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Introduction: “frustrated” Lewis-pairs
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* Discovered by Stephan et al. in 2006

® O
) .. %H Mes,P—B(CgxF classic Lewis acid/base adduct
* Formation of ionic adduct 3 (CeFs)s

prevented MessP + B(CeFs)s

—» Mes3P---B(CgFs);3 encounter complex

* Encounter complex hold together Mes =
by dispersion

D. W. Stephan et al., Science 2006, 314, 1124; S. Grimme, D. W. Stephan, Chem. Comm. 2007, 5072; G. C. Welch, D. W. Stephan, JACS 2007, 129, 1880. 2



Introduction: Hydrogen Activation by FLPs
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* Hydrogen activation was observed at room temperature

* First reversible, metal-free hydrogen activation

*+Ho ® O . .
Mes3P-—B(CeFs)s ———> | Mes;PH HB(CgFs)s irreversible
R F R F
+H2 H\ @ @ .
Mes,P B(CeFs)2 = Mes,P B(CeFs) reversible
H
F F F F

D. W. Stephan et al., Science 2006, 314, 1124; S. Grimme, D. W. Stephan, Chem. Comm. 2007, 5072; G. C. Welch, D. W. Stephan, JACS 2007, 129, 1880. 3



Introduction: Hydrogenations catalyzed by FLPs

H\(Ph'
NHR

* First metal-free hydrogenation

* Substrate activation through protonation E F %{Ph
NHR'
RoP E(CeFs),
* Subsequent hydride transfer <%
Hydride
transfer

R F
RoP B(CeF5)2
F F

R F
§ ©
RS B(CsFs)2
H
F F

Protonation JN]f
H Ph
R F
©

RoP BH(CgF5)2

F . F

+
©)
NHR'

HJ\Ph

D. W. Stephan et al., Angew. Chem. Int. Ed. 2007, 46, 8050; D. W. Stephan et al. Inorg. Chem. 2011, 50, 12338; J. Paradies, Angew.

Chem. Int. Ed. 2014, 53, 3552.
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Introduction: Hydrogenations catalyzed by FLPs
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* First metal-free hydrogenation NHR O

A |
R R, /)\/H

R4
* Substrate activation through protonation imines "
enamines

FLP + H,

olefins
silyl enol
ethers H
MesSiO  H Phj/Ph

P, H

* Subsequent hydride transfer

D. W. Stephan et al., Angew. Chem. Int. Ed. 2007, 46, 8050; D. W. Stephan et al. Inorg. Chem. 2011, 50, 12338; J. Paradies, Angew. 5
Chem. Int. Ed. 2014, 53, 3552.



Introduction: Hydrogenations catalyzed by FLPs
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* In-situ generation of the catalyst \ S .

= N
H H B
* Substrate activation through hydroboration c & "H
6'5
. . . \B N
* Highly cis selective N@H N
BH g
e/ e/
CeFs CeFs
A\
N H, \N~
o = OO
B, -CgFsH B,
47 H
CeFs CeFs CeFs H—H

T. Repo etal., Nat. Chem. 2013, 5, 718.



Motivation: The Pyidone Borane System
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* The pyridone borane system looses hydrogen at room temperature

* Reversible H,activation under hydrogen pressure

* Free borane might undergo hydroborations

B B B
+ CGFS\B/CGFS —_— ‘-—H—Z‘ v/

0 Bu” N0 H, Bu” "N~ O

,}l I I
i
H H H H/B;“IC6F5
CeFs

tBu

U. Gellrich, Angew. Chem. Int. Ed. 2018, 57, 4779.



Motivation: Hydrogenation of Alkynes

* H, activation by the boroxypyridine

* Dissociation of the pyridone borane

* Hydroboration of an alkyne

* Protonative elimination by the pyridone




Mechanistic experiments: Hydroboration of styrene

* But: Can protodeborylation take place?

* Elimination of pentafluorobenzene

_ tBu N _
Bu” N~ 0 > Voo
| benzene-dg, r.t. H 3
_B. " CeFs5
CeFs~ CeFs i CoFs
Ph H

AN
X Ph I
I H—H (2 bar), —/ X0 _CqFsH
—_—

tBu N O
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Mechanistic experiments: Protodeborylation of cis-2-hexene
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* As the pyridone is added, the cis alkene is observed

* Bispyridone complex shows exchange signals

Et Et

/O\
tBu l}l o
H

' -~ ’ — o-§rceFs *
H B(CgFs)o benzene-dg, r.t. B$06F5 J CeFs Et Et
—( GCeFs N |
Et  Et ~__ o~ X
EXSY
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Catalytic hydrogenations

Borane excess is required for reproducible results

Pyridone (5 mol%)

Piers' borane (6.5 mol%), 5 bar H, Ri R
R——R, > >=<
n-hexane, 80 °C, 20 h H H

H H H H H H
87% 95%32 83%
OMe
< e
H H H H H H
83%P 93% 68%

a) 8 h reaction time; b) 16 h reaction time
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Catalytic hydrogenations

lo@yo
 cis/trans isomerization via reversible hydroboration Et Et ° _/Et
_ ®
A A Et
o
A
20 h
rn AN
reaction time / h cis | trans A
[
16 h
8 100:0 A l M
16 49:51 A
20 23:77 k JAM 8h
k
5 7‘.4 7.3 7‘.2 7I.1 7‘.0 6I.9 6I.8 é.? 6I.6 é.S 6I.4 6I.3 6I.2 6I.1 é.[) 5I.9 5I.8 5I.7 5I.6
f1 (ppm)
'H NMR (400 MHz in n-hexane, benzene-d; capillary)
12

Y. Liu, L. Hu, H. Chen, H. Du, Chem. Eur. J. 2015, 21, 3495.



Hydrogenation of terminal alkynes
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* lIrreversible Cg,-H activation of terminal alkynes by FLPs

Csp-H activation with the boroxypyridine reversible?

Pyridone (10 mol%)
Piers' borane (13 mol%), 5 bar H, R H

n-hexane, 80 °C, 20 h H H

H CgH13 H Cy H Ph
H H H H H H

75 % 71 % 61 %

CF3

H>_((920Me H H
H H H H H H

58 % 47 % 76 %

M. A. Dureen, D. W. Stephan, J. Am. Chem. Soc. 2009, 131, 8396; M. Hasenbeck, T. Mdller, U. Gellrich, Catal. Sci. Technol. 2019, 9, 2438. 13



Hydrogenation of terminal alkynes
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* Exchange of alkynes was observed at reaction conditions

L, o= L
~ >

S
fBu N (P benzene-dg, r.t., fBu '}l O
B\ t H BllllC F
CGF5/ CBF5 quant. = » ~6'5
Z  CgF
cy/ e

\
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X
S o1
80°C,1h tBu l}l \Q
1:4 " ByCeFs
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Hydrogenation of terminal alkynes

v

L2
A
—___/\_A\ O
N N’I; B(CeFs)2 C
N A —H
A 't tB // :
u

T oy Y A 0
12.50 12.40 1230 12.20 12.10  12.00 =
f1 (ppm) v ~ "B(CgFs)2 vPh———H
>~ _NH

Ph
L2
vv vV v v A
| N A , LA )
v A v -1
A
UU i . l Y

7.8767.4727.06.86.66.46.26.0585.654525048464.44.2403.83.63.43.23.02.82.62.42.22.0
f1 (ppm)

1H NMR (400 MHz in benzene-dg)
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Computational investigation ~
AP\

N
|
G/ , tBu/(,},j%o DLPNO-CCSD(T)-def2QzVPP//PBEO-D3(BJ)-def2TZVP, SMD n-hexane
kcal/mol | X - H 3
+
H
|
B

Energetic span

tBu

1
+cis-butene
-30.0

16

Y

-

-
Lt

dissociation hydroboration protodeborylation

Y

hydrogen activation



Conclusion and outlook

» Catalytically hydrogenate internal alkynes cis

selectively (6 examples, 68% to 95% vyield)

* First metal-free semihydrogenation of terminal

alkynes (6 examples, 47% to 76% yield)

* Mechanistic experiments and computations

support the catalytic cycle

mf

_ B " CeF s
Cst

H

tBu

o

Ir-z

CGFS

X
| H—H
2
tBu N ('I) m
B<
CeFs~ Ce':s\%' tBu” "N~ SO

|
H

CgFs5+.CeF
6r 5~ ~61 5

|
H

A
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Conclusion and outlook

* Why do we need a 1.3:1 ratio of Piers’

borane to pyridone?

* Investigate the catalyst at reaction

conditions

mf

H_

tBu

B " CeF 5
Cst

o

Ir-z

CGFS

X
| H—H
2
tBu N ? m
B<
CeFs~ Cs':s\%' tBu” "N~ SO

|
H

CgFs5+.CeF
6r 5~ ~61 5

|
H

A

18
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Part Il: On the way to contrathermodynamic hydrogenations

* Efficient way to dehydrogenate ammonia borane - Reaction with hydrazine in liquid ammonia 60°C

* What about the back reaction?

cat, 4 "BNH’ 5 NoHs <5 1,

N 10 H, \

| ;
B N S
O H. -Bsy-H 10 NH;
3 NH3BH3 ? él é + 6 H2

Hz \l}l’/ \H /

H 4 H3N-BHs; 5Ny — = 15 H,

19

M. Hasenbeck, J. Becker, U. Gellrich, Angew. Chem. Int. Ed. 2020, 59, 1590; M. Vasiliu et al., Science 2011, 331, 1426.



Part Il: On the way to contrathermodynamic hydrogenations

* Photoredox catalyzed hydroamination

¢! Ri H
N\R UV photolysis G[)\l’ Cl
1 .
R strong acid D_<R2
) R
H
R, < Ir>* photoredox cat. KN)_<
S visible light, MeOH R

Q@

) "Ry
via -~ Ro

R
proton
O transfer
o W@
ArS N H
H
® R
P
SET
(o)
N H
H
) R
ArS

@
()
ArS—H

SET

R. Knowles et al., Science 2017, 355, 727; R. Knowles et al., JACS 2014, 136, 12217.
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Part II: Hydrogenation of borazine
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Acr l}l =0 hv
Ha H B
: : H™'} ‘CoFs
* Synthesis of a photoactive CeFe
acridinium pyridone . | X T
X
| _ —l Acr l}l =0
Acr N ? H
B\ H/ '/C6F5
CeFs” "CeFs E:er H
. . |
* Excited state might enable H H N NP N
. g H Acr = |® O |O|
. . \N/ \N_H o .B&~B.
hydrogenation of borazine - T H™ N H
H BB SET H
A HAT

H
x_NH
~B< S
CeFs5~  "CgFs Acr E o
H H
B:
N H. B. _H H™} 'CeFs
@ N NG \_— CeFs
lil H/B\N/B\H hydride H —l +eo
[
|l| transfer Ho _Bw _H
W
PENA-N
H l}l H
H
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Part II: Synthesis of the acridinium pyridone
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A 1.1 eq. NaOMe X
| - |
Br N Br MeOH, reflux, 24 h Br N OMe
quant.

Br
COOH .
POBr 1.) BuLi, 1.05 eq.
X = CO0 s COC
NHPh 125°C,3 h N 2.) iPrOBpin, 1.05 eq. NG

-90°C to r.t. , over night

22



Part II: Synthesis of the acridinium pyridone
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Bpin

N + N OMe 5 mol% Pd(PPhs), ~
N/ | _N dioxane,

2M K,CO3, 100 °C

Br

> > AP
PyrHCI, 230 °C ~__NH

- L2
BBr3 CH,Cl, NT

0 °C to reflux

23



Part II: Synthesis of the acridinium pyridone
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OtBu
Bpin

X
| H
0, /N
+ | -8 5 mol% Pd(PPhg),4 _ + O \
P dioxane, X Z
N " L N
Br N

2M K,CO3, 100 °C

22%
| N OtBu yZ O
N x_NH
o
HCOOH (neat), r.t.
1 ¢
Z =
N N
| N OtBu
N

3 equiv. Mel

>
AN 80 °C, DCE/ACN 3:1
L
N

detected by ESI-MS

24



Part Il: Conclusion and outlook
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O
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* Synthesis for the acridinium pyridone was developed using a cross-coupling . NH
LI
* Different methylation agents should be used ﬁ/

* Problem: Pd was used during synthesis

25



Part Il: Conclusion and outlook
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Elemental analysis of the product

Measurement of absorption properties

* Measurement of redox potentials

Acr l}l =0 hv
H, H ,
H™ 1\ ‘CeFs
CeFs
X B
X —|+ |
_ Acr I}l 0
Acr N 9 H B
Bw H”\ 'CeFs
CeFs~ "CeFs CoFs H
|
H. _B. _H

H. .B< ./
NoNH N
H/B\'\Il’/B\H | SET H
H HAT
/@ —|*+
Acr I}l (0] X —|
H |
CeFs™ “CoFs Acr” "N”0
H\ IH H /B'I
H\N'B\N’H H™\ 'CeFs
| | e \— CeFs
H’B\N’B\H hydrlde H —|+.
|_l| transfer H I|3 H
\NI/ \N/
H™ N""°H
H
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Catalytic hydrogenations
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* Borane excess is required for reproducible results /@\
tBu” "N~ O
Et Et v
* Hydroboration product and bispyridone complex observed >=< O/B;"”Cer
H B(CeFs)2 CoFs
N7 |
* After heating, the product is released and boroxypyridine appears B X

Pyridone (10 mol%)

Piers' Borane (13 mol%), 4 bar H, Et Et
Et—=——TFt > >=<
benzene-dg, 70 °C H H
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