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Progress of Frustrated Lewis Pairs in Catalytic Hydrogenation
Wang, Hui Zheng, Yi Pan, Zhentao Fu, Hongliang Ling, Fei Zhong, Weihui*
(Collaborative Innovation Center of Yangtze River Delta Region Green Pharmaceuticals, College of Pharmaceutical Science,

Zhejiang University of Technology, Hangzhou 310014)

Abstract Frustrated Lewis pairs (FLPs) catalyzed hydrogenation reaction is one of the hotspots in the current hydrogenation
field. This kind of reaction has the advantages of environment friendly, no metal residue, etc., and has a potential prospect for
industrial application. According to the category of the substrate, a brief review of the recent progress in the field of the

FLPs-catalyzed hydrogenation as well as the asymmetric hydrogenation is depicted.

Keywords frustrated Lewis pairs; catalytic hydrogenation; asymmetric catalysis; progress
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2006 4%, Stephen 2 ERF 77 #4 5 TR B(CoFs): (1) 585 5
b 2 ORI IR, EATTBAT T A E 1R 2 R B
G, T KA SEAZ IR S S AE R T s T &4 3,
¥ 35 B GEURE b S B A B A AR DL RO FE RS E A
BFHAEY 4. LAY 4 INFAE] 150 CrE AT DUB B Hy
A S, TTE 25 CHAY S AT AL Hy B3R
% 4 (Scheme 1), i FEAE:BEAE B BT AZE 1), Bl
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A A
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Bl 1 FLPs WS SO T H B e AR A
Figure 1 Color changed by FLPs absorb and release H,

RE T HTHIBE T ). XA AT IS Hy TIVERIREL, AR
FLP fEMEAL AL URAT 2] 1/ PR A IR, 4191 7
FLPs fiEALFIFE “AEJm” AL S AL AU KT

W5, FLPs 46 Hy (RIWF 502 A5 . Erker 554 IE
T LHEMHER PB /K2 7> 7 N FLPs 2, ‘Sl T L BEiE
5 H, 858 T BAaE MPITER 7, WE N 60% (Eq.
1). Repo 25 H2i& T N/B & & 4> T[] FLPs 3, 5 H, KR
B EF=PIR N 95% (Eq. 2). Tamm ZEYHRIE T C/B 1k
F4rF I FLPs 4, @idx Hy, F2R SIS 171,
WA 82% (Eq. 3). BRILZ Ah, W27 Lewis Bldk:
O N/P/C L BUARHE LRIt R R Bk, #52IR 271
P Bl ) FLPs MR &, Sl H, AE46E

H

N\ H + |
Mes,P  B(CeFs)y — = Meszllz’/\/l;”(Cst)z )

FLPs 2 H 6
Yield = 60%
_ M N, B
N * B(CeFs)s 2 HB(CeFs5)s  (2)
H
7 1 8
— Yield = 95%
FLPs 3 ,
/tBu /Bu
N H2 N —
[ >io 7 B(CeFs)3 [*D>_H HB(CgFs)s  (3)
N HN
“Bu By 10
. Yield = 82%
FLPs 4

2o 10 SRR, FLPs £ Hy L SUR 28BS 1
VFE R PP ARSCONRYIE R A R, &
BERA (I JUAFE FLPs EALIC R IZ . i, Ble. i
UG T BB SRV S g, xS
FLPs fEAKFRAEACEAL P I HEAT T /v, BARRS
ZEIR AR R IR AT e B

1 FLPs {E{LiT]R I RR

W FR)3E T ) S MR K i (T ik 22—, IR A
M ZGARE AL T A EORIE R, i R i
B o FH &R A, DLFLP AR INIES R T
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JER S Jie 10 77 432 7 5% B FE A

2007 4E, Stephen Z& " HRIBTE A AP, — &g
(80~140 ‘C)M H, 71 F(101~505 kPa)F|] H 167
FLPs 1 SZHLERE IR R, 193] 57%~99% UK (Eq. 4).
RN T i, OB LR R R, R
M T B A % NN FLPs A0 i 0 e () & VAR
1, ¥R T FLPs [BIL4U8, Wi7n3G H NaBH, B¢
LiAIH, S5 (A0 RT3 J57 s S A R A0 751 16 FH 2 1 e EH Ak 2
THEE AR A R, MR R = R HETS.

F F
tBU MeszP B(C6F5)2 tBu
JN\ £ F (5mol%) H"l‘
H” ~Ph o ~C (4)
" H,, 80 °C H™/"~pp
12
Yield = 79%

I TE ORI, P PR SR 52 N A B ST PR I3 -4
SR, ATRENLEE: Bt FLPs 1 WU Hy 2B M PE 7
&Y 14, 56 14 BT B RY)AZ ¥ R 8]
& 13, e 5ENE T IR B EY L5285
12, FREHUH 4L 77)(Scheme 2).

R F
dihydrogen

H
M352é4§i%7|§((;6|:5)2 hydride transfer
activation F g H Bu
N
H 4 |
H” >Ph
1

E E H\ /tBU M652P F
+N
MeSZPAQB(Cst)z | F F
Ph =
F F F ?(CGF5)2
FLPs 1 13 H
H\ /tBu
’i‘ hydride attack
H=C~pp
12

B 2 FLPs 1 i A0E 5 A& mT REAL 3R
Scheme 2 Possible mechanism of imine catalytic reduction by
FLPs 1

2008 4, Stephen ZE! MR A R IR LA Lewis BR
B(CyFs)s J&—Ffm A7), BT F SR SR 14K
Ri, f#11% B(CeFs); BA—MEsRAIER ML, 7TLEE
& ST e FLP, fEEV/S M N SEIE AL IL 5. AT
PLFFEAEIET, A 1 7E 120 °C & H, (505 kPa)si [
SN 41 h SEELTAZ 14 IR 5, PR 94% (Eq. 5).

Chin. J. Org. Chem. 2017, 37, 301~313



Chinese Journal of Organic Chemistry

REVIEW

WA F B ZEAE T, IS 5 mol%[1] P(CeH,-
Mes);, NI E4EH 22 8 h, WCRFHAH &5 (Eq. 6). MTHE
JR A2 P/B 4 & FLPs AHXT T~ N/B 44 2348 J5 0 iz ()35 P
Hm, BRI P(CsHMes)s 81 H (2 3E s v 17 .

PhO,S.
PhO2S\NI B(CqFs)s (5 mol%) 2 NH o
Ph” H H, (505 kPa), 120 °C H/?\H
toluene, 41 h Ph
14 15
Yield = 94%
P(C6H2Me3)3 (5 mol%) PhO,S
PhO2S< B(CqFs)s (5 mol%) 2 \IIIH
_Co (6)
Ph” “H H, (505 kPa), 120 °C T
toluene, 8 h Ph
14 15
Yield = 98%

6 35 38 IS O P e R O B — B BRI, TSR
FH Y5 RA 0 3 4 AR A i S e R AT AE A A B AR 3
. 2014 4E, Oestreich UM IE 1 FIFH B(CoFs); 2%
PEIRJE IS WA AW N—O 8. DLHF ZEMER), 10.1
MPa H, JE /IR, 5 mol%[ 1, SEHUFG W IZ IR R, Y
N 66%~99% (Eq. 7).

BuO~ B(CFs)s (5 mol%) BUO~\H

I H, (10.1 MPa) Me Ph

Me Ph
toluene, 18 h
16 17

Yield = 88%
2016 4E, FHigg N RS FEREFIFH B(CoFs); £ Hy
(202 kPa) N E#EJF 3 ALHURY 1,4-28 I 18, Y&
9 93%~99% (Eq. 8). % MR H AL A2 AT &

FHX 2.
0
@[ B(CoFs)s (2.5 mol%) @[
toluene, Hy, (202 kPa) N s ®
50°C, 6 h H Y
19
Yield = 99%

TWERE IR JFE AR Hy (AR, A — 2 Hfa
[, 2011 4F, Stephan 25" HRGE DL — R RN ETE, 1M
AL, S RZ LA, WCEA 37%~98% (Eq.
9). Bfi), Oestreich Z11L) 1,5- — FIJE-1 4-FF C 45 AA,
W, 125 CHZRAEREH, FFEAE B(CoFs); ML T IE )5
Wz, WS =i ik 99% (Eq. 10). i?%JiF%%'%%F
BT H, RGN SIEGER, AT A
ﬁfé%f)\ﬁ’]%%

X B(CeFs)s 5t ATidE s, Twﬁﬂ%ﬁh
FA Lewis 8. 2009 4F, Berke 2 HRE R 1,8-—
HRIEMMIEZELE d-FZREFRIF 120 'CF, Hy(1.52 MPa)ﬂ
HSLHLT R AR R, PR SR s T A 99% (Eq.
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N/Ph HN/Ph
I B(C4Fs)s (20 mol%)
D ————
. 9
iPryNH, 24 h ©
21
20 Yield = 37%
H H
Me Me
in—Ph
©)\ Cst)g, (10 mol%) (10)
18 h o1
Yield = 94%

11). FEIEHIE, ZRMNRESAE H, fiEk, R
BZ Lewis IREA P /NRM: B Fby, HFA B HRLILH
A H, R 2 E B — B HO . BRIk, 1% Lewis IR
ATREEH —A B F0skiGE Hy, 18— B A0 IR I
H— 58 IR FL 2R

(CeFs)2B  B(CeFs)2

t
OO 10 mol%) Bu
“ ( ° HN/

J\ H, (1.52 MPa), 120°C, 1 h )\ (n
Ph 2( . a), , Ph

22 23
Yield = 99%

2014 4, Ashley ZPRIEFIF 1 /£ F 54 80 Cik
JEVfE, 24 H, 77 1.0 MPa #2755 3.0 MPa 5, 724
RN T%IERE] T 99%, R J10 A R K F M.
B JE A AT A T B(C4Cls)(CeFs), (24), B(C4Cls)o-
(CeFs) (25)(H2), H1 ﬁ%ﬂf[Dg]THF HOE T iz, o
24 (AL IS 2 5 i 9 99%. LR 7T R I, 7R AR AN [
PRI B BB R RTE T = A Lewis BRIERM: K /NA
[A]. Lewis [ 24 (1) B G RRMEA T 1 125 2 [8], Wlie
U ER T IR POE R R R AR 1S 24 R B BT A AL
R,

CeFs CeCls CeCls
| | |

CGFS/B\CBF5 CGFS/B\CGF5 CGFS/B\CGCI5
1 24 25
B2 LewisfR 1. 24 125
Figure 2 Lewis acid 1, 24 and 25
Bk T B(CeFs); HIERFEIZ 2 41, H1R%Z FLPs
fEALFRIE. 2008 4F, Erker 2521 i& FLPs 2 %t 0 it
TR, fE=IR % 253 kPa 133 70%HIWCH (Eq. 12).
%R L2 BT CARETE IR AN I 264 R 647, 34T FLPs 2
(A7 BELAN L (R 3R 2 [ P 0 2. 2014 AR 3RAT
W FE /NP DA IR N 22 1501 FLPs 5 (I A4 4F T
IR REAR 2] 93% MR (Eq. 13); T H 5 T ik 57
R TS F Il R, R D) S B = R (RIS ) ELAS ) s L
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W%, WZEHITT LA t, FLPs 5 5 FLPs 2 [ORRIATE d.0s
B/P AL TARE TAREE, HBRAH — NG R 2 R
g P87 TTZEHLH B 0 i AL 1

N/‘Bu Mes,P  B(CeFs), HN/[BU
| FLPs 2 (5 I’Tl0|°/o) (12)
P H, (253 kPa),25°C,3h ' 53
Yield = 70%

P(Mes),
. @
FLPs 5 (10 mol% HN (13)

|
Ph)\ toluene, 50 °C

H, (202 kPa), 12 h 21
20 2 ( ) Yield = 93%

2011 4F, R T 523 A Aor BH LA K2 5 5 e P X
FLPs HEALFETERIFM, Repo &Y%t T FLPs 6~
8(Kl 3), HT WAL )E, Hr FLPs 8 R I H B i

ArEYE. ATRE BT FLPs 8 M4 B & B 25 A
A7 BELAIBRNE, (035 1 0 N/B [P BRFEEE &, %

ORI S .
@i(ceﬁs)z @i(CGFS)Z ©;B(C6Fs)2
Y)é
FLPs 8

\ N:f \ N: : ~
FLPs 6 FLPs 7

B3 N/B k% FLPs 6~FLPs 8
Figure 3 N/B catalysts FLPs 6~FLPs 8

2015 4F, Stephan 252 43E T C/B 14 Z #4475 FLPs
9 AL AR SO, TS 7 W) BT Bm W% (Eq.
14). Z BT B BRI R A — 2, K&
FHYG AR

Cl Cl

_N__N—
\Br l I-5>(Cs':5)4]

'Bu % ‘Bu
©\) FLPs 9 (5 mol%) ©\) (14)
cl H, (10.3 kPa) cl
DCM, 30 min, r.t.

26 27

fE FLPs ff1b5F UE’J?EEJZEP % 5 WiR B T o
LORA BRI ESR, HFh 22— g ], FZEUZ KR
RN T, I, Krempner 252058 147 e 1% 5) R Fh
RIHLE, RIPE & 5 Wi e, 7] DLE 24 BRR
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SR R YE. AR AL B A DL, 28, SR
PEEL G5 1% 5 BTiE 29 456 TX i FLPs 10, K8 5 W 3t
[F) 2% B 1E HL 50 R, R I el O D e v R i, WA i
5 99% (Eq. 15). ZNARRE T B 5 MR A s, 78
TERD S AT SIBIL e 1 o A S

o CeH11

FLPs 10
(5 mol%)

Qé@f

o D

30
Yield = 99%
it FIRARIE AT LUK IR, FLPs {4k 7] 24 P/B 14
Z+ NB KR, C/B KR, — MK Ul 8 10 73

P/B>N/B>C/B. i 4 (A7) 6 M O i 2
AR, AT AR K FLPs #4070 35 A,
2 FLPs BT REGRERHIE

2008 4F, Erker ZHRIETE %I & H, (253 kPa)&c 14
N, FIF FLPs 2 SZH 32 fIERJE, PEEN 70%~
99% (Eq. 16). 2011 4, {E FLPs 2 {1k 57 3£ 04 2 |, Erker
DTG 32 5 Piers BIPY34 S5 AR TN N/B
FLPs 11, TEEFZE T FE H, St H 5)EDIE R
(Scheme 5). 5 FLPs 2 #H L, FLPs 11 FfE AL RCR A X i
7, W REAE T FLPs 11 R 5B e 5 55 70 2 | o7 BHL
LN

MeSZP C6F5)2
FLPs 2 (10 mol%)
O (16)
» (253 kPa), r. t.

Yield = 99%

[ 57 P

HBH(CFs),

Ph Ph
Y HB(CoFs)

N (34) H, *NH

T e U

FLPs 11 35
Ph Ph
N FLPs 11 N
O H, (253 kPa), r.t. O
32 33 Yield=57%
B3 FLPs 11 & UGG R A I

Scheme 3 Synthesis of FLPs 11 and catalytic reduction of
enamine
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2008 4, Erker 2RI 1,8-— —KFEBEZEGE6) 5 1
BE, AL G RERERE, IR 85%~93% (Eq. 17).
1% N R AR T FLPs X XU M ALIE R, A FLPs
I R XU (O RE 72 2958 T FER. 2012 4F, Paradies £ iE
TR RS 35 (CeFs)PhyP (37)5(CFs)PhyP (38), 5 178
HHTRERRERE. AR, 371 PR RTIE 99%
1M 38/1 ANREMEAL M. M Lewis &S #5047, FTHEZ 38
PV HAR ISR TR T K8, 18 38 (B PERR R = AN RE S
PR AL SR () L (] 4).

PPh, PPh, CoFs

CeFs
‘l’ '
P P
Ph Ph Ph CeFs
36 37 38

B4 Lewis ik 42~44
Figure 4 Lewis bases 42~44

o/ SiMe3
361 (20 mol%)

©A CeDs, H, (202 kPa)

39 rt,20h 40
Yield = 93%

2010 4F, Soos ZEPURRH T “HEPHBIE” (Size ex-
clusion) FJMES:, ABATTIN A 364 It 2% 5 B7 e v o 1Y) 57
WAER, TTRABAS MY FLPs %t H, FINEALAE J1, ATRE
2P FLPs AL 2Ei k. RIHABA 180 B T B 7Y
Lewis 2 B(C4Fs),(Mes), 5 DABCO i & fiEAbif 7 512,
PP N 92% (Eq. 18).

’§;>B(CBF5)2(MeS)/DABCO (10 mol%) Q

Q H, (404 kPa), 20 °C, benzene (_—N)
0
0 42

41

(18)

Yield = 92%

2012 4, Alcarazo 2P 1 5 DABCO B4, 80 C
R i B MR R TR R T R AL B, PR IR R
64%~94% (Eq. 19). flfiT4RIE T R 56 HL 1R R 1L
JE (E R LRSS IR 138 JE. 2013 4F, Paradies 253 R#E
18 & T BRI R 3511 B(CoHAF,)s, 5 7 4/ FLPs 12,
FE 3R N A JR R FE I 2 45, PAIISCR ATk 99% (Eq.
20). ZSNLET N Lewis BRIGERTE, SZEUXT A (1) i
M, WoRE LS RE R 52 MR 78 i a] L% R SR A Y
Lewis BRI J51%.

2013 4, Stephan Z=PHRIE T 1 75 2Bk 7577 b SEEUG
KA, BERER 99% (Scheme 4). % 5 M FH 771
TERE 588, 25 FLPs LN, KRR T %5
TR 1) IR BV .
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R COOEt  B(CeFs)s/DABCO R COOEt
p— 0,
(15 mol%) 19)
COOEt . (atm), 80 °C COOEt
43 44
Yield = 79% ~ 96%
7(va B(CeHsF2)3
H
(20 mol%)
Ph FLPs 12 mol%) Ph
\7\N02 \/\N02 (20)
" Hp (404 kPa), CDLCh, 1.t
Yield = 99%
CgF
Et,O_ , _LeFs PhJ\Ph J< _Cefs
/H H_BLIIICSFS > | Ph Ph H_B'\'"CGF5
Et:0 CeFs CeFs
48

49
/ H CH
OEt, ek
B(CeFs)3 Ph™ “Ph

N

B 4 B(C¢Fs); 5 EL,O HA MR R FZ
Scheme 4 Catalytic reduction of olefins by B(C¢F5); and Et,O
2014 4E, Erker S HAT B A0S P4 1) FLPs
2, WitA T FLPs 13 1 FLPs 14(/ 5). HH FLPs 14
TR R, AT DMEAGIE S R AR, T FLPs 13 (3
ILADECEUS R, WL I, W RESE FLPs 2 11 FLPs 14 (]
UEPECER” R/NIE R, AT R I H 48 e R 12

EtzO_B(C6F5)3

Mes,P B(CeFs)2  MessP B(CgFs)2  Mes,P B(CgFs)n

FLPs 2 FLPs 13 FLPs 14

B'S FLPs 2/13/14 [(45#4
Figure 5 Structures of FLPs 2/13/14

2013 4F, Repo ZEPHRIE T fEALFT] FLPs 15, SZHLkR
RAINE. BRI SRRE T 20 2RI, #6
B3] 7 BBUKLE R, £H] FLPs MEALFILEEE7> HLi i
IR JRFAI/E A Lindlar X7, 1RSSR BALE
B 50 54 H, 1531 51, 51 2 5 i 25 CoFsH 45 Hy K
B FLPs 15, 235 5 RS M SAS 2 52, FRILH, B
RPTEE T 53, BEJE A4 H OB RS AR BRI e
JiE 25 H 4L 77 (Scheme 5).

2016 4F, Taoufik ZEP7HRIE T A HURE 7 2k AL 77
FLPs 16 £ FLPs 17( 6), e 415 8 7E Hy 5 Bl AT LA
RIFH 7% Hy. 5 FLPs 16 A[F 2, FLPs 17 0] SZ8
JRRE N Bk, 79 BB R, AT RE R S ATLEE A
A HURE 7 Z 1 FLPs 17 S5 5 R0mAg, H Bl - rass
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©:;\-IHM62 NM82 ©
- = CeF
BH(CGFS) - CgFsH CGFS‘\ QP“B/”SC:FS
vale2 \
FLPs 15 H H H
Hz B / R>_<R‘ © R——R
NMe Cer 0
, ? >—< A« OEt,
CGFS)Z @NHMeZ /O/ \O
50 e Si N
0 Chivo
CeFs H R ) e QoL /] CeFs . .
53 ) —H ny ’IIP'-IIB'\ 6
@ Cef's G5 FLPs 1T @ HH
BX 5 FLPs 15 BRI s fepL H/B R R
Scheme 5 Proposed mechanism of the Z-selective reduction of
alkynes by FLPs 15 T (0]
N A= OEt, A« Otz
R B A AN G LR 54, #HK Hy FRIE M T © q d o
. N A 4 \
55, W T FABCR A AL, R b BBt /Oo“? Sieno o Sl\o lSi"\";)O\
BT R, B 5 00 L 2R B AL B0 [ O m/f’“\“\j/m” 670 f
IR )35 BRI FLPs 17 (Scheme 6). 5 " e

Cst

© CeF ,
4 85

p--B"Cef's P-—B +CeFs
% CoFs @

0
\ _OEt OEt
AL I‘/ 2
/\ /\
S_/O O\s o, S,O Os ,,,,, 0
Si i .S i
O\. ‘\o ‘ \O O\ ‘\ l \oﬂ‘rJ
o7y O / Ao P o L
\ [ \
FLPs 16 FLPs 17

B6 AHLEEMEAIMELT FLPs 16/17
Figure 6 Organic silicon supported catalyst FLPs 16/17

FLPs X Mkt S e fee A3 J 0 SR L4 5 AL R R S5 A AR
K. &M Lewis BREIMEANE & M D 48 H I T2
f FLPs AEALTRI T, i 15 22 pa AU A IR P 5 59,
A3 AT RESE e HEAL TR 0 BE AT 32 1.

3 FLPs 4 TREHRENLESY

Tk 5 5 gs &, £ RE LRE T
FLPs AL ERFAL AP FT. 2012 4F, Erker P HR1E T
{817 FLPs 18 (Scheme 7), 5 a p-AEMHEIENEY)

HFRFES Hy SE, RIAAXEEY IR, RN
74%~91%. [F4E, Paradies Z5P7HRiE BA B AFRIMH: AR
KA AL FLPs 19 5 FLPs 20 (Scheme 7), 7
HSiPh,Me 5 H, IR, ¥ o f-AHIRIERIE S DI
PRI SR, PR 58%~90%. HALHEZ e
%5 HSiPh,Me 5 1 #4k 56 HEAT 1,4 a5 5 58, &
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Ez 6 FLPs 17 AN pk aT e AL

Scheme 6 Proposed mechanism of the Z-selective reduction of
alkynes by FLPs 17

FLPs 19/20 7t H, 75+ ik 57 58 15 274 59

< _>
_(Cer)
H B(CgFs)2 >
[NNJ PhoP  B(CeFs)y  B(CeFs)y TH2
FLPs 18 FLPs 19 FLPs 20
FLPs 18 (5 mol%)
(1.01 MPa) ,80°C
Yleld 74%
MePh,SiO
FLPs 19 or 20 (20 mol%)
HSiPh,Me
, (505 kPa), 50 °C
= )
MePh,SiO Yield = 78%
HS'(Féhf:M)e Yamal FLPs 19 or 20
675/3 H, (505 kPa)
58

B 7 B {7 FLPs 18~20
Scheme 7 New catalysts FLPs 18~20

2014 4E, Stephan Z51NRIEFIF] B(C4Fs)s 7 H 2K
110 ‘CAHI H, (404 kPa)z&fth T, Keliit )543 2IWEE 61,
W)y 85%~99% (Eq. 21). BhJG, M1 bk )% 4
B Tk, S B RE W R S 05 A B R R, PRI R R
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53%~99% (Eq. 22). ¥ RS ks, Rl
B 1 kR S R R U\Jif“ WE&T DL,
Fik 5 75570 AT LA N 810 Lewis Bl 540 M. [FIFE
ZER T — U Ashley ZEUERA, flATTHRL 1,4- SN REAE
WA, TERCRAN A T B MK BE R A & ik R, 7=
YRR N 60%~99% (Eq. 23). ZRIM7E 2015 4, Stephan
SEICUR T DU IRAE B, IR (0-CD) B3 431
(4A MS), 7£ 60 C I H,(6.06 MPa) F, ¥ ¥kIEAL &1k
JE R, HAS RS R (Eq. 24). 1% B(CoFs)s
5 -CD 5 4A MS 7] LLZHJk FLPs fEALF], AT SE il i
b S R

B(CsFs)2

o . (o
1 equiv. B(CgF5)3
e —— 21
404 kPa H, w)\ @1
60 toluene, 110 °C 61
Yield = 99%
0O OH
B(CgFs5)3 (5 mol%) (22)
Ether, 6.06 MPa H,
60 70°C,12h 62
Yield = 76%
(0] OH
B(CGF5)3 (10 mol%)
YJ\ 1,4-dioxane, 505 kPa H, (23)
60 100°C, 67 h 62
Yield = 80%
0 B(C4Fs)s (5 mol%) OH
(24)

toluene, 6.06 MPa H,, 60 °C
60 a-CD or 4AMS, 12 h 62

Yield = 99% ozo-CD
Yield = 94% 4A MS
2015 4, Sods ZE 4 “ HEFH 117 (Size exclusion)
MOMERS, Beit& R T BT LR 2 iR 63(& 7), LA Tk
THF {EV, SCEURE KRR AL E AL, AR R
TF (TN AR, 1R S KARE T FLPs £E Tk 7
BEAT AL O, TR & M58 Lewis BRYE T RE 22
FLPs AL VR

cl cl
F
F B F
FF
F F
63

B 7 AR 5 HiEL (CoHF,4),B(CeH;CLy)
Figure 7 New Lewis acid (C¢HF,4),B(C¢H;Cl,)

SR, FLPs X FRAEAL & 4038 J5 10 4 38 A L
b LERKSRVE TR B(CoFs)s AT ASEILBREAL S 41
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FEALIR R 955 2 o A It O R A T e e H
MR PEIIARE L.

4 FLPs B EEFEIELEY

DAMEHRIE ) FLPs AL EZ N H TR e,
JHe S5 BRSO X O B IR A BIIE . 2010
i Stephan 255 BZE S S5 T, #4 B(CoFs); AT N 4%
TR A B, T LGB bR i R 3 JEE A Y
SRR, U 74%~88% (Bq. 25). %Nk 2
WAAEEIRR ) 2 58X 8 S0 5] NHUARSE, $8 KR 2]
BLBH, T 7S A AL B A /N R AN . 12 B B IR AR TE
T B(CeFs); HIZRHT N &5 RAMR L INE R
N, HHE T VG, A FLPs HORE 5 TFRE T 397 1),
1 (5 mol%)

i; : : (25)
Ha H

64 65
Yield = 88%

ATRER N MLEE: B SR A Ha 361, TRV 64 F11
5 H, (E A BPIPER T 66, 325 K4 Ha 1 1,4 InpE
B 67 B 1,2 I ik 68 FiE 5 H 1, $2 oK 67 5L 68
SRR 69, KI5 X5 1 3LFEIEIL Hy 52 1
70, HJa FERRA Hy IS 2R 5729 65 JFREH 1
(Scheme ).

X

N

X
~
N
B(CsFs)3 64
Hydrogen
Hydride Jrog
addition Activation H,
X

[J\rl/
N 66H
H HB(CeFs)s HB (CeFs)s
70

Hydride

addition

B(CeFs)s

@\/j Isomenrization Q\/j Q\/j
-

B 8 B(CeFs); EALIER N 2235 k&1 m] GELIE

Scheme 8 Proposed mechanism of catalytic reduction of N

Hydrogen
Activation

heterocyclic aromatic compounds by B(C¢Fs);

2012 4F, Sods SR “HEFH BT MMESHE T
FiA Lewis R MesB(CgF4H), (71), 7£ 105 C R SZH Mk
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s
FATEYIEIR, 155] 719%~99% I (Eq. 26). HIH  AREKIERS Tk 83, 45 83 HalUA 5 TA3EIE 5
T 1S, 71 HAE KR a6 HATE 55 1) Lewis BRYE, P, R FLPs fE4L 5 (Scheme 10).
AT REIE AR X VR FAS 71 A] DR G 340 Ji7 2 8] 47 PSS /)N
A IR S T A= . OO‘O Cer Cst
80 Ph /F’ B\ CeFs
R! MesB(CgF4H) R? . Ph CeFs
l\\ \7 R2 71 (10 mol%) I\\ ij (26) (;3 (;zg:de FLPs 21 H,
ZSN7 H, (401 kPa),17 h Z N (i) H, cleavage
72 105 °C, [Dgltoluene 73“ H H

Yield = 79% ~ 99%

WG, AT 71 R 2 PG e IR A A A )
AR, R a4k 76 10 JEA 3 77, WEN 91% (Scheme
9). X FLPs {4kl A T8 & e, 9 FLPs
ALY b AL R B 355 T LA,

10 mol% ZnCl,

— +
N 0/ Yield = 87%

MeSB(CeF4H)2
(20 mol%)
401 kPa H,

_

105°C, 17 h N I
Yield = 91%

o\
Mel O
_
o/

150 °C |

Yield = 66% O N
78

B9 MesB(CoFH), N H TR E A 75 Bk
Scheme 9 Application of MesB(C¢F4H), in the synthesis of
cuspareine

77

2012 4, Stephan 2RI AL 7] FLPs 21, &KL
T R AT AR R, R B T LUIS 2] 97%,
PR T FLPs EALREYTEE(Eq. 27). [HRER
P2, 2R R RE S EESHN 2855 R DL R, 1
25, BB FE. FRAREMOE R, mTREE TR Rk IE B
FARRE, MiAEH Tk R,

P(CgF5)Phy, B(CgFs)3
FLPs 21 (10 mol%)

80 °C, 1.02 MPa H,

Yield = 97%

FLPs 1L 3855 428 I 3 ] g A ML 55 14k S0 1% S
MHLEERAL, B 52 FLPs 21 W Hy, TERGHI B 1k
AW 81, E S 2SRV, RTHBRRYE
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seee

\ +
Ph— /PH HB CeFs
Phy(CeF5)P HB(CgFs)s Ph o Cst

82 (ii) protonation

79
B 10 FLPs 21 LR LR 55 1R AT RENLEE

Scheme 10 Proposed mechanism of catalytic reduction poly-
cyclic aromatic hydrocarbons by FLPs 21

2012 4§, Stephan 25 HRIEH 1 55511k 84 JL A2
7 Hy B, iR FRAE H MR RERH TS T Ls
V) 85. SR, MIESETFE 110 CHF, KRINANEEIFIL JH
R O, R B ITFN 61%~93% (Scheme 11). 2015 4F,
Stephan ZEPUFGESE TIX—BL%. RERE, Ei8JH
Xof FAR L ZE I R (Eq. 28), X7 FF 48U 3 AT LA i 25,
T AR A3 FF 42U U AS 5 Wl e 25, MM LB (Scheme  12)
AT AR I, FoHAr FR 4R 6 2 ek J rT AP 3 r D 92, 1
AT BT 2 0 A B 1144 94, T REAE T 92 45

FXTEEINAa e, AT H0 S 5487 1 2 .
[HB(C4Fs)s]

R+
R NH,

NH ——

AN 1 F H, (404 kPa)
NHy | ————
PH H,, 25°C | Ph 110°C
84 [HB(CgFs)al
86

R = Cy, t-Bu, Ph, efc. 85

Yield =61% ~ 93%

B 11 B(CFs)s AR IR

Scheme 11 B(C¢Fs); catalytic reduction of benzene

NH P
Q B(CeFs)s, Hp (505 kPa) 2"]‘5 HBGoFes  (28)

115°C, toluene

MeO 87 88 Yield =87%

2013 4, Stephan Z5P'RI A 1 76 287, 115 C
N5 Hy, B, EMEERT A RS B E TS,
W 54%~92% (Eq. 29). BJ5, i iamiz
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+ R
HN/R HoN HN/R
B(CeFs)3 - L -
B ———— - H2 +
H,, 110°C
OCH OCH OCH
89 : _ ® (CeF5)3B/91 ®
| HB(C4Fs)s ]
. R . R
HN” Hy, | HN”
Yy,
MeOB(CsFs)s ] _
94 [HB(CeFs)] [ MeOB(CqFs)s]
93 92

B 12 B(CoFs); MALIEJFRIA T REHLIE
Scheme 12 Proposed mechanism of catalytic reduction benzene
by B(CqFs)s
Y5 Peris M R A7 A2 OB Y Lewis BR, AIh SR Bmb e JS A7 4
YIRIE R, RN 80%~99% (Eq. 30). 5 Stephan i
AL AT R B(CoFs)s AR, FLipig s R F
AR RUDIEGEALNETh &S

B(CeFs)
L, mem | [
Z PR N Ph (29)

Ph N Ph toluene, 115°C N
H, (404 kPa) _2
’HB(CBF5)3I
95 96
Yield = 92%
N CoFs” (10 mol%)
| HB(C¢Fs) (10 mol%)
Ph N p o5z *> Ph” >N"Ph (30)
Hy, toluene, 110 °C H
95 97

Yield = 98%

FE FLPs iE J555 #F b &, A8 H Lewis BR EL& i
ITHEAL OB IRIE R % . (AL AT R B(CoFs)s 1E R
N RITRESRINWEE TS, T iE
B(CqFs)s IR PEAN 2 () (7 AT 2K . Lewis MR AT LALE
AL RIS T HEGE R N A5 845 2 PR S5 77 4).

5 FLPs MATAXMREXNSRE

B T RIS S, FLPs fEAS G FRAE AL AL 4TI A
T MO PER?) 2008 4, Klankermayer £ i
TR 98, FEHIZEF 65 CF AN FRIE L,
AR EIE 99%. RE W) ee fHIX 13% (Eq. 31), 1HA
FLPs 7EA RR A0 S A0 A0 R Bt 58 R 1 T .
Bt i, A AT ARG i 4261 4% F-1E Lewis B2 103a
5103b, tHTEMIA LS &, @il BRI S S
ST EA3E) T 104a F1 104b, 72U AN 25 4F N S %
RIANS FR A SR R L, PN 37%~99%, ee A
A 20%~83%(Scheme 13). HIFR, &85 20T
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=t

Cer/B\Cer
N-TP 98 (10 mol%) un— 0
| - 31)
Ph)\ H, (2.02 MPa) o
toluene, 65 °C 99

20
conv. > 99%, ee = 13%

FLPs 146754 BT a1 A S A s P 6 e e 3 42

g% PhMgBr g& -H20 g%
VR OH
THF 78%
o) Ph °
1

00 101
B ] +
%Ph /|__ZPh HPBus
B(CeFs)2 / “B(CoF
6Fs)2
103a PIBuU 104a |
34 3 H
e H,, 53% -
99% B(CeFs) b/l?(Cer)z
_ G-,
Ph Ph  HP'Bus
L _ 104b
103b

B 13 103a/103b )5 B Hy WAL
Scheme 13  Synthesis of 103a/103b and activation of H,

T %> 718 P/B F-1: FLPs, Klankermayer 2% 3 i
TE A R 2R 695> F A T P/B 4L 57 FLPs 22, HH N
F T 30 fi 10 AS X6 Bk A 40 I & (Bq. 32), P24l Ry
21%~95%, ee 1A 70%~76%. %ML 5 HAR 2S5 =2
YR AR, HEAD AT EWE AR, 2012 4, fib
MIBTRIE 7 3 8 F M 4L 77 FLPs 23( & 8), DA
Me,PhSiH AE IR LI HZ A KT FRIE R, 53] 90%HH
W FI 84%H] ee {E(Eq. 33).

B(CsFs)2 B(CgFs),
/ BusP
P(‘Bu), |

FLPs 22 FLPs 23

B8 FIEAEILTT FLPs 22/23
Figure 8 Chiral catalyst FLPs 22/23

R2 /R2
N~ FLPs 22 (2 mol%) N
R1JI\ H, (2.53 MPa), toluene R1J'\ (32)
65°C
105 106

R! = Ph, 4-MeOCgH,, 4-CICgH,, 2-Naphthyl Yield = 21% ~ 95%
R? = Ph, 4-CICgH,, 4-MeOCgH,4 ee=70% ~76%
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§e pe
| .
/@)\ FLPs 23 /@2\ (33)
MeO (1) MeoPhSH  MeO

(2) hydrolysis 108
Yield = 90%
ee = 84%

2011 4E, Repo Z"™ & BL T 701 W F 1k N/B AL
FLPs 24, 5027 N Z0EAY) 109 AR FRE AL,
9 7 FPE FLPs MEALHIRRTE ], RNV FAL R I
100% (Eq. 34), 1H ee {HAY 37%, H S [AIFHX K.
N ee fHIZAR, WTREA BT AR T 10 o0 B B iz
B A (Al PR /N T 2L

107

CeFs. CeFs
B
©/\N
©\/j FLPs 24 (4 mol%) @(j\
N” >Ph N“ph (34

H, (202 kPa) H
109 MeOBu, 20 °C 110
conv. = 100%
ee=37%

2015 4, Repo 25 A i -1 % 25 N/P 1k R i1k
7 FLPs 25, 7EZ il N AT BB 5 H, (202 kPa)fE
F S AT RRIB IR, PR N 34%~92%, ee
BN 32%~83% (Eq. 35). B fATT SR 2 Ak 77 B2
TR L IAKFRIE R, PP HIRCR R ee H % 5 Al ik
99%. %N IRIRIE T /E FLPs AL T, Sedlmlatt &
VI AR FRIE SR, FHR AR AN, fEA TR & oD IR

B
I
N
OO B(CGFS)Z
FLPs 25 (7.5 mol%) HN@
(3%)
MTBE, H, (202 kPa)

16h,rt 12

Yield = 80%
ee = 83%

2013 4E, Oestreich Z5HRIE T F1EIRM 4 5 7R
113( 9), LA Me,PhSiH Ay I SE IV i (1) A KRR S,
1531 54% KR F 62%K) ee {E(Eq. 36). 2016 4E, {11
R 113 BEiHA A T T  Lewis B2 114( 9), LA PhSiH;
AR, EER T RIS F LR, B85 87%
IR 99%M ee fH(Eq. 37). %KM LFEFAMOIAN
Lewis A A] SEHLE R, BT ACHT AL FLPs {4k 7 42

©i©

111
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1/\
P
: =: CGF5 :: CGF5

B9 F:AE{LF FLPs 113/114
Figure 9 Chiral catalyst FLPs 113/114

U0 0
MezPhS|H
(36)
1 2CBH4F2 r.t. 115
Yield = 52%
ee = 62%
Q HO H
/@)\ 114 (2.4 mol%) /@)\
I G
MeO,C PhSiH; (3.0 equiv.) MeO,C (37)
116 1,2-F,CgHy, 1. t. -7
(after hydrolysis) Yield = 87%
ee = 98%

2013 4F, AR NS R T PR A A
AW, 534 INRAS 2 118, 15 Hy PR35 s i % A9 A X6t
FRIBIR, PR N 63%~99%, ee i N 74%~89% (Eq.
38). %I N R A AR R, TCRE A AR A, R E
i, PTEBRNRRNL, PR i s b i g FEE R <
A7 RRHRE S BTGP, N FLPs AL ik B B
?T SRR AL AL SR AT 1 T

Ar
B(Cer Bu ‘ Bu
2o
Ar Bu Bu

N/Ph 118 (1.25 ~ 5 mol%) un-Fn
i . L (38)
H, (2.02 MPa), mesitylene
Ar” R rt. 15h Ar” R
119 - 120

Yield = 63% ~ 99%

R = BnO, CF30, Me, efc.
n0, CF30, Me, etc ee = 74% ~ 89%

2014 4F, HFIEEONRIE AW T FLPs 26, #ILM
F FIGEERERE IR R, 1531 89%~99% KN F 42%~
98%F] ee 1 (Eq. 39). 2015 4E, A1 ¥it T Fibfi
1657 FLPs 27, 7£ H, 50 SCIA RIS R, =4k
HKN 82%~98%, ee N 87%~99% (Eq. 40). iZ{#1L7]
T B A () & 4 A A B B R MR A AR AN XS R
JER AU s 7 HH 2R 3 HE R s PR 1 () 10).

2016 4F, ALigIEORE T A5 FLPs 28, UL
PhMe,SiH NEIR, X 1,2- RIEALEW LI FRIE
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(1) ELPs 26 (5 mol%)

OTMS  Hj (4.04 MPa), toluene C:)H
50°C, 24 h 2 39)
OO (2) TBAF, toluene
rt 0.5h .
122 yleld =99%
12 ee =99%
(1) FLPs 27 (5 mol%) HO

H, (4.04 MPa), toluene

O 50 °C, 24 h
(2) TBAF, toluene, r.t., 1 h

—
<
0
o

123 124
yield = 98%
ee =98%
CcoC )
e, CLL
BU3P
B(CeF's): 7B,
Ces) S B(CoFs):
oo
Ar Ar
FLPs 26 By FLPs 27
-

Bu
B 10 FrEfEALT FLPs 26/27
Figure 10 Chiral catalyst FLPs 26/27
JE, PSRN 52%~98%, ee {H N 86%~99% (Eq. 41).
EAR—RIE, WnEENE, AR 3 R
PRV, R A R

PCys
B(CsFs)2  Ar=
B(CeFs) By fBu

PCy;
FLPs 28
0 (1) FLPs 28 (5 mol%)
Ph PhMe,SiH HO,, H
Ph toluene, 50 °C, 5 h Ph/-ﬂf Ph (41)
O (2)Py.HF, hexane, r.t, 0.5 h o
125 126
Yield = 91%
ee = 99%

H1F FLPs ML 23 A AL BH 2R B, AEANKTAR
R B, AT AR ROV E . H AT TR
ZIEZAREE . WS, Bt B BORRITE R &

ZO6FE FLPs EATI & R EEE . T Bk
SCHR, AT DAFI . Bk AR T I L P
Pey BRSNS R SLARA E SR 20,
FOBHAE OB S SIN FLPs fiEAGFH, A Redd s
S S FRITE P A Rase £ ,  ANTAT=F- % T FLPs AL
INE=3ich
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6 HT FLPs LSRR

B 1 B3k FLPs AL T2 48, 1A H
[I4RIE, #1087 FLPs N VS L

2009 4, Ashley #11 O'Hare 12K FLPs 3 5 CO,/H,
RA, /£ 160 CR&M 6 d BEIFE, XN 17%~
25% (Scheme 14). 1% N H XHRIE T CO, 7E FLPs fEH
NEALRCTEE, REWEAG, (BT FLPs i
WINFH, N FLPs 75 CO, 18 J5 S M i 50 B85 1 kit

‘v FLPs {4457

+ R H
T™MP—H CO2  BH(CeFs)s _ M2 B(CeFs)s
+ —_—
0O~ TMP—H T™P
T B(CeFs)s 8 FLPs 3
127 127
H  H H
O><?, ?A\?+
(CeFs)sB B(CeFs)s | <——— |(CoF5)sB  B(CeFs)s
i +
( T™MP—H) T™MP—H
129 128
T™P
iP—H
H>—0+ 8 H OT'V'P_ (C6F5)3B"HOCH,
H T\~ —H : \~ +
B(CeFs)3 H B(CsFs)3 TMP
130 131 132
160 °C distil/D
CeF5)BOCH; — >  CH3;0OH
N (CoFs)lBOCHs ~y ormpHy

CoEoH 133 Yield = 17% ~ 25%
6"'5

Bz 14 FLPs 3 3L )5 CO, i H
Scheme 14 Reduction of CO, to methanol by FLPs 3

R FLPs B 5, Bz s, THA
B Ik PR T B R B OBEVE M. 2013 4F Stephan
ALLOOSTHR I T L TR PIV]Fb O fR 5 Y R 5 R Al
fITEA 134 A JERLAT XeF, M3 2] P[V] 135, F5[EtSi
CVURBLBE 2 T RUEEL PIVIES T, 85 5[B(CeFs)s ]
ZH R P AT 2 FLPs 29 (Scheme 15). A, Al
PLE6STH AR, FIF 124 b5 S8 AL A B Ui
AURM(Eq. 42). 1S SATREHE HLESE, Qs P s T
B PIVIER SR, FE T B2 WRMANE, ATFRH
B FLPs % 5 Wi $e e 28 5 7.

+ +
F [EtsSi] CeFs)sPF
CF —P‘\\CGFS XeF, | <CeFs B(CaFed [(Cq 5)3_ ]
oF5s—P 5 CiFs—P oF5)a C.FAB
CsFs ’|: CoFs [(CeF5)4B]

134 135 FLPs 29

B 15 FLPs29 4%
Scheme 15 Synthesis of FLPs 29
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AlfE OV HLEE: %5 FLPs 29 5HAVEYIRN, &
W =T 135, KYRE—aFRIe 5MnesE+
SEE AT T 138, #i55 EGSIH RN AR L R
Y137 AP 139, &5 139 SFEW 135 Hfl—
7y FHIE K ESiF Al FLPs 29 (Scheme 16).

F
\@+ Et;SiH —T-Ps 29, @( + ELSIF (42)

136 137
Yield > 95%
@ [@] [B(CeFs)]
Et,SiH
+
" \\\Cer
CoFs” \ °6F5 CoFs—P,
||: 6Fs
[B CeFs)al
FLPs 29 \\ /
R'3SiF [SIR's] [B(CGF5)4] @
139 137

B 16  FLPs 29 {405 5000 205 B i ml GEHLER
Scheme 16 Proposed mechanism of defluorination reaction
catalyzed by FLPs 29

2016 4F, Oestreich Z5 R IE 7F T TR 75 100 C&AF
T, FIH 1 Al EGSiH SEEUE A& R 5, 15 3]
43%~92%MI K (Bq. 43). 1%/ MR N, SEE Ay IE
MR, #ifE T FLPs JRYVuE, AEz bRt E
wK, HERellim sz — .

NO, B(C4Fs)s (10 mol%) NHz
Et3SiH (10 equiv.)
(43)
100°C, 16 h
140 (after hydrolysis) 141

Yield = 88%

7 RESRE

AL F BRI FIN, 258 TIEFK FLPs 1Efi
A ST I FEE R, XA R AL A ST AT
T, SR, FLPs ARSI B & 2 (a4
FIRRB A IR KO R, 8 2 1 2 8] A7 BE AN B sl 14w LA
LRI I B =& 1, T P/B 44 2 FLPs AHX T- N/B
R RZyEPEE ;W AT Lewis MRAOTETS, A Al Bt s
AT 0 B RE TN 521 e P R R A . ZEASKT
FRIE TR, BB G W B 58 TT Re B AT
.
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FLPs MMM F B2 e BRI, LEEE
FREH, TRE SO E I ER, BB Tk A A A
5O TSR, FLP (L2 IE AT 5 b B,
TR SR R ELr. RS T FLPs
R AL 7 AT BE A2 R SR B AL I 3. B TEAR AR,
FLP S/EMELRFE: . AU . AXTFRE RS 2 ik
RIEMFREA. KL, 781X ER AR M 5 fE o,
AW R B e, BURIRR, $EH LR FLP 4
S — S VAR, O FLP A0k (B2 07T 706 )
Tl S 4R R v B A
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