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Heterocyclic chemistry

Indoles, pyrroles, pyrazoles,

indolines, oxazolines, piperidines,

imidazolium salts, thiazolium salts,
benzofuranes, dibenzofuranes, benzimidazoles,
y-butyrolactones, fi-lactones

Organocatalysis

SR
o

f N H
*‘ / Y 17 examples
up to 99% yield
99%ee each!

Asymmetric catalysis

a-arylation (up to 99% ee)

Mannich reaction (up to 99% ee)

Intramolecular hydroacylation (99% ee)
Intermolecular Stetter reaction (up to 99% ee)
Asymmetric pyridine hydrogenation (up to 98% ee)

Utilizing a Ubiquitous (Non-)Functional Group —
C-H Bond Activation
for Increased Efficiency in Organic Synthesis

Dehydrogenative
(oxidative) Heck coupling




A dehydrogenative Mizoroki-Heck reaction

The traditional pre-activation approach:

1971

[Pd] cat.
O\ S R (j\/\
X base A R

Richard F. Heck

Nobel 2010

The direct cross-coupling: no pre-activation:

Ichiro Moritani and Yuzo Fujiwara 1967
PdCl,
P /\R —_—
H AcOH F R

Catalytic version: 1969

“Forgotten” for more than 30 years!

Fujiwara et al. Science 2000, 287, 1992.

The dehydrogenative Heck reaction: use of directing groups

[\\N [RhCP*Clyl, (1 mol%) ﬂN
Cu(OAc),H,0 (1 equiv.) N

N
Ht ZR ——— > R
DMF, 60 °C

Satoh, Miura et al. JOC 2009, 74, 7094.

Stories on ...

surprise

Dehydrogenative Heck-type reaction: versatile directing group

,L [RhCp*Cl,], (0.5 mol%) ,L
) ENEC AgSbFg (2 mol%) HN™ O
R + SR > R! ~_R*
Cu(OAc); (2.1 mmol)
R2 (or Cu(OAc), (10 mol%) / air) R2
R3 t-AmylOH, 120 °C RS

high regio and trans selectivity
17 examples, R* = Ar, CO,Bu, H

( possible problem: overreactionj

M1
&

Patureau, Glorius, JACS 2010, 732, 9982.




State of the art in Rh(lll)Cp*-catalyzed C-H activation 2011

“Towards Mild Metal-Catalyzed C-H Bond Activation”

Known Rh(lll)-catalyzed C-H activation:

DG
C[H nucleophilic addition

jl\ oxidative
Rr| olefination

DG* DG DG
ngR R
R

alkynylation

R'/

R

I

YH
Miura & Satoh, R
Fagnou, Li Miura & Satoh, Li, Bergman & Ellman
Rovis, Glorius Chang, Shi, Glorius Shi, Li, Kim

MILD!

Review: Wencel-Delord, Droge, Liu, Glorius, Chem. Soc. Rev. 2011, 40, 4740-4761

[Rh(lll)Cp*]-catalyzed ortho-bromination and iodination of arenes

Internal oxidant allows mild and (mono)selective olefination
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pG [Rh'"Cp* DG <
- Xt 4 C[ More challenging directing groups (DG)

X (NBS, NIS) H
(e]
+ ortho-bromination and iodination

+ convenient X* sources H
+ highly general method
+ valuable products \

+ compatible with various directing groups

Schroder,* Wencel-Delord,* Glorius, JACS 2012, just accepted. * These authors contributed equally.

R'=Me
(D)}

o
o [Rh(lII NH,
H/ SRT+ /\R -
H Olefination
R
34

+ excellent DG, allowing mild transformations

+ internal oxidant, thus no external oxidant required

+ highly selective, broad scope, high-yielding examples
+ reactivity switchable by choice of R group

(0]
(0]
OMe [Cp*RhCl,],, CsOAc B-hydride elimination NH,
H MeOH, 60 °C R! = Me P
Ph
H 3aa

by N-O bond cleavage
+ Z>ph Rh(lll) + and (re)oxidation of
the Rh catalyst

Ph

(inherently no overreaction!)

Glorius et al. J. Am. Chem. Soc. 2011, 133, 2350. Computational elucidation by Xia et al.: JOC 2012, 77, 3017.
See also: Fagnou et al. J. Am. Chem. Soc. 2011, 133, 6449.




Internal oxidant allows mild and (mono)selective olefination

Internal oxidant allows mild and (mono)selective olefination

o}
R1+\ lilH . e [Cp*RNCl,], (1.0 mol%) i N NH,
ANy OMe CsOAc (30 mol%) AN g2

MeOH, 40 - 60 °C

O
NH,
Ong 9
Fe =
55% Ph

82% (@80 °C; 110 °C)
very broad scope!

S. Rakshit, C. Grohmann, T. Besset, F. Glorius, J. Am. Chem. Soc. 2011, 133, 2350.

= CO'Bu R'=Me o
[Rh @ty [Rh(lll)] NH,
R + A R ——
Cyclization Olefination

+ excellent DG, allowing mild transformations R

9 + internal oxidant, thus no external oxidant required 34
examples + highly selective, broad scope, high-yielding examples
+ reactivity switchable by choice of R group \ i
e X
-hydride elimination
- ! @\I\Hz
R'=Me

_ = Ph

3aa
Q2 or
N’ [Cp*RNCl3],
kY N-O bond cleavage CsOPiv, PivOH
+ Z2>ph Rh(lll) + and (re)oxidation of EtOH 8'0 c
the Rh catalyst ’
o HIA! o
_OPiv
N 2 — NH
H [Cp*RhCl,], R' = Piv
H CsOPiv, PivOH C-N reductive Ph
4a EtOH, 80 °C elimination 5aa

Tetrahydroisoquinolinones

Glorius et al. J. Am. Chem. Soc. 2011, 133, 2350. Computational elucidation by Xia et al.: JOC 2012, 77, 3017.
See also: Fagnou et al. J. Am. Chem. Soc. 2011, 133, 6449.

Internal oxidant allows new tetrahydroisoquinolinone synthesis

Proposed mode of action of internal N-O oxidant

o [CP*RNCly], (2.5 mol%) o
¢ CsOPiv (30 mol%)
/O\“/Bu + A R - ; RN NH
PivOH (20 mol%) R+
O EtOH, 80 °C, 16 h 7 R
4 2 5 HH
o} o} o
O NH NH NH
1 ~ %
R O (g Fe
A
R' = H: 5aa, 86% R? = 3-CF3: 5as, 72% Sal, 63%
I: 5ba, 50% 4-Cl: 5ab, 74%

4-OMe: 5af, 50%

xy ol o

5am, 61% 5an, 43% Osg 5a0, 88%"

(o)

.OR <— Internal
\rg oxidant

+
=

N-H deprotonation
Rh(Il) | ¢-H activation
Olefin Insertion

OMe Q

NH R=Me N R=Piv_ N, op.v_“
NH’ -Rh()L CC RA(IL Rn(w i+
# : i 8

B-H elimination | Oxidation via Reductive

i I’(’fg""‘:{'f(‘)’: :;‘ acyloxy migration elimination

Oxidation via
MeOH elimination

OR
N'Rh(I)L

Computational elucidation by Xia et al.: JOC 2012, 77, 3017.




Mild Rh(lll)-Catalyzed C-H Activation and Intermolecular Annulation with Allenes

Mild Rh(lll)-Catalyzed C-H Activation and Intermolecular Annulation with Allenes

o
— - O
o e 2 [RhCp*Cl,], (0.5 mol%) N NH
o 7 N CsOAC (2.0 equiv) RA-
—— R— H + o &
‘\ . NNy MeOH (0.2 M), rt, 3-24 h
> 3 2 3a 4
O [RhCp*Cl5], (0.5 mol%) T
. [7Ci R (89 ellz 9 4aa, R=H, 92% ~
% N/OPlv || CsOAc (2.0 equiv) ; NH 4ba, R = Me, 95% .
R ) N s » R'-F NH dree, RS iz, S5 NH  4ja, R = Me, 79%, 8:1
~ MeOH (0.2 M), rt 4da, R = Ph, 89% , » 19%,
R2 . ) R 4ea, R = OMe, 94%
4fa, R = Cl, 90% 4ka, R= 1, 54%, 3:1(!
+ mild conditions; + high regio- and stereoselectivity; R? 4ga,R = Br, 81%
+ low catalyst loading; + high yield; clie, R =Cloelits e
. . 4ia, R =NO, 67%
+ internal oxidant; + excellent substrate scope. ® ' o
\ / (0] (0]
NH s | N NH
/ NH NH N
| \ | Z
4 [0} |
& o !
4la, 20%, 78% 40a, 74%[3P]
4ma, 94% 4na, 99%
Honggen Wang, Glorius, Angew. Chem. Int. Ed. 2012, 51, EV.
Postsynthetic modification of MOFs
Mild conditions allow
MOF = Metal-organic framework
(coordination polymers)
th Porous, highly ordered, 3D, tunable
[ ] e Used for gas storage, separation, catalysis
f L] - -
C-H functionalization |
MOF Postsynthetic MOF
modification
of a MOF 7
selective
p——H —=H C-H functionalization Y Y
—H —py —> —H —H
[ = functional group}

N J

sensitive materials

1
a7

Drége, Notzon, Fréhlich, Glorius, Chem. Eur. J. 2011, 17, 11974.
Review on postsynthetic modification of MOFs: Cohen, Chem. Soc. Rev. 2010, 40, 498.
Review on mild C-H activations: Wencel-Delord, Drége, Liu, Glorius, Chem. Soc. Rev. 2011, 40, 4740.




Postsynthetic modification of MOFs

»First“ Rh(lll)Cp*-catalyzed undirected C-H activation

DMF, rt
= 5d 3=

full conversion

n(NO4)y4H,0 N
__ BB U Pd(OAC),
DMF, 85 °C [Phol1BF,

16% S g
AcOH, rt

Indole-BDC UMCM-1-Indole decomposition
of the MOF

UMCM-1-Ph-Indole

|

oyl

I

80 78 76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38

UNDIRECTED

Review: Kuhl, Hopkinson, Wencel-Delord, Glorius, Angew. Chem. Int. Ed. 2012, accepted for publication.

»First“ Rh(lll)Cp*-catalyzed undirected C-H activation

»First“ Rh(lll)Cp*-catalyzed undirected C-H activation

(directed ) (‘undirected!)

N(iPr), [{RhCp*Cl,},] (2.5 mol%)
R! AgSbFg (10 mol%)
|\ NS M | N Cu(OAcC), (2.2 mmol)
+ -_X >
F H F PivOH (1.1 mmol)
1 2 CsOPiv (20 mol%)

140-160 °C, 21 h

NGPr):2 38 (X = F): 0%
o 3b(X=Cl): 76%, m/p = 2.6:1
3c (X = Br): 81%,°! m/p = 2.8:1
N 3d (X = 1): 66%,12 m/p = 3.1:1
| A 3e(X=Me: 16%,I mip = 1.5:1

Wencel-Delord, Nimphius, Patureau, Glorius, Angew. Chem. Int. Ed. 2012, 51, 2247.

N(iPr), N(iPr), N(iPr),
MeO.
Br Br Br
4a:R = Me, 67% 4d: R = Me, 65% 4j: R = Me, 54%
4b: R = CI, 76% 4e: R = OMe, 23% 4k: R=Cl, 75%
4c: R = Br, 71%! CERSF 7%
’ 4g: R = Cl, 80%

4h: R = Br, 77%
4i: R = CF3, 84%

N(iPr), N(iPr),

N(iPr), o
Br Br
MeO Br O
Br
4n: 76%

41: R = Me, 73%
5 & 40: 73%0)

4m: R = Br, 67% cl




»First“ Rh(lll)Cp*-catalyzed undirected C-H activation

“Heterocycles by C-H activation”

DG

DG N [Rh"Cp*]
+ | - X —> AN
H H # -—X

+ cross dehydrogenative biaryl formation
+ versatile (>30 examples) and efficient
+ high selectivities for 1,3-disubstituted halo arenes

N(iPr);

R H X
(¢]
+
H
Br
e p*
IR0 Cpll N(iPr),
N(iPr), B/l N(iPr), a
r/Li
exchange; Suzuki
Br hydrolysrs couplmg
R= Me =
X =Br =
8,51%
Me

7,75%
Wencel-Delord, Nimphius, Patureau, Glorius, Angew. Chem. Int. Ed. 2012, 51, 2247.

See also: Wencel-Delord, Nimphius, Patureau, Glorius, Chem. Asian J. 2012, early view. Patureau, Nimphius,

Glorius, Org. Lett. 2011, 13, 6346.

Heterocycles!

R2

From anilines to indoles:

A cross-dehydrogenative coupling

Fischer-Indole as role model for a CDC: our first C-H activation

H R1
l M] free M] HH_ R
i 2
Lo 2 b L O Y
_NH, Fischer-Indole our work N R2
N synthesis H
H
Two cross-dehydrogenative couplings (CDC) i i

"

Indole

Wirtz, Rakshit, Neumann, Drége, Glorius, Angew. Chem. Int. Ed. 2008, 47, 7230 (hot paper).
Neumann, Rakshit, Drége, Glorius, Chem. Eur. J. 2011, 17, 7298.

For general reviews on the synthesis of indoles, see:
Cacchi, Fabrizi, Chem. Rev. 2005, 105, 2873; Gribble, J. Chem. Soc., Perkin Trans. 1, 2000, 1045.




Broad substrate scope, but EWG required on enamine

Non-anhydrous & one-pot

RP H H_ _co,Me Pd(OAc), (10 mol%) CO,Me
Cu(OAc),, K,CO;4
) J; - N\ B Pd(OAC), (5 mol%) . cO-Me
R H DMF, 80 - 140 °C R™ H ) Cu(OAc)y H,O _ A\
R° R = H: 72% o Non-anhydrous: N7 —
1 R° 2 H K3PO,4, DMF, air N
COMe 80°C, 10 h H
for example, R = Me, OMe, F, Cl, Ac, CO,Et, CONEt, CN, CF3 NO,... (15 ) 75%
mmo o
One-pot:
CO,Me
o o 1. InBrz (1 mol%), rt, 20 min
Q- A el
, NH OMe 2. Pd(OAc), (5 mol%) Cu(OAc), N
Pd(OA 10 mol% EWG 2
HH. EweG (OAc); (10 mol%) K,COj3, DMF, 140 °C, 20 min H
@ J: Cu(OAc)y, KoCO5 \_r 1L=30Euro  1kg =30 Euro 72% 1 kg = 60.000 Euro
H R DMF, 80 - 140 °C N 5 mmol scale
H
1 2
for example, R = Me, iPr, OEt, CF3 Ph, thiophenyl...
limitation: EWG required; EWG = CO,Me, CO,Et, CO,tBu, CN Wiirtz, Rakshit, Neumann, Drége, Glorius, Angew. Chem. Int. Ed. 2008, 47, 7230 (hot paper).
Neumann, Rakshit, Drége, Glorius, Chem. Eur. J. 2011, 17, 7298.
Mechanistic proposal Synthesis of indoles by electrophilic aromatic palladation: Akermark, Knélker
o R
R o R R
R R A 0 D,
~%
X N o
W N R RO
4 Pd CO,Me R o) stoich. or catal. [Pd] Indolequinones
JV\ HOACc, oxidizing agent
PdXy N -
Base H 1 reductive CO,Me R (electrophitic )
H_co,Me XPd_ _co,Me s-bond-metathesis elimination - aromatic palladation) R
YL QI — 77 =0 o O
N
Base+HX " =X e H N
i .-Pd__co,Mme R
J; Carbazoles
N

electrophilic palladation
&

deprotonation

H

deprotonation

- LIMITED scope
-Often low yields
- Often stoichiometric amounts of [Pd]

For lead references on the displayed oxidative coupling, see:

a) Akermark, Chem. Eur. J. 1999, 5, 2413; b) Knélker, Curr. Org. Chem. 2005, 9, 1601; c) Akermark, J. Org.
Chem. 1975, 40, 1365; d) Kndlker, Org. Biomol. Chem. 2006, 4, 3215; e) Fujii, Ohno, Chem. Commun. 2007,
4516.




Attempted optimization: solvent screen!

An optimization?

F\@\ Pd(OAc), (10 mol%) ¢ ORI
Cu(OAc
N /l\ (OAc), -
H

...a hew approach to
pyrazoles

N\
K,COg, solvent N
COMe 110°C, 12 h H
CH3CN as solvent: - hardly any indole
- but new product forms
Dr. Julia J. Neumann
Pyrazoles Pyrazoles: most common synthetic routes
R5 R5
Rl A
NN R s NN\ _R4
N= New!
3 Nss_p3
s [B+2- /a2 _2H,0 |b M\ e
F3C—-S CN CF; o cycloaddition or Sy
! [, N 5
HoN N” N’ O\\//o l\f | ‘N R RS R5
[ N c o (\N,S\(D\)\N / N \ Rl o 4 1 HNT\_R*
o H = ~ R R R
N N OFt R N\N@ R* NH o Sx TNl
\ NH;
CFs SO,NH, \R3 RS RS
Withasomine Fipronil Celecoxib Viagra (Sildenafil) " d i
(an alkaloid)  (an insecticide)  (a COX 2 inhibitor) (treatment of erectile cycloaddition (el szt
dysfunction)

Comprehensive review: Yet in Comprehensive Heterocyclic Chemistry Ill, Vol. 4, Elsevier, 2008, 1.

cross-coupling

@ Use of hydrazines @ Regioselectivity (R® vs. R%)

Comprehensive review: Yet in Comprehensive Heterocyclic Chemistry Ill, Vol. 4, Elsevier, 2008, 1.




Broad scope

Broad scope

RS
readily available R! /K/ oxidizing 1

Y SNTN\_R¢ conditions R\N
starting materials H 110 °C y

Nt\Rs

RS
C-C/N-N -
4
\\ R bond formation
R3

Me
Ph
Ph.y \©\ SN\
CO,Me
}cozm }cozm E&Coz’\ﬂe §/COZMe N 2

80% 77% 1% 76% 72%

Neumann, Suri, Glorius, Angew. Chem. Int. Ed. 2010, 49, 7790.

RS i RS
readily available R! /K’ oxidizing 1 C-C/N-N-
y SN\ R4 conditions R\N N\_R4
starting materials H 110 °C ,{j\ bond formation
Nes—ps R
O.N EtO. Me Me Ph
\O\ Me Me \Q Me Me Me
NN —co,me NV —co,me N"N—co,me NN —come N )—co,me
N=, N=, e = N=,
bh Ph Ph Ph Et
75% 87% 83% 35% 58%

Neumann, Suri, Glorius, Angew. Chem. Int. Ed. 2010, 49, 7790.

Convenient and cheap: one-pot procedure + second generation

Second generation conditions: scope

One-pot procedure:

Me Cu(OAc), MeRes
o O ir  Pho
Ph‘NHz . )I\/U\ InBrj Ph\N N L (1.5 eq), air N N\
Me OEt rt,1h H & 110 °C N= OEt
0% “OEt R
5.0 mmol 5.0 mmol (solvent) R =Me: 78%
R =Ph: 73%
Second generation (Green Chem.):
method A
RS Cu(OAc); (stoich) RS
; N DMF (1 M), 110 °C, 24 h o
RS N + ||| » RN .
1 R
H R3 or 3=
(0] R4 method B R3

(3 equiv) Cu(OAc); (10 mol%), O,
2-picolinic acid (5 mol%)

DCE (0.5 M), 110 °C, 24 h

+ small excess of nitrile only,
+ catalytic in [Cu],
+ solid, liquid and gaseous nitriles

Neumann, Suri, Glorius, Angew. Chem. Int. Ed. 2010, 49, 7790.
Neumann, Suri, Glorius, PCT/EP2011/054484.
Suri, Jousseaume, Neumann, Glorius, Green Chem. 2012, DOI: 10.1039/C2GC35476D

Me, COMe R =H, 3aa, 72%2, 68%"

phNo?

R

Me\ CO,Me

/
N o

Ph— a7

3ai, 77%*, 66%°

Me\ /COzMe

ph—Ns, )/ ~Alkyl

N

Me, CO,Me

Ph’N~N/ ~7

3an, 19%°

4-fluoro, 3ab, 75%*, 70%°
4-acetyl, 3ac, 84%°, 80%°

3-trifluoromethyl, 3ad, 83%2, 78%" g

2-fluoro, 3ae, 48%2, 20%"
3-methyl, 3af, 67%2, 40%°

4-dimethylamino, 3ag, 50%?, 20%° }

4-ethoxy, 3ah, 63%°, 35%°

Me_ CO,Me
p—

/N ey
N

N

N

3aj, 65%°

Alkyl = Me, 3ak, 55%2, 30%"

/—Ph

Et, 3al, 52%?, 32%"
trifluoromethyl, 3am, 65%°

Me, COzMe

\

‘ /\‘
l N
NS f F
R
Me, CO,Et
N 2
I _ Ar = mesityl, 3lb, 79%2,
a-Ne A~
L \// F
Me, COzMe

R = 2-methyl, 3bb, 70%?,

3-methyl, 3cb, 65%2,
4-methyl, 3db, 74%?,
4-ethoxy, 3eb, 80%2,
4-dimethylamino, 3fb,

67%°
62%"

, 69%°
| 74%"

28%?, 15%"

4-fluoro, 3gb, 65%2, 59%"
4-ethoxycarbonyl, 3hb, 68%°2, 62%"

2-trifluoromethyl, 3ib,
3-trifluoromethyl, 3jb,

4-trifluoromethyl, 3kb,

Alkyl = Me, 3nb, 74%¢, 42

Alkyi—Nay A~

U~
Ph COEt
—(
PrNo? )
L~

3qb, 73%?, 67%"

n-butyl, 3ob, 70%°,

60%*, 49%"
68%2, 60%"
63%2, 57%"

72%"
2,6-diisopropylphenyl, 3mb, 44%?2, 25%"

%b
, 35%°

iso-propyl, 3pb, 35%¢

(e}

Me  )—Ph

h ‘NZ—NA\ /\\

\ \/\F

3rb, 30%°2, 18%"

Suri, Jousseaume, Neumann, Glorius, Green Chem. 2012, DOI: 10.1039/C2GC35476D




A 4

Ru-NHC-catalyzed asymmetric

arene hydrogenation

Heterocycles, heterocycles, heterocycles

Z =0 H

N

(+)-conocarpan j@i ]
N

o

H
Q)
CO,H SN

Swaisonine

O/\/OH
N \H/Ow/\ Me
e <j\/\/V\/
Bayrepel 5

(Autan) HO OH
o Epoprostenol /Prostacyclin (PGl,) o Tetronothiodin
NH
H=)—=H
N H
N NCOOH /S Hel OMe
Biotin NH
Br o
—NH O Methylphenidate Hydrochloride
HO (Ritalin)

laurepoxide

(-)-makaluvamine F against ADHD

OH
HO
{ OMe
(¢]
OMe OMe

(2R,35)-3,4-di-O-methylcedrusin

OEt
N Ars N =

o
H e
N 3
[e]
OH
el
megapodiol

s ™ 1ML 8

WILHELMS-UNIVEREITAY

Hydrogenation of Quinoxalines — i

Switching from Phosphines to N-Heterocyclic Carbenes (NHC):

N_Ph PR; .
\©i I _ no reaction
N">Ph Ru(cod)(2-methylallyl),

solvent
Ha
M
NeN
cr H
N._3_Ph
SIPr-HCI 4
1
N72"Ph
N2
>99%

single regioisomer

N__Ph
DO
N7 Ph Ru(cod)(2-methylallyl), I

KOt-Bu, solvent %N‘VN\%

60 bar Hy ci 5
60-80°C N__Ph
ICy-HCI $ s
E—— P
™ON Pn
299

b
single regioisomer

Ligand-controlled switching of regioselectivity!!!

Hydrogenation of Quinolines

N. _Ph Ligand, KO'Bu N_ _Ph H Ph
\C[ \I Ru(cod)(2-methylallyl), \C[ \I . \C[ I
P - > P
N”Ph solvent, Hy N7 PR H Ph
1a 2a 3a
=\
o
Entry Ligand Solvent T[°C] H, [bar] Yizeald:’[a/"] e.r. Qj/ﬁ‘w'\‘\/@
o
1 PCys, toluene 80 60 00 n.d. 4a
2 SIPr toluene 80 60 <199 n.d. O/
//\
3 4a toluene 80 65 99 <1 38:62 Qﬁv'\‘\r@
4 4b toluene 80 65 99 <1 64:36 / ci’
4b
5 4c toluene 80 65 99 <1 83:17
6 4c toluene 40 65 99 <1 84:16 ‘ =\ 5
'VN\VN
oS o+
7 4c hexane 40 65 99 <1 85:15 S e
8 4c hexane 30 65 00 n.d. 4c
9 4c hexane 40 20 99 <1 88:12
10 4c hexane 40 10 <13 0 n.d. ‘ /\ g
S S
110 4c hexane 25 10 99 <1 90:10 S RE
4
1200 4d hexane 25 10 G(o<t) (oa5) 4d
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= M- UNVEREITAT

Hydrogenation of Quinolines

Ru(cod)(2-methylallyl),
Ligand 4d, KO'Bu

R R
N__Ph ! N__Ph
}@ \I [pre-stirred at 70 °C] \@ \I
__ lprostimedatro™e]
Z SN Ph H, (10 bar), room temperature N7 > Ph

n-hexane
N Ph FaC. N__Ph N__Ph
LK CLL X
N”Ph N7 Ph N7 Ph
99% (94:6 e.r.) 99% (65:35 e.r.) 99% (94:6 e.r.)
N Ph N Ph
2 ‘ = 9 ‘ =
P P
N Ph N Ph
99% (92:8 e.r.) 99% (91:9 er.) 99% (90:10 e.r.)
N Ph
‘ N\ Ph Ph ‘ N\ Ph Ph | \:[
N7 Ph N7 ph N7 ph
99% (91:9 er.) 87% (85:15 e.r.) 99% (94:6 er.)
Ph N Ph N Ph
i = TBDPSO ‘ N
P P
N Ph N Ph
89% (919 er.) 99% (79:21 er.) 99% (58:42 e.r.)

99% (88:12 e.r.)

Reaction conditions: [Ru] 0.015 mmol, NHC-HBF, (0.03 mmol), KOBu (0.035 mmol),
hexane (1 mL), 70 °C, 16 h. Substrate (0.15 mmol) 10 bar H,, 25 °C, 16 h.

S. Urban, N. Ortega, Glorius, Angew. Chem. 2011, 123, 3887; Angew. Chem. Int. Ed. 2011, 50, 3803; also
highlighted in Synfacts 2011, 6, 633.

Hydrogenation of Benzofurans
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Ru(cod)(2-methylallyl), Z=0
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o o o o
6i
99% (98.5,1.5 er) 99% (99 1er) 99% (96:4 e.r.) 99% (95:5 er.) 99% (94 6er.)
(IH (Io*é Co, =0 @E@
6m n
99% 93 5 6.5er.) 38% (87. 5 12 5e.r)b! 99% (92:8 er.) 99% (99:1 er.) 99% 93 7er)
MeO.
0 0 O
o
r
99% (79.21 er)®! 99% (99.1 er)b! 75% (99:1 e.r.)!

[a] [Ru(cod)(2-methylallyl),] (0.015 mmol), 4d (0.03 mmol), KOt-Bu (0.045 mmol), n-hexane (2 mL) were stirred at 70 °C for 12 h, after which it was
added to substrate 5a-q (0.3 mmol). Hydrogenation was performed at 10 bar H,, 25 °C, 16 h. Isolated yields are given. Enantiomeric ratio was
determined by HPLC on a chiral stationary phase. [b] Reaction was performed at 60 bar H,, 40 °C, 16 h.

a) Ortega, Urban, Beiring, Glorius, Angew. Chem. Int. Ed. 2012, 51, 1710. b) Urban, Ortega, Beiring, Glorius, Method for
Catalytic Hydrogenation of Heteroaromatic Compounds, Patent Application

) R. Kuwano et al., Angew. Chem. Int. Ed. 2012, 51, 4136 (Catalytic Asy ric Hydr: ion of Naphthal )
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. —————————— WilHmsUNRsTAT L ——————————— WihTsS-UNRETe
Hydrogenation of Benzofurans — e Kinetics — e
Benzofurans: Other type of challenging substrates for asymmetric hydrogenation - p
f ypP ging Y yarog Kinetic experiments:
o
o NHC-HX (4d), KO'Bu
oH ‘ o Ru(cod)(2-methylallyl),
=z O 70 °C, 12 h prestirring
(¢} S o m without substrate; m
HO OMe o 10 bar Hy, 25 °C o
megapodiol angenomalin (+)-conocarpan (2R,3$)-3,4-d|-o-methylcedrumn Conversion (%)
100
N0 I 80
‘ Pt-Bu, BAre- * 0.5 mol% of catalyst loading
OH "
R
X Me 60 *TON =200
IS ®R1 w &
B - 1
mcoﬂ" —_— mCOZH °© 50 bar Hy, 40°C, 24 h TOF=1092h
o Pd/Al,04 (¢} Pfaltz, 2006 40 1h . . .
30 bar Hy, .t. Baiker, 2003 incubation * The catalysis occurs within 10 minutes!!!
29% conv. time
50% ee ©f>— ©j>70025x 20
o o o
93% conv. <99% conv. 47% conv.
98% ee 92% ee <99% ee o Time (min)

For a review on the synthesis of 2,3-dihydrobenzofurans, see: F. Bertolini, M. Pineschi, Org. Prep. Proced. Int. 2009, 41, 385.
Baralt, Smith, Hurwitz, Horvatz, R. H. Fish, J. Am. Chem. Soc. 1992, 114, 5187.

Maris, Huck, Mallat, A. Baiker, J. Catal. 2003, 219, 52.

Kaiser, Smidt, A. Pfaltz, Angew. Chem. Int. Ed. 2006, 45, 5194.




NHC-catalyzed
hydroacylations

Umpolung organocatalysis
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Woéhler, Liebig, Ann. Pharm. 1832, 3, 249
Ukai, J. Pharm. Soc. Chem. 1943, 63, 296
Breslow, JACS 1958, 80, 3719.

Stetter, ACIE 1973, 12, 81.
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Electron-acceptor properties

Hydroacylation of unactivated alkenes: synthesis of chromanones
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Electron-donor properties

Biju, Kuhl, Glorius, Acc. Chem. Res. 2011, 44, 1182. Bugaut*, Glorius*, Chem. Soc. Rev. 2012, online.
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Hydroacylation of unactivated alkenes

A new, concerted mode of action
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Right for the wrong reason!
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28 examples
39-96% yield
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{o- & i Xy Bl ¢
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our work

Conia-Ene

Hirano, Biju, Piel, Glorius, J. Am. Chem. Soc. 2009, 131, 14190.
See also: She, Tetrahedron 2008, 64, 8797.

Hydroacylation of unactivated alkenes: scope
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Hirano, Biju, Piel, Glorius, J. Am. Chem. Soc. 2009, 131, 14190.

Highly asymmetric hydroacylation of unactivated alkenes
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Ar DBU, 1,4-dioxane, 80 °C, 20 h

[} o] (o] o B [e] o
F3C (0) (0) O O O

(&) 6}
2c 2d 2e 2f

2a 60%,° >99%ee 8%,°>99%ee
99%, >99%ee

97%, >99%ee 94%, >99%ee

O S}
X &NN@ . i 1 |
~
N y e ~ | 18 examples
' s N~ 99% ee each !

29
81%, 99%ee

oot o ol ol ol

93%, 99%ee 91%, 99%ee 74%, >99“/oee 46%, 99%ee 78%, 99%ee Zmd
94%, >99%ee
¢ o Cl o o
/Cﬁﬁ,m\ A g
i ,Ph
cl o o d&r
OMe 5
209 2p 2q Ar = 4-Cl-CgHy: 2r, 94%, 99%ee 2t
95%, >99%ee 94%, >99%ee 99%, 99%ee Ar = 4-OMe-CgHy: 2s, 75%,° >99%ee 28%, >99% ee

Piel, Steinmetz, Hirano, Fréhlich, Grimme,* Glorius,* Angew. Chem. Int. Ed. 2011, 50, 4983 (VIP).




Mechanistic insight

New mode of NHC organocatalysis!?

Proton transfer TS
with achiral NHC

A= 1.226 (0.47)
B R B = 1.388 (0.46)

B2PLYP-D/TZVPP/BP86-D/TZVP level

o Rt
@ X 2" 6\ |.|8
10 N H \_/ ) 87 H 1
R 1 g —_— = :151 —» R
/ Y \v/
R? ond 18 examples
R2
99% ee each

Piel, Steinmetz, Hirano, Frohlich, Grimme,* Glorius,* Angew. Chem. Int. Ed. 2011, 50, 4983.
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Concerted (protonation, enamine addition)
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electron-neutral olefins

Hydroacylation of unactivated olefins — concerted mode of action

New!
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Hirano, Biju, Piel, Glorius, J. Am. Chem. Soc. 2009, 131, 14190.

Piel, Steinmetz, Hirano, Frohlich, Grimme,* Glorius,* ACIE 2011, 50, 4983 (VIP).
Bugaut, Liu, Glorius, J. Am. Chem. Soc. 2011, 133, 8130.

See also: Biju, Kuhl, Glorius, Acc. Chem. Res. 2011, 44, 1182.




Mechanism
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Me Me Me MeO. Wi
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Liu, Bugaut, Schedler, Frohlich, Glorius, Angew. Chem. Int. Ed. 2011, 50, 12626




