Carbenes
:CH, ':CR, = alkylidene

\\' Singlet (C hybridized sp?; S = 0: 2e- coupled with opposite spin)

| Triplet (C hybridized sp; S = 1: 2e- with parallel spin)

in :CH, the singlet carbene has higher energy



n-donor substituents stabilize the singlet state

Singlet n-donor substituent
carbene 2



1964 first metal-carbene compound
(Fischer)

W(CO)s Me4NCI

W(CO)5 LiPh CH Nz
Et,O [ j [ j [ j

metoxyphenylmethylenepentacarbonyltungsten(0)



1974: first metal-alkylidene compound

C|>TZL /‘<
%

(Schrock)

Ay

H
Pentane 7€: |

"

o-hydrogen abstraction

El
CH2C{CHs) 5

CH=)aCCH2 ., L
(CHz)aCCHz 4 Ta—cl 2[CHz)aCCHLI

QCHEJECCHE"/LL'
Talv) 10 electrons

(CHz)3CCHz  ClCHs)s

(CH3)aCCHo fe, I
d e
(CHz)aCCH2 " | H
(CHalgoge—" H
| Hz
+ 2 Licl

'ICH3]'3C'?H2 ClCHzlz
_— I:CH3:|3|:CH2—TEI:C\

(CHs)sCCH,  H
+ (CHz)aCCHzH



OMe
Ph

metal

w N

Fischer Carbenes

&>

carbene

Singlet carbenes are stabilized by heteroatoms (e.g.
aminocarbenes and alcoxycarbenes)

Metal in low oxidation state, w-acceptor ancillary ligands
Electrons are r polarized towards the metal (see
resonance forms)

Electrophiles at the carbon—metal bond (C electron-
poor) (Fisher = Electrophilic Reagent)



=

B W

Schrock Carbenes

e .
B 5

metal carbene

Carbenes are weakly stabilized (alkylidenes)

Early transition metals in high oxidation state, - and n-
donor ancillary ligands

Proper double bond, polarized towards the carbon
Nuclephiles at the carbon—metal bond (C electron-rich)
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N-Heterocyclic Carbenes, NHCs
(Arduengo Carbenes, 1991)

Fischer Carbenes



Aromatic resonance structure with 6 e-



Main NHCs

R-N_ N-R Ry SN-R RN ON-R Rag™“\-R Ry S\-R

7 \__/ \—/ \=ij Yo

I N N=N

N(’Pr)z

2-Amine- | Imidazolidin- | | Imidazol- | Triazol- Tetrazol-
diazaphosphetin-
‘ R = Alkyl, aryl I -ylidene
R. /\ R

R‘N N’R R.. A .R

g o & g5

Benzimidazol- Hexahydropyrimidin- Dihydroperimidin- Dihydro-dibenzo-diazepin- |

Imidazolidinylidenes, imidazolylidenes, benzimidazolylidenes

A A i
R R ’ ;
) )RR
, . : e.g. alkyl, aryl, halogen
' M ! M N
R i R i 1
R R R



Table1 TR values for the carbonyl stretching frequencies in LNi(CO); measured in

CH,Cl, [23,26]

IPr

/—\
@,NVN

IAd

IMes

Ligand uco (A1) [em™] vgo (E) [em™]
IMes 2050.7 1969.8

SIMes 20515 1970.6

IPr 20515 1970.0

SIPr 2052.2 1971.3

ICy 2049.6 1964.6

PPhs 2068.9 1990

PCys 2056.4 1973

PtBus 2056.1 1971
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7R —
R i _R/
Na-% R—NeoN~g
\\\ | /// - B ? . ~——
M M *

Percent Buried Valume %6 Ve,

200 A

“Percent buried volume” (%V,,) defined as
the percent of the total volume of a sphere
occupied by a ligand. The sphere has a
defined radius and has the metal center at the
core. %V IS calculated using
crystallographic data. The volume of this
sphere represents the potential coordination
sphere space around the metal occupied by a
ligand/ligand fragment.

Cone Angle 0

Percent Buried
Volume % Vi,
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Table2 Steric demand and bond strength of some important ligands [21, 40]

Ligand %Vpyr for M-L (2.00 A) BDE [kcal/mol] (theoretical)
for L in Ni(CO)3L
IMes 26 41.1
SIMes 27 40.2
TIAd 37 20.4
1tBu 37 24.0
PPh; 27 26.7
N _ N e — B
ML,
(robust) (sensitive)
T
ML, + PR3

the equilibrium between the free carbene and the carbene metal complex
lies far more on the side of the complex than is the case for phosphines.
This minimizes the amount of free NHC in solution and thus increases the
life time of the complex as well as its robustness against heat, air and

moisture.
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Potential dimerization

P P U
S s I S W
) /) ) VAN

Tetraazafulvalene

NHCs are strongly sensitive to moisture, but are kinetically
stable towards triplet oxygen

G| it

formimide
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Methods to isolate stable NHCs

Deprotonation of imidazolium salts

X@
= ..
RN"SN-R 4 %—OK—* R-NON-R & kx + %—OH
= —/
R = Alkyl, aryl

Radical deprotonation of imidazolium salts with "O,-

Xe

> (& | AR ) L 0
Fe —— Fe -
91205 \—/
- 1/2 H,0,
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M-C bond in NHC carbenes

covalent metal bonding:  partial 7bond:

high stability electron transfer
MX,L MXnLm

m
: H“N*N"H Fl-..NJJ\
Pt )=

R” R R R

N- P

Strong o-donor

Modest ©t contribution

TEP smaller than phosphines

Sythethic flexibility (variation of R and R’

groups)
NHC ligands are in general stronger o-donor than the vast
majority of phosphines (even the more basic ones).

W
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M-C bond in NHC carbenes

-r-acceptor ability of carbenes bound to metals
decreases from Schrock carbens to Fischer (non-
diamminocarbenes) to NHCs.

-NHCs are strongly bound to metals via o, while
the mbackdonation contribution IS mostly
negligible.

-The 7 component becomes significant for Group
11 metals (i.e. copper, silver and gold).

-There are examples of NHCs compounds with
metals from Group 4 to 12. 16



Synthesis of M—NHC compounds from
stable NHCs via substitution

.o ML... Z\ \ Y
RENTN-R ML, 1 NHC Y NHC N)\M(nSN%
: R

=7 L
Y =7 R\N*

R = Alkyl, aryl %
Y =H, Cl, alkyl, aryl
Z=CY,N L = RCN, PR3, THF, CO, THT, pyr, DMS...

17



Synthesis of M—NHC compounds from
«masked carbenes»

cI® [LIBEtsH] BEL [Mo(CO)g] MolEOk
@ 3 6
R"*|"\‘|/"::"‘\F‘~-|"'R < LiCI g R""N/I\N"R o - R”"N/I\N"'R + BEt;
\—/ - H \—/ \—/

trialkylborane-2-imidazole

ol KO'B O?(O@ [Rh(COD)CI] e R
@ 2
R-N"SIN-R 4 co, = R ND_R i \[.~N
\__/ - 'BUOH \)
~KClI \—/ R~

carboxylate-2-imidazole
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Synthesis of M—NHC compounds

Oxydative addition of imidazolium salts to zero-valent precursors

H @
BFy |
~N"S N~ + [Pt(PPh =2 *
B [PUPPhs)a] — PPhy “"*N/LN""
s \:f —

trans-metalation from halide Ag—NHC

R R

R
R' F 4 R' ! R' /
N N N
_ ' CH-)>SAUCI N
I \> X + 1_1'2 AgzO —_— I ’>—AQ—X ( 3)2 - :\“/ :>—AU_CI
i N RI N\ ¥ N\
R

R \ R
R R
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Synthesis of M—NHC compounds
via trans-metalation of Ag-NHCs

SN ; \ 6 -
"--.N N N N.-*’
SN
0 T 'ﬁ ﬁ r? 0

@

©

PFg

[Rh(COD)ClI],
DMSO

- AgCl

|X=C|andF’F5|

-

2

/ @
N
N}ZO @
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l/\N "Bu

U
0 281 NEts, [RhCl(cod)], T \Br

T —_
CH3CN/A \ Y rRh Br

"Bu \ ﬂBu 29

%N“”Bu

Chiral N-Heterocyclic Carbenes as Stereodirecting Ligands
in Asymmetric Catalysis

1. NHC ligands with N-substituents containing centers of chirality;
2. NHC ligands containing chiral elements within the N-heterocycle;
3. NHC ligands containing an element of axial chirality;

R, R _| 2@
. el
' N_ _Nw

RN\ R NS
- -

30
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Applications In catalysis of
Schrock and Fischer carbenes

H H
W= CHR? + H%cin Olefin metathesis
2 1
H\_H]
w + , ¢ 4  Olefin cyclopropanation
R~ “~pR,
R, /
N, . .
wo o+ Hoeec—  C—H bond insertion

H
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