
 
 
 
 

 
 
 
 

SYNTHESIS AND CHARACTERISATION OF 
CHELATING, HEMILABILE N-HETEROCYCLIC 
CARBENE LIGANDS: APPLICATIONS OF THEIR 

COBALT(II) AND NICKEL(II) COMPLEXES AS 
CATALYSTS FOR ARYL AMINATION 

 
 
 
 
 

2014 
 
 
 
 
 

HALLIRU IBRAHIM 
  



II 
 

 

SYNTHESIS AND CHARACTERISATION OF 
CHELATING, HEMILABILE N-HETEROCYCLIC 
CARBENE LIGANDS: APPLICATIONS OF THEIR 

COBALT(II) AND NICKEL(II) COMPLEXES AS 
CATALYSTS FOR ARYL AMINATION 

 
 
 

HALLIRU IBRAHIM 
 

 

2014 
 

A thesis submitted to the School of Chemistry & Physics, College of Agriculture, Engineering 

and Science, University of KwaZulu-Natal, Westville Campus, for the degree of Doctor of 

Philosophy. 

In this thesis, the chapters are written as discrete research papers, with an overall introduction 

and final conclusion chapters. Where one (or all) of the chapters has already been published, 

typically these chapters would have been published in internationally-recognised peer-reviewed 

journals. 

As the candidate’s supervisor, I have approved this thesis for submission: 

 

Supervisor: 

 

Signed: ……………………….. Name …M. D. Bala…………… Date: ……………………… 

  



III 
 

1 ABSTRACT 
 

The chemistry and applications of N-heterocyclic carbenes (NHCs) as ligands for the preparation 

of transition metal complexes has remained at the forefront of research in organometallic 

chemistry and homogeneous catalysis worldwide. This is evidenced by the increasing number of 

research articles on the subject area. Hence, this thesis report on three different ligand 

frameworks consisting of a symmetric CNC pincer architecture and two non-symmetric N-

substituted imidazoles bearing a picolyl and a ferrocenylphenyl imidazole functionalities. These 

were then used to synthesise new ligand precursors (imidazolium salts) which were later on 

complexed to Ni and Co via transmetalation of corresponding NHC-Ag complexes. 

The synthesis of the pincer imidazolium salts via a solvent free method led to the development of 

a new technique based on the use of a short plug of silica to purify such salts and isolate them in 

excellent yields.  This method has been published and is now adopted in our laboratory and 

extended to the purification of a wider variety of salts including those based on the related 

triazolium moiety. All the compounds (salts and metal complexes) have been fully characterised 

by NMR (1H, 13C, 31P), IR, HRMS or MS-ES+, EA and in some cases single crystal X-ray 

diffraction analyses. Sharp melting points were also recorded for all air stable, none hygroscopic 

compounds. The characterisation data have established the chemical composition and purity of 

all the compounds reported in this thesis. 

All the complexes are active as catalysts for the activation of C-N coupling of aryl amines and 

aryl halides. The catalyst systems showed excellent selectivity to N-mono arylation as no trace of 

N,N-diarylated products were observed.  The high selectivity and excellent yields to desired 

products achieved under mild reaction conditions and low catalyst loading of 1 mol% of Ni or 

Co has made the current catalyst systems competitive in comparison to classical Cu mediated or 

CuI catalysed Ullman coupling and Pd catalysed systems. A highly active in situ generated 

NiCl2/imidazolium salt catalyst was also developed, hence opening up a simple, robust and 

functional group tolerant system for C-N coupling reactions that may easily be generated from 

commercially available imidazolium salts in combination with over the counter metal salts such 

as NiCl2.  
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1 Chapter one 

General introduction 

1.1 Background  
 

Wanzlick1 and Öfele1-2 pioneered the field of N-heterocyclic carbene (NHC) chemistry.  

Their work in the study of NHC complexes of early transition metals paved the way to the 

isolation of the first free carbene by Arduengo in 1991.3  their pioneering works combined to 

provide routes of overcoming complications associated with the isolation of free carbenes4 to 

the extent that they are now commercially available.5  A carbene is a carbon containing a pair 

of unshared electrons; an active specie which could exist in a singlet or triplet state, and is 

short lived except under exclusive conditions.  Since the 1950’s when curiosity in their 

chemistry was high, carbenes have continuously played important roles in organic and 

inorganic transformations.  The excellent sigma donating ability of N-Heterocyclic carbenes 

make them better options to other ligand forms like ethers, amines, and even phosphines in 

organometallic and co-ordination chemistry.6  Their excellent co-ordination properties have 

been comprehensively investigated by Nolan and co-workers7 through structural and 

thermochemical studies.  Complexes generated from NHC ligands contain metal-carbene 

bonds which are more stable than in Fisher or Schrock-type complexes, and this is due to 

pronounced back-bonding.8 

The intrinsic behaviour of NHC ligands and their transition metal complexes has been studied 

over the years and findings have been well documented.6, 9  NHCs are not replicas of 

phosphoranes; they are much more versatile with high potential as catalysts on their own, 

when complexed with a metal or as in-situ generated catalyst systems in homogeneous 

catalysis.  They are found to be tolerant to prevailing functional groups, work at ambient 

temperatures and strongly co-ordinate to metal centre in catalytic system without ligand 

dissociation.  

NHCs are generally classified into five different forms (Figure 1.1): Imidazolin-2-ylidene, 1.1 

was the first type of NHC to be complexed to silver.  It consists of an imidazole ring with 

substituents at the nitrogen atoms (1,3-position) and a singlet carbene located at the 2-

position. Benzimidazol-2-ylidenes 1.2 is a derivative of 1.1; has a benzene ring fused to the 
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backbone of the imidazole ring. Imidazolidin-2-ylidenes 1.3, are similar to 1.1 except that the 

backbone of the ring (4,5-position) is saturated thereby making the NHC more electron-rich. 

Tetrahydropyrimid-2-ylidenes 1.4, is based on six-membered saturated ring systems, and are 

an extension of imidazolylidenes. 1,2,4-Triazolin-5-ylidenes 1.5, the triazoles are composed 

of a five-membered ring with three nitrogen atoms (1,2,4-positions) and the carbenes located 

at the 3- and/or 5-positions (Figure 1.1).   
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Figure 1.1 : Different forms of NHC. 

The diverse structural features of imidazole based NHCs; is such that they could be 

functionalized, 1.6 immobilized, 1.7 made hydrophilic, 1.8 chiral, 1.9 and or chelating, 1.10a 

and 1.10b (Figure 1.2).  The influence of these structural features are more pronounced in the 

nature of the complexes they generated.2 
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Figure 1.2:  (a) Various types of N-heterocyclic carbene and (b) ligand design reported. 

With the exception of 1.10a (pincer NHC), much interest has been given to NHC-metal 

complexes of the other structural forms of the ligands.  Pincer NHCs as they are known; and 

most especially the chelating type (CNC or CPC) complexed with cheap, affordable, 

environmentally friendly and non-toxic metals like nickel and cobalt are less explored.10  We 
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believe that with the growing interest in green homogeneous catalysis using environmentally 

benign metals; nickel and cobalt are good candidates to explore.  The advantageous 

characteristic high tunability, improved stability to metal centres and generally high thermal 

stability of pincer and chelating NHCs10-11 have been explored in their complexes with 

ruthenium,12 iridium13 and palladium.14  The development of non-precious metal-NHC 

complexes is a major area of focus for homogeneous catalysis due to low toxicity and safe 

disposal to the environment.  It is believed that, the high sigma donating ability of pincer, 

chelating or functionalized NHC ligands can provide desirable properties while still 

preventing decomposition of the metal centre as commonly encountered in homogeneous 

catalysis. 

1.2 Nature, state and properties carbenes 
 

Carbenes are neutral, divalent carbon species with six-electron valence shell; bearing two (2) 

unpaired π-electrons and sp2 hybridization on the carbon.  Electronic stability on the carbene 

is achieved by the nucleophilicity of the electron-rich groups adjacent to the carbene carbon 

(Figure 1.3; a).  The influence of the adjacent electron-rich groups on the π-electrons in the 

carbene makes it exist in either a singlet state (were the electrons remain in the same 

degenerate orbital) as in the first isolated crystalline free carbene3 or in a triplet state (in 

unequal energy orbitals).  Splitting into either a singlet or triplet state correlates with 

increasing electronegativity of the π-donor groups and the magnitude of their inductive, 

mesomeric and steric effects on the carbene carbon. 

In metal-carbene complexes; carbenes could be classified as Fischer or Schrock.  Non-

bonding electrons in Fischer carbenes occupy same orbital and consequently behave like 

singlet carbenes.  Such carbenes easily coordinate with metals via sigma bond formation 

without any formal charge as divalent 2-electron donor ligands (Figure 1.3; b). Schrock 

carbenes are nucleophilic and usually co-ordinate to metals of high oxidation state when 

compared to Fischer carbenes.  They possess a triplet state in their spin electronic 

multiplicity, bear a formal charge of -2 when bonded to a metal and are usually called 

“alkylidenes” (Figure 1.3; c).  Stability in Schrock carbene-metal complexes is derived by the 

formation of two covalent bonds between the two un-paired electrons in the carbene and the 

metal orbital electrons.15 
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In addition to the influence of the π-donating adjacent electron-rich groups; stability of a 

carbene can also be enhanced by the formation of a cyclic system and conjugation therein.  

Adjacent atoms in such cyclic conjugated structures stabilize the carbene in Fischer-type and 

contribute in forming a heterocyclic system containing a sextet of delocalized electrons. 

When the adjacent atoms/group is nitrogen the result is regarded as ‘N-Heterocyclic Carbene’ 

(NHC).  The NHCs are formally defined as the extreme form of Fischer heterocyclic 

carbenes containing at least one nitrogen atom within the ring structure, having no formal 

charge on the carbene carbon and their stability enhanced by the aromaticity of the ring 

system (Figure 1.1).16 

C
X X

where X=N for NHC

M
2HCLn

R

R

(b) (c)

M
2HCLn

R

R

(a)

 

Figure 1.3: (a) Stabilization of a carbene by adjacent hetero atoms, (b) description of 
electron donation in Fischer carbene and (c) covalent bonding in Schrock carbene. 

 

1.3 Simple and chelating NHC ligands 
 

Simple NHC ligands: As substitutes for phosphines in organometallic chemistry, NHCs share 

some resemblance with phosphines: both are neutral, good electron donors and have excellent 

structural tunability.  On the other hand, NHCs form stronger sigma bonds with metals due to 

little or no back donation into the π anti bonding orbitals.7 Consequently, the expected back 

bonding from the filled metal dxy and dyz orbitals in complexes with late transition metals 

like Pd(0) or Pt(0) into the NHC pπ-orbital is negligible.  This is because orbitals are already 

occupied by the high electron density of the adjacent nitrogen atom/groups to the carbene.17  

This unique property allows the NHC to also form complexes with metals that have empty d-

orbitals as there is no requirement for back donation from the metal.18  In a strong and robust 

metal-NHC bond in a complex containing phosphine and NHC ligands the weaker 

phosphine-metal bond will dissociate in preference to the metal-NHC bond.19  
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Due to the intrinsic properties of the NHCs they have been used in a wide range of 

applications either on their own or complexed with transition metals.  In the field of catalysis; 

efficient and effective systems have been reported for olefin metathesis, Suzuki-Miyaura 

coupling, aryl amination, transfer hydrogenation and C-H activation to mention but a few.   

Chelating NHC ligands: Hemilability allows for added stabilization of metal centres via co-

ordination.  Hemilabile chelating ligands form vacant coordination sites by undergoing partial 

dissociation from a metal centre which greatly influences the catalyst life in homogeneous 

catalysis.  In this context the pyridine moiety has been widely studied20 as a second donor 

group in conjunction to the carbene.  The most commonly reported pyridine functionalized 

NHC ligands include 1.11 (Figure 1.4) which has been complexed to Pd via transmetalation 

of Ag(NHC) and exhibits an excellent activity in Heck reaction.20b  The same ligand 

precursor was also used to form Ni(NHC)2Cl2 complex which is active in the polymerization 

of norbornane and ethylene.21 NHC precursor 1.12, was directly reacted with basic Pd(OAc)2 

to form a Pd(0) complex20a which showed moderate activity in the co-polymerization of CO 

and norbornane.  

In essence, pyridine as a potential donor group on NHC offers high versatility to the ligand as 

it is expected to bind weakly to the metal.  Variation of substituents on the  pyridine moiety 

also extends the structural tuneability of the NHC ligand.22 

N N

N
X

N N

N NX
N

N

N

tBu
X

R

R=Dipp, Mes

NMe3Si N
N R

R=Dipp

1.11 1.12 1.13 1.14  

Figure 1.4: Examples of pyridine functionalized NHC precursors and ligand. 

Various synthetic routes and forms 23,14a,24,25 of the pincer (meridentate) NHC ligands have 

been reported over the years. The basic reason of choice for this kind of NHC ligands (Figure 

1.2; b1) is the ‘pincer’ architecture; which provides a pre-organised backbone capable of 

blocking meridional or pseudo-meridional (site for efficient drainage of electron density) 

coordination sites of the metal, leaving the remaining sites available for catalysis. It also 

accounts for the excellent thermal and oxidative stabilities of their complexes; such that they 

have melting/decomposition temperature above 250 oC.26 The first of such chelating pincer 

(CNC) NHC-metal complexes was reported by Peris et al. in 2001 and they exhibited slightly 
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distorted square planar geometry,27 although the chelating pyridine lies on a plane coplanar 

with the plane of the NHC-metal moiety.26b Similarly, when NHC ligands are functionalized 

by alkenyl moieties,28 they result in metal complexes with hemilabile alkenyl (C=C) arms 

that impart good catalytic properties in homogeneous catalysis.   

The unique electronic (redox) and geometric properties of ferrocene makes it possible for the 

moiety to be incorporated into various compounds with applications in medicine, plastics, 

metallurgy, petroleum and textile industries.29 Its high redox potential confer profound 

catalytic and electronic activities to such compounds (Figure 1.2; b3).30  The stability to air 

and moisture of both organic and organometallic compounds containing ferrocene moieties 

accounts for their use in immunoassays,31 anti-cancer chemotherapy,32 redox shuttle 30 and 

catalysis.33  Aromatic spacers are usually introduced into ferrocene moieties to improve their 

aromatic and electronic character.34 Such reactions (Scheme 1.1) could be applied to the 

synthesis of N-substituted ferrocenylaryl imidazole30, 32 and subsequent access to 

electrophoric NHC-metal complexes.  It is noteworthy that bi-metallic complexes of such N-

substituted ferrocenylaryl imidazolylidene containing environmentally benign metals like 

cobalt and nickel are very rare. 
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Scheme 1.1: Route to the synthesis of an electrophoric NHC-metal complex.32 
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1.4 Synthesis of NHC precursors  
 

The commonest method for the synthesis of monodentate bis-1,3-diarylimidazolium salts is 

the one pot addition of glyoxal with aryl amine in the presence of a catalytic amount of 

formic acid to form diimine intermediate.  This is followed by a ring forming stage to form 

the diazole imidazolium salt via the reaction of the diimine with formaldehyde in the 

presence of a counter ion source usually a mineral acid35 or trimethyl chloro silane (TMClS)36 

[Scheme 1.2 (a)].  We have recently used a solvent-free technique in the synthesis of the 

diaryldiimine with high yield; and achieved ring closure with paraformaldehyde and HCl as 

counter ion source to generate bis-1,3-diarylimidazolium salts.37  In a similar vein Leuthauβer 

et al. have modified Arduengo’s one-pot synthesis of 1,3-diarylimidazolium salts and were 

able to sustain the yield of purer salts by alleviating the purification shortcomings of  the 

earlier method [Scheme 1.2 (b)].38 
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Scheme 1.2: (a) Typical synthesis of symmetrical bis-1,3-diarylimidazolium salts and (b) 
a modification of Arduengo’s one-pot synthesis of 1,3-diarylimidazolium salts. 
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Symmetrical and asymmetrical alkyl imidazolium salts are generated by first activating the 

secondary nitrogen on imidazole with an alkyl halide, followed by quaternization of the 

tertiary nitrogen (Scheme 1.3).  The former stage is usually associated with deprotonation of 

the 2° nitrogen using a base (mostly KOH) followed by the addition of an alkyl halide in an 

aprotic polar solvent to yield an N-substituted imidazole.  The later stage is usually achieved 

by refluxing the N-substituted imidazole with an appropriate alkyl halide in an aprotic solvent 

under inert conditions.  This route might take several days under extreme temperatures. 

N N

Cl

N
N

N

N N
N

R(a,b)

+

R

Cl

a = nBu
b = Mes

Reflux, 1-3 d

p-Xylene or Toluene

N
H

N
+  KOH

DMSO, rt

N

N
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R'-X

-KX
N

N

R

N

NR"-X

R

R"X

R' = R" = symmetrical salt
R' = R" = asymmetrical salt

(a)

(b)

-H2O

 

Scheme1.3: (a) Synthetic route to N-alkyl imidazoles and subsequent formation of salts. 
(b) Quaternization of imidazolium nitrogen to yield the corresponding salt.39 

Use of environmentally unfriendly solvent (dioxane)40 under extreme temperature conditions 

and long reaction times are some of the draw backs of using solution techniques to achieve 

quaternization of imidazolium nitrogen.  Although, in permissible situations the 

quaternization may be conducted under solvent-free reaction conditions (Scheme 1.4) which 

offer the advantage of avoiding environmentally unfriendly solvents and subsequent 

precipitation of the salt with acetone as reported by Simons and co-workers.41  
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Scheme 1.4: Commonly employed strategy for the synthesis of pincer (CNC) NHC 
ligand precursors.41 

In a situation where solvent-free technique might not be possible, quaternization is achieved 

by stirring at room temperature in DCM or refluxing the N-substituted imidazole with alkyl 

halide source in environmentally benign polar aprotic solvents like acetonitrile under inert 

conditions (Scheme 1.5).30, 32  The use of acetonitrile as commonly employed in synthesis of 

alkenyl/alkyl ferrocenyl phenyl/methyl imidazolium salts gave good to excellent yields, and 

this could be due to its high dielectric effect and basic nature.30 
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Scheme 1.5: Synthetic route to alkylferrocenyl imidazolium salts. 

 

1.5 Synthesis of NHC ligands from the precursors  
 

NHC ligands are largely synthesised by the deprotonation of ligand precursors in liquid 

ammonia,42 with amines or polar aprotic solvents.  In other words; bases like NaH, KOt-Bu  

or KN(SiMe3)2 and even transitional metal amides could be used within permissible 

temperatures of -78 to 0 °C.  Deprotonation with bases occur quickly and quantitatively in a 

homogeneous phase and allow the procurement of wide varieties of heterogenized, 

functionalized and even chiral carbenes,5 although such bases are not selective on the 

imidazolium proton and tend to attack other active or acidic protons on the ligand precursor. 

The NHC precursors or salts exist as high boiling ionic liquids or solids with melting point as 

high as 157 °C or higher.  The carbenes on the other hand are stable under inert conditions 

and could be stored for months at -30 °C.  They are also stable in solution to 50 °C and 
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slightly yellow or orange to purple coloured solutions of the carbenes are spectroscopically 

pure, even though the colour indicates possible decomposition.  

1.6 Synthesis of transition metal-NHC complexes 
 

Depending upon structural features, intended application and distinct functionalities on the 

NHC precursor, different routes to the synthesis of NHC-metal complexes are available.  This 

is also dependant on the kind or nature of the metal precursor to be used. 

Most monodentate carbene-metal complexes have been successfully synthesis via the free 

carbene route,43 although there are also reported successes of this route with chelating pincer-

NHC-metal complexes.3, 4b, 44 The sensitivity of the bases used like NaH/KH, KOt-Bu or 

KN(SiMe3)2 in some instances usually leads to binding not at the expected imidazoyl C2 but 

at C5 to the metal.44b  For NHC ligand precursors with methylene linkers or active proton 

groups; the free carbene route is not suitable as those bases are not selective and result to 

decomposed or completely unidentifiable products.45  The method is not suitable for air and 

moisture sensitive conditions. 

Basic metal precursors like [HCr(CO)5]- and those containing acetate groups are directly 

reacted with the NHC ligand precursor (salt) to generate corresponding metal complexes. 4b 

The method has also been employed for nickel,46 cobalt and palladium-NHC complexes 47 

with general formula M(NHC)2X2.  The use of DMSO, tetrabutylammonium iodide or 

bromide, and extreme temperatures are among the shortcomings of this method and made it 

unsuitable for temperature sensitive imidazolium salts.  The method is also not selective on 

the imidazolium C2 proton as deprotonation of unsubstituted C4 or C5 could lead to 

formation of the metal-NHC bond via those carbons.48 

Limitations of the above highlighted methods are alleviated with the discovery of silver-NHC 

complex transmetalation route.  NHC ligand precursors containing acidic protons in their 

linker i.e. lutidyl14b, 26b or picoyl21 or active proton functionalities; for instance –OH, -NH2
45 

and those in which the free carbene is not easily accessible are metalated via a carbene 

transfer reaction.  In situation also where regio-selectivity in the metal bond via C2 or 

geometry of the resulting metal-NHC complex is of high importance to intended application; 

silver-NHC transmetalation is the best route.  The silver-NHC complexes are prepared by the 

reaction of basic Ag2CO3, Ag2O or AgOAc with imidazolium salts in polar solvents like 

DCM, methanol or 1,2-dichloromethane.14b, 21, 26, 49  The silver complex is then either isolated 
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or used in situ to transmetalate the carbene to the appropriate metal.  Other transition metal 

complexes have also proven and reported to be transmetalation agents for saturated NHC 

ligands onto a range of metals in good yield.50 

1.7 Synthesis of chelating NHC-metal complexes 
 

Transmetalation via silver-NHC complexes is usually employed to relieve the highlighted 

problems associated with the synthesis of chelating NHC-metal complexes with free 

carbenes.  Though, they were first made with monodentate NHC ligands,49, 51 Ag-NHC 

complexes have gained popularity and could be synthesised via the four routes listed below: 

1- Reaction of silver salt with free carbenes. 

2- In-situ generation of free carbenes form imidazolium salts using a base in the 

presence of silver salt. 

3- Transmetalation of tungsten-NHC complexes with silver complexes; and this is the 

simplest and more efficient method for chelating or bis NHCs 

4- Treatment of basic silver reagents like Ag2O, Ag2CO3 or AgOAc with imidazolium 

salts. 

The use of basic silver reagents simultaneously deprotonates the imidazolium proton and 

coordinates the silver metal to the generated carbene (Scheme 1.6). 

Advantages of using intermediate Ag-NHC complex in generating metal-NHC complexes 

include: 

1- Eliminate the possible decomposition of the liberated carbene due to their high 

moisture and air sensitivity. 

2- Retains active proton functionalities in the framework of the imidazolium salts which 

could be affected by the base during deprotonation of the imidazolium proton to 

liberate the free carbenes. 

3- Ag-NHC complexes are usually stable to atmospheric conditions, and require no 

protected solvents. 

4- Transmetalation leads to cis-geometry in the metal–NHC complexes rather than the 

trans-geometry, and this allows for greater catalytic potential in the metal-NHC 

complex generated. 
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Scheme 1.6:  Example of the synthesis of a Ag-NHC complex. 

 

1.8 Characterization of Ag-NHC complexes 
 

Preliminary characterizations like 1H and 13C NMR are excellent techniques in the detection 

of Ag-NHC complexes.  The spectroscopic observation of Ag-C carbene chemical shift 

within the range 213 – 163 ppm is a distinct indication that metal-carbene bond is formed.52  

However, some Ag-NHC complexes have no detectable Ag-carbene coupling or resonance; 

this was explained to be as a result of ‘fluxional behaviour’ in the Ag-NHC complexes in 

solution (Figure 1.5). 49  For such complexes; the absence of far down field imidazolium (C2-

H) proton in the 1H NMR indicates that deprotonation by the basic silver reagent has 

occurred and the silver metal is bonded via the C2 carbene carbon in the complex. 
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Figure 1.5: Fluxional behaviour in Ag-NHC complex. 

 

The fluxional behaviour of the intermediate Ag-NHC complex is important in carbene 

transmetalation reactions.  So far among all the reported Ag-NHC complexes; those with 

bis(NHC) complexes are still comparatively low.53 
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1.9 Synthesis and catalytic activities of chelating NHC complexes of cobalt and 
nickel  

 
Many reviews have been written on the prevailing synthetic route to NHC ligands, their 

complexes and catalytic application since the isolation of the first stable carbene by 

Arduengo.  Here we review the most recent and high yielding synthetic routes to chelating 

NHC complexes of cobalt and nickel and their application in homogeneous catalysis. 

1.9.1 Synthesis of chelating NHC-cobalt complexes 
 

Most of the reported organo-cobalt complexes are based on classical donor ligands like Cp, 

phosphines and CO.54  However, the number of cobalt-NHC complexes is limited,9b and only 

a few examples are available with multidentate NHC ligands having pincer or functionalized 

architecture.55   

Aminolysis of cobalt bis [bis(trimethyl silyl) amide] Co[N(SiMe3)2]2 with pincer imidazolium 

salt, 1.15 by Danopoulos and co-workers55 yielded a range of ‘pincer’ (CNC)NHC-Co 

complexes (Scheme 1.7).  Complex 1.16 was obtained as a reddish-purple, microcrystalline, 

moderately air sensitive paramagnetic solid (μeff = 2.00μв) and characterized only by 

analytical methods.  Transformations of 1.16 by a variety of reagents and conditions yielded 

complexes with Co exhibiting +1 and +3 oxidation states.  In the presence of pyridine; THF 

solution of 1.16 and TIOSO2CF3 gave yellowish-green, air stable, paramagnetic cobalt 

complex, 1.17 which adopt a distorted octahedral geometry with the trifluoromethane 

sulphonate group occupying trans-orientation.  The average Co-carbene bond length is the 

same  (1.941Å), while Co-N(pyridine) bond is shorter than expected for pyridine group of a 

‘pincer’ group, although, Co-O (triflates) are still within reported range.56 
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Scheme 1.7: Synthesis of Co(I), (II) and (III)-‘pincer’ NHC complexes as described by 
Danopoulos et al.55 

 

The reduction of 1.16 in toluene with Na(Hg) gave a high yield of a greenish-brown, air 

sensitive, diamagnetic complex (iPrCNC)CoBr, 1.18 which is unstable in chlorinated and 

protic solvents.  The Co(I) complex gave a 1H NMR spectrum with the para hydrogen of the 

pyridine having an unusual downfield shift (9.55ppm); which is even more pronounced after 

subsequent methylation with MeLi in toluene to give reddish-brown, air and photosensitive 

crystalline (iPrCNC)CoCH3, 1.19. 1H NMR of 1.19 is similar to that of its precursor  with the 

exception of the methyl resonating at -0.85 ppm and depicted a crystal data of square planar 

Co(I) centre, with the pyridine and carbene rings coinciding with the coordination plane and 

the bulky aromatic rings nearly perpendicular to the plane.  In a bid to understand the utility 

of pincer NHC ligands as spectators for higher oxidation state of Co, 1.16 was oxidized with 

BrN(SiMe3)2, which yielded an octahedral, diamagnetic and air stable Co(III)-NHC complex, 

1.20  that displayed a broad 1H NMR spectrum;  supporting the C5-symmetric structure. 

The difficulties associated with the synthesis of bis[(arylimino)alkyl or aryl]imidazole-2-

ylidene complexes of cobalt and other late transition metals have been recently resolved from 

the work of Thaqfi and Lavoie.57  The usual unsuccessful deprotonation of the imidazolium 

salt and subsequent transmetalation with Ag2O or Ag2CO3 was alleviated by using silver 

amide as both base and silver source.  The silver complex was easily made by the addition of 
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in situ prepared filtrate of AgN(SiMe3)2  to a suspension of 1.21 in toluene at low 

temperature.  The silver complex is thus precipitated out with greater than 67% yield; 

alongside volatile byproducts.  To avoid the problem of transmetalation from the silver 

adduct, an in situ iron or cobalt bis[bis(trimethyl)silyl]amide was prepared by treating the 

respective metal salt with potassium hexamethyldisilazide (KHMDS) at low temperature and 

adding the filtrate directly to the suspension of the imidazolium salt, 1.21 (Scheme 1.8).  

Hence, metal-NHC complexes, 1.22 were successfully precipitated out as salts with pentane 

at >85% yields. 

N N

N N
MCl2, KHMDS

M=Fe, Co

Cl

1.21 1.22

N N

N N
M

Cl

Cl

 

Scheme 1.8: Synthesis of bis[(arylimino)alkyl or aryl]imidazole-2-ylidene complexes of 
Fe and Co. 

 

The paramagnetic nature of 1.22 is indicated by their respective magnetic susceptibility as 

measured using Evans method58 and featureless NMR spectra with broad resonance over a 

wide frequency range.  The crystal data showed that both complexes are iso-structural and 

crystalized in the P21/c space group with the metal centre adopting a distorted tetrahedral 

geometry and the ligand chelating to the metal in a bidentate format via the carbenic carbon 

and one of the iminic side chains. 

Liu et al.;59 have shown that chelation of NHC could also be easily achieved via simple in-

situ transmetalation from silver-NHC complexes to the desired metals.  Most exciting is the 

fact that even simple metal powder of iron, cobalt or nickel could be used to achieve the 

transmetalation (Scheme 1.9). 
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Scheme 1.9: Synthesis of metal-NHC complexes using simple metal powders. 

 

1.9.2 Synthesis of chelating NHC-nickel complexes 
 

The initial interest in catalyst systems promoted by precious metals has been replaced with 

recent and versatile systems developed from NHC-Ni(0) and NHC-Ni(II) complexes.  Such 

complexes have proven to be active in C-S coupling,60 cyclo addition reactions,61 addition 

polymerization of norbornane,45 aryl amination,62 C-C coupling, styrene polymerization,63 

and Suzuki and kumada coupling reactions.26, 64  It is worthy to note that; the stability to air 

and moisture as exhibited by electron rich NHC-Ni(II) complexes is not observed in the 

corresponding Ni(0) analogues.  Catalytic systems with Ni(II)-NHC complexes are active 

without the need for a co-catalyst, while Ni(0)-NHC complexes do require the use of co-

catalysts for their activity.21 

Functionalized NHC complexes of nickel containing picoyl moiety have been synthesized via 

transmetalation from Ag-NHC complexes of the proligands with NiCl2(PPh3)2.  Simple 

addition of the nickel precursor to an in situ generated silver complex in DCM gave the 

desired complexes, 1.25 and 1.26 (Scheme 1.10).21  The yellowish or orange crystals were 

recrystallized from MeOH/ether and isolated in good yield. 
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Scheme 1.10: Synthesis of chelating NHC-Ni complex via in situ Ag-NHC 
transmetalation.  

 

Contrary to the accepted norms, the cyclophane–nickel complex 1.28 has been recrystallized 

from hot water.  Its synthesis (Scheme 1.11) involved initial dissolution of the cyclophane 

salt 1.27, with NaOAc in DMSO and subsequent removal of the solvent.  The resulting dried 

mixture was then dissolved in dry DMSO together with anhydrous NiBr2 and then heated 

under vacuum in inert conditions at 85 °C for three days.  The resulting precipitate was 

filtered and dried under vacuum to yield a yellowish-orange powder and spectroscopically 

pure, 1.28 in good yield.   

N

NN

N

N

N

N

NN

N

N

N

Br

Br

i- 2NaOAc, DMSO

ii- NiBr2, DMSO Ni

2+

2Br

1.27 1.28

(4)

 

Scheme 1.11: Synthesis of cyclophane nickel complex. 
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Pincer NHC-Ni complex, 1.30 was readily obtained by in situ deprotonation of the 

imidazolium salt, 1.29 with Ni(OAc)2 in the presence of Bu4NBr and DMSO as solvent 

(Scheme 1.12).26a  The thermolysis reaction yielded 1.30 as air and moisture stable yellowish 

brown solid which readily recrystallized from methanol.   

N

N N

N N

Br Br N

N N

N N

Br

Ni(OAc)2, Bu4NBr
DMSO, rt-160 oC Ni

Br

1.29 1.30
 

Scheme 1.12: Thermolytic synthesis of pincer NHC-Ni complex using basic metal 
precursor. 

 

To further harness the efficient catalytic system provided by the thermal and oxidative 

stabilities of pincer NHC-metal complex frameworks, Inamoto et al.26b have synthesized a 

range of nickel-pincer NHC complexes 1.32 and 1.34 via transmetalation of the Ag 

complexes of the corresponding imidazolium salts.  The anionic metathesis of the 

intermediate in situ generated nickel-NHC complex with AgBF4 (Scheme 1.13) gave the 

desired complexes 1.32 and 1.33 as yellow, air stable solids; soluble in most organic solvents 

and were thus recrystallized from a DCM and petroleum ether solvent mixture. Distinct 

groups like methyl, mesityl and DIPP proton signals and symmetry are observed in the 1H 

NMR spectrum of the complexes.  The absence of downfield signal of the imidazolium 

proton gave clear indication that coordination via the carbene carbon has been achieved.  
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N
N N
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AgCl

ClAg

N N
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AgCl ClAg

N
N N

N N

R R

Ni

Cl

BF4

1.32

1.34

1.31

1.33

+    AgCl (a)

(b)+  AgCl

 

Scheme 1.13: Synthesis via Ag-NHC transmetalation of pincer NHC-Ni complexes with 
(a) lutidyl and (b) pyridine moieties. 

 

R-allyl-Ni NHC complexes, 1.36 were successfully obtained by transmetalation of the 

corresponding silver carbene complex with [(L)Ni(COD)][BAr4F] in DCM (Scheme 1.14).65  

All the isolated complexes were obtained in good yield and lack a C2-H imidazolium proton 

signal at 10.12 ppm in 1.35, confirming the successful co-ordination of the carbene carbon to 

nickel.  The diastereotropic methylene protons in the CH2 bridge of the bidentate ligand are 

also observed in the complexes showing expected bond lengths and angles. Complexes 1.36 

exist as cationic species which molecules exhibited classic pseudo-square planar geometry 

characteristic of d8M (II) allyl complexes. 

N

N
N

R

R1

R2

X

i-Ag2O/DCM

ii-[(L)Ni(COD)][BAr4F]

N

N
N

R

R1

R2

Ni

+

L = allyl,methylallyl
R = Me, iPr,nBu,Ph
R1 = R2 = H or Cl

1.361.35  

Scheme 1.14: Synthesis of R-allyl-Ni-NHC complexes. 
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Zhang and co-workers45 have recently developed a viable olefin-addition catalyst system 

containing [bis (NHC)NiX2] complexes.  The effective deprotonation of the amino containing 

monodentate carbene or via Ag-transmetalation of the ligand precursor, followed by 

subsequent addition of NiX2(PPh3)2 (X=Br,Cl,) gave the trans and cis-halo Ni-NHC 

complexes 1.37 and 1.38 respectively (Scheme 1.15). 

N N R

NHMe

R

0.5 equiv NiBr2(PPh3)2

THF,N2,rt

N N R

NH

trans-[Ni(NHC)Br2]

R

cis-[Ni(NHC)Cl2]

0.5 equiv NiCl2(PPh3)2

DCM,N2,rt

R=2,4,6-Me3-C6H2 or terBu

Ag

BrMe

1.37

1.38

(a)

(b)

HN Me
R

NHMe

Ni

Br

Br

NH

Me

R

HN

Me

Ni

Cl Cl

 

Scheme 1.15: Synthesis of (a) trans and (b) cis nickel-NHC complexes.45 

 

Deprotonation was found to be more effective with n-butyllithium or sodium 

bistrimethylsilazide [NaN(SiMe3)2] as attempted deprotonation with bases like KOtBu or 

NaOAc in the presence of the nickel precursors yielded only complex mixtures.  Successful 

metalation was confirmed from the 1H NMR spectra of 1.37 and 1.38 which lacked the 
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characteristic imidazolium proton signal around 10.7―11.0 ppm, while the 13C NMR spectra 

indicated a down field shift to 167.3―164.7 ppm of the carbenic carbon.   

1.9.3 Catalysis  
 

For more than two decades 47a NHC-metal complexes have opened up the possibility of their 

application as homogeneous catalysts for olefin polymerization, transfer hydrogenation, C-C 

and C-N coupling reactions by using simple substrates and reaction conditions to yield 

products not possible by traditional synthetic methods47a. 

1.9.4 Chelating ‘pincer’ and functionalized NHC-transition metal complex as catalyst 
for N-arylation of aniline 

 

Carbon-carbon and carbon-nitrogen coupling reactions are of great importance in the 

synthesis of a wide range of organic compounds.  Many transition metal-NHC complexes 

have proven to be efficient catalysts for Suzuki-Miyaura and other known coupling reactions.  

Although, most Miyaura C-N coupling are catalysed by Pd(0) or copper mediated Ullman 

reactions, the use of the former is not economical as almost stoichiometric amounts of the 

catalyst is used70 while the latter proceeded under extreme temperatures.71  The widespread 

use of Pd catalyzed cross coupling reactions have been impeded in the past by the high cost 

of the aryl iodides and bromides initially used for such reactions.  Recent research has been 

on the use of cheaper aryl chlorides to replace the iodides and bromides.  However, the 

stability of the aryl chlorides hampers their readiness to undergo oxidative addition to 14e-

Pd(0) phosphine complexes.72  Similarly, copper, copper complex or copper/ligand mediated 

cross coupling reactions have also suffered setbacks.  In all or most of the reported cases; 

other than under extreme reaction conditions, successes have been with iodo or bromo aryl 

derivatives and the choro derivatives have been considered with little exclusion as unlikely 

targets.  The successes have been with tri-o-toylphosphine and tri-N-butyl phosphine 

(Scheme 1.16); which are highly effective ligands for the N-arylation of aniline by aryl 

halides ranging from iodides to chlorides.70 
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R R'

Cl NH2

N

R

R

R'

+
P(Bu)3, KOtBu
Toluene

R = R' = H, OCH3, CH3  

Scheme 1.16: Phosphine catalysed N-arylation of aniline. 

An efficient and effective Ni(0)NHC in situ catalyst system has been developed for C-N 

coupling of aryl halide with diaryl amines to achieve good to excellent yield of N-mono and 

N,N’-diaryl substituted products.62b  A wide range of N-mono substituted and N,N’-

substituted arylated products of a variety of aromatic diamines and aryl halides with different 

electronic groups are successfully obtained with low catalysts loading of 5 mol% (Scheme 

1.17).  It was understood that such in situ catalyst system work best in certain ratio of 

constituents and increasing the ratio could lead to loss of catalytic activity. 

NH2H2N Cl NHPhPhHN PhHN NH2+ +

t-BuONa (1.2 mol equiv), dioxane

Ni(0)NHC(5 mol%/10 mol%)

15 h, N2, 100 oC

 

Scheme 1.17: N-mono and N,N’-diarylation of aryl diamine catalyzed by in situ 
Ni(0)NHC catalyst system. 

 

In a deviation from the common Pd(0) catalyzed arylation of aniline is the recently reported 

N-arylation of aniline alongside other amides and 4-aminopyridines via copper 

thiophenecarboxylate (CuTC) mediated reaction with aryl iodides (Scheme 1.18).73 The 

ligand–free catalyst system achieved excellent yields within average of six hours; although 

the use of high catalyst loading (12.5 mol%), high temperature of 100 °C, extremes in the 

isolation of the crude product from the solvent and the fact that the process is only applicable 

to expensive aryl iodides are amongst the shortcomings of the method.  It is assumed that the 

sterically bulky NHC-metal complexes incorporating environmentally benign metals like 

cobalt and nickel could remedy the limitations associated with the CuTC mediated and other 

similar catalyst system in achieving N-arylation of aniline. 
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H
N

R1

R2

R1

R2

NH2I
CuTC, NaOtBu, DMSO

100 oC,6 h, N2+

 

Scheme 1.18: CuTC catalyzed cross-coupling of aniline with aryl iodides. 

 

Cyclic amines with biological importance like the phenanthridines74  have recently been 

synthesized by transition metal-free cyclization arylation of aniline.75  The route allow for the 

one-pot synthesis of C6 phenanthridine derivatives by arylative cyclization of 2-

isocyanobiphenyls using aniline as inexpensive arylation agent to afford diversified C6-aryl 

phenanthridines in good to excellent yields (Scheme 1.19).  The reaction proceeds via a key 

biphenyl imidoyl radical intermediate formed by the addition of aryl radicals to 2-

isocyanobiphenyls.  The mechanism of the reaction also reveals a pathway involving single 

electron transfer (SET) of the biphenyl imidoyl radical to the corresponding nitrilium 

intermediate.  This is followed by electrophilic aromatic substitution (SEAr) as a competitive 

pathway to intramolecular homolytic aromatic substitution (HAS).76 Notable fact in this is 

process the great impact of the base in such arylation reactions as it is responsible for the 

deprotonation of the aniline and subsequent oxidative addition of the isocyanobiphenyl to 

achieve the synthesis of the polynuclear heterocyclic compounds.  

NC N Ph

NH2

R'

R''

;R

R''

BPO (2 mol%)
DMEDA (20 mol%)

NaOAc (1.1 mol%)

PhCF3, Argon, 70 oC, 3 h

t-BuONa++

BPO = benzoyl peroxide
DMEDA = N,N'-dimethyl ethylene diamine  

Scheme 1.19: Formation of phenanthridines by isocyanobiaryl insertion. 

 

HAS mechanism is believed to also prevail in the work of Zhu and co-workers77 which was 

published almost simultaneously as the above.  In contrast to the inert conditions and metal-

free catalytic system employed by the latter, the former efficiently achieved the formation 

with oxygen as the oxidant and provided a new approach to synthesis of phenanthridine 
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derivatives by utilizing readily available 2-aryl anilines with isocyanides.  Notable 

observation is the effect of a cobalt-catalysed system to facilitate an alternative use of 

isocyanides instead of 2-isocyanobiaryl with different radical precursors (Scheme 1.20). 

NH2

N
H

N N
H

C N R

0

Co(III)L

N R

Co(acac)2
Co(II)L

N
H N R

R

HAS

 

Scheme 1.20: Mechanism for the formation of Phenanthridines by isocyanide insertion 

 

1.10 Summary, perspectives and conclusion 
 

The chemistry of chelating N-heterocyclic carbene ligands and their complexes with late 

transition metals: cobalt and nickel has been reviewed.  The basic interest is in understanding 

of the chemistry behind their high sigma donating ability, tunability and greater stability 

associated with metal complexes with such ligands in homogeneous catalysis. 

Various synthetic routes used for the formation of the complexes, ranging from simple 

deprotonation of the azolium proton of the NHC salt precursors by simple bases to 

transmetalation of Ag-NHC complexes of the desired ligand and direct metalation with metal 

acetates, alkoxides or transition metal bis-(trimethylsilyl) amides has been presented.  Choice 

of base for deprotonation is important and best result is obtained with butyl lithium or alkali 

metal bistrimethylsilazides.  Harsh bases like t-BuOK and t-BuONa have been reported to in 

some cases attack other acidic protons on the ligand precursor thereby given rise to 

unidentifiable products.  Where the geometry of the complex is important in directing 

catalytic activity, transmetalation via initial Ag-NHC complex is best suited for obtaining cis-

geometry round the metal centre. 

Most of these complexes of Ni and Co are paramagnetic, such that obtaining resolved NMR 

spectra is in most cases difficult.  The poor solubility in most solvents exhibited by the 
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complexes and/or longer relaxation times gave rise to poor or broad NMR spectra.  Solid 

state structures of the complexes usually gave distorted geometrical structures of the 

chelating ligand around metal centres.  This greatly influences stability of the complexes 

towards decomposition in catalytic reactions and on the other hand, hemi-labile ligands allow 

the creation of a vacant coordination site for the oxidative addition of the substrate within the 

catalytic cycle. 

Structural versatility, ease of functionalization, chirality, water solubility and chelating effect 

of the NHC ligands have made them not only viable substitutes but better alternatives to 

phosphines.  The wide use of the ligands on their own, complexed with transition metals or in 

in situ generated catalyst systems has been documented in many applications of 

homogeneous catalysis.  But despite all the excellent catalytic advantages, to the best of our 

knowledge there is no reported case where chelating ‘pincer’ and functionalized NHC have 

been used as catalysts in N-arylation of aniline with aryl halides.  It is expected that since 

Ni(0)NHC catalyzed N-mono arylation of aryl diamine with aryl halides is facile at 65 °C in 

THF,62b similar or better results could be obtained by using the excellent tuneable property of 

the NHC ligand in their pincer or functionalized NHC-Metal complexes, or in situ generated 

catalyst system with cobalt or nickel to achieve N-arylation of aniline with a wide range of 

aryl chlorides or iodides under milder conditions and low catalyst loading. 

We believe that with the trend in making catalyst systems based on environmentally benign 

metals like cobalt or nickel, much use and opportunities are still yet to be explored with 

chelating NHC complexes of such metals.   

1.11 Aims of this project 
 

The main aims of this work include the synthesis of novel chelating and functionalized N-

heterocyclic carbene complexes of cobalt and nickel and an investigation of their catalytic 

abilities. The ligands were designed with the aim of combining structural features that could 

lend advantages in catalysis. These include abilities of chelation, tunability and hemilability. 

In summary, the aims of this project include: 

-Synthesis of NHC ligands with pyridine backbone and N-substituted imidazole as the 

source of carbene and fully characterise the new ligands and complexes. 
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-Exploration of the potential for steric and electronic tunability property of the NHC 

ligands for supporting organic catalysis in amination reactions.  

-Investigation of the possible hemilability of the substituted functionalized NHC 

ligands in metal complexes which is useful during catalysis of organic substrate. 

-Whenever possible, to incorporate and explore advantages of green chemistry. 
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Improved methods for the synthesis and isolation of imidazolium based 
ionic salts1 
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Abstract 

Solvent-free reactions were used for the synthesis of a series of imidazolium-based ionic 
salts: 3,3′-[pyridine-2,6-diylbis(methylene)]bis(1-R-1H-imidazol-3-ium)chloride; (R=methyl, 
ethyl, butyl, isobutyl, hexyl, and benzyl). A simple and effective filtration process was used 
to isolate all the products in high purity and with yields >93% within a 24 h period. The 
highly pure ionic compounds which are precursors to N-heterocyclic carbene ligands used in 
catalysis were fully characterized as gray-white hygroscopic salts. 

 
Keywords: 
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The isolation of the first stable carbene by Arduengo1 paved the way to the use of ionic 

imidazolium salts as cheap and affordable sources of N-heterocyclic carbene (NHC) ligands, 

and when appropriately constituted, they also serve as convenient sources of ionic liquid (IL) 

solvents.  On the one hand, the detailed spectroscopic and structural studies of NHC ligands 

supported by their excellent coordinating ability2 have made them credible alternatives to 

phosphines in organometallic chemistry and catalysis3 while on the other hand, the unique 

physical and chemical properties of IL solvents, which include low melting points (usually 

below 100 °C) accompanied by high thermal stability, wide electrochemical windows, 

negligible vapour pressures, high viscosity, non-volatility and non-flammability distinguish 

them from traditional organic solvents.4  In metal-free catalysis,5 imidazolium salts have 

created a niche as highly effective catalysts and initiators in the synthesis of quinoxaline 

derivatives6 and in the hydrogenation of ketones to alcohols,7 while they also effect C-

                                                           
1 Published as Tetrahedron Letters 55 (2014) 6351-6353. http://dx.doi.org/10.1016/j.tetlet.2014.09.116 
Also presented as an oral paper at the International Conference on Coordination Chemistry (ICCC 41st), 
Singapore. 20-25 July, 2014. 

http://dx.doi.org/10.1016/j.tetlet.2014.09.116
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metalation of nicotinamide groups on hydride ion uptake.8  In addition, they exhibit 

biological and antimicrobial activities.9  More importantly, when coupled to metal ions, their 

complexes have found use as catalysts in a wide range of applications such as C–S 

coupling,10 hydrovinylation,11 olefin metathesis,12 hydrogenation of ketones to alcohols,13 

oxidation of alcohols to ketones,14 hydrosilation of amides to amines and nitriles,15 and in 

Heck reactions.16  This wide diversity of features which includes their ability to be 

functionalized, immobilized, made hydrophilic, chiral, or chelating has influenced their 

applications and those of the metal complexes generated from them.17  Of particular interest 

to catalysis is the pincer form of the NHC ligand characterized by multiple binding to metal 

centres and the ability to stabilize various stages of active species in a catalytic cycle. In this 

study, various pincer imidazolium salts with potential to serve as sources of pincer NHC 

ligands are reported.  The novelty of our study is not in the nature of the salts (a few variants 

of which are known), but in the simple and effective technique used for their synthesis and 

isolation in excellent yields. We report herein a simple and quick throughput technique for 

the isolation of high purity NHC precursors that will be, we suggest, universally applicable to 

a wide variety of salt formulations. 

 

Typically, the synthesis of pincer CNC ligands (Scheme 2.1) has been achieved through the 

use of organic solvents such as N-methyl-2-pyrrolidone, 1,4-dioxane or tetrahydrofuran 

(THF),11 which are highly detrimental to the environment.  In addition, it has been well 

established18 that with such synthetic routes the reactions progress rather slowly, often over 

several days and at high temperatures. There is also the potential for side reactions that often 

result in diminished yields and contaminated products requiring even more post-reaction 

treatment for their purification.  The common practice still employed by many researchers 

today for the synthesis of NHC ligand salt precursors is the quaternization (functionalization) 

of an imidazole N-position with suitable alkyl/aryl halides in an appropriate solvent; usually 

an aprotic solvent. A reaction conducted by this route usually takes several days and only 

proceeds under high temperatures (solvent reflux). Examples include reports by Nielsen,16 

Serra11 and Crabtree.18 Essentially, there are two main issues that we addressed: 

 

i. Using a high yielding and efficient synthetic procedure as an improvement over 

currently available methods. 

ii. Developing a simple, non-complicated means of isolating the products in pure form. 
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2.9:   R= -CH2H3
2.10: R= -(CH2)3CH3
2.11: R= -CH2CH(CH3)2
2.12: R= -(CH2)5CH3
2.13: R= -CH2C6H5  

Scheme 2.1: Synthetic route to compounds 2.8–2.13. 

 

In this Letter, we have addressed the points raised above by using a solvent-free technique for 

the synthesis of several pincer NHC salts and utilizing the acidic nature of silica to 

temporarily adsorb the salts 2.8–2.13, thereby resulting in a simple but effective purification 

protocol. The method allows for the synthesis (and high isolated yields) of NHC ligand 

precursor salts with a chelating CNC donor architecture built around a lutidine backbone. It 

must be noted at this stage that ours is not the first attempt at utilizing solvent-free techniques 

for the synthesis of ionic liquids and salts.  In fact, Youngs and co-workers19 have applied 

this method to obtain pincer NHC ligands, which were later complexed to silver and 

transmetalated to rhodium and palladium. However, our approach is a significant 

improvement over previously reported methods in terms of quick throughput, isolated yields, 

and the purity of products. The major point of divergence is that most previous methods 

eventually relied on slow precipitation of the final product from an organic solvent which can 

often take days to achieve; an example is acetone over 48 h in Youngs’ method. This 

methodology leads to lower yields as compared to the modified strategy we have developed 

which reduced significantly the total reaction time to just 16–24 h. Table 2.1 shows a 

comparison with reported procedures, where compounds 2.9, 2.11, 2.12, and 2.13 have not 

been previously reported. 
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Table 2.1: Comparison of isolated yields for compounds 2.8―2.13 

Compound Our work  Other studies for comparison 

 Conditions Yield (%)  Conditions Yield (%) 

2.8 SF 95  RD11 85 

2.9 SF 94  NC - 

2.10 SF 94  SFY19 85 

2.11 SF 94  NC - 

2.12 SF 80a  NC - 

2.13 SF 94  NC - 

NC = New compound, not previously reported. 
 RD = 1,4-dioxane as solvent; 100 °C, 12 h, precipitated from MeOH/Et2O, 0 – 5 days. 
 SF = Solvent-free, 60 °C, 16 h, purified via trapping with silica, obtained as MeOH eluent. 
 SFY = Solvent-free, 60 °C, precipitated from acetone, 2 d. 
a Reactants 2.5 & 2.7 are in a 3:1 mole ratio.  
 

The starting materials, N-substituted imidazoles 2.1–2.5 were synthesized at room 

temperature by adaptation of the method of Starikova et al.,20 while benzyl imidazole 2.6 was 

synthesized by a modification of the method of Corberán et al.21 In the synthesis of the 

imidazolium pincer compound, all the salts were isolated within 24 h as pure, hygroscopic 

materials. The pure ionic salts were characterized by NMR, IR, and high resolution MS. As 

the salts are highly hygroscopic and quickly absorbed varying amounts of water, it was 

impossible to obtain consistent CHN analysis data, but the neat NMR spectra and HRMS 

analyses confirmed isolation of high purity compounds. 

 

The reactants [N-substituted imidazoles 2.1–2.6 and 2,6-bis(chloromethyl) pyridine (2.7), in 

2:1 mole ratio] were mixed neat at room temperature.22 With gentle stirring, the reaction flask 

was gradually brought to 60 °C over about 20 min, and by this time the contents of the 

reaction flask had melted to a colourless liquid which was kept at the same temperature for a 

further 16 h. With the exception of 2.13, a change in color from colorless to gray or the 

formation of a very viscous crude product indicated completion of the reaction.  In the 

synthesis of 2.13 however, progress and reaction completion was observed as a gradual 

change in color from light yellow to gray. It is important at this stage to emphasize that if not 

for the continued sublimation of 2.7, up to 100% conversion and yield was possible via this 

method.  This could have meant no further purification was necessary, but as shown in Table 

2.1 yield of 95% was the highest isolated in this study.  After analysis of the crude product 
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using thin-layer chromatography (TLC) with 100% ethyl acetate as the mobile phase, we 

observed the unreacted N-substituted imidazole 2.1–2.6 with Rf values that varied from 0.48 

to 0.75, while traces of unreacted 2.7 moved with the solvent front.  Most importantly, the 

salt products 2.8–2.13 were immobilized onto the TLC plate and only became mobile (Rf 

value = 0.20) when the solvent system was switched to 100% methanol. Based on this 

observation, we attempted separating the residual unreacted starting materials from the 

product by direct extraction with the ethyl acetate, but realized that some of the salt products 

were also extracted along with the starting materials, which led to diminished isolated yields. 

Hence we used a short plug (about 3 cm thick) of silica in a glass column to temporarily 

immobilize the product, thereby enabling removal of unreacted starting materials with ethyl 

acetate. We believe the basic salts were immobilized on to the acidic silica via the 

imidazolium nitrogen in products 2.8–2.13 and depending on the solvent system, the 

temporary immobilization can be weakened and eventually the salts were obtained in pure 

form as methanol eluents. Essentially this is a quick throughput column filtration system 

based on solvents that are environmentally friendlier than in any system used prior to this. 

The salts so obtained needed no further purification (confirmed by NMR) before further 

applications such as use as an IL or as a source of an NHC ligand.  However when required, 

recrystallization from a dichloromethane/hexane mixed solvent system yielded hygroscopic 

crystals of 2.8–2.13.  After several attempts at adopting published methods, it is worth noting 

that this new isolation method is now standard in our laboratories and has been adapted to the 

synthesis of a wide variety of substituted imidazolium salts, including those based on the 

triazole moiety, with appreciable success.  

 

Characteristic signals of the imidazolium salts were observed in the NMR spectra of the 

salts,2b,21 within the ranges 9–9.9 and 153–160 ppm for 1H and 13C NMR data, respectively. 

The downfield singlet in the 1H NMR and the far downfield imidazolium NCHN (C2) carbon 

peaks suggest formation of the salts. The ATR-FTIR spectra identified all the expected 

functional groups, that is, aryl C=C, C-N and C-H sp3 stretching vibrations,21 while further 

analysis by high-resolution MS confirmed formation of the salts in pure form. The HRMS 

(TOF-MS ES+) of all the salts exhibited peaks due to the molecular ion with the loss of one 

chloride ion. The found values are all within the acceptable limits (0.003 m/z units) of the 

calculated values of the parent-derived ion peak. All the solid salts showed narrow melting 

point ranges within expected limits of their molecular composition and were comparable to 

related published data. 
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Salt 2.8 was obtained as a white hygroscopic powder, while 2.9, 2.10, 2.11, and 2.13 were 

hygroscopic gray-white solids and 2.12 was a colorless, hygroscopic, jelly-like substance. 

With the exception of 2.12, all the other salts were obtained in excellent yields higher than 

92%. The lower yield of 2.12 could be associated with the flexibility of the longer alkyl side 

chain, which reduced the rate of coupling of the N-imidazole 2.5 with 2,6-

bis(chloromethyl)pyridine (2.7). Many attempts at the synthesis of 2.12 based on the default 

molar ratio and conditions used for the other salts resulted in low yields being recorded, but 

when the ratio of 2.5 was trebled, the yield almost doubled to 80%. 

 

In conclusion, we have developed a generic strategy applicable to the synthesis of a wide 

variety of imidazolium-based ionic salts in a safe and controlled manner that is easy to 

adapt.22 The method is high yielding and environmentally benign because it is based on a 

solvent-free technique. The acidity of silica gel was employed for trapping the salts and 

aiding their isolation in high purity within reasonable time frames. The method reported here 

significantly reduces the reaction time, decreases the severity of the reaction conditions, 

eliminates the use of eco-unfriendly solvents and makes viable the preparation of ionic salts 

in a rapid and reproducible manner. The synthetic route is not only suitable for the aryl and 

alkyl substituted compounds reported herein, but is robust enough to tolerate a wide variety 

of functional groups and is important because the system improves on all the limitations 

highlighted in previously employed strategies for the synthesis of, especially, pincer NHC 

ligand precursors. 
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22.  A typical experimental procedure is described: N-substituted imidazole 2.1–2.6 (1  
 mmol equiv) and 2,6-bis(chloromethyl)pyridine (2.7) (0.5 mmol equiv for each  
 compound, mp 73–78 °C; Aldrich) were mixed with gentle stirring under inert  
 conditions in a 50 ml round-bottom flask. The temperature was gently raised to 60 °C  
 giving a molten substance that was allowed to continue stirring for 16 h at 60 °C. The  
 resultant gray or light brown crude solid was allowed to cool to room temperature and  
 loaded onto a short plug of silica gel.  Unreacted starting materials were eluted with  
 EtOAc while the product salts were obtained (Rf = 0.20) as MeOH (100%) eluents.  
 The solvent was removed under reduced pressure to yield the pure imidazolium salt  
 2.8–2.13. 
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2.4 EXPERIMENTAL SECTION 
 

2.4.1 General  
 

All reactions except the synthesis of the N-substituted imidazole 2.1-2.6 are done under inert 

conditions (nitrogen atmosphere) using standard Schlenk techniques.  Reaction solvent for 

2.1-2.6 is DMSO (Aldrich) used as obtained and all glassware were oven dried at 110 °C.  

While other solvents like dichloromethane, hexane, methanol, ethyl acetate are analytical 

grade; properly distilled and dried using standard techniques prior to use.  Imidazole, 2, 6-

dichloro lutidine 2.7, deuterated solvents and KOH were purchased in reagent grade purity 

from Aldrich or Fluka and are used as obtained.  Infrared spectra were recorded by a 

PerkinElmer universal ATR Spectrum 100 FT-IR spectrometer. 1H and 13C spectra were 

recorded on NMR 400 MHz Bruker Ultra shield spectrometer and samples were dissolved in 

deuterated methanol (CD3OD) or DMSO-d6.  All chemical shift values (in ppm) are recorded 

and reported relative to solvent peak in both the 1H and 13C spectra.  High resolution mass 

spectrometry was recorded on Waters Micromass LCT Premier TOF MS (ES+ or ES-).  

N-benzyl imidazole (2.6).  Imidazole (0.010 mol, 0.680 g) was stirred at room temperature 

with KOH (0.015 mol) in DMSO (25 ml) for 2 h.  Benzyl bromide (Aldrich, 98% assay, 

1.436 gcm-3, 0.010 mol, and 1.2 ml) was then added drop wise at 100 °C and refluxed for 24 

h while maintaining the temperature.  Chilled distilled water was used to wash and dilute to 

neutral and organic component extracted with DCM/CHCl3 (6 x 10 ml).  The organic layer 

was then dried with anhydrous MgSO4 and concentrated under vacuum yielding orange-

brown crude purified via column chromatography.  Pure N-benzyl imidazole; (Rf value 0.48 

in ethyl acetate) was obtained as DCM (100%) eluent.  Yield: yellow viscous oil that dried to 

give white solid; 0.948 g, 60%;  m.p. 67-69 °C (68-70 °C lit); δH (400 MHz, DMSO-d6): 5.19 
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(2H, s, CH2), 6.96 (1H, s), 7.19 (1H, s), 7.27 (2H, d, J = 14.9 Hz), 7.29 (1H, d, J = 1.3), 7.34 

(2H, d, J = 7.6) and 7.79 ppm (1H; s); δC (400 MHz, DMSO-d6): 49.5, 119.5, 127.4, 127.7, 

128.6, 128.7, 137.4 and 137.7 ppm; IR (ATR cm-1): 3348 (broad, residual moisture), 3031 

(=C-H), 2929 (SP3 C-H), 1672 (C=N), 1454 (aryl C=C), 1075 (C-N medium) and 708 

(phenyl moiety); HRMS (TOF MS ES+): C10H11N2
+  calculated 159.0922, found 159.0925.  

2.4.2 Bis alkyl imidazolium salts 2.8-2.13 
 

A generic experimental procedure is described: N-substituted imidazoles 2.1-2.6 (1 mmol 

equivalent) and 2,6-bis(chloromethyl)pyridine 2.7 (0.5 mmol equivalent for each compound, 

m.p 73-78 oC; ALDRICH) were mixed together under inert condition in a 50ml round bottom 

flask with gentle stirring.  The temperature was then gently raised to 60 °C; giving a molten 

substance that was allowed to continue stirring for 16 h at 60 °C.  The resultant grey or light 

brown crude solid was allowed to cool to room temperature and loaded onto a short plug of 

silica. Unreacted starting materials are rinsed-out with ethyl acetate while the salts were 

obtained (Rf value 0.01) as methanol (100%) eluents.  Solvent is then removed under reduced 

pressure to yield pure imidazolium salts 2.8-2.13.  

For practical purpose; a column (3 cm diameter) is packed with a short plug of silica (about 3 

cm high from the tap) using dry hexane.  A mixture of the crude salt with dry silica (1:1 ratio) 

was then loaded into the column so that it lay on the short plug of silica already in the 

column.  The set-up is then eluted first with dry ethyl acetate to remove any stating material 

(TLC was used to monitor progress).  The salt product was then obtained in pure form by 

elution with dry methanol and concentrated. Recrystallization of the salts was carried out 

with DCM/hexane. Characterization data are presented below. 
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3,3′-(pyridine-2,6-diylbis(methylene))bis(1-methyl-1H-imidazol-3-ium) chloride (2.8).  

N-methyl imidazole 2.1 (0.21 g, 2.50 mmol) and 2,6-bis(chloromethyl)pyridine 2.7 (0.22 g, 

1.25 mmol; m.p. 73-78 °C; ALDRICH) were used.  Yield: grey-white hygroscopic powder; 

0.41g, 95%;  δH (400 MHz, MeOD): 4.04 (2x3H, s, CH3), 5.62 (2x2Hlutidine, s, CH2), 7.58 

(2x1Hlutidine, d, J = 7.7 Hz), 7.69 (2x2H, s, –CH=CH imidaz), 7.92 (1H, t, J = 7.7 Hz, CHlutidine) 

and 9.43 ppm (2x1H, s, N-CH-Nimidaz); δC (400 MHz, MeOD): 36.8 (CH3), 54.4 (CH2), 123.8, 

124.6, 138.8, 140.4 and 154.9 ppm (NCN); IR (ATR cm-1): 3381 (broad, residual moisture), 

2996 (=C-H), 3017(SP3 C-H), 1570 (C=N), 1441 (aryl C=C), 1170 (C-N medium) and 

621(aryl). HRMS (TOF MS ES+): C15H19ClN5
+ calculated 304.1329, found 304.1321. Further 

analytical data match available literature data. 

3,3′-(pyridine-2,6-diylbis(methylene))bis(1-ethyl-1H-imidazol-3-ium) chloride (2.9).  N-

ethyl imidazole 2.2 (0.24 g, 2.50 mmol) and 2,6-bis (chloromethyl)pyridine 2.7 (0.22 g, 1.25 

mmol; m.p. 73-78 °C; ALDRICH). Yield: milky-white hygroscopic solid; 0.43 g, 93.5.7%; 

m.p. 268-270 °C; δH (400MHz, MeOD): 1.46 (2x3H, t, J = 7.3 Hz, CH3), 4.23 (2x2H, q, J = 

7.2 Hz, CH2), 5.47 (2x2H, s, CH2lutidine), 7.39 (2x1Hlutidine, d-d, J = 7.7 Hz), 7.60 (2x2Himidaz, 

s, -CH=CH), 7.79 (1Hlutidine, t, J = 7.7 Hz) and 9.13 ppm (2x1Himidaz, s, N-CH-N); δC (400 

MHz, MeOD): 15.7 (CH3), 46.2 (CH2), 54.7 (CH2 lutidine), 123.4, 124.4, 140.2, 154.2, 155.4 

and 158.8 ppm (NCN); IR (ATR cm-1): 3327 (broad, residual moisture), 3131(-NR-), 3061( 

SP3 C-H),  1593 (C=N), 1458 (aryl C=C) and 1160 (C-N medium). HRMS (TOF MS ES+): 

C17H23ClN5
+ calculated 332.1642, found 332.1645. 

3,3′-(pyridine-2,6-diylbis(methylene))bis(1-butyl-1H-imidazol-3-ium) chloride (2.10).  N-

butyl imidazole 2.3 (0.31 g, 2.5 mmol) and 2,6-bis (chloromethyl)pyridine 2.7 (0.22 g, 1.25 

mmol; m.p. 73-78 °C; ALDRICH) were mixed together. Yield: whitish-grey higly 

hygroscopic solid; 0.4986 g, 93.01%; m.p. 219-221 °C (220 °C lit); δH (400 MHz, MeOD): 

1.01 (2x3H, t, J = 1.3, CH3), 1.40 (2x2H, m, CH2), 1.93 (2x2H, q, J = 8.2 Hz), 4.31 (2x2H, t, 
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J = 3.5 Hz), 5.59 (2x2Hlutidine, s), 7.55 (2x1Hlutidine, d, J = 6.6 Hz), 7.68 (2x1H, imidaz –CH=, 

d, J = 1.9 Hz), 7.74 (2x1H imidaz =CH-; J = 1.9 Hz), 7.92(1Hlutidine, t, J = 7.9 Hz) and 

9.25ppm (2x1Himidaz, s, N-CH-N); δC (400 MHz, DMSO-d6): 13.2 (CH3), 18.7 (CH2), 31.3 

(CH2), 48.5 (CH2), 52.6 (CH2 lutidine), 122.1, 123.2, 136.8, 137.9, 138.9 and 153.6 ppm 

(NCN);   IR (ATR cm-1): 3360 (broad, residual moisture), 3060 (-NR-), 2958 ( SP3 C-H),  

1594 (C=N), 1458 (aryl C=C) and 1159 (C-N medium). HRMS (TOF MS ES+) C21H31ClN5
+ 

calculated 388.2268, found 388.2265.  Further analytical data match reported literature data.  

3,3′-(pyridine-2,6-diylbis(methylene))bis(1-isobutyl-1H-imidazol-3-ium) chloride (2.11).  

Isobutyl imidazole 2.4 (0.31 g, 2.50 mmol) and 2,6-bis(chloromethyl)pyridine 2.7 (0.22 g, 

1.25 mmol; m.p. 73-78 °C; ALDRICH) were mixed together.  Yield: grey-white waxy 

hygroscopic solid, 0.499 g, 93.6%; m.p. 197-199 °C; δH (400 MHz, MeOD): 0.89 (2x3H, d, J 

= 6.6 Hz), 2.11 (2x1H, m, ), 4.01 (2x2H, d, J = 7.3 Hz), 5.49 (2x2Hlutidine, s), 7.41 

(2x1Hlutidine, d-d, J =12.7Hz),  7.61(2x2H imidaz , =CH-CH, d, J = 1.8 Hz), 7.81 (1Hlutidine, t, J 

= 7.8 Hz) and 9.14 ppm (2x1Himidaz, s, N-CH-N); δC (400 MHz, MeOD): 19.7 (CH3), 20.6 

(CH), 54.5 (CH2), 57.8 (CH2 lutidine), 121.3, 122.6, 123.1, 123.5, 138.9 and 152.5 ppm 

(NCN); IR (ATR cm-1) 3304 (broad, residual moisture), 3071(-NR2 ), 2996 (=C-H),  2874( 

SP3 C-H),  1594 (C=N), 1452 (aryl C=C) and 1159 (C-N medium). HRMS (TOF MS ES+): 

C21H31ClN5
+ calculated 388.2268, found 388.2260.    

3,3′-(pyridine-2,6-diylbis(methylene))bis(1-hexyl-1H-imidazol-3-ium) chloride (2.12).  N-

hexyl imidazole 2.5 (0.38 g, 2.50mmol) and 2,6-bis (chloromethyl)pyridine 2.7 (0.22 g, 1.25 

mmol; m.p. 73-78 °C; ALDRICH) were mixed.  Yield: colourless jelly salt, 0.325 g, 54%;     

δH (400 MHz, MeOD): 0.82 (2x3H, t, J = 6.4 Hz, CH3), 1.26 (2x3x2H, m), 1.81 (2x2H, q, J 

= 13.1 Hz, CH2), 4.16 (2x2H, t, J = 6.2 Hz, CH2), 5.47 (2x2Hlutidine, s, CH2), 7.39 

(2x1Hlutidine, d, J = 6.0 Hz), 7.45 (2x2Himidaz s, =CH-CH)), 7.80 (1Hlutidine, t, J = 19.5 Hz), and 

9.11 ppm (2x1Himidaz, s, N-CH-N); δC (400 MHz, MeOD): 14.3 (CH3), 23.5 (CH2), 26.9 
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(CH2), 31.1 (CH2), 32.3 (CH2), 54.6 (CH2), 65.7(CH2), 123.7, 139.7, 153.5, 154.2, 155.0 and 

158.8 ppm (NCN);   IR (ATR cm-1): 3354 (broad, residual moisture), 3147(-NR-), 2929 (SP3 

C-H),  1595 (C=N), 1458 (aryl C=C) and 1093 (C-N medium). HRMS (TOF MS ES+): 

C25H39ClN5
+ calculated 444.2894, found 444.2886. 

3,3′-(pyridine-2,6-diylbis(methylene))bis(1-benzyl-1H-imidazol-3-ium) chloride (2.13).  

N-benzyl imidazole imidazole 2.6 (0.39 g, 2.50 mmol) and 2,6-bis(chloromethyl)pyridine 2.7 

(0.22 g, 1.25 mmol; m.p. 73-78 °C; ALDRICH) were mixed together in an inert condition in 

a 50ml round bottom flask with gentle stirring.  The temperature was slowly raised to 65 °C; 

yielding a light yellow molten substance which was  allowed to continue stirring for a further 

16 h at 60 °C.  The resultant light brown crude solid was loaded onto the short plug of silica 

to remove any unreacted starting materials with methanol/ethyl acetate (1:9) while the salt 

2.13 was obtained as methanol eluent. The eluent was concentrated under reduced pressure to 

yield a milky-white hygroscopic solid.  Yield: 0.584 g, 94.2%; m.p. 295-297 °C; δH (400 

MHz, DMSO-d6): 5.61 (2x2x2H, s, CH2 benzyl & lutidine), 7.40 (2x3H, m, aryl protons, ), 7.52 

(2x3H, m, aryl protons, 7.82 (2x2Himidaz, d, J = 1.8 Hz, -CH=CH), , 7.94 (1Hlutidine , t, J = 7.8 

Hz) and 9.89 ppm (2x1Himidaz, s, N-CH-N); δC (400 MHz, DMSO-d6): 51.7 (CH2 benzyl), 

52.6 (CH2 lutidine), 122.1, 122.2, 123.5, 128.1, 128.4, 128.7, 135.1, 137.1, 138.8 and 153.6 

ppm (NCHN); IR (ATR cm-1): 3364 (broad, residual moisture), 3051(tertiary amine), 2996 

(=C-H), 1559 (C=N), 1456 (aryl C=C), 1025 (C-N medium) and 711 (phenyl).  HRMS (TOF 

MS ES+): C27H27ClN5
+ calculated 456.1955, found 456.1946.  
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3 Chapter three 

Air stable pincer (CNC) N-heterocyclic carbene-cobalt complexes and 
their application as catalysts for C-N coupling reactions 

 

Halliru Ibrahim, Muhammad Dabai Bala 

School of Chemistry and Physics, University of KwaZulu-Natal, Private Bag  X54001, 
Durban 4000, South Africa 

Abstract  

Two new pincer (CNC) NHC-Co complexes: 3,3′-(dimethylimidazolin-2-ylidene)lutidine 
chlorocobalt(II) hexafluorophosphate, 3.3a and 3,3′-(dibenzylimidazolin-2-ylidine)lutidine 
chlorocobalt(II) hexafluorophosphate, 3.3b were synthesised in good yields via 
transmetalation of the corresponding Ag-NHC complexes.  Spectroscopic analyses (1H, 13C, 
31P, FT-IR) and analytical techniques (melting point, MS-ES+) were used to characterize the 
complexes.  3.3b showed distinct paramagnetic properties as observed from its 1H NMR data.  
Magnetic measurements indicated it has a susceptibility of 4.12 μB, consistent with three un-
paired electrons for high spin paramagnetic species.  Both complexes showed excellent 
activity in catalysing the C-N coupling of aryl halides with primary aryl amines to yield 
desired secondary aryl amines in good to excellent isolated yields.  

Keywords  

Pincer NHC, Paramagnetic, arylation, C-N coupling, Isolated yield. 

3.1 Introduction  
 

Isolation of the first stable carbene1 paved the way to growing the interest on synthetic and 

catalytic importance attached to the combination of heterocyclic compounds and pincer 

architecture.2  Although they come in various ligand frame works;3 the excellent thermal 

stability of pincer NHCs and their profound ability to stabilize metal centres make them 

credible alternatives to traditional ligands such as  phosphines and amines in complexes that 

are used as catalysts in homogeneous catalysis.4  Such pincer NHC-metal complexes activate 

the formation of a variety of carbon-element bonds of wide synthetic and catalytic 

importance via mechanisms characterised by conventional two-electron oxidative addition-

reductive elimination pathways.5  Many reports have been published on pincer phosphines 

                                                           
* Prepared for submission to Journal of Organometallic Chemistry 
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and amines in the forms of PNP, CNN and NPN donor atoms.6  Although, those containing 

pincer carbene in the form of CCC or CNC are quite rare,7 they do offer greater advantage 

than N- or P- donors and are more tightly bounded to the metal.7a  These unique properties 

and consequent excellent catalytic activities of pincer carbenes have been reported in books2 

and a number of reviews,8 although most have been in their complexes with exotic metals 

like palladium, ruthenium platinum, iridium etc.  A recent development in the field of 

homogeneous catalysis is the desire to develop catalytic system based on cheap, earth 

abundant, affordable and environmentally benign metals like cobalt, nickel and iron; which 

could still offer high activities in organic transformations comparable to those of platinum 

group metals.9 

Y ML1Xn

E

E Y=C, N, Si,.....hetero atoms
E=NR2, carbene, phosphine, etc.  

Figure 3.1: Generalized pincer architecture. 

 

In recent time, few Co-NHC complexes with pincer architecture  and their catalytic activity 

studies are reported.10   Such complexes have proven to be excellent catalysts in novel intra 

and intermolecular C-H bond activation11 and the polymerization of ethylene.12  Similarly, 

NHC complexes containing nickel has proven to activate Heck, Suzuki and Kumada-Tamao-

Corriu coupling reactions.  In this paper we report the synthesis of two new pincer (CNC) 

NHC-cobalt complexes; their mer or tridentate configuration is aimed at promoting excellent 

thermal stability and provide a desired steric property in the catalytic application of the 

complexes.  It is known that C-N coupling reactions especially, aryl C-N are very important 

as they are routes to the synthesis of important organic compounds with biological, industrial 

and pharmaceutical applications.5b, 13 This has prompted the development of many synthetic 

strategies for the formation of aryl carbon-aryl nitrogen bonds.14  Typical and pioneering 

strategies are those developed by Buchwald and Hartwig involving the use of NHC-Pd 

complexes or palladium(0) catalyst systems14a, 15 and copper mediated or copper catalyzed 

classical Ullman coupling reactions.16  The latter method proceeded under harsh conditions, 

long reaction times and required stoichiometric amounts of the copper catalyst.17  The desire 
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to go green and to alleviated all the short comings of these earlier coupling strategies have 

prompted chemists to seek alternatives for example using NHC-metal complexes of cheaper 

and environmentally benign metals like iron,18 and nickel19 in activating aryl C-N coupling.  

Despite the environmentally benign nature of cobalt and its salts and the rapid progress made 

in its use as catalysts for activating C-C coupling reaction;20 systems containing Co as the 

central metal in aryl amination catalysis are quite rare,21 and to the best of our knowledge 

those containing pincer NHC-Co complexes have not been reported.  Very recent works by 

Tan and co-worker21b have shown how facile it is to achieve amide nitrogen-aryl carbon bond 

coupling with simple cobalt oxalate; a strategy so green that it could be done in water.  

Unfortunately the method couldn’t activate direct aryl carbon-aryl nitrogen bond and when 

possible it was only with expensive aryl iodide. Other similar reported cases involved the use 

of combinations of CoCl2/phosphine to achieve cross coupling22 or Co(acac)2/1,10-

phenantroline to achieve intermolecular C-N and C-O coupling in the synthesis of 

benzimidazoles and benzoxazoles.23   

In this work, we assumed that the combination of steric bulkiness and high thermal stability 

of the pincer NHC ligand with cheaper and environmentally benign cobalt metal in NHC-

metal complexes could offer desirable catalytic advantages in homogeneous catalysis24 and 

greener alternatives to the use of PGMs.  We therefore report the synthesis of two new pincer 

(CNC) NHC-Co complexes 3.3a and 3.3b alongside a preliminary report on their application 

as catalysts in activating aryl C-N coupling reaction of aryl amines with aryl halides with low 

catalyst loading of 1 mol%. 

N

N N

N N

R R

Cl Cl
N

N N

N N

R R

N

N N

N N

R R

AgCl

ClAg
Co

Cl

1a: R=CH3

1b: R=CH2C6H5

2a: R=CH3 (79%)

2b: R=CH2C6H5 (68%)

3a: R=CH3 (82%)
3b: R=CH2C6H5 (59%)

i ii

PF6

i: Ag2O, 4Å molecular sieves, CH2ClCH2Cl, N2, reflux, 3 d; then extract with DCM.

ii: CoCl2(PPh3)2, DCM, 4Å molecular sieves, N2, stir rt, 48 h; then extract with MeOH, KPF6, N2, rt, 12 h.

 

Scheme 3.1:  Synthesis of pincer (CNC) N-heterocyclic carbene-cobalt complexes 3.3a 
and 3.3b 
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3.2 Results and discussion 

3.2.1 Synthesis and characterization of NHC-Co complexes 
 

The ligand precursor (3.1a: R=Me) was first reported by Hermann et al.25 and later by 

others.7a, 26   We recently reported a viable solvent free synthesis of both 3.1a and 3.1b 

alongside other imidazolium salts; incorporating an excellent filtration technique that use 

silica gel to purify the imidazolium salts as precursors of NHC ligands.27  The procedure 

alleviateds all the limitations associated with purification and isolation of imidazolium salts 

in previously reported methods.26a, 28  Figure 3.2 presents the ortep diagram of 3,3′-(pyridine-

2,6-diylbis(methylene))bis(1-methyl-1H-imidazol-3-ium) hexafluorophosphate, C1a which is 

an analogue of imidazolium salt 3.1a bearing a PF6
- , which confer the effect of counter ion 

on the stability of imidazolium salts to air.  Hence, stirring the methanol solution of 3.1a with 

2 mole equivalents of KPF6, led to anion metathesis of the chloride counter ions to yield air 

stable pale brown microcrystals of C1a as previously reported for similar moisture sensitive 

imidazolium salts.29  The crystals for C1a were obtained by slow diffusion of DCM into 

methanol solution of the salt (selected bond lengths and angles were presented in Table 

3.1).30 

 

Figure 3.2: Molecular structure of C1a with thermal ellipsoids drawn at the 50% 
probability level with hydrogen atoms omitted for clarity.  
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Initial attempts to metalate 3.1 via the free carbene route as employed for similar pincer NHC 

ligands failed.31  This could be associated with the relative acidity of the methylene protons 

on the lutidyl moiety which could be deprotonated in the presence of strong bases leading to 

decomposition or unidentifiable products.32  Basic metal oxide deprotonation of the 

imidazolium proton by Ag2O at room temperature followed by stirring with anhydrous cobalt 

salts as employed in a similar situation reported by Simons et al;28 resulted in isolation of the 

ligand precursors as observed with similar complexes based on PtCl2.26a  We were also able 

to isolate a metal anion complex 3,3'-(pyridine-2,6-diylbis(methylene))bis(1-benzyl-1H-

imidazol-3-ium) tetrachloridocobaltate(II) C1b  (as presented in Figure 3.3, with selected 

bond lengths and angles in Table 3.1);30 alongside the ligand precursor 3.1b while attempting 

the in situ transmetalation of Ag-NHC to Co using anhydrous CoCl2,33 a situation similar to 

the isolation of a co-crystal of the ligand and FeCl4 anion in an effort to metalate bulky 

imidazolium salts with FeCl2 via the free carbene route.34 

 

Figure 3.3: Crystal structure of C1b with thermal ellipsoids drawn at the 50% 
probability level with hydrogen atoms omitted for clarity. 

 

It is assumed that the steric bulk of the imidazolium salts in both cases hindered effective 
deprotonation of the imidazolium proton by basic Ag2O.32b  Our attempt to also achieve 
metalation via thermochemical metalation with basic Co(OAc)2 

35 resulted only in 
decomposition products due to the high temperatures used and the thermal sensitivity of the 
lutidyl methylene protons. 
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Table 3.1: Selected bond lengths (Å) and angles (°) for C1a and C1b 

C1a C1b 
 Bond lengths  Bond lengths 
C(1)-N(5)  1.3297(18) C(9)-C(10)   1.341(9) 
C(2)-N(5)   1.3417(18) C(11)-N(2) 1.459(8) 
C(6)-N(3)   1.4573(19) C(12)-N(3) 1.332(8) 
C(7)-N(1) 1.4721(18) C(16)-N(3) 1.342(8) 
C(12)-C(13)  1.347(2) C(19)-C(20)   1.348(9) 
 Bond angles  Bond angles 
N(5)-C(1)-C(5) 123.30(14) N(2)-C(8)-H(8) 125.1 
N(3)-C(6)-C(1) 111.06(12) N(3)-C(12)-C(13) 123.7(6) 
N(1)-C(7)-C(2) 112.15(12) N(4)-C(17)-C(16) 112.1(5) 
 

Eventually, selective metalation32b of the imidazolium C2 carbon with Ag was achieved by 

thermolytic basic deprotonation of the C2-bond proton with Ag2O in refluxing 1,2-

dichloroethane under an atmosphere of nitrogen and some 4Å molecular sieves; a method 

that has shown success with similar NHC ligand precursors.24, 36  The resulting pincer NHC-

Ag complexes (3.2a and 3.2b) were obtained in good yields.  They were subsequently 

transmetalated to cobalt to afford desired pincer NHC-Co complexes 3.3a and 3.3b in 

excellent yields.  Because of our previous failed attempts at metalating with Ag at room 

temperature; the success obtained in this case has confirmed that the reaction is temperature 

dependant.  The added molecular sieves absorbed any trace of moisture associated with the 

imidazolium salts which might likely hinder the formation of the complexes.  Furthermore, as 

the reaction is partially akin to a condensation reaction; the liberated water (which might 

reduce the yield by product hydrolysis) was absorbed onto activated 4Å molecular sieves to 

circumvent any side reactions.  We believe that the failure of the previous attempt at 

metalation via the free-carbene route might be partly due to the solvation of the base by the 

moisture associated with the imidazolium salts.  The refluxing condition also enhanced the 

absorptive ability of the molecular sieves and increased the rate of the reaction as compared 

to other reported cases.  Solvent plays an important role in chemical reactions by affecting the 

rate, yield and even the path of the reaction.  Some solvents act beyond solvation only but 

may also act as reagents, reactants or lead to alteration in the molecular structure of the 

product.  The use of solvents like DMSO, dioxane, methanol and DCM has not been 

successful in our quest to synthesize the chelating Ag-NHC complexes even when the 

reaction was conducted at reflux temperatures.  We do relate this failure to possible 
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selectivity associated with the pre-ligand and strength of the solvents to promote the reaction.  

The use of 1,2-dichloroethane as reported by Inamoto24  and Danopoulos36 has both led to the 

formation of the silver  complex and the subsequent metathesis of the counter ion from 

bromide to chloride in both cases.  This property is attributed to the polar nature of the 

halogenated solvent. 

Addition of a mixture of either 3.1a or 3.1b and 2 molar equivalents of silver(I)oxide to an 

oven dried Schlenk flask (cooled under nitrogen) charged with analytically grade 1,2-

dichloroethane afforded a mixture which was refluxed for 3 d in the absence of light.  At the 

end of the reaction time; the dark colour of silver oxide has faded and the resulting light 

yellowish brown or orange suspension was concentrated under reduced pressure.  The residue 

in either case was then extracted with DCM for 1 h, filtered through a bed of celite and 

concentrated to afford yellowish white microcrystals of 3.2a (79% yield) and an orange-

yellow air sensitive solid of 3.2b (68% yield).  Both Ag-NHC complexes have sharp melting 

points, 119―122 °C for 3.2a similar to reported literature,7b, 26b and 70―72 °C for 3.2b.  The 

absence of a distinct singlet peak of C2-H imidazolium proton at 9.43 and 9.80 ppm in the 1H 

NMR spectra of 3.2a and 3.2b respectively indicated successful deprotonation and formation 

of a Ag-NHC bond.37 The far down field signal at 179 ppm and 180 ppm in the 13C NMR 

spectrum of 3.2a and 3.2b respectively, which is characteristic of carbene (C2) carbon further 

confirmed metalation with silver.  The slight up-field shift of the methyl proton in 3.2a from 

3.8 to 3.7 ppm and the methylene in the lutidyl moiety from 5.6 in the salt to 5.4 ppm  as 

previously reported for similar NHC-Ag complexes29 was another evidence that the NHC-

silver complex was obtained. Contrary to reported cases of similar complexes8a, 24, 36 the up-

field shift could be attributed to the electron releasing effect due to the electron rich methyl 

group.   While on the other hand the almost coalesced methylene protons in both the lutidyl 

and benzyl moieties in 3.1b at 5.59 and 5.57 ppm27  distinctly split up in 3.2b and shifted 

slightly up-field to 5.31 and 5.20 ppm respectively.  Also, aromatic protons in the lutidyl, 

imidazoyl and the phenyl moieties have split into multiplet peaks when compared to the 

distinct signals observed in 3.1b.  In both 3.2a and 3.2b; the coupling splitting pattern of all 

the protons and their integration counts agree to that of the expected target silver-NHC 

complex.  Further characterization of the Ag-NHC complexes 3.2a and 3.2b confirmed the 

structural morphology of the complexes.  Both complexes showed similar TOF MS ES+ 

fragmentation patterns with distinct molecular ions [M+: M-AgCl], [M+: M-2AgCl] and [M+: 

M-2AgCl-R] respectively. 
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Transmetalation to the desired cobalt was achieved via a slight modification of reported 

literature methods.24, 36  Hence to a clear sky-blue DCM solution of CoCl2(PPh3)2  (metal 

precursor) was drop-wise added the DCM solution of either 3.2a or 3.2b.  This prompted the 

formation of dark green precipitates within light blue solutions.  The mixture was stirred at 

room temperature for 48 h.  This observation led us to assume that the cobalt-NHC complex 

was the precipitate that formed.  At the end of the reaction, the blue supernatant changed 

colour to slightly blue-brown while the green precipitate remained intact.  Filtration and 

washing of the residue with more DCM (till it became clear) and subsequent extraction with 

dry methanol afforded a brown suspension which was then filtered over a bed of celite to give 

an orange-brown methanol solution.  All volatiles were then removed under vacuum to afford 

air sensitive green microcrystals.  Preliminary observation and broad peaks in the 1H NMR 

data of the green microcrystals suggested formation of the cobalt complexes, which were 

distinct as compared to the intermediate Ag-NHC complexes.  Although, there is not much 

significant downfield shift in the two spectra; the two doublets representing the backbone 

protons in the imidazole moiety coalesced to a singlet in the cobalt complexes due to the 

higher symmetry of the molecules.  Free rotation of the sp3 methylene carbon in the lutidine 

moiety enhanced by the need to minimize bond-pair repulsion of the chloride ions in both 

3.2a and 3.2b is alleviated by the chelation of the dicarbene donors onto cobalt.  This mode 

of binding increased the symmetry of the expected distorted square planar geometry of the 

molecules, resulting in a singlet for the back-bone protons in the imidazolium moieties.  

In order to improve solubility and lower the oxophilicity of the complexes, anion exchange 

was conducted for the chloride counter ion with a bulkier group which also enabled easier 

characterization of the complexes.  To achieve this, into a methanol solution of the afforded 

air sensitive green microcrystals was added KPF6 and the mixture stirred at room temperature 

for 12 h.  The milky orange-brown suspension gradually turned into a clear orange-brown 

suspension which was filtered through a bed of celite and concentrated to give fine dark-

green, air stable cobalt complexes 3.3a (97% yield) and 3.3b (59% yield).  The 1H NMR 

spectra of these complexes are similar to their intermediates bearing the Cl- counter ion 

although much better resolved.  The peaks in 3.3b were broad; indicative of the paramagnetic 

nature of the complex, but all expected protons were accounted for.  The coupling 

multiplicity also confirmed the argument for increased symmetry in the molecule as depicted 

by the coalescing of the imidazole back-bone proton signals in both complexes.  The apex 

proton signal in the lutidyl moieties of both complexes splits into triplets, while the adjacent 
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proton in the lutidyl moiety of 3.3a gave a distinct doublet.  With the exception of the apex 

proton in 3.3b; all the aromatic proton signals have coalesced into a single multiplet.  

Integration did confirm the single triplet peak as the apex proton (1H) on the lutidyl moiety; 

while the coalesced multiplet accounted for 2x8H i.e. 2x5H (phenyl), 2x2H (imidazoyl C4 

and C5 protons) and 2x1H (lutidyl protons).  The two methylene groups in the benzyl and 

lutidyl moieties also appeared as singlet peaks at 5.26 and 5.36 ppm respectively; without 

much significant shift from the positions in the 1H NMR spectrum of the Ag-NHC 

intermediate (complex 3.2b).  The 13C NMR spectrum of 3.3a is quite resolved with a stump 

peak at 184 ppm accounting for the C2 carbene-cobalt.  However, the 13C NMR spectrum of 

3.3b was obtained with all carbons except the C2 (carbene–metal) fully accounted for.  This 

is usually related to the paramagnetic nature of such complexes and their longer relaxation 

times.31-32, 38 Measurement of saturation magnetization (Ms) was used to determine the 

magnetic susceptibility39 of 3.3b which confirmed the complex as a paramagnetic, high spin 

compound with magnetic susceptibility of 4.12 μB.  The value is consistent with three 

unpaired electrons for cobalt complexes in agreement with reported data for similar 

complexes.38, 40  All the displaced PPh3 were removed as DCM soluble components with the 

purity of the complexes confirmed by 1H and 31P NMR. The absence of a distinct peak at -6 

ppm in the spectra confirmed the complete removal of the PPh3 and presence of the PF6
- 

counter ion was also confirmed by the characteristic multiplet peak at -154 ppm in the 31P 

NMR spectra of the complexes.41 

A common feature in the 1H NMR spectrum of similar NHC-transition metal complexes with 

lutidyl moiety is the appearance of the methylene protons in the lutidyl backbone as a doublet 

of doublets (at 5.43 and 5.53 ppm) due to the diastereotopicity that results from the twisted 

conformation of such complexes.  This feature has been reported for analogous  pincer 

palladium,7, 36 platinum26b and nickel-NHC complexes.24  Although, we couldn’t report the 

crystal structural data of 3.3a and 3.3b; their 1H NMR spectra clearly indicated that the 

complexes are among a few exceptional cases whereby a characteristic twisted conformation 

is not observed.  Instead of appearing as doublet of doublets; the methylene protons of the 

lutidyl backbone in 3.3a and 3.3b appeared as broad singlets at 5.49 and 5.36 ppm 

respectively.  This phenomenon is similar to what was reported and fully explained by 

Gründemann et al.,7b using variable temperature studies. It was proposed that the methylene 

protons were involved in a dynamic atropisomerization process in all the three rings that 

generate the pincer architecture.  As described below (Scheme 3.2), the twisted conformation 
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usually adopted could be interconverted between the left and right hand twisted forms with 

corresponding chirality change in the complexes (structure A).  Only at a fast-rate exchange 

limit of inter-conversion is structure B (as in 3.3a and 3.3b) which has a C2v symmetry with 

equivalent lutidyl (methylene) protons observed. 
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3.3a:  R= CH3
3.3b:  R=CH2C6H5  

Scheme 3.2: Limiting structures of the atropisomerization for 3a and 3b in solution and 
their corresponding Newman-projection formula along Co-N bond as adapted from 
Gründemann et al.7b 

 

Both 3.3a and 3.3b showed very high melting point/decomposition temperatures ≥ 230 °C, 

typical of pincer NHC-metal complexes.  Their TOF MS-ES+ fragmentation spectra gave 

similar fragmentation patterns with molecular ions characterized by a Co2+ centre with the 

loss of (Cl- and PF6
- counter ion) [M2+: M-Cl-PF6]. This is followed by the loss of the Co2+ 

ion to generate an ionic dimer of the resulting carbene [M+: M-CoClPF6].  For 3.3b, the 

subsequent loss of one of the benzyl groups generated the parent molecular ion with > 80 % 

abundance. Both complexes showed typical FTIR stretching vibrations at 1374 and 1356 cm-1 

for 3.3a and 3.3b respectively; corresponding to a typical C-N stretch in aromatic amines.38, 42  

3.2.2 Catalytic N-arylation of aniline 
 

Buchwald13a, 43 and Hartwig14, 15b are pioneers in transition metal catalyzed aryl C-N coupling 

reactions.15a  For about two decades, synthetic chemists around the world have employed 



54 
 

their palladium catalyst systems until in the late 90’s that the first none precious metal i.e. 

nickel catalysed amination reaction was reported.19a, b  Transition metal catalytic systems 

containing cobalt are quite rare10 and except for a few systems involving cobalt salts;21b, 44 

their application for activating C-N coupling reactions is scarce and to the best of our 

knowledge those containing pincer NHC-Co complexes have not been reported.  

Optimization of reaction parameters including determination of the best base and solvent for 

the process was initially conducted in a systematic manner to establish the optimum 

combinations of reaction conditions for the coupling reaction.  C-N coupling reactions have 

been conducted at high temperatures using a variety of solvents that include THF, dioxane, 

DMSO, DMF, toluene, and acetonitrile.15a, 16b, c, 19a-c, 21b  Most of these are high boiling 

solvents which is a major shortcoming in their use for this process.  Except in some rare 

cases;21b little or no success was reported for aryl C-N coupling with water as the solvent.16c  

Much reported success has been with the use of THF, dioxane, acetonitrile and toluene.  

Based on these analysis; we decided to use the first three solvents in studying the catalyst 

reaction conditions. 

Kuhl et al.,19b reported that the function of the base in transition metal NHC complex 

catalyzed C-N coupling reactions is twofold: (1) to reduce the oxidation state of the metal to 

the desired active state and (2) to either deprotonate the imidazolium salt and generate in-situ 

NHC-metal complex or act as a deprotonating agent to the amino substrate.  In our 

preliminary selection of bases; the use of NaH was avoided (even though it has a high 

potential of easily reducing both Ni and Co ions) due to the risk of attack to the methylene 

protons in the lutidyl moiety which will trigger a collapse of the pincer architecture and 

invariably destroying the catalyst.32a  KOH was also avoided due to the fact that it could yield 

phenolic products with the substrate.16c  Most reported cases of successful aryl C-N coupling 

have been achieved with the use of either NaOtBu or KOtBu as the base.  Both are efficient 

and easily removed at the end of the reaction as precipitates on a bed of celite.  Inorganic 

bases like K2CO3 and Na2PO4 have also been reported to be suitable in Cu-catalyzed aryl C-

N coupling.16c, 45  In this study, the established solvents (THF, dioxane and acetonitrile) and 

bases (KOtBu, K2CO3 and Na2PO4) were utilised and results of the preliminary investigations 

are presented in Table 3.2. 
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Table 3.2: Preliminary investigation of the C-N coupling reaction conditions 

NH2

H
NBr+

3.3a or 3.3b (1 mol %)

KOtBu, solvent, N2, 

reflux,12h  
Entry  Solvent  Yield per catalyst (%)g 
  3.3a 3.3b 
1a THF 12bPh 08bPh 
2b 
3c 

“ 
“ 

- 
- 

- 
- 

4 “ 57 63 
5d “ 58 63 
6 Acetonitrile 43 50 
7 Dioxane 56 60 
8e THF Trace  Trace 
9f THF 35 39 
Except where mentioned; reactions were conducted using aniline (1.0 mole equivalent), 
phenyl bromide (1.2 mole equivalent), KOtBu (1.2 mole equivalent), catalyst (1 mol% of 
3.3a or 3.3b), N2 atmosphere in refluxing dry THF (20 ml) for 12 h. Reaction progress was 
monitored by TLC. bph Isolated yield of biphenyl.  a No catalyst used.  b No catalyst used and 
reaction done at room temperature.  c No base used.  d Aniline (1.2 mole equivalent) and 
phenyl bromide (1.0 mole equivalent) used.  e K2CO3 (1.2 mole equivalent) used as base.  f 
Na2PO4 (1.2 mole equivalent) used as base.   g Isolated yield from column chromatography, 
average of two runs.   

The preliminary study on the reaction conditions began under anaerobic conditions in 

refluxing THF with aniline and phenyl bromide substrates.  Results from entry 1 (absence of 

any catalyst) only confirmed the isolation of biphenyl as the major product. This homo-

coupled dimerized product has been reported to be a by-product in variants of the Hiyama 

coupling reaction46 and is temperature enhanced since entry 2 showed that at room 

temperature no trace of the biphenyl was observed with only the substrates recovered.  Entry 

3 conducted in the absence of a base gave neither of the desired C-N coupled product nor the 

biphenyl.  This indicated that the base plays a vital role in the catalytic reaction as we discuss 

later in the mechanism.   Introduction of 1 mol% of either 3.3a or 3.3b as catalysts resulted in 

good isolated yields (57 and 63% respectively) of the N-mono arylated product without any 

trace of the biphenyl (entry 4).  This implies that both catalysts were able to activate C-N 

coupling and at the same time suppress the thermally-driven self-dimerization of phenyl 

bromide.  The relatively higher yield with catalyst 3.3b is due to the advantage of its steric 

bulk which is desired during the reductive elimination of the product in the catalytic cycle.19b  

Swapping around the mole ratio of amine to aryl halide (1.2:1 instead of 1:1.2) as employed 

by Yang and co-workers15a in their NHC-Pd catalyst system did not yield much significant 
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increase in the desired diphenyl amine product (entry 5; 58 and 63% for 3.3a and 3.3b 

respectively).  Therefore, all further reactions were conducted based on the original mole 

ratio of 1:1.2 as employed by Kuhl et al19b and others.16c  Entries 6 and 7 indicated that THF 

was the more suited solvent for this reaction as both acetonitrile and dioxane led to reduced 

isolated yields.   Krzyminski et al.,45 have reported the CuI catalyzed aryl C-N coupling of p-

anisidine with phenyl bromide using K2CO3 as base.  Based on this, and having established 

that THF is the best solvent for the current catalyst system, K2CO3 was used as the base 

(entry 8) resulting in only traces of the desired product.  A possible explanation is that K2CO3 

works best at the higher temperature of refluxing DMSO as compared to refluxing THF.  

Comparatively lower yields were also obtained with the use of Na2PO4 (entry 9; 35 and 39% 

for 3.3a and 3.3b respectively) which led to the conclusion that both bases only work better at 

elevated refluxing temperatures as previously reported.45  Hence, under the reaction 

conditions: aryl amine (1 mole equivalent); aryl halide (mostly bromide; 1.2 mole 

equivalent); KOtBu as base (1.2 mole equivalent); N2; refluxing THF (20 ml); reaction time 

of 12 h; 1.0 mol% of catalysts; this study was extended to the arylation of a variety of aryl 

halides (mostly bromide) with the results presented in Table 3.3.   
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Table 3.3: Amination of aryl halides catalyzed by pincer NHC-Co complexes (3.3a and 
3.3b) 

NH2

H
NBr

R"

R'
+

R"

R'

3.3a or 3.3b (1 mol %)

KOtBu, THF, N2,

reflux,12h  
Entry  Substrate Product Yield per catalyst (%)a 

3.3a 3.3b 
 
1 NH2

 
Br

 
H
N

 

 
57 

 
63 

 
 
2 

 

NH2

 
Br

 

H
N

 

 
 
68 

 
 
71 

 
 
3 

 

NH2

 Br

O

 
H
N

O

 

 
 
71 

 
 
72 

 
4 NH2

 
Br O

 

H
N O

 
 
69 

 
72 

 
5 NH2O

 

Br
 

H
NO

 

 
75 

 
77 

 
 
6 

 

NH2O

 

Br

 

H
NO

 

 
 
77 

 
 
80 

 
7 NH2

 
Br CN

 

H
N CN

 
 
82 

 
79 

 
 
8 NH2O

 

 

Cl NO2

 

H
N NO2O

 

 
 
82 

 
 
82 

 
9 
 

NH2

 
 

 

 
Aldol product 
 

  

In all entries except otherwise mentioned; aryl amine (1.0 mole equivalent), aryl halide (1.2 
mole equivalent), KOtBu (1.2 mole equivalent), NHC-Co complex (1.0 mol %), dry N2 
atmosphere in refluxing THF for 12 h; progress of the reaction monitored by TLC.  aIsolated 
yield from column chromatography, average of two runs. 

X= Cl, I

X

O



58 
 

The use of various electronic and steric inducing groups on the aryl halide was to study the 

scope and limitations of the catalyst systems reported herein.  Entry 1 presents results of the 

coupling of aniline and phenyl bromide as the reference substrates to which other substrates 

are later compared. Modest yields of 57 and 63% of the product diphenylamine were 

respectively isolated for 3.3a and 3.3b which still compares favourably to a similar study 

based on a NHC-Pd catalyst system.15a 

A close examination of the result shows that under similar conditions both catalysts 3.3a and 

3.3b yielded comparable quantities of products, hence the main determinant of catalytic 

activity is the electronic property of the substrates.  It is very clear that varying the position of 

the substituent(s) around the phenyl ring of either substrate has little impact on the catalytic 

activity, as for example relatively similar isolated yields were recorded for 2-bromoanisole 

(entry 3) and 4-bromoanisole (entry 4).  These findings clearly indicate that substrates’ steric 

size has very little impact on the present catalytic systems; therefore differences in catalytic 

performance are best attributed to electronic properties of the substituents on either or both 

substrates.  Studies by Hartwig et al.,5b, 15b and Matsubara et al.,19c  have indicated that the 

presence of electron releasing groups on aryl amines enhances their chances of catalytic 

amination with aryl halides, this is also observed in this study where higher yields were 

recorded for entries 5 and 6 bearing electron releasing methoxy substituted aryl amines.  On 

the other hand, electron withdrawing para substituents deactivate the ring system in aryl 

halides thereby weakening the bond to the halide leaving group which becomes susceptible to 

oxidative attack by the catalyst (see step 2, Scheme 3.3). Hence, the ca. 80 % yield recorded 

for entry 7 is due to the influence of the electron withdrawing CN group on the aryl bromide 

ring, similar observations have previously been recorded elsewhere.19c   This also explains the 

high isolated yields obtained for entry 8, which is a result of an activated aryl amine (due to 

the methoxy substituent) and an equally activated para-nitro substituted aryl halide.  

However, the failure of both 3.3a and 3.3b to activate the arylation of aniline with either p-

chloro or p-iodo acetophenone (entry 9) is worth noting, because after several attempts only 

the aldol products were isolated in high yields. Coincidentally, attempted arylation of 

acetophenone by Matsubara et al.,19c also yielded only aldol products.  The base used as a 

promoter preferentially attacks acetophenone leading to the formation of aldol products with 

little activation of the catalyst for the desired arylated product. 

In conclusion, the reported catalyst systems are very selective for secondary amine arylated 

products only and no biphenyls (products of reduction of aryl bromide) were isolated.  Also 
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no traces of N,N-diarylated (3o amine) products  which have been observed in palladium5b 

and  CuI/tributyl phosphine16a catalyst systems for C-N coupling reactions were isolated in 

the current systems. 

3.2.3 Mechanism of the Co-NHC complexes catalysed N-arylation of aniline 
 

Hao and co-workers recently proposed that Co-salts containing a Co(II) centre activate C-N 

coupling of benzamide with an aryl iodide by generating an active Co(IV) specie after initial 

coordination of the benzamide before it underwent oxidative addition with the aryl iodide.  

However, successful C-N coupling reactions of aryl amines activated by transition metal-

NHC catalyst systems have been reported with the use of Pd,5b, 13a, 15b  Ni 19c and in situ 

generated Ni complexes with oxidation state zero active metal centres.  In this study, the 

ligand frame work containing a pincer CNC architecture was designed to provide thermal  

and structural stability   and for the Co-N bond to act as a hemilabile arm that provides a 

temporary coordination site for the aryl halide substrate in the oxidative addition stage of the 

catalytic cycle.  This is only feasible after elimination of the PF6
- counter ion and bonded 

chloride in the presence of the KOtBu base.  As shown in the proposed mechanism adapted 

from Matsubara et al.,19c (Scheme 3.3) the generated Co(II) specie (observed by mass 

fragmentation of the complexes) was subsequently reduced by the base to form the active 

Co(0)  specie (1) which then oxidatively added the aryl bromide (2).  The base also promoted 

the coordinative addition of the aryl amine to form a five membered specie (3) which after 

reductive elimination yielded the desired N-mono arylated aniline.   
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Scheme 3.3: Proposed mechanism for pincer NHC-Co complexes (3.3a and 3.3b) 
catalysed N-mono arylation of aniline. 

 

3.3 Conclusions 
 

Two new pincer NHC-Co complexes bearing a CNC donor architecture were synthesized 

from the transmetalation of corresponding Ag-NHC complexes; which further demonstrate 

the vast application of Ag as a transmetalation agent. Both thermally and air stable complexes 

were obtained in excellent yields.  The paramagnetic nature of one of the complexes (3.3b) 

was observed from the broad 1H NMR peaks and the magnitude of the magnetic moment 
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determined by its hysteresis loop measurement.  Both complexes have shown high activity in 

catalysing N-mono arylation of aniline with cheap aryl bromides in good to excellent yield 

under mild conditions and low catalyst loading of 1 mol%.  The results are comparable to 

those obtained for palladium catalysts or harsher conditions of Cu mediated (or CuI 

catalysed) Ullman type coupling reactions. 

3.4 Experimental section 
 

All experiments were performed under a dinitrogen atmosphere using standard Schlenk 

techniques. All solvents used were analytically pure and dried prior to use using standard 

drying techniques: THF  and hexane in benzophenone distilled over sodium wire, methanol in 

iodine distilled twice over magnesium ribbons,  DCM distilled over calcium hydride or 

P2O5.47 1,2-dichloroethane is ACS reagent grade distilled over CaCl2 and stored with 

molecular sieves.  4Å molecular sieves were activated by washing with methanol, dried for 

24 h in an oven at 150 °C, then further heated in a furnace at 500 °C for 2 d and cooled in a 

desiccator.    Deuterated solvents were obtained from Merck and are used without further 

purification.  CoCl2(PPh3)2 was prepared using a standard procedure.48 Ag2O, KPF6, KOtBu 

and all aryl halide substrates used were analytically pure obtained from Sigma-Aldrich and 

used without further purification.  The aryl amine substrates were also obtained from Sigma-

Aldrich, distilled prior to use and stored under molecular sieves in a desiccator.  NMR spectra 

were recorded on Bruker Ultra shield Avanche (400 or 600 MHz) spectrometer operating at 

room temperature unless stated otherwise and samples were dissolved in deuterated CDCl3, 

CD3OD or DMSO-d6.  The spectra were internally referenced relative to solvent peak and 

chemical shift values recorded (in delta δ  ppm) with respect to δ = 0 for tetramethylsilane in 

both 1H and 13C NMR spectra.49  Hysteresis loop measurement for determination of saturated 

magnetization was conducted on Vibrating Sample Magnetometer (VSM) Lakeshore 735.  

Infrared spectra were recorded on a PerkinElmer universal ATR Spectrum 100 FT-IR 

spectrometer. Mass spectroscopy and elemental analysis (where applicable) data were 

recorded on Waters Micromass LCT Premier TOF MS (ES+ or ES-) and ThermoScientific 

Flash2000 Elemental Analyser respectively.  Pincer imidazolium salts 3.1a and 3.1b; were 

synthesised and isolated in excellent yield using improved solvent free technique.27  

3,3′-(dimethylimidazolin-2-ylidene)lutidine disilver dichloride (3.2a).   An oven dried 

Schlenk flask with activated molecular sieves (5.0 g) was cooled under nitrogen, degassed 

twice and charged with a  mixture of 3,3'-(pyridine-2,6-diylbis(methylene))bis(1-methyl-1H-
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imidazol-3-ium) chloride 3.1a (0.24 g, 0.71 mmol) and silver (I) oxide (0.33 g; 1.42 mmol).  

The flask was then wrapped in aluminium foil and its contents refluxed in 1,2-dichloroethane 

(30 ml) under nitrogen for 36 h.  With the disappearance of dark colour of the silver oxide, 

the resulting yellowish brown mixture was concentrated under reduced pressure and the 

residue extracted with dry DCM and filtered through a tick pad of celite.  All volatiles in the 

filtrate were removed under reduced pressure and the off-white solid obtained was washed 

with hexane and dried under vacuum to give the silver complex 3.2a as a faint yellowish-

white powder, stable in air and unstable in chloroform and highly soluble in DCM and 

DMSO. Yield: 0.31 g, 0.56 mmol, 79%. mp. 119―122 °C.  1H NMR (400 MHz, DMSO-d6):  

δ 7.82 (t,  J=7.7 Hz, 1H, apex proton(lutidyl)), 7.54 (d, J=1.8 Hz, 2x1H(lutidyl)), 7.42 (d, J=1.7 

Hz, 2x1H, =CH-(imidazoyl)), 7.28 (d,  J=7.7 Hz, 2x1H,  -CH=(imidazoyl)), 5.40 (s, 2x2H, 

CH2(lutidyl)), 3.75 (s, 2x3H, methyl).  13C NMR (400 MHz, DMSO-d6): δ 179.8 (NCN), 155.9, 

138.8, 122.7, 122.6, 121.8, 55.2 (NCH2), 38.3 (CH3). FTIR (neat) vC-N 1349, 1336 cm−1. 

Anal. Calcd for C15H17Ag2Cl2N5. 0.3CH2Cl2: C, 31.71; H, 3.06; N, 12.09. Found: C, 31.69; 

H, 2.82; N, 11.71. MS-ES+: m/z(%) 551(4) [(M + H)]+, 409(20) [(M - AgCl)]+, 375(5) [(M - 

AgCl2 + H)]2+, 360(90) [(M - AgCl2 - CH3)]+, 255(100) [(M - 2AgCl - CH3 + 2H)]+. All other 

analytical data matched those previously reported.7a, 26    

3,3′-(dibenzylimidazolin-2-ylidene)lutidine disilver dichloride (3.2b).  A mixture of 

imidazolium salt 3,3'-(pyridine-2,6-diylbis(methylene))bis(1-benzyl-1H-imidazol-3-ium) 

chloride 3.1b (0.5 g; 1.02 mmol) and Ag2O (0.47 g; 2.04 mmol) were charged into an oven 

dried Schlenk tube cooled under nitrogen.  The mixture was then refluxed with 1,2-

dichlorethane (40 ml) in the dark for 36 h.  All volatiles were then removed and the off-

brown residue extracted with DCM (40 ml) for 12 h.  The orange-yellow extract was then 

filtered via celite and concentrated under reduced pressure to give an orange-yellow air 

sensitive solid.  Yield: 0.49 g, 0.69 mmol, 68%. mp 70―72 °C.  1H NMR (400 MHz, 

CDCl3): δ 7.57 (t, J=7.7 Hz, 1H, apex proton (lutidyl)), 7.28―7.26 (m, 2x5H(phenyl)), 7.18 (d, 

J=5.8 Hz, 2x1H, -CH= (imidazoyl)), 7.16 (s, 2x1H, =CH- (imidazoyl)), 6.99 (d, J=1.6 Hz, 

2x1H(lutidyl)), 5.31 (s, 2x2H, CH2 (lutidyl)), 5.20 (s, 2x2H, CH2 (benzyl)). 13C NMR (400 MHz, 

CDCl3):  δ. 180.5 (NCN), 155.5, 138.8, 135.4, 129.3, 129.1, 127.9, 122.8, 122.1, 121.3, 56.7 

(NCH2), 55.9 (CH2).  FTIR (neat) vC-N 1350, 1336 cm−1.  MS-ES+: m/z(%) 526(50) [(M - 

AgCl2)]+, 420(100) [(M - 2AgCl + H)]+, 330(98) [(M - 2AgCl - CH2C6H5 + H)]+. 

3,3′-(dimethylimidazolin-2-ylidene)lutidinechlorocobalt(II) hexafluorophosphate (3.3a).  

To a clear sky-blue DCM (20 ml) solution of cobalt precursor CoCl2(PPh3)2 (0.18 g, 0.27 

mmol) was added orange-yellow DCM solution (20 ml) of 3,3′-(dimethylimidazolin-2-
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ylidene)lutidine disilver dichloride 3.2a (0.10 g, 0.18 mmol, 553.97 gmol-1).  This prompted 

the immediate formation of a dark green precipitate and the reaction mixture stirred in the 

dark for 48 h.  At the end of the reaction time; the DCM supernatant was filtered via cannula, 

and the residue washed with more DCM (2 x 20 ml) till the washing becomes colourless.  

The resulting dark green crude was then extracted with dry methanol (40 ml) and filtered 

over a bed of celite.  The orange-brown filtrate obtained was then concentrated to yield green, 

highly air sensitive microcrystals which were then re-dissolved in dry methanol (20 ml) and 

were stirred at room temperature with KPF6 (0.05 g, 0.27 mmol) for 12 h.   The resulting 

suspension was allowed to settle down and the clear orange-brown supernatant filtered via a 

bed of celite.   The solvent was removed under reduced pressure to yield dark green air stable 

microcrystals of 3,3′-(dimethylimidazolin-2-ylidene)lutidine chlorocobalt(II) 

hexafluorophosphate 3.3a; highly soluble in methanol and insoluble in chlorinated solvents 

and ether.  Yield: 0.08 g, 0.15 mmol, 82%.  mp/dec 250―253 °C. 1H NMR (600 MHz, 

CD3OD): δ 7.91 (t, J=7.7 Hz, 1H, apex proton(lutidyl)), 7.55 (s, 2 x(1H,1H), CH=CH(imidazoyl)), 

7.48 (d, J=7.8 Hz, 2x1H, -CH= (lutidyl)), 5.48 (s, 2x2H, CH2(lutidyl)), 3.93 (s, 2x3H, methyl). 13C 

NMR (600 MHz, CD3OD): δ 184.6 (NCN), 153.5, 138.9, 123.4, 123.1, 122.3, 53.0 (NCH2), 

35.2 (CH3).  31P NMR (600 MHz, CD3OD): δ 135.8―153.3 (m, PF6
-).   FTIR (neat) vC-N1374 

cm-1, νAr 811 cm-1.  MS-ES+: m/z(%) 326(3) [(M - Cl - PF6)]2+, 268(90) [(M - CoClPF6 + 

H)]+. 

3,3′-(dibenzylimidazolin-2-ylidene)lutidinechlorocobalt(II) hexafluorophosphate (3.3b). 

To a clear sky-blue DCM (20 ml) solution of cobalt precursor CoCl2(PPh3)2 (0.29 g; 0.44 

mmol) was added orange-yellow DCM solution (20 ml)  of Ag-NHC complex 3,3′-

(dibenzylimidazolin-2-ylidene)lutidine disilver dichloride 3.2b (0.20 g, 0.29 mmol).  This 

prompted the immediate formation of a dark green precipitate and the reaction mixture stirred 

in the dark for 48 h.  At the end of the reaction time; the DCM soluble expected to contain 

unreacted metal source and the liberated phosphines was filtered via cannula, and the residue 

washed with more DCM (2 x 20 ml) and filtered.  The resulting dark green crude was then 

extracted with dry methanol (40 ml) and filtered over a bed of celite.  The orange-brown 

filtrate was then concentrated to yield green, air sensitive paste which was immediately 

dissolved in fresh dry methanol (40 ml) for anionic metathesis.  To the resulting methanol 

solution was added KPF6 (0.06 g, 0.31 mmol) and the suspension stirred at room temperature 

for 12 h. The mixture was allowed to settle down and the clear orange-brown supernatant 

filtered via a bed of celite.  The solvent was removed under reduced pressure to yield dark 
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green air stable microcrystals of 3,3′-(dibenzylimidazolin-2-ylidene)lutidine chlorocobalt(II) 

hexafluorophosphate 3.3b, highly soluble in methanol  and insoluble in DCM.  Yield: 0.11g, 

0.17 mmol, 59%.  mp 236―238°C.  1H NMR (400 MHz, CD3OD): δ 7.77 (t, J=1.8 Hz, 1H, 

apex proton(lutidyl)), 7.36-7.28 [m, 2x8H: 5H(phenyl), 2H(imidazoyl), 1H(lutidyl)], 5.36 (bs, 2x2H, 

CH2(lutidyl)), 5.26 (s, 2x2H, CH2(benzyl)).  13C NMR (400 MHz, CD3OD): δ 154.6, 140.2, 135.1, 

130.4, 130.3, 129.8, 124.8, 1230.7, 123.3, 54.5 (NCH2), 54.1 (CH2).  31P NMR (400 MHz, 

CD3OD): δ 135.8-153.3 (m, PF6
-).  FTIR (neat) νC-N 1356 cm-1, νAr 801 cm-1.  μeff = 4.12 μB. 

MS-ES+: m/z(%) 478(3) [(M – Cl - PF6)]2+, 420(15) [(M - CoClPF6 + H)]+, 330(80) [(M - 

CoClPF6 - CH2C6H5 + H)]+. 

Typical procedure for catalysed arylation of aniline.  To an oven dried Schlenk tube 

cooled under nitrogen was added KOtBu (1.46 g, 0.013 mol), 3.3a (0.051 g, 0.0001 mol, 

506.02 gmol-1), phenyl bromide (2.0 g, 1.34 ml, 0.013 mol) and aniline (1.0 g, 1 ml, 0.01 

mol).  The mixture was then stirred and refluxed in THF (20 ml) under nitrogen for 12 h, with 

the reaction progress monitored by TLC.  The reaction mixture was then filtered over a bed 

of celite and the residue washed with DCM.  All volatiles in the filtrate were removed under 

reduced pressure and the resulting crude paste mixed with silica.  The desired diphenyl amine 

product was isolated by column chromatography as an eluent of hexane:DCM (9:1) solvent 

system. Yield: 0.96 g, 0.006 mol, 57%.  Mp 49―51 °C. 1H NMR (400 MHz, DMSO-d6): δ 

8.12 (bs, 1H, NH), 7.21 (d, J=7.4 Hz, 2x2H), 7.06 (d, J=7.6 Hz, 2X2H), 6.81 (t, J=7.3 Hz, 

2x1H).  13C NMR (400 MHz, DMSO-d6): δ 143.4, 129.1, 119.6, 116.7.  FTIR (neat) νN-H  

3380 (bs, 2o amine),  νC-H 3041, νC-N 1307, νAr 741 cm-1.  
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4 Chapter four 

Cobalt and nickel complexes of chelating pyridyl and alkenyl-N-
heterocyclic carbene ligands: synthesis, characterization and 

application as amination catalysts 
 

Halliru Ibrahim, Muhammad Dabai Bala 

School of Chemistry and Physics, University of KwaZulu-Natal, Private Bag  X54001, 
Durban 4000, South Africa 

Abstract 

Six new imidazolium salts of the form 3-R-1-picolylimidazolium bromide (4.1a: R= 4-
nitrophenyl, 4.1b: R= 4-acetylphenyl, 4.1c: R= 4-cyanophenyl,  4.1d: R= allyl, 4.1e: R= 
butenyl, 4.1f: R= pentenyl) and three new salts bearing 1-(1-alkenyl)-3-(4-
ferrocenylphenyl)imidazolium bromide (4.4a: alkenyl = allyl, 4.4b: alkenyl = butenyl, 4.4c: 
alkenyl = pentenyl); were synthesized and isolated in high yields.  Four of the salts (4.1a, 
4.1d, 4.1e, and 4.4a) were used as NHC ligand precursors in reaction with excess Ag2O 
affording Ag-NHC complexes (isolated air stable 4.2a, 4.5a and in situ utilised 4.2d, 4.2e) 
which were transmetalated to desired Co and Ni to yield corresponding complexes of the 
form M(NHC)2Cl2 in good to excellent yields.  The afforded three Ni-NHC complexes (4.3a′, 
4.3d′, 4.3e′) and the four Co-NHC complexes (4.3a, 4.3d, 4.3e, 4.6a) were relatively stable 
in air and with the only exception of 4.6a were insoluble in chlorinated solvents but very 
soluble in methanol and DMSO.  Both 4.3d and 4.3e; showed paramagnetic properties as 
observed from their 1H NMR spectra, with magnetic susceptibility of 2.53 and 2.73 μB 
respectively; consistent with one unpaired electron for high spin paramagnetic cobalt 
complexes.  All the imidazolium salts, isolated Ag-NHC complexes and the corresponding 
Co and Ni-NHC complexes were characterized spectroscopically and by analytical 
techniques.  The seven complexes were active in catalysing C-N coupling of aniline with 
phenyl bromide based on a low catalyst loading of 1 mol% under mild reaction conditions.  
Good to excellent yields of the desired diaryl amine products were obtained with either the in 
situ generated complex obtained from a mixture of NiCl2/4.1a (1:2 mole ratio), or isolated 
4.3a′ when either was used as a catalyst in the activation of C-N coupling of aryl amines with 
substituted aryl bromides bearing a variety of functional groups.  The yields are comparable 
to those obtained with platinum group metals or harsher temperature conditions of CuI or Cu 
mediated Ullman reactions. 

Keywords 

Pyridyl, Imidazolium salts, Transmetalation, C-N coupling, Diarylamine, Isolated yield. 
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4.1 Introduction  
 

Since the pioneering works of Öfele, Wanzlick and Arduengo,1 N-heterocyclic carbenes 

(NHCs) have attracted increasing attention as ancillary ligands in organometallic catalysis, 

organic and inorganic synthetic transformations.2 The excellent sigma donating ability of N-

heterocyclic carbenes (NHCs) make them better options to other ligand forms like ethers, 

amines, and even phosphines in organometallic and co-ordination chemistry.3 Most NHC-

metal complexes are with heavy metals like rhodium, iridium, ruthenium & palladium 

(PGMs). Comparatively fewer complexes of NHC-nickel or cobalt are known.1a, 3-4  

Additional advantages in favour of NHCs include the fact that they proffer high catalytic 

activity either in their metal complexes or as in situ generated catalyst systems with a wide 

scope of applications and efficiencies in homogeneous catalysis.  They were also found to be 

tolerant to many functional groups, work at ambient temperatures and strongly coordinate to 

metal centres in catalytic systems without ligand dissociation.5 

Bidentate or polydentate ligands containing both strong and weak donor groups (hemilabile 

ligands) have found widespread applications in homogeneous catalysis.6  Tridentate, 

asymmetric ligands containing donor groups like NO2, CN, COR and alkenyl functionalities 

are very rare7 and their complexes with environmentally benign metals like nickel and 

especially cobalt are scarce.4b  Except for a few examples that are stabilised by classical 

donor ligands like Cp, phosphines, heterocyclic system and CO,8 few examples are available 

with multidentate functionalised NHC ligands.9  In multidentate ligands with donor atoms of 

varying binding strengths to the metal centre, the presence of weak donors help generate the 

hemilabile character of such ligands, imparting the ability of reversible dissociation from the 

metal centre and providing a vacant coordination site for the complexation of substrates 

during a catalytic cycle without ligand decomposition.10 The presence of nitrogen as one of 

the hemilabile donor atoms in conjunction with the classic carbene donor in the series of 

NHC precursors discussed herein has made them suitable for the generation of hemilabile 

ligands.  

Initial interest in NHC catalyst systems promoted by the PGMs has been replaced by recent 

and versatile systems developed from NHC-Co(II),11 NHC-Ni(0)2j, 12 and NHC-Ni(II)13 due 

to their cost effectiveness and distinct catalytic abilities.  Such complexes have proven to be 
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active in C-S coupling,14 cyclo addition,15 addition polymerization of norbornane,16 aryl 

amination,2j, 13, 17 C-C coupling, styrene polymerization18 Suzuki and Kumada coupling 

reactions.19  It is worthy to note that the stability to air and moisture exhibited by electron rich 

NHC-M(II) complexes is not observed in their M(0) analogues.  Catalytic systems based on 

Ni(II)-NHC complexes are active without the need for a co-catalyst, while those based on 

Ni(0)-NHC complexes do require the use of co-catalysts for their activity.7   

Coupling reactions like C-N coupling are very important in organic synthesis as routes to 

important groups of chemicals for pharmaceutical, industrial and synthetic applications.  

Although, most aryl C-N coupling reactions were catalysed by Pd(0) or copper mediated 

Ullman reactions; the use of the former is not economical and employed the application of 

phosphonated ligands20 while the latter proceeded via harsh conditions, high temperatures or 

requires stoichiometric amounts of a copper catalyst.21 Such catalyst systems do often work 

in the absence of an organic ligand, however excess amounts of the substrates which are 

organic are used to fill up for the deficiency.22  Except for the use of 

Ni(0)/bisarylimidazolium salts by Kuhl et al.2j and recent work by Matsubara and co-workers 

where they used a nickel(II) halide complex bearing a mixed PPh3/NHC ligand as a catalyst 

precursor13, efficient catalyst systems containing nickel as the central metal  for arylation of 

aromatic amines are still rare.  To the best of our knowledge the use of functionalised, 

tridentate and sterically demanding NHC-metal complexes incorporating environmentally 

benign metals like cobalt and nickel as catalysts for the arylation of aniline is still novel. 

Herein, we report the synthesis of new tridentate functionalised imidazolium salts and their 

Ag, Co and Ni complexes.  Findings on the application of the complexes as catalysts for the 

coupling of aryl amines with aryl halides to selectively yield diaryl amines products are also 

reported. 

4.2 Results and discussions 
 

4.2.1 Synthesis:- picolyl functionalised salts 
 

In the synthesis of the N-substituted imidazoles; conventional synthetic strategy applicable to 

the type of N-substituent were applied.23  The picolyl functionalised ligand precursors (4.1a-

f) were synthesised using modification of established procedures [Scheme 4.1 (a)]24 and 

purified in an almost similar strategy to their corresponding N-substituted imidazoles.  All the 

imidazolium salts were obtained in excellent yields via a purification technique described for 
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similar salts.25 The effect of reaction solvent on product yield and reaction rate was studied in 

the synthesis of the imidazolium salts.  Acetonitrile tend to give higher yields with great ease 

of purification when compared to DCM, methanol or toluene as reaction solvent.24a, 26  Both 

3-(4-nitrophenyl)-1-picolylimidazolium bromide 4.1a, and 3-(4-cyanophenyl)-1-

picolylimidazolium bromide 4.1c, precipitated out from the reaction solution after about 12 h 

of reaction time; and eventually obtained by a simple filtration of the salt under nitrogen 

followed by washing with dry acetonitrile.  Alternatively, the crude product may be 

concentrated and the salt isolated as methanol eluent via column chromatography.25 Both 

4.1b and the alkenyl picolyl imidazolium salts 4.1d-f, were purified in a similar fashion as 

methanol eluents which were then isolated as either grey-brown highly hydroscopic solids 

(4.1b), brown waxy substance (4.1d) or light brown oils (4.1e & f). 
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Scheme 4.1: Synthesis of (a) functionalized imidazolium salts with picolyl moiety and (b) 
picolyl functionalised imidazol-2-ylidene(NHC)-Ni(II) and Co(II) complexes. 
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4.2.2 Characterization 
 

Each of the salts (4.1a-f) showed a distinct singlet peak at between 9-11 ppm in their 1H 

NMR spectra; which is typical of a C-2 imidazolium proton.6a, 27  Coupling of the imidazole 

with the picolyl moiety in all the salts 4.1a-f was confirmed with the appearance of a distinct 

singlet characteristic of the methylene (NCH2) that always appeared at around 5.5-5.7 ppm;7, 

24a integrating for 2H.  The alkenyl C2 protons (CH2=CH) appeared as a multiplet in 4.1d-f, 

while the distinct singlet at 2.60 ppm corresponded to the methyl group on the acetyl 

functional group in 4.1b.  The rest of the protons in the 1H NMR spectra of all the salts were 

within the aromatic region and conformed to the expected integration and coupling 

multiplicity.  The corresponding 13C NMR spectra of the salts gave the methylene carbon 

peak (NCH2) at the range 53.5-54.9 ppm with the characteristic down field peak of the 

imidazolium carbon at 152-154 ppm.24a, 27a The carbonyl C=O appeared at 1675 cm-1 in the 

FTIR spectrum of 4.1b, while corresponding methyl carbon from the acetyl functional side 

and the characteristic carbonyl carbon peak appeared at 65.8 and 196.4 ppm respectively in 

the 13C NMR spectrum.  The CN peak in 4.1c appeared at 117 ppm in its 13C NMR with its 

stretching vibration peak (FT-IR) at 1597cm-1.  All the salts 4.1a-f are extremely hygroscopic 

and quickly imbibed varying quantities of moisture (FTIR broad peaks at 3349―3355 cm-1).  

Unfortunately, this property made it difficult to obtain exact and accurate CHN analysis 

results.  This is a common problem that has been reported for similar imidazolium salts.25 

However, the purity of the salts has been established from their NMR and corresponding 

HRMS analysis results.  HRMS data for all the salts gave peaks that corresponded to the 

molecular ion with the loss of the bromide counter ion.  All the found values are within 

acceptable limits of calculated values.  The three solid microcrystalline salts 4.1a-c showed 

sharp melting temperatures of 220―222 °C, 199―202 °C and 265―267 °C respectively, 

indicative of pure solids. 

4.2.3 Synthesis:- ferrocenyl functionalised imidazolium salts 
 

N-substituted 4-ferrocenylphenyl imidazole and the subsequent alkenyl-4-ferrocenylphenyl 

imidazolium salts 4.4a-c were prepared by modification of reported literature methods 

[Scheme 4.2 (a)].24b, 28  With the exception of the butenyl functionalised salt; the rest of salts 

were obtained in good to excellent yields.  It is assumed that the high sensitivity of the adduct 

(butenyl bromide) to light and air was responsible for the low yield of 4.4b which was also 
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extremely sensitive to light and air as it decomposed immediately upon exposure.   On the 

other hand, the allyl functionalised 4.4a and the pentenyl functionalised 4.4c salts are 

relatively stable in air.  Another distinctive feature of the alkenyl salts is that; while the allyl 

version was easily purified by precipitation out of the crude product mixture with diethyl 

ether; the two other members were trapped on a short plug of silica in a column. Then the 

unreacted stating materials were removed with ethyl acetate while the salts were obtained as 

eluents of methanol and concentrated under reduced pressure.  For example, the addition of 

dry ether to a concentrated methanol fraction gave 4.4c as orange-brown microcrystals 

partially stable in air and very stable in DCM, chloroform and methanol. 
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N
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AgCl

N

N
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N
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4.4a: n=1; allyl
4.4b: n=2; butenyl
4.4c: n=3; pentenyl

4.4a

4.5a 4.6a
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Scheme 4.2: Synthesis of (a) alkenyl-4-ferrocenylphenyl imidazolium salts and (b) allyl-
4-ferrocenylphenyl imidazol-2-ylidene(NHC)-Co(II) complex. 

 

4.2.4 Characterization 
 

1H NMR analysis of 4.4a-c in CDCl3 gave peaks that corresponded to substituted Cp at 4.6 

and 4.3 ppm which accounted for 2x2H and the unsubstituted Cp at 4.0 ppm which integrated 

to 5H; while in the corresponding 13C NMR spectra the corresponding peaks were observed 

at 69 and 66 ppm respectively.  Like in all other imidazolium salts, a down field singlet peak 

observed in the region >9.5 ppm accounted for the imidazolium proton, while the 
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corresponding imidazolium C-2 carbon appeared as a peak at far down field >142 ppm in the 
13C NMR.   The two complementing characteristic peaks that accounted for salt formation 

were similar to reported values for similar compounds.27b, 28  24b  Both 4.4a and 4.4c gave 

acceptable EA results when augmented with imbibed water (moisture) molecules.  All HRMS 

data were consistent with proposed molecular structures within acceptable limits.  

4.2.5 Synthesis and characterization of metal-NHC complexes 
 

All the nickel and cobalt complexes reported herein were synthesized via transmetalation 

from corresponding Ag-NHC complexes [Schemes 4.1 (b) and 4.2 (b)].  It is worthy to note 

that difficulties encountered in the formation of Ag-NHC of bulky ligand precursors by 

conventional methods could be alleviated with the use of Ag2O in refluxing 1,2-

dichloroethane.7, 10b, 24a, 29  The incorporation of molecular sieves was to improve the yields 

and eliminate moisture and other impurities.  Hence, Ag-NHC complexes of 4.1a, 4.1d, 4.1e 

and 4.4a were prepared by refluxing the corresponding mixtures of the salts and excess Ag2O 

in 1,2 dichloroethane for 3 d, within which the dark colour of Ag2O disappeared.  The 

complete formation of the Ag-NHC complexes was qualitatively determined by monitoring 

the disappearance of the C2 imidazolium proton (9―11 ppm) in the 1H NMR spectra of the 

crude products.  Concentration of the crude and extraction with DCM afforded the Ag-NHC 

complexes 4.2a, 4.2d, 4.2e and 4.5a; with exchange of the halide ion from the original 

bromide of the salt to chloride.19a  Complexes 4.2a and 4.5a are stable to air and light and 

were isolated and fully characterized.  4.2a (88% yield) was obtained as dark brown air stable 

microcrystals, melting point 173―176 °C, while 4.5a (85% yield) was obtained as air stable 

orange microcrystals, melting point 63―66 °C.  The lower melting temperatures of the Ag-

NHC complexes as compared to the ligand precursors is an indicator of the relative low 

thermal stability of the Ag-NHCs as compared to the imidazolium salts.30  The two other Ag-

NHC complexes derived from salts 4.1d and 4.1e were used in situ for transmetalation to Co 

and Ni without further characterization due to their high sensitivity to air, moisture and light.  

The absence of a distinct singlet peak at 10.2 or 10.9 ppm initially observed respectively in 

the 1H-NMR data of the ligand precursors 4.1a and 4.4a indicated successful deprotonation 

of the imidazolium proton by the basic Ag2O.  13C NMR data of 4.2a confirmed the 

formation of a NHC-Ag complex with a downfield shift of the C2 carbon from 152 ppm in 

the corresponding imidazolium salt 4.1a to 180.4 ppm in 4.2a; typical of a carbene-metal 

bond.31 The methylene protons in the picolyl moiety also shifted up-field (5.70 to 5.58 ppm) 
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in the 1H NMR data of 4.2a with a corresponding downfield shift of the methylene carbon 

peak (53.5 to 56.4 ppm) as reported for similar Ag-NHC complexes.24a  The elemental 

analysis (CHN) data obtained for both 4.2a and 4.5a agreed with the formation of 

Ag(ligand)Cl rather than Ag(ligand)Br complexes; thereby confirming that metathesis of the 

halide did occur with the use of refluxing 1,2-dicholoroethane.  The  MS-ES+ results of 4.2a 

and 4.5a gave molecular ions corresponding to the [(ligand+H)]+ and [Ag(ligand)2]+ 

characteristic of Ag-NHC complexes of the form Ag(ligand)halide.24a 

Transmetalation of the Ag-NHC complexes 4.2a, 4.2d, 4.2e and 4.5a to the desired cobalt or 

nickel with either CoCl2(PPh3)2 or NiCl2(PPh3)2 as the metal precursors was achieved by a 

slight modification of established  transmetalation procedure.7  A distinct colour change in 

each of the reactions was an early indicator of successful transmetalation.  For example, the 

blue colour of the DCM solution of NiCl2(PPh3)3 was observed to gradually fade and develop 

a yellow/orange precipitate of the product Ni(NHC)2Cl2.  Unreacted Ag-NHC, the metal 

precursor and displaced PPh3 were removed as DCM soluble components by washing and 

cannula filtration. Extraction of the residue with methanol followed by filtration through a 

bed of celite and final evaporation of the solvent under reduced pressure afforded the 

respective orange lemon-green fairly air stable powders of Ni(NHC)2Cl2 (4.3a′,4.3d′,4.3e′) or 

equally air stable dark green powders of the Co(NHC)2Cl2 (4.3a, 4.3d, 4.3e) complexes. The 

cobalt complexes turned into dark orange solutions when dissolved in methanol while the 

nickel complexes maintained their colour in methanol solutions.  None of the complexes 

showed a peak around 9-11 ppm in their respective 1H NMR spectra, a confirmation of 

successful deprotonation of the imidazolium proton and formation of a carbene-metal bond. 

Purity of the complexes was confirmed by their 31P NMR data which gave no peak around -6 

ppm characteristic of PPh3.32 The complexes were further characterized by melting point, 

FTIR, MS-ES+ and HRMS. 

The 1H NMR data of 4.3a accounted for all the expected protons, although the expected 

doublet and singlet peaks that account for the diastereotropic methylene protons in each 

ligand moiety as observed in similar complexes;7, 9a appeared as a singlet with a slight up-

field-shift from 5.58 ppm in 4.2a to 5.47 ppm in 4.3a. This was attributed to possible 

dynamic atropisomerization that might exist in the three aromatic rings that generated the 

ligand moieties as observed in related NHC-metal complexes bearing pincer CNC 

architecture.33  In such systems, only at fast rate of inter-conversion would the two methylene 

(NCH2) protons be observed on the same plane and generate a singlet peak as observed in this 
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case.  The yellow microcrystalline Ni-NHC complex 4.3a′ gave a 1H NMR data similar to 

that obtained for the Co-NHC analogue.  Although the peaks are not as sharp, they accounted 

for all the protons.  Similarly, the expected diastereotropic protons representing NCH2 

methylene protons appeared as singlet peak with slight up-field as observed in the Co-NHC 

complex 4.3a. 

Cobalt complexes 4.3d and 4.3e gave identical broad 1H NMR spectra, although distinct 

peaks corresponding to the expected protons were fully accounted for in the spectrum of 

4.3d.  A broad multiplet peak in 4.3e at 8.81―7.89 ppm integrated to 2x6H, accounting 4H 

(pyridyl) and 2H (CH=CH imidazoyl).  The methylene protons from the picolyl moieties of 

individual ligands appeared as a distinct singlet and a doublet around 5.9 and 5.3 ppm in both 

4.3d and 4.3e due to diastereotropic relationship existing in the protons.  Both 4.3d and 4.3e 

are paramagnetic, high-spin species as observed from the respective magnetic susceptibility 

(2.53 and 2.73 μB) measurements.34  These values are in agreement with data reported for 

related cobalt complexes and are consistent with one unpaired electron.11b  However, fully 

resolved 1H NMR spectra were obtained for the corresponding nickel complexes 4.3d′ and 

4.3e′, with all the expected proton peaks accounted for.  The characteristic doublet and 

singlet peaks accounting for the diastereotropic protons of each methylene bridge in each of 

the ligand moieties appeared in 4.3d′ at δ 5.81 and 5.97 and for 4.3e′ at δ 5.90 and 5.65 a 

confirmation of complexation to the dicarbene nickel complexes.  

Finally, the addition of orange DCM solution of 4.5a to a green DCM solution of 

CoCl2(PPh3)2 gave a green solution that was continuously stirred for 24 h in the dark, after 

which all volatiles were removed.  Unlike what was previously observed in the formation of 

cobalt complexes 4.3a, 4.3d and 4.3e no distinct green solid or precipitate was formed in this 

case.  However, the resulting crude solid obtained was washed with hexane to remove 

liberated phosphines and the cobalt complex extracted with dry toluene and filtered through a 

bed of celite.  Removal of all volatiles followed by several ether rinses afforded a yellowish-

green gelatinous precipitate which was filtered and dried to give a lemon green air stable 

powder (72% yield).  The powder has a high melting point (196―198 °C) and its 1H NMR 

data strongly suggested it to be the desired Co-NHC complex 4.6a, because all the expected 

protons were fully accounted for in the NMR spectrum.  The imidazoyl and phenyl protons 

coalesced around the peaks of the CDCl3 solvent with a significant down-field shift of the 

protons in the allyl moiety when compared with the chemical shift in the intermediate (4.5a); 
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i.e. allyl C3(2H): shifted from 4.38 to 5.28; C1(2H): from 5.30 to 5.53 and C2(1H): from 6.00 

to 6.11 ppm. 

4.2.6 Catalytic arylation of aniline 
 

The pioneering works of Migata and co-workers in 1983 paved the way to transition metal 

catalysed arylation of amines with aryl halides,35 although, credit for C-N coupling is 

attributed to Stephen L. Buchwald and John F. Hartwig after whom the well-known 

Buchwald–Hartwig amination was named.20a, 36  Most C-N coupling reactions are initiated by 

bases which function to reduce and activate the catalytic metal centers.  Alkali metal salts 

KOtBu and NaOtBu are the most effective bases in catalytic reactions involving C-C coupling 

of α-ketones with aryl halide,13 metal-NHC catalysed arylation of aromatic amines,2j, 13, 20b 

CuTC catalysed arylation of amines and amides22d, etc.  The organic nature of the bases and 

the fact that their precipitates could easily be isolated and removed are some of the 

advantages associated with their use in such coupling reactions.  More common bases like 

KOH are known to react and give phenolic products while K3PO4 usually gave lower yields 

in C-N coupling reactions.37  However, inorganic bases like K2CO3 and Na2PO4 are 

specifically preferred.in Cu-catalysed aryl C-N coupling.37-38   

With the aforementioned information in mind, preliminary investigation of the C-N coupling 

reaction of aniline (4.7) and phenyl bromide (4.8) was conducted in THF, acetonitrile and 

dioxane promoted by KOtBu as the base to yield the desired arylated amine (4.10).  Results 

of the preliminary study are presented in Table 4.1 and further discussed below. 
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Table 4.1: Optimization of reaction conditions for arylation of aniline (4.7) with phenyl 
bromide (4.8) 

NH2 Br N
H

+

catalyst, base, solvent
N2, reflux, 12 h

+

4.7 4.8 4.9 4.10  

Entry  Catalyst Substrates’ mole 

equivalents 

Solvent Yield (%)a 

4.7 4.8 4.9 4.10 

1 - 1.2 1 THF 13 Trace 

2b - 1.2 1 THF - - 

3 - - 1.2 THF - - 

4c - 1 1.2 THF - - 

5 4.3d 1.2 1 THF 28 32 

6 4.3d 1 1.2 THF 27 40 

7 4.3d′ 1 1.2 THF 21 60 

8 4.3d′ 1 1.2 Acetonitrile Trace Trace  

9 4.3d′ 1 1.2 Dioxane  29 41 

10 4.3a′ 1 1.2 THF 28 67 

11 4.3a 1 1.2 THF 30 15 

12 4.3e′ 1 1.2 THF 21 40 

13 4.3e 1 1.2 THF 13 20 

14 4.6a 1 1.2 THF 15 70 

15d 4.3a′ 1 1.2 THF 12 Trace  

16e 4.3a′ 1 1.2 THF 18 20 

17f 4.3a′ 1 1.2 THF 31 68 

18g 4.3a′ 1 1.2 THF 38 28 

19h 4.3a′ 1 1.2 THF 23 69 

20f NiCl2 1 1.2 THF Trace Trace  

21f NiCl2/4.1a (1:1) 1 1.2 THF 25 60 

22f NiCl2/4.1a (1:2) 1 1.2 THF 28 65 

23 NiCl2/4.1a (1:2) 1 1.2 THF 24 63 

Except otherwise mentioned, all reactions were done with 1 mol% of catalyst, 1.2 mole 
equivalent KOtBu, under an atmosphere of nitrogen and refluxing solvent for 12 h.  Progress 
of reaction monitored by TLC.  a Isolated yield from column chromatography, average of two 
runs.  b Reaction done at room temperature. c Reaction done in the absence of a base.  d 1.2 
mole equivalent of K2CO3 used as the base.  e 1.2 mole equivalent of Na2PO4 used as the 
base.  f Reaction done for 18 h.  g 0.5 mol% of catalyst used.  h 2.0 mol% of catalyst used. 
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As a control reaction, the two substrates were reacted together in the absence of any catalyst 

(entry 1) and as expected no trace of the desired diphenyl amine was recorded.  However, 

13% of biphenyl (confirmed by NMR and IR) as a yellowish-white solid, mp 70―72 °C was 

isolated as a by-product in what is believed to be a variant of the Hiyama (C-C) coupling 

reaction.39  Further studies were conducted on the blank control reaction (entries 2, 3 and 4) 

by first lowering the reaction temperature to room and conducting the reaction in the absence 

of a base or the aryl amine. The results indicate an interesting trend that heat, base and both 

substrates are all required for the reduction and dimerization of the aryl halide.  

The application of 1 mol% of Co(allylNHC)2Cl2, 4.3d with a slight molar excess of the aryl 

amine yielded a modest quantity of the desired diphenyl amine (32%, entry 5) along with a 

corresponding increase in the quantity of the biphenyl product.  By changing the relative 

mole ratios of the substrates such that a slight excess of the aryl halide was used and 

maintaining the same catalyst as in entry 5, an increase in the isolated yield of the 2o amine 

and a slight decrease in that of the side product was observed (entry 6).  This implies that; the 

aniline itself is promoting the unwanted aryl halide reduction and the catalyst selectivity 

plays the dual role of promoting aryl amination while suppressing biphenyl formation.  While 

maintaining the solvent and the mole ratio of the substrate and the base; and using the 

corresponding Ni analogue 4.3d′ (entry 7), an improvement in the yield of the desired 2° 

amine (60%) was observed.  This was expected as most non-precious metal catalyst systems 

reported to be active in C-N coupling reactions are based on nickel metal and its complexes.2j, 

13 

The role of solvents is important in aryl coupling reactions as entries 8 and 9 indicate that 

THF is the best solvent suited for the current catalyst systems, as both acetonitrile and 

dioxane negatively affected catalyst productivity.  This observation implies that despite the 

fact that both THF and dioxane are ethereal solvents, mono N-arylation of aromatic amines is 

more facile in THF.  In a related work by Kuhl et al selective mono N-arylation of aromatic 

diamines was achieved in THF, while N,N’-diarylation of the aromatic diamines was the 

result when refluxing dioxane was used.2j Based on the results of entries 7―9; THF was 

henceforth, used as the reaction solvent to study the influence of other catalyst parameters 

(entries 10―23).  Parameters investigated include the influence of various bases, steric and 

electronic nature of the NHC ligand and the availability of two electroactive metal centres.   
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Hence, entries 12 and 13 illustrate the influence of ligand sterics on the catalysis with bulkier 

butenyl functionalised catalysts 4.3e and 4.3e′ yielding lower conversions of the desired 

product when compared to the allyl variants (entries 5 and 6).  Entry 14 based on the 

ferrocenyl functionalised catalyst 4.6a yielded the highest conversion to the desired product 

(70%).  This is an indication of cooperative effect of two electroactive (ferrocenyl and Co2+) 

centres.  Further studies were conducted with 4.3a′ and in situ generated catalyst systems 

obtained from the mixture of imidazolium salt 4.1a and anhydrous NiCl2 (entries 15―22).  

Only traces or low yield (20%) of the desired diphenyl amine were obtained with the use of 

K2CO3 and Na2PO4 as bases (entries 15 and 16 respectively).  After increasing the reaction 

time to 18 h (entry 17), not much increase in yield of the desired diarylamine (68%) was 

observed as compared to the standard 12 h (entry 10, 67%).  Entries 18 and 19 indicate that 

the optimum catalyst loading for the current system is 1 mol% as the productivity was 

significantly diminished at 0.5 mol% loading and showed negligible increase when 2 mol% 

loading was used. 

Finally, the study was extended to investigate in situ generated catalyst systems.  The work of 

Kuhl et al.,2j has shown that; bulky imidazolium salts could generate in situ catalysts from 

their mixture with appropriate metal sources,2j and also one of our works has shown that in 

situ generated NHC-Fe complexes are efficient systems for the transfer hydrogenation of 

ketones.40  Therefore, entries 21―23 report on the efficiency of in situ generated catalysts in 

this study.  A mixture of NiCl2/4.1a yielded 63% of the desired product after 12 h reaction 

time which is comparable to the most active catalyst (4.6a) tested thus far.  This is a very 

important finding given the difficulty and laborious synthetic strategies required for the 

preparation and isolation of the metal complexes. Hence, in order to study the extent and 

limitations of the in situ generated catalysts, the study was extended to a series of aryl 

amine/aryl halide combinations bearing a variety of functional groups.  The results of this 

study are presented in Table 4.2 and following discussion and for the purpose of comparison, 

complex 4.3a' was run alongside the in situ ones under the same reaction conditions. 
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Table 4.2: NHC-metal complexes catalysed N-mono arylation of aryl amines with aryl 
bromides. 

NH2
H
NBr

R"

R'
+

R"

R'

4.3a' or NiCl2/4.1a (1 mol%)

KOtBu, THF, N2, 

reflux,12 h  
Entry Substrate Product Catalyst Yield(%)b 
 
1 NH2

4.7  

Br

4.8  

N
H

4.10  

 
4.3a′ 

 
67 

1a    NiCl2/4.1a 65 
 
2 

 
 
     4.7 Br

4.11  

H
N

4.12
 

 
4.3a′ 

 
69 

2a    NiCl2/4.1a 66 
 
3 

 
 
     4.7 Br

4.13  

H
N

4.14  

 
4.3a′ 

 
71 

3a    NiCl2/4.1a 69 
 
4 

 
 
     4.7 

Br

4.15

CN

 

H
N

4.16

CN

 

 
4.3a′ 

 
81 

4a    NiCl2/4.1a 79 
 
5 

 
 
     4.7 

Br

4.17

O

 

H
N

4.18

O

 

 
4.3a′ 

 
73 

5a    NiCl2/4.1a 70 
 
6 

 
 
      4.7 

Br

4.19

O

 

H
N

4.20

O

 

 
4.3a′ 

 
70 

6a    NiCl2/4.1a 70 
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7 NH2

4.21

O

 

 
          4.8 

H
N

4.20

O

 

 
4.3a′ 

 
75 

7a    NiCl2/4.1a 73 
 
8 

 
 
       4.21 

 
 
         4.13 

H
N

4.22

O

 

 
4.3a′ 

 
76 

8a    NiCl2/4.1a 78 
 
9 

NH2

4.23

NO2

 

 
 
         4.8 

  
4.3a′ 

 
0 

9a    NiCl2/4.1a 0 
 
10 

 
 
        4.7 

X

4.24

O

X=Cl, I  

  
4.3a′ 

 
Aldol  

10a    NiCl2/4.1a Aldol  
All reactions were conducted with either 4.3a′ (1.0 mol%) or a mixture of NiCl2/4.1a (1:2 
molar ratio), KOtBu (1.2 mole equivalent), aryl amine (1.0 mole equivalent), aryl bromide 
(1.2 mole equivalent), under an atmosphere of nitrogen and refluxing THF (20 ml) for 12 h.  
Progress of the reaction was monitored by TLC.  bIsolated yield from column 
chromatography on average of two runs. 

A recent microwave assisted Pd-NHC catalysed C-N coupling reaction was reported20b with 

an average yield of 84% which is comparatively higher than values reported here.  However, 

what this study has demonstrated is that appreciably good yields of the diphenyl amine could 

be obtained under milder conditions with a cheap and environmentally benign nickel catalyst. 

Hence, an examination of the variety of substrates in Table 4.2 reveals that the steric position 

or electronic nature of the substituent on the aryl halide had very little overall influence on 

the coupling reaction as most substrate combinations returned comparable isolated yields of 

the desired product of circa 70%. A noticeable improvement was observed with para-

substituted aryl bromide bearing the electron withdrawing CN group (entry 4, circa 80% 

yield) which has been established to render the aryl halide more reactive and easily 

susceptible to oxidative attack by the nickel centre. 

Under the present reaction conditions with either catalyst system, no products were isolated 

in the attempted arylation of 2-nitro aniline, which is similar to reports for related substrates 



83 
 

under more harsher reaction conditions and CuI as catalyst.41  Both catalysts (4.3a' and 

NiCl2/4.1a) also failed to activate the formation of the desired diarylamine with the mixture 

of aniline and p-chloro or iodoacetophenone.  In both cases, aldol product from the self-

condensation of acetophenone was isolated in excellent yields which has also been reported 

by Matsubara et al. to be more facile in such base promoted competitive reactions.13  Finally, 

it is interesting to note that in all the combinations studied, comparable catalytic efficiencies 

were recorded for the isolated metal complex 4.3a′ and the in situ generated NiCl2/4.1a 

catalyst, hence opening up a simple, robust and functional group tolerant system for C-N 

coupling reactions. 

4.2.7 Proposed mechanism 
 

Recent and past studies on Ni and Pd-NHC complex catalysed aryl C-N coupling reactions 

have been achieved with the metal in the zero (0) oxidation state.  In such studies, the choice 

of the base was mostly associated with the ease to which it was able to initiate reduction of 

the metal centre and thereby create the active specie with an oxidation state capable of 

activating the coupling reaction.  On this basis a mechanistic pathway (Scheme 4.3) is 

proposed for the Ni-NHC activated C-N coupling reported in this study.  As mentioned 

earlier, the design of the ligands and complexes was such that stable nickel or cobalt(II)-NHC 

complexes were obtained and based on their morphology and cis-geometry such complexes 

could be easily reduced to the desired Ni(0) or Co(0) species (1; Scheme 4.3).  It is assumed 

that; available electrons from the base will reduce the metal centre, and at the same time 

result in the detachment of the pyridyl N-Metal bond, thereby creating a coordination site for 

the aryl halide substrate (2; Scheme 4.3).  The nucleophilic addition of the aryl amine will 

generate a five membered metal centre (3; Scheme 4.3) and the subsequent release of the 

diarylamine product via reductive elimination (4; Scheme 4.3) completes the catalytic cycle 

regenerating the active Ni(0) specie.  
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Scheme 4.3: Proposed mechanism for the Ni(II)-NHC complex catalysed C-N coupling 
of aryl bromides with aryl amines. 

 

4.3 Conclusions  
 

Here in we have reported the successful synthesis in excellent yields of six new imidazolium 

salts bearing a picolyl moiety and three new salts with N-substituted 4-ferrocenylphenyl 

imidazole.  The salts were conveniently characterized and their purity established.  As 

precursors of NHC ligands; four of these salts were metalated with silver, affording Ag-NHC 

complexes in good yields.  Transmetalation of both the isolated and in situ utilized Ag-NHC 



85 
 

complexes afforded the desired Co or Ni-NHC complexes in good to excellent yields based 

on CoCl2(PPh3)2 or NiCl2(PPh3)2 as metal precursors respectively. 

All the seven complexes are active in catalysing N-mono arylation of aniline with phenyl 

bromide, with the highest yield obtained with the bimetallic complex 4.6a.  The catalyst 

systems showed excellent selectivity to N-mono arylation as no trace of N,N-diarylated 

products were observed.  The excellent yields of the products, mild reaction conditions and 

the use of green, environmentally benign and cheap metals made the current catalyst systems 

competitive in comparison to classical Cu mediated or CuI catalysed Ullman coupling and Pd 

catalysed systems in the activation of aryl C-N coupling reactions. 

4.4 Experimental 
 

All experiments except mentioned otherwise were performed under an inert nitrogen 

atmosphere using standard Schlenk techniques.  Solvents were analytical grade and dried 

prior to use using standard techniques: THF and hexane in benzophenone distilled over 

sodium wire; methanol in iodine distilled twice over magnesium ribbons;  1,2-dichloroethane 

distilled over CaCl2 and stored with molecular sieves and DCM distilled over calcium 

hydride or P2O5.42  Methanol washed 4Å molecular sieves were activated by drying in an 

oven at 150 °C for 24 h followed by heating in a furnace at 500 °C for 2 d and cooled in a 

desiccator.    Deuterated solvents were obtained from Merck and are used without further 

purification.  Both CoCl2(PPh3)2 and NiCl2(PPh3)2 were prepared using a standard 

procedure.43  N-substituted imidazoles and ferrocenyl phenyl imidazole were prepared by the 

modification of established procedures,23 while the corresponding salts were purified and 

isolated using a recently reported technique.25  The aryl amines used were analytically pure; 

obtained from Sigma-Aldrich and distilled prior to use and stored with molecular sieves.  

Potassium tertiary butoxide, 2-bromomethyl pyridine hydrobromide, allyl bromide, butenyl 

bromide, pentenyl bromide and all aryl halide substrates used were analytically pure; 

obtained from Sigma-Aldrich and used without further purification.  NMR spectra were 

recorded on a Bruker ultra-shield Avanche (400 or 600 MHz) spectrometer operating at room 

temperature unless stated otherwise and samples were dissolved in deuterated CDCl3, 

CD3OD or DMSO-d6.  The spectra were internally referenced relative to solvent peak(s) and 

chemical shift values recorded (δ  ppm) with respect to δ = 0 ppm for tetramethylsilane in 

both 1H and 13C NMR spectra.44  Hysteresis loop measurement for determination of saturated 

magnetization was conducted on Vibrating Sample Magnetometer (VSM) Lakeshore 735. 
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Infrared spectra were recorded on a PerkinElmer universal ATR Spectrum 100 FT-IR 

spectrometer. Mass spectrometry and elemental analysis (where applicable) were recorded on 

Waters Micromass LCT Premier TOF MS-ES+ and ThermoScientific Flash2000 Elemental 

Analyser respectively. 

4.4.1 General synthetic procedure for the ligand precursors 4.1a-f and 4.4a-c 
 

The imidazolium salts which are NHC ligand precursors were synthesised by the 

modification of literature procedures.24-25, 28  Spectroscopic and analytical data obtained are 

presented.  A typical and generic procedure for the synthesis of the imidazolium salts 3-R-1-

(2-pyridylmethyl)imidazolium bromide (4.1a-f) is described:   

A saturated solution of Na2CO3 was first used to neutralize 2-bromomethyl pyridine 

hydrobromide at 0 °C.  The neutral pink solution obtained was then extracted with diethyl 

ether (3 x 10 ml) at 0 °C and the clear solution of liberated bromomethylpyridine dried over 

anhydrous MgSO4 and filtered.  The colourless filterate was then reduced to 1/3 of the initial 

volume under reduced pressure and added to a solution of N-substituted imidazole (1 mole 

equivalent) in dry acetonitrile (40 ml) at 0 °C.  The remaining ether was removed at reduced 

pressure and the content of the flask subjected to gentle reflux for 18 h.  Progress of the 

reaction was monitored by TLC.  The solvent was then removed under reduced pressure and 

the TLC of the crude obtained in methanol:ethyl acetate (1:4) solvent system gave unreacted 

starting materials with Rf values 0.7―1.0 while the salt remained unmoved at the spot.  

Purification was thus obtained with column chromatography.  The starting materials were 

elueted out with ethylacetate and the salt obtained as methanol eluent.  All volatiles were then 

removed at reduced pressure to give the salts in excellent yield. 

3-(4-nitrophenyl)-1-(2-pyridylmethyl)imidazolium bromide (4.1a).  Prepared from 2-

(bromomethyl)pyridine (1.6 mmol) and equimolar para nitrophenyl imidazole in acetonitrile.  

Product obtained as redish-orange solid,  yield: 0.52 g, 90%; mp 220―222 °C.  1H NMR 

(400 MHz, DMSO-d6): δ 10.3 (s, 1H, NCHN), 8.58―8.50 (m, 4x1H, phenyl), 8.15―8.13 

(m, 3x1H, pyridyl), 7.92―9.91 (m, 1H, pyridyl), 7.60 (d, J=7.8 Hz, 1H, CH=CH imidazoyl), 

7.43 (d, J=6.1 Hz, 1H, CH=CH imidazoyl), 5.70 (s, 2H, NCH2).  13C NMR (400 MHz, DMSO-

d6): δ 152.9 (NCHN), 149.6, 147.6, 139.2, 137.5, 136.9, 125.5, 124.4, 123.8, 122.9, 122.7, 

121.2, 53.6. FTIR (neat): vmoisture 3404, vC-H aromatic 3017, vC=C 1625, vNO 1538 , vC=N 1349, 
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vAr 744 cm-1. Anal. Calcd for C15H13BrN4O2:   C, 49.88; H, 3.63; N, 15.51.  Found: C, 49.38; 

H, 4.11; N, 16.82.  HRMS (m/z) for C15H13N4O2: calcd 281.1039 , found 281.1030 . 

3-(4-acetylphenyl)-1-(2-pyridylmethyl)imidazolium bromide (4.1b).  Prepared from 2-

(bromomethyl)pyridine (0.31 g, 1.21 mmol)  and 1-(4-(1H-imidazol-1-yl)phenyl)ethanone 

(0.23 g, 1.21 mmol) in acetonitrile.  Product obtained as air sensitive shiny orange-brown 

microcrystal, yield 0.39 g; 91%; mp 199―202 °C.  1H NMR (400 MHz, CDCl3): δ  11.1 (s, 

1H, NCHN), 8.51 (d, J=4.4 Hz, 1H, imidazoyl), 8.19 (s, 1H, imidazoyl), 8.07 (dd, J=16.5 Hz, 

2x2H, phenyl), 7.97 (s, 1H, pyridyl),  7.83 (d, J=7.7 Hz, 1H, pyridyl), 7.74―7.71 (m, 1H, 

pyridyl), 7.35―7.26 (m, 1H, pryridyl), 5.96 (s, 2H, NCH2 pyridine), 2.60 (s, 3H, CH3 acetyl).  13C 

NMR (400 MHz, CDCl3): δ 196.4 (C=O), 152.1 (NCHN), 149.8, 137.8, 137.7, 137.5, 136.0, 

130.5, 124.2, 124.1, 124.0, 121.8, 120.6, 54.2, 26.8. FTIR (neat): vmoisture 3381, vC-H 3061, 

2955, vC=O 1675, vC-N 1237, vAr 836 cm-1.  HRMS (m/z) for C17H16N3O: calcd 278.1289, 

found 278.1293.  

3-(4-cyanophenyl)-1-(2-pyridylmethyl)imidazolium bromide (4.1c).  Dry acetonitrile 

solution of liberated bromomethylene pyridine (0.30 g, 1.18 mmol) was refluxed with 

acetonitrile solution of 4-imidazoylbenzonitrile (0.20 g, 1.18 mmol).  Crude product was 

obtained as distinct off-white precipitate within reddish-pink solution.  Precipitate of the salt 

was filtered out of the mixture under atmosphere of nitrogen using vacuum filtration, rinsed 

with dried acetonitrile and dried in a desiccator.  Yield: 0.37 g; 93%; mp 265―267 °C.  1H 

NMR (400 MHz, DMSO-d6): δ 10.2 (s, 1H, NCHN),   8.57 (d, J=4.4 Hz, 1H pyridyl), 8.49 

(d, J=1.4 Hz, 1H, pyridyl), 8.23 (dd 2x1H, CH=CH imidazoyl), 8.12―7.61 (m, 3H+1H, phenyl), 

7.59 (d, J=7.8 Hz, 1H, pyridyl), 7.42 (dd,  J=5.1 Hz, 1H, pyridyl), 5.69 (s, 2H, NCH2). 13C 

NMR (400 MHz, DMSO-d6): δ 153.0 (NCHN), 149.5, 137.9, 137.5, 136.8, 134.4, 124.4, 

123.8, 122.7, 122.6, 121.0, 117.8 (CN), 112.3, 53.6. FTIR (neat): vmoisture 3345, vCH 3050, 

vCN(nitrile) 1597, vAr 748. Anal. Calcd for C16H13BrN4.CH3OCH3: C, 55.82; H, 4.95; N, 14.47.  

Found: C, 55.76; H, 5.00; N, 19.03.  HRMS (m/z) for C16H13N4: calcd 261.1140, found 

261.1131. 

3-allyl-1-(2-pyridylmethyl)imidazolium bromide (4.1d).  Acetonitrile solution of 2-

bromomethyl pyridine (1.34 g, 5.3 mmol) was added drop wise to allyl imidazole (0.57 g, 5.3 

mmol) in acetonitrile at 0 °C and the mixture subjected to reflux for 24 h.  The salt was 

obtained as methanol eluent from column chromatography of the crude.  All volatiles were 

then removed under reduced pressure to yield the pure salt as a brownish-grey waxy solid.  
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Yield: 1.29 g, 87.0%.  1H NMR (400 MHz, DMSO-d6): δ 9.78 (s, 1H, NCHN), 8.51 (s, 1H, 

pyridyl), 8.23 (s, 1H, pyridyl), 7.98 (d, 2H, CH=CH imidazoyl), 7.36 (s, 1H, pyridyl), 7.22 (d, 

J=12.9 Hz, 1H, pyridyl), 6.51 (m, 1H, CH=CH2 allyl), 5.69 (s, 2H, NCH2), 3.44 (s, 2H, 

CH2=CH allyl), 1.78 (s, 2H, CH2-N allyl).  13C NMR (400 MHz, DMSO-d6): δ 153.2 (NCHN), 

149.9, 137.5, 135.3, 123.7, 123.6, 122.9, 122.6, 121.7, 119.5, 53.0, 14.4.  FTIR (neat): vmoisture 

3401, vC-H 3050,  vC=C 1551, vC=N 1497, vAr 759 cm-1.  HRMS (m/s) for  C12H14N3: calcd 

200.1188, found 200.1183. 

3-butenyl-1-(2-pyridylmethyl)imidazolium bromide (4.1e).  Liberated 2-bromomethyl 

pyridine (1.34 g, 5.3 mmol,) in acetonitrile was added at 0 °C to acetonitrile solution of 

butenyl imidazole (0.65 g, 5.3 mmol) and refluxed.  Isolated yield from column: 1.23 g, 79%; 

brown waxy solid.  1H NMR (400 MHz, CD3OD): δ 9.20 (s, 1H, NCHN), 8.57 (d, J=4.6 Hz, 

1H, pyridyl), 7.90 (t, J=1.6 Hz, 1H, pyridyl), 7.69 (d,  J=2.0 Hz, 2x1H, CH=CH imidazoyl), 7.55 

(d, J=7.9 Hz, 1H, pyridyl), 7.43―7.41 (m, 1H, pyridyl), 5.84―5.79 (m, 1H, CH=CH2 alkenyl), 

5.58 (s, 2H, NCH2), 5.10―5.06 (m, 2H, CH2=CH alkenyl), 4.37―4.33 (m, 2H, CH2 alkenyl), 

2.68―2.66 (m, 2H, CH2 alkenyl).  13C NMR (400 MHz, CD3OD): δ 154.4 (NCHN), 151.0, 

139.2, 134.2, 125.3, 124.2, 123.6, 122.9, 119.6, 54.8, 50.2, 47.1, 35.3.  FTIR (neat): vmoisture 

3358, vC-H 3050, 2973, vC=C 1628, vC=N 1450, vAr 785 cm-1.  Anal. Calcd for C13H16BrN3.  

2H2O: C, 47.28; H, 6.10; N, 12.72.  Found: C, 47.16; H, 6.40; N, 14.44.  HRMS (m/s) for 

C13H16N3: calcd 214.1344, found 214.1337. 

3-pentenyl-1-(2-pyridylmethyl)imidazolium bromide (4.1f).  Liberated 2-bromomethyl 

pyridine (1.34 g, 5.3 mmol) in acetonitrile was added to acetonitrile solution of pentenyl  

imidazole (0.72 g, 5.3 mmol) and refluxed. Isolated yield from column: 1.31 g, 81%; brown 

waxy solid.  1H NMR (400 MHz, DMSO-d6): δ 9.42 (s, 1H, NCHN), 8.54 (d, J=4.8 Hz, 1H, 

CH=CH imidazoyl), 7.90―7.87 (m, 2x1H, pyridyl), 7.84 (s, 1H, CH=CH imidazoyl), 7.52 (d, J=7.7 

Hz, 1H, pyridyl), 7.40―7.38 (m, 1H, pyridyl), 5.85―5.81 (m, 1H, CH=CH2 alkenyl), 5.60 (s, 

2H, NCH2), 5.05―4.95 (m, 2H, CH2-N alkenyl), 4.29 (t, J=7.1 Hz, 2H, CH2=CH alkenyl), 

2.03―1.99 (m, 2H, CH2 alkenyl), 1.94―1.89 (m, 2H, CH2 alkenyl).  13C NMR (400 MHz, 

DMSO-d6): δ 153.5 (NCHN), 149.5, 137.5, 136.9, 127.8, 125.9, 123.6, 123.1, 115.7, 52.9, 

48.5, 29.6, 28.3, 12.4. FTIR(neat): v(moisture) 3402, vC-H 3072,  vC=N 1437, 1158, and vAr 756 

cm-1.  Anal.  Calcd for C14H18BrN3. 2H2O: C, 48.85; H, 6.44; N, 12.20.  Found: C, 49.24; H, 

6.81; N, 13.97.  HRMS (m/s) for C14H18N3: calcd 228.1501, found 228.1495. 
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1-[1-allyl]-3-(4-ferrocenylphenyl)imidazolium bromide  (4.4a).  4-Ferrocenylphenyl 

imidazole (0.271 g, 0.82 mmol) and allyl bromide (4.4 mmol, 0.38 ml) were refluxed together 

in acetonitrile (20 ml) under inert condition of argon for 24 h.  The solvent was reduced to 

almost 3ml followed by addition of dry ether which prompted the precipitation of an orange 

microcrystalline substance which was further washed with dry ether (3x10ml) and then dried 

in vacuum.  Yield: brown microcrystals, 0.25 g, 68%, mp 183―185 °C.   1H NMR (400 

MHz, CDCl3): δ 10.8 (s, 1H, NCHN), 7.75―7.55 (m, 5x1H: 4H; phenyl, 1H; CH=CH), 7.31 

(d, J=8.2 Hz, 1H, CH=CH), 6.12―6.11 (m, 2H, CH=CH2 alkenyl), 5.59―5.46 (m, 2H, 

CH2=CH alkenyl), 5.26 (s, 2H, CH2-N alkenyl), 4.66 (m, 2H, substituted Cp), 4.39 (m, 2H, 

substituted Cp), 4.06 (s, 5H, unsubstituted Cp).  13C NMR (400 MHz, CDCl3): δ 142.7 

(NCHN), 135.7, 131.7, 129.9, 127.6, 123.0, 122.6, 121.8, 82.7, 69.9, 66.8, 52.5, 40.9.  FTIR 

(neat): vmoisture 3337, vCH 3057, vC=C 1549, vCN 1418, vAr 833 cm-1.  Anal. Calcd. for 

C22H21BrFeN2 .2H2O.CH3CN: C, 54.78; H, 5.36; N, 7.98.  Found: C, 54.80; H, 4.84; N, 6.66.  

HRMS (m/s) for C22H21BrFeN2: calcd 369.1054, found 369.1044. 

1-[1-butenyl]-3-(4-ferrocenylphenyl)imidazolium bromide (4.4b).  4-Ferrocenylphenyl 

imidazole (0.19 g, 0.59 mmol) and excess of butenyl bromide (1ml, density 1.33 gml-1) were 

mixed together in a Schlenk tube containing dry acetonitrile (30 ml).  The mixture was 

refluxed under inert condition for 18 h with the progress of reaction monitored by TLC.  The 

solvent was removed under reduced pressure and the crude purified by column 

chromatography.  Unreacted starting materials were removed as eluents of ethyl acetate while 

the salt (that remained at the spot on TLC with ethyl acetate 100% solvent system) was 

obtained as methanol eluent.  Concentration of the methanol fraction followed by subsequent 

addition of dry ether gave the salt as a yellow powder; unstable in air, but stable dissolved in 

DCM or chloroform. Isolated yield: 0.16 g; 60%.  1H NMR (400 MHz, CDCl3): δ 10.89 (s, 

1H, NCHN), 7.63 (m, 4x1H, phenyl), 7.51 (s, 1H, CH=CH imidazoyl), 7.38 (s, 1H, CH=CH 

imidazoyl), 5.85 (m, 1H, alkenyl), 5.16―5.10 (m, 2H, CH2 alkenyl), 4.68―4.60 (m, 4x1H, 

substituted Cp), 4.39 (s, 2H, CH2=CH alkenyl), 4.06 (s, 5x1H, un-substituted Cp), 1.25 (m, 2H, 

CH2-N alkenyl).  13C NMR (400 MHz, CDCl3): δ 142.6, 132.7, 127.6, 122.2, 121.8, 119.8, 

119.5, 82.1, 69.8, 66.8, 34.4, 29.7.  

1-[1-pentenyl]-3-(4-ferrocenylphenyl)imidazolium bromide (4.4c).  4-Ferrocenylphenyl 

imidazole (0.20 g, 0.61 mmol) and excess of pentenyl bromide (1 ml) were mixed together in 

a Schlenk tube containing dry acetonitrile (30 ml).  The mixture was refluxed for 18 h with 

progress monitored by TLC.  Removal of the solvent under reduced pressure and purification 
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of the crude by trapping it on a short plug of silica in a column afforded the salt as eluent of 

methanol while the unreacted starting materials were initially removed as eluents of ethyl 

acetate.  Concentration of the methanol fraction followed by subsequent addition of dry ether 

gave the salt as brownish-orange microcrystals relatively stable in air, DCM and chloroform.  

Isolated yield: 0.25 g, 86%. mp 185―188 °C.  1H NMR (400 MHz, CDCl3): δ 10.9 (s, 1H, 

NCHN), 7.75 (d, J=12.9 Hz, 1H, CH=CH imidazoyl), 7.70―7.61 (m, 4x1H, phenyl), 7.28 (s, 

1H, imidazoyl),  5.83―5.74 (m, 1H, CH=CH2 alkenyl), 5.09―5.01 (m, 2H, CH2 alkenyl), 4.66 (d, 

J=1.7 Hz, 2H, Cp),  4.57 (t, J=1.3 Hz, 2H, CH2-N alkenyl), 4.39 (d, J=1.7 Hz, 2H, Cp), 4.04 (s, 

5H, un-substituted Cp), 2.21 (m, 2H, CH2 alkenyl), 2.17 (m, 2H, CH2 alkenyl).  13C NMR (400 

MHz, CDCl3): δ 142.7, 136.1, 135.8, 131.7, 127.6, 123.9, 121.7, 120.4, 116.5, 82.5, 69.8, 

66.8, 30.2, 29.7, 29.3.  FTIR (neat): vmoisture 3408, vCH 3039, 2941, vC=C 1549, vC-N 1411, vAr 

818 cm-1.  Anal.  Calcd. for  C24H25BrFeN2. 3H2O: C, 54.26; H, 5.88; N, 5.27.  Found: C, 

54.69; H, 6.19; N, 7.05.  HRMS (m/s) for C24H25N2Fe: calcd 397.1367, found 397.1366. 

4.4.2 Generic synthesis of Ag-NHC complexes 4.2a, 4.2d, 4.2e and 4.5a 
 

Equimolar quantities of the required imidazolium salt (4.1a, 4.1d, 4.1e and 4.4a) and Ag2O 

were loaded into oven dried Schlenk tube containing 4 Å molecular sieves initially cooled 

under nitrogen.  To this was then added 1,2-dichloroethane (30 ml) and the mixture subjected 

to vigorous stirring and refluxed in the absence of light for 3 d.  By then, the dark colour of 

the silver(I)oxide had faded.  The solvent was then removed under reduced pressure and the 

resulting residue extracted with DCM and filtered through a bed of celite.  Compounds 4.2d 

and 4.2e were generated in situ (the absence of imidazolium C2-H at δ >9 in the 1H NMR 

spectrum of the crude confirmed formation of Ag-NHC), and used immediately for 

transmetalation to the desired Co or Ni.  Complexes 4.2a and 4.5a; were isolated from the 

DCM soluble filtrate which was first concentrated and the resulting residue stirred with 

hexane or toluene.  Removal of solvents to dryness afforded the Ag-NHC complexes in 

excellent yields.  The complexes were characterized by spectroscopic and analytical methods. 

[1-(4-nitrophenyl)-3-(2-pyridyl)imidazol-2-ylidene]silver(I)chloride (4.2a).  Both 1-(4-

nitrophenyl)-3-(pyridine-2-ylmethyl)-1H-imidazol-3-ium bromide 4.1a, (0.50 g; 1.38 mmol) 

and silver(I)oxide (0.32 g; 1.38 mmol) were added into a Schlenk tube and refluxed in 1,2-

dichloroethane (30 ml) in the dark for 3 d.  Yield: brown microcrystalline powder, stable in 

air and unstable in chloroform but soluble in DCM and DMSO; 0.510 g, 88%, mp. 173―176 

°C.  1H NMR (400 MHz, DMSO-d6):  δ 8.50 (d, , J=4.4 Hz, 1H, pyridyl), 8.29 (d,  J=9.0 Hz, 
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2x1H, phenyl), 8.04―8.02 (m, 1H, pyridyl), 8.02 (d, J=1.9 Hz,  2x1H, phenyl), 7.85 (d, 

J=1.9 Hz, 1H, CH=CH imidazoyl), 7.81―7.80 (m, 1H, pyridyl), 7.39 (d, J=7.9 Hz, 1H, CH=CH 

imidazoyl), 7.34 (t, J=2.2 Hz, 1H, pyridyl),  5.58 (s, 2H, NCH2).  13C NMR (400 MHz, DMSO-

d6): δ 180.4 (NCN; C-Ag), 155.3, 149.5, 146.8, 144.4, 137.4, 125.7, 124.9, 124.4, 123.3, 

122.4, 120.4, 56.4 (NCH2).  FTIR (neat): vC-H 3084, 2946 vC-N 1515, vN-O 1336, vAr 844, 750 

cm-1.  Anal. Calcd. for C15H12AgClN4O2. 0.1CH3C6H5:  C, 43.57; H, 2.98; N, 12.94.  Found: 

C, 44.21; H, 2.66; N, 13.78.  MS-ES+: m/z(%) 667(10) [Ag(ligand)2]+,  281(100) [(ligand + 

H)]+.  

[1-(allyl)-3-(4-ferrocenylphenyl)imidazol-2-ylidene]silver(I)chloride (4.5a). Oven dried 

Schlenk flask equipped with molecular sieves and cooled under nitrogen was loaded with a 

mixture of Ag2O (0.06 g, 0.26 mmol) and allyl-4-ferrocenylphenyl imidazolium bromide salt 

4.4a (0.096 g, 0.22 mmol).  The mixture was refluxed with 1,2-dichloroethane (40 ml) in the 

dark for 24 h.  Removal of the solvent at reduced pressure and subsequent extraction of the 

crude with DCM gave an orange supernatant which was filtered over a bed of celite and 

concentrated to yield the Ag-NHC complex 4.5a as bright orange air stable microcrystals.  

Yield: 0.10 g; 85%, mp 63-66 °C. 1H NMR (400 MHz, CDCl3): δ 7.55―7.53 (m, 2H, 

phenyl), 7.45―7.43 (m, 2H, phenyl), 7.32 (d, J=1.6 Hz, 1H, CH=CH imidazoyl), 7.21 (s, 1H, 

CH=CH imidazoyl), 6.06―5.96 (m, 1H, CH=CH2), 5.35―5.26 (m, 2H, CH2=CH), 4.82―4.66 

(m, 2H, CH2-N), 4.64 (d, J=3.4 Hz, 2H, substituted Cp), 4.38 (d, J=1.7 Hz, 2H, substituted 

Cp), 4.07 (s, 5H, unsubstituted Cp).  13C NMR (400 MHz, CDCl3): δ 140.9, 137.4, 132.6, 

127.2, 123.9, 121.9, 120.0, 83.5, 71.7, 69.7, 69.5, 66.6, 54.8.  FTIR (neat): vC-H 3084, 2919, 

vC-C 1528, vCN 1341, vAr 838 cm-1.  Anal.  Calcd. for C22H20AgClFeN2: C 51.48; H 3.94; N 

5.48.  Found C 53.38; H 3.93; N 5.94.  MS-ES+: m/z(%) 843(55) [Ag(ligand)2]+,  369(100) 

[(ligand + H)]+. 

Co[3-(4-nitrophenyl)-1-picolyimidazolin-2-ylidene]2Cl2 (4.3a).  To a solution of 

CoCl2(PPh3)2 (0.15 g; 0.24 mmol) in DCM (20 ml) was added drop-wise a DCM (20 ml) 

solution of silver-NHC complex 4.2a (0.10 g, 0.24 mmol).  The green precipitate that formed 

was continuously stirred at room temperature in the dark for 2 d.  At the expiration of the 

reaction time the supernatant liquid was filtered via cannula and the solid green residue 

washed with more DCM till the washing became clear.  Dry methanol (40 ml) was then used 

to extract the solid and the orange-brown extract filtered through a bed of celite.  The clear 

orange-brown filtrate was then concentrated under reduced pressure to afford green, air stable 

microcrystals of the cobalt-NHC complex: 4.3a.  Yield: 0.114 g, 69%; mp 275―278 °C.  1H 
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NMR (400 MHz,  CD3OD): δ 8.42 (s, 2x1H, pyridyl), 8.25 (s, 2x(1H, 1H), pyridyl),  8.02 (s, 

2x1H, pyridyl), 7.80―7.70 (m, 2x(4H), phenyl), 7.42 (s, J=4.6 Hz, 2x1H, CH=CH imidazoyl), 

7.20 (s, 2x1H, CH=CH imidazoyl),  5.46 (s, 2x2H, NCH2).  13C NMR (400 MHz, CD3OD): δ 

153.7, 150.8, 149.6, 140.5, 139.1, 137.7, 126.6, 125.5, 124.6, 124.4, 122.9, 55.5.  FTIR 

(neat): vmoisture 3364, vC-H 3092, vNO 1522, vCN 1300, vAr 852, 748 cm-1.  MS-ES+: m/z(%) 

690(5) [M + H]+, 619(10) [M - 2Cl-], 562(10) [(M - CoCl2 + 2H)]2+, 282(18) [(ligand + 

2H)]2+, 281(100) [(ligand + H)]+. 

Ni[3-(4-nitrophenyl)-1-picolyimidazolin-2-ylidene]2Cl2 (4.3a′).  To a dark blue solution of 

NiCl2(PPh3)2 (0.15 g; 0.23 mmol) in DCM (20 ml) was added an equimolar  DCM solution 

(20 ml) of 4.2a .  This prompted a yellow precipitate to be formed and the mixture stirred in 

the absence of light at room temperature for 2 d.  The DCM soluble extract was filtered via 

cannula and the residue washed with more DCM (2 x 20 ml).  The resulting yellow residue 

was then extracted with dry methanol (40 ml) and filtered through celite.  Removal of all 

volatiles under reduced pressure yielded 4.3a′ as orange-yellow microcrystals that became 

moist when exposed for a while in air.  Yield: 0.153 g; 96%; mp 283―285 °C . 1H NMR 

(400 MHz, CD3OD): δ 8.84 (bs, 2x1H, pyridyl), 8.42 (d, J=8.8 Hz, 2x2H, phenyl), 8.14 (s, 

2x1H, CH=CH imidazoyl), 7.95 (d, J=8.7 Hz, 2x1H, CH=CH imidazoyl), 7.89―7.73 (m, 2x(1H, 

1H), pyridyl), 7.54 (d, J=7.9 Hz, 2x1H, pyridyl), 7.34 (d, J=6.2 Hz, 2x2H, phenyl ), 5.59 (s, 

2x2H, NCH2).  No 13C NMR spectrum was available due possible decomposition during the 

accumulation of FID.  FTIR (neat): vbroad moisture 3289, vC=C 1523,  vC-N 1340, vAr 680 cm-1.  

HRMS (m/s) for C30H24N8O4ClNi: calcd 653.0963, found 653.0983. 

4.4.3 Generic procedure for synthesis of 4.3d, 4.3d′, 4.3e and 4.3e′ 
 

Equimolar amounts of the imidazolium salt and Ag2O were mixed together in a Schlenk tube 

containing molecular sieves and refluxed in 1,2-dichlorethane (30 ml) in the dark for 3 d.  All 

volatiles were removed and the dark grey solid extracted with DCM (40 ml) and filtered 

through a bed of celite.  The dark brown filtrate was then reduced to about 1/3 of the initial 

volume and added drop wise to a Schlenk tube containing a DCM solution of 1 mole 

equivalent of the metal precursor.  The resulting suspension was then stirred in the dark at 

room temperature for 2 d.  The coloured suspension was filtered via cannula and the 

precipitate washed with more DCM and filtered till the washing became colourless, and then 

extracted with dry methanol (40 ml).  Filtration through a bed of celite and subsequent 

removal of all volatiles afforded the complex in high yield. 



93 
 

Co(3-allyl-1-picolyimidazolin-2-ylidene)2Cl2 (4.3d).  Imidazolium salt 4.1d (0.67 g, 2.39 

mmol), Ag2O (0.55 g, 2.40 mmol) and CoCl2(PPh3)2 (1.57 g, 2.40 mmol) were reacted 

accordingly.  Yield: dark green powder that decompose on long exposure to air; 1.20 g, 93%; 

mp 185―188 °C.  1H NMR (400 MHz, CD3OD): δ 8.32 (s, 2x1H, pyridyl), 7.59 (s, 2x1H, 

pyridyl), 7.51 (s, 2x1H, CH=CH), 7.47―7.40 (m, 2x1H, pyridyl), 7.29 (d, J=7.9 Hz, 2x1H, 

CH=CH), 7.13 (d, J=5.2 Hz, 2x1H, pyridyl), 6.59―6.57 (m, 2x1H, CH=CH2), 5.82 (d, J=7.6 

Hz, 2H, NCH2), 5.31 (s, 2H, NCH2), 5.26 (s, 2x2H, CH2=CH), 1.56 (d, J=6.9 Hz, 2H, CH2-N 

allyl).  FTIR (neat): v(broad moisture) 3378, vC-H  3105,  vC=C 1596, vC=N 1438, and vAr 718 cm-1.  μeff 

= 2.53 μB. MS-ES+: m/z(%) 492(60) [(M - Cl)]+, 457(20) [(M - 2Cl)]2+, 200(100) [(ligand + 

H)]+. 

Ni(3-allyl-1-picolyimidazolin-2-ylidene)2Cl2 (4.3d′).  Imidazolium salt 4.1d (0.67 g, 2.39 

mmol), Ag2O (0.55 g, 2.40 mmol) and NiCl2(PPh3)2 (1.57 g, 2.40 mmol) were reacted 

accordingly.  Yield: lemon-green microcrystals relatively stable in air, 1.19 g, 93%;  mp 

243―245 °C.  1H NMR (400 MHz, DMSO-d6): δ 8.16 (s, 2x1H, pyridyl), 8.05 (s, 2x1H, 

pyridyl), 7.83 (s, 2x1H, CH=CH), 7.69 (s, 2x1H, pyridyl), 7.37 (s, 2x1H, CH=CH), 7.16 (d, 

J=12.1 Hz, 2x1H, pyridyl), 6.57 (d, J=13.5 Hz, 2x1H, CH=CH2 allyl), 5.97 (s, 2H, NCH2), 

5.81 (d, J=13.6 Hz, 2H, NCH2), 4.09 (s, 2x2H, CH2=CH allyl), 1.48 (s, 2x2H, CH2-N allyl).  

FTIR (neat): v(broad moisture) 3323, vC=C 1610, vC-N 1437, vAr 743 cm-1.  MS-ES+: m/z(%) 

491(100) [(M – Cl)]+, 455(10) [(M– 2Cl)]2+. 

Co(3-butenyl-1-picolyimidazolin-2-ylidene)2Cl2 (4.3e).  Imidazolium salt 4.1e (0.56 g, 2.0 

mmol), Ag2O (0.44 g, 2.0 mmol) and CoCl2(PPh3)2 (1.25 g, 2.0 mmol) were reacted 

accordingly.  Yield: dark green air sensitive powder, 0.79 g, 71%; mp 120―123 °C.  1H 

NMR (400 MHz, DMSO-d6): δ 8.81―7.80 (bm, 2x6H: 4H, pyridyl; 2H, CH=CH), 

7.57―7.49 (bm, 2x1H, CH=CH2), 5.93 (d, J=5.8 Hz, 2H, NCH2), 5.75 (s, 2H, NCH2), 5.05 

(t, J=12.2 Hz, 2x2H, CH2=CH), 4.11―4.01 (m, 2x2H, CH2-N alkenyl), 2.23 (s, 2x2H, CH2).  

FTIR (neat): v(broad moisture) 3365, vC=C 1596, vC-N 1437, vAr 762 cm-1.   μeff = 2.73 μB.  MS-ES+: 

m/z(%) 557(7) [(M + 2H)]2+, 520(22) [(M – Cl)]+, 485(20) [(M – 2Cl)]2+, 214(100) [(ligand + 

H)]+. 

Ni(3-butenyl-1-picolyimidazolin-2-ylidene)2Cl2 (4.3e′  ).  Imidazolium salt 4.1e (0.56 g, 2.0 

mmol), Ag2O (0.44 g, 2.0 mmol) and NiCl2(PPh3)2 (1.25 g, 2.0 mmol) were reacted 

accordingly.  Yield: yellowish green air sensitive powder, 0.92 g, 83%; mp 108―110 °C.  1H 

NMR (400 MHz, DMSO-d6): δ 8.25 (s, 2x1H, pyridyl), 8.06 (s, 2x1H, pyridyl), 7.84 (s, 
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2x1H, CH=CH), 7.44 (d, J=18.3, 2x2H, pyridyl), 6.93 (m, 2x1H, CH=CH2), 5.90 (d, J=14.9 

Hz, 2H, NCH2), 5.65 (s, 2H, NCH2), 4.81―4.77 (m, 2x2H, CH2=CH), 4.11―3.70 (m, 2x2H, 

CH2-N alkenyl), 2.32 (s, 2x2H, CH2 alkenyl).  FTIR (neat): v(broad moisture) 3329, vC=C 1610, vC-N 

1438, vAr 769 cm-1.  MS-ES+: m/z(%) 519(50) [(M – Cl)]+, 484(10) [(M – 2Cl-)]2+, 214(100) 

[(ligand + H)]+.  

Co[3-(allyl)-1-(4-ferrocenylphenyl)imidazolin-2-ylidene]2Cl2 (4.6a). Orange coloured 

DCM solution of Ag-NHC complex 4.5a (0.092 g; 0.18 mmol) was added to equimolar DCM 

solution of the cobalt precursor CoCl2(PPh3)2 (0.12 g; 0.18 mmol).  The clear sky-blue 

solution of the metal precursor immediately changed colour and the resulting green solution 

was stirred at room temperature in the dark for 24 h.  All volatiles were removed and the dark 

green residue was washed with hexane (2 x 20 ml) and filtered via cannula.  The residue 

obtained was then extracted with toluene (40 ml) and filtered over a bed of celite.  The clear 

bluish-green filtrate was concentrated at reduced pressure to about 5 ml of the volume and 

dry diethyl ether was added.  This spurned up a lemon green gelatinous precipitate and the 

suspension was allowed to stir for 1 h.  The supernatant was filtered via cannula and the 

lemon green solid dried under vacuum to afford a lemon green air stable powder of the 

cobalt-NHC complex 4.6a.  Yield: 0.116 g; 72%, mp 196―198 °C.  1H NMR (400 MHz, 

CDCl3):  δ 7.65 (d, J=7.1 Hz, 2x4x1H, phenyl), 7.53 (s, 2x2x1H, CH=CH imidazoyl), 

6.13―6.09 (m, 2x1H, CH=CH2 allyl), 5.57―5.49 (m, 2x2H, CH2=CH allyl), 5.29―5.27 (m, 

2x2H, CH2-N allyl), 4.67 (d, J=3.5 Hz, 2x2H, substituted Cp ), 4.40 (d, J=1.6 Hz, 2x2H, 

substituted Cp ), 4.06 (s, 2x5H, un-substituted Cp).  FTIR (neat): vC-H 3050, vC-N 1434, vAr 

740, 730 cm-1.  MS-ES+: m/z(%) 866(30) [(M + H)]+, 369(60) [(M - CoCl2)/2]. 

4.4.4 Typical procedure for 4.3a′ activated arylation of aniline with phenyl bromide 
 

To an oven dried Schlenk tube initially cooled under nitrogen was added aniline (1.0 g, 1 ml, 

0.010 mol), phenyl bromide (2.0 g, 1.4 ml, 0.013 mol), KOtBu (1.46 g, 0.013 mol) and 4.3a′ 

(0.069 g, 0.0001 mol).  The mixture was vigorously stirred in refluxing THF (20 ml) under an 

atmosphere of nitrogen for 12 h with reaction progress monitored by TLC.  The contents of 

the Schlenk tube were then allowed to cool to room temperature and DCM (30 ml) was added 

into the flask, stirred for an hour and filtered through a bed of celite.  All volatiles in the 

filtrate were removed under reduced pressure and the crude residue obtained mixed with 

silica and loaded onto a column.  The desired product (diphenyl amine) was obtained as an 

eluent of hexane:DCM (4:1).  Removal of all volatiles gave isolated yield of a low melting 
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yellowish-brown solid, 1.13 g, 67%.  1H NMR (400 MHz, DMSO-d6): δ 8.12 (bs, 1H, NH), 

7.21 (d, J=7.4 Hz, 2x2H), 7.06 (d, J=7.6 Hz, 2x2H), 6.81 (t, J=7.3 Hz, 2x1H).  13C NMR 

(400 MHz, DMSO-d6): δ 143.4, 129.1, 119.6, 116.7.  FTIR (neat) νN-H 3380 (bs, 2o amine),  

νC-H 3041, νC-N 1307, νAr 741 cm-1. 

4.4.5 Typical procedure for NiCl2/4.1a in situ activated arylation of aniline with 
phenyl bromide 

 

Anhydrous NiCl2 (0.013 g, 0.0001 mol), imidazolium salt 4.1a (0.072 g, 0.0002 mol) and 4Å 

molecular sieves were loaded into a Schlenk tube under an atmosphere of nitrogen and stirred 

together in THF for 1 h at room temperature.  To the resulting suspension was then added 

KOtBu (1.46 g, 0.013 mol), aniline (1.0 g, 0.010 mol) and phenyl bromide (2.0 g, 0.013 mol).  

The Schlenk tube was then equipped with a condenser and subjected to reflux for 12 h.  After 

cooling to room temperature, DCM (30 ml) was added and the contents filtered through a bed 

of celite.  The resulting filtrate was then concentrated and the crude obtained was mixed with 

silica and loaded onto a column.  The diarylamine product was isolated as an eluent of 

hexane:DCM (4:1) after removal of all volatiles. 
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Abstract 
In the crystal structure of the title compound, C11H10N2O.H2O, the solvent water molecule 
links the organic molecules through O—H-----O and O—H-----N hydrogen bonds, forming 
chains that run diagonally across the bc face. These chains are connected to adjacent chains 
through weak C—H----O interactions, resulting in hydrogen-bonded sheets extending along 
the b and c axes. The sheets are connected along the a axis through π-π interactions, with 
centroid–centroid distances of 3.7571 (9) and 3.7231 (9) Ǻ 

5.1 Related literature 
 
For the synthesis of the title compound, see: Corberan & Peris (2008).  For the structure of 

imidazole analogues with bonds to the phenyl group via carbon, see: Gayathri et al. (2010). 

For the structure of imidazole analogues N-bonded to a phenyl group, see: Zheng et al. 

(2011). For structures of other related compounds, see: Ishihara et al. (1992). 

 

N
N O .H2O

 
 

5.2 Comment 
 
The title compound is an intermediate product in the synthetic route to an N-heterocyclic 

carbene (NHC) chelating ligand bearing a pyridine backbone. The anhydrous form of the 

compound is available in chemical book database with CAS No. 10041–06-2.  Neither 

structure of the hydrated nor the anhydrous forms of the title compound have been reported.  

                                                           
2 Published in Acta Cryst. (2012). E68, o2305, 

doi:10.1107/S1600536812029157 

mailto:bala@ukzn.ac.za
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Our synthetic route and the synthons used are different from those reported in the synthesis of 

the anhydrous form of the title compound.  Absolute configuration of the title compound 

obtained in pure form from column chromatography using hexane:chloroform (6:4) solvent 

system was assigned by NMR and IR spectroscopy. Monohydrate block crystals of (5.1) were 

recrystallized from the same solvent system. The imidazole N(2) – phenyl carbon bond 

[C(9)—N(2)] is 1.3107 (16)Å.  The one molecule of water binds as water of crystallization to 

the organic molecule, and is a constituent of the asymmetric unit cell. Molecules of (5.1) are 

stabilized through an extensive chain of hydrogen bonded network involving neighbouring 

methoxy (O—H···O) and imidazolium (N—H···O) moieties linked by the water of 

crystallization. Imidazole analogues of (5.1) with bonds to the phenyl group via carbon have 

been reported by Gayathri et al. (2010); while Zheng et al. (2011)  have reported imidazole 

bonded to a phenyl group via nitrogen. Other related compounds have been reported by 

Ishihara et al. (1992). 

5.3 Experimental 
 

The compound was synthesized by the modification of the method of Corberan et al. (2008).  

A 150 ml round bottom flask containing imidazole (0.01 mol, 0.68 g, Fluka AG) with KOH 

(0.015 mol, 0.84 g, Merck) was stirred at room temperature in DMSO (30 ml, Merck) for 2 h.  

Thereafter, para-choloroacetophenone (0.01 mol, 1.34 ml, Aldrich) was added dropwise, and 

then refluxed at 100 °C for 24 h. The reaction mixture was then allowed to cool down to 

room temperature, washed and diluted with chilled distilled water till it became neutral. 

Addition of distilled water to the contents of the reaction flask gave a muddy emulsion which 

took 24 h to partition when extracted with chloroform (6x10 ml). The resulting organic 

components were dried in anhydrous MgSO4 and concentrated in vacuo yielding crude dark 

brown oily liquid (1.694 g). Thin layer chromatography of the crude product showed that it 

contained the expected product (Rf value 0.45 in ethyl acetate:methanol 4:6 solvent system) 

contaminated with unreacted imidazole and parachloroacetophenone. Column 

chromatography of the crude product using hexane:chlorofom solvent system afforded the 

title compound as block-shaped light green crystals (0.987 g, 48% yield), m.p. = 119–122 °C. 
1H NMR (400 MHz, CDCl3): 8.09(d), 7.95(s), 7.51(d), 7.35(s), 7.25(s), and 1.62(s). 13C NMR 

(400 MHz, CDCl3): 196.5 (carbonyl CO), 140.8, 135.8, 135.4, 131.2, 130.4, 120.7, 117.7, 

26.61(CH3).  IR (ATR, cm-1): 1665(C=O), 1606(C=N), 1530(N-C), 956(C=C), 2222(C-H), 

814(para substituted benzene), 3202 (water of crystallization absorbance band). 
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5.3.1 Data collection 
 
APEX2 (Bruker, 2008); cell refinement: SAINTPlus (Bruker, 2008); data reduction: SAINT-

Plus and XPREP (Bruker, 2008); program(s) used to solve structure: SHELXS97 (Sheldrick, 

2008); program(s) used to refine structure: SHELXL97 (Sheldrick, 2008); molecular 

graphics: ORTEP-3 (Farrugia, 1997); software used to prepare material for publication: 

WinGX (Farrugia,1999). 
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o c 

5.3.2 Crystal data 
C11H10N2O·H2O 
Mr = 204.23 
Triclinic, P1 
Hall symbol: -P 1 
a = 6.7599 (6) Å 
b = 8.0885 (8) Å 
c = 9.7168 (9) Å 
α = 90.350 (3)° 
β = 106.731 (3)° 
γ = 99.486 (3)° 
V = 501.03 (8) Å3 

 

Data collection 
Bruker SMART APEXII CCD 

diffractometer 
Graphite monochromator 
φ and ω scans 
Absorption correction: multi-scan 

(SADABS; Bruker, 2008) 
Tmin = 0.947, Tmax = 0.987 
6609 measured reflections 

 

Refinement 
Refinement on F2 

Least-squares matrix: full 
R[F2 > 2σ(F2)] = 0.036 
wR(F2) = 0.098 
S = 1.07 
1711 reflections 

 
 
 
Z = 2 
F(000) = 216 
Dx = 1.354 Mg m−3 

Mo Kα radiation, λ = 0.71073 Å 
Cell parameters from 7553 reflections 
θ = 2.2–25.0° 
µ = 0.10 mm−1 

T = 173 K 
Block, colourless 
0.58 × 0.39 × 0.14 mm 
 
 
 
1711 independent reflections 
1568 reflections with I > 2σ(I) 
Rint = 0.025 
θmax = 25.0°, θmin = 2.2° 
h = −7→8 
k = −9→9 
l = −11→11 
 
 
 
Secondary atom site location: difference Fourier 

map 
Hydrogen site location: inferred from 

neighbouring sites 
H atoms treated by a mixture of independent 

and constrained refinement
2                                2

153 parameters w = 1/[σ2(Fo ) + (0.052P) + 0.1639P]
0 restraints 
Primary atom site location: structure-invariant 

where P = (F 2 

(Δ/σ)max = 0.002 
+ 2F 2)/3

direct methods Δρmax = 0.15 e Å−3 

Δρmin = −0.34 e Å−3
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5.3.3 Refinement 
  
Carbon-bound H-atoms were placed in calculated positions [C—H = 0.96 Å for Me H 
atoms and 0.93 Å for aromatic H atoms; Uiso(H) = 1.2Ueq(C) (1.5 for Me groups)] and 
were included in the refinement in the riding model approximation. The O—H H-atom 
was located in a difference map and freely refined with O—H = 0.87 – 0.91 Å (Uiso(H) = 
1.2Ueq(O). 
 

 
 
Figure 5.1: ORTEP diagram of compound (5.I). Thermal ellipsoids are represented at 
the 50% probability level. 

 
 
 

 

 
 
Figure 5.2: Packing diagram showing the O—H···O and N—H···O hydrogen bonds. 

 



104 
 

5.3.4 Geometry 
 

All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using 

the full covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation 

of e.s.d.'s in distances, angles and torsion angles; correlations between e.s.d.'s in cell 

parameters are only used when they are defined by crystal symmetry.  An approximate 

(isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes. The 

following  ALERTS were generated. Each ALERT has the format test-name_ALERT_alert-

type_alert-level. Alert level C PLAT029_ALERT_3_C _diffrn_measured_fraction_theta_full 

Low ・・・・・・. 0.971 PLAT911_ALERT_3_C Missing # FCF Refl Between THmin & 

STh/L= 0.594 51 PLAT154_ALERT_1_G The su's on the Cell Angles are Equal ・・・・・

・.0.00300 Deg. PLAT764_ALERT_4_G Overcomplete CIF Bond List Detected (Rep/Expd) 

1.20 Ratio PLAT790_ALERT_4_G Centre of Gravity not Within Unit Cell: Resd. #2 H2 O 

PLAT909_ALERT_3_G Percentage of Observed Data at Theta(Max) still 84 Perc. NOTED: 

5.3.5 Refinement 
 

Refinement of F2 against ALL reflections. The weighted R-factor wR and goodness of fit S 

are based on F2, conventional R-factors R are based on F, with F set to zero for negative 

F2. The threshold expression of F2 > σ(F2) is used only for calculating R-factors(gt) etc. 

and is not relevant to the choice of reflections for refinement. R-factors based on F2 are 

statistically about twice as large as those based on F, and R- factors based on ALL data will 

be even larger. 

 
 
 

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Ǻ2) 
 

 x y z Uiso*/Ueq 

C1 0.3585 (2) 0.18679 (16) 0.96056 (14) 0.0245 (3) 
H1A 0.3397 0.0859 1.0103 0.037* 
H1B 0.2732 0.2621 0.9808 0.037* 
H1C 0.5033 0.2395 0.9923 0.037* 
C2 0.29495 (19) 0.14436 (15) 0.80160 (14) 0.0195 (3) 
C3 0.28326 (18) 0.28277 (15) 0.70069 (13) 0.0174 (3) 
C4 0.21354 (19) 0.24258 (15) 0.55292 (14) 0.0184 (3) 
H4 0.1746 0.1304 0.5199 0.022* 
C5 0.20107 (19) 0.36543 (15) 0.45475 (13) 0.0182 (3) 
H5 0.1554 0.3361 0.3566 0.022* 
C6 0.25730 (17) 0.53395 (14) 0.50336 (13) 0.0160 (3) 
C7 0.32455 (19) 0.57689 (15) 0.65011 (14) 0.0204 (3) 
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H7 0.3611 0.6892 0.6829 0.024* 
C8 0.3369 (2) 0.45188 (16) 0.74724 (14) 0.0208 (3) 
H8 0.3818 0.4813 0.8454 0.025* 
C9 0.17884 (19) 0.63657 (15) 0.25569 (14) 0.0195 (3) 
C10 0.24881 (19) 0.90217 (15) 0.30220 (14) 0.0206 (3) 
C11 0.28704 (19) 0.83293 (15) 0.43105 (14) 0.0197 (3) 
H11 0.3339 0.8894 0.5213 0.024* 
N1 0.24241 (15) 0.66069 (12) 0.40191 (11) 0.0165 (3) 
N2 0.18116 (16) 0.77885 (13) 0.19181 (11) 0.0210 (3) 
O1 0.25470 (14) −0.00186 (10) 0.75446 (10) 0.0248 (3) 
O1S 0.04729 (17) 0.73832 (13) −0.11171 (11) 0.0353 (3) 
H1D 0.115 (3) 0.820 (3) −0.147 (2) 0.053 (5)* 
H1E 0.093 (3) 0.762 (2) −0.015 (2) 0.047 (5)* 
H9 0.137 (2) 0.5281 (19) 0.2087 (16) 0.024 (4)* 
H10 0.262 (2) 1.0191 (17) 0.2805 (14) 0.017 (3)* 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Atomic displacement parameters (Å2) 
 

 U11 U22 U33 U12 U13 U23 

C1 0.0292 (7) 0.0211 (6) 0.0227 (7) 0.0052 (5) 0.0064 (6) 0.0051 (5) 
C2 0.0160 (6) 0.0193 (6) 0.0237 (7) 0.0030 (5) 0.0067 (5) 0.0031 (5) 
C3 0.0146 (6) 0.0177 (6) 0.0208 (7) 0.0032 (5) 0.0061 (5) 0.0020 (5) 
C4 0.0180 (6) 0.0135 (6) 0.0233 (7) 0.0021 (5) 0.0058 (5) −0.0010 (5) 
C5 0.0186 (6) 0.0180 (6) 0.0169 (6) 0.0027 (5) 0.0039 (5) −0.0004 (5) 
C6 0.0122 (6) 0.0169 (6) 0.0193 (7) 0.0025 (5) 0.0054 (5) 0.0029 (5) 
C7 0.0229 (6) 0.0132 (6) 0.0233 (7) 0.0010 (5) 0.0053 (5) −0.0007 (5) 
C8 0.0233 (7) 0.0206 (6) 0.0163 (6) 0.0020 (5) 0.0036 (5) −0.0005 (5) 
C9 0.0208 (7) 0.0177 (6) 0.0193 (7) 0.0014 (5) 0.0057 (5) 0.0006 (5) 
C10 0.0217 (6) 0.0152 (6) 0.0246 (7) 0.0020 (5) 0.0069 (5) 0.0032 (5) 
C11 0.0202 (6) 0.0145 (6) 0.0224 (7) 0.0007 (5) 0.0043 (5) −0.0010 (5) 

 
N1 0.0161 (5) 0.0138 (5) 0.0187 (6) 0.0014 (4) 0.0047 (4) 0.0015 (4) 
N2 0.0228 (6) 0.0189 (5) 0.0207 (6) 0.0016 (4) 0.0063 (4) 0.0031 (4) 
O1 0.0330 (5) 0.0163 (5) 0.0251 (5) 0.0027 (4) 0.0094 (4) 0.0030 (4) 
O1S 0.0489 (7) 0.0281 (5) 0.0209 (6) −0.0152 (5) 0.0102 (5) −0.0023 (4) 

 
Geometric parameters (Å, º) 

    

C1—C2 1.5003 (18) C7—H7  0.93 
C1—H1A 0.96 C8—H8  0.93 
C1—H1B 0.96 C9—N2  1.3109 (16) 
C1—H1C 0.96 C9—N2  1.3109 (16) 
C2—O1 1.2240 (15) C9—N1  1.3634 (17) 
C2—C3 1.4896 (17) C9—H9  0.948 (15) 
C3—C8 1.3935 (17) C10—C11  1.3483 (19) 
C3—C4 1.3941 (18) C10—N2  1.3816 (17) 
C4—C5 1.3775 (17) C10—N2  1.3816 (17) 
C4—H4 0.93 C10—H10  0.966 (14) 
C5—C6 1.3941 (17) C11—N1  1.3855 (15) 
C5—H5 0.93 C11—H11  0.93 
C6—C7 1.3890 (18) O1S—H1D  0.87 (2) 
C6—N1 1.4220 (15) O1S—H1E  0.91 (2) 
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C7—C8 1.3835 (18)    
 
C2—C1—H1A 

 
109.5 

 
C6—C7—H7   

120.1 
C2—C1—H1B 109.5 C7—C8—C3  121.20 (12) 
H1A—C1—H1B 109.5 C7—C8—H8  119.4 
C2—C1—H1C 109.5 C3—C8—H8  119.4 
H1A—C1—H1C 109.5 N2—C9—N1  112.07 (11) 
H1B—C1—H1C 109.5 N2—C9—N1  112.07 (11) 
O1—C2—C3 119.93 (11) N2—C9—H9  125.6 (9) 
O1—C2—C1 120.84 (11) N2—C9—H9  125.6 (9) 
C3—C2—C1 119.23 (11) N1—C9—H9  122.3 (9) 
C8—C3—C4 118.11 (11) C11—C10—N2  110.55 (11) 
C8—C3—C2 122.91 (11) C11—C10—N2  110.55 (11) 
C4—C3—C2 118.98 (11) C11—C10—H10  129.4 (8) 
C5—C4—C3 121.44 (11) N2—C10—H10  120.0 (8) 
C5—C4—H4 119.3 N2—C10—H10  120.0 (8) 
C3—C4—H4 119.3 C10—C11—N1  106.12 (11) 
C4—C5—C6 119.63 (11) C10—C11—H11  126.9 
C4—C5—H5 120.2 N1—C11—H11  126.9 
C6—C5—H5 120.2 C9—N1—C11  106.12 (10) 
C7—C6—C5 119.90 (11) C9—N1—C6  126.67 (10) 
C7—C6—N1 120.52 (11) C11—N1—C6  127.20 (10) 
C5—C6—N1 119.58 (11) C9—N2—C10  105.14 (10) 
C8—C7—C6 119.72 (11) H1D—O1S—H1E  104.5 (17) 
C8—C7—H7 120.1    

 
O1—C2—C3—C8 

 
−176.76 (11) 

 
N2—C9—N1—C11   

0.29 (14) 
C1—C2—C3—C8 2.59 (18) N2—C9—N1—C11  0.29 (14) 

 

 
C1—C2—C3—C4                           −176.67 (11)                  N2—C9—N1—C6       79.67 (10) 
C8—C3—C4—C5                           1.18 (18)                        C10—C11—N1—C9    −0.15 (13) 
C2—C3—C4—C5                           −179.52 (10)                  C10—C11—N1—C6    −179.53 (11) 
C3—C4—C5—C6                           −0.60 (18)                      C7—C6—N1—C9        −179.88 (11) 
C4—C5—C6—C7                           −0.27 (18)                      C5—C6—N1—C9         −0.77 (18) 
C4—C5—C6—N1                           −179.39 (10)                  C7—C6—N1—C11       −0.63 (18) 
C5—C6—C7—C8                           0.51 (18)                        C5—C6—N1—C11       178.48 (11) 
N1—C6—C7—C8                           179.62 (11)                    N1—C9—N2—N2          0.0 (3) 
C6—C7—C8—C3                           0.10 (19)                        N2—C9—N2—C10       0E1 (10) 
C4—C3—C8—C7                           −0.93 (19)                      N1—C9—N2—C10      −0.30 (14) 
C2—C3—C8—C7                           179.80 (11)                    C11—C10—N2—N2      0.00 (19) 
N2—C10—C11—N1                       −0.02 (14)                      C11—C10—N2—C9      0.20 (14) 
N2—C10—C11—N1                       −0.02 (14)                      N2—C10—N2—C9        0E1 (8) 

 

 
Hydrogen-bond geometry (Å, º) 

 
D—H···A                                   D—H                   H···A                   D···A                       D—···A1S—
H1D···O1i                                               0.87 (2)                2.00 (2)                2.8610 (14)          174.6 (19) 
O1S—H1E···N2                           0.91 (2)                1.92 (2)                2.8246 (15)          172.1 (16) 
C5—H5···O1Sii                                                       0.93                      2.39                      3.3034 (16)          166 
C9—H9···O1Sii                                                     0.948 (15)            2.345 (15)            3.2677 (16)          164.5 (12) 

 
Symmetry codes: (i) x, y+1, z−1; 
(ii) −x, −y+1, −z. 
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Abstract 
In the title salt, C9H8N3O2

+.Cl-, the least-squares planes of the imidazolium and benzene rings 
are almost coplanar, making a dihedral angle of 4.59 (1)°.  In the crystal, the chloride anion 
links the organic molecules through N—H---Cl hydrogen bonds, forming chains that run 
diagonally across the bc face, which compliment strong C—H---O hydrogen bonds between 
neighbouring molecules. These chains are connected to adjacent chains through two weak 
C—H---Cl interactions, resulting in hydrogen-bonded sheets extending along the b and c 
axes. The absolute structure of the title compound was determined using a Flack x parameter 
of 0.00 (6) and a Hooft y parameter of 0.03 (2). 
 

6.1 Related literature 
 
For the synthesis of the title compound, see: Gnanamgari et al., (2009); Coberan & Peris 

(2008); Singh et al., (2011). For the structure of imidazole with a bond to phenyl via carbon, 

see: Gayathri et al. (2010). For structure of imidazole with a bond to phenyl via nitrogen, see: 

Zheng et al. (2011). For the structure of nitrophenyl imidazole as a ligand in a complex, see: 

Singh et al. (2010, 2011). For related structures, see: Ishihara et al. (1992); Scheele et al., 

(2007). For our related work in this area, see: Ibrahim et al. (2012). 

 

N
HN

NO2

Cl

 
                                                           
3 Published as Acta Cryst. (2013). E69, o114 
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6.2 Comment 
  
Since the isolation of the first stable free carbene, imidazolium based N-heterocyclic 
carbene ligands (NHC) ligands have received wide interest from researchers because 
substituted imidazolium salts are major precursors to the NHCs commonly employed in 
organometallic chemistry and catalysis for the stabilization of metal centers. Recently 
Gayathri et al., (2010) have reported structural analogues of the title compound with 
imidazole bond to phenyl via carbon, while Zheng et al., (2011) have reported the structure 
with imidazole bond to phenyl via nitrogen. For the structure of nitro- phenyl imidazole as a 
ligand in a metal complex, see: (Singh et al., 2010 and 2011). Structures of related 
compounds were reported by Ishihara et al., (1992), Scheele et al., (2007) and Ibrahim et 
al., (2012). Hence, the title compound was obtained in an attempt to synthesize an 
imidazolium salt by the coupling of 2-chloromethylpyridine hydrochloride with p- 
nitrophenyl imidazole using the method reported by Gnanamgari et al., (2009).  Coberan & 
Peris (2008) and Singh et al., (2011) have also reported synthesis of similar compounds. 
The grey solid obtained was recrystallized from methanol:ethyl acetate (1:1) solvent system. 
The planes of the imidazolium and phenyl rings in (6.1) are almost coplanar. Analysis of the 
absolute structure using likelihood methods (Hooft et al., 2010) was performed using 
PLATON (Spek, 2009).  The Hooft y-parameter was determined to be 0.03 (2) which 
corroborated the Flack parameter x = 0.00 (6). These results in conjunction with a 
correlation coefficient of 0.997 for the Bijvoet normal probability plot indicate that the 
absolute structure is correctly assigned. In the title compound, C9H8N3O2.Cl, the L.S. planes 
of the imidazolium (N1— C4) and phenyl (C5—C10) rings are almost coplanar with a 
dihedral angle of 4.59 (1)°.  In the crystal, the chloride atom links the organic molecules 
through N—H···Cl hydrogen bonds forming chains that run diagonally across the bc face 
which compliment strong intermolecular C—H···O hydrogen bonds between neighbouring 
molecules.  These chains are connected to adjacent chains through two weak C—H···Cl 
interactions resulting in hydrogen bonded sheets extending along the b and c axes. 
 

6.3 Experimental 
  

To a 150 ml round bottom flask containing DMSO (30 ml, MERCK) was added imidazole 
(0.01 mol, 0.68 g, Fluka AG) and KOH (0.015 mol, 0.84 g, MERCK) then stirred at room 
temperature for 2 h. This was followed by the drop wise addition of a solution of 1-chloro-
4-nitrobenzene (Fluka, 0.01 mol, 1.57 g) in DMSO (5 ml), and refluxed at 100 °C for 24 h. 
The resulting solution was first chilled and then diluted with distilled water until neutral. 
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The organic component was extracted using CH2Cl2/CHCl3 (1:1, 3 x 20 ml) and then dried 
with anhydrous MgSO4 and concentrated under vacuum yielding 2.081 g of pure N-

paranitrophenylimidazole; 1H NMR (400 MHz, CDCl3): 8.36(d; 2H) 7.96(s; 1H), 7.57(d; 

2H) and 7.25(1H) ppm. 13C NMR (400 MHz, CDCl3): 146.6, 142.3, 135.7, 132.04, 126.1, 

121.4 and 117.9 ppm. IR (ATR): 3112(=C—H), 2924 (sp3C—H), 1596(C=N), 1503 and 
1370(aromatic NO2), 1049 (C—N medium) and 845 (p-substituted benzene) cm-1.  
Aqueous solution of Na2CO3 was used to neutralize 2-chloromethyl pyridine 
hydrochloride (0.82 g, 5.0 mmol) at 0 °C.  The liberated 2-chloromethyl pyridine were 
then extracted with diethyl ether (4x10 ml) and dried over anhydrous MgSO4, filtered and 
the volume reduced to 1/3 of the initial volume at reduced pressure.  The afforded volume 
was then added to a Schlenk tube containing an equimolar amount of N-para 
nitrophenylimidazole initially dissolved in dry toluene (25 ml) and the remaining diethyl 
ether removed under reduced pressure.  The contents of the Schlenk tube were then 
refluxed at 110 °C for 36 h.  The resulting grey solid obtained was filtered, washed with 
dry ether and dried under vacuum to afford 6.1; 0.89 g, 79%.  1H NMR (400 MHz, 
DMSO-d6): δ 9.86 (s, 1H, NCHN), 8.48 (d, J=9.1 Hz, 2x1H, phenyl), 8.42 (s, 1H, CH=CH 
imidazoyl), 8.15 (d, J=9.1 Hz, 2x1H, phenyl), 7.92 (s, 1H, CH=CH imidazoyl).  13C NMR (400 
MHz, DMSO-d6): δ 147.2 (NCHN), 139.7, 135.4, 125.4, 122.8, 121.9, 120.5.  Anal.  
Calcd. for C9H8ClN3O2 . 0.15C6H5CH3: C; 50.41, H; 3.87, N; 17.55.  Found: C; 50.59, H; 
3.26, N; 18.36. 

 

6.3.1 Computing details 
 

 
Data collection: APEX2 (Bruker, 2008); cell refinement: SAINT-Plus (Bruker, 2008); 
data reduction: SAINT-Plus and XPREP (Bruker, 2008); program(s) used to solve 
structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine structure: SHELXL97 
(Sheldrick, 2008); molecular graphics: ORTEP-3 (Farrugia, 2012); software used to 
prepare material for publication: WinGX (Farrugia, 2012). 

 

6.3.2 Refinement 
  
Carbon-bound H-atoms were placed in calculated positions [C—H = 0.93 Å for aromatic H 
atoms; Uiso(H) = 1.2Ueq(C)] and were included in the refinement in the riding model. The 
nitrogen-bound H atom was located on a difference Fourier map and refined freely with 
isotropic parameters. 
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Figure 6.1: ORTEP diagram of compound (6.1). Thermal ellipsoids are represented at 
the 50% probability level. 

 

 
 

Figure 6.2: Packing diagram showing hydrogen bonding interactions in a crystal of the 
title salt viewed along crystallographic c axis. 
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6.3.3 Crystal data 
 

  C9H8N3O2 F(000) = 464 
Mr = 225.64 Dx = 1.503 Mg m−3 
Orthorhombic, Pna21 Mo Kα radiation, λ = 0.71073 Å 
Hall symbol: P 2c -2n Cell parameters from 9896 reflections 
a = 14.6042 (8) Å θ = 2.2–28.3° 
b = 12.1781 (7) Å µ = 0.37 mm−1 
c = 5.6070 (3) Å T = 173 K 
V = 997.21 (10) Å3 Block, colourless 
Z = 4 0.54 × 0.16 × 0.15 mm 

   
 
 
 
 
 

 Data collection 
 Bruker SMART APEXII CCD 20153 measured reflections 

diffractometer 2217 independent reflections 
Radiation source: fine-focus sealed tube 2120 reflections with I > 2σ(I) 
Graphite monochromator Rint = 0.060 
φ and ω scans θmax = 28.3°, θmin = 2.2° 
Absorption correction: multi-scan h = −17→19 
(SADABS; Bruker, 2008) k = −16→16 
Tmin = 0.524, Tmax = 0.746 l = −7→6 

  Refinement on F2 
 Least-squares matrix: full Hydrogen site location: inferred from 

R[F2 > 2σ(F2)] = 0.029 neighbouring sites 
wR(F2) = 0.076 H atoms treated by a mixture of independent 
S = 1.09 and constrained refinement 
2217 reflections w = 1/[σ2(Fo2) + (0.0354P) + 0.3302P] 
140 parameters where P = (Fo2 + 2Fc2)/3 
8 restraints Δρmax = 0.30 e Å−3 
Primary atom site location: structure-invariant Δρmin = −0.22 e Å−3 
direct methods Absolute structure: Flack (1983), Hooft et al. 
Secondary atom site location: difference Fourier  (2010) and Spek (2009); Hooft parameter = 

 
0.03(2), 856 Bijvoet pairs 
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6.3.4 Special details 
 

Experimental. Carbon-bound H-atoms were placed in calculated positions [C—H = 0.93 Å 

for aromatic H atoms; Uiso(H) = 1.2Ueq(C)] and were included in the refinement in the 

riding model. The nitrogen-bound H atom was located on a difference Fourier map and 

refined freely with isotropic parameters. 

 

Geometry. All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are 

estimated using the full covariance matrix. The cell e.s.d.'s are taken into account 

individually in the estimation of e.s.d.'s in distances, angles and torsion angles; correlations 

between e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry. 

An approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving 

l.s. planes. 

 

Refinement. Refinement of F2 against ALL reflections. The weighted R-factor wR and 

goodness of fit S are based on F2, conventional R-factors R are based on F, with F set to 

zero for negative F2. The threshold expression of F2 > σ(F2) is used only for calculating R-

factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors 

based on F2 are statistically about twice as large as those based on F, and R- factors based 

on ALL data will be even larger. 

 
 

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2) 
 

 x y z Uiso*/Ueq 

C2 0.61881 (11) 0.39839 (13) −0.1020 (3) 0.0241 (5) 
H2 0.5556 0.4068 −0.0918 0.029* 
C4 0.76184 (13) 0.41464 (15) −0.2179 (4) 0.0308 (5) 
H4 0.8131 0.4368 −0.3039 0.037* 
C3 0.76136 (12) 0.34674 (15) −0.0291 (4) 0.0303 (4) 
H3 0.8120 0.3132 0.0402 0.036* 
N3 0.54484 (10) 0.08365 (11) 0.8199 (3) 0.0274 (3) 
N2 0.67050 (9) 0.33611 (11) 0.0429 (3) 0.0210 (3) 
N1 0.67229 (10) 0.44554 (12) −0.2608 (3) 0.0251 (3) 
O1 0.46671 (9) 0.09724 (10) 0.8910 (3) 0.0323 (4) 
O2 0.59895 (10) 0.01721 (12) 0.9069 (3) 0.0406 (4) 
H1 0.6548 (14) 0.4898 (17) −0.386 (4) 0.030 (5)* 
Cl1 0.88518 (2) 0.09410 (3) 0.84010 (10) 0.02647 (12) 
C8 0.57713 (11) 0.14961 (13) 0.6161 (3) 0.0217 (3) 
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C9 0.66889 (12) 0.14545 (14) 0.5571 (4) 0.0303 (4) 
H9 0.7093 0.1022 0.6443 0.036* 
C10 0.69939 (11) 0.20704 (13) 0.3655 (4) 0.0300 (4) 
H10 0.7608 0.2048 0.3216 0.036* 
C5 0.63843 (11) 0.27213 (12) 0.2387 (3) 0.0204 (3) 
C6 0.54623 (11) 0.27679 (13) 0.3038 (4) 0.0264 (4) 
H6 0.5058 0.3212 0.2196 0.032* 

 
C7 0.51553 (11) 0.21484 (13) 0.4943 (4) 0.0260 (4) 
H7 0.4543 0.2170 0.5397 0.031* 

 
Atomic displacement parameters (Å2) 

 
 U11 U22 U33 U12 U13 U23 

C2 0.0202 (8) 0.0223 (7) 0.0297 (13) 0.0005 (6) −0.0001 (7) 0.0027 (7) 
C4 0.0233 (9) 0.0369 (9) 0.0323 (13) 0.0006 (7) 0.0030 (8) 0.0051 (8) 
C3 0.0172 (8) 0.0356 (10) 0.0380 (12) 0.0008 (7) 0.0036 (8) 0.0068 (8) 
N3 0.0293 (7) 0.0286 (6) 0.0242 (9) −0.0071 (5) −0.0034 (8) 0.0010 (6) 
N2 0.0173 (6) 0.0196 (6) 0.0262 (8) −0.0004 (5) 0.0005 (6) −0.0007 (6) 
N1 0.0247 (7) 0.0232 (6) 0.0274 (8) −0.0002 (5) −0.0003 (6) 0.0013 (6) 
O1 0.0286 (7) 0.0373 (6) 0.0311 (9) −0.0060 (5) 0.0047 (6) 0.0014 (6) 
O2 0.0347 (7) 0.0438 (8) 0.0432 (10) −0.0032 (6) −0.0100 (6) 0.0205 (7) 
Cl1 0.01823 (18) 0.02836 (18) 0.0328 (2) −0.00189 (13) −0.00026 (19) 0.0061 (2) 
C8 0.0231 (8) 0.0202 (7) 0.0219 (9) −0.0046 (6) −0.0016 (7) 0.0000 (6) 
C9 0.0231 (8) 0.0295 (9) 0.0382 (12) 0.0013 (7) −0.0040 (8) 0.0089 (8) 
C10 0.0161 (7) 0.0326 (8) 0.0415 (12) 0.0018 (6) −0.0002 (8) 0.0085 (9) 
C5 0.0210 (8) 0.0190 (6) 0.0214 (8) −0.0021 (6) −0.0001 (6) −0.0009 (6) 
C6 0.0202 (7) 0.0256 (7) 0.0333 (12) 0.0044 (6) −0.0007 (8) 0.0034 (7) 
C7 0.0196 (8) 0.0278 (8) 0.0307 (10) 0.0016 (6) 0.0022 (7) −0.0005 (7) 

 
Geometric parameters (Å, º) 

   

C2—N1 1.316 (2) N1—H1 0.92 (2) 
C2—N2 1.343 (2) C8—C7 1.381 (2) 
C2—H2 0.9300 C8—C9 1.381 (2) 
C4—C3 1.343 (3) C9—C10 1.384 (3) 
C4—N1 1.382 (2) C9—H9 0.9300 
C4—H4 0.9300 C10—C5 1.388 (2) 
C3—N2 1.393 (2) C10—H10 0.9300 
C3—H3 0.9300 C5—C6 1.396 (2) 
N3—O1 1.220 (2) C6—C7 1.382 (3) 
N3—O2 1.232 (2) C6—H6 0.9300 
N3—C8 1.474 (2) C7—H7 0.9300 
N2—C5 1.425 (2)   

 
N1—C2—N2 

 
108.78 (15) 

 
C7—C8—C9 

 
122.31 (17) 

N1—C2—H2 125.6 C7—C8—N3 119.25 (15) 
N2—C2—H2 125.6 C9—C8—N3 118.43 (16) 
C3—C4—N1 107.45 (16) C8—C9—C10 118.58 (16) 
C3—C4—H4 126.3 C8—C9—H9 120.7 
N1—C4—H4 126.3 C10—C9—H9 120.7 
C4—C3—N2 106.90 (16) C9—C10—C5 120.04 (15) 
C4—C3—H3 126.5 C9—C10—H10 120.0 
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N2—C3—H3 126.5 C5—C10—H10 120.0 
O1—N3—O2 124.04 (17) C10—C5—C6 120.53 (17) 
O1—N3—C8 118.59 (14) C10—C5—N2 119.73 (15) 
O2—N3—C8 117.37 (15) C6—C5—N2 119.73 (15) 
C2—N2—C3 107.90 (15) C7—C6—C5 119.50 (15) 

 
C2—N2—C5 126.14 (14) C7—C6—H6  120.2 
C3—N2—C5 125.95 (15) C5—C6—H6  120.2 
C2—N1—C4 108.96 (16) C8—C7—C6  119.02 (16) 
C2—N1—H1 127.3 (13) C8—C7—H7  120.5 
C4—N1—H1 123.7 (13) C6—C7—H7  120.5 

 
N1—C4—C3—N2 

 
0.1 (2) 

 
C8—C9—C10—C5   

0.7 (3) 
N1—C2—N2—C3 0.8 (2) C9—C10—C5—C6  0.4 (3) 
N1—C2—N2—C5 179.69 (15) C9—C10—C5—N2  179.43 (17) 
C4—C3—N2—C2 
C4—C3—N2—C5 
N2—C2—N1—C4 
C3—C4—N1—C2 
O1—N3—C8—C7 
O2—N3—C8—C7 

−0.6 (2) 
−179.45 (15) 
−0.7 (2) 
0.4 (2) 
−7.6 (2) 
171.90 (17) 

C2—N2—C5—C10 
C3—N2—C5—C10 
C2—N2—C5—C6 
C3—N2—C5—C6 
C10—C5—C6—C7 
N2—C5—C6—C7 

 176.61 (17) 
−4.7 (3) 
−4.4 (3) 
174.27 (17) 
−0.8 (3) 
−179.81 (15) 

O1—N3—C8—C9 171.10 (16) C9—C8—C7—C6  1.1 (3) 
O2—N3—C8—C9 −9.4 (2) N3—C8—C7—C6  179.81 (16) 
C7—C8—C9—C10 
N3—C8—C9—C10 

−1.5 (3) 
179.81 (16) 

C5—C6—C7—C8  0.0 (3) 

 
Hydrogen-bond geometry (Å, º) 

    

D—H···A D—H H···A D···A D—H···A 
N1—H1···Cl1i 0.92 (2) 2.08 (2) 2.9976 (17) 178 (2) 
C9—H9···Cl1 0.93 2.80 3.5898 (19) 144 
C2—H2···Cl1ii 0.93 2.52 3.4286 (17) 166 
C4—H4···O2i 0.93 2.29 3.181 (2) 161 
Symmetry codes: (i) −x+3/2, y+1/2, z−3/2; (ii) x−1/2, −y+1/2, z−1. 
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7 Chapter seven 

Summary and conclusions 
 

7.1 Project summary 
 

Herein is presented an overview of the project and concluding remarks on achievements of 

the overall objectives of the project.  The project was based on the synthesis of imidazolium 

salts with three different frameworks.  As N-heterocyclic carbene ligand precursors; the 

design of the salts was based on achieving desirable overall properties in the transition metal-

NHC complexes to be derived from them.  The metals were also chosen based on their 

environmentally benign nature and possible catalytic potentials.  The relative abundance and 

competitive pricing of iron, cobalt and nickel make them affordable alternatives to expensive 

platinum group metals which have dominated organometallic catalysis.  In this thesis; all the 

new compounds ranging from the NHC precursors, the intermediate Ag-NHCs to the cobalt 

and nickel–NHC complexes were fully characterized by available and suitable analytical, 

spectroscopic and in some instances crystallographic tools and were confirmed to be of 

acceptable purity. 

 

N

N N

N N
R1 R1

N

N

N
R2

Fe N

N
R3

our ligand design

R1= -CH3, -C2H5, -CH2(CH2)2CH3, -CH2CH(CH3)2, -CH2(CH2)4CH3, -CH2C6H5
R2 = -C6H4NO2, -C6H4COCH3, -C6H4CN, -CH2CHCH2, -CH2CH2CHCH2, -CH2(CH2)2CHCH2
R3 = -CH2CHCH2, -CH2CH2CHCH2, -CH2(CH2)2CHCH2  

Figure 7.1: Summary of the three series of NHC ligands in this report. 
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The first series of imidazolium salts built around a pincer CNC architecture were synthesized 

via an improved solvent-free technique that simplified previous cumbersome methods for 

their synthesis and isolation. Detailed in chapter two of this thesis the results were published 

in the Elsevier journal Tetrahedron Letters.  

The second series of imidazolium salts contain a picolyl moiety and were synthesized via 

modification of established procedures through the use of 2-bromomethylpyridine hydro 

bromide as the source of the pyridine based N-donor. The afforded functionalised 

imidazolium salts were obtained in excellent isolated yields.  

Using standard techniques for the synthesis of ferrocenylphenyl imidazole and subsequent 

coupling with terminal alkenyl bromides in refluxing acetonitrile afforded good to excellent 

isolated yields of the corresponding ferrocenyl functionalised series of salts. 

N

N

N

N

Co
2Cl

2+

6a

 lemon green air stable powder; mp 

196 - 198 oC

PF6

3a: R'=Me, dark green air stable

microcrystals, mp 250 - 253 oC

3b: R'=C6H5CH2, dark green air stable 

microcrystals; mp 236 - 238 oC

3a,b

N

NN

N N

R' R'

Co

Cl

N

N

N

R N

N

N

R

3a: R=C6H4NO2, M=Co, green micro crystals; mp 275 - 278oC

3a': R=C6H4NO2, M=Ni, yellowish-orange micro crystal; mp 283 - 285 oC

3d: R=allyl, M=Co, dark green powder; mp 185 -188 oC

3d': R=allyl, M=Ni, lemon green microcrystal; mp 243 - 245 oC

3e: R=butenyl, M=Co, dark green powder; mp 120 -123 oC

3e': R=butenyl, M=Ni, lemon green microcrytal; mp 108 - 110 oC

M

2+

2Cl

Fe

Fe

 

Figure 7.2: Summary of synthesized NHC-Metal complexes. 

 

All the synthesized cobalt and nickel-NHC complexes have the metal in the +2 state of 

oxidation and showed appreciable activity in catalyzing the arylation of aryl amines with 

phenyl halides using only 1 mol% catalyst loading. Based on the results obtained, 

mechanistic pathways were proposed for the catalysis. 

7.2 Conclusions 
 

Several new NHC-ligand precursors were successfully synthesized and characterized.  The 

ligand precursors yielded M-NHC complexes of Co and Ni in fair to good isolated yields via 

transmetalation from corresponding Ag-NHC complexes.  Both the in situ generated and 
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isolated M-NHC complexes have shown appreciable activities in the activation of C-N 

coupling of aryl bromides with aryl amines leading to good isolated yields of diarylamines 

comparable to those obtained with Pd-, Pt-, Ir- and Ru-NHC catalyst systems.  This is an 

immense contribution to the field of organometallic chemistry and homogeneous catalysis of 

environmentally benign and readily available metals. 
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7.3 Summary of all the major compounds synthesised and characterised 

7.3.1 Salts  
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7.3.2 NHC-Ag complexes 
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7.3.3 NHC-Co(II) complexes 
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7.3.4 NHC-Ni(II) complexes 
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7.3.5 Others  
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