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An overview of N-heterocyclic carbenes

Matthew N. Hopkinson!, Christian Richter!, Michael Schedler! & Frank Glorius’

The successful isolation and characterization of an N-heterocyclic carbene in 1991 opened up a new class of organic com-
pounds for investigation. From these beginnings as academic curiosities, N-heterocyclic carbenes today rank among the
most powerful tools in organic chemistry, with numerous applications in commercially important processes. Here we
provide a concise overview of N -heterocyclic carbenes in modern chemistry, summarizing their general properties and
uses and highlighting how these features are being exploited in a selection of pioneering recent studies.



Early Development

¢ First report of benzoin condensation by Wohler and Liebig
in 1832
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Early Development

% 1943: Ugai discovered that thiazolium salts could replace CN-in benzoin condensations
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A variety of other thiazolium compounds were also found to be effective catalysts
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Early Development

¢ 1954: Mizuhara discovered that thiamine could catalyze many reactions that also been
observed in biological systems
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¢ The thiazolium moiety of thamine is responsible for the catalytic activity
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Early Development

¢ Reactions catalyzed by thiamine (Vitamin B1) enzymes such as pyruvate
decarboxylation and benzoin condensations were considered as the most
“mysterious” chemical transformations.
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¢ Breslow discovered that the C-2 proton of the thiazoliums exchanges rapidly
with deuterium
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Early Development

1958: Breslow proposed the mechanism for the thiazolium catalyzed benzoin condensation
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Early Development

Prior to 1960, chemists thought that carbenes were too reactive to be isolated in a
stable form, which thwarted widespread efforts to investigate carbene chemistry.

Perhaps true for many carbenes, but proved to be inaccurate for N-heterocyclic carbenes.

Ofele isolated a chromium NHC complex in 1968
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B Structure confirmed by TH NMR

J. Organomet. Chem. 1968, 42.



Early Development

Wanzlick isolated a mercury NHC complex in 1968, 550 km away from Ofele
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M Structure confirmed by "TH NMR

Angew. Chem. Int. Ed. 1968, 7, 141.

Advancing the NHC ligand in Organometallic Chemistry remained inactive
for more than 23 years until...!!!



Early Development

In 1991 Arduengo isolated the first stable, crystalline carbene

Thermally stable carbene form due to steric and electronic effects

The miracles of science
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A Stahle Crystalline Carbene
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Michael Kline
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We report (he synthesis, structure, and characterization of the
first crystalline carbene. Carbene 1, 1,3-di-1-adamantyl-
imidazol-2-ylidene, forms colorless crystals with sufficient kinetic
and thermodynamic stability to be casily isolated and charac-
terized. The deprotonation of 1,3-di-1-adamantylimidazolium
chloride (2) in THF at room lemperature with catalytic dimsyl
anion ("CH.S(0)CH,) in the presence of | equiv of sodium hy-
dride produces carbene 1 (eg |). This deprotonation can also be
accomplished with potassium tert-butoxide in THF to give a 96%
yield of 1.
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Stability of the carbenes can be attributed more to electronic factors than sterics!




Early Development

Other stable carbenes isolated following the Arduengo’s work
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Magic Power of NHCs

NHCs are exceptionally good &-donors to form strong metal-carbon bonds,

they behave like classical 2e- donor ligands.
M-NHC bonds are longer (>210 pm) than Fisher- and Schrock- type carbenes (<200 pm)

Compared to phosphines, NHCs form complexes that:
@ Easy to prepare (in situ formation of NHCs)

# Show better air and thermal stability

# More catalytically active (100~1000 times)

@ Various synthetic methods for ligand design

"...in general [NHCs] behave as better donors than the best phosphane donor ligands
with the exception of the sterically demanding (adamantyl) carbene.” - S. P. Nolan

Ph \Th FliPn
Q YCl;@, Me NYN Me



Magic Power of NHCs
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Magic Power of NHCs
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Structure Versatility of NHCs
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Important Catalytic Processes by NHCs
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thesis
Furan A" pprositytat®”
ns
o
Sonagashiva Couplings p— anation N\t" p
Y
Polymerizations Olefin Metathests
Stille Couplings
#woa‘l"“‘w"
f i.&at"o”
Kumada Couplings (L,.ansesw“6

Fleck keactiom



Synthesis of NHCs

Symmetric N-Substitution
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) NH, 4 -H;0 r-NIN~  first reported synthesis
= 0 I ' ' in 19251

H J. Wallach. Ber. Otfsch. Cham. Ges
1925, 15, 545,



Synthesis of NHCs

Unsymmetric N-Substitution
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relatively drastic conditions, but warks well for some substrates
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NHC-M Complex for Catalysis
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NHC-M Complex for Catalysis

Metal Complexes of N-Heterocyclic Carbenes— S —
A New Structural Principle for Catalysts R~ )X + HyC=CH-COpnBu —= H@'—CH=CH‘CQ2”30 + HX
in Homogeneous Catalysis**

Wolfgang A. Herrmann,* Martina Elison, Jakob X_| B fea] 8 o

Fischer, Chnistian Kocher, and Georg R. J. Artus R | CHO : Cl: :};;:t.i :.::-3';-:@{»405.

A basic tunctional principle in homogeneous complex cataly-

sis is based on the fact that phosphane and phosphite ligands not Substrate Catalyst U\Im‘::ibt & furnover[%]
only protect low-valent metal centers from aggregation (stabi- (mol %]
lization effect), but also create coordination sites in dissociation
equifibria at which the catalytic elementary steps proceed (acti- 4-BrC H,CHO I 0.5 10 > 99
vation effect)."! Examples of industrial importance are hydro- 4-BrC H,CHO 2 0.5 10 =99
cyanation (Ni®/P(OR),) and hydroformylation (Co'/PR,, RhY/ 4BrC HCHO 3 ;‘ 3 -
PR,). Generally, as a result of the notorious phosphane EE:EHH :f‘;;ii ; [1 iﬁ #39
degradation by P—C bond cleavage,'*} an excess of the ligand— 4-BeC,H,C(~O)CH, 3 0.1 3 ~99
often 100 times more thun the metal—is required to control the 4-BrC,H,C{=0)CH, 3 < 107 19 =99
equilibrium in the activation and propagation steps in homoge- 4-BrC,H,C(=0)CH, 3 41077 43 >59
neous catalysis. This excess increases the running costs of tech- 4-BrC, H,C(=0)CH, 3 L 10 % bo
- 3 : 4-BrC H,OCH, I 0.67 50 60
nical plants.*) Phosphane and phosphite complexes are also 4.BrC H OCH 3 0.67 <0 20
often water- and air-sensitive. Using the Heck coupling as ex- 4-BrC.H,OCH. 3 I 10-3 8 28
ampie,"**' we now describe a new catalyst principle that does 4-CIC H,CHO 1 l 24 2
not have these disadvantages. It relies on the special ligand 4-CIC, H,CHO 1(b] I_‘_I ] :: 3:

properties of N-heterocyclic carbenes and stands out because of '1'C““f'_H-‘W’-' ' [b]

its simplicity and efficiency.

Angew Chem Int Ed 1995, 34, 2371.

First work using metal-NHC complexes in homogeneous catalysis.
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NHC-M Complex for Catalysis

————————————

Phosphine Active Alkene

dissociation catalyst complexation
: ;
Cl- :
- PCy, cwR“:\H PRI
+ PCy » SR j
K_y 11a (L = SIMes) k, J:
11b (L = PCy,) !
Phosphine Alkene ;

association

decomplexation

———————————

Metathesis
products

k,/k_, = 10* greater for 11a (L = SIMes) than for 11b (L = PCy.,)

12
Hoveyda-Grubbs I
catalyst

J Am Chem Soc 2001, 123, 6543.

NHC bearing Grubbs’ 2"9 generation catalyst has 1000 times greater affinity
for the alkene substrates, resulting in higher activity than phosphine
coordinated 15t generation catalyst.



NHC-M Complex for Catalysis

J Am Chem Soc 2013, 135, 10183.

Me
Me

N u N

15 (7 equiv.)

13 (1 mol.%)

74
> VRS Ftu
' - N——o |
(single enantiomer) 0 o o OAc
THF, 1h,23°C e

65%, 96:4 Z/E
959% e.e.

13

The steric environment in this catalyst is fixed by
a key sp3- C-H activation at the adamantyl group,
which leads to the high Z-selectivity.

Ru complexes with unsymmetrical N-admantyl substituted ligand show high Z-selectivity
In cross-metathesis reactions, while previous reports only get E-seletivity.



NHC-M Complex for Catalysis

( Pt stabilized by NHC |

N o N Electron-donating NHC
R— H—-’/ ~R aids oxidative addition
[Pd] .—x —
R N N R
Reductive Oxidative x=F
Bulky NHC elimination addition
aids reductive R R
elimination ] Cl=—Pd—Cl
Cross-coupling |
Py gy N
-

Il
[F"Id"]-. [Pd J-R" -

5 Transmelallatl
R 17aR =/Pr Pd-PEPPSI-IPr
17b R=/Pent  Pd-PEPPSI-IPent
Easy to make catalysts

R', R? = aryl, heteroaryl, alkyl

X = halide, pseudohalide

M = B(OR), (Suzuki-Miyaura), SnR, (Stille), ZnR (Negishi) and also
heteroatom coupling partners such as HNR, (Buchwald-Hartwig)

The electron richness of NHCs can lead to improved
oxidative addition while reductive elimination can
benefit from the steric bulkiness of the NHC.



NHC-M Complex for Catalysis

Chiral NHCs for Enantioselective Catalysts

Adding Chirality on the N of the NHC

H H
_| cI—
H Me o 8] HCI Al f@'l. Al MaH/NHa Al F A Ar
5 . —_— = \,,NVN\{ _— = NN N
AT NH, 0 -3 H.0 - H,
Me Me - NaCl Me M
TR Ar = Ph (a), napth (b)
Q Eatﬁ'!l) OH
m ©)LCH3 Pt @Acﬁs
__ 20 °C, THF
Al / \ Al
\”va\{
m‘: e \ Cat (%) T(°C) time Conv (%) ee (%) TON
= i 1 20 1d a0 o6 a0
0.2 20 6d a0 28 450
M{CO
Rhz(cod)zCla / \ (COMl 0.1 20 12d a0 o6 900
1 -34 2d a0 32 a0
[\ _ 1 0 4h a0 12 a0
A AN NS AT A 8 A 1 20 1h 90 5 90
: “o-N_ _HN <
2 - : 1[a -20 14d a0 28 90
ME . -Rh—ci Me 2 o Me 2]
"*{ . MICO) 01[] -20 6 d 90 24 900
T 1 20 7d 680 28 80
R ga: m = {:]"'.: n =g 1 [c] -20 1d B0 27 B0
a: Al = a: =W n= — - — - =,
} : ' [a] Addition of 3 equiv carbene. [b] Containing 5% Rha(cod)Cls
1b: Ar=napth 3b:M=W,n=6 [c] Methyl napthyl ketons instead of ace:ophenéne -

Harrmann, W. A_ et al. Angew. Chem. Int. Ed. 1996, 35, 2805.



NHC-M Complex for Catalysis

B Preparation of Rhodium(cod) and -(nbd) complexes

he
N [(ﬁﬂgﬁgﬁgﬁor mm‘e
N URTINL L I
2L t AL o
clo© L NEts;, THF ;“'J
A

® COD complexes give better e e.'s than NED because COD is bigger and restricts rotation around the Bh -
carbene bond

W Hydrosilylation with Cataysts 1 Catalyst Ketone T(°C) Time  Yield (%) ee (%)
5 1. F'th{ng. THFE o 4a 9 22 4 h 90 20 (5)
PR Tmol% Tae ac 9 11 6d 60 40 (A)

R™ 'Me 2 MeOH,pTSA  R™" 'Me 4a 10 42 4n 80 37 (A)
i) 10 2 10d 40 32 (A)

p 4g 11 2 5d a0 19 (5)

dg 11 22 16 h 40 24 (R

4dg 12 -10 Gd 75 44 (5)

4b 12 2 4d 80 43 (5)

dg 12 22 3d 70 43 (A)

QY &Q

Enders, D. A.; Giglen, H.; Breuer, K. Tetrahadron: Asymmetry. 1997, 21, 3571.
Enders, D. A. etal. Eur. J inorg. Chem. 1998, 913.




NHC-M Complex on Heterogeneous Surfaces
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NHC-M Complex on Heterogeneous Surfaces
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Ultra stable self-assembled monolayers
of N-heterocyclic carbenes on gold

Carbene C/N ratios (XPS) Carbene C/N ratios (XPS)
Molecule Au(111 Au =
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;;;;;;;;
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2-Au(111)

5-Au(111)




NHC-M Complex on Heterogeneous Surfaces

N (15) C(1s) S(2p)
W f‘l."Jlﬁ'ﬂ‘J‘i}M’-ﬂ.ﬁ'ﬁ'b'\‘r'lrr!’\"r\".llh.
I T T T T ! T T T
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Binding energy (eV)
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” 8
N —T;NN( Hs/\/\"\fvﬁ: No sulfur incorporation
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NHC-M Complex on Heterogeneous Surfaces
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Binding energy (eV)
THF 66 “C (24 h) H,O 100 °C (24 h) 1% H,0, (24 h)



NHC-M Complex on Heterogeneous Surfaces

6-Au(111)

7-Au(111)

7-OH-Au(111)
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HOOOO00
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408 402
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NHC-M Complex on Heterogeneous Surfaces

KolPCL] NHC*HX NHCE
NaBH,4 base
Ph, A Ph
Q@ = PdNP NHC* = /NYN
PR 261 #Ho” T
Pd/Fe;0.-L1

O ¥ {=0.9 wt % Pd)

o
1 NaO?Bu |
f@; ~ 4+ Ha'ﬂ:}‘ > ,«ﬂj/L o
] ) toluene, 80 °C, 16 h [ )
i RMJJ T ’ i H"/ —
X =Br, 72% vield, 48% ee
Cl, 56% vyield, 60% ee

Angew Chem Int Ed 2010, 49, 7786



NHC-M Complex on Heterogeneous Surfaces

3barH
[Ru(cod)(cot)] + NHC barf,
(cod = 1,5-cyclooctadiene,; cot = Pentane, RT

1,3,5-cyclooctatriene) (RUJ/NHC

N B N N\/N
tBu™ "~ “tBu *
L L2

Angew Chem Int Ed 2011, 50, 12080



NHC-M Complex on Heterogeneous Surfaces

Scheme 1. Synthesis of PEGylated NHC Precursor 1 and
Complex 1-Au”

044
044 \g
\ 1) Mel \,1? 1)Ag,0 N
_ > N >
_N_N 2NPEGOMe W © 2AusMecl  NT\_
Cu(l) = ~Na N
..-‘N.\J;,NH-.. \T,
] AuCl,
1-Au

“A mixture of Au(I) and Au(IIl) species with x = 1 or 3, respectively.

JACS 2015, 137, 7974.



NHC-M Complex on Heterogeneous Surfaces
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NHC-M Complex on Heterogeneous Surfaces

800
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o -
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THF, RT, 24 h r,,r" g0, |_
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h )
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NHC-M Complex on Heterogeneous Surfaces
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NHCs Coordinate to p-Block Elements

Activation of small
molecules’4:81

NHC—boranes as
Stabilization of reagents and
radicals® radical sources’™
NHCs coordinated to
p-block elements®®
Stabilization of , == Adducts as reagents
reactive species’™ rR-N_X~R in organic synthesis
l ¥ |
YR,
Stabilization of non- NHC-mediated
metals in the zero- activation of
oxidation state™ silicon reagents’’

NHCs as components
of frustrated Lewis pairs”®

NHCs enable the preparation and characterization of various unknown species featuring

p-block species in unconventional forms



NHCs Coordinate to p-Block Elements
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NHCs Coordinate to p-Block Elements

A Stable Silicon(0) Compound
with a Si=Si Double Bond

Yuzhong Wang, Yaoming Xie, Pingrong Wei, R. Bruce King, Henry F. Schaefer llI,
Paul von R. Schleyer,” Gregory H. Robinson*

Science 2008, 321, 1069.

L
Cl I
6K.Cy, hexane .,
: L Si—Sit + 3

R.T. ]4 W

4KCq, THF

1 R.T. fs

L: = :C{N(2,6-Pr',CsH3)CH};



NHCs Coordinate to p-Block Elements
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Stabilizing power. Carbenes with their nonbonding electrons in the same orbital (the
spin-paired singlet state) act as nonoxidizing two-electron donors toward Si, and C,
units, as indicated by the observed geometry of compounds 1 and 2, versus more
classical Lewis structures 1’ and 2’, which are not observed. Both the silicon and
central carbon centers of 1 and 2 possess one and two electron pairs, respectively,
and are in the zero oxidation state. Carbene-induced transformations of white
phosphorus (3) into novel P, (4) and P, (5) clusters illustrate the broad applicability
of carbenes in the stabilization of artificial main-group-element allotropes. (Dipp, 2,6-
diisopropylphenyl; carbon, gray; silicon, green; nitrogen, blue; phosphorus, orange.)



NHCs as Organocatalysts

Conjugated . . 90
umpolung® Michael umpolung
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ACYL | Polymerization®®
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With esters

v

Transesterification

NHCs mediate a wide range of different organic transformations
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NHCs as Organocatalysts

In 2007 & 2008, Scheidt demonstrated NHCs could catalyze the MnO, promoted oxidation of
benzylic and vinylic alcohols, and unactivated aldehydes to esters.

N

R'" TOH
—N
activated alcohol N/_ N ! )
Me” N2 “me (10 mol%) 0
- JI\
JCI’\ R20H, MnO,, DBU R1 OR2
. ot 64-99% vyield
unactivated aldehyde
OH Me O Me
i\rm’ (O] JJYN’
=3 —_ R1
| |
Me”* Me”*

Maki, B. E.; Chan, A.; Phillips, E. M.; Scheidt, K. A. Org. Lett. 2007, 9, 371.
Maki, B. E.; Scheidt, K. A. Org. Lett. 2008, 10, 4331.



NHCs as Organocatalysts

NHCs could be used in a number of highly enantioselective reactions
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Mo, J.; Shen, L.; Chi, Y. R. Angew. Chem. Int. Ed. 2013, 52, 8588.



NHCs as Organocatalysts
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increased acidity
of benzylic position

Chen, X.;: Yang, S.; Song, B.-A.; Chi, Y. R. Angew. Chem. Int. Ed. 2013, 52, 11134,



NHCs as Organocatalysts

Combination of photoredox and NHC catalysis in organocatalysis
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CH,Cls, blue LEDS 919% yield, 92% ee

DiRocco, D. A.: Rovis, T. J. Am. Chem. Soc. 2012, 134, 8094,



NHCs in Polymer Science
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Angew Chem Int Ed 2010, 49, 7718



NHCs in Polymer Science
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NHCs in Polymer Science
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Benzoin condensation,
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Step-growth
polymerization

Transesterification

Ring opening
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Ring opening of lactones,
3-membered rings heterocycles

ROP

Mukaiyama aldol/Michael

Group transfer
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Transesterification

Step-growth
polymerization, ROP

Different modes of substrate activation by NHCs in molecular chemistry and in polymer synthesis



NHCs in Polymer Science
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Overview of polymers obtained by NHC-mediated polymerization reactions



NHCs in Polymer Science
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NHCs in Polymer Science

Z‘I‘_m
_——

:§<N N}___ nF'dC|2 %H Pd):
! i
F =
? /" ©\
N N
\NHN?? \L\@H@%
! i1
R R N

Synthesis of main-chain polymeric organometallic Pd complex and soluble polyelectrolytes

)IJI\



NHCs in Polymer Science
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Structurally dynamic polymers



