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Abstract In recent years, frustrated Lewis pairs have been widely used for the activation of small molecules and
in catalytic transformations. This graphical review aims to provide a fundamental understanding of frustrated Lewis
pair reactivity and the exploitation thereof in catalytic reactions.
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Since the seminal report by Douglas Stephan'? reporting the reversible heterolytic splitting of
molecular H, by an intramolecular Lewis acid/Lewis base pair, the field of so-called frustrated
Lewis pairs (FLP)™™¢ has evolved into one of the key research pillars in main group chemistry.
A frustrated Lewis pair (FLP) consists of an electron-pair acceptor (Lewis acid) and an electron-
pair donor (Lewis base) that cannot form a Lewis acid-base adduct because of steric reasons,
thus leaving the individual reactivities available for synergistic activation with small mole-
cules, e.g., hydrogen, carbon dioxide or nitrogen oxides.!d The activation of H, is certainly one
of the most important applications of FLP catalysts.'®-i However, new applications of FLP cata-
lysts beyond hydrogenations have also been elaborated, e.g., hydroaminations, oxidations and
cycloisomerizations.’™ This Graphical Review provides a general overview of the develop-
ment of FLP-catalyzed reactions with a focus on initial findings and recent achievements.
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1. Frustrated Lewis pairs: ' The typical Lewis acids and Lewis bases
* No formation of the Lewis acid—base adduct is observed !
* The FLPs could be present as polar or radical-encounter complexes 1 E E Commonly applied
1 Lewis bases
The classic Lewis and frustrated Lewis pair (A), the polar (B) and radical (C) FLP counter complex ! B B
: B(CeFs)2
ste i
(A) hmdrance F F “p P
Me : 3 Cer)z
— 0 BFs — BMe3 : Paradies et al. (1q) Paradies et al. 1r Klankermayer etal. (1s) Paradies et al. (1t) 3
® N-BFy <———— :
\ 7 \ / : E F Ar |:| OO J\
Me Me i T >O<
H e -1B(CgF
classic Lewis pair frustrated Lewis pair : B (CeF5)2B | (CeFs)2 lil N
(1n) Brown, J. Am. Chem. Soc. 1942, 64, 325. : E H A B(CeFs)2 H
(B) H/F NOEs © . ; A OO
E F MesgP : Paradies et al. (1u Wang et al. (1v)
> F 3\ MesgP+ B(CgF5)g———> - ' (1) Repo et al. (1w)
L™ F E | TMes toluene, 273 °C, B(C¢Fs)3 : R F Ar P
= B \ 7 visble light '
F Me (390-500 nm) ' B F
P, Mes ) ' B(CeFs)2
H detectable by EPR and UV/Vis spectroscopy I
F :
5 Me : F F B(CeFs)2 x
e | : - 3 »
'H, 19F HOESY i | Stephanetal. (1) Park et al. (1y) Ar Duetal (12) N

(related to B(CsFs)3)

(1r) Tussing, Chem. Eur. J. 2015, 21, 8056. (1ac) Tussing, Chem. Eur. J. 2016, 22, 7422.

(A) —_— S O e i =
,’I_\\ LUMO LUMO s p ! Free activation energy versus Lewis acidity for the hydrogenation of imine (A)
/ N @0 ,/’ > LUMO : and logarithmic plot of reaction rate constants (k) and Hammett parameters (B)
HOMO 4 ! —_— * i 2
D A . - 60 ; N TF_ Borane by R
Phosphine . - HOMO S -ﬂ-@ : A F{‘JVR3
‘ﬂ" HOMO ; R" "R® H
: (A) 25.00 (B) 12
: 2450 { @ 1
donor —» o*(Hp) (B) ! 5 2400 o R . -
~~ H o(Hz) —> acceptor ' ggzs 50 B%b) ) 0.8
. ' £ 8 ey
QP H\_» : %% 23.00 F ) E, 0.6 o ,“.
O . g2 22.50 . s .
H g 22.00 B Lewis basicity
E £ 2150 e \F F) g
(1aa) Rokob, Angew. Chem. Int. Ed. 2008, 47,2435.  (1ab) Grimme, Angew. Chem. Int. Ed. 2010, 49, 1402.} A800 - pr o oe 04 93 o o2 o4 e o8 i
: Lewis acidity (%) Hammett c-parameter

Figure 1 Structure and reactivity of frustrated Lewis Pairs
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2. Application of FLPs

Heterolytic hydrogen cleavage by intra- and intermolecular FLP

Mes,P

F F
(1a) Welch, Science 2006, 3714, 1124.

>U< <>>;<

R F
Ho ©
Mes,P ?(CGFQZ
H
F

activated hydrogen could be
transferred to substrates

_ow Sk el

HB

4\ + F

(2a) Welch, J. Am. Chem. Soc. 2007, 129, 1880.

b) Hydrogenation of enamines

Q cat. 1 (10 mol%)

I}
CH,
H2 (2.5 bar) H
toluene, r.t., 20 h
99%

(2b) Spies, Angew. Chem. Int. Ed. 2008, 47, 7543.

c) Hydrogenation of heterocycles

&

(2c) Geier, Chem. Commun. 2010, 46, 4884.

CGF5)3 (5 mol%)

Hy 4bar) CH20|2
25°C, 3 h, 84%

B(CsFs)3 (10 mol%)

H, (103 bar)
toluene, 18 h, 98% H

g\ ;Z~§

(2d) Stephan, Inorg. Chem. 2011, 50, 12338.
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2.1 FLP-catalyzed hydrogenations
a) Hydrogenation of imines

The mechanism for FLP-catalyzed

hydrogenation of imines

3
R B(CeFs)s (5 mol%) R R
3 Hy +
1U\ > H» (5 bar), toluene R1’IVR2 R‘N’H 2 1U\ 2
R R 120 °C H R R
- B(CeFs)a
products: H FLP Hp
activation
Bu., .H PhoHC( | ~H PhO.S. .H amine
N N N release
Ph/k\H Ph/JVH Ph/ij 5@
H H R3 R\N,H
89% 99% 94% H.
N—B(CeFs)s A,
Bu.yH Dipp-., -H Dipp-, -H R'K Ry R
BY Py PY H R [HB(CeFs)s]
Ph™ T Ph Ph™ T Me Bu” | Me
98% 94% n.r
Dipp = 2,6-(Me>,CH)CgH3 reduction
d) Hydrogenation of nitriles -
B(CgFs)3 (5 mol%) products:
I P(CgHzMe3)s (5 mol%) H>IH_N'-| HH HH
=N"(B(CeFs)a) H, (5 bar), toluene, 120 °C H'  B(CeFa)s NH. NH;
Me B(CeFs)s Ph B(CeFs)s
The mechanism for FLP-catalyzed hydrogenation of nitriles 91% 94%

H H
B(CeFs)3
B(CeFs)3
+ P(CeHgMea 3
|m|ne to amine
FLP H,
activation
N B(CgsFs)3
R [(CeHoMes3) 3PH] + [HB(CGF5 3]

(CeFs)

H —
R'—=N—(B(C¢Fs)s)
FLP H,
B(C6Fs)3 N—-B N
) 1_/<

+ P(C5H2Me3 3

e) Hydrogenation of aziridines

Ph.
Eh B(CeFs)s (5 mol%) NH
— " Ph
/L\ H, (5 bar) Ph
Ph Ph toluene, 120 °C H
2h, 95%

Figure 2 Frustrated Lewis pair catalaysed hydrogenations of a) imines, b) enamines, c) heterocycles, d) nitriles and e) aziridines

(2e) Chase, Chem. Commun. 2008, 1701.
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f) Hydrogenation of ketones

O B(CGF5)3 (5—20 mol%) H OH
2 Hp(5bar), 1,4-dioxane  R1” > R2
R R 100 °C
H_OH  H_OH H
X X OuN
Me~ "Me /Pr Me OH
83% 80% 829%
H,_OH H_ OH H
X X O,N
Et Et Bu Me OH
60% n.r. 84%

(2f) Scott, J. Am. Chem. Soc. 2014, 136, 15813.

o] B(CeFs)3 (5 mol%) H OH
R R2 H, (60 bar), Et,O R‘KRZ
70 °C
H CF.
H O 3
< >7<OH < ; { H OH
77% 88% 99%

(29) Mahdi, J. Am. Chem. Soc. 2014, 136, 15809.

g) Hydrogenation of olefins
e electron-rich olefins

B(CsFs)3 (20 mol%)

J\ (CoF2)oPhaP (20 mol%) Hch,
Ph™ “Ph H, (60 bar), CD,Cl, Pgh H

2 h, 99%
(2h) Greb, Angew. Chem. Int. Ed. 2012, 51, 10164.

e electron-deficient olefins
2,6-lutidine (20 mol%) H

Rl THF-B(2,6-F2Cehis)s (20 mol%)
~Z N0, . NO,
H, (4 bar), CH,Cly, 40 °C
H
R' = Ph, 24 h, 74% R'=Cy, 36 h, >95%

R' = p-MeOCgH4, 24 h, >95% R’ = jPr, 36 h, >95%

(1q) Greb, Angew. Chem. Int. Ed. 2013, 52, 5876.

e unactivated olefin

B(CgFs)3 (10 mol%)
() oo™ C[ T 7

cat. 2 (10 mol%)
Ha (40 bar), CDCl3
(2i) Mahaut, ChemCatChem 2022, 14, e202200294.

150 °C, 16 h, 96%

49
THIEME

h) Hydrogenation of a,B-unsaturated olefins

B(CgFs)2(Mes)
(10 mol%) H
o DABCO (10 mol%) o H

Y H, (4 bar), CsDe i
H 20° 7% B
P 07C. 6 87% PO S

(2j) Eros, Angew. Chem. Int. Ed. 2010, 49, 6559.
Further examples:
(2k) Reddy, Organometallics 2012, 31, 5638.

(21) Nicasio, Chem. Eur. J. 2013, 19, 11016.
(2m) Woélke, J. Organomet. Chem. 2019, 899, 120879.

i) Hydrogenation of aza-Morita—Baylis—Hilman adducts

o} B(2,4,6-FsCeHo)a Hy, O
(10 mol%) .
OMe DABCO (10 mol%) H , OMe
—_—
A NHTs  H, (60 bar), toluene NHTs
| P 80 °C, 24 h, 89%
F F
84:16 d.r.

(2n) Khan, ACS Catal. 2017, 7, 7748.
j) Hydrogenation of alkynes

/R2 cat. 3 (4 mol%)
R 7 H, (2.2 bar), CgDg ;
80 °C

R'=Me, R =
R'=Ph,R2=
R'=Ph, R2=
R'=Pr,R2=

Me, 100%
Ph, 50%

TMS, 88%
Me, 100%

(20) Chernichenko, Nat. Chem. 2013, 5, 718.

Further examples:
(2p) Wech, Chem. Eur. J. 2020, 26, 13445.
(2q) Wech, ACS Catal. 2022, 12, 5388.

2.2 FLP-catalyzed asymmetric hydrogenations
a) Asymmetric hydrogenation of imines

_Ph H. .Ph
N N
| cat. 4 (10 mol%)
Me H» (20 bar), toluene HMe
65 °C, 99%
3% ee
(3a) Chen, Chem. Commun. 2008, 2130.
.Ph Ho
N
| cat. 5 (2 mol%)
Me  H, (25 bar), toluene
60 °C, 75%
MeO MeO
70% ee

(3b) Ghattas, Dalton Trans. 2012, 41, 9026.

Further examples:

(1z) Liu, J. Am. Chem. Soc. 2013, 135, 6810.
(3c) Wang, Adv. Synth. Catal. 2014, 356, 1747.
(3d) Hamza, ACS Catal. 2020, 10, 14290.

b) Asymmetric hydrogenation of silyl enol ethers

1. cat. 6 (10 mol%)
BuzP (10 mol%)
H» (40 bar), toluene
50°C, 24 h

OTMS

HO H

93% (95% e6)
HO

) H
o0
N0 H

97% (88% ee)

ey

97% (97% e6)

HO H HO H
MeO ' '
L )

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

98% (98% e6)

(3e) Wei, J. Am. Chem. Soc. 2014, 136, 12261.

HQ H
AN : N
-+ 2. TBAF R%(j/g
= = H

B(CeFs)2

OO B(CesFs)2
Ar

Ar= S,S-BUQCGHg
6

Figure 3 Frustrated Lewis pair catalaysed hydrogenations of f) ketones g) olefins h) electron-deficient olefins i) aza-morita-Hilman adducts and j) alkynes and frustrated Lewis pair catalaysed asymmetric hydrogenations
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c) Asymmetric hydrogenation of quinoxalines

cat. 7 (10 mol%)
H» (20 bar)

n-hexane, r.t., 24 h

NN R OO o
(;[NIR:’ (I I B(CeFs)2
O O B(C6Fs)2
Ol g | v
u:[;? N on

Ar = 2-MeO-5-1BuCgH

N %n 7
82% (89% €€) 729 (67% ee) 87% (92% ee)
H
N _:H
Q e L
g
N pn H Ph
75% (96% ee) 99% (92% ee)
(3f) Zhang, Angew. Chem. Int. Ed. 2015, 54, 623.
d) Asymmetric hydrogenation of carbonyls R* R4
R
B(p-HCgF4)3 (10 mol%) N
JO]\ cat. 8a (20 mol%) H, OH pH
R “R2 H, (20 bar) R "R2
toluene/cyclohexane (1:1) 8a: R®=Ph, R* = Me
30°C 8b: R® = H, R* = Et
H H
1OH - 1OH - 1OH Ve
H OH
FsC FsCq cl Br

96% (74% ee)

90% (81% ee) 96% (80% e€) 74% (87% e€)

B(p-HCgF4)3 (10 mol%)
cat. 8b (20 mol%)

H, (40 bar) R"—/ D

. 2 ar !

"2 mesitylene, 30 °C \/

R' = H, R? = 4-F5C, 94% (80% ee) R' = 7-Ph, R? = H, 94% (85% ee)
R'=H, R? = H, 94% (77% ee) R' = 7-Br, R? = 4-Me0,C, 95% (87% ee)
R' = H, R? = 4-Me, 94% (78% ee) R! = 7-Br, R? = 4-Me, 99% (86% ee)

R' = 7-Me, R? = H, 94% (86% e¢) R' = 7-Br, R? = 2-Et, 99% (92% ee)

(39) Gao, Angew. Chem. Int. Ed. 2020, 59, 4498.
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2.3 FLP-catalyzed transfer hydrogenation
Seminal work:

H
/\N)\/H

B(CsFs)3

o
HB(CsFs)3
®

HNEt,Ph

hydrogen source
(4a) Millot, Eur. J. Inorg. Chem. 2002, 3328.
a) Transfer hydrogenation of imines

N-BU  B(CeFs)s (5 mol%) i}N\/’B“
| - -
diisopropylamine
Ph™ "H 100 °C, 20 h, 98% Py H

(4b) Farrell, Organometallics 2011, 30, 4497.

H H
_Ph
n-Fh Me Me  B(CgFs)s (10 mol%) j\
AT
toluene, 125 °C
Ph Me e 12 h, 94% PRy Me

Mechanism of the transfer hydrogenation
Ph H H
B(CesFs)3 Me Me

-

HN

Ph/)\Me
H

hydride transfer
H

Me Me

imine protonation

®
H \lN/ Ph
Ph)\Me
[Hg(Cer)s]
H-H bond H-H bond
activation formation

[HB(CéFs)sl
©
B(CeFs)s Me Me

H
.Ph gt

(4c) Chatterjee, Angew. Chem. Int. Ed. 2015, 54, 1965.

Figure 4 Frustrated Lewis pair catalaysed asymmetric hydrogenation of ) quinoxalines d) carbonyls and transfer hydrogenations

b) Transfer hydrogenation of silyl enol ethers

1. TMP (10 mol%)
B(CgFs)3 (10 mol%)

O[Si] y-terpinene (1.3 equiv) OH
toluene, 130 °C, 18 h HJ\(H
RTSS 2. TBAF (1.0 equiv) R
R2 25°C, 1 h, [Si] = TMS R2

80 °C, 2 h, [Si] = TBS

R RO

74% 86% 87%
(4d) Khan, Angew. Chem. Int. Ed. 2018, 57, 12356.
Further examples:

Asymmetric transfer hydrogenation of imines:
(4e) Li, J. Am. Chem. Soc. 2016, 138, 12956.

Asymmetric transfer hydrogenation of quinoxalines:
(4f) Li, Org. Lett. 2017, 19, 2604.

Asymmetric transfer hydrogenation of esters:
(49) Zhao, Tetrahedron Lett. 2019, 60, 1193.

Typical hydrogen donors for
transfer hydrogenation

EtO,C CO,Et
f ]
N

o N
S

Hantzsch
ester

benzothiazoline

HgN—BHg

ammonia
borane
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2.4 FLP-catalyzed C-C bond formation
a) Cycloisomerizations
-20 °C then r.t.

Ph
=7
X
Ph 2d,23%
(5a) Chen Angew Chem. 2013, 125, 6108.

H
Me
O " el
MeO

H
69%

B(CeFs)3 (1.0 equiv)

oF.
o&&

n-pentane

T Q‘
W

B(CsFs)3 (20 mol%)
PPhg (20 mol%)

CeHe, 90 °C, 18 h

73% 55%
(5b) Tamke, Angew Chem Int. Ed. 2016, 55, 4336. N
RS ‘:
B(CeFs)3
x Rz (10 mol%)
R
< 4 CZHZCI4, 120 °C
N R‘ overnight
RS ) /
Me T ph Me ~"’ph
X X
| P Me || P Me Me Me
N N N~ "Me N~ "Me
| |
Me Me
e o,
98%, d.r. 1111 83%, d.r. 411 99% 93%
._{5¢) Maier, Chem. Eur. J. 2018, 24, 16287.
b) Mannlch-type reactions T TTTTTTTTTTTOOOT
B(CgFs)3 (10 mol%) Boc\
PMP (20 mol%)
W)I\ toluene hexanes X
N, 22°C,12h R
Boc.. Boc\ Boc.

NH O

84% anti/syn >20:1 84% anti/syn >20:1
(5d) Chan, Angew. Chem. 2016, 128, 14081.
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c) Rearrangements
o} o
_ B(CeFs)3 H
| N Ph (10 mol%) R2

NN p2 CHClj, r.t. :
N R 30 min N A Ph
R! R!
2 H
N & Ph OMe
Et

88%, d.r. > 99:1

89%, d.r. > 99:1

(5e) Wicker, Angew. Chem. Int. Ed. 2022, 61, €202204378.

o o
B(CeFs)3
Z R! (10 mol%) R
s CHCI
R 3
N 25°C N R
R? R?

(0] (0] (0]
7oy e \ e N e
Bn Bn Me

87% (d.r. > 99:1) 88% (d.r. > 99:1) 82%
(5f) Wicker, Org. Lett. 2021, 23, 3626.
(0] o
B(CeFs)3
X x R (10 mol%) Rt
| —_— >
Z NARZ CHCI3 N Sy R2?
J Q;) 60 °C, 18 h J ()
Rr2” "% /n r2” "V /n
o o]
H H o H
H . L Ph
Nk Ph N N
Ph
84% 80% 7%

(5g9) Zhou, Eur. J. Org. Chem. 2021, 6334.

d) Diels—Alder reactions

()

Cer)zB~

N —T N —
| + CHaCly, r.t. toluene
B(CeFs)2 71630 120 c 79%

(5h) Chen, Org. Biomol. Chem. 2015, 13, 10477.
e) C-C Couplings

cat. 9 (20 mol%)

R'—=
toluene, 100 °C
6 h
MeQO
W, O N
\\ H H \\ H
BT “hw P H
O 70% 70% 54%
MeO
62% 62%
(5i) Hasenbeck, Catal. Sci. Technol. 2019, 9, 2438.
OH
Bu Bu Bu
Ete N B(CgFs)3 (10 mol%)
m-xylene, 140 °C
_Et
48 h R '}‘
Et
OH OH OH
Bu | Bu Bu Bu Bu l Bu
LEt LEt
\N,Et E\ '?l O N
|
Et Et
O Et Z>oMe cl
77% 59% 69%

(5j) Li, Chem. Commun. 2019, 55, 1217.

Figure 5 Frustrated Lewis pair catalaysed C-C bond formation by a) cycloisomerizations b) Mannich-type reactions c) rearrangements d) Diels-Alder reactions and e) C-C couplings
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2.5 C-N Bond formation
a) Hydroaminations

e) C-C Couplings (continued)

(5k) Dasgupta, J. Am. Chem. Soc. 2021, 143, 4451. (6e) Fasano, Chem. Eur. J. 2017, 23, 1793.

R3 :
R3 ) .
) B(CeFs)s (1.0 equiv) PP Ph.
1L P(Mes)s (1.0 equiv) ; — __ B(CeFs)3 (10 mol%) N
R" O * : TN/ toluene, 25 °C
R THF, 70 °C, 22-24 h I : 10 h. 74%
r I |
12 oqu 12 oqu A~ SRz ¢ (6a) Mahdi, Angew. Chem. Int. Ed. 2013, 52, 12418,
.2 equiv .2 equiv !
| N { )
! A
R3 R3 : Hj B(CeFs)3 (10 mol%) N
RS =F, 82% R3=F, 73% : N H, (4 bar), 80 °C, 16 h
= CFa, 61% R® = Bu, 72% 5 2 68%
R3=H, 84% R®=H, 76% H
=OMe, 61% | RS = OMe, 70% ! (6b) Mahdi, Chem. Eur. J. 2015, 21, 11134,
; R’ B(CeFs)s R’
; NH (5 mol%) N
H —_— R2
F F MeO OMe : Q 76°!>L('?nfh Y/
R3 R3 E NS R ’
: Bn PMB Ph Bn
: N N N N
5 |//Ph|//Ph|//Ph ) Bu
Il I 5 H H H H
: 72% 63% 63% 84%
O O O O ! (6¢) Tussing, Dalton Trans. 2017, 46, 1539.
Cl Me™ 7 T eooooooooooeooeoooo
=F, 77% —F, 76% i c¢) Reductive aminations of carbonyls
R =H, 83% R =H, 80% : BC Fn)orzhptgi)fiad o
- 9 3_ o : 6Fs)3 (H2 mol%,
= OMe, 77% R = OMe, 80% ' PhMe,SiH (1.2 equiv) R’
R3 3 E ?j\ + H.N—-R3 R2>k R3
i : ROSRE wet 05CB, 100 °C Ay
O H 0 min
s "
: N
I Il ; cl
: 93% 99% 81%
SOh. | @
=H,61% =F,80%, R®=H, 85% ; I 40% 71% 87%
R® = OMe, 65% R3 = OMe, 75%, R® = tBu, 79% '

Figure 6 Frustrated Lewis pair catalysed C-C and C-N bond formations

b) Reductive aminations of hydrazones

R2
RS ¥
2 | | (CGF5 3 (5 mol%
= H + >
I benzene 80 °C N R1
N NH. /
NHTs 2 2 TsNH2 ~N
_ H2
R2
e Q e Q
N
I/ R!
N‘N
R2 = OMe, 54% R' = Me, 87%, R' = H, 83%
=Cl, 77% R' =Br, 78%, R' = Cl, 72%
(6d) Guru, Chem. Sci. 2019, 10, 7964.
d) Asymmetric reductive aminations of carbonyls
- 1) B(CgFs)3 (1 mol%) R2

4 A MS, toluene, 60 °C, 8 h .

(o] R :
+ N NH ~
R1lj\F{2 (j/\ : 2) NHaBH3 (1 2 equlv) R! H

91% (91% de) 92% (90% de) 88% (91% de)
90% (92% de) 81% (86°/o de) 95% (98% de)

(6f) Pan, J. Org. Chem. 2018, 83, 11502.

Further examples:
(69) Dorko, Angew. Chem. Int. Ed. 2017, 56, 9512.
(6h) Hoshimoto, J. Am. Chem. Soc. 2018, 140, 7292.
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2.7 FLP-catalyzed defunctionalizations
a) Deoxygenations of alcohols, ketones and esters

2.6 C—Hal bond activations

E H R2 R2

o O. 0] Br. (0} d) Deoxygenations of phosphane oxides
03 78% 90% 0% ©/ Y H /@/ 7w \©/ ™H

65% Cl % o
(7b) Bro , J. Labelled Compd. Radiopharm. 2019, 62, 743. 94% 84%

i e alcohols 3 3
[(CGFS)%P;][E/(CGFs)A] : OH B(CgFs)s (2 mol%) H R H  B(CeFs)s(5mol%) R A
Et. S?H (100 ;)quiV) : Ph2SiH; (2.0 equiv) al toluene, 120 °C RT + H
R ° : R1’\H + EtsSiF i S . R* N 1-30 h R* N
CH,Cly, rt., 1-24 h ' | CHxCly, 75 °C ' RS RS
’ ; & 16 h, 99% ;
i (8a) Tan, Tetrahedron Lett. 2009, 50, 4912. - H H H
88% | eketones | wMe mph Clm""e
: H H : N N N
88% ' % |
71% : R2 B(CeFs5)3 (5 mol%) - : Me Ve Ve
: ; 4 AMS, H, (60 bar) ; 94% 99% 99%
(7a) Caputo, Science 2013, 341, 1374. ! R toluene, 70 °C, 12 h R !
; H H 5
B(CgFs)3 (3.0 equiv) ! ' H
TMP (2.0 equiv) ! CgHy-4-Me Ph :
RI-F D5 (1.2 bar) RD E Z 81% 75% Bu 99% E \ Me N H H
CHeCla, r.t,, 16 h : (Bb ) Mahdi, Angew. Chem. Int. Ed. 2015, 54, 8511. : N \
e esters 74% 93% 94%
: B(CFs)s (10 mol%) :
: EtsSiH (1.1-1.2 equiv) : :
1 0 O 1 (8e) Maier, Angew. Chem. Int. Ed. 2016, 55, 12219.
D - - A H -
@\ ; o CHoCly, r.t, 12 h n o llllloliioliiooiioiiioooo

) P.
9 (COCI), (1.5 equiv) Ar){ 1 ~R!

—_—

Ar'a R1

(8d) Saito, Org. Lett. 2015, 17, 3366.

B(2,6-F2CgH3) (10 mol%) : b) Hydrodesulfurizations : A H> (80 bar)
) X TMP (1.0 equiv) Y H : . : CDCls, 130 °C HCI
/ P P ' SR B(Cer)g (2 mol /o) !
H, (4 bar), CDCl3, 60 °C ! Et3SiH (3.0 equiv) H '
= 2 ( ) 3 =4l ; > J\ ; Me Me R
X =Cl, Br, | ' Ar R R2 CDClj, r.t.,, 30 min Al R2 !
; R ; PhZPO P ), P ),P ), thPO—CozH
/g @ @ /CCH | “)\ w ():( | e
99% 83% 58% 93% 51% 56% 86% 90%
95% ' 85% 99% 73% '
(7c) Wang, Chem. Commun. 2022, 58, 1175. (8f) Stepen, Angew. Chem. Int. Ed. 2018, 57, 15253.
Further examples . ©i\/\ .
C—F bond activation: H H
(7d) Mandal, J. Am. Chem. Soc. 2018, 140, 10682. : 879% :
(7e) Caputo, Organometallics 2012, 31, 27. ' ° 91% '

Figure 7 Frustrated Lewis pair catalysed C-Hal bond activations and defunctionalizations by a) deoxygenation of alcohols, ketones and esters, b) hydrodesulfurization, c) dehydrogenations and d) deoxygenations of phosphane oxides
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(9e) Chernichenko, J. Am. Chem. Soc. 2016, 138, 4860.
(9f) Lavergne, J. Am. Chem. Soc. 2017, 139, 14714.
(99) Shang, J. Am. Chem. Soc. 2018, 140, 10593.

(9h) Zhang, Angew. Chem. Int. Ed. 2021, 60, 10971.

(8i) Fang, Angew. Chem. Int. Ed. 2020, 59, 11394.
(9a) Légaré, Science 2015, 349, 513.
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e) Deoxygenations of amides : f) Denitrogenations (continued) , b) Aminations of ketones
B(CsFs)3
o (COC) (1.5 equiv) 1H : ' o (5 mol%) 2
Rl @ ' o, ! CO R
1 B(2,6-F2CeH3)3 N R® ! B(CgFs)3 (10 mol%) : chiral amine 2
R‘NJ\F@ F-{ZQ 5 : @ CN  PhSiH; (4.0-6.0 equiv) @ CHs ! I}IIJ\OR2 (10 mol%)
S2 H, (80 bar), CHCI ' Y _— 2
R 2 o0 e + O : 1,2-F5CeHa, 1t 18 h R N toluene (:é’ “COR
HCI ' or 120 °C, 7h ! —46°C, 24 h
H H H H H
[ @ ' Me !
®\NAPh @,{l/‘\Ph MezN/.\Ph _Me ' oH E COzMe COgMe COzMe
Cle cl® ® cl® H CI E X 3 : OuN |
i ¥z H COzMe COZIVIe COgMe
97% 81% 97% 78% i MeoN Me ;
' 90% 92% 95% H
' H 86%, 97:3 er 86%, 79:21 er 84%, 94:6 er
(89g) Sitte, J. Am. Chem. Soc. 2019, 141, 159. Hj B CHj; ' » _CoM
: L 5 ) HN -COzMe o HN e Ph O
O=P(1-naphth)s (20 mol%) ‘ F '
o CO(OCClg)» : 97% 45% 50% . Br COgMe F’h\/k PN
2 ' COgMe - N
JJ\ R then R1’\N,R ' H N H
R"” "N~ : ' AN
H B(2,3,6-F3CgHy)3 (5 mol%) H ! (8i) Peng, Org. Lett. 2022, 24, 2940. 5 70%, 96:4 er Mo 66%, 99:1 er Me™ "Me
Ha (988 Pélr)z'grob : chiral amine
. (9b) Shang, J. Am. Chem. Soc. 2017, 139, 95.
1 2.8 FLP-catalyzed C—H bond activations: USRS
| N N/IPr N’Et N’Bn /Pr/.\N/IPr ! a) Borylations of heteroarenes i c) Deuterations of amines
H H H H . :
B 5 Y RO o} B(CeFs)3 (10mol%)  R! RO
81% 62% 64% 80% : : ’.“/\( + L - ’}‘/\(
(1u) Kéring, Chem. Eur. J. 2021, 27, 14179. : R BH; an Bpln : RZ H D3C” CD3 15(;?}8)9;66 . R2 D
' [N =0 ' H 3 O
Further example: Pon L A S NR; i : (6.8 equiv)
(8h) Kéring, Synthesis 2022, 54, 1287. : S . * 950 (2.5 mol%) —> +Ha 5
f) Denitrogenations : 80 °C, T6n E=NR,S,0 : | _~_Me Me
' (H-Bpin) ! —
' ! N O . |
: Bpln Bpin O\ H NH [14%] [94%]
; < 2 < : Me N :: ::
B(CgFs)3 (5 mol%) : Bpin Z_S\ ) : o NP [86%]
NRR' PhSiH3 (4.0 equiv) H : Bpin ' [0%] [90%]
RI,R 1,2-F,CeH RJ\F@ 5 TIPS : S/\OTBS
R 120 °C, 4 h R? i n=4, ”=21 n=12 n=2, : OTBS
! ! 76% 85% 81% 87% H
: ! 85% >95% 94%
H H H H H H
1 i (9¢c) Chang, J. Am. Chem. Soc. 2019, 141, 14570.
Y7 “Ph Ph Me Bu ' :
| P Ph Me : ' Further examples:
H 1 C—-H bond activations:
89% 90% 62% 48% ! i (9d) Lavergne, Chem. Commun. 2016, 52, 5387.

Figure 8 Frustrated Lewis pair reductive defunctionalizations of e) amides, f) amines, g) nitriles and frustrated Lewis pair catalaysed C-H bond activations
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2.9 Moisture-tolerant FLP-catalyzed reactions
Hydrogenations of carbonyls

B(CGF5)3 (10 mol%)
ﬁ\ H_ (50 bar) HO y
R "R2 non-anhydrous 1,4-dioxane R‘KRZ
(with 0.013 M H,0)
100 °C
Cl
HO 4y HO 4 OH
Me H H
Cl
>99% >99% >99%

(10a) Gyéomore, ACS Catal. 2015, 5, 5366.

cat. 10-1.5H,0
(10 mol%)
H> (100 bar)

THF, 50 °C 40 h

O~

99%

L,
ﬁ:(FFF

10

<O
O

99%

(10b) Scott, ACS Catal. 2015, 5, 5540.

Figure 9 Application of moisture-tolerant frustrated Lewis pairs
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Reductive aminations

cat. 11 (10 mol%)

(0] R2 _RS Ha (20 bar)
l]\ + N 2—>
R ™H |l| toluene, 80 °C

R1

R2 RS
N

'

Ph” > H [ H
N
78% 95% 26%
F cl
cl F
B
I | X
Z>Eal
11

(6g) Dorko, Angew. Chem. Int. Ed. 2017, 56, 9512.

Further examples
(10c) Ghattas, Chem. Commun. 2017, 53, 3205.
(10d) Zhang, RSC Adv. 2020, 10, 16942.

+ H,0

Ph
J N
HN HNl ”/\Ph rol

78%
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