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LIST OF ABBREVIATIONS

Ac: Acetyl. TEP: Tolman Electronic Parameter.
Ad: 1-adamantyl. Tipp: 2,4,6-triisopropylphenyl.

Ar: Aryl. TT: Trifluoromethanesulfonyl.
COD: Cycloocta-1,5-diene. thf: tetrahydrofurane.

Dipp: 2,6-diisopropylphenyl. tht: tetrahydrothiophene.

Et: Ethyl. Ts: Tosylate.

FLP: Frustrated Lewis pairs.

KHMDS: Potassium
bis(trimethylsilyl)amide.

iPr: Isopropyl.
LDA: Lithium diisopropylamide.

LiHMDS: Lithium
bis(trimethylsilyl)amide.

Me: Methyl.

Mes: Mesityl, 2,4,6-trimethylphenyl.
Ms: Mesylate.

nBu: Butyl.

NHC: N-heterocyclic carbene.
NMR: Nuclear Magnetic Resonance.
p-cym: Para-cymene.

Ph: Phenyl.

RT: Room temperature.

tBu: Tertbutyl.
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Carbenes play a prominent role as ligands for transition metal catalysts. This is
mainly due to their strong o-donor properties and the robustness of the corresponding
complexes. These two features result from the presence of the electropositive carbon
center and the strength of the carbon-metal bond. Therefore, other types of carbon-based
L ligands are highly desirable. This manuscript describes the design and synthesis of a
variety of new carbenes belonging to the family of mesoionic carbenes. It will be shown
that the stability of mesoionic carbenes depends on the nature of the heteroatoms of their
aromatic system. We will also demonstrate that simple alkynes can be used as mesoionic
carbene ligand equivalents of various ring sizes towards various transition metals.
Moreover, the use of one simple unsaturated compound for the activation of small

molecules and the cleavage of enthalpically strong bonds will be discussed.
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GENERAL INTRODUCTION



Carbenes are neutral molecules featuring a divalent carbon atom which possesses
an electron sextet. Although they started as chemical curiosity over a century ago,
carbenes now play a prominent role as powerful tools in both transition metal catalysis
and organocatalysis. Pioneering work by Curtius' and Staudinger? showed the high
reactivity of carbenes which were generated from diazo compounds. Their potential was
further exploited by Doering in cyclopropanation reactions with the transient
dichlorocarbene.® Additional work by Moss using nanosecond kinetic methods provided

very good insights on the reactivity of these highly reactive species.”

H H H H
TN, NHoNH, <
N@ _>[ H =~ H ITIH
N© NH,

Staudinger
KOtBu O X
HCX; ——> XVX] —
> X
Doering

Scheme 1. 1: Reactivity of transient carbenes; X = Cl, Br.

A few years later, a milestone was reached with the discovery by Breslow® and
Wanzlick® of persistent singlet carbenes. The enhanced stability of these carbenes is due
to the presence of nitrogen atoms around the carbene center. Although they could not be
characterized, these carbenes were exploited as organocatalysts in benzoin condensation

reactions.
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Scheme 1. 2: Persistent singlet carbenes postulated.

The most significant breakthrough came in 1988, with the isolation of the first
stable carbene by Bertrand and co-workers. The phosphino-silyl-carbene I.A was
obtained by the photolysis of the corresponding diazo precursor.” A few years later,
Arduengo and co-workers synthesized the first stable imidazol-2-ylidene 1.B by
deprotonating the corresponding imidazolium salt.® Since then, a very broad range of
stable carbenes emerged and the field has greatly flourished.® In addition to the widely
used imidazol-2-ylidenes and imidazolin-2-ylidenes 1.C, 1,3,4-triazol-2-ylidenes 1.D
developed by Enders®® and the cyclic (alkyl)(amino)carbenes I.E of Bertrand™ also
played a major role in the development of organocatalysis, transition metal catalysis and

stabilization of highly reactive species.

/N N\ _N_ N— i
e P SMes A Ad N NN~ AN

LA .B I.C I.D .LE

Figure I. 1: Selected examples of stable carbenes; Ad = 1-adamantyl.

In addition to free carbenes, transition metal complexes of carbenes have also
attracted a lot of interest. The first carbene transition metal complex was a tungsten

complex I.F synthesized by Fischer.*? Later on, the first imidazol-2-ylidene chromium



complex 1.G was obtained by Ofele by using HCr(CO)s to deprotonate the imidazolium
precursor.*® Another notable contribution was made by Lappert when he reacted the

dimer discovered by Wanzlik with platinum yielding the corresponding carbene complex

I.H.Y
O~
v
W(CO)s
I.LF
[\ _
|
H HCr(CO)s Cr(CO)s
.G
Ph-N N-Ph (Et,pPicL), Ph-N<_N-ph
== i
Ph~N"N-Ph Cl—Pt—Cl
/ PEt,
ILH

Scheme 1. 3: Synthesis of the first carbene transition metal complexes.

In 2001, a new mode of complexation for imidazolylidenes was discovered.
Crabtree and co-workers observed that the complexation of imidazolium 1.1 did not yield
the expected imidazol-2-ylidene complex 1.2 but the unusual “abnormally bound”

imidazol-5-ylidene 1.3.7°
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Scheme 1. 4: Abnormal complexation of an imidazolium salt; L = PPhs.

Syntheses of these so-called abnormal carbenes-transition metal complexes were
rapidly developed after this finding,*® and it was quickly shown that abnormal carbenes
were much stronger electron donors than their classical isomers. This feature was key for
the development of electron rich metal complexes capable of activating very unreactive
C—H bonds.” However, the isolation of a free imidazol-5-ylidene eluded the community
for several years. In 2005, Lassaletta and co-workers reported the deprotonation and
trapping of a C-2 protected imidazolium salt 1.4 yielding the rhodium complex 1.6 and
selenium adduct 1.7. The free carbene 1.5 was unfortunately not stable enough to be

isolated or observed.*®
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Scheme 1. 5: Deprotonation and trapping of an imidazol-5-ylidene; Mes = 2,4,6-
trimethylphenyl.

Four years later, the isolation of the first crystalline free imidazol-5-ylidene was
finally achieved. Bertrand and co-workers, using a similar deprotonation route, managed
to isolate carbene 1.9 from the corresponding imidazolium salt 1.8. Carbene 1.9 displayed
typical reactivity with transition metal complexes and carbon dioxide, yielding complex

1.10 and betaine 1.11, respectively.'®
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e

Scheme I. 6: Synthesis and reactivity of the first stable imidazol-5-ylidene; Dipp = 2,6-
diisopropylphenyl.
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Figure 1. 2: Carbenes discussed in this manuscript.

The isolation of a stable, free “abnormal” imidazol-5-ylidene represented a major
step forward in the design of a new family of carbon-based ligands. In this manuscript,
we will describe the design of a variety of carbenes belonging to that family. Chapter 1
will be dedicated to other imidazol-5-ylidenes, as well as thiazol-5-ylidenes 1.1 and
oxazol-5-ylidenes 1.J. In Chapter 2, we will demonstrate a new concept for the synthesis
of carbene-transition metal complexes using simple alkynes I.K and I.L as synthetic
equivalents of the corresponding oxazol-4-ylidenes I.M and dithiol-5-ylidenes I.N,
respectively. Surprisingly, one of these alkynes was able to activate a large variety of
small molecules and enthalpically strong bonds, which will be shown in Chapter 3.
Finally, in Chapter 4, we will generalize the concept of using alkynes as carbene ligand

equivalents to the synthesis of larger ring sized carbenes.
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Introduction

As previously mentioned, the first example of a stable abnormal carbene, namely
an imidazol-5-ylidene 1.A, was reported in our group in 2009.! Because of the unusual
position of the carbene, no resonance structure of this new type of ligands can be drawn
without charge separation. Thus, the best representation for these carbenes is to draw
them with a positive charge delocalized over the aromatic system, and a negatively
charged lone pair, as depicted for 1.A. The synthesis of carbene 1.A opened new gates in
the design of carbon based ligands; indeed, any cationic aromatic system can be utilized
as base skeleton for these mesoionic compounds.? In addition, because the p orbital of the
so-called “mesoionic carbene” is completely filled, no obvious dimerization pathway can
be foreseen. This observation allows us to design numerous mesoionic carbenes, even

with relaxed steric environments.

¥3/ B »273/ »273/

N 5Y— N N

N@pe N NL s@l 0@k
5..@ 1 NS 5..@ 5..@
1.A 1.B 1.C 1.D

Figure F1. 1: Carbenes discussed in Chapter 1.

In this chapter, we describe the improved synthesis of a variety of imidazol-5-
ylidenes. Their stability and electronic properties were investigated and compared to the
classical imidazol-2-ylidenes 1.B. The study on mesoionic carbenes was also expanded to
carbenes with less steric protection, namely thiazol-5-ylidenes 1.C and oxazol-5-ylidenes

1.D (Figure F1. 1).
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A) Imidazol-5-ylidenes.

The synthesis of imidazol-5-ylidenes proceeds in 6 steps: reaction of an acyl
chloride with a primary amine yields amide 1.1. The amide is converted to the
corresponding chloroimine 1.2, and then transformed into amidine 1.3 by reaction with a
primary amine. Coupling with an oa-bromoketone provides the open form 1.4.
Dehydrative cyclization of 1.4 yields imidazolium salt 1.5 which is deprotonated into the

desired imidazol-5-ylidene 1.6 (Scheme S1. 1).

Cl _ HN-DiPP N-DPP Dipp—NH,  HN-DPP
RZ&O " DippTNH R2’go R2kCI R2’§N/DiIDIO
1.1 1.2 1.3
5 ) O.__R* 0
R?  Dipp R\ﬁ Dipp o j Br.
=N PP~ R4
Dipp’NR4 Dipp/Nw)\ R* R2,gN,Dipp

H x©
1.6 1.5 1.4

Scheme S1. 1: General synthesis of imidazol-5-ylidenes.

This synthesis is versatile and allows for the introduction of the substituents at

position 2 and 4 of the heterocycle independently.
1) Tuning at position 4.

The first imidazol-5-ylidene was reported with R? = R* = Ph. Interestingly, the
phenyl substituent at the position 4 is conjugated to the carbene position (Scheme S1. 2).

This prompted us to investigate the effect of electroactive substituents at this position.
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Ph
= &N &N
DippJNPh :Dipp/N\”/é\© - Dipp/N 9

Dipp Ph Dipp Ph

<)

Scheme S1. 2: Resonance structures of 2,4-diphenyl-3,5-di(diisopropylphenyl)imidazol-
5-ylidene.

We focused our studies on meta- or para-substituted phenyl groups, which
preserve a comparable steric environment around the carbene center. Carbenes 1.7a-i

(Figure F1. 2) were targeted.

Ph Dipp a: R = 4-(N-pyrrolidine)-CgH, f: R = 4-Br-C4H,
N b:R= 4-MeO'C6H4 g: R= 4'F'C6H4
Dlpp/ NR c.R= 4'CH3'C6H4 h: R = 4'CF3-C6H4
O dR= CGH5 iiR= 3,5-(CF3)2'C6H3
1.7a-1.7i e:R= 4-C|-C6H4

Figure F1. 2: Imidazol-5-ylidenes synthesized.

We first studied the stability of the free imidazol-5-ylidene. Carbene 1.7a cannot
be isolated since it rearranges to compound 1.8 in a few minutes (Scheme S1. 3). This
product formally results from the deprotonation of an isopropyl substituent of the 2,6-
diisopropylphenyl group by the carbene center followed by nucleophilic addition of the
resulting benzyl anion to the carbon at position 2 (Scheme S1. 3). This rearrangement
process has previously been reported when the position 4 substituent was an
unsubstituted phenyl group (1.7d), but only under heating at 50 °C for 2 days." The
significant rate enhancement observed for 1.7a can readily be rationalized by the
enhanced basicity of the carbene bearing the strong electron donating pyrrolidine in para-

position of the aryl group. Imidazol-5-ylidenes 1.7b and 1.7c, also bearing electron
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donating substituents, can be isolated and fully characterized by NMR spectroscopy, but
decompose in a few hours in solution, as well as in the solid state, giving complex
mixtures. Carbenes 1.7e-1.7i bearing an electron-withdrawing group, are stable both in
solution and in the solid state. For example, no decomposition was observed for 1.7i after

a week in solution at room temperature.

Ph_ Dipp Ph  Dipp ©Ph  Dipp Ph Dipp
e )
R
N\,é\R — N\R\R = N\%\R N\/k
Hi . H H H
o
1.7a 1.8

Scheme S1. 3: Rearrangement of imidazol-5-ylidene 1.7a; R = 4-(N-pyrrolidine)CgHa.

The *C{*H} NMR spectra of imidazol-5-ylidenes 1.7b-i exhibit carbene carbon
signals at approximately 200 ppm, with a rather consistent trend; electron withdrawing
substituents induce a small downfield shift (Table T1. 1). To better quantify the
electronic effects of the substituents, the corresponding iridium chloride cis-dicarbonyl
complexes 1.9b-i were prepared by reacting the carbene with half an equivalent of
{Ir(COD)CI}, followed by a treatment with excess of carbon monoxide (Scheme S1. 4).
Because of the lack of stability of carbene 1.7a, complex 1.9a was synthesized by
performing the deprotonation of the imidazolium salt in the presence of the metal

fragment.
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Scheme S1. 4: Synthesis of iridium complexes 1.9b-i.
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b:R= 4-MeO-C6H4; 57%
c:R= 4'CH3'CGH4; 77%

d: R = CgHs; 79%

e: R = 4-Cl-CgHy; 77%

f: R = 4-Br-CgH,; 80%

g: R = 4-F-CgH,; 65%

h: R = 4-CF4-CgHy; 51%
i:R= 3,5-(CF3)2-C6H3; 42%

Table T1. 1: Selected 3C NMR data for carbenes 1.7a-i and Tolman Eletronic Parameter

(TEP)?® for complexes 1.9a-i.

R (C4 substituent)

6 Ccarbene 1.7 (ppm)

§Ccy 19 (ppm)  TEP (cm HH

a 4-(N-pyrrolidine)-CgH, N/AP! 157.8 2036.5
b 4-MeO-Cg¢H, 200.2 159.7 2039.3
¢ 4-CH3-CgH, 200.0 159.1 2038.3
d CeHs 201.9 159.6 2038.5
e 4-Cl-CgH, 201.3 160.0 2039.8
f 4-Br-CeH, 202.9 160.3 2039.8
g 4-F-CeH, 200.1 159.7 2040.5
h 4-CFs-CeH, 204.1 161.3 2040.9
i 3,5-(CF3),-CsHs 205.8 162.9 2043.0

[a] TEP (cm %) = 0.847 vco™ + 336.% [b] Carbene could not be spectroscopically characterized.
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Figure F1. 3: Structure of 1.99g in the solid state, hydrogen atoms are omitted for clarity,
thermal ellipsoids are drawn at 50% probability.

The Tolman Electronic Parameters (TEPs) of complexes 1.9a-i are given in Table
T1. 1. The observed values, ranging from 2036.5 cm™* (1.9a) to 2043.0 cm™* (1.9i),
clearly indicate that all imidazol-5-ylidenes 1.9a-i, even those bearing electron-
withdrawing groups, are significantly stronger electron-donors than the imidazol-2-
ylidene isomers 1.10a-c (Figure F1. 4). The TEP of complexes 1.9a-i follows the
expected trend, and the differences in the values are comparable to those observed by
varying the substituent at the two nitrogen atoms of imidazol-2-ylidenes, as exemplified

by 1.10a-c (range of 4 cm ™).
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a: R = NEt,; TEP = 2049.0 cm™
R - R b:R=H; TEP=2051.5cm™

c: R =Br;TEP = 2052.8 cm’’
1.10a-1.10c

Figure F1. 4: Comparative imidazol-2-ylidenes possessing electroactive substituents.
2) Tuning at position 2.

In the chemistry of imidazol-2-ylidenes, the substituents on the backbone have a
significant impact on the electronic properties of the carbene as evidenced by 1.11a° and
1.11b (Figure F1. 5).° We therefore extended our study at the position 2 of the imidazol-

5-ylidenes.

R R R'>; Dipp
7—<_ N

N\"/N\Mes Dipp/NPh

1.11a-1.11b 1.12a-1.12b

1.11a: R=H; TEP =2050.8 cm™  1.12a: R' = 4-(N-pyrrolidine)-CqH,
1.11b: R = Cl; TEP = 2054.2cm™  1.12b: R' = 3,5-(CF4),-CgHs

Mes—

Figure F1. 5: Comparative imidazol-2-ylidenes 1.11a,b and targeted imidazol-5-ylidenes
1.12a,b with substitution on the backbone.

From the study done on the substituents at position 4, we realized that only strong
electroactive substituents had a notable effect on the electronic properties of the carbene.
We therefore targeted pyrrolidine substituted- as well as bis-trifluoromethyl substituted-
aryls at position 2 (Figure F1. 5). Unfortunately, we were unable to synthesize the

pyrrolidine substituted acyl chloride; however, carbene 1.12b bearing a bis-
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trifluoromethylphenyl was successfully synthesized. The introduction of an electron
withdrawing group at an early stage of the synthesis diminished the yields and reaction
rates of each step, which encouraged us to seek alternative routes to access those types of
carbenes. We employed a method developed in our group to synthesize imidazol-5-
ylidene precursors using imidazol-2-ylidene 1.13 (Scheme S1. 5) and targeted 1.14a and

1.14b bearing a benzoyl and a 4-tetrafluoropyridine substituent, respectively.’

Dipp E N,Dipp . N,Dipp
o N .

N mex NNy
Dipp~ Ph Dipp~ Ph Dipp~ Ph
PP T/K 2)KHMDS | PP Yo PP W/\
H 1.14a-1.14b E

1.13 a: E = C(O)Ph; X = Cl 1.15a-1.15b

b: E = C5F4N, X=F

Scheme S1. 5: Synthesis of imidazol-5-ylidenes from imidazol-2-ylidenes and
subsequent rearrangement.

Free carbenes 1.14a and 1.14b could not be isolated because of the migration of
the electrophilic substituent from position 2 to position 5 yielding imidazol-2-ylidenes
1.15a and 1.15b (Scheme S1. 5). Nevertheless, their iridium chloride cis-dicarbonyl
complexes could be obtained by trapping the carbene with the metal fragment at low

temperature.
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Table T1. 2: Selected *C NMR data for carbenes 1.7d, 1.12b, 1.14a and 1.14b, and
Tolman Eletronic Parameter (TEP) for their corresponding iridium chloride cis-
dicarbonyl complexes.

R’ (C2 substituent) & Cearpene (PPM) 5 Cc.ir (ppm) TEP (cm H®
1.7d  CeHs 201.9 159.6 2038.5
1.12b  3,5-(CF3),-CsHs 202.9 161.5 2041.1
1.14a C(O)CeHs N/AP! 164.8 2041.3
1.14b CsF4N N/AP] 165.7 2041.4

[a] TEP (cm™) = 0.847 vco™ + 336. [b] Carbene could not be spectroscopically characterized.

The electronic influence of substituents in position 2 of imidazol-5-ylidenes is
only moderate, even with strong electron withdrawing groups (Table T1. 2). This result

contrasts with the backbone substitution of imidazol-2-ylidenes.

In summary, we have successfully designed a versatile synthesis of imidazol-5-
ylidenes, which allowed the placement of a series of electroactive substituents in close
proximity to the carbene center. Electron withdrawing groups stabilize the carbenes,
while electron donating substituents do not allow the isolation of the free carbenes. Their
corresponding metal complexes can be prepared by coordinating the free carbene, or
performing the deprotonation of imidazolium salts in the presence of the metal fragment.
According to the Tolman Electronic Parameters, the electronic properties of imidazol-5-
ylidenes can be reasonably tuned, and the carbenes remain stronger electron donors than

imidazol-2-ylidenes, even when they bear electron withdrawing substituents.



20
B) Thiazol-5-ylidenes.

The first stable thiazol-2-ylidenes of type 1.16 were isolated in 1997. However,
the dimerization of thiazol-2-ylidenes is fast and can only be prevented by very large
substituents on the nitrogen atom (Figure F1. 6).® Compared to imidazol-2-ylidenes,
thiazol-2-ylidenes are overall weaker electron donors (TEP ~ 2081 cm™?). This is due to
the replacement of one of the nitrogen atoms by a poorer w-donor sulfur atom, allowing

the carbene to accept more electron density from the metal center.

= )
Rt ¢

\../ S N/

1.16 H 1.18

1.17

Figure F1. 6: Thiazol-2-ylidenes 1.16, their dimers 1.17 and the targeted thiazol-5-
ylidenes 1.18.

As mentioned in the introduction, no obvious dimerization path can be foreseen
for the mesoionic carbenes. It is therefore reasonable to design carbenes with relaxed
steric encumbrance. As a proof of concept, we designed thiazol-5-ylidene 1.18 (Figure

F1.6).

The synthesis of thiazol-5-ylidenes was inspired from the synthesis of imidazol-5-

ylidenes. Reaction of a thioamide 1.19 with an a-bromoketone provided 1.20 with
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selective alkylation on the sulfur atom. Dehydrative cyclization of 1.20 provided the

desired thiazolium salts 1.21 (Scheme S1. 6).

Ph Ar
p® O  NEt; Ph son Ac,0 /
t3 Co
+ e Ph — = o, S
Noar Br\)kph T\l( HX W/kgh
Ar H X
1.19a-c 1.20a-c 1.21a-c

Scheme S1. 6: Synthesis of thiazolium salts 1.21a-c; a: Ar = CgHs; b: Ar = Mes; c: Ar =
Dipp.

All attempts to deprotonate salts 1.21a-c with a variety of bases [MHMDS (M =
Li, Na, K), nBuLi, KOtBu and LDA] resulted in complex mixtures. Even monitoring the
deprotonation reaction by NMR spectroscopy at —50 °C, did not allow for the observation
of the desired thiazol-5-ylidenes. However, when salts 1.21a-c were treated at —78 °C
with an equimolar amount of LIHMDS, in the presence of (tht)AuCl, {Pd(allyl)CI}, or
{Rh(COD)CI}, the corresponding thiazol-5-ylidene transition metal complexes 1.22a-c,
1.23a-c and 1.24a-c were obtained and isolated in moderate to good yields (51 to 90%)
(Scheme S1. 7). To unambiguously confirm the existence of the new thiazol-5-ylidene
ligands, single crystals of complex 1.22b, obtained by slow diffusion of hexane into a
concentrated chloroform solution, were subjected to an X-ray diffraction analysis (Figure

F1.7).



22

Ph>_ /Ar Ph Ar

N _ N 1.22: [M_] = (tht)AuCl; [M] = AuCl

sPh LiHMDS Ph 1.23: [ME]={Pd(aIIyI)CI}2; [M] = Pd(allyl)CI
IRVE Myl -;@ 1.24: [M,] = {Rh(COD)Cl},; [M] = Rh(COD)CI
1.21a-c M]

1.22a-c, 1.23a-c, 1.24a-c

Scheme S1. 7: Synthesis of thiazol-5-ylidene metal complexes; a: Ar = CgHs; b: Ar =
Mes; c: Ar = Dipp.

Figure F1. 7: Structure of 1.21b-(CH3C(O)CHj3)-(H20) (left) and 1.22b (right) in the
solid state, hydrogen atoms except the thiazolium C-H for 1.21b, and co-crystallized
solvent molecules are omitted for clarity, thermal ellipsoids are drawn at 50% probability.

To evaluate the donor properties of thiazol-5-ylidene ligands, the corresponding
rhodium chloride cis-dicarbonyl complexes 1.25a-c were prepared by treating 1.24a-c
with excess carbon monoxide. The TEP for 1.25a-c (2047.4 cm ™) indicate that thiazol-5-
ylidenes are much stronger electron donor than their thiazol-2-ylidene isomers (TEP ~

2081 cm%). The thiazol-5-ylidenes are less electron donor than imidazol-5-ylidenes, even
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those bearing electron withdrawing substituents, but are still stronger donor than the

classical imidazol-2-ylidenes.

In summary, although thiazol-5-ylidenes cannot be observed, the readily available
2,3,4-triaryl-substituted thiazolium salts are modular precursors for the synthesis of a

variety of thiazol-5-ylidenes transition metal complexes.
C) Oxazol-5-ylidenes

In contrast to thiazol-2-ylidenes, no examples of stable oxazol-2-ylidenes 1.26 are
known, although metal complexes exist.” The presence of the oxygen atom seems to
significantly impact the stability of the carbene. We targeted the synthesis of oxazol-5-
ylidenes like 1.27 as free species, as it would represent the first example of a mesoionic

carbene which is stable while its normal isomer is not known.

5
1.26 1.27

Figure F1. 8: Unknown oxazol-2-ylidenes 1.26 and the targeted oxazol-5-ylidenes 1.27.

The synthesis of 2,3,4-triarylated oxazolium salts proved to be not as
straightforward as for 2,3,4-triarylated thiazolium salts. However, the synthesis of
oxazoles is well developed and we chose to simply alkylate 2,4-diarylated oxazole 1.29

to the corresponding oxazolium salts 1.30.
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o Ph Ph>_ R
N
CH3;C(O)NH N R-OTf
pn_o M CHCONR A mom JBN
hif BF;-Et,0 Ph
© H H ©otr
1.28 1.29 1.30a,b

Scheme S1. 8: Synthesis of oxazolium salts; a: R = CHgs; b: R =iPr.

Similarly to the thiazolium salts, all attempts to deprotonate oxazolium salts
1.30a,b with various bases only yielded complex mixtures. Even the deprotonation at low
temperature in the presence of a metal fragment was unsuccessful, indicating that the

carbene is not generated, or is too short-lived to be able to be trapped.

Conclusion

In this chapter, we demonstrated that the variety of available mesoionic carbenes
can be expanded. A large number of stable imidazol-5-ylidenes bearing various
electroactive substituents can be isolated. Thiazol-5-ylidenes, possessing less steric
protection, are not stable, but the carbene can be trapped at low temperature with a metal
fragment. However, oxazol-5-ylidenes are too fragile to be isolated or trapped.

For imidazol-5-ylidenes, the electronic effect of electroactive substituents is
moderate, but they remain strong electron donors. Thiazol-5-ylidenes are weaker donors
than imidazol-5-ylidenes, but offer a less congested environment around the metal center.
Both carbenes complexes are readily obtained via modular syntheses. These advantages

are the key for potential applications of mesoionic carbenes in transition metal catalysis.
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Chapter 1 has been adapted from materials published in G. Ung, G. Bertrand,
Chem. Eur. J. 2011, 17, 8269-8272 and D. Mendoza-Espinosa, G. Ung, B. Donnadieu,
G. Bertrand, Chem. Commun. 2011, 47, 10614-10616. The dissertation author was the
primary investigator of the first paper and initiated and participated in the project for the

second paper.
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Appendix: Experimental section

A) Imidazol-5-ylidenes
1) General Information

All manipulations were performed under an atmosphere of dry argon using standard
Schlenk or dry box techniques. Solvents were dried by standard methods and distilled
under argon. *H, *F, and **C NMR spectra were recorded on Varian Inova 500 and
Bruker 300 spectrometers at 25°C. NMR multiplicities are abbreviated as follows: s =
singlet, d = doublet, t = triplet, sept = septet, m = multiplet, br = broad signal. Coupling
constants J are given in Hz. Mass spectra were performed at the UC Riverside Mass
Spectrometry Laboratory. Melting points were measured with a Bichi melting point
apparatus.

2) General Procedures

Synthesis of N,N -bis-(2,6-diisopropylphenyl)-N-(2-oxo-2-arylethyl)benzimidamides 1.4a-
i.

A 93:7 isopropanol/acetonitrile  solution (3.5/0.25 mL) of N,N’-bis-(2,6-
diisopropylphenyl)benzimidamide (1.1 g, 2.5 mmol), 2-bromo-1-arylethanone (2.75
mmol) and potassium bicarbonate (600 mg, 6 mmol) was heated under reflux for 5 hours.
Filtration followed by gentle evaporation of the solvent induces the precipitation of 1.4a-
i.

Synthesis of N,N’-bis-(2,6-diisopropylphenyl)-4-aryl-2-phenylimidazolium salts (HClI,)
1.5a-i.

HCI (0.65 mL, 12.1 M in water) was added dropwise to a cold suspension (0°C) of N,N -
bis-(2,6-diisopropylphenyl)-N-(2-oxo-2-arylethyl)benzimidamide (0.9 mmol) in acetic
anhydride (2.2 mL) under vigorous stirring. The mixture was warmed to room
temperature and stirred overnight. Water was added until a white precipitate persists (~10
mL). The resulting suspension was extracted with methylene chloride (2 x 10 mL). The
combined organic layer was washed with water (5 x 10 mL), dried on anhydrous
magnesium sulfate, filtered and concentrated under vacuum. The residue was stirred with
15 mL of diethyl ether for 45 min, and then filtered. The resulting solid was washed with
3 x 5 mL of diethyl ether and dried, affording salts 1.5a-i.

Synthesis of N,N-bis-(2,6-diisopropylphenyl)-4-aryl-2-phenylimidazol-5-ylidenes 1.7b-i.

THF (2 mL) was added to a mixture of solid N,N-bis-(2,6-diisopropylphenyl)-4-aryl-2-
phenylimidazolium salts (HCI,) 1.5b-i (200 mg) and potassium hexamethyldisilazide (2
equivalents) at —78°C. The mixture was stirred 30 min at —78°C, warmed to room
temperature and stirred 30 min. Evaporation of the solvent gave a solid residue which
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was extracted with hexanes and filtered (2 x 5 mL). Evaporation of the solvent afforded
the free carbenes 1.7b-i.

Synthesis of chloro-MIC-Iridium(l)-cis-dicarbonyl complex 1.9b-i.

THF (1.5 mL) was added at room temperature to a mixture of solid N,N’-bis-(2,6-
diisopropylphenyl)-4-aryl-2-phenylimidazol-5-ylidene 1.7b-i (100 mg) and chloro-(1,5-
cyclooctadiene)-Iridium(l)-dimer (0.5 equivalent). The mixture was stirred overnight at
room temperature. Evaporation of the solvent gave a solid residue which was extracted
with diethyl ether and filtered. Evaporation of diethyl ether afforded a brown solid which
was dissolved in deuterated benzene. Carbon monoxide was bubbled during 45 min. The
solvent was evaporated and the resulting solid was purified by column chromatography
on silica gel (eluent: hexanes/ethyl acetate). Crystallization in chloroform/hexanes
afforded the desired complexes 1.9b-i as pale yellow solids.

Synthesis of chloro-MIC-Iridium(l)-cis-dicarbonyl complex with carbenes 1.9a, 1.14a,b.

THF (3 mL) was added to a solid mixture of the corresponding imidazolium salts
potassium hexamethyldisilazide (2 equivalents) and chloro-(1,5-cyclooctadiene)-
Iridium(l)-dimer (0.5 equivalent) at —78°C. The mixture was stirred 30 min at —78°C,
then warmed to room temperature and stirred overnight. Evaporation of the solvent gave
a solid residue which was extracted with diethyl ether and filtered. Evaporation of diethyl
ether afforded a brown solid which was dissolved in deuterated benzene. Carbon
monoxide was bubbled during 45 min. Solvent was evaporated and the resulting solid
was purified by column chromatography on silica gel (eluant hexanes/ethyl acetate).
Crystallization in chloroform/hexanes afforded the desired complexes 3a,k,l as yellow
solids.

3) Synthesis and Characterization

N,N-bis-(2,6-diisopropylphenyl)-N-(2-oxo-2-(4-pyrrolidinophenyl)ethyl)benzimidamide
1.4a.

From 2-bromo-1-(4-pyrrolidinophenyl)ethanone (737 mg), 1.4a was obtained as pale
yellow solid (906 mg, 58 % yield); m.p. 208°C; *H NMR (300 MHz, CDCls;) & 7.97 (d,
J = 8.9 Hz, 2H), 6.94-7.15 (m, 8H), 6.77-6.88 (m, 3H), 6.50 (d, J = 8.9 Hz, 2H), 5.00 (s,
2H), 4.12 (sept, J = 6.7 Hz, 2H), 3.29-3.37 (m, 4H), 3.20 (sept, J = 6.7 Hz, 2H), 1.99-2.06
(m, 4H), 1.25 (d, J = 6.7 Hz, 6H), 1.24 (d, J = 6.7 Hz, 6H), 1.08 (d, J = 6.7 Hz, 6H), 0.97
(d, J = 6.7 Hz, 6H); *C (75 MHz, CDCl3) 6 191.2 (CO), 156.3 (C%), 150.9 (C%), 148.1
(CY), 145.3 (C%, 141.1 (CY), 138.6 (C%), 133.0 (C%, 130.2 (CHay), 128.9 (CHy), 128.5
(CHar), 128.2 (CHyy), 127.1 (CHyy), 124.3 (CHyy), 124.0 (C%), 122.4 (CHyy), 121.7 (CHayy),
110.9 (CHy), 57.5 (CH,), 47.7 (NCH,), 28.3 (CH(CHs),), 27.9 (CH(CHa),), 26.6
(CH(CHa)y), 25.6 (CHy), 25.0 (CH(CH3)y), 23.0 (CH(CHg),), 22.2 (CH(CHa),); HRMS:
m/z calculated for C43Hs4sN30 (M+H)* 628.4261, found 628.4273.

N,N’-bis-(2,6-diisopropylphenyl)-N-(2-oxo-2-(4-methoxyphenyl)ethyl)benzimidamide
1.4b.
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From 2-bromo-1-(4-methoxyphenyl)ethanone (630 mg), 1.4b was obtained as a white
solid (594 mg, 40 % yield). m.p. 214°C; *H (300 MHz, CDCls) & 8.03 (d, J = 8.6 Hz,
2H), 6.76-7.18 (m, 13H), 4.98 (s, 2H), 4.05 (sept, J = 6.7 Hz, 2H), 3.84 (s, 3H), 3.15
(sept, J = 6.7 Hz, 2H), 1.23 (d, J = 6.7 Hz, 12H), 1.04 (d, J = 6.7 Hz, 6H), 0.95 (d, J = 6.7
Hz, 6H): 3C (75 MHz, CDCls;) & 192.0 (CO), 163.3 (C%), 156.4 (C"), 147.9 (CY), 144.9
(CY), 140.8 (C%, 138.7 (CY), 132.6 (C), 130.2 (CHy), 129.7 (CY), 128.9 (CHy), 128.7
(CHay), 128.4 (CHg), 127.1 (CHa), 124.3 (CHy), 122.5 (CHy), 122.0 (CHy), 113.9
(CHy), 57.8 (CH,), 55.6 (OCHj3), 28.3 (CH(CHs)y), 28.0 (CH(CHj3),), 26.5 (CH(CHs)s,),
25.0 (CH(CHj3)2), 23.0 (CH(CHs)2), 22.2 (CH(CHs)2); HRMS: m/z calculated for
C4oH49N>05 (M+H)+ 589.3776, found 589.3873.

N, N -bis-(2,6-diisopropylphenyl)-N-(2-oxo-2-(4-methylphenyl)ethyl)benzimidamide 1.4c.

From 2-bromo-1-(4-methylphenyl)ethanone (585 mg), 1.4c was obtained as a white solid
(604 mg, 42 % yield). m.p. 187°C; *H (300 MHz, CDCls) & 7.94 (d, J = 8.0 Hz, 2H),
6.92-7.24 (m, 3H), 6.76-6.90 (m, 10H), 5.00 (s, 2H), 4.04 (sept, J = 6.8 Hz, 2H), 3.5
(sept, J = 6.7 Hz, 2H), 2.37 (s, 3H), 1.21-1.25 (m, 12H), 1.04 (d, J = 6.7 Hz, 6H), 0.95 (d,
J = 6.7 Hz, 6H); *C (75 MHz, CDCl3) § 193.1 (CO), 156.4 (C"), 147.9 (C%), 144.9 (CY),
143.6 (C%), 140.7 (CY), 138.7 (C%), 134.2 (C%), 132.6 (C"), 129.4 (CHa), 128.9 (CHa),
128.7 (CHay), 128.4 (CHyy), 128.1 (CHay), 127.1 (CHa), 124.4 (CHa), 122.5 (CHa), 122.0
(CHgy), 58.1 (CHy), 28.3 (CH(CHs);), 28.0 (CH(CHs),), 26.5 (CH(CHs),) 25.1
(CH(CHg)y), 23.0 (CH(CHj3),), 22.3 (CH(CH3),), 21.8 (CH3); HRMS: m/z calculated for
CaoH49N20 (M+H)* 573.3839, found 573.3839.

N, N -bis-(2,6-diisopropylphenyl)-N-(2-oxo0-2-(4-chlorophenyl)ethyl)benzimidamide 1.4e.

From 2-bromo-1-(4-chlorophenyl)ethanone (640 mg), 1.4e was obtained as a white solid
(980 mg, 66 % vyield). m.p. 212°C; *H (300 MHz, CDCl3) 6 7.99 (d, J = 8.5 Hz, 2H),
7.40 (d, J = 8.5 Hz, 2H), 7.13-7.19 (m, 1H), 6.91-7.06 (m, 7H), 6.78-6.89 (m, 3H), 4.95
(s, 2H), 4.01 (sept, J = 6.7 Hz, 2H), 3.11 (sept, J = 6.7 Hz, 2H), 1.24 (d, J = 6.7 Hz, 6H),
1.23 (d, J = 6.7 Hz, 6H), 1.02 (d, J = 6.7 Hz, 6H), 0.95 (d, J = 6.7 Hz, 6H); *C (75 MHz,
CDCls) & 192.4 (CO), 156.4 (CY), 147.8 (C%), 144.5 (C%), 140.4 (CY), 139.2 (C"), 138.7
(CY), 135.1 (C"), 132.2 (C"), 129.4 (CHa), 129.0 (CHay), 128.9 (CHy), 128.8 (CHay),
128.6 (CHy), 127.2 (CHyy), 124.4 (CHyy), 122.6 (CHy), 122.2 (CHy), 57.9 (CHy), 28.3
(CH(CHs3),), 28.0 (CH(CHz3),), 26.5 (CH(CHs3),), 25.2 (CH(CHg)2), 23.0 (CH(CHs),),
22.3 (CH(CHzs),); HRMS: m/z calculated for CgoHssCIN,O (M+H)" 593.3293, found
593.3297.

N, N -bis-(2,6-diisopropylphenyl)-N-(2-oxo0-2-(4-bromophenyl)ethyl)benzimidamide 1.4f.

From 2-bromo-1-(4-bromophenyl)ethanone (765 mg), 1.4f was obtained as a white solid
(400 mg, 25 % yield). m.p. 218°C; *H (300 MHz, CDCl3) & 7.91 (d, J = 8.5 Hz, 2H),
7.56 (d, J = 8.5 Hz, 2H), 6.77-7.19 (m, 11H), 4.94 (s, 2H), 4.01 (sept, J = 6.8 Hz, 2H),
3.10 (sept, J = 6.8 Hz, 2H), 1.24 (d, J = 6.8 Hz, 6H), 1.23 (d, J = 6.8 Hz, 6H), 1.02 (d, J =
6.8 Hz, 6H), 0.95 (d, J = 6.8 Hz, 6H); *C (75 MHz, CDCl5) § 192.6 (CO), 156.4 (CY),
147.8 (CY), 144.5 (CY), 140.4 (CY), 138.7 (C"), 135.6 (C"), 132.1 (C"), 132.0 (CHy), 129.6
(CHar), 128.9 (CHyy), 128.8 (CHyy), 128.6 (CHyy), 127.9 (C%), 127.2 (CHy), 124.4 (CHyy),
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122.6 (CHa), 122.2 (CHa), 57.9 (CH,), 28.3 (CH(CHa),), 28.0 (CH(CHs)z), 26.5
(CH(CH3)2) 25.2 (CH(CH3)2), 23.0 (CH(CHs).), 22.3 (CH(CHs)z); HRMS: m/z
calculated for CsgHaBrN,O (M+H)* 637.2788/639.2775, found 637.2786/639.2774.

N,N-bis-(2,6-diisopropylphenyl)-N-(2-oxo-2-(4-fluorophenyl)ethyl)benzimidamide 1.4g.

From 2-bromo-1-(4-fluorophenyl)ethanone (505 mg), 1.4g was obtained as a white solid
(600 mg, 35 % vyield). m.p. 171°C; *H (300 MHz, CDCls) & 8.03-8.10 (m, 2H), 6.82-
7.19 (m, 10H), 6.77-6.81 (m, 3H), 4.97 (s, 2H), 4.02 (sept, J = 6.7 Hz, 2H), 3.12 (sept, J
=6.9 Hz, 2H), 1.24 (d, J = 6.9 Hz, 6H), 1.23 (d, J = 6.9 Hz, 6H), 1.02 (d, J = 6.7 Hz, 6H),
0.95 (d, J = 6.7 Hz, 6H); *C (75 MHz, CDCl5) 6 192.0 (CO), 165.6 (d, "J.c.r) = 252 Hz,
C%, 156.4 (C%), 147.8 (C%), 144.6 (C%), 140.5 (C%), 138.7 (C"), 133.2 (CY), 132.3 (CY),
130.6 (d, *Jc-p = 9 Hz, CHa), 128.9 (CHy), 128.8 (CHar), 128.5 (CHar), 127.2 (CHa),
124.4 (CHy), 122.5 (CHgy), 122.2 (CHy), 115.8 (d, “Jcr) = 22 Hz, CH,), 58.0 (CHy),
28.3 (CH(CHs),), 28.0 (CH(CHa3);), 26.5 (CH(CHs)), 25.1 (CH(CHs),), 23.0
(CH(CH3),), 22.3 (CH(CHa),); °F (282 MHz, CDCl3) & —107.2; HRMS: m/z calculated
for CagH4gFN-O (M+H)+ 577.3589, found 577.3588.

N,N-bis-(2,6-diisopropylphenyl)-N-(2-oxo-2-(4-trifluoromethylphenyl)ethyl)benzimid-
amide 1.4h.

From 2-bromo-1-(4-trifluoromethylphenyl)ethanone (734 mg), 1.4h was obtained as a
white solid (770 mg, 49 % yield). m.p. 194°C; *H (300 MHz, CDCl;) & 8.15 (d, J = 8.3
Hz, 2H), 7.70 (d, J = 8.3 Hz, 2H), 7.14-7.22 (m, 1H), 6.92-7.10 (m, 7H), 6.79-6.91 (m,
3H), 4.98 (s, 2H), 4.00 (sept, J = 6.7 Hz, 2H), 3.10 (sept, J = 6.7 Hz, 2H), 1.26 (d, J = 6.7
Hz, 6H), 1.25 (d, J = 6.7 Hz, 6H), 1.02 (d, J = 6.7 Hz, 6H), 0.95 (d, J = 6.7 Hz, 6H); **C
(75 MHz, CDCls3) & 192.8 (CO), 156.5 (C%, 147.8 (C%), 144.4 (C%, 140.2 (CY), 139.8
(C%, 138.8 (CY), 132.4 (g, J(c-r) = 132 Hz, CY), 129.0 (CHay), 128.9 (CHy), 128.7 (CHay),
128.4 (CHyy), 127.2 (CHa), 124.5 (CHy), 123.4 (q, Jc.r = 272 Hz, CY%), 122.6 (CHy),
122.4 (CHy), 58.2 (CH,), 28.3 (CH(CHz3)), 28.1 (CH(CHs3),), 26.5 (CH(CHs),), 25.2
(CH(CHs),), 23.0 (CH(CHs),), 22.3 (CH(CHs),); °F (282 MHz, CDCls) & —64.7;
HRMS: m/z calculated for C4oHasF3N,O (M+H)" 626.3484, found 626.3481.

N, N -bis-(2,6-diisopropylphenyl)-N-(2-ox0-2-(3,5-bistrifluoromethylphenyl)ethyl)benzi-
midamide 1.4i.

From 2-bromo-1-(3,5-bistrifluoromethylphenyl)ethanone (921 mg), 1.4i was obtained as
a white solid (833 mg, 48 % yield). m.p. 180°C; *H (300 MHz, CDCls) & 8.49 (s, 2H),
8.01 (s, 1H), 7.15-7.22 (m, 1H), 6.97-7.08 (m, 7H), 6.78-6.88 (m, 3H), 4.95 (s, 2H), 3.99
(sept, J = 6.7 Hz, 2H), 3.03 (sept, J = 6.7 Hz, 2H), 1.29 (d, J = 6.7 Hz, 6H), 1.25 (d, J =
6.7 Hz, 6H), 0.98 (d, J = 6.7 Hz, 6H), 0.94 (d, J = 6.7 Hz, 6H); **C (75 MHz, CDCls) &
190.8 (CO), 156.5 (C%), 147.7 (C%), 144.0 (C%), 139.9 (C%), 138.4 (C%), 132.4 (q, YJc.p) =
34 Hz, C%, 131.7 (C%, 129.0 (CHgy), 128.9 (CHy), 128.8 (CHy), 128.0 (CHyy), 127.3
(CHa), 126.1 (CHg), 124.6 (CHy), 123.1 (q, Jc.ry = 271 Hz, C%), 122.6 (CHy), 57.6
(CHy), 28.3 (CH(CHg3),), 28.1 (CH(CHs3),), 26.5 (CH(CHs)2), 25.0 (CH(CHj3),), 23.1
(CH(CHs),), 22.3 (CH(CHs),); *F (282 MHz, CDCls) § —62.0; HRMS: m/z calculated
for C41H4sFeN20O (M+H)" 695.3358, found 695.3528.
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N,N'-bis(2,6-diisopropylphenyl)-N-(2-oxo-2-phenylethyl)-3,5-bis(trifluoromethyl)benzi-
midamide.

From 2-bromo-acetophenone (0.760 g), the title compound was obtained as a white solid
(567 mg, 47% yield). m.p. 198°C. *H (300 MHz, CDCls) & 8.05 (d, J = 7.3 Hz, 2H),
7.41-7.60 (m, 6H), 7.17-7.22 (m, 1H), 7.05-7.10 (m, 2H), 6.77-6.89 (m, 3H), 5.11 (s,
2H), 3.93 (sept, J = 6.7 Hz, 2H), 3.06 (sept, J = 6.7 Hz, 2H), 1.25 (d, J = 6.7 Hz, 6H),
1.21 (d, J = 6.7 Hz, 6H), 1.04 (d, J = 6.7 Hz, 6H), 1.02 (d, J = 6.7 Hz, 6H). *C (75 MHz,
CDCl3) § 192.9 (CO), 153.4 (CY), 147.9 (C%), 143.8 (CY), 139.2 (C%, 138.5 (CY), 136.3
(C%, 134.8 (C%), 133.3 (CHa), 130.6 (q, 2Jic.r) = 33 Hz, CY%), 129.3 (CHg,), 128.9 (CHa),
128.0 (CHg), 124.7 (CHy), 123.1 (CH4), 123.0 (9, Jc-r) = 271 Hz, CY%), 122.7 (CHay),
122.1 (CHg), 58.2 (CH,), 28.6 (CH(CHj3),), 28.2 (CH(CHs),), 26.8 (CH(CHsa)y), 25.0
(CH(CHs),), 22.4 (CH(CHas),), 21.7 (CH(CHs),). °F (282 MHz, CDCls) & —64.5.
HRMS: m/z calculated for C41HasFsN,O (M+H)" 695.3431, found 695.3428.

N, N -bis-(2,6-diisopropylphenyl)-2-phenyl-4-(4-pyrrolidinophenyl)imidazolium  (HCIy)
1.5a.

From 1.4a (800 mg), 1.5a was obtained as a white solid (290 mg, 33 % vyield). m.p.
272°C decomp; *H (500 MHz, CDCl3) & 