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N-Heterocyclic Carbenes (NHC)

*Defined as heterocyclic species containing a carbene carbon and at least one nitrogen atom
within the ring structure.!

*First investigated by Wanzlick in the 1960s and reported the first use as ligands for metal

complexes
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1) Bertrand et al., Chem. Rev.,2000, 100, 39-92




N-Heterocyclic Carbenes (NHC)

*Oefele in the same year was working on synthesising dihydro-complexes from heterocyclic salts?!
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*He observed a side reaction when using imidazolium salts?
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*NHC Isolated for crystalline structure in 1991 by Anthony Arduengo |12
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1) Ofele, J. Organomet. Chem. 1968, P42-43

2) Arduengo lll et al, J. AM. CHEM. SOC., 1991, 113 (1), PP 361-363
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NHC Properties

*Generally feature bulky substituents adjacent to the carbene carbon
* Help kinetically stabilise compound to sterically disfavour dimerization

*Electronic stabilisation from aromaticity r-electron-donating

* Substituents affect carbene electronics q

*Cyclic structure favours bent singlet ground state

*Nitrogen’s electronic influence stabilise the compound electronically 7 N\C
* Posses some double bond character Ng

c-electron-withdrawing

Glorius Et al., Nature, 2014, 510, 485-496




NHC Synthesis

*Symmetric N-Substitution?
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1) Wallach et al.. Ber. Dtsch. Chem. Ges., 1925, 15, 645.

2) E.l. Dupont de nemours & company, US 5.077.414 a2, 1992.
3) Mihaltseva et al., Synth. Commun. 1994, 24, 1547



Heteroatom and other NHC Alternatives
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New Generation of NHCs- PEPPSI

*Pyridine Enhanced Precatalyst Preparation Stability and Initiation

*Simple synthesis

*Stable to air, heat, and moisture.
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N N 3-Chloropyridine Ci< ! .Cl
PdC|2 + _ [{]
R Cl 80 °C, 16 hr >
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R = Me, Et, 'Pr, 'Bu, 'Pent, Hex... Pd-PEPPSI

Organ et al., Chem. Eur. J., 2006, 12, 4743 — 4748




New Generation of NHCs - PEPPSI

*Aryl groups act as ‘paddles’ altering the steric topography around palladium

* Facilitates various stages of the catalytic cycle N/=\N
*Bulky alkyl substituents on the aryl group facilitate rapid reductive elimination C"D;'m
*NHC’s o-donor allows for oxidative addition to readily take place 2 |
*Pd (Il) species not air or moisture sensitive Nl

Pd-PEPPSI-IPr

*Pyridine ligand aids in preparation initiation and stability of complex

* The chloride however has not been fully evaluated but has been theorised to assist in catalytic
initiation.

Organ et al., Chem. Eur. J., 2006, 12, 4743 — 4748






Coordination of NHCs to
Transition Metals

*NHCs have a o-donor ability with a formal sp?- hybridized lone pair available for donation into a
o-accepting orbital of the transition metal.?

* m-back-bonding into the carbene p-orbital and m-donations account for 20% of the overall bond energy?

*Drawn with single bond, to show rotation around metal-carbon bond ==

~Nao N~
*NHC not oxidised by MTO, while phosphine ligands are oxidised R T R

*More electron donating than phosphine ligands3 [MIL,

* Shorter bond lengths
* Greater bond dissociation energies |

1) Cavallo et al., Coord. Chem. Rev., 2009, 253, 687—703

2) Frenking et al., Organometallics, 2004, 23, 3640-3646
3) Hillier et al., Organometallics, 2003, 22, 43224326



Coordination of NHCs to
Transition Metals

1. Cross-coupling
*2. Metathesis
3. Hydrogenation

°4. Different uses




Coordination of NHCs to

Transition Metals — Cross-coupling

* Negishi Cross-coupling N/=\N§
* Mechanism using PEPPSI £Y

Cl—Pd-ClI
* Pyridine unlikely dissociated to activate catalyst N
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* High complex stability (J\ é :ig?rmaway
. . ops . 2 Re=ZnY = =

* Rapid reduction facilitated by organometallic reagent to Pd(0)
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Organ et al., Chem. Eur. J., 2006, 12, 4743 — 4748
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Coordination of NHCs to
Transition Metals — Cross-coupling

* Negishi Cross-coupling

* Esters, nitriles, amides, alkynes, and acetals

* First coupling of secondary alkyl fragments to five-membered heterocycles where the site of oxidative addition is at the C2 or C3 in
the heterocycle?!

Pd-PEPPSI-IHept®!
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1) Organ et al., Angew.Chem.Int.Ed., 2015, 54, 9502—9506




Coordination of NHCs to
Transition Metals — Cross-coupling

* Negishi Cross-coupling

* Used in Flow!

ClZn EtO,C ') Pd-PEPPSI-IPent-SiO2
/=\ _ or ZnBr v Ar-Ar
NN ArX ¥ Ly Rt, THF
T N, TMSO
CI-Pd-Cl L\ 0 EtO,C
N /"SI0 S5
U OR X O NG o
XN¢ 7 (IPd-PEPPSI-IPent-Si0,) | | =
(0.12 mmol/g loading) N N N wcozEt N\
S
99 % 87 % 60 % 89 %

1) Organ et al., Angew.Chem.Int.Ed., 2017, 56, 13347-13350




Coordination of NHCs to
Transition Metals — Cross-coupling

e Suzuki-Miyaura Cross-coupling

* Previously, reactions proceeded slowly at room temperature using phosphine ligand
R4

\ Ad Ad
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S O cat (3 mol %)
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4-0OCH, H el
4-CF, H 95
3-CH, H 80
4-OCH, 3-OCH, 97
4-CH, 3-OCH, 80

1) Herrmann et al., Angew. Chem., Int. Ed., 2002, 41, 1363-1365




Coordination of NHCs to
Transition Metals — Cross-coupling

e Suzuki-Miyaura Cross-coupling
* Assymetric Suzuki-Miyaura using Pyridine Enhanced Precatalyst Preparation Stabilisation and Initiation (PEPPSI)

KOH (3 equiv)
”\ cat (5 mol /)
1,4 dioxane/H,0 (1/1)
B(OH), i ~,I Pd |

90:10 Cat. C'
Br CH3 42 88.5:11.5
cl CH, 67 89:11
Br OCH, 90 81:19
cl OCH, 44 81.5:18.5

1) Kundig et al., Organometallics, 2014, 33, 260-266




Coordination of NHCs to
Transition Metals — Cross-coupling

* Suzuki-Miyaura Cross-coupling Me\l —_ I/Me Pd-PEPPSI-IPr
* Recently been used to cross-couple amides Q‘NYN
ySI-Pd-Cly, Me

|
o) B(OH) o
o9 BOH:  peppsi-ipr o N " 2 PEPPSHPr
N N (3 mol %) N | N N (3 mol %) N
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1) Szostaketal., ). Org. Chem., 2017, 82, 6638-6646




Coordination of NHCs to
Transition Metals — Cross-coupling

* Suzuki-Miyaura Cross-coupling Me\l —_ I/Me Pd-PEPPSI-IPr
* Recently been used to cross-couple amides Q‘NYN
S Pd-Cl mve

N
o o B(OH), 0 " BOH):  peppsi-IPr o
PEPPSI-IPr Ph 3 o
= N (3 mol %) = = N° (3 mol %) . F
R | * =R | " | Boc e R |
~~ 0o K,COs, THF, 60°C X% K,COs, THF, 60 °C

R eaon TR e

@

H 94 0 o B(OH), P(gp:cﬁt/lgr o 4-Furan 92
e > R©)L$S ’ © KoCOs, THF 110°c:= R_i | e >
3-OCH, 96 e 4-OCH, 98
o > R vield(s)

-l i 4-Thiophene 76
4-CO,CH, 93 2-CH, 91
3,4-FF 95 - -

1) Szostaketal., ). Org. Chem., 2017, 82, 6638-6646




Coordination of NHCs to
Transition Metals — Cross-coupling

* Hiyama Cross-coupling N/—N
: Ri—NY\ N\
* Fluoride free R'-Si(OCH3) (1.2 equiv) o R2
¢ strain release Lewis acidity PEPPSI (2 mol %) r\

| R, = CH,CONHBu

X NaOH (2 equw
S O/ O R, = CH,Ph
P Dioxane/H20, 80 °C

R PEPPSI
I T T
4-COCH,
4-OCH, Ph 4 99
2-OCH, Ph 4 93
2-NO, Ph 16 53

4-COCH, CHCH, 16 22

Ghosh et al., Eur. J. inorg. Chem., 2009, 1608-1618



Coordination of NHCs to
Transition Metals — Cross-coupling

* Kumada Cross-coupling e e

* Industrial application - Genentech % é
uS" Pd -Cly\ Me

* Higher yielding than phosphorous ligand

\
. ) - R
'PrMgCI- LiCl N
! F CIM F PEPPSI-IPr » o
B THF g B 'S T )\ “ HN)\N O
—_—mm
2N N N )\ ~ | SN
0°C, 05hr S N Cl 60 OC _N NN o .
L ~ ! . Bs
N OH
| o F cooling system heating system )NL/j GDC-0994
ot Q O— =%
1.2 e4quiv & VARAN 1'60 equiv '
in THF pump pump 1.2 mmi{: $|I_E"F:’PSI-|Pr
plug flow plug flow
reactor 1 reactor 2
’Er.hzﬁg 2:;33)' O : /\/\/\—‘ " » receiving tank
in THF /N T-mixer T-mixer
pu

Linghu et al., Org. Process Res. Dev., 2017, 21, 1320-1325




Coordination of NHCs to
Transition Metals — Cross-coupling

s
E/)—SnBug + ArCl

S NO
| S

76 %

() )
W,

74 %

* Stille Cross-coupling

* Using PEPPSI catalyst allows temperature reduction from 100 °C or more

Pd-PEPPSI-IPent (4 mol%)
—_—

CsF (2 equiv)
mol sieves
dioxane, 80 °C, 24 hr

2
|, N(BOC),

62 %

S
Wan

“S0,Ph
84 %

S

|,

Ar

o) Pd-PEPPSI-IPent (4 mol%) | (0]
SnB + _ >
“/\/)_ nBus T ArX CsF (2 equiv) %
mol sieves

dioxane, 80 °C, 24 hr

O~
/ S o
N/)\ |,

NS
X=Cl, 75% SO2Ph
X = Br, 70 %
0 o =N
L )4 L)\ 7
X = Br, 81 % X=Cl,96%
- Br. 81 %

Organ et al., Chem. Eur. J., 2010, 16, 4279 — 4283

Ar

/

N
[/)—SnBu3

/

Pd-PEPPSI-IPent (4 mol%) | N

+ Ar —> Q—Ar
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Coordination of NHCs to
Transition Metals

1. Cross-coupling
*2. Metathesis
3. Hydrogenation

°4. Different uses




Coordination of NHCs to
Transition Metals — Metathesis

Decreased lability of carbenes, compared to the phosphine ligands, is believed to be one of the reasons
for the improved thermal and oxidative stability of the corresponding organometallic complexes

* NHC-Ru bond is calculated to be 20-40 kcal/mol stronger than R;P-Ru
Grubbs | subject to oxidative decomposition

Hermann proposed to use NHC to increase tolerance toward functional groups
* Decreased activity

Grubbs then proposed a labile phosphine ligand and a nonlabile NHC

* Why?
Ary /—\ Ar
PC Q M\
cl, 13 NN Mes—N_ _N—Mes
'Ru=\ ClI Y
CI™ Ru=—\ Cl
PCys Ph cr’ P RU=\
N P CI" L “Ph
Grubbs | AR N™ N i, PCys;
r \—/ r Grubbs-Nolan

Hermann

Grela et al., Chemical reviews, 2009, VOL. 109, NO. 8




Coordination of NHCs to
Transition Metals — Metathesis

Mes—™ No N~ Mes Phosphine Active Alkene
cl Y dissociation catalyst complexation
“Ru= CoTTTeTTTT [\
c N L -
||=c;y Ph ; ' ol | ! Mes/NYN‘Mes
E Cl~ ! Ru—, !
10a - PCy, CI/HUZ\ PR ! CI~ | _\R ! CI:RU_
Grubbs I = = R = = /— , Cl |
+ PCy, - R/\ ' R :
PCys 11 : h : 0
ol | k_, 11a (L = SIMes) @ ! : iPr
Ru= 11b (L = PCy,) - -
CI™ | _\Ph Phosphine Alkene . Metathesis | 12
PCys association decomplexation |} products | Hoveyda-Grubbs I
106 e Catalyst
Grubbs | k,/k_, ~ 10* greater for 11a (L = SIMes) than for 11b (L = PCy,,)

* Hoveyda developed phosphine free
* Robust
* Improved activity towards electron deficient alkenes

* Stabile to air and moisture

Grela et al., Chemical reviews, 2009, VOL. 109, NO. 8




Coordination of NHCs to
Transition Metals — Cross Metathesis

 Catalyst design influences E or Z alkenes

* Thermodynamic and kinetic control
* Substrate and catalyst dependant ° ST

- o]
AN
ﬂ active catalyst N
Z-alkene E-alkene
starting material / a) b) \ starting material
I\
N_ _N
Qﬂ bt
1 [ py
; ¥
[¢) o
d?b P

* open "pocket" is required
« favorable for large ortho-substituents « favorable for small ortho-substituents

Y Y
¢ o Qo

Z-alkene E-alkene
product product

Maudit et al, J. Org. Chem. 2018, 14, 2999-3010




Coordination of NHCs to
Transition Metals — Cross Metathesis

* |s used from small scale to large scale

* Solvent free!

B S s S S S
[Ru] l — CHp=CH, [Ru] 1 — CHp=CH,

OA
S T g T g NP N G RSP R .

+ 50% yield; 85:15 E/Z

mixture is a pheromone of the peach twig borer

Grubbs, Angew. Chem. Int. Ed., 2006, 45, 3760 — 3765




Coordination of NHCs to
ransition Metals — Ring-closing Metathesis

* Possible pathways

RCM Dimerization Oligomerization [ \
O LY Oumrin (W)
- M= [M]R M= m ﬂn

Oligomer
RCM

Dimer
RCM

CD CIO)




Coordination of NHCs to
ransition Metals — Ring-closing Metathesis

* Making of small rings

* increased yield from 84 % to greater than 90 % on industrial scale when switching to Grubbs Il

N4

PCys oTBS
| T PCys

Ru= Initiation | «ClI
c” 4 — Ru=

T OTBS
Ru-3 v /i
_ _< PCys, OTBS —

I N AE TN %

Termination VI OTBS

T Propagation
@—OTBS .

Bobes et al., Org. Process res. Dev., 2018, 22, 918-946




Coordination of NHCs to
ransition Metals — Ring-closing Metathesis

* Making medium rings

* Used widely, especially in total synthesis
* Cyanthiwigin F

NaBOj, THF/H,0
51 %




Coordination of NHCs to
ransition Metals — Ring-closing Metathesis

* Making large rings

* Some industrial APls are made using RCM

* Charcoal treatment to remove ruthenium
* Synthesis of IDX320 on 1.6 kg scale

MeO,  Me
N N_/CF3 -
7 N~ Mes—N_ N-Mes
= 8
Te
s Ru=—
: 0 o P Me c1” | o
N AT 0 s
N “KH — 0
Me\N/&O 9 3.0 mol% Ru-6

L~ 75 °C, EtOAC 74 %

Bobes et al., Org. Process res. Dev., 2018, 22, 918-946



Coordination of NHCs to
Transition Metals — Ring-opening
Methathesis Polymerisation

* Driving force is release of ring strain

* Recently Grubbs has been investigating carbodicarbene (CDC) ligands due to strong donor ability
* Bent allene

Double ylide n
* Shows CDC ligand dissociates before NHC o= 5 e o= o
CH,Cl,, 25 °C
* Rate of product formed to norbornenyl conversion Et,o O\Et e =
40 1.5
\
Ar=NN~Ar 30 - 14 g
T\Cl © T
Ru'= o 135
71 b X 20 - .%
Cl c L
\N N/ N ‘_l 1.2’_§
7 10 - | SRl
s Vi 5 " gemmm pam =
0 50 100
NHC-CDC cat.

' Conversion (%)
Ar = Diisopropylphenyl

Grubbs et al., Organometallics, 2017, 36, 4091-4094




Coordination of NHCs to
Transition Metals

1. Cross-coupling
*2. Metathesis
3. Hydrogenation

°4. Different uses




Coordination of NHCs to
Transition Metals — Hydrogenation

* Recent work to asymmetrically hydrogenate challenging compounds?
* Benzofuran — previously Baiker using Pd/Al,O;/CD (29% conv, 50 % ee)?

R2 R2
R _:C\:E§7w [Ru(cod)(2- methylallyl)g] . Cl\/g’w
Z=0 KOtBu, n-hexane, H, Z =0

Savy o

* This work does require 10 bar H,

99% (99:1 e.r.) 73% (96:4 e.r.) 99% (99:1 er.) - 99% (94:6 e.r.)
CMe CF3
o) 0 o)
99% (99:1 e.r) 99% (99:1 e.r.) 99% (98.5:1.5e.r)

1) Glorius Et al., Angew. Chem. Int. Ed., 2012, 51, 1710-1713

2) Baiker et al., J. Catal., 2003, 219, 52

L~

99% (93.5:6.5 e.r.)




Coordination of NHCs to
Transition Metals — Hydrogenation

* Recent work to asymmetrically hydrogenate challenging compounds?

* Benzofuran — previously Baiker using Pd/Al,O;/CD (29% conv, 50 % ee)? x
* Requires high pressure I 5
+ N Ph
N '
Rz R, i
% ’ ot | el F¥ —
R)\(R3 Ir catalyst (1 mol %) RH)YR3 [N> '._\\)
1 1 ‘v ()
H, (50 bar), CH,Cl, H \ = )
R Rt, 2 hr Re R BAr:

O R = 2,6-diisopropylbenzene
O o ‘ ‘ moms m\w
(S) 99 %, 93 % ee (S) 99 %, 95 % ee *

. . \ (S) 84 %, 83 % ee 16 %
©/\I/\OH
N \O

o)
(S) 86 %, 93 % ee (S) 99 %, 92 % ee (S) 99 %, 97 % ee

1) Pfaltz et al., Angew. Chem. Int. Ed., 2013, 52, 7422 —7425




Coordination of NHCs to
Transition Metals — Hydrogenation

(CsHs)aP\ — P(CeHs)s

* Proceeds similar to Wilkinson's complex e,
p(CsHs)au K,
O (CeHs)aP—__ _~P(CeHs)s Hy
CI/Hh
ke ks
H H
(CsHs)aP\ (CsHs)aF'\ /H

""-.
o | P(CaHs)s o (et

P(CeHs)s
ks rate determining step K,
||_| H

(CeHs)aF’\H _—H
h
= | T>PCeHs)a

P(CgHs)s

P(CeHs) O

Crabtree et al., Accounts of Chemical Research, 1979, 12, 331-337




Coordination of NHCs to
Transition Metals

1. Cross-coupling
*2. Metathesis
3. Hydrogenation

4. Different uses




Coordination of NHCs to
ransition Metals - Metallopharmaceuticals

*Bactericidal

*MIC in ug/ml for: B. stabilis, P. aeruginosa, B. cepacian, B. pyrocina...

Q \

H o  1)4KOH \__c >—o\ N~ C
N 2) CHjl s AgOAc Ag— I
<\ | —_— 4\ —_— N cl

N~ ¢ CH5CN /N Cl  CH,Cl, /

*Jurkat (leukemia) cells IC;, 0.253 uM
* Cisplatin IC;,0.783 uM

—\
_ 6 steps \ \4\/N N
* Attacks mitochondria |/\N—©—NH2 o < \ﬂ/
N~/ - Ag+ [«

* Selective )]\ \

1) Hindi et al., Chemical reviews, 2009, 109, 3859-3884



Coordination of NHCs to
ransition Metals — Coordination to Surfaces

NHC*

*Can bind to different metal nanoparticles

NHC*-Hx NH NHC*

base

Ka[PACLy]

*Industrial applications in homogenous catalytic reactions? ——
4

* Previous problems generating chiral heterogenous catalysts

=

NHC*

*Glorius group showed first asymmetric heterogeneous catalysis reaction using NHCs as chiral modifiers?

FeO3/Pd (1-5 mol %)
L, (2.5-10 mol %)

NaO'Bu (2 equiv)
-
\L PhMe
Ph

L

OH HO
L1: 74% yield | N
53% ee I : C| : Br
Yield 61 % f
. Maenet ' Yield 91 % ee 85 %
agnet recovery! ce 81 %

1) Glorius et al., Angew.Chem., 2006, 118, 4850 — 4881

2) Glorius et al., Angew. Chem. Int. Ed., 2010, 49, 7786 —7789




Coordination of NHCs to
ransition Metals — Coordination Polymers

*Metal polymers are used in electronic devices and various nonlinear optics
 Typically requires anhydrous conditions, inert atmospheres, and (sometimes) long syntheses

* Bielawski group used NHCs built in 3 steps from commercial starting materials?

K Br o Q - ; -

Bu Br
B Br

N NTl Pd(OAC), "o \g (

o A+ ey S heon NED
A a WS N DMSsO (L e

I\Q Bn 110 °C N|Br N
| ” | AR
Bu

°n =10, n 8.9

theoretical — observed —

1) Bielawskietal..J. Am. Chem. Soc., 2005, 127 (36), 12496—12497




Summary

*NHC ligands bind tighter to transition metals than phosphine ligands

*New developments for key reactions
* Stille

¢ Kumada
* Hiyama
* Suzuki
* Negishi

*NHC and PEPPSI ligands are a powerful tool in total synthesis and are starting to be applied to
industry




