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The followmg novel nltrogen donor functionalised 1m1dazohum salts have been synthesised:
(3-Ar -1-py-imid)Br; (3-Ar -1-py*-imid)Br; (3-Ar*-1-py*-imid)Br; (3-Ar*-1-py’-imid)Br; (3-
Ar*-1-py*-imid)Br; [3-Ar'-1-(CH,CONEt,)-imid]Br; [3-Bu-1-(CH,CONEt,)-imid]Br; (3-
Ar’-1 1-pi-imid)Br; [ococ -(3-'Bu-imid-methyl),-o-xylene]Br; [a,0r'- ~(3-Ar'-imid- -methyl)s-o-
xylene]Br; [o,o'-(3-Ar*-imid- methyl)z—o -xylene]Br; [2,6-(3-Bu- 1m1d)21ut1d1ne]Br2, [2,6-(3-
‘Bu- lmld)z—pyrldlne]Brz, [2,6-(3-Ar' -1m1d)2-pyr1d1ne]Br2, [2,6-(3-Ar -imid),-pyridine]Bry;
[2,6-(3-Ar*-imid-methyl),bromobenzene]Bry; [2,6-(3-Ar’-imid- methyl)z 3,5- dlmethylphenyl]
Bry; [2,6-(3 Arl—lmld-methyl)z-fa’ 5-dimethylphenyl|Bry; where Ar' = = mesityl, Ar’ = 2,6- d1—
zso-propylphenyl Ar’ = 3,5-dimethyl-4- (tert-butyl)ghenyl Bu = fert-butyl, pi = plCOlyl py’
= 2-pyridyl, py” = 2-(6-trimethylsilyl-2-pyridyl), py’ = 2-(5-trimethylsilyl-2-pyridyl), py* = 2-
(5-trifluoromethyl-2-pyridyl), imid = imidazolium.

The following novel nitrogen and oxygen donor functlonahsed lmldazol 2- yhdenes and
imidazol- 2—th10nes have been synthe51sed 3- Ar -1-py-ylid; 3-Ar'-1-py*-ylid; 3-Ar*- 1-py -
ylid; 3 -Ar- l-py -ylid; 3-Ar*- l—py -ylid; 3-Ar*-1-pi-ylid; 3-Ar*-1-methoxymethyl-ylid; 2,6-
(3-Ar' —yhd)z-pyrldme 2,6-(3-Ar’-ylid),-pyridine; 2,6-(3-Ar’ —yhd—methyl)zbromobenzene
2,6-(3-Ar? —yhd-methyl)z-S’ 5-dimethylphenyl; 3 -Ar’-1-methoxymethyl-thione; 3-Ar*-1-py*-
thione; 2,6-(3-Ar'-thione),-pyridine; 2,6-(3-Ar*-thione-methyl),bromobenzene; where ylid =
imidazol-2-ylidene, thione = imidazol-2-thione.

The following novel silver (I) nitrogen donor functlonahsed N- heterocychc carbene
cornplexes have been synthe31sed (3-Ar’-1-py- yhd)AgBr (3-Ar*-1-py? -ylid)AgBr; (3—Ar -1-
py’-ylid)AgBr; (3-Ar*- l—py -ylid)AgBr;  (3-Ar'-1-CH,CONEt,-ylid)AgBr;  (3-'Bu-1-
CHZCONEtg ylid)AgBr; (3-Ar’-1-pi-ylid)AgBr; [oc,oc’—(3-zBu-ylid-methyl)z-o-xylene]Angrz,
[o,0'- (3 -Ar'-ylid-methyl),-0-xylene]Ag,Br; [oc o'-(3-Ar’-ylid-methyl),-0-xylene] Angrz,
[2,6-(3- Bu—yhd)z-pyrldme]Angrz, [2,6-(3-Ar' -yhd)z-pyrldlne]Angrz, [2,6-(3-Ar*-ylid),-

pyridine]AgyBry; [2,6-(3-Bu-ylid),-lutidine]Ag,Bry; [2,6-(3-Ar'-ylid)-lutidine] Ag,Brs.

The following novel palladium (II) and nickel (II) mtrogen donor functionalised N-
heterocychc carbene complexes have been synthesised: (3—Ar -1-py*-ylid)PdMeBr; (3-Ar*-1-
py’-ylid)PdMeBr;  (3-Ar*-1-py’-ylid)PdMeBr; (3-Ar l—py ylid)PdMey;  (3-Ar*-1-pi-
imid)PdBrs;; (3—Ar -1 CHZCONEtz ylid),PdCly; (3-Ar'-1-py*-ylid),PdMe,;; (3-Ar’-1-py*-
ylid),PdMe,; (3-Ar’-1-py*-ylid),PdMe,; [2,6- (3-Ar2-ylid-methyl)zphenyl]PdBr; [2,6-(3-Ar'-
ylid-methyl),-3,5- dlmethylphenyl]PdBr [2,6-(3-Ar'-ylid- methy1)2—3 5- dlmethylphenyl]PdBr
(3-'Bu-1-pi- yhd)NlBrz, (3 -Ar*-1-pi-ylid)NiBry;  (3-Ar’ ]-pl-yhd)NlBrz, (3-Ar*-1-pi-
ylid)Ni(S,CNEt,)Br; (3-Ar*-1-methoxymethyl-ylid),NiCly; (3-Ar*-1-py-ylid),Ni,Br,.

Comparison of Heck C-C coupling activity of several of the palladium (II) complexes
showed that substitution on the nitrogen donor effected coupling activity of aryl bromides:
for bidentate ligands, an electron withdrawing group increased activity more than increasing
chelate ring size; for tridentate ligands the exchange of nitrogen to carbon donor did not
effect catalytic activity.

The following novel mixed nitrogen based compounds have been prepared: o-(cy-imm)-ani;
o-('Bu-imm)-N-TMS-ani; o-(cy-imm)-N-(TMS)ani; Li o-(‘Bu-imm)-N-(TMS)anilide; o-(‘Bu-
imm)-N-(3,5-dimethylphenyl)ani; N,N'-Bis-(2-amino-benzylidene)-cy-1,2-diamine; where
ani = aniline imm = iminomethyl, cy = cyclohexyl, TMS = trimethylsilyl. Transaminations of
o-("Bu-imm)-N-TMS-ani with Zr(NMe,),Cl,THF, gave a functionalised amidinato complex
and o-('Bu-imm)-N-ani with Ti(NMe,),Cl, gave a Ti macrocyclic complex.
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Chapter 1

Introduction to N-Heterocyclic Carbenes

1.1 Introduction.

Eleven years ago Arduengo and co-workers described a novel synthetic route to isolatable,

stable, N-heterocyclic carbenes (NHCs) by deprotonation of the sterically bulky 1,3-di-
adamantyl-imidazolium salt precursor using sodium hydride with catalytic amounts of

DMSO anion in THF. They obtained structural characterisation of the imidazol-2-ylidene by
single crystal X-ray crystallography (Fig 1.1)."

Fig 1.1 Crystal structure of 1,3-di-adamantylimidazol-2-ylidene.

This achievement refuelled an interest in an area of chemistry that originated in two
laboratories in Germany in the 1960’s, when research groups led by Ofele® in Miinchen and
Wanzlick® in Berlin reported the first metal complexes of NHCs. They had reacted
imidazolium salts with metallic precursors containing ligands of sufficient basicity (i.e. metal
acetates or oxides) to deprotonate the imidazolium salt and in situ form imidazol-2-ylidene
complexes of mercury and chromium. Wanzlick reported the isolation of a ‘monomeric
carbene’ species as he believed he had characterised the 1,3-bis(phenyl)imidazolin-2-ylidene

but had actually isolated the dimerised compound (Fig 1.2).*

Ph Ph Ph Ph
/ / \ /
[N H A [N Nj N
X e ==L
< o, -CHCL N N / N
\ \ / \
Ph Ph Ph Ph

Fig 1.2 Wanzlick’s dimer
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More recently studies have shown that although Wanzlick only characterised a dimeric
species, in solution with less sterically bulky substituents on the carbene there is an
equilibrium between the dimer olefin and monomeric carbene.” Lappert and co-workers
continued this work and developed synthetic routes to transition metal mono-NHC
complexes from these dimers.® Metal complexes of NHCs have raised a large interest in
academia over the last twelve years as it has been reported that specific metal NHC
complexes show comparable high catalytic activities to the analogous trialkylphosphine
complexes, but are more thermally stable and more tolerant to oxygen and water. With the
constant refinement and functionalisation of NHC complexes, NHCs are becoming very

popular which is shown by the many recent reviews.”"!

1.2 Classification of carbenes and their metal complexes.

Carbenes have played an important role in organic chemistry since their discovery in the
1950°s by Skell.'* They are two coordinate carbon species that carry no formal charge and
contain two non-bonding electrons; the carbon can be considered to be in an oxidation state
(I). Carbenes are highly reactive and a transient species, which cannot be easily isolated
unless stabilised. There are two electronic states a carbene can take, singlet or triplet,
depending on its spin-multiplicity in the ground state. A singlet state is achieved when the
two non-bonding electrons of the carbene carbon are paired; the carbene is characteristically
bent having adopted sp’ hybridisation. The triplet state is achieved when the two non-
bonding electrons are unpaired; typically the carbene carbon is near linear adopting sp

hybridisation (Fig 1.3).

Singlet State Triplet State
c ) @O
- 70

.sp‘1 hybride sp hybride

R

Fig 1.3 Ground state configurations of carbenes. R = substituents.

The singlet and triplet carbenes have very different electronic characteristics. The singlet

carbene possesses a filled orbital in the carbon plane and a vacant orbital perpendicular to it,
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therefore behaves as a Lewis base (electron donating through the lone pair) and a Lewis acid
(electron accepting due to the empty p-orbital). The triplet carbene having two unpaired
electrons instead behaves more as a diradical. The ground state of the carbene is dependent
on its substituents, usually non-substituted or alkyl-substituted carbenes exist in the triplet
ground state whereas heteroatom (O, N, S, Cl) substituents result in the stabilisation of the

singlet state, through inductive and mesomeric effects.’

Research led by Fischer and Schrock'* resulted in a second formal categorisation of
carbenes when coordinated to a metal fragment. In Fischer type carbene complexes the
carbene carbon has heteroatom substituents and shows behaviour typical of electrophiles
whilst in Schrock type carbene complexes the divalent carbon is substituted by alkyl or
hydrogen groups and shows behaviour typical of nucleophiles. Fischer type carbene
complexes show considerably less n-bonding between the metal and the carbon atom than
that of the Schrock type carbenes (alkylidenes). Fischer carbene complexes have their
HOMO centred on the metal and their LUMO centred on the carbon and the reverse of this is

true of the Schrock case.

1.3 Stable Carbenes

The number of known stable carbenes is increasing rapidly.” However, there has been only
limited research into triplet carbenes due to their highly unstabie nature. The most stable
triplet carbene (fig 1.3) has a half-life of only 16 seconds at room temperature in solution,

although it is indefinitely stable in a crystalline form, or under cryogenic conditions."

Br N2 Br Br Br
Br Br Br Br

Fig 1.4 Stable triplet carbene.

Known triplet carbenes with bulky aryl substituents have only half-lives of fractions of

milliseconds, which makes their study problematic.”> Furthermore all triplet carbenes form
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self-coupled by-products via decomposition. It is the large steric bulk of their substituents

that retards the dimerisation, stabilising them for their somewhat brief existence.

Y J Y R,@/\OD 2
Vi) 0D 0 h

RN

Diaminocarbene Diborylcarbene Phosphinosilylcarbene

Fig 1.5 o and n-electronic stabilising effects in singlet carbenes.

Singlet carbenes are stabilised by appropriate choice of their substituents. In fact several are
now indefinitely stable as solids and have defined melting points without decomposition.’
The stabilisation can either be due to steric and/or electronic factors. Substituents can
influence stability on the grounds of inductive effects depending on their relative
electronegativity and mesomeric effects depending on overlap of any lone pairs of electrons
with empty orbitals; these effects are exemplified in Fig 1.5 for three different species. In the
bent diaminocarbene, the nitrogens are c-attracting, but the lone pairs contribute to m-back
donation to the empty out-of-plane carbon p-orbital resulting in a four-electron three-centre
n—system and can be described as a push — push mesomeric, pull — pull inductive effect.
Interestingly, the diboryl carbene is linear, yet a singlet carbene, and the boron is a o-
donating, m-accepting group described as a push — push inductive, pull — pull mesomeric
effect. This species has a two-electron three-centre n—system. No diboryl carbenes have been
isolated, but several ‘masked’ borylmethyleneboranes have been characterised and are
considered as the masked analogues of diboryl carbenes.'®'® The phosphinosilyl carbene
shows a m-donor and m-acceptor situation that has a push — pull mesomeric effect and the

inductive effect is not the primary stabilising effect.

The decomposition of singlet carbenes differs from the triplet species due to the ambiphilic
nature of the former. Decomposition can occur via a unimolecular intramolecular 1,2-
migration (Fig 1.6) from substituent to the carbene carbon.'® ?° These concerted in-plane

migrations have been shown to be impossible for aromatic carbenes such as imidazol-2-
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ylidenes due to the overlap of molecular orbitals and it has more recently shown that it is an

intermolecular 1,2-shift not intramolecular shift for these compounds.

X
__\..Rll ___Rll
\C: 1,2-shift _ \\C x
R? 4 R? ¢

Fig 1.6 Intramolecular decomposition of singlet carbenes, R" = substituent heteroatom.

As with triplet carbenes dimerisation of two carbene centres to form the double bonded

product is also observed, although the mechanism of dimerisation differs from that of triplet
carbenes (Fig 1.7).

?r
Me
N H+
| =
cat.
Me S

Ar Ar
Me IL S Me o Me ]l} S Me
PR e
Me § I\II Me Me S I\{I Me
Ar Ar
Fig 1.7 Observed dimerisation of singlet NHC’s.

Decomposition via dimerisation does not occur without some form of catalytic acidification
and so is more appropriate to consider any dimerisation of these species as the nucleophilic

attack of a carbene on its conjugate acid, followed by proton elimination.?'

1.4 N-Heterocyclic Carbenes
N-Heterocyclic carbenes are part of a larger family of singlet aminocarbenes as shown in fig
1.8. They are stabilised both sterically by bulky substituents and electronically by the lone

pairs on adjacent heteroatoms (Fig 1.5).

LX) oe L L

R\N/\N/R R\N/\N/R R\N/\N/R R\N/\N/R R\N/\S

< %\ \—/ \e= \—/

Acyclic Imidazolin- Imidazol- 1,2,4-triazol- 1,3-thiazole-
diaminocarbene 2-ylidene 2-ylidene 5-ylidene 2-ylidene

Fig 1.8 Aminocarbenes, R = substituent.
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The NHCs are best described as the superposition of two zwitterionic species, as can be seen
from the resonance forms shown in Fig 1.9. The unsaturated backbone in the imidazol-2-
ylidenes introduces aromaticity as an additional stabilising factor. Theoretical studies into the
aromaticity of saturated imidazolin-2-ylidenes versus unsaturated imidazol-2-ylidenes have
shown the unsaturated imidazol-2-ylidene is approximately 20 kcal mol™ more stable than
the saturated species, however the major stabilising force is the nitrogen n-donation
contributing 70 kcal mol™ to the system.”® 2’ A recent study has drawn similar conclusions
although marks the differences between carbene substituents, but still finds significant

delocalisation of the w-system of imidazol-2-ylidenes.28

Fig 1.9 Resonance of the n-orbitals in an N-heterocyclic carbene R=alkyl, aryl.

Since the pioneering work of Ofele’ and Wanzlick® different methods have been established
for the preparation of NHCs by deprotonation of the imidazolium salt precursors. Arduengo
reported deprotonation using sodium hydride or potassium hydride with catalytic amounts of
DMSO anion or potassium fert-butoxide.! Herrmann and co-workers reported an
improvement to Arduengo’s method by carrying out the deprotonation in liquid ammonia,
which dramatically reduced reaction times.” Kuhn described the reduction of the imidazol-2-
thione precursor using potassium in boiling THF*® and Enders and co-workers accomplished
the synthesis of phenyl substituted 1,2,4-triazol-5-ylidenes by the thermal elimination of
methanol, an adaptation of Wanzlick’s route which this time successfully gave carbenes.’!

Enders triazole carbene became the first commercially available ‘free’ carbene species from

Acros Organics.

The stability of these species has led to the introduction of a vast array of substituents on the
nitrogen groups of the imidazol-2-ylidenes ranging from simple alkyl chains to chiral
groups,32 ringed species such as cyclophanes,” ferrocenyl® and NHCs immobilised onto
polymer supports.”> There has also been various compounds synthesised with linkages

between units of imidazol-2-ylidenes to give multidentate bis- and tri-carbene species.” >
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1.5 Metal Complexes of N-Heterocyclic Carbenes

There is growing interest in the use of NHCs as ligands on transition metals.” > 3’ NHCs
behave as two electron, o-donor ligands, and in this respect they are related to ethers, amines
and trialkylphosphines with regards to their coordination chemistry. They bind strongly to
transition metals through metal-carbon G-bonds and are considered to be stronger c-donors
than amines.’® In fact it has been proposed that they have pronounced o-donor properties
similar to electron-rich trialkylphosphines® and that m-backbonding from the metal is
insignificant.*' Nolan and co-workers concluded from studies that NHCs behave as better
donors than the phosphines after measuring ‘titrations’ of TiCls.2PR; with two equivalents of
NHC to give the TiCl;.2NHC and similar behaviour was noted with vanadium.*” ** Cloke
and co-workers have also reported ligand exchanges between Pd(PR3); and Pd(NHC), in
solution showing that the NHC is a labile species even though strongly bound.**

There are three commonly used procedures for the synthesis of NHC transition metal

complexes (Fig 1.10).

A. In situ deprotonation of imidazolium salts in the presence of a metal precursor,
B. Reaction of an isolated ‘free’ NHC with an appropriate metal precursor,*®

C. Transmetallation of the NHC from a suitable metal precursor.*’

\/
BlMetal
o A T C
R—N N—R - RN N—R =—— R—N N—R
+ \/ Base + Metal
Metal

Fig 1.10 Methods of synthesising NHC metal complexes, M, M’ = metal, R = substituents.

Route A (Fig 1.10) shows the in situ formation of the imidazol-2-ylidene from the precursor
imidazolium salt, which is then trapped onto a metal by displacing another ligand. This
method can also be applied by using metal precursors with ligands of sufficient basicity to

complete the deprotonation, such as metal acetates or oxides.
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Route B demonstrates a similar method, but instead the carbene has been pre-formed and
isolated, giving enhanced control of the reaction by eliminating the possibility of base

induced side reactions with other components and as a route has improved atom economy.

Route C shows transmetallation involving the use of a precursor metal complex where the
metal-carbene bond is weaker than that of the product metal-carbene bond. Silver complexes

have shown to be excellent in performing clean and high yielding transmetallations.*”*

Many NHC complexes have been characterised, with several examples having been reported
by the founders of this chemistry> * and others with various mono- and bis-carbene
complexes,” bimetallic species’’ and mixed donor chelating complexes” ** **** having been
isolated. Such is the interest in the field of NHCs and their varied uses that out of the
transition elements it is only technetium that has no known NHC complexes, due presumably
only to its limited lifetime. NHC complexes of the lanthanides and actinides are known with
complexes of lanthanum, samarium, europium, ytterbium and uranium having been
characterised.’>> There are many reviews covering the area.” *” ® There are over 100 metal

complexes of NHCs reported on the Cambridge Structural Database and this figure is

constantly growing.

1.6 Ligand Architecture and Catalysis

The thermal stability and chemical inertness of the metal-carbene bond makes these ligands
ideal as ancillary anchors in organometallic catalysis. High thermal robustness and stability is
not the only advantage,” as NHCs have significant scope for electronic and steric tuning as

is shown in Fig 1.11.

Asymmetry can L PN Functionalisation - mixed
be induced /"'»Rl N: N—R, ==— donor potential
Electronic/Steric — 2 R, R3 Variable heteroatom

tuning
Unsaturated/Saturated

Fig 1.11 Tuning opportunities in NHCs.
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The ability to functionalise the imidazol-2-ylidene with other donor atoms opens many
options for designing ligands with high potential in catalysis. For example, it is possible to
design a ligand that contains donor groups that are ‘dangling’ in a precatalyst, but could
provide electronic stabilisation for a catalyst during dormant periods after activation
minimising decomposition.’' Bridging or chelating systems can be designed and chirality can
be induced on a metal centre through incorporation of chiral substituents on the ligand
backbone® or through chirality in the functional group as shown in the rhodium complexes in

Fig 1.12.5%¢

Fig 1.12 Chiral NHC precatalysts used for Hydrosilylation.

Functionalisation of the heterocyclic ring and its substituents give rise to a plethora of

potential ligand designs that only is limited by synthetic viability.

It has been shown that late transition metal carbene complexes are often remarkably stable
towards oxygen denature and have high thermal stability. As NHCs have similar metal
bonding properties to the well-utilised trialkylphosphines, it is no surprise that their use as
catalyst spectator ligands is being continuously investigated.® Traditionally, group 10 metal-
trialkylphosphine complexes have proven to be the most active precatalysts for a variety of
C-C coupling reactions with the earliest commonly used precatalysts being Pd(PPhs)s or
Pd(PPh;),Cl,. Since these precatalysts a wide range of supporting ligands have been reported
for individual coupling processes, far too many to describe here.”> However, these simple
trialkylphosphine complexes are still the benchmark for many activity comparisons. Recently
they have been used to activate the cheaper aryl chloride substrates, sparking industrial
interest.’® 7 With the advent of ‘free’ imidazol-2-ylidenes' it was no surprise that research

efforts focused on the use of the new ligands as catalyst spectators.®

10
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Heck catalysis involving metal NHC precatalysts will be described in this thesis but reports
describing improving catalytic activity in other C-C coupling reactions such as Suzuki
couplings,”® Stille coupling (tin reagents/aryl halide),”” Sonogashira coupling (alkyne/aryl
halide),® Kumada coupling (Grignard/aryl halide),”” CO-ethylene co-polymerisations,” aryl
amination’” % and hydrosilylation® are constantly appearing in the literature through the

ability to design ligands for specific reactions.

1.7 The Heck Reaction

The arylation and vinylation of alkenes with aryl or vinyl halides was first achieved over 30
years ago independently by Mizoroki”” and Heck,”* although now the process is known
universally as the Heck reaction (Fig 1.13).”>” Until 1988 papers reporting the Heck reaction
were few and far between, but by the late 1990’s this had rapidly changed with continuous

/\/ \ Pd Catalyst
e B
X+ /\R' Base *

R

8,7
reports on the process.”> "

Fig 1.13 The Heck reaction.

The Heck reaction is of industrial importance, one reported use being in the production of
Prosulfuron®, a brand name herbicide manufactured by Novartis.** The Heck coupled

product is shown in Fig 1.14 along with the final product.

o

SO5 N N N

— 0 \I/

@/\ — ©i/\ \(L]/ T =N
CF, CF; Y

Fig 1.14 Intermediate produced from Heck catalysis (left) and Prosulfuron (right).

9]

Heck coupled product Prosulfuron

Heck catalysis can be carried out utilizing any source of palladium that allows the palladium

to reach an oxidation state of zero, which is believed to be necessary for the oxidative

11
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addition of the aryl-halide bond. Pd(OAc), and Pd/C are known active catalysts in the Heck
reaction for the coupling using aryl iodides and bromides.” Initial publications in this field
reported that these systems rapidly dropped palladium black, which limited their use until it
was realised that the addition of phosphines to the reaction mixture stabilised the active
palladium species, increasing lifetime and yields.?’ Fu and co-workers reported that the use
of Pdy(DBA); with P(‘Bu); was successful in activating aryl chlorides,®” but the need of an
inert atmosphere with the easily oxidiseable P(‘Bu); limits industrial interest. Jensen and co-
workers recently reported a tridentate phosphinito system which also gave extremely high
yields for the coupling of aryl chlorides with styrene.®”®> The use of trialkylphosphines
inevitably led on to the use of NHC precatalysts as mimics of these systems® and to date

there are NHC precatalysts that match the activity of the phosphine systems at coupling

activated aryl chlorides (Fig 1.15).4%3¢
Ar Ar T+
Me Me l Cl l
/ \ |
I N l ——Pd ’
[ >—Pd—< j SRR
N Il N X
1\\/Ie Me/ l
Z

Fig 1.15 NHC precatalysts active for coupling activated aryl chlorides. Ar = mesityl, 2,6-di-iso-propylphenyl.

Current research is aimed at obtaining an NHC catalyst that is active for the cheaper aryl
chlorides, as then the use of expensive unrecoverable palladium catalysts could be
industrially justified. The first example of a chiral bidentate bis-carbene palladium and nickel
complex was reported recently that was active for Heck coupling but no enantiomeric results

have been disclosed.”® Further discussion of the mechanism and the Heck reaction can be

found in Chapter 5.

1.8 Background to this Project

This project continues work initiated by the Danopoulos Group into palladium-based
pyridine functionalised imidazol-2-ylidene complexes for use as precatalysts for C-C

coupling reactions.*®

12
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Initial reports described the production of a range of novel pyridine, methoxy and phosphine
functionalised imidazolium salts of the form shown in Fig 1.16. Good synthetic routes were
established for the synthesis of the pyridine functionalised imidazolium salts and from these
ranges of silver, copper and palladium complexes were prepared. Examples of nickel,

rhodium and ruthenium NHC complexes were also characterised.*®

R' R!
R! | ‘ t
*N/ [< N . /Bu
Z l > </ j /+N =N
CN>\M/§J ) - AN : /O\/Q thP\/\/Q
- T oBr ’ - 2By Br Br

Fig 1.16 Previously synthesised functionalised imidazolium salts,

n=0, 1, R = rert-butyl, mesityl, 2,6-di-iso-propylphenyl.

Synthetic routes to palladium(Il) imidazol-2-ylidene complexes were reported based on two
of the three known methods of making NHC complexes, in situ deprotonation of imidazolium

salts and transmetallation from silver (I) precursors.

It was reported that palladium(II) mono-imidazol-2-ylidene complexes could successfully be
prepared using in situ deprotonation of the pyridine functionalised imidazolium salt
precursors and trapping the imidazol-2-ylidene with Pd(COD)MeBr to give complexes of the
form Pd(Ligand)MeBr.*® Attempts were made to isolate the ‘free’ functionalised carbene, 1-
picolyl-3-(tert-butyl)-imidazol-2-ylidene, which met with limited success. Deprotonation
using lithium di-iso-propylamide led to a red solid that could not be identified. Observation
of the stable carbene in situ was possible by proton NMR spectroscopy, but upon attempted
isolation the imidazol-2-ylidene rapidly decomposed to an intractable mixture. It was
believed that the methylene bridge or fert-butyl functionality were susceptible to attack by

another imidazol-2-ylidene causing decomposition.*®

The use of transmetallation reagents to exchange an NHC between silver(I) and late
transition metals was reported by Lin and co-workers who used silver NHC complexes as
precursors to palladium NHC complexes.®’” This methodology was adapted to suit these novel

pyridine functionalised imidazolium salts and the use of silver(l) oxide afforded the desired

13
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silver NHC halide complexes. Structural study of these complexes showed a variety of NHC
ligand environments coordinated to the silver centre, mono- and bis-NHC silver complexes
were characterised. There was no determinable reason as to why some silver complexes
existed as Ag(ligand)X and others as [Ag(ligand),] [AgX;]" where X = halide.®® Copper
analogues of these complexes were also prepared using similar methodology and again a

variety of structural motifs were identified from the products.”

R! 1112 R! rl 1T R! RUTF
e e e N,
T N Br—Pd— j N pd \/ [ ) Pd—< j
111 }\J*—// IL \N' X*N/— | / ’\N | N I
2Ry =z , / N N\\Q\\// N 4” N\\\]J
L//’ Q k _ cr \E/// Cr
A B C D

Fig 1.17 Palladium (IT) NHC complexes previously characterised, R' = mesityl,
2,6-di-iso-propylphenyl, R> = tert-butyl, mesityl, 2,6-di-iso-propylphenyl

From the silver NHC transmetallation reagents a variety of palladium(II) NHC complexes
were prepared (Fig 1.17) by reaction with PdA(COD)MeBr or Pd(COD)Cl,. These complexes
contained bidentate mono-carbene chelates or tridentate bis-carbene chelating ligand systems.
An interesting and important feature of the bis-carbene chelates is the effect of increasing the

chelate ring size by the incorporation of a methylene bridge (complex C and D, fig 1.15).

Increase
chelate size

Fig 1.18 Crystal structures of C (left) and D (right), anions and hydrogens removed for clarity.
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The increase in chelate size to six members has a dramatic effect on the shape of the
complex. The five-membered chelate complex is planar, but the six-membered chelate
complex contains a C; symmetrical twist through the complex (Fig 1.18).% This twist is not
just a solid state effect, by addition of the chiral discriminating agent Pirkle’s Acid [S-(+)-
2,2,2-trifluoro-1-(9-anthryl)ethanol] to a solution of complex D, binding of the agent to one
of the enantiomers is observed in the proton NMR. The most notable change in the spectrum
was the peaks from the iso-propyl groups changing from four to eight doublets (Fig 1.19).
The eight peaks are observed up to 80°C showing the rigidity of the ligand and that a high
energy barrier exists for enantiomer interconversion.®” Similar C, twists were observed for
the mesityl analogue and others have reported similar observations when simple alkyl
substituents replace the aryl groups showing that these have little effect on this twist and it is

purely the chelate ring sizes.”

Addition of chiral g
discriminating ml
!

S

T ——
R g

TRt

——

!
} agent
é

Fig 1.19 NMR changes of iso-propyl protons on addition of Pirkle’s Acid to complex D.
Complexes of type A - D were extensively tested as precatalysts for the Heck reaction” *!
and initial tests for amination activity were performed. From the resulting activity of the

precatalysts shown in Fig 1.17 the following conclusions were drawn about comparative

Heck C-C coupling ability:**- %

1. All precatalysts were excellent at coupling aryl iodides, comparable to the best known
sys‘cems,92

2. Tridentate ligand complexes showed greater activity than bidentate ligand complexes
for coupling aryl bromides, both showed low activity towards aryl chlorides,
The larger the chelating ring size the higher the activity for bidentate ligands,

4. Chelating ring size has no effect for tridentate ligands.
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Synthesis involving other transition metals resulted in the isolation and characterisation of the

following M(II) complexes (Fig 1.20).

Ar

Br l R.h < j ““n Rll_< j

U U [eg

Fig 1.20 Nickel, rhodium and ruthenium imidazol-2-ylidene complexes characterised, Ar = mesityl.

ulIIICD
il

The nickel complex was the first example of a mixed donor N-heterocyclic carbene complex
of nickel; structural data was obtained for the nickel and rhodium complexes. Since these

*® were reported we have described preliminary results on the C-H

initial complexes
activation in iridium (E, Fig 1.21) and rhodium (F and G, Fig 1.22) complexes as depicted

8! Two interesting features are noted in this system. The first is that when iridium is used
there is a preference for C-H activation to occur in favour of pyridine binding to the metal
centre. C-H activation in iridium complexes is not unusual and, as will be described in the

next section, can occur at unexpected places.”

SiMC:;
Z N
L: N I
commcl], ————a- g ON

THF S E
78°C L——l— |
N

Ar

Fig 1.21 C-H activation in iridium NHC complexes. L: = ‘free’ carbene, L-L = COD.

The second feature is the nature of the complex of rhodium (Fig 1.22). Initially the square
planar metal (F) centre comprises the carbene carbon, cyclooctadiene and a chloride; the
pyridine nitrogen remains uncoordinated, pointing away from the metal centre. There is a
close contact between the rhodium and the H on the pyridine ring, Rh — H = 2.532 A showing

the tendency, as in the iridium complex, towards activating the C-H bond.
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SiM€3

) P ON (i)
[(COD)RhCI], — > [ — gj j —~ L—R““< j
— |

Fig 1.22 Variable ligand coordination in a rhodium NHC complex. (i) leq ‘free’ carbene in thf,
-78°C to room temperature, (ii) Na{B[3,5-CsHs(CF;).]s} in diethylether. L-L = COD

In order to test whether the C-H bond would activate, the chloride was exchanged for a bulky
non-coordinating anion by exchange with tetrakis[3,5-bis(trifluoromethyl)phenyl]borate
(Brookhart’s anion). The complex did not C-H activate but instead instantaneously formed
the air stable salt G in quantitative yield, in which the pyridyl functional group swings in to
coordinated to the metal. It is plausible to assume that pre-dissociation of the chloride is
necessary before the coordination of pyridine occurs.® The hemilability of the pyridine
demonstrates how this ligand architecture is flexible and the possibilities of alternating

binding modes when supporting an activated species.

1.9 Some Unusual Structural Properties of NHC Complexes

With the increased activity in the research of NHC complexes unexpected properties have
begun to become apparent. Crabtree and co-workers have fully characterised iridium
complexes of type H containing an alternative C-H activated heterocyclic ring leading to

‘abnormal’ binding of the NHC as shown in Fig 1.23.°*%°

PPhs
e N///I/[, ‘\\\\\\\\\
. Ir"\
N
H
< B
1T PPh;

R

Fig 1.23 Reverse binding of NHC, R = Me, n-Bu, 'Pr, mesity!.
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By using the mesityl substituted ligand it was possible to isolate an important intermediate of

this transformation and characterise it by X-ray crystallography.

[
N/ IrHst
— N+ L
-Hz HZC \\\ 'H2 l/ \\:\
r—H / ( Ir—H

Hydrogenated Ring
Intermediate

Fig 1.24 Intermediate during abnormal binding of NHC. L = PPh;, R = mesityl.

In the structure of the intermediate it is clear that the nitrogen bearing the mesityl group has
regained sp® hybridisation as tetrahedral geometry is observed about the nitrogen. The factor
considered responsible for the formation of these ‘abnormal’ carbene complexes is related to
the nature of the anion of the imidazolium salt. Replacement of the Br™ by SbF¢™ leads to the
observation of the abnormal binding. In the '"H NMR it was interesting to note that the peak
corresponding to the imidazolium proton was shifted from 10.5 ppm to 8.5 ppm (in the
imidazolium salt) just by the change of the counter-ion, denoting hydrogen bonding effects
between the imidazolium and the anion. By further reacting the BF4 and PFg salts with
IrHs(PPhs), 1:1 mixtures of the expected C2 and abnormal C5 bound complexes were
isolated. From deuterated NMR experiments with IrDsL, it was observed that the imidazol-2-
ium proton in the product is not the original imidazolium proton from the salt, but becomes
deuterated at some point along the product formation. Currently the exact mechanistic
process is still unconfirmed, but by changing the imidazolium counter ion, the imidazolium

binding point can be controlled.”*’

Cavell and co-workers have shown another behavioural feature of Pd(II) methyl complexes
incorporating simple alkyl substituted NHCs.”® They have observed that these complexes can
undergo a concerted reductive elimination (Fig 1.25) of the methylimidazolium cation to give
Pd(0). This could have adverse implications on the use of NHC complexes in catalytic
systems if this elimination is proven to be ubiquitous, as it would indicate a potential

deactivation route of the catalysts.
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Fig 1.25 Possible reductive elimination of NHC complexes.

Further work into this pathway has shown that this elimination is completely retarded in
chelate NHC cornplexes99 or under catalytic conditions where kinetically any coupling
reaction is found to be favoured relative to reductive elimination.'® This decomposition
pathway may pose problematic for the design of a mono-carbene catalyst that could show

living behaviour if at the end of catalytic cycles palladium is ejected from the reaction.

1.10 Aims.

The aims of this research were to further develop the promising Heck catalyst systems

previously reported by the Danopoulos Group by:

1. Improving synthetic routes to the Pd(II) precatalysts previously developed by seeking
alternatives to the use of silver transmetallation reagents,®® including the use of the

functionalised ‘free’ imidazol-2-ylidenes.

2. Tuning of the current Pd(II) pyridine functionalised imidazol-2-ylidene complexes by
functionalisation of the ligand backbone to study differences in the Heck coupling

activity.”®

3. Exploring synthetic routes to novel nickel(Il) pyridine functionalised imidazol-2-

ylidene complexes and investigate catalytic activity of the complexes isolated.

4. Further explore amido/imino mixed donor ligand complexes of zirconium and

co . . . 101
titanium in continuation of previous work.

Summary of the preceding work to this thesis places in context the results described in the
following chapters, which extend findings made in the previous few years into the varied
chemistry of pyridine functionalised imidazol-2-ylidenes. The investigations into these
ligands and their complexes have been reported in a number of publications by us and others

. : . 4 4, 88,90, 99, 102-1
who are involved in competing research.*s: 33 34 88.90. 99, 102-105
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Chapter 2

Imidazolium Salts and Imidazol-2-ylidenes.

2.1 Introduction.

The common starting point for the introduction of a N-heterocyclic carbene to a metal centre
is via the precursor imidazolium salt. Isolated carbene species can also be employed but these
in turn are also synthesised from the precursor imidazolium salt. There are several reported
synthetic methods to form imidazolium salts, each using different routes depending on the
required nitrogen substituents. The most common are used to produce the widely studied

imidazol-2-ylidenes.

X
A J T\t 2 RN HX /\
8] ) + H2C =-___-—O -3H20 R/NYN\R

H

Fig 2.1 Synthesis of symmetrical imidazolium salts.

Method A (Fig 2.1) shows the synthesis of a symmetrical imidazolium salt. This simple one-
pot synthesis' using glyoxal, a primary amine and formaldehyde is very straightforward and
the analogous synthesis for the asymmetric imidazolium salts using this methodology has
been reported. > Several other routes, as can be seen in Fig 2.2, have been employed in the
formation of asymmetric imidazolium salts. Method B shows the synthesis of an asymmetric
biaryl imidazolinium salt (saturated backbone) generated from the 1,2-diamine precursor
using orthoformate to ring close the heterocycle.* Method C shows the use of thiophosgene
to again ring close a diamine precursor to form the imidazol-2-thione’ which can then be
cleaved to give the isolatable carbene, not the imidazolium ligand precursor. Method D
shows the formation of the imidazolide anion before the addition of two aryl- or alkyl-halides

(or triflates) to give the desired substitution on the imidazolium salt.
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1 2 -
R! R HC(OEt); R R® 7] BE
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A _NH HN\AZ -3 EtOH Arl/NYN\ArZ
r r -NH;
H
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C ClC=s
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Fig 2.2 Synthesis of asymmetric imidazolium salts, Ar = aryl, R = functional group, X = halide, triflate.

Method E (Fig 2.3), the choice for this work, shows the synthesis of mono-substituted aryl
imidazoles. Starting from the aryl amine, conversion to the isothiocyanate before
transformation to the acetalylthiourea, ring closing this to a mercapto-imidazole and

desulfurisation using nitric acid yields the 3-(aryl)-imidazole.®

e

N

= O)="2,

H

Fig 2.3 Synthesis of aryl substituted imidazole; i) SCCl,, H,0; ii) H,NCH,CH(OEt), EtOH, reflux;
iii) 10% HC, reflux; iv) 4 eq 20% aqueous HNO;.

This method can be easily scaled up so that large quantities (70 - 100 g) of aryl-imidazole can
be synthesised in high yields (>80%) in less than 72 hours. The aryl-imidazole is then used to
produce the imidazolium salts as will be described in this chapter. The tert-butyl imidazole
used in this project to form the imidazolium salts was synthesised using a route based on

Method A not Method E and is then used in a similar fashion to the aryl-imidazoles.”
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2.2 Results and Discussion — Imidazolium Salts.
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Fig 2.4 New imidazol-2-ium salts synthesised.
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2.2.1 Ligand Design.

As has been described, N-heterocyclic carbenes have donor characteristics to metals similar
to trialkylphosphines that are commonly used in catalytic processes as ligands. Disadvantages
of using phosphines in catalysis include low thermal stabilities and tolerance to oxygen of the
resulting complexes. The compounds shown in Fig 2.4 were all designed as phosphine
analogues acting as chelating or hemilabile ligands of varying bite angles and rigidity when
coordinated to a metal centre. The variances should have implications on catalytic properties.
Compounds 2.1 — 2.5 are mixed donor bidentate chelates and provide slight differences in
aryl group (2.1 — 2.3) and substitution on the pyridine ring allows fine steric (2.2 — 2.4) and
electronic tuning (2.5) of a potential catalyst system. These targeted ligand environments
emulate known phosphine-pyridine systems.® Compounds 2.6 and 2.7 were designed in order
to compare the effect of the pyridine ring to an acetamide system. Compound 2.8 was
synthesised in order to study the effect of chelate ring size on specific catalytic systems when
increased from 5 to 6 membered rings. Compound 2.9 — 2.18 are bis-carbene species with
different functional spacers linking the imidazolium groups. Compounds 2.9 — 2.11 are
bidentate ligand precursors incorporating o-xylene linkers, compounds 2.12 — 2.18 are
designed as tridentate chelating precursors to emulate known ‘pincer’ phosphine systems.’
These new imidazolium salts were designed as an advancement of work initiated by us” 1% !

and others'>* which has successfully shown that pyridine functionalised imidazol-2-ylidene

palladium complexes behave as excellent precatalysts for the Heck reaction.

2.2.2 Synthesis of Imidazolium Salts.

The functionalisation of the unsubstituted nitrogen of the aryl-imidazole is performed via
three different quaternisation methods (A - C shown in fig 2.5 — 2.7). The synthesis of the
imidazolium salts depends on the chemical nature of the linkage between the aryl-imidazole

and the substituent group being added.

Z Ar—N"DN [ Br
Fig 2.5 Synthesis of directly linked bridged pyridine functionalised imidazolium salts.
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Method A shows a direct linkage between the imidazole and pyridine ring, as in compounds
2.1 - 2.5 and 2.13 - 2.15. 3-Mesityl-, 3-(2,6-di-iso-propylphenyl)- or 3-(2,6-dimethyl-4-terz-
butylphenyl)-imidazole is taken in excess with 2-bromopyridine or substituted 2-
bromopyridine for 2.1 - 2.5 or 2,6-dibromopyridine for 2.13 - 2.15 and sealed under vacuum
inside a small ampoule. The ampoule is then submerged in to an oil bath at 150 — 160 °C to
form a melt and left strirring for 5 — 7 days. The ampoule is cooled and opened to yield

quantitative product after washing with diethylether to remove the excess aryl-imidazole.

Br Ar_ +

N B X N(.:'/\N N = /
" >
HBr Ar —N\/j/N ~ \ Br

/ J—

Fig 2.6 Synthesis of methylene bridged pyridine functionalised imidazolium salts.

Method B shows the addition of a methylene bridge between aryl-imidazole and pyridine for
compounds 2.8 and 2.12. The quaternisation is completed at room temperature in methanol
but the synthesis involves the use of the 2-bromomethylpyridine hydrobromide (for 2.8) or
2,6-dibromomethylpyridine hydrobromide (for 2.12). The first step of the synthesis involves
careful neutralisation of the appropriate hydrobromide salt with a weak base. Extreme care
must be taken when neutralising the salts, as the neutralised species are extremely potent
lachrymators. Preparing a concentrated aqueous solution of the hydrobromide, layering this
with diethylether, cooling over ice and neutralising the acid with a saturated sodium
carbonate solution accomplishes this. The diethylether layer is then separated, dried with
anhydrous magnesium sulfate and added directly to a methanolic solution of the appropriate
imidazole. Under gentle vacuum the diethylether is then removed to leave a methanolic
solution that is either stirred at room temperature for 12 hours or refluxed for 3 hours. The
product can then be precipitated from the solution by reducing the solvent to ca. 7 - 8 cm’

and adding acetone.

o Br Br Ar\ . Ar—-;N\/N R,
C N
BI‘\/U\ or e \l
NEt, N \ N fs) or Ry
Ar=N °N \,_4 PN
e/ z
NEt, Ar—N” N Ry
Br 2Br

Fig 2.7 Synthesis of non-pyridine functionalised imidazolium salts.
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Method C shows the quaternisation of the non-pyridine functional compounds, the same
general procedure was universally applied; a suitable bromide precursor was taken with 3-
(aryl)-imidazole and refluxed in 1,4-dioxane for 12 hours, the product usually precipitated
from solution on cooling. For 2.6 and 2.7, 2-bromo-N, N-diethylacetamide was used, although
for 2.7 an oil was isolated that could be solidified by triturating with diethylether.
Compounds 2.9 — 2.11 were based on the o,0’-dibromo-o-xylene and again these were
refluxed with an excess of appropriate imidazole to give the bis-imidazolium salts in good
yields (>78%). Compound 2.16 was prepared from reaction of 3-(2,6-di-iso-
propylphenyl)imidazole with 2-bromo-1,3-bis(bromomethyl)benzene and 2.17 and 2.18
could be prepared from 3-(aryl)-imidazole with 1,3-bis(bromomethyl)-4,6-dimethylbenzene
in good yields (>80%).

2.2.3 Imidazolium Salt Characterisation.

2.2.3.1 NMR Spectroscopy.

The most powerful tool for characterisation of the imidazolium salts was proton ('H) and
carbon (13C{1H}) NMR spectroscopy. It was possible to obtain very clean and easily
assignable NMR spectra of the compounds from crude products, as the syntheses were very
clean. The most characteristic peaks for these compounds was a singlet between 10 — 12 ppm
in the proton NMR and a peak between 150 — 173 ppm in the carbon NMR for the 2-

imidazolium carbon of the heterocycle. Other characteristic peaks are described for all

compounds.

i}
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Fig 2.8 NMR spectrum (above and next page) of compound 2.5.
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Compounds 2.1 — 2.5, 2.8 and 2.12 — 2.15 had
similar NMR spectra due to their structural
resemblance, with only slight variances in the
aromatic region depending on whether the
pyridine was functionalised, at which position
and if there was a methylene linkage between
the heterocycle and pyridine ring. The
‘pincer’ bis-imidazolium salts had simplified
spectra due to the presence of a mirror plane
of symmetry through the molecules. Fig 2.8
shows the NMR of 2.5, the peak splittings and

A

T T I i T T ¥ T ¥ T T i

T T T
24 22 20 18 16 L4 12 10
{ppm)

Fig 2.8 Continued from previous page.

chemical shifts allow assignment as shown. The low field region shows all aromatic signals

as well as the imidazolium peak. The asymmetry of the imidazolium salt leads to very

different shifts of the backbone protons (peaks d and g) with a difference of ca. 1.5 ppm. The

extreme low-field shift of the imidazolium proton at ca. 11.0 ppm is typical for these salts;

others have noted the chemical shift of this proton depends on the hydrogen bonding abilities

of the anion.'” For the pyridine and pyridyl functionalised imidazolium salts the following

characteristic peaks were observed in CDCl; for these related compounds:

R Br
+
N2
1
4\ N
5

n=90,1

N 4

3

Fig 2.9 Numbering scheme for 2.1 — 2.5, 2.8 and 2.12 — 2.15. R = tert-butyl, mesityl,

2,6-di-iso-propylphenyl or 2,6-dimethyl-4-(tert-butyl)-phenyl.

e If R =mesityl singlets at 2.1, 2.3 and 7.0 ppm.

e If R =2,6-di-iso-propylphenyl doublets at 1.1 and 1.3 ppm, a septet at 2.4 ppm and a

doublet and triplet or broad singlets between 7.2 and 7.6 ppm.

e If R =2 6-dimethyl-4-(tert-butyl)-phenyl singlets at 1.2, 2.1 and 7.1 ppm.

e If R = tert-butyl a singlet at 1.3 ppm.

e For the 4- and 5-imidazolium protons two singlets between 7.2 — 7.4 and 8.5 — 8.9

ppmforn=0or72—-74and 8.1 -83 ppmforn=1.
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For the pyridine ring protons chemical shifts varied depending on the substitution pattern of
the ring. If a methylene bridge was incorporated then peaks were observed between 7.7 — 8.5
ppm, without a methylene bridge peaks were observed in the range 7.4 — 9.6 ppm. Depending
on whether the compound was a mono- or bis-imidazolium salt the number of peaks varied,
three or four peaks were observed for a mono-imidazolium salt depending on substitution and
two peaks for a bis imidazolium salt. The lowest field peak observed was in 2.5 on the 3-
position of the pyridine ring where the electron withdrawing CF; in the 5-position shifts all

peaks further downfield.

Compounds 2.6 and 2.7 have a diethylacetamide group tethered to the imidazolium ring.
Characteristic peaks for these compounds were; diastereotopic signals from the ethyl groups
as triplets at 1.1 and 1.3 and quartets at 3.4 and 3.6 ppm, methylene bridges at 5.7 — 6.0 ppm
and the 4- and 5-imidazolium protons as two singlets at 7.2 — 7.9 ppm. The aryl/alkyl

substituent showed peaks as observed for the pyridine functionalised compounds.

The non-pyridine ‘pincer’ chelates 2.9 — 2.11 and 2.16 - 2.18 again have simplified spectra
due to the presence of a mirror plane of symmetry through the molecules. NMR peaks from
the aryl/alkyl substituents on the 3-imidazolium position gave peaks as described for the
pyridine functionalised compounds. The o-phenylene linked bis-imidazolium compounds 2.9
— 2.11 were further identified as follows. Compound 2.9 (D,0O) showed the presence of the
methylene bridges as a singlet at 5.5 ppm, the imidazolium backbone protons as singlets at
7.2 and 7.6 ppm, xylyl protons as two multiplets at 7.3 and 7.5 ppm and the imidazolium
proton at 8.8 ppm. Compounds 2.10 and 2.11 (CDCl) containing the aryl substituents
showed characteristic peaks for the methylene bridges as a singlet between 6.1 — 6.3 ppm, the
imidazolium backbone as singlets at 7.1 — 7.2 and 8.1 — 8.3 ppm and the o-phenylene protons
as two multiplets between 7.2 — 7.8 ppm. The 2-imidazolium proton was observed at 10.1 —
10.7 ppm, much further downfield than for the alkyl substituted heterocycle 2.9.

For compounds 2.16 - 2.18 where a substituted xylyl linker bridges the two imidazolium
rings, characteristic peaks for the xylyl ring methyls were observed as singlets at 2.3 — 2.5
ppm and the two aromatic protons as singlets at 7.0 and 7.9 ppm. The methylene bridges
were observed at 5.8 — 6.0 ppm and all other protons were observed in the ranges described

for the pyridyl functionalised imidazolium salts.
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13 C{'H} NMR spectroscopy of the imidazolium salts showed diagnostic peaks confirming
the observations in the proton NMR spectrum. The most indicative signal was from the
imidazolium carbon, observed in the range 150 — 173 ppm in CDCIl3. Resonances could be
seen for aromatic carbons between 124 — 140 ppm, the 4- and 5-imidazolium carbons in the
range 115 — 122 ppm. The methylene bridges where appropriate between 50 — 67 ppm and
aryl substituent peaks from the 3-imidazolium position were observed between 15 — 40 ppm

depending on the substitution, i.e. methyl, iso-propyl or tert-butyl.

2.2.3.2 Electrospray Mass Spectrometry.

Electrospray mass spectrometry was highly diagnostic as the positive ion detection mode
could easily identify the precharged imidazolium moieties. The resulting peaks from
electrospray mass spectrometry correspond to mass divided by the charge, hence for the
mono-imidazolium compounds (2.1 — 2.8) the parent peak M" was observed and for the bis-

imidazolium (2.9 — 2.18) compounds the parent peak 1,M* was detected.

As a diagnostic tool this also proved useful for monitoring reaction progression in the
synthesis of the imidazolium salts. The bromopyridine precursors used were easily
identifiable on the electrospray systems and so reaction completion could be determined by
following the presence of the precursors. Unlike with NMR samples where 5 -10 mg in 1 cm?
of deuterated solvent is necessary for a proton NMR spectrum to follow reaction progression,
much less material is needed when observing reaction progression by mass spectrometry,
typically only 1 pg in 1 cm’ of dichloromethane. In addition for the ‘pincer’ compounds the
presence of any mono-substituted intermediate species could be monitored until the desired

product was formed.

2.2.3.3 Single crystal X-ray diffraction.

Growth of X-ray quality crystals was possible by allowing slow-evaporation of
dichloromethane solutions or by layering dichloromethane solutions with diethylether. The
structure of the previously synthesised 3-(2,6-di-iso-propylphenyl)-1-(2-pyridyl)-

imidazolium bromide (Fig 2.) was confirmed.’
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Fig 2.10 X-ray crystal structure of 3-(2,6-di-iso-propylphenyl)-1-(2-pyridyl)-imidazolium bromide.

Table 2.1 Selected bond lengths (A) and angles (°) for 3-(2,6-di-iso-propylphenyl)-1-(2-pyridyl)-imidazolium

bromide.

Cl1-NI1 1.330(5) N1-C1-N2 107.9(3)
Cl1 -N2 1.343(5) C5-C4-N1-C1 93.2(3)
C2-C3 1.346(6) Cl1-N2-C16-N3 170.6 (4)
Brl —H1 2.535(5) Cl1-HI1-Brl 173.9 (3)
Brl - H17 2.782(5)

In this structure the imidazolium proton is ##ans to the pyridine lone pair, which is a result of
packing as the bromine counter ion creates a hydrogen-bonding network in the solid state as
can be seen by the bromine to hydrogen bond lengths of 2.5 — 2.7 A which is well within the
distance considered to be a hydrogen bond (less than 3.1 A). All other bond lengths and
angles in the structure are typical of known imidazolium salts that contain unsaturated
backbones.'® !7 This near linear hydrogen bonding is considered as a weak hydrogen bond
consisting of mainly electrostatic charges based on the bond length. This interaction also
explains the low-field shift of this hydrogen in the 3-position on the pyridine in the proton

NMR if this bonding is maintained in solution.
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Fig 2.11 New imidazol-2-ylidenes synthesised.

Arduengo’s isolation of stable carbenes greatly advanced interest and revitalised research
into the study of N-heterocyclic carbenes. The possibility of having a ‘carbene-in-a-bottle’
would save time and reduce synthetic steps in the formation of NHC complexes, but there
was a common belief that large bulky protecting groups were needed in conjunction with the
stabilising abilities of the nitrogen heteroatoms to access these isolatable stable carbenes. The
isolation of ‘free’ imidazol-2-ylidenes opens up more options in the choice of metal
precursors that can be used to form metal complexes and improves atom economy as in situ

deprotonations are no longer required.
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2.3.1 Synthesis and Isolation of ‘Free Carbenes’.

An alternative synthesis to the current literature routes, as described in the introduction, of
deprotonating imidazolium salts was sought to increase the selectivity of the deprotonation.
Previous attempts to deprotonate imidazolium salts to yield the corresponding imidazol-2-
ylidenes had not met with complete success. The use of lithium di-iso-propylamide gave only
red solids after work-up, which were intractable mixtures by NMR, although in situ analysis
of these reaction mixtures showed the presence of the ‘free’ carbene.” This limited success
spurred on the hunt for more suitable conditions. A novel general route to the functionalised

imidazol-2-ylidenes or ‘free carbenes’ was developed via the deprotonation of the

imidazolium salts using potassium bis-silylamide.'® '*
H ——
A"
KN(SIM33)2 R
+ PN
Ar—N7 ON—R > Ar—N N—R  +KBr
}:—_4 THF, N, );—;< + HN(SiMe;),
O
H H -30°C, 3 hr H .

Fig 2.12 Synthesis of imidazol-2-ylidene, Ar = mesityl, 2,6-di-iso-propylphenyl, R = functional group.

The deprotonation was performed by mixing an equivalent amount of potassium bis-
silylamide and imidazolium salt, followed by the addition of precooled (=78°C) THF to the
mixture and allowing to warm to —30°C and maintaining this temperature for three hours. The
mixture was then allowed to warm to room temperature, the THF removed in vacuo and the
resulting solid washed with cold petrol. Residual solid was extracted into toluene from which
product was crystallised by cooling to —30°C. Initial concerns into the possible deprotonation
of the methylene linkages found in compounds 2.24, 2.28 and 2.29 by either the base or the
‘free carbene’ proved to be unfounded. This method has been successfully scaled up to
produce multi-gram quantities of 2.19, 2.26 and 2.27 (3 - 4 g). Other ‘free’ carbenes have
also been produced up to ca. 2 g of product per reaction. As has been observed this synthetic
route is selective to deprotonation of the 2-imidazolium proton and tolerant to functional

groups which gives this a wide scope for general use.
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2.3.2 Characterisation of ‘Free’ Carbenes.

2.3.2.1 NMR Spectroscopy.

Identification of the isolated imidazol-2-ylidenes was primarily achieved using NMR
spectroscopy. Due to the air sensitivity of the carbenes all NMR samples were prepared
under nitrogen using dried NMR solvents, predominantly distilled dg-benzene, and NMR
tubes fitted with Suba-seal caps or Teflon taps. The most significant diagnostic feature of the
NMR spectra was the shift of the precursor imidazolium carbon from 145 - 169 ppm much
further downfield to 215 — 225 ppm for the imidazol-2-ylidene. In the 'H NMR spectra the

disappearance of the signal at 10 — 11 ppm also indicated formation of the carbene.

For the pyridine and pyridyl functionalised imidazol-2-ylidenes 2.19 — 2.24, 2.26 and 2.27

the following characteristic peaks were observed in C¢Dg for these related compounds:

R 6
3\N_2-\. NN 5
4 K/Nl \ 4

5 n=O,1 3

Fig 2.13 Numbering scheme for 2.19 — 2.24, 2.26 and 2.27. R = mesityl,
2,6-di-iso-propylphenyl or 2,6-dimethyl-4-(tert-butyl)-phenyl.

e If R = mesityl singlets at 2.0, 2.1 and 6.7 ppm.

e If R = 2,6-di-iso-propylphenyl doublets at 1.1 and 1.2 ppm, a septet at 3.0 ppm and a
doublet and triplet or broad singlets between 7.2 and 7.3 ppm.

e If R = 2,6-dimethyl-4-(tert-butyl)-phenyl singlets at 1.3, 2.2 and 7.1 ppm.

e For the 4- and 5-imidazol-2-ylidene protons two singlets between 6.3 — 6.8 and 8.3 —
8.5 ppm forn=0or at 6.5 and 7.2 ppm forn=1.

e Ifn=1 then a singlet at 5.5 ppm from the methylene bridge.

A direct comparison of the pyridine functionalised imidazolium salt to its ‘free’ carbene is
not possible due to the use of different NMR solvents. The imidazolium salts are insoluble in
benzene, which is the NMR solvent for the ‘free’ carbenes as they rapidly decompose in
chloroform. However some general comparative features are observed by the removal of the

proton. Firstly the 4- and 5-imidazolium protons shift upfield but retain the large difference
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in chemical shifts as in the pyridine functionalised imidazolium salts. For the pyridine
functionalised imidazol-2-ylidenes the chemical shifts of the pyridine protons also move
slightly upfield as the previous hydrogen bonding halide is removed from the system. The
highest pyridine proton resonance is now at 8.7 ppm (2.22) whereas it had been at 9.6 ppm as
the imidazolium salt (2.5). Upon deprotonation compounds 2.19 — 2.23 become fully

conjugated aromatic systems and the relevance of this will be noted later.

The precursor imidazolium salt of 2.25 had been previously prepared’ and deprotonation of
this led to the isolated carbene. As with previous compounds the 2,6-di-iso-propylphenyl
peaks were as the pyridine functionalised compounds, other characteristic peaks (ds-toluene)
are; a methoxy peak as a singlet at 3.2 pm; methylene bridge as a singlet at 5.3 ppm; 4- and
5-imidazol-2-ylidene peaks as two singlets at 6.5 and 6.7 ppm, much closer together than in
the pyridine functionalised compounds. The change from the imidazolium to the aromatic
imidazol-2-ylidene also reduces the chemical shift resonance difference between the peaks

from the 4- and 5-imidazol-2-ylidene of 0.7 ppm (previously 7.2 and 8.1 ppm).

The simplification of the NMR spectra for the precursor bis-imidazolium salts carried
through to the bis-carbenes 2.26 — 2.29 due to the continued presence of the mirror plane of
symmetry through the molecules. For compounds 2.26 — 2.29 the same characteristic changes
are noted i.e. the loss of the imidazolium proton signal in the 'H NMR spectra and the down
field shift of the carbene carbon signal in the *C{'H} NMR spectra. Other peaks for 2.26 and
2.27 are as listed for the pyridine functionalised compounds above, the characteristic peaks
for 2.28 and 2.29 are as follows; the 2,6-di-iso-propylphenyl group gives doublets at 1.1 and
1.2 ppm, a septet at 3.0 ppm and a doublet and triplet or broad singlets between 7.0 and 7.2
ppm, 4- and 5-imidazol-2-ylidene peaks 6.6 — 6.7 and 7.0 — 7.3 ppm, peaks from the aryl
linker were observed as a multiplet at 7.0 — 7.1 ppm for 2.28 and as two singlets at 6.3 and
6.4 for 2.29.

2.3.2.2 Single crystal X-ray diffraction.

X-ray quality crystals of the isolated carbenes could be grown by cooling concentrated
solutions of toluene or where soluble from petroleum ether. All of the compounds were
isolated as crystals but the majority formed needle type crystalline structures and so data
collection was not possible due to the small crystal size. Several samples were submitted to

Daresbury SRS to use the enhanced X-ray source but not all collections were fruitful.
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Crystals of the mono-carbene compounds 2.20 and 2.21 were obtained from cooling
petroleum ether solutions and the structure of 2.20 is shown below. The presence of the
trimethylsilyl group gave improved crystallinity to the compounds and their structures were

the easiest to obtain.

Fig 2.14 Crystal structure of 2.20

Table 2.2 Selected bond lengths (A) and angles (°) for 2.20

Cl-NI 1.355 (3) N1-CIl-N2 101.4 2)
Cl-N2 1.386 (3) Cl-N2-C3 112.4 (2)
£2-C3 1.329 (4) Cl-N1-C2 1133 (2)
C2-NI1 1.405 (3) Cl1-N2-C4-N3 178.5 (5)
C3-N2 1.396 (3) C10-C9-N1-Cl 91.8 (5)

It is interesting to note the minimum energy packing in this system involves maximum
repulsion of the lone pair of electrons on the pyridine nitrogen to the lone pair located on the
carbene. They are in a ‘trans’ geometry with a twist angle of 178.5°, similar repulsions are
observed in the structure of 2,2-bipyridyl where the lone pairs also are frams about the
pyridine-pyridine bond.*® As in the imidazolium salt the aryl group is near to 90° to the
heterocyclic ring due to steric repulsion. In comparison to the imidazolium salt structure (Fig
2.), presuming that the trimethylsilyl group is having little electronic effect on the delocalized
system, there is lengthening of the N-Ceapene bonds by 0.025 — 0.035 A beyond the bond
e.s.d’s and a shrinking in the angle N-C-N by ca. 6°. Both of these variances are known
characteristics of imidazol-2-ylidenes and it is normal for the angle to close up and bond
lengths to stretch upon deprotonation.”’ We also reported the isolation of a bis-imidazol-2-
ylidene species (the 2,6-di-iso-propylphenyl analogue of imidazolium salt 2.6), the structure
of which has similar structural properties to that of the 2.20 and 2.21 with both carbenes in a

‘trans’ geometry to the pyridine."
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2.3.3 ‘Free’ Carbene stability and reactivity.

Once isolated from the reaction medium the imidazol-2-ylidenes 2.19 — 2.29 show no sign of
decomposition when stored as solids under an inert atmosphere at room temperature. When
brought into air the carbenes rapidly decompose, as they appear extremely hygroscopic. All
of the compounds decompose before melting as heated but are all thermally stable to a
minimum of 100°C before any decomposition is observed. It was possible to obtain elemental
analysis of the compounds. In solution if not maintained under an inert atmosphere
decomposition is instantaneous to intractable mixtures as determined by 'H and “C{'H}
NMR spectroscopy. If dry and inert conditions are maintained the carbenes generally show
good solubility and stability in polar solvents such as toluene and THF. Many of the
compounds also have reasonable solubility in petroleum ether. Although the imidazol-2-
ylidenes show good solubility in many solvents, they are not stable in all solvents. In dry
acetone, chloroform and acetonitrile rapid decomposition occurred in under an hour,
presumably the nucleophilic carbene attacks the solvent. In dichloromethane decomposition
began instantaneously but was not as rapid (intractable mixture by NMR spectroscopy after 4

hours) inferring it could be possible to use this as a reaction solvent if stable products were

being formed quickly.

2.3.4 Reactions of imidazol-2-ylidenes with sulfur.

N N I e
\@/ P
s 2.33
2.30 Ny \r\)
N Me,Si N\ NS
and |
F
2.31 2.32

Fig 2.15 New functionalised imidazole-2-thiones synthesised.

In the late 1980°s it was realised that imidazole-2-thiones seemed well suited to polymer
cross-linking applications and renewed interest in these species came about.** Previous
research in to imidazole-2-thiones stretches back to the 1960’s and several metal complexes

of these species are known.”” A synthetic route to transform imidazolium salts to imidazol-2-
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thiones involving methanolic potassium carbonate (Fig 2.) was established which at the time

only presumed and did not prove that imidazol-2-ylidenes were the intermediates.”®

/ co / ! /
K
R 2 3> R R
N CH;0H N %Sg N
“HX
R N R N R N
\ i \ \
R X R R

Fig 2.16 Synthesis of imidazol-2-thiones.

Imidazol-2-thiones represent another source of imidazol-2-ylidenes and it is known that
reaction of these with potassium in the presence of metal precursors leads to imidazol-2-
ylidene complexes. Reaction of the ‘free’ carbenes 2.21, 2.25, 2.26 and 2.28 with flowers of
sulfur in toluene at room temperature gave the air stable mono- and bis-imidazol-2-thione

compounds 2.30 — 2.33.

This proved that these ‘free’ carbenes are quite tolerant of functional groups without
decomposition via self-coupling reactions, as they are quite stable in solution unless a group
is provided for the nucleophilic carbene to attack. The functionalised imidazole-2-thiones
could be used to access new metal complexes through which the sulfur could be coordinated

or the C=S bond can be cleaved with potassium to regain the imidazol-2-ylidene.

2.3.4.1 Characterisation of Imidazol-2-thiones.

The primary characterisation techniques used to identify the imidazole-2-thiones was *C
{'"H} NMR spectroscopy and mass spectrometry. In the 13C{ 1H} NMR spectra the imidazole-
2-thione carbon appeared in the region 162 — 166 ppm for compounds 2.30 — 2.33 much
further upfield than in the free carbene precursor, at 215 — 225 ppm. This shift is typical of
other known imidazol-2-thiones.?” Proton NMR spectroscopy was not as indicative as only
slight shifts in peak positions was observed for most signals, although shifts downfield of up
to 0.5 ppm were observed for the 4- and 5-imidazol-2-thione protons from their imidazolium
salt precursors. Mass spectrometry proved highly diagnostic to confirm the presence of the
sulphur as parent ion peaks (M + 1)" were observed in the positive electrospray spectra of
these compounds. Elemental analysis also confirmed the chemical identity of these

compounds.
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2.4 Conclusions

A variety of imidazolium salts have been prepared using simple synthetic techniques and are
reported here. These reactions follow two generally high yielding methods which give
compounds that require only trivial workups. The ease in which the second donor
functionality can be added to the imidazolium group indicates this is a small selection of
what could potentially be achieved with further study, as only nitrogen donors have been

used for this work. Phosphine functionalised N-heterocyclic carbenes are known.'®**

A novel selective method of isolating stable functionalised imidazol-2-ylidenes has been
reported and the successful deprotonation of the synthesised imidazolium salts has been
achieved with full characterisation. It has been shown that these ‘free’ imidazol-2-ylidenes
are quite stable species in selected dry solvents but decompose rapidly in chlorinated solvents

or in contact with air. In the presence of an excess of sulfur the imidazol-2-thiones are

isolated in quantitative yields.

The isolation of these three families of compounds opens the doors to different methods of
introducing imidazol-2-ylidenes to transition metal centres, via substitution reactions of 2-
electron o-donors for the imidazol-2-ylidenes or via in situ deprotonation of the imidazolium

salts, or reduction of the imidazol-2-thiones in the presence of a metal precursor.
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2.5 Experimental Section

Elemental analyses were carried out by the University College London Microanalytical
Laboratory. Nuclear Magnetic Resonance (NMR) data were recorded on Bruker AM-300 or
Bruker AC-300 operating at 300 MHz (‘H) or a Bruker Avance DPX-400 operating at 400
MHz ('H). The spectra were referenced internally using the signal from the residual protio-
solvent (‘H) or the signals of the solvent (*C{’H}) and chemical shifts reported in ppm.
Mass Spectra (MS) were obtained from acetonitrile solutions from a Micromass Platform
using electrospray ionisation. Gas Chromatography Mass Spectrometry (GC-MS) were
recorded on a ThermoQuest TraceMS from dichloromethane solutions. Gas Chromatograms
(GC) were carried out using a Varian 3400 fitted with Varian 1200 autosampler and Hewlett
Packard Integrator. All experiments were carried out using standard Schlenk techniques
under nitrogen unless stated. Air sensitive compounds were handled in a Unibraun nitrogen
atmosphere glove box. All solvents were degassed and distilled before use and all glassware
was thoroughly dried and kept in an oven at 120°C prior to use. All chemicals were
purchased from Aldrich, Acros Organics or Avocado and used without further purification
unless otherwise stated. The following were made from literature method: 2-bromo-6-
trimethylsilylpyridine,” 2-bromo-5-trimethylsilylpyridine, 4-fert-butyl-2,6-dimethylaniline,
1-(mesityl)imidazole,® 1-(2,6-di-iso-propylphenyl)imidazole,® 1-(tert-butyl)imidazole,” 1-[4-
(tert-buty])-2,6-dimethylphenylJimidazole,® potassium bis-silylamide,** 2-

31, 32 31, 32

bromomethylpyridine hydrobromide, 2,6-dibromomethylpyridine hydrobromide,

33 1-(2-pyridyl)-3-(2,6-di-iso-propylphenyl)-

2,6-methylbromide-3,5-dimethylbenzene,
imidazolium bromide,” 3* 1-(2-methoxymethyl)-3-(2,6-di-iso-propylphenyl)-imidazolium

bromide.’

2.5.1 Imidazolium Salt Synthesis

Two general methods were used for the formation of compounds 2.1 — 2.18 as described

below unless stated otherwise.

General Method 1

2-bromopyridine or 2,6-dibromopyridine and 3-(aryl)imidazole in a 1:1.5 ratio per
bromine:imidazole were placed inside a small glass ampoule with stirrer bead and after
sealing under vacuum was submerged into an oil bath at 150°C and stirred for 5-7 days.

After cooling to room temperature the ampoule was opened and the dark solid extracted into
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chloroform (20 cm® ) and by precipitation with petroleum ether (40/60), a cream coloured
solid was isolated. The solid was washed with diethylether (3 x 30 cm® ) to remove excess 3-
(aryl)imidazole to yield white product in quantitative yields. Recrystallisation afforded
crystalline product by layering dichloromethane solutions with diethyl ether. The salts were
then dried azeotropically in benzene using Dean-Stark apparatus and stored under an inert

atmosphere.

General Method 2

Bromoalkyl compound and 3-(aryl)imidazole in 1:1.5 ratio per bromine:imidazole were
refluxed in 1,4-dioxane (ca. 100 cm®) for up to 12 hours. On cooling precipitation of crude
product occurred which was collected by filtration, washed with diethylether (3 x 30 cm’ ) to
remove excess 3-(aryl)imidazole and the resulting colourless product could be purified by
recrystallisation although this typically was not necessary. The salts were then dried

azeotropically in benzene using Dean-Stark apparatus and stored under an inert atmosphere.

1-(2-pyridyl)-3-[4-(tert-butyl)-2,6-dimethyl-phenyl]imidazolium bromide 2.1
pr Prepared wusing general method 1 from 2-
bromopyridine (2.07 g, 0.013 mol) and 1-[2,6-
Q \__/ dimethyl-4-(tert-butyl)phenyl}imidazole ~ (3.27 g,
0.014 mol). Yield 4.80 g, 95%. MS (ES+) m/z 306
(M"). 3u(CDCL) 1.3 [9H, s, C(CHs)3], 2.2 (6H, s, phenyl-CH3), 7.2 (2H, s, phenyl H), 7.4 -
7.5 (2H, m, pyr H and 4-imidazolium), 8.1 (1H, t, pyr H), 8.6 (1H, d, pyr H), 8.9 (1H, s, 5-
imidazolium), 9.2 (1H, d, pyr H), 11.0 (1H, s, 2-imidazolium). 8c(CDCl3) 18.7 [C(CHs)s],
31.6 [C(CHs)s], 35.2 (phenyl-CH3), 116.9, 121.0 (4- and 5-imidazolium) 124.8, 126.0, 127.0,

131.0, 134.2, 136.0, 141.3, 146.4, 149.3, 155.0, (aromatic and 2-imidazolium). Found C,
61.78, H, 6.19, N, 10.72, CyH»4N3Brrequires C, 62.18, H, 6.26, N, 10.88%.

1-(6-trimethylsilyl-2-pyridyl)-3-(mesityl)imidazolium bromide 2.2
Mess: ] Br Prepared using general method 1 from 2-bromo-6-
trimethylsilylpyridine (1.00 g, 4.3 mmol) and 1-
(mesityl)imidazole (0.98 g, 5.2 mmol). Yield 1.89 g,
96%. MS (ES+): m/z 336 (M"). NMR 8y(CDCls) 0.31
[9H, s, Si(CH3)3], 2.15 (6H, s, o-mesityl-CHs), 2.3 (3H, s, p-mesityl-CH3), 7.0 2H, s, m-

mesityl H), 7.4 and 8.9 (2 x 1H, s, 4- and 5-imidazolium), 7.6 (1H, d, pyr H), 7.9 (1H, 7, pyr

N
A TGN

+
N
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H), 9.0 (1H, d, pyr H), 11.2 (1H, s, 2-imidazolium). 3c(CDCl;) —1.7 [Si(CH3);], 18.0, 21.3
(mesityl-CH3), 115.3, 120.1 (4- and 5-imidazolium) 124.1, 130.1, 130.5, 130.3, 130.7, 134.1,
138.8, 141.6, 145.9, (aromatic), 169.1 (2-imidazolium). Found C, 57.75, H, 6.03, N, 9.98,
Cy0Hys N3BrSirequires C, 57.82, H, 6.07, N, 10.11%.

1-(6-trimethylsilyl-2-pyridyl)-3-(2,6-di-iso-propylphenyl)imidazolium bromide 2.3
 Prepared wusing general method 1 from 2-bromo-6-
Me;Si s trimethylsilylpyridine (1.00 g, 4.3 mmol) and 1-(2,6-di-iso-
/NN propylphenyl)imidazole (1.08 g, 4.7 mmol). Yield 1.83 g,
93%. MS (ES+): m/z 378 (M"). NMR 8i(CDCl;) 0.4 [9H, s,
Si(CHs)3], 1.1, 1.3 [2 x 6H, d, diastereotopic CH(CHs),], 2.4
[2H, septet, CH(CH3)2], 7.3 and 8.5 (2 x 1H, s, 4- and 5-imidazolium), 7.4 (2H, d, m-
Pr,CsH,H), 7.6 (1H, t, p-Pr,CsH,H), 8.2 (1H, d, pyr H), 9.3 (1H, d, pyr H), 9.4 (1H, br. s,
pyr H), 10.9 (1H, s, 2-imidazolium). §c(CDCl3) —1.6 [Si(CH3)s], 24.2, 24.6 [CH(CHs),], 28.8
[CH(CHj3),], 115.3, 120.8 (4- and 5-imidazolium) 124.6, 125.0, 125.9, 130.3, 131.8, 135.3,
138.9, 145.6, 146.0, (aromatic), 169.3 (2-imidazolium). Found C, 59.45, H, 7.06, N, 9.43,

Cy3H3,BrN;3Sirequires C, 60.25, H, 7.03, N, 9.16%.

1-(5-trimethylsilyl-2-pyridyl)-3-(2,6-di-iso-propylphenyl)imidazolium bromide 2.4

nk

Prepared using general method 1 from 2-bromo-5-

trimethylsilylpyridine (1.50 g, 6.5 mmol) and 1-(2,6-di-

N
Me,Si / \ N/\

Z4

iso-propylphenyl)imidazole (1.60 g, 7.0 mmol). Yield
2.60 g, 87 %. MS (ES+): m/z 378 (M. NMR
du(CDCls) 0.4 [9H, s, Si(CH3)3], 1.1, 1.3 [2 x 6H, d,
diastereotopic CH(CH3)1], 2.4 [2H, septet, CH(CH3),], 7.1 (2H, d, m-"Pr,CeH,H), 7.2 and 8.4
(2 x 1H, s, 4-and 5-imidazolium), 7.4 (1H, t, p~iPr2C6I{2f1), 8.0 (1H, d, pyr H), 8.9 (1H, d, pyr
H), 9.1 (1H, s, pyr H), 10.6 (1H, s, 2-imidazolium). 8c(CDCl;) —1.2 [Si(CH3)5], 24.2, 24.4
[CH(CHs),], 29.0 [CH(CHs),], 115.5, 121.1 (4- and S-imidazolium) 124.7, 125.0, 125.5,
132.4,135.1, 138.7, 145.2, 146.3, 152.0, (aromatic), 173.3 (2-imidazolium).

1-(5-trifinoromethyl-2-pyridiyl)-3-(2,6-di-iso-propylphenyl) imidazolium bromide 2.5

Prepared using general method 1 from 2-bromo-5-trifluoromethylpyridine (0.50 g, 2.2 mmol)
and 1-(2,6-di-iso-propylphenyl)imidazole (0.62 g, 2.7 mmol). Yield 0.95 g, 98%. MS (ES+):
m/z 362 (M"). 85(CDCl3) 1.16, 1.26 [2 x 6H, d, diastereotopic CH(CHz),], 2.4 [2H, septet,
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e CH(CHs),], 7.2 (2H, d, Pr,CeHoH), 7.3 and 8.7 (1H, s, 4-

and 5-imidazolium), 7.5 (1H, t, Pr.CsHoH), 8.3 (1H, d,

re—l NN pyr H), 9.2 (1H, s, pyr H), 9.6 (1H, d, pyr H), 11.3 (1H, s,

2-imidazolium). 8c(CDCl3) 24.6, 24.8 [CH(CH3),], 29.3

[CH(CHj3),], 117.4, 121.2 (4- and 5-imidazolium) 125.2,

126.1, 127.1, 130.2, 132.7, 137.0, 138.8, 145.4, 146.4, (aromatic), 148.5 (2-imidazolium).

Trifluoromethyl carbon not observed. Found C, 53.39, H, 5.28, N, 9.07, C,;H23N;3;BrF;
requires C, 55.55, H, 5.10, N, 9.25%.

1-(N,N-diethylcarbamoylmethyl)-3-(mesityl)-imidazolium bromide 2.6
~ Prepared using general method 2 from 2-bromo-N,N-
T AN, /\“/NB:I o diethylacetamide (2.00 g, 10.0 mmol) and 1-(tert-
: —/ ] butyl)imidazole (2.30 g, 12.5 mmol). Yield 3.00 g, 80%,
mp. 175°C. MS (ES+): m/z 300 (M"). dx(CDCl3) 1.1, 1.3
(2 x 3H, t, diastereotopic CH,CH;), 2.1 (6H, s, o-mesityl CH3), 2.3 (3H, s, p-mesityl CHj),

3.4 and 3.6 (2 x 2H, q, diastereotopic CH,CH3), 6.0 (2H, s, CHy) ), 6.9 (2H, s, m-mesityl H),
7.2 and 7.9 (2 x 2H, s, 4- and 5-imidazolium H), 10.3 (2H, s, 2-imidazolium).

1-(N,N-diethylcarbamoylmethyl)-3-(terz-butyl)imidazolium bromide 2.7
1 Br Prepared using general method 2 from 2-bromo-N,N-
~>—-;I/\N/\H/ N diethylacetamide (2.00 g, 10.0 mmol) and 1-(ters-
\—/ 0 butyl)imidazole (1.90 g, 15.0 mmol) After cooling to room
temperature, a colourless oil separated. The supernatant was decanted and the oil triturated
with ether until it solidified. Yield 2.4 g, 75%, mp. 118°C. MS (ES+): m/z 238 (M.
ou(CDCl3) 1.1, 1.3 (2 x 3H, t, diastereotopic CH,CH3), 1.7 [9H, s, C(CHs)s3], 3.2 and 3.5 (2 x
2H, q, diastereotopic CH,CH3), 5.7 (2H, s, CHy), 7.3 and 7.6 (2H, s, 4- and 5-imidazolium),
10.3 (1H, s, 2-imidazolium).

1-(2-picolyl)-3-[4-(tert-butyl)-2,6-dimethyl-phenyl]imidazolium bromide 2.8
—1Br At 0°C, an aqueous solution of 2-bromomethylpyridine
| NN hydrogen bromide (10 cm’, 2.00 g, 83.0 mmol) was
7 -/ layered with diethylether (10 cm®), and whilst rapidly
stirring a saturated aqueous sodium carbonate solution added dropwise. The liberated free

pyridine was extracted into the diethylether. To the separated diethylether phase was added a
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solution of 1-[2,6-dimethyl-4-(zert-butyl)phenyl]imidazole (1.92 g, 83.0 mmol) in methanol
(10 cm’) and the diethylether was gently removed under vacuum leaving the reactants in
methanol. Methanol was added if the solution reduced to below 10 cm’. The resulting
solution was stirred at room temperature for 12 hours or at reflux for 3 hours. After filtering
the reaction mixture the volatiles were removed under vacuum, and the resulting solid was
washed with diethylether (3 x 15 em®) giving the product as white solid. In most cases, the
product obtained at this stage were spectroscopically and analytically pure. If not,
purification was catried out by recrystallisation from a saturated solution of dichloromethane
layered with diethylether. Yield 1.03 g, 32%. MS (ES+) m/z 321 (M"). NMR §5(CDCl) 1.3
[9H, s, C(CH3)5], 2.1 (6H, s, phenyl-CH3), 6.2 (2H, s, CHy), 7.1 (2H, s, phenyl H) 7.2 and 8.1
(2 x 1H, s, 4- and 5-imidazolium), 7.7 (1H, t, pyr H), 7.9 (1H, d, pyr H), 8.5 (1H, d, pyr H),
10.3 (1H, s, 2-imidazolium). 8c(CDCls) 18.5 [C(CH3)5], 31.7 [C(CH3);], 35.3 (phenyl-CHs),
54.5 (CHp), 115.2, 118.3 (4,5-imidazolium) 123.0, 124.3, 124.5, 124.9, 126.9, 131.7, 134.6,
138.3, 141.3, 146.4, 149.3, 150.2, (aromatic and 2-imidazolium)

3,3’-Di(tert-butyl)-1,1’-0-phenylenedimethylenebis(imidazolium) dibromide 2.9
~28r Prepared using general method 2 from a,o’-
%-NC;\/N N@N% dibromo-o-xylene (1.00 g, 3.8 mmol) and 1-(ters-
butyl)imidazole (2.00 g, 8.3 mmol). Yield 1.92 g,
92%. mp 247 °C (decomp), MS (ES+) m/z 176.3
(-M)". 8(D20) 1.5 [18H, s, C(CHs)3], 5.5 (4H, s, CHy), 7.2 and 7.6 (2 x 2H, s, 4- and 5-
imidazolium), 7.3 and 7.5 (2 x 2H, m, xylyl), 8.8 (2H, s, 2-imidazolium). 3c(D,0) 31.5
[C(CH3)3], 52.8 (CHy), 63.0 [C(CHs)s], 123.2, 124.9, 133.3, 134.3, 136.4 (xylyl and
imidazolium). Found: C, 50.85; H, 5.99; N, 10.48; C»H34N4OBr; requires C, 49.82; H, 6.46;
N, 10.56%.

3,3’-Dimesityl-1,1’-0-phenylenedimethylenebis(imidazolium) dibromide 2.10
—,s- Prepared using general method 2 from o,0’-
W Ny dibromo-o-xylene (1.00 g, 3.8 mmol) and 1-
(mesityl)imidazole (1.55 g, 8.3 mmol). Yield
2.2 g, 92%. mp 254 °C (decomp), MS (ES+) m/z 238.4 (-M)". 8u(D;0) 2.0 (12H, s, o-

mesityl CHj), 2.2 (6H, s, p-mesityl CH3), 6.3 (4H, s, CHy), 6.9 (4H, s, m-mesityl H), 7.2 and
8.3 (2 x 2H, s, 4- and 5-imidazolium H), 7.2 and 7.3 (2 x 2H, m, xylyl), 10.1 (2H, s, 2-
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imidazolium). 6c(CDCl;) 18.2, 21.5 (mesityl CH3), 50.5 (CHy), 123.8, 124.9, 129.7, 130.2,
130.4, 131.1, 133.1, 134.7, 138.0, 141.6 (xylyl, mesityl and imidazolium). Found: C, 58.16;
H, 5.86; N, 7.36; C3,H3sN4OBr; requires C, 58.73; H, 5.85; N, 8.56%.

3,3’-Di-(2,6-di-iso-propylphenyl)-1,1’-o-phenylenedimethylenebis(imidazolium)
dibromide 2.11

1 28 Prepared using general method 2 o,o’-

PN N\, dibromo-o-xylene (1.0 g, 3.8 mmol) and 1-

\:/—U- \—/ (2,6-di-iso-propylphenyl)imidazole (1.90 g,

8.3 mmol). Yield 2.13 g, 78%. mp 252 °C

(decomp), MS (ES+) m/z 280.5 (sM*"). NMR 6y5(CDClL) 1.1, 1.2 [2 x 12H, d, diastereotopic

CH(CH,)a), 2.2 (4H, septet, CH(CHs),), 6.1 (4H, s, CHy), 6.9 (4H, s, m-mesityl H), 7.1 and

8.7 (2 x 2H, s, 4- and 5-imidazolium), 7.2 and 7.8 (2 x 2H, m, xylyl), 7.2 (4H, d, m-

Pr.CsHoH) 7.5 (2H, t, p-Pro.CsHoH), 10.7 (2H, s, 2-imidazolium). 8c(CDCls) 24.2, 24.6

[CH(CHj3),], 28.8 [CH(CHs).], 53.7 (CH,), 124.2, 124.4, 124.8, 130.3, 132.0, 138.6, 139.1,

145.3, 153.5 (xylyl, phenyl and imidazolium C). Found: C, 59.52; H, 6.46; N, 7.60;
C33Hs52N4OBr; requires C, 60.31; H, 6.93; N, 7.40%.

1,1-bis[3-(tert-butyl)-imidazolium|-pyridine dibromide 2.12
Prepared using the same method as for 2.8 using
,>_;/\N AN N/\s-é—' " 6-dibromomethylpyridine hydrobromide (4.0
-/ U\ —/ g, 0.011 mol) and 1-(fert-butyl)imidazole (2.87
g, 0.023 mol). Yield 4.43 g, 83%. MS (ES): m/z 434 (M + 2MeCN)", 177 (:M)". NMR
du(D20): 1.7 [18H, s, C(CH3);3], 5.3 (4H, s, CH3), 7.3 and 7.6 (2 x 2H, s, 4- and 5-
imidazolium), 7.4 (2H, d, pyr H), 7.8 (1H, t, pyr H). 2-imidazolium protons not observed due
to “D scrambling. 8c(D,0): 31.4 [C(CHs)s), 55.9 (CHy), 62.6 [C(CHs)3], 122.7, 125.5 (4- and
5-imidazolium), 125.8, 142.4, 155.9 (pyridine C), 174.0 (2-imidazolium).

1,1-bis[3-(tert-butyl)-imidazolium]-pyridine dibromide 2.13
This was prepared as general method 1 from 2,6-

—]2Br'
9\13/ /Q;,/% dibromopyridine (2.0 g, 8.4 mmol) and 1-(¢tert-butyl)-
N N N
< B - imidazole (3.9 g, 21.1 mmol). Yield 97%. MS (ES):

F
m/z 367 (M + MeCN)". NMR 8y(D,0): 1.7 [18H, s,
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C(CH3)3], 7.9 and 8.3 (2 x 2H, s, 4- and 5-imidazolium), 8.0 (2H, d, pyr H), 8.4 (1H, t, pyr
H). 2-imidazolium protons not observed due to “D scrambling. 8c(D,0): 31.0 [C(CH3)s3], 63.5
[C(CH3)3], 117.3,122.1 (4~ and 5-imidazolium), 123.5, 146.8, 148.0 (pyridine C).

1,1-bis[3-(mesityl)-imidazolium}-pyridine dibromide 2.14

This was prepared as general method 1 from 2,6-

T 2mr
\i,j( j@/ dibromopyridine (2.0 g, 8.4 mmol) and 1-(mesityl)-
N+~. /=N . e . . 0, .
QN oy P imidazole (3.9 g, 21.1 mmol). Yield: 95%. Mp: >
U 250°C. MS (ES): m/z 225 (aM"). NMR 8y(D,0): 2.08

(12H, s, 0-CH3), 2.36 (6H, s, p-CH3), 7.15 (4H, s, C¢H3Mes), 7.8 and 8.8 (2 x 2H, s, 4- and 5-
imidazolium), 8.10 and 8.50 (2H, d and 1H, t, pyridine ring protons). dg(CDCl;): 18.0, 21.2
(mesityl CH3), 116.9, 122.3 (4- and 5-imidazolium), 123.7, 130.0, 130.6, 134.1, 137.5, 141.5,
145.5 (aromatic) 2-imidazolium not observed. Found: C, 57.00; H, 5.10; N, 11.42.
C37H47Br;N;s calculated: C, 57.16; H, 5.13; N, 11.49%.

1,1-bis{3-]|2,6-dimethyl-4-(fert-butyl)phenyl]-imidazolium}-pyridine dibromide 2.15
. Prepared using general method 1 from 2,6-

“1am
>kq D/K dibromopyridine (2.00 g, 8.4 mmol) and 1-[4~(rer-
@ A butyl)-2,6-dimethylphenyl]imidazole (4.24 g, 18.5
19 mmol). Yield 5.41 g, 93%. 8(CDCL) 1.2 [18H, s,

C(CHs)s], 2.1 (12H, s, phenyl-CHs), 7.1 (4H, s, phenyl H), 7.3 and 8.8 (2 x 2H, s, 4- and 5-
imidazolium), 8.3 (1H, t, pyr H), 9.1 (2H, d, pyr H), 11.0 (2H, s, 2-imidazolium).

2,6-bis[3-(2,6-di-iso-propylphenyl)-imidazolium-1-ylmethyl]-1-bromobenzene

dibromide 2.16
—pe Prepared using general method 2 from 2,6-

i bromomethylbromobenzene (1.00 g, 2.9 mmol) and

N NN . -
./ /\©/\ o/ 1-(2,6-di-iso-propylphenyl)-imidazole (1.41 g, 7.3
mmol). Yield 1.94 g, 84%. du(CDCl3) 1.1, 1.2 [2 x
12H, d, CH(CHs;);], 2.4 [4H, septet, CH(CHj3),], 5.8 (4H, s, CHy), 6.9 (2H, d, aromatic), 7.1
and 8.7 (2 x 2H, s, 4- and 5-imidazolium), 7.2 (1H, t, aromatic H), 7.3 (4H, d, PrizcstH),

74 (2H, t, Pri2C6H2H), 10.3 (2H, s, 2-imidazolium). Found: C, 67.06; H, 7.07; N, 8.47.
C40Hs2BraN4(3H20) calculated: C, 67.06; H, 7.11; N, 8.79%.
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2,6-bis[3-(2,6-di-iso-propylphenyl)imidazolium]-3,5-dimethylphenyl dibromide 2.17
—sr Prepared using general method 2 from 1,3-bis
(bromomethyl) - 4,6 - dimethyl benzene (2.5 g, 8.65
N\_/::/Nn\N@N mmol) and 1-(2,6-di-iso-propylphenyl)-imidazole
(2.17 g, 9.5 mmol). Yield: 5.3 g, 82%. MS (ES): m/z
294 YA(M)". NMR §(CDCls) 1.15, 1.20 [2 x 12H, d, CH(CH;),], 2.3 [4H, septet, CH(CH3)],
2.45 (6H, s, aromatic methyls), 5.95 (4H, s, CH;), 6.95 and 7.95 (2 x 1H, s, aromatic), 7.12
and 8.88 (2 x 2H, s, 4- and 5-imidazolium), 7.33 (4H, d, Pri2C6H2H), 7.50 (2H, t, Pri2C6H2H),
10.7 (2H, s, 2-imidazolium). Found: C, 59.07; H, 7.35; N, 6.61. CyHs;Br,N4(3H,0)

calculated: C, 59.85; H, 7.28; N, 6.98%.

2,6-bis[3-(mesityl)-imidazolium]-3,5-dimethylphenyl dibromide 2.18

Prepared using general method 2 from 1,3-

PP bis(bromomethyl)-4,6-dimethylbenzene (0.81

QNQ /;Q\AN@N*@' g, 278 mmol) and 1-(mesityl)-imidazole

(1.15 g, 6.13 mmol). Yield: 1.61 g, 87 % MS

(ES): m/z 252 Y2 (M)". 85(CDCls) 2.0 (12H, s, mesityl 0-CHs), 2.3 (2 x 6H, s, mesityl p-CH;

and phenyl m-CHj3), 5.8 (4H, s, CH,), 6.9 (4H, s, mesityl H), 7.0 and 7.8 (2 x 1H, s, phenyl

H), 7.1 and 8.4 (2 x 2H, s, 4- and 5-imidazolium H), 10.3 (1H, s, 2-imidazolium). 6c(CDCls)

17.5, 19.1, 20.9 (aromatic CHj3) 66.9 (CH;) 123.1, 124.6 (4- and 5-imidazolium), 129.5,
129.7, 130.6, 133.8, 134.0, 137.3, 137.4, 138.9, 141.0 (aromatic and 2-imidazolium).

2.5.2 Carbene Synthesis
General Method 3

The appropriate precursor imidazolium salt was dried azeotropically using Dean-Stark
apparatus prior to use. In a glove box the precursor imidazole was placed into a Schlenk flask
with 1.2 equivalents per imidazole of KN[Si(CH3);] and the solids cooled to —78°C.
Precooled THF (20 - 30 cm®) was added via cannula and the mixture stirred until the bath
temperature rose to —30°C, and then held at this temperature for 3 hours. The solution was
then allowed to warm to room temperature, solvent removed in vacuo, and the pale residue
was washed with petroleum ether (40/60) (2 x 15 cm®). Product was extracted into toluene

(30 ecm®) and solvent removed in vacuo to yield white crystalline product. Yields 70 — 85%.
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X-ray quality crystals were grown by allowing slow cooling of concentrated toluene or

petroleum solutions.

[1-(2-pyridyl)]-3-(2,6-di-iso-propylphenyl)-imidazol-2-ylidene 2.19
Prepared using general method 3 from [1-(2-pyridyl)]-3-(2,6-di-iso-
7\ N propylphenyl)-imidazolium bromide (3.00 g, 7.8 mmol) and
=/ \—/ KN(SiMe;3), (1.71 g, 8.6 mmol). Yield quantitative. Mp. 138 — 140°C
(decomp). 8u(CeDg) 1.1, 1.2 [2 x 6H, d, Pr CH(CHs),], 2.9 [2H,
septet, 'Pr CH(CHs),], 6.6 (1H, t, pyridyl H), 6.7 and 8.4 (2 x 1H, s, 4- and 5-imidazol-2-
ylidene), 7.1 (1H, t, pyridyl H), 7.2 (2H, d, 'Pr,CsH,H), 7.3 (1H, t, 'Pr,CsH,H), 8.3 (1H, d,
pyr H), 8.8 (1H, d, pyr H). 8c(CsDs) 22.6, 22.9 ['Pr C(CHs)], 27.1 [[Pr C(CHs),], 113.3,
115.0 (4- and 5-imidazol-2-ylidene), 119.8, 121.5, 122.3, 127.7 (‘Pr.CsH3), 136.6, 137.3,
144.8, 146.4, 152.9 (pyridyl) 218.3 (2-imidazol-2-ylidene). Found: C, 77.62; H, 7.54; N,
13.55, Cy0Ha3Nj3 requires C, 78.65; H, 7.59; N, 13.76%.

[1-(2-pyridyl-6-trimethylsilyl)]-3-(mesityl)-imidazol-2-ylidene 2.20
NN ) Prepared using general method 3 from 2.2 (1.00 g. 2.1 mmol) and
ONC__\/N‘@‘ potassium bis-silylamide (0.52 g, 2.6 mmol). Yield quantitative.
du(CeDs) 0.4 [9H, s, Si(CH3)s], 2.0 (6H, s, mesityl-CH3), 2.1
(3H, s, mesityl-CH3), 6.3 (1H, s, 4-imidazol-2-ylidene), 6.7 (2H, s, mesityl H), 6.9 (1H, d,
pyr H), 7.1 (1H, t, pyr H), 8.3 (1H, s, 5-imidazol-2-ylidene), 8.6 (1H, d, pyr H). 6c(CsDs) —
1.7 [Si(CHs3)s], 17.9, 20.9 (mesityl-CH3), 114.1, 116.5 (4- and 5-imidazol-2-ylidene), 121.3,
126.6, 129.1, 135.2, 136.4, 137.4, 138.9, 153.9, 166.0 (aromatic), 216.5 (2-imidazol-2-

ylidene).

Crystal data for 2.20: CyHysNs3Si, clear plate (0.10 x 0.05 x 0.01 mm3), Mw 335.52,
Monoclinic, P2i/c (No. 14), a = 16.3940(9) A, b = 10.8288(5) A, ¢ = 10.9527(5) A, a =y =
90°, f =91.642(2)°, V=1943.61(17) A>, Z =4, u = 0.126 mm™', T = 150 K, Total reflections
= 12760, unique reflections = 4356 (Riy; = 0.0863), Final R indices [/>20(])] R = 0.0635, Ry,
=0.1358 (all data). Local Code 02sw054.

50



Chapter 2

c20
O
Fig 2.17 Crystal Structure of 2.20.

Table 2.3 Bond lengths (A) for 2.20.
C1-N1 1.355(3) C4 -N2 1.415(3) C9-Cl4 1.393(3) Cl13-Ci4 1.383(4)
Cl1-N2 1.386(3) C5-C6 1.380(4) C9-NI1 1.444(3) Cl4-C17 1.505(4)
C2-C3  1.329(4) C6-C7  1.392(4) Cl0-Cl11 1388(4)  CI8—Sil  1.858(3)
C2-NI1 1.405(3) C7-C8 1.385(4) C10-C15 1.505(4) C19 -8il 1.861(3)
C3-N2  1.396(3) C8-N3  1.363(3) Cl1-C12 1390(4)  C20-Sil  1.859(3)
C4 -N3 1.334(3) C8 - Sil 1.888(3) Ci2-C13 1.388(4)
C4—C5  1.393(4) C9-C10  1.391(4) C12-C16 1.514(4)
Table 2.4 Bond angles (%) for 2.20.
N1-Cl1~-N2 101.4(2) C10-C9-N1 119.1(2) Cl1-NI-C2 113.3(2)
C3-C2-N1 106.2(2) C14 - C9-NI1 118.4(2) Cl1-N1-C9 125.5(2)
C2-C3-N2 106.7(2) C11-C10-C9 117.42) C2-N1-C9 121.2(2)
N3 —C4-C5 124.1(2) C11-Cl0-C15  121.5(2) C1-N2-C3 112.4(2)
N3 - C4-N2 114.42) C9-C10-Cl15 121.2(2) C1-N2-C4 124.4(2)
C5-C4-N2 121.4(2) Cl0-Cl1-C12  122.1(3) C3-N2-C4 123.12)
C6-C5-C4 117.2(2) Cl11-Cl12-Cl13 118.3(2) C4~-N3-C8 118.1(2)
C5-C6-C7 119.9(3) Cl1-CI2-Cl6  1203(3) C18-Sil-C20 111.13(14)
C8-C7-C6 119.4(3) Ci13-Cl12-C16 121.4(3) CI8-Si1-C19 109.90(16)
N3 -C8-C7 121.3(2) Cl4-Cl13-C12  121.8(2) C20-Sil —C19  109.86(14)
N3 -C8-Si1 112.25(19) C13-C14-C9 117.9(2) C18-Sil - C8 107.43(13)
C7-C8-Sil 126.4(2) C13-Cl4—-C17 122002 C20-Sil-C8  109.07(13)
C10-C9-Cl14 122.4(2) C9-C14-C17 120.1(2) C19-Si1 ~C8 109.40(12)

[1-(2-pyridyl-6-trimethylsilyl)]-3-(2,6-di-iso-propylphenyl)-imidazol-2-ylidene 2.21
s Prepared using general method 3 from 2.3 (1.50 g, 7.8 mmol) and
@N /\\%} KN(SiMe3), (1.71 g, 8.6 mmol). Yield quantitative. Mp. 168 — 170°C
—/ =/ (decomp). du(CsDs) 0.3 [9H, s, Si(CHs)s], 1.15, 1.25 [2 x 6H, d, ipr
CH(CHs)3], 3.0 [2H, septet, ipr CH(CH3),], 6.7 and 8.4 (2 x 1H, s,
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4- and 5-imidazol-2-ylidene), 7.1 - 7.2 (3 x 1H, d, pyr H,), 7.2 (2H, d, 'Pr,CsH,H), 7.3 (1H, t,
Pr,CeHoH), 8.8 (2 x 1H, s, pyr H). 8c(CeDs) 0.2 [Si(CH3)s], 25.8, 26.1 [Pr C(CHs)a], 30.2
['Pr C(CHz),], 115.8, 118.0 (4- and 5-imidazol-2-ylidene), 124.5, 127.3, 128.5, 130.9, 131.0,
138.2, 140.4, 147.9, 155.6 (aromatic), 219.5 (2-imidazol-2-ylidene). Found: C, 71.78; H,
8.17; N, 11.69, C3H31N3Si; requires C, 73.16; H, 8.27; N, 11.13%.

Crystal data for 2.21: CscHgNgSiz, clear block (0.15 x 0.15 x 0.03 mm3), Mw 755.20,
Monoclinic, P2/n (No. 14), a = 22.1736(5) A, b =10.6162(2) A, ¢ = 22.1766(6) A, a =y =
90°, B =99.1950(10)°, ¥ =5153.3(2) A’ Z=4,4=0.101 mm™”, T=150 K, Total reflections
= 44430, unique reflections = 9033 (Rix = 0.1776), Final R indices [/>26(/)] R = 0.1042, R,
=0.2662 (all data). Local Code 01sw061. Unit cell contains two independent molecules.

Fig 2.18 Crystal structure of 2.21.

Table 2.5 Bond lengths (A) for 2.21.

Cl1-N2 1.366(7) C5-C22  1.506(10) C12-Sil  1.845(7) C17-Cl8 1.392(8)
C1-N3 1.360(7) C6-C7  1.3698) C13-CI18  13908) CI8-C19 1.508(9)
C2-C3  1.311(7) C6-C8  1.370(8) C13-Cl4  1395@8) C19-C20 1.489(10)
C2-N3 1.387(7) C8-C9  1.396(8) CI13-N3 14397 CI9-C21 1.553(10)
C3-N2  1.392(7) C9-N1  1.377(7) Cl4-C15 1385@8) C22-C23 1.542(10)
C4-N1 1.326(7) Cc9-Sil  1.877(7) Cl4-C22  1.502(9)

C4-C7  1.396(8) C10-Sil  1.853(7) C15-C16  1.405(9)

C4-N2  1.417(7) Cl1-Sil  1.861(6) Cl16-C17  1.352(9)

Table 2.6 Bond angles (°) for 2.21.

N2-Cl -N3 101.6(5) Cl4-CI3-N3  118.0(6) Cl4-C22-C23 112.3(6)
C3-C2-N3 106.7(5) C15-Cl4-CI3  116.8(6) C5-C22-C23  110.1(7)
C2-C3-N2 106.9(5) C15-Cl4—-C22  120.3(6) C12-Sil—C10  109.5(4)
N1-C4-C7 123.8(6) C13-Cl4-C22 122.9(6) Cl2-Sil-Cl1  110.7(3)
N1-C4-N2 115.8(5) Cl4-C15-Cl6 120.7(7) C10-Sil-C11  110.03)
C7-C4-N2 120.3(6) C17-C16-Cl15 119.8(7) Cl12-8i1-C9  108.93)
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C7-C6-C8 120.2(6) Cl16-C17-CI8 122.5(7) C10-Sil-C9  109.53)
C6-C7-C4 117.8(6) C17-C18-Cl13 116.1(6) C4-N1-C9 118.0(5)
C6—C8—C9 119.7(6) C17-C18-C19 121.7(6) Cl1-N2-C3 112.2(5)
N1-C9-C8 120.6(6) C13-C18-C19 122.2(6) Cl-N2-C4 123.8(5)
N1-C9-Sil 116.5(4) C20-C19-CI8 111.8(6) C3-N2-C4 124.0(5)
C8 - C9 - Sil 122.9(5) C20-C19-C21  110.5(6) Cl-N3-C2 112.7(5)
C18-C13-Cl4 124.0(6) C18-C19-C21  109.9(6) Cl1-N3-C13  122.1(5
C18-C13-N3 118.0(6) Cl4-C22-C5  111.5(6) C2-N3-CI13  125.1(5

[1-(2-pyridyl-5-trimethylsilyl)]-3-(2,6-di-iso-propylphenyl)-imidazol-2-ylidene 2.22
Prepared using general method 3 from 2.4 (1.00 g, 2.1 mmol)
- ‘@‘N/.\N and KN(SiMes3), (0.48 g, 2.4 mmol). Yield quantitatiye.
—/ du(CeDg) 0.3 [9H, s, Si(CHi3)s] 1.1, 1.2 [2 x 6H, d, 'Pr
CH(CHs)2], 3.0 [2H, septet, ‘Pr CH(CHs),] 6.7 and 8.5 (2 x 1H,
s, 4- and 5-imidazol-2-ylidene), 7.1 (1H, d, pyr H), 7.2 (2H, d, Pr,CsHoH), 7.3 (1H, t,
Pr,CeH2H), 7.4 (1H, d, pyr H), 8.8 (1H, s, pyr H). 8c¢(CsDs) 0.2 [Si(CHs)s], 23.9, 24.3 [Pr
C(CHs)2], 28.5 ['Pr C(CHs)a], 116.3, 119.8 (4- and 5-imidazol-2-ylidene), 122.8, 123.7,
124.6, 129.1, 129.8, 138.2, 143.3, 152.4 (aromatic), 218.7 (2-imidazol-2-ylidene).

[1-2-pyridyl-5-trifluoromethyl)]-3-(2,6-di-iso-propylphenyl)-imidazol-2-ylidene 2.23
Prepared using general method 3 from 2.5 (1.00 g, 2.6 mmol) and
N . KN(SiMe3), (0.60 g, 3.2 mmol). Yield quantitative. du(CeDs)
FSCON\;_\/N 1.2, 1.3 (2 x 6H, d, 'Pr CH3), 3.0 [2H, septet, 'Pr CH(Me),], 6.8
and 8.3 (2 x 1H, s, 4- and 5-imidazol-2-ylidene), 7.2 (2H, d,
PryCsH>H), 7.4 (1H, t, 'Pr,CsHoH), 8.6 (1H, s, pyr H), 8.7 (2 x 1H, s, pyr H). 8c(CeDe) 24.3,
24.6 ['Pr C(CHs),], 28.9 [Pr C(CHs),], 114.8, 116.8 (4- and 5-imidazol-2-ylidene), 123.7,
124.2, 124.5, 127.9 (Pr.C¢Hs), 138.7, 145.4, 145.6, 146.4, 156.8 (pyridyl), 221.5 (2-

imidazol-2-ylidene). Trifluoromethyl carbon not observed.

[1-(2-picolyl)]-3-(2,6-di-iso-propylphenyl)-imidazol-2-ylidene 2.24
Prepared using general method 3 from [1-(2-pyridin-2-ylmethyl)]-3-
(2,6-di-iso-propylphenyl)-imidazol-2-ium bromide (0.20 g, 0.5
\/ mmol) and KN(SiMe;), (0.12 g, 0.6 mmol). Yield quantitative.
8u(CsDe) 1.1, 1.3 (2 x 6H, d, Pr CH;), 2.9 [2H, septet, Pr
CH(CHs),], 5.5 (2H, s, CHy), 6.5 and 7.2 (2 x 1H, s, 4- and 5-imidazol-2-ylidene), 7.0 - 7.2
(3H, m, pyr H), 7.2 (2H, d, 'Pr,CsH>H), 7.3 (1H, t, 'Pr,CsHoH), 8.5 (1H, s, pyr H). 8¢(CsDs)
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23.8, 24.5 ['Pr C(CH;)2], 28.5 [Pr C(CHs),], 57.1 (CHo), 119.2, 121.8, 122.2, 122.4, 123.6,
127.6, 128.3, 128.9, 136.2, 146.3, 149.4 (aromatics, 4- and 5-imidazol-2-ylidene), 190 (2-

imidazol-2-ylidene).

[1-(2-methoxymethyl)]-3-(2,6-di-iso-propylphenyl)-imidazol-2-ylidene 2.25
Prepared using general method 3 from [1-(2-methoxymethyl)]-3-(2,6-di-
NN iso-propylphenyl)-imidazol-2-ium bromide (0.55 g, 1.55 mmol) and
KN(SiMes), (0.37 g, 1.86 mmol). Yield quantitative. Mp. 100 — 102 °C
(decomp). 8u(C¢DsCD3) 1.1, 1.3 [2 x 6H, d, 'Pr CH(CHs),], 2.7 [2H,
septet, Pr CH(CHs)2], 3.2 (3H, s, O-CH3), 5.3 (2H, s, CH; bridge), 6.5 and 6.7 (1H, s, 4- and
5-imidazol-2-ylidene), 7.2 (2H, d, 'Pr,CeH,H), 7.3 (1H, t, ProCsHoH). 8c(CsDsCDs) 24.5,
24.8 ['Pr C(CHs),], 28.8 [Pr C(CHs),], 55.5 (CHa), 82.3 (O-CHs), 118.8, 123.3, 124.2, 129.7,
137.8, 146.3 (aromatics,4- and S-imidazole-2-ylidene), 215 (2-imidazol-2-ylidene).

1,1-bis[3-(mesityl)-imidazol-2-ylidene]-pyridine 2.26
Prepared using general method 3 from 2.14 (2.00 g, 3.2 mmol)

\(;( . U and KN(SiMes), (1.57 g, 7.8 mmol). Yield quantitative. Mp.
~erd : -
215 - 217°C (decomp). 6u(CeDs) 2.1 (12H, s, mesityl-CHj3), 2.2
(6H, s, mesityl-CH3), 6.5 and 8.1 (2 x 2H, s, 4- and S-imidazol-2-ylidene), 7.1 (4H, s,
aromatic-H), 7.2 (2H, br. s, pyr H), 8.6 (1H, d, pyr H). 8c(C¢Ds) 18.4, 21.3 (mesityl-CHj),
111.8, 116.8 (4- and 5-imidazol-2-ylidene), 121.8, 126.0, 129.5, 129.6, 135.6, 137.9, 139.3,
141.0 (aromatic) 220.2 (2-imidazol-2-ylidene).

1,1-bis[3-(2,6-dimethyl-4-tert-butyl-phenyl)-imidazol-2-ylidene]-pyridine 2.27
Prepared using general method 3 from 2.15 (2.00 g, 3.2

>k¢( j@k mmol) and KN(SiMes)» (157 g 7.8 mmol). Yield
D “ quantitative. 811(CsDe) 1.3 [18H, s, phenyl-C(CHs)s], 2.2 (6H,

s, phenyl- CH3), 6.4 and 8.1 (2 x 2H, s, 4- and 5-imidazol-2-ylidene), 7.1 (4H, s, aromatic-H),
7.2 (2H, br. s, pyr H), 8.6 (1H, d, pyr H). 8c(CeDs) 17.9, 20.9 (aromatic-CHj;), 31.0
[C(CH3)3], 65.7 (CH,), 111.6, 116.6 (4- and 5-imidazol-2-ylidene), 121.5, 125.6, 135.2,
139.0, 140.8, 151.0 (aromatic), 220.1 (2-imidazol-2-ylidene).

2,6-bis[3-(2,6-di-iso-propylphenyl)-imidazol-2-ylidene]-1-bromobenzene 2.28

54



Chapter 2

Prepared using general method 3 from 2.16 (2.00 g,

N/..\N/\©/\N/..\N 3.2 mmol) and KN(SiMe;); (1.57 g, 7.8 mmol).
\—/ \—/ Yield quantitative. Mp. 183 — 185°C (decomp).

0u(CeDs) 1.2, 1.4 [2 x 12H, d, CH(CH5),], 3.0 [4H,
septet, pr CH(CHs),], 5.5 (4H, s, CHy), 6.7 and 7.3 (2 x 2H, s, 4- and 5-imidazol-2-ylidene),
7.0 — 7.1 (6H, m, aromatic), 7.4 (3H, t, aromatic). 8c(CsDe) 23.8, 24.6 [Pr C(CHs),], 28.6 [Pr
C(CHs),], 55.2 (CH,), 119.1, 122.5 (4- and 5-imidazol-2-ylidene), 123.8, 128.2, 128.3, 128 .4,
128.9, 138.9, 139.3, 146.2 (aromatic), 219.5 (2-imidazol-2-ylidene).

2,6-bis[3-(2,6-di-iso-propylphenyl)-imidazol-2-ylidene]-3,5-dimethylphenyl 2.29
Prepared using general method 3 from 2.17 (2.00 g, 3.2 mmol) and KN(SiMes), (1.57 g, 7.8
mmol). Yield quantitative. Mp. 120 — 122 °C (decomp).
A A 8u(CeDe) 1.0, 1.2 [2 x 12H, d, 'Pr CH(CHs),], 1.9 (6H,
\—/ ﬁ( —/ s, aromatic CHs), 2.7 [4H, septet, 'Pr CH(CH)s], 5.2
(4H, s, CHy), 6.3 and 6.4 (2 x 1H, s, aromatic), 6.6 and
7.0 (2 x 2H, s, 4- and S5-imidazol-2-ylidene), 7.1 (4H, d, iPr2C6HzH), 7.2 (2H, t, iPr2C6H2H).
8c(CsDe) 20.2 (aromatic CHs), 24.2, 25.0 ['Pr C(CHs)], 28.8 ['Pr C(CHs),], 49.4 (CHy),
117.8, 122.2 (4- and 5-imidazol-2-ylidene), 123.9, 129.2, 130.0, 131.8, 137.8, 138.2, 139.4,
146.7 (aromatic) 218.8 (2-imidazol-2-ylidene). Found: C, 80.64; H, 8.72; N, 10.12, C4Hs,Ny
requires C, 81.87; H, 8.59; N, 9.55%.

2.5.3 Reactions of ‘Free’ Carbenes with Sulfur.

General Method 4

At room temperature, to a solution of appropriate carbene in dry toluene (ca. 10 cm’) was
added a suspension of sulfur flowers (3 equivs per carbene) in toluene and the mixture
allowed to stir for 2 hours. The solution was filtered to remove excess sulfur and pumped to

dryness to give white powders of the products.

2,6-bis[3-(2,6-di-iso-propylphenyl)-imidazol-2-thione-1-methyl]-1-bromobenzene 2.30
Prepared using general method 4 from 2.28 (0.12 g,

Br

N ﬁ/\ PN 0.18 mmol) and flowers of sulphur (0.04 g, 1.1 mmol).

N N N N

=/ -/ Yield quantitative. MS (ES): m/z 703 (M)". 85(CDCL)
1.1, 1.3 [2 x 12H, d, ‘Pr CH(CH:),], 2.6 [4H, septet, 'Pr
CH(CHs)1], 5.5 (4H, s, CH,), 6.7 and 6.8 (2 x 2H, s, 4- and 5-imidazol-2-thione), 7.2 (2H, d,
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aromatic), 7.3 (4H, d, aromatic), 7.4 (2H, t, aromatic). 5c(CDCL;) 23.8, 24.7 ['Pr C(CHs),],
29.4 ['Pr C(CHs),], 52.1 (CHy), 117.4, 119.4 (4- and 5-imidazol-2-thione), 124.7, 128.6,
129.4, 130.6, 138.9, 134.0, 137.0, 146.8 (aromatic), 166.0 (2-imidazol-2-thione). Found: C,
65.01; H, 6.48; N, 8.01, C33H4sN4S,Br; requires C, 65.03; H, 6.46; N, 7.98%.

[1-(2-methoxymethyl)]-3-(2,6-di-iso-propylphenyl)-imidazol-2-thione 2.31

Prepared using general method 4 from 2.25 (0.10 g, 0.36 mmol) and
/U\N/\O/ flowers of sulphur (0.04 g, 1.1 mmol). Yield qua.ntitative. MS (ES):
\—/ m/z 305 (M)". 8u(CDCl3) 1.1, 1.3 (2 x 6H, d, 'Pr CHs), 2.5 [2H,

septet, Pr CH(CHs)2], 3.5 (3H, s, O-CHa), 5.6 (2H, s, CH, bridge),
6.7 and 7.1 (1H, s, 4- and 5-imidazol-2-thione), 7.3 (2H, d, iP1‘2C6H2H), 7.5 (I1H, t,
PryCsHaH). 8c(CDCly) 22.3, 23.3 [Pr C(CHs),], 27.6 ['Pr C(CH;),], 55.9 (CHy), 77.0 (O-
CH3), 115.4, 118.2 (4- and 5-imidazole-2-thione), 123.8, 129.1, 132.2, 145.5 (aromatics),
165.3 (2-imidazol-2-thione). Found: C, 67.06; H, 7.98; N, 9.13, C;7H24N,8,0; requires C,
67.07; H, 7.95; N, 9.20%.

[1-(2-pyridyl-6-trimethylsilyl)]-3-(2,6-di-iso-propylphenyl)-imidazol-2-thione 2.32
Prepared using general method 4 from 2.21 (0.1 g, 0.26 mmol)
Mejs@ i 3} and flowers of sulphur (0.03 g, 0.79 mmol). Yield quantitative.
— N\___/N MS (ES): m/z 410 (M)". 35(CDCl3) 0.3 [9H, s, Si(CH3)3], 1.1, 1.3
[2 x 6H, d, 'Pr CH(CH:),], 2.7 [2H, septet, Pr CH(CH3),], 6.7
and 8.0 (2 x 1H, s, 4- and 5-imidazol-2-thione), 7.3 (2H, d, iPl’gC(,HzH), 7.5 (2 x 1H, d,
pyridyl ), 7.8 (1H, t, ‘Pr.CsHaH), 9.3 (1H, d, pyridyl H). 8c(CDCl3) 0.3 (SiMes), 22.4, 23.5

(Pr CHs), 27.6 ['Pr C(CHs),], 115.2, 119.6 (4- and 5-imidazol-2-thione) 124.2, 127.1, 128.0,
129.1, 132.3, 134.5, 145.6, 148.9, 162.9, (aromatic), 166.2 (2-imidazol-2-thione).

2,6-bis[3-(mesityl)-imidazol-2-thione]-pyridine 2.33
Prepared using general method 4 from 2.26 (0.12 g, 0.27
Q . . ﬁ/ mmol) and flowers of sulphur (0.05 g, 1.6 mmol). Yield
N—{N . b quantitative. MS (ES): m/z 512 (M)". 85(CDCL) 2.1 (12H, s,
b U mesityl CHs), 2.3 (6H, s, mesityl-CHs), 6.7 and 7.7 (2 x 2H,
s, 4- and 5-imidazol-2-thione), 6.9 (4H, s, mesityl H), 8.0 (1H, t, pyridyl H), 9.1 (2H, d,

pyridyl H). 6c(CDCl;) 16.2, 20.1 (mesityl-CH3), 115.4, 117.1 (4- and 5-imidazol-2-thione),
124.2,127.1, 132.3, 134.7, 138.7, 139.0, 147.4 (aromatic) 162.1 (2-imidazol-2-thione).
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Chapter 3

N-Heterocyclic Carbene Complexes of Silver.

3.1 Introduction.

Silver complexes of N-heterocyclic carbenes have shown more interesting properties as their
study has recently increased which has been reviewed.'” The first NHC complex of silver to
appear in the literature was reported by Arduéngo who synthesised a bis-carbene silver (I)

complex of the well-known IMes ligand.®

=\ N+
N mes —N N—mes
mes—N /\N-—mes AgOTf Y OTf
L B Ag
- THF /k
IMes' Carbene mes —N N—mes

mes = mesityl

[

Fig 3.1 Arduengo’s silver complex.

This initial synthetic route described the direct reaction of an isolated free carbene with silver
triflate, but recently this has not been the common route employed to synthesise silver NHC
complexes. Lin and co-workers realised that basic silver acetates are capable of
deprotonating imidazolium salts to form silver carbene complexes.” If the reaction is
performed under basic phase transfer catalysis conditions then the silver carbene complexes

are also afforded.

The most significant property of silver imidazol-2-ylidene complexes is the ease in which
they can transfer the imidazol-2-ylidene to Group 10 metals forming palladium, platinum and

nickel carbene complexes, owing to the labile silver carbene bond.” "’
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3.2 Results and Discussion.

pﬁgﬁﬁﬁ

e C“Wj r

zv 75 75

'? NU

3.11 312
X bh ]
N AgCl  ClAg . \ N AgCl ClAg N AgCl Clag
o LUJ
x
3.13 3.14 3.15

Fig 3.2 Silver (I) imidazol-2-ylidene complexes prepared.
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3.2.1 Synthesis of Silver Complexes.

The compounds shown in Fig 3.2 were all synthesised via adaptation of the method reported
by Lin and co-workers.” The use of silver(I) oxide or silver(I) carbonate to in sifu deprotonate
imidazolium salts has been shown to be a very clean and efficient route to the formation of
silver carbene complexes.' Previous attempts to use phase transfer methods as reported by

) 1
Lin were not successful.!

I‘Sr
H “IBr Ag
+ /k CH,Cl,
A Ar—N 7 N—R B Ar—N N—R
./ reflux o
1 2Br /cx Cl\
Ar_+ oo H + /Ar Ag Ag
B N== = C,H,ClL,
A ~N N _Ar
N N N F reflux N N
\R/ . \R/ =

Fig 3.3 Synthesis of silver NHC complexes. Ar = aryl, R = linker group.

The above diagram shows two routes to form the silver NHC complexes; the only difference
between the two is the choice of solvent medium. Method A shows the formation of mono-
imidazol-2-ylidene silver halide complexes and is performed by the refluxing of Ag,O and
imidazolium salt in dichloromethane. Method B demonstrates the synthesis of bis-imidazol-
2-ylidene complexes and is identical to A except for the higher boiling 1,2-dichloroethane is
used. The driving force behind this reaction is the production of water, addition of 4 A
molecular sieves to remove the water from the reaction medium helps force the reaction
equilibrium to favour the product. The addition of the molecular sieves to these reactions
increases the yield by up to 30%. Bis-imidazol-2-ylidene silver complexes do not form if

refluxing dichloromethane is used.

This synthetic route poses an identifiable problem, halide exchange. When using
dichloromethane, if the imidazolium bromide salt is used then the silver carbene bromide
complex ensues. This is not the case when using 1,2-dichloroethane, under refluxing
conditions it has been observed that silver chloride complexes are obtained even when using
the bromide salts. Arduengo showed that isolated imidazol-2-ylidenes in chlorinated solvents

reform the imidazolium salt and other derivatives by attacking the solvent.'? In the higher
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boiling 1,2-dichloroethane it is likely that the hemilabile imidazol-2-ylidene can dissociate
from the silver and then reform the imidazolium chloride salt by attacking the solvent. It is
then plausible that deprotonation occurs again by a second silver oxide unit giving the silver
chloride product. The silver is always in excess in these reactions. This can leave bulk
product containing mixed halide, which can be overcome by increasing reaction times and

silver excess to ensure that chlorine substitution is predominant.

3.2.2 Characterisation of Silver Complexes.

3.2.2.1 NMR Spectroscopy.

Proton and carbon NMR spectroscopy was used extensively for the confirmation of the
identity of the products. Although exact structural identification was not possible without the
use of additional forms of spectroscopy there were two key features of the NMR spectra
which confirmed that the silver complexes had formed. In the proton NMR spectra the
simplest indicator was the loss of the imidazolium proton signal at 10.0 - 11.0 ppm, whilst in
the carbon NMR spectra the coordinated imidazol-2-ylidene give resonances in the range 162
— 179 ppm. This signal is further downfield than in the precursor salt show resonances at 145
— 169 ppm, but not as low field as the isolated carbene species at 215 - 222 ppm. No presence
of the uncoordinated carbene is observed at room temperature. For the pyridine and picolyl
functionalised silver carbene complexes the following characteristic resonances were

observed in CDCI; for these related compounds:

R AgX 6
}N /2< NN
k/N }
4 X 4
5 n=0,1 3
Fig 3.4 Numbering scheme for 3.1 - 3.4, 3.7, 3.11 — 3.15, R = rerr-butyl, mesityl,
2,6-di-iso-propylphenyl or 2,6-dimethyl-4-(tert-butyl)phenyl.
e If R = mesityl singlets at 1.8 — 2.3 and 6.8 — 6.9 ppm.
o [f R =2,6-di-iso-propylphenyl doublets at 1.1 and 1.3 ppm, a septet at 2.4 ppm and a
doublet and triplet or broad singlets at 7.5 — 7.7 ppm.
e If R =2,6-dimethyl-4-(zrert-butyl)phenyl singlets at 1.2, 2.1 and 7.1 ppm.
e [fR = rert-butyl a singlet at 1.3 ppm.

e For the 4- and 5-imidazol-2-ylidene protons two singlets between 7.1 — 7.4 and 8.1 —

83 ppmforn=0o0r6.9 and 7.2 — 7.4 ppm forn= 1.
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e Ifn=1 then asinglet at 5.4 — 5.5 ppm from the methylene bridge.
Due to the asymmetric nature of the ligand the 4- and 5-imidazol-2-ylidene protons, as in the

imidazolium salts and isolated carbenes show a difference in chemical shift of up to 1.0 ppm

For the pyridine ring protons chemical shifts varied depending on the substitution pattern of
the ring. If a methylene bridge was incorporated into the ligand then peaks were observed
between 7.3 — 8.6 ppm for mono-imidazol-2-ylidene silver complexes (compound 3.7) and at
7.2 and 7.6 — 7.7 ppm for bis-imidazol-2-ylidene silver complexes (compounds 3.8 — 3.10,
3.14 and 3.15). Ligands without a methylene bridge (complexes 3.1 — 3.4 and 3.11 — 3.13)
had peaks in the range 7.4 — 8.7 ppm attributed to the pyridine ring. Depending on whether
the compound was a mono- or bis-imidazol-2-ylidene complex the number of peaks varied
depending on substitution, either three or four peaks for a mono-imidazol-2-ylidene complex
and two peaks for a bis-imidazol-2-ylidene complex. The lowest field pyridine peak observed
was in 3.4 on the 3-position of the pyridine ring at 8.7 ppm where the electron withdrawing
CF; in the 5-position pulls all peaks further downfield as seen in the precursor imidazolium

salt.

In the C{'H} NMR spectra of the pyridine functionalised silver complexes the main
diagnostic resonance was the imidazol-2-ylidene appearing in the range 155 — 175 ppm, other
signals appear in the following regions; aromatics in the range 124 — 155 ppm, 4- and 5-
imidazolium carbons in the range 109 — 121 ppm, methylene bridges at 56 — 58 ppm, aryl
substituent peaks from the 3-imidazolium position at 15 — 35 ppm depending on the
substitution, i.e. methyl, iso-propyl or tert-butyl and a trimethylsilyl peak at —1 ppm. These

chemical shifts are typical of previously made silver complexes.'!

For the N,N-diethylacetamide (3.5 and 3.6) and o-phenylene (3.8 — 3.10) functionalised silver
carbene complexes the following NMR resonances were used to identify the compounds. For
3.5 and 3.6 diastereotopic signals from the ethyl groups as two triplets between 1.1 and 1.4
and two quartets between 3.3 and 3.5 ppm, methylene bridges at 5.2 — 5.6 ppm and 4- and 5-
imidazolium proton peaks as two singlets at 7.0 — 7.3 ppm. The aryl/alkyl substituent showed
peaks as observed for the pyridine functionalised compounds. In the *C{'H} NMR spectra
the imidazol-2-ylidene carbon was observed between 163 — 167 ppm, diethylacetamide peaks
between 40 — 42 ppm and other peaks as described for the pyridine functionalised

compounds. For the o-phenylene (3.8 — 3.10) functionalised silver carbene complexes,
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resonances in the proton NMR spectra were identified as follows; 4- and 5-imidazol-2-
ylidene as two singlets at 6.9 — 7.0 and 7.2 — 7.4 ppm, methylene bridges as singlets at 5.4 —
5.6 ppm, o-phenylene protons as two double doublets or multiplets between 6.8 — 7.2 ppm for
tert-butyl substituted and 7.4 - 7.7 ppm for aryl substituted imidazol-2-ylidenes. The
aryl/alkyl substituent showed peaks as observed for the pyridine functionalised compounds.
In the *C{'H} NMR spectra the imidazol-2-ylidene carbon gave a peak at 179 ppm where
observed and other peaks had similar chemical shifts to the pyridine functionalised

compounds.

The NMR data can be used to confirm the presence of the silver carbene complex, but is not
useful for structural deduction. The data confirms that a ligand is present in a single
coordination mode. However, this does not mean that a mono-carbene complex has formed.
There could be a symmetrical bis-imidazol-2-ylidene complex, so further spectroscopic

techniques are required before absolute identity can be confirmed.

3.2.2.2 Mass Spectrometry.

Unlike for the characterisation of the imidazolium salts, electrospray mass spectrometry was
of low diagnostic value, and at times misleading to elucidation of structural form. The
positive electrospray spectrum for compound 3.6 (in MeCN) clearly shows only one peak
corresponding to Ag(Ligand),” which would suggest a bis-carbene species, but upon

crystallisation the mono-carbene Ag(Ligand)Br is characterised.

Ar

l

N
>: Br—Ag —MeCN ’I“ fl*f

A Va [~
N A

X X
Br—Ag —Br
[ >— Ag—MeCN  Br
Sample in Complexes
Acetonitrile Detected

Fig 3.5 Silver complex rearrangement in acetonitrile.
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The mass spectrometry samples are prepared in acetonitrile and the misleading results can be
explained by acetonitrile displacing the ligands causing rearrangement between
Ag(Ligand)Br and [Ag(Ligand),]". This was confirmed when crystalline Ag(Ligand)Br 3.6
was sampled and the only peak observed was [Ag(Ligand),]". The same misleading results
were seen for compound 3.9, only a peak for [Ag(Ligand)]” suggesting the chelated product,
whereas when confirmed by X-ray crystallography the chelated product is not observed but a

bis-silver bridged complex is isolated.

3.2.2.3 X-ray Crystallography.

X-ray quality crystals of compounds 3.6 and 3.9 were grown by layering solutions of
dichloromethane with diethylether. Compound 3.6 is a mono-carbene silver complex, which
in the solid state forms a dimeric species as shown in Fig 3.6. The silver to carbene bond
length of 2.099(3) A is the longest reported, which are usually in the range 2.058 — 2.099 A,
however, it is slightly shorter than known Ag-C single bonds (2.10 —2.20 A).

Fig 3.6 Crystal structure of 3.6, hydrogens removed for clarity.

Table 3.1 Selected bond lengths (A) and angles (°) for 3.6

Agl —Brl 2.4099(9) Agl-Cl 2.099(3)
N3-Cl 1.359(5) Cl-Agl - Brl 157.27(10)
N2 -Cl 1.346(4) N2 -CI1-N3 103.9(3)
Cll1-CI2 1.346(6) CI2-N2-Cl13-Cl4 81.93)
Agl - Agl 4 3.721(5) Brl — Agl — Brl 4 90.1(5)
Agl —Brl 4 2.907(5) Agl —Brl — Agl 4 88.3(5)
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The angle through the N2 — C1 — N3 bonds of 103.9° is typical of other known silver
imidazol-2-ylidene complexes that are in the range 103 — 105°. The nitrogen to carbene
carbon bond lengths are also typical of other reported complexes.' The Ag — Ag distance of
3.721(5) A is greater than the sum of the van der Waals radii (3.40 A) and there is no
interaction between the two metal centres. In the structure bromine is shown coordinated to
the metal centre, however the position is occupied by mixed halides and the bulk structure
also incorporates chlorine. The source of this mixed halide, as has been mentioned, is from
solvent exchange processes and the presence of different halides occupying this space does
not affect the overall geometry. This mixed halide occupation is not unique to this compound
and will be noted in other structures. In previous work it had been reported that mono-
carbene ligands can lead to bis-carbene complexes and this is the case for complexes
analogous to 3.7.!' The mesityl analogue of this ligand forms a trans bis-carbene silver
complex with an associated silver dihalide anion. However the same is not the case for the
tert-butyl and 2,6-di-iso-propylphenyl analogues, which form structures as above. It is still

not understood why different structures form preferentially by changing the aromatic group.

The structure of compound 3.9 is a bis-carbene complex, but although designed as a chelating
ligand, it behaves in a bridging mode between two silver atoms. The linear complex has the

two silvers in an anti conformation and again the carbene to silver to halide bond is nearly

linear (177.4°).

Fig 3.7 Crystal structure of 3.9.

Table 3.2 Selected bond lengths (A) and angles (°) for 3.9

Agl —Cl 2.061(7) N3-C2 1.360(9)
Agl —Cll 2.3419(18) C2-Ag2-CI2 163.3(2)
Ag2-C2 2.092(8) Cl-Agl-CllI 177.4(2)
Ag2-CI2 2.3886(15) N2-Cl-NI 104.0(6)
N6 - C2 1.321(8) N6 — C2 — N3 104.5(6)
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The silver to carbene bond lengths [2.061(7) and 2.092(8) A] are comparable to other known
silver NHC complexes as are all other bond lengths and angles. By examining the structure in
the bulk crystal lattice in the coordination sphere of the silver there is no dimerisation process
occurring to a second complex molecule, the Ag — Ag distances between molecules is >3.9
A, further than in 3.6. In other known silver NHC complexes that host ligands designed to be
chelated to a single metal centre there are no reports of the ligand behaving in the expected
fashion. A report by Cavell and co-workers describes a silver bis-NHC complex which has
ligands analogous to 3.14 (methyl substituents in place of ferr-butyl) bridging two silver
centres rather than chelating as designed, as observed in the structure of 3.9,® and a recent
report of a tri-imidazol-2-ylidene tripodal silver complex shows each carbene bound to a

different silver atom.*

3.2.2.4 Elemental Analysis

Elemental analysis of the compounds confirmed the composition of the products as
containing a silver and halide per imidazol-2-ylidene. Where bis-carbene products had mixed
halide substituents it was possible to observe the ratios of halide in the bulk product for that
individual batch of product. An example of this is for 3.6 where the ration of Cl:Br was found
to be approximately 10:1. Samples sent for elemental analysis had been repeatedly
recystallised to remove inorganic salt contamination that was reported in earlier work by us'
and others,® which showed that it was necessary to remove residual [AgX,] from the samples

that otherwise persisted as an anion for the silver complexes.

3.3 Conclusions

A range of N-functionalised silver(I) mono- and bis-imidazol-2-ylidene complexes can be
prepared from basic silver(I) precursors in good yields. It has been shown that a variety of
spectroscopic techniques are required to fully characterise these compounds as the presence
of donor solvents can alter the structures of the complexes. Crystal structures obtained were
from dichloromethane solutions, but by changing solvent to acetonitrile it may be possible to
crystallise alternative binding modes of the same ligands due to the hemilability of the
ligands. The hemilability of the imidazol-2-ylidene observed with these species may be
transferable to other transition metal systems that are catalytically active. The second
‘dangling’ donor group in conjunction with this hemilability could provide support for active

catalytic species.
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3.4 Experimental Section.

All experiments were carried out using predried solvents and under a nitrogen atmosphere.
Ag>O was used in all experiments; the use of Ag,COj; gave similar yields and reaction times.
The following compounds were made by literature method; 2,6-bis-[3-(2,6-di-iso-

propylphenyl)-imidazolium]-pyridine dibromide. 1

General Method 1

Appropriately substituted mono-imidazolium salt was refluxed with an excess of silver(l)
oxide or silver(I) carbonate in the presence on 4 A molecular sieves in dichloromethane (30 —
50 cm’®) for between 5 and 18 hours. After reaction completion the mixture was filtered
through Celite, the solvent was removed under reduced pressure and the residual solid
washed with diethyl ether before dried in vacuo. At this point the silver product complex was
generally an analytically pure powder, but crystalline products could be obtained from further

layering dichloromethane solutions with diethyl ether.

General Method 2
This method was used for bis-carbene complexes of silver. This is analogous to general

method 1 in every aspect except that 1,2-dichloroethane was the solvent of choice due to its

higher refluxing temperature.

1-(2-pyridyl)-3-2,6-dimethyl-4-(tert-butyl)phenyl]imidazol-2-ylidene silver bromide 3.1
B Prepared by general method 1 starting from compound 2.1
//{\i o (1.50 g, 3.8 mmol) and AgxO (1.34 g, 5.8 mmol). Yield 61%.
%QNQN@ MS (ES+) m/z 718 [Ag(ligand),]". NMR 8y(CDCl3) 1.3 [9H,
s, C(CHs)3], 2.0 (6H, s, phenyl-CH3), 7.1 and 8.1 (2 x 1H, d,
4- and 5-imidazol-2-ylidene), 7.15 (2H, s, phenyl m-H), 7.4 (1H, dd, pyr H), 7.9 (1H, dd, pyr
H), 8.2 (1H, d, pyr H), 8.5 (1H, d, pyr H). 6c(CDCl3) 18.8 [C(CH3)3], 31.8 [C(CH3)3], 35.2
(phenyl-CH3), 116.1, 120.8 (4- and 5-imidazol-2-ylidene), 123.9, 124.5, 126.6, 134.8, 136.0,

140.1, 149.5, 151.2, 155.0 (aromatic), 173.2 (2-ylidene). Found C, 61.78, H, 6.19, N, 10.72,
C20H24N3Brrequires C, 62.18, H, 6.26, N, 10.88%.
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[1-(6-trimethylsilyl-2-pyridyl)-3-(2,6-di-iso-propylphenyl)imidazol-2-ylidene]silver
bromide 3.2

/’if " Prepared by general method 1 starting from compound 2.3 (1.00 g,

/E v‘<¢j 2.18 mmol) and Ag;O (0.76 g, 3.2 mmol). Yield 73%. MS (ES+)
Cg\—_j‘ \_/ m/z 378 [Ag(ligand)]". NMR 85(CDCls) 0.3 [9H, s, Si(CHa)s], 1.1,
1.3 [2 x 6H, d, CH(CH3)2], 2.5 [2H, septet, CH(CH3),], 7.1 and 8.2

(2 x 2H, s, 4- and 5-imidazol-2-ylidene), 7.3 (2H, d, PryCsHoH), 7.5 (1H, t, PraCeH,H), 7.6
(1H, d, pyr H), 7.8 (1H, t, pyr H), 8.3 (1H, d, pyr H). 8.(CDCl3) —1.1 [Si(CH3)s], 25.0

[CH(CHj3),], 28.9 [CH(CH3),], 114.1, 119.9 (4- and 5-imidazol-2-ylidene), 123.9, 124.2,
128.8, 130.6, 134.9, 137.2, 145.5, 150.1 (aromatic C), 168.9 (2-imidazol-2-ylidene).

[1-(5-trimethylsilyl-2-pyridyl)-3-(2,6-di-iso-propylphenyl)imidazol-2-ylidene]silver
bromide 3.3

B Prepared by general method 1 starting from compound 2.4
e (1.50 g, 3.8 mmol) and Ag,O (1.34 g, 5.8 mmol). Yield 67%.

N
TN\ MS (ES+) m/z 378 [Ag(ligand)]”. NMR 85(CDCls) 0.3 [9H, s,
Si(CHs)3], 1.1, 1.3 [2 x 6H, d, CH(CHs)], 2.5 [2H, septet,

CH(CHs)2], 7.2 and 8.1 (2H, s, 4- and 5-imidazol-2-ylidene), 7.3 (2H, d, Pri2C6H2H), 7.5
(1H, t, Pr',CsH,H), 8.0 (1H, d, pyr H), 8.2 (1H, d, pyr H), 8.7 (1H, s, pyr H). 8,(CDCl;) —1.3
[Si(CH3)3], 24.4 [CH(CHs),], 28.2 [CH(CH3),], 114.7, 119.9 (4- and 5-imidazol-2-ylidene),
1243, 124.8, 125.2, 130.7, 134.9, 136.0, 144.5, 145.5, 153.1 (aromatic C), 168.6 (2-

imidazol-2-ylidene).

[1-(5-trifluoromethyl-2-pyridyl)-3-(2,6-di-iso-propylphenyl)imidazol-2-ylidene]silver
bromide 3.4
Prepared by general method 1 starting from compound 2.5 (1.50

y —@N\—Nf; g, 3.8 mmol) and Ag,O (1.34.1 g, 5.8 mmol). Yield 61%. NMR
—/ -/ du(CsDg) 1.0, 1.2 [2 x 6H, d, 'Pr CH(CH;),], 2.4 [2H, septet, 'Pr
CH(CHs),], 7.1 and 8.2 (2H, s, 4- and 5-imidazol-2-ylidene), 7.2

(2H, d, PrizC(,HZH), 7.4 (1H, t, Pri2C5H2H), 8.4 — 8.7 (3H, br. m, 3 x pyr H). 8¢(CeDs) 23.8,
24.7 ['Pr C(CHs),], 28.3 ['Pr C(CHs),], 109.2, 114.5 (4- and 5-imidazol-2-ylidene), 120.0,
124.7, 125.0, 130.8, 133.0, 137.1, 145.7, 147.8, 153.2 (aromatic), 162.1 (2-imidazol-2-
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ylidene). Trifluoromethyl carbon not observed. Found: C, 44.23; H, 4.16; N, 6.79,
C21H2oN3F3AgBr requires C, 45.35; H, 4.08; N, 7.56%.

[1-(2V, N-diethylcarbamoylmethyl)-3-(¢ert-butyl)imidazol-2-ylidene] silver bromide 3.5
Aghr Prepared by general method 1 starting from compound 2.7 (1.00 g,
PN xe, 3.2 mmol) and Ag,O (1.14 g, 4.9 mmol). Yield 0.54 g, 50%. MS
%NQ/N/\[O]/ (ES+): m/z 584 [Ag(ligand),]". 8x(CDCl) 1.1, 1.3 (2 x 3H, t,
diastereotopic CH,CHs), 1.7 [9H, s, C(CH3)3], 3.35 and 3.45 (2 x 2H, q, diastereotopic
CH,CH3), 5.6 (2H, s, CHy), 7.08 and 7.12 (2 x 1H, s, 4- and 5-imidazol-2-ylidene). 8¢ 12.9,
13.0, 14.4 and 14.6 (CH>CH3), 30.0 and 31.9 [C(CHz3)s3], 41.0, 41.1, 41.9, 42.0 (CH,CH3),
57.9 and 60.2 [C(CH3)s3], 65.8 (CHy), 118.3, 121.6 (4- and 5-imidazol-2-ylidene), 163.9
(imidazol-2-ylidene), 179.0 (C=0).

[1-(V,N-diethylcarbamoylmethyl)-3-(mesityl)imidazol-2-ylidene]silver bromide 3.6

Aghr Prepared by general method 1 starting from compound 2.6 (2.00
N)\Nﬁ]/mz g, 5.3 mmol) and AgyO (1.80 g, 7.9 mmol). Yield quantitative.
=/ 8 MS (ES+): m/z 707 [Ag(ligand),]". 8u(CDCl3) 1.2, 1.4 (2 x 3H, t,

diastereotopic CH,CHs), 2.1 (6H, s, o-mesityl CH3), 2.4 (3H, s, p-mesityl CH3), 3.5 (4H, q,

NCH,CH3), 5.2 (2H, s, CHy), 6.9 (2H, s, m-mesityl H). 8c(CDCls) 13.9 and 14.7 (CH,CH3),

17.8 and 21.2 (o-, p-mesityl CH3), 41.0, 41.8 (CH2CH3), 52.8 (CH»), 123.2,129.5, 135.0 and

139.6 (mesityl, 4- and 5-imidazol-2-ylidene), 167.0 (2-imidazol-2-ylidene). Found: C, 48.37;

H, 5.59; N, 9.28, C18H25 N3OAgC10_92Br0,08 requires C, 48.44; H, 5.65; N, 9.42%.

Crystal data for 3.6: CisHas N3OAgClogyBro s, clear block, Mw 446.34, Monoclinic, C2/c
(No. 15), a =26.539(2) A, b =10.448(1) A, c = 16.885(2) A, a=y=90°, f=125.90(1)°, V
= 3793.01(6) A% 7z =38, u = 1373 mm™, 7 = 150 K, Total reflections = 21107, unique
reflections = 5526 (Rint = 0.0362), Final R indices [/>20(])] R = 0.0542, Ry, = 0.0678 (all
data). CCDC Conquest reference code: VIBQOM. Local Code 00skl1035.
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Table 3.3 Selected bond lengths (A) for 3.6
Agl—Cl 2.099(3) N2-C13 1.448(5) CI3-Cl4 153605
Agl - Brl 2.4099(9) Cl1-Cl2  1.346(6) C14-N1 1.330(6)
01-Cl14 1.208(4) C17-C18 1.254(11) N1 -Cl15 1.502(9)
N2-Cl 1.346(4) N3-Cl 1.359(5) N1-C17 1.783(15)
N2 -Cl12 1.381(5) N3 - Cl1 1.389(4) C15-Cl6  1.140(14)
Table 3.4 Selected bond angles (°) for 3.6
Cl - Ag! - Brl 157.27(10) N2-Cl13-Cl14 110.4(3) C2-C3-C8 121.6(4)
Cl-N2-C12 111.7(3) C12-C11-N3 106.0(3) Cl1-Cl2-N2 106.9(3)
Cl-N2-C13 124.1(3) 0O1-Cl4-N1 122.4(4) C3-C4-C5 121.6(5)
CI2-N2-C13  124.03) 01-Cl4-ClI3  121.003) N2-C1-N3 103.9(3)
Cl-N3-CI1  111.53) N1-Cl4-ClI3 116.7(3) N2 -CI - Agl 130.5(3)
C1-N3-C2 124.6(3) C2-C7-C6 117.0(5) N3 - Cl1 - Agl 123.7(2)
Cil1-N3-C2 123.5(3) C2-C7-C10 121.9(4) C5~-C6-C7 122.1(4)
C7-C2-C3 122.8(4) C6-C7-C10  121.0(4) C6-C5-Cd 118.9(4)
C7-C2-N3 119.7(4) C4-C3-C2 117.5(4) C6-C5-C9 121.6(5)
C3-C2-N3 117.5(3) C4-C3-C8 120.9(4) C4-C5-C9 119.5(5)

[1-(pyridylmethyl)-3-]2,6-dimethyl-4-(fert-butyl)phenyllimidazol-2-ylidene]silver

bromide 3.7

AgBr

E“JAN\:N

155.7 (2-imidazol-2-ylidene).

Prepared by general method 1 starting from compound
2.8 (1.50 g, 3.8 mmol) and Ag,O (1.34 g, 5.8 mmol).
Yield 0.91 g, 69%. MS (ES+) m/z 455 [Ag(ligand) +
MeCN]". NMR 84(CDCl3) 1.3 [9H, s, C(CHj)s], 2.0 (6H,
s, phenyl-CH3), 5.5 (2H, s, CHy), 6.9 and 7.4 (2 x 1H, s, 4- and 5-imidazol-2-ylidene), 7.1
(2H, s, phenyl H), 7.3 (1H, dd, pyr H), 7.35 (1H, d, pyr H), 8.6 (1H, d, pyr H). 8c(CDCl;3)
18.7 [C(CH3)3], 31.8 [C(CH3)3], 35.2 (phenyl-CH3), 57.9 (CHy), 122.4, 123.1 (4- and 5-
imidazol-2-ylidine) 123.6, 124.1, 126.5, 128.3, 134.9, 136.1, 138.2, 150.5, 153.2 (aromatic),
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Dichloro[3,3’-di-(tert-butyl)-1,1’-0-phenylenedimethylenebis(imidazol-2-ylidene)]

disilver 3.8
Agc’ Agc‘ Prepared by general method 2 starting from compound

%'L_/ z\g' \_/—é 2.9 (1.00 g, 1.6 mmol) and Ag,O (0.56 g, 2.4 mmol).

Yield 0.89 g, 71%. Mp 152 °C. MS (ES+) m/z 458
[Ag(ligand)]". NMR 8(CDCls) 1.6 [18H, s, C(CH3)3], 5.4 (4H, s, CH), 6.8 and 7.3 (2 x 2H,
dd, xylene-H), 7.0 and 7.2 (2 x 2H, d, 4- and 5-imidazol-2-ylidene). 8c(CDCl;) 31.6
[C(CH3)3], 53.6 (CHy), 57.7 [C(CH3)s], 119.5 and 120.1 (4- and S5-imidazol-2-ylidene),
128.3, 128.8 and 133.9 (xylene-C), 179.6 (2-imidazol-2-ylidene).

Dichloro[3,3’-di-(mesityl)-1,1’-0-phenylenedimethylenebis(imidazol-2-ylidene)]disilver

AgCl AgCI Prepared by general method 2 starting from
Q - " ‘Q compound 2.10 (1.0g, 1.6mmol) and Ag,O (0.56 g,
2.4 mmol). Yield 0.80 g, 66%. X-ray diffraction

quality crystals were grown by layering a saturated solution of dichloromethane with diethyl
ether. Mp 158°C. MS (ES+): m/z 582 [Ag(ligand)]". 8z(CDCls) 1.9 (12H, s, o-mesityl-CH3),
2.3 (6H, s, p-mesityl-CH3), 5.6 (4H, s, CH,), 6.9 (4H, s, m-mesityl-H), 6.9 and 7.4 (2 x 2H, s,
4- and 5-imidazol-2-ylidene), 7.3 — 7.5 (4H, m, xylene). 6c(CDCl3) 17.6, 20.9 (0-, p-mesityl
CHj), 52.4 (CHy), 122.4 and 122.9 (4- and 5-imidazol-2-ylidene), 127.4, 128.7 and 129.1
(xylene), 134.2, 134.4, 135.3 and 139.1 (mesityl). Imidazol-2-ylidene carbon was not
observed. Found: C, 48.23; H, 4.33; N, 6.55, C32.5sH35Ag,CI5Ny requires C, 48.57; H, 4.39; N,

6.97%. The isolated product contains half a molecule of dichloromethane per formula unit.

Crystal data for 3.8: Cs,5H35N4Cl3Ags, clear block (0.01 x 0.005 x 0.005 mm), Mw 803.73,
Monoclinic, P2i/a (No. 14), a = 17.285(3) A, b =12.707(3) A, ¢ = 18.587(4) A, o = y = 90°,
B =117.407(1)°, V = 3624.7(7) A’, Z = 4, y = 1.327 mm™', T = 150 K, Total reflections =
35356, unique reflections = 9486 (Riys = 0.0821), Final R indices [/>20(])] R = 0.0734, R, =
0.1598 (all data). CCDC Conquest reference code: VIBRAZ. Local Code 00skl036.
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Fig 3.8 Crystal Structure of 3.9.

Table 3.5 Selected bond lengths (A) for 3.9

Ag2—C2 2.092(8) N3-C13 1.397(9) C4-C3 1.334(10)
Ag2-CI2 2.3886(15) N3-Cl12 1.443(9) N1-C3 1.412(9)
Agl-C1 2.061(7) N6~ C2 1.321(8) N2-C4 1.365(9)
Agl —Cll 2.3419(18) N3-C2 1.360(9) N2-C5 1.458(9)
Cl13-Cl4 1.371(11) NI-CI 1.355(8)

N6 - C14 1.368(9) N2-Cl 1.339(8)

Table 3.6 Selected bond angles (°) for 3.9

C2_Ag2-CL2  1633Q2) C2-N3-CI2 126.2(6) N2-Cl-Agl 129305
Cl-Agl-Cll 177402 CI3-N3-Cl12  122.6(6) N1-CI - Agl 126.6(5)
C2-N6-Cl4 113.1(7) N6 —C2 - N3 104.5(6) N2-C5-C6 113.4(6)
C2-N6-C32 121.8(6) N6 - C2 - Ag2 125.0(6) Cl1-N2-C4 112.5(6)
Cl4-N6-C32  125.0(6) N3-C2-Ag2 130.4(5) C1-N2-C5 123.0(6)
C1-N1-C3 110.4(6) C4-C3-NI 105.8(6) C4-N2-C5 124.3(6)
C1-N1-C23 125.2(5) N6-Cl14-Cl13 106.1(7) C3-C4-N2 107.2(6)
C3-N1-C23 124.3(6) N2-Cl NI 104.0(6) Cl4-CI3-N3  105.3(7)
C2-N3-CI3 110.9(6) N3 -CI2-Cl1 113.6(6)

Dichloro[3,3’-di-(2,6-di-iso-propylphenyl)-1,1’-0-phenylenedimethylenebis(imidazol-2-
ylidene)] disilver 3.10

Prepared by general method 2 starting from
)Ai” f‘ compound 2.11 (1.00 g, 1.4 mmol) and Ag,O (0.48
N\__:_/N - g, 2.1 mmol). Yield 0.92 g, 62%. mp 170°C. MS
U (ES+): m/z 667.6 [Ag(ligand)]”. NMR 8(CDCls)
1.1 and 1.2 [2 x 12H, s, CH(CH3)2], 2.3 [4H, septet, CH(CHs):], 5.5 (4H, s, CH,), 7.0 and 7.2
(2 x 2H, s, 4-, 5-imidazol-2-ylidene), 7.2 and 7.7 (2 x 2H, m, xylyl), 7.4 (4H, m, m-Pr',CeHs),
7.5 (2H, m, p-PryCeH3). 8c(CDCl) 24.4, 24.8 [CH(CHs),], 28.4 [CH(CH3),], 56.9 (CHy),
121.7, 122.8, 123.9, 1244, 130.7, 135.9, 138.8, 145.7, 155.8 (phenyl, xylene, 4- and 5-
imidazol-2-ylidene). Carbene carbon was not observed. Found: C, 52.00; H, 5.56; N, 7.58,

73



Chapter 3

Cs55H47A22Cl3Ny requires C, 52.08; H, 5.34; N, 6.31%. The isolated product contains half a

molecule of dichloromethane per formula unit.

2,6-bis[3-(tert-butyl)imidazol-2-ylidene]pyridine di-silver dichloride 3.11
9\ AgCl Clag Prepared by general method 2 starting from 2.15 (1.00 g,
)\N 2.1 mmol) and Ag>O (0.71 g, 3.1 mmol). Yield 59%. MS

N/< N N
g/N } h \/' . + : 2+
- (ES+) m/z 431 [Ag(ligand)]” 162 [‘2(ligand)]”". NMR

ou(CDCL) 1.3 [18H, s, C(CH3)s3], 7.4 and 8.2 (2 x 2H, s, 4- and 5-imidazol-2-ylidene), 7.8
(2H, d, pyr-H), 8.4 (1H, t, pyr-H).

2,6-bis[3-(mesityl)imidazol-2-ylidene]pyridine disilver dichloride 3.12
Prepared by general method 2 starting from 2.15 and

ClAg

AgCl
N’( N )\N Ag0. Yield: 67%. MS (ES+) m/z 555 [Ag(ligand)]+_
K/N(j\)
v

NMR 8u(CDCl3): 2.00 (12H, s, 0-CH3), 2.32 (6H, s,
p-CHj), 7.05 (4H, s, C¢HMes), 7.8 - 8.6 (TH, v br. s, aromatic and 4-, 5-imidazol-2-
ylidene). 8c(CDCl3) 18.5, 21.7 (mesityl-CHs), 116.4, 121.9, 124.6, 130.2, 135.0, 136.0,
140.4, 143.5, (aromatic + 4- and 5-imidazol-2-ylidene) 150.8 (2-imidazol-2-ylidene).

[2,6-bis[3-(2,6-di-iso-propylphenyl)imidazol-2-ylidene]pyridine disilver dichloride 3.13
Prepared by general method 2 starting from 2,6-bis-[3-(2,6-
di-iso-propylphenyl)imidazolium]pyridine dibromide (2.60

AgCl ClAg
NI:/<N N N)\j g, 4.0 mmol) and Ag,O (1.80 g, 8.0 mmol) Yield: 2.2 g,
= U 75%. MS (ES+) m/z 639 [Ag(ligand)]’. NMR 8y (CDCls):

1.2, 1.3 [2 x 12H, d, CH(CHz),], 2.5 [4H, septet, CH(CH3),], 7.2 and 8.3 (2H, s, 4-,5-
imidazol-2-ylidene), 7.3 (4H, d, Pr';CsHs), 7.5 (2H, t, PrCeHs), 8.1 - 8.2 (3H, br. m,
pyridyl). 8.(CDCl3) 24.5, 24.7 [CH(CH3),], 28.5 [CH(CHs),], 116.2, 121.2 (4-, 5-imidazol-
2-ylidene), 124.6, 125.4, 131.0, 134.8, 143.1, 145.6, 150.3 (aromatic C), 174.5 (2-imidazol-2-
ylidene).

2,6-bis(1-tert-butyl-imidazol-2-ylidene)pyridine disilver dichloride 3.14

/AQC' pec Prepared by general method 2 starting from compound
'>—N\_=/N ] Ny N\z__/N‘<‘ 2.13 (1.0 g, 2.18 mmol) and Ag,O (0.90 g, 3.27 mmol).
- Yield 62% (0.782g) MS (ESH) m/i 249
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[%Ag(ligand).2H20]2+. (ES-) m/z 179 (AgCly), 212 (AgCL2H,0). NMR &x4(CDCl3) 1.8
(18H, s, ‘Bu), 5.4 (4H, s, CH,), 7.0 and 7.3 (2 x 2H, s, 4- and 5-imidazolium), 7.2 (2H, d, pyr
m-H)s 7.6 (lHa t, Per'H)

2,6-bis(1-mesityl-imidazol-2-ylidene)pyridine disilver dichloride 3.15
Prepared by general method 2 starting from 2,6-[3-
Agm Agm (mesityl)-imidazolium]methyl-pyridine dibromide
\—/ U\—J (1.00 g, 1.57 mmol) and Ag,0 (0.54 g, 2.35 mmol).
Yield 73% (0.67 g). MS (ES+) m/z 584.6 [Ag(ligand)]" 322.4 [V4(ligand)]*". MS (ES-) m/z
179 (AgCly), 212 (AgCl2H,0). NMR &u(CDCl3) 1.9 (12H, s, mesityl p-CH3), 2.3 (6H, s,
mesityl m-CHs), 5.5 (4H, s, CH>), 6.9 (4H, s, mesityl 0-CH), 6.9 and 7.5 (2 x 2H, s, 4-, 5-
imidazolium), 7.2 (2H, d, pyr m-H), 7.7 (1H, t, p-pyr H). 8c(CDCl3) 17.6, 20.9 (mesityl-CH3),
56.7 (CHy), 120.0, 122.1, 123.0, 123.6, 130.0, 130.5, 135.2, 139.4, 140.2 (4- and 5-imidazol-

2-ylidene, aromatic). Imidazol-2-ylidene carbon not observed.
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Chapter 4

N-Heterocyclic Carbene Complexes of Palladium.

4.1 Introduction.

Since the realisation that N-heterocyclic carbenes are easily accessible and have similar metal
bonding properties to trialkylphosphines the research into palladium NHC complexes as
catalytically active precursors has been immense. There are extensive reviews covering the

volumes of literature,'™

As described in the introduction, the imidazol-2-ylidene is a chemical building block that has
vast scope for derivatisation, as the literature proves academic research has not missed any
opportunities to do this. The first works on palladium N-heterocyclic carbenes complexes
were reported in the early 1970°s by Lappert and co-workers who reported a range of mixed
phosphine and N-heterocyclic palladium complexes.é’ 7 Aside from the works produced by
Lappert, activity in the study of palladium NHC’s was slow and steady until the early 1990°s
when Arduengo’s report8 fuelled huge interest in the area and several groups began research
into NHC’s complexes and catalysis, especially Herrmann’s Group who have made a large

contribution to this field.’

There has been a great interest in pyridine functionalised imidazol-2-ylidene palladium
complexes from us and others as they have proven to be highly active as precatalysts for the

Heck C-C coupling reaction.'® !

The quickly developing story starts recently in 1998 when Cavell and co-workers reported
novel methyl palladium imidazol-2-ylidene complexes incorporating bidentate chelates
including the 2,2’-bipyridyl ligand.'? Cavell later in 1999 reported the use of Pd(0) bis-
carbene complexes containing the 1,3,4,5-tetramethylimidazol-2-ylidene (tmiy) ligand as
active Heck and Suzuki precatalysts. During 2000 publications by us,'® Cavell,"® and Lin"*
described several palladium complexes bearing pyridine functionalised imidazol-2-ylidenes

behaving in a variety of coordination modes, some of which are shown in Fig 4.1.
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Fig 4.1 Selection of comple

xes simultaneously reported in 2000.

From all three groups it could be seen that mono- and bis-imidazol-2-ylidene palladium(I1)

complexes were accessible and that the

pyridine group could be either coordinated or

‘dangling’. Cavell later that year reported a decomposition route for imidazol-2-ylidene

/ C, symmetry axis

Fig 4.2 Chiral bis-NHC Pd(II) complex.

previously reported by us with their C-C

palladium complexes which will be discussed in
Chapter 5.° In 2001 interest in the area could be
seen to be growing as we communicated chiral
chelating ‘pincer’ imidazol-2-ylidene palladium
(II) complexes'® (fig 4.2) and Crabtree and co-
workers reported Heck activity with related
systems.'” This year has also seen similar levels of
interest in these pyridine functionalised carbene
complexes with several publications by Crabtree
reporting complexes analogous to those

coupling activity,'® and more reports from Cavell

along a similar theme, but with the bulky aryl substituents replaced with simple alkyl

. 19,2
chains.!®?

This chapter describes several palladium complexes, some of which are derived by

methodology developed earlier.'' All ha

ve been synthesised in order to understand the

mechanism of C-C coupling reactions by studying the effect of varying ligand architecture on

catalytic activity.'® !

79



Chapter 4

4.2 Results and Discussion.
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Fig 4.3 Palladium(II) complexes synthesised.
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Complexes analogous to 4.1 had been previously prepared and proved to be highly active as
Heck catalyst precursors.11 Compounds 4.1 — 4.3 were synthesised to compare the effect of
substitution of the pyridine ring on catalytic activity. The unstable 4.4 was made to establish
whether the switch from palladium methyl bromide to palladium dimethyl complexes
precursors had an impact on catalytic activity. Compound 4.5 shows that it is necessary to
deprotonate the imidazolium salt or different interactions can occur between the imidazolium
salt and palladium sources. Compounds 4.6 — 4.12 are all bis-imidazol-2-ylidene palladium
complexes, 4.6 — 4.9 contain two non-chelated bidentate ligands, where upon catalytic
activation the non-coordinated pyridines could stabilise an active species, which has been
observed in related work with rhodium complexes.”' 4.10 — 4.12 are tridentate chelating bis-
carbene ligands, synthesised to study the effect of changing from pyridine-based chelates to a

cyclometallated aryl system on catalytic activity.

4.2.1 Synthesis of Palladium Complexes.

The synthesis of the compounds shown in Fig 4.3 proceeded using one of three different

routes, depending on the nature of the desired end product, either;

1. Via transmetallation from the silver precursor,
2. Via reaction with the appropriate isolated imidazol-2-ylidene,

3. Via in situ deprotonation of the imidazolium salt with a basic palladium precursor.

Use of methods 1 or 2 mentioned above yielded the same bidentate chelating palladium

complexes 4.1 —4.3.

; iy :
r
Br—_ Ag N ) N ii) ] N/
e Br Pd B S .
N \g / I\II NJ N Q
calNCallNe
a F F

Fig 4.4 Synthesis of compounds 4.1 — 4.3; i) Pd(COD)MeBr, DCM, reflux; ii) PA(COD)MeBr, THF, RT.

The transmetallation from the silver imidazol-2-ylidene complexes to Pd(COD)MeBr leads to

the Pd(II) mono-imidazol-2-ylidene methyl bromide complexes, which can be crystallised
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from the crude reaction mixture after deposited silver halide is removed via filtration. The
silver deposits that form during the imidazol-2-ylidene transfer process give an approximate
visual guide to reaction progression. However, to ensure completion the reactions are left to
reflux overnight. The alternative method starting from ‘free’ imidazol-2-ylidene to obtain
these complexes requires the use of Schlenk techniques, but does remove a synthetic step of
having to preform the silver complexes, so this has improved atom economy. Both synthetic
routes are generally high yielding and the use of the ‘free’ imidazol-2-ylidene is the preferred

method to produce 4.1 —4.3.

Compound 4.4 was synthesised using method 2 from compound 2.20 with Pd(COD)Me,
under controlled temperature (-78°C to RT) and moisture free conditions. Upon warming to
room temperature the solvent was removed in vacuo yielding a white solid that was
confirmed by mass spectrometry and proton NMR spectroscopy to be 4.4. The complex had
poor stability and decomposition was observed in the deuterated benzene NMR sample after
minutes of being at room temperature and the remainder of the sample decomposed to
palladium black from an attempted slow cooling crystallisation in diethylether at —30°C. At
this point it cannot be determined if the complex was unstable in the solvents used or was
simply thermally unstable for the brief time (10 - 15 mins) that it spent at room temperature.
Due to the need of having to use aqueous cyanide solutions to prepare the Pd(COD)Me, an
alternative palladium precursor was sought, as it had been seen that the target molecule was

possible to isolate, but an alternative synthesis would be needed.

Method 3 describes the addition of an imidazolium bromide salt to a palladium precursor that
has ligands of sufficient basicity to deprotonate the 2-imidazolium proton to form the carbene
complex. When the ligands are not of sufficient basicity, complexes such as 4.5 are formed.
The addition of 3-(2,6-di-iso-propylphenyl)-1-(a-picolyl)imidazolium bromide to PdCl, in
acetonitrile affords crystalline 4.5 in which the imidazolium heterocycle is non-coordinated

and ‘dangles’ freely. There is no interaction of the imidazolium ring with the metal centre.

Compound 4.6 was synthesised using method 1 from the silver precursor and Pd(COD)CI, in
dichloromethane and forms the bis-carbene complex regardless of stoichiometry used in the
reaction. The nitrogen donor is non-coordinated in this Pd(IT) complex, however the dangling

diethylacetamide group is still available to coordinate to an active Pd(0) species as the N-
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donor could provide electronic support if a halide was abstracted. Behaviour of this sort was
observed in work using rhodium in which a ‘dangling’ pyridine became coordinated after

halide abstraction.?!

Complexes 4.7 — 4.9 were initially prepared at NMR experiment scale before being increased
to ca. half-gram scale. These bis-carbene complexes were obtained after attempting an
alternative route to 4.4, starting with Pd(TMEDA)Me; instead of Pd(COD)Me,. The use of
the silver precursors with the PA(TMEDA)Me; led only to palladium black deposition and
intractable mixtures. These complexes were therefore synthesised using the isolated ylidenes
(method 2) and as with 4.6 the stoichiometry of the reaction did not affect the product. The
desired mono-imidazol-2-ylidene chelate complex was not formed; rather the bis-imidazol-2-
ylidene complexes, in the fashion of 4.6, containing the dangling N-donor motif were
obtained. X-ray quality crystals of the samples grew rapidly from the deuterated benzene
NMR solutions on standing at room temperature. These complexes formed in quantitative
yields in less than four hours and by gently heating at 30°C this time could be reduced.
Interestingly unlike with the other characterised complexes decomposition occurs at 70°C,

this will be discussed further in the NMR spectroscopy section.

The tridentate chelates 4.10 — 4.12 are formed using two different synthetic methods, The
first route is based on method 3 using Pd(OAc); in DMAC at 160°C, but also involves
cyclometallation of 2.18 and 2.19. In contrast to recent reports by others,'® this reaction gave
good yields of the cyclometallated analogues of 4.10 and 4.11 as air stable white crystalline
materials. One reason which could account for the observed difference is the choice of the
substitution of the central aromatic ring in 2.18 and 2.19. The presence of the methyl groups
ortho to the imidazolium-methyl substituents could promote cyclometallation at the desired
position by blocking competing cyclometallations at the 4-position of the aromatic ring. The
methyl groups also increase the electron density of the aromatic ring favouring electrophilic
attack by the palladium centre.” The second method is based on the oxidative addition of the
aryl C — Br of 2.17 to Pd,(DBA); leading to 4.12 in good yields. The same approach has been
used recently by Crabtree to prepare analogues complexes in which the NHC is substituted
by methyls.'” ** The mechanism of formation of 4.10 — 4.12 is not clear, especially the nature
of the species that undergoes metallation of the imidazolium and the aromatic C-H carbons.

The ease of formation of NHC complexes of palladium under the reaction conditions
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employed, points to a mono- or frans bis-NHC complex as being initially formed, which

could further undergo cyclometallation.

4.2.2 Characterisation of Palladium Complexes.

4.2.2.1 NMR Spectroscopy.
Proton NMR spectroscopy was of extremely high diagnostic value with respect to
determining not only the number of ligands coordinated, but also the symmetry and structure

of the complexes. For compounds 4.1 — 4.3 the following NMR resonances are observed in

CDCls:

Pr Br
Me R’
pg
6
2 N=—/"
3N S _r2
! 1
Pr N /
4 g/ \ 4
5 3

Fig 4.5 Numbering scheme for 4.1 - 4.4, R = 2,6-di-iso-propylphenyl.

e For the palladium methyl group a singlet at 0.1 — 0.3 ppm.

e For the 4- and 5-imidazol-2-ylidene protons two singlets between 6.9 — 7.0 and 7.8 —
7.9 ppm.

o For the pyridine ring three doublets at 7.6 — 7.8, 8.1 — 8.2 and 9.2 — 9.7 ppm.

o For the 2,6-di-iso-propylphenyl doublets at 1.1 and 1.3 ppm, a septet at 2.5 - 2.7 ppm
and a doublet and triplet at 7.2 — 7.5 ppm.

e When R’ or R* = SiMe; a singlet at 0.3 ppm.

A resonance is observed at 205 ppm for 4.1 and 177 — 179 ppm for 4.2 and 4.3 in the *C
{'"H} NMR spectra assignable to the 2-imidazol-2-ylidene carbon. The iso-propyl groups
showing only two doublets and a septet confirm the presence of one ligand environment and

with peaks assignable to the palladium methyl this confirms the proposed structures.

For the palladium dimethyl complex 4.4 decomposition was observed within minutes of
collecting the '"H NMR spectrum, so an extended 13C{lH} data collection was not possible.
The features used to identify the formation of 4.4 were: a singlet at 0.7 ppm for the palladium
methyls, doublets at 1.1 and 1.5 ppm, a septet at 2.9 ppm and a doublet and triplet at 6.2 and
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6.4 ppm for the 2,6-di-iso-propylphenyl group, two singlets at 6.3 and 6.5 ppm for the 4- and
5- imidazol-2-ylidene protons and two doublets at 7.1 and 8.8 and two double doublets at 6.8
and 7.3 for the pyridine ring protons. Again the iso-propyl groups denote a single ligand

environment.

The NMR spectrum of the ‘dangling’ imidazolium compound 4.5 showed similar peak
patterns to 4.1 — 4.3, but contained one additional signal at 10.7 ppm from the 2-imidazolium
proton. Due to the lack of solubility of 4.5 in chloroform the data cannot be directly

compared to the other complexes reported here as data was collected in d;-acetonitrile.

The spectrum of complex 4.6 showed slightly broad resonances at room temperature
especially at the methylene bridge linking the diethylacetamide group. The peak resonances
from the heterocyclic backbone and mesityl group are as expected from the other
characterised complexes and the diethylacetamide ethyl groups give. The features used to
identify the formation of the palladium complex were: a triplet and quartet at 1.2 and 3.4 ppm
from the ethyl groups, a singlet at 5.3 for the methyle bridge, three broad singlets at 2.5, 2.9
and 6.3 ppm for the mesityl group and two singlets at 6.3 and 7.2 ppm for the 4- and 5-
imidazol-2-ylidene protons. The presence of only two peaks for the mesityl methyls denoted
a single ligand environment, but in this case the complex was a bis-imidazol-2-ylidene

complex with a centre of inversion based on the palladium as proven by X-ray

crystallography.

Compounds 4.7 — 4.9 all show similar peak resonances as described for 4.1 — 4.4 for the
pyridine and imidazol-2-ylidene ring protons. There is a significant change in the peaks
caused by the 2,6-di-iso-propylphenyl ring and the highly diagnostic value of the iso-propyl
groups is now shown as where there is a single ligand environment (compounds 4.1 — 4.4) or
two trams-bis-imidazol-2-ylidene ligands with a centre of inversion in the complex (i.e
compound 4.6 for a mesityl example or compound 6.5, chapter 6, for 2,6-di-iso-
propylphenyl) a pair of doublets and one septet is observed for the iso-propyl group, however
in the cis-bis-imidazol-2-ylidene complexes 4.7 — 4.9, four doublets and two septets are

observed (Fig 4.6) as the symmetry in the complex is reduced.
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Fig 4.6 Mono/#rans bis-carbene (left) and cis-bis-carbene (right) diagnostic iso-propyl 'H NMR peaks.

The left spectrum in Fig 4.6 shows peaks resulting from a complex containing a mirror plane
or centre of inversion and the spectrum on the right shows a complex with a C; twist as its
predominant symmetry element or a cis-bis-imidazol-2-ylidene complex. The diagnostic
resonances of the iso-propyl groups meant quick deduction of solution-phase structure was
possible, which could be later confirmed by single crystal X-ray diffraction results. For the
mesityl group similar behaviour is observed as the number of singlets from the mesityl
methyls increases from two peaks to three upon change of symmetry from a mirror plane to

C, rotation.

Reports by Cavell have shown that upon heating palladium NHC methyl complexes the
methyl-imidazolium species can be ejected from an active catalytic species.> To test whether
this would occur with complexes of type 4.7 — 4.9, heating whilst monitoring the 'H NMR
spectra was undertaken (Fig 4.8) to see if either of the possible decomposition products

depicted in Fig 4.7 could be isolated and characterised.

+ CyHg

Fig 4.7 Possible decomposition products from heating complexes 4.7 — 4.9, Ar = 2,6-di-iso-propylphenyl.
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Isolated inidazol-2-vlidene at RT
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Fig 4.8 High-ficld "H NMR showing formation and thermal decomposition of 4.9.
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As can be seen in Fig 4.8 the addition of PA(TMEDA)Me; to the imidazol-2-ylidene 2.22 at
room temperature gives complex 4.9 within two hours at room temperature, singlet peaks
from the bound/free TMEDA are observed between 2.0 — 2.5 ppm. The complex appears
quite stable up to 60°C with no obvious decomposition observed on visual inspection of the
sample (remains pale yellow solution) or in the NMR spectrum. Heating to 70°C does cause a
change, both visually as the NMR sample takes on a deep red colour without any deposition
in the tube and in the NMR spectrum the four iso-propyl doublets collapse to two doublets.
One more observation is made, two new peaks appear at 11.0 ppm, suggesting an
imidazolium proton and a peak at —2.3 ppm. Methyl-imidazolium compounds reported show
a peak at around 2.2 ppm for the imidazolium-methyl, which is not observed here. The peak
at —2.3 ppm may be due to a hydride species, but this could not be confirmed as no single
product could be isolated from the decomposed NMR sample. The change from four to two
iso-propyl doublets suggests that symmetry is increased, so it may be that there has been
elimination of ethane from the complex, or if a hydride has formed elimination of ethene.
The change in symmetry would support the presence of a Pd(0) square planar bis-imidazol-2-
ylidene complex, especially as there is no sign of palladium black deposited. Without further

work the nature of the decomposed compound cannot be confirmed.

The diagnostic value of the appearance of the iso-propyl group region of the NMR spectrum
was useful when studying complexes 4.10 — 4.12 of the symmetrical imidazolium salts 2.17 —
2.19. It was observed with the previous analogous pyridine based complexes'® that four

doublets and two septets were observed in the 'H NMR spectra

Fig 4.9 AB methylene bridge
pattern in tridentate chelate ~ of the palladium complexes, even though there is a mirror

complex 412 plane through the imidazolium salts. This pointed to a
desymmetrisation ~ process  rendering  these  groups
diastereotopic. An additional feature of high diagnostic value is
the appearance of the CH; linker peaks, which give rise to an
AB coupling pattern (fig 4.9). These features support a non-

planar structure in solution, which can be easily rationalised by

530 520 si0 soo  the bite angles of the two fused six-membered chelate rings

- resulting in a non-planar helical conformation. Identical
behaviour is observed for 4.10 — 4.12 suggesting that there is a helical twist through the
complexes, which is confirmed by the X-ray crystal structure. A pair of doublets are observed

between 4.7 and 5.5 ppm in the '"H NMR spectrum and a peak observed between 55 and 59
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ppm in the C{'H} NMR spectra, assigned to the protons and the carbons of the methylene
bridge of the complexes. The 'H NMR spectra are very similar for all three complexes, the
only difference being the presence of the methyls of the aromatic ring at 2.3 ppm in 4.10 and
4.11. The appearance of the '"H-NMR spectrum remains unchanged up to 110°C (toluene-d®),
indicating conformational rigidity. Of high diagnostic value is the BC{'H} NMR spectrum in
which the cyclometallated aromatic carbon and the 2-imidazol-2-ylidene carbons appear at

155 and 180 ppm respectively, similar to those observed in analogous compounds.'’

4.2.2.2 Mass Spectrometry.

Positive ion electrospray mass spectrometry was useful in confirming the presence of the
palladium carbene complexes. Samples in acetonitrile showed peaks at mass to charge ratios
relating to the parent compounds that could be easily identified, with correct isotopic
envelopes. For the bidentate complexes 4.1 — 4.4 the characteristic peak was due to the
fragment [Pd(Ligand)Me + MeCN]". Often a peak corresponding to (ligand)" was also
observed. For the bis-imidazol-2-ylidenes complexes 4.7 — 4.9 the characteristic peak
observed corresponded to [Pd(Ligand),Me]" and for compounds 4.10 — 4.12 [Pd(Ligand) +
MeCN]" was observed.

4.2.2.3 X-ray Crystallography.

The majority of the palladium complexes reported here could be isolated as crystalline
materials and full structural analysis in the solid state was undertaken by single crystal X-ray

diffraction.

The previously characterised structures of pyridine functionalised mono-imidazol-2-ylidene
chelates, [3-(aryl)-1-(2-pyridyl)-imidazol-2-ylidene] palladium methyl halide, are
isostructural to compounds 4.1 and 4.2.'"** The X-ray crystal structure of compound 4.1 is

shown in Fig 4.10 and 4.2 is described in the experimental section.
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Fig 4.10 Crystal structure of compound 4.1.

Table 4.1 Comparative bond lengths and angles for 4.1, 4.2 and [3-(2,6-di-iso-propylphenyl)-1-(2-pyridyl)-
imidazol-2-ylidene] palladium methyl bromide.

4.1 4.2 Unsubstituted pyridine™
Pd1 -C7 1.988(4) 1.961(17) 1.970(4)
Pd1 - N3 2.155(4) 2.176(15) 2.166(3)
Pdl - Brl 2.4605(6) 2.453(3) 2.4528(5)
Pd1 -C22 2.098(3) 2.049(17) 2.034(4)
N3 -Pd1 -C7 79.6(2) 79.0(6) 79.15(13)
N1-C7-N2 104.5(4) 103.1(14) 103.53)

Complexes 4.1 and 4.2 are mono-imidazol-2-ylidene palladium (II) complexes and both have
square planar geometries adopting similar relationships around the metal centre. The ligand
behaves as a bidentate chelate bound through the imidazol-2-ylidene and the pyridine
nitrogen; a methyl group and bromine complete the coordination sphere. In all structures the
halide is always observed to be trans to the carbene and the methyl trans to the pyridine,
reflecting the trans-stabilising forces. By examining the variances caused by addition of a
functional group onto the pyridine ring of the ligand two conclusions can be drawn. By
comparing the trimethylsilylated (4.2) to the unsubstituted pyridine complex the two
compounds are identical to within the experimental errors of the data, the Pd1 — N3 bond
distances being 2.166(3) A and 2.176(15) A and the Pd — C7 lengths are at 1.961(17) A and
1.970(4) A. There is no structural change by the addition of a bulky substituent with minor
electronic effects on the pyridine ring. This is not the case for 4.1 where a highly electron
withdrawing trifluoromethyl group has been added to the pyridine ring. All of the ligands in
complexes 4.1 — 4.4 have an extended conjugate aromatic system and the effect of

withdrawing electron density from one ring causes electronic effects across the whole ligand
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system. This is observed in the solid state by variation in bond lengths and angles. The
palladium to pyridine bond shortens by 0.01 A [from 2.166(3) A to 2.155(4) A] and the
palladium to imidazol-2-ylidene bond extends by 0.02 A [from 1.970(4) A to 1.988(4) A].
The heterocycle N-C-N bond angle also opens by a 1° [from 103.5(3) ° to 104.5(4)°] showing
how the electron stabilisation from the imidazol-2-ylidene nitrogens is reduced as the
electron density is drawn into stabilising the aromatic pyridine ring. These very subtle effects
are outside of the experimental errors. This shows an interesting feature that the electron
withdrawal from the pyridine is effectively weakening the palladium carbene bond, which

could have dramatic effect on an active catalytic species.

Compound 4.5 is a square planar palladium(II) complex in which the imidazolium bromide
ligand has interacted with palladium(II) chloride. The coordination sphere of the square
planar metal comprises three chloride ligands and the imidazolium pyridine group. There is
no interaction of the dangling imidazolium with any other atom in the unit cell. Although
chlorides are depicted in Fig 4.11 the structure contains mixed halide substitution at the
three-halide sites, but are predominantly occupied by chlorine. The imidazolium bromide

being mixed with the palladium chloride can explain the source of this mixture.

Fig 4.11 Crystal structure of compound 4.5.

Compounds 4.6 — 4.9 are all square planar bis-carbene palladium complexes of which
compounds 4.6 and 4.8 have been characterised by X-ray crystallography. Four ligands, two
ylidenes and two halides or methyl groups coordinate each metal centre. The structures of 4.6

and 4.8 are shown below with selected bond lengths and angles.
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Fig 4.12 Crystal structures of 4.6 (left) and 4.8 (right). Hydrogens removed for clarity.

Table 4.2 Selected bond lengths (A) and angles (°) for compounds 4.6 (left) and 4.8 (right).

4.6 4.8

Pdl - CI2 2.3164(6) Pdl — C47 2.083(5)
Pdl - Cl1 2.015(2) Pdl - C1 2.054(4)
N1-Cl1-N2 104.9(2) N2-C1-N3 102.7(3)
C1-Pdl -CI2 87.9(7) C1-Pd1 - C48 87.8(2)

By comparing the structures of the two compounds, the strength of the frans-effect can be
seen to influence the structure of the complexes. When halides complete the coordination
sphere and the weak-donor N-group is non-coordinated then a trans bis-carbene complex is
formed, but when methyls complete the coordination sphere the imidazol-2-ylidenes take a
cis geometry with respect to each other. The palladium to ylidene bond lengths are all
comparable to other known Pd(II) complexes and both of these geometries have been

observed for Pd(II) bis-carbene complexes.'® *

Compounds 4.10 — 4.12 are all tridentate bis-carbene complexes with the third bound atom
being a cyclometallated aryl carbon incorporated into the ligand backbone, of which
compounds 4.11 and 4.12 have been characterised by X-ray crystallography. The structure of

4.12 is shown in fig 4.5 and 4.11 is listed in the experimental section.
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Table 4.3 Selected bond lengths (A)
and angles (°) for 4.12.

Pdl —C6 2.02109)
Pdl - Cl 2.057(10)
Pdl - Cl4 2.039(10)
Pdl - Brl 2.5154(13)
N3 - Cl4 - N4 103.5(7)
NI-Cl-N2 105.8(7)

C6 —Pdl - Cl4 85.0(4)

Fig 4.13 Crystal structure
of compound 4.12.

This helical twisted motif observed in 4.11 and 4.12 is isostructural to the related pyridine
linked complexes.'® The Pd(II) square planar complexes have bond lengths and angles that
are typical of analogous complexes.'” The molecule adopts a C, symmetric structure, in
which the extended system of the five linked aromatic rings of the ‘pincer’ ligand wraps
around the square planar palladium centre. The fused six-membered chelate rings adopt boat
conformations similar to that observed in the pyridine based complexes previously repor’ted.16
The palladium — carbene bond lengths are Pd1 — C1 of 2.057(10) A and Pdl — Cl4 of
2.039(10) A are identical to the pyridine analogues (within experimental error) and the
palladium aryl bond 2.021(9) A is 0.05 A shorter than the pyridine analogues (in the range
2.065 —2.071 A). The complexes exist in the crystal lattice as a racemate and do not have a

chiral space group.

4.3 Conclusions

A variety of palladium(II) mono- and bis-imidazol-2-ylidene complexes have successfully
been isolated and characterised. Several different techniques were utilized to produce these
complexes; via the use of the ‘free’ imidazol-2-ylidenes described in chapter 2 (for
complexes 4.4 and 4.7 — 4.9); the use of the precursor silver complexes as transmetallation
reagents described in chapter 3 (for complexes 4.1 — 4.3 and 4.6) or via in situ deprotonation

of the imidazolium salt precursor (for complexes 4.10 — 4.12) and C-H/C-Br activation.
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Compounds 4.7 — 4.9 containing the ‘dangling’ pyridine structural motif have potential to be
easily reduced to a catalytically active Pd(0) state if simply heating the complexes will

eliminate ethane, as no evidence of a methyl-imidazolium species was observed.

Compounds 4.1 — 4.3 are derivatives of previously studied complexes'' and the additional
substitution of the pyridine ring allows study of different structural and electronic effects on
C-C coupling activity. The bis-carbene systems 4.6 — 4.12 also represent a good array of
structurally and electronically diverse complexes. These compounds allow a study of subtle
variations of the molecular structure of a catalytic precursor on activity in an active catalytic

system for example:

Mono- vs. bis-carbene systems (4.1 — 4.3 and 4.7 — 4.9).

The effect of the ‘dangling” donor on catalytic activity/stability (4.6 — 4.9).
Enforcing a less flexible active site, Pd-aryl vs Pd-pyridine donation (4.10 — 4.12).
The effect of steric bulk (4.10 — 4.12).

AW

As has been previously observed complexes bearing pyridine functionalised imidazol-2-
ylidenes are highly active precatalysts for the Heck reaction and the novel complexes

described here might help gain information on a possible mechanism of the Heck reaction

with these ligand systems.
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4.4 Experimental Section.

The following palladium starting materials were synthesised from literature method from the
Aldrich purchased precursor PdClh; Pd(OAc),” Pd(COD)CL,*® Pd(COD)Br,,%
Pd(COD)MeBr,”” CuMe,Li,?® Pd(COD)Me,,” Pd(TMEDA)CI, ** Pd(TMEDA)Me, *!

General method 1:

A dichloromethane solution of the corresponding silver carbene complex was added
dropwise to a solution of Pd(COD)MeBr and stirred at room temperature for 12-24h. After
completion, the precipitated silver halide was removed by filtration, and the filtrate was
evaporated to dryness. The remaining solid residue was washed with diethylether and dried
under vacuum. The products were obtained as pale yellow solids, which in most cases were
spectroscopically and analytically pure. If necessary, further purification was carried out by

recrystallisation from a saturated solution of dichloromethane and layered with diethylether.

General method 2:
Under an inert atmosphere to a solution of Pd(COD)MeBr or PA(TMEDA)Me; in predried

toluene was added dropwise via cannula to a solution of the appropriate imidazol-2-ylidene
in the same solvent. The precipitated product was isolated by filtration, washed with
petroleum ether (40/60) and dried under vacuum. Recrystallisation from a saturated solution
of' dichloromethane layered with diethylether gave spectroscopically and analytically pure

products.

[3-(2,6-di-iso-propylphenyl)-1-(5-trifluoromethyl)-2-pyridyl)-imidazol-2-ylidene]
palladium methyl bromide 4.1

This was prepared by following general method 1 from {3-(2,6-di-iso-
propylphenyl)-1-[(5-trifluoromethyl)-2-pyridyl)] imidazol-2-ylidene}

Me
Br_p:d__(NJ silver bromide (0.28 g, 0.5 mmol) and Pd(COD)MeBr (0.16 g, 0.5
/©/ ) mmol). X-ray quality crystals were obtained by layering
e’ N dichloromethane solutions with petroleum. Yield 0.31g, 85%. MS

(ES): m/z 535, [Pd(ligand)Me + MeCN]". 8y(CDCls): 0.1 (3H, s, PACH3), 1.1, 1.3 [2 x 6H, d,
CH(CHs),], 2.7 [2H, septet, CH(CHj3);], 7.0 and 7.9 (2 x 1H, d, 4- and 5-imidazol-2-ylidene),
7.2 (2H, d, Pr,CsH,H), 7.5 (1H, t, Pr'aC¢HoH), 7.8 (1H, d, pyr), 8.2 (1H, d, pyr), 9.7 (1H, br.
d, pyr). 8¢(CDCls): 0.0 (PACH3), 22.3, 23.6 [CH(CH3),], 27.5 [CH(CHs),], 29.9 (CF5), 109.5
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(3-pyridyl CH), 109.5, 114.5 (4- and 5-imidazol-2-ylidene), 122.9, 123.1, 125.6, 129.9,
133.2, 136.8, 143.5, 143.9, 151.1 (aromatics) 205.9 (2-imidazol-2-ylidene). Found: C, 44.84;
H, 4.42; N, 6.95. CyoHysF3N3PdBr requires: C, 45.97; H, 4.38; N, 7.31%.

Crystal data for 4.1: Cy4H29BrCl4F3N3Pd, colourless plate, Mw 1489.22, Monoclinic, C2/C
(No. 15), a = 23.6757(10) A, b = 13.4251(7) A, ¢ = 18.6251(8) A, a =y =90 °, § =
90.269(3)°, ¥ =5919.9(5) A®>, Z = 4, u = 2.376 mm™', 7= 150 K, Total reflections = 22245,
unique reflections = 6703 (Riy: = 0.0803), Final R indices [/>26(/)] R = 0.0496, Ry, = 0.1028
(all data). CCDC Code 194161. X-ray Local Code 01sw044. Unit cell contains complex and

2 molecules of dichloromethane.

Fig 4.14 X-ray crystal structure of 4.1.

Table 4.4 Bond lengths (A) for 4.1.

CI-F1 1271(6) C6-N3  1.350(6) CI0-CI1 1.417(7) Cl6-CI7  1.545(8)
Cl1-F3 1.307(6) C6-N2  1.402(6) CI0-NI  1.450(6) Cl9-C20  1.522(7)
CI-F2 1.322(6) C7-NI  1.323(6) Cl1-Cl2 1.379(7) Cl9—-C21  1.532(7)
Cl-C3 1.500(7) C7-N2  1.377(5) CIl-C19 1.531(7) C22-Pdl  2.098(3)
C2-N3  1.338(6) C7-Pdl  1.988(4) CI2-CI3 1.388(8) N3 - Pdl 2.155(4)
C2-C3  1.379(6) C8-C9  1.335(7) CI3-Cl4 1.352(8) Pdl —Brl  2.4605(6)
C3-C4  1.384(7) C8—N2  1.389(6) Cl4-Cl5 1.399(7)

C4-C5 1.389(7) CO—-NI1  1.402(6) CI5-Cl6 1.516(8)

C5-C6  1.384(6) C10-C15 1.398(7) Cl6-CI18 1.514(8)

Table 4.5 Bond angles (°) for 4.1.

FI-C1-F3  108.3(5) C9 - C8 —N2 106.7(4) C20-C19-C21  110.8(4)
FI-Cl-F2  106.3(5) C8$ —C9 -~ NI 106.7(4) CI1-Cl19-C21  1124(4)
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F3-C1-F2  100.9(5) C15-C10-CIl  123.0(4) C7-N1-C9 111.7(4)
FI-Cl-C3 114.8(4) C15-C10-N1  118.2(4) C7-N1-C10 127.6(4)
F3-C1-C3 11334 Cl1-Cl10-NI  118.7(4) C9—-N1-CI10 120.8(4)
F2-Cl1-C3 11214 Cl2-C11-Cl0  116.9(5) C7-N2-C8 110.6(4)
N3-C2-C3  121.9(4) Cl12-C11-C19  121.8(5) C7-N2-C6 121.7(3)
C2-C3-C4  120.0(4) Cl0-Cl1-Cl9  121.2(4) C8 -N2-C6 127.7(4)
C2-C3-Cl  119.54) Cl1-CI2-CI13  120.9(5) C2-N3-C6 118.2(4)
C4-C3-Cl  1204(4) Cl4-C13-CI2 120905 C2-N3-Pdl 128.9(3)
C3-C4-C5  118.6(4) C13-Cl4-CI5  121.9(5) C6—N3 - Pdl 112.9(3)
C6-C5-C4  118.1(4) Cl0-C15-Cl4 116305 C7-Pd1-C22  96.5(2)
N3-C6-C5  123.2(4) Cl0-CI5-Cl6  122.2(5) C7-Pdl - N3 79.6(2)
N3-C6-N2  113.0(4) Cl4-C15-Cl6  121.5(5) C22 - Pd1 - N3 175.77(14)
C5-C6-N2  123.9(4) C18-Cl6-C15  111.5(5) C7-Pdl - Brl 173.04(12)
N1-C7-N2  104.5(4) C18-C16-Cl7  110.0(5) C22-Pdl-Brl  90.49(10)
N1-C7-Pdl  142.7(3) C15-C16-C17  110.3(5) N3 - Pdl - Brl 93.52(10)
N2-C7-Pdl  112.8(3) C20-C19-CI1  111.54)

[3-(2,6-di-iso-propylphenyl)-1-(5-trimethylsilyl)-2-pyridyl)-imidazol-2-ylidene]
palladium methyl bromide 4.2
This was prepared by following general method 1 from {3-(2,6-di-
iso-propylphenyl)-1-[(6-trimethysilyl)-2-pyridyl)] imidazol-2-

Me
Br__P!d /b ylidene} silver chloride (0.25 g, 0.5 mmol) and Pd(COD)MeBr
1\}1\ N / (0.16 g, 0.5 mmol). Yield: 0.22g, 75%. MS(ES+): m/z 525,
s U [Pd(ligand)Me + Na]". 8u(CDCl3): 0.1 (3H, s, PACH3), 0.3 [9H, s,

Si(CHs)3], 1.1, 1.3 [2 x 6H, d, CH(CH;),], 2.7 [2H, septet, CH(CH3),], 6.9 and 7.8 (2 x 1H, d,
4- and 5-imidazol-2-ylidene), 7.2 (2H, d, PryC¢HoH), 7.5 (1H, t, Pr'aCsHoH), 7.6 (1H, d, pyr
H), 8.1 (1H, d, pyr H), 9.5 (1H, br. d, pyr H). 8c(CDCl): -1.3 (PdCH3), 1.1 [Si(CH3)3], 23.3,
24.7 [CH(CHs),], 28.0 [CH(CH3),], 109.4, 114.9 (4- and 5-imidazol-2-ylidene), 123.3, 124.0,
125.8, 128.7, 130.7, 134.6, 135.8, 145.1, 150.1, 154.2 (aromatic), 179.5 (2-imidazol-2-
ylidene). Found: C, 50.62; H, 6.31; N, 6.42. (Calculated for C»4H34SiN;PdBr: C, 49.79; H,
5.92; N, 7.26%).

Crystal data for 4.2: C,sH3sN30SiBrPd, yellow plate, Mw 607.96, Orthorhombic, Pbca (No.
61), 15.7372(5) A, b =11.6927(3) A, ¢ =30.0256(9) A, a = =y=90°, V' =5525.03) A°, Z
=8, u=2.182 mm™, 7= 150 K, Total reflections = 19397, unique reflections = 6273 (Rt =
0.0910), Final R indices [/>20(])] R = 0.0801, R,, = 0.1548 (all data). X-ray Local Code
02sw026. Unit cell contains complex and a molecule of methanol. Symmetry transformations

used to generate equivalent atoms: -x, -y, -z + 1.
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Fig 4.15 X-ray crystal structure of 4.2.

Table 4.6 Bond lengths (A) for 4.2

Cl-N1  1361(10) C5-C6 1373(13)  CI3-Cl4 1.512(16) C21-Sil 1.825(12)
Cl-N2  1373(11)  C5-Cl0 1508(12)  Cl6-N3  1314(11) C22-Sil  1.880(12)
Cl—Pdl  1.959(8) C6-C7  1400(14)  C16-C17 1392(12) C23-Sil  1.859(11)
C2-C3  1314(12)  C7-C$  1382(14)  CI6-N2  1401(10) C24-Pdl 2.042(8)
C2-N1  1.398(10)  C8-C9  1385(13)  Cl7-CI8 1.398(13) N3 —Pdl  2.178(7)
C3-N2 1.395(11) C9-C13 1.533(13) C18-C19 1.397(14) Brl-Pdl 2.4525(13)
C4-C5 1.392(12) C10-C11 1.524(13) C19-C20 1.385(13)

C4-C9  1414(12)  Cl0-Cl2 1527(13)  CI9-Sil  1.902(9)

C4-N1  1441(10)  CI13-Cl5 152516)  C20—-N3  1.346(11)

Table 4.7 Bond angles (°) for 4.2.

N1-C1-N2 102.9(7) C5-C10-C12 111.1(8) Cl1-N2-C16 120.2(7)
NI-Cl-Pdl  142.8(6) Cl1-Cl0-C12  1123(8) C3-N2-C16 128.1(7)
N2 -C1-Pdl 114.3(6) Cl15-Ci3-Cl4 110.4(10) Cl16 -N3-C20 118.7(8)
C3-C2-NI 107.8(8) C15-C13-C9 112.5(8) C16 - N3 — Pdl 112.4(6)
C2-C3-N2 106.4(7) Ci4-C13-C9 109.9(9) C20 -N3 —Pd1 128.9(6)
C5-C4-C9 122.8(8) N3-C16-C17  123.5(8) C21-8il-C23  110.6(6)
C5-C4-NI1 117.9(7) N3 - C16 - N2 114.2(7) C21-Sil—C22  1083(7)
C9-C4~-N1 119.1(7) C17-C16 - N2 122.2(8) C23-Sil-C22  113.1(6)
C6-C5-C4 117.6(8) Ci6-C17-Ci18 117.0(9) C21-8i1-C19 110.6(5)
C6-C5-C10 119.6(8) C19-C18-C17 120.4(9) C23-Si1 -C19 107.9(5)
C4-C5-C10  122.7(8) C20-C19-C18  116.8(8) C2-Sil-C19  106.3(5)
C5-C6-C7 121.5(9) C20-C19-Sil 122.7(7) C1-Pdl1 ~C24 96.0(3)
C8-C7-C6 119.6(9) CI8-C19-Sil  120.5(7) C1-Pdl - N3 78.8(3)
C7-C8-C9 121.4(9) N3 -C20-C19 123.3(9) C24 —Pdl1 —-N3 174.8(3)
C8-C9-C4 117.1(9) Cl1-N1-C2 111.1(7) C1-Pdl - Brl 173.6(2)
C8-C9—-CI3  122.7(8) C1-N1-C4 127.1(7) C24—-Pdl—Brl  90.4(2)
C4-C9-CI13  120.2(8) C2-N1-C4 121.8(7) N3 — Pdl — Brl 94.81(19)
C5-C10-Cl11 111.8(8) Cl1-N2-C3 111.7(7)
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{3-(2,6-di-iso-propylphenyl)-1-[(6-trimethylsilyl)-2-pyridyl)]-imidazol-2-ylidene}
palladium methyl bromide 4.3
This was prepared by following general method 1 from {3-(2,6-di-

YQ/ iso-propylphenyl)-1-[(6-trimethysilyl)-2-pyridyl)] imidazol-2-
Nie N ylidene} silver chloride (0.25 g, 0.5 mmol) and Pd(COD)MeBr (0.16
Br"ilj-gj g, 0.5 mmol). Yield: 0.18g, 60%. MS (ES): m/z 907,
| ; [Pd(ligand),Me]". 8x(CDCl): 0.3 (3H, s, PdCHs3), 0.4 [9H, s,
Si(CH3)3], 1.2, 1.3 [2 x 6H, d, CH(CHs)2], 2.5 [2H, septet,
CH(CHs),], 7.0 and 7.8 (2 x 1H, d, 4- and 5-imidazol-2-ylidene), 7.3 2H, d, Pr',CsH,H), 7.4
(1H, t, Pr'aCsHoH), 7.7 (1H, d, pyr H), 8.1 (1H, t, 4-pyridyl H), 9.2 (1H, d, pyr H). Found: C,
50.23; H, 6.09; N, 7.35. Cp4H34Br1N3Pd;Si; requires C, 49.79; H, 5.92; N, 7.26%.

Me;Si

[3-(2,6-di-iso-propylphenyl)-1-(2-pyridyl)-imidazol-2-ylidene] palladium dimethyl 4.4
To a precooled (-78°C) solution of Pd(COD)Me; (0.045g, 0.18 mmol)
dissolved in THF (10cm®) was added a precooled (-78°C) solution of
Nie N 2.20 (0.056 g, 0.18 mmol) in the same solvent. The mixture was
Me_‘:f“_gj stirred at and allowed to rise to 0°C and at this point the solvent was
‘ o removed in vacuo to yield a white micro-crystalline solid. Attempts to
~ crystallise 4.4 from diethylether saw only decomposition on standing at
-30°C. MS(ES+) m/z 882 [Pd(Ligand)Me,],", 467 [Pd(Ligand)(Me)MeCN]", 426
[Pd(Ligand)Me]". NMR 8y(CsDs): 0.7 (6H, s, Pd-Mey), 1.1, 1.5 [2 x 6H, d, CH(CH3),], 2.9
[2H, septet, CH(CHa),], 6.2 (2H, d, Pr,CsHLH), 6.3 and 6.5 (1H, d, 4- and 5-imidazol-2-
ylidene), 6.4 (1H, t, Pri,CeHoH), 6.8 (1H, dd, pyr H), 7.1 (1H, d, pyr H), 7.3 (1H, dd, pyr H),

8.8 (1H, d, pyr H). Sample decomposed rapidly in benzene on standing.

[3-(2,6-diisopropylphenyl)-1-(a -picolyl)imidazolium] palladium trichloride/bromide 4.5

To a solution of PdCl, (0.04 g, 0.25 mmol) dissolved in acetonitrile

. ¢ (10 cm®) was added a solution of 3-(2,6-di-iso-propylphenyl)-1-(a. -

/r‘pci-n\“B‘ <:” picolyl)imidazolium bromide (0.09 g, 0.25 mmol) in the same
ES

Br
solvent. The mixture was stirred at room temperature until yellow

\
/ 4.5 precipitated as a microcrystalline powder. Recrystallisation from
acetonitrile yielded yellow X-ray quality crystals. a(CD3sCN): 2.0, [2 x 6H, d, CH(CH}3)a],

3.3 [2H, septet, CH(CHa),], 6.4 (2H, br. s, CHy), 7.7 and 8.4 (2 x 1H, d, 4- and 5-imidazol-2-
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ylidene), 8.5 (2H, br. d, Pr'aCsH>H), 8.8 (1H, m, 5-picolyl H), 9.0 (1H, t, Pr'aCsHaH), 10.0
(2H, br., 3,4-picolyl), 10.1 (1H, d, 6-picolyl H), 10.7 (1H, s, imidazol-2-ylidene).

Crystal data for 4.5: CosH 22Brs 54Clg 46N1gPdy, colourless plate, Mw 2625.42, Triclinic, P-1
(No. 15), a = 12.515(5) A, b = 15.993(5) A, ¢ = 16.428(5) A, o = 114512(5), S =
108.155(5)°, y = 96.941(5) °, ¥V =2721.3(16) A>, Z =1, 1 = 2.894 mm™, T = 150 K, Total
reflections = 15113, unique reflections = 7785 (R, = 0.0421), Final R indices [/>26(/)] R =
0.0665, Ry = 0.1017 (all data). CCDC Code 194162. X-ray Local Code 02sw091. Unit cell

contains two complex units and 3 molecules of acetonitrile.

Fig 4.16 X-ray crystal structure of 4.5.

Table 4.8 Bond lengths (A) for 4.5.

Pdl-NI  2.048(7) N2-C6 1469(12)  C5-C6  1.509(13) Cl13-Cl4 1.399(19)
Pdl-CI5  2331(2) N3-C9 1328(13) C7—-C8  1.354(15) Cl4-Cl15 1.369(16)
Pdl-Cl4 23712 N3-C8 1373(13)  CI0-CI5 1.356(15) Cl15-Cl6 1.527(17)

Pdl-Cl6 23968(19)  N3-Cl0 1.463(13)  Cl0-CIl 1.400(15) Cl16-CI17 1.531(17)
NI-Cl  1.331(11) Cl-C2 1369(14)  Cl1-CI2 1.363(16) Cl16-CI8 1.547(18)

NL-C5  1.348(12) C2-C3  1359(15)  Cl1-Cl9 1.539(16) C19-C20 1.495(17)
N2-C9  1.330(12) C3-C4  1365(15)  CI2-CI3 1.362(18) Cl19-C21 1.557(17)
N2-C7  1.394(13) C4-C5  1375(14)

Table 4.9 Bond angles (°) for 4.5.

NL-Pdl-CIS  176.3(2) NI-Cl-C2 121.6(9) Cl2-Cl1-C19  1202(11)
NI-Pdl-Cl4  87.1Q2) C3-C2-Cl 119.5(10) ClIO-CI1-C19  123.2(10)
CI5S—Pdl—Cl4  92.60(7) C2-C3-C4 119.1(10) ClI3-CI2-Cll  121.8(13)
NI-Pdl-Cl6  90.0(2) C3-C4-C5 120.1(10) CI2-CI3-Cl4  119.6(12)
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CI5-Pdl-Cl6  90.45(7) N1-C5-C4 120.1(9) C15-Cl4-CI3  1205(12)
Cl4—Pdl-Cl6  175.63(6) N1-C5-C6 118.7(9) C10-Cl15-Cl4  117.6(12)
C1-N1-C5 119.7(8) C4-C5-C6 121.2(9) Cl0-C15-Cl6  122.8(11)
C1-N1-Pdl  119.3(6) N2-C6-C5 109.6(8) Cl4-C15-Cl16  119.6(11)
C5-N1-Pdl  121.0(6) C8-C7-N2 106.6(9) C15-Cl16-C17  110.6(11)
C9-N2-C7 108.2(9) C7-C8-N3 107.4(10) C15-C16-C18  110.2(10)
C9-N2-C6 124.9(9) N3 - C9-N2 109.0(9) C17-Cl6-C18  110.7(10)
C7-N2-C6 126.6(8) C15-Cl0-CI1 123.8(11) C20-C19-C11  112.5(11)
C9-N3-C8 108.8(9) C15-CI0-N3  120.3(10) C20-C19-C21  110.5(10)
C9-N3-C10  123.2(8) Cl1-C10-N3  115.909) Cl1-C19-C21  111.3(10)
C8—N3-CI0  125.9(9) C12-Cl11-Cl0 116.6(12)

Bis-{1-[3-(mesityl)-imidazol-2-ylidene]-1-diethylcarbamoylmethyl} palladium dichloride
4.6

_ i This was prepared following the general method 1 from 3.6

N/——\N—)L New - (0.20 g, 0.45 mmol) and Pd(COD)CL, (0.13 g, 0.45 mmol) in

cfp/\E\\Cl dichloromethane (50 cm®) by stirring at room temperature for

EtzNY—N\—_;/N—E »— 12 h. The crude product was washed with methanol, dissolved

5 in dichloromethane and passed through a short silica gel

column. Evaporation of the volatiles gave spectroscopically pure product. X-ray quality

crystals were obtained by layering a saturated dichloromethane solution with diethylether.

NMR 64(CDCls) 1.2 [6H, t, N(CH,CHS3)], 2.5 (6H, bs, mesityl CHjs), 2.9 (12H, bs, mesityl

CH3), 3.4 [4H, g, N(CH,CH3)], 5.3 (4H, s, CHy), 6.3 (6H, bs, mesityl H and 4-imidazol-2-

ylidene), 7.2 (2H, s, S-imidazol-2-ylidene). Found: C, 55.29; H, 6.21; N, 10.49. (Calculated
for C36Hs0CLNsO,PdCly: C, 55.71; H, 6.49; N, 10.82%).

Crystal data for 4.6: Ci3HysN3OCIPdy s, yellow plate, Mw 388.06, Monoclinic, P2;/c (No.
14), a = 11.448(2) A, b = 10.010(2) A, ¢ = 16.985(3) A, a =y = 90°, B = 103.99(3)°, V =
1888.7(7) A3 7=4, u=0.672 mm™, 7= 150 K, Total reflections = 15398, unique reflections
= 4301 (Rjy = 0.0781), Final R indices [/>20(])] R = 0.0431, Ry = 0.0529 (all data).
Symmetry transformations used to generate equivalent atoms: -x + 1, -y + 1, -z. CCDC Code

194165. X-ray Local Code 01s0t040.
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Fig 4.17 X-ray crystal structure of 4.6.

Table 4.10 Bond lengths (&) for 4.6.
Cl1-N1 1.352(3) C4-C9  1.402(3) C8-C9 1.392(3) C15-Cl16 1.504(4)
Cl1-N2 1.355(3) C4-N1 1.445(3) C9-Cl2  1.502(3) C17-N3 1.470(3)
C1-Pdl1 2.015(2) C5-C6 1.391(3) CI13-N2 1.464(3) Cl17-C18 1.510(5)
C2-C3 1.341(4) C5-C10 1.504(3) C13-C14  1.532(3) CI2 - Pd1 2.3164(6)
C2-N2 1.388(4) C6-C7 1.388(3) Cl4—-01  1.2243) Pdl-Cl 3 2.0152)
C3-NI1 1.392(3) C7-C8 1.399(4) Ci14-N3 1.338(3) Pd1-C12 3 2.3164(6)
C4-C5 1.400(3) C7-C11 1.505(4) C15-N3 1.471(3)
Table 4.11 Bond angles (°) for 4.6.
N1-C1-N2 104.9(2) C6-C7-Cl1 120.7(2) Cl1-N1-C4 122.00(19)
N1-Cl-Pdl  127.80(17) C8-C7-Cl1 120.8(2) C3-N1-C4 127.0(2)
N2 -C1-Pdi 127.19(19) C9-C8-C7 121.7(2) Cl-N2-C2 110.6(2)
C3-C2-N2 107.02) C8—C9-C4 117.7(2) Cl-N2-Cl13 124.7(2)
C2-C3-NI1 106.6(2) C8-C9-Ci12 120.7(2) C2-N2-Ci3 124.3(2)
C5-C4-C9 122.2(2) C4-C9-C12 121.6(2) Cl4-N3-C17 117.92)
C5-C4-N1 118.8(2) N2-C13-Cl4 114.2(2) Cl14-N3-Cl15 125.7(2)
C9-C4-NI 119.0(2) 01 -C14-N3 123.002) C17-N3-C15 116.2(2)
C6—C5-C4 117.5(2) 01 -Cl4-CI3 117.7Q2) Cl 3 -Pdl—-Cl 180.00(5)
C6-C5-C10 120.5(2) N3-Cl14-CI13 119.3(2) Cl 3-Pdl-CI2 92.09(7)
C4-C5-Cl10  121.9(2) N3-C15-C16 113.002) Cl-Pdl -CI2 87.91(7)
C7~C6~C5 122.2(2) N3-C17-C18 112.1(3) Cl2-Pd1 ~CiI2_3 180.00(3)
C6-C7-C8 118.5(2) Cl1-N1-~C3 110.8(2)
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Di-{3-(mesityl)-1-[(6-trimethylsilyl)2-pyridyl]-imidazol-2-ylidene} palladium dimethyl
4.7 NMR Scale only.

sme; 1his was prepared following the general method 2 from 2.19 (0.03

/@ /\ !\ g, 0.08 mmol) and Pd(TMEDA)Me, (0.01 g, 0.04 mmol). MS

[N)/m,., ,m\(NE (ES+): m/z 867 [Pd(Ligand),Me]". NMR 8y(CsDs) 0.3 (6H, s, Pd-

N chf’d\c o\ CHz3), 0.4 [18H, bs, Si(CHs)3], 2.1, 2.2 (2 x 6H, s, mesityl 0-CHj),

N O \Q 2.3, (6H, s, mesityl p-CHs), 6.0 and 6.1 (2 x 2H, s, mesityl H), 6.8

and 8.6 (2 x 2H, s, 4- and 5-imidazol-2-ylidene), 7.0 (2H, d, Pyr
H), 7.1 (2H, d, Pyr H), 10.2 (2H, d, Pyr H).

Di-{3-(2,6-di-iso-propylphenyl)-1-[(6-trimethylsilyl)2-pyridyl]-imidazol-2-ylidene}
palladium dimethyl 4.8
M= This was prepared following the general method 2 from 2.21 (0.30

4

VQQ g, 0.8 mmol) and Pd(TMEDA)Me, (0.10 g, 0.4 mmol). Yield 0.35
[ >< } g, 81%. MS (ES+): m/z 875 [Pd(Ligand),Me]". NMR §(CsDs) 0.2
/é‘ Ve, [18H, s, Si(CHs)3], 0.6, 0.8, 0.9, 1.5 [4 x 6H, d, CH(CHs),], 2.5,
s A 3.1 [2 x 2H, septet, CH(CH3),], 6.3 and 7.0 (2 x 2H, br.d 4-, 5-
imidazol-2-ylidene), 6.4 (4H, d, Pr,CsHoH), 6.7 (2H, t, Pr'aCsHoH), 6.9 (2H, dd, Pyr H), 8.3
(2H, d, Pyr H), 9.4 (2H, d, Pyr H). 8c(C¢Dg) —1.5 (Pd-CH3), 1.5 [Si(CH3)3], 116.1, 118.6 (4-
and 5-imidazol-2-ylidene), 123.3, 124.2, 124.6, 126.7, 130.1, 136.1, 138.4, 145.1, 148.0,

151.7, 164.3 (aromatic) 174.4 (2-imidazol-2-ylidene).

Crystal data for 4.8: C43HesNePdSi,, yellow plate, Mw 891.66, Monoclinic, P2;/c (No. 14), a
=20.4334(5) A, b =10.1594(2) A, c = 23.8809(5) A, a = y = 90°, # = 100.8020(10)°, V' =
4869.6(2) A’, Z =4, u=0.468 mm™, T'= 150 K, Total reflections = 19837, unique reflections
= 10836 (Rint = 0.0378), Final R indices [/>2¢(])] R = 0.0629, R,, = 0.0882 (all data). X-ray
Local Code 02sw004.
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Fig 4.18 X-ray crystal structure of 4.8.
Table 4.12 Bond lengths (A) for 4.8.
C1-N3  1.365(5) Cl1-Sil  1873(6) C25-N5 1365(5) C35-C36  1.400(7)
CI-N2 137405 Cl12-C17 1.383(6) (C25-N4  1376(5) C35-N5  1.442(5)
Cl-Pdl  2.054(4) C12-CI3 1390(6) C25-Pdl 2.0524)  C36-C37  1.397(6)
C2-C3  1.327(6) C12-N3  14455) C26-N5  1.391(6) C36-C44  1.505(7)
C2-N2  1.394(5) CI3-Cl4 1393(5) C27-N6 1.327(5) C37-C38 - 1374(6)
C3-N3  1.394(6) C13-C21 1.508(6) C27-C28 1376(6) C38-C39  1376(6)
C4-N1  1.324(5) Cl4—C15 1372(6) C27-N4  1437(5) C39-C40  1.398(6)
C4-C5  1.378(5) CI5-C16 1363(7) C28—-C29 1373(6) C40-C4l  1.513(7)
C4-N2  1.432(5) CI6-C17 1388(7) C29-C30 1392(6) C41-C43  1.514(8)
C5-C6  1.378(5) C17-CI8 1510(7) C30—C31 1389(7) C41-C42  1.536(8)
C6-C7  1.385(6) C18-C19 1.51(2)  C31-N6 1356(6) C44—-C45  1.531(9)
C7-C8 1.382(6) C18—-C20 1.54(2) C31-S8i2 1.891(4) C44 —C46 1.532(8)
C8-N1 1.360(5) C21-C22  1.519(8) C32 -Si2 1.717(9) C47 - Pdil 2.083(5)
C8 - Sil 1.882(4) C21-C23 1.539(8) C33-812 1.744(10) C48-Pd1 2.087(5)
C9 —sil 1.841(5) C24-C26  1.325(7) C34-8i2 1.680(10)
C10-Sil  1.840(5) C24-N4  1387(7) C35-C40 1.395(7)
Table 4.13 Selected bond angles (°) for 4.8.
N3-CI1-N2 102.7(3) Cl12-C13-C14 117.3(4) Cl-N2~C4 128.4(3)
N3 -Cl1-~Pdl 126.1(3) Ci2-C13-C21 122.6(3) C2-N2-C4 119.9(3)
N2 - C1-Pd1 130.6(3) Ci4-Ci3-C21 120.0(4) Cl-N3-C3 111.7(3)
C3-C2-N2 106.8(4) CI5-Cl4-CI3  121.7(4) CI-N3-CI12  1283(3)
C2-C3-N3 107.1(4) Cl6—-C15-Cl4 119.4(4) C3-N3-C12 119.8(3)
N1 -C4-~C5 124.3(3) Cl15-Ci16-C17 121.5(4) C25-Pd1 - C1 102.34(15)
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NI -C4-N2 113.8(3) CI2-Cl17-Cl6  118.0(4) C25 -Pdl —C47  86.8(2)
C5—C4—N2 121.8(3) CI2-C17-CI8  122.4(5) Cl-Pdl-C47 170.702)
C6-C5 - C4 117.3(3) Cl6-C17-CI8  119.5(5) C25-Pdl - C48  169.7(2)
C5-C6-C7 119.7(4) Cl17-CI18-C19  111.6(9) Cl-Pdl —C48  87.8(2)
C8-C7-C6 119.6(4) Cl7-C18-C20  108.8(8) C47-Pdl - C48  83.1(3)
NI -C8-C7 120.6(3) Cl9-CI18-C20  113.809) CI0-Sil-C9  1124(3)
N1 -C8 - Sil 113.7(3) CI3-C21-C22  113.1(4) Cl10-Sil —CI1  109.5(3)
C7-C8-Sil 125.7(3) CI3-C21-C23  110.4@4) C9-Sil-CIl  110.0(3)
Cl17-C12-CI3 122.0(4) C22-C21-C23  110.1(4) Cl0-Sil—C8  107.8(2)
Cl7-CI2-N3  119.2(4) C4-N1-C8 118.5(3) C9-Sil-C8  107.9Q2)
CI13-CI2-N3  118.5(4) Cl-N2-C2 111.7(3) Cl1-Sil—-C8  109.2(2)

Di-{3-(2,6-di-iso-propylphenyl)-1-[(5-trifluoromethyl)2-pyridyl]-imidazol-2-ylidene}

palladium dimethyl 4.9 NMR Scale only.

This was prepared following the general method 2 from 2.22 (0.03 g,
0.08 mmol) and PA(TMEDA)Me, (0.01 g, 0.04 mmol). MS (ES+): m/z
867 [Pd(Ligand);Me]". NMR 8y(C¢Ds) 0.1 (6H, s, Pd-CH3), 0.6, 0.7,
0.9, 1.4 [4 x 6H, d, CH(CH;),], 2.5, 3.1 [2 x 2H, septet, CH(CH3),], 6.3
and 8.2 (2 x 2H, s, 4-, 5-imidazol-2-ylidene), 6.4 and 6.9 (2 x 2H, d,
Pr,CeHhH), 6.9 (2H, t, Pr'yCsHoH), 7.4 (2H, d, Pyr H), 8.4 (2H, s, Pyr

H), 10.0 (2H, d, Pyr H). Very fine plate crystals grew from the NMR sample however, from

X-ray diffraction studies poor quality data was obtained only allowing connectivity to be

confirmed, which showed complex 4.9 to be isostructural to 4.8. Due to the weakness of the

data it is not presented here.

1,3-{bis[3-(mesityl)imidazol-2-ylidene|methyl}-4,6-dimethylbenzene palladium bromide

4.10

A mixture of Pd(OAc),, (0.07 g, 0.31 mmol), 2.19 (0.5 g, 0.75 mmol),
NaOOCCH; (0.303 g, 3.7 mmol) and N, N-dimethylacetamide (20
cm®) was heated in a sealed rotaflo ampoule at 160°C for 24 h, giving a
dark-red purple mixture. After removal of the volatiles under reduced

pressure at 70-80°C, the residue was extracted into ether (3 x 30 cm3),

the extracts were passed through a short alumina pad deactivated with THF, and concentrated

to ca 5 cm’, to give the product as white crystalline material. X-ray quality crystals were

obtained from diethylether solutions by slow evaporation. Yield 0.12g, 60%. MS(ES+) m/z
650.0, [Pd(ligand)(MeCN)]". NMR §(CDCls), 1.8 (6H, s, phenyl CH3) 2.2, 2.3 (2 x 6H, s,
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mesityl CHz), 2.4 (6H, s, mesityl CHs), 5.1, 5.3 (2 x 2H, d, CH, AB pattern), 6.6 (3H, bs,
5-imidazol-2-ylidene and p-phenyl H), 6.9 (4H, s, mesityl H), 7.1 (2H, s, 4-imidazol-2-
ylidene). &c(CDCl3) 18.6, 19.3, 19.9, 21.0 (CH3), 53.7 (CHy), 119.4, 121.5 (4- and 5-
imidazol-2-ylidene), 127.0, 128.5, 128.7, 130.7, 134.6, 136.0, 136.4, 136.9, 137.6, 156.2
(aromatic), 180.9 (2-imidazol-2-ylidene). Found: C, 58.55 H, 5.65; N, 8.05, C34H37N4Br;Pd;
requires: C, 59.36; H, 5.42; N, 8.14.

1,3-|bis{3-(2,6-di-iso-propylphenyl)imidazol-2-ylidene)methyl}-4,6-dimethylbenzene
palladium bromide 4.11
A mixture of Pd(OAc),, (0.07 g, 0.31 mmol), 2.18 (0.23 g, 0.31
\(Q\( ) W/Q/ mmol), NaOOCCH; (0.26 g, 3.5 mmol) and N, N’-
CW__‘J;‘(TJ dimethylacetamide (20 cm®) was heated in a sealed rotaflow
N ampoule at 160°C for 24 h, giving a dark-red purple mixture. After
7~ removal of the volatiles under reduced pressure at 70 - 80°C, the
residue was extracted into ether (3 x 30 cm’), the extracts were passed through a short
alumina pad deactivated with THF, and concentrated to ca 5 cm?, to give the product as white
crystalline material. X-ray quality crystals were obtained from ether solutions by slow
evaporation. Yield: 0.12 g, 52%. MS (ES): m/z 732.0, [Pd(ligand)(MeCN)]". u(CDCls) 0.6,
1.0, 1.2, 1.3 [24H, 4 x d, CH(CHs),], 2.2, 2.8 [4H, 2 x septet, CH(CH3),], 2.3 (6H, s, 0-CH3),
4.9, 5.2 (4H, 2 x d, CH, AB pattern), 6.4 (1H, s, aromatic H), 6.5 (2H, d, 5-imidazol-2-
ylidene H), 6.9 (2H, d, 4-imidazol-2-ylidene H), 7.0, 7.1 (4H, 2 x d, Pr',C¢H,H), 7.3 (2H, t,
Pr'yCsHyH). 6c(CDCls) 18.9 (CHs-phenyl), 22.2, 22.6, 23.4, 23.7 [CH(CH3)], 26.9, 27.6
[CH(CH3)], 52.9 (CHy), 117.9, 121.9 (4- and 5-imidazol-2-ylidene), 122.6, 122.7, 125.6,
127.9, 129.4, 135.3, 136.1, 144.2, 145.3, 155.5 (aromatic), 180.9 (imidazol-2-ylidene).
Found: C, 62.06; H, 6.45; N, 6.91. C4oH4oN4Br;Pd, requires: C, 62.06; H, 6.64; N, 7.24 %.

Crystal data for 4.11: C4oH19BrN4Pd, colourless block, Mw 772.14, Monoclinic, P2,/c (No.
14), a = 12.0839(2) A, b = 15.3863(3) A, ¢ = 20.9393(5) A, a =y =90° = 90.3890(10)°, V
= 3893.08(14) A*, Z =4, u = 1.534 mm™, T = 150 K, Total reflections = 14984, unique
reflections = 8760 (Riy; = 0.0264), Final R indices [/>20()] R = 0.0567, Ry, = 0.0733 (all
data). CCDC Code 194844. X-ray Local Code 01sw048.
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Fig 4.19 X-ray crystal structure of 4.11.

Table 4.14 Bond lengths (A) for 4.11.

Cl-C22  1.400(7) C7-Pdl 2.033(5) Cl6 -C17 1.517(9) C27-C28 1.407(7)
c1-C2 1.413(7) C8-C9 1.351(7) Cl6-C18 1.534(8) C27-N4  1.433(6)
C1-Pdl 2.032(4) C8 —N2 1.374(6) C19-C21 1.503(9) C28 - C29 1.400(7
C2-C3 1.415(7) C9—NI1 1.388(6) C19-C20 1.517(11) C28-C36 1.510(7)
C2-C6 1.508(7) C10-C11 1.387(7) C22~-C23 1.514(7) C29-C30 1.388(8)
C3-C4  1.391(8) C10-C15 1.399(7) C23-N3  1.477(6) C30-C31 1.385(8)
C3-C40  1.5108) CIO-N1  1.442(6) C24-N3  1351(6) C31-C32 1.392(7)
C4-C5 1.383(8) Cl1-Cl2 1411(h) C24-N4  1.371(6) C32-C33 1.516(7)
C5-C22 1417 Cl1-C16 1.529(8) C24 -Pdl  2.014(5) C33-C35 1.506(8)
C5-C39  1.515(8) C12-C13 1.376(9) C25-C26 1.346(7) C33-C34 1.531(8)
C6-N2  1.4756) C13-Cl4 1.382(9) C25-N3  1.383(6) C36-C38  1.528(8)
C7-N2  1.355(6) Cl4—-Cl15 1.409(7) C26-N4  1.386(6) C36-C37 1.540(8)
C7-N1  1.369(6) C15-C19 1.522(8) C27-C32  1.394(7) Brl —Pdl  2.5059(6)
Table 4.15 Selected bond angles (°) for 4.11.

C(22)-C(1)-C2)  118.4(4) N()-C(7)-Pd(1)  1352(3) C(7)-N(2)-C(8) 112.2(4)
C(22)-C(1)-Pd(1) 120.1(4) C(9)-C(8)-N(2) 106.5(4) C(7)-N(2)-C(6) 121.7(4)
CQ)-C(1)-Pd(1)  121.1(3) C(8)-C(9)-N(1) 106.8(4) C(8)-N(2)-C(6) 125.8(4)
C(1)-CQ2)-C(3)  121.0(5) C(1)-C(22)-C(5)  121.0(5) C4)NG)-C25)  111.9(4)
C()-C-C(6)  118.7(4) C(1)-C(22)-C(23)  119.4(4) C4)-N(3)-C(23)  121.5(4)
C(3)-C(2)-C(6)  120.3(4) C(5)-C(22)-C23)  119.6(5) CQ5)-NG3)-C(23)  126.5(4)
C(4)-C(3)-C2)  118.4(5) N(3)-C(23)-C(22) 111.1(4) C(24)-N(4)-C(26)  110.7(4)
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C4)-C(3)-C(40)  119.2(5) N(3)-C(24)-N(4)  103.9(4) CQ4)-N@)»-CQT)  126.6(4)
C(2)-C(3)-C(40)  122.3(5) NG)-C(24)-Pd(1)  121.3(3) C(26)-N(@)-C27)  122.7(4)
C(5)-C()-C(3)  122.005) N(@4)-C(24)-Pd(1)  134.6(3) C(4)-Pd(1)-C(1)  86.7(2)
C(4)-C(5)-C(22)  119.1(5) C(26)-C(25)-N(3)  106.4(4) CQ4)-Pd(1)-C(7)  173.0(2)
CA)-C(5)-C(39)  118.4(5) C(25)-C(26)-N()  107.0(4) C(1)-Pd(1)-C(7) 86.8(2)
C(22)-C(5)-C(39) 122.5(5) C(32)-C27-C(28) 122.5(4) C(24)-Pd(1)-Br(1)  92.95(13)
NQ)-C(6)-C(2)  109.8(4) C(7)-N(1)-C(9) 110.9(4) C(1)-PA(1)-Br(1)  174.50(13)
N@)-C(7T)-N(1)  103.7(4) C(HN(D-C(10)  127.6(4) C(7)-Pd(1)-Br(1)  93.78(13)
N@)-C(7)-Pd(1)  121.1(3) CO)-N(1)-C10)  121.1(4)

1,3-[bis{3-(2,6-diisepropylphenyl)imidazol-2-ylidene)methyl}benzene palladium
bromide 4.12

= N A mixture of Pdy(DBA)s, (0.08 g, ca 0.1 mmol), 2.17 (0.16 g, 0.2
/L‘i’// g o \]/U\;%?’!\K mmol). NaOAc (0.25 g, excess) and N, N-dimethylacetamide (20
<§;:/N\'7~——7»-—p?d—ﬁ ,/N‘> cm’) was heated in a sealed rotaflo ampoule at 160°C for 24 h,

’ " giving a dark-red brown mixture. After removal of the volatiles

// under reduced pressure at 70 - 80°C, the residue was extracted
into ether (3 x 30 cm3), the extracts were passed through a short alumina pad deactivated with
THF, and concentrated to ca 5 cm’, to give the product. Crystals were grown by slowly
evaporating ether solutions. The compound is soluble in hot toluene and chlorinated solvents.
Yield: 0.1g, ca 65%. ou(CDCl3) 0.6, 1.1, 1.3, 1.4 [24H, 4 x d, CH(CH;),], 2.2, 2.9 [4H, 2 x
septet, CH(CH3),], 3.0 (6H, s, 0-CH3), 4.7, 5.5 (4H, 2 x d, CH, AB pattern), 6.7 and 8.0 (2H,
d, 4- and 5-imidazol-2-ylidene), 7.1, 7.2 (4H, 2 x d, PrCsHhH), 7.3 (2H, t, Pr,CeHLH), 7.5
(2H, d, aromatic), 7.7(1H, t, aromatic).

Crystal data for 4.12: C;13H;45Br3N;,0Pd;, colourless block, Mw 2306.39, Triclinic, P-1 (No.
2), a = 16.0118(6) A, b = 16.4652(6) A, ¢ = 23.5036(10) A, a = 110.001(2)°, g =
96.4400(10)°, y = 93.111(2)°, V = 5757.4(4) A’>, Z = 2, 4 = 1.556 mm™, T = 150 K, Total
reflections = 75870, unique reflections = 25634 (Riy = 0.2459), Final R indices [/>20())] R =
0.0925, R,, = 0.2895 (all data). CCDC Code 194845. X-ray Local Code 01sw049. Unit cell

contains 3 molecules of complex and one molecule of diethylether.
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Fig 4.20 X-ray crystal structure of 4.12.

Table 4.16 Selected bond lengths (A) for 4.12

Cl-NI1 1.348(10) C7-CIt 1.512(14) Ci16-C17 1.379(14) C28-C29 1.403(14)
Cl1-N2 1.346(10) C8-C9 1.388(14) Cl16-C24 1.520(14) (C28-C36 1.515(14)
C1 -Pdl 2.057(10) C9-Cl10 1.382(15) C17-C18 1.371(14) C29-C30 1.382(14)
C2-C3 1.324(13) Cl11-N3 1.472(10) C18-C19 1.373(14) C30-C31 1.379(14)
C2-N2 1.412(9) Cl12-N3 1.348(9) C19-C20 1.383(14) (C31-C32 1.396(14)
C3 Nl 1.379(10) Ci12-C13 1.368(13) C20-C21 1.506(14) C32-C33 1.509(13)
C4 - N1 1.453(10) Cl3-N4 1.384(9) (C21-C23 1.475(14) (C33-C34 1.522(13)
C4-C5 1.518(14) Cl14-N4 1.360(9) (C21-C22 1.547(15) (C33-C35 1.545(13)
C5-C10 1.396(13) Cl14-N3 1.368(10) C24-C25 1.521(14) C36-C37 1.511(14)
C5-C6 1.405(13) Cl4-Pdi 2.039(10) C24-C26 1.522(13) C36-C38 1.542(13)
Cc6-C7 1.392(13) Ci15-Cl6 1.393(13) C27-C28 1.397(13) Pdl-Brl 2.5154(13)
C6 —Pd1 2.021(9) Cl15-C20 1.410(13) C27-C32 1.405(13)

C7-C8 1.401(13) Cl15-N4 1.445(10) C27-N2 1.424(9)

Table 4.17 Selected bond angles (°) for 4.12

N1-Cl1-N2 105.8(7) C20-Cl15-N4 117.5(8) C31-C32-C33 120.7(9)
N1-Cl-Pdil 120.8(6) C17-C16-C15 116.5(10) C27-C32-C33 123.3(9)
N2 -C1-Pdl 133.1(6) C17-Cl6-C24 120.5(9) C32-C33-C34 112.9(8)
C3-C2-N2 107.7(8) Ci5-Cil6-C24 123.0(9) C32-C33-C35 110.7(3)
C2-C3-—Nt 106.7(8) C18-Cl17-Cl6 122.4(11) C34-C33-C35 109.58)
N1-C4-C5 109.5(7) C19-Cl18-C17 119.5(11) C37-C36-C28 115.7(9)
Cl10-C5-Ce6 119.7(9) C18-C19-C20 122.2(11) C37-C36-C38 109.1(10)
Cl0-C5-C4 120.3(9) C19-C20-C15 116.1(9) C28-C36--C38 110.2(9)
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C6-C5-C4 120.09) C19-C20-C21  121.1(9) C1-N1-C3 111.0(6)
C7-C6-C5 118.0(9) C15-C20-C21  122.8(10) C1-N1-C4 123.9(5)
C7-C6-Pdl  120.2(7) C23-C21-C20  114.0(10) C3-N1-C4 125.0(6)
C5-C6-Pdl  121.8(7) C23-C21-C22  110.1(9) C1-N2-C2 108.8(6)
C6-C7-C8 121.9(10) C20-C21-C22  110.0(9) Cl-N2-C27  1255(5)
C6-C7-CI1  118.3(9) Cl6-C24-C25  111.8(9) C2-N2-C27  125.4(6)
C8-C7-Cll1  119.6(10) Cl16-C24-C26  112.1(8) Cl2-N3-Cl4  113.06)
C9-C8-C7 119.3(10) C25-C24-C26  110.8(9) CI12-N3-Cl1  126.9(6)
C8-C9-C10  119.3(10) C28-C27-C32  123.3(9) Cl4-N3-Cl1  118.6(6)
C9-Cl0-C5  121.6(10) C28-C27-N2  118.6(8) Cl4-N4-C13  110.4(6)
N3-CI1-C7  108.5(8) C32-C27-N2  118.0(8) Cl4-N4-C15  128.6(6)
N3-Cl12-CI13  105.7(8) C27-C28-C29  117.5(10) C13-N4-C15  120.2(6)
Cl12-CI3-N4  107.28) C27-C28-C36  122.8(9) C6-Pdl-Cl4  85.0(4)

N4-Cl4-N3  103.5(7) C29-C28-C36  119.7(9) C6-Pdl-Cl  84.8(4)

N4-Cl4-Pdl  1353(7) C30-C29-C28  120.6(10) Cl4-Pdl-Cl  169.8(4)
N3_-Cl4-Pdl  120.9(6) C31-C30-C29  120.0(10) C6-Pdl-Brl  177.7(3)
Cl16-C15-C20 123.4(9) C30-C31-C32  122.3(11) Cl4-Pdl-Brl  92.93)

C16—CI5-N4  118.7(8) C31-C32-C27  116.0(9) C1-Pdl-Brl  97.3(3)
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Chapter 5
The Heck Reaction.

5.1 Introduction.

The development of new methodology for the formation of C-C and C-N bonds is the crux of
all organic research chemistry. Many palladium complexes, especially palladium NHC

complexes have proven active precatalysts in accelerating these bonds creation.!?

As briefly described in the Chapter 1 the Mizoroki or Heck reaction> * is the process of

coupling alkyl or more widely used aryl halides with terminal alkenes, as shown below.

R f
/\/ \ // K Major trans
product
R 4 Pd Catalyst T
O Ve AR T e ’
— R
/\ \ Minor cis
product

J— R'

Fig 5.1 The Heck Reaction, R = halide, R’ = alkyl, aryl.

The scope for coupling a wide variety of monomers (limited at the moment to non-g-
hydrogen containing species) not only by the Heck reaction, but also by other closely related
coupling processes, for example Suzuki (boronic acids),” Kumada (Grignard reagents),’
Sonogashira (alkynes),” and Stille (tin reagents) couplings8 has driven incredible volumes of
research into palladium based precatalysts.” °'! The interest in the use of the cheaper aryl
chlorides has been hindered by the low activity of palladium catalysts towards aryl chlorides.
This has been attributed to the strength of the C-Cl bond (bond dissociation energy 96 kcal
mol™) whereas the weaker bonded but more expensive bromides (81 keal mol™) and iodides
(65 kcal mol™) are more readily coupled.12 This reluctance for aryl chlorides to add
oxidatively to Pd(0) centres, the common initial step in palladium catalysed reactions, means

that ligand tuning effects must facilitate this process.”

Heck catalysis can be performed either homogeneously using complexes such as palladium

acetate, or heterogeneously using polymer-supported palladium complexes or palladium
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supported on inorganic oxides. Heterogeneous Heck coupling has been recently reviewed and

will not be discussed here.'°

Early work into the homogeneous Heck reaction was held back by the problem of catalyst
lifetime, palladium black rapidly precipitated from active systems. This was overcome when
it was realised that the addition of an excess of trialkylphosphine to the system stabilised the
resting catalyst state and greatly lengthened lifetimes.”® Later it was shown that use of
P(‘Bu)s, enabled the coupling of the less reactive aryl chlorides, but industrial attraction was
low due to the necessity for an inert environment to use this phosphine.'* Other o-donating
trialkylphosphines provided highly electron rich, underligated, metal centres capable of
activating the C-Cl bond. Interest in moving away from the more classical and highly
productive approach of using trialkylphosphines as supporting ligands came from the
possible economical and chemical benefits. Good excess of unrecoverable toxic phosphine
ligands are required to support active palladium species, which when scaled up to industrial
processing quantities means the expense of the unrecoverable excess ligand may at least
equal the cost of the recyclable palladium being used. Phosphines can also fully ligate the
coordination sphere of palladium giving Pd(L); or Pd(L)s species which causes partial
deactivation and reduces activity. In order to avoid this high catalyst loadings are required to
maintain activity, again increasing costs. In light of this, shortly after the discovery of the
stable N-heterocyclic carbene the first Heck active NHC palladium precatalyst complexes
were reported by Herrmann (Fig 5.2)."° These new NHC complexes had equally high activity
in the Heck reaction as the phosphine supported catalysts but proved to have higher thermal

stability, be stable to oxygen and stoichiometric amounts of ligands can be used rather than a

(\ /CH3 i
/ P/Pd d/P
H3C O \

HiC,_ N
N
K/N\Cm

Fig 5.2 The first Heck active NHC precatalyst (left) Hermann’s palladacycle (right). X = halide.

large excess.

Reports of palladacycles further increased catalytic lifetimes and systems that were active for

d 16, 17

millions of turnovers were described, the most successful palladacycle being Pd,[P(o-
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tol)s]o(u-OAc), reported by Herrmann'® (Herrmann’s catalyst, Fig 5.2). These catalysts had
the added advantage of being recyclable, extremely easy to handle and active for a variety of

different coupling reactions

The turnover number (TON) and turnover frequency (TOF) are the universally applied
measure of activity. One turnover is classed as the coupling of one pair of monomers by a
single catalytic molecule, calculated by moles of product per mole of catalyst (TON) or
moles of product per mole of catalyst per hour (TOF). This measurement can be misleading

however as it assumes that 100% of the precatalyst applied is active which is often not the

case.

Many different ligand systems have been explored to compete with the activities of the
phosphine-based systems, many still incorporate a phosphine donor or derivative. Notably
Milstein’s,'® Shibasaki’s'” and later Jensen’s®® reports of tridentate phosphine and phosphite
‘pincer’ palladium systems (Fig 5.3) showed high activity for the Heck coupling of aryl
chlorides.

MeO OMe

Ty i N g Y
T(‘é} Q l%j;ﬁ Ve

Milstein's Precatalyst Shibasaki's Precatalyst Jensen's Precatalyst

FiC

QJ
j

Fig 5.3 Phosphine derived palladium precatalysts.

Since Herrmann’s disclosure of the first active palladium NHC precatalyst other NHC based
systems have been reported mimicking ligand architectures of known phosphine systems as
shown in this report and the literature allowing direct comparison of activity to be drawn

between the phosphines and NHCs as supports for Heck coupling.'’> 2"
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5.2 Mechanism of the Heck Reaction

One of the most debated points around the Heck Reaction is that of the mechanism, how can
so many differently architectured precatalysts all showing high activities with a wide variety
of substrates still be operating with the same mechanism? Heck proposed a widely favoured
mechanism involving a Pd(I[)/Pd(0) pathway* with an activation step being required before
the catalytic cycle can begin, Shaw however suggested that a Pd(I)/Pd(IV) pathway?® is also

plausible with certain ligands (palladacycle) which had been recently supported by Jensen.*’

Fig 5.4 depicts the popular Pd(II)/Pd(0) mechanism which consists of several independent
steps. The first is the generation of a palladium(0) species, which can be performed by
reducing a palladium(Il) precursor or by starting with a palladium(0) species. The active
palladium then undergoes oxidative addition of an aryl halide, simultaneously rupturing the
organic bond and forming two new metal ligand bonds. Once this has occurred an alkene
substrate must coordinate to the palladium. Depending on the nature of the supporting ligands
a vacant site will have to be created before this occurs, so hemilabile ligands are preferable.
After coordination a concerted migratory insertion of the aryl group takes place and this is
rapidly followed by a B-hydride elimination, generating the double bond and forming the
product. Dissociation then occurs leaving a palladium hydride species that is scavenged by

base reductively eliminating HX to regenerate the initial palladium(0) species.

e
>Pdn\ Precatalyst
-HX
Ar-X
//II/,, d \\\\\\ 0 ///I,, .\\\\\
P L Pd ¥> Pd

PR v N
X/ \H Reductive Oxidative AT X

Elimination Addition

Dissociation Association
/\/R
Ar
l/~ /\R
R Ar R
/—./ Y\R —
1 1
Ar ! ////:,, “\\\\\ I, . a
) Pd"\ - "Pd:.

”’;P: dQ\\\
H X B-Hydride X Migratory

Elimination Insertion

Fig 5.4 General Pd(I1)/Pd(0) Heck pathway.
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Many catalyst systems report an induction period before any activity is observed, which
supports this mechanism as for certain systems the reduction to a zero oxidation state may
not be facile. This induction period can be shortened by the addition of reducing agents.'’
Recently in related work by Cloke and co-workers a palladium (0) bis-NHC complex that had
oxidatively added 4-chlorotoluene was isolated and structurally characterised, the first step of

the Pd(IT)/Pd(0) pathway adding further weight to the argument supporting this mechanism.*’

The second pathway, a Pd(II)/Pd(IV) mechanism,® as proposed by Jensen has a very

different route as shown in Fig 5.5.

_"P Pr2
Ph i
Reductive Ar % Pd—-Cl Ox1d{1t'xve
Elimination Addition
Ph
'_P PI'Z
O—P'Pr, O—P'Pr,
/=/ | /=/Ph
Pd—Ar /Pd'—H
cl’ cl
O—P'Pr, 0—P'Pr,
0—P'Pr, /
Bxlain  ArCl ' Reductive
Adttico Pd Elimination
' TN_p, HCI
0—P'Pr,

Fig 5.5 Proposed Pd(II)/Pd(IV) Heck pathway.

Due to the nature of the ligand system it is proposed that it would not be viable for an aryl
chloride to oxidatively add as the initial step as this would generate a highly stable 18
electron species which would then not continue to participate in a coupling reaction.
Therefore firstly an oxidative addition of the vinyl C-H to the palladium, which then
undergoes a reductive elimination of HCI is proposed. A second oxidative addition of the aryl
halide then occurs and reductive elimination of the product regenerates the Pd (II) catalyst. In

these systems an induction period was not observed.

These two mechanisms represent only two possibilities for homogeneous Heck catalysts and
do not allow for a heterogeneous system based on a colloidal metal species or any suggestion
of how systems such as palladium on carbon might operate. All that is clear is that there is no

single mechanism for the Heck reaction; each class of catalyst that actively couples aryl
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halides to terminal alkenes must, to an extent, have its own mode of operation. A recent
review concluded that even heterogeneous precatalysts can become homogeneous whilst
active through metal leeching from the inorganic supports, casting more doubts on the

mechanism of the Heck reaction. '’

As mentioned in Chapter 1 it has recently been reported by Cavell and co-workers that a
facile decomposition route exists (Fig 5.6) through which active palladium complexes can
pass. 83 Further work into this process has shown that the decomposition occurs when an
active species is held at elevated temperatures in the resting state, ie at completion of a

catalytic run. This has clear implications for uses of carbenes as living catalysts.
X CH;

New, l\ S S
y L —;/pd/_FN j/ . _jd_FN j/ o HC '———ﬁg /7

+ PdL,
Fig 5.6 Decomposition route for NHCs.

By examining Fig 5.6 it can be seen that for this decomposition route to occur the square
planar palladium complex must allow a small alkyl group to first rotate through 90° to get
into a position such as a migration from the palladium to imidazol-2-ylidene can take place
due to overlap of the out-of-plane p.-orbital with the metal d-orbitals. It has been shown by
Cavell that two different processes can heavily retard this process; the first having bulky
substituents on the heterocyclic nitrogens or having the imidazol-2-ylidene placed into a
chelating system, both methods physically stopping the flexibility of the coordinated ligands

to get into the required position to undergo the reductive elimination
This chapter describes the observed Heck activity for some of the palladium complexes

synthesised in this project and compares the effect of electronic and structural variation

between these and previously prepared complexes on C-C coupling activity.
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5.3 Results and Discussion

Catalytic testing of the previously prepared complexes A, B and C, Fig 5.7, showed that
pyridine functionalised NHC Pd(Il) complexes are highly active precursors for the Heck
coupling of aryl iodides and activated aryl bromides with activated alkenes.”’ Both mono-
and bis-carbene pyridine systems show excellent coupling activity for the bidentate ligand
systems. The presence of a methylene linker between the pyridine and heterocyclic ring (B)
was observed to alter initial reaction rates, with more favourable activity coming from the
larger 6-membered chelating ligand. This behaviour was not observed for the tridentate

ligands but high activities were maintained.’’

|
N
o s [ |
7 - e MesSi” N
A B 41 42
i & Cl ] ] ( ‘ Br [ ] \Q\(Br
N N ! N N [ N

C 4.11 4,12

Fig 5.7 Compounds used in Heck catalytic comparison.

With the previous knowledge that these types of compounds are extremely active Heck
precursors the functionalisation of the pyridine ring in complexes 4.1 and 4.2 would allow the
study of the presence of an electron-withdrawing group (complex 4.1) or additional structural
bulk (complex 4.2) on catalytic activity. The larger tridentate complexes 4.11 and 4.12 where
the pyridine has been exchanged for a cyclometallated aryl group would test the difference of

placing a more rigid donor that is unable to disassociate from the metal, into the ligand

backbone.
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The previously used reaction medium of N-methylpyrrolidone (NMP) was used for all
catalytic runs as trials in 1,4-dioxane and N,N-dimethylacetamide (DMAc) showed slightly
less activity. Similarly the base triethylamine was exclusively used for all of the following
experiments after tests with sodium carbonate, potassium phosphate and sodium acetate did

not improve results.

Due to the nature of the procedures, to maximise the reproducibility of results each reaction
was completed in duplicate and where possible triplicate, with two independent runs carried
out for each test to ensure reproducibility; averaged results are included here. No reducing
agents were employed to drive the oxidation state of palladium from two to zero as they
proved unnecessary; in contrast to trialkylphosphine based systems no induction period was
observed. Due to the rigorous procedures being utilized to ensure reproducibility, substrates
that were liquids at room temperature were favoured for the work to allow more rapid
catalytic testing as all measurements could be carried out using gas-tight syringes. Catalyst
amounts were accurately measured to within 0.05 of a milligram and used from freshly
prepared stock solutions in NMP, which were diluted to the required concentration. It was
noted that a stock solution left for 6 - 7 days would begin to lose activity and after four weeks
had lost over 60% of catalytic activity. The inert GC standard di(ethyleneglycol)dibutylether

was added before the reaction.

5.3.1 Activity of Mono-Carbene Supported Precatalysts.

Initial activity testing of compounds 4.1, 4.2, 4.11 and 4.12 is detailed in the following table.
The complexes were tested with 4-bromoacetophenone coupled with methylacrylate at

140°C.

Table 5.1 Catalytic reactions with bidentate supported precatalysts.

Complex Conc. Loading Solvent Base Time (hr) TON Yield
(mol) (mol%) (%)
4.1 1.0x10° 0.2 NMP  NEt 18 500 100
4.1 1.0x 107 0.002 NMP  NEt 18 35,289 71
4.1 1.0x10° 0.00002 NMP  NEt 18 3,087,723 62
4.2 1.0x 107 0.002 NMP  NEts 18 38,319 76
4.2 1.0x 10° 0.00002 NMP  NEt; 18 3,411,780 68
A 1.0x 107 0.002 NMP  NEt; 18 27,850 55
B 1.0x 107 0.002 NMP  NEt 18 32,421 65
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The results for 4.1 and 4.2 in Table 5.1 show excellent activities. In normal organometallic
complex catalysed reactions catalyst loadings are in the range of 0.1 — 1.0 mol% of the
substrates. In these reactions loadings as low as 0.00002 mol% were producing extremely
high activities within 18 hours giving turnovers in the millions. Two general conclusions can
be drawn from these results; firstly that the mono-carbene complexes show very high
activities for coupling of activated aryl bromides; secondly moderate activity (50 — 60% yield
in 18 hours) is maintained with the reduction in volume of catalyst of up to 1000 fold. By
comparing the activity of the functionalised 4.1 and 4.2 to the previously studied A and B

there is no appreciable difference in activity observed after 18 hrs with 0.002 mol% of

catalyst.

Very poor yields were only observed when the catalyst concentration was dropped further to
2 x 107 mol%. This could be explained by the incredibly small amount of catalyst
experiencing problems with decomposition that a higher concentration of catalyst can
withstand without significant loss of activity. Catalytic activity was still observed when
temperatures were dropped from 140°C to 100°C but the levels of activity reduced by almost
half.

The GC traces indicate there are two products produced from the reactions, in ratio between
95:5 to 99:1 which when characterised by NMR shows the major peak to be the desired
trans-alkene product and the lesser peak to be the cis-alkene. These ratios were similar to

those observed by others studying the Heck reaction with NHCs.'! There is no evidence of

the bis-aryl species.

Further testing at low concentrations (2 x 10 mol%) of coupling with bromobenzene led
comparatively to very low activity over 18 hrs of reaction, yielding only between 1 and 3%.
Experiments with activated aryl chlorides had slightly improved results but only yielded a

maximum of 5 - 8% product in 18 hrs at low concentration.
p

It had been observed during initial testing that the bulk of activity was during the initial two
hours of any given run, with it accordingly tailing off as the concentrations of coupling
substrates reduced due to product formation. Regardless of the catalyst concentration all
experiments with activated aryl bromides would reach completion within 24 — 30 hours even

for the lowest concentration of catalyst, most completing in 6 — 8 hours. As has been
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described no appreciable difference in overall activity between the complexes had been
detected which insinuates that the supporting ligand does not affect overall activity. To
observe the differences in structure on activity, instead of continuing testing the catalysts at
higher concentrations with a wider variety of halide and alkene substrates as had been
previously done,*! more focus was placed on studying the effect of the structural variations

on initial activity, as no induction period was being observed for these complexes.'!

By making use of the moderate activity at low concentrations it was possible to study the
initial activity over a four-hour period by using a catalyst concentration that would allow
good yield of product in this time period but not completion, i.e. 2 x 10” mol%. Reaction
sampling was carried out at constant intervals over a four-hour period and from this a graph
of yield against time was constructed and different ligands were directly compared for
activity. Continuous sampling from one-pot was not the chosen method to acquire data as it
was observed that results from this technique with the available equipment were not
reproducible. Instead data was collected by simultaneously starting 12 — 15 independent runs
in sealed Rotaflow ampoules and terminating a batch of 2 - 3 reactions at a given time point.
Experiments were carried out at 140°C in NMP as before with similar volumes of substrates

and each catalyst was run three times to ensure the reproducibility of the results.

The graph depicted in Fig 5.8 is a comparison between the activity of 4.1, 4.2, A and B.
Interestingly it is observed that although in the previous tests that show all of the catalysts
have the same general catalytic activity, under scrutiny of the initial coupling activity,

complex 4.1 is considerably more active.

Initial results from studying these catalyst systems at the ESRF synchrotron source in
Grenoble has shown that the catalytic species is not colloidal palladium in solution and that
the pyridine dissociates rapidly and is replaced by NMP.* It was also observed that only a
small percentage of the catalyst was activated during the catalytic run, most remained as

Pd(II), which hindered further data collection.*

As the pyridine has been observed to ‘dangle’ in active catalytic species, the presence of the
electron-withdrawing CF; may allow a more rapid dissociation of the pyridine from the
palladium, reducing time in the resting state, increasing activity. It was noted that certain

phosphines could retard activity by binding too strongly to the resting palladium causing
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problems in reactivation. Whether this extra electron-withdrawing group is enough to cause

an increase in activity due to this reasons is hard to confirm without further study.

Initial Activity of bidentate Pd(ll) precursors

90

0 50 100 150 200 250

Time (mins)

A B 41 B 42 e B Linear (4.1) Linear (A) ====Linear (4.2) ====Linear (B)

Fig 5.8 Comparative activities of bidentate ligands on catalytic activity.

Attempts to carry out competitive catalysis between A, B and 4.1 was unfortunately
hampered by the incredible complexity of the GC-traces of the products. The procedures
were carried out by taking a fixed amount of alkene substrate (1.0 mmol) and to this adding
not one aryl halide, but a variety of four substrates, in this case 4-bromoacetophenone, 4-
bromoanisole, 4-bromotoluene and bromobenzene in equal excess (5 mmol each). These
different substrates have varied electronic differences reflecting activation of the aryl
bromide bond, 4-bromoacetophenone being the most activated. The catalyst could
preferentially couple one of the products due to these differences in bond activation, which
might give some insight to a possible mechanism. Problems arose when trying to analyse the

products from these reactions, peaks in the GC and GCMS chromatograms allowed for
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recognition of the multiple products but the peaks could not be resolved to a sufficient quality

to allow quantitative analysis.

Experiments to test whether these bidentate systems undergo decomposition on completion
of reaction as described by Cavell were carried out at a simple level by examining if the
complexes display any °‘living’ behaviour. At the end of a catalytic experiment for all
complexes no sign of palladium black was observed at any level of catalyst concentration,
suggesting no decomposition had occurred. When taking complex 4.1 and 4.12 at 0.002
mol% concentration in NMP with 4-bromoacetophenone and methylacrylate and running the
reaction for 24 hours, allowing completion (monitored by GC), and then adding additional
substrates to the reaction mixture, the catalyst continued to produce product. This behaviour
is not uncommon for these types of Heck precursor and, as observed by Cavell, the

decomposition does not occur with bulky and chelating ligands.

5.3.2 Activity of Bis-Carbene Supported Precataiysts.

A similar study of comparing the effect of a potentially labile nitrogen donor (complex C)
versus a cyclometallated aryl group (complexes 4.11 and 4.12) was undertaken for the
tridentate complexes. It is important to note that in these complexes for the central linkage to
become hemilabile it would require dissociation of an imidazol-2-ylidene to break the rigid
chelation holding the linker group in place. For this type of ligand architecture previous work
has shown that variation of the bulky aryl group substituents did alter Heck activity to a
significant extent, substitution of a mesityl group had increased activity over a 2,6-di-iso-
propylphenyl ring, presumable due to less steric congestion around the active site. The
presence of a methylene linkage increasing the chelating ring-size from 5 to 6 had little to no
effect on activity unlike with the bidentate ligands.”’ In general the tridentate pyridine based
complexes showed higher activity for the coupling of aryl chlorides than the bidentate
complexes. This study tests the effect (if any) of the central linking group between the NHC
donors. Complex C contains an unsubstituted pyridine ring, complex 4.11 has an aryl group

with increased electron density due to the dimethyl substitution and 4.12 has an unsubstituted

aromatic ring.
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Table 5.2 Catalytic reactions with tridentate supported precatalysts, 140°C, methylacrylate, 4-

bromoacetophenone.
Catalyst Conc. Loading  Solvent  Base Time TON Yield

(mol) (mol%) (hr) (%)
4.11 1.0x 107 0.2 NMP  NEf; 18 294 100
4.11 1.0x 107 0.002 NMP  NEt 18 16730 57
4.11 1.0x10°  0.00002 NMP  NEt; 18 1,564,906 53
4.12 1.0x 107 0.2 NMP  NEt; 18 294 100
4.12 1.0x 107 0.002 NMP  NEt 18 16273 55
4.12 1.0x10°  0.00002 NMP  NEt; 18 1,786,680 61

C 1.0x 107 0.002 NMP  NEf 18 16301 55

Comparison of C to 4.11 and 4.12 when coupling activated aryl bromides to methyl acrylate
shows no significant difference in activity between the two different ligand types, all three
catalyst precursors show very high TON’s, The presence of methyl substituents on the
cyclometallated aryl ring slightly reduces the activity of the complex, the additional electron
density these provide appear to slightly hinder activity. Attempted coupling of bromobenzene
and methyl acrylate using 4.11 and 4.12 again yielded poor results at low catalyst loadings as
with the bidentate supporting ligands. More success was seen with coupling of the activated
chloride, 4-chloroacetophenone. With the mono-carbene supported centres very low TON’s
were observed, but for the bis-carbene species this was slightly increased to 10 — 12% yield
in four hours, but two product peaks were observed in the GC traces, in a ratio of 2:1 in
favour of the frans-isomer, which is still very poor when compared with the bromides. Others
studying related precatalysts have reported that these cyclometallated catalysts are active for
chloride substrates but longer reaction times (19 hrs) were required to get a 70% yield at 0.2

mol% catalyst loadings.>

The investigation into initial 4 hr coupling activity of 4.11, 4.12 and C at low concentrations
as completed with the bidentate supported ligands did not show any significant difference in
the activity between pyridine chelating compounds and the cyclometallated species. A slight
increase in activity was observed for the cyclometallated species but this was not of a
sufficient enough increase to substantiate definite increased activity above associated

experimental errors for this procedure.
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5.4 Conclusions

The newly prepared complexes tested as catalysts for Heck reactions show excellent
activities for the coupling of aryl bromides, as expected from previous work with their
analogues. The low loadings of catalyst used for these reactions would make these complexes
ideal for industrial use, as the reduced volumes of catalyst may balance the price of using

bromide substrates over chlorides.

For the bidentate supported complexes the presence of a highly electron—withdrawing group
dramatically increases initial coupling activity having a larger effect than increasing chelate
ring size or adding steric bulk. This could be due to electron withdrawal assisting pyridine

dissociation, reducing the catalysts resting time.

For the tridentate supported complexes the exchange of the pyridine functional group with a
cyclometallated aryl group linking the two N-heterocyclic rings does not have a substantial
effect on the coupling of activated bromides. The tridentate supported systems show
increased activity over the bidentate systems for the coupling of activated aryl chlorides, but
further study is required to optimise conditions for this coupling which shows only low

activity at the desired catalyst loading levels.!

From these and previous studies it is clear that different ligand systems are required for the
coupling of different substrates and that one ligand system is not universally employable

under ‘standard’ conditions that will cover an infinite variety of substrates — the goal of all

catalysts.
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5.5 Experimental Section.

In a typical run, a Rotaflo ampoule (50 cm’) was charged with the corresponding aryl halide
(5 mmol), alkene (6 mmol), base (7 mmol), internal standard (500 ul) and solvent (5 cm®). A
solution of the catalyst in solvent (1 cm®) was added to the reaction mixture, the vessel placed
under a partial vacuum before being sealed and rapidly heated to reaction temperature. After
the desired time the reaction mixture was rapidly cooled to room temperature and quenched
with water (2 cm’) and products extracted into dichloromethane (5 cm®). The organic layer

was analysed by gas chromatography.

So an example run is, a 50ml Rotoflo ampoule was charged with 4-bromoacetophenone
(995ul, 5 mmol), methylacrylate (622 pl, 6 mmol), triethylamine (1066 pl, 7 mmol),
di(ethyleneglycol)dibutylether (500 pl) and N-methylpyrrolidone (5 cm®). A solution of 4.1
(1 x 10° mol) in N-methylpyrrolidone (1 cm’ ) was added to the reaction mixture, the vessel
placed under partial vacuum and rapidly heated to 140°C. After 18 hours, the reaction
mixture was rapidly cooled to room temperature, quenched with water (2 cm®) and products
extracted into dichloromethane (5 cm?®). The organic layer was analysed by gas

chromatography.

GC and Analyzer: Varian 3400 fitted with Varian 1200 Autosampler and using a 30m
Megabore column with Hewlett Packard 1600 Integrator/Detector, column program: 5 mins

at 100°C then ramp to 220°C at 20%min and hold at 220°C for 4 mins. Column max. 250 °C.
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Chapter 6
N-Heterocyclic Carbene Complexes of Nickel.

6.1 Introduction.

With the ever-growing volumes of evidence that palladium NHC complexes make strong
precatalysts for use in C-C coupling reactions” ? the search for superior analogues of these
complexes begins to take form. Aside from making ligand derivatisations the next step is to

examine the other metals in Group 10 and their abilities to host NHCs and test their catalytic

activity.

The use of platinum has similar restraints to palladium, mainly the cost. Platinum(II)
chloride (98% purity) retails at £54 per gram and palladium(Il) chloride (98% purity) is only
slightly cheaper at £44 per gram, however, this is not the case for nickel as nickel(Il)
chloride (98% purity) costs only £0.39 per gram, which is over 100 times cheaper.3 In
addition platinum(Il) and (0) complexes also show good stability once formed so generally

will not proceed into a catalytic cycle due to this stability.

The cost of coupling substrates also has its part to play. In a typical coupling reaction
alkyl/aryl halides are used and by comparing prices, 4-iodoacetophenone costs approx. £150
per litre, 4-bromoacetophenone £25 per litre and 4-chloroacetophenone just £10 per litre.® It

is clearly more economical to use chlorinated analogues.

It is has been observed that Pd(0) complexes have difficulties in activating the carbon-
chlorine bond* in catalytic cycles involving oxidative addition, but the organic chlorides are
the most attractive, from an economical point of view, for industrial applications. Nickel
catalysts do not suffer this same problem® and so to this end nickel is traditionally the first
metal turned to in group 10 when making analogues of palladium precatalysts. Nickel
catalysts are known to be active in polymerisation reactions as well as C-C coupling

reactions.””

After Lappert first reported nickel NHC complexes,g’ ? it was much later in 1992 that

Sellman fully characterised sulphur bridged nickel imidazolin-2-ylidene complexes.10
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Hermann reported structures of mono- and bis-imidazol-2-ylidene nickel carbonyl
complexes.11 Later Arduengo described the first Ni(0) complex containing the bis-Imes
ligand.'* Since these early reports only few NHC complexes of nickel have been described'*
' considering the wealth of research in the area of NHC transition metal chemistry,!>
These have included a chiral bis imidazol-2-ylidene chelate Ni(II) complex'® (Fig 6.1) and

simpler bis-carbene chelates.’® !

— o \N{

N N'—CH3 3
LA e
OO N /kN——CH )\N\/k/N/CH3

/\N/—\N/B Kk j@

N J\Ni)\ N >—~N1~———Br

CH3 Br

Fig 6.1 Chiral Ni(II) NHC complex (top left), chelating Ni(II) NHC dimethyl complex (bottom left),
Cavell’s active Ni(II) precatalyst (top right), patented ethylene precatalyst (bottom left).

Nickel imidazol-2-ylidene complexes (Fig 6.1, top right) have been studied as catalysts in
butadiene dimerisation in imidazolium salt based ionic liquids. They are twice as active as
the trialkylphosphine analogue Ni(PCy3),l, which was tested for comparison.”? Imine
functionalised imidazol-2-ylidene complexes have also recently been patented as ethylene

polymerisation catalysts.®

This chapter describes novel pyridine and picolyl functionalised imidazol-2-ylidene
complexes of nickel, the only other known picolyl functionalised imidazol-2-ylidene nickel

complex was described previously by us.**
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6.2 Results and Discussion
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Fig 6.2 Nickel (II) imidazol-2-ylidene complexes prepared.

Compounds 6.1 — 6.3 are analogous to a complex previously prepaured24 and were
synthesised with the intention to study the effect of the aryl/alkyl nature on the catalytic
activity in C-C forming reactions. The halide substituted 6.4 was formed during attempts to
derivatise complexes of type 6.1 — 6.3. Compound 6.5 was synthesised in order to study the
effect of the nature of the heteroatom donor on the structure adopted. The unusual mixed
geometry complex 6.6 was isolated after attempting to introduce a ligand with a smaller bite

angle.

6.2.1 Synthesis of Nickel (ll) Complexes

The nickel(Il) complexes shown in Fig 6.2 were all prepared from the same nickel(Il)
precursor, nickel dibromide dimethoxyethane (DME). The use of the labile DME allows

easy substitution by the imidazol-2-ylidene or other classical donors.
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The synthesis was based on the methodology using the silver(l) imidazol-2-ylidene
complexes as transfer reagents to nickel (Fig 6.3), as had been successfully employed with

the Pd(IT) complexes in chapter 4 and previous work.**

‘,‘ R
N IL Br
[ >_Ag__Br NiBr,(DME) ‘[ : TL 5
. 1 T
N - |
N DCM, Reflux N !
] N N, AN
_ P

Fig 6.3 Synthesis of Ni(1l) complexes. R = ters-butyl, 2,6-di-iso-
propylphenyl or 2,6-dimethyl-4-fert-butylphenyl.

Unlike the mono-carbene palladium (II) complexes the formation of the analogous nickel
complexes was not straightforward. Decomposition of the nickel-NHC complexes in air was
noted if they were left standing over the period of 7 — 10 days, or in wet solvents within 30 —
40 hours possibly due to the weaker nickel carbene bond. This meant that unlike for the

palladium complexes there was reduction in the driving force of the transfer from the silver

to nickel.

For compounds 6.1 — 6.3 the addition of one equivalent of the precursor silver carbene
complex to Ni(DME)Br; in refluxing dichloromethane afforded the nickel(II) mono-carbene
complex in only low yields (15 - 25%). Crystalline product from this reaction was obtained
directly from the crude reaction mixture, as on cooling the purple reaction mixture, purple
crystals instantaneously formed in the silver deposits. Redissolving the complex and filtering
whilst hot through an oven dried frit allowed the isolation of the pure nickel complex.

Recrystallisation from dichloromethane gave X-ray quality crystals.

Unlike the palladium complexes, very poor yields were observed for these reactions even
when refluxing the dichloromethane. Increasing the yield of product by changing the
reaction solvent to the higher boiling 1,2-dichloroethane was successful, as observed with
the silver ‘pincer’ carbene complexes. After 3 — 4 hours of refluxing, a purple solution had

formed with substantial silver deposit. Subsequent filtration of the solution and cooling to
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allow collection of the crystalline product yielded a fine purple powder albeit in a much
higher yield (60 — 80%). Attempts to recrystallise the powder by slow cooling from
chlorinated solutions failed with only a few isolated crystals being collected from powdered
material. The reason for the change of the state of the solid form of the complexes was
resolved by elemental analysis and single crystal X-ray diffraction. The use of 1,2-
dichloroethane was causing halide exchange at elevated temperatures and the powdered
product was a mixed bromide/chloride complex. This behaviour has been discussed earlier.
Although this introduces ambiguity in exact yield determination when going on to use these
complexes as precatalysts in reactions where Ni(0) is postulated the catalytic species, the

precise composition for preliminary catalyst testing is not a significant issue.

Syntheses were carried out under an inert atmosphere, however the products are stable
enough in air for quick synthetic manipulations. In one case the decomposition product of
[1-(mesityl)-3-(a-picolyl)-imidazol-2-ylidene]nickeldibromide was fully characterised and
shown to be a complex with a dangling imidazolium, where the pyridine remains
coordinated and a third halide completes the metal coordination sphere.”* This product is
isostructural to compound 4.5 in chapter 4. When the silver reagent was used in the ratio 2:1
Ag:Ni, a mixture of products was obtained, the majority was the mono-imidazol-2-ylidene

N complex [l-(mesityl)-3-(a-picolyl)-imidazol-2-ylidene] nickel

=
L
DCM, a second crystalline material was formed, which is

dibromide, but after recrystallisation from slow evaporation of

N
oA I\LNW </ I depicted in fig 6.4. This was characterised by X-ray
N crystallography but attempts to collect NMR data failed as it was
AN mes impossible to isolate enough of the crystals from the mixture to
S opr oObtain a spectrum. Complete separation of the paramagnetic
mono-imidazol-2-ylidene was impossible. Further attempts to

Fig 6.4 Bis-imidazol-2- . N .
& isolate pure bis-imidazol-2-ylidene complex were not successful;

ylidene Ni(1l) complex.
the major component was the mono-imidazol-2-ylidene product
and not the bis-carbene complex targeted. This complex is analogous to palladium NHC

complexes observed by others.

The use of the “free’ carbene (compound 2.24) in place of the silver reagent in THF gave the
same nickel (II) mono-imidazol-2-ylidene complexes as confirmed by unit cell

determination of the crystalline material isolated. The yields were good and comparable to
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those obtained when using the 1,2-dichloroethane at reflux. The additional advantage in this
case is the isolation of well-defined complexes with only one type of halide associated with
the product; the reaction can be carried out in polar rather than chlorinated solvents.
Attempts to isolate the Ni(Il) bis-imidazol-2-ylidene complex using the ‘free’ carbene route

were not undertaken due to time constraints.

Complex 6.4 was obtained whilst preparing derivatives of complexes 6.1 — 6.3. Taking one
equivalent of sodium diethyldithiocarbamate and refluxing in dichloromethane with 6.3 gave
6.4. Only one halide was substituted by the diethyldithiocarbamate group (determined from
X-ray data) even when a 3:1 excess dithiocarbamate:bromine was employed. This complex
was isolated in its crystalline form in moderate to good yields (62%). Leaving a solution of
6.4 in dichloromethane open to air for a week yielded crystals of nickel bis-

diethyldithiocarbamate and a white powder, presumably the imidazolium salt formed from

decomposition.

Attempts to alkylate the compound 6.3 with Grignard or zinc reagents such as MgMe,,
MgEt, and ZnEt; resulted in colour changes from purple to brown but unfortunately no well-
defined complexes could be identified by NMR or isolated by crystallisation. The addition
of AlMe; was also to no avail, addition at ~78°C and warming to —40°C resulted in the
solution changing from purple to brown and at —10°C black paramagnetic nickel deposited.
Nickel(II) dimethyl chelating bis-imidazol-2-ylidene complexes have been characterised
although they had poor thermal stabilities above room temperature as by 50°C evolution of

methane and ethane is detected.?’

Complex 6.5 was prepared from the precursor silver reagent 3.6 in a 2:1 ratio of Ag:Ni
giving the corresponding bis-carbene complex. It is interesting to note that the methoxy
oxygen does not bind to the nickel centre (determined from X-ray data) however, in the
pyridine functionalised bis- imidazol-2-ylidene product from the reactions with 6.1 — 6.3 the
pyridine nitrogen is bound and not ‘dangling’. The ‘dangling’ mode of the methoxy oxygen
is unlikely to be due to steric strain on the methoxy ligand, but rather due to the fact that
Ni(II) is a borderline hard Lewis acid and hence preferentially binds hard bases; chlorine is a
harder lewis base than the methoxy group, therefore it remains bound to the metal. This

complex is isostructural to the analogous palladium species.?® Several attempts to coordinate
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the oxygen donors by abstraction and exchange of the halides with the non-coordinating

anion BF4 gave only intractable mixtures or 6.5 was recovered unmodified.

Complex 6.6 was synthesised in an attempt to introduce the smaller chelating ligands to
nickel as had been completed with the palladium complexes described earlier. The
difference of introducing a six-member to five-member chelate ring was very apparent, as
the target mono-imidazol-2-ylidene dihalide complex was not formed. On refluxing the
Ni(DME)Br, with one equivalent of silver precursor a deep purple solution formed similar to
that observed with complexes 6.1 - 6.3 indicating that the desired product was forming. As
the completed reaction was allowed to cool from the deep purple solution dropped a light
blue powder 6.7 and not a purple product as was expected. On redissolving the powder a
deep purple solution was again obtained. Similar behaviour was observed when using the
analogous silver complex 3.1 for this reaction. After filtering whilst hot, followed by slow

cooling, X-ray quality crystals were obtained.

/ N N Br
N/‘”’/Iu., l \\\\\‘\\Br////:, /
.,Ni,-‘ LTI
Ar / Ni
AYN ‘( l \Br’ \
N
N Br
L | A
=

Fig 6.5 Complex 6.7 as characterised by X-ray crystallography. Ar = 2,6-di-iso-propylphenyl.

The product in the solid state consists of two-nickel centres in different geometries (Fig 6.5).
The first is tetrahedral, coordinated by two terminal and two bridging bromines and the
second is an octahedral centre hosting two ligands and bridged to the other nickel through
the two halides. It is proposed that the reason for the formation of the bis-carbene species is
relative solubility. Ni(DME)Br; is poorly soluble in non-coordinating solvents such as
dichloromethane. After an initial transfer of an imidazol-2-ylidene has occurred the mono-
NHC nickel complex, having better solubility in dichloromethane, will react faster than the
Ni(DME)Br, with a second silver reagent. By changing the reaction medium to a donor

solvent such as THF there is no change in product. Upon dissolving the complex the colour
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change from bright blue to purple suggests that this compound does not retain the dimeric
form in solution. Attempts to isolate a mono-nuclear product were carried out by adding
trimethylphosphine. It was hoped that the phosphine would coordinate to the nickel,
cleaving the halide bridges and obtain either as a pair [NiBry(PMe;)s][Ni(Lig),Br,] or
[NiBr4]2'[I\Ii(Ligand)2(PM63)2]z+. This resulted exclusively in the isolation of NiBr,(PMes);
and a white precipitate was observed. It is assumed that the trimethylphosphine displaced the
imidazol-2-ylidenes, as phosphines have been observed to exist in equilibrium with
NHC’s,” and the white precipitate was an imidazolium derivative. It was not possible to
isolate enough of the small amounts of ultra fine white powder to characterise it by NMR

spectroscopy and mass spectrometry of the powder showed no identifiable peaks.

An alternative route to the desired mono-carbene using the isolated imidazol-2-ylidene 2.19
in preference to the silver reagent was instigated with partial success. Due to the instability
of the ‘free’ carbenes in chlorinated solvents the reaction was performed in THF, in which
the Ni(DME)Br; has some solubility but not as good as DCM. A brown crystalline product
was obtained from the crude reaction mixture that was identified using X-ray
crystallography. The data showed three products, the desired mono-carbene species, a bis-
carbene species comparable to 6.6 and [NiBr4]2' (Fig 6.6). This gives an overall oxidation
state of Ni(II), but does prove it is possible to obtain the desired mono-carbene target.
Attempts to separate each of the three species using different crystallisation methods in the

hope that they may crystallise separately were not successful.

\\ /N
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Fig 6.6 Three complexes co-crystallised from ‘free’ carbene method.
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From these the information given above two conclusions can be drawn; firstly, the smaller
biting ligand leads preferentially to a bis-carbene species and secondly, alternative more
soluble nickel (II) sources are required to continue this work as this is still believed to be the

primary reason for the formation of the bis-carbene complexes.

6.2.2 Characterisation of Nickel Complexes

With the exception of compound 6.5, NMR spectroscopy was ruled out because of the
paramagnetic nature of these complexes. Mass spectrometry was also to no avail (except for
6.5) as the complexes were undetectable by electrospray methods or other forms of mass
spectrometry. Elemental analysis was used to confirm chemical composition; structural
information was determined for all compounds via single crystal X-ray diffraction as all
complexes could be crystallised by dissolving in dichloromethane and layering this with

diethylether or petroleum ether.

Compounds 6.1 — 6.5 all are readily soluble in chlorinated solvents, and are partially soluble
in polar solvents such as toluene, THF and acetonitrile, 6.5 also has good solubility in
diethylether. All compounds are insoluble in non-polar solvents. Compound 6.6 is only

soluble in refluxing, high boiling, chlorinated solvents and precipitates rapidly on cooling.

6.2.2.1 NMR Spectroscopy and Mass Spectrometry

The diamagnetic complex 6.5 was the only compound that NMR studies were possible for.
Resonances in the '"H NMR spectrum were assigned as follows to confirm the identity of
6.5; for the 2,6-di-iso-propylphenyl group doublets at 0.9 and 1.5 ppm, a septet at 3.0 ppm, a
doublet at 7.3 ppm and a triplet at 7.4 ppm, for the methoxy methyl a singlet at 3.3 ppm, for
the methylene bridge a singlet at 6.2 ppm and the 4- and 5-imidazol-2-ylidene protons at 6.3
and 6.5 ppm. These chemical shifts were only slightly different from the corresponding
peaks of palladium bromide analogue.*® The presence of only one environment for the iso-
propyl groups (two doublets, one septet) suggests that this is a frans-carbene complex rather
than cis-carbene and has a centre of inversion. Electrospray mass spectrometry showed an
ion peak representing [Ni(Ligand),Cl + MeCN]" and [Ni(Ligand),C1]" supporting the NMR

spectroscopy observations.
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6.2.2.2 X-ray Crystallography

Due to the inherent paramagnetic nature of these compounds identification by single crystal
X-ray crystallography was the primary diagnostic tool. All of the complexes were isolated as
crystalline samples (solvents of crystallisation contained no colouration after crystallisation)

and so it is believed that these structures represent the bulk of the sample and are not just

one unique crystal.

Compounds 6.1 — 6.3 are all isostructural to the mesityl analogue previously prepared.**
They all contain a tetrahedral nickel centre that is ligated by the bidentate ligand and two
halides or the diethyldithiocarbamate. The structure of compound 6.2 is shown below and all

others are shown in the experimental section.

Fig 6.7 Crystal structure of 6.2. Ellipsoids shown at 50% probability.

Table 6.1 Comparative bond lengths (A) and angles (°) for 6.1 — 6.4.

R - Group 6.1 6.2 6.3 Mesityl 6.4
Nil - C7 1.991(3) 1.961(3) 1.955(4) 1.961(2) 1.879(4)
Nil — N1 2.026(3) 2.012(3) 2.026(4) 2.030(2) 1.941(3)
Nil - Brl 2.2914(7) 2.3405(7) 2.3749(9) 2.3677(4) »

Nil - Br2 2.3376(11) 2.3948(7) 2.3551(8) 2.3585(4) ,

N3-C7-N2  104.9Q2) 104.8(3) 104.1(4) 104.64(19) 104.4(3)
C7-Nil =Nl  92.29(11) 93.38(12) 92.55(16) 92.74(9) 90.66(14)

By comparing the nickel to carbene carbon bond lengths (Table 6.1) it can be seen that there
is a slight shortening of the bond of ca. 0.05 A when an aromatic group is positioned on the
3-imidazol-2-ylidene nitrogen [1.991(3) A for a tert-butyl substituent, 1.955 — 1.961 A for
an aryl substituent]. As was observed with the palladium complexes the strength of this bond
effects catalytic activity. This shortening is caused by delocalisation of the electron density
across the two-ring system giving more stabilisation to the ylidene, which in turn forms a

stronger Ni — C bond. These nickel carbene bond lengths (1.955 — 1.991 A) are towards the
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higher end of the range of known bond lengths (1.828 — 1.986 A). The nickel pyridine bond
length remains unaffected by the change of alkyl substituent on the heterocyclic ring. It is
proposed that these complexes retain their structures in solution as no change in colour is
observed. There are only two other pyridine NHC nickel complexes that have been
previously structurally characterised, one is the mesityl analogue by us,?* the other is a
saddle shaped cyclophane complex®® having a similar shaped structure to the metal TAAB

complexes described in chapter 7.

Fig 6.8 Crystal structure of 6.4, hydrogen’s and bromide anion removed
for clarity, ellipsoids shown at 50% probability.

Complex 6.4 containing the diethyldithiocarbamate group is a square planar complex unlike
the tetrahedral complexes 6.1 — 6.3, it is common for nickel dithiocarbamate complexes to
have square planar geometries as has been observed with nickel phosphine complexes.?’ The
exchange of the electron-withdrawing halides with the dithiocarbamate group causes the
nickel carbene bond to shorten further by ca. 0.08 A, [from 1.955(4) A to 1.879(4) A] as less
electron density is drawn from the nickel carbon bond by the removal of the halides. The
nickel pyridine bond is also shortened by 0.08 A [from 2.026(4) A to 1.941(3) A] by the
substitution of the halides. Bond angles around the metal centre are only affected by the

change in sterics from exchanging the halides with the bulkier diethyldithiocarbamate.

The bis-imidazol-2-ylidene complex (fig 6.9) characterised as the minor product from its
attempted synthesis is a centrosymmetric square planar nickel (II) complex. Two imidazol-

2-ylidene groups coordinate the nickel and in this structure the pendant arm pyridines are
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also bound to the metal centre completing the coordination sphere. Two non-coordinated
bromides balance the oxidation state. Selected bond lengths and angles are shown in table

6.2.

Table 6.2 Selected bond lengths (A)

and angles (°) for bis-imidazol-2-

() vylidene Ni complex.

Nil —NI 1.928(3)
Nil —C7 1.907(3)
N2-C7 1.345(4)
N3_3-C7 1.365(4)
N2 -C8 1.380(4)
N3 3-C9 3 1.391(4)
C8-C9 3 1.350(4)
C7-Nil -NI1 87.26(11)
C7-Nil -N1.3  92.74(11)
N2-C7-N33  104.5()
a- N2 - C7 - Nil 120.6(2)
o N3 3-C7-Nil _ 134.6(2)

Fig 6.9 Crystal structure of bis-imidazol-2-ylidene Ni complex. Ellipsoids
shown at 50% probability, hydrogen’s have been removed for clarity.

The nickel to carbene bond length of 1.907(3) A is well within the range of reported nickel
carbene bond lengths. There appears to be no specific interaction of the halides with any
specific sections of the complex by examination of the bulk structure. The closest related
complex to this is the reported Ni(II) cyclophane complex that is ligated by the two pyridine
rings and two imidazol-2-ylidenes, which are cyclically linked through methylene bridges.
In the cyclophane the nickel to carbene bond lengths are slightly shorter than in this complex
(average cyclophane is 1.85 A compared to 1.90 A) but the pyridine bond lengths are
similar. The lengthening of the bond in the complex described here may be due to steric

hindrance of the mesityl groups.

Complex 6.5 (fig 6.10) is a centrosymmetric square planar nickel(Il) complex coordinated
by two chlorides and two imidazol-2-ylidene groups. The halides and imidazol-2-ylidene
groups are mutually frans to one another. The methoxy functional groups do not interact
with the metal centre and are ‘dangling’. In this structure the imidazol-2-ylidene ligands are
related through the centre of inversion, however the rotamer of this complex has also been
characterised, although the quality of the data allowed only connectivity to be established
and so is not presented here. The nickel carbene bond length 1.9100(14) A is typical of
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known distances. This complex is isostructural to the reported palladium analogue.”®

Selected bond lengths and angles are shown in table 6.3.

Table 6.3 Selected bond lengths

(A) and angles (°) for 6.5.
Nil - C3 1.9100(14)
Nil —CllI 2.1850(8)
N2 - C3 1.350Q2)
NI-C3 1.356(2)
N2 — C4 1.384(2)
NI-C5 1.395(2)
C4—C5 1.344(2)
C3—Nil - C3 2 180
C3 —Nil —ClI 89.21(5)
N2 -C3 —NI 104.42(12)
N2 - C3 —Nil 125.96(10)
N1 -C3 —Nil 129.59(10)

Fig 6.10 Crystal structure of 6.5. Ellipsoids shown at 50% probability, hydrogen’s removed for clarity.

The structure of compound 6.7 is a rare example of where two different geometries of the
same element coexist in the same complex. There are examples of mixed geometry nickel
complexes of extended Schiff base ligands, and mixed metal systems, but these are generally
based on multi-dentate ligands designed to coordinate multiple metal centres®® ! unlike 6.7
where the ligand is designed as a bidentate chelate for a single metal centre. A second data
collection related to this reaction where the ‘free’ carbene was used in preference to the
silver transfer reagent was obtained. A dimeric species is again produced (fig 6.11) however,
this complex is part of a multi-component structure in which three products co-crystallised
to give the targeted mono-carbene nickel dibromide, the bis-carbene nickel bromide dimer

and [NiBr4]2', the full structure of this is detailed in the experimental section.

On first inspection it appears that 6.7 is the halfway stage to the product elucidated from the
free carbene route, it contains nickel in both a tetrahedral and slightly distorted octahedral
geometry (most angles within 10° of a right angle). In both structures the pyridine
functionalities are mutually frans whilst the imidazol-2-ylidenes are mutually cis, being
trans to a bromine. The nickel carbene bonds [2.00(3) — 2.022(8) A] represent the longest
known bonds of this type and the slight lengthening is due to the trans-effects around the

nickel centre. The bridging bromine to nickel bonds are 0.03 A longer than the terminal
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bonds which is typical. The tetrahedral mono-carbene nickel dibromide has co-crystallised
with the bis-carbene dimer and is comparable to compounds 6.1 — 6.3. The nickel carbene
bond length of ca. 1.97 A is in the range observed for 6.1 — 6.3 [1.955(4) A — 1.991(3) A]
and the nickel pyridine bond length of ca. 2.04 A is also comparable [2.012(3) — 2.030(2)
A]. Unfortunately the quality of the data from the low quality crystals only allowed bond

lengths accurate to two decimal places.

Fig 6.11 Crystal structure of 6.6 (left) and part of the product with ‘free’carbene (right).

2,6-di-iso-propylphenyl groups partially and hydrogens removed for clarity.

Table 6.4 Comparative bond lengths (A) and angles (°) of 6.6 and free carbene product.

6.6 Carbene Product

Nil - Cé6 2.022(8) Ni2 — C47 2.00(3)
Nil — C26 2.005(7) Ni2 - C66 2.05(3)
Nil — N1 2.102(6) Ni2 - N7 2.10(2)
Nil — N4 2.100(6) Ni2 —-N12 2.16(2)
Nil —Brl 2.6649(13) Ni2 - Brl 2.622(5)
Nil - Br2 2.6881(13) Ni2 - Br2 2.632(4)
Brl —Nil - Br2 83.50(4) Brl — Ni2 — Br2 84.81(13)
N2 -C6 —N3 104.1(6) N9 - C47 — N8 104.2(11)
C6 —Nil —N1 78.93) C47 —Ni2 — N7 80.5(12)
C6 —Nil —C26 101.4(3) C47 —Ni2 - C66 109.2(10)
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6.2.3 ‘Pincer’ Nickel (ll) and Ni(0) Imidazol-2-ylidene Complexes.

N )]( ' N | N

L b Qj—{“( )

N N N N
= N I /N l
X < A <
A B

Fig 6.12 Proposed Ni (II) ‘pincer’ bis-imidzol-2-ylidene complexes. X = halide

Initial efforts to isolate Ni(II) ‘pincer’ imidazol-2-ylidene (A and B, Fig 6.12) complexes
analogous to the palladium complexes previously reported3 2 have shown that they can be
prepared. The reaction of the precursor silver reagent 3.15 or the previously reported 2,6-di-
iso-propylphenyl analogue with Ni(DME)Br;, in 1,2-dichloroethane under reflux gives an
air-stable brown powder of A or B. The '"H NMR (CDCl;) of A is similar to the palladium
analogue reported previously. Peaks assignable to two iso-propyl environments were
observed, i.e. four doublets (0.9, 1.0, 1.1 and 1.4 ppm) and two septets (2.6 and 3.1 ppm) for
the iso-propyl groups and two doublets were observed for the methylene bridge. Elemental
analysis of B showed that after allowing for a 1:1 mixed Br/Cl complex which is not
unprecedented for reactions involving 1,2-dichloroethane then the following elemental
analysis results support the formation of a complex of stoichiometry Ni(Ligand)BrCl
(Found; C, 56.94, H, 5.34, N, 10.57, C3;H33N;Ni;Cl;Br; requires C, 57.31, H, 5.12, N, 10.78
%). Unfortunately further investigation into these complexes was not possible due to time
restraints but from these initial results it is clear it is possible to isolate these ‘pincer’

complexes.

Investigations into Ni(0) complexes was instigated after the realisation that ‘free’ carbenes
could be isolated. Ni(COD), was chosen as the primary starting material as work with
palladium(IT) COD complexes had shown that COD is a good leaving group when used with
NHCs. A new and vastly improved route to Ni(COD), had been reported® which made this a
viable starting material. Initial reactions of the free-carbene 2.19 with Ni(COD), in
precooled THF (-78°C) in a 1:1 ratio led instantly to a deep purple complex. Attempts to
grow crystals from this solution by slow cooling failed. The purple complex was extremely

air sensitive and rapidly decomposed within seconds of being in contact with air. A sample
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Jr was prepared for "H NMR studies and from this two conclusions
{ ;)——N/\ /N~/ ) were drawn; firstly there was a single ligand environment based
\\\w { ~ \\:

i % * on the iso-propyl group signals of two doublets at 1.1 and 1.3

'Pr Ni PP
|

/: N /\N__%}M:‘i;:‘ ppm and a septet at 3.0 ppm, suggesting a bis-carbene complex

::L*N// \—/ f/:/ f from previous work. Residual peaks for COD remained however

’ even when pumped on under vacuum and it is not possible to

Fig 6.13 Proposed Ni(0) determine if these are from residual Ni(COD), or a
bis-imidazol-2-ylidene Ni(Ligand)COD complex which would also show only one
ligand environment. Further investigation into this product is needed before one of the two
possible structures can be confirmed, although from the amount of excess starting material

recovered the structure shown in Fig 6.13 is believed to have been formed.

6.3 Conclusions

It has been shown that chelating picolyl functionalised mono-imidazol-2-ylidene Ni(II)
dihalide complexes (6.1 — 6.3) have been isolated via transmetallation from the silver
precursors or via reaction with the ‘free’ imidazol-2-ylidene. When using the silver
precursors choice of chlorinated solvent must reflect the desired use of the end product as
halide exchange processes occur in higher boiling solvents. An example of anion exchange
(6.4) with one of the complexes has been described. The methoxy bis-imidazol-2-ylidene
Ni(Il) dihalide complex 6.5 shows how it is possible to design a precatalyst with dangling

functional groups that could provide electronic support for a catalytically active complex.

Attempts to isolate pyridine functionalised mono-imidazol-2-ylidene Ni(II) dihalide
complexes led to the bis-imidazol-2-ylidene complexes (6.6) regardless of which of the two
synthetic routes were utilized. An interesting mixed geometry complex was isolated from the
transmetallation and three complexes were isolated from the ‘free’ carbene route. It is clear

that with further work the targeted complexes can be isolated.

Initial studies into pincer chelates and Ni(0) species have shown that further work on the
synthetic routes is required to confirm the identity of these species, especially with the

unstable Ni(0) products.

These complexes provide a good array of precatalysts that could be tested for C-C coupling

activity, which was not undertaken in this project due to time constraints.
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6.4 Experimental Section.

Sodium diethyldithiocarbamate was purchased from Aldrich and dried azeotropically prior
to use. The following chemicals were prepared from literature method, Ni(DME)Br,,*
Ni(DME)L,>* Ni(COD)2,®  NiBra(PMes)s,”>  Ni(S:CNEt),,**  Mg(TMEDA)Me, ¥’
Ni(TMEDA)Me; *® Ni(BIPY)Et,,* Ni(BIPY)Me,,* [1-(tert-butyl)-3-(a-picolyl)-imidazol-2-
ylidene] silver bromide,*! [1-(mesityl)-3-(a-picolyl)-imidazol-2-ylidene] silver bromide,
[1-(2,6-di-iso-propylphenyl)-3-(a-picolyl)-imidazol-2-ylidene] silver bromide,*’ 1-(2,6-di-
iso-propylphenyl)-3-(pyridin-2-yl)-imidazol-2-ylidene silver bromide.*!

General Method 1

Under an inert atmosphere, to the appropriate imidazol-2-ylidene silver halide precursor in
pre-dried dichloromethane (100 cm®), was added a slight excess of nickel dimethoxyethane
dibromide and the mixture refluxed for 6 — 12 hours. Silver halide deposits were observed as
the reaction progressed. On completion the reaction mixture was allowed to cool before the
solution was filtered through a frit and the solvent removed in vacuo to yield product.

Recrystallisation of samples from dichloromethane layered with petroleum ether generally

yielded X-ray quality crystals.

[1-(tert-butyl)-3-(a-picolyl) imidazol-2-ylidene] nickel dibromide 6.1
| Following general method 1 using [1-(fert-butyl)-3-(a-picolyl)imidazol-2-

\z/ . ylidene] silver bromide (0.30 g, 0.7 mmol) and Ni(DME)Br, (0.23 g, 0.8
1 N}~Tf“i& mmol). Yield 56%, 0.18 g Found C, 40.10, H, 4.40, N, 10.79,
\\‘/N% Ci3Hj7N3BNi requires C, 35.99, H, 3.95, N, 9.69%. The X-ray crystal

Q \/J structure shows mixture of chlorine and bromine at the two halide

occupying sites. As the crystals were used for the elemental analysis this can explain the

poor agreement in the elemental analysis results.

Crystal data for 6.1: Cy3H;7Brg7Cly 2sN3Ni, purple block, Mw 376.81, Monoclinic, P2/c
(No. 14), a=14.021(3) A, b=9.2265(18) A, c = 12.237(2) A, a =y =90°, f=105.21(3)°, V
= 1527.6(5) A’>, Z = 4, u = 3.360 mm™, T = 150 K, Total reflections = 8931, unique
reflections = 3425 (R = 0.0514), Final R indices [I>20(])] R = 0.0403, Ry, = 0.0553 (all
data). X-ray Local Code 01sw005.
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Fig 6.14 Crystal structure of 6.1.
Table 6.5 Bond lengths (A) for 6.1.
C1 ~NI1 1.349(4) C5-C6 1.506(4) C8-C9 1.341(4) Ci0-C12  1.519(4)
Ci-C2 1.386(5) C6-N2 1.463(4) C8~N2 1.375(4) C10-C13  1.527(5)
C2-C3 1.378(5) C7-N3 1.347(4) C9-N3 1.386(4) N1-Nil 2.026(3)
C3-C4 1.380(5) C7-N2 1.355(4) Cl10-N3  1.5094) Nil —Brl 2.2914(7)
C5-N1 1.346(4) C7 -Nil 1.991(3) CI0-CI1 1.516(4) Nil —Br2 2.337(1)
Table 6.6 Bond angles (°) for 6.1.
NI-C1-C2 122.2(3) C9-C8-~-N2 106.5(3) C7-N2-C8 111.1(2)
ci-C2-C1 118.6(3) C8-C9~N3 107.3(3) C7-N2-C6 123.5(2)
C3-C4-C5 119.4(3) N3 -Ci0-C11 109.0(2) C8-N2-C6 125.4(2)
N1-C5-C4 121.5(3) N3-Ci0-Ci12 108.0(2) C7-N3-C9 110.3(2)
N1-C5-C6 117.103) Cl1-Ci0-C12 111.5(3) C7~N3-CI10 125.0(2)
C4-C5-C6 121.4(3) N3-C10-C13 108.9(2) C9-N3-~C10 124.6(2)
N2 -C6-C5 112.5(2) Cl1-Ci10-C13 109.4(3) C7—-Nil = N1 92.29(11)
N3-C7~N2 104.9(2) Ci12-C10-Ci13 109.9(3) C7 —Nil - Brl 125.26(9)
N3 - C7 - Nil 138.2(2) Cl1-NI1-C5 118.8(3) N1 ~Nil —Brl 104.81(8)
N2 - C7 —Nil 116.6(2) C1 - N1 -Nit 119.3(2) C7 —Nil -Br2 107.24(9)
Brl —Nil - Br2 119.01(3) C5-N1 -Nil 121.3(2) N1-Nil ~Br2 101.47(8)

[1-]3,5-dimethyl-4-(zert-butyl)phenyl]-3-(a-picolyl)imidazol-2-ylidene] nickel dibromide

6.2

(o

!
O

R \\\Br

g,

Following general method 1 using compound 3.7 (0.15 g, 0.3 mmol) and
Ni(DME)Br; (0.10 g, 0.3 mmol). Yield 61%, 0.10 g. MS(ES+) m/z 306
(Ligand)+, Found C, 46.73, H, 4.57, N, 7.79 Cy;HysBr;NsNi requires C,
46.89, H, 4.68, N, 7.81 %.

Crystal data for 6.2: C»;H»sBr,N3Ni, purple block, Mw 537.97, Monoclinic,
P2i/n (No. 14), a=7.0347(14) A, b=23.581(5) A, c=13.6333) A, a=y =
90°, #=92.98(3)°, V=2258.5(8) A% 7 =4, 4 =4.408 mm™, 7= 150 K, Total reflections =
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17862, unique reflections = 5115 (Riy = 0.0673), Final R indices [/>26())] R = 0.0415, Ry, =
0.0790 (all data). X-ray Local Code 01sw017.

Fig 6.15 Crystal Structure of 6.2.

Table 6.7 Bond lengths (A) for 6.2.

Cl-NI  1349(4) C7-N3  1341(4) CI0O-N3 14574) CI15-C17 1.511(5)
Cl-C2 13855 C7-N2  13524) Cl1-CI2 1396(5) CI8—-C21 1.514(6)
C2-C3 1.374(5)  C7-Nil  1961(3) Cl1-Cl6 1.506(5) C18-C20 1.528(6)
C3-C4  1378(5) C8-C9  1334(5) CI2-Cl3 1388%5) CI8-Cl9 1.533(6)
C4-C5 1.389(5) C8-N2  1384(4) CI3-Cl4 1400(5) NI-Nil  2.012(3)
C5-NI  1354(4) C9-N3  13984) CI3-CI8 1543(5) Nil-Brl 2.3405(7)
C5-C6  1.503(5) C10-CI5 1.383(5) CI4—-CI5 13955) Nil-Br2 2.3948(7)
C6-N2  1467(4) CI0-Cl1 1.385(5)

Table 6.8 Bond angles (°) for 6.2.

NI1-Cl-C2 122.5(3) C15-C10-N3 117.6(3) Cl-N1-C5 118.8(3)
c3-C2-Cl 118.7(3) Cl1-C10-N3 118.9(3) Cl-NI1-Nil  120.1Q2)
C2-C3-C4 119.2(3) CI0-Cl11-CI2  116.8Q3) C5-N1-Nil  I121.1(2)
C3-C4-C5 120.2(3) Cl0-Cl1-Cl6  121.8(3) C7-N2-C8 111.03)
N1-C5-C4 120.6(3) CI2-CI1-Cl6  121.4(3) C7-N2-C6 123.5(3)
N1-C5-C6 118.5(3) CI3-Cl12-Cll  122.903) C8-N2-C6 125.3(3)
C4-C5-C6 120.7(3) Cl2-CI3-Cl4  117.303) C7-N3-C9 110.9(3)
N2 -C6 - C5 114.1(3) CI2-C13-C18  120.8(3) C7T-N3-C10  1262(3)
N3-C7-N2 104.8(3) Cl4-CI3-CI8  121.8(3) C9-N3-CI0  122.8(3)
N3 - C7-Nil 136.7(2) CI5-Cl4-Cl13  122.003) C7-Nil -N1  93.38(12)
N2 —C7 —Nil 118.5(2) CI0-C15-Cl4  1174(03) C7-Nil -Brl  117.80(10)
C9 - C8—N2 106.9(3) CI0-CI5-C17  121.8(3) NI-Nil-Brl  110.22(8)
C8$-C9—N3 106.5(3) Cl4-CI15-Cl7  1208() C7-Nil-Br2  102.71(10)
C15-C10-Cll 123.4(3) Brl - Nil - Br2 12592(2)  NI-Nil-Br2  100.93(8)
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[1-(2,6-di-iso-propylphenyl)-3-(a-picolyl) imidazol-2-ylidene] nickel dibromide 6.3

Following general method 1 using [1-(2,6-di-iso-propylphenyl)-3-(a-

W/QY picolyl)imidazol-2-ylidene] silver bromide (0.16 g, 0.32 mmol) and

[N>_N;§;r Ni(DME)Br; (0.10 g, 0.3 mmol). Yield 0.10 g, 59%. Found C, 46.76, H,
o 4.59, N, 7.36, Cy1H2sN3BroNi requires C, 46.89, H, 4.68, N, 7.81%.

AN

l

F
Crystal data for 6.3: Cy1H;5Br,N3Ni, purple plate, Mw 537.97, Monoclinic, P2,/n (No. 14), a
=9.7116(19) A, b = 154173) A, ¢ = 152433) A, a =y = 90 °, f = 10581(3)°, V =
2195.98) A3, Z = 4, 4 = 4.533 mm™, T = 150 K, Total reflections = 29973, unique
reflections = 5008 (Riy = 0.0900), Final R indices [I>26()] R = 0.0479, R,, = 0.0895 (all
data). X-ray Local Code 00sw002.

Table 6. 9 Bond lengths (A) for 6.3.

C16-C17  1.363(9) C3-C4 1.375(8) C8-C9 1.339(6) Cl1-Cl12  1.502(7)
Cl6-CI5  1.381(8) C4-C5 1.385(7) C8-N2 1.372(6) Cl2-Cl4  1.528(7)
C20-C19  1.539(11)  C5-NI 1.352(5) C9-N3 1.385(6) C17-CI18  1.389(7)
C21-CI19  1.487(10)  C5-C6 1.496(7) Cl0-CI8  1.389(7) CI$-C19  1.525(8)
CI3-CI2  1.534(7) C6-N2 1.459(6) Cl0-CIl  1.403(7) NI-Nil  2.026(4)
C1-NI1 1.340(6) C7-N3 1.351(6) CI0-N3 144205 Brl-Nil  2.3749(9)
C1-C2 1.374(7) C7-N2 1.361(5) ClI-CI5  1.392(7) Br2-Nil  2.3551(8)
C2-C3 1.378(7) C7-Nil 1.955(4)

Table 6.10 Bond angles (°) for 6.3.

NI-Cl-C2 123.0(4) Cl1—-Cl10—-N3 117.9(4) CI-N1-C5 118.5(4)
C1-C2-C3 118.6(5) Cl15-C11-CI10 116.9(5) Cl — N1 —Nil 121.2(3)
C4-C3-C2 119.0(5) CIs-Ci1-CI2 120.2¢5) C5 - NI -Nil 120.3(3)
C3-C4-C5 119.8(5) Cl0-Cl11-C12 122.9(4) C7-N2-C8 111.4(4)
NI-C5-C4 121.0(5) Clt1-Ci2-Cl4 112.6(4) C7-N2-C6 122.0(4)
NI-C5-C6 117.7(4) Cl1-Cl2-C13 110.9(4) C8-N2-C6 126.5(4)
C4-C5-C6 121.3(4) Cl4-Cl12-CI13 110.7(4) C7-N3-C9 110.7(4)
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N2-C6-C5 112.7(4) Cl6-CI5-Cl1  121.0(5) C7-N3-CI0 125.2(4)
N3 -C7-N2 104.1(4) C16-Cl17-CI18  121.6(5) C9—N3-Cl10 124.1(4)

N3 —C7-Nil 137.5(3) Cl7-CI8—C10  117.1(5) C7-Nil - NI 92.55(16)
N2 - C7 - Nil 118.1(3) Cl7-C18-C19  120.5(5) C7-Nil —Br2 111.33(13)
C9 - C8-N2 106.6(4) CI0-CI8—C19  122.4(4) N1 - Nil - Br2 105.49(11)
C8-C9-N3 107.2(4) C21-C19-C18  112.9(7) C7 - Nil - Brl 105.48(13)
CI8-CI10-CI1  123.0(4) C21-C19-C20  112.0(8) N1 - Nil - Brl 103.77(10)
C18 - C10—N3 119.1(4) CI§-CI9-C20  108.3(5) Br2 - Nil — Brl 131.13(3)

[1-(2,6-di-iso-propylphenyl)-3-(a-picolyl)imidazol-2-ylidene]  nickel diethyldithio-
carbamate bromide 6.4

To a solution of 6.3 (0.25 g, 0.46 mmol) in dichloromethane

(dry, 30 em®) was added sodium diethyldithiocarbamate (0.87 g,
NEt
\ ST " 0.51 mmol) and the solution refluxed overnight. The purple

/

—Ni—s : :
K_N ,l solution changed to pale brown and salt deposits were observed.
N Br’
| = The supernatant was removed in vacuo and the product
Va

extracted into ether, filtered through a frit and concentrated to
ca. 5 cm’® from which X-ray quality crystals formed at room temperature on standing. Yield
62%, 0.17 g. MS (ES+) m/z 525 [Ni(Ligand)(S;CNEt,)]", 320 (Ligand)'. Found C, 50.24, H,
5.32, N, 9.72 % C,sH3sBrN4NiS, requires C, 50.53, H, 5.94, N, 9.43 %.

Crystal data for 6.4: C,7H37N4S,BrC1oNi, orange shard, Mw 691.25, Monoclinic, P21/n (No.
14), a =9.8969(3) A, b = 24.1705(10) A, c = 14.6443(6) A, a =y =90°, = 109.1690(10)°,
Y =3308.92) A%, Z =4, y =2.104 mm™, T = 150 K, Total reflections = 20675, unique
reflections = 7345 (Rjn = 0.0811), Final R indices [/>20(/)] R = 0.0528, Ry, = 0.0992 (all
data). X-ray Local Code 01sw036.
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Fig 6.16 Crystal structure of 6.4.
Table 6.11 Bond lengths (A) for 6.4.
Nil - C7 1.879(4) N2 -C7 1.349(4) C2-C3 1.379(5) Ci12-C13 1.376(5
Nil —N3 1.941(3) N2 -~-C8 1.388(5) C3-C4 1.374(5) C13~-C14 1.388(5)
Nil - S1 2.1723(11) N2-C6 1.458(4) C4-C5 1.395(5) Cl14-Ci15 1.389(5)
Nil - S2 2.2323(10) N3 -Cl 1.339(5) C5-Cé6 1.498(5) Ci15-C19 1.524(5)
S1-C24 1.715(4) N3 -C5 1.360(4) C8-C9 1.340(5) Cl16-C18 1.526(6)
S2-C24 1.726(4) N4-C24  1.306(4) Cl10-C15  1.393(5) Cl6-C17 1.531(5)
Ni1-C7 1.363(4) N4 - C25 1.472(5) Cl10-C11 1.398(5) C19-C21 1.531(5)
Ni-C9 1.392(4) N4-C22  1.474(5) Cl1-C12 1.393(5) C19-C20 1.535(6)
NI1-C10  1.454(4) Cl1-C2 1.387(5) Cl1-C16 1.510(5) C22-C23 1.503(5)
Table 6.12 Bond angles (°) for 6.4.
C7-Nil -N3 90.66(14) Cl-N3-C5 117.93) C9~C8-N2 106.4(3)
C7-Nil - S1 94.21(11) C1-N3 -Nil 119.9(2) C8—-C9-NI1 107.1(3)
N3 -Nil - S1 174.60(10) C5~N3 - Nil 122.2(3) Cl5-C10-C11 123.6(3)
C7~Nil -82 172.90(11) N3-C1-C2 123.4(3) C15-C10-N1 119.1(3)
N3 -Nil ~82 96.14(9) C3i-Cc2-C1 118.5(4) Cl11-Cl10-N1 117.3(3)
S1-Nil -~ 82 79.08(4) C4-C3-C2 119.2(4) Ci2-Cl1-C10 117.0(3)
C24 - S1 —Nit 86.88(13) C3-C4-C5 119.7(3) Cl3-C12-C11 121.1(4)
C24 - 82 — Nil 84.74(12) N3-C5-C4 121.3(4) Ci2z-Ci13-C14 120.1(3)
C7-N1-C9 110.5(3) N3-C5-Cé6 117.0(3) C13-Cl14-C15 121.4(3)
C7~-N1-C10 125.1(3) C4-C5-C6 121.6(3) Cl4-C15-C10 116.7(3)
C9-N1-Cl0 124.0(3) N2~C6-C5 110.3(3) N4 - C24 - S1 124.8(3)
C7-N2-C8 111.6(3) N2 - C7-N1 104.4(3) N4 -C24 -S2 126.0(3)
C7-N2-C6 121.93) N2 - C7—Nil 120.3(3) S1-C24-82 109.2(2)
C8-N2-C6 126.4(3) N1 -C7~-Nil 135.3(3)
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Bis-[1-(2,6-di-iso-propylphenyl)-3-(methylmethoxy)imidazol-2-ylidene] nickel
dichloride 6.5
Following general method 1 using [1-(2,6-di-iso-propylphenyl)-3-
[\ (methylmethoxy)-imidazol-2-ylidene] silver bromide (0.75 g, 1.8

N N
N
°~  mmol) was added to a solution of NiBr,DME (0.28 g, 0.9 mmol) in
Ni
— /L dichloromethane (30 cm®) and refluxed overnight. Silver bromide
NN N " . . .
\__/ precipitated from the light orange solution. The mixture was filtered

via a frit and the resulting orange solution was concentrated to ca. 5
cm’ and cooled to —30°C from which X-ray quality crystals were obtained. Yield 81%, 0.49
g. MS(ES+): m/z 678 [Ni(ligand),CI(MeCN)]", 637 [Ni(ligand),Cl]*, 273 [Ligand]".
Su(CDCl3) 0.9 and 1.5 [2 x 12H, d, CH(CHj3)2), 3.0 [4H, septet, CH(CH3),], 3.3 (6H, s,
OCHa), 6.2 (4H, s, CH,), 6.3 and 6.5 (2 x 2H, s, 4- and 5-imidazol-2-ylidene), 7.3 (4H, d,
PrCeH,H), 7.4 (2H, t, PrCsH,H).

Crystal data for 6.5: C34H4sN4O>CLNi, orange cube, Mw 674.37, Triclinic, P-1 (No. 2), a =
8.008(2) A, b=9.261(2) A, ¢ =12.410(3) A, a = 74.25(3)°, B = 78.06(3)°, y = 80.02(3)°, V' =
859.93) A%, Z =1, 4 =0.755 mm™, T= 150 K, Total reflections = 3927, unique reflections
= 3927 (Rint = 0.0), Final R indices [/>20()] R = 0.0290, Ry, = 0.0379 (all data). Symmetry

transformations used to generate equivalent atoms: -x,-y,-z. X-ray Local Code 01sw025.

Fig 6.17 Crystal structure of 6.5.
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Table 6.13 Bond lengths (A) for 6.5.

Nil-C3  19100(14) N2-C2  1467(2) C7-Cl2 1404Q2) CI2-CI3 1.522Q2)
Nil —CIl  2.1850(8) NI-C3  1356(2) C8-C9  13952) CI3-Cl4 1.529Q)
01-C2  13932) NI-CS5  13952) (C8-Cl6 1.5202) CI3-CI5 1.5400)
O1-Cl  14052) NI-C7  1446(2) C9-Cl0 1386(2) Cl6-CI8 1.5282)
N2-C3  1350(2) C4-C5  1344(2) CI0-Cll 1.3842) Cl6-Cl17 1.533(Q2)
N2-C4  1.384(2) C7-C8  140322) CI1-Cl12 1396(2)

Table 6.14 Bond angles (°) for 6.5

C3-Nil-C3 2 180 N2-C3-NI  104.42(12) Cl1-C10-C9  120.35(15)
C3-Nil-Cll  89.21(5) N2-C3-Nil  125.96(10) Cl0-CI1-CI2  121.27(15)
C3-Nil-Cl1 2 90.79(5) N1-C3-Nil  129.59(10) ClI-CI2-C7  116.86(14)
Cll -Nil -CIl_2 180 C5-C4-N2  106.37(13) CI1-CI2-CI13  121.02(14)
C2-01-Cl 113.16(14) C4-C5-N1  106.84(13) C7-CI2-CI3  122.00(13)
C3-N2-C4 111.71(12) C8-C7-Cl2 123.30(13) Cl12-CI13-Cl4  114.06(13)
C3-N2-C2 124.84(13) C8-C7-Nl  118.38(13) Cl12-C13-C15  110.04(12)
C4-N2-C2 123.45(13) Cl12-C7-N1 118.32(13) Cl4-C13-C15  109.51(13)
C3-NI-CS5 110.66(12) C9-C8-C7  117.00(14) C8-C16-Cl18  113.54(13)
C3-N1-C7 123.97(11) C9-C8-Cl6 120.89(14) C8-Cl16-C17  110.01(13)
C5-N1-C7 125.33(12) C7-C8-Cl6 122.01(13) CI18-C16—C17  109.70(14)
01 -C2-N2 111.17(13) Cl0-C9—C8 121.11(15)

Bis-[1-(mesityl)-3-(a-picolyl) imidazol-2-ylidene] nickel dibromide.

Following general method 1 using [l-(mesityl)-3-(a-picolyl)-imidazol-2-ylidene] silver
bromide (0.15 g, 0.33 mmol) was added to a solution of Ni(DME)Br; (0.05 g, 0.16 mmol) in
dichloroethane (30 cm®) and refluxed overnight. Silver precipitated from the green solution.
The mixture was filtered via a frit and the resulting pale yellow/green solution was
concentrated to ca. 5 ecm® and cooled to —30°C from which X-ray quality crystals were
obtained. Yield 74% 0.09 g. du(CDCL) 2.1 (12H, s, o-mesityl CH3), 2.5 (6H, s, p-mesityl
CHj), 5.5 2H, s, CHy), 6.7 and 7.3 (2 x 2H, s, 4-and 5-imidazol-2-ylidene), 6.9 (2H, s,
mesityl H), 7.3 (1H, m, pyr H), 7.5 (1H, d, pyr H), 7.8 (1H, d, pyr H), 8.5 (1H, d, pyr H).

Crystal data for 6.6: C,oH»;BrCIN3Nig s, yellow cube, Mw 471.55, Monoclinic, P2,/n (No.
14), a = 10.6692) A, b = 10.221(2) A, c = 19.561(4) A, a =y =90°, f = 105.41(3)°, V =
2056.3(7) Al 7 = 4, u = 2710 mm”, T = 150 K, Total reflections = 12692, unique
reflections = 4525 (Rinr = 0.0524), Final R indices [I>20(/)] R = 0.0413, Ry, = 0.0734 (all
data). Unit contains one molecule of DCM. Symmetry transformations used to generate

equivalent atoms: 1) -X, -y, -z ; 2) -X, -y-1, -z. X-ray Local Code 01sw010.
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Fig 6.18 Crystal structure of bis-[1-(mesityl)-3-(a-picolyl)imidazol-2-ylidene] nickel dibromide.

Table 6.15 Bond lengths (A) for Bis-[1-(mesityl)-3-(a~picolyl)imidazol-2-ylidene] nickel dibromide.

Cl 3-N1  1347(4) C7-N33  1.3654) C11 3-CI12 3 1.391(5)
C2-C13  1378(4) C7-Nil 1.907(3) C11.3-C16 3 1.511(4)
C2-C3 1.380(5) C8-C9 3  1.350(4) C12.3-C13 3 1.391(5)
C3-C4 1.383(5) C8-N2 1.380(4) C13.3-Cl4 3 1.389(4)
C4-CS 1.390(4) C9 - N3 1.391(4) C13 3-C17 3 1.507(4)
C5-N1 1.355(4) Cl10-Cl11  1.396(4) Cl4 3-C15 3 1.401(4)
C6-N2 1.470(3) Cl0-C15  1.402(4) C15.3-C18 3 1.502(4)
C7-N2 1.345(4) C10-N3 1.438(4) N1 -Nil 1.928(3)

Table 6.16 Bond angles (°) for Bis-[1-(mesityl)-3-(a-picolyl) imidazol-2-ylidene] nickel dibromide.

N1-Cl 3-C2 122.1(3) Cl1-C10-C15  1223(3) C10 3-C15 3-CI8 3 123.4(3)
C13-C2-C3  119.903) C11-C10-N3 119.2(3) C1 3-N1-C5 118.3(3)
C2-C3-C4 118.4(3) C15-C10-N3 118.5(3) C1_3-N1-Nil 119.6(2)
C3-C4-C5 119.4(3) C12-C11-C10  117.8Q3) C5-NI —Nil 122.0(2)
N1-C5-C4 121.8(3) Cl12-Cl11-Cl6  120.1(3) C7-N2-C8 112.12)
N1-C5-C6 117.8(3) Cl0-Cl11-Cl6  122.1(3) C7-N2-C6 121.0(2)
C4-C5-C6 120.4(3) Cl13-CI12~-Cl11  1222(3) C8-N2-C6 126.8(2)
N2 -C6-C5 108.1(2) Cl4-C13-Cl12  1182(3) C7-N3 3-C9 3 110.12)
N2-C7-N3.3 104.502) Cl4-CI3-C17  120.7(3) C7-N3_3-C10 3 123.5(2)
N2-C7-Nil  120.6(2) Cl12-C13-C17  121.003) C9 3-N3 3-C10 126.4(2)
N3 3-C7-Nil 134.6(2) C13-Cl4-CI5  1223(3) C7-Nil -NI 3 92.74(11)
C9 3-C8-N2  106.03) Cl4-C15-C10  117.1(3) C7-Nil ~N1 87.26(11)
C8—C9 3-N3  107.3(3) Cl4-C15-CI18  119.53)
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Compound 6.6
Following general method 1 using 1-(2,6-di-iso-
f/\ /@ propylphenyl)-3-(pyridin-2-yl)-imidazol-2-ylidene silver
CS”"K B, /Br bromide (0.20 g, 0.4 mmol) and Ni(DME)Br, (0.12 g, 0.4
Q' / \\‘Br mmol). Yield 0.10 g. Found C, 44.26, H, 5.09, N, 7.26,
C40Ha6NgBr4Ni, requires C, 45.85, H, 4.42, N, 8.02%.

Crystal data for 6.6: C4oH4sBrsNeNiy, blue shard, Mw 1047.89, Tetragonal, P4(2)/n (No. 86),
a=20.548(3) A, b=20.548(3) A, c =27.667(6) A, a =B =y=90°, V'=11681.9(33) A% Z
=8, u=3.407 mm™, 7= 150 K, Total reflections = 33550, unique reflections = 10594 (Riy
= 0.1089), Final R indices [I>26(])] R = 0.0652, Ry, = 0.1599 (all data). Symmetry
transformations used to generate equivalent atoms: 1) -x, -y, -z; 2) -x, -y-1, -z. X-ray Local

Code 01sw(006.

Table 6.17 Bond lengths (A) for 6.6.

Cl-N1  131809) C9-N3  1455(10) C24-C25  1.386(10) C32-C33 1.412(14)
Cl-C2  1384(10) CIO-Cl1 1.394(12) (C25-N4 1.339(8) (C33-C34 1398(12)

Cl-N2  1417(9) Cl0-C18 1514(12) C25-N5 1.394(9)  C34-C35 1.484(12)
C2-C3  1365(11) CI1-Cl2 1406(12) C26-N6 1.342(9)  C35-C37 1.558(13)
C3-C4  1350(11) CI2-CI3 1326(12) C26-N5 1.381(8) C35-C36 1.561(11)

C4-C5  1415(10) CI13-Cl4 1.406(12) C26-Nil 2.005(7)  C38-C40 1.530(11)
C5-N1  132409) Cl4-Cl5 1515(12) C27-C28  1.326(11) C38-C39 1.540(11)
C6-N3  133309) CI5-Cl6 1.529(11) C27-N5 1.4039) NI-Nil  2.102(6)
C6-N2  135209)  CI5-Cl7 1562(12) C28-N6 1.415(9) N4-Nil  2.100(6)
C6-Nil  2.0228)  CI8-C20 1.524(13) (C€29-C30  1.387(11) Nil-Brl 2.6649(13)
C7-C8  1.302(11) CI18-CI9 1.534(13) C29-C34  1400(12) Nil-Br2 2.6881(13)
C7-N2  1.406(9)  C21-N4  1321(9) C29-N6 1.451(10) Ni4 - BrdA 2.363(8)
C8—-N3  1.418(10) C21-C22 1419(10) C30-C31  1.397(12) Nid-Br3A 2.384(6)
C9-CI10  1364(12) C22-C23 137510) C30-C38  1.523(13) Nid-Brl 2.4089(14)
Co-C4  1.397(11) C23-C24 1355(10) C31-C32  1.335(14) Nid—Br2 2.4188(13)
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Fig 6.19 Crystal structure of 6.6.
Table 6.18 Bond angles (°) for 6.6
N1-C5-C4 121.5(7) Cl4-C15-C17 109.1(8) N4 —-Nil -=N1 177.8(2)
N3 ~C6-N2 104.1(6) Ci6-C15-C17 108.5(7) C26 — Nil - Brl 167.9(2)
N3 - C6 —Nil 142.8(6) Cl10~C18-C20 113.7(9) C6 —~Nil - Brl 89.5(2)
N2 ~C6-Nil 113.0(6) C10-C18-C19 113.7(8) N4 —Nil - Brl 93.2(2)
C8-C7-N2 105.8(7) C20-C18-C19 109.2(9) N1 -Nil ~Brl 87.8(2)
C7-C8—-N3 107.8(8) Cl1-NI1-C5 117.3(6) C26 —Nil - Br2 86.2(2)
Cl10-C9-C14 124.5(8) C1-N1-Nil 114.6(5) C6 - Nil -Br2 170.5(2)
C10-C9-N3 118.1(7) C5-NI1 ~Nil 128.2(5) N4 —Nil - Br2 87.6(2)
C14-C9-N3 117.4(8) C6-N2-C7 111.8(6) N1 -Nil ~Br2 94.4(2)
Cc9-Cl10-C11 116.3(9) C6-N2-~C1 119.5(6) Brl ~Nil - Br2 83.50(4)
C9-Cl10-C18 124.0(8) C7-N2-Cl1 128.7(6) Br4A — Ni4 — Br3A 104.9(6)
Ci1-C10-Ci18 119.7(10) C6-N3-C8 110.5(7) Br4A — Ni4 — Brl 108.5(4)
Cl10-Cl11-C12 121.3(10) C6-N3-C9 126.9(7) Br3A —Ni4 - Brl 127.4(4)
Ci13-Ci2-C11 119.7(9) C8-N3-C9 122.4(7) Br4A — Ni4 ~ Br2 107.4(3)
C12-C13-C14 122.2(9) C26 —Nil - C6 101.4(3) Br3A —Ni4 - Br2 112.06(15)
C9-Cl4-C13 115.9(9) C26 —Nil — N4 79.8(3) Brl —Ni4 - Br2 95.18(5)
C9-Cl4-~Cl15 122.8(8) C6 —-Nil ~N4 99.2(3) Ni4 — Brl —Nil 90.17(4)
C13-Cl4-C15 121.3(8) C26 - Nil —-N1 99.5(3) Ni4 — Br2 — Nil 89.41(4)
Ci4-C15-Cl6 115.9(8) C6 —Nil -~ N1 78.9(3)
Free Carbene Method.

To a solution of 1-(2,6-di-iso-propylphenyl)-3-(pyridin-2-yl)-imidazol-2-ylidene (0.20 g,
0.65 mmol) in DME (dry, 30 cm’) at —78°C, Ni(DME)Br; (0.22 g, 0.72 mmol) was added
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and the reaction stirred for 30 mins before being allowed to rise to room temp. Colour
changed from orange through green to brown. The solvent was removed in vacuo and
resulting brown solid was washed with petroleum ether (2 x 10 cm®). Yield 0.10 g. Found C,
44.26, H, 5.09, N, 7.26, C40HasNeBrsNi, requires C, 45.85, H, 4.42, N, 8.02%. X-ray quality
crystals were afforded by slow cooling THF solutions (green). Product decomposed rapidly
in CDCI; and is insoluble in CgDg.

Crystal data: C;12H121BrgNysNi4O3, brown shard, Mw 2599.36, Monoclinic, P2;/n (No. 14),
a=14.4071(11) A, b = 23.5511(16) A, ¢ = 36.789(3) A, a =y = 90 °, f =98.795(3)°, V =
12336.0(17) A% 7 =4, U = 3.244 mm™, 7 = 150 K, Total reflections = 15931, unique
reflections = 6883 (Rin: = 0.0634), Final R indices [/>26(])] R = 0.0910, Ry, = 0.1542 (all

data). Unit cell contains 3 independent nickel complexes and 3 molecules of THF. Local

Code 02sw048.

53 (84
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Fig 6.20 Bis-carbene nicke! dimer component.
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Fig 6.21 Crystal structures of mono-carbene component and NiBr, isolated from ‘free’ carbene route.

Table 6.19 Bond lengths (A) for nickel tetrabromide.

Ni3 - Br8 2.380(5) Ni3—-Br6  2.4094)  Ni3-Br7 2.382(4) Ni3—Br5 2.415(6)
Table 6.20 Bond angles (°) for nickel tetrabromide.

B8 — Ni3 - Br7 121.7(2) Br7 - Ni3 - Br6 109.77(17) Br7-Ni3 - Br3 101.58(17)
Br8 — Ni3 — Br6 105.76(17) Br8 —Ni3 — Br5 106.67(19) Br6 —Ni3 —Br5 111.21(19)
Table 6.21 Bond lengths (A) for mono-carbene component.

C81 —-N13 1.36(3) C86-C87 1.36(4) C89 —~N15 1.45(3) C95-C9% 1.55(3)
C81-C82 1.47(3) C87-N15 1.44(3) C90 - C91 1.39(3) C9%6-C97 1.63(4)
C83-C84 1.394) C88~N15 1.31(3) C90-C98 1.53(4) C98 - C100 1.50(4)
C84—C85 1.339) C88—-N14 1.39(3) C91-C92 1.44(3) C98-C99 1.55(4)
C85~-N13 1.33(4) C88-Ni4  1.97(4) €92 -C93 1.34(3) N13-Ni4 2.04(2)
C85-N14 1.37(4) C89-C9  1.37(3) (C93 - C9%4 1.44(3) Ni4 -Brd  2.330(4)
C86—N14 1.36(3) C89-C9%4 14103 C94 - C9% 1.49(3) Ni4-Br3  2.367(5)
Table 6.22 Bond angles (°) for mono-carbene component.

N13 -C81 -C82 121(3)  C89-C90-C91 120(2) C88 —Ni4 —~N13 79.5(13)
C83 - (C82 - (81 115(3)  C89-C90—C98 122(3) C88 —Ni4 —Br4 113.2(8)
C84 -C83-C82 1203) C91-C90-C98 117(3) NI3 -Ni4 - Br4 114.5(7)
C85-C84 - C83 121(4) C90-C91-~C92 116(3) C88 —Ni4 —Br3 111.2(7
C84 - C85-NI13 123(4) C93-C92-C91 124(3) NI13 -Ni4 - Br3 99.4(7)

C84 - C85~N14 130(4) C92-C93-C9% 126(3) Br4 —Ni4 - Br3 127.6(2)
N13 -C85-N14 107(3) C89-C94-C93 115(3) C85-N13-C81 120(3)

N14 - C86 — C87 111(3)  C89-C9%4 -C9% 122(3) C85--N13 -Ni4 115(2)
C86 - C87—N15 102(3) C93-C94-C96 123(3) C81-N13-Ni4 121(2)
N15-C88 —N14 106(3) C94—C96 - C95 113(2) C86~N14-C85 126(3)
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N15 - C88 — Ni4 145(2)  C94-C96—C97 108(3) C86-N14-C88 108(3)

N14 - C88 — Ni4 1093)  C95-C96 - C97 105(2) C85-N14-C88 125(3)

C90 - C89-C94 125(3)  C100-C98 — C90 116(3) C88-NI15-C87 113(3)

C90 - C89 —~NI15 119(2)  C100-C98 - C99 108(3) C88-N15-C89 126(3)

C94 - C89 —NI15 117(2)  C90-C98 - C99 112(2) C87-NI15-C89 121(3)
Table 6.23 Selected bond lengths (A) for bis-carbene nickel dimer component.

Ci-C2 1.39(3) C13-Nil 1.96(3) C24-C25 141(3) C31-C33 1.52(3)
Cl1-N2 1.42(4) Cl4-CI5 1.36(4) C25-N6 1.31(3) C38-C40 1.37(4)
Cl1-Cé6 1.47(4) Cl4-NI1 1.39(4) C25-N5 1.42(3) C39-C40 1.33(3)
C2-C3 1.40(3) Ci15-N2 1.41(3) C26-C27 1.32(3) C34-C39 1.38(4)
C2-C11 1.57(3) Cl6-N3 1.34(4) C26-NS5 1.38(3) C34-C36 1.52(3)
C3-C4 1.33(3) Ci6-C17 1.36(4) C27-N4 1.37(3) C35-C36 1.58(3)
C4-C5 1.36(3) Cl16-NI1 1.38(4) C28-N4 1.34(3) C36-C37 1.48(3)
C5-Cé6 1.41(3) C17-Cl18 1.38(3) C28-N5 1.38(3) N3 -Nit 2.11(2)
C6-C8 1.56(3) C18-C19 1.37(3) (C28-Nil 2.02(3) N6-Nil 2.13(2)
C7-C8 1.56(3) C19-C20 1.40(4) C29-C34 1.40(4) N7-Ni2 2.10(2)
C8-C9 1.51(3) C20-N3 1.29(3) C29-C30 1.44(3) NI12-Ni2 2.16(2)
Cl0-C11 1.51(3) C21-C22 1.37(3) C29-N4 1.45(3) Nil - Brl 2.604(4)
Cl1-Ci12 1.52(3) C21-Né6 1.38(3) C30-C38 1.45(3) Nil-Br2 2.631(5)
CI13-N1 1.35(4) C22-C23 1.36(3) C30-C31 1.51(4) Ni2-Brl 2.622(5)
C13-N2 1.46(4) C23-C24 1.36(3) C31-C32 1.51(3) Ni2-Br2 2.632(4)
Table 6.24 Selected bond angles (°) for bis-carbene nickel dimer component.

C2-Cl1-N2 121(3) N1-Cl13-Nil 118(4) C16-N3 -Nil 118(3)
C2-Cl1-C6 120(3) N2 - C13-Nil 136(4) CI13-Nil ~C28 108.5(10)
N2-C1-C6 119(3) C15~Cl14-N1 106(3) CI13-Nil —N3 75.1(18)
C1-C2-C3 119(3) Cl4-Ci5-N2 111(3) C28-Nil-N3 97.9(10)
Cl-C2-Cll 119(3) N3 -Cl6-C17 129(4) C13-Nil —N6 105.1(18)
C3-C2-Cl11 122(2) N3 -C16 -N1 110(4) C28 -Nil -~ N6 80.3(10)
C4-C3-C2 121(3) C17-C16 —N1 121(4) N3 -Nil —N6 178.2(7)
C3-C4-C5 123(3) Cl6-C17-C18 114(3) C13-Nil —Brl 84.0(8)
C4-C5-C6 121(3) C19-Ci18-C17 121(3) C28 —Nil —Brl 165.8(7)
C5-C6-Cl 117(3) C18-C19-C20 117(3) N3 -Nil —Brl 91.8(5)
C5-C6-C8 124(3) N3-C20-C19 126(3) N6 -—Nil —Br! 90.1(5)
Cl1-C6-C8 120(3) C13-N1-Clé6 118(4) C13-Nil —Br2 162.6(13)
Co-C8-C7 109(2) Cl13-Ni-Cl4 112(4) C28—Nil ~Br2 84.4(7)
C9-C8-C6 112(2) Cl6-N1-Cl4 129(4) N3 —Nil - Br2 91.9(8)
C7-C8-C6 108(2) Cl15-N2-Cl 126(3) N6 -—Nil - Br2 88.2(6)
Cl0-C11-C12 111(2) Cl15-N2-Cl13 105(3) Brl—Nil —Br2 84.81(13)
Clo0-Cl1-C2 114(2) Cl1-N2-C13 129(3) Nil —Brl - Ni2 95.77(15)
Ciz-Cl1-C2 108(2) C20-N3-Cl16 113(3) Nil -Br2 —Ni2 94.88(14)
N1-CI13-N2 106(3) C20 —~ N3 —Nil 129(2)
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Chapter 7

Amido / Imino Mixed Donor Ligand Systems and their

Titanium and Zirconium complexes

7.1 Introduction

7.1.1 Single Site Catalysts for Olefin Polymerisation

During the early 1980’s the way industrial production of polymers such as polyethylene and
polypropylene was performed dramatically changed due to the development of new
organotransition metal catalysts.' The introduction of single-site catalysts over heterogeneous
Ziegler-Natta systems allowed for better control over the microstructure and consequently the
mechanical properties of the polymers, by tuning of the catalyst structures. These
developments were very quickly put into large-scale use, especially for the production of

speciality polymers and engineering plastics. 4

Most single-site catalysts are currently based on metallocenes of the general type shown in

fig 7.1.
M _‘\\\\X Y M _‘\\\\X Me\ M _‘\\\\\X
i . 7/ 3 ‘ Si/ f .
\X \X Me™ \N/ \X
Qﬁ \%ﬁ l
Bu
A B C

Fig 7.1 Group 4 bent metallocene (A), ansa metallocene (B) and a constrained-geometry

metallocene (C) X = halide, Y= bridging group.

The group 4 metallocenes in combination with an activator [e.g. methylalumoxane
(MAO) or tris(pentafluorophenylborane) (BARF)] are highly active polymerisation
catalysts;> furthermore, the stereochemistry of metallocenes of type (B) can easily be
tuned by the proper choice of Cp-ligands and bridging groups, which transfers efficiently
onto the metal catalytic site. These catalysts have been reviewed.*® Constrained-

geometry catalysts (C) based on titanium show good polymerisation activities,’ especially
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for the polymerisation of ethylene due to the higher electrophilicity of the metal centre
and its accessibility by a substrate molecule. It has now been realised that while all of
these catalysts are highly efficient at specific reactions, there is no catalyst, or class of
catalyst, that will universally polymerise all types of olefin substrates. The study of single
site polymerisation catalysts has now begun to diverge both academically'® and
industrially’ towards non-metallocene, early transition metal complexes' such as
amides,12 amidinate/amide mixed donors!® and imino/oxygen donors,]4 as well as to late
transition metal (Ni, Pd, Fe, Co) catalysts5 in the search for a system that can provide

greater activity and control of the polymer structure, in a wider range of applications.

7.1.2 Mechanism of Polymerisation

There are two mechanisms proposed for alkene polymerisation by transition metals, the

15-17 18

Cossee-Arlman mechanism and the Green-Rooney mechanism.

M]—R i) [M]—R i) [ALA]—R ii) MR
+C,H ; ?
X 2 HC=CH, H,C—CH,
Precatalyst K A
+CoHA W) /v)
vacant
site

[M]—CH,—CH,-R

Fig 7.2 Mechanism of olefin polymerisation.

It is generally agreed that the catalytically active species in olefin polymerisation is a
coordinatively unsaturated 14e” cationic electrophilic complex A (fig 7.2), involving a

loosely coordinate four centred transition (B), by examination of fig 7.2 the mechanism

involves:
i) Activation of the precatalyst to create the active species,
i) Coordination of the substrate to the active catalyst,

ii1) Insertion of the coordinated monomer into the growing polymer chain,
iv) Regeneration of an unsaturated coordination sphere,

V) Coordination of substrate and further growth of the chain.
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The difference in the two proposed mechanisms (Fig 7.3) occurs in step iii), in the Cossee-

Arlman route it is proposed a direct insertion occurs from the four-centred transition state,

whereas the Green-Rooney method proposes the formation of a metal carbene complex via

o-~hydrogen activation of the substrate, before a second hydrogen elimination step to

propagate chain growth.

IMI—R M]----R
Cossee~Arlman —_— : !
H_ l _H Four centred ' N
/C——C\ transition H,C—CH;
H H
CH,—R
M=c
[M]—<R =
Green-Rooney / a~Hydrogen l h
H C H Migration H
~c=c_
H H metal-carbene
intermediate

Direct

[M]—CH,—CH,—R

Hydrogen
Elimination

Fig 7.3 Cosse-Arlman and Green-Rooney proposed insertion steps.

Experimental evidence exists

mechanisms for different metal and ligand architectures.

7.1.3. Activation of Pre-Catalyst.
X

e

B LM

|
T+

R R
N ""'""LnM/

A L, Z

R

Coordination unsaturated

supporting both Cossee-Arlman and
19-21

Green-Rooney

~

X

-~ C LM

Fig 7.4 Methods to activating precatalyst. X = halide, R = alkyl.

The activation of the precatalyst to form the 14¢” active complex can be performed via:

A. Abstraction of an alkyl ligand,

B. Abstraction of an anionic ligand,

C. Combination of both alkylation and abstraction.

166



Chapter 7

Method A (fig 7.4) involves the abstraction of an alkyl ligand, or alkyl anion from a neutral
alkyl complex. Reagents for this purpose are typically trityl salts [C(Ph);'], BARF or
Brookhart’s acid.”* They work by different mechanisms including protonation of an alkyl

ligand (Brookhart’s acid), or abstraction in the case of the trityl and BARF.

Method B involves the abstraction of an anionic ligand typically a halide by salt elimination
and its substitution by a weakly coordinating anion. Common reagents for this are NaBF, or

silver salts such as AgPFs or AgOSO,CFj for the late transition metals.

Method C is a combination of both alkylation and abstraction, generally involving a dihalide
precursor being treated with an alkylating and then alkyl-abstracting reagent, for this a
trialkylaluminium compound followed by BARF could be used or the addition of MAO,”

which performs both alkylation and abstraction.

7.1.4 Ligand Design

There is an interest in the study of non-metallocene supporting ligands incorporating amido
functional groups into ligand systems, especially in organometallic complexes of the early
transition metals.!' The well-known electronic characteristics of the amido group (Fig 7.6)
and its integration into tunable ligand backbones provides the opportunities for the design of
metal complexes with catalytic activity.> ** Significant contributions in this field have shown
the capability of single site polymerisation catalysts based on chelating or functionalised

amido ligands.’

o N
Y R R

Fig 7.5 Salicyladimine (left) and amido analogue (right) ligand systems, R = functional groups.

Organometallic complexes with Schiff bases, mainly salicylaldimines (fig 7.5) and their
derivatives have been well explored.m’ 23 Group 4 complexes of the salicyladimine ligands
exhibit high activity and living behaviour in polymerisation reactions.* ** The desirable

features of these ligands are their easy synthetic accessibility and the opportunity to sterically
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and electronically tune the system by substitution of the aromatic ring or at the imine carbon
or nitrogen with functional groups.'* %’ In contrast, the coordination chemistry of the
anionic ligands that formally originate by replacement of the PhO~ group with the
isoelectronic PhNR™ have received less attention even though the tuning opportunities in this
case are even greater. The exchange of the oxygen by nitrogen provides an extra tuning site

on the ligand system by choice of the substituents for the amine.

These systems, as ligands, are isoelectronic to the cyclopentadienyl (Cp’) 6-electron system
as the amido functionality (R,N") is a 6- and n-donor (Fig 7.6) contributing 4¢” and the imino

functionality (R-C=N-R) is a 2-electron n-donor.

Y-S

g . @\R

Fig 7.6 Amido functionality bonding model to metal centres.

The lack of current research in this mixed N-donor is possibly due to the synthetic difficulties

associated with the synthesis of this ligand system (see Results and Discussion).

7.1.5 Metal Complexes

Wilkinson and co-workers had previously studied manganese, iron and cobalt complexes of
the amido analogues of salicylaldimino ligands.’® 3! Reaction of two equivalents of the
lithiated amine with the appropriate metal halide precursor yielded the bis-salicylaldiminato
complexes via salt elimination (Fig 7.7). The iron, cobalt and manganese complexes were
fully characterised and single crystal X-ray diffraction showed distorted tetrahedral

geometries around the metal centre in all cases.
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By
~ N/
2 MX,
S i1t l\\N
_ -LiX N~
N N ~q \
+
Li ! tBu/

Fig 7.7 Synthesis of bis-salicylaldiminato spiro complexes. M = Mn, Fe, Co.

By changing the metal precursor from metal halide to the metal bis-trimethylsilylamide and
the addition of only one equivalent of the aryl amine, not the lithium salt, a mono-chelate
complex was formed via transamination and was characterised by single crystal X-ray

diffraction methods confirming the structure depicted in Fig 7.8. This mono-chelate complex

By shows the anionic ligand can adopt a bridging mode
(MesSiN . / through the amine to stabilise two metal centres. All
/ \ of these complexes, in toluene, proved to be inert to
\ / H,, CO, and C,H4 at room temperatures and pressures
— / \ of up to 7 bar. The reason for this inertness may be
tl N(SiMe;), due to the coordination sphere of the metal being

Bu

rigidly filled by the ligands, giving too much steric

Fig 7.8 Manganese mono -

salicylaldiminato complex protection.

To challenge the catalytic ability of the widely used metallocenes efforts were guided
towards Group 4 of the periodic table and to zirconium and titanium mixed donor complexes.
Initial work performing salt eliminations with zirconium tetrachloride and the lithiated

salicylaldiminato ligands gave the products shown in Fig 7.9.

Me;Si AN g - Li* Zr
s / Bu N o= } NN siMe,
a” | Ta Sitles But—N
cl \
A

Fig 7.9 Zirconium salicylaldiminato complexes synthesised; 1) ZrCl,(THT),,
diethyl ether, -78 °C to RT; ii) ZrCly, toluene, -78 °C to RT.
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These complexes were fully characterised and their crystal structures obtained (Fig 7.10).
Selected bond lengths and angles for these two structures are given in table 7.1. The structure
of A is a five-coordinate complex with distorted trigonal bipyramidal geometry with the
imine (N2) and chloride (Cl1) functionalities occupying the axial positions, the equatorial
positions are filled with a silylamide and the remaining chlorides. The Zr — N1 of 2.029(7) A
is typical of a planar amido nitrogen, while the Zrl — N2 of 2.336(9) A is longer than the
amido bond, but slightly shorter than that found in the known analogous salicylaldimines

which are in the range 2.40 — 2.45 A.>?

Fig 7.10 Crystal structures of A (left) and B (right). Hydrogens removed for clarity.

Table 7.1 Selected bond lengths (A) and angles (°) for A and B.

A B

Zrl -N1 _ 2.029(7) Zrl-N2-C7 108.12(5) Zrl-NI  2486(6) Cll-Zrl-NI_ 90.14 (2)
Zrl-N2  2336(9) Zrl-N1-Cl  101.03(5) Zrl-N2  2.103(5) Cll-Zrl-N2 9522 (2)
Zrl-Cll  2434(6) Cll-Zrl-Cl2 9549(2) Zrl-N3  2.043(5) Cll-Zrl-N3 92,63 (2)
Zrl-C2  2.386(6) Cll-Zrl-C3 91.13(14) Zrl-N4  2456(6) Cll-Zrl-N4 173.61(2)
Zrl-CI3  2415(8) CI2-Zr1-CB3 1129(2) Zrl-Cll 2414(5) CR-Zrl-N2 161.73(1)

Zrl-C2  2490(4) Cll-Zrl-Cl2 9431 (2)

The structure of B comprises of an octahedral zirconium centre with cis chlorides, due to the
arrangement of the two ligands there is a low C; geometry as one chloride is #rans to an
imino group whereas the other is frans to an amido functionality, leaving one amido group
trans to an imino group (Fig 7.9). The bond lengths around the zirconium centre reflect the
various trans influences on the atoms, i.e. Zrl — Cl1 of 2.414(5) A (trans to imine) is almost
0.1 A shorter than Zr1 — CI2 at 2.490(4) A (trans to amido). The unit cell of 2 contains two

independent zirconium units, both showing the same geometry around the zirconium.
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7.1.6 Aza-Macrocycles

The o-aminobenzaldehyde on storage is known, especially upon acidification, to undergo
self-condensation to form assorted anhydrooligomers, which are now known to consist of at

least the three products shown in Fig 7.11.

H ’ 2X
N
H
N
/N+
>\© | N
N H
N
HO
—Q

Fig 7.11 Self-condensed forms of o-aminobenzaldehyde.

These species however, when added to transition metal precursors, will undergo self-
rearrangement to form tri- and tetrameric macrocycles, more commonly known as the tris-
anhydrotrimer (TRI) and tetra-anhydrotetramer (TAAB) of o-aminobenzaldehyde, and

generate metal complexes of the type shown in Fig 7.12.%°

@
s s

Fig 7.12 Metal complexes of the TRI (left) and TAAB (right) ligand.

In 1937 Pfeiffer and co-workers® formed metal complexes from o-aminobenzaldehyde using
precursor metal amino complexes and in doing, so unbeknown to them, isolated the first
TAAB metal complexes, but reported bis-o-aminobenzaldimine complexes as they had no
structural data at that time. Seventeen years later Eichhorn and Latif were working on self-
condensation around metal centres and also isolated TAAB complexes but incorrectly

assigned open chain structures to their compounds, but realised that the complexes are inert
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to ligand- and metal-exchange reactions.> By 1964 Busch developed the ‘template
hypothesis’ for the formation of these macrocyclic complexes and proposed structures for the
work that were later confirmed by X-ray crystallography.>*3® To date the free macrocyclic
ligand does not appear to exist and all attempts to demetallate the TRI and TAAB complexes,
or form the free tri- and tetrameric species by deprotonation or dehydrogenation of the self-

condensed forms of o-aminobenzaldehyde have failed.*

The main factors affecting the formation of the trimeric ligand over the tetramer on a metal
centre, or the ratio of one to the other, generally involve the coordination geometry of the
metal. For typically octahedral metal ions the final step of the cyclisation may occur on either
a trigonal face or a tetragonal perimeter, so a mixture of compounds can be seen. The size of
the templating ion in the synthesis is also an important factor, small metal ions simply cannot
coordinate the larger tetrameric macrocycle. Comparative solubility of the TRI and TAAB
complexes also has an effect as if the TRI species has very poor solubility, on formation
precipitation occurs so the tetramer simply cannot form.*” TRI and TAAB complexes are
known for mainly the mid to late transition metals with complexes of Fe**, Co*", Ni**, Cu?",

Zn**, Pd** and Pt*" having been characterised.* !

Fig 7.13 Crystal structures of Ni(TRI)(H,0),NO; (left) and Pd(TAAB)** (right)

complexes. The counter ions and hydrogens have been removed for clarity.

In the octahedral nickel complex®’ shown in Fig 7.13 it can be seen that the macrocycle sits
as a flat cap on top of the metal which is a common structural trait of the TRI complexes. In
the TAAB complexes, the larger central hole in the ring allows metal ions to become

centrally coordinated and the complexes typically take on a saddle type shape (Fig 7.13).
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7.2 Results and Discussion

| | |
NH
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7.1 \O 7.2 7.3
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Fig 7.14 Mixed donor ligands and metal complexes prepared.

7.2.1 Ligand Syntheses

The amido/imino mixed donor ligands were all developed from a common organic building
block, o-aminobenzaldehyde. These ligands are highly versatile as both of the functional
groups are available for modification; furthermore the aromatic ring is also available for
substitution. The only obstacle is the large-scale production of the unstable o-

aminobenzaldehyde (Fig 7.15).
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—0 —0

NO, NH,

Fig 7.15 Synthesis of o-aminobenzaldehyde; i) FeSO,.7H,0, NH,OH or Pd/C (50% wt), H,.

The reported synthesis of o-aminobenzaldehyde requires an iron sulfate reduction of the o-
nitrobenzaldehyde (Fig 7.15) to the amine followed by in situ steam distillation.>® Due to the
unstable nature of the product this is done on a small-scale batch process (0.5 — 1.0 g) and the
procedure repeated 8 - 10 times to acquire sufficient quantities of the product. This process is
highly time dependant and the steam distillation must be completed within 4 - 6 minutes of
the reduction otherwise the reactive o-aminobenzaldehyde begins to undergo a series of self-
condensation reaction as described. Each batch cycle takes no more than 15 —20 minutes to
complete. When the initial work on this ligand system was undertaken there had been a house
supply of steam, which provided the necessary volume of steam to complete the reaction with
acceptable loss of product. This supply was no longer available, nor was equipment to
provide the required volumes of steam to complete the distillation step with acceptable
product loss. It was conceded that the low yields obtained before self-condensation occurred

made the existing synthetic method unsuitable.

An alternative reduction method was pursued involving hydrogenation of the nitro group
with palladium on carbon.” This process appeared advantageous in that it could be scaled up,
which was unfeasible with the iron reduction method due to the time constraint on the steam
distillation. The iron sulphate reductions were performed at 95°C whereas the hydrogenation
could be completed at room temperature or lower to retard the self-condensation. Monitoring
hydrogen consumption could also approximate the reaction progression. Unfortunately after
separation of the product from the hydrogenation an oil was obtained, which could not be
crystallised or purified by column chromatography. This meant that the problematic steam
distillation would still be needed to acquire the pure crystalline product that was sought. The
proton NMR of this product appeared to show the correct product however the compounds
lack of crystalline form was treated as suspicious. On comparison the yields between the two
methods were similar and the advantages of the palladium-catalysed hydrogenation were

clear, although the residual impurity from the reaction made this route problematic.

174



Chapter 7

Once the o-aminobenzaldehyde had been isolated, it was rapidly converted to the 2-(R)-
iminomethylaniline, where R = tert-butyl or cyclohexyl, by refluxing the o-
aminobenzaldehyde with a large excess of alkylamine (25 fold) in Dean-Stark apparatus with
catalytic hydrochloric acid. The acid assisted protonation of the aldehyde to form water,
which was azeotropically removed from the reaction driving the equilibrium to the right. This
gave the known 2-fert-butyliminomethylaniline®’ or 7.1. Silylation of the amine gives 7.2 or
7.3, completed via deprotonation of the amine to form the lithium salt, then addition of
trimethylsilylchloride (Fig 7.16). The lithium salt of 7.2 was prepared using n-BuLi giving
7.4. These synthetic procedures are high yielding, the condensation and silylation both >75%,
the lithiation quantitative. The analogous formation of the cyclohexylimine analogue follows

the same procedures as the tert-butyl functionalised compounds with similarly high yields.

@ L Q D @ ) @
—— B e
NH O I

2 NH, N ~ _NH N g

N~ N
~ + ~
Li R

Me;Si Me;Si ;

Fig 7.16 1) x25 equivs R-NH,, C¢H;, Dean-Stark, reflux; ii) n-Buli, -78°C, SiMe;Cl;
iii) n-Bul.i, petrol, -78°C; R = rert-butyl, cyclohexyl.

To vary the amido functionality 7.5 was synthesised to see the difference of a dialkyl amide
versus a silylamide on coordination and catalytic activity. Compound 7.5 was successfully
prepared by taking the o-(tert-butyl)iminoaniline in toluene and performing a palladium
catalysed amination™” >° using Pd(DBA), and racemic BINAP as the catalyst, sodium tert-
butoxide as base and 3,5-dimethylbromobenzene as second substrate. 7.5 was isolated in
moderate yields (ca. 40%) from this coupling which was performed on only a small scale to
establish the viability of the route and refinement of catalytic conditions is required to

increase this yield.

Compound 7.6 was prepared to study the effect of more rigid chelation in comparison to
having a more flexible bis-ligand complex. The preparation of 7.6 was not as trivial as would
have been hoped, in following a similar methodology to the preparation of 7.1, two
equivalents of o-aminobenzaldehyde were placed in the dean stark apparatus with 1,2-frans-

diaminocyclohexane, but the yield was low with only 28% conversion to di-substituted
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product. A second mono-substituted cyclohexyl amine was detected by MS and both 'H and
BC NMR, confirming the presence of a second product. This low yield of product can be
explained by the loss of o-aminobenzaldehyde, the self-condensation proving to be more
favourable than the condensation with 1,2-frans-diaminocyclohexane. Steric hindrance may
also attribute to the low yield after the first condensation has occurred on the 1,2-trans-
diaminocyclohexane. Repeated recrystallisation from high boiling petroleum ether (80-100)

yielded pure 7.6.

7.2.2 Characterisation of Ligands

7.2.2.1 NMR Spectroscopy

For all of the ligand precursors the most indicative analysis was the "H and >C NMR spectra.

General characteristic peaks in the proton NMR used to identify 7.1 — 7.4 and 7.6 (CDCls)

were:
4
3 5
6
2
R] /NH \RZ

Fig 7.17 Numbering scheme for 7.1 — 7.6, R* = trimethylsilyl, R* = fert-butyl, cyclohexyl.

e IfR'=trimethylsilyl, a singlet at 0.3 ppm,

o IfR'=hydrogen, a broad singlet at 6.2 — 6.4 ppm,

o IfR'=3,5-dimethylphenyl, singlets at 2.4 and 7.2 — 7.5 ppm,

e IfR*= tert-butyl, a singlet at 1.2 — 1.3 ppm,

e IfR*=cyclohexyl, a multiplet at 1.2 — 1.7 ppm and a quintet at 2.6 — 3.1 ppm.

When R' is a functional group the residual amine proton gives a low-field peak at 9.8 - 9.9
ppm in C¢Dg or 9.2 ppm in CDCl;. The imino methyl proton is observed as a singlet between
8.2 and 8.4 ppm in the 'H NMR and a corresponding peak from the carbon is observed at 158
— 174 ppm in the °C spectrum.
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Peaks assignable to the aromatic protons for the 2-, 3-, 4- and 5-positions on the aromatic
ring backbone for all compounds appear as overlapping multiplets between 6.5 — 6.8 and 7.2

— 7.5 ppm and full assignment of peaks was not possible.

For 7.6 the 'H and C NMR are simplified by the presence of a plane of symmetry through

the compound, the NMR peaks for this compound were as observed for the other reported

compounds.

7.2.2.2 Mass Spectrometry

For compounds 7.1, 7.5 and 7.6 a combination of positive ion electrospray mass spectrometry
(MS), gas chromatography (GC) and gas chromatography mass spectroscopy (GC-MS, using
chemical ionisation) could be used to identify parent ion peaks in the MS, the elution of only
a single peak from the GC corresponding to the product which was confirmed by GCMS. For
7.2, 7.3 and 7.4 the moisture sensitivity of the silicon nitrogen bond and the lithium salt did
not allow the use of the GC and MS systems as the products rapidly decomposed on the

columns of the machines.

7.2.3 Metal Complex Synthesis.

7.2.3.1 Reactions with Zirconium Halide and Amido Complexes.

Previous unreported work had involved the isolation and characterisation of the mono- and
bis-ligand-zirconium complexes of 7.2, as shown in Fig 7.9. These products were formed via
salt metathesis routes from the lithium reagents and so work progressed by attempting to

transaminate the ligands onto zirconium.

Reaction of 7.2 with Zr(NMe); in toluene at 80°C did not lead to the formation of an
identifiable metal complex. However, from the reaction of 7.2 with ZrCl,(NMe),THF, the
unexpected 7.7 (Fig 7.18) was isolated as a low yielding yellow crystalline solid.
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Fig 7.18 Transamination leading to insertion product 7.7.

The exact mechanism of formation of 7.7 is unclear. The ligand system in complex 7.7 has
undergone an insertion of the iminomethyl into a dimethylamido group. Transamination of
one of the dimethylamido groups by the silylamide, followed by insertion of the imine into
the second dimethylamido ligand is one possible route however an intermolecular pathway
involving nucleophilic attack of dimethylamide followed by transamination cannot be ruled
out. Insertion reactions, especially of cumulenes (CO,, CS,, RNCO efc.) are common in early

transition metal amido complexes,’® yet insertion of imines into metal-amido bonds is rare.

From the proton NMR data obtained from the yellow crystals isolated it was quickly
observed that the ligand was coordinated to the zirconium as the low-field at peak from the

precursor amine proton at 9.9 ppm was missing and peaks assignable to the dimethyl amide

(1.5 ppm) were present.

The crystals obtained were studied by X-ray crystallography and the structure is shown in Fig
7.19 with selected bond lengths and angles in Table 7.2. Only one half of the dimer is shown
for clarity. Complex 7.7 is a chloride-bridged dimer with one terminal and two bridging
chlorides. Each zirconium centre is six-coordinate with distorted octahedral geometry one
face is occupied by the tripodal ligand. The Zr—nitrogen bond lengths and the bond angles
around the nitrogens support the presence of two monoanionic amido groups, Zrl — N1 of
2.0882(18) A and Zrl — N2 is 2.0122(17) A (typically 2.0 — 2.1 A) and one dative amine
functional group, Zrl — N3 at 2.3582(17) A (typically 2.3 — 2.4 A). This makes the ligand a
ten-electron, dianionic donor with one amido and one asymmetrically trisubstituted
amidinato functional group. Functionalised amidinato complexes have appeared in the

literature.””* This observed reactivity of the imino group in the presence of highly
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electrophilic early transition metals has to be taken into account when using salen type

ligands as supports for catalysis.

Fig 7.19 Crystal structure of 7.7. Hydrogens removed for clarity, only half of

dimer displayed. The full structure is described in the experimental section.

Table 7.2 Selected bond lengths (A) and angles (°) for 7.7.

Zrl - Cll 2.6142(7) N2 — Zrl - N3 63.07(7)
Zrl -CI2 2.4395(7) N2 - Zrl —N1 92.01(7)
Zrl-Cll 3 2.7067(8) NI - Zrl - N3 84.70(7)
Zrl - N1 2.0882(18) N3 - Zrl - CI2 169.92(5)
Zrl -N2 2.0122(17) N2 - Zrl - Cll 142.23(5)
Zrl -N3 2.3582(17) N1-Zrl -Cll 3 172.23(5)

7.2.3.2 Reactions with Titanium Halide and Amido Complexes.

Attempts to introduce 7.2 onto Ti(NMe)s and Ti(NMe),Cl, via transamination were
unsuccessful. Another unanticipated result was obtained by reaction of Ti(NMe),Cl, with the
previously synthesised 2-fert-butyliminomethylaniline®’ to give 7.8, again showing the

reactivity of the iminomethyl functionality.
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Fig 7.20 Synthesis of macrocyclic 7.8.

Although the mechanism of the formation of 7.8 is not clear, there is evidence that it involves
a metal directed condensation similar to other known complexes that are formed following
Busch’s template hypothesis. Pre-coordination of the o-tert-butyliminomethylaniline is
necessary for the reaction to occur. This is shown by the inertness of the electronically richer
Ti(NMe,), which fails to produce 7.8 by heating at 100°C with o-tert-
butyliminomethylaniline, possibly due to its reduced nucleophilicity. This is also shown by
the fact that in earlier work with metal halides, the Wilkinson group did not observe this
behaviour even when working with Fe and Co, both known to form these aza-macrocycles.
The stoichiometry of the reaction is also unclear, 7.8 is always isolated as a low yielding (30
— 37%) red crystalline solid even when the ratio of ligand to metal is varied from 2:1 to 4:1 in
favour of the ligand. During the course of the templating mechanism ferf-butylamine must be
eliminated from the ligand system, dimethylamide must be incorporated into the and a
chlorine dissociate. Without further study there is not enough evidence to propose a

mechanism at this point.

Complex 7.8 was characterised by X-ray crystallography and the structure is shown in Fig
7.21, with selected bond lengths and angles in Table 7.3. The coordination geometry around
the titanium can be best described as a tricapped trigonal pyramid. The macrocyclic ligand
adopts a cone conformation similar to that of the cone conformation found in calixarenes.
The three shorter titanium—nitrogen distances (Til — N11, Til — N21 and Til — N31, average
1.978 A) fall in the long end of the bond range characteristic of titanium (IV) amido bonds.

The geometry of these nitrogens is almost planar (average angle sum 354.4°). The slight
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deviation from planarity can be ascribed to competition of N-C and N-Ti n-bonding, or due

to constraints imposed by the ligand backbone.

=Yel
LT

Fig 7.21 Crystal Structure of 7.8, hydrogens removed for clarity.

Table 7.3 Selected bond lengths (A) and angles (°) for 7.8

Til - N11 1.9752) NI1-Til - N31 87.35(9)
Til —N31 1.979(2) NI11 - Til - N21 87.18(9)
Til - N21 1.981(2) N31 —Til —N21 87.75(9)
Til —N32 2.366(2) NI2 - Til —N22 119.45(8)
Til -N12 2.385(2) NI2 - Til —N32 118.48 (9)
Til - N22 2.380(2) N22 — Til —N32 119.58 (8)
Til - ClI 2.3722(10) N11-Til - Cll 127.23(7)

One significant difference from 7.8 compared to other reported macrocycles is the presence
of the dimethylamido functionalities on the bridging sections, which have not previously
been seen on analogous macrocyclic complexes made via trimerisation. The pyramidal
nitrogen atoms of the dimethylamino groups (N12, N22, N32) interact weakly with the metal
centre (average Til — N distance 2.37 A) to cause a change in shape of the capping ligand,
from a near planar cap (Fig 7.13) to a conical cap (Fig 7.21). Functionalisation of the bridges
have only been observed on the TAAB macrocycles, and these functional groups have been
additions to the preformed complex by nucleophilic attack and are not part of the templating

mechanism and can be removed through acidification. This complex does differ in one
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significant way from the ‘Busch’ macrocycles in that the three imino donors (C=N) have
been reduced to an amido (C-N) donors making the macrocycle a trianionic ligand at some

point during the templating.

Attempts to liberate the macrocycle via hydrolysis from the titanium met with limited
success, it is known with other ‘Busch’ macrocycles that the ligands have never successfully
been removed from the metals nor independently synthesised.®® 7.8 is indefinitely stable in
air but upon hydrolysis over a period of 12 hr, when layered with ether, decolourisation
occurred from dark red to yellow. '"H NMR analysis of the yellow ether extract gave a
complicated spectrum, with the formation of a many low field proton signals between 6.0
ppm and 10.7 ppm, which could be due to the partial liberation of the macrocycle, but was

too complex to fully assign.

7.3 Conclusions

The initial problems of a reliable synthesis of the o-aminobenzaldehyde have still not been
remedied, although more synthetic options have been developed, it is important that this

problem be resolved for this chemistry to continue, as reliable ligand syntheses are vital.

The salicylaldiminato ligand system is one that has vast scope for study due to the range of
structural and electronic tuning that is available. It has been shown the amine can be arylated

as well as silylated, which has led to a variety of ligand precursors.®*

The interesting group 4 complexes isolated with these compounds shows how this ligand
system is not simply a spectator ligand; it has interesting properties undergoing reactions at
the imine before it reaches a state where it is a supporting ligand for catalysis. Due to the

unexpected complexes obtained catalytic activity was not tested during this project.

The development of a new synthetic route to aza-macrocycle formation throws up several
new avenues of study and provides more questions than answers. The insertion of the imine
into group 4 metal amido bonds is an important area to study, as it is a relatively unexplored

phenomenon.
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7.4 Experimental

All experiments were carried out under N, or partial vacuum unless stated. All solvents were
degassed and distilled from appropriate drying agents before use. Commercial chemicals
were purchased from Aldrich, Avocado or Acros and used without further purification unless
stated. The following were prepared from literature methods; o-aminobenzaldehyde, >
ZrCl,(NMey),(THF),,* [(trimethylsilyl)methy]]lithium,® dibenzylmagnesium,®*

dichlorodibenzylzirconium,® 6-(tertbutyliminomethy!)aniline.*!

7.4.1 Synthesis of Ligands

o-Cyclohexyliminomethylaniline 7.1.

N To a solution of o-aminobenzaldehyde (1.38 g, 0.011 mol) in benzene
| :R (100 cm’), cyclohexylamine (19.5 em’, 15 fold excess) and concentrated

NH, ‘N hydrochloric acid (5 drops) were added, giving a yellow solution. The
solution was refluxed overnight in Dean-Stark apparatus, the benzene
removed under vacuum and the resulting solid was extracted with
petroleum ether (3 x 20 c¢m®). The petrol was removed in vacuo and the resulting oil was
sublimed onto a cold finger to yield pure product, 76%, 1.76 g. Mp 48°C, MS (ES+): m/z 203
(M)", GC-MS (CIMS): one peak 11.2 mins, m/z 203 (M)". NMR 8;; (CDCl3) 1.2 - 1.7 (10H,
m, cyclohexyl ring H), 3.1 (1H, quintet, cyclohexyl H adjacent N), 6.4 (2H, bs, NI), 6.55
(2H, t, aromatic), 7.15 (2H, m, aromatic), 8.4 (1H, s, imino H). 8c(CDCl3) 24.7, 25.7, 35.0,
69.9 (cyclohexyl), 115.6, 116.1, 130.5, 133.2, 148.5, 161.5 (aromatic) 174.1 (imino methyl).

[o~(tert-Butyl)iminomethyl|-N-(trimethylsilyl)aniline 7.2.

P To a precooled (—78°C) solution of o-(tert-butyl)iminomethylaniline (5.0
“\ f I\ g, 28.5 mmol) in diethylether (200 em’) was added dropwise a solution
__NH IN\/ of n-BuLi (12.8 cm® of a 2.45 M solution in hexanes, 31.3 mmol). The

mixture was stirred for 15 min then allowed to reach room temperature
and stirred for 2 h. The resulting yellow suspension was cooled again to -30°C and a solution
of Me3SiCl (3.40 g, 31.3 mmol) in diethylether (10 cm’) was added dropwise from a syringe.
After stirring at room temperature for 12 hr the majority of the ether was removed under
reduced pressure, the resulting residue was extracted with petroleum ether (2 x 100 cm’ ), the

organic extracts were filtered through Celite and evaporated to dryness. The remaining oily
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residue gave after vacuum distillation (bp 68 — 70 °C, 0.05 mmHg) product as colourless oil
Yield: 4.6 g, 65%. 8y (C¢Dg) 0.25 [9H, s, Si(CHy)s], 1.2 [9, s, C(CH3)s], 6.6 — 7.2 (4H, m,
aromatic), 8.2 (1H, s, imino), 9.9 (1H, s, NH). 8¢ (C¢Dg) 0.1 [Si(CH3)s], 30.0 [C(CH3)s], 56.9
[C(CH3)s], 116.1, 116.2, 120.4, 130.7, 134.6, 150.7 (aromatic), 159.6 (imino methyl).

[o-(cyclohexyl)iminomethyl}-N-(trimethylsilyl)aniline 7.3.
x To a precooled (=78°C) solution of 7.1 (1.76 g, 8.7 mmol) in diethyl
| = ether (80 cm’® ) was added n-Bul.i (3.5 cm?, 2.5 M solution, 8.75 mmol)

WL |N and stirred until the temperature had risen to room temperature.
e

Trimethylsilylchloride (0.75 cm®

, 8.7 mmol) was added and the
reaction stirred overnight. The resulting suspension was filtered, the solvent removed in
vacuo, and the resulting solid extracted into petroleum ether (2 x 15 cm®) and recrystallised at
-78°C giving dark yellow crystalline product. Yield 68%, 1.62 g. Mp. 18 - 20°C. NMR &y
(CDCl3) 0.3 [9H, s, Si(CH3)3), 1.3 - 1.7 (11H, m, cyclohexyl H), 6.65 (1H, d, aromatic H),
6.75 (1H, t, aromatic H), 7.15 (2H, m, aromatic H), 8.35 (1H, s, imino C-H), 9.2 (1H, s, N-
H). 6c(CDCl3) 24.2, 25.8, 34.7, 68.9 (cyclohexyl), 115.5, 116.0, 130.1, 133.7, 149.1, 161.7

(aromatic), 168.0 (imino methyl).
Lithium [o-(fert-butyl)iminomethyl]-N-(trimethylsilyl)anilide 7.4.

To a solution of 7.2 (3 g, 12 mmol) in petroleum ether (40/60) (50 cm’)
Q at —78 °C was added slowly n-Buli (5.4 em® of 2.45 M solution in
]N . hexanes, 13.2 mmol). The mixture was held at =78 °C for 1 hr then

MesSi” \]<
Li' allowed to warm to room temperature and stirred for 12 hr. This
produced a light yellow suspension. The product precipitate was isolated by filtration as a

light yellow, extremely air sensitive solid. Yield: 2.2 g, ca. 71%.

|o-(fert-butyl)iminomethyl]-N-(3,5-dimethylphenyl)aniline 7.5.

To a solution of o-(¢ert-butyl)iminoaniline (0.2 g, 1.1 mmol) in toluene
(50 cm’) was added sodium tert-butoxide (0.325 g, 3.4 mmol), 3,5-
dimethylbromobenzene (0.209 g, 0.15 cm3, 1.2 mmol), racemic

BINAP (0.011g, 0.0018mmol) and Pd(DBA); (0.005 g, 0.0006 mmol)

and this was stirred for 4 days at room temperature. The solvent was

removed in vacuo, the product extracted into petroleum ether and placed at —30°C, which
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yielded crystalline product. The residual supernatant was decanted, solvent removed in vacuo
to give a dark brown oil and further product was purified from this oil by column
chromatography, 1:1 petroleum ether/toluene solvent mixture. Yield 37%, 0.114g. MS (ES+)
m/z 281 (M)". NMR 8(CDCl3) 1.3 [9H, s, C(CHs)3], 2.4 (6H, s, aromatic—CH3), 6.7, 6.8 (2 x
1H, d and t, aromatic H), 7.2 - 7.5 (5H, m, aromatic H), 8.4 (1H, s, imino C-H), 9.8 (1H, s,
NH). 8¢ (CDCl3) 21.6 [C(CH3)s], 30.1(aromatic-CH3), 57.2 [C(CH3)3], 113.1, 116.8, 118.8,
124.3,125.5,128.4, 129.2, 130.6, 134.1, 138.0 (aromatic), 158.9 (imino methyl).

N,N'-Bis-(2-amino-benzylidene)-cyclohexane-1,2-diamine 7.6
| In a similar fashion to 7.1, to a solution of v-aminobenzaldehyde
(20 g 160 mmol) in benzene (100 cm3), 1,2-trans-
diaminocyclohexane (0.942 g, 8.0 mmol) and conc. hydrochloric
acid (5 drops) were added. The solution was refluxed overnight in
e Dean-Stark apparatus, the benzene removed in vacuo and the
resulting solid was extracted with petroleum ether (3 x 20 cm’®). The petrol cooled to ~30°C
and crystalline product was collected. Yield 28%, 0.74 g, 2.3 mmol. MS (ES+) m/z 321 (M)",
NMR &y (CDCl) 1.2-1.7 (811, m, cyclohexyl ring H), 2.6 (2H, triplet of doublets, H adjacent
imine N on cyclohexyl), 6.2 (4H, bs, NHy), 6.5 - 6.7 (4H, m, aromatic H), 7.0-7.2 (41, m,
aromatic f1), 8.4 (2H, s, imine H). 6¢ (CDCl3) 24.6, 33.4, 55.3 (Cyclohexyl (), 115.4, 116.2,
118.9, 130.5, 133.4, 148.5, (phenyl C) 163.2 (imino ().

7.4.2 Syntheses of Metal Complexes

Dimeric zirconium complex 7.7.

To a solution of 7.2 (0.20 g, 0.8 mmol) in toluene (5 c¢cm?®) was added a solution of
Zr(NMe»),CL(THF), (0.33 g) in toluene (10 ¢m?) and the reaction mixture stirred at 95 °C
under partial vacuum for 3 days. The solution was then filtered, the solvent removed in vacuo
and the resulting solid crystallised by dissolving in ether (3 cm®) and standing overnight at
room temperature. Two types of crystal were formed, one yellow and one orange which
could not be separated by chemical means. The crystal structure obtained was that of the
yellow crystal. oy (CeDg) 0.3 [9H, s, Si(CH3)s], 1.1 [9H, s, C(CH3)3], 1.5 [6H, s, N(CH3)3],
6.3 (1H, d, aromatic), 6.7 (1H, t, aromatic), 6.9 (1H, d, aromatic), 7.0 (1H, t, aromatic), 8.2
(11, s, N-CH-N).
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Crystal data for 7.7: CisH2oN3CLSi1Zr;, yellow block (0.01 x 0.005 x 0.005 mm), Mw
453.63, Monoclinic, P21/n (No. 2), a=9.1721(18) A, b =13.137(3) A, c = 17.476(4) A, o=y
=90°, £=93.88(3)°, ¥'=2101.0(7) A3, Z =4, y=0.404 mm™', T=150 K, Total reflections =
48258, unique reflections = 4293 (R = 0.0778), Final R indices [/>20(])] R = 0.0305, Ry, =
0.0743 (all data). CCDC reference no. 181542. Local Code 99skl007. Symmetry

transformations used to generate equivalent atoms: —x + 1, -y + 1, -z.

C10
D
2T - C16

';‘ < ‘!

A o/

Qe 3
X

TS
e

Fig 7.22 Crystal structure of dimeric 7.7, hydrogen’s removed for clarity.

Table 7.4 Bond lengths (A) for 7.7.

Zrl - N2 2.0122(17)  Si4-N1  1.7770(19) C7-C6 1.500(3) C4-C3  1.380(4)
Zrl = N1 2.0882(18)  Si4-Cl4 1.857(3) C7-N3 1.507(3) C2-C3  1.390(4)
Zrl - N3 2.3582(17)  Si4-CI3  1.859(3) N2-C8 1.483(3) C8-C10 1.525(3)
Zrl - CI2 2.4395(7) Si4-C12  1.868(3) C5-C4  1.369(4) C8-C9  1.525(3)
Zrl - Cll 2.6142(7) N1-Cl  1.424(3) C5-C6  1.396(3) C8-C11 1.527(3)
Zrl - C7 2.653(2) Cll-Zrl 3 2.7067(8) C6-Cl 1.413(3) N3-CI5 1477(3)
Zrl-Cll 3 2.7067(8) C7-N2  1.480(3) Cl1-C2  1.40003) N3-C16 1.479(3)

Table 7.5 Selected bond angles for 7.7.

N2-Zrl-N1  92.01(7) N1-Zr1-Cll_3  172.23(5) C6 - C7-N3 113.08(17)
N2-Zrl-N3  63.07(7) N3-Zrl-Cll 3 93.61(5) C7-N2-C8 117.83(16)
N1-Zrl1 -N3  84.70(7) Cl2-7Zrl-Cll 3 85.14(3) C7-N2-Zrl  97.72(12)
N2-Zrl1-Cl2  107.00(5) Cll-Zrl -Cl1 3 74.990(18) C8—N2 - Zrl 144.45(13)
N1-Zr1-CI2  97.84(6) C7-Zrl -Cll 3 107.75(5) C5-C6-Cl 119.8(2)
N3-Zr1-CI2  169.92(5) C1-N1-Si4 117.43(14) C5-C6-C7 119.0(2)
N2-Zrl-Cll  142.23(5) Cl-NI1-7rl 120.66(14) Cl1-C6-C7 121.17(19)
N1-Zr1-Cll  97.25(5) Si4 —N1 - Zrl 121.73(10) C2-C1-C6 116.5(2)
N3-Zrl -Cll  81.38(5) Zrl-Cll-Zrl 3 105.010(18) C2-C1-N1 122.8(2)
Cl2-Zr1-Cll  107.85(2) N2-C7-C6 112.59(17) C6-Cl1-NI 120.61(19)
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N2-Zr1 -Cl1_ 3 93.97(5) N2-C7-N3 101.01(16) C7-N3-Z7rl 83.60(11)

Titanium macrocyclic complex 7.8.

To a solution of TiCL(NMey), (0.07 g, 0.36 mmol) in toluene (10 cm®) was added a solution
of o-(tert-butyliminomethyl)aniline (0.13 g, 0.72 mmol) in toluene (5 cm®). The mixture was
heated at 95°C overnight before the resulting dark red solution was filtered and the toluene
removed in vacuo. The resulting solid was recrystallised from diethylether at room
temperature to give dark red, X-ray diffraction quality crystals. Yield: 0.082 g, 43%.
du(CeDg) 2.3 (9H, s, N-CH3), 2.8 (9H, s, N-CH3), 5.3 (3H, s, Ph-CH-N), 6.0 (3H, d,
aromatic), 6.5 (3H, t, aromatic), 6.7 (3H, t, aromatic), 7.0 (3H, d, aromatic). 8¢ C 41.5, 49.2
(N-CH3), 87.2, 106.4, 118.1, 128.3, 129.4, 130.0 (aromatic C), 174.2 [Ph—CH-N].

Crystal data for 7.8: C31H43NgC1;01Tiy, red prism (0.01 x 0.005 x 0.005 mm), Mw 599.06,
Triclinic, P-1 (No. 2), a = 10.205(2) A, b =10.252(2) A, ¢ = 14.980(3) A, a = 87.61(3)°, f =
84.12(3) °, y = 76.98(3)°, ¥ = 1518.7(5) A’, Z = 2, u = 0.404 mm™, T = 150 K, Total
reflections = 13977, unique reflections = 5918 (Ri, = 0.0655), Final R indices [/>20(])] R =
0.0518, Ry = 0.1352(all data). CCDC reference no.181544. Local Code 99sk1003.

C43

04

C41

Fig 7.23 Crystal structure of 7.8, hydrogen’s removed for clarity.

Table 7.6 Selected Bond lengths (A) for 7.8.

Til -NI11  1.975(2) Til —NI12 2.385(2) C17-N21 1.460(4) Cl15-Cl6 1.387(4)
Til =N31  1.979(2) N11-C11 1.387(3) C17-Cl16 1.500(4) Cl4-C13  1.375(5)
Til -N21  1.981(2) N11-C37 1.455(3) Cl1-Ci2 1.390(4) 04 - C43 1.411(4)
Til =N32  2.366(2) Ni2-Cl19 1.475(4) Ci1-Cl6 1.416(4) 04 -C41 1.413(4)
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Til -CIl  2.3722(10) NI12-CI8 1.479(4) C12-C13 1.387(4) C41-C42  1.482(5)
Til =N22  2.380(2) NI12-C17 1.498(3) C15-C14 1.384(4) C43 -C44  1.469(5)

Table 7.7 Selected angles (°) for 7.8.

N11-Til - Cll 127.23(7) Cl19-N12-C17 113.72) C13-CI2-Cl1  1203(3)
N21 - Til - Cll 127.60(7) C18-N12-Cl17 109.1(2) Cl4-CI15-Cl6  120.9(3)
N31-Til - Cll 126.36(7) N21-C17-NI2 983(2) C15-Cl6-Cl1  119.53)
N11-Til-N31  87.35(9) N21-Cl17-Cl6 111.5(2) Cl15-Cl16-Cl7  121.6(3)
N11-Til-N21  87.18(9) N12-C17-Cl16 113.72) Cl1-C16-C17  118.7(2)
N31-Til-N21  87.75(9) N11-Ci1-Cl12 124.9(3) C13-Cl4-C15  119.53)
Cl1-N11-C37  121.4(Q2) N11-Cl1-Cl6 1162(2) Cl4-CI3-C12  121.003)
C19-N12-CI8  109.0(3) C12-Cl1-Cl6 118.9(2)
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Chapter 8
Conclusions

8.1 Conclusions

Synthetic routes to a range of pyridyl, picolyl and diethylacetamide functionalised mono-
imidazolium salts and 2,6-lutidyl, pyridyl and various xylyl linked bis-imidazolium salts are
reported in this thesis. Many of these salts have been used as precursors in a novel selective
synthesis of functionalised ‘free’ mono- and bis-imidazol-2-ylidenes, allowing for the
production of ‘carbenes-in-a-bottle’. From the use of ‘free’ imidazol-2-ylidenes the synthesis
of the corresponding imidazol-2-thiones has been reported. Use of the imidazolium salts and
imidazol-2-ylidenes has led to the isolation of novel mono- and bis-imidazol-2-ylidene
complexes of silver, palladium and nickel. Transamination reactions of amido/imino mixed
donor ligands with zirconium and titanium amido complexes showed rare insertions of
imines into metal amido bonds with unexpected isolation of a zirconium amidinato complex

and a titanium ‘template directed’, cyclotrimerised, macrocyclic complex. The above results

include:
i) A novel selective synthetic route to ‘free’ imidazol-2-ylidenes using
KN(SiMe;), in THE.!
ii) The first fully characterised examples of pyridine functionalised mono-

imidazol-2-ylidenes (Fig 8.1)."2

Fig 8.1 Novel pyridine functionalised mono-imidazol-2-ylidenes.
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iv) Full characterisation of silver(I) mono- and bis-imidazol-2-ylidene
complexes that contain ligands with a second ‘dangling’ functional group.*
V) Novel palladium(II) mono- and bis-imidazol-2-ylidene complexes

exhibiting a variety of coordination motifs (Fig 8.2).

SaRtete,

Br—Pd——( / ( >m, \\\\<j

l X NG
F3C
Me3Sl

Fig 8.2 Variety of ligand coordination motifs observed for Pd(II) complexes.

SiMes

vi) Structurally characterised examples of rigid Pd(II) imidazol-2-ylidene
complexes that contain a C,-symmetrical axis that was not pre-formed in
the ligand.

vil)  The first fully characterised examples of a nickel(Il) pyridine
functionalised mono-and bis-imidazol-2-ylidene complexes, and further
examples of picolyl functionalised complexes.

viii)  Observation of a rare insertion of imino groups into metal amido bonds.

The variety of novel imidazolium salts described in chapter 2 were prepared using different
quaternisations of the precursor 3-(aryl)imidazole. From these salts it was possible to
selectively deprotonate the 2-imidazolium proton using KN(SiMes), under controlled
conditions to isolate the corresponding stable ‘free’ imidazol-2-ylidene. These had previously
had only been observed as a transient species in the NMR spectra as attempted isolations
were not successful.” These isolated species showed no signs of decomposition on storage at
room temperature under an inert environment, or in solutions of toluene over increased time
periods, all showed good thermal stability up to at least 100°C before decomposition
occurred. Exposure of the ‘free’ imidazol-2-ylidenes to air gave unidentifiable products by
NMR spectroscopy. Reactions of selected imidazol-2-ylidenes with flowers of sulfur gave
the corresponding mono- or bis-imidazol-2-thiones, which is behaviour typical of these
species.® The isolation of imidazolium salts, imidazol-2-ylidenes and imidazol-2-thiones

gives three routes of introducing imidazol-2-ylidenes to transition metal centres.
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Chapter 3 describes the reactions of the imidazolium salts with silver(I) oxide to give the
corresponding silver(I) imidazol-2-ylidene halide complexes. The use of metal fragments
with ligands of sufficient basicity to deprotonate the 2-imidazolium proton has been
previously reported’ and successfully used by us to isolate a range of silver(I) functionalised

imidazol-2-ylidene complexes.*”

The palladium(II) complexes described in chapter 4 are synthesised using the compounds
described in the two preceding chapters; The imidazolium salts were in situ deprotonated by
Pd(OAc), to give bis-imidazol-2-ylidene complexes; The ‘free’ mono-imidazol-2-ylidenes
were added to Pd(COD)MeX (X = halide) yielding the corresponding Pd(ligand)MeX or to
Pd(TMEDA)Me; to give Pd(Ligand),Me,; The silver (I) imidazol-2-ylidene complexes were
used as transmetallation reagents with Pd(COD)MeX giving the same Pd(II) complexes
[Pd(ligand)MeX] as were isolated from the ‘free’ imidazol-2-ylidenes.

Several of the novel Pd(Il) imidazol-2-ylidene complexes isolated in chapter 4 are analogous
to previously prepared Pd(II) imidazol-2-ylidene complexes which were shown to be highly
active in Heck C-C coupling. Investigation into the coupling of activated aryl bromides
showed that at low catalysts loadings, for bidentate, pyridyl functionalised imidazol-2-
ylidenes the presence of an electron-withdrawing group increases coupling activity whereas
the increase of steric bulk with minimal electronic variance on the pyridyl group causes no
change in activity. For the larger tridentate ligands the exchange of a coordinated pyridine
linkage between the imidazol-2-ylidenes to a cyclometallated aryl group bears no effect on
coupling activity, even though the ligand system was observed to be more rigid. Variation of

steric bulk on these tridentate ligands did not significantly effect coupling activity.

Investigations into nickel(IT) imidazol-2-ylidene complexes are described in chapter 6. Using
the silver(I) precursor complexes as transmetallation reagents yielded a family of picolyl
functionalised mono-imidazol-2-ylidene nickel dihalide complexes containing different steric
bulk. Whilst changing reaction conditions to increase yields by the use of a higher boiling
chlorinated solvent caused halide exchange processes to occur and mixed halide content was
observed in the bulk products. Synthesis of the pyridyl analogues using the silver(I)
precursors gave a rare mixed geometry bi-nickel complex where one centre was octahedral
and the second tetrahedral. An alternative synthetic route using the ‘free’ imidazol-2-ylidenes

gave a related dimeric nickel bis-imidazol-2-ylidene complex as part of a three member co-
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crystallised product in which the target nickel(Il) mono-imidazol-2-ylidene complex was

observed.

Chapter 7 describes mixed amido/imino six-electron donor ligands designed as amido
analogues of the well-known salicyladimine ligands. As a continuation of previous work into
the group 4 complexes of these ligands a change of methodology from introducing ligands
via salt metathesis to transamination led to interesting examples of insertions of imines into

metal amido bonds.

The large number of ligand precursors and complexes that have been reported here have
already generated interest in the scientific community from colleagues and others."> > **'1 A
range of investigative studies are already underway aiming to answer some of the questions
that have been brought up by the synthesis of these new compounds, and to explore the

chemistry of similar complexes.
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