA- T HURCKIILHEIGET VY, 75 1,2- 4
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F 2458, PL CuPF4(CH;CN), AR, FME % 120 A
Fith, 7ERUT BEARAATERIZME R, Wi 4T 24 h BRIh
SEIL T R IR, BUAS T R AR TS 1
NPk, AEE N R BHLER AT T AT T, AR
L R AR S R S AT TR, PEAERT AR, N
TP IGUEIX AR, AR TR H43 R 2RI R
VST RREE R Gk R, 1598 T R 45 AR AR
AR 45 . FEF bk, fEF IR T IR r R MALEE. Shi-
basaki NAAOKEFPE =R ARSI R N,
o T AT REIG SOSELER, RIS R R A R R s — 25
R, $em T AAT RN AR, B R ECAARTE I o
rR A TFLE S T AMTHIHT 78 2488 (Scheme 18).

o
M
1 2

L20 (12 mol%)

< R2  CUPFG(CH;CN), (10 moi%) o  Bpin
60 #-BuOLi (15 mol%) 1 M

- R 2

B,pin, 2-propanol (2 equiv.) 61 R

- DME, rt., 16 ~ 24 h

1.5 equiv. 80% ~ 95% yield

2 90% ~ 99% ee

Ph Ph
EtHN  NHEt
120
Et
Phe

I CuPFg + ByPin,
N,

/
H
Bt t-BuOLi
LiPFg

Et_ H
\
Ph N

61 IN,Cqum
PR N R R
Et Bpin 60
62

2-propanol
+

Ph
B,pin, Ph Et
Ph Et— ~
Ph Et Ny H
, Bpln\ ,’ \B in
Et—py N~ loliinds
/N\C/ H \
Bpin, /~Y NS
. R 2
O Bpin \/ R
63
64 R

B 18 /T A o, B- AN AN BRI HER AL
B

Scheme 18 Cu/chiral diamines-catalyzed asymmetric conjugate
borylation of a,f-unsaturated ketones

2012 4F, Kobayashi NP 3E 7 LLKIEF, CUBE
VEEACHT AL o p- AL S DA FREIAL S
B SR DL R E A E AR, R SR AT A7
HEAT T HEIE. AATTLE 2K R 43 00 N SR AL R A AR A
B, RGN AR N, IR TR 12 h 5,
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BIHE

53 AL 84%H1 64%IH 7= 433 74, T e H
FERCAE L21 A8 =%, 45 e S i b 14 &
L 81%[H) ee fEHAFHNY). A A S FL IR ZE,
IXH 47%) ee fH. FEENEFRRBLIFHAT 7%, K
IS N AE A AL A R 2 eV R AR I, T2 7 S S I
ININGR CTRI, FEK L A L21 AEFER) SR AT T, 7T
PLEL 95%[ 7= 22 H1 99%H] ee fEL15F 27 /KB HIBI AL 7= 4.
BT HREE R, AEF R OB E AT T LR, KILR
AR BN o, B- ANV TR R e A AR 4 ) A 1k,
VEF LI UARTS 72 2 H0 ee (A1 2] T R BIF=Y). [FIEF, %
TN REAFAE T K P ISR, fEE R T OB
Tl HEAIHLEE. Kobayashi /NN a,f-AHAL G P FIAKTFR
WA SORETF B T — AN SRR 2R, KA v 7R A AL
SBE RS I VEAS B0 8, T HARORSE & 1 S B ) mT 4 AR
P, RIS 0 B0 A R A D9 AR AR, A e B BE N 28
(Scheme 19).

Cu(OH), (5 mol%)
L21 (6 mol%) o)

o R3 AcOH (6 mol%) 3
+ szinz _— R1 R
1M 2 2 H,0,5°C, 12 h R?
R 22 R 3

o .
R' = alkyl, aryl, CO,Et, CO,Me, NEt,, NMe, ;gﬁN%agfad

R? = alkyl, aryl; R® = Me, H

*

VRN Bpin—Bpin

H,0 N, oN HO~ Bpin
Cu
(OH),
N
N N

VRN
N, N =
C/u“ C/U*OH
O Bpin Bpin
\
R1MR2 .
77N\
N, N 0
PN CU—0H Wk¢&¥
N N Q (Bpin
L21 R”/L:;¢\\R2

B 19 KPR ap- A0SR FRILHE]
(AN

Scheme 19 Cu-catalyzed asymmetric conjugate borylation of
a,f-unsaturated compounds in water

[7)4F, Fernandez /)N PO FH — 4/ 4 i A 77 e S B0
T o f- AR RESAL S ASKE RN AL SO, K
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& oy A R R BCASE 18 T2 S JRA A AT T R s E A, 1
AL 32 il T 41k S Mt P A A1 I PR 2 P P T A9
£ CuOTfe4CH;CN- #UT WEA . H BRI R A7 £E 1)
FAET, A a - AR RIS SAL S AT
PRI S RNEEAT T AT TE, XA S BRI A R4 20T (1
e, (R B FEVERRAR. BEJR BT af-AHAN
WG SAL B VIR S SEBEAT T W 9T, ABATTIEHR T 45 2R
LA A, X RMEEAT T 2. 2 NIRE I, it
LA 90% I K AT 1 ee [EAFE] T 4. Fer-
nandez /NMUH AL EEAR S AR RS G, PEf
ROSEIL 7 ST, 9 AATTx B SR 54 1
Jrik. FIREE RN R A, 98T af- A
WA AR S BL(Eq. 4).

/ﬁ\vjfi Cu(OTf) -4CH3CN Bpin NR @
AT AU
X ligand, NaOBu-t
Ph M e Ph Me
65 Bpiny, MeOH 66

R = Ph, 99% yield, 95% ee

O~p_
“ O )

L22

Kobayashi /NHAFE 2013 £ERIE 7 A4 AE1L I
0By, 0- ANV AT AR 1,4- IS SR 1,6- 11 SR
AT S 8 T BRAVB A BRI, fEK. Boik
L21 FECHNERBEAZIE 264, ol A A AL
FRA . SACHT . BRERH AN =4 S BRA LAY AR
AT, X RMEAT TH9E, YWRAFET 14-IB=Y)
(Scheme 24). M4{f HESERAANS, 1T AL TSI KA ee
HAS 29, 1240 H S S AR, A BL R4 7= 2 A
ee [EREF=Y), BIERMNAR RINMABERR S, [FIFELIRTS
7= M ee (HAFE] T 1,4-I0 =9, i fe B A =
TeFRI, SR AR 22, Bl o CAAR R 261, 1B
XPPROIR WS IR AT T R 2R, S REAG A
. AR EEE R 121 i, RI=PLL
L6- MBS B P28 =, R BT R 1 77 2R R 4k
T 224 A4 7] ER T R ) B R R A TR 5 L2 A AT,
NEFEHICA 1,4- IS B2 1R 3, RN 3 e = 2
R, AR IE RS, R P A A A AR
SR 02 2 AR AL, T 2240 T 1 0 B e Ak 2R A2 1)
AL, XA E AT RE S 2T BoAA L21 HEEA R R
PR EYIHEAT 7 = AL, JET LA 1,600 3 i R
5 L21. BEIERESE AL T (pin)B-Cu(OAc)-L21 #%,
BT 1,4- MK,
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