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Carbenes: disubstituted C with 6 valence e- u
b
geometrical considerations R
—C— To
* linear (sp) N pent (sp?)
py pn: pn: pn pn pn
pxgg o o GCE%Q GC:(C%‘\““ ogé%‘m“‘ oc:g%m‘“
Y A, B, 3B,
e — Px
\\\‘—0

n donor substituents raise p, (stability)

examples
b \\\H \\\F
Li—C—Li ‘CL :C
. \H \F
180° 129° 104°

Bertrand, Chem Rev 2000, 100, 39
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First bulk-stable (N-heterocyclic) carbenes u
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IPer\
/P —C—Si Me3
iProN Trick 1 : extensive

7—donor stabilization
Bertrand, JACS 1988, 710, 6463

R R
N/ / Trick 2 : very bulky
[+)>—H base _ E > . substituents R (wingtip groups)
N
\ \
R R

Potential as ligand:

— formally neutral 2e™ donor
— strong o—donation

— high trans effect

— fan-like sterics

— tunable through R

Arduengo, JACS 1991, 113, 361
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N-heterocyclic carbenes as catalyst promotors u
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NV“D@ é—/““Nd@ ﬁ“’“\i@

R al P d—Cl Pd . Variations:
u _
CI’ | N, — ring expansion
PCys RNJ\ — heteroatom
(type/number/location)
Cl - — hybrid structures
Grubbs 1999 Organ, 2006 Nolan, 2006 (peptides, solids...)

— asymmetric version

covalent M—carbene bond & strong donor ability of NHCs

Materials and biological activity: Chem. Soc. Rev. 2010, 39, 1903

L-type donor or X-type ligand ?

M M @M M M
\NJJ\N/ -~ \®N/@N/ ~— TN \ﬁ)/ \N)'\\N/ -~ \NéN/
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Metal coordination -- dichotomy to Fischer u
\ EJE;Y‘FRSITAT
N NMe,
M—<@ (CO)5Cr:<R
/
single bond VS double bond
representations

\
v Q50 Y
{/@ —0N\0 @

Fischer carbene complexes Schrock carbene complexes

X-ray: ACIE 1964, 3, 580 JACS 1974, 96, 6796
typically single bond lengths Nobel laureate 1973 Nobel laureate 2005

But: CH; groups magnetically inequivalent in HsC

‘ E
N_CH3 //
R R 2
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Complex resonance structures u
M M M° M M
\N)J\N/ - \%)\N/ - \NA\IC\IE/ S \NJ\\N/ or \Né\N/
\—/ \—/ \—/ \—/ \~/
m i " ¥
not — \N/C\N/ \N’)"\‘N/ \N/\N/
\—/ \—/ \—/

compare M M M M
— _/
YT

sp?-hybridized

sp3-hybridized

care is needed, some popular notions are wrong ’
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Probing = (de)localization u
||_"\\ EF;:FRSITM
CI—Fih—L‘
L =(CO), (IR)
A~N~N-R =1,5-cod (NMR)
)=
E E E = CN/CN, H/H, CI/CI, NO./H
||_-_
E CI—Ir—L: E
<5 L7
\—/ L L =1,5-cod (echem)

X-ray: CC bond typically around 1.33 A

/Mk /“ﬁ [M] [M]
TNTNT similar to TNTNT \N%\N/ or \N)O\N/
\—/ )
O
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Electronical coupling through Ru=C unit u
cyclic voltammetry diff pul ek
Epa (Fc*/Fc)
Bu Bu
w/@\/ N N \/@ﬁ/ 2m
C|//R”_<|El:©:,3>_ Ri~c _
! Bu Bu ¢! \
Generally very little carbene character of NHCs — 12 BN

a better terminology needed, such as N-heterocyclic C-ylide

| /A Q /<j | /A

_‘4+ Fct/Fc ©oY) Ru—<(:©:) F’%u (bpy)2 ]
Q \ :
N= |\ll |

N : : A )

with Oliver Schuster, Chem Eur J 2013, 19, 17517
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Steric and stereoelectronic impact of carbenes u
fan-like sterics &
N =
e NN
N [M]

buried volume (% Vg,,) of NHC ligands

(web application)

..........
------------------
----------
~~~~~~~~~~

................
............

http://www.molnac.unisa.it/OMtools.php Cavallo EurJIC 2009, 1759
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Quantifying NHC donor ability u
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Tolman electronic parameters (TEP) L—Ni—C-0 BERN
CO
[ 8
L—Ni.., n donor/acceptor
\’CO -
CO LUMOCO
DQ%)@Q o donor
\_Y_J
HOMO¢o
R co
N
[ )»—Rh—CO
N
r Cl
two is. + Virans
R
N/ (|:O a myth....
[ H—i—co
N
r Cl




Quantifying NHC donor ability

b

u
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Tolman electronic parameters (TEP) L—Ni—C-0 BERN

g 8
L—Ni.., n donor/acceptor
\ ‘CO

LUMOc¢o

o donor
\_Y_J

determine v,, (CO) = (Veym + Vagym)/2 in
R co

N |
[ ))—Rh—CO TEP = 1.308 [v,,(CO)] — 612 cm™
N L v, (CO)Ir = 0.867 [v,,(CO)] + 251 cm™
Rl

R co

/
N |
[ P»—Ir—CO  TEP =0.722 [v,,(CO)] + 593 cm"
N TEP = 0.847 [v,,(CO)] + 336 cm"!
. Cl
R

HOMO¢o

Organometallics 2009, 28, 3901
JOM 2009, 694, 1487

Organometallics 2003, 22, 1663
Organometallics 2008, 27, 202

significantly stronger donors than phosphines ]
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Relevance of stereoelectronic parameters u
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Vav (CO) in NHCRhCI(CO),)

ey QO

" ”

1990 1994 2000
(0 o) Me, Me
Mes'NyN'Mes Me’NyN'Me
2003
2006 Ph
M M = =N /=N

Et-NyN-Et Ph-Ny/N-Ph Mes-Ny/N-Mes Ph-NyN-ph O_N-pp,

2003 2004 2006 2009 2020

TEP: stereoelectronic effects not considered -- caution required |




Introduction of repulsiveness u
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TEP values & repulsiveness factor R (AH values for CO dissociation from LNi(CQO),) BERN
| | B t t
N N U\‘ Bu O. 0 X N/
;_: . ‘ @, /\ \@ T N_ N—{ o N— N N/=\N .
T N\/N Ll (T N\/N L Pri’NYN‘Pri N\/N 7 Prl/ \Prl Cy \Cy Et/N N\Et
2046.4, 3.5 (16.2) 2046.5, 4.0 (15.1) 2047.1,7.3 (7.7) 2048.9, 2.4 (18.6) 2049528 (17.7)  2049.6,22(18.9)  20497.16(202) 54504 1 5(20.4)

MezN NMeZ

Pr /_\Pr But Bu‘
= Ve Sl CO S S ® Vs Q0
NN~ Pri t,N N\Bu NN »—\

2050.2,1.3(21.0)  2050.5, 1.8 (19.7) 2050.5, 1.5 (20.6) 2050.6,7.0 (8.2) 2051.0,3.6 (15.7) 2051.0, 1.8 (19.9) 2051.2, 1.9 (19.5) 2051.3, 1.7 (19.9)
Pri /_\ Pr! —\ —
N_N N_N v : N_N N N Ph,_N_ N<" — N—N t
~ j— ~ |- ~ Y Q .- ~
Bu~ Bu Pr Pr! ot o NN~ pri Prl 7 ¥ NN~ N Bu
2051.4,1.3(20.9)  2051.5, 1.6 (20.2) 2051.5, 2.5 (18.1) 2051.7,1.4 (20.7) 2051.9, 2.3 (18.6) 2052.0, 1.5 (20.3) 2052.1, 1.1 (21.2) 2052.5, 3.3 (16.4)

even small NHCs are relatively bulky Organometallics 2009, 28, 6458

ligand donor strength

imines, etc. phosphines carbenes
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Catalytic processes beyond metathesis/x-coupling u

b

an incomplete listing of reactions with representative catalyst precursors VIVERGIIAS

=\ o NN A Pr N PAT
N — N r\/ N — N ~— r —
Peais oW ¥ T X
Cl—Rh—CO —Rh—Cl —Ir—N
‘ G S
PR3 R
hydroformylation carbonyl arylation alkene hydrogenation

pr /—\ iPr
\/Q ///, aPPNvN\P)\\ of NRGS

s of S0y

Ar
Ph—Ni—O

pyr

ethylene polymerization

O.. o_ .0 0 Cu(OTf),
alcohol oxidation alkyne semihydrogenation CO, reduction, Michael addition
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Robust Metal Bonding? Caution.... u
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nBu thione LX nBu nBu BERN
! . ~N 1 /
S%\/N B formation M\(N . r/N"“ X-
/T owx 7 |- V)
Bu’ nBu” nBu’
imi=S complex \/ﬁ/
|
L' or X Rh
i CI” / \NHC
LorX Cl
Rh(lll)-NHC
% component —
100% - |
. l - - NI\NHC
80% - B imi=S |
Ni-NHC
60% - —
/
ClI—/\\
40% - N_ Cl
Pd
/S X
20% - Cl NHC
B complex
Pd-NHC
0% 1 1 | - I
“’O"’\\\Q\\\\\\\\é‘qb@“’o

1,2-Cl,CgH,, 120 °C, 24 h

Chem. Commun. 2021, 57, 10600; see also; Ananikov, Chem. Sci. 2020, 11, 6957




Carbenes with Increased Donor Ability u

Abnormal binding in a carbene complex formed from an imidazolium
salt and a metal hydride complex

2\ N _ R Stephan Griindemann, Anes Kovacevic, Martin Albrecht, Jack W. Faller* and Robert H.
O Crabtree*

N J 2-Pyridylmethylimidazolium salts and IrHs(PPh;3), give an
/ [(N-C)IrH,(PPh;),]* species with the imidazole ring bound
R in the ‘wrong way’: at C-5, not at the expected C-2.
_ = | BF4
/(NE A:NE
mesoionic/abnormal carbenes \ IHsL] 2 fN | oL
» 5 .
@%H -2 H, O ——=Ir—H
N BFs N
6 \R s R * H 7

[@R=Pr bR=Bu"L=PPhy
2274 Chem. Commun., 2001, 2274-2275

Chem. Commun. 2008, 3601; Chem. Rev. 2009, 109, 3445; Science 2009, 326, 532
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Carbenes with Increased Donor Ability u

M
o

N=—/
/
R

mesoionic/abnormal carbenes
(no neutral resonance form)
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B PK,=22-25
H\Né\N/H pKa =7.2

H H (exp: 30)

Yates, Aust. J. Chem. 2004, 51, 1205
Cavell & Yates, JACS 2004, 126, 8717

H

PR PR
H\N N’H H‘N N”H
© O]

H H H
AE ~ +80 kJ mol™

Frenking, Chem. Asian J. 2007, 2, 1555

suggests: stronger donor ability
better charge relais

Chem. Commun. 2008, 3601; Chem. Rev. 2009, 109, 3445; Science 2009, 326, 532
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Isostructural Dicarbene Palladium Complexes u
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intensity /a.u. abnormal  normal

336 340 344 348
binding energy /eV
Pd-C  1.979(4), 1.976(5) 1.976(9), 1.981(9)
Pd-Cl  2.359(1), 2.356(1) 2.400(2), 2.407(2) X-ray photoelectron spectroscopy

with Marion Heckenroth, Angew Chem Int Ed 2007, 46, 6293; Chem Eur J 2009, 15, 9375
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Tunability of abnormal carbenes

ITAT

“normal carbenes”:

strong M—Cync bond & high donor ability of NHCs

ligand donor strength

-
imines, etc. phosphines normal carbenes _

M M M M M M
— N—N N O—-N N—N
\ /L \ \ /0 N\




Triazole-derived click carbene complexes

b

u

Ligand synthesis:
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R R
T \N }\1 - (trans-) /R
"click" , Mel , metalation n-N
N3 + || - N, ]\ - N\@\ . EQ—MXan
N ' N !
R R 4
| / |
R pK, =25 2
i [Aglo]™ i
R ¢ Z Ph b

N/N

Ph Cl Ph K

PEPPSI-type catalysis
[RhCI(cod)V

CEJ 2012, 18, 6055
N
-N \
N i
' ())—Rh—L
/N\gi |

Ph Cl

|/ [PdoLL] | NN .
&Q‘F’,d—“(\ /\> QR
g Cl g4

[RuCly(cym)], - NN /

4 NQX‘ Rr""m

Ph ClI

Ru: alcohol oxidation
OM 2011, 30, 1162

Au: oxazoline symthesis
JACS 2013, 135, 13193

stronger donor than
Arduengo-type NHC

with Paulson Mathew JACS 2008, 730, 13534; Reviews: Chem.Comm. 2013, 49, 1145, Chem. Rev. 2018, 118, 9493
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Click carbenes for artificial photosynthesis u
Ligand synthesis: Ejg;:snsnm
R . I:‘\ I~ (trans-) /R
Ng + | click metalation N-N

N
| - N ]\ . N@\ \Q-MXan
N N

R' 7
R pK — 25 R’

2 H,O
>80,000 TON
_4

S
with Ana Petronilho, Marta Olivares
& Stefan Bernhard, Alceo Macchioni
O, ACS Catal 2015, 5, 2714
Energ Env Sci 2014, 7, 2316

N

N
©/\) +2H2

=

+4 H*
with Angela Vivancos & Matthias Beller H,O
ACS Catal 2018, 8, 17
+4 g\ cat
l cat 2 H,
water reduction
half-cycle

L
o
+
o
(O
O
N
N
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Cyclic Alkyl Amino Carbenes (CAACS) u

b
Ligand synthesis: UNIVERSITAT

BEAN
1) LDA - TfOTS LDA
AN — Ar—Ng — A—N
Ca

Ar— Y
2
) ; H 2a MO H 3a

_ _ eV
singlet-triplet gap:
0.70 0.53
e 0.06 mp— oos  electrophilicity
AN
ST _1». ‘# _ﬂ_ nucleophilicity
-5.15 5.20 -4.97 s
6+ -5.62

/—\N (\ \K\g

NHC-5 NHC-6 CAAC-5 BICAAC CAAC-6
(AEsy) (72.7) (59.4) (48.3) (44.8) (36.5)

Bertrand, ACIE 2005, 44, 5705; JACS 2018, 140, 9255



b
Donor-flexible ligands u
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M M M MoN
L-type N7 H R N= N=( }
(w acidic) ’N\) ’N\N/N\ N/ / /N
N
y Mo M M, M pVe
-type / @>\( o 7
Gbasio =N 9= 2y N ~
\) NS — /
Milstein,
Science 2007 324 790
Lavigne,
JACS 2008 130 11286
Alcarazo,
ACIE 2010 49 3680
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Donor-flexible N-ligands u
| | ®
N N\
O C
N NO
7 7
R™ Y [mj R™ M
neutral imine zwitterionic amide
7t acidic n basic
low valent M high valent M
 PYE (pyridylidene amine): R = alkyl, aryl Johnson (2009), Douthwaite (2009)
* PYA (pyridylidene amide): R = C(O)R’ Wright (2011)

with James Race, ACS Catal 2023, 13, 9891
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Solvent-dependent donor properties of PYAs U
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C|//
5 T @N
_N
\ \
(@)
Ru 6/‘&5 Ru]< /‘?77 MeN02
o Rl CH,Cl,
X ‘ .
A i' g mi /103 M~ cm™ IzuA
J{ N& N 16 100%
gl | | CH,Cl,
DMSO e B o
14 EN
12
ap
8_
CD,OD
6_
o B 4
Lk z
CDCl, | | | . , , . .
85 80 75 20 55 s 250 300 350 400 450 A /nm

ppm

with Kate Donnelly, Candela Segarra, Organometallics 2015, 34, 4076




Is C-bonding of His plausible?

[M] [M]

« Calculations indicate feasibility
(Eisenstein, Inorg Chem 2002, 41, 602; Macgregor, EurJIC 2009, 2000)

 Protic NHCs known
(Hahn Chem Rev 2018, 118, 9642)

« Synthetic tautomerization (irreversible) known

(Riera, J.Am.Chem.Soc. 2008, 130, 13530; Ruiz, J.Am.Chem.Soc. 2007, 130, 7558;
Li, Organometallics 2007, 26, 4684)




Evaluation of C-bonding: which enzyme? u
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2500 3000 3500 4000
Azurin (Azu) from P, aeruginosa Magnetic Field/Gauss
(3U25)

Solomon, Chem.Rev. 2004, 104, 419; Gray, Nat.Chem. 2009, 1, 711




Azurin H117G rescued by exogenous NMI u
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H117G~H,0 H117G~NMI
\N
1
L)
WT N° NMI
z H117G~NMI
m 2500 3000 3500 4000
Magnetic Field/Gauss
250 350 450 550 650 750 850

wavelength /nm

Canters, JAm.Chem.Soc 1991, 113, 5050; 1993, 7715, 1121
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Installing the NHC at Azu H117G u
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\'_,_.—’\S/ H = s
| M p » T1 copper center rescued with NHC bonding
HEO—CU"‘“N  Controls (benzoate, imidazolium salt) yield T2 center
| \S—\ « UV-vis titration: larger excess of NHC needed
O
N WT
AN H117G~H,0 | NMI
| . " NHC
. N | H,0
N:\N _co, ﬂﬁ N‘>— coo- | 2
\ 250 350 450 550 650 750 850
AN H A H
57 N 7 N
- i | i
v WN = | N/
| N—=Cu_ H ) Cu\
NMI | S—\ NHC N\ | S5\
} a ‘(:))\‘ N
HN HN
H117G~NMI H117G~NHC

with Matteo Planchestainer, Francesca Paradisi ACIE 2018, 57, 10677



Impact of NHC bonding to Azu H117G u
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EPR
I I T I I
x 3
AH s (()3,65CU)
| | | | %
H117G-NMI /\/\/\/\/
1T T /x5

Hl 17G-H20

WT

l ] ] l ]
2600 2800 3000 3200 3400 3600 G

NHC: classic T1 EPR signature

b

Electrochemistry VIR
2.0
1.5 1
1.0 1
0.5 -

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 V

WT H117G~

~H20  ~NMI ~NHC
933 22633 22813  2.2681  2.2673
|Aggl 54.7 142.7 57.4 59.6
E.. +0.32 n.d. +0.33 +0.15

NHC stabilizes copper(l) (4E0.18 V) |

with Matteo Planchestainer, Francesca Paradisi ACIE 2018, 57, 10677
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C- vs N-bonding spectroscopic features u
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Overlooked ground state? Transient tautomerization in active state of enzyme? ot
\Né H wagging 5 /& . ~ rotation |l|8 .
q - > H\N 7N\ N/H -« > p/H
(&N > — \
H V= N
\
H

eptide
— peptide peptide

* structural barriers low
« synthetic evidence for both
tautomerization process

with Matteo Planchestainer, Francesca Paradisi



Catalytic impact of carbene bonding

Nitrite Reductase (NiR)
(A. faecalis) ‘NOZ—

Activity U/mg

WT 900 =140
H145G~H20 31 *£5
H145G~NMI 67 =14

H145G~NHC 111 =4

using in situ reduced methyl viologen as sacrificial reducing agent

Catalytic activity doubles — possible shift in rate-determining step?

with Matteo Planchestainer, Francesca Paradisi, Chem. Eur. J. 2020, 26, 15206
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Catalytic impact of C-bound ligand u

b
UNIVERSITAT
BERN

azu—Cu'
—N o o N— Cu' cu' NO,~
NiR NiR
T1 T2
N cu cu NO

azu—Cu'

more facile more facile

with NHC with NMI

swapping between both bonding modes may facilitate both redox steps

with Matteo Planchestainer, Francesca Paradisi , Chem. Eur. J. 2020, 26, 15206
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To summarize... u
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* N-heterocyclic carbenes: formally neutral, de facto mesoionic ligands
with remarkably strong donor properties

¢+ Mesoionic character is more pronounced in abnormal carbenes though
increased electron density at the metal center is not per se providing a
better catalyst

+ Carbene transfer is a plausible process with relevance to catalytic
transformations, and may become a desired property (e.g. in medicinal
applications). Robust/covalent bonding needs to be validated!




