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1. Frustrated Lewis Pairs (FLPs) in hydrogenation

« Heterolytic cleavage of H-H
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1. Frustrated Lewis Pairs (FLPs) in hydrogenation
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2. Chiral Diene-derived Boron Lewis Acids

« Synthesis of Chiral Dienes
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2.1. Hydrogenation of Imines and Silyl Enol Ethers

pp  chiral diene 4 (5 mol %) _Ph
N/ HB(C6F5)2 (10 mol O/o) Hl_\'
> o
Ph | H, (10 atm), toluene Ph™
5a 60 °C, 15 h 6a
>99% conv

4a: Ar = 4-MeCgH, 20% ee
A" 4b: Ar = 4-BuCgH, 16% ee
O _ 4c: Ar = 4-MeOCgH,4 17% ee
4d: Ar = 3-MeCgH, 22% ee
4e: Ar = 2-MeOCgH, 26% ee
O a4t Ar= 2,4,6-Me3CgH, 25% ee
Ar 4g Ar = 3,5'BU2C6H3 40% ee

4h: Ar = 3,5'(3,5'BU206H3)206H3 60% ee

Liu, Y.; Du, H. J. Am. Chem. Soc. 2013, 135, 6810-6813



2.1. Hydrogenation of Imines and Silyl Enol Ethers

_Ph 4h[(1 .25-5 mol %ﬂ _Ph |
N HB(CqFs5), (2.5-10 mol %) */'JN\ Cat. Loading
> ol
Ar R H, (20 atm) Ar” R Only 1.25 mol %
5 mesitylene, rt, 15 h 6
NHPh NHPh NHPh NHPh
6a 6b

98% (78% ee) 91% (89% ee) 95% (85°/o ee) 97% (850/0 ee)

NHPh NHPh NHPh PhHN

91% (80% ee)  97% (79% ee)  93% (78% ee) 63% (88% ee)

Liu, Y.; Du, H. J. Am. Chem. Soc. 2013, 135, 6810—6813 8




2.1. Hydrogenation of Imines and Silyl Enol Ethers

4h (2.5 mol %)

(j\ ]\ HB(CFs)» (5 mol %) @: ]
H, (20 atm), CHQCIE

rt, 12 h
C) CEOJ L) °

N~ Ph N~ PMP : @N]"” OMe
H H H
8a 8b 8d

N~
L
8c Ph

95% (33% ee) 90% (40% ee) 90% (42% ee) 92% (33% ee)

Weli, S.; Feng, X.; Du, H. Org. Biomol. Chem. 2016, 14, 8026-8029 9



2.1. Hydrogenation of Imines and Silyl Enol Ethers

B(CgF5)3
Ar"—N Ar' (5-10 mol %)
\ >
Ar N-Ar" H2 (20 atm)
9 20 °C, 0.5-4 h
Ar—NH Ph
Ph  HN-Ar

P )

F NH Ar

s
")

PhN Ph

chiral diene 4i (5 mol %)
HB(CgFs)s (10 mol %)

Ar'—NH  Ar

Ar HN-Ar"
10
10a: Ar = Ph, 94%

10b: Ar = 2'MeCSH4, 95%
10c: Ar = 4-FCgH,, 98%

10d: Ar = 4-MeCgH,, 99%
10e: Ar = 4-BFCBH4, 97%
10f: Ar = 3-MeOCgH,, 99%

109 Ar = 4- CF3CBH4, 95%
10h: Ar = 3-FCgH,, 97%
F10i: Ar=2-MeOCgH,, 99%

PhHN Ph
MeO
> NHPh

NPh

H, (20 bar), toluene

20 °C, 24 h
9

Zhu, X.; Du, H. Org. Lett. 2015, 17, 3106-3109

10j
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b. chiral catalysts
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2.1. Hydrogenation of Imines and Silyl Enol Ethers

1. 4g or 4f (5 mol %)
HB(CgF5)» (10 mol %)
Lewis base (10 mol %)

OTMS |5'l5 ‘(’4C0 2a£rr|;), toluene jﬂ
N T 2.TBAFOSh . P
11a 12a
Lewis base
none no reaction

Ar :
‘ Mes;P no reaction
=

97% conv (90% ee)

X PrBU2
Ph

Ar
Cy,sP 90% conv (93% ee)
49: Ar = 3,5-Bu,CeHs  BusP  >99% conv (98% ee)

4f: Ar = 2,4,6-MezCgH, Bu,P  >99% conv (-94% ee)

Wei, S.; Du, H. J. Am. Chem. Soc. 2014, 136, 12261-12264 11



2.1. Hydrogenation of Imines and Silyl Enol Ethers

1. 4g (5 mol %)
HB(CgF5)o (10 mol %)
BusP (10 mol %)

OTMS  H, (40 atm), toluene OH
50 °C, 24 h -
-
RN 2 tBAR R 05h R/\R,
11 R 12
12a 12b 12¢ 12d 12e
98% (98% ee) 93% (95% ee) 97% (97% ee) 94% (99% ee) 97% (>99% ee)
FOH  OMeOH
12f 129 12h 12i 12]

97% (>99% ee) 97% (>99% ee) 97% (97% ee) 98% (99% ee) 98% (99% ee)

Wei, S.; Du, H. J. Am. Chem. Soc. 2014, 136, 12261-12264 12



2.2. Hydrogenation of N-Heteroarenes

CeFs X (10 mol %)

B HB(C4Fs), (10 mol %) m
- >

RN R H, (50 atm) R H R'
13 toluene, 100 °C, 20 h 14
L1 ;
Ph” >N “Ph H
H F OMe
14a 14¢
98% (98:2 dr) 92% (99 1 dr) 93% (90:10 dr)
fl flc fj\ o
11Fz3 p-tol p-tol
14d 14e 14g
96% (95:5dr) 60% (93:7 dr) 44% (98:2 dr) 64%

Liu, Y.; Du, H. J. Am. Chem. Soc. 2013, 135, 12968-12971
Zhao, J.; Wang, G.; Li, S. Dalton Trans. 2015, 44, 9200-9208 13



2.2. Hydrogenation of N-Heteroarenes

7\ ®
—N N
p-Tol p-Tol
/\ %
13h CeFe™ X (10 mol %)
HB(CgF5)o (10 mol %)
72\ — H, (50 atm)
\ o
— 3 // toluene, 100 °C, 20 h
Me Me
13i
\ Cor
NH N % NH Q
Me Me Mée
(5,5)-14i (R,R)-14i

73% (>99% ee) 74% (>99% ee)

Liu, Y.; Du, H. J. Am. Chem. Soc. 2013, 135, 12968-12971

NH HN

p-Tol p-Tol

14h
75% (>99:1 dr)

\
NH N/

Me 14i Me

59% (96:4 dr)

resolution by
tartaric acid

14



2.2. Hydrogenation of N-Heteroarenes

X chiral diene 4j (5 mol %) N
m HB(CeFs)2 (10 mol %) _ |
R ON >N OR| H, (30 atm) RT NN TR
toluene/hexane (3/1) 16

25°C, 20 h

O mMe th'Bu

16a 16b 16¢
I 93% (47% ee) 96% (17% ee) 92% (33% ee)
4 /g(n /O/Ej\/l
f
Ar = 2-EtO-5-BuCgHs MeO
93% (74% ee) 90% (64% ee)

Wang, W.; Feng, X.; Du, H. Org. Biomol. Chem. 2016, 14, 6683-6686 15



2.2. Hydrogenation of N-Heteroarenes

R' CSF5)3 (10 mol o/o) or
I B(p-HCoF4)s (5 ol %) CE I
H, (20 atm)

toluene, 60 or 100 °C

13
H H
QNIMGCENI% o CoCx
N" Me N “Ph Me N “Ph N"“Ph
H H H H
18a 18b 18c 18d

94% (98:2dr)  97% (>99:1 dr) 95% (>99:1dr)  91% (98:2 dfr)

Me H H H
% MeBr\QN IMe /@NIMe @: NIMe
I N Ph
N Ph N Ph ClI N Ph
H H H Me H
18e 18f 189 18h
93% (96:4 dr) 91% (93:7 dr) 90% (92:8 dr) 97% (98:2 dr)

Wang, W.; Feng, X.; Du, H. Angew. Chem. Int. Ed. 2015, 54, 623-626 16



2.2. Hydrogenation of N-Heteroarenes

Ar
R' chiral diene 4k (5 mol %) O =

HB(CgFs), (10 mol %)
H, (20 atm) - 18 O X

n-hexane, rt, 24 h
Ar

ak: Ar = 2-MeO-5—fBuCGH3

4 b @r e Im@r X

/

18e 189
82% (>99.1 dr)  72% (99:1 dr) 85% (>99,1 dr) 75% (98:2 dr)
(89% ee) (67% ee) (90% ee) (96% ee)

89% (>99:1 dr)
(90% ee) (1 .0 gram scale)

@ L, @L 2O Lo OCL Iph

1 8| 1 8] 8
93% (>99:1 dr) 71% (>99:1dr) 91% (>99:1 dr) 99% (99:1 dr)
(77% ee) (77% ee) (96% ee) (92% ee)

Wang, W.; Feng, X.; Du, H. Angew. Chem. Int. Ed. 2015, 54, 623-626

17



2.2. Hydrogenation of N-Heteroarenes

4 Ph "\ chiral diene 4 (5 mol %) Ph
xMe | HB(C4FL), (10 mol %) +,Me
-
< H, (20 atm), toluene
N Ph N *"Ph
40 °C,20 h |-|
\_  19a )

Ph Ar
L _
SS9 )

Ph Ar

4i 4n: Ar = 2-PrO-5-BuCgHg
52% conv 79% conv 31% conv 28% conv
(-53% ee) (54% ee) (20% ee) (92% ee)

Zhang, Z.; Du, H. Org. Lett. 2015, 17, 2816-2819

18



2.2. Hydrogenation of N-Heteroarenes

W chiral diene 4n (5 mol %) Y R
bulky substrates @EJ\A[’ HB(CeFs)o (10 Mol %)
H, (20 atm), toluene N~ NAr
40 °C, 20 h o0 H
Oa 20b
90% (90% ee) 91% (93% ee) 83% (84% ee) 92% (93% ee)

contalnmg 9%

Ph steremsomelgsh Ph
Me BrmMe Br Me CI
‘ CF3
N N =
N Ph
H O H H ¢ /
20f 209 20h

20e
83% (90% ee) 97% (92% ee) 84% (99% ee) 91% (92% ee)

Zhang, Z.; Du, H. Org. Lett. 2015, 17, 2816-2819

19



2.2. Hydrogenation of N-Heteroarenes

Al chiral diene 4k (5 mol %) ]
@%\ HB(CgF5)- (10 mol %) Cﬁj\
F o
N/ " H, (20 atm), toluene N R
21 15°C, 24 h 22 H
Cl
OMe
22 22b 220
91% (97:3 dr) 94% (98:2 dr 98% (>99:1 dr) 93% (98 2 dr)
(91% ee) 98% ee) (97%ee) F (94% ee
(ﬁ\.\c% .t/L
22e 22f 22g H 22h
75% (95:5 dr) 80% (98:2 dr) 89% (96:4 dr) 93% (98:2 dr)
(87% ee) (87% ee) (96% ee) (86% ee)

Zhang, Z.; Du, H. Org. Lett. 2015, 17, 6266-6269 20



2.2. Hydrogenation of N-Heteroarenes

4 \ chiral diene 4k (5 mol %) o
mﬁ HB(C4Fs)» (10 mol %) m
>

N/ R H, (20 atm), toluene N~ VR

0°C,24h H

\ 23 24

”Pr
24a
91% (69% ee)  95% (80% ee)  90% (65% ee) 96% (56% ee)

Zhang, Z.; Du, H. Org. Lett. 2015, 17, 6266-6269 21
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3. Chiral Diyne-derived Boron Lewis Acids

) o0¢
OO _CBr; :
CHO CBr4/PPh3) 1. "BulLi, THF .
g g Ar
3 25

Ar

Ren, X.; Li, G.; Wei, S.: Du, H. Org. Lett. 2015, 17, 990-993 23



3. Chiral Diyne-derived Boron Lewis Acids

1. chiral diyne 26 (5 mol %)

Q HB(CgFs), (10 mol %) HO, ,H
Ph/lk[( Ph Lewis base (10 mol %) _ Ph/-ﬂ( Ph

o PhMe,SiH (1.1 equiv) 5

27a toluene, 50 °C, 5 h 28a

2. Py*HF, hexane, rt, 0.5 h
Lewis base

i none 25% conv (22% ee)
MessP 27% conv (74% ee)

Pho(CgF5)P  39% conv (83% ee)

Ar BusP 12% conv (77% ee)
26a: Ar = 3,5-Bu,CgH3 CysP 76% conv (98% ee)
26b: Ar = 4-MeCgH, CysP 21% conv (78% ee)
26¢: Ar = 4-BuCgH, CysP 28% conv (89% ee)
26d: Ar = 3,5-(CF3),CgH;  CysP 39% conv (88% ee)
26e: Ar = 2-MeO-5-BuCgH; Cy;P 42% conv (92% ee)

Skjel, M. K. et al. Org. Lett. 2010, 12, 990-993
Ren, X.; Du, H. J. Am. Chem. Soc. 2016, 138, 810-813

24



3. Chiral Diyne-derived Boron Lewis Acids

1. chiral diyne 26a (5 mol %)
O R HB(C¢F ), (10 mol %) HO, ,H
r _
Ar)k”/ Cy;P (19 mol %) | _ AFA]T Ar
o) PhMe,SiH (3.0 equiv) 0
o7 toluene, 60 °C, 5 h 28
2. Py*HF, hexane, rt, 0.5 h
OMe
HO, H HO, ,H HO, H
Ph)ﬂr Ph CIWOEt mOEt O\H%.N/OEt
0 O e °© N5 o
28a ome 22 29d 29e 20f
89% (99% ee) 98% (99% ee) 90% (98% ee€) 82% (>99% ee) 87% (97% ee)

91% (>99°/o ee)

P Ho H HO, .H HO, ,H
g OEt g OEt MeO : OEt
Ph
O O
MeO
29a 29h 29c

93% (99% ee)

28f
70% (88% ee) 96% (98% ee) 82% (96% ee)

Cl 28d
98% (86% ee) 96% (96% ee)

Ren, X.: Du, H. J. Am. Chem. Soc. 2016, 138, 810-813 25
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4. A Novel Type of Frustrated Lewis Pairs

LA -OLB product OLA—LBO
H hydrogen
2 ) ( 5= ) source
LA—H

HacLA substrate 0
HOGLB O O+
+ LB—H

— B —

classic FLPs novel FLPs

Key Issues

1. The two components of the FLP cannot rapidly release H2
2. The formed covalent bond must be easy to split

3. The use of chiral bases to control the asymmetric induction

Li, S.; Li, G.; Meng, W.; Du, H. J. Am. Chem. Soc. 2016, 138, 12956-12962 27



4. A Novel Type of Frustrated Lewis Pairs

HB(CgF5)o (10 mol %)

NPh 30 (10 mol %) NHPh
Ph hydrogen source Ph
5a toluene, rt, 20 h 6a
O
g H2 (20 atm) NH35H3
>r \ NH 10% conv. 96% conv.
30 85% ee 35% ee

Li, S.; Li, G.; Meng, W.; Du, H. J. Am. Chem. Soc. 2016, 138, 12956-12962

28



4. A Novel Type of Frustrated Lewis Pairs

1. HB(CgF5)o (10 mol %)

N AT 30 (10 mol %) ane
| toluene, 30 °C, 12 h >
Ar” "Me 2. pyridine (10 mol %) Ar~ "Me
31 NHg-BHS (1.0 equiv) 32
30°C, 24 h Ar' = 4-CNCgH,

oo o

99% (89°/o ee) 93% (90% ee) 99% (86% ee) 95% (92% ee)

(20 mol % catalyst)

HN A

ot epte s

98% (94°/o 99) 0°/o 90% ee 99% 86°/o ee

(20 mol % catalyst)

Li, S.; Li, G.; Meng, W.; Du, H. J. Am. Chem. Soc. 2016, 138, 12956-12962

>r8‘*NH2

29



4. A Novel Type of Frustrated Lewis Pairs

o)
ISI
(CeFs)2BH + Bu” " "NH,
l 30
H o NH, NAr'
[N-B] CeFs'B. ‘O//S"tB Ar)J\
CeFs u 31
33
CﬁF’—S H Il_l ¥ By /H“H\ -\Arl
Cst“ila" ~B” S A
= o\ /'C.'
O 675 CoFs )
- TS2 B ) TS1
>\ 0 NHAr'
NHgBH,  gyr o B(CeFs)z Ar/k
H 34 32

Li, S.; Li, G.; Meng, W.; Du, H. J. Am. Chem. Soc. 2016, 138, 12956-12962

30



4. A Novel Type of Frustrated Lewis Pairs

1. HB(CGF5)2 (30 mol o/o)
30 (30 mol %)
C H5Br/n-hexane (3/7)

R'— > R
= NT SAr 2. NHg: BH3 (2.0 equiv) Ar
CgHsBr/n-hexane (3/7)
30°C, 24 h 18

@J;hmph@rz CE%

18i

78%(94:6 dr) 95% (96:4 dr) 72% (94:6 dr) 95% (96:4 dr)
(78% ee) (82% ee) (84% ee) (77% ee)

Li, S.; Meng, W.; Du, H. Org. Lett. 2017, 19, 2604-2606 31



4. A Novel Type of Frustrated Lewis Pairs

H2 as hydrogen source—cis products Ar

,  chiral diene 4k (5 mol %)

RI\/C[ NI R T ’
> 1
H, (20 atm)
/ N/ er

n-hexane, rt, 24 h

Ar
4k: Ar = 2-MeQ-5- tBUCGH3

4 b @[ e Iphm@r X

18e 1 39
82% (>99:1 dr) 72% (99:1 dr) 85% (>99.1 dr) 75% (98:2 dr)
(89% ee) (67% ee) (90% ee) (96% ee)

89% (>99:1 dr)
(90% ee) (1 .0 gram scale)

@E L, CI O Lo O I

1 8i 8j 18k
93% (>99:1 dr) 71% (>99:1dr) 91% (>99:1 dr) 99% (99:1 dr)
(77% ee) (77% ee) (96% ee) (92% ee)

Wang, W.; Feng, X.; Du, H. Angew. Chem. Int. Ed. 2015, 54, 623-626 32



4. A Novel Type of Frustrated Lewis Pairs

NH3:-BH3 as hydrogen source—trans products
1. HB(Cg4F5)o (20 mol %) Y
N X CH,ClI,, 30°C, 12 h TN
RII_I - Rll_I
P .
= N R' 2. NHSBHS (200 eqU|V) = N R'
CH_;_)C|2, 30 C, 24 h H
17 18
H H H Ve y
C[NTMe F\©jNIMe MeO\C[NTMe CINTMe
N" “Me N~ "Me N” “Me N™ "“Me
H H H H
18a 18m 18n 180
84% (trans/cis = 72/28) 72% (trans/cis = 64/36) 58% (trans/cis = 69/31) 85% (trans/cis = 72/28)
(99% ee for trans) (98% ee for trans) (99% ee for trans) (99% ee for trans)
H H H H
CCro oOrs ) oo )
N~ ""Bu N ""c-hexyl NT N
H H H H
18p 18q 18r 18s
85% (trans/cis = 60/40) 67% (trans/cis = 50/50) 78% (trans/cis = 28/72) 93% (trans/cis = 59/41)
(98% ee for trans) (89% ee for trans) (93% ee for trans) (>99% ee for trans)

Li, S.; Meng, W.; Du, H. Org. Lett. 2017, 19, 2604-2606 33



5. Summary

* The chemistry of FLPs offers new methods of metal-free hydrogenations
« A wide range of compounds were effective for asymmetric hydrogenation

* Novel FLPs: Combination of H(d-) and H(d+) containing Lewis acid and base

Advantages:
a. Easily obtained; b. Highly enantioselective hydrogenations; c. A lot of substrates

are well tolerated, including that are challenging for transition-metal catalysts 5,



Thanks for your attention



