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New N-heterocyclic carbenes (NHCS)

N‘Mes

Easy NHC
IBiox Ilgand

Nanoparticles (NPS)

P* NHC
SN AL Asymmetric
reaction

(up to 85% ee) -

Magnetic
Recovery

Heterocyclic chemistry

Indoles, pyrroles, pyrazoles,

indolines, oxazolines, piperidines,

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

Organocatalysis

17 examples
up to 99% vyield

99%ee each!

Hydrogenations

Me

O D)
N OoN

H MeH

95% ee
° 99% ee

Asymmetric catalysis

o-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)




N-Heterocyclic carbenes (NHCs)

Ein neuer Zugang zur Carben-Chemie

Von Priv.-Doz. Dr.-ing. H-W. WANZLICK
und Dipl.-Ing. E. SCHIKORA

Organisch-Chemisches Institut
der Technischen Universitdl Berlin

Dianilino-ithan, das glatt mit Aldehyden reagiert!), 1aBt sich
unter geeigneten Bedingungen auch mit Chloral umsetzen. Aus
dem erhaltenen 1.3-Diphenyl-2-trichlormethyl-imidazolidin 148t
sich, z. B. durch Erhitzen in einem indifferenten Losungsmittel,
Chloroform abspalten. Hierbei entsteht eine farblose, kri-
stalline Verbindung, die sich chemisch wie I verhilt. Losungen
nehmen schnell Luftsauerstoff auf und liefern 1.3-Diphenyl-
imidazolidon-(2), Wasseranlagerung fihrt zur Monoformyl-Ver-
bindung des Dianilinoithans u.s, w. Bigher vor-
liegende Molekulargewichtsbetimmungen (in

CgH
JG . Campher) brachten bei 300 liegende Werte
HC/E\ (I: theor.: 222), die fiir ein Gleichgewicht:
2] Cl 21 & (1)
.C J/ sprechen.
\'N/ Die Untersuchungen werden fortgesetzt, wo-
I - bei die weitere Erforschung der I-Chemie, die
CoHls Synthese anderer Verbindungen vom I-Typ und

1 (bzw. die Suche nach neuen Zugéingen zu dieser neuar-

mesomere - : ;
Formen) tigen Verbindungsklasse im Vordergrund stehen.

Eingegangen am 4, Juli 1960 {Z 930]

Y H.-W. Wanzlick u. W. Léchel, Chem. Ber. 86, 1463 [1953].

Wanzlick, Schikora, Angew. Chem. 1960, 72, 494.

“Stable Carbenes — lllusion or Reality?”, M. Regitz, Angew. Chem. Int. Ed. Engl. 1991, 30, 674.



Stable N-Heterocyclic carbenes (NHCSs)

First Stable Crystalline NHC

N TH
+ NaH IAd
E /> © 2 Cat. DMSO [ >

A. J. Arduengo, lll et al., J. Am. Chem. Soc. 1991, 113, 361.

Stable, Commercially Available Carbene

o
BF, ,Ph Ph Ph
/

_N N N
N N— 80 °C N—
3 NaOMe .
> “MeOH )L > Shile = )l\N> TPT
Ph (63%) ph” N Ph” N
Ph Ph Ph

D. Enders, Angew. Chem. Int. Ed. Engl. 1995, 34, 1021.


http://en.wikipedia.org/wiki/File:AJA_Wiki_Foto.jpg

Structurally diverse: N-Heterocyclic carbenes (NHCSs)

T /[~ \ IMes: R = Mes
RN ANR SIMes: R = Mes =R IPr: R = 2,6(iPr)y(C¢H3)
SIPr: R = 2,6(iPr)2(CGH3) ItBu: R = tBu

r-N

Imidazolin- Imidazol-  |Ad: R = 1-Adamantyl
ylidene ylidene IMe: R = Me
/ \
Benzimidazol- Tr|azol- Thiazol- Pyrrolldm- Tetrahydro-
ylidene ylidene ylidene ylidene pyrimidinylidene

“Metal Complexes of N-Heterocyclic Carbenes —
A New Structural Principle for Catalysts in Homogeneous Catalysis®
W. A. Herrmann et al., ACIE 1995, 44, 2602.

Wolfgang A. Herrmann



N-Heterocyclic carbenes (NHCs)- attractive ligand properties

/=\ /?\|ky|

1) Strong o-donor _N. N . AIkyI\F.f,A|ky|

R R
(in addition: n-acceptor & Z§ O

even n-donor properties)
NHC

2) ,Inert” metal-carbene-bond, robust against heat, oxygen or moisture

K1
L,M—PR3 — = ML, + PR3

K, >> K,

R R

N Ky N
LnM—<( ] ML, + :< ]

N N

R R

3) Sterically demanding = @
R/N\\'(C/N\R &% G
m VS. s Nachrichten
M ‘ ausder(hermie

_'UI

M H
Review: Herrmann, Angew. Chem. 2002, 114, 1421. NHetemcydlc fos s S,
NHCs in synthesis, Nolan (Ed.), Wiley-VCH 2006. _Ca1r_bene.ts. . (| -"
NHCs in transition metal catalysis, Glorius (Ed.), Springer 2007. 'c"at;‘.’y“;;m” = TS

Droge, Glorius, Nachr. Chemie 2010, 58, 112.
Droge, Glorius, Angew. Chem. Int. Ed. 2010, 49, 6940.
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exploring steric bulk



Steric demand? Buried volume %V, !

Cavallo, Nolan, Organometallics 2003, 22, 4322.
Cavallo, Eur. J. Inorg. Chem. 2009, 1759.

Mvmﬁ =S

IM IMes
based on...
IMe ICy IMes IPr SIMes IAd SIPr
l l wi( l{ (NHC)IrCI(CO),
| | | = %Vipur
25% T ? 30% ﬁ ﬂ40% ? T 50% (NHC)AuCI

IMe ICy IMes SIMes |1Ad

Drége, Glorius, Nachr. Chemie 2010, 58, 112.

Droge, Glorius, Angew. Chem. Int. Ed. 2010, 49, 6940.

IPr SIPr



From oxazolines to NHCs: IBiox-family of NHCs

Y—H AGOTS, CHyCly, 40°C @( Base_ 3‘7—(
Rl\\‘z N N "y, R2 O \/ 0, 2 l,,,' 2
R R? R2
c” o OTf
IBiox
Bioxazoline derived
NHC (Imidazolium-type)
Influencing the coordination sphere: O. O

Glorius, Altenhoff, Goddard, Lehmann, Chem. Commun. 2002, 2704.
Altenhoff, Goddard, Lehmann, Glorius, Angew. Chem. 2003, 115, 3818.
Altenhoff, Goddard, Lehmann, Glorius, J. Am. Chem. Soc. 2004, 126, 15195.
Wairtz, Glorius, Acc. Chem. Res. 2008, 41, 1523.



Increasing steric demand: X-Ray structures of the IBiox-HOTf

IBiox5-HOTf
n=1
IBiox6-HOTf —
n=2
O 4,0 | Flexible steric bulk
1N7®(N3 IBiox7-HOTf Concept 1
¥ =3
n  OTf n
IBiox*HOTf
IBiox8-HOTf _ _ o
TEP = 2050 cm-1 n=4 Series of electronically similar
&
sterically different NHCs
IBiox12:HOTf Concept 2

n=8



A challenging transformation: formation of tetra-orthosubstituted biaryls

3 mol% Pd(OAc),, 3.6 mol% IBiox

Me Me (from IBiox HOTf, KH, KOtBu, THF) Me Me
3 EQUiV K3PO4
Cl + (HO),B Me > Me
toluene, 100 °C, 12 h
Me Me Me Me
(1.5 equiv)
100

80 Mes/N\/N\Mes
>
E IMes
Qo
w 60
o
=)
Q9
> —
3 40 [—\
O Ada/N\/N\Ada
\o o o
o

20 IAda

0

IBioxMe,  IBiox5 IBiox6 IBiox7 IBiox8 IBiox12 IMes IAda

Altenhoff, Goddard, Lehmann, Glorius, J. Am. Chem. Soc. 2004, 126, 15195.
Tetra-orthosubstituted biaryls from aryl bromides: Buchwald, J. Am. Chem. Soc. 2002, 124, 1162.



STERIC demand: IBiox6 vs. IBiox[(-)-menthyl]

Dynamic !
N
O. O O. O
,;:3 g N\;N e N\gN
(C]
OTf
5b 5c
J
31% 39%
g
@) @) O. O O. O
NN T NN s NN
(€]
®otf A\ ®oti \ OTf
6a 6b 6C
\_
48%
Rigid !

For comparison: Buried volume von 1ad: 40% (NHCAuUCI complex)



IBiox[(-)-menthyl] silver bromide complex




ENANTIOSELECTIVE a-arylation of amides

2
X R Ar
o) Pd,(dba)s/ligand (1:1)
Ar > 0
N NaOtBu, DME

N
|
R! R? up to 99% ee! Rl
X = Br, Cl
Me& ph i 1-Naph Me&  o-Tol e 0-Anisyl
N N N N
\ \ \ \
o o Me Me Me Me
7:( 91%, 84% ee 99%, 96% ee 82%, 95% ee 89%, 95% ee
+ -
NN
) )
Et Me
ligand £ IR 1-Naph 0-Anisyl
° ° (Lo (L)
\ ) ] ]
Bn Bn Bn Bn
) V) o
949%, 87% ee 95%, 97% ee 839%, 92% ee 80%, 92% ee @ 90 'C

37%, 99% ee @ 80 °C
Wirtz, Lohre, Frohlich, Glorius, JACS 2009, 131, 8344.
See also: Lautens, Org. Lett. 2010, 12, 3160 (Rh(IBiox[menthyl] catalyzed highly asymmetric hydroarylation)
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Electronically
switchable NHCs




Electronic properties of NHC ligands

Tolmans Electronic Parameter:

CO
m n*
Q@ N 0
L—>Ni C=o0
d00 O
O
CO

=) Electron-rich ligand
mm) Electron-rich metal
mm) Backdonation in n*-q
=) R v

See: Crabtree, Organometallics 2003, 22, 1663.

See also: Nolan, Organometallics 2008, 27, 202.

Tolman, Chem. Rev. 1977, 77, 313.

For NHCs:
—\ —\
R—N..__N—R R—NL__N—R

OC—IIr—CI OC—Rh—CI
CO CO



NHCs — quantification of electronic properties

/IAd IPr SIPr\ PCys
oy ||y TEP
2030 2040 f | 2050 | 2060 cmt
"more electron-rich" IMes f "less electron-rich"
\ SII\/IeS/ \

Standard NHCs

Phosphines



NHCs — quantification of electronic properties

] Ph
® /_<@

iPr'NYN‘Me

O P

Ph R = SO,(4-tolyl)
(an abnormal NHC) / \ 4
1 3 IAd IPr SIPr PCys
Y vy vy |y TEP
|2030 f |2050 % 2060 cm?!
"more electron-rich" IMes % IPrCl "less electron-rich"
\ SIMes/

Standard NHCs



Synthesis of zwitterionic imidazolium salts

(o]
| R
Meo)\( o
. o o R
Br EtCN, NEt(iPr), 120 °C ) ,
+ : —
N H Ar/N\/[(\l_D\AF
Ar” Y Ar
\ _ _ _ .
] Y
R
'V'eo)‘\( — t}—’@H
Ar/N\/N\Ar Ar— /N\A,-

Biju, Hirano, Frohlich, Glorius, Chem. Asian J. 2009, 4, 1786.
For a related system (but without the switch), see: Cesar, Lavigne, Chem. Commun. 2009, 4711.



A reversibly electronically SWITCHABLE NHC

I Y
( o) R 0 R 2
— H Y=( .
N.__N N N
Ar— 'V TAr B Ar— T T Ar UNDE
\M( o jM/ CIDED
rather electron-poor electron-rich OFF
NHC ligand NHC ligand ®
L-_'-__'—-_

Flip the switch!

A simple deprotonation/protonation can render the NHC to be an electron-poor

or an electron-rich NHC ligand: one ligand, two electronic natures.

Biju, Hirano, Frohlich, Glorius, Chem. Asian J. 2009, 4, 1786.

For a related system (but without the switch), see: Cesar, Lavigne, Chem. Commun. 2009, 4711.

For other switchable NHCs, see the work of Bielawski et al. (oxidation/reduction) and Zhu et al. (hv), and, very
recently, Richeter et al. (protonation/metallation).



A reversibly electronically switchable NHC

+
o) Ph +H @) Ph
>_< > 7 (
/N N\ — + /N N\
Mes™ "'\,  ~"Mes _H Mes— "~ ~"Mes
5
(an abnormal NHC) 4
1 CAAC 2 § IAd IPr SIPr PCy; :
Y EE RN
|2030 |204O

"more electron-rich"”

\_

* | 2050
IMes %
SlIMes

J

Standard NHCs

IPrCl

| 2060 cm™

"less electron-rich"

Physico-chemical properties of NHCs: Drdge, Glorius, Angew. Chem. Int. Ed. 2010, 49, 6940.



Asymmetric nanocatalysis



Asymmetric catalysis using NANOPARTICLES (NPs)

a) Reaction taking place on an attached catalyst b) Reaction taking place on the NP
(NP as support, NP catalytically inactive) (NP as active catalyst)
A+B C* A+B Cc*

*L
AN
catalyst* *
M y - L

NP NP
catalyst* Mcatalyst* e
+/- same modes of action as for + new modes of action possible
the homogeneous system + high activity due to large surface area

+ ease of handling and work-up

+ recycling possible

+ if magnetic: magnetic decanting
possible, thus very fast separation

Ranganath, Glorius, Catalysis Science and Technology 2011, online.



Chiral NHCs on magnetic nanoparticles - a perfect match

e 0 e ® ngC*
K,PdCl, @ o NHCc* NHGCg °
FesO,  — > Fe;O - Fe;O *
4 NaBH, @4 ® \iomu ® " °3-4/NHC
¢ | ¢ | ) ®
NHC*
NP1
R, @8 W B
N )
® = Pd-NP NHC* = ‘ BF
Ph Ph 4
OH HO
g
O X NP1 (~0.9 wt % Pd)
NaOtB
+ N e >
= toluene, 80 °C, 16 h
X =Br, 72% yield, 48% ee
Cl, 56% yield, 60% ee

V,

Investigation of secondary functional group (OH, olefin...; scope (other reactions).

Ranganath, Kloesges, Schafer, Glorius Angew. Chem. Int. Ed. 2010, 49, 7786.

Magnetic
Recovery



Difficult hydroacylations

NHC-organocatalysis



N-Heterocyclic carbenes (NHCSs) - attractive organocatalyst properties

1) Multiple roles in catalytic cycle possible:

Nucleophilicity Azolium salt acidifies a-position

O R
R HJ\R :5‘\((/’!\’1 +
_/ 7
Electron- R 2P
donor Enamine reactivity Azolium salt is good leaving group | acceptor

properties 0 - properties
E ! — 1
\ﬂl\l e \}& s
J )
R/



N-Heterocyclic carbenes (NHCSs) - attractive organocatalyst properties

1) Multiple roles in catalytic cycle possible:

Nucleophilicity Azolium salt acidifies a-position

O R
R HJ\R :5&/(/’1\'1 +
\_/ R,N\/)

Electron- ElEEen-
donor Enamine reactivity Azolium salt is good leaving group | acceptor
: roperties
properties N OH R ') R prop
E (-I — 1
e A
R’ R’
2) Different (azolium)types of NHC with dramatically different reactivity
[\ = [\
[ BN ] (BN ] [ I ]
3) Novel geometry (,fence like®) [\



Nature teaches NHC organocatalysis

Coenzyme Thiamine pyrophosphate (TPP)

Thiazole ring OH OH

O‘fll’—o—fll’—oe Nonoxidative Decarboxylation
W O O of a-keto acids

Formation of Acyloins} NH,

®N \\ J
N S v
)|\ Pyrophosphate
NZ group

Pyrimigine ring

R g
T
rR2” N
R3
¢ r =
s & , I Breslow
—» == | = .
IN/>9 ' Ph)I\H R2 l N> Ph Rz N  Ph Intermediate
R ek, ® ks R

R. Breslow, J. Am. Chem. Soc. 1958, 80, 3719. Thiamine = Vitamin B,



Umpolung organocatalysis

O

Rz/\)I\ORs

O
0 RN ~ X Stetter- R

: 2
J]\ . reaction RO
Rl H st
Umpolung

O
a]_ dl X

RICHO )1\le
. > pl
normal reactivity _ Benzoin

Breslow intermediate condensation OH

Woahler, Liebig, Ann. Pharm. 1832, 3, 249 (First Benzoin condensation using CN_).

Ukali, J. Pharm. Soc. Chem. 1943, 63, 296 (First NHC-catalyzed Benzoin condensation).
Breslow, JACS 1958, 80, 3719.

Stetter, ACIE 1973, 12, 81.



Organocatalysis: umpolung vs. ,,conjugated” umpolung

Rz/\)I\H

electrophile

Initial publications:

conjugate
Umpolung

- OH - -
Rz/\)\([\l
v

nucleophile

a homoenolate
equivalent

Burstein, Glorius, Angew. Chem. Int. Ed. 2004, 45, 6205.
Bode et al., J. Am. Chem. Soc. 2004, 126, 14370 (1:2 ratio of sm leads to higher yields).

R'CHO

y-Lactone synthesis

For an excellent review, see: Enders et al., Chem. Rev. 2008, 107, 5606.



Variations

IMesHCI (5 mol%)

O O
/\)I\ KOtBu (10 mol%)
XN b )I\ >
Ph H Ph CF3 THE
(1 mmol) (2 equiv)

0 0 0
0 0 Me 0
R? R? R? R~
Ar Rl Ralkyl R1 Ar R1

Our work:

Burstein, Glorius, Angew. Chem. Int. Ed. 2004, 43, 6205.

Burstein, Tschan, Xie, Glorius, Synthesis 2006, 2418 (feature article).
Schrader,* Handayani, Burstein, Glorius, Chem. Commun. 2007, 716
Glorius, Hirano, Ernst Schering Foundation Symposium Proceedings
Hirano, Piel, Glorius, Adv. Synth. Catal. 2008, 350, 984.

Lebeuf, Hirano, Glorius, Org. Lett. 2008, 10, 4243.

O O

“"CF “Ph
PH  pp 0 Ph

-3 u-3
84%, 64:36, (30 mmol scale)

2008, Vol. 2, 159-181.



Common modes of action in NHC organocatalysis

Nucleophilicity

= E+ OH R

ectron- !

donor \5\%}\1

properties ,NJ
R

Conjugate enamine reactivity
OH R

E+ I
R

_N
R

=3

Azolium salt acidifies a-position
O R
H !
RSK((/’N +
-/
R/
Azolium salt is good leaving group

] R
NU R)k\(/N-F
R/

Electron-
acceptor
properties




Hydroacylation of unactivated alkenes

N A

Concept:
(dual catalysis)

— CIO4@
O S\?g\MeS O H
H Ph;PAuCIl/AgOTf
O/\/ DBU, dioxane, 120 °C> o
OMe OMe

81% |



Hydroacylation of unactivated alkenes

©
—( ClOy4
O S\%g\MeS
’ Ph,PAUCHAGO T
>
O/\/ DBU, dioxane, 120 °C
OMe

81% 11



A new, concerted mode of action

o
O-—H

{\6

/D

S\.{N\Mes

DBU, dioxane
120 °C

28 examples

39-96% yield /

1%

Conia-Ene

VS.

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

a 5"'*\ " R R
X*) (AT B s>=<
Y>—\/,6'_/~> B R \R |Vh
- - X

o / L O

our work




Hydroacylation of unactivated alkenes: scope

@)

0 o O 0
Br Ph %
@)
OMe @) @) @)
2a, 85% 29, 56% 2k, 62% 29, 95%
@) @)
kaf )
Bn
ﬁ O O
2r, 81% 2u, 71% 9c, <5% 9d, 93%
i M
Qfﬁ” m - @ e
@)
OMe
11a, 87% 11b, 76% 11c, 94% 11d, 94%

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



Highly asymmetric hydroacylation of unactivated alkenes

18 examples
99% ee each !

N H
1l Bn
R

O/»_ ©
— Cl
O N\ @
N\/N
3

OMe 2c 2d
2a 60%,P >99%ee 8%.¢ >99%ee
99%, >99%ee

2f 2g
94%, >99%ee 81%, 99%ee

(@)

MeO

(@)

2h 2i 2j 2k 2|

93%, 99%ee 91%, 99%ee 74%, >99%ee 46%, 99%ee 78%, 99%ee 2m¢
94%, >99%ee

OMe
20 2p 2q Ar = 4-CI-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, Frohlich, Grimme,* Glorius,* in revision.



Mechanistic insight

Proton transfer TS
with achiral NHC

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

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

N

-
N
-
N

O m d +
20 N 0
NHC* N 0.
i X H U 8_0 H
..... ‘./ Y s /
R? ond 17 examples

k_ R2 _/ 99% ee each

Piel, Steinmetz, Hirano, Frohlich, Grimme,* Glorius,* in revision.




New mode of NHC organocatalysis!?

Electron- Electron-
donor acceptor
properties properties

Concerted (protonation, enamine addition)

N\

Nu
‘4

WN
N
1



Mode of enantioinduction

Piel, Steinmetz, Hirano, Frohlich, Grimme,* Glorius,* in revision.

2151



NHC-catalyzed cascade involving the hydroacylation of unactivated alkynes

4 )

1 ) 0 &
RY "H e P
: G - Rl R3
- / 5 mol% NHC -HCIO,
. 2 - 2
I ; 10 mol% K,CO4 R

THF, 70 °C, 2 h

\ 9 examples /

__/ =NHC
S\"/N\Mes
Representative examples:
O O @)
F
Z >Ph Z “Ph O 7 O Z > ph
OEt
@) @) @) N
O Ts
86% 84% 78% 63%

Biju, Wurz, Glorius, J. Am. Chem. Soc. 2010, 132, 5970.



NHC-catalyzed cascade involving the hydroacylation of unactivated alkynes

K N

U 24 examples

Representative
examples:

OMe 68% OMe overall



Intermolecular hydroacylation of Arynes

‘_\
- | R’N\/X .-
Electrophilic A Nucleophilic

3 reactive intermediates

l_\
"X
Nucleophilic | R OH _ Electrophilic
Mild Conditions for the Generation of Arynes
¥ ©
T™S Fluoride Source Common Fluoride Sources
CQ > ©| are CsFICH,CN, KF/ 18-
crown-6/THF, TBAF/ THF

\»OTf

Himeshima, Y.; Sonoda, T.; Kobayashi, H. Chem. Lett. 1983, 1211.



Optimization Study for the Hydroacylation of Arynes

o 3 (10 mol%)

+ LIS K,COj3 (20 mol%)
+ Y

18- crown-6 (2.0 equiv.)

THF, 4 h, 25 °C

"Standard Conditions"

0

Entry Variation of the standard conditions Yield (%)
1 None 60
2 5 instead of 3 5
3 6 instead of 3 4
4 7 instead of 3
5 8 instead of 3 12
6 DBU instead of K,CO, 0
7 KOt-Bu instead of K,CO, 78
8 TBAF as the fluoride source 13
9 CsF and CH,CN instead of KF and THF 30
10 15 mol% 3 and 15 mol% K,CO, 90
11 15 mol% 3 and 15 mol% KOt-Bu 98 (92)

Biju, Glorius, Angew. Chem., Int. Ed. 2010, 49, 9761.

4 )
©
ClOo, =
NS
Mes G_)\/
\_ 3
H0q=( cP
Svg“Bn
5
=N o
N#&Ph
6
[\ C|e
Mes’N\¢g‘Mes
7
=N °
/N\/‘(Jla\
8




Hydroacylation of Arynes: Scope of Aldehydes

CHO TMSD
+
R4’ : :Rz TfO
R3

3 (15 mol%) ?
KOt-Bu (15 mol%) A
> I
KF (2.0 equiv.) R R2 \F
18- crown-6 (2.0 equiv.) R3

THF, 4 h, 25 °C

R'=R2 = OMe: 62%°
Cl: 89%

R = phenyl: 58%°¢
2-furyl: 43%

1= . [\
R = Br: 92% R® = OMe: 78%
H: 72% Br: 859
0 CH;: 74% F 00
t-Bu: 69% PEE
Cl: 93%
Ro Ph: 74% R3
CN: 70% R2 =F: 60%
CO,Me: 77% Cl: 49%"
CF3: 88%
0
SORS I 2
& (o) V4
76% S | 70% R/\)‘\Q
0
= N Fe o
| | &
X F 42% 48%
o 75%°

Biju, Glorius, Angew. Chem., Int. Ed. 2010, 49, 9761.




Hydroacylation of Arynes: Variation of Aryne Moiety

3 (15 mol%)

/@/CHO ™MS N KOt-Bu (15 mol%)
+ |
Br TfO XR KF (2.0 equiv.)
18- crown-6 (2.0 equiv.)
THF, 4 h, 25 °C

Entry Aryne precursor Product(s), Yield (%)

1 TMS R R R=Me:70%

2
}o

2 TfO R Br R R=O0O(CH,)O0: 77%

S o f m
Becai¥cac g e

Biju, Glorius, Angew. Chem., Int. Ed. 2010, 49, 9761.



Proposed Mechanism of the Hydroacylation of Arynes

NHC = : _: concerted |

] Breslow
(relatlvely slow) intermediate ?IR
r— | R c
(@)

step-wise “H

Biju, Glorius, Angew. Chem., Int. Ed. 2010, 49, 9761.



Asym. intermol. Stetter



Stetter reaction

10 mol% »=(\\o|-|

Rg° 0 Umpolung addition of

L, _dEmE NG
=Et, X=Br —
Y ’
nPr)LH * \)I\OMe Et;N, EtOH bonds

78 °C
A for aliphatic
B for aromatic

Pedi o
\)I\OMe
e

Ay N
. e

intermediate

=( OH
_N
Et;N R®Y S
A v nPr
HO
xR _OMe
= >
=( OH
nPr
rR-N S /
o
nPr
o
©
OMe
o Hermann Stetter (1917-1993)

o]
H. Stetter, Angew. Chem. Int. Ed. Engl. 1976, 15, 639.



A longstanding challenge: asymmetric intermolecular Stetter reaction

EWG/H @) EWG/H
O NHC
—
R)I\H ¥ ZEWG R EWG
B R
COzMe 0
* Ph/Me
CO,Me Me
R @)
(up to 78% ee)[”a] (up to 78% ee)l! P! (up to >99% ee) '3l
D. Enders et al. M. Muller et al.
o/ﬁ O  CO,Me C(O)NR;
K/N\’HH’VK M )H/\
COZMG
O R
(up to 91% ee)l'%al (up to 98% ee, 19:1 dr)[12b] (up to 96% ee)l12d

T. Rovis et al.

D. Enders:11a) Chem. Commun. 2008, 3989; 11b) Synthesis 2008, 3864.
T. Rovis: 12a) JACS 2008, 130, 14066; 12b) Org. Lett. 2009, 11, 2856; 12c) JACS 2009, 131, 10872.
M. Muller: 13) Angew. Chem. Int. Ed. 2010, 49, 6600.



A longstanding challenge: asymmetric intermolecular Stetter reaction

0/57
=N\ ®
NN 3 (10 mol%)
@) NHAc Cl O NHACc

)I\ )\ i M
R >H + CO,Me > R ;’"COZMe

base, solvent, 0 °C

1 2 4
15 examples

93-99% ee

Jousseaume, Wurz, Glorius, Angew. Chem. Int. Ed. 2011, in press



Asymmetric intermolecular Stetter reaction

O NHAc
“CO,Me
H 2
R
4a-e,k,l,n

R = Cl: 93%, 95% ee

Br

R = CO,Me: 83%, 96% ee

R = CF3: 73%, 93% ee
R = CN: 87%, 95% ee
R = Br: 98%, 96% ee
R = Ph: 42%, 98% ee
R = Me: 48%, 97% ee
R =H: 80%, 97% ee

O NHAc

“CO,Me
H

4f
81%, 97% ee

O NHAc
~ ;’"Cone
\_0
4i
86%, 98% ee

(@) NHAc
CI ‘ty,
‘CO,Me
H
Cl
49
71%, 94% ee
O NHAc
Iy o
H
4j
89%, 97% ee
O NHAc
""CO,Me
8 H
40"

52%, 97% ee

Jousseaume, Wurz, Glorius, Angew. Chem. Int. Ed. 2011, in press

O  NHAc
“CO,Me
H

F
4h

38%, 99% ee

O NHAc

@)\/k "CO,Me
H

Fe
4mb]
56%, 99% ee



Follow up transformation

+, ClI

O NHAc O NHj
2M HCI, 1,4-dioxane
Cl » Cl
/COQMG ’COZH
H reflux, 2 h H
Cl Cl
49 FCE28833 (6g): 97% yield

a selective kynurenine
3-hydroxylase inhibitor

Jousseaume, Wurz, Glorius, Angew. Chem. Int. Ed. 2011, in press



Mechanism / Mode of enantioinduction

R! NHAG
=
RZ’N\/N\R3 OMe N=N
o0 N—N O 2 / -
+ _>, //(N \ » N
@) @)
PhCHO o \/S 0, \/S \
1n
H Ph
Ph
A L
oh NHAC stereoselective Ph NHAC
.\ S protonation + M\"/OMG
e ™
NHC' P NHf) =\ H _NHG Ph
o7 H o? ol O
C D

Jousseaume, Wurz, Glorius, Angew. Chem. Int. Ed. 2011, in press




C-H activation reactions




A dream come true: application of C-H activation in total synthesis

H3CO =0 H;CO -0
= °N- 1) TfOH, CH,Cl, = °N-
2) CF3CH,OH I\l
heat, 72 h —_ N
Me\ 3) KCN . N\ —
|>|\P\'[—Me N e
Ph _N Ph/lgél\I HN -
O\) "R O\) "R (-)-Rhazinilam
(an antitumor agent)
A (R)-B
@ 60 °C: @ 70 °C:
R = Ph: 15%, 72% de R = Ph: 40%, 50% de
R =iPr: 10%, 70% de R =iPr: 40%, 50% de
R = cHex: 20%, 76% de R = cHex: 42%, 63% de

R = tBu, <10% conversion, >90% de

Sames et al., JACS 2002, 124, 6900:
»1otal Synthesis of (-)-Rhazinilam: Asymmetric C-H Bond Activation via the Use of a Chiral
Auxiliary”



Precomplexation allows C-H activation

LY = T

K= 0. M. Halida

Sames et al., SCIENCE 2006, 312, 67:
,C-H Bond Functionalization in Complex Organic Synthesis*

/ PO(OAG), { ______ Oxidant _ -
— - HOAc - [Pd] =N
X

Sanford et al., JACS 2004, 126, 2300:
LA Highly Selective Catalytic Method for the Oxidative Functionalization of C-H Bonds*



Activation modes

] M/R' N R/H c-bond metathesis

n

"oxidative addition"
L, M + o
"electrophilic metallation”

L ﬁ/x + R/H P g

n

"Lewis base assisted

] M/LB N R/H deprotonation

n

Glorius et al., Chem. Soc. Rev. 2011, submitted:
, Towards mild C-H bond activation”

L, M R’

n \R + \H
H

L, MZ

© X

n M\R + \H

LB
7 N
L, M\R H



Cross-dehydrogenative coupling

C—M

C—X

cross-coupling e.g. direct arylation
> -
E 1
preactivations preactivations
required A required
e.g.

catalytic oxidative
arene cross-coupling

preactivations
required

C—H

C—X



From anilines to indoles:

A cross-dehydrogenative coupling
(cdc)




Synthesis of indoles by electrophilic aromatic palladation

( )

o R
R @) R
(O
N R H
H R
R @)

stoich. or catal. [Pd] Indolequinones

HOACc, oxidizing agent \ y
R (electrophilic aromatic a )
palladation) R
@ 9,
@ R
N O N
H H
R R
L Carbazoles )

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

For reviews on the synthesis of indoles, see:

a) Cacchi, Fabrizi, Chem. Rev. 2005, 105, 2873; b) Gribble, J. Chem. Soc., Perkin Trans. 1, 2000, 1045.

For lead references on the displayed oxidative coupling, see:

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



Substrate scope

R CO,Me
N C0Me  pd(0Ad), (0 moi) R 2
| J; Cu(OAc), K,COg | N\
Z >N > %
H DMF, 80 - 140 °C H
1 R=H: 72% 2
CO,Me CO,Me CO,Me
R
N
N X N H
R . ..
(main regioisomer)
R =Me: 82% R =Me: 68% (12:1) R =Me: 72%
R = OMe: 64% R = OMe: 68% (>99:1) R=0OMe: 64%
R=F: 78% R=F: 74% (1.1:1) R=F: 74%
R=Cl: 53% R=Cl:  76% (7:1) R=Cl 64%
R =Ac: 54% (>99:1) R =Ac: 52%

R = COOEt: 64%

R = CONEt,: 70%

R = CN: 65%
Wirtz, Rakshit, Neumann, Droge, Glorius, Angew. Chem. Int. Ed. 2008, 47, 7230.



Substrate scope

R = OMe: 68% (>99:1)

H E R E

Pd(OAc), (10 mol%) R=Ac: 54% (>99:1)
NNy, CUOA0), KOs N, N\ R =Me: 68% (92:8)
H | DWFB8o-140°C N N R=Cl:  76% (88:12)

1 £ = COMe R=F  74% (53:47)

(main regioisomer)

e

CO-M
Pd(OAc), (10 mol%)
CU(OAC)Z, K2CO3
0p (> :

DMF, 80 °C 83% (>99:1)
COzMe

@)

2Et
N
N
5 H

68%



Non-anhydrous & one-pot

Non-anhydrous:

O

H CO,Et
(10 mmol)
One-pot:
A, A
+
NH )I\/”\OMG
2
1L=30Euro 1 kg =30 Euro

Pd(OAC), (2 mol%) COaEL
Cu(OAc)y H0 \
K,COs, DMF, 140 °C N
62%
COzMe

1. InBrz (1 mol%), rt, 20 min

>
2. Pd(OACc), (5 mol%) Cu(OAc), Z N
K,CO3, DMF, 140 °C, 20 min H
72% 1 kg = 60.000 Euro



Mechanistic proposal

PdX,
Base

Q. e X @

BaseesHX A

electrophilic palladation
&
deprotonation

,—X

c-bond-metathe5|s
or

_.Base 7

H"

IIX
N

H J

deprotonation

reductive
elimination



Mechanistic investigation

- Basic reaction conditions do not favor the formation of an electrophilic Pd species

- Only small additive effect with donor additives like DMSO or PPh.

- Competition experiments give the following order of reactivity: p-Cl > p-H > p-MeO.

- Intramolecular kinetic isotope effect:

i Pd(OAC), (10 mol%) CO,Me CO,Me
NJ\‘ CU(OAC)Z, K2C03 . \ . \
H DMF, 80 °C, 12 h ¥ N
D COzMe H H
71% D Kulkp = 4.6

Wirtz, Rakshit, Neumann, Droge, Glorius, Angew. Chem. Int. Ed. 2008, 47, 7230; hot paper.



Follow up: related work

Palladium-catalyzed oxidative coupling of anilines with alkynes:

R COR Pd(OAc), (10 mol%) R POR L Ak
=H, yl .
\\ \ O, (1 atm) \\ N R = Me. Et /Pr Jiao et al.,
" A DMA/PIVOH (&:1) » CoR R=Me. EL Pr Angew. Chem. Int. Ed. 2009, 48, 4572.
NH CO,R 120°C, 12h ! S Me i ke Oe
é»] 38 - 99%, R‘1 OCFS, COzEt, F, Cl, OH

Oxidative cyclization of enaminones mediated by hypervalent iodine reagents:
Rar ar EWG

R
I\\ /[EWG PhI(OAC), (1.3 eq) NS EWG =N, NO, CO,Me, COPh
°C. 2. 2 R2=aryl, Et, 'Pr, 'Bu, Bn, CO,Et v
A2 DCE, 60 °C,2-15h " . 2 ary f, BU, BN, L2 Org. Lett. 2009, 11, 2417.
H H

33-91% R®" = Me, Br, OMe, F

Copper-catalyzed oxidative cyclization of bis-aryl-substituted enaminones :

ar3
Cul (5 mol%) R Cacchi et al.,
" g Phen (17.5 mol%) R® = Me, OMe, F, CI, Br,  Angew. Chem. Int. Ed. 2009, 48, 8078.
_ Li,CO5 (2 €q) Ra2 I, CO,Et, acetal, Ph
N par2 D'\fg,_ 17020h°C R22 = Me, OMe, CN, CO,Me, C(O)Me
51 - 83% R@"3 = Me, OMe, CF3, Cl, Br, CN

See also: Liang, Chem. Commun. 2010, 46, 2823 (Fe catalyzed).



... and finally:
a hew synthesis of
pyrazoles




Pyrazoles

Withasomine
(an alkaloid)

4 R* R° h
S
3 .
N
1
- R™
@)
/
FSC’S CN CF3
D /
N N
H2N N’ ol N ()\\//O
Cl Cl (\N/S
N
CF, SO,NH,
Fipronil Celecoxib Viagra (Sildenafil)
(an insecticide) (a COX 2 inhibitor) (treatment of erectile

dysfunction)

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



Pyrazoles: most common synthetic routes

4 =5 )
RY
NN R
N=
R3
- /
[3+2F /a  _2H,0 |b M\ ¢
cycloaddition 2 or Sy
R3 RS RS
© \ 1
R'I—N\ @ R4 R\NH (@) R4 R1\X Hl\\l \ R4
N\ NH;
R3 R3 R3
cycloaddition condensation cross-coupling
@ Use of hydrazines @ Regioselectivity (R3 vs. R®)

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



Pyrazoles: most common synthetic routes

R® RS
. A
NN R4 — NTN\_R4
N= New! N
k R3 :\R3
[3+2]- a -2H,0 | b [M] c
cycloaddition 2 or Sy
R3 RS RS
© \ 1 O
R™-N, @ R R NH R* Rlx HN™ Y R
\\\ NH; 3
R3 R R3
cycloaddition condensation cross-coupling
@ Use of hydrazines @ Regioselectivity (R3 vs. R®)

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



Broad scope

R® - RS
readily available R oxidizing 1 C-C/N-N -
y NN\ R4 conditions _ R\N \_R4
starting materials H 110 °C ,‘\l\ bond formation
Ns=_ 3 R3

80% 77% 71% 76% 72%

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



Broad scope

readily available

starting materials

E§/002Me

75%

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

R5
R] /L oxidizing
SN\ R4 conditions
H >
110 °C
Ns=_ 3

'\"§/002Me | §/002Me
N=

87% 83%

R5
R1\ C-C/N-N -
N \ R4 :
N bond formation
R3



Convenient and cheap: one-pot procedure

6 O InBr3 Ph<

Ph
“NH, * —
2 Me)l\/”\OEt rt. 1h

5.0 mmol 5.0 mmol

Iz

Me

OEt

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

+

l (1.5 eq), air Phy
v

R

Cu(OACc),

110 °C

Me

N
\
\—/ OFt

R

R =Me: 78%
R =Ph: 73%

O
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