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Recent Advances about Protoboration of Conjugated Dienes

Zou, Chenchen”  Niu, Changhao® Liu, Xinyu' Zhang, Chun*
(Institute of Molecular Plus, Tianjin University, Tianjin 300072)

Abstract The protoboration of conjugated diene is a kind of important strategy for the synthesis of allylic borides and
homo-allylic borides, because of mild reaction conditions and wide functional group compatibility. Till now, several research
groups have been reported key progress in this field, some of them could well control the chemical selectivity, regioselectivity
and enantioselectivity of these transformations. In addition, some efficient tandem reactions which based on highly efficient
protoboronation have been designed. These methods could be used for the synthesizing bioactive molecules via novel route.
Furthermore, recently, the protoboronation of conjugated diene without transition metal catalyst has been realized. The
research progress about protoboration of conjugated diene is summarized, the range of substrate scope is introduced, and the

reaction mechanism for each reaction is discussed.

Keywords conjugated diene; protoboration; regioselectivity; enantioselectivity
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1 ARG R TR VE. SR T HEE IR RE 4 2 AR LA ARG P

2010 4, Tto PRAZHHRIE T & 18 A 1 1,3- 4 &, WAL =P BT AR 25 (—)- IR 2 PE T (R
(P50 B e BRI AL 0T A R B (FR 1), 1 TTIE R 2). fEZI T, VR % 2 s 3R DFT 1 805
Wk, DAmrr= e, e DXCSORT 0 e PR & B T FRIR RHLVEREAT T HEFE, VLSS RAESE 3,4- 4B o2
I BRI . AE FLOR O Y B AR S N 26 1 R, 1,3-38 HRIE I RTT 2.

CoMPSERE 1,.2- WA R AR I, T I ) F 2 HIREILRY 1,0-— SN SR AT FRIIL B T K7
L3-8 0 NIRRT, EMCN 1 4-I0 R I i & Table 2 Copper-catalyzed protoboration of 1,2-dihydropyri-
R TR, BEAh, SRR R iR R X dines

UL PRI BORRI S, Gk 1,3-30 % IR T . re NaBHs or LiBH, RI_~__R?
BRI, 7% Tl 1,2- IR A8 5] #4279, (ELAE 3 Ao o ]

WA < N NS - 0
IGIR A A (—40 "C)FIGEIT 1,4- DR 26 PTAE 1) A
(#F1).

CuCl (5 mol%), L, or L3 (5 mol%) 4 2

# 1 Tto VLEZRE AL 1,3- 0 MR R AL T4k Bopin, (1.2 equiv.) R@R
S KO'Bu (20 mol%), MeOH OY N Bpin
Table 1 Copper(I)-catalyzed asymmetric monoborylation of or ‘BUOH (1.0 equiv.), THF OR?
1,3-dienes reported by Ito group -10°Cor0°C

CuOBu (5mol%), Ly (5mol%) e

B,pin, (1.5 equiv.) . E 0
\ : S Bpin <
R/ 7 MeOH or 'BUOH (2.0 equiv.) RN e PPh, @[ tBu Bpin
N

THF or toluene, -20 °C

o) PPh; : OMe

' 1 e H 90% yield

L, L, 99% ee

' Me, Me | S '

; P P !

! “ /Q E =

Me Me E 0w N ' \V/\)\
; Y Bpin Bpin
OMe

: L, ! . Bpin
T O'Bu OMe
Bpin . 91% vield 86% yield 90% yield
Bpin_O_Me _\_( Bpmx@ 97% ee 92% ee d.r. 97:3,99% ee
Me OMe F
90% vyield 97%P yield at I't ©/
>20:1,2 95% eet - >20:14 o7 ;’2 ?gg'd Q =
Bpi at-40° O N _ Os N A
pm@ 86% yield Y Bpin Y Bpin
6:94,2 97% ee OMe OMe
. . . 82% yield 91% vyield
@ Ratio corresponds to amount of homoallylic vs allylic products. d.r. 96:4, 96% ee d.r. 97:3, 96% ee
b'1.1 equiv. of B,pin, was used.
TE AT A 13 0 R R DX 390k B M REAT T 49 H ]
AR, ABA TV FE BRI EE T 8 Jy 22 35 i v ) 4 (g%mg
, \ " -)-paroxetine
1 DL Se2' B T4 1 75 A 1 das T ZE B BR 6 (Scheme 1); 111 HN "'f/o\©Eo> antidepressant drug
FER = IR T 1 A AT A8 E I Hh A A 2, o
W5 2 38 Se2'5 3 A R e P SE TR B (Scheme 1),
FE UL TAR MRS E ) Tto LALLM AAL R TAL R B 5 Tto TR RBZEL M MR (4 5 55 30 i e 2 5 i A

W B 2 5 K R RO . 2016 46, Tto WRRANS  1.2-— SUREMK G M BRI LI TALR MRS &, R T
ST IR A D 25 5 e B A R 1 SR fﬂ%@%mhﬁhﬁﬁlﬁW%mﬁ&@%)u
I 4% 2 R A B0 OB R R S RS Lo A TRERL AR, A LG P2 A R i
PLRI R FRIIAL TR TAL RIS &, S2BL T ZEMEmE 1A FEHL A TR A4, K5 Me. 1-Bu. MeO

Chin. J. Org. Chem. 2021, 41, 4240~4254 © 2021 Chinese Chemical Society & SIOC, CAS http://sioc-journal.cn/ 4241



BIKE

ik SR

@n L*CuBpin
B

*LCu

pinB—Q
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| pinB—C>LCuL*
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1

ROBpin
Bopin, +ROH +ROH
-ROCulL* -ROCuL*
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L* = chiral ligand ' )y )
R = Me or Bu pinB pinB
n=0,2 n=0,1,2

B 1 A 1,3- 0 B A PRI AL 5T 14 S L ) Jse 2L

Scheme 1 Reaction mechanism of copper(i)-catalyzed asymmetric monoborylation of 1,3-dienes

R 3 HIHEAGE 1,2- SRR A ARG 5T S
Table 3 Copper-catalyzed asymmetric protoboronation of 1,2-
dihydroquinolines

CuCl (5 mol%)
L3 (5 mol%)

] )
B,pin, (1.2 equiv.) Rmeln
KOBu (20 mol%) R2 N

R2
|'23 MeOH (2.0 equiv.) F'{3
THF, -10°C
T Me Bpin MeO Bpin
: fBu | @fj’
! - N N
' ' |
' ~Me : Ac Ac
: L, Bu ! 90%yield 90% yield
R e e L ! 98% ee, 2 h 93% ee, 2h
H
TIPSO Bpin O,N Bpin N,
oy a0y e
\ \ \
Ac Ac HNAO
89% yield 27% yield _
96% ee, 16 h 68% ee, 17 h Sumanirole

Bl DY 3 P8 Bk (TIPS) 55 (it F  BUAR BRI, s B AT L i 2%
HEAT, B 200 W T 22 S S I PR 7= 38 AR 6 A g 6 1
Y& F . ST IERT A ) R — R B A O
B, #lanml BLFH T & 206 i Sumanirole.

Ito PRAFZH B — 0 Kk e | ML A7 A4k i+
T 555 AL T VR (R 4). ZRE4LiE T & PR,
B IS AT AR W A 9 TG N-2 BR 0 T S G 1
B i 36 0 5 B e A O A S . 2 I AR R
7 1) WL P P St R 3 B A I A 25 T A Ak SR S BT 1
ot N-ZINEENRR IR 1) i, ixiRdidl@t DFT
TR N IHLERREAT T 7T, SRBe 2 R i1k )
87 5 2 e R 5 A A B R R 22 e R AR

TEAB LR I THLE R SR T — M &
L bt gt o Ak i 9 14 W A S L 6 4% (Scheme 2). Cu-
(OBuIFIE 565 Boping SBLAE GBI, SR 5 bk g
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Table 4 Copper-catalyzed protoboration of pyrrole and tandem
reaction

CuCl (5 mol%)

L4 (10 mol%) Bpin
I\ 0 B,pin, (1.5 equiv.) T RCHO
N > / n./o ——
' Ome  KOBu (20 mol%) N Toluene
Cbz 'BUOH (2.0 equiv.) Cbz OMe  gpoc, time
THF, 30°C, 4 h
R X /(o
HO H ébz OMe Me, ) m/ Me
Q\P P/Q
Me Me
Me Me
Me Me
Ly
= o o]
0 1.7
= e ﬂH[,?g ¢
g 0 HO OMe
HO Cbz OMe aCbZ ,
0, 0,
20 h, 65% (42%) :17 h>‘ 22_/; éi?/’)
d.r. > 95:5, 98% ee 17 9o, S 68
oM OMe
© MeO.
) “I.(o MeO . ““/(O
H H
HO M L~ OMe HO M L~ OMe

18 h, 67%7 (43%)°
d.r. > 95:5, 94% ee

- 0
I N "
| OMe

H
HO Cbz

5 days, 45%2 (26%)?
d.r. > 95:5, 96% ee

22 h, 50%? (39%)°
d.r. >95:5, 96% ee

> |
- o]
CA D

H
HO Cbz OMe

21 h, 71%? (54%)P
d.r. > 95:5, 96% ee

a NMR yield; © Isolated yield
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(0] 3,4-Addition and U\(O\ \p
ﬂ/“—o tautomerlzatlon N%
PR o By OMe

N cy-B _é
f/ HO
Cbz/ / \ \O 7\ /< \(

Enantioselective Favored _|/ /P>

| OMe borylative _O--

Cbz dearomatization 7 H 9U\P
m S0
P/CU B jg %

Cbz” .B._OMe

pinB-O'Bu VAR

Diastereoselective H\% Disfavored

\

pinB-Bpin protonation o—é steric
( u(OtBu) repuision

_\Bpln
(7 =RRHL { " B',,.F.'(O
Cbz OMe
Bz 2 H AL R s BRI S5 7 A ) s R ATL R
Scheme 2 Possible reaction mechanism of copper-catalyzed protoboration of pyrrole
St A RIS 3. B8 S R AN B I F 4 AR 1,6-00140 i 746 [ Bi(Scheme 3). %775 H]
EEZ#*’JHEUEPIWZIS 4. ZJaRUT N C—B BT PASE PN WO B S i Z- = T 2R e A E-M T
TR ER, A58 S Bpin Al ‘Bu 2 [A] 1) 25 [T HE % SERIR IR, I R B MLAR AT, AR AL R (I O
2018 4, Lam PRAHHRIE T8 HELIEIRIR a,B,7.0- J N R X 3 £ A AR R S BRI R e K

CuUF(PPhg)3+2MeOH , ! Me |
o (0.2 mol%) Bpin Bpin o : @—k :
Ls (0.24 mol%) : !
Bopin,  + R1/WJ\R2 ° > R’ N A, T e, POY2!
(1.2 equiv.) 'PrOH (2.0 equiv.) 5 R R®, Fe 2 E
cyclohexane/THF (V:V = 4:1) 0" R ! @ ,
0.04 moliL, rt., 15h o Ls E
A Bpin 0] .
Bpin Bpin
Et A N
X
Ph TBDPSO X
o 0
0~ “Bu (6] tBu
- 80% yield 85% yield
85% yield y!
dr > 191 92% ee dr.>19:1, 94% ee d.r.12:1,89% ee
CUF(PPh);*2MeOH (0.2 mol%) ~ ;omeeeeees ve

Ls (0.24 mol%)

(0] .
'PrOH/THF (V:V =1:1), 0.1 mol/L, rt., 15 h
/WJ\RZ R1WLR2

Bopin, (1.2 equiv.) +

-n

(0]
)
)
=y

Iy

;
R NaBO4+4H,0 (10.0 equiv.)
THF/H,O (V:V =1:1), 0°C to r.t., 10 min
Ls
B OH o)
= Ph OH 0 OH 0O O
" L A
TBDPSO” 7 Bu Et Me MeOEt
75% yield, 90% ee 79% vyield, 93% ee 42% vyield, 94% ee

B3 AR aB.y,0- A UAER Y 1,6-80 4k 5774k S 82

Scheme 3 1,6-Protoboration of acyclic a,f,y,0-unsaturated ketones
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cyclohexane/THF (V@ V=4 @ D), FE >N Z-5)E
P BRI (Scheme 3, A); T 243774 'PrOH/THF (V :
y=1: DI, EE=Y)R E-1 N TR EE(Scheme 3, B).

TR AT X IEHE 245, EIRHE G, 2 — 2RI
S ABERB S S, ZREY R A RIRREA A
Jot ) B LA, AR 4 A A I e PR A 11 e
RLAVEEA . TR 4 R I A i N Bix e xr Y AL
RIS, AAAE 2 AR IO BC A 4l N 72X, BT DA il b
05 (3 B 1 3 AL 2 R HE Y. 2020 4F, Mastral B8
AHUOMRTE 1 AR AL I T )R L (R 5). 1%
JHEAER AR AR T, DA e I X B AR iR Z
FBI 1A=, (eSS FE e R I, 4
T PR 5 07 BB A AE N R, S S P= A )
NI S5z ARG B 4 R AR A

BEF P S IR AT A SCRRIRIE, 2RS40

B I AL 71k S LWL EREEAT T 434 -5 HED (Scheme
)01 ke 12!i%ﬂ|ﬂ$ﬁ§iﬁ%ﬂ/ﬁﬂﬂﬁa/\ﬂf%uq 177 AL
BRI s M B0 %2R0 7, AR &9 5.
BEIGET 14BN M AERK Z *’Jﬂﬂﬁﬁm’fﬂﬂlﬂwﬂﬁ: 6.
TECA b SRR, AL R 15 S RSB E R T 6
TR, BEJG R AR FA R N AE R Z AR P24, T4
SRR R 5 HEmT, REBA IR BV 2 el RE e th T
AR EA S T &L 13-4 8%, i AR Aa P
HHIE R 7. A IR R A T AR 2 E RBP4,
2020 4F, Mazet PRI IRIE T8 AL 2-HUAR 1) [n]
TR A P ae B ME AL SR Ak (R 6). LADY SRR A
NIRRT, 15 Le ME AR, Z 770868 LU 5 (1)
Sy PR BV S AR Uiy 1 1) B e A4k, 12 s B RT LAY
JEE[4]- [S]-FI[6]-B BRI, 70 LA S Pl 2 e 4
PERN X Sk B EAS B 5,6- 6,7-F1 7.8- M= 4. % M

RS HEAREE IR T4 SR
Table 5 Copper-catalyzed protoboration of borylated dendralenes

. Bpin ) HO
B
P Pin IMesCuCl (10 mol%), B,pin, (1.2 equiv.) Bpin NaBO+4H,0 OH
1 —_—
RS R2 R NaO'Bu (20 mol%), MeOH (4.0 equiv.) N R HO, r.t. A R’
THF, 30°C, 18 h R® R? R® R?
OH HO oy MO HO Me
- ¢ C
X
PN NN x
O O
Me
COzMe
28% y'e'd 54% yield 57% yield 38% yield 45% vyield 57% yield 43% yield 35% yield
(ZE=955) (ZE=7426) (ZE=87:13) (ZE=7624) (zZE>955) (ZEEE>955) (Z:E < 5:95) (Z:E <'5:95)
Bpin
=
R’ Bpin
R® R? L ,cl{ Bpin
P
y' Ww
LCu—Bpin R® R?
5
RO—Bpin
. Bpin Bpin
Bapinz PR CuL R’
Bpin goi
n
NaO'Bu NOR s L P
LCu—Cl —— LCu—OR R3 R2 R T
Bpln Bpln Bpin
H Bp.n MeOH MeOH R2
\
R® RZ R Bpin LCu ® Bpin
Z-product E- product 7
B 4 H AR R S Ak 5T 7 s B2 119 e AL B
Scheme 4 Possible reaction mechanism of copper-catalyzed protoboration of dendralenes
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Table 6 Ligand-controlled Cu-catalyzed chemo-, regio-, and enantio-selective protoboronation

CuCl (5 mol%), Lg (5 mol%), KO'Bu (5 mol%), Bypin, (1.0 equiv.)

RJ‘\W/\ ]
X

MeOH (2.0 equiv.), THF [0.15], 23°C, 4 h

CuCl (10 mol%), L7 (10 mol%), KO'Bu (40 mol%), B,pin, (2.0 equiv.)

RJ\m/\/ Bpin
X

MeOH (2.0 equiv.), pentane [0.15], -40 °C, 3 h x

81% yield, rr >20:1

\Bpin \Bpin

80% vyield, rr 10.7:1 65% vyield, rr >20:1
er93:7 er70.5:29.5

72% yield, rr 19:1

80% yield, rr 8.6:1 83% yield, rr 11.4:1

(5.2 mmol scale/1.29 g)
Enantioselective borylation

\Bpin \Bpin
83% vyield, rr 8.8:1 47% yield, rr 16.3:1
er 89.5:10.5 er 83.5:16.5

A AT B T S AR 00 ) o, 451 G A P [4- B
WA 0 R BEAT SE BN, fe 24 DA 80% 17 3%
RASF B BRSO BB BEAE iR, F HAEH] L
PR CAAIRE B0 0 AR S s e 52 S ) T — T L
Se RN, AL SN [ B AT I S 1 s B IRk 3
PE. 8 F YRR AR 2 5 IR AT BLS B 1 1) - P A
{ELRE S PR X Ik 3 7 B3 — D R e (R 6).

2013 4F, Kobayashi B@ZHI2HRIE T LLKAE 7
R0 e L U (1 T B BEME R B 1Ak S R (3R 7).
FEASFANR] Cu ERAE ML K Ls AF BT, %%
JS2 AT CASEIL 2 R AR @, 8,y,0- ANV BRI/ B (18 1R
b Z s R R R A XIBE B, R AR R
VAT IS RAS 2] 1, 4-Inr=9, s+F25 5 K4E 1,6-
IR R AF B 1,4- 0 7= 4.

KT AR o B,y,0- A HEAIER/HE F AL BT T S R

Table 7 Protoboronation of acyclic a,f,y,0-unsaturated ketones/esters

Cu salt (5 mol%)
Lg (6 mol%), H,O

o R® 5°C,12h O R3 oH
1/”\/\/\ 2 * Bopin o Y AN R2
R R NaBO; R R
O H oH O H oH O H oH
Me “pn Phw Ph Phw Me
93% vyield 91% vyield 86% vyield
er 93.5:6.5 er95.5:4.5 er94.5:55
O H oH O H oH OMe, oH OMe, OH
Phwn-Pr Etow Mew Ph Etow Ph
83% vyield 91% vyield 85% yield 91% vyield
er92:8 er 95:5 er95.5:4.5 er99:1
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IR a,B,y,0- NEAEARTAEDAE N ER % &
J7 b ] DANGR) A7 020, AR 35 d8 ik R 4 A % 4w DA
il SONE e X I B, dn, A Cu(OH), A1 Ls 1R {L
PR AT LA 1,6-INECA £ 724, TH{E Cu(OH), Al Ls
PIfEAR R RN AcOH B {8 H Cu(OAc), Fil Ls [ fi
ek & AT LAAS 3 1,4- I EIF=0(3R 8). 1E# T HE
IEASXTFR Michael JITRR SR H X e 456 PR AS A2 1l 125
AR BT AR, T2 KR T L &

2018 ERRAIRREAH I 7 — Pl fi AL L 50 — )
TR R G 1Y 1 DX s 3 e A ST AR R 1 1Y) 1,4-F AL 5 AL
RBNFE 9). 1% T LU FHl AR 1,4- X500 L g,
AT RN, RO R R TE AR AE A 1F T AE K
Z-MTRR NI &Y. R, SRR &Y S5
RAEFERR RN, & A R R R
BEF=4). %5 B AT B BE R AR, AR HPER
RFBENTAEND 2P0 05 Al DL NG i # nT AR 7 th
AR 9).

BT FAEE PR T L8 IR RR R A 1.4-
WAL 5 74k B S B L3 (Scheme  5). B 264 4 s 1% £h
(CuOR). K FEFLAAF Bypiny JFALAE A TPrCu-Bpin ¥+,

LIRS S T 10 RAERAERGEY 11. BEE K
AR T RS e N A B P R R (AR 12 s A A ) A
u%ﬁ%ﬁmomkiﬁ%%F WA R(Z2)-1,4-FE
REJa TN ZE IR S 13, JF A= 4k57 CuOR.

2019 AF BRI ERRR LU TE Je BT TAE 1) 2l b & R
WML ST ARE B A BRI SR T, S
W — IR A BT, TR ) L0 AN e S R T
FICH] LUK AE Z Rl G 8:564k. %50 TRERIL & A

. CuOR, IPr-HCI . — .
RWBpin - Bpln—(_\—Bpln
10 szlnz, ROH R' 13

l IPrCu-Bpin T ROH
\/ Bpin
’\ \
Clu </ > R’
Bpin” |Pr Bpin ?u Bpin
IPr
1 12

BIRS W3yl B ER N 1A-4k BT T S REHL
il

Scheme 5 Reaction mechanism of copper-catalyzed 1,4-proto-
bornation of conjugated borate diene

RS MR By, 0- AR HIBIAL T 510 S

Table 8 Protoboronation of cyclic a.f,y,0-unsaturated ketones

Cu Salt (5 mol%)

H,0,5°C, 12 h
o ,0,5°C,

L8(6m0|%
/~Ph + Bapin,
f NaBO3

”OH

81% yield 92% Y'e'd 69% yield 87%2 yield
8a:9a<1:99 8a:9a>99:1 8b:9b<1:99 8b:9b>99:1
er=88:12 er=93.5.6.5 er=94555 er=94:6

77% yield 84% yleld 39% yield 77%? yield
8c:9¢c<1:99 8c:9¢>99:1 8d:9d<1:99 8d:8d>99:1
er=90595 er=96.5:35 er=66.5:33.5 er=91:9

26 mol% AcOH was added.

RO AL IS IR ERIAL BT T R R

Table 9 Copper-catalyzed protoboronation of conjugated borate diene

CuClI (10 mol%), IPr-HCI (10 mol%)

NaOBu (50 mol%)

R’

WBpin - -
Bopin, (1.1 equiv.)

MeOH (2.0 equiv.), THF, r.t.

OH

— RCHO, toluene, r.t. R R'

Bin then H,O,, NaOH
Bpin en Hx0z, Na 2
“oH

OH
MeO “OoH

84% yield, >20:1 r.r.
OH
- M
By TN VE

85% yield, >20:1 r.r.

OH
- x_Me H
o N

96% vyield, >20:1 r.r.

OH
X Me

87% yield, >20:1 r.r.

B X n-Pr B
7 (j/YAJ (jnv\/%A%
“OH “OH oH

95% yield, >20:1 r.r.

90% yield, >20:1 r.r.
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Table 10 Copper-catalyzed stereoselective synthesis of bis-
boron

Cu(OMe), (10 mol%)
Xantphos (10 mol%), Bopin, (1.1 equiv.)

Bpin -
RCHO (1.2 equiv.), THF, r.t.
OTES then TESCI, Im
R X Bpin
Bpin
OTES OTES
X Bpin X Bpin
EtO “Bpin cl “Bpin
89% vyield 91% vyield
anti:syn > 20:1 anti:syn = 17:1
OTES OTES
SN : X Bpin ] - X Bpin
Me  Me \Bpin BoCN \Bpin
67% yield 90% yield
anti:syn > 20:1 anti:syn > 20:1
OTES OTES
Bpi Bpi
: X Bpin Me : X Bpin
0 \Bpin Me \Bpin
91% yield 84% yield

anti:syn > 20:1 anti:syn > 20:1

£ LRBT T A E, BRIUTERAEZHUSIT 2020 44
T8 7 HEHE MO #h B AL AR TR (R 11). R
AR EES & Xantphos BEATHEAL, 12 BiAE LS UM
S = WIS, %S I R ET B DU g 7 R A
J% 6 JUH BRI RERR S AL, T
LA et R0 R4 ) s L PR X RS R . %V R R e

V3 3ok PL_E 2 N f 3 B ME 34T T IR N8 43 1 (Scheme
6). SHAMTIESHMEL, TS-1 ¥A W52 (8 A0 HAE
FH, DR 25 PR 5 0 5 — 0 s = il i %ok U S R AR
WA N, JF BRI N R Lo ol LA
RIEAT A RIS, FHE s RN B RN R R = )3
I % B (Scheme 6). EAF, 7EIZITE 5T
Xof ) B A o -4 73 380 PP A4 = N = kAT T & Rk
NLFHETT. Seat gk A Z R AT U T AR
FhEE N R A=A R B

W I o B R 0 2 L O T o P M W TR A A R
A AL TR 43 AR () - RN (Z)-75 TR 35 SOURA i P e 7
(R 12). ZIUHF 7T 1 5 08 i A 1 B Ak B 1R
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Table 11 Copper-catalyzed enantioselective synthesis of 6-
member-oxaboranoic acid
Cu(OMe),, Bopin,
Xantphos, ‘BuOH

THF, rt.

WBpin

Bpin

Lg (5 mol%) 7
RCHO, -45 °C o
. =
4 A MS, toluene R :

Bpin
(I)H
o B
2
)
Bpin O—? Bpin
Me
95% yield, 98% ee 84% vield, 99% ee
Z:E>50:1 Z:E>50:1
(I)H
B
o
X
Bpin
95% yield, 99% ee 94% yield, 98% ee
Z:E>50:1 Z:E>50:1
o o
.B _B
o ]
o = TBDPSO
Bpin Bpin
92% yield, 99% ee 96% yield, 95% ee
Z:E>50:1 Z:E>50:1
o o
_B _B
o o
Me - -
Bpin Bpin
93% vyield, 95% ee 90% vyield, 93% ee
Z:E>50:1 Z:E>50:1

IS A 0 TR LRI 7 . 12 S5 S A s o A
A A3 ) DA e e N 3 45 P A It 5 4 A I 5 )
LA b P Aol L 07 0308 3o P R L T D A
AR e S A . S SR SR A% R B B A AR R
RE IR, 2 s A7 UK AL 141 i 1 0 mT LASUR 3t %
. 2777 AR Morinol D 4 & p.
S 71N (E)-Jis TR 2 0 R I 1) S5 I8 AV v 1 (2)- s PR 22 A R i
(S SV, e Ah BT AR TS S RN, N EOn & 4 K x
WU FEE— AR T A &4
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Bpin

= Bpin

Bpin

MBpin —

PhCHO

toluene, r.t.

Ph

Bpin

Bpin

14 14
Yield of 14: 83% yield

14:14' = 12:1

Bpin

Bpin

=

Bpin

Bpin

%

0o
%p-0

~

o
H

T

PhCHO, - 45 °C

Lo (5 mol%)

Ph

4 A MS, toluene
Bpin
|t Chiral-14: 95% yield
98% ee; dr> 50:1

B 6 AR ML FEE S K 6 TCHIER B I & 7 i

Scheme 6 Transition state analysis about the formation of 6-member-oxaboranoic acid

A2 LB A PR AT T

Table 12  Study of protoboronation and further asymmetric transformation

Cu(OMe),, Xantphos

CuCl, IPrHCI, Bypin,

Bpin._ X~ Boi
B,pin,, MeOH pin
E-selective

/O

NaOBu, MeOH

Bpin Bpin

Z-selective

Lo, RCHO, tol

_—
then TESCI, Im

Lg, RCHO, tol
—_—
then TESCI, Im

OTES
X
Bpin
OTES
RO

S

OTES
X

Bpin

84% vyield, 99% ee

OTES
X

\Bpin

82% vyield, 86% ee

oY
B
Y

pin
87% vyield, 99% ee

O OTES

| =
o “Bpin
62% vyield, 91% ee

X

\_s

Bpin
78% yield, 98% ee

OTES

S X

\ [ i

\Bpin
86% yield, 70% ee

(6}
98% yield, 96% ee
OTES

Bpin

[::T/\V/\ﬁ/Q§
\Bpin

79% yield, 74% ee

2019 4F, SREHRBHIRIE T AL 1,3- 200
IR B PR A T Tk 2 AR AR AL A, @I Rt — 4R
PR A5 SR LA e R A B 0 TR RS RERT AR (R 13).
N LA Boping 1E RS, Ak T R L H0
S KA BE X 3 e =4, ATASE P= 0 v R BE T oK 3 11
Wk, TEm R B A6 T, 05 B AN 05 20U mT AL
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B B AR W e B A A B, (E R AR I TR
W FNE AT BT T B, 2SR (7 1 T8 A R i A
f, DRI o S Fl A PR AT 2 A S A 3 2
SLIR I F G5 K. ] STk WA (A 1) R AE R AL T
WD BRAR AR, T AS 2 550 74 R 00 5 7 S I 114
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Table 13 Copper-catalyzed highly selective reduction and functionalization of 1,3-diene

Cu(OTf), (10 mol%), PPhs (11 mol%) H

LiOtBu (2.0 equiv.), B,Pin, (2.0 equiv.) R2/§O y N

H,0 (3.0 equiv.), DCE, r.t., Ny, 1.5h

70°C, 24 h

SOAG

88% yield, >20:1 dr

X
Ph oh N
HOY
Me HO
\ |

Me
81% yield, >20:1 dr

93% yield, >20:1 dr

90% yield, >20:1 dr

QAFWF

80% vyield, 13:1 dr 41% vyield, 7:1 dr

78% vyield, 8:1 dr

68% vyield, >20:1 dr

FELL b TARERAL b, kv RS e T — Fh
A 1,3- @B AR 5T A0 A D6 — A T 5 S A
,By ANERRBRATEI T EGR 14). 227 E 28
GER T2 AR T RAR =RV A oy . B Rk
ARGV E T B A LSRR,
PR T B RE A A, FF B ARG 0 En B A
B, BT CLZ R 2H R R 1R e 5 VR i RS
GMEAEEE . BRI Z R NS RS
SR T T AR RIHEATERR, H 4 e D R
Rirp R R T R REEMAEN. ZRMNEE RIFNE
e AN 32 1%, 40 24 75 30 e A Il 2T, wT DUmF]
AR E AR 2. AR 2 DLk 3 R 0 IR, R R Y
W B REK. ERERRZ, RN hT
DL BOR IIK T A Fai 7] 1 S 46 i At

T T ¥ SLaG, VR TR 1% 00 TAE Hoxf I N ALEE i3
1T 7 & FAHEN (Scheme 7). VB 564K Cu-B 444
W15, BEGHES 1,3- 0 R SR B SCHE 1 o (a4 2
B 16. 2 J5 s AT ER S 16 15 &8 10 s B AT LA 3]

WA 17,3%40 &5 AR SN A BT 75 =4
18. Bb4bh, fEZAM ARG, (k& 19 nf LUE T
GC-MS F1 HRMS #4745, & /& i Byping 5 CO, %
J7AE IR, BT DAY AR A R AR IR 2 SRS, T X
FIT 75 0 S S 885 4 7 A= 7 T 5.

B S5 i R A 2 UOVR R T A B T A AT A Ak
Suzuki SN JE AT B BEA RIS (R 15). T IUR
FA AR i JE 300U AL G SRR}, SEEL T — 2 O AR R
S 0485 8 R A 957 FE A S . 1% 5 VR T 95 FE 0 R RN 5
T B A R I B R R 52 R 1) S 77 %
(BT 2 58 0UJ5 2 I PR 2 BE SR 1 B, T ot
FMACIASBE K AE BE R B, 2 B FI PR — N K
U A, AT R AR % Bl L N AR R N R Ak A .
TEZIURE T, & iR I T hi 249
R824 (B HE A 1k

TEZ I 50 VR 5 OB AT T IR AR
1 e AEF I & N B ) R AR SE T B R A IR
(58RI Suzuki N TR, R S R ik &

R 14 WL 1,3- 75 TEMRI 1,2-FA BRI RN
Table 14 Copper-catalyzed highly regioselective 1,2-hydrocarboxylation of 1,3-diene with carbon dioxide

CuCl, (10 mol%), PPh (11 mol%)
B,Pin, (2.0 equiv.), KOBu (2.0 equiv.)
MeOH (1.25 equiv.), NMP, r.t, 1.5 h
RN ° o - R
CO, (101 kPa), KO'Bu (2.0 equiv.) CO,Me
NMP, 70 °C, 24 h; Mel (3.0 equiv.)

X X X
CO,Me 1 CO2Me COzMe COzMe VoS CO,Me

59% 70% 34% 51% 53%

O o X0 o T b

O\'? CoMe X CO,Me \ | CO,Me CO,Me
o)

é’ 41% 50% 52% 20%
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LCuBpin
[ 1;) ] Ph" "X + MeOH
Bopin
e [LCuO®BU]
CuX LioBu, L [LCuO'Bu]
u uO'Bu —
Ph—/Ts\—Bpin
%
Bn =\
-c=O-cuL
Ph X o= #"\ [LCuOBu]
CO,H — )
18 CO, ph_/_\_CuL szlnz
me )20 X [LCuBpin] X
Bopin, [LCuOBpin]

B 7 ML 1,3- 45 =l e B Xt £k 1,2- SR A S N LB

Scheme 7 Reaction mechanism of copper-catalyzed highly regioselective 1,2-hydrocarboxylation of 1,3-diene with carbon dioxide

RS RS AR 1,3- T AR e PR X dsad 5 1 A 55 A S R
Table 15 Copper and palladium co-catalyzed the highly regioselective hydroarylation reaction of terminal 1,3-diene

CuCl (10 mol%), PdCI,(COD) (2 mol%)
SPhos (14 mol%), B,pin, (1.5 equiv.)

R1/\J\N\ + Ar—I ’ R1/\/\

LiO'Bu (2.0 equiv.), KOH9 (4.5 equiv., 8 mol/L in H,0) Ar
DCE (2.0 mL), 70 °C, N,

80% yield 63% yield
X
X Ph
" 99
22% yield 95% vyield

81% yield 68% vyield
5 seq
57% yield 68% yield

KA R SN T A PR AE AL S AL R . T B
J1EER ORI I S0, AR HEN R B T DL i AR
(Scheme ). B MNE IS FE, F=AMmH
SO R IR AR B S 12 RO 28 T AR A A TR R I S
75 BB I Suzuki AR AR K 1,2-3055 H 7= 4.

2021 4F, FRIEVRBIZEPOVR S T A Ak S =R Ak
1) 1,3-FL 50 45 1) SR B R T R V. (3R 16). 1%
SR AT DA ) G807 B OB, R A s A — R 2
AN &Y. AR, ZRNEFEFHOANE
RE A, 2- BT 4-HUR A & =50 T 2 10 1,3-3L650
IR REIR A O B AR . IF HIJG e AE B Oy B L
ARE AR bt 25k BRI LB R ERE, N 25 7] LTS
B m . HUbER, -2 0t nT sl B AR A,
L2 I S A 1 O G 1 2 .

DL b AR AT TP RCAR 2 5 OB AT DLSE LT
S, FIUrEd HECAE LS5 N, 1,4-00)5 7
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M BERT ASEELAL S i TR I (R 17). 4 Lo fE
BRI, 12-8A0 5 5t tn] DLE ] PR R4, B
P ee (8 (i fIX.
BE— B T FCUE B AE LB S R ey, = 3 ik 3k [4]
Xt C=C XU SN LA S N R e 3k 7 2 T 5
FLRIRE R 020 DL b s 2R = g 3 3 0 e ik
J L PRI R FE Ak BRI RO 1. Bilin 2 11
B-1-RHE-1,3-T @ AR N ERHES, A6 Lao {9 EC A fiE
fi DU i R0 g 3P A 15 A OB T P v R0
ﬁtﬁﬂﬂ%%(ﬂ%m)m] BB SRR, RN E
RERGCA R, JF AR BT 1,3-3850 — 4t
ﬁ‘é%?ﬁﬁ%ﬂ‘]ﬁﬁzfiﬁi PN R EE NG
JR R A, FLRT DLAE R AT SR S A TR AR R 2 A R 2%
FE). FF HALZI S, AR BRSO N AT A
J— FRBURIR = A SR v T4
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Ph
A
Ph T LCu-Bpin 'BuO-Bpin “Pd—L

1~ . w
oxidative
nglnz addition
Ligand I Base o
LIOtBu Pd'+ L [LPd"]

|Cu| @
Bpm [Cu] reductive

Bpm elimination
Ph/\/\
K Ph
Ph L hn
. BPi
|Cu| Bpm \\.—\\'Ed/: n PR

\ HO |
bh ~—___—  _Pd

Ar L
KX 8 %ﬁ%ﬂ%&%f’é%ﬁ@ﬁ”ﬁ 1,3-:%‘313‘]%‘Elziﬂiii?%‘ré’iﬁ{%ﬁmi&mﬂ

Scheme 8 Reaction mechanism of Cu and Pd co-catalyzed highly regioselective hydroarylation of 1,3-diene

K16 IS =5 TR 1,3- 3058 IR Ak it 14k S i
Table 16 Copper-catalyzed protoboration of CF3-containing 1,3- conjugated dienes

CuF; (10 mol%), Xantphos (11 mol%)

CFs H,O (3.0 equiv.) CF3
R A /'::\\ + Bypin, ,:/"\\/OH
NaHCO; (2.0 equiv.), THF, Ny, rit,, 24 h R
then oxidize to alcohol
CF; CF;
> OH X — OH M/WOH
OO Me Me CFj3
94% yield 87% yield 90% yleld 81% yield, 1:1 dr
CF.
CF3 CFs & OH ’ OH
p R O
\ le) \I““
52% yield
75% vyield 93% yield 81% vyield, 1:1 dr CF3:CF, = 5:1

RAT A S =T R 13- 3050 0 B B BRI 5T A SR

Table 17 Copper-catalyzed enantioselective protoboration of CF3-containing 1,3-dienes

CuF; (10 mol%), L4g or L4 (11 mol%)
EtOH (3.0 equiv.) H CF;

RT X% + ByPin, — -
LiO'Bu (2.0 equiv.), THF, N,, 25°C, 24 h
then oxidize to alcohol

5 Ph,,_.q : i OO 5 CF, Me H CF,
! P”  Ph ! ; : ' OH
' E 1 PPh, | ©/§/\/ =
: : : PPh, !
! Pha_P g : O‘ : with Lyg with Lyo
; \Q “Ph | 5 | 70% yield, 90% ee 55% yield, 88% ee
é L1o : o] bn . :
H CF; H CF;3 CF3 H CF3
/@MOH /@A/\/ /@M /@A/VOH
) Phy
Et ) Fpr h 9)
with Lqg with Lqg with Lqg with Lqg
78% yield, 90% ee 73% yield, 90% ee 66% yield, 88% ee 76% yield, 88% ee
H CFs H, CFs
H CF, L on H, CF;
Ph \
with Lqg with Lqq with Lqq with Lqq
66% yield, 84% ee 60% yield, 80% ee 78% vyield, 68% ee 58% yield, 74% ee
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Table 18 Copper-catalyzed highly enantioselective 1,4-protoboration of 1,3-dienes

CuF; (10 mol%), L1g (11 mol%)
LiO'Bu (2.0 equiv.), HFIP (3.0 equiv.)

THF, Ny, 25 °C, 24 h
then NaBO3 -4H,0 (3.0 equiv.), THF/H,O (V:V = 1:1), 25°C, 3 h

H Ve H Me H Me
/@/’k/\/OH Clj@/k/\/OH | )| _ OH

Me

Ar)\/\ + Bppiny

H Me
Ph VO\QMOH
O._Ph

HMe

S OH

80% vyield, 96% ee 65% vyield, 95% ee

65% yield, 1:1 dr
Me 86% eeq, 93% ee;

71% yield, 98% ee

65% yield, 93% ee 74% vyield, 97% ee

M
eY\/\‘{H\/\OH

Me Me

69% vield, 97% ee from Nerol: 77% vyield, 93% ee

T EESERLNS -8R 13- mEHEZ
Foh A A ANAE S, BT DA S IR 1% 28 R L0 00U 11 5 Jk
PR LA R E. 7E1Z 438, Suzuki, Fount,
Chirik 1 Ritter /NAPICLEHE T 8 A A BRIk
HE A S 12 LB 00N (1) v FE A 2 X3RS AR I
PEMINE A S, AE R TA R 1,2-, 2,1-F01 3 4-3E %
AL =R 7 v — ELEE A 3ERE. 2018 4F, Mazet /124
RIE T —FhE o WO B AR A 2-HUR-1,3- 24 1
1,2-BAL R T4 S (% 19). Horh FAEREIECAE Lio %t
FzPlm. X AR A At A4 i 5 1 5
BREBEMEM. ZTETUSTZ M ERIIMAE,

£19  HfELll 2-BU4C 1,3-—

WFREZHEH B F B AE R 57 FEUR
FERILHE 1,3-HE AT DR G R AR IR, DL B #E Ak
AT DS G % 1) S 1D X 48808 5 1 AR B R 1, 5
DL S5 2 A S IR AR 2 B AR = 4.

2013 4, Lam PREHPHRIE T 4HENL a,B,y,0- A1
FFREAL BP0 E o WOk FEVER 1,6-BI4k 5 0 B
(2 20). &I BAE R FRPATHET, FFHAEH 0.2 mol%
(R A7 B AT S B 8 . 12 s R T DA 25 v
LRI =il & FEARSCHR, B RANZ TR R IE T %
JIE [T B2 2 D BT AR A T R A4 5

K FOBAL 5T AL 7T

Table 19 Cu-catalyzed protoboronation of 2-substituted 1,3-dienes

CuO'Bu (10 mol%), L4 (10 mol%)
Bopin, (1.0 equiv.)

H,0, (30% aq.)
NaOH (4 mol/L)

MeOH (2.0 equiv.)
pentane [0.15], 40 h, -40 °C

THF, 30 min, 23 °C

1
R =

1,2-selectivity  4,3-selectivity

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

c
64% vyield
dr.=3.8:1,60% ee

88% yield
d.r. >20:1; 89% ee

70% yield
d.r.=9:1; 90% ee

ol

56% yield 73% yield
d.r. >20:1; 86% ee d.r.>20:1; 91% ee

Me Me OH
N
/ Me

60% yield
d.r.>20:1; 80% ee

78% yield
dr.=7:1,94% ee
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Table 20 Copper-catalyzed enantioselective 1,6-protoboronation of a,f,y,0-unsaturated carbonyl compounds

Lg (0.24 mol%), B,ypin, (1.2 equiv.
5 ( 0), Boping ( quiv.) Bpin o NaBOs-4H,0

O
CuF(PPhj3)3*2MeOH (0.20 mol%) /I\/\)J\ 10.0 equiv. /l\/\)j\
1/WJ\R2 R17NF R2 NF

R PrOH (2.0 equiv.), THF, rt.,15 h THF/H,0 (Vv =1:1) R R?
1,6:1,4 =>19:1 0°Ctort, 10 min
"""""""""" 2 OH 0
Me ; OH o) OH 0 /\/l\/\)j\
rey, + A N teopso. A A~ _J (N 7 OBn
Fe PPh, I Me OBn oBn ¢
5 @ Ls 5 91% yield, 95% ee 92% vyield, 96% ee 70% yield, 96% ee
___________________ Vo
o)
Me oH oH O
Ph OH 0 OH 0 OH o PRHNT =N oH
(A AN A~ N teppso. A _~_M =~
Ph
OBn  Me Ph Me 94% yield
86% yield, 96% ee 68% yield, 95% ee 61% yield, 96% ee Atorvastatin
F

2 EEESERUHEEVEMURTINR 7 SREREIY 1,03 S0 ST R
i B, C2 A7 -t s p o & A= 05 264k, 2019 4F, Fernan-
dez VLR ALCSHRN T — ] 13-~ MO TEIE I 4 R LR

2016 7, Fernindez PRI UHUR 7 ERIRIE 24y 2 1500 oz i 70 b SUIMA NaaCOy T

R 2 S 5 B BN & W Hbase] [MeO- 59y pypr sigraenmt | s S eh I R FEROA I 2 286

szinz]iifﬂ‘ié'f’tﬁﬂﬁ@é. 2018 ﬂi) 121%@23[27]%“% [;LJ: W%EPIEMSE(]%%% 80.8 kJ'mOlil, %—?E’i%’ﬂﬂ&&

FMESEILT 13- KB SR 123- S0 e m 01 4 el ), T BLE ARSI B A

FORL RS BIF 0T LA, BUAIORIR, M e

W, LA IS R 195 31 3- T 457 LU

FTZR R 21). AT RN, miasT 3 BES5RE

1 AU IR LA, I LA e S 46 T B B ——

EERL23- ), BUEIEIISURRRN IR g g g e P e e DR B 1RLF 1 5 PO

AL, 5 T T A oh 1 2 5 7 D6 BT FE AT T

£ 21 RA-1-95 56 1,3- IR I TE G R = WAL S

Table 21 Transition-metal-free triboration of frans-1-aryl-1,3-dienes

B,pin, (3.0 equiv.), Na,CO3 (30 mol%) prm
/\/\ 3 1
AN MeOH, 90 °C, 16 h Ar 2
Bpin
Bpin MeO Bpin Bpin
Bpin Bpin W Bpin
\ )
i i O  Bpin
cl Bpin Bpin p
94%?2 [71%]° 99%?7 [65%]° 70%° [64%]°

O Bpin Bpin
Bpin Bpin Bpin
Bpin Bpin Bpin
Bpin

68%2 [48%]° 53%?2 [30%]°
56%? [47%]°

aNMR yields calculated in "H NMR spectra with naphthalene as internal standard, ® Isolated yields.
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Table 22 Transition-metal-free 1,4-hydroboration of trans-1,3-dienes

% Bpin
AN Bping (1.1 equiv), NagCOs (15 ~ 30 mol%) AT

R MeOH, 70 °C or 90 °C, 16 h

<>

R
H@Bpin

/@/\/m,‘/Bpln

/@/\/u,\/Bpm

WBpin
\ 0]

50%? [23%]"(5/2 3/1) 61% [32%]° (EIZ = 4/1) 53%7 [15%]° (E/Z = 4/1)
= Bpin

O Bpin w Bpin

62%? [40%]° (E/Z = 9/1) 71% [16%]° (E/Z = 3/1) 79%# [59%]°

aNMR vyields calculated in "TH NMR spectra with naphthalene as internal standard, ? Isolated yields.

Ry, &t o7 a2 28] TR 2 IR 1) ey, H T
CORTH IR 2 HE . X SR 5T s R 7R 1 $5H1)  B
X355 34 9% 1 ARV Aot 3 98 1 1 R B A B 4k A, I HLIE SK
2B IR S TT DA 2 v SR ) 45 DA S T A= i
ST IR ARG B AR, 1T IE UK SR A7 AE — 2
PR . g o, 2 A e R AR B R B R g AT
P A D IS VA3 Fepe <8 il S 1 (A S G E S E |
R g e BT UG HEAT IRONLRSS, e 87 ) X 4583 436 P ol 4
W, bAk, B AT A0S 1 A I B 00 B A 5 TR B L
SRR, I I8 i A 1 45 S B B M A AR A2
T2 AT A s TR DR, R U R AL R T
%&fmmwﬁﬁﬁﬁm RIS
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