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Abstract Organoboron compounds are wildly used in organic synthesis, materials science, life and health science, etc. The
development of synthetic methodologies of organoborons has therefore gained intense attention nowadays. Typically,
Bis(pinacolato)diboron (B,Pin,), pinacolborane (HBpin) and catecholatoborane (HBCat) are predominantly used as boron
reagents in catalytic C—B bond forming reactions. Different from the above traditional boron reagents, borane adducts with
strong Lewis bases, such as amines, phosphines, and N-heterocyclic carbenes, are promising boron reagents because of their
readily accessibility, relatively high stability, and easy operation. Moreover, the different chemical properties of these stable
borane adducts towards the traditional boron reagents provide possibilities for development of new C—B bond formation reac-
tions. The applications of the stable borane adducts as terminal boron reagents in hydroboration of alkenes or alkynes, C—H
bond borylation, carbene insertion into B—H bonds, cascade cyclization initiated by boryl radicals and substitutions, which
provide new methods for the preparation of organoborons are reviewed in this paper.

Keywords stable borane adduct; hydroboration; C—H bond borylation; B—H bond insertion; boryl radical
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Scheme 1 Bond-forming principle and main classes of stable
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FaE kN & 4 04 AR R 7 (8 (Scheme 2): SZ46
EOM MR B AAF RS BHyTHF 5%
BH;*SMe, [z w7, BUARES Lewis Bl sika & (Rl Gein &
W, BB R £8 5 NaBH, 5% LiBH, 5 3 9 7] DL AE BAH
SRR A, Tl b — R I 7 92 R A ] 4%
PEAMEIE 2 ] N4 R, Bl e in - P s A e &40
AL 0Pl B R PR R T R AR A 4 I B A ik
AL B e A 4,

L + BH3*Me,S or BH3z*THF ——L—BH; + Me,S or THF

LHX + LiBH4 or NaBH; — L—BHj; + H, +LiX or NaX
L'—=BH; + |2 ——— L?>BH; + L'
L, L' L2 = R3N, RsP, Py, NHC
X =Cl, Br, |, etc.
B2 BEmkom A& ik

Scheme 2  Synthetic methods of stable borane adducts
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(1) BHg*THF R
(2) Iz, CHyCly W/j H,0,, NaOH OH R
RW\NHBn __ - T IHB‘N\ + IHB\N — - R . Y\/\NHBn
f . Bn N, NHBn OH
H Bn 3a 3b
2a 2b

R=H 90% yield (3a:3b = 1:3)
R = Me 83% yield (3a:3b = 11:1)
R=Et 82% yield (3a:3b = 10:1)
R = Ph 82% yield (3a:3b = 2:1)

R = Me 78% yield (3a:3b = 10:1)

B 3 B R s P R B oe n 5 P 6 7 5 A I S S b

Scheme 3 Iodine-promoted hydroboration of homoallylic amine-borane adducts
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Scheme 4 Proposed mechanisms for the intramolecular hydroboration of homoallylic amine-borane adducts
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EVAF S 1 vy 0 A Be b e in - 51 (Scheme 5). 1 1, (O AE
FHARABL, = %60 PP R I i B o S5 7 A o M e ) 5
TR e A, R E T IR R (R, T SE K
T AR

2005 4E, PA L A&7, Vedejs 25U ISzH T 4 A
M B e i A 0 0 1 TR B Ak S B2 (Scheme 6). — &
FIPEHI SRR, SN A RENLEE A mEsElein 595
P P A Rt e SR e I & 14, B 5 XU HL AT

I SN2 SRAZIE MU B 10 Hh [Al4A 15, fe R4 U He
ORI S KA SN N AR 16, FH4E AT 2IHH
L FTE 17.

XA SRR AbATT A SE I T 80 ke & 4 5 J kg
(157 7 BN A OB, AR BRI ZE DAL 570 18a 1 18D
MG AR RLER 192 A1 19b. 1% 5 8 0 X Sk 32
PESZ AR FREZ MR, 2 b i g AR S /AR, X
Wk FENEIR 2 (Scheme 7).
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\/\/\?; 1.1 equw TfOH 73/3 R\)\/\Pphz . j/\/\ﬁphz
ph BH;  CDCly, 0°C ot o Ph oTf "MeOH/NaOH l OH 5
1 PH PH Ph 13a © 13b
12a 12b

R=H 87% yield (13a:13b = 3:1)
R = Ph 88% yield (13a:13b = 93:7)

B 5 TIOH {3k i) e i P 2 B e n 5 0 1) 735 P B A S 2

Scheme 5 TfOH-promoted intramolecular hydroboration of homoallylic phosphine-borane adducts
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Scheme 6 I,-promoted intermolecular hydroboration of alkenes with pyridine borane adducts
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R—=-r —2 | B i Py—BH P PH
— 2 y—BH3 | y
CH,Cl, R1J\/R * R\/kRZ Me, Iy Me BZH 21
18a 18b - . 82% yield
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2 + -
MeOH R1JJ\/R R\)J\RZ 20 PH 29
19a 19b 61% vyield
R'" R® Yield/% 19a:19b
Ph  Me 64 151 BIZ 8 ek Aiume Bl B s A = SO BR AR Ak 5 ) il 4%
Ph Et 66 10:1

Me n-C5H11 61 1.5:1
Me C'CGH‘I‘I 64 3:1

B 7 L (b Ant we i oe - i) 7 - 1)l A e B
Scheme 7 I,-promoted intermolecular hydroboration of alkynes
with pyridine borane adduct
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9).

Scheme 8 Preparation of alkylpinacolborate and potassium
alkyltrifluoroborate
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A IR B IR R B e & 10 (NHC-BH ) AR 28 (1 4
ﬁcfif‘ Wi(Scheme 10). BAH MRS S, RIEAER 2L

RLZ& AT, NHC-BH; FU ke A G kA= Bl Ak S
f” 2 AR TONH J5, 7T DAE=REET
FEUR ST N A RS . AR ) ek )
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BH; 598 THENH 1F ], M 225 Rl e PR 843 BH 25
A 23, XA R E IR (2) 23 Flid &R E
SR A EARE, AERCE Y 245 (3) 24 H

Me,
Me (1) BH3 -Me,S, I M
X NH, NaOMe, H,0,
| N
7 (2) BugP, DIAD :
50% yield, dr = 10:1 NS
BH;-Me,S, I, DIAD = PrO,CN—NCO,Pr indolizidine 207A
Bu,P, DIAD
Me
H
H20,
—_— HN
OH

B9 ZIEMIbe &Rl S TR 1

Scheme 9 Applications of hydroboration of amine-borane adducts in natural product synthesis
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X _ H,NHC—BH “NTF.
TfNH NHC-BH, = [ >—BHs  H transfer 2 2
H, N GHC4Ho
Me NHC—=BH; Me
T CeH13
CaHs ™S NHC—E|
NHC—=BH,NTf, Hvdroborat NHC—B(CgH13),NTf, ——— \’; \H “NTF,
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B 10 THLNH LR A EAFR R = e n & il S L S s
Scheme 10 Tf,NH-catalyzed hydroboration of alkenes with NHC-BHj3

NHC-BH; KA S5 %, ‘ERH bRV 26a, [FINHHTE
RS PR TR 23, RN TS R (A4 24 N5 B—H 8, G
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B—H ##, {H& H eS8 kIS~ BAR %
e Ads 2T DL T3 s A0 P 0 B0 &AL, (R BT84 BH
BRI TG P EAR 25), B2 A pk
IEFE T 1) 26D, 38 SR 1 X 382 PR PR AR AEFRE ).

B J5, Curran 2518V B Ak 4214 1, S2E 7 NHC-BH;
AN EAG SR, 25 A s s IR (KR D). 5
TEHENH fEAFIAHEL, L AN A A 52 R
EFVE R, AT LA e e IR R I I A S AT 20 I L
W&y, STk Tl e SR & R, H
w5 1,5-30 3 W B ARG A 27, TS
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(Scheme 11).

/ /
10 mol% I, N
+ [ — [ B
O B o, LR
\ \
Me Me 27
//ﬁ 34% vield
N 10 mol% I, N Me
[ >_'BH3 B —— [ >)BH2
N CH,Cl, N
\ \
Me Me 28
25% yield

B 11 FOREIEI R R
Scheme 11 Synthesis of cyclic NHC-borane adducts
Curran 2R H 740 Scheme 12 7R M ALEE,
NHC-BH; 5 L /A S R miL &4 29, iZ4t
SR A I TR ORAE, (EXS K BEATI ke s
MERZRAI AT E. IS 29 1L PHRES) 1
WFERIVE L, B e A ple b AR Bl S 30, BE
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R 1 LR E IR R EZME N &% il S U8
Table 1 I,-catalyzed hydroboration of alkenes with NHC-BHj3

/IVIe IIVIe
N N
10 mol% |
Alkene + [ >=BHy —— 2» [ >—=B—Alkane
N CH2C|2 N H2
\
Me ;\/Ie
Alkene Product Yield/%
Me
Me Me N
= [ >—=BH, Me 75
Me Me N\
MeMe MeMe
Me

Me Nl
L T
w O

I/VIe
Me N
[ >—BH, Me
N\ N 61
Me Me
Me

Me
Me
Me
/
Me N
/:< [ >~BH, Me 50
PH  Me N
\' PH O Me
Me
/IVIe
Me N Me
MeﬁMMe [N%BHZ/ Me 37
Me \Me
Me Me
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Scheme 12 Proposed mechanism of I,-catalyzed hydroboration
of alkenes with NHC-BHj;

HEME R NHC-BH; L MEHUR, & dbrE ik
32 A A=, RIS EERT A s PEAE AL 7 29, TERL
HEALIEER.

2013 4, Curran ZPNKE T THENH B0 L {2#EHY
NHC-BH; FlfiE 5 B e 12 10 040 ) B (Scheme  13).
Feicfs B2, SR R EUR bR, A&
(L BE B RESGT RS I 1, 1-BE AL 33, 1% N AT
bt Bt LR IR B A 2, AR R E R 2 K
WAL =W R A 34a~34c, X T 2K ILREIL PR i
W) AR B AN A AL ) 35.

22 SREECHIISKREE

FH EG T R A 3E B e I & P I A B, 4
JE AL IR e n - P S A e S T 85 /b . 2011
4, Weller 25221 Rh(P'Bu,'Bu),BArs AL T =
FR B e o0 64 5 0T 3 20 36 B &k S (Scheme
14). AT R ML N A7 5 = B R e A ik
Al A 38, B J5 48X B—H Badh 4T S Ak s A R ] 4
39, FEXHEREREATIE RS N AE Alrb R A 40, 32 Rk T
R B AE R AR 41, B S = RO e ke A A e
AR S IR EAL R P29 37, 58 AL R, a4k 41
B3 T AT RN A A R ER TRT
RO MIRY. 05 MR R, Ak
Rh(xantphos)BArg™ B o] LLAE AL L2 s B, 3F HikAT T
FEAN AL EESLSG, I\ Ak J5 v B e R e o (1 v 3ok
W

2012 4E, Parrain 2521 DLES AU ) Rh(D)F1F- 04 XU
AR AT SR T 4 AL I A 30 =il e n &
IR F NIEA R SL(Eq. 1), AlATRLE P R BRI 4
IR EZWGEINEY 42 N, BELAR R 94% MR
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I/Vle H SiMe;
N (1) 20 mol% Tf,NH, CH,Cl, / SIMe
[ >_'BH3 H |Me3
N (2) MeySi—=—S5iMe, H °
Me H SiMe3
33
44% yield
Me Me;Si "Bu
/ —
N .
1) activator, CH,ClI N )_(H
[ S—~BH, (1 2Clp [ e N
N (2) "Bu—=—SiMes N \/ 1”
\ _
Me Me
Me3Si "Bu
34a
n
Ve Me3Si Bu Me I>:<Bu
SlMe3

[N>_'Bg_<s|Me3

\
Me H "By
34b 34c

activator = 20 mol% Tf,NH 34a:34b:34c =71:21:8
activator = 10 mol% I, 34a:34b:34c = 86:8:6

}Vle N|\|/|ee3SI Ph
[N>—>BH3 (1) 10 mol% Iy, CH,Cly N/ Y
N\ (2) Ph—=—SiMe, [N>—’BH2
Me \
Me 35
34% yield

B 13 THNH L (2t R R AR A A3 R 2=l

e & B A R
Scheme 13  Tf,NH/I,-promoted hydroboration of silylsub-

stituted alkynes with NHC-BHj3

H1 98.4% ee [0 BRIGFENEAR 2 TCHOR &L &4 43.
2014 4F, B ARGRRGE T S MK 0T N R
YA AL [ B (Scheme  15). AT EUE B b e in &
¥ 44 A =FM(TA)FRE B Au(D)FEALT, B % T 1465
(2R354 N RENR] R A, DA S sl m i iex &
BT — RAVE BRI A 45, AR s S ML ER
NEMAFNTUIEE A 46), BEEGEME Y
B SR AR AR B A 4 rh TR A 47 1T AR H AR
Y. P 45 hEIE AT LUFD LiAIH, 5% PhMgBr & ZEHL
RIRBL, 73 A ORI ZN A5 48 BY 49.

2016 4F, $WHEREPUEHEK AW Cu(OThH, /F
VARSI T & IR g M S &4 50 153
TSR, &R T SRR &Y 51 (Bq.
2). HAIMA Cu(OTD), i R BEA3 25 22 I e AL 28 A ik 45
PE. AT Lewis BRUEAL T Cu(OTH), 7T LA B A IR

- = EME-Au G MRS 2, AR
RS VR AR, (R T RN EEAT
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5 mol% Rh(P'Bu,Bu),BArg
BUX + MesN—BH;
36 1,2-F206H4

Ho

B
’Bu/\/ ~
37

ca. 70% conversion

NMe3
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[Rh(P'Bu,Bu),]*

H, lMe N—~BH
3 3
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NMe3 NMe3
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[
t PR, 2
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PR; 2
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B 14 Rh fEAL AN = BRI Ge & 9 il S s

Scheme 14  Rh-catalyzed hydroboration of alkene with
Me;N-borane adduct
RN 5 mol% [Rh(nbd),]BF 4 RLN/T
>/N 5 mol% (S)-Xylyl-MeO-BIPHEP \/ "
H:B Q CH,Cly, 20°C, 1 h H2B\<
R2 nbd = norbornadiene 43 R2
42
R' = aryl, akyl MeO up to 94% yield
: P(Xylyl
R2 = akyl YWDzt 98.4% ee

MeO i P(Xylyl),

(S)-Xylyl-MeO-BIPHEP

23 MWMEmEVERESSHNMSRN
TEABINE WA ST, Wb & ity LAk
BH RN, Sk EREMERRB. 2014 4,
Curran Z5EPHRIE T 5 451 (25 e (B S04k S (Scheme
16). BT ARPHEEIIA &, A AR AT RS
w5 F ARG — R A IR, X i T AR A
SN AECASEEL. T EE s B NHC-BH; 1] LAZE AR A8 H )
WEE TR e A7 (e, P nr B 5E ol &4k /e B2 il
NHC-BH; 1] 5 IZE IR AT 52 48 KF A BEAEAE N IF)
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H

2
| R 5 mol% [XPhosAuTAJOT
Z N A N—re
R DCE, 80 °C R™ 2By
4 BH,CN N
R' = aryl, alkyl, H 45
R? = H. "Bu 45% ~ 95% yield

] |

H
[Au] | _R2 ) [Au] H _,
%N/ 5-exo-dig 1)\/\ I
R1 /‘> * R +N
_BHCN
H 46 47 BHCN

PCyz
Pr i iPr

Pr
XPhos

3 equiv. LIAIH I N—
4 Ph N—R
THF, 0°C ~r.t. g

/[\ 48
Ph N—R | R =H, 73% yield

NC/ H H R = Et, 81% yield
45 3 equiv. PhMgBr /FN’R
L ¥ e Ph B “H
THF,0°C ~r.t. P H
49
67% yield

B 15 Au fEAHIPIRRIB G0 &0 73 5 A IS S
Scheme 15 Au-catalyzed intramolecular hydroboration of al-
kynes with borane adducts

R1 10 o, | R2
H mol% [(ArO);PAU(TA-Ph)JOTf
\/\N/Rz 20 mol% Cu(OTf), NZh
y DCM, r.t. X E\CN @
BH.CN  Ar=2,4-Bu,CqHs R
R' = aryl, alkyl, TMS, H 51
R? = alkyl, H on 58% ~ 92% yield
/
N\
Ly
N
TA-Ph

RMNA R NHC RIS INEY) 53 (Schemel6). 724
53a 1] L5 I\ By, NCS &5 5 oA oA 2 s 4 Qi e iin
&Yy 54, BEMKB AR, BTl Selectfluor 1F
FAE RS S8 () NHC 2K 3 S n&4 55, Sk 7e s
AT RN R AR 28 BB S B, AR v PRI SC R A A
HIBEZRE AL ST,

B, Curran Z58RIE T NHC-BH; f1Z bk — R
ZHESRN AR B, ERA T NHC FE 2
IR ED) 56(F% 2). 1EIXAN N A 3 B E =4
1,2-W AR B A B (B)- s B &4 57, 3R
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Bl SZRS5HE
R R
/R CO,Me CO,Me /
Me =
™S R 2equiv. KF Me p [ >—>BH3 | _.[ >_.BJ [ >—=BH, CO,Me
E >—>BH / 2 equiv. [18]crown-6 —N \ >—/
3 I [ >—sh, COMe \ CoMe \ dome
TO rt N R R 56 57
52 R
Me \/\ Me 53 l
Il P 55% ~ 72% yield ve
------------------------------------------------------------- N Hy Me @
B.. N 7
M [ )B-. o
NlMe / e N\ H\jE [ >—~I'|3‘
I, or Br. H,0 i N N
[ Y=BHPh ——— [ >—BX,Ph —>—» PhB(OH), Me ' e 1
N or NCS 58 E %,
\ N S
Me Me l E =CO,Me 61 W e
53a 54 T
Me 1 equiv. ArBr Me (j
1 mol% Pd(OAc / Me
Selectfluor 3 equi(\)/. ngcolz N L,H / o
[ S—=BHPh ———> [ Fph ooV 292203 P [ B
CH CN CH30H, reflux J HE THF [ >_.BH2
Ve Ve 55 68% ~ 87% yield Me T L
53a 83% (stable) E E,
59 O
O - H”  E
B 16 FHEEEH R MG na i E R v 60

Scheme 16 Hydroboration of arynes with NHC-BH;

F 2 I NHC-BH; fl 2 IR — G & i AR R etk &

2|

Table 2 Synthesis of NHC-boriranes by reactions of acety-
lenedicarboxylate esters with NHC-BHj;

COMe THF,-78°C~rt R

CO,Me
or MeCN, 80 °C
[ }»BHg + | [ %B{ +
COZMe COQMe
R 2 equiv. 56
R
/
N
[ >=BH, CO,Me
N >_/
\
R COyMe
57
Yield/9
R 56 : 57 ield/%
56 57
Me 33:67 19 35
Pr 52 : 48 14 29
2,4,6-Me;CsH, 81:19 31 10
2,6-Pr,CeH; 86 : 14 80 5
4 IR R R BRI A Az BH AT PABE s B 2% R TR e P2

(R, L& 56 A 57 ANFe AL, Bz
PR (DFT) 5, AhAT 145 1 ] BE Y OB HLEE (Scheme
17): NHC-BH; 1 e & 54 58 4 A Ak FE 1 i
% B bk A R PE B R [AA 59, BERIYE R THE S0
e 57 T i B s 2 1 D A 1) B 845 B 125 1 R 2 0 22k £ B8
THIE Xk 60, ftif5 THF FLA FIME6RH 255
S NI R BB T o OB 7 i mpk, Hxd R s A
61. i Oppenheimer 7rF 3/ /2= IE R, 1E31E
TH B 61 AT LA 15 B0 44 28 P S R I
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BR 17 & R 2 DI e S SR
Scheme 17 Mechanism of synthesis of NHC-boriranes
BEPIA A B S AR R AR s 20l BB, AR R =TT
IplalA, aniRAE 1,2-50T 8 WA 2 2 A T B
56, WA kA C—B BEMIWIR, AR pr o b S O
=4 57,

3 C—H &k

W C—H B/ E fe b R BB B C—B
B A AN G Bos e, AR S T AT
ISR, BN T 410E HLE IR 7T 0h 2 — B i
&2 5 1) C—H 4 EENL = B B BTt IS 17—
JE .

2009 £, Vedejs 25 4RI T [PhyCI[B(CHs) e 3E
TR 62 &N C—H Btk B,
"BusNBH, I8 JE K I B, LA & W & s 1 &l
BT IO A Y 63 (Scheme 18). fhAII4A H T AT BE
(1 NATLEE: 5% Lewis MR — RE:ME & FAENEZ Y
Fetiie & e, 152 B8 smor v il 85 e 25
[Hf& 64, ZHEMAT S 7 —0FIRMIEHER S HA
MREER A 65. Fifi 5 64 BX 65 575 IR F H K =+ ]
A& 66, BEIMAZEK Wheland HE1A 67, £ D74 68 Mt
£ H, BRI 1 &40 69, #i o 1% "BusNBH, if JF 75 51|

=4 63.

5, Stephan ZEPYLA[PhyC][B(CeFs)s] i L7
LI T B REMEM &Y C—H B R B
(Scheme 19). 7EXMAFHIAN 1 equiv.[fI[Ph;C][B(CeFs)sl,
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) 1 equiv. [Ph3Cl[B(CgFs)4]

X
CfNMez PhBr, rt. x—:/ NMe,
Z H BH, 2) "Bu,NBH, B\

63 4 H
Ph3C 39% ~ 72% yield
Hydride abstraction ,T
(X=H) 3

@(\NMGZ NM62
Me
H BH, @(\ 2 69 \
H

e NMe2
| \\B‘NMez . ‘:\NMez - . B
, B
, \ /
H

HH Hy a H
n-complex ’ Wheland |ntermed|ate 68
66 67

B 18 Rk &Y 237 N 95 R C—H B AL S
Scheme 18 Intramolecular aromatic C—H bond borylation of
benzyl amine-boranes

P|\h j\Hs )Ph 1 equiv. [Ph3C][B(CeFs)a]l | ph HB@ é(CGF5)4
N N rt k *

\—/ N” "N
70 -H2 \:/
71
130 °c
Base
(P %j B(CeFs)4 Base (P\ /@ B(CeFs)s
73 72
Base = PhsP, Et;PO or DABCO {BusP l-[’Bu3PH][B(CGF5)4]

5y
@u@w

R 19 ZURAREMGE N EWH C—H B i S B
Scheme 19 C—H bond borylation from NHC-borane
BRI REMEINEY) 70 W] LUK 75 N B AL
BEI 71, 12130 CHIRMRE T, 71 AT LAZRER 4
¥ WS RAC AE BEAA  EAE A 72 T2 AT LU S BT
{4k PPhs Et;PO 8¢ DABCO AH EL{E FH 2 Bk B (1 &
Y73, R B Lewis BRBB PR, 20 BusP
W, =07 72 W RURAE IR AURIBOE s A =AMl
OIIEE TS 74 XA THEB NG T T B

SN TSR AL TR .
2011 4E, Vedejs 25 DLEAL R ¥ THNH S23L T g i
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Feti ke &4 75 115 7N C—H itk b, AT
B-N 24 FLIeHRAL &4 76 (Scheme 20). I N 75 ZEAH
YR R E(>120 °C). FEFHEN T S BALEE: SRR
TEHNH {EAE S ARSI & YT s a4k 77, 77
SRR T B FLSEART), HPT5 5 — 40 F IR R
SR FLE I ES BH B T rh (Al 78, SRR AR IR R
BE T Hy RSN N E] 79 5 80, Fij5 5
T TIRMES A =Y 76, I BB AR R
TEATR] 77, 80 AT B8 Ji7 VA K A5 B 5 24 72 4) 76.

N<gh,  (1)5mol% THNH, PhF, 160 °C N*
RJ/\/H (2) "BusNBH, > B
R2 R1
75 R2 76
R", R? = aryl, akyl, H 75% ~ 96% yield
EZ Rg
R N
“BH; N “BH;
TH,NH <
] H — 2, BH,NT, _, H
R A activation H R
R 75 R1 A RZ
R
R2 77
/J/\: BH;
H .
;
R RZ 75 precatalyst Ez H Ez
regeneration *B7 “B* -
H2 H2 NTf2
R1R2 H H ) R?
ﬁz+ 7 R

R2 N -
so\ ; gy NTf
1

R2 79

B 20 RTINS 2T A C—H SRl S8
Scheme 20 Intramolecular C—H bond borylation from benzyl
alkyl amine-borane

2013 4, Vedejs LA E ) THNH 23 1%
JERNBEIn & PR 735~ W 95 K i C—H BEMIAL SR (Eq. 3).
5 [PhsC][B(CeHs) JAH EE, % B 75 BRR i (FRE, T
82 FR) )2 FEPE AN A BUR 2 1.

(1) 5 mol% Tf,NH
NMe, __ PhMe 160°C_ !_(INM% .
HIIB\H

X
Z BH;  (2) "BusNBH,
91% ~ 96% yield

H

2013 4, Vedejs 21138 7 THNH {23141 P Bk
W bE &4 81 1) C—H B4k [ B (Scheme 21). I M.
[ rb e R 82 mf LUK I J5 v K A5G B e AR b &4
83, LAY KHF, /EHI15 245K — F MR e L 59
84, [5HEWHHE]T Suzuki M.
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BIHE

4 £ExB—HRZHBENRE

e AL R TR i - U R R T - R
SN EAT S B v PR AR SRR, R T4
DUEUF SRS R, RS-t BE S b2k SRR I — 3R
SRR T, FER LA R T T R Y,
ke — AR B Lewis BRIPERT, REMELLS R 51T
NBSER). T A A€ FROR e N 65 490 b B0 ) 2 B e —
RIS, BER Tl 0BT R, 43 B—H
EEEVNSIVAC IS SN

o . 9 SN
|_\ \P’Prz 90 mol% Tf,NH X:— \P’Prz
X — ¥

o
2 g, PhF, 140 °C B
81 H NTf,

82
n Mty g
BU4NBH4 ! — B/ 2

g3
| 41% ~ 84% vield

OH

KHF,, MeOH N
—

BF3K
84
34% ~ 94% yield

R 21 TENH B LI &9 7 A C—H ik

A
Scheme 21 Tf,NH-promoted intramolecular C—H borylation
from phosphine-borane

1993 4, Foucaud % Uil ik &4 5 & AU A=A 1
TR RESME R B RS N TR S YAE R,
B T RGBS, BAMER I &R RIEREXS
B—H & £ fi A\ [ Vi (Scheme 22). [t Carboni 20
FRAE T SR AN [F] R i RH B e S ) )4 N R
R, BT HR B—H BEIENASY) 87, IEMEER] T =X
=W 88 Fl = IKITN W) 89.

R c
Cl R
7] .cCl,
'Bu’N‘P R N |
tr,, - 'V~
P Bu” _P” R
L Py
853 BH,CHCI,
86

1CCly
L>BH,X —— L=BHXCHCI, + L=BX(CHCl,), * L==B(CHCl,)3

L =R3N, RsP 87 88 89 (when X = H)
X =H, Cl, Br, CN

B 22 & REEN B—H #HE N &N
Scheme 22 Insertion reaction of dichlorocarbene into B—H
bonds

1996 4F, Imamoto 74 IE T F B 1) & 11 o i
P PR B OB R R BRI ) B—H SE A SN, %
SN EA R R IRYE, B 724K B R =
b, SN R REFBI R - B 51N F R 43 (Eq. 4).

2490 http://sioc-journal.cn/

© 2017 Chinese Chemical Society & SIOC, CAS

1 1
R\ RCHI/Sm (7 equiv.) R
R?—P-BHs R*—P-BHCHR  (4)
R3 THP, -40°C ~r.t. RS
R=CHs H
Cy3P—~BH,CH,CH; "BusP—BH,CH;
70% yield 76% yield
PhMe,P—~BH,CH;
68% yield

Cy;P—BH,CHj
72% yield
"BuzP—~BH,CH,CH;
70% yield
PhMe,P—~BH,CH,CH;  'BuzP—~BH,CH;
62% yield trace

AR 5 B—H BRI S B 23T J LAE U 5
. 2013 4E, Aspdl, A HAMREPNRIE T Cu AL E R
Fig ol 2 60 90 A7 AE 1 - T2 BeHl e im0 AR A Ao i
G B—H BRSO, RIS DL SR EIR
TSGR RIFN ) a-BRFEDN o-FRIEBURIN L= 91
(Eq. 5). A AIT32 s F 40 5 - MR A SOUMEE Ak AR T A2 94 1 285
EYE AT, LT o-E % 92 %F — H LRI
T0E90 93 AT FR B—H 84E A SN, 3k TR m Xt
WLk FEME(Eq. 6). B AURYIITE 5 7 FO b il & 2
Lewis Bl 25 A4 5% S5 B, [ %o Bt i 56 P 52 #1048 K. B—H
N LA 95a 1A AR SR L ) FE A B AR FEHL I AL,
NFVETER AR EE B 97 X — EE A NI &Y
(Scheme 23). HERFEAFERT, 95a RNREE AL J 4R
FER R B, 10 A2 R AR S N, i DABR 2 75 B8 R A
AIAT IR SR, BEJE TAEH, MATBESEEl T H L a-
A 98 f74E 1K TR B—H 4 AR FRIE N R BB,

5 mol% Cu(MeCN)4PF BH
L, v Ly MO CUlISCNPR, 2 )
R™ "R DCE, 25 or 60 °C R17R2
90 91
L
““BH,
L = "BugN, 83% yield
CO;Me L =PhsP, 80% yield
X=H 89% yield
X=2-Cl  93% yield
BusP._ X=3-Cl  86% yield
BH, X=4-Cl  88% yield
X=2-Me 78% yield
X X CO,Me X =3-Me 83% yield
T X=4-Me 83% vyield
X=2-MeO 76% yield
X'=3-MeO 81% yield
X=4-MeO 82% yield
n
PP "BusP.
2 BH,
COZMe (/j/kCOZMe
S
91% yield 66% yield
nBU3P nBUaP\ nBUaP\
X BH, BkHz BH,
Me
M e/kCOZMe CO,Bn Ph)Y
(0]
80% yield 68% yield 71% yield
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ol 5 mol% Cu(MeCN),PFg

N 6 mol% 94
(0] 6 mol% NaBArF
Ar + Me,HP~BH,
0 CH,Cl,, 25 °C
cl 93
92
MeoHP
BH, cl
* (6)
Ar)\ﬂ/o
0
Cl
95
up to 96% yield

up to 94% ee

(RS, S)-Ph-SpiroBOX (94)

A5 T 8E CR A B =k 83% ee FASTWILI% B4 (Eq.
7).
2013 4E, Curran V958 T Rh(AD AL a- 5 &%

Me;HR,
BH, cl (1) DIBAL-H, THF
Ph)\r(o 78 ~25°C, 2 h
o (2) MOMCI, ‘Pr,EtN, THF
Cl 25°C, 24 h
95a
(92% ee)
Me,HP. .
2 \BH pinacol BPin
2 OMOM
0,
Ph)\/OMOM toluene, 110°C,24h  Ph .
9 90% yield, 89% ee

91% yield, 91% ee

B 23 B—H #if N EEAL

Scheme 23 Transformation of B—H bond insertion product
HALED 100 F7AEI R RAESA R =Wk &4 101
AN BONE, DL b 8 s s R AT 2 1 — R AU a-
FeEIEA 51 102 (Eq. 8). B A TAE Al A 1B Sl 1
Rh(IDHEALYT o- B AR 103 AT FEXT BRI E 556 e
ISR, [FIRESRAT T o 45 sl e I % (Eq.
9)41,

N 5 mol% Cu(MeCN),PFg Me2HP\BH
G 6 mol% 94 A 7
R&H(R + Me,HP—~BH, AR )
o 6 mol% NaBArg
o]
R, R2 = aryl, akyl CHzCly, 25°C 99
98 up to 86% yield
up to 83% ee
o R!
R’ < =N
v om0
3 T 1 mol% Rhy(esp),
RZ)K[(R + i ]I >—'BH3 T }\l BH2 3 (8)
o o N\R1 2Ll R! sz\[(R
100 101 102 ©O
Me Me Me Me
N
N\ R S
O/O\\ Q (0]
X Rh i
O N
Me Me Me Me
Rha(esp)z
N/Me N Me Me _Me
X &, L &
N™ “BH N™ “BH N
Me i Mé z ;o BH N™ “BH,
e O'Bu Et Me NMe Me oM
S( 2 MeO,C ©
(0] O le} 0
58% yield 49% vyield 55% yield 73% yield
(\N/Me (\N/Me /Me /Me
/ / O
/
N)\BH N)\BH AN N
Me/ 2 om Ivle/ 2 5\1 BH, ) BH,
Ph)\ﬂ/ e Bn)\ﬂ/OMe Me \\NOEt Me S{ogt
.0 0 0 0
74% yield 26% yield 52% yield 60% yield
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B
Ne ol Rnuteson e oA AL 1 7 LR BRI G D P0) B—H B
LB+ o come T omon T eragye @ AL AAURIAS C—B G, S HLIIL S I A
= Ve, R, Py 08 BHE T — AN RO, BB L R,

30% ~ 79% yield

2015 4, #RIIEEMIRIE T RaOBEK o-E 5
1 - B 5B R T BB Ge & 0 AN B B B—H B
SN ABATME R C) AR T 3R [2.2.2]9F @ e A
105 5 Rh(DRIZEGIE AT, RS20 T Fk i
o, DU RS R S PR W aze 8 1 5 1 7 T4 -l
PRI G 106 1 107 (Scheme 24).

#lE, Gouverneur 25 HRE T Cu(DHELL Y o- = 5 H
B HEEAEY) 108 ATAE 1R 54 B—H S A FRAEA
SN, BT T o- =P EANLEY) 110 (Eq.
10). 4 PAF PR BERRIbk 109 SARECAARRS, 7T LIS 2 e
81% ee [T HLEFENE.

N
o5 mol% [Rh(CzH4)ZCI]ZD N
o 3.3 mol% 105 BH,
O'Bu C O'Bu
CHQC|2, r.t. Ar

(e}
Ar 106
2 75% ~ 96% vyield
96% ~ 99% ee

Ph
105
Ar = 3,5-(CF3),CgHs
/Me
N, Me 1-5mol% [Rh(CoH,);Cll CN\
A )HVR . CN/ 3.3 mol% 105 BH,
r *
N
5 BH, CH,Cly, r.t. Ar)}( R
R = aryl, alkyl 107 O

48% ~ 90% vyield
93% ~ 98% ee
B 24  Rh(DAEHI R X BB &P #x B—H 4
NI

Scheme 24 Rhodium(I)-catalyzed asymmetric B—H bond in-
sertion of amine-borane adducts

4 mol% Cu(CH3CN)4PFg
Ny 5 mol% 109

5 mol% NaBArg
CF3 + Ph3P—BHj

Ph
108

O

Q/ \
N N
109

PhaP._
BH,

/©/QCF3 (10)
Ph

110
65% yield, 81% ee
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HEM AR R ERTAIET B—H i N R B AELE
HWRARRME. —JH, EEAAEYIEE AR
BEPEAVRIENE, PRE T R R SEBRRL . S — 5T,
HEMGYEE FE M F R EA R, X
SRS T PR, Bk, ARsFAR. FIFARAENITE f
1k B—H @A R ST EHS T BB RE, AR
T B, ARSI E 111 AR R, R4
S B G TSI T B—H #IEA RN, NH
MU G P00 & AR it 7 8 B 5 (Eq. 11). %RV 2k
PR AN, XTS5 S 0 o AR I i s o A A 2 i A R g 2
%FMAWM&F%%%%ﬁL¥*EMW$.%@%
T U 25 S WAL TR I, 3 e S B RE FR AN o) A
b, 4 HmEIE 96% ee HIXFHRIEFEME(Eq. 12). R4
112a 7] DLJ7E L AR AEA DA B 32 B I X5
FEHEE 113 BIERES 114 A1 115 25 5 24 A B (Scheme
25). BNJIE AR, ZR BRI R IR 2 1
PN, ST A 0 9% B, B—H Hf A\ it FEA
FYUEL. DFT iH R &R R ER A2 P, B—

H #IEAZ T 7 E LR, il = ot S 56
(Scheme 26).
Me3N\
BH,
+ MexN—»BH 5 mol% CuCl Rl__X
eN—™bH —M 4
60°C,DCE, 10min ) / RYUD
RZ R®
112
Me3N\ M83N Me3N
BH,
Me o
\ / Ar Alkyl
O
Me
98% ~ 99% yield 89% 99% yield 99% yield
Me3N

N
BH,

Meg,N\BH
Ph (0] 2 Me o
e} R

Ph

R = CO,Me, 93% yield
R = SO,Ph, 99% yield, 1 h
R = PO(OMe),, 89% yield, 30 min

96% vyield, 1 h

M93N
Me3N

AN MezN_“BHZ
R BH, N
(0) Ph
Me \
\_/

Ph
R = Ph, 88% yield

R =H, 64% yield, 5 h 65% yield 75% yield, 80 °C, 1.5 h
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R! Me3zN
R2 BH,
| o] 2 mol% [Rhp(R-BTPCP);]  R1_ O *
+ MegN—BH; \ R4 (12)
RN -20°C, DCE, 5 h
R4 R2 R3
t
Bu, H O%Rh
o /|l
N OfRh
o 1,
Br Bu
Rh,(R-BTPCP), Rhy(S-tertPTTL),
Me;N Me3N\ Me;N Me;N
BH, BH, BH, o BH,
Me_ O * Me_ O * £t O * Me
\ [/ Ar \ \ / Ph \ / Ph
o o) o) o
Me Me Et OMe
92% ~ 97% yield 99% yield, 91% ee 97% yield 95% yield
92% ~96% ee  cat = Rhy(S-tertPTTL), 92% ee 96% ee

in CHCl3, -30 °C
B(pin)
(0]
f Me
pinacol \ Ph
toluene, reflux, 4 h
(0]
Me
(S)-(+)-113
93% yield, 93% ee
(0]
Me MeN/\,& (o)
MegN\ \ ,Oo
BH, o B~
Me-_© HO,C  CO.H Me
\ / Ph \ / Ph
toluene/DMSO
0 (V:V =5:1) o
Me reflux, 12 h Me
(S);-(+)-112a (S)-(+)-114
93% ee 81% yield, 93% ee
OH
Me o
H20, \ / Ph
MeOH, 80 °C, 12 h (0}
Me
(Sy-(+)-115

83% yield, 93% ee

B 25 BN RETTRK B—H 8HE N WAl
Scheme 25 Transformations of B—H bond insertion product
using alkynes as carbene precursors

5 WEHEESSHSERIFMLRE

G 1 A — B R R ek, Wk
0P e o IR A A 2 43 RN, F BRI EE
TR, e HRRRER AP N A LR
& NP AN G PSRBT ey S VAN
TR A IR AR R R, BRI, A W N4
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8 B AR S 5 UL & Rt BUE T —
BB k. 2017 4, Curran A1 Taniguchi 2P RE T %
FIA R =M A B3 S 5 b S 18 i H B A L
N, F33) T ZIREER S &) 119 (Scheme 27).
MATA R IR NALEE Ny AR R = ke in& 9975 TBHN
151 R A B B 2 R (A 120, Bl S X HRRY H
H 3 IR AE R AR 121, $EE R AR B IR MR
R HFE A A 122, 122 AT LS 55— TllBE N &4 &%
A AN AE A 119, R FEAE 120,

I, VESCESEPIRIE TR R = b b
Z 51 1,6-E b &1 123 KL, 155 7 B3 ]
U /S TCIRORAL &40 124 A1 125 (Scheme 28). P fili =
WIS ORI 8 BRI . A A 145
H T AT RER R SRR B R BRI A YA B R
G R R BLAE Bl B B A 120, MIRY)E 123a
I, 120 3E BRI 1A Bl (8144 126, B 5 &R
PRI BB 6-exo-dig P 0T Ik 1 HY
3127, o ERREE_ -0 ER 2B % B AR 124a,
AR R B T ER 3 T DA gk S AR AR R s e n
Y EREE R A 120, RPN 123b I, 120 15 56K
ARIETARH b, Bif5 400, AR BE2 HIY
125b.

6 BRKER

NHC-WIb I &4 E ik & HOTE HiG AL T AL s
M T B T R A, R AT SR AR R A AR
FRE. A U AL A I E SR TR, RS A R
2493
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BT RIRE R

Me % Me
Me
O
AGsol ; Cu(111a)Cl
(AHgq) " H- Ph
kcal/mol ~Cu(111a)Cl
MegN—"BHQ
116 117
22.5
@32 204
; \ (5.8)
111a + CuCl ! ) ; |
13.6 ] !
839, 111a A /
| N \'\/'E}:;N_> BH3 N
00
v (0.0)
—
o ‘\
Me Y
v 0 Me
Me — \
s Me™ N2V 117
! ~
Ph -
Cl(111a)Cu 18.0 Ph
(11.7)  MesN—BH,
. . . 112a
Generation of carbene B-H insertion

B 26 CuCl AL IR S HTAR ) B—H B4 A SN 75 A 7 e 2018

Scheme 26 Free energy profile for CuCl-catalyzed B—H bond insertion using alkynes as carbene precursors

R! R!
N — N
X 0.4 equiv. TBHN ¢ ™
: [ >>BH; + X ey P, [ »=BH,
SN = PhCF3, 100°C  “_.~~N 7/ \
\R1 S 'BUON=NO'Bu b -
TBHN
118 ( ) 119 X
18% ~ 65% yield
TBHN 120
NHC-BH,
THC NHC
¥
. H,B H,B
NHC-BH, / - .
120 ( 7 radical cyclization X
118 X _ X4 _
121 122

B 27 WA RESS5E R R

Scheme 27 Radical boryaltion/cyclization of diynes
C—B ##, ZKMAEBIIEICEEZ(Scheme 29)7L NHC- 7 #HipE5RE
TR Joe 5 220 A 30 T 791 BB 28 2k AHL A A T RE o A= Bl 470
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