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Eq equation 
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CHAPTER 1. Introduction 

1.1 History of N-Heterocyclic Carbene Chemistry 

N-heterocyclic carbenes have found robust development in the past two decades,1 and 
were widely used as ubiquitous ligands in organometallic catalysis2 and 
organocatalysis.3 Selected milestones in the history of N-heterocyclic carbene chemistry 
are shown in Scheme 1.1. 

The first well-defined metal complex 1.1 based on an N-heterocyclic carbene ligand was 
reported by Wanzlick in 1968.4 Yet, the importance of this new carbene type as ligands 
for metal complexes was not widely recognized in the following years until in 1991, 
Arduengo isolated the first stable crystalline imidazol-2-ylidene compound 1.2 from its 
imidazolium precursor, in which the bulky wingtip was thought to have provided crucial 
kinetic stabilization effect.5 In 1995, the first class of N-heterocyclic carbene palladium 
complexes, such as complex 1.3 as homogeneous catalyst for Heck reaction, were syn-
thesized and showed higher stability in the presence of oxygen and moisture, compared 
to the widely-used phosphine/phosphite ligands.6 This discovery pulled a trigger to the 
robust development of N-heterocyclic carbene chemistry, especially for NHC metal 
complexes catalyzed organic reactions.2a  

N-heterocyclic carbenes served as ligands not only for metal atoms, but also for non-
metal atoms, such as carbon. For instance, bis(NHC) assisted bent allene 1.4, also known 
as carbodicarbene, was synthesized and showed peculiar chemistry properties, which 
challenged the prevailing comprehension of carbon chemistry.7  

In 2001, an unusual N-heterocyclic carbene iridium complex 1.5 was reported.8 Different 
from imidazol-2-ylidenes, in the N-heterocyclic carbene ligand of 1.5, the carbenic car-
bon located at the C4/5 position. Thereafter, more complexes with this type of ligands 
were reported and these ligands were referred to as ‘abnormal N-heterocyclic carbenes’. 
After the studies on abnormal N-heterocyclic carbene chemistry for almost one decade, 
the first free abnormal carbene species, i. e. imidazol-5-ylidene 1.6 was isolated.9  

The transfer reaction from normal NHC iron complex 1.6a to its abnormal NHC conge-
ner 1.7a by heating suggested that encumbering substituents on the wingtip of the NHC 
could drive the rearrangement between these two isomers (Scheme 1.1).10 
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Scheme 1.1. Milestones of chemistry on N-heterocyclic carbenes. 
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1.2 Imidazole Derived Carbenes 

1.2.1 Imidazol-2-ylidene carbenes 

Among all N-heterocyclic carbenes, imidazoly-2-lidenes, also referred to as Arduengo 
carbenes in early times, are certainly the most important. Synthesis of the imidazolium 
precursors, synthetic strategy of imidazole based carbene metal complexes (specially 
silver,11 palladium,12, ruthenium,13 gold14 and copper14b complexes) and their application 
in catalysis were well studied and summarized.2, 15 

 

An early DFT calculation study on zirconium imidazol-2-ylidene complexes claimed 
that ‘the Arduengo carbene ligand acts as a pure -donor ligand at these very electro-
philic group 4 metallocene complexes’.16 The Arduengo carbene ligand acted as a pure 
donor in this special situation was probably because there were no d-electrons in the 
metal center to donate to the ligand via back-bonding. Later studies showed that, for 
complexes with d-orbital electrons at the metal center, Arduengo carbenes no longer 
served as ‘pure -donor ligand’ and they also had  acceptor character, just like other -
donor ligands such as phosphine ligands (Figure 1.1).17  

The * orbitals of the ligands could accept electrons from the electron-rich metal centers 
and the back-donation was not negligible. As for the electron-poor metal center, like that 
in d0 complexes, the electron could also be donated from the  orbital of the ligand into 
the metal center, although the  orbital was normally not considered as a major donating 
party. Therefore, the electronic properties of imidazol-2-ylidene ligands were more 
complicated than ‘pure donors’. Yet, both theoretical and experimental studies still sug-
gested that imidazol-2-ylidenes were stronger donor ligands than phosphines and 
phosphites in general. 

For example, the donating capacity of an NHC ligand was evaluated by the CO vibra-
tional frequency of the related NHC metal carbonyl complexes.18 With other variables 
fixed in a metal complex, a stronger donating NHC ligand made the metal center to be-
come more electron-rich. Therefore, the CO ligand obtained more back-donation from 
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the metal into its anti-bonding * orbital, resulting in a weaker CO bond and thus a 
smaller value of its vibrational frequency.18 Meanwhile, by comparison of the energies 
of HOMOs of different ligands, an early study confirmed the conclusion that imidazol-2-
yliendes were better donating ligands than phosphine ligands.18 

 
Figure 1.1. Selected molecular orbitals of N-heterocyclic carbene and their relationship 

to metal fragment. 

1.2.2 Imidazol-4/5-ylidene carbenes 

From the beginning of the new millennium, imidazol-4/5-ylidenes, constitutional iso-
mers of the imidazol-2-ylidene counterparts, have attracted lots of attention. Several re-
views were published to discuss various types of unconventional NHCs1, the 
precursors19, complexes15b and the application of their complexes in catalysis.20 

In 2001, Crabtree and his co-workers serendipitously isolated an unusual NHC iridium 
complex 1.5 with the metal atom bound to the C5 of the imidazole ring (Eq 1.1), evi-
denced by the 1H NMR spectroscopic data that the C2-H and C4-H signals remained.8 
This new type of NHC was then termed as ‘abnormal’ NHC, in order to be differentiated 
from normal NHC with the carbenic carbon atom at 2-position of the imidazole ring. 
Complex 1.5 was quite stable and showed no tendency to rearrange to the normal 
carbene isomer.  
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Considering that the C2 proton was more acidic than the C5 proton, the cleavage of C2-
H was easier. Thus, the cause of the unexpected formation of complex 1.5 was generally 
not related to electronic reason.  

The mechanism of the formation of the abnormal NHC iridium complex was then stud-
ied. A series of similar reactions (like that in Eq 1.1) with different variables (various R 
groups and counterions) indicated that both steric congestion of the wingtips on the 
azolium ring, and the counterions of the precursor influenced the selective formation of 
normal or abnormal NHC metal complexes (Table 1.1).21 

Table 1.1. Formation of normal/abnormal carbene complexes affected by counterions. 

Entry R X 

  

a Me Br 91 9 

b Me OAc 80 20 

c Me BF4 45 55 

d Me PF6 50 50 

e Me SbF6 11 89 

f iPr BF4 0 100 

Comparison of Entry c and Entry f implied that a ligand precursor with bulkier wing-
tips preferred to form abnormal NHC complex (Entry f). The steric repulsion between 
the wingtip and co-ligands of the product was significantly reduced in Entry f; while for 
the ligand precursor with less bulkier wingtip in Entry c, the normal NHC complex be-
came more stable from thermodynamic point of view. 

The counterions of the ligand precursor also had strong influence on the ratio of the 
normal and abnormal carbene complexes formed. With non-coordinating counterion 
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[SbF6]  (Entry e), abnormal NHC metal complexes were preferred, while with Br , 
which could easily form H-bondings with protons of the imidazolium ring of the ligand 
precursors, normal NHC complexes were more likely to be generated. Note that, both of 
the products were reasonably stable and no transformation reaction between them was 
observed under various reaction conditions, even in highly acidic environment.  

 

Scheme 1.2. Proposed mechanism of the selective formation of normal versus abnormal 

NHC metal complexes. 

Based on the experimental observations and the subsequent computational studies with 
simplified models, a plausible mechanism for the selective formation of abnormal or 
normal NHC complexes 1.11p and 1.12p was proposed (Scheme 1.2).  

In the proposed mechanism, [BF4]  induced the oxidative addition of the C5 H onto 
[IrIIIH3(PMe3)2], forming an IrV intermediate 1.11b, which then rearranged to the H2-
adduct complex 1.11c and finally the abnormal NHC complex 1.11p; while Br  acceler-
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ated the heterolysis of the weaker C2 H bond (compared to the C5 H bond) in 1.12a to 
form the H2-adduct complex 1.12b directly, eventually yielding the normal NHC com-
plex 1.12p.21  

As a conclusion, ligand precursors with bulkier wingtip on the azolium rings and with 
non-coordinating counterion tended to form abnormal NHC complexes and ligand pre-
cursors with less hindered wingtips and with counterions that could easily form H-
bonding preferred to form normal NHC complexes. The conclusion was consistent with 
other reports.  

For example, in the reactions of ligand precursors 1.13a-1.13e with palladium(II) species 
in the presence of potassium carbonate, when R was methyl, iso-propyl, phenyl or 
mesityl group, normal NHC palladium complexes 1.13a-1.13d was formed; while when 
R group was the highly bulky tert-butyl group, abnormal NHC complex 1.13e was 
formed (Scheme 1.3).22 

 
Scheme 1.3. Selective formation of normal/abnormal carbene complexes determined by 

bulkiness of R group. 

Table 1.2. Vibration frequencies of CO in complex 1.15a-1.15d. 

 

    

avg(CO)/cm-1 2003 2017 2017 2019 

By means of comparing the vibrational frequency of CO of their metal carbonyl com-
plexes, the new abnormal NHCs proved to be better donating ligands. For instance, the 
average CO vibrational frequency of the abnormal NHC iridium complex 1.15a was 
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considerably lower than those in the similar normal NHC complexes 1.15b-1.15d (Ta-
ble 1.2),23 indicating that abnormal NHCs were stronger donors than normal NHCs.  

 
Figure 1.2. LUMO and HOMO of imidazol-2-ylidene, imidazoly-4/5-ylidene and 

imidazolyl. 

The conclusion was consistent with a DFT computational study (Figure 1.2).24 The en-
ergies of HOMOs of the calculated normal and abnormal NHC models (1.16a and 1.16b, 
respectively) were -4.97 eV and -4.25 eV, respectively, indicating that the abnormal 
NHC had a stronger tendency to act as an electron donor; the energy gaps between 
LUMO and HOMO for normal and abnormal NHC were 4.65 eV and 4.00 eV, respec-
tively, suggesting that the normal NHC was more stable than the abnormal NHC. It was 
noteworthy that the -donating orbital of 1.16c, which would coordinate to metal frag-
ments, was HOMO-1 instead of HOMO. The HOMO-1 energy (-6.33 eV) was much 
smaller than those of HOMOs of 1.16a and 1.16b, implying that imidazole as a nitrogen-
coordinating ligand was a reasonably poor -donor compared to the isomeric carbene 
donors.24 

Synthesis of abnormal NHC metal complexes became more attractive after their stronger 
donating capacity had been revealed. Besides several fortuitous isolations of abnormal 
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carbene species,25 general strategies were also developed to synthesize abnormal NHC 
metal complexes. Basically, abnormal NHC complexes could be prepared either a) from 
the imidazolium precursors 1.17a with their C2 positions blocked with inert funcational 
groups 23, 26 to form complex 1.18a, or b) by oxidative addition of C4/5 X (X = hydro-
gen27 or halogen atoms28) bonds of the imidazolium precursors 1.17b onto low-valence 
metal fragments (Scheme 1.4) to generate 1.18b, in which the value of oxidation state of 
the central metal ion was increased by two units. 

 
Scheme 1.4. Two synthetic methods to abnormal NHC metal complexes 1.18a-1.18b. 

The transformation between normal and abnormal NHC complexes was quite rare.29 Re-
cent research found that an iron normal NHC complex 1.7a was easily transferred to its 
abnormal NHC isomer 1.8a by heating at reflux in toluene.10 A plausible driving force 
was the release of the steric congestion caused by the bulky wingtip group, 2,6-
di(isopropyl)phenyl, in 1.7a. Meanwhile, the rearrangement pathways were also strongly 
influenced by the wingtip; when the wingtip was tert-butyl group, the normal NHC 
complex 1.7b was transformed to a tetrahedral bis(N-tert-butylimidazole) iron com-
plex 1.8b under the same reaction condition (Scheme 1.5).  

The transformation between normal and abnormal NHC metal complexes was a relative-
ly new topic and the reaction mechanism was still unclear. 
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Scheme 1.5. Reactions of normal NHC complex to the abnormal NHC metal complex or 

imidazole metal isomer. 
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1.3 Carbenes Based on Other N-Heterocycles 

Despite the robust development of imidazolylidene chemistry, imidazole is not the only 
N-heterocycle that can be functionalized to become a carbene. In principle, all other N-
heterocyclic compounds containing C=N bonds have the potential to be transformed into 
carbene species (Scheme 1.6).  

As shown in the scheme, imine derivative can be alkylated or arylated to iminium salt. 
In one of the isomeric structure of the iminium cation, the positive charge is located on 
the carbon atom. Removal of the proton leads to the formation of a carbene compound. 
Singlet carbene has six valence electrons and one empty p orbital, the presence of an 
empty p orbital is one of the crucial reasons why singlet carbenes are highly reactive. In 
the carbene species in Scheme 1.6, the empty p orbital of the carbenic carbon is stabi-
lized by the electron pair in the p orbital of the adjacent nitrogen, which makes N-
heterocyclic carbenes comparatively stable. 

 
Scheme 1.6. From imine to imidium, then to N-substituted carbene. 

In the case of imidazolylidenes, not only the empty p orbital of the carbenic carbon atom 
is stabilized by the electron pair(s) in the adjacent nitrogen atom(s), but also the for-
mation of the aromaticity (i. e., six-electron-five-center) of the imidazolylidene ring fur-
ther enhances the stability of the carbene (Figure 1.3). 

 
Figure 1.3. Orbital of imidazol-2-ylidene (left) and imidazol-4/5-ylidene (right). 

In the same manner, it is not compulsory to have a nitrogen atom directly bound to the 
carbenic carbon, and as long as the empty p orbital is stabilized in an aromatic system, 
the stability of the carbene will be increased. As a matter of fact, recently, novel NHCs 
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based on aromatic N-heterocycles other than imidazole were also widely studied 
(Chart 1.1).  

 

Chart 1.1. Structures and names of novel N-heterocyclic carbenes. 

Synthesis, characterization and properties of selected examples of novel NHCs are dis-
cussed as follows. 
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1.3.1 Triazole derived carbenes 

1.3.1.1 1,2,4-Triazole derived carbenes 

Before the isolation of the first abnormal imidazolylidene compound 1.6, triazole de-
rived free carbene, 1,3,4-tripehyl-1,2,4-triazol-5-ylidene 1.21, had already been isolated 
in 1995 (Scheme 1.7),30 which pulled a trigger to the fast development of novel carbenes 
based on N-heterocycles other than imidazole. 

 
Scheme 1.7. First example of 1,2,4-triazolylidene 1.21. 

Subsequently, the first metal complex 1.23 based on 1,2,4-triazolylidene ligand was syn-
thesized from the reaction of the 1,2,4-triazolium salt 1.22 with nickel acetate (Eq 1.2).31 

 

A CO vibrational frequency study of the 1,2,4-triazolylidene iridium complex indicated 
that 1,2,4-triazolylidene was not such a strong -donor as imidazol-2-ylidene species, yet, 
it was still stronger than any phosphine ligands.18  

The 1,2,4-triazolylidene ligand is a weaker donor than the imidazol-2-ylidene ligand, 
because from imidazol-2-ylidene to 1,2,4-triazolylidene, one C H bond is replaced by 
nitrogen atom, and according to the orbital perturbation theory, nitrogen is more electro-
negative carbon and the replacement of the C-H bond by a nitrogen atom will increase 
the stability of the HOMO orbital containing the donating electron pair, thus leading to 
the poorer donating capacity of 1,2,4-triazolylidene. 

After full methylation of all the nitrogen atoms of the triazole ring, a 1,2,4-triazolium 
salt 1.24 was formed. The reaction of 1.24 with [Cp*Ru(OMe)]2 led to the formation of 
complex 1.25 (Eq 1.3). In complex 1.25, the two triazole derived ligands were still posi-
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tively charged and the carbene signals of the NHC ligands resonated in  = 188.6-
203.42 ppm region in the 13C NMR spectra.32 

 

The above 1,2,4-triazolylidene derived ‘cationic’ NHC was a potential 2-ligand, which 
was named ditz ligand.33 The N,N,N-trisubstituted-1,2,4-triazolium precursor can be 
deprotonated twice to form 1,2,4-triazolyl-3,5-diylidene ligand (Scheme 1.8). 

 
Scheme 1.8. From 1,2,4-triazolyidene to 1,2,4-triazolyl-3,5-diylidene. 

Treatment of triazolium salt 1.26 with silver acetate led to the formation of silver 
dicarbene complex, which was crystallized in solid state as a polymer 1.27 with the 
dicarbene ligand serving as a linker of silver atoms (Eq 1.4). Ab initio calculation 
showed that a free 1,2,4-triazol-3,5-diylidene had two lone pairs on two carbenic carbon 
atoms in the plane of the aromatic ring.34 
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Despite of the robust development of 1,2,4-triazolylidene metal complexes in the late 
1990s, the applications of the ditz ligand were surprisingly rare until 2007, the second 
example of a 1,2,4-triazol-3,5-diylidene-based heteronuclear complex 1.30 was synthe-
sized (Scheme 1.9). The two protons in the 1,2,4-trialkyltriazolium precursor were re-
moved by KOtBu one by one and two metal fragments were then coordinated.35 

 
Scheme 1.9. First example of hetero-dinuclear complex 1.15 based on ditz ligand. 

So far, only a few examples based on this ligand, as well as their applications, were re-
ported, for example, dinuclear ruthenium(II) complexes and their application in -
alkylation of secondary alcohol to primary alcohol,36 homo- and hetero-dinuclear iridi-
um(III)/rhodium(III) complexes and their application in tandem reactions,37 
heteronuclear palladium(II)/iridium(III) complexes and their application in tandem reac-
tions,33, 38 dipalladium(II) complexes and their application in Sonogashira/cyclic 
hydroalkoxylation reactions39, direct acylation of aryl halides with aldehydes40 and 
Mizoroki-Heck coupling reactions,41 iridium(III)/platinum(II) dinuclear complexes and 
their application in the addition of alkynyl alcohols to indoles,42 and iridium(III)/gold(I) 
complexes and their application in reaction of nitrobenzene and benzyl alcohol43. 
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1.3.1.2 1,2,3-Trazole derived carbenes 

Versatile 1,2,3-triazoles are easily accessible via [3+2] ‘click’ cycloaddition reactions of 
acetylenes and azides.44 It was reported that, direct alkylation of 1,2,3-triazole selective-
ly occurred at the 3-position, generating 1,3-disubstituted-1,2,3-triazolium 1.31, which 
was the ligand precursor for the formations of 1,3-disubstituted-1,2,3-triazolylidene met-
al complexes 1.32a-1.32d. It was noteworthy that, similar to imidazole-4/5-ylidene, no 
free-carbene mesomeric structure could be drawn for the this new carbene species, 
which was thus referred to as ‘abnormal’ 1,2,3-triazolylidene (Scheme 1.10).45 

 
Scheme 1.10. First examples of 1,2,3-triazole based abnormal NHCs metal complexes. 

Pd(II),45-46 Ru(II),45, 47 Rh(I),45-46 Ir(I)45, Ir(III),47f Os(II),47g Cu(I)48 and Au(I)49 complex-
es based on 1,2,3-triazol-5-ylidene were synthesized and some of them were examined 
for catalytic activity.50  

 
Scheme 1.11. Synthesis of stable free 1,2,3-triazol-5-ylidene compound 1.34. 

One year later, after the successful isolation of imidazol-5-ylidene,9 a free 1,2,3-
triazolylidene 1.34 was isolated (Scheme 1.11). The CO vibrational frequency of its irid-
ium carbonyl complex indicated that the donating capacity of 1,3-disubstituted-1,2,3-
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triazolylidene was slightly stronger than imidazol-2-ylidene but much weaker than 
imidazol-4/5-ylidene.51  

Very recently, 1,2-disubstituted-1,2,3-triazolium salt 1.35 was synthesized. The reaction 
of 1.35 with sodium hydride and ammonia formed an ammonia adduct 1.36, which was 
stable at low temperature. Compound 1.36 reacted with other metal fragments, like Ir(I), 
Au(I) or Cu(I), resulting in the corresponding metal complexes 1.37a-1.37c 
(Scheme 1.12). Mesomeric structure of free carbene could be drawn for this type (as 
depicted for complex 1.37c for instance), and it was therefore referred to as the first ex-
ample of ‘normal’ 1,2,3-triazolylidene species afterward. 

 
Scheme 1.12. Synthesis of normal 1,2,3-triazolylidene metal complexes. 

According to the CO vibrational frequency of the iridium complex, the ‘normal’ 1,2,3-
triazolylidenes were only slightly stronger -donating than the ‘abnormal’ congeners.52  
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1.3.2 Pyrazole derived carbenes 

So far, no free pyrazolylidenes have been successfully isolated. The first metal complex-
es based on pyrazoylidenes were pyrazol-3-ylidene metal complexes. For instance, ru-
thenium pyrazol-3-ylidene carbene complexes 1.39a and 1.39b were synthesized from 
the ligand precursor 1.38 by transmetallation via silver intermediates (Scheme 1.13) and 
the complexes showed fine catalytic activity for dimerization and cyclotrimerization re-
action of phenylacetylene.53 Similar method was applied for the synthesis of several 
gold(I)/gold(III)54 and rhodium(I)54b complexes.  

 
Scheme 1.13. Synthesis of pyrazol-3-ylidene ruthenium complexes by transmetallation. 

Computational study demonstrated that pyrazol-3-ylidene ligands were better -donors 
than imidazol-2-ylidenes but weaker than imidazol-4/5-ylidenes.55 

 

The removal of the proton on the 4-position of the pyrazolium cation is not as easy as 
that on the 3-position of the cation. Thus, the direct synthesis of pyrazol-4-ylidenes or 
their metal complexes by means of in situ deprotonation of a pyrazolium salt has never 
been reported. The first example of pyrazol-4-ylidene metal complex 1.41 was only syn-
thesized recently by oxidative addition of C I bond of the 4-iodo-1,2,3,5-substituted 
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pyrazolium salt 1.40 onto Pd2(dba)3 with the presence of co-ligand PPh3 (Eq 1.5)56. This 
complex and its derivatives showed satisfactory catalytic activity in Suzuki reaction.57 
Shortly after that, the same group reported a bridged bis(pyrazolylidene) ligand and its 
palladium(II) complexes.58 

1.3.3 Pyridine and diazines derived carbenes 

A large number of metal (M = Pd,59 Pt,59a, 59b, 60 Ru,61 Os,61d, 62 or Ir63) carbene complexes 
based on pyridylidene ligands have been synthesized and reviews on this topic were also 
published.64 Interesting examples of these complexes are shown below. 

The first well-defined pyridine derived metal carbene complexes were reported in 1983. 
Methylation of 2-pyridyl palladium (1.42a) or platinum complexes (1.42b) resulted in 
the corresponding N-methyl-pyrid-2-ylidene species 1.43a and 1.43b (Eq 1.6).  

 

An in situ NMR study showed that, the metal-carbon bonds in 1.43a and 1.43b were not 
able to rotate freely under ambient conditions, and they were depicted as metal-carbene 
complexes.59a CO stretching frequencies of pyridyl-2-ylidene iridium carbonyl complex-
es indicated that pyridyl-2-ylidenes had similar donating capacity to 1,2,3-
triazolylidenes, i. e., between the donating abilities of imidazol-2-ylidenes and imidazol-
4/5-ylidenes.65 

Besides metal pyridyl-2-ylidene complexes 1.43a and 1.43b, metal pyridyl-4-ylidene 
derivatives 1.47 have also been synthesized via quinolinone (1.44) or quinolinium pre-
cursors (1.46) (Scheme 1.14).59b The related computational study showed that the energy 
of HOMO orbital of the 4-quinolylidene, which served as the -donating orbital for met-
al complexes, was much higher than that of the imidazolylidene (both normal and ab-
normal) species, making 4-quinolylidene an even better donating ligand.64a 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Chapter 1   Introduction 

20 

 
Scheme 1.14. Synthesis of pyrid-2-ylidene metal complexes via quinolinone/ 

quinolinium precursors. 

 
Chart 1.2. Resonance structures of different types of pyridylidene metal complexes. 

Examples for ortho-, para- and meta- pyridylidene metal complexes are 1.43(a/b), 1.47 

and 1.49, respectively. 

The pyridyl-3-ylidene metal complex 1.49, although it does not have a stable resonance 
structure like its siblings (Chart 1.2), was also successfully synthesized from the 
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pyridinium precursors 1.48 (Scheme 1.15).59d No data for the donating ability of pyridyl-
3-ylidene is so far available. 

 
Scheme 1.15. Synthesis of pyridyl-3-ylidene metal complex via C Cl bond activation. 

Most recently, the first bidentate bis(pyridyl-2-ylidene) palladium complex 1.52 was 
synthesized via C Cl oxidative addition and C H metallation (Scheme 1.16).59e 

 
Scheme 1.16. Synthesis of the first bis(pyridyl-2-ylidene) palladium complex 1.52. 

Some unconventional pyridylidene metal complexes have also been reported. For exam-
ple, ruthenium pyridylidene metal cluster 1.54 was synthesized from the reaction of 
pyridinium precursor 1.53 and [Ru3(CO)12] in the presence of base (Eq 1.7).61a 
Osmium62 and iridium pyridylidene complexes63a were synthesized by means of direct 
C H metallation reaction of pyridine with metal precursors (example complexes 1.27a 
and 1.27b in Scheme 1.17). Instead of an organic substituent, the nitrogen atom of the 
pyridine ring was bound to the proton which stemmed from the C H bond activation. 
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Scheme 1.17. Synthesis of complexes 1.27a and 1.27b via direct C H metallation of 

iridium reagent to 2-substituted pyridine. 

Although a great number of metal carbene complexes have been synthesized based on 2-
nitrogen-5-membered and 1-nitrogen-6-membered ring heterocycles, the related species 
derived from 2-nitrogen-6-membered ring heterocycles, i. e. diazine, were still quite ra-
re.66 Some of the examples are as shown in Chart 1.3. 

 
Chart 1.3. Metal carbene complexes based on diazine derivatives. 

As a summary for Section 1.2 and 1.3, the combination of computational studies by 
comparing the energies of HOMOs of the models of free NHCs55, 67 and experimental 
studies by comparing the CO vibration frequencies of the NHC metal complexes sug-
gested the relative donating abilities of the above NHCs, as shown in Chart 1.4. 

Generally, NHC with less nitrogen atoms in the ring has stronger donating ability, and in 
the series of NHC with the same ring, a carbene farther away from nitrogen atoms has 
better donating ability. 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Novel N-Heterocyclic Carbene Ligands and their Metal Complexes 

23 

 
Chart 1.4. Related -donating abilities of different NHCs. The relative donating abilities 

of the NHCs increase from left to right. 
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1.4 Novel N-Heterocyclic Carbene Chemistry 

1.4.1 N-substituted-imidazolylidene metal complexes 

A conventional imidazolylidene carbene metal complex (Scheme 1.8) is based on the 
structure of an N,N-disubstituted imidazolylidene ring with one carbon atom coordinated 
to a metal fragment. Practically, organic substituents on the nitrogen atoms are adjusted 
to tune the steric parameter of the ligand, yet, they have limited influence on the elec-
tronic properties of the ligand.15d If only one nitrogen atom is furnished with an organic 
substituent, the imidazolylidene metal complex becomes an imidazolyl complex. Proto-
nation or metallation of the other nitrogen atom in the imidazolyl ring leads to the for-
mation of N-protonated or N-metallated imidazolyl complex (Scheme 1.18). The N-
protonated or N-metallated imidazolyl complexes have similar mesomeric structures to 
imidazolylidene metal complexes, thus, they may also be N-heterocyclic carbene com-
plexes. 

 
Scheme 1.18. Imidazol-2-ylidene metal complexes in which one nitrogen is substituted 

by other groups. 

Early in 1996, Cronje reported the first example of a well-characterized gold(I) 
bis(imidazol-2-yl) complex 1.60, which was protonated or methylated to complex 1.61 
or 1.62 (Scheme 1.19).68  

 
Scheme 1.19. Early reports of gold-imidazolyl complexes. 

Other metal imidazol-2-yl complexes (M = Ru,69 Mo,70 Mn,70 Ni71 and Pt71) were also 
synthesized in the following years. 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Novel N-Heterocyclic Carbene Ligands and their Metal Complexes 

25 

Very recently, special attention was drawn to the suspiciously low-field chemical shifts 
of the metallated carbon atoms of metal imidazol-2-yl complexes in the 13C NMR spec-
tra. For example, N-methyl imidazolide (1-methyl-1H-imidazol-2-ide) coordinated to a 
rhenium fragment via C2 carbon to form an imidazolyl metal complex 1.63, which was 
then protonated or methylated to complex 1.64 and 1.65. Apparently, complex 1.65 was 
a typical metal carbene complex, and its analogue 1.64 was also considered as a carbene 
metal complex. However, it was noticed that the chemical shift of the metal-bound car-
bon atom in complex 1.63 was observed at  = 182.4 ppm in the 13C NMR spectrum, 
very close to those of 1.64 and 1.65 (  = 178.7 and 181.2 ppm, respectively). Thus, the 
author mentioned that complex 1.63 ‘features an unprecedented NHC ligand containing 
a nonsubstituted nitrogen’ (Scheme 1.20).72 

 
Scheme 1.20. Chemical shifts of metal-bound carbon signals of imidazole derived rhe-

nium complexes. 

The ‘naked’ nitrogen atoms in the imidazolyl metal complexes are more nucleophilic, 
compared to the free nitrogen atom in an N-substituted-imidazole compound. Therefore, 
their coordinating capacities are also stronger.  

Dimers or oligomers of the complexes were formed via the naked nitrogen atoms. Ex-
amples were these with Au(I),73 Rh(I),74 Ir(I),74 Fe(II),75 Pd(II)76 and Pt(II).71 Examples 
are shown in Chart 1.5. 

 
Chart 1.5. Examples of dimerized or oligomerized imidazolyl metal complexes. 
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The highly nucleophilic free nitrogen atom on the imidazolyl ring could also be stabi-
lized by other metal fragments. This topic was still relatively new and only a few com-
plexes were reported (Scheme 1.21).72, 77 Because of relatively low field signals of the 
metallated carbon atoms of these complexes in the 13C NMR spectra, some of them were 
regarded as metal carbene complexes. The term ‘N-metallated N-heterocyclic carbene 
metal complex’ seems proper for this new type of complexes, like 1.68-1.70. 

 
Scheme 1.21. Examples of novel N-metallated N-heterocyclic complexes and chemical 

shifts of their metallated carbon atoms in the 13C NMR spectra. 

1.4.2 Carbodicarbene 

A conventional allene prefers a linear geometry with the central carbon atom sp hybrid-
ized and the terminal carbon atoms sp2 hybridized. Any effort to bend the C C C angle 
from 180º, even to a small extent, will significantly decrease the stability of the com-
pound. 

The synthesis of bent allenes, as a small topic in organic chemistry, has attracted lots of 
attention.78 However, there was no significant development in this area until recently, 
DFT calculations signified that, strongly nucleophilic substitutents on the terminal car-
bon atoms were able to stabilize bent allenes.79  

One year later, Bertrand and his co-workers synthesized the first example of stable bent 
allene, compound 1.73, in which the central carbon was coordinated with two NHC lig-
ands and the angle of the allenic C C C is 134.8(2)º. Although named as ‘bent allene’, 
this new compound showed no similar properties to conventional allenes.7 At the same 
time, another stable bent allene 1.76 was synthesized, in which the central carbon was 
stabilized by aryloxy groups (Scheme 1.22) and the bent angle was reduced significantly 
to 97.5º. Both 1.73 and 1.76 showed stronger donor capacity than phosphines, five-
membered ring NHCs and even strongly basic bis(diisopropylamino)carbene, according 
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to comparison of CO stretching vibration frequencies of their rhodium carbonyl com-
plexes.80 

 
Scheme 1.22. Recent reports on extremely bent allenes. 

 
Scheme 1.23. Different coordinative capacities of conventional allene and 

carbodicarbene. 

The NHC-substituted bent allenes, i. e. carbodicarbene, were certainly a very appealing 
class of compounds. Normally, a conventional allene 1.77 preferred to coordinate to a 
metal fragment through one of its double bonds to form a -coordination complex 1.78; 
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while the carbodicarbene 1.73 coordinated to a metal fragments via the central carbon to 
generate a -coordination complex 1.79 (Scheme 1.23).  

The central carbon in the bent allene 1.73 was sp3 hybridized; two orbitals were occu-
pied by two electron pairs from its own valence electrons, and the remaining two orbitals 
were substituted by two -donating NHCs, respectively. The term ‘carbodicarbene’ was 
chosen for this new species.  
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1.5 Pyrazole Bridged Ligands and their Complexes 

Compartmental ligands have played an important role in controlling the cooperation of 
metal ions involved in the ligand system.81 As a bridging moiety, there are two adjacent 
nitrogen atoms available for coordination in pyrazole, which can bring metal ions in very 
close proximity. Therefore, pyrazole is frequently used in the designs of promising com-
partmental ligands. 

A great number of complexes based on pyrazole-bridged compartmental ligands were 
reported and showed appealing results. Selected examples, such as the [2 × 2] grid com-
plex 1.80,82 the ruthenium catalyst 1.81 for water oxidation via the mechanism of water 
nucleophilic attack83 and pyrazole bridged expanded porphyrin complex 1.82,84 are 
shown in Chart 1.6. 

 
Chart 1.6.Selected recent research based on pyrazole bridged ligands. 

Recently, pyrazole bridged bis(NHC) ligands (for example, 1.83 in Scheme 1.24) at-
tracted some attention. The first metal complexes based on these ligands were reported 
in 2007. Treatment of the ligand precursors with Ag2O formed a four-core cluster with 
two ligands coordinating peripherally and after transmetallation with [(Me2S)AuCl], a 
similar gold cluster was formed.85 Subsequent study on related silver complexes found 
that there were two possible products from the reaction of [H3L](PF6)2 and Ag2O, de-
pending on the solvents used. If the reaction was carried out in acetone, a 
[(H2L)4Ag4](PF6)2 species was formed; while if the reaction was carried out in acetoni-
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trile, the product became [L2Ag2](PF6)2.86 Silver complexes based on the ligands were 
important intermediates for the formation of other metal complexes via transmetallation, 
for example, the formation of palladium allyl complexes based on pyrazole bridged 
bis(NHC) ligands.87 

Besides transmetallation via silver intermediates, pyrazole-bridged bis(NHC) metal 
complexes were also synthesized by other means. In 2008, synthesis of a class of com-
plexes 1.84a-1.84c was reported from the reaction of ligand precursors 1.83 and metal 
reagents in the presence NaHMDS.88 Note that, the reaction of the ligand precursor with 
Ni(dme)Cl2 in presence of NaHMDS did not give the neutral species LNi2Cl3 (L = lig-
and), but a [L2Ni2]2+ cationic species 1.38a, in which both nickel coordination cores 
were severely distorted from square planar, probably due to the repulsion between the 
two neighbored wingtips (Scheme 1.24). 

 
Scheme 1.24. Dinuclear metal complexes based on pyrazole bridged bis(NHC) ligand. 

In 2013, the first ruthenium complex 1.86 based on pyrazole-bridged bis(NHC) ligand 
1.85 was reported and the complex showed interesting electrochemical properties 
(Eq 1.8).89 It was noteworthy that Ag2O was added as exterior base for the deprotonation 
of the ligand precursors; however, the actual mechanism might still contain 
transmetallation via silver intermediates. 
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1.6 Conclusion 

As one of the most important ligand systems for metal complexes, NHCs have been 
widely studied and applied in various areas. The discovery of unconventional NHCs 
opened a new era for the development of NHC chemistry. More attention has been fo-
cused on their applications in catalysis and functionalization in larger ligand systems. 
Meanwhile, the prevailing concept ingrained in chemists that carbon is a nonmetallic 
element is challenged by the recent synthesis of carbodicarbene compound.90 
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CHAPTER 2. Pyridazine Derived N-Heterocyclic 

Carbene Palladium Complexes 

2.1 Introduction and Motivation 

Despite the fact that lots of metal pyridylidene complexes have been synthesized (§1.3.3, 
Chapter 1), complexes based on diazine derived carbenes, especially pyridazine deriva-
tives, were still rare (Chart 1.3, Chapter 1). So far only one class of metal carbene com-
plexes based on phthalazine have been reported (Scheme 2.1).66c Alkylation of 
phthalazine 2.3 or dehydration of compound 2.2 led to the formation of phthalazinium 
salt 2.4, which was treated with metal species (M = Rh or Ir) in the presence of potassi-
um tert-butoxide to give phthalazinylidene carbene metal complexes 2.5a and 2.5b.  

However, metal carbene complexes based on pyridazinylidene are still unknown. The 
target of this work is to synthesize the first examples of pyridazinylidene palladium 
complexes. 

 
Scheme 2.1. Report on synthesis of phthalazine derived metal carbene complexes. 

Previously, N-heterocyclic carbene metal complexes were synthesized by various meth-
ods. Examples of most common synthetic strategies are shown in Scheme 2.2:  
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Scheme 2.2. Synthetic strategy for the formation of metal NHC complexes. 

a) the ligand precursor 2.6 was deprotonated by the exterior base, generating a free 
carbene species, which would coordinate to metal fragments in situ to form the related 
complex 2.7;22b  

b) pro-ligand 2.8 reacted with silver oxide to give a silver complex 2.9, which was then 
treated with palladium species, resulting in palladium carbene complex 2.10;91  

c) the direct reaction of ligand precursor 2.11 with metal hydride complex [IrH5(PPh3)2] 
(or other metal complex involving an interior base, such as acetate or acetylacetonate) to 
form metal complex 2.12;23 and  
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d) the oxidative addition of C I bond onto low valent metal complex [Pd2(dba)3], gener-
ating the corresponding complex 2.14, in which the oxidation state of the palladium at-
om was increased to +II 56. 

The last method had an obvious disadvantage that only limited types of metal complexes 
were able to be synthesized; however, the advantages of the method included mild reac-
tion condition and comparatively higher yield. Particularly, recent reports on remote N-
heterocyclic carbene complexes frequently adopted this methodology,28b, 56 which was 
also applied in this work for the formation of the first examples of pyridazine derived 
palladium(II) carbene complexes.92 
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2.2 Result and Discussion 

2.2.1 Synthesis of ligand precursors 

The reaction of pyridine 2.15 with methyl iodide could easily form the N-methyl 
pyridinium salt 2.16.93 However, a primary trial to synthesize pyridazinium from the 
treatment of 3,6-dichloropyridazine with alkyl halide failed. Under varied reaction con-
ditions, including longer reaction time, higher reaction temperature and pressure, the 
starting material 3,6-dichloropyridine still remained intact (Scheme 2.3). Considering 
the fact that phthalazine 2.3 could be alkylated by regular alkyl halide to form 
phthalazinium salt 2.4 (Scheme 2.1),66c it was assumed that the chloride atoms on the 3-
/6- position of pyridazine reduced the nucleophilicity of the nitrogen atoms of 3,6-
dichloropyridazine. 

 
Scheme 2.3. Alkylation of the nitrogen atom of 3,6-dichloropyridazine by regular alkyl-

ation reagents failed. 

Meerwein’s salt, [Et3O]BF4, is a strong alkylation reagent and treatment of 3,6-
dichloropyridazine with [Et3O]BF4 in dichloromethane gave a white precipitate after 
stirring at room temperature for one hour, which was confirmed to be 1-ethyl-3,6-
dichloropyridazinium tetrafluoroborate, [L1Cl]BF4 (Eq 2.1), by multinuclear NMR spec-
troscopic data. 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Novel N-Heterocyclic Carbene Ligands and their Metal Complexes 

37 

 

In the 1H NMR spectrum, the signals of the aromatic protons shift from  = 7.71 ppm for 
3,6-pyridazine to 8.46 ppm and 8.54 ppm for [L1Cl]BF4; in the 13C NMR spectrum, the 
signal of C3 and C6 shift from  = 155.8 ppm for 3,6-dichloropyridazine to 154.3 ppm 
of C6 and 156.7 ppm of C3 for [L1Cl]BF4. High resolution ESI mass spectrum showed a 
major peak at m/z = 176.9980, consistent with the calculated data (176.9981) and with 
the characteristic isotope pattern of [L1Cl]+. 

 

Similar reactions of 1,4-phthalazine or 3-chloro-6-(3,5-dimethylpyrazol-1-yl)pyridazine 
with [Et3O]BF4 resulted in the required diazinium salts, 2-ethyl-1,4-phthalazinium 
tetrafluoroborate ([L2Cl]BF4) and 1-ethyl-3-chloro-6-(3,5-dimethylpyrazol-1-
yl)pyridazinium tetrafluoroborate ([L3Cl]BF4), respectively (Eq 2.2 and Eq 2.3). The 
formation of [L3Cl]BF4 took longer reaction time and gave comparatively low yield. 
Both of the two ligand precursors were confirmed by the data from the multinuclear 
NMR spectroscopy and high resolution mass spectrometry. Comparison of the data for 
these three ligands is shown in Table 2.1. It is noteworthy that the carbon atom at  po-
sition of the ethylated nitrogen atom has a higher-field chemical shift than that of the 
carbon atom at  position of the ethylated nitrogen atom in each precursor. 
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Table 2.1. Selected 1H, 13C and 31P NMR data for the three ligand precursors. 

 [L1Cl]BF4 [L2Cl]BF4 [L3Cl]BF4 

1H NMR 

CHPyri 8.54 (d), 8.46 (d) n./a. 8.85 (d), 8.45 (d) 

CH2 4.93 (q) 5.05 (q) 4.91 (q) 

CH3 1.65 (t) 1.71 (t) 1.67 (t) 

13C NMR 

Cl C(  to 

N Et) 
154.3 (s) 156.4 (s) 155.2 (s) 

Cl/Pz C 156.7 (s) 155.6 (s) 154.7 (s) 

CHPyri 
139.6 (s),  

139.5 (s) 

128.8 (s),  

128.0 (s) 

138.7 (s),  

130.3 (s) 

2.2.2 Synthesis of novel NHC complexes  

Under inert gas atmosphere was the mixture of [L1Cl]BF4 and Pd(PPh3)4 stirred in ace-
tone at room temperature for 30 minutes. A white solid could be isolated after purifica-
tion, which was confirmed to be a novel pyridazinylidene metal carbene complex 1 by 
multinuclear NMR spectroscopic data (Eq 2.4). 

 

The product is soluble in dichloromethane, slightly soluble in acetone, acetonitrile or 
THF and insoluble in diethyl ether, toluene or hexanes. The product is reasonably stable 
in aerobic and moisture condition. In the 13C NMR spectrum, the triplet (JPC = 6.9 Hz) at 
 = 192.6 ppm was assigned to the Pd C carbon, which was also consistent with the re-

ported chemical shifts of the carbenes of palladium pyrimidinylidene complexes (197.1-
199.5 ppm).66b The multinuclear NMR data of complexes 1-4 in this chapter are collect-
ed in Table 2.2. 

The high resolution ESI mass spectrum of complex 1 in acetonitrile showed a base peak 
at m/z = 809.0837, consistent with the calculated data 809.0837 of the isotope pattern of 
[M – BF4]+ cation (Figure 2.1). 
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Table 2.2. Selected NMR data for the comparison of complex 1 to complex 4. 

  1 2 3 4 

1H NMR 

CHPyri 
7.72 (d),  

6.70 (d) 
n./a. 

7.95 (dd),  

6.89 (d) 

merged in 

7.62-7.28 

CH2 4.59 (q) 4.84 (q) 
5.38 (dq),  

4.55 (m) 
4.50 (q) 

CH3 1.14 (t) 1.15 (t) 1.53 (t) 1.06 (s) 

13C NMR 

PdC 192.6 (t) 199.4 (t) 191.5 (s) 187.5 (t) 

Cl/Pz C 154.4 (s) 154.9 (s) 153.6 (s) 154.2 (s) 

CH2 64.3 (s) 63.4 (s) 64.7 (s) 63.9 (s) 

CH3 13.9 (s) 13.4 (s) 14.6 (s) 13.8 (s) 
31P NMR PPh3 20.9 (s) 21.1 26.1 21.5 

 
Figure 2.1. High resolution ESI mass spectrum of complex 1 in acetonitrile. The inset 

shows the experimental and simulated isotopic distribution patterns for 

[C42H37N2Cl2P2Pd]+. 

Crystalline materials of complex 1 could be obtained by slow diffusion of diethyl ether 
into the solution of raw material in dichloromethane. Its structure was confirmed by X-
ray diffraction (Figure 2.2). The metal center adopts a square-planar geometry with two 
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phosphines trans to one another; while the pyridazinylidene and chloride ligands are 
trans to each other. 

The bond length of Pd1 C1 is 1.996(2) Å, very close to that of a related pyrid-2-ylidene 
palladium complex (1.98-2.00 Å).59d The bond length of C1 N1 (1.337(3) Å) is larger 
than N2 C4 (1.301(3) Å), indicating the C1 N1 bond is elongated due to the back-
bonding from palladium to the carbene and the delocalization of the conjugated  system 
is partially influenced. The pyridazinylidene ligands are found almost orthogonal to the 
square-plane core with a dihedral angle of 87°. Note that, obvious -  interaction be-
tween the pyridazine ring and two phenyl groups of the phosphine ligands is observed, 
forming a ‘sandwich’ pattern. In order to do so, the phenyl groups deviate from the P C 
bond by 10.5° and 11.2°, compared to the cases of other phenyl groups with the bending 
angles of only 1.3-2.8°. The distance of the ring centroids is 3.4 Å, though both phenyl 
rings are not perfectly overlapped with the pyridazine ring. A possible explanation for 
the phenomenon is that the N-alkylated pyridazine ring is electron-deficient and the phe-
nyl groups serve as -donors to stabilize the pyridazine ring. 

 
Figure 2.2. Different views of the molecular structure of the cation of 1 (middle and 

right views for emphasizing the -  interaction). Anisotropic displacement ellipsoids 

drawn at 30% probability level. BF4
– and hydrogen atoms have been omitted for clarity. 

Selected bond lengths [Å] angles [°]: Pd1 C1 1.996(2), Pd1 P1 2.3331(5), Pd1 P2 

2.3343(5), Pd1 Cl1 2.3422(5), C1 Pd1 P1 91.50(6), C1 Pd1 P2 89.72(6), P1 Pd1 Cl1 

88.962(19), P2 Pd1 Cl1 90.10(2).. 

During the formation of complex 1, it was noticed that, there were two C Cl bonds (la-
beled as C Cl and C Cl) in the ligand precursor [L1Cl]BF4. Recall the formation of 
pyrid-3-ylidene metal complex 1.49 (Scheme 1.15, Chapter 1) after the oxidative addi-
tion of the C Cl bond at the meta position of the alkylated nitrogen atom onto the Pd(0) 
species, in the same manner, it was assumed that the oxidative addition of C Cl bond of 
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[L1Cl]BF4 onto [Pd(PPh3)4] was also possible, thus forming complex 1’, an isomer of 
complex 1 (Scheme 2.4). 

 
Scheme 2.4. Hypothetical formation of two isomers from the reaction. 

Clearly, during the formation of complex 1’, the steric congestion between the co-
ligands and the ethyl group on the NHC ligand would be better avoided. Thus, from the 
kinetic point of view, the formation of complex 1’ might be favored. However, an in situ 
1H NMR monitoring showed that, during the reaction, there was no signal indicating the 
formation of a second complex, thus, complex 1 was the sole product from the reaction.  

It was reported that the reaction of N-methyl-2,4-dichloropyridinium salt 2.16 with 
[Pd(PPh3)4] selectively formed the remote carbene, pyridyl-4-ylidene, metal complex 
2.17 (Scheme 2.5), when there was another C Cl bond available for oxidative addition. 
In the paper, the selective formation of complex 2.17 was rationalized that Pd(0) com-
plexes, with d10 configurations, were strong nucleophiles and preferred to insert onto 
more electrophilic bond, which was the C Cl instead of C Cl bond in 2.16, according 
to their chemical shifts in the 13C NMR spectra. Thus, the oxidative addition occurred at 
the C Cl bond, generating the remote NHC metal complex 2.17.94 

 
Scheme 2.5. Reported example of selective formation of complex 2.17 when there were 

two C Cl bonds in ligand precursor 2.16. 

In this work, the 2D 13C-1H HMBC NMR spectroscopy (Figure 2.3) of [L1Cl]BF4 shows 
the carbon chemical shift of C  at slightly higher field (154.3 ppm) than that of C  (156.7 
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ppm), suggesting the C  is more shielded and thus more nucleophilic. Since the insertion 
of Pd(0) species selectively occurs at the less electrophilic C Cl bond, the 
electrophilicity of the C Cl bond is not the reason for the selective formation of com-
plex 1. 

 
Figure 2.3. The 2D 13C-1H HMBC NMR of [L1Cl]BF4, indicating a more shielded 
C Cl carbon. 

Another instinctive explanation is that complex 1 has stable mesomeric structures to 
hold the positive charge generated from the ethylation on the nitrogen atom; while no 
similar resonance structures of its congener 1’ can be drawn (Scheme 2.6). Thus, it is 
assumed that 1 is thermodynamically favored. 

To confirm the above hypothesis, DFT calculations were carried out. Relative energies 
(Erel) have been computed at the BP86/TZVPP level of theory. To avoid any possible -  
stacking effect between the pyridazine ring and the adjacent phenyl groups, calculations 
on models in which PPh3 was replaced by PMe3 were also performed. Moreover, to see 
the steric effect of the N-alkyl group, models with R = Me were also processed (results 
in Table 2.3). A1-A4 series are the models for pyridazin-6-ylidene palladium complexes 
and B1-B4 series are the models for pyridazin-3-ylidene palladium complexes.  
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Scheme 2.6. Resonance structures of complex 1 and its imaginative isomer 1’. 

 

Table 2.3. Computation on the relative energies between model A, where Pd(0) inserts 

to C Cl, and model B, where Pd(0) inserts to C Cl. 

Entry  

  

Erel(B –A) 

(kcal/mol) 

1 R = Et, R’ = Ph A1 B1 +8.4 

2 
R = Me, R’ = 

Ph 
A2 B2 +9.7 

3 R = Et, R’ = Me A3 B3 +7.5 

4 
R = Me, R’ = 

Me 
A4 B4 +7.1 

The calculated molecular structure A1 is in good agreement with the molecular structure 
of 1 in solid state as determined by X-ray diffraction, except for some difference in the 
Pd P bond lengths (Table A24). A likely reason for this discrepancy might be the attrac-
tive -  interaction of the phenyl of the PPh3 and the pyridazine ring, which is not con-
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sidered appropriately at the applied level of theory. Since the effect of the attractive -  
interaction is not profound, the calculated result can be regarded as reliable. 

The result shows that, in all cases, model A is more stable than its congener B by about 
7.1 to 9.7 kcal/mol. The energy difference between A1 and B1 is 8.4 kcal/mol, which is 
large enough to allow only one isomer A1 to form, from the thermodynamic stability 
point of view; while the energy difference between A2 and B2 is even larger (9.7 
kcal/mol), indicating that the bulkiness of the R group on the pyridazine ring does influ-
ence the stability of A series. Comparison of Entry 1 and Entry 3 suggests that the 
bulkiness of the phosphine ligands has some influence to the relative stability of two 
isomers, yet, the impact is not profound. 

Reaction of 1,4-dichlorophthalazine with [Et3O]BF4 resulted in a white powder of 2-
ethyl-1,4-dichlorophthalazinium tetrafluoroborate, [L2Cl]BF4. Different from [L1Cl]BF4, 
[L2Cl]BF4 is slightly hygroscopic, and in aerobic conditions, the white solid became a 
colorless gel and gave a strong acidic smell, indicating the possible decomposition of the 
ligand precursor. Thus, the ligand precursor should be kept under inert gas atmosphere. 

Ligand precursor [L2Cl]BF4 reacted with Pd(PPh3)4 in acetone at room temperature gave 
the expected palladium carbene complex 2 (Scheme 2.7). The formation of complex 2 
was confirmed by multinuclear NMR spectroscopic data and the structure was con-
firmed by X-ray diffraction (Figure 2.4). 

 
Scheme 2.7. Synthesis of ligand precursor [L2Cl]BF4 and complex 2. 

The product is a white powder, stable in aerobic and moist atmosphere and soluble in 
dichloromethane, slightly soluble in acetonitrile, THF or acetone and insoluble in diethyl 
ether, toluene and hexanes. Similar to complex 1, the signal of the metallated carbon of 
complex 2 was observed as a triplet (JPC = 6.3 Hz) at  = 199.4 ppm in the 13C NMR 
spectrum. The Pd Ccarbene bond length of 2 is 1.989(5) Å, slightly shorter than that of 
complex 1. Because of the presence of the fused benzene ring, the L2-NHC ligand is 
more electron-rich than L1-NHC, which means L2-NHC is a better electron donor, thus 
leading to a stronger NHC-metal bond. 
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Figure 2.4. Molecular structure of 2. Anisotropic displacement ellipsoids drawn at 30% 

probability level. The solvent molecule, BF4
– and hydrogen atoms have been omitted for 

clarity. Selected bond lengths[Å] angles [°]: Pd1 C1 1.989(5), Pd1 P1 2.3439(8), 

Pd1 P2 2.3438(8), Pd1 Cl2 2.3513(12), C1 Pd1 P1 88.89(2), C1 Pd1 P2 88.89(2), 

P1 Pd1 Cl2 91.08(2), P2 Pd1 Cl2 91.08(2). 

In order to get the information of the rotational dynamics of the novel pyridazinylidene 
ligand, the synthesis of the complex with only one phosphine ligand was also sought. 
After several trials, it was found that a mixture of [L1Cl]BF4, Pd2(dba)3 (0.5 equiv), 
NEt4Cl (1.0 equiv) and PPh3 (1.0 equiv) in acetone gave a grey precipitate, which could 
be purified by re-crystallization as a white powder of complex 3 (Eq 2.5). 

 

Crystalline material of 3 could be obtained by slow diffusion of diethyl ether into the 
solution of raw material in dichloromethane. Complex 3 is soluble in dichloromethane, 
slightly soluble in acetonitrile, acetone or THF and insoluble in toluene, diethyl ether or 
hexanes. It is not as stable as its analogue 1 and its solution in dichloromethane gradual-
ly gave some palladium black in air. It becomes slightly green in solid state under light 
after several days. 
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Figure 2.5. High resolution ESI mass spectrum of complex 3 in acetonitrile. The inset 

shows the experimental and simulated isotopic distribution patterns for 

[C24H22N2Cl2PPd]+. 

The formation of 3 was confirmed by the data from high resolution ESI mass spectrome-
try (Figure 2.5) and the structure of 3 was confirmed by X-ray diffraction (Figure 2.6).  

As expected, the complex adopts a square-planar geometry with a chloride ligand trans 
to the NHC ligand and the other chloride ligand trans to the phosphine ligand. The NHC 
and phosphine ligands, both with medium to strong trans influence,95 prefer to be cis to 
one another; though the steric congestion is larger than that in the congener where these 
two are trans to each other. The NHC ring is almost perpendicular to the square-plane 
core, with a dihedral angle of about 76°, very close to that in complex 1. In the 1H NMR 
spectrum, the signal of one proton of the pyridazinylidene ligand is found at  = 7.95 
ppm as a doublet of doublet (3JHH = 8.8 Hz, 4JHP = 1.1 Hz), while the signal of the other 
one is found at  = 6.89 ppm as a doublet (3JHH = 8.8 Hz). Methylene protons of the N-
ethyl group are diastereotopic that one of them resonates at  = 5.38 ppm as doublet-
quartet (J1 = 12.4 Hz, J2 = 7.2 Hz) and the other at  = 4.62-4.48 ppm as multiplet. The 
data shows that rotation around the Pd Ccarbene bond is hindered on the NMR time scale, 
probably due to the -  stacking effect between the pyridazinylidene ring and the phenyl 
group of the phosphine ligand and the fact that the Pd Ccarbene bond has double bond 
character and the rotation of the bond normally involves braking the back-bonding from 
the metal center to the NHC ligand. 
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Figure 2.6. Molecular structure of 3. Anisotropic displacement ellipsoids drawn at 30% 

probability level. The solvent molecule and all hydrogen atoms have been omitted for 

clarity. Selected bond lengths [Å] angles [°]: Pd1 C1 1.9772(18), Pd1 P1 2.2618(5), 

Pd1 Cl1 2.3693(5), Pd1 Cl2 2.3540(5), C1 Pd1 P1 90.86(5), C1 Pd1 Cl1 89.15(5), 

P1 Pd1 Cl2 88.342(17), Cl1 Pd1 Cl2 91.700(18). 

The Pd Ccarbene bond length is 1.977(2) Å, smaller than those for complexes 1 and 2. The 
Pd Cl bond trans to the NHC ligand (2.3540(5) Å) is slightly shorter than the Pd Cl 
bond trans to the phosphine ligand (2.3693(5) Å), suggesting a subtly stronger trans in-
fluence of PPh3 compared to the novel NHC ligand. 

In pyridazinylidene ring, there is another nitrogen atom that can be used to chelate metal 
fragments, thus ligand precursor [L3Cl]BF4 was designed. Fortunately, treatment of 3-
chloro-6-(3,5-dimethylpyrazol-1-yl)pyridazine with [Et3O]BF4 gave [L3Cl]BF4 as the 
major product (Eq 2.3), although an in situ 1H NMR monitoring showed that there were 
some by-products. Reaction of [L3Cl]BF4 with Pd(PPh3)4 resulted in complex 4 (Eq 2.6).  

 

Complex 4 is soluble in dichloromethane, slightly soluble in acetone, acetonitrile or THF 
and insoluble in diethyl ether, toluene or hexanes. The product is reasonably stable in 
aerobic and moisture condition. The formation of 4 was confirmed by the data from the 
multinuclear NMR spectroscopy and high resolution ESI mass spectroscopy (Figure 2.7) 
and the structure of complex 4 was confirmed by X-ray diffraction (Figure 2.8). 
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Figure 2.7. High resolution ESI mass spectrum of complex 4 in acetonitrile. The inset 

shows the experimental and simulated isotopic distribution patterns for 

[C47H44N4ClP2Pd]+. 

The basic geometry of 4 is similar to that of 1. The Pd Ccarbene bond length is 1.982(4) Å, 
which is slightly smaller than that in 1. The torsion angle between the NHC and the py-
razole ring is 21°. The N3 N4 bond is found pointing away from N2 in the 
pyridazinylidene ring, suggesting that the N,N-chelating pocket in the ligand is not pre-
organized and the coordination of the second metal complex is probably not favored. 

We then tried the reaction of 4 with other metal complexes, including RuCl2(PPh3)n (n = 
3 or 4), RuCl2(DMSO)4, PdCl2(CH3CN)2 and [Cu(CH3CN)4]BF4, however, the in situ 1H 
NMR monitoring showed that the complex 4 remained intact. Possible reasons why the 
coordination of another metal fragment in the N,N-chelating pocket failed might include 
two possibilities: a) steric congestion caused by the neighbored phosphine ligands, and b) 
the fact that the NHC is more electron-deficient than a free pyridazine ring and N2 of the 
pyridazinylidene ring is no longer feasible to coordinate metal fragment. 

The comparison of the bond lengths and angles of the four complexes are depicted in 
Table A21 in Appendix. 
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Figure 2.8. Molecular structure of 4. Anisotropic displacement ellipsoids drawn at 30% 

probability level. The solvent molecule, BF4
– and hydrogen atoms have been omitted for 

clarity. Selected bond lengths [Å] angles [°]: Pd1 C1 1.982(4), Pd1 P1 2.3208(9), 

Pd1 P2 2.3431(10), Pd1 Cl1 2.3463(10), C1 Pd1 P1 89.40(10), C1 Pd1 P2 89.39(10), 

P1 Pd1 Cl1 88.99(3), P2 Pd1 Cl1 92.24(4). 

2.2.3 Functionalization of the second nitrogen atom 

As mentioned in Chapter 1, 1,2,4-triazolylidene can be further functionalized to become 
a 1,2,4-triazolyl-3,5-diylidene as a 2-ligand (Scheme 1.11). Because of the second ni-
trogen atom in the ring, the pyridazinylidene ligand might also be functionalized to be-
come a novel NHC 2-ligand. Starting from complex 1, two reaction routes to synthesize 
the dinuclear complex were designed (Scheme 2.8). Both routes are combinations of 
alkylation by [Et3O]BF4 and oxidative addition of C Cl bond onto [Pd(PPh3)4]. Initial 
trial showed that, complex 1 was inert to [Et3O]BF4 since no obvious change was ob-
served in the in situ 1H NMR monitoring reaction of 1 with [Et3O]BF4. 

Meanwhile, treatment of complex 1 with [Pd(PPh3)4] in dichloromethane at room tem-
perature for prolonged time led to a dark solution with a yellow crystalline material, 
which was suggested by the structure determined by X-ray diffraction to be 
PdCl2(PPh3)2. 
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Scheme 2.8. Schematic structure of a 2-ligand based on pyridazine, and designed syn-

thetic routes from complex 1 to the dinuclear complex 2.20 based on a pyridazinyl-3,6-

diylidene ligand. 

According to the molecular structure of 1 determined by X-ray diffraction, the 
pyridazinylidene ligand is stacked between two phenyl groups from the phosphine lig-
ands, forming a highly crowded ‘pseudo’ sandwich structure. Since [Et3O]BF4 is a 
strong ethylation reagent, the only reason why the alkylation of complex 1 failed is that 
the second nitrogen is sterically blocked.  
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2.3 Conclusion 

In this work, a convenient synthetic route to new pyridazinylidene palladium complexes 
by means of oxidative addition of C Cl bonds onto Pd(0) species has been developed. 
The strategy selectively forms only pyridzin-6-ylidene metal complexes, although the 
C3 Cl bonds are also available for oxidative addition reactions. The pyridazin-6-ylidene 
palladium complexes are much more stable than the pyridazin-3-ylidene counterparts, 
suggested by the corresponding DFT calculations. The functionalization of the second 
nitrogen atom of the pyridazinylidene ligand to generate 2-NHC ligands out of complex 
4 failed, probably because of the strong steric repulsion caused by the ancillary phos-
phine ligands. Further studies aiming at elucidating the donating ability of 
pyridazinylidene ligand, the synthesis of 2-pyridazine ligands and the catalytic activity 
of pyridazinylidene palladium complexes are still on-going. 
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CHAPTER 3. Pyrazole Bridged bis(NHC) Ligands and 

their Dinuclear Palladium Complexes 

3.1 Introduction and Motivation 

Neutral dinuclear palladium complexes based on the pyrazole bridged ligand system are 
important intermediates to study the cooperative behaviors of the two metal centers chelated 
in the ligand. 

 
Scheme 3.1. Cooperative C H activation of central metal atoms from two molecules of 

complex 3.3. 
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For example, reaction of pyrazolate-based dinuclear palladium complex 3.1 with SnMe4 
resulted in methylene-bridged tetranuclear palladium complex 3.2.96 The proposed mecha-
nism showed that, the terminal chlorides of complex 3.1 were replaced by methyl groups, 
forming complex 3.3. The attachment of the central chloride atom to the metal ions was la-
bile and its dissociation from one palladium ion gave a vacant site for the C H bond of a 
methyl group in another molecule of 3.3 to coordinate via agostic interaction, as shown in 
the structure 3.4. After C H bond activation and reductive elimination, methane was re-
leased and complex 3.2 was formed after the adjustment of ancillary ligands (Scheme 3.1). 

Pyrazole bridged bis(NHC) species are also promising ligands for metal complexes, such as 
those depicted in §1.3, Chapter 1. Although complexes based on pyrazole-bridged bis(NHC) 
ligands have been synthesized in the past decade, seldom did people report the formation of 
their neutral metal complexes. In this work, efforts to synthesize the neutral complexes 
LRPd2Cl3 (LR = pyrazolate bridged bis(NHC) ligands) were sought. 
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3.2 Result and Discussion 

3.2.1 Material and methodology 

In this work, two types of ligand precursors [H4LR]Cl3 and [H3LR](PF6)2 were used. The 
synthetic route has been reported previously91 and is briefly summarized in Scheme 3.2. 

 
Scheme 3.2. Synthesis of the ligand precursors. 

As mentioned in Chapter 2, four strategies to form metal NHC complexes are frequently 
used. Obviously, oxidative addition of C X bond (X = halogen atoms) onto Pd(0) species to 
form palladium(II) NHC complex is not optional because there are no C X bonds (X = hal-
ogen atoms) in the ligand precursors in this case. Transmetallation via silver intermediates 
was previously pursued for the formation of dinuclear palladium allyl complexes 
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[LRPd2(allyl)2]PF6
91 and attempts of synthesizing neutral complex LRPd2Cl3 by this method 

failed. 

Ligand precursors [H3LR](PF6)2 are much easier to handle because ligand precursors 
[H4LR]Cl3 are highly hygroscopic. Therefore, initial attempts started with ligand precursors 
[H3LR](PF6)2. Stoichiometrically, three equivalents of base are needed for the full 
deprotonation of [H3LR](PF6)2 to give the free pyrazolate bridged bis(NHC) ligand [LR]  
(Scheme 3.3), which can then react with palladium reagents, such as PdCl2L2 (L2 = cod, 
(CH3CN)2 or (PPh3)2), to give the neutral species directly. 

 
Scheme 3.3. Three equivalents of base are needed to form the free carbene ligand [LR]  af-

ter full deprotonation. 

Under inert gas, a suspension of [H3LR](PF6)2 in THF was treated with a solution of KOtBu 
in THF (or other reagents, such as KHMDS, nBuLi or MeLi in ether) and the mixture was 
stirred for half an hour. A suspension of PdCl2L2 (L2 = cod, (CH3CN)2 or (PPh3)2) in THF 
was added to the reaction mixture. The color of the reaction mixture turned to dark brown 
immediately and a black precipitate formed in the solution. The precipitate was collected by 
filtration and the solvent of the filtrate was removed under vacuum to give a brown solid. 
The 1H NMR spectra of both the black precipitate and the brown solid suspended in CD3CN 
showed no signals of the CH groups of the imidazole rings or the CH group of the pyrazole 
ring, suggesting a possible decomposition of the ligand precursors under strongly basic con-
ditions. Therefore, it was not optional to synthesize the targeted complexes by means of the 
in situ generation of free carbene by strong exterior bases. 

So far, the only remaining method for the synthesis of metal NHC complexes is the reac-
tions of ligand precursors and metal reagents containing weak interior bases (method c, 
Scheme 2.2). 
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3.2.2 Synthesis of [nLR2Pd2](PF6)2 and [aLR2Pd2](PF6)2  

Pd(OAc)2 is an important palladium(II) source containing a mild interior base (acetate) and 
is widely used to synthesize palladium complexes.45 Meanwhile, non-coordinating counter 
anions like PF6

- should be excluded so as to get the expected neutral dinuclear complex. 
Therefore, ligand precursors [H4LR]Cl3 and palladium(II) acetate are combined for the fol-
lowing reaction (Scheme 3.4). 

 
Scheme 3.4. Designed synthetic route to neutral dinuclear palladium complex. 

Reaction of [H4LtBu]Cl3 with Pd(OAc)2 (2.0 equiv.) in d6-DMSO at 105 ºC overnight in an 
NMR tube resulted in the formation of a yellow solution and a bright yellow crystalline sol-
id with trace amount of palladium black. The 1H NMR spectra of both the solution and the 
solid dissolved in d6-DMSO were basically the same, but the spectrum of the crystalline 
material was cleaner. The 1H NMR spectrum of the solid showed two signals at  = 
8.97 ppm and 7.07 ppm, typical for one C2 proton and one C4/5 proton of the 
imidazolylidene ring, respectively. 

The precipitated solid contained single crystals, which were suitable for X-ray diffraction. 
The obtained structure (Figure 3.1) was consistent with the 1H NMR data that, instead of 
the anticipated complex 5’, its isomeric abnormal carbene complex 5 was formed 
(Scheme 3.5). 

The complex adopts a ‘saddle-shaped’ geometry with C2 symmetry. Both {CNPdCl2} frag-
ments are approximately square-planar with the dihedral angle between the C6/N1/Cl2/Pd1 
plane and the Cl1 Pd1 bond of 89.7°. The {CNPdCl2} fragment and the NHC ligand bound 
to the same palladium atom are not perfectly parallel to each other with the dihedral angle 
between the C6/N3/C5/N4 plane and the Pd1/N1/C6/Cl1/Cl2 plane of 26.2°. Both Pd-
involved six-membered rings are roughly boat-shaped instead of chair-shaped. The 
Pd Ccarbene bond lengths are 1.96-1.97 Å, shorter than the reported Pd Ccarbene bond lengths 
(2.03-2.19 Å) of palladium allyl complexes based on similar ligands,91 signifying a stronger 
Pd Ccarbene bond in the new complex. The bond lengths of Pd Clbridging (2.39-2.41 Å) are 
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significantly longer than those of Pd Clterminal (2.31-2.32 Å). The Pd···Pd distance is 3.55 Å, 
significantly smaller than those (3.97-4.05 Å) in the related palladium allyl complexes;91 
Probably, the bridging chloride brings the two metal centers closer in the new complex. 

 
Figure 3.1. Molecular structure of 5. All proton atoms are omitted for clarity. Anisotropic 

displacement ellipsoids drawn at 30% probability level. Selected bond lengths [Å] angles [°]: 

Pd1···Pd2 3.5525(5), Pd1 C6 1.965(5), Pd1 N1 2.007(4), Pd1 Cl1 2.3219(13), Pd1 Cl2 

2.4096(12), Pd2 Cl2 2.3929(13), Pd2 Cl3 2.3131(12), C6 Pd1 N1 88.00(18), C6 Pd1 Cl1 

91.24(14), N1 Pd1 Cl2 89.83(11), Cl1 Pd1 Cl2 90.93(4), Pd1 Cl2 Pd2 95.41(5), 

C6 N1 Pd1 Cl2 177.812(150). 

 
Scheme 3.5. Selective formation of aLtBuPd2Cl3 instead of nLtBuPd2Cl3. 
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In order to differentiate the two binding modes (Scheme 3.5), the symbol of nLR for normal 
carbene type and aLR for abnormal carbene type are used. Therefore, the new complex 5 
will be noted as aLtBuPd2Cl3. The unexpected formation of the abnormal NHC metal com-
plex 5 can be explained from the thermodynamic point of view; in complex 5, the two bulky 
tert-butyl groups point away from the terminal chlorides; while in the imaginative normal 
NHC metal complex 5’, assumed that its fundamental skeleton is similar to that of 5, there 
will be a strong steric congestion between the bulky tert-butyl group and the adjacent termi-
nal chloride, which causes a decreased stability of the normal NHC complex (Scheme 3.5). 
Previously, an NHC palladium complex, in which the wingtip tert-butyl group was cis to 
chloride and palladium was involved in a six-membered ring, has been reported, however, 
in the complex, the six-membered ring was severely distorted so that the space between the 
tert-butyl group and the chloride was large enough to avoid the steric repulsion.97 

Based on the above assumption that the formation of abnormal NHC metal complex 5 was 
caused by the bulkiness of the wingtips, reaction of Pd(OAc)2 and [H4LMes]Cl3, which car-
ried less bulky wingtips, might result in the related normal carbene complex nLMesPd2Cl3. 
Reaction of [H4LMes]Cl3 with of Pd(OAc)2 (2.0 equiv.) in DMSO under the same condition 
gave a brown solution without precipitates. The in situ 1H NMR spectrum of the reaction 
solution showed the characteristic signals of two C4/5 protons (  = 7.77 and 7.39 ppm, re-
spectively), indicating the formation of a normal carbene complex. Grey powder was sepa-
rated by the addition of acetonitrile and its ESI mass spectrum showed a base peak at m/z = 
569.8, which was consistent with the signal of a [LMes

2Pd2]2+ fragment. After several trials, 
no suitable crystalline material for X-ray diffraction could be obtained from the raw product 
and the precise structure of the complex was not confirmed. Yet, the above evidence sug-
gested that either the [nLMes

2Pd2]2+ cation was formed in the product, or a product of normal 
carbene complex transferred to the [nLMes

2Pd2]2+ cation in the ionization process during the 
measurement of ESI mass spectrometry. Either way, the [nLMes

2Pd2]2+ cation seemed to be a 
relatively stable species. 

It was noticed that in the [nLMes
2Pd2]2+

 cation, the ratio of ligand to palladium is 1:1, indicat-
ing one equivalent of Pd(OAc)2 would be sufficient for the formation of the [nLMes

2Pd2]2+
 

cation. Moreover, to assist the removal of all three protons bound to nitrogen atoms in the 
ligand precursor [H3LR](PF6)2, one equivalent of an additional exterior base was necessary. 
In addition, non-coordinating counterions like PF6

- were better options to grow single crys-
tals out of the product. Therefore, the following reaction of [H4LMes]Cl3, Pd(OAc)2 
(1.0 equiv.) and NH4OAc (1.0 equiv.) was designed for the synthesis of a palladium com-
plex containing the [nLMes

2Pd2]2+
 cation. 
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Several trials of the above reaction only resulted in yellow mixtures of unidentified products. 
Alternative reaction conditions, such as different solvents, concentration of the reagents, 
reaction temperatures or various R groups, did not give better results. However, an in situ 
NMR tube monitoring for the reaction of [H4LEt](PF6)2 with Pd(OAc)2 in DMSO, where 
two equivalents of NH4OAc were added, surprisingly gave a reasonably clean 1H NMR 
spectrum with two characteristic C4/5 proton signals at  = 7.70 and 7.59 ppm, respectively, 
indicating the formation of a normal carbene complex (Figure 3.2).  

 
Figure 3.2. 1H NMR spectroscopy of the in situ reaction of [H3LEt](PF6)2, Pd(OAc)2 and 

NH4OAc (2.0 equiv.), at 105 ºC for overnight. 

The reaction was then carried out on a larger scale and a bis(ligand) dinuclear palladium 
complex 6, [nLEt

2Pd2](PF6)2, was isolated. The same strategy was also used for the for-
mation of other normal carbene complexes 7, [nLnBu

2Pd2](PF6)2, and 8, [nLMes
2Pd2](PF6)2 
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(Eq 3.1); however, the reaction of [H3LtBu](PF6)2, Pd(OAc)2 and two equivalents of 
NH4OAc did not give any clean product (Figure A12 in Appendix). Probably the strong 
steric repulsion between two adjacent tert-butyl groups from each ligand prevented the for-
mation of the normal NHC bis(ligand) complex. 

 

Crystalline material of these complexes could be obtained by slow diffusion of diethyl ether 
to the solutions of the raw materials in acetonitrile. The formation of 6, 7 and 8 was con-
firmed by the data from high resolution ESI mass spectroscopy (Figure A1-Figure A3) and 
multinuclear NMR spectroscopy. Molecular structures of the cations of complexes 7 and 8 
were determined by X-ray diffraction (shown in Figure 3.3 and Figure 3.4, respectively). 

 
Figure 3.3. Molecular structure of the cation of 7 [nLnBu

2Pd2](PF6)2; all H atoms are omitted 

for clarity. Anisotropic displacement ellipsoids drawn at 30% probability level. Selected 

bond lengths [Å] angles [°]: Pd1···Pd2 4.0376(2), Pd1 C5 1.973(2), Pd1 N1 2.0767(17), 

Pd1 C25 1.979(2), Pd1 N11 2.0873(17), C5 Pd1 C25 91.57(9), C5 Pd1 N1 87.13(8), 

C25 Pd1 N11 87.18(8), N1 Pd1 N11 100.34(6), C5 N1 Pd1 C25 -87.009(216), 

C5 Pd1 N1 N11 163.814(80). 

In complex 7, the cation [nLnBu
2Pd2]2+ has a C2h symmetry. Both {PdC2N2} cores adopt dis-

torted square-planar geometry so as to avoid the steric congestion between two adjacent nBu 
groups from each ligand. For example, the dihedral angle between the C5/Pd1/N1/N11 
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plane and the Pd1 C25 bond is 68.5°. Both palladium-involved six-membered rings are 
boat-shaped, similar to those in complex 5. The Pd Ccarbene bond lengths are 1.97-1.98 Å, 
which is also close to those in 5, and the distance of the two metal centers is 4.04 Å, signifi-
cantly larger than that in 5, in which two metal ions are bridged by the same chloride anion. 

 
Figure 3.4. Molecular structure of the cation of 8 [nLMes

2Pd2](PF6)2; all H atoms are omitted 

for clarity. Anisotropic displacement ellipsoids drawn at 30% probability level. Selected 

bond lengths [Å] angles [°]: Pd1···Pd2 3.9606(3), Pd1 C5 1.965(2), Pd1 N1 2.0738(18), 

Pd1 C18’ 1.967(2), Pd1 N2’ 2.0721(18), C5 Pd1 C18’ 93.36(9), C18’ Pd1 N2’ 85.18(8), 

C5 Pd1 N1 85.55(8), N2’ Pd1 N1 102.62(7), C5 N1 Pd1 C18’ -87.680(245), 

C5 Pd1 N1 N2’ -161.554(86). 

The 1H NMR spectra of 6-8 show the signals of two characteristic C4/5 protons at  = 7.33-
7.37 and 7.15-7.24 ppm, respectively. The 2D 13C-1H HMBC NMR technique was used to 
identify the chemical shift of the carbene carbon. For example, the HMBC NMR spectrum 
of complex 8 (Figure 3.5) indicates that the carbenic carbon of the NHC ligand resonates at 
161.8 ppm. Carbene signals of complexes 6-8 are in the range  = 154.8-161.8 ppm in the 
13C NMR spectra. 

It is noteworthy that the carbenic carbon 13C NMR signals of these complexes are not in the 
typical metal-carbene signal region, which is normally around 200 ppm.98 This observation 
shed some light on the assumption that metal carbenes do not necessarily have low field 
chemical shifts in the 13C NMR spectra, which will be discussed in details in Chapter 4. 
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Figure 3.5. The 2D 13C-1H HMBC NMR spectrum of complex 3.4 [nLMes

2Pd2](PF6)2. 

As a short summary, two or more equivalents of NH4OAc induced the formation of 
bis(ligand) dinuclear normal carbene complexes; while one equivalent of NH4OAc led to 
mixtures of unidentified complexes (Figure A8 in Appendix). Apparently, the reaction 
route was strongly influenced by the amount of NH4OAc used and it was intriguing how the 
reaction might proceed without extra base. 

The mixture of [H4LR](PF6)2 and Pd(OAc)2 (1.0 equiv.) in DMSO was kept at 95 °C for 1.5 
hours and then NH4OAc (1.0 equiv.) was added for work-up. Then water was added to the 
solution to precipitate an off-white solid, which was dried under reduced pressure and puri-
fied by column chromatography to give a fine white powder. 

The data from multinuclear NMR spectra and ESI mass spectra indicated the formation of 
bis(ligand) dinuclear abnormal carbene complexes 9-12, [aLR

2Pd2](PF6)2 (Eq 3.2). It is 
noteworthy that both [aLR

2Pd2](PF6)2 and [nLR
2Pd2](PF6)2 are reasonably stable and no 

interconversion reaction between them was observed, even when their solutions in DMSO 
were heated to over 150 °C. 
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Their 1H NMR spectra show signals of characteristic C4/5 and C2 protons at  = 7.04-
7.21 ppm and 8.29-8.46 ppm, respectively. The 13C NMR spectra show the signals of 
carbenes at  = 139.0-139.4 ppm, which are in even higher field than those of normal 
carbene complexes [nLR

2Pd2](PF6)2 and also not ‘typical’ for palladium(II) carbene com-
plexes. 

Unfortunately, slow diffusion of diethyl ether into solutions of the products in acetonitrile 
did not give any suitable single crystals for X-ray diffraction. Yet, by means of anion ex-
change with NaBPh4, single crystals of [aLtBu

2Pd2](BPh4)2 out of [aLtBu
2Pd2](PF6)2 were ob-

tained (Eq 3.3). 

 

The structure of complex 12[BPh4] determined by X-ray diffraction (Figure 3.6) shows that, 
[aLtBu

2Pd2]2+ adopts a saddle-shaped geometry with C2 symmetry, with the tert-butyl groups 
cis to each other with respect of the {(C2PdN2)2} core (schematic models of the different 
types of [aLR

2Pd2]2+and [nLR
2Pd2]2+ are shown in Figure 3.7). Both Pd atoms are found with 

almost perfect square-planar geometry and the dihedral angle between the Pd1 C6 bond and 
the C44/N12/N1/Pd1 plane is 84.7°. All the four Pd-involved six-membered rings are boat-
shaped, like those in the cation [nLR

2Pd2]2+. The Pd Ccarbene bond lengths are 1.98-1.99 Å, 
almost the same to those of the related normal NHC complexes (1.97-1.98 Å). The distance 
between the metal centers is 3.82 Å, slightly shorter than that in [nLR

2Pd2]2+. 
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Figure 3.6. Molecular structure of the cation of 12[BPh4]. All H atoms are omitted for clarity. 

Anisotropic displacement ellipsoids drawn at 30% probability level. Selected bond lengths 

[Å] angles [°]: Pd1···Pd2 3.8157(5), Pd1 C6 1.980(4), Pd1 N1 2.061(3), Pd1 C44 1.990(4), 

Pd1 N12 2.063(3), C6 Pd1 N1 87.54(14), C6 Pd1 C44 92.61(16), C44 Pd1 N12 

86.07(14), N12 Pd1 N1 93.93(12), C6 N1 Pd1 C44 95.230(4846), C6 N1 Pd1 N12 -

174.668(146). 

 
Figure 3.7. Different stereoisomers of approximate (non-crystallographic) C2h and C2v 

symmetry observed for the [nLR
2Pd2]2+ and [aLR

2Pd2]2+ platforms, respectively. 

3.2.3 Mechanistic consideration 

The base-dependent selective formation of normal or abnormal complexes was interesting. 
As mentioned in Chapter 1, ligand precursors with bulky wingtips and non-coordinating 
counterions preferred to form abnormal NHC complexes via the oxidative addition of 
C4/5 H bonds onto the metal fragments; while ligand precursors with less-bulky wingtips 
and counterions, which could form strong H-bonding, preferred to generate normal NHC 
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complexes via the C2 H bond heterolysis.21 In this work, except for [H3LtBu](PF6)2, all oth-
er ligand precursors were able to be transformed to both normal and abnormal carbene com-
plexes, if proper conditions were provided. This result revealed that, different from the re-
ported scenarios, neither of the bulkiness of the wingtip (except for the case of 
[H3LtBu](PF6)2) nor the counterion was the determining factor for the selective formation of 
normal or abnormal NHC complexes in this work. 

Considering the possible reaction pathways in this work; on one hand, for the activation of 
C4/5 H, oxidative addition of C4/5 H onto PdII species to form a PdIV hydride complex has 
never been reported before and it is probably quite unstable, thus, a mechanism involving 
the formation of PdIV hydride intermediate is unlikely; on the other hand, the heterolysis of 
the C2 H bond with the assistance of base is reported before.  

For example, previous research showed that, the reaction of the pro-ligand 3.11 and 
Pd(OAc)2 mainly gave the normal-abnormal NHC complex 3.13 and the reaction of pro-
ligand, PdCl2 and Cs2CO3 (9.95 equiv.) gave normal-normal NHC complex 3.12 as the ma-
jor product (Scheme 3.6).99 The result suggested that exterior base could accelerate the 
cleavage of C2 H bond and therefore induce the formation of normal carbene complexes.  

 
Scheme 3.6. Formation of normal-normal complex 3.12 and normal-abnormal complex 3.13 

in literature. 

The analysis outlined above suggests an important knot to the selective formation of abnor-
mal or normal NHC complexes, which is the H-bonding formed between the more acidic C2 
proton and the exterior base. Due to the interaction with the exterior base, the C2 H bond is 
significantly weakened and the attack of the palladium atom to C2 position becomes easier 
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than that to C4/5 position. Plausible mechanisms for both reaction pathways are proposed, 
as shown in Scheme 3.7.  

 
Scheme 3.7. Plausible mechanism of the formation of normal/abnormal carbene complexes. 

Sol. = solvent molecule. 

Both reactions start with the coordination of the palladium fragment [Pd(OAc)2]+ to a nitro-
gen atom of the pyrazole ring after the detachment of acetic acid to form complex 3.14, re-
gardless of the amounts of exterior base used. 

For the reaction without extra base, from kinetic point of view, the palladium atom prefers 
to coordinate to the C4/5 H bond because C4/5 region is less shielded compared to the C2 
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region; after a 4-membered ring transition state with the structure 3.15a, a mononuclear ab-
normal carbene intermediate 3.16a is formed after the dissociation of one molecule of acetic 
acid. Probably, the intermediate 3.16a is stabilized by two solvent molecules, since there are 
no additional other ligands available. Subsequent reaction of two molecules of 3.16a via a 
similar mechanism leads to the formation of the abnormal carbene complex 3.17a and HPF6. 

For the reaction with extra base, the more acidic C2-proton tends to form H-bonding with 
the base, thus making the C2 H bond easily breakable. Noticeably, there are two C2-
protons on one ligand precursor; therefore, at least two equivalents of base are required so 
both C2 protons can form H-bonding (as depicted in 3.15n). After the cleavage of the C2 H 
bond, the coordination of the palladium ion to C2 and the dissociation of acetic acid and 
ammonium hexafluorophosphate, a mononuclear palladium intermediate 3.16n is formed. 
Similar to 3.16a, one solvent molecule is coordinated to the metal ion for stabilization. Af-
terward, the reaction of two molecules of 3.16n results in the product, normal carbene com-
plex 3.17n. 

This hypothesis also explains why the reaction with one equivalent of NH4OAc resulted in a 
mixture of unidentified products (Scheme 3.8).  

 
Scheme 3.8. Possible pathway of reaction with only one equivalent of base. 

If there is only one equivalent of NH4OAc in the reaction, the C2 proton on only one side 
forms H-bonding with one equivalent of base; while the other side remains intact, forming 
the transition state with the structure 3.15m, in which both the coordination of C4/5 H bond 
to palladium fragment and the heterolysis of C2 H bond are likely to occur. Thus, the palla-
dium ion has two attacking possibilities, either to form a normal carbene on the left part or 
an abnormal carbene on the right part. Considering the subsequent interaction between two 
molecules of any possible mononuclear palladium intermediates, the products are more 
complicated, as observed in the experiment. 
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More experimental and computational efforts are needed to testify the proposed mechanism. 

3.2.4 Synthesis of nLRPd2Cl3 and aLRPd2Cl3 

Although several palladium normal/abnormal NHC complexes [aLR
2Pd2](PF6)2 and 

[nLR
2Pd2](PF6)2 were synthesized, complex 5 was still the only neutral palladium complex 

with the formula of LRPd2Cl3.  

The formulary relationship between [LR
2Pd2](PF6)2 and LRPd2Cl3 is shown as below 

(Scheme 3.9). [LR
2Pd2](PF6)2 can be regarded as two molecules of an imaginative species 

with the formula of [{LRPd}PF6], which transfers to [{LRPd}Cl] after anion exchange. The 
simple addition of [PdCl2] to the [{LRPd}Cl] formula leads to the formula of the expected 
complex LRPd2Cl3 (Eq 3.4). 

 
Scheme 3.9. Formulary relationship between [LR

2Pd2](PF6)2 and LRPd2Cl3. 

The theoretical thought was put into test in experiment. Fortunately, reaction of 
[aLtBu

2Pd2](PF6)2, NEt4Cl (1.1 equiv.) and PdCl2 (1.0 equiv.) in acetonitrile gave a bright-
yellow precipitate, which was confirmed to be the known complex aLtBuPd2Cl3. 

 

Compared to the old method (Scheme 3.5), this method involved neither the fragile reagent 
Pd(OAc)2 nor the hard-to-remove solvent DMSO, hence, the work-up was easier and clean-
er product was obtained. The method could also be applied to synthesize other neutral ab-
normal carbene complexes 13 and 14 aLRPd2Cl3 (Eq 3.4). Their formation was confirmed 
by the data of multinuclear NMR spectroscopy. 
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The same method was tried for normal NHC complexes nLRPd2Cl3 (Eq 3.5); however, only 
one complex 15 nLEtPd2Cl3 was successfully synthesized. Complex 15 was confirmed by 
multinuclear NMR spectroscopic data. The molecular structure of 15 was verified by X-ray 
diffraction (Figure 3.8).  

 
Figure 3.8. Molecular structure of the cation of nLEtPd2Cl3; all H atoms are omitted for clar-

ity. Anisotropic displacement ellipsoids drawn at 30% probability level. Selected bond 

lengths [Å] angles [°]: Pd1···Pd2 3.6517(9), Pd1 C5 1.971(8), Pd1 N1 1.966(6), Pd1 Cl1 

2.3052(18), Pd1 Cl2 2.3729(17), Pd2 Cl2 2.3834(18), Pd2 Cl3 2.3089(19), C5 Pd1 N1 

86.2(3), C5 Pd1 Cl1 93.7(2), Cl1 Pd1 Cl2 92.79(6), N1 Pd1 Cl2 88.16(17), 

Pd1 Cl2 Pd2 100.30(6), C5 N1 Pd1 Cl2 173.681(249), C5 N1 Pd1 Cl1 89.585(1263). 

Reaction of 7 or 8 with PdCl2 and NEt4Cl gave dark-brown solid. According to the base 
peaks in their ESI mass spectrum, fragments of [LR

2Pd2]2+ are still the major components. 
The result suggested that [LR

2Pd2]2+ cations were not able to be transformed into nLRPd2Cl3 
species in the given reaction conditions, if the R groups were too bulky. 

During the reactions of the formations of complexes nLEtPd2Cl3 and nLtBuPd2Cl3, the bind-
ing modes of NHC to palladium, either via C2 or C4/5 position, were fully retained, despite 
the fact that the cleavage of some Pd Ccarbene bonds and formation of new Pd Ccarbene bonds 
definitely had to occur. 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Novel N-Heterocyclic Carbene Ligands and their Metal Complexes 

71 

Complexes nLEtPd2Cl3 and nLtBuPd2Cl3 adopt conformation F with approximate (non-
crystallographic) Cs symmetry. Interestingly, two crystallographic structures were obtained 
in the crystal lattice of aLEtPd2Cl3, one with conformation E (C2 symmetry) and the other 
with F (Cs symmetry, Figure 3.9), suggesting that for complex aLEtPd2Cl3, E and F should 
be close in energy, which was also confirmed by DFT calculations (discussed later). 

 

Figure 3.9. Different stereoisomers of approximate (non-crystallographic) C2 and Cs sym-

metry observed for the LR
2Pd2Cl3 complexes. 

The difference between the Pd···Pd distances of the two structures of aLEtPd2Cl3 (com-
plex 13) is 0.26 Å, which is reasonably large (3.75 Å in conformer E and 3.49 Å in con-
former F). Comparison of bond lengths and angles of two conformers of complex 13 is col-
lected in Table A14 in Appendix. 

Table 3.1. Different perspectives from both top and bottom  

for models of [aLMe
2Pd2]2+ and [nLMe

2Pd2]2+. Color code: Pd = red, N = blue, C = black. 

Model 
[nLMe

2Pd2]2+ [nLMe
2Pd2]2+ 

C D C D 

Axial 

View 
   

Side 
View 

    

Calc. 
Ener-

gy 
0.0 kcal/mol +3.9 kcal/mol +12.7 kcal/mol +2.9 kcal/mol 
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DFT calculations were carried out to investigate the thermodynamic stabilities of these four 
types of dinuclear palladium complexes mentioned above. To best avoid the influence of the 
steric repulsion, ligands with methyl group on the wingtips were applied in all models. Both 
conformer C2h (C) and C2v (D) for [aLMe

2Pd2]2+ and [nLMe
2Pd2]2+, as well as conformer C2 

(E) and Cs (F) for nLMePd2Cl3 and aLMePd2Cl3 were calculated. Calculated energies of these 
models are shown in Table 3.1 and Table 3.2. Selected bond lengths and angles of the 
models are collected in Table A25 and Table A26 in Appendix. 

Calculated parameters are in good agreement with experimental data of the molecular struc-
tures determined by X-ray diffraction. In all cases, the bond lengths of Pd Ccarbene of the 
calculated results are slightly longer; while the angles in the NHC rings are approximately 
the same.  

Table 3.2. Different perspectives from both top and bottom  

for models of aLMePd2Cl3 and nLMePd2Cl3. Color code: Pd = red, N = blue, C = black. 

Model 
nLMePd2Cl3 aLMePd2Cl3 

E F E F 

Axial 
View 

 

 

 
 

 

  

Side 
View    

Calc. 
Ener-

gy 
+5.0 kcal/mol 0.0 kcal/mol +22.0 kcal/mol +20.4 kcal/mol 

 

The Pd···Pd distance strongly depends on the conformation, as well as the distance between 
the palladium atom from the plane of its coordination atoms: for [nLMe

2Pd2]2+ and 
[aLMe

2Pd2]2+, the palladium atoms are almost in the coordination-plane with a long Pd···Pd 
distance in all C conformers; while in D conformers, the Pd···Pd distances are shorter and 
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the palladium atoms are located outside the plane. In line with this shortest Pd···Pd distance 
is found experimentally in D conformer of [aLMe

2Pd2](BPh4)2 (3.82 Å). In case of neutral 
complexes, all calculated Pd···Pd distances are slightly longer than those found by X-ray 
crystallography, but the trends are well-reproduced that, Pd···Pd distances of conformers F 
are significantly shorter than for conformers E. 

The calculated energies indicate that, for the model of normal carbene cation [nLMe
2Pd2]2+, 

C conformer is more stable than D conformer by about 3.9 kcal/mol; while for the model of 
abnormal carbene cation [nLMe

2Pd2]2+, the D conformer is much more stable than C con-
former by about 9.8 kcal/mol. 

Generally, the normal carbene palladium cation is more stable than the abnormal carbene 
counterpart, although the conformer C-[nLMe

2Pd2]2+ is only slightly more stable than D-
[aLMe

2Pd2]2+ by 2.9 kcal/mol. Yet, considering the increased steric repulsion caused by larg-
er R groups on the wingtips in normal carbene cation, it is safe to draw the conclusion that 
the abnormal NHC isomer with bulkier wingtips can be thermodynamically more stable.  

It is noticeable that the energy difference between two conformers of aLMePd2Cl3 is reason-
ably small (only 1.6 kcal/mol), which is also consistent with the observation that both 
crystallographically independent E and F of aLEtPd2Cl3 were observed in the crystals, as-
suming that the steric effect of methyl and ethyl groups are similar. For nLMePd2Cl3, F is 
much more stable than E by 5.0 kcal/mol and that is also the reason why only F were found 
experimentally. 

Normal NHC complex nLMePd2Cl3 is more stable than the abnormal NHC isomer 
aLMePd2Cl3. Yet, based on the fact that the synthesis of nLRPd2Cl3 with bulky R groups 
normally failed, it is possible that the steric congestion between the R group and the termi-
nal chloride dramatically decreases the stability of nLRPd2Cl3, thus leading to a greater sta-
bility of aLRPd2Cl3. 

The expected neutral species of pyrazole-NHC based dinuclear palladium complexes 
(nLRPd2Cl3 and aLRPd2Cl3) have been successfully synthesized and characterized. Attempt 
showed that these complexes were inert to SnMe4, even when the reaction was carried out at 
high reaction temperatures; while reaction of nLRPd2Cl3/ nLRPd2Cl3 with strong alkylation 
reagents, such as LiMe, simply gave lots of palladium black precipitates.  
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3.3 Conclusion 

In summary, four types of dinuclear palladium complexes based on the pyrazole-bridged 
bis(NHC) ligand systems, [nLR

2Pd2](PF6)2, [aLR
2Pd2](PF6)2, nLRPd2Cl3 and aLRPd2Cl3 are 

successfully synthesized and some of the complexes are fully characterized. The selective 
formation of [nLR

2Pd2](PF6)2 or [aLR
2Pd2](PF6)2 is mainly determined by the amount of base 

used in the reaction. Consistent with the reported literature, an excess amount of base assists 
the formation of normal NHC complexes. The synthesis is also influenced by the bulkiness 
of the wingtip on the imidazole ring; when the wingtip is tert-butyl, no normal NHC com-
plexes are synthesized. The neutral species nLRPd2Cl3 and aLRPd2Cl3 are generated from 
their related [nLR

2Pd2](PF6)2 or [aLR
2Pd2](PF6)2 precursors. It is noteworthy that, only nor-

mal NHC complexes nLRPd2Cl3 with small wingtip, like ethyl, on the imidazole ring is able 
to be synthesized. 
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CHAPTER 4. N-Metallated N-Heterocyclic Carbene 

Ruthenium Complexes 

4.1 Introduction and Motivation 

4.1.1  Chemical shifts of metallated carbenes  

The standard N-heterocyclic carbene is a singlet carbene and the carbenic carbon atom has 
six valence electrons and an empty p orbital orthogonal to the free electron pair. The 
empty p orbital is stabilized either by adjacent nitrogen atoms or by a delocalized aro-
matic  system. 

One reliable method for the characterization of the carbenic carbon atoms of N-
heterocyclic carbenes is their chemical shifts in 13C NMR spectra.98 Normally, chemical 
shifts of the carbenes lie in the  = 200-300 ppm region. The factors influencing the 
chemical shifts of the carbenes, take ‘Arduengo-type’ carbenes for instance, include the 
anisotropy at the carbene center, variation of the ring size and annulation and replace-
ment of one or both nitrogen atoms by other element atoms.98 Yet, the substituents on 
the nitrogen atoms have little impact on the chemical shifts.15d 

Upon complexation, the free electron pair of a carbene is donated to the Lewis acidic 
metal fragments, and the chemical shift of the carbene changes to higher field. The 
change strongly depends on the Lewis acidity of the metal fragment attached. Factors 
that influence the acidities of the metal fragments include the types of the metal centers, 
the oxidation states of the metal centers and ancillary ligands. When a free carbene co-
ordinates to a metal center with higher oxidation states and more electron-deficient co-
ligands, the change of the chemical shift of the carbene to higher field is larger. Usually, 
the metal-carbene chemical shifts are observed in the region of  = 170-220 ppm in the 
13C NMR spectra. However, unlike the case for carbenic carbon chemical shifts of free 
carbenes, chemical shifts of metal-bound carbene signals do not necessarily appear in 
low-field, thus, it is not vigorous to verify or deny the formation of a metallated carbene 
simply by its chemical shift in the 13C NMR spectrum. 

For instance, a number of imidazol-2-yl metal complexes were reported, as depicted in 
Chapter 1. Only recently, the suspiciously low-field chemical shifts of their metallated 
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carbon atoms in 13C NMR spectra were accentuated (Scheme 1.21). For example, it was 
mentioned that complex 4.1 ‘features an unprecedented NHC ligand containing a non-
substituted nitrogen’.72 The claim was probably based on the observation that the 13C 
NMR chemical shift of the metallated carbon atom of the imidazolyl ring in 4.1 resonat-
ed at 182.4 ppm, which was quite close to that of the well-defined NHC metal complex 
4.2. However, this provocative assumption needed more scrutiny for the reason that, if 
complex 4.1 was a carbene complex similar to complex 4.2, its isomeric structure in-
volved a negative charge on the naked nitrogen atom and a positive charge on the rheni-
um atom, which was highly unlikely (Scheme 4.1). 

 
Scheme 4.1. Reported imidazolyl complex 4.1 and the related imidazolylidene metal 

complex 4.2. 

Meanwhile, the chemical shifts of typical metallated carbenes do not necessarily appear 
in low-field in the 13C NMR spectra. For example, a series of iridium complexes based 
on imidazole derived ligands were reported in 2004.100 The 13C NMR chemical shifts of 
the metallated carbon atoms in selected complexes are shown below (Scheme 4.2).  

 
Scheme 4.2. Chemical shifts of metal carbon signals in related iridium complexes. 

Complex 4.5 was a typical iridium NHC complex; yet, its carbene signal resonated only 
at  = 147.3 ppm. The reason for the observation of the carbene signal in such high-field 
was that the oxidation state of the metal atom in complex 4.5 was +III and the metal 
fragment was a relatively strong Lewis acid, which led the signal of the metallated 
carbene to much higher field. In the paper, an imidazolyl iridium complex 4.4 was also 
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synthesized. Note that, the chemical shift of the metallated carbon atom in the 
imidazolyl ring was at  = 130.6 ppm. The chemical shift difference of the two 
metallated carbon atoms of complex 4.5 and 4.4 was less than 20 ppm. 

Therefore, the observation of a metallated carbon signal in low-field (near  = 200 ppm) 
does not indicate the formation of a metallated carbene species, and vice versa. 

Recently, several metal complexes, in which both nitrogen atoms and carbon atoms of 
the N-heterocyclic rings were coordinated to metal fragments, were reported.72, 77 Most 
of the efforts were focused on their structural particularities, yet a clear comprehension 
of the bonding modes in these complexes was still lacking. 

For instance, Deng reported an unusual dinuclear iron complex 4.7 from the reaction of 
bis(nNHC) iron complex 4.6 with phenyl lithium (Eq 4.1). Although it was not specially 
described in the paper, according to the drawings of its structure, complex 4.7 was re-
garded as a carbene complex, probably because its precursor 4.6 was a carbene species. 
However, no solid evidence was presented to prove it in the paper, not even a 13C NMR 
spectrum (complex 4.7 was paramagnetic).75 

 

A trinuclear rhenium-copper complex 4.9 based on triazole derived ligand was synthe-
sized by Miguel and co-workers from the [3+2] click reaction of acetylene and rhenium 
complex 4.8 in the presence of copper salt (Eq 4.2). In 4.9, two rhenium fragments were 
bridged by a copper atom via nitrogen atoms of the triazole rings. It was assumed in the 
paper50d that the Re Ctriazole bonds remained single bond, and the Cu N bonds were da-
tive bonds, according to the drawings. The chemical shifts of the metallated carbon at-
oms in the triazole ring were found at  = 153.5 ppm in the 13C NMR spectrum. No fur-
ther bond analysis was provided in the paper. 
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The bonding modes of the metal carbon and metal nitrogen bonds in the above 
trinuclear complex 4.9 are essentially the same to the dinuclear complex 1.69 mentioned 
in Scheme 1.21. The schematic structures (Scheme 4.3) suggest that, in both complexes, 
either the metal carbon bonds are single bonds when the metal nitrogen bonds are da-
tive bonds (in 1.69-II and 4.9-II); or the metal carbon bonds are carbene bonds when 
the metal nitrogen bonds are single bonds (in 1.69-I and 4.9-I), depending on the loca-
tion of the charges. Hence, a persuasive criterion is demanded to verify the real bonding 
types in these novel N-metallated N-heterocycle complexes. 

 
Scheme 4.3. Two possible drawings for N-metallated N-heterocycle derived complexes. 
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4.1.2 Motivation 

Previously, the first class of pyridazine derived NHC palladium complexes 1-4 were 
synthesized by oxidative addition of a C Cl bond onto Pd(0) species. In these complexes, 
the insertion of Pd(0) species selectively occurred in C Cl bonds at the ortho positions 
of the alkylated nitrogen atoms, generating metal pyridazin-6-ylidene complexes (see 
Chapter 2).92 Pyridazin-6-ylidenes or their derivatives were so far the only examples of 
NHCs based on pyridazine derivatives. 

In a pyridazin-6-ylidene carbene, the carbenic carbon atom is at the ortho-position of the 
alkylated nitrogen atom. N-heterocyclic carbenes with the carbenic carbon atoms more 
remote from nitrogen atoms in the N-heterocyclic rings are normally stronger donating 
ligands, according to the empirical conclusion depicted in Chart 1.4. Thus, it would be 
interesting to synthesize other pyridazinylidene ligands, such as pyridazin-4-ylidene, in 
which the carbenic carbon atom is at the para-position of the substituted nitrogen atom. 

The initial target of pyridazin-4-ylidene metal complexes was designed as below 
(Scheme 4.4). Similarly to the formation of pyridazin-6-ylidene metal complexes,66c the 
ligand precursor 4.10 can be deprotonated to give a free carbene species 4.11. The 
carbene of 4.11 coordinates to a vacant site of a metal fragment, forming a pyridazin-4-
ylidene metal complex 4.12. 

 

Scheme 4.4. Hypothetic formation of pyridazin-4-ylidene metal complex. 
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4.1.3 Material and methodology 

By means of oxidative addition of C X (X = halogen atom) bonds of C-halogenated-N-
heterocyclic cations onto low valent metal complexes, such as Pd(0) and Ir(I) reagents, 
corresponding metal carbene complexes can be readily obtained, in which the oxidation 
states of the metal centers are increased by two units in the new complexes (method d, 
Scheme 2.2). However, this strategy is not a good option for the proposed reaction in 
Scheme 4.4 because the syntheses of ligand precursors 4-halogenated-pyridazinium salts 
are not easy (Scheme 4.5).  

 
Scheme 4.5. Possible problems for the synthesis of para-halogenated pyridazinium. 

The first step of the halogenations of a 3,6-disubstituted-pyridazine 4.13 to form 4.14 is 
not known so far. The second step of the alkylation of the 4-halogenated-pyridazine 4.14 
may take place on both nitrogen atoms, leading to a mixture of two constitutional iso-
mers 4.15a and 4.15b, which probably have close physical properties and are hard to be 
separated. 

 
Scheme 4.6. Alternative synthetic route to para-carbene complexes derived from 

pyridazine. 
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To avoid these possible troubles, a different synthetic route was designed (Scheme 4.6). 
One C H bond in pro-ligand 4.16 is agostically coordinated to a metal hydrido fragment 
to form a labile intermediate 4.17, which transforms into intermediate 4.19 after a three-
membered ring species 4.18 and detachment of dihydrogen. Alkylation is likely to occur 
at the para-nitrogen atom to the metallated carbon in 4.19, because this nitrogen atom is 
more electron-rich due to the mesomeric effect, thus leading to the targeted pyridazin-4-
ylidene complex 4.20. 

Ligand precursor HL4, 3,6-bis(3,5-dimethyl-1H-pyrazol-1-yl)pyridazine, and a rutheni-
um hydride complex, RuHCl(CO)(PPh3)3 were chosen for the designed reaction. In was 
expected that the pyrazole sidearm were able to coordinate to the hydride complex, 
brought it closer to the pyridazine ring, and thus accelerated the C H bond activation 
(Scheme 4.7). 

 
Scheme 4.7. Proposed reaction to synthesize the anticipated pyridazin-4-ylidene metal 

complex. 
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4.2 Result and Discussion 

4.2.1 Synthesis of complex 16 

Treatment of HL4 with one equivalent of RuHCl(CO)(PPh3)3 in toluene at reflux for one 
day gave a dark-brown solution with some yellow crystalline material. The crystalline 
material was soluble in dichloromethane, slightly soluble in acetone and acetonitrile and 
insoluble in diethyl ether, toluene or hexane. It was stable in air and moisture in solid 
state. Its solution in dichloromethane gradually turned greenish after several days, but 
the 1H NMR spectroscopy of the product in d2-dichloromethane showed no obvious 
change. 

In the 1H NMR spectrum of the product, a dd peak is found at  = -11.42 ppm (J1 = 
13.2 Hz, J2 = 11.7 Hz), indicating the presence of metal hydride(s) in the complex. The 
31P NMR spectrum shows a singlet at  = 51.8 ppm and two doublets  = 46.1 ppm (J = 
273.1 Hz) and 41.4 ppm (J = 272.9 Hz), respectively, implying that there are two metal 
centers respectively tethered with one and two phosphine ligands. Two possible struc-
tures (4.20 and 4.21, Scheme 4.8) for the product were proposed, in 4.20, both rutheni-
um atoms are chelated in N,N-pockets and they are on the same side with respect to the 
pyridazine ring; while in 4.21, one ruthenium atom chelated in an N,N-pocket is pointing 
away from the other chelated in a C,N-pocket.  

 
Scheme 4.8. Possible structures of the product from the reaction of HL4 and 

RuHCl(CO)(PPh3)3. 

A singlet peak at reasonably low field  = 187.0 ppm in the 13C NMR spectrum is ob-
served, signifying that there may be a carbon atom attached to a metal ion (the signals of 
carbonyls groups were also spotted, but they were usually observed in  > 200.0 ppm 
region in the 13C NMR spectra). Meanwhile, the high resolution ESI mass spectrum 
(Figure 4.1) shows a major peak consistent with the simulated isotope pattern of 
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[L4HRu2(CO)2(PPh3)3Cl]+, which is consistent with the molecular formula of [M - Cl]+ 
of 4.21.  

 
Figure 4.1. High resolution ESI mass spectrum of the product. The inset shows the ex-

perimental and simulated isotopic distribution patterns for [C70H62N6Cl2O2P3Ru2]+, i.  e., 

[L4HRu2(CO)2(PPh3)3]+ 

Moreover, the 2D 13C-1H HMBC NMR spectrum (Figure 4.2) suggests that one aro-
matic proton is correlated to the carbon atom with the signal resonating at  = 187.0 ppm. 
Since all other aromatic protons are from phosphine ligands, this proton can only be as-
signed to the one of the pyridazine ring (as labeled in red in 4.21). All the evidence 
pointed to the formation of complex 4.21. 

However, the subsequent X-ray crystallographic result revealed a new structure, com-
plex 16. Albeit the structure determined by X-ray diffraction was quite close to 4.21, the 
arrangements of the ancillary ligands in these two structures were different. 

In the molecular structure of complex 16 determined by X-ray diffraction (Figure 4.3), 
N3 N4 and N5 N6 bonds are on the opposite sides of the pyridazine ring, in line with 
the expectation. Two coordination pockets, namely the C,N-pocket and the N,N- pocket, 
are formed to chelate Ru1 and Ru2, respectively. In the C,N-pocket, Ru1 is bound to two 
chlorides, one carbonyl and one phosphine; while in the N,N-pocket, Ru2 is bound to 
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two phosphines, one carbonyl and one hydride. The three N-heterocyclic rings are al-
most in the same plane; the dihedral angle between the pyrazole(N3 N4) plane and the 
pyridazine plane and the dihedral angle between the pyrazole(N5 N6) plane and the 
pyridazine plane are 6.3° and 2.3°, respectively. 

 
Figure 4.2. The 2D 13C-HMBC/1H NMR spectrum of the product. 

Ru1 adopts an almost perfectly octahedral geometry with the carbonyl group trans to N4 
and one chloride trans to the metallated carbon atom; while the octahedral configuration 
of the Ru2 fragment is distorted in a way that the angle between the N2 Ru2 N6 plane 
and the Ru2 P2 bond is 12.2°. Presumably, the steric congestion between the phenyl 
groups on the two phosphine ligands causes the distortion of the Ru2 geometry away 
from octahedral. However, it is unclear why it does not occur to the Ru1 P1 bond. In 
Ru2 fragment, the hydride is cis to both phosphine ligands and the two phosphine 
ligands are trans to each other, which is consistent with the data from the multinuclear 
NMR spectra; in the 1H NMR spectroscopy of 16, the hydride is dd splitted with two 
close coupling constants (J1 = 13.2 Hz, J2 = 11.7 Hz) and in the 31P NMR spectroscopy, 
two phosphorous signals appear to be doublets at  = 46.1 ppm and 41.4 ppm, 
respectively. The large coupling constants J = 272.9-273.1 ppm indicate that the two 
phsphorus atoms are trans to each other. 
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Figure 4.3. Molecular structure of 16. Anisotropic displacement ellipsoids drawn at 30% 

probability level (except for the metal hydride, which drawn at 5% probability for 

clarity). The solvent molecule, hydrogen atoms have been omitted for clarity (except 

ruthenium hydride). Selected bond lengths [Å] angles [°]: Ru1 C2 2.020(5), Ru1 N4 

2.163(4), Ru1 Cl1 2.5005(12), Ru1 C15 1.823(5), Ru1 P1 2.2856(13), Ru1 Cl2 

2.4430(16), Ru2 N2 2.141(4), Ru2 N6 2.114(4), Ru2 C16 1.847(6), Ru2 P2 

2.3437(15), Ru2 P3 2.3416(15), N4 Ru1 C2 78.21(18), P1 Ru1 Cl2 178.96(6), 

N2 Ru2 N6 74.42(14), P2 Ru2 P3 165.08(4). 

Similar dinuclear ruthenium complexes based on pyridazine bridged ligands with two 
metal centers on the opposite sides of the ligands were reported earlier.101 In 2005, a se-
ries of dinuclear ruthenium complexes based on 3,6-bis(ligand)-pyridazine  were synthe-
sized. According to the paper, two ruthenium fragments were coordinated to the N,N- 
and C,N-pockets, respectively,102 forming Janus-type metal complexes. In 2009, another 
group reported a well-defined 3,6-bis(2’-pyridyl)-pyridazine 4.22 derived dinuclear 
complex 4.23, and its structure was confirmed by X-ray diffraction (Eq. 4.3).101a  

According to the structure drawn in the paper, it was assumed that a dative N Ru bond 
and a single C Ru bond were formed (Eq 4.3). A subsequent study revealed that com-
plex 4.23 had high catalytic activity for water oxidation.101b As far as is concerned, com-
plex 4.23 has been the only well-defined C,N-dimetallated ruthenium complex based on 
a pyridazine derived ligand. 
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Comparison of structural data of complex 16 and 4.23 shows that, the Ru Cpyridazine bond 
(2.020(5) Å) in complex 16 is close to that of complex 4.23 (2.005(3) Å); while the 
Ru Npyridazine bond (2.141(4) Å) in 16 is significantly longer than that of complex 4.23 
(1.955(3) Å) by 0.186 Å,101a probably due to the strong trans influence of the hydrido 
ligand, which increases the Ru Npyridazine bond length in complex 16. 

 
Scheme 4.9. Consideration of the oxidation states of the two ruthenium atoms in com-

plex 16. 

Meanwhile, the arrangement of the ancillary ligands of complex 16 is intriguing. In 
complex 16, Ru1 is coordinated with two chlorides; since the reaction was carried out in 
toluene, the only chloride source should be RuHCl(CO)(PPh3)3. Apparently, there is on-
ly one chloride in RuHCl(CO)(PPh3)3 and the formation of 16 must have involved the 
rearrangement of the ancillary ligands. It is unlikely that two RuII ions of two molecules 
of RuHCl(CO)(PPh3)3 disproportionate into one RuI ion and one RuIII ion in complex 16 
(16-I, Scheme 4.9), thus, the oxidation states of the two Ru atoms in complex 16 should 
remain +II. The eighteen-electron rule, which works perfectly for close-shell octahedral 
complexes of group VIII transition metals, implies that the two RuII atoms are negatively 
and positively charged, respectively (16-II). Structure 16-II resonates to a more stable 
mesomeric structure 16-III after the transfer of the charge. Thus, the pyridazine ring be-
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comes a two electron donor to the Ru atom in the C,N-pocket; i. e., the pyridazine ring 
turns to a carbene species.  

Here, the bond types in complex 16 come to the fore that, instead of a single bond as 
expected, a metal-carbene bond between the Ru atom in the C,N-pocket and the carbon 
atom of the pyridazine ring is formed.  

In other words, an unusual pyridazinyl-4-ylidene metal complex is synthesized, consid-
ering the metallated carbon atom is at the para position of the metallated nitrogen atom 
in the pyridazine ring. Moreover, complex 16 is the first example of a well-defined N-
metallated N-heterocyclic carbene complex.  

Recently, several metal complexes containing N-heterocyclic rings, of which both car-
bon atoms and nitrogen atoms were bound to metal fragments, were reported. Some of 
them were also claimed to be N-metallated carbene species, based on the observation of 
the low-field metallated carbon signals in the 13C NMR spectra. However, as discussed 
before, low-field 13C chemical shifts do not necessarily indicate the formation of 
metallated carbene bonds. Therefore, whether the complexes of this type contain metal 
carbenes is still undetermined. 

 
Scheme 4.10. Different locations of the positive charge in complex 4.23 lead to two dif-

ferent structures. 

Take complex 4.23,101 which has a similar structure to complex 16, for instance 
(Scheme 4.10), because of the presence of a positive charge, there are two possible 
structures for the complex. If the positive charge locates on the Ru atom in the N,N-
pocket, the Ru Cpyridazine bond is a single bond (4.23-I); if the positive charge locates on 
the Ru atom in the C,N-pocket, the Ru Cpyridazine bond becomes a two-electron dative 
bond (4.23-II). In all likelihood to complex 16, structure 4.23-II seems to be more pos-
sible; however no solid conclusion can be drawn without further evidence. 
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To the best of our knowledge, all other reported metal complexes containing N-
metallated N-heterocyclic fragments were positively charged, which means their bond-
ing modes are also unclear, like the scenario for complex 4.23. 

4.2.2 Computational study 

In order to understand the relative stability of pyridazinylidene ligands (in which the 
carbenic carbon atoms are at 4-, 5- or 6-position of the substituted nitrogen) to 
pyridazine and also to investigate the donating capacities of pyridazinylidenes and 
pyridazine, DFT calculations were carried out.24 

 
Figure 4.4. LUMOs, HOMOs and relative single point energies of pyridazine and 

pyridazinylidenes 

The HOMOs, LUMOs and relative single point energies of these species are depicted in 
Figure 4.4. According to the relative energies, pyridazinylidenes are highly unstable 
species compared to pyridazine and the stability order of the three pyridazinylidenes de-
creases as pyridazin-6-ylidene > pyridazin-5-ylidene > pyridazin-4-ylidene.  

The HOMOs describe the donating groups of each ligand. In pyridazine, the HOMO is 
in the plane of the six-membered ring and mainly located in the two nitrogen atoms; 
while in pyridazinylidenes, HOMOs are also in the plane of the six-membered rings but 
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mainly located in the carbenic carbon atoms. Higher HOMO energies represent stronger 
donating capacities of the corresponding ligands and apparently, pyridazine is the weak-
est donating ligand with the HOMO energy of -5.45 eV. Both pyridazin-4-ylidene (with 
HOMO energy of -3.53 eV) and pyridazin-5-ylidene (with HOMO energy of  
-3.78 eV) are stronger donating ligands than most reported NHC ligands, except for 
pyridyl-4-ylidene (with HOMO energy of -3.31 eV).55 The donating capacity of 
pyridazin-6-ylidene is mediocre, which is slightly larger than that of imidazol-2-ylidene 
(with HOMO energy of -4.97 eV).24 The order of donating capacity of three 
pyridazinylidenes is consistent with the empirical conclusion that in the same N-
heterocyclic carbene ring, the farther the carbenic carbon is remote from the nitrogen 
atoms, the stronger its donating capacity will be. 

 
Scheme 4.11. Calculational models G and H from complex 16 and the theoretical iso-

mer 4.21. 

In order to understand the stability of complex 16 and also to shed some light on the re-
action mechanism of the formation of 16, DFT calculations on the models G and H 
based on complex 16 and its imaginative isomer 4.21, respectively, were carried out. To 
reduce the calculation expense, PPh3 in 16 and 4.21 were replaced by PMe3 and the (3,5-
dimethyl-1H-pyrazol-1-yl) rings were replaced by (1H-pyrazol-1-yl) rings in the calcu-
lated models (Scheme 4.11).  

In the calculated result, all the ruthenium fragments adopt slightly distorted geometry 
away from octahedral. In model G, the dihedral angles between the pyridazine ring and 
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the pyrazole rings are 11.3/11.4º. The dihedral angles between the pyridazine ring and 
the five-membered rings containing ruthenium atoms are 10.3/12.5º. In model H, the 
dihedral angles between the pyridazine ring and the pyrazole rings are 6.8/10.8º. The 
dihedral angles between the pyridazine ring and the five-membered rings containing ru-
thenium atoms are 5.6/12.8º. 

Comparison of selected bond lengths and angles of complex 16 and models G and H are 
collected in Table A27. The important bond lengths in G are close to those found exper-
imentally in the structure of 16 in solid state determined by X-ray diffraction and the 
absolute values of bond length differences between 16 and model G are mostly smaller 
than 0.015 Å.  

The bond lengths of model G and H are generally close to each other, except for those in 
the five-membered ring involving the C,N-pocket and the ruthenium ion (Table A28). 
The Ru C bond length in the ring in G (1.987 Å) is significantly smaller than that in H 
(2.028 Å) by 0.041 Å. The C C bond length in the ring in G (1.435 Å) is reasonably 
larger than that in H (1.422 Å) by 0.013 Å. The drastic differences that occur in this spe-
cific area indicate that the pyridazine ring in G serves as a strong donating species and 
the Ru C bond length is significantly influenced. 

The calculated LUMOs and HOMOs of models G and H are shown in Figure A11 and 
Figure A12. These orbitals are depicted by schematic drawings in Figure 4.5. Both of 
the HOMOs of the models are non-bonding orbitals from the interactions of d orbitals of 
the metal atoms and the p orbitals of the chloride ligands, however, in model G, the 
HOMO is on the metal fragment [Ru1] in the C,N-pocket, while in model H, the HOMO 
is on the metal fragment [Ru4] in the N,N-pocket. Both of the LUMOs of the models are 

* anti-bonding orbitals; in the LUMO of model G, p orbitals of the atoms of the 
pyridazine ring and the [Ru2]-bound pyrazole ring are conjugated to form the anti-
bonding orbital; while in the LUMO of model H, p orbitals of all atoms in the three het-
erocyclic rings are conjugated. The energy difference of HOMOs in G and H is almost 
negligible; as well as for the case of LUMOs. 
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Figure 4.5. Relative single point energies and LUMOs/HOMOs of the calculated mod-

els G and H. 

The single point energy difference between G and H is -5.2 kcal/mol, which means that 
model G is thermodynamically less stable than model H. Therefore, the formation of 
complex 16 instead of 4.21 should be kinetically controlled, which will be discussed lat-
er. 

4.2.3 Mechanistic consideration 

The formation of complex 16 under the given condition was highly preferred, and even 
when extra amount of the ligand precursor was used in the reaction, complex 16 was still 
the sole isolable product. In order to prevent the formation of a dinuclear complex and to 
obtain a putative 4-pyridazinyl ruthenium complex 4.24, the reaction of 
RuHCl(CO)(PPh3)3 with ligand precursor that provided only one binding pocket, 3-
chloro-6-(3,5-dimethyl-1H-pyrazol-1-yl)pyridazine (HL5) was carried out. Unfortunate-
ly, after heating at reflux in toluene for more than one day, there was no change to the 
signals of ligand in the 1H NMR spectrum, implying that no reaction occurred 
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(Scheme 4.12). Therefore, the activation of a C H bond of the pyridazine ring of HL5 
was reluctant under the given condition. 

 
Scheme 4.12. Reaction of HL5 with RuHCl(CO)(PPh3)3. 

The above observation was consistent with previous reports. For example, it was report-
ed that pre-functionalized six-membered aromatic species, such as aryl mercury(II) 
complexes,103 could react with ruthenium hydride complexes, resulting in Ru C bond. 
However, straight reactions of ruthenium hydride complexes and aromatic compounds 
without pre-functionalization103 or any directing groups104 to form Ru C bonds via C H 
bond activation have never been reported, as far as is concerned.  

Hence, the substitution of pyrazole rings on both side arms of HL4 provided a crucial 
enhancement for the C H bond activation. It was assumed that, the first step of the for-
mation of 16 was not the C H bond activation, but the coordination of the 
RuH(CO)(PPh3)3 to the N,N-pocket after the detachment of some of the ancillary ligands. 
In other words, the coordination of the ruthenium fragment in the N,N-pocket changed 
the properties of the C H bond and made it easier to be activated by another molecule of 
RuHCl(CO)(PPh3)3. 

During the reaction of HL4 with RuHCl(CO)(PPh3)3, an in situ ESI mass spectrum 
showed a major peak consistent with simulated isotope pattern of [L4RuH(CO)(PPh3)2]+. 
Other than that, although some changes in the solution were observed by an in situ 31P 
NMR monitoring (in a mixture of C6H5Cl and d8-toluene), unfortunately, no pure inter-
mediate could be isolated. Probably, the hydride complex RuHCl(CO)(PPh3)3 and its 
derived other hydride complexes were active enough to immediately capture the key 
intermediates and transform them into complex 16.  
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4.2.4 Synthesis of complex 18 

To see whether the synthesis of the new type of dinuclear ruthenium carbene complex 
was general and also to shed some light on the possible intermediate, the reaction of a 
hydride-free ruthenium complex, RuCpCl(PPh3)2, with HL4 was carried out. The reac-
tion of RuCpCl(PPh3)2 with HL4 (1.1 equiv.) at high temperature in DMSO overnight 
gave a dark red product, mononuclear ruthenium complex 4.2 (Scheme 4.13).  

 
Scheme 4.13. Formation of mononuclear ruthenium complex 17. 

The product is soluble in dichloromethane and hot DMSO, slightly soluble in acetone 
and acetonitrile and insoluble in toluene, diethyl ether and hexane. Longer reaction time 
did not give the anticipated dinuclear ruthenium complex 4.25. Probably because of the 
strong attachment of the phosphine ligands to the metal center in RuCpCl(PPh3)2, there 
is no vacant site to activate the C H bond of the pyridazine ring. 

In the 1H NMR spectra, the proton signal of the pyridazine ring for HL4 splits into two 
peaks at  = 8.18 (dd, J1 = 9.8 Hz, J2 = 0.9 Hz, 1H) and 8.03 (d, J = 9.8 Hz, 1H) ppm, 
respectively for complex 17. In the 1H NMR spectrum of 17, the signals at  = 4.77 ppm 
(5 protons) and in the aromatic region (15 protons) are assigned to a cyclopentadienyl 
ligand and a PPh3 ligand, respectively. In the 31P NMR spectrum, the signal of the PPh3 
ligand is found at  = 46.6 ppm as a singlet. In 13C NMR spectrum, the signals of the CH 
on the pyridazine are two singlets at  = 122.0 and 120.3 ppm, respectively.  

The integrity of the product in solution indicated by the high resolution ESI mass spec-
trometry shows a base peak at m/z = 697.1791 for the [LRuCp(PPh3)]+ cation, as shown 
in Figure 4.6. The structure of complex 17 was eventually confirmed by X-ray diffrac-
tion (Figure 4.7). 
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Figure 4.6. High resolution ESI mass spectrum of 17. The inset shows the experimental 

and simulated isotopic distribution patterns for [C37H36N6PRu]+. 

In the molecular structure determined by X-ray diffraction (Figure 4.7), Cl  is the 
counterion. In the cation, Ru1 is coordinated in the N,N-pocket and with phosphine and 

5-cyclopentadienyl co-ligands, and the fragment adopts a distorted pyramidal geometry. 
The geometric center of the cyclopentadienyl ligand is defined as Cctr and the Ru1 Cctr 
distance is 1.8345(2) Å. The angles of Cctr Ru1 N1, Cctr Ru1 P1 and Cctr Ru1 N3 are 
129.221(44)°, 123.852(12)° and 131.801(44)°, respectively. The Ru1 N1bond length is 
2.0591(15) Å, slightly shorter than that of Ru1 N3 (2.0830(16) Å), suggesting a slightly 
stronger bonding between Ru1 and the pyridazine ring than that between Ru1 and the 
pyrazole ring. 

The non-coordinated pyrazole ring is slightly rotated around the N6 C4 bond with the 
dihedral angle of the pyridazine plane and the pyrazole plane of 9.3°. The N5 N6 bond 
in the pyrazole ring already points away from the metal fragment, probably due to the 
interaction between the C3 proton and the lone pair of N5. 
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Figure 4.7. Molecular structure of the cation of 17. Anisotropic displacement ellipsoids 

drawn at 30% probability level. The solvent molecule and all hydrogen atoms have been 

omitted for clarity. Selected bond lengths [Å] angles [°]: Ru1 N1 2.0591(15), Ru1 N3 

2.0830(16), Ru1 P1 2.3238(5), N1 Ru1 N3 75.74(6), N1 Ru1 P1 88.68(4), 

N3 Ru1 P1 92.27(4). 

The C H bond activation of 17 by a second molecule of RuCpCl(PPh3)2 was not favored, 
therefore, the more active species RuHCl(CO)(PPh3)3 was used again. Treatment of 
complex 17 with RuHCl(CO)(PPh3)3 at 120 oC in chlorobenzene for 3 hours gave a 
bright-yellow precipitate, later identified as complex 18 (Eq 4.4). 

 

Complex 18 is soluble in dichloromethane, slightly soluble in acetone, acetonitrile or 
chlorobenzene and insoluble in toluene, diethyl ether or hexane. It is reasonably stable in 
both solid state and solution in air and moisture.  

The 1H NMR spectrum of 18 shows only one proton of the pyridazine ring, at  = 
7.02 ppm as a singlet, indicating the successful activation of the C H bond. The 31P 
NMR spectrum displays two singlets at  = 48.6 and 48.5 ppm, respectively, implying 
that the two phosphine ligands are on different metal ions. In the 13C NMR spectrum, a 
doublet at  = 77.1 ppm is assigned to cyclopentadienyl group while a singlet at  = 
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185.6 ppm is assigned to the carbenic carbon atom in the pyridazine ring. The high reso-
lution ESI mass spectrum shows a major peak at m/z = 1123.1305, which is consistent 
with the isotopic pattern of [L4Ru2(PPh3)2(CO)Cl]+

 (Figure 4.8). 

 
Figure 4.8. High resolution ESI mass spectrum of complex 18 in CH3CN. The inset 

shows the experimental and simulated isotopic distribution patterns for 

[C56H50N6ClOP2Ru2]+. 

All these observations supported the formation of the expected complex 18, and its 
structure was confirmed by X-ray diffraction (Figure 4.9).  

The structural skeleton of complex 18 is very similar to that of 16. In complex 18, the 
core ligand [L4] is more distorted, with the dihedral angle between the pyridazine ring 
and the pyrazoleN3 N4 ring, and the dihedral angle between the pyridazine ring and the 
pyrazoleN5 N6 ring of 7.4° and 10.8°, respectively. The Cp Ru1 fragment in the N,N-
pocket is almost unchanged compared to that in complex 17, the angles of Cctr Ru1 N1, 
Cctr Ru1 P1 and Cctr Ru1 N3 are 128.3°, 128.5° and 129.5°, respectively; Ru1 N1 is 
enlarged from 2.0591(15) Å to 2.076(3) Å by 0.0172 Å, indicating the shift from a 
dative N Ru bond to a N Ru single bond. 
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Figure 4.9. Molecular structure of 18. Anisotropic displacement ellipsoids drawn at 30% 

probability level. The solvent molecule and all hydrogen atoms have been omitted for 

clarity. Selected bond lengths[Å] angles [°]: Ru1 N1 2.076(3), Ru1 N3 2.072(3), 

Ru1 P1 2.3252(9), Ru2 C3 2.003(3), Ru2 N5 2.181(3), Ru2 Cl2 2.5050(9), Ru2 C38 

1.823(4), Ru2 P2 2.3076(9), Ru2 Cl1 2.4492(8), N1 Ru1 N3 75.19(10), N3 Ru1 P1 

89.80(8), N1 Ru1 P1 88.73(8), N5 Ru1 C3 78.31(11), P2 Ru2 Cl1 178.25(3).  

The Ru Cpyridazine bond length is 2.003(3) Å, very close to that (2.005(3) Å) in complex 
4.23, but shorter than that (2.020(5) Å) in complex 16. The Ru Npyridazine bond length is 
2.076(3) Å, shorter than that (2.141(4) Å) in complex 16, but still longer than that 
(1.955(3) Å) in complex 4.23.  

Two phenyl groups on two phosphine ligands form -  interactions with the pyridazine 
ring, generating a ‘sandwich-like’ structure, although the pyridazine ring is only partially 
involved in the pattern (Figure 4.10). The phenyl groups have to bend along the P C 
axial so as to become more parallel to the pyridazine ring, the bending angles are 6.2-
8.1°, compared to the cases of other phenyl groups with the bending angles of only 0.4-
4.0°. Similar structures are observed in pyridazin-6-ylidene metal complexes 1 to 4 
described in Chapter 1. Note that, in complex 16, there is no such -  interaction 
observed, probably because of the severe steric congestion in the complex. 
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Figure 4.10. Topview (left) and sideview (right) of complex 18. 

Selected 1H, 13C and 31P NMR spectral data of complexes 16, 17 and 18 are collected in 
Table 4.1. The comparison of the selected bond lengths and angles of complex 16, 17 
and 18 are collected in Table A23. 

Table 4.1. Comparison of NMR data of complex 16, 17 and 18. 

  16 17 18 

1H NMR 
CHPyri 

7.80-6.80 merged 

 in multiplet 
8.18 (dd), 8.03 (d) 7.02 (s) 

CHPyra 5.99 (s), 5.53 (s) 6.29 (s), 6.20 (s) 6.00 (s, 2 H) 

31P NMR PPh3 
51.8 (s), 46.1 (d), 

41.1 (d) 
46.6 (s) 48.6 (s), 48.5 (s) 

13C NMR 

CHPyri 
136.0-127.0 merged 

in multiplet 
122.0 (s), 120.3 (s) 127.3 (s) 

CH3CPyra 156.6 (s), 153.4 (s) 156.5 (s), 152.9 (s) 156.4 (s), 154.3 (d) 

Ru C 
187.0 (d,  

J = 10.2 Hz) 
n./a. 

185.6 (d,  

J = 10.8 Hz) 

CO 206.4 (d), 204.4 (t) n./a. 206.2 (d) 

 

According to the literature, the C4/5-proton resonances in 1H NMR spectra are particu-
larly sensitive indicators of the positive charge and delocalization of the imidazole ring 
in the formation of imidazolylidene metal complexes.98 Similarly, from complex 17 to 
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18, the resonances of the protons in the pyridazine ring are also sensitive indicators. The 
1H NMR signal of the pyridazine CH proton shifts from at  = 8.03-8.18 ppm to higher 
field at  = 7.02 ppm, suggesting that the remaining CH bond is strongly shielded by the 
attachment of the ruthenium fragment in the C,N-pocket. The 13C NMR signal of the 
pyridazine C(H) group shifts from at  = 120.3-122.0 ppm to much lower field at  = 
185.6 ppm 

From complex 17 to 18, the Ru Npyridazine bond length is slightly largened, signifying that 
this bond is weakened in 18. Bond lengths C1 C2 and N2 C4 are smaller in complex 18, 
indicating larger bond orders and more double bond character; while bond lengths 
C2 C3 and C3 C4 are larger in complex 18, suggesting smaller bond orders and more 
single bond character. The above observation points out that, compared to complex 17, 
the aromaticity of the pyridazine ring in complex 18 is slightly sabotaged. The change of 
aromaticity of the N-heterocyclic ring might be a possible reason why the calculated 
model G is less stable than model H. 

To sum it up, during the generation of complex 17, a chloride anion is removed from 
RuCpCl(PPh3)3 and plays the role of counterion for the entire complex. The counterion 
Cl  finally attaches to the ruthenium atom in the C,N-pocket in complex 18. 

Based on the above analysis and the result suggested by the DFT calculations that the 
formation of complex 16 should be kinetically controlled, a plausible reaction mecha-
nism is proposed for the formation of complex 16 (Scheme 4.14).  

One molecule of RuHCl(CO)(PPh3)3 coordinates to the N,N-pocket of HL4 after the dis-
sociation of PPh3 and Cl  ion, forming a mononuclear ruthenium salt 4.26 in which the 
previously dissociated Cl  ion acts as the counterion. The C H bond at the para position 
of the metallated nitrogen atom in 4.26 is activated by a second molecule of 
RuHCl(CO)(PPh3)3, resulting in complex 4.27-I. The positive charge on the ruthenium 
ion in the N,N-pocket can transfer to the other ruthenium ion to give intermediate 4.27-II. 
The counterion Cl  tends to attack the cation of 4.27 due to the electrostatic attraction. 
There are two possible reaction pathways depending on the attacking spots of Cl  ion in 
the cation. 

If the attack happens at the ruthenium ion (labeled in red) in the N,N-pocket, one of the 
former ancillary ligands, i. e., PPh3, CO, H  or the bidentate HL4 ligand, has to be re-
moved in prior to the formation of a Ru Cl bond. Apparently, PPh3 is the easiest one to 
be removed. The replacement of PPh3 with Cl  leads to the formation of intermediate 
4.28, which loses the labile ligand H2 to give complex 4.21.  
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If the attack happens at the ruthenium ion (labeled in magenta) in the C,N-pocket, the 
labile H2 ligand is simultaneously replaced by Cl , forming intermediate 4.29. The neu-
tral complex 4.29 prefers to lose one PPh3 ligand instead of other ancillary ligands to 
form 16 for two reasons. First, PPh3 is a bulky ligand and the presence of four PPh3 in 
the crowded metal complex 4.29 is not energetically favored. Second, from the perspec-
tive of the bonding energies, PPh3 is most likely to dissociate compared to the anionic 
Cl  and strong donor ligands (carbene and CO). 

From thermodynamic stability point of view, 4.21 is more stable than 16, however, the 
kinetic pathways prefer the formation of complex 16. For the formation of 4.21 (first 
pathway), because the removal of PPh3 ligand from the stable [(HL4)RuH(PPh3)2(CO)]+ 
fragment is difficult, the reaction step from 4.27-I to 4.28 should have a very high ener-
gy barrier.  

For the formation of 16 (second pathway), in the reaction step from 4.27-II to 4.29, the 
dissociation of H2 ligand is smooth and the coordination of Cl  to the metal ion has a 
reasonably low energy barrier. Therefore, the kinetically controlled product 16, which is 
the first well-defined N-metallated N-heterocyclic carbene complex, is obtained from the 
reaction of HL4 and RuHCl(CO)(PPh3)3. 

However, the proposed mechanism needs to be verified by DFT calculations. 
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4.3 Conclusion 

In conclusion, the first examples of pyridazin-4-yliene ruthenium complexes 16 and 18 
are successfully synthesized. In either complex, one nitrogen atom of the pyridazine ring 
is bound to metal fragment and the carbon atom at its para position is bound to another 
metal fragment. The metallated carbon atom behaves as a two-electron donor, and the 
complex is thus regarded as metal carbene species. Primary DFT calculations indicate 
that the formation of complex 16 is kinetically controlled and a plausible mechanism of 
the formation is proposed. Although the formation of metal carbene bonds in both com-
plexes is well-substantiated, a thorough comprehension of the bonding types and proper-
ties of this novel type of NHC metal complexes are still demanded.  
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CHAPTER 5. Synthesis of Novel Indene Derived 

Carbene Ligands 

5.1 Introduction and Motivation 

5.1.1 Cyclopentadiene derived carbenes 

Cyclopentadienyl derivatives are an important class of ligands for metal complexes by 
various binding modes (namely, 1, 3 or 5). Among them, 5-cyclopentadienyl was 
most widely used to form complexes with different metals105 due to its strong stabiliza-
tion effect. In addition, cyclopentadiene could also be functionalized to serve as carbene 
ligands (Chart 5.1). The carbene of Type I is simply formed by the removal of two hy-
drogen atoms from the saturated carbon atom in cyclopentadiene. In Type II, the two 
carbon atoms adjacent to the carbenic carbon form double bonds with other substituents. 
In this work, the synthesis of the Type III carbene species based on cyclopentadiene is 
attempted. 

 
Chart 5.1. Different types of carbenes derived from cyclopentadiene. 

The first complex based on Type I was the tantalum cyclopentadienylidene complex 5.2 
(Scheme 5.1).106 After the treatment of tantalum species 5.1 with sodium 
cyclopentadienide and then with methyllithium, one of the cyclopentadienide was trans-
formed to an 5-cyclopentadienyl ligand and the other one was transformed to an 
indenylidene carbene ligand in complex 5.2. 
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Scheme 5.1. Repors of synthesis of tantalum carbene complex 5.2 derived from 

cyclopentadiene. 

Some of the Grubbs’ catalysts were also Type I carbene complexes. For example, the 
synthesis of a Grubbs catalyst 5.6 was shown in Scheme 5.2. Treatment of ruthenium 
species 5.3 with 1,1-diphenylprop-2-yn-1-ol in mild condition gave the indenylidene 
ruthenium complex 5.5 via an allenylidene ruthenium intermediate 5.4.107 The replace-
ment of PPh3 in complex 5.5 to PCy3 led to the formation of complex 5.6. Note that, 
complex 5.6 was catalytically active for ring-closing metathesis while complex 5.5 
showed almost no catalytic activity for the same reaction. 

 
Scheme 5.2. Synthesis of the Grubbs-type catalyst 5.6. 

Meanwhile, carbene metal complex 5.9 was also isolated as the rearrangement product 
of metallabenzyne species 5.7 (Scheme 5.3), possibly via a 3-membered ring transition 
state structure 5.8. Interestingly, the geometry of osmium carbene complex 5.9 was dif-
ferent from ruthenium complex 5.6.108 In complex 5.9, the pentadienylidene ring was 
almost parallel to the P Os bond while in complex 5.6, the indenylidene ring was almost 
perpendicular to the P Ru bond. 
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Scheme 5.3. Rearrangement of osmabenzyne to the corresponding carbene complex. 

Besides the carbene metal complexes based on ligands of Type I, recently, a class of 
metal carbene complexes 5.11 based on ligands of Type II were also reported 
(Scheme 5.4).109 The oxidative addition of the C2 Cl bonds onto the Pd(0) species gen-
erated C Pd Cl fragments (5.11-I), which resonated to the carbene complexes  
5.11-II. By the formation of the large conjugated systems (highlighted in dashed line), 
the empty orbitals of the carbenic carbon atoms were well stabilized. As far as is con-
cerned, complexes 5.11 were the only reported examples based on Type II ligands. 

 
Scheme 5.4. Synthesis of palladium complexes 5.11 based on Type II ligands. 

5.1.2 NHC substituted carbon compounds 

As mentioned in Scheme 1.227 in Chapter 1, in the bent allene 1.73, the orbitals of the 
central carbon atom were sp3 hybridized. Two of the orbitals were filled with the two 
carbenes of the NHC ligands, leaving the remaining two orbitals filled with four valance 
electrons of the carbon atom, i. e., two electron pairs. Because of this, the bent allene 
1.73 was also named ‘carbodicarbene compound’. 

From the molecular orbital theory point of view, the carbon atom can form a captodative 
bonding mode with strong Lewis bases or strong two-electron donors, such as phosphine 
or NHC ligands. In compound 1.73, the bonds between the central carbon atom and the 
NHC ligand include a  bond from NHC to the carbon atom and a  back-donating bond 
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from the lone pair of the carbon atom to the ligand. In some sense, the central carbon 
behaves as a metal (Scheme 5.5).90, 110 Computational studies have confirmed the HO-
MO and HOMO-1 of the compound are  type and  type lone pair orbitals, respective-
ly.111 

 
Scheme 5.5. Interaction of a ligand and a metal fragment (top); and interaction of a 

ligand and a carbon atom (bottom), like the case in 1.73. 

At the same time of the synthesis of compound 1.73, a mono-NHC-substituted organic 
compound 5.14 was also reported.112 A simple 2-methylimidazolium salt 5.12 reacted 
with potassium hydride to give an olefin derivative 5.13. Treatment of 5.13 with gold(I) 
species [AuCl(PPh3)] and non-coordinating anion [SbF6]  led to the formation of 5.14-I, 
in which the gold fragment and the imidazolium species were bridged by a methylene 
group (Scheme 5.6). 

Although no computational studies have been done concerning this species, a similar 
isomeric structure 5.14-II of 5.14-I can be drawn as followed, based on previous studies 
on carbodicarbene compounds. In the same manner, the central carbon atom in 5.14-II is 
also sp3 hybridized. Two orbitals form two  bonds with two hydrogen atoms and one 
orbital is occupied by NHC, leaving one electron pair on the remaining orbital, which is 
coordinated to the gold fragment. 

 
Scheme 5.6. Synthesis of Carbomonocarbene compound 5.14. 

It was noticed that, the central carbon of 5.14 had pyramidal geometry112 similar to that 
of a trialkylamine NR3, with the axial position occupied by lone pair and three equatorial 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Novel N-Heterocyclic Carbene Ligands and their Metal Complexes 

107

positions bound to NHC or R groups. Similarly, the carbodicarbene compound was like 
an ether derivative OR2 (Figure 5.1). 

 
Figure 5.1. Similarity of carbodicarbene/carbomonocarbene to OR2 and NR3. 

The similarity of the electronic structure of (NHC)CR2 to that of NR3 leads to the 
thought of imidazolylidene, which contains two amino groups. In imidazolylidene 5.15 
(Figure 5.2), the empty p orbital of carbenic carbon atom is stabilized by the lone pairs 
of the flanking amino groups (as showed in the red square). Replacement of the amino 
groups in 5.15 by monon-NHC-substituted carbon groups (carbomonocarbene) results in 
compound 5.16. In the carbon atoms bound to NHC ligands in 5.16, the p orbitals per-
pendicular to the cyclopentadiene ring are filled with electron pairs (like the right struc-
ture in Figure 5.1). As a result, two filled p orbitals, p orbitals of the C=C double bond 
and the empty p orbital of the remaining carbon atom in the cyclopentadiene ring form a 
5-center-6-electron system. In other words, the empty p orbital of the carbenic carton 
atom is conjugated in the aromatic system and the carbene is therefore stabilized, as 
shown in the orbitals (Figure 5.2). 

 
Figure 5.2. Proposal of the formation of a new cyclopentadienyliene, assisted by NHC 

ligands. 

By retro synthetic analysis, the synthesis of the new type carbene could be deduced as 
below (Scheme 5.7). Cyclic carbenes 5.17 can be formed from their protonated salts 
5.18, which are synthesized after the full alkylation of cyclopentadiene bridged bis(1H-
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imidazole) 5.19. Compound 5.19 can be generated by several methods, such as direct 
condensation of the corresponding diester 5.19 with diamine. 

 
Scheme 5.7. Retro synthesis of the required carbene. 
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5.2 Ligand Synthesis 

Diethyl cyclopenta-1,4-diene-1,3-dicarboxylate 5.20 has never been reported, but its an-
alogue, diethyl 1H-indene-1,3-dicarboxylate 5.25 was already synthesized. 
(Scheme 5.8)113 The following synthetic route was designed based on the retro synthesis 
in Scheme 5.7. The synthesis of the intermediate 5.23 was not mentioned in literature, 
details of its preparation are described in the Experimental Section. 

 
Scheme 5.8. Designed synthetic route for the new carbene. 

The synthesis of dibenzimidazole 5.31 from the reaction of a diester 5.30 and  
a diamine 5.26 in 1,2,4-trichlorobenzene in high temperatures was reported before 
(Scheme 5.9).114 By the same reaction condition in this work, an off-white powder pre-
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cipitated from the reaction of diester 5.25 and diamine 5.26. The powder was poorly sol-
uble in all regular solvents, such as dichloromethane, acetone, acetonitrile, alcohols, 
DMSO or toluene. The ESI mass spectrum showed a major peak at m/z = 385.2 with 
similar isotope pattern to [C23H21N4O2]+. It was assumed that, instead of the expected 
product 5.27, a diamide 5.32 was formed (Scheme 5.9). 

 
Scheme 5.9. Unexpected formation of diamide compound 5.32 in this work. 

When the reaction was carried out in 200 ºC, a dark-brown solution without precipitate 
was obtained. After cooling to the ambient temperature, by the addition of copious pen-
tane, a sticky black solid was precipitated and dried under vacuum. Then chromatog-
raphy was used (silica gel as solid phase and a mixture of methanol and dichloromethane 
in the ratio of 1:8 as eluent) to get a yellow product in the yield of 15%~22%. The prod-
uct was soluble in DMSO, slightly soluble in alcohols, acetone or dichloromethane and 
insoluble in toluene and hexane. Crystalline material could be obtained by dissolving the 
product in hot ethanol and letting the solution cool down gradually to room temperature. 
The X-ray diffraction showed that the molecular structure of the product 19 was proto-
nated with hydrochloride (Figure 5.3).  

The cation of 19 adopts C2v symmetry. In the cation of 19, all nitrogen atoms are bound 
to protons and there is only one proton left on the five membered ring of the indene moi-
ety. The three rings are almost in the same plane, indicating strong conjugation among 
them. The torsion angles C3 C2 C6 N2 is 10.38°. The bond lengths C1 C2, C2 C3’ 
and C3 C3’ are 1.399(2) Å, 1.453(2) Å and 1.428(4) Å, respectively. C1 C2 and C3 C3’ 
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are roughly aromatic C=C bonds and C2 C3 is more like a sp2-sp2 single bond. The 
bond length C2 C6 is 1.357(2) Å, indicating a typical alkene double bond, which is 
normally around 1.34 Å. The N1 C6 and N2 C6 bond lengths are around 1.353(2)-
1.357(2) Å, which are shorter than that of N1 C7 (1.395(2) Å) or N2 C12 (1.390(2) Å). 
The bridging C2 C6 bond length is 1.419(3) Å, slightly smaller than that of the reported 
imidazole-derived fulvene compound (1.430 Å),115 indicating a even stronger conjuga-
tion between the benzimidazole rings and the central ring. 

 
Figure 5.3. Molecular structure of the cation of 19. Anisotropic displacement ellipsoids 

drawn at 30% probability level (except for H, which drawn at 5% probability for clarity). 

The anion and the solvent molecule are omitted for clarity. Selected bond lengths [Å] 

angles [°]: N2 C6 1.357(2), N2 C12 1.390(2), N1 C6 1.353(2), N1 C7 1.395(2), 

C1 C2 1.399(2), C2 C3 1.453(2), C3 C3’ 1.428(4), C12 C7 1.388(3), C2 C6 1.419(3), 

C2 C1 C2’ 110.1(2), C1 C2 C3 107.66, C2 C3 C3’ 107.31(10), N1 C6 N2 

107.48(16), N2 C6 C2 C3 10.381(319). 

It is noteworthy that all nitrogen atoms are bound to proton atoms and there is only one 
proton left in the cyclopentadienyl ring in 19. Theoretically, compound 19 has another 
tautomer 19’ as shown in Scheme 5.10. In tautomer 19’, there are two protons left in the 
cyclopentadiene ring and one of the nitrogen atoms is not bound to proton. Compound 
19 is more stable than 19’ because 19 is the only species isolated in solid state in the ex-
periment. In 19’, the bond between the left benzimidazole ring and the central ring is 
single bond, and only one benzimidazole ring and the central ring is conjugated; while in 
19, both benzimidazole rings are conjugated with the central ring. Probably the selective 
formation of 19 from the reaction can be ascribed to the special stabilization effect 
caused by the formation of the large conjugation system in compound 19. 
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Scheme 5.10. Possible tautomerization between compound 19’ and 19.  

Theoretically, the direct condensation of 5.25 and 5.26 might give 5.27, like the case in 
the formation of 5.31. From the anticipated product 5.27 to the isolated compound 19, 
one molecule of hydrochloride is added (Eq 5.1).  

 

Intriguingly, during the synthesis or separation, no protic acids were used; hence, the 
only possible source of chloride should be the solvent 1,2,4-trichlorobenzene. It was 
proposed that, the anticipated product 5.27 was formed temporarily; at the same time, 
under the drastic reaction conditions, o-phenylenediamine reacted with the solvent, gen-
erating hydrogen chloride or aminium chloride derivatives, which then reacted with 5.27 
to give the acidified species 5.27·HCl. After tautomerization, 5.27·HCl transformed to 
19 (Scheme 5.11). Considering the basic reaction conditions because excessive o-
phenylenediamine was used, it was assumed that the neutral bis(benzimidazole) substi-
tuted indene species 5.27 was a stronger base than o-phenylenediamine 5.27. 
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Scheme 5.11. Reaction pathways of the synthesis of 5.1 in 1,2,4-trichlorobenzene. 

It was noticed that the melting point of 5.26 was 102-104 ºC and the boiling point was 
205 ºC, which suggested that in the reaction condition above (Scheme 5.11), the diamine 
5.26 became liquid. Meanwhile, probably because of the side reactions involving the 
solvent 1,2,4-trichlorobenzene and the reagent 5.26, the yield of the 5.27 or its deriva-
tives was decreased. Therefore, the synthetic procedure was modified as followed. In the 
new method, no extra solvent was used; instead, an excessive amount of the diamine 
5.26 in liquid state served as solvent under the given reaction condition (Eq 5.2). The 
new method without additional solvent was clean, efficient and atom-economic. The 
subsequent work-up was also much easier. 

 
However, the subsequent trials to alkylate compound 19 failed. For example, treatment 
of compound 19 with strong alkylation reagent such as [Et3O]BF4 or MeOTf in acetoni-
trile gave dark red solutions. The solutions were treated with diethyl ether and red solids 
precipitated. In the ESI mass spectrum of the red solid in acetonitrile, the major peak 
indicated the presence of fragment [C23H17N6]+, consistent with the isotopic distribution 
pattern of the cation of 19, suggesting that no alkylation occurred. Since chemicals 
[Et3O]BF4 and MeOTf were strong alkylation reagents, the failed alkylation may be as-
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cribed to the fact that all nitrogen atoms in 19 were already bound to protons, therefore, 
the proton had to be removed from the nitrogen atoms in prior to possible alkylations. 

Meanwhile, the reactions of compound 19, alkyl halides and exterior bases were also 
attempted. For example, a suspension of 19, excessive iodomethane and carbonates was 
refluxed for one day. However, according to the thin-layer chromatography, the product 
contained a number of different species, which were very difficult to separate. 

Very recently, compound 20 was synthesized from the condensation reaction of 5.25 and 
5.33 (Eq 5.3).  

 

A mixture of 5.25 and 5.33 (4.0 equiv. to 6.0 equiv.) was heated at 200  ºC in a Dean-
Stark apparatus. After the complete removal of all the volatile components, the dark res-
idue was washed with acetonitrile and diethyl ether to give a dark green solid. The solid 
suspended in acetonitrile was then treated with excessive MeOTf to give a dark red solu-
tion. A big amount of diethyl ether was added to the solution to precipitate a dark red 
solid. Orange crystals were obtained by slow diffusion of diethyl ether into the solution 
of the red solid in acetonitrile. The structure of the orange material was confirmed to be 
compound 20 by X-ray diffraction (Figure 5.4). 

The cation of 20 adopts approximately C2 symmetry. The torsion angles 
C3 C2 C10 N1 and C8 C9 C18 N3 are -25.0° and 13.2°, respectively. The bond 
N3 C18 is longer than N1 C10 by 0.015 Å and the bond N4 C18 is only slightly longer 
than N2 C10 by 0.006 Å. Normally C C bond lengths in an aromatic ring are 1.38-
1.40 Å and the aromaticity of the cyclopentadienyl ring is obviously sabotaged. The 
bond lengths C2 C3 and C8 C9 are 1.45-1.46 Å and the bond lengths C1 C2 and 
C1 C9 are around 1.40 Å; while the bond length C3 C8 is 1.43 Å. Similar patterns have 
been observed for the cation of 19. The bond C2 C10 is slightly longer than C9 C18 by 
0.02 Å, indicating a slightly stronger conjugation between the ring of 
benzimidazoleN3 N4 and the central ring. It is noteworthy that the lengths of the bridg-
ing C2 C10 and C9 C18 bonds are close to those of the reported imidazole-derived 
fulvene.115 
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Figure 5.4. Molecular structure of the cation of 20. Anisotropic displacement ellipsoids 

drawn at 30% probability level (except for H, which drawn at 5% probability for clarity). 

The solvent molecule and anion OTf- have been omitted for clarity. Selected bond 

lengths [Å] angles [°]: C1 C2 1.399(4), C1 C9 1.405(4), C2 C3 1.450(4), C3 C8 

1.431(4), C8 C9 1.456(4), N1 C10 1.346(4), N1 C11 1.391(4), N2 C10 1.355(3), 

N2 C16 1.396(4), N3 C18 1.361(4), N3 C19 1.385(4), N4 C18 1.361(3), N4 C24 

1.399(4), C2 C10 1.435(4), C9 C18 1.415(4), N2 C17 1.458(4), N4 C25 1.472(3), 

C2 C1 C9 110.1(2), C1 C9 C8 107.1(2), C3 C8 C9 107.8(2), C2 C3 C8 106.9(2), 

C1 C2 C3 108.1(2), N1 C10 N2 108.2(2), N3 C18 N4 106.6(2). 

In the structure of the cation of 20, the two benzimidazole rings and the 
cyclopentadienyl ring were almost parallel to each other, indicating the strong conjuga-
tion among them, similar to the case in the cation of 19. In addition, all nitrogen atoms 
were bound to either protons or methyl groups. Efforts to fully characterize both com-
pounds 19 and 20 are on-going. 

Two possible reasons that prevent the alkylation of the remaining two nitrogen atoms (as 
shown in Eq 5.2) are: a) from electronic point of view, because of the highly conjugated 
system, the bond between the proton and the nitrogen atom is so strong that MeOTf is 
not able to break it, or b) from the steric point of view, because of the fused benzene ring 
to the central cyclopentadienyl ring, there is no large space left between the N H bond 
and the adjacent C H bond of the fused ring, thus the alkylation of this nitrogen atom 
will severely distort the geometry of the compound in order to avoid the steric conges-
tion, making the compound less stable.  
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5.3 Conclusion 

In this work, precursors to the expected ligand 5.29, compounds 19 and 20, are synthe-
sized. The bis(NHC) substituted indenes tend to form cations after a spantenous acidifi-
cation in given reaction conditions, in which all nitrogen atoms are bound to either pro-
tons or methyl groups. In either 19 or 20, the two imidazole rings and the central 
cyclopentadienyl ring are almost parallel to each other, indicating the three rings are 
conjugated and the bridging C C bonds have double bond character. The cations of 
compounds 19 and 20 are so rigid that even strong alkylation reagent MeOTf failed to 
alkylate them. Possible reasons why the alkylation failed are also briefly discussed. 
More efforts are needed for the full characterization of both compounds. 
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CHAPTER 6. Experimental Section 

6.1 General Remarks 

All manipulations of syntheses were carried out under an anaerobic and anhydrous at-
mosphere of dry nitrogen/argon by standard Schlenk techniques or in a glovebox, unless 
otherwise stated. Chemical reagents and solvents were purchased from Sigma-Aldrich, 
STREM, TCI or ABCR. All solvents were in reagent grade. THF was dried with potas-
sium and sodium in the presence of benzophenone, Et2O was dried with sodium in the 
presence of benzophenone, MeCN was dried with CaH2; all other solvents were distilled 
or degassed prior to use. Deuterated solvents were used without purification. 
1H NMR, 13C NMR, 31P NMR, HSQC and HMBC (13C-1H correlation) spectra were rec-
orded on a Brucke 500 MHz, 300 MHz or 200 MHz spectrometer. Chemical shifts were 
reported in ppm relative to residual proton signals of d6-DMSO at 2.50 ppm, CDCl3 at 
7.26 ppm, C6D6 at 7.16 ppm and CD3CN at 1.94 ppm. Chemical shifts were reported in 
ppm relative to residual carbon signals of d6-DMSO at 39.52 ppm, CDCl3 at 77.16 ppm, 
C6D6 at 128.06 ppm and CD3CN at 1.32 ppm and 118.26 ppm.116  

EI mass spectra were recorded with a Finnigan MAT 8200. ESI mass spectra were rec-
orded with an Applied Biosystems API 2000 and a BRUKER HCT ultra. Elemental 
analyses were performed by the analytical laboratory of the Institute of Inorganic Chem-
istry at Georg-August-University using an Elementar Vario EL III instrument.  

Infrared spectra of organic compounds were recorded on a Digilab Excalibur FTS3000 
spectrometer. Solid state infrared measurements were performed with a Cary 630FTIR 
spectrometer and analyzed by FTIR MicroLab software. 

Precursor of [L3Cl]BF4, 3-Chloro-6-(3,5-dimethylpyrazol-1-yl)pyridazine, was synthe-
sized according to reported procedure.117 Ligand precursors [H4LR]Cl3 and [H3LR](PF6)2 
were synthesized by procedures reported previously.10, 85, 91 

Geometry optimization and calculation of the single point energies of the models have 
been carried out with the ORCA program package at the BF86/RI/TZVPP level of theo-
ry.118 The Ahlrichs (2df, 2pd) polarization functions were obtained from the TurboMole 
basis set library uder ftp.chemie.uni-karlsruhe.de/pub/basen.119 For the calculation of 
ligands (Chapter 4), This level of theory is denoted BP86/TZ2P.24 
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X-ray data were collected on a STOE IPDS II diffractometer with an area detector 
(graphite monochromated Mo-K  radiation,  
(Table S3). The structures were solved by direct methods and refined on F2 using all 
reflections with SHELX-97.120 Non-hydrogen atoms were refined anisotropically. Hy-
drogen atoms were placed in calculated positions and assigned to an isotropic displace-
ment parameter of 1.2 / 1.5 Ueq(C). 
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6.2 Synthesis of Ligand Precursors 

Synthesis and characterization of [L1Cl]BF4 

A solution of 3,6-dichloropyridazine (1.00 g, 6.71 mmol) in dry DCM (20.0 mL) was 
treated with [Et3O]BF4 (1.40 g, 7.38 mmol, 1.1 equiv.). The colorless solution was 
stirred at room temperature for one hour. The product normally precipitated as white 
powder when the reaction was complete. Otherwise, Et2O (10.0 mL) could be added to 
the solution to help precipitate the product. The white solid was collected after filtration, 
washed with Et2O (20.0 mL, twice) and dried under reduced pressure to give 1.50 g of 
[L1Cl]BF4 (5.68 mmol, 84.6%). The product is soluble in acetonitrile or acetone, slightly 
soluble in dichloromethane and insoluble in diethyl ether, THF, toluene or hexane. The 
product is stable in aerobic and humid conditions. 

1H NMR (300 MHz, CD3CN, 298 K):  = 8.54 (d, JAB = 9.1 Hz, 1H, C4H), 8.46 
(d, JAB = 9.1 Hz, C5H), 4.93 (q, J = 7.2 Hz, 2H, CH2CH3), 1.65 (t, J = 
7.2 Hz, 3H, CH3). 

13C NMR (75 MHz, CD3CN, 298 K):  = 156.7 (s, C3), 154.3 (s, C6), 139.6 (s, 
CH), 139.5 (s, CH), 60.3 (s, CH2CH3), 12.1 (s, CH3). 

HR MS (ESI+) m/z calculated [M - BF4]+ 176.9981, observed 176.9980. 

Elem. Anal. Calcd. for C6H7BCl2F4N2: C 27.21, H 2.66, N 10.58; found: C 26.92, 
H 2.83, N 10.43. 

 

Synthesis and characterization of [L2Cl]BF4 

 

A solution of 1,4-dichlorophthalazine (100.0 mg, 0.502 mmol) in dry DCM (5.0 mL) 
was treated with [Et3O]BF4 (104.0 mg, 0.553 mmol, 1.1 equiv.). The colorless solution 
was stirred at room temperature for one hour. Et2O (10.0 mL) was added to the solution 
to precipitate a white solid. This solid was collected by filtration, washed by Et2O 
(10.0 mL, twice) and dried under reduced pressure to give 128 mg of [L2Cl]BF4 
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(0.406 mmol, 81.0%). The product is soluble in acetonitrile or acetone, slightly soluble 
in dichloromethane and insoluble in diethyl ether, THF, toluene or hexane. The product 
is unstable at room temperature and better used as freshly prepared. 

1H NMR (300 MHz, CD3CN, 298 K):  = 8.85-8.78 (m, 1H, CH), 8.71-
8.66 (m, 2H, CH), 8.54 (ddd, J1 = 8.4 Hz, J2 = 7.0 Hz, J3 = 
1.0 Hz, 1H, CH), 5.05 (q, J = 7.3 Hz, 2H, CH2CH3), 1.71 (t, J = 
7.3 Hz, 3H, CH3). 

13C NMR (75 MHz, CD3CN, 298 K):  = 156.4 (s, C4Cl), 155.6 (s, C1Cl), 
140.8 (s, C8H), 138.1 (s, C7H), 129.2 (s, C9H), 128.8 (s, C5), 
128.0 (s, C10), 127.2 (s, C6H), 59.7 (s, CH2CH3), 12.3 (s, CH3). 

HR MS 
(ESI+) 

m/z calculated [M - BF4]+ 227.0137, observed 227.0137. 

Elem. Anal. Calcd. for C10H9BCl2F4N2: C 38.14, H 2.88, N 8.90; found: C 
38.14, H 2.81, N 8.85. 

 

Synthesis and characterization of [L3Cl]BF4 

A solution of 3-chloro-6-(3,5-dimethylpyrazol-1-yl)pyridazine (100.0 mg, 0.479 mmol) 
in dry CH3CN (8.0 mL) was treated with [Et3O]BF4 (109.0 mg, 0.575 mmol, 1.2 equiv.). 
The colorless solution was stirred at room temperature for 3 hours. Et2O (15.0 mL) was 
added to the solution to precipitate a white solid. This solid was collected by filtration, 
washed by Et2O (10.0 mL, twice) and dried under reduced pressure to give 105.0 mg of 
[L3Cl]BF4 (0.324 mmol, 67.6%). The product is soluble in acetonitrile or acetone, slight-
ly soluble in dichloromethane and insoluble in diethyl ether, THF toluene or hexane. The 
product is stable at room temperature in solid state. 

1H NMR (300 MHz, CD3CN, 298 K):  = 8.85 (d, J = 9.5 Hz, 1H, CHPyri), 
8.45 (d, J = 9.5 Hz, 1H, CHPyri), 6.33 (s, 1H, CHPyra), 4.91 (q, J = 
7.2 Hz, 2H, CH2CH3), 2.68 (s, 3H, CH3

Pyra), 2.31 (s, 3H, CH3
Pyra), 

1.67 (t, J = 7.2 Hz, 3H, CH2CH3). 

13C NMR (75 MHz, CD3CN, 298 K):  = 155.2 (s, C), 154.7 (s, C), 149.9 
(s, C), 143.6 (s, C), 138.7 (s, CHPyri), 130.3 (s, CHPyri), 112.7 (s, 
CHPyra), 59.7 (s, CH2CH3), 13.9 (s, CH3

Pyra), 12.5 (s, CH2CH3), 
12.2 (s, CH3

Pyra). 
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HR MS 
(ESI+) 

m/z calculated [M - BF4]+ 237.0902, observed 237.0901. 

Elem. Anal. Calcd. for C11H14BClF4N4: C 40.71, H 4.35, N 17.26; found: C 
40.73, H 4.23, N 17.23. 

 

Characterization of [H3LEt](PF6)2 

1H NMR (300 MHz, CD3CN, 298 K):  = 8.51 (t, 2H, J = 1.9 Hz, CHImi2), 
7.42 (t, 2H, J = 1.9 Hz, CHImi4/5), 7.38 (t, 2H, J = 1.9 Hz, 
CHImi4/5), 6.50 (s, 1H, CHPyr), 5.34 (s, 4H, bridging CH2), 4.17 (q, 
4H, J = 7.3 Hz, CH2CH3), 1.46 (t, 6H, J = 7.3 Hz, CH3). 

13C NMR (75 MHz, CD3CN, 298 K):  = 136.2 (s, CHImi2), 123.5 (s, 
CHImi4/5), 123.4 (s, CHImi4/5), 107.1 (s, CHPyr), 46.1 (s, CH2), 15.4 
(s, CH3). 

 

Characterization of [H3LnBu](PF6)2.  

1H NMR (300 MHz, CD3CN, 298 K):  = 8.54 (dd, 2H, J1 = 1.7 Hz, J2 = 
1.6 Hz, CHImi2), 7.40 (s, 2H, CHImi4/5), 7.39 (s, 2H, CHImi4/5), 6.48 
(s, 1H, CHPyr), 5.35 (s, 4H, bridging CH2), 4.12 (t, 4H, J = 
7.3 Hz, CH2CH2CH2CH3), 1.87-1.74 (m, 4H, CH2), 1.39-1.24 (m, 
4H, CH2), 0.93 (t, 6H, J = 7.3 Hz, CH3). 

13C NMR (75 MHz, CD3CN, 298 K):  = 136.5 (s, CHImi2), 123.7 (s, 
CHImi4/5), 123.5 (s, CHImi4/5), 106.9 (s, CHPyr), 50.6 (s, CH2), 46.1 
(s, bridging CH2), 32.5 (s, CH2), 20.0 (s, CH2), 13.7 (s, CH3). 

 

Synthesis and characterization of HL4 

A mixture of 3,5-dimethylpyrazole (677.5 mg, 7.05 mmol) and sodium hydride (95%, 
7.38 mmol, 1.05 equiv.) in dry THF (30.0 mL) in inert gas was reflux for 1 hour. A solu-
tion of 3,6-dichlroropyridazine (500.0 mg, 3.36 mol, 0.48 equiv.) in 20.0 mL of THF 
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was added slowly and reflux for another 4 hours. The reaction was cooled to room tem-
perature and THF was removed under reduced pressure and 50.0 mL of DCM was added 
to dissolve the product. The solution was washed with water (twice, 30.0 mL each time) 
and dried through MgSO4. The solvent was removed under reduced pressure. The raw 
material was dissolved in 25.0 mL ethanol by heating and the solution was cooled to 
room temperature and then in fridge (0 ºC) for overnight. The precipitated solid was col-
lected by filtration to gave 536.0 mg white fluffy product (2.53 mmol, 52.7 %). 

1H NMR (300 MHz, CD2Cl2, 298 K):  = 8.18 (s, 2H, CHPyri), 6.06 (s, 2H, 
CHPyra), 2.70 (s, 6H, CH3), 2.26 (s, 6H, CH3). 

13C NMR (75 MHz, CD2Cl2, 298 K):  = 155.6 (s, NCPyri), 151.6 (s, CCH3), 
142.6 (s, CCH3), 123.3 (s, CHPyri), 110.4 (s, CHPyra), 15.1 (s, 
CH3), 13.9 (s, CH3). 

The ylide and ethyl 3-oxo-2-phenylpropanoate were commercially available or synthe-
sized according to reported procedures.121 From 2-phenylpent-2-enedionate to diethyl 
1H-indene-1,3-dicarboxylate was synthesized according to literature.113 

Synthesis of diethyl 2-phenylpent-2-enedionate 5.23 

Ylide (5.467 g, 12.73 mmol, 1.3 equiv.) was dissolved in 50.0 mL dichloromethane at 0 
ºC under inert gas atmosphere. Ethyl 3-oxo-2-phenylpropanoate (1.883 g, 9.797 mmol, 
1.0 equiv.) was added one portion to the reaction system. NEt3 (2.73 mL, 19.6 mmol, 2.0 
equiv.) was added over 15 minutes. After the addition, the ice bath was removed and the 
yellow suspension was stirred at ambient temperature for 2 hours.  

The solvent was removed under reduced pressure and the sticky residue was first washed 
with hexane (50.0 mL). The solution was collected after filtration and the white solid 
was washed with diethyl ether 3 times (30.0 mL each time). The combined organic layer 
was then dried under reduced pressure and purified by silica gel chromatography with 
the eluent of a mixture of ethyl acetate and hexanes in the ratio of 1:10. The product was 
a mixture of Z- and E- isomers, which could not be easily separated; however, the mix-
ture could be used directly for the next step.  

Diethyl (Z)-2-phenylpent-2-enedionate 

1H NMR (300 MHz, CDCl3, 298 K): 7.37-7.28 (m, 5H, Ph), 6.44 (t, J = 
7.1 Hz, 1H, olefin-H), 4.29 (q, J = 7.1 Hz, 2H, CH2CH3), 4.19 (q, 
J = 7.1 Hz, 2H, CH2CH3), 3.58 (d, J = 7.1 Hz, CH2CO2Et), 1.31 
(t, J = 7.1 Hz, CH3), 1.29 (t, J = 7.1 Hz, 3H, CH3). 
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13C NMR (300 MHz, CDCl3, 298 K): 171.1 (s, C=C-CO2Et), 167.5 (s, 
CH2CO2Et), 137.2 (s, C=CH), 136.8 (s, Ph), 132.2 (s, C=CH), 
128.3 (s, Ph), 128.0 (s, Ph), 127.8 (s, Ph), 61.1 (s, CH2CH3), 61.0 
(s, CH2CH3), 35.4 (s, CH2CO2Et), 31.0 (s, CH3), 14.3 (s, CH3). 

 

Diethyl (E)-2-phenylpent-2-enedionate 

1H NMR (300 MHz, CDCl3, 298 K): 7.42-7.30 (m, 3H, Ph), 7.23-7.14 (m, 
3H, Ph and olefin-H), 4.23 (q, J = 7.1 Hz, 2H, CH2CH3), 4.15 (q, 
J = 7.1 Hz, 2H, CH2CH3), 3.12 (d, J = 7.4 Hz, 2H, CH2CO2Et), 
1.28 (t, J = 7.1 Hz, 3H, CH3), 1.25 (t, J = 7.1 Hz, 3H, CH3). 

13C NMR (300 MHz, CDCl3, 298 K): 170.5 (s, C=C-CO2Et), 166.7 (s, 
CH2CO2Et), 136.9 (s, C=CH), 135.2 (s, C=CH), 134.6 (s, Ph), 
129.7 (s, Ph), 128.3 (s, Ph), 128.0 (s, Ph), 61.3 (s, CH2CH3), 61.2 
(s, CH2CH3), 35.3 (s, CH2CO2Et), 14.4 (s, CH3), 14.3 (s, CH3). 

Synthesis of 19 

A mixture of o-phenylenediamine (2.993 g, 27.68 mmol, 8.0 equiv.) and ammonium 
chloride (185.1 mg, 3.46 mmol, 1.0 equiv.) was placed two-necked Schlenk flask and 
the system was purged with argon. The mixture was stirred at 200 ºC for 10 min and o-
phenylenediamine was completely melted. Diethyl 1H-indene-1,3-dicarboxylate (900.0 
mg, 3.46 mmol, 1.0 equiv.) was added dropwise to the mixture and the system was kept 
at 200 ºC. During the reaction, lots of gas exuded and condensed as colorless liquid on 
the condenser. The reaction mixture turned to orange-yellow tablet and was no longer 
able to be stirred after 15 min. The system was cooled to room temperature and the resi-
due was washed with acetonitrile for 3 times (30.0 mL each time). The obtained yellow 
solid was put in 50.0 mL of ethanol and the mixture was reflux at 90 ºC for 10 min and 
the solution was removed by filtration. The yellow powder was dried under vacuum to 
give the final product, in yield of 1.053 g (3.02 mmol, 87.4%). 

HR MS (ESI+) m/z calculated [C25H21N4]+ 377.1761, observed  377.1761. 

The product was slightly soluble in acetone, ethanol, methanol, dichloromethane or 
acetronitrile, insoluble in toluene or hexane. The crystalline material could be obtained 
by dissolving the product in hot ethanol in a slim tube and letting the system cooled 
down to room temperature very slowly.  
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6.3 Synthesis of Metal Complexes 

Synthesis and characterization of 1 

A mixture of the ligand precursor [L1Cl]BF4 (100.0 mg, 0.378 mmol) and Pd(PPh3)4 
(436.0 mg, 0.378 mmol, 1.0 equiv.) in a Schlenk tube was degassed three times. De-
gassed acetone (12.0 mL) was added through a syringe. The suspension was stirred for 
30 min until a clear yellow solution was formed. Degassed toluene (15.0 mL) was added 
and the mixture was stirred vigorously for 30 min; a white precipitates gradually ap-
peared. The solid was collected by filtration, washed with toluene (8.0 mL) and diethyl 
ether (8.0 mL) and finally dried under reduced pressure to give 248.0 mg of an off-white 
powder (0.277 mmol, 73%). The product can be purified and obtained as colorless crys-
tals by slow diffusion of diethyl ether into a solution of the crude material in dichloro-
methane or acetone. [LPd(PPh3)2Cl]BF4 is soluble in dichloromethane, slightly soluble 
in acetone or acetonitrile and insoluble in THF, diethyl ether, toluene or hexane. The 
product is reasonably stable in solid state and slowly turns yellow as a solution in di-
chloromethane. 

1H NMR (300 MHz, CD2Cl2, 298 K):  = 7.72 (d, J = 8.8 Hz, 1H, CHPyri), 
7.59-7.31 (m, 30H, CHPh), 6.70 (d, J = 8.8 Hz, 1H, CHPyri), 4.59 
(q, J = 7.2 Hz, 2H, CH2CH3), 1.14 (t, J = 7.2 Hz, CH3). 

13C NMR (75 MHz, CD2Cl2, 298 K):  = 192.6 (t, J = 6.9 Hz, PdC), 154.4 
(s, ClC), 147.6 (t, J = 2.9 Hz, CHPyri), 134.5 (t, J = 6.3 Hz, CHPh), 
132.2 (s, CHPh), 129.6 (s, CHPyri), 129.6 (t, J = 5.8 Hz, CHPh), 
128.5 (t, J = 25.3 Hz, PC), 64.3 (s, CH2CH3), 13.9 (s, CH3). 

31P NMR (121 MHz, CD2Cl2, 298 K):  = 20.9 (s). 

MS (ESI+) m/z (%) 808.8 (100, [M - BF4]+); MS (ESI-, CH2Cl2): m/z (%) 
87.0 (100, [BF4] ). 

HR MS 
(ESI+) 

m/z calculated [M - BF4]+ 807.0849, observed 807.0835. 

Elem. Anal. Calcd. for C42H37BCl2F4N2P2Pd: C 56.31, H 4.16, N 3.13; found: 
C 56.35, H 4.01, N 3.02. 
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Synthesis and characterization of complex 2 

A mixture of the ligand precursor [L2Cl]BF4 (50.0 mg, 0.159 mmol) and Pd(PPh3)4 
(167.0 mg, 0.159 mmol, 1.0 equiv.) in a Schlenk tube was degassed three times. De-
gassed acetone (5.0 mL) was added through a syringe. The suspension was stirred for 
30 min until a clear yellow solution was formed. Degassed diethyl ether (10.0 mL) was 
added to cause precipitation of a yellow solid. The solid was separated by filtration, 
washed with diethyl ether (8.0 mL) and dried under reduced pressure to give 91.0 mg of 
a yellow powder (0.096 mmol, 61%). [L2Pd(PPh3)2Cl]BF4 can be purified and obtained 
as colorless crystals by slow diffusion of diethyl ether into a solution of the crude mate-
rial in acetone or dichloromethane. The product is soluble in dichloromethane, slightly 
soluble in acetone or acetonitrile and insoluble in THF, diethyl ether, toluene or hexane. 
The product is reasonably stable in solid state and slowly turns yellow as a solution in 
dichloromethane. 

1H NMR (300 MHz, CD2Cl2, 298 K):  = 8.90 (d, J = 7.8 Hz, 1H, CHPhth), 
8.09-7.92 (m, 3H, CHPhth), 7.55-7.28 (m, 30H, CHPh), 4.84 (q, J = 
7.2 Hz, 4H, CH2CH3), 1.15 (t, J = 7.2 Hz, 3H, CH3). 

13C NMR (75 MHz, CD2Cl2, 298 K):  = 199.4 (t, J = 6.3 Hz, PdC), 154.9 
(s, CPhth), 138.5 (s, CHPhth), 136.5 (t, J = 1.8 Hz, CPhth), 136.0 (s, 
CHPhth), 135.2 (s, CHPhth), 134.2 (t, J = 6.2 Hz, CHPh), 132.2 (s, 
CPh), 129.3 (t, J = 5.4 Hz, CHPh), 128.2 (t, J = 25.3 Hz, CPh), 
127.0 (s, CHPhth), 123.1 (s, CPhth), 63.4 (s, CH2CH3), 13.4 (s, 
CH3). 

31P NMR (121 MHz, D6-acetone, 298 K):  = 21.1 (s). 

MS (ESI+) 

MS (ESI-) 

m/z (%) 858.8 (83.0, [M - BF4]+).  

m/z (%) 87.0 (100, [BF4] ). 

Elem. Anal. Calcd. for C46H39N2Cl2P2BF4Pd·1/3CH2Cl2: C 57.12, H 4.10, N 
2.88; Found: C 57.03, H 4.18, N 2.60. 
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Synthesis and characterization of complex 3 

The ligand precursor [L1Cl]BF4 (100.0 mg, 0.378 mmol), NEt4Cl (62.6 mg, 0.378 mmol, 
1.0 equiv.) and Pd2(dba)3 (119.0 mg, 0.208 mmol, 0.55 equiv.) were placed in a Schlenk 
tube that was then purged with N2. Degassed acetone (8.0 mL) was added through a sy-
ringe and the suspension was stirred under N2 at room temperature for 30 min. During 
this time, the color of the solution turned gradually from dark purple to greenish yellow. 
PPh3 (99.0 mg, 0.378 mmol, 1.0 equiv.) was added in the Schlenk tube as one portion, 
followed by degassed acetone (5.0 mL), and the mixture was stirred for further 15 min. 
The suspension was filtered and the gray solid was collected after filtration. The solid 
was dissolved in CH2Cl2 (8.0 mL) and the solution, containing a small amount of palla-
dium black, was filtered through Celite 545 to give an almost colorless solution, which 
was dried under reduced pressure to give LPd(PPh3)Cl2 as an off-white solid (yield: 
87.0 mg, 0.149 mmol, 40%). The product is soluble in dichloromethane, slightly soluble 
in acetone or acetonitrile and insoluble in THF, diethyl ether, toluene or hexane. Upon 
prolonged standing under aerobic conditions and under light solutions of the product in 
dichloromethane gradually give palladium black sediments. In solid state under light the 
product gradually turns green. 

1H NMR (300 MHz, CD2Cl2, 298 K):  = 7.95 (dd, J1 = 8.8 Hz, J2 = 
1.1 Hz, 1H, CHPyri), 7.63-7.23 (m, 15H, CHPh), 6.89 (d, J = 
8.8 Hz, 1H, CHPyri), 5.38 (dq, J1 = 12.4 Hz, J2 = 7.2 Hz, 1H, 
CH2CH3), 4.55 (m, 1H, CH2CH3), 1.53 (t, J = 7.2 Hz, 3H, CH3). 

13C NMR (75 MHz, CD2Cl2, 298 K):  = 191.5 (s, PdC), 153.6 (s, ClC), 
147.0 (d, J = 3.7 Hz, CHPyri), 134.6 (d, J = 11.1 Hz, CHPh), 131.8 
(d, J = 2.7 Hz, CHPh), 129.9 (d, J = 53.6 Hz, CPh), 129.1 (d, J = 
11.1 Hz, CHPh), 123.3 (s, CHPyri), 64.7 (s, CH2CH3), 14.6 (s, 
CH3). 

31P NMR (121 MHz, CD2Cl2, 298 K):  = 26.1 (s). 

HR MS 
(ESI+) 

m/z calculated [M - Cl]+ 544.9929, observed 544.9923. 

Elem. Anal. Calcd. for C24H22Cl3N2PPd: C 49.51, H 3.81, N 4.81; found: C 
48.75, H 3.63, N 4.93. 
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Synthesis and characterization of complex 4 

A mixture of the ligand precursor [L3Cl]BF4 (30.0 mg, 0.092 mmol) and Pd(PPh3)4 
(106.8 mg, 0.092 mmol, 1.0 equiv.) in a Schlenk tube was degassed three times. De-
gassed acetone (4.0 mL) was added through a syringe. The suspension was stirred for 
30 min until a clear yellow solution was formed. Degassed toluene (15.0 mL) was added 
to cause precipitation of an off-white solid. The solid was separated by filtration, washed 
with toluene (5.0 mL), diethyl ether (5.0 mL) and dried under reduced pressure to give 
70.0 mg of a white powder (0.073 mmol, 80%). [L3Pd(PPh3)2Cl]BF4 can be purified and 
obtained as colorless crystals by slow diffusion of diethyl ether into a solution of the 
crude material in acetone or dichloromethane. The product is soluble in dichloromethane, 
slightly soluble in acetone or acetonitrile and insoluble in THF, diethyl ether, toluene or 
hexane. The product is reasonably stable in solid state. 

1H NMR (300 MHz, CD2Cl2, 298 K):  = 7.62–7.28 (m, 32H, CHPh, 
CHPyri), 6.02 (s, 1H, CHPyra), 4.50 (q, J = 7.2 Hz, 2H, CH2CH3), 
2.29 (s, 3H, CH3

Pyra), 2.16 (s, 3H, CH3
Pyra), 1.06 (t, J = 7.2 Hz, 

3H, CH2CH3). 

13C NMR (75 MHz, CD2Cl2, 298 K):  = 187.5 (t, J = 6.9 Hz, PdC), 154.2 
(s, Pyra-CPyri), 153.9 (s, CH3CPyra), 145.6 (t, J = 3.0 Hz, CHPyri), 
142.4 (s, CH3CPyra), 134.5 (t, J = 6.2 Hz, CHPh), 132.2 (s, CHPh), 
129.5 (t, J = 5.3 Hz, CHPh), 129.0 (t, J = 25.1 Hz, PC), 121.7 (s, 
CHPyri), 112.5 (s, CHPyra), 63.9 (s, CH2CH3), 15.0 (s, CH3

Pyra), 
13.8 (s, CH2CH3), 13.7 (s, CH3

Pyra). 

31P NMR (121 MHz, CD2Cl2, 298 K):  = 21.5 (s). 

HR MS 
(ESI+) 

m/z calculated [M - BF4]+ 867.1774, observed 867.1774. 

Elem. Anal. Calcd. for C47H44BClF4N4P2Pd·1/4 CH2Cl2: C 58.10, H 4.59, N 
5.74; found: C 58.25, H 4.46, N 5.72. 
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Synthesis and characteriaztion of 5 

Although treatment of [H4LtBu]Cl3 with Pd(OAc)2 (2.0 equiv.) directly gave aLtBuPd2Cl3 
as the major product, the reaction mostly generated some dark-colored solid as well, 
which was assumed to be palladium black. Due to its poor solubility, aLtBuPd2Cl3 ob-
tained via this method was difficult to purify. Therefore, the alternative method of first 
synthesizing [aLtBu

2Pd2](PF6)2 which then is converted to aLtBuPd2Cl3 proved advanta-
geous.  

A suspension of [aLtBu
2Pd2](PF6)2 (50.0 mg, 0.0.0846 mmol), NEt4Cl (15.4 mg, 0.0931 

mmol, 1.10 equiv.) and PdCl2 (15.7 mg, 0.0889 mmol, 1.00 equiv.) in CH3CN (20.0 mL) 
was heated to reflux for 5 h in air. The solution gradually turned to light-orange and 
some bright yellow solid was formed. The yellow solid was collected by filtration, 
washed with CH3CN and Et2O and dried under vacuum to give 50.9 mg of the product 
(0.0773 mmol, 91.3%).  

1H NMR (300 MHz, DMSO-d6, 298 K):  = 8.97 (d, J = 1.9 Hz, 2H, 
CHImi), 7.06 (d, J = 1.9 Hz, 2H, CHImi), 6.33 (s, 1H, CHPyr), 5.24 
(s, 4H, bridging CH2), 1.51 (s, 18H, CH3). 

Elem. Anal. Calcd. for C19H27N6Cl3Pd2: C 34.65, H 4.13, N 12.76; found: C 
34.84, H 4.28, N 12.90. 
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General procedures of the synthesis of [LR
2Pd2](PF6)2 (6, 7 and 8) 

A solution of [H3LR](PF6)2 (1.0 equiv.), Pd(OAc)2 (1.0 equiv.) and NH4OAc (2.0 equiv.) 
in 3.0 mL DMSO was stirred at room temperature for 30 min. The solution was heated 
to 105°C and stirred for another 8 hrs. The reaction was then cooled to room temperature 
and water (15.0 mL) was added. After stirring for 15 min, the solid was isolated by cen-
trifuging. The residue was further washed by water for 3 times to remove the remaining 
DMSO. The yellowish solid was collected and dried under vacuum. The raw product 
was purified by silicon gel chromatography. In case the product still had some contami-
nation, re-crystallization could be applied for further purification: diethyl ether was add-
ed gradually to a solution of the product in acetonitrile until the solution started to blur, 
then vigorous stirring for 10 min forced a complete precipitation of the product as white 
fine powder, which was collected and dried under vacuum. 

General procedures of the synthesis of [aLR
2Pd2](PF6)2 (9, 10 ,11 and 12) 

A solution of [H3LR](PF6)2 (1.0 equiv.) and Pd(OAc)2 (1.0 equiv.) in 3.0 mL DMSO was 
stirred at room temperature for 30 min. The solution was heated to 95°C and stirred for 
1.5 hrs. A portion of NH4OAc (1.0 equiv.) was added to the reaction system to work up 
and the solution was stirred at present temperature for another 30 min. The solution was 
cooled to room temperature and 15.0 mL water was added. After stirring for 15 min, the 
solid was isolated by centrifuging. The residue was further washed by water for 3 times 
to remove the remaining DMSO. The yellowish solid was collected and dried under vac-
uum. The raw product was purified by silicon gel chromatography. In case the product 
still had some contamination, re-crystallization could be applied for further purification: 
diethyl ether was added gradually to a solution of the product in acetonitrile until the 
solution started to blur, then vigorous stirring for 10 min forced a complete precipitation 
of the product as white fine powder, which was collected and dried under vacuum. 
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Synthesis and characterization of 6 

[H3LEt](PF6)2 (400.0 mg, 0.694 mmol), Pd(OAc)2 (155.9 mg, 0.694 mmol, 1.0 equiv.) 
and NH4OAc (107.0 mg, 1.389 mmol, 2.0 equiv.) were used. DMSO was removed from 
the mixture after the reaction by distillation under reduced pressure until the remaining 
volume was about 1.0 mL. The eluent for chromatography was a mixture of acetonitrile 
and dichloromethane (1:3). Yield: 209.0 mg (0.363 mmol, 52.2%).  

1H NMR (300 MHz, CD3CN, 298 K):  = 7.36 (d, J = 2.0 Hz, 4H, CHImi), 
7.24 (d, J = 2.0 Hz, 4H, CHImi), 6.56 (s, 2H, CHPyr), 5.47 (s, 8H, 
bridging CH2), 3.75-3.50 (br, 8H, CH2CH3), 1.10 (t, J = 7.3 Hz, 
12H, CH3). 

13C NMR (75 MHz, CD3CN, 298 K):  = 154.8 (s, PdC), 147.0 (s, CNPyr), 
123.6 (s, CHImi), 123.0 (s, CHImi), 103.9 (s, CHPyr), 48.6 (s, bridg-
ing CH2), 46.8 (s, CH2CH3), 15.8 (s, CH3). 

MS (ESI+) m/z 390.0 [M - (PF6)2]2+ 

HR MS 
(ESI+) 

m/z calculated [M - (PF6)2]2+ 390.0710, observed 390.0703. 

Elem. Anal. Calcd. for C30H38N12F12P2Pd2: C 33.69, H 3.58, N 15.72; found: 
C 33.29, H 3.79, N 15.12. 

 

Synthesis and characteriaztion of 7 

[H3LnBu](PF6)2 (300.0 mg, 0.475 mmol), Pd(OAc)2 (106.5 mg, 0.475 mmol, 1.0 equiv.) 
and NH4OAc (73.1 mg, 0.949 mmol, 2.0 equiv.) were used. The eluent for chromatog-
raphy was a mixture of acetonitrile and dichloromethane (1:5). Yield: 135.0 mg 
(0.213 mmol, 44.9%).  

1H NMR (300 MHz, CD3CN, 298 K):  = 7.37 (d, J = 2.0 Hz, 4H, CHImi), 
7.23 (d, J = 2.0 Hz, 4H, CHImi), 6.56 (s, 2H, CHPyr), 5.47 (s, 4H, 
bridging CH2), 5.45 (s, 4H, bridging CH2), 3.80-3.30 (br, 8H, 
CH2CH2CH2H3), 1.75-1.50 (br, 4H, CH2CH2CH2CH3), 1.40-1.10 
(br, 12H, CH2CH2CH2CH3 and CH2CH2CH2CH3), 0.81 (t, J = 
7.2 Hz, 12H, CH3). 
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13C NMR (75 MHz, CD3CN, 298 K):  = 155.0 (s, PdC), 147.0 (s, CNPyr), 
123.7 (s, CHImi), 123.6 (s, CHImi), 104.0 (s, CHPyr), 51.6 (s, 
CH2CH2CH2CH3), 48.6 (s, bridging CH2), 33.2 (s, 
CH2CH2CH2CH3), 20.4 (s, CH2CH2CH2CH3), 13.8 (s, CH3). 

MS (ESI+) m/z 445.7 [M - (PF6)2]2+ 

HR MS 
(ESI+) 

m/z calculated [M - (PF6)2]2+ 446.1336, observed 446.1331. 

Elem. Anal. Calcd. for C38H54N12F12P2Pd2: C 38.62, H 4.61, N 14.22; found: 
C 38.59, H 4.55, N 14.19. 

 

Synthesis and characteriaztion of 8 

[H3LMes](PF6)2 (400.0 mg, 0.694 mmol), Pd(OAc)2 (155.9 mg, 0.694 mmol, 1.0 equiv.) 
and NH4OAc (107.0 mg, 1.389 mmol, 2.0 equiv.) were used. The eluent for chromatog-
raphy was a mixture of acetonitrile and dichloromethane (1:5). Yield: 209.0 mg 
(0.363 mmol, 52.2%).  

1H NMR (300 MHz, CD3CN, 298 K):  = 7.33 (d, J = 2.0 Hz, 4H, CHImi), 
7.15 (d, J = 2.0 Hz, 4H, CHImi), 7.12-7.08 (br, 4H, CHMes), 7.07-
7.04 (br, 4H, CHMes), 6.18 (s, 2H, CHPyr), 4.95 (d, J = 16.1 Hz, 
4H, bridging CH2), 3.55 (d, J = 16.0 Hz, 4H, bridging CH2), 2.42 
(s, 12H, CH3), 1.78 (s, 12H, CH3), 1.50 (s, 12H, CH3). 

13C NMR (75 MHz, CD3CN, 298 K):  = 161.8 (s, PdC), 146.5 (s, CNPyr), 
141.3 (s, CCH3

Mes), 138.8 (s, CCH3
Mes), 135.5 (s, CCH3

Mes), 
130.6 (s, CHMes), 130.2 (s, CHMes), 125.0 (s, CHImi), 123.7 (s, 
CHImi), 102.4 (s, CHPyr), 47.9 (s, bridging CH2), 21.0 (s, CH3), 
18.7 (s, CH3), 18.3 (s, CH3). 

MS (ESI+) m/z 569.7 [M - (PF6)2]2+ 

HR MS 
(ESI+) 

m/z calculated [M - (PF6)2]2+ 570.1653, observed 570.1653. 

Elem. Anal. Calcd. for C58H62N12F12P2Pd2: C 48.72, H 4.37, N 11.75; found: 
C 48.07, H 4.22, N 11.69. 
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Synthesis and characterization of 9 

[H3LEt](PF6)2 (200.0 mg, 0.347 mmol), Pd(OAc)2 (77.9 mg, 0.347 mmol, 1.0 equiv.) and 
NH4OAc (26.7 mg, 0.347 mmol, 1.0 equiv.) were used. DMSO was removed from the 
mixture after the reaction by distillation under reduced pressure until the remaining vol-
ume was about 1.0 mL. The eluent for chromatography was a mixture of acetonitrile and 
dichloromethane (1:3). Yield: 112.0 mg (0.194 mmol, 56.0%).  

1H NMR (300 MHz, CD3CN, 298 K):  = 8.29 (d, J = 1.3 Hz, 4H, 
NCHNImi), 7.07 (d, J = 1.5 Hz, 4H, CCHNImi), 6.31 (s, 2H, 
CHPyr), 5.19 (s, 8H, bridging CH2), 4.07 (q, J = 7.3 Hz, 8H, 
CH2CH3), 1.42 (t, J = 7.3 Hz, 12H, CH2CH3). 

13C NMR (75 MHz, CD3CN, 298 K):  = 143.7 (s, CNPyr), 139.0 (s, PdC), 
134.3 (s, NCHNImi), 124.9 (s, CCHNImi), 102.5 (s, CHPyr), 47.9 
(s, bridging CH2), 44.6 (s, CH2CH3), 15.8 (s, CH2CH3). 

MS (ESI+) m/z 390.0 [M - (PF6)2]2+ 

HR MS 
(ESI+) 

m/z calculated [M - (PF6)2]2+ 390.0710, observed 390.0702. 

Elem. Anal. Calcd. for C30H38N12F12P2Pd2: C 33.69, H 3.58, N 15.72; found: 
C 33.55, H 3.67, N 14.91. 

 

Synthesis and characteriaztion of 10 

[H3LnBu](PF6)2 (300.0 mg, 0.475 mmol), Pd(OAc)2 (106.5 mg, 0.475 mmol, 1.0 equiv.) 
and NH4OAc (36.6 mg, 0.475 mmol, 1.0 equiv.) were used. The eluent for chromatog-
raphy was a mixture of acetonitrile and dichloromethane (1:5). Yield: 154.0 mg 
(0.244 mmol, 51.3%).  

1H NMR (300 MHz, CD3CN, 298 K):  = 8.30 (s, 4H, NCHNImi), 7.04 (d, 
J = 1.5 Hz, 4H, CCHNImi), 6.30 (s, 2H, CHPyr), 5.20 (s, 8H, 
bridging CH2), 4.02 (t, J = 7.1 Hz, 8H, CH2CH2CH2CH3), 1.87-
1.69 (m, 8H, CH2CH2CH2CH3), 1.37-1.17 (m, 8H, 
CH2CH2CH2CH3), 0.91 (t, J = 7.3 Hz, 12H, CH3). 

13C NMR (75 MHz, CD3CN, 298 K):  = 143.7 (s, CNPyr), 139.1 (s, PdC), 
134.7 (s, NCHNImi), 125.2 (s, CCHNImi), 102.6 (s, CHPyr), 49.2 
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(s, bridging CH2), 48.0 (s, CH2CH2CH2CH3), 32.8 (s, 
CH2CH2CH2CH3), 20.2 (s, CH2CH2CH2CH3), 13.7 (s, CH3).  

MS (ESI+) m/z 444.7 [M - (PF6)2]2+. 

HR MS 
(ESI+) 

m/z calculated [M - (PF6)2]2+ 446.1336, observed 446.1333. 

Elem. Anal. Calcd. for C38H54N12F12P2Pd2: C 38.62, H 4.61, N 14.22; found: 
C 38.02, H 4.55, N 13.80. 

 

Synthesis and characteriaztion of 11 

[H3LMes](PF6)2 (300.0 mg, 0.397 mmol), Pd(OAc)2 (89.1 mg, 0.397 mmol, 1.0 equiv.) 
and NH4OAc (30.6 mg, 0.397 mmol, 1.0 equiv.) were used. The eluent for chromatog-
raphy was a mixture of acetonitrile and dichloromethane (1:5). Yield: 127.0 mg 
(0.168 mmol, 42.3%).  

1H NMR (300 MHz, CD3CN, 298 K):  = 8.46 (d, J = 1.5 Hz, 4H, CHImi), 
7.08 (d, J = 1.5 Hz, 4H, CHImi), 7.04 (s, 8H, Ph), 6.43 (s, 2H, 
CHPyr), 5.40 (s, 8H, bridging CH2), 2.30 (s, 12H, p-CH3

Mes), 2.10-
1.80 (merged with solvent peaks, 24H, o-CH3

Mes). 

13C NMR (75 MHz, CD3CN, 298 K):  = 143.6 (s, CNPyr), 141.3 (s, 
CH3CMes), 139.3 (s, PdC), 135.8 (s, NCHNImi), 132.8 (s, 
CH3CMes), 130.1 (s, CHMes), 126.5 (s, CCHNImi), 103.1 (s, CHPyr), 
48.5 (s, bridging CH2), 21.0 (s, p-CH3

Mes), 17.5 (s, o-CH3
Mes). 

MS (ESI+) m/z 569.7 [M - (PF6)2]2+. 

HR MS 
(ESI+) 

m/z calculated [M - (PF6)2]2+ 570.1653, observed 570.1652. 

Elem. Anal. Calcd. for C58H62N12F12P2Pd2: C 48.72, H 4.37, N 11.75; found: 
C 48.50, H 4.53, N 11.56. 
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Synthesis and characteriaztion of 12 

[H3LtBu](PF6)2 (300.0 mg, 0.475 mmol), Pd(OAc)2 (106.5 mg, 0.475 mmol, 1.0 equiv.) 
and NH4OAc (36.6 mg, 0.475 mmol, 1.0 equiv.) were used. The eluent for chromatog-
raphy was a mixture of acetonitrile and dichloromethane (1:5). Yield: 187.0 mg (0.296 
mmol, 62.3%).  

1H NMR (300 MHz, CD3CN, 298 K):  = 8.39 (d, J = 1.6 Hz, 4H, CHImi), 
7.21 (d, J = 1.6 Hz, 4H, CHImi), 6.31 (s, 2H, CHPyr), 5.21 (s, 8H, 
bridging CH2), 1.57 (s, 36H, CH3). 

13C NMR (75 MHz, CD3CN, 298 K):  = 143.7 (s, CNPyr), 139.4 (s, PdC), 
133.1 (s, NCHNImi), 122.3 (s, CCHNImi), 102.4 (s, CHPyr), 59.0 
(s, CMe3), 48.1 (s, bridging CH2), 29.7 (s, CH3). 

HR MS 
(ESI+) 

m/z calculated [M - (PF6)2]2+ 446.1336, observed 446.1332. 

Elem. Anal. Calcd. for C38H54N12F12P2Pd2: C 38.62, H 4.61, N 14.22; found: 
C 38.55, H 4.55, N 14.24. 

Synthesis and characteriaztion of 13 

A suspension of [aLEt
2Pd2](PF6)2 (81.0 mg, 0.151 mmol), NEt4Cl (27.6 mg, 0.167 mmol, 

1.1 equiv.) and PdCl2 (26.9 mg, 0.151 mmol, 1.0 equiv.) in CH3CN (20.0 mL) was heat-
ed to reflux for 5 h in air. The solution gradually turned to light-orange and some bright 
yellow solid formed. The yellow solid was collected by filtration, washed with CH3CN 
and Et2O and dried under vacuum to give 73.8 mg of the product (0.122 mmol, 81.1%).  

1H NMR (300 MHz, DMSO-d6, 298 K):  = 8.88 (d, J = 1.7 Hz, 2H, 
NCHNImi), 7.02 (d, J = 1.7 Hz, 2H, CCHNImi), 6.31 (s, 1H, 
CHPyr), 5.26 (s, 4H, bridging CH2), 4.09 (q, J = 7.3 Hz, 4H, 
CH2CH3), 1.34 (t, J = 7.2 Hz, 6H, CH2CH3). 

13C NMR (75 MHz, DMSO-d6, 298 K):  = 141.7 (s, CNPyr), 132.8 (s, 
PdC), 124.7 (s, NCHNImi), 122.9 (s, CCHNImi), 101.5 (s, CHPyr), 
46.4 (s, bridging CH2), 43.3 (s, CH2CH3), 15.5 (s, CH3). 

Elem. Anal. Calcd. for C15H19N6Cl3Pd2: C 29.90, H 3.18, N 13.95; found: C 
29.80, H 3.12, N 14.08. 
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Synthesis and characteriaztion of 14 

A suspension of [aLMes
2Pd2](PF6)2 (40.0 mg, 0.0559 mmol), NEt4Cl (10.2 mg, 0.0615 

mmol, 1.1 equiv.) and PdCl2 (9.9 mg, 0.0559 mmol, 1.0 equiv.) in CH3CN (10.0 mL) 
was heated to reflux for 5 h in air. The solution gradually turned to light-orange and 
some bright yellow solid formed. The yellow solid was collected by filtration, washed 
with CH3CN and Et2O and dried under vacuum to give 24.5 mg of the product (0.0313 
mmol, 55.9%).  

1H NMR (300 MHz, DMSO-d6, 298 K):  = 9.08 (d, J = 1.7 Hz, 2H, 
NCHNImi), 7.09 (s, 4H, CHMes), 6.88 (d, J = 1.5 Hz, 2H, 
CCHNImi), 6.44 (s, 1H, CHPyr), 5.42 (s, 4H, bridging CH2), 2.31 
(s, 6H, CH3), 1.98 (s, 12H, CH3). 

13C NMR (75 MHz, DMSO-d6, 298 K):  = 141.6 (s, CNPyr), 139.6 (s, 
CH3CMes), 134.4 (s, PdC), 134.2 (s, NCHNImi), 131.8 (s, 
CH3CMes), 129.1 (s, CHMes), 123.8 (s, CCHNImi), 102.0 (s, CHPyr), 
46.9 (s, bridging CH2), 20.6 (s, p-CH3

Mes), 16.9 (s, o-CH3
Mes). 

Elem. Anal. Calcd. for C29H31N6Cl3Pd2: C 44.50, H 3.99, N 10.74; found: C 
43.82, H 3.98, N 10.80. 

Synthesis and characteriaztion of 15 

A mixture of [nLEt
2Pd2](PF6)2 (181.0 mg, 0.169 mmol, 1.0 equiv.), PdCl2 (59.7 mg, 

0.337 mmol, 2.0 equiv.) and NEt4Cl (61.4 mg, 0.370 mmol, 2.2 equiv.) in CH3CN (15.0 
mL) was heated to reflux for overnight in air. After cooled to ambient temperature, the 
solvent of the suspension was removed under reduced pressure to give a yellow solid, 
which was suspended in DMSO (1.0 mL). The suspension was treated with CH3CN 
(15.0 mL) and the mixture was stirred under room temperature for half an hour and pale-
yellow solid was collected after filtration and washed with CH3CN (5.0 mL, three times) 
and diethyl ether (10.0 mL) and dried under vacuum to give 113.0 mg of the product 
(0.186 mmol, 55.4%). 

1H NMR (300 MHz, DMSO-d6, 298 K):  = 7.73 (d, J = 1.9 Hz, 2H, 
CHImi), 7.62 (d, J = 1.9 Hz, 2H, CHImi), 6.64 (s, 1H, CHPyr), 5.70 
(d, J = 16.5 Hz, 2H, bridging CH2), 5.54 (d, J = 16.4 Hz, 2H, 
bridging CH2), 3.90-3.70 (m, 2H, CH2CH3), 3.70-3.50 (m, 2H, 
CH2CH3), 1.10 (t, J = 7.2 Hz, 6H, CH3). 
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13C NMR (75 MHz, DMSO-d6, 298 K):  = 153.1 (s, PdC), 145.8 (s, 
CNPyr), 122.8 (s, CHImi), 122.4 (s, CHImi), 102.9 (s, CHPyr), 47.0 
(s, bridging CH2), 45.4 (s, CH2CH3), 15.3 (s, CH3). 

Elem. Anal. Calcd. for C15H19N6Cl3Pd2: C 29.90, H 3.18, N 13.95; found: C 
30.00, H 3.30, N 13.90. 
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Synthesis and characterization of 16 

A mixture of ligand precursor HL4 (42.0 mg, 0.157 mmol, 1.00 equiv.) and 
RuHCl(CO)(PPh3)3 (300.0 mg, 0.313 mmol, 2.00 equiv.) in degassed chlorobenzene 
(3.0 mL) was heated at 120 °C for 8 hours. A portion of 3.0 mL of degassed toluene was 
added and the mixture was kept at the same temperature for another 2 hours. The follow-
ing part could be carried out in aerobic atmosphere. The yellow precipitate was collected 
from the dark-brown solution by filtration, washed with toluene and dried under reduced 
pressure. The raw material was dissolved in 5.0 mL of dichloromethane and toluene was 
added gradually until the sediment of a yellow solid. The mixture was stirred vigorously 
until the precipitation was complete. The solid was collected through filtration, washed 
with toluene and hexane, and dried under vacuum to give 120.0 mg product 
(0.0867 mmol, 55.3 %). Bright yellow crystalline material can be obtained by slow dif-
fusion of diethyl ether to a solution of the raw material in dichloromethane. The product 
is soluble in dichloromethane, acetone and DMSO, slightly soluble in acetonitrile and 
insoluble in non-polar solvent, such as toluene and hexane. The product is stable in aer-
obic and humid conditions. 

1H NMR (300 MHz, CD2Cl2, 298 K):  = 7.80-6.80 (m, 46H, Ph and CHPyri), 
5.99 (s, 1H, CHPyra), 5.53 (s, 1H, CHPyra), 2.91 (s, 3H, CH3), 2.29 (s, 
3H, CH3), 2.15 (s, 3H, CH3), 1.15 (s, 3H, CH3), -11.42 (dd, J1 = 13.2 
Hz, J2 = 11.7 Hz, 1H, RuH). 

13C NMR (75 MHz, CD2Cl2, 298 K):  = 206.4 (d, J = 18.5 Hz, CO), 204.4 (t, J = 
15.4 Hz, CO), 187. 0 (d, J = 10.2 Hz, RuC), 163.1 (s, NCPyri), 156.6 (s, 
CCH3), 153.4 (s, CCH3), 146.5 (s, NCPyri), 143.1 (s, CCH3), 141.9 (s, 
CCH3), 136.0-127.0 (m, Ph and CHPyri), 113.1 (s, CHPyra), 113.0 (s, 
CHPyra), 15.8 (s, CH3), 15.7 (s, CH3), 15.0 (s, CH3), 14.4 (s, CH3). 

31P NMR (121 MHz, CD2Cl2, 298 K):  = 51.8 (s), 46.1 (d, J = 273.1 Hz), 41.4 
(d, J = 272.9 Hz) 

HR MS 
(ESI+) 

m/z calculated [M - Cl ]+ 1349.1865, observed 1349.1852. 

Elem. Anal. Calcd. for: C 60.74, H 4.44, N 6.07; found: C 61.23, H 4.51, N 5.52. 

IR (KBr, cm-1): 1943 ( CO), 1938 ( CO) 
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Synthesis and characterization of 17 

A solution of the ligand precursor (81.2 mg, 0.303 mmol, 1.1 equiv.) and 
RuCpCl(PPh3)2 (200.0 mg, 0.275 mmol, 1.0 equiv.) in degassed DMSO (8.0 mL) was 
heated at 120 °C for 2 hours. The reaction temperature was reduced to 95 °C and the 
solution was stirred at this temperature for another 18 hours. After cooled to ambient 
temperature, the red solution was mixed with 50.0 mL of DCM. The combined organic 
layer was washed with saturated brine (40 mL) for 3 times and dried over MgSO4. The 
solution was reduced to 3~5 mL at reduced pressure and treated with 15.0 mL of toluene. 
The mixture was vigorously stirred until a complete precipitation of red solid, which was 
filtered, washed with toluene (10.0 mL) and hexane (10.0 mL), dried under vacuum to 
give the final product as a bright-red powder in the yield of 127.0 mg (0.172 mmol, 
56.8 %). Dark red crystalline materials were easily obtained by slow diffusion of diethyl 
ether into a solution of the cruel product in dichloromethane. The product is soluble in 
dichloromethane, acetone, acetonitrile and DMSO and insoluble in non-polar solvent, 
such as toluene or hexane. The product is stable in aerobic and humid conditions. 

1H NMR (300 MHz, CD2Cl2, 298 K):  = 8.18 (dd, J1 = 9.8 Hz, J2 = 0.9 Hz, 
1H, CHPyri), 8.03 (d, J = 9.8 Hz, 1H, CHPyri), 7.45-7.05 (m, 15H, 
CHPh), 6.29 (s, 1H, CHPyra), 6.20 (s, 1H, CHPyra), 4.77 (s, 5H, 
CHCp), 2.87 (d, J = 0.7 Hz, 3H, CH3), 2.69 (s, 3H, CH3), 2.33 (d, J 
= 0.9 Hz, 3H, CH3), 2.29 (s, 3H, CH3). 

13C NMR (75 MHz, CD2Cl2, 298 K):  = 156.5 (s, CH3CPyra), 154.5 (s, CPyri), 
152.9 (s, CH3CPyra), 150.1 (s, CPyri), 144.3 (s, CH3CPyra), 142.0 (s, 
CH3CPyra), 133.5 (d, J = 42.0 Hz, CPh), 133.4 (d, J = 11.3 Hz, 
CHPh), 131.0 (d, J = 2.2 Hz, CHPh), 128.8 (d, J = 9.6 Hz, CHPh), 
122.0 (s, CHPyri), 120.3 (s, CHPyri), 113.5 (s, CHPyra), 111.8 (s, 
CHPyra), 78.7 (d, J = 2.0 Hz, CHCp), 16.5 (s, CH3), 15.6 (s, CH3), 
15.5 (s, CH3), 14.0 (s, CH3). 

31P NMR (121 MHz, CD2Cl2, 298 K):  = 46.6 

HR MS 
(ESI+) 

m/z calculated [M - Cl ]+ 697.1791, observed 697.1788. 
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Synthesis and characterization of 18 

A mixture of complex 17 (50.0 mg, 0.067 mmol, 1.0 equiv.) and RuHCl(CO)(PPh3)3 
(71.0 mg, 0.075 mmol, 1.10 equiv.) in degassed PhCl (2.0 mL) was stirred at 120 °C for 
8 hours. 5.0 mL of degassed toluene was added to the suspension and the mixture was 
refluxed for one hour. The precipitate was filtered, washed with toluene (3.0 mL) and 
hexane (5.0 mL) and dried under reduced pressure to give a bright yellow powder in the 
yield of 22.0 mg (0.019 mmol, 28.4 %). Bright yellow tiny crystalline materials were 
obtained by slow diffusion of diethyl ether into a solution of the cruel product in acetoni-
trile. The product is soluble in dichloromethane and DMSO, slightly soluble in acetone 
and actonitrile and insoluble in non-polar solvent. The product is stable in aerobic and 
humid conditions. 

1H NMR (300 MHz, CD2Cl2, 298 K):  = 7.50-7.05 (m, 30H, CHPh), 7.02 (s, 
1H, CHPyri), 6.00 (s, 2H, CHPyra), 4.70 (s, 5H, CHCp), 2.86 (s, 3H, 
CH3), 2.50 (s, 3H, CH3), 2.29 (s, 3H, CH3), 2.21 (s, 3H, CH3). 

13C NMR (75 MHz, CD2Cl2, 298 K):  = 206.2 (d, J = 17.8 Hz, CO), 185.6 
(d, J = 10.8 Hz, RuC), 161.5 (s, NCPyri), 156.4 (s, CCH3), 154.3 (d, 
J = 2.6 Hz, CCH3), 145.6 (s, NCPyri), 142.3 (d, J = 1.6 Hz, CCH3), 
141.8 (s, CCH3), 134.5-127.7 (m, Ph), 127.3 (s, CHPyri), 112.6 (s, 
CHPyra), 112.1 (s, CHPyra), 77.1 (d, J = 2.3 Hz, CHCp), 16.4 (s, 
CH3), 15.3 (s, CH3), 15.2 (s, CH3), 14.5 (s, CH3). 

31P NMR (121 MHz, CD2Cl2, 298 K):  = 48.6 (s), 48.5 (s). 

HR MS 
(ESI+) 

m/z calculated [M - Cl ]+ 1123.1301, observed 1123.1312. 

Elem. Anal. Calcd. for: C 58.08, H 4.35, N 7.26; found: C 58.12, H 4.21, N 
7.19. 

IR (KBr, cm-1): 1937 ( CO). 
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Appendix 

Ligands Precursors and Compounds 19/20 

 

  

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Appendix 

148 

Structures of Complexes 1-4 

 

Structures of Complexes 5, 7, 8, 12[BPh4], 13 and 15. 

 

Structures of Complexes 16-18 
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Table A1. Crystal data and refinement details of complex 1 to 4. 

 1 2 3 4 

empirical formula C42H37BCl2F4N2P2Pd C47H41BCl4F4N2P2Pd C24H22Cl3N2PPd C48H46BCl3F4N4P2Pd 

formula weight 895.79 1030.77 582.16 1040.39 

crystal size [mm³] 0.38 x 0.08 x 0.07 0.2 x 0.18 x 0.16 0.4 x 0.25 x 0.19 0.5 x 0.13 x 0.05 

crystal system monoclinic orthorhombic triklin monoclinic 

space group P21/c Pnma P-1 P21/c 

a [Å] 14.2981(4) 20.2183(4) 9.6593(9) 14.2960(5) 

b [Å] 10.7660(2) 14.8686(4) 10.9025(10) 10.4914(2) 

c [Å] 25.5110(7) 15.0359(3) 13.1195(12) 32.2000(12) 

 [°] 90.00 90.00 114.633(6) 90.00 

 [°] 92.774(2) 90.00 106.394(17) 97.243(3) 

 [°] 90.00 90.00 89.521(7) 90.00 

V [Å³] 3922.39(17) 4520.06(18) 1195.33(19) 4791.0(3) 

Z 4 4 2 4 

 [g/cm³] 1.517 1.515 1.617 1.442 

F(000) 1816 2088 584 2120 

 [mm-1] 0.744 0.771 1.193 0.675 

Tmin/ Tmax 0.6353 / 0.8886 0.7482 / 0.9079 0.6456 / 0.7913 0.8053 / 0.9608 

 range [°] 1.43 - 25.64 1.69 - 26.77 1.79 - 27.15 1.27 - 25.69 

hkl range 
-17 h 17 
-13 k 12 
-30 l 30 

-25 h 25 
-18 k 18 
-19 l 18 

-12 h 10 
-13 k 13 
-16 l 16 

-17 h 17 
-10 k 12 
-39 l 39 

measured refl. 46183 51589 11278 45238 

unique refl. [Rint] 7391 [0.0685] 4987 [0.0662] 5116 [0.0277] 9032 [0.0929] 

observed refl. (I > 2 (I)) 6544 4277 4681 7334 

data / restr. / param. 7391 / 58 / 504 4987 / 0 / 308 5116 / 0 /281 9032 / 70 / 598 

goodness-of-fit (F²) 1.017 1.072 1.031 1.047 

R1, wR2 (I > 2 (I)) 0.0282, 0.0660 0.0508, 0.1181 0.0217, 0.0535 0.0528, 0.1352 

R1, wR2 (all data) 0.0347, 0.0682 0.0637, 0.1246 0.0259, 0.0548 0.0669, 0.1437 

resid. el. dens. [e/Å³] 0.664 / -0.447 1.340 / -1.182 -0.372 / 0.526 1.173 / -1.519 
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Table A2. Crystal data and refinement details of complex 7, 8 and 12. 

 7 8 12 
empirical formula C42H60F12N14P2Pd2 C70H86F12N12O4P2Pd2 C96H109B2N17Pd2 

formula weight 1263.78 1662.25 1735.42 
crystal size [mm³] 0.50 × 0.11 × 0.08 0.46 × 0.29 × 0.16 0.21 × 0.16 × 0.15 

crystal system monoclinic monoclinic monoclinic 
space group P21/c P21/n P21/c 

a [Å] 22.8605(12) 12.9060(6) 21.1808(4) 
b [Å] 7.9596(2) 20.2987(8) 17.0295(3) 
c [Å] 28.0165(13) 14.3684(7) 26.5164(6) 

 [°] 90.00 90.00 90.00 

 [°] 92.004(4) 102.751(4) 111.240(2) 

 [°] 90.00 90.00 90.00 
V [Å³] 5094.8(4) 3671.3(3) 8914.7(3) 

Z 4 2 4 
 [g/cm³] 1.648 1.504 1.293 
F(000) 2560 1704 3624 
 [mm-1] 0.860 0.620 0.459 

Tmin/ Tmax 0.6559 / 0.9467 0.7152 / 0.9160 0.7013 / 0.9529 
 range [°] 1.45 - 25.62 1.77 - 25.72 1.45 - 25.67 

hkl range 
–27  h  27 

–8  k  9 
–34  l  34 

–15  h  15 
–24  k  24 
–17  l  17 

–25  h  25 
–20  k  20 
–32  l  32 

measured refl. 51132 40210 106831 
unique refl. [Rint] 9607 [0.0547] 6931 [0.0660] 16806 [0.1091] 

observed refl. (I > 2 (I)) 8258 6112 12194 
data / restr. / param. 9607 / 0 / 655 6931 / 6 / 481 16806 / 36 / 1035 
goodness-of-fit (F²) 1.018 1.028 1.038 
R1, wR2 (I > 2 (I)) 0.0254, 0.0583 0.0314, 0.0753 0.0497, 0.0966 
R1, wR2 (all data) 0.0336, 0.0605 0.0389, 0.0784 0.0806, 0.1048 

resid. el. dens. [e/Å³] –0.747 / 0.423 –0.624 / 0.713 –0.971 / 0.826 
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Table A3. Crystal data and refinement details of complex 15, 13 and 5. 

 5 13 15 
empirical formula C21H33Cl3N6OPd2S C15H19Cl3N6Pd2 C16H20.50Cl3N6.50Pd2 

formula weight 736.74 602.51 623.04 
crystal size [mm³] 0.29 × 0.03 × 0.02 0.26 × 0.23 × 0.04 0.50 × 0.12 × 0.03 

crystal system triclinic triclinic triclinic 
space group P–1 P–1 P–1 

a [Å] 8.4978(5) 8.5497(3) 8.4677(7) 
b [Å] 10.0419(7) 12.7222(4) 11.5408(10) 
c [Å] 16.2133(11) 18.0747(6) 11.9833(10) 

 [°] 98.191(5) 92.151(3) 82.860(7) 

 [°] 96.413(5) 96.359(3) 69.725(6) 

 [°] 90.112(5) 99.425(3) 71.791(6) 
V [Å³] 1360.64(15) 1924.42(11) 1043.32(15) 

Z 2 4 2 
 [g/cm³] 1.798 2.080 1.983 
F(000) 736 1176 610 
 [mm-1] 1.720 2.298 2.124 

Tmin/ Tmax 0.7750 / 0.8959 0.4790 / 0.7151 0.3879 / 0.7533 
 range [°] 2.05 - 26.79 1.63 - 26.72 1.81 - 25.10 

hkl range 
–10  h  9 
–12  k  12 
–20  l  20 

–10  h  10 
–16  k  16 
–22  l  22 

–10  h  10 
–13  k  13 
–14  l  14 

measured refl. 16233 24434 20273 
unique refl. [Rint] 5771 [0.0604] 8142 [0.0547] 20273 [0.0000] 

observed refl. (I > 2 (I)) 4430 7186 13636 
data / restr. / param. 5771 / 0 / 315 8142 / 0 / 484 20273 / 0 / 250 
goodness-of-fit (F²) 1.058 1.001 1.039 
R1, wR2 (I > 2 (I)) 0.0422, 0.0743 0.0305, 0.0747 0.0995, 0.2685 
R1, wR2 (all data) 0.0668, 0.0803 0.0368, 0.0774 0.1267, 0.2852 

resid. el. dens. [e/Å³] –1.226 / 0.662 –1.459 / 0.948 –1.521 / 2.536 
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Table A4. Crystal data and refinement details of complexes 16, 17 and 18 

 16 17 18 

empirical formula C70H61Cl2N6O2P3Ru2
3/2CH2Cl2 C37H36ClN6PRu 3/2CH2Cl2 C58H53Cl2N7OP2Ru2 

formula weight 1511.59 859.60 1199.05 

crystal size [mm³] 0.50 x 0.21 x 0.14 0.50 x 0.36 x 0.12 0.18 x 0.17 x 0.06 

crystal system monoclinic monoclinic monoclinic 

space group P n P 2/c P21/c 

a [Å] 16.4860(3) 19.1582(4) 18.3723(4) 

b [Å] 18.9441(5) 10.2239(3) 13.2364(2) 

c [Å] 24.0177(5) 20.3380(5) 22.6923(6) 

 [°] 90.00 90.00 90.00 

 [°] 105.675(2) 106.771(2) 107.184(2) 

 [°] 90.00 90.00 90.00 

V [Å³] 7222.1(3) 3814.19(17) 5272.0(2) 

Z 4 4 4 

 [g/cm³] 1.390 1.497 1.511 

F(000) 3076 1756 2440 

 [mm-1] 0.717 0.770 0.783 

Tmin/ Tmax n./a. / n./a. 0.5973 / 0.8349 0.8740 / 0.9549 

 range [°] 1.35 - 25.64 1.99 - 25.61 1.80 - 25.66 

hkl range 
-20 h 20 
-23 k 23 
-24 l 29 

-23 h 23 
-12 k 12 
-24 l 21 

-22 h 22 
-16 k 16 
-24 l 27 

measured refl. 74956 39897 51170 

unique refl. [Rint] 24544 [0.0579] 7186 [0.0626] 9921 [0.0663] 

observed refl. (I > 2 (I)) 21550 6273 7572 

data / restr. / param. 24544 / 340 / 1652 7186 / 0 / 474 9921 / 1 / 622 

goodness-of-fit (F²) 1.011 1.013 1.015 

R1, wR2 (I > 2 (I)) 0.0389, 0.0943 0.0274, 0.0680 0.0408, 0.0615 

R1, wR2 (all data) 0.0454, 0.0964 0.0338, 0.0700 0.0673, 0.0666 

resid. el. dens. [e/Å³] 0.781, -0.573 0.590 / -0.454 0.410 / -0.617 
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Table A5. Crystal data and refinement details of 19 and 20. 

 19 20 

empirical formula C27H29ClN4O2 C26H21F3N4O3S 

formula weight 476.99 526.53 

crystal size [mm³] 0.500 x 0.440 x 0.040 0.500 x 0.040 x 0.030 

crystal system monoclinic monoclinic 

space group C 2/c C 2/c 

a [Å] 10.0111(5) 33.233(2) 

b [Å] 18.9078(12) 7.0725(2) 

c [Å] 13.3992(7) 20.5120(12) 

 [°] 90.00 90.00 

 [°] 107.559(4) 103.414(5) 

 [°] 90.00 90.00 

V [Å³] 7222.1(3) 4689.6(4) 

Z 4 8 

 [g/cm³] 1.310 1.491 

F(000) 1008 2176 

 [mm-1] 0.190 0.200 

Tmin/ Tmax 0.9148 / 0.9920 0.9485 / 0.9947 

 range [°] 2.154 – 26.745 2.041 - 26.733 

hkl range 
-12 h 12 
-23 k 23 
-16 l 16 

-42 h 40 
-8 k 7 

-25 l 25 
measured refl. 15242 20082 

unique refl. [Rint] 2572 [0.0979] 4959 [0.1232] 

observed refl. (I > 2 (I)) 2026 2970 

data / restr. / param. 2572 / 0 / 193 4959 / 0 / 348 

goodness-of-fit (F²) 1.109 0.976 

R1, wR2 (I > 2 (I)) 0.0503, 0.1013 0.0607, 0.1015 

R1, wR2 (all data) 0.0708, 0.1088 0.1181, 0.1168 

resid. el. dens. [e/Å³] 0.176, -0.190 0.322 / -0.272 
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Table A6. Selected bond lengths [Å] and angles [º] for the structure of 1. 

Pd1 C1 1.996(2) Pd1 P1 2.3331(5) Pd1 P2 2.3343(5) 

Pd1 Cl1 2.3422(5) Cl2 C4 1.718(2) N1 C5 1.487(3) 

N1 N2 1.357(3) N1 C1 1.337(3) C1 C2 1.419(3) 

C2 C3 1.361(3) C3 C4 1.405(4) N2 C4 1.301(3) 

C5 C6 1.503(4)     

C1 Pd1 P1 91.50(6) C1 Pd1 P2 89.72(6) P1 Pd1 P2 168.99(2) 

C1 Pd1 Cl1 178.51(7) P1 Pd1 Cl1 88.962(19) P2 Pd1 Cl1 90.10(2) 

C1 N1 N2 126.13(19) C1 N1 C5 123.10(18) N2 N1 C5 110.74(18) 

C4 N2 N1 116.0(2) N1 C1 C2 115.8(2) N1 C1 Pd1 123.03(16) 

C2 C1 Pd1 121.20(16) C3 C2 C1 120.7(2) C2 C3 C4 116.7(2) 

N2 C4 C3 124.6(2) N2 C4 Cl2 115.75(19) C3 C4 Cl2 119.65(19) 

N1 C5 C6 112.18(19)     

 

Table A7. Selected bond lengths [Å] and angles [º] for the structure of 2. 

Pd1 C1 1.989(5) Pd1 P1 2.3439(8) Pd1 P1’ 2.3439(3) 

Pd1 Cl2 2.3513(12) Cl1 C8 1.832(6) N1 C9 1.473(7) 

N1 N2 1.377(6) N1 C1 1.340(6) C1 C2 1.423(7) 

C2 C7 1.404(8) C7 C8 1.434(9) N2 C8 1.278(8) 

C9 C10 1.415(9)     

C1 Pd1 P1’ 88.89(2) C1 Pd1 P1 88.89(2) P1’ Pd1 P1 177.46(5) 

C1 Pd1 Cl2 176.94(15) P1’ P1 Cl2 91.08(2) P1 Pd1 Cl2 91.08(2) 

C1 N1 N2 125.4(5) C1 N1 C9 121.0(4) N2 N1 C9 113.6(4) 

N1 N2 C8 116.3(5) N1 C1 C2 117.6(5) N1 C1 Pd1 121.0(4) 

C2 C1 Pd1 121.4(4) C7 C2 C1 119.1(5) C3 C2 C1 120.9(5) 

C2 C7 C8 125.8(5) N2 C8 C7 125.8(5) N2 C8 Cl1 113.6(5) 

C7 C8 Cl1 120.6(5)     
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Table A8. Selected bond lengths [Å] and angles [º] for the structure of 3. 

Pd1 C1 1.9772(18) Pd1 Cl2 2.3540(5) Pd1 P1 2.2618(5) 

Pd1 Cl1 2.3693(5) N1 C1 1.333(2) N1 N2 1.355(2) 

N1 C5 1.498(2) N2 C4 1.318(3)   

C1 Pd1 P1 90.86(5) C1 Pd1 Cl2 177.65(5) P1 Pd1 Cl2 88.342(17) 

C1 Pd1 Cl1 89.15(5) P1 Pd1 Cl1 178.626(16) Cl2 Pd1 Cl1 91.700(18) 

C1 N1 C5 122.64(16) N2 N1 C5 111.87(15) C1 N1 N2 125.49(16) 

C4 N2 N1 116.28(17) N1 C1 C2 115.61(16) N1 C1 Pd1 122.93(13) 

C2 C1 Pd1 121.39(13) N2 C4 C3 125.05(18) N1 C5 C6 111.59(16) 

N2 C4 Cl3 115.77(16)     

 

Table A9. Selected bond lengths [Å] and angles [º] for the structure of 4. 

Pd1 C1 1.982(4) Pd1 P1 2.3208(9) Pd1 P2 2.3431(10) 

Pd1 Cl1 2.3463(10) N1 C10 1.491(5) N3 C4 1.405(5) 

N1 N2 1.350(4) N1 C1 1.336(5) C1 C2 1.433(6) 

C2 C3 1.346(6) C3 C4 1.405(6) N2 C4 1.305(5) 
N3 N4 1.374(5) C10 C11 1.475(7)   

C1 Pd1 P1 89.40(10) C1 Pd1 P2 89.39(10) P1 Pd1 P2 176.54(4) 

C1 Pd1 Cl1 178.38(10) P1 Pd1 Cl1 88.99(3) P2 Pd1 Cl1 92.24(4) 

C1 N1 N2 126.0(3) C1 N1 C10 122.8(3) N2 N1 C10 111.1(3) 

C4 N2 N1 116.5(3) N1 C1 C2 115.6(4) N1 C1 Pd1 123.7(3) 

C2 C1 Pd1 120.7(3) C3 C2 C1 120.3(4) C2 C3 C4 117.5(4) 

N2 C4 C3 123.9(4) N2 C4 N3 115.7(4) C3 C4 N3 120.3(4) 

N1 C10 C11 112.0(4)     
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Table A10. Selected bond lengths [Å] and angles [º] for the structure of 5. 

Pd1 C6 1.965(5) Pd1 N1 2.007(4) Pd1 Cl1 2.3219(13) 

Pd1 Cl2 2.4096(12) Pd2 C14 1.954(5) Pd2 N2 1.998(4) 

Pd2 Cl3 2.3131(12) Pd2 Cl2 2.3929(13)   

N1 C2 1.349(6) N1 N2 1.368(5) N2 C3 1.338(6) 

C1 C2 1.385(7) C1 C3 1.394(6)   

N3 C5 1.335(6) N3 C6 1.410(6) N3 C4 1.467(6) 

N4 C5 1.328(6) N4 C7 1.396(6) N4 C8 1.502(6) 

N5 C13 1.334(7) N5 C14 1.404(6) N5 C12 1.470(6) 

N6 C13 1.338(6) N6 C15 1.400(7) N6 C16 1.487(7) 

C6 C7 1.371(7) C14 C15 1.371(7)   

C6 Pd1 N1 88.00(18) C6 Pd1 Cl1 91.24(14) N1 Pd1 Cl1 179.16(11) 

C6 Pd1 Cl2 176.92(15) N1 Pd1 Cl2 89.83(11) Cl1 Pd1 Cl2 90.93(4) 

C14 Pd2 N2 88.29(18) C14 Pd2 Cl3 89.81(14) N2 Pd2 Cl3 177.31(14) 

C14 Pd2 Cl2 177.52(14) N2 Pd2 Cl2 89.39(12) Cl3 Pd2 Cl2 92.48(5) 

Pd2 Cl2 Pd1 95.41(5) C2 N1 N2 107.6(4) C3 N2 N1 108.1(4) 

C2 C1 C3 104.3(4) C15 C14 N5 103.8(4) C7 C6 N3 104.4(4) 

C2 N1 Pd1 129.5(3) N2 N1 Pd1 122.9(3) N3 C6 Pd1 123.8(3) 

C7 C6 Pd1 131.5(4)     

N1 N2 Pd2 123.1(3) C3 N2 Pd2 128.6(3) C15 C14 Pd2 132.4(4) 

N5 C14 Pd2 123.6(3)     
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Table A11. Selected bond lengths [Å] and angles [º] for the structure of the cation of 7. 

Pd1 C5 1.973(2) Pd1 C25 1.979(2) Pd1 N1 2.0767(17) 

Pd1 N11 2.0873(17) Pd2 C13 1.974(2) Pd2 C33 1.980(2) 

Pd2 N12 2.0815(17) Pd2 N2 2.0873(17)   

N1 N2 1.371(2) N11 N12 1.380(2)   

N1 C2 1.354(3) N2 C3 1.352(3) N3 C5 1.348(3) 

N4 C5 1.353(3) N5 C13 1.344(3) N6 C13 1.350(3) 

N11 C22 1.345(3) N12 C23 1.350(3) N13 C25 1.346(3) 

N14 C25 1.355(3) N16 C33 1.348(3) N17 C33 1.355(3) 

C1 C2 1.377(3) C1 C3 1.382(3)   

C21 C22 1.375(3) C21 C23 1.379(3)   

C5 Pd1 C25 91.57(9) C5 Pd1 N1 87.13(8) C25 Pd1 N1 158.59(8) 

C5 Pd1 N11 162.28(8) C25 Pd1 N11 87.18(8) N1 Pd1 N11 100.34(6) 

C13 Pd2 C33 90.26(8) C13 Pd2 N12 158.65(8) C33 Pd2 N11 88.43(7) 

C13 Pd2 N2 86.47(8) C33 Pd2 N2 162.54(7) N12 Pd2 N2 100.75(7) 

C2 N1 N2 107.27(16) C3 N2 N1 107.79(16)   

C22 N11 N12 107.71(16) C23 N12 N11 106.88(16)   

N3 C5 N4 105.17(18) N5 C13 N6 105.50(19)   

N13 C25 N14 105.17(19) N16 C33 N17 105.43(17)   

N3 C5 Pd1 125.09(15) C2 N1 Pd1 120.36(14)   

N13 C25 Pd1 125.89(16) C22 N11 Pd1 120.82(14)   

N5 C13 Pd2 126.13(16) C3 N2 Pd2 120.38(13)   

C23 N12 Pd2 121.06(14) N16 C33 Pd2 125.15(15)   
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Table A12. Selected bond lengths [Å] and angles [º] for the structure of the cation of 8. 

Pd1 C5 1.965(2) Pd1 C18’ 1.967(2) Pd1 N2’ 2.0721(18) 

Pd1 N1 2.0738(18) Pd1’ N2 2.0722(18) Pd1’ C18 1.967(2) 

N1 C2 1.351(3) N1 N2 1.369(3) N2 C3 1.355(3) 

C1 C2 1.386(3) C1 C3 1.374(3) C6 C7 1.348(4) 

N3 C5 1.339(3) N3 C6 1.388(3)   

N4 C5 1.358(3) N4 C7 1.388(3)   

N5 C18 1.333(3) N5 C19 1.383(3)   

N6 C18 1.353(3) N6 C20 1.390(3)   

C19 C20 1.338(4)     

C5 Pd1 C18’ 93.36(9) C5 Pd1 N2’ 160.03(9)   

C18’ Pd1 N2’ 85.18(8) C5 Pd1 N1 85.55(8)   

N1 Pd1 C18’ 159.59(9) N1 Pd1 N2’ 102.62(7)   

C2 N1 N2 107.84(17) C2 N1 Pd1 119.50(15)   

N2 N1 Pd1 128.46(14) C3 N2 N1 107.47(18)   

C3 N2 Pd1’ 119.52(15) N1 N2 Pd1’ 128.92(14)   

N3 C5 Pd1 126.02(17) N4 C5 Pd1 126.44(17)   

N5 C18 Pd1’ 126.23(17) N6 C18 Pd1’ 126.12(17)   

N3 C5 N4 105.65(19) N5 C18 N6 106.2(2)   
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Table A13. Selected bond lengths [Å] and angles [º] for the structure of 12[BPh4].cation  

Pd1 C6 1.980(4) Pd1 C44 1.990(4) Pd1 N1 2.061(3) 

Pd1 N12 2.063(3) Pd2 C36 1.983(4) Pd2 C14 1.991(4) 

Pd2 N11 2.050(3) Pd2 N2 2.065(3) C6 C7 1.380(5) 

N1 C2 1.333(5) N2 C3 1.343(5) C14 C15 1.371(5) 

C1 C2 1.382(6) C1 C3 1.377(5)   

N3 C5 1.335(5) N3 C6 1.408(5)   

N4 C7 1.385(6) N4 C5 1.324(6)   

N5 C13 1.334(5) N5 C14 1.403(4)   

N6 C13 1.327(5) N6 C15 1.389(4)   

N1 N2 1.369(4) N11 N12 1.363(4)   

C31 C32 1.382(5) C31 C33 1.392(5)   

C36 C37 1.361(5) C44 C45 1.367(5)   

C6 Pd1 C44 92.61(16) C6 Pd1 N1 87.54(14) C44 Pd1 N1 178.33(14) 

C6 Pd1 N12 174.49(14) C44 Pd1 N12 86.07(14) N1 Pd1 N12 93.93(12) 

C36 Pd2 C14 91.43(15) C36 Pd2 N11 87.87(13) C14 Pd2 N11 179.29(15) 

C36 Pd2 N2 173.93(13) C14 Pd2 N2 87.23(13) N11 Pd2 N2 93.48(12) 

N3 C6 C7 103.0(3) C6 C7 N4 109.3(4) C7 N4 C5 108.5(3) 

N4 C5 N3 108.2(4) C5 N3 C6 111.0(4) N5 C14 C15 102.8(3) 

N13 C36 C37 102.8(3) N15 C44 C45 103.1(3)   

C2 N1 Pd1 127.6(3) N3 C6 Pd1 121.8(3)   

C33 N12 Pd1 124.3(3) N15 C44 Pd1 120.2(3)   

N5 C14 Pd2 119.9(3) C3 N2 Pd2 124.1(2)   

N13 C36 Pd2 121.4(3) C32 N11 Pd2 126.3(2)   
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Table A14. Selected bond lengths [Å] and angles [º] for the structures of the two con-

formers of 13 

 

conformer F conformer E conformer F conformer E 

Pd1 C6 1.963(3) Pd11 C26 1.986(3) C2 N1 N2 107.6(3) C22 N11 N12 107.6(3) 

Pd1 N1 2.002(3) Pd11 N11 2.021(3) N1 N2 C3 108.3(3) N11 N12 C23 125.2(2) 

Pd1 Cl1 2.3050(8) Pd11 Cl11 2.2948(8) N3 C5 N4 108.6(3) N13 C25 N14 107.7(3) 

Pd1 Cl2 2.4075(9) Pd11 Cl12 2.3815(8) C5 N3 C6 110.3(3) C25 N13 C26 111.1(3) 

Pd2 C12 1.969(3) Pd12 C32 1.971(3) C5 N4 C7 108.3(3) C25 N14 C27 108.8(3) 

Pd2 N2 2.011(3) Pd12 N12 2.025(3) N4 C7 C6 108.5(3) N14 C27 C26 108.8(3) 

Pd2 Cl3 2.3084(8) Pd12 Cl13 2.3033(8) N3 C6 C7 104.2(3) N13 C26 C27 103.6(3) 

Pd2 Cl2 2.4097(8) Pd12 Cl12 2.3845(8) C6 Pd1 N1 88.81(12) C26 Pd11 N11 91.17(12) 

N1 C2 1.343(4) N11 C22 1.348(4) C6 Pd1 Cl1 88.87(10) C26 Pd11 Cl11 88.57(9) 

N1 N2 1.362(4) N11 N12 1.370(4) N1 Pd1 Cl1 174.11(7) N11 Pd11 Cl11 178.08(8) 

N2 C3 1.336(4) N12 C23 1.343(4) C6 Pd1 Cl2 176.65(9) C26 Pd11 Cl12 174.98(9) 

C1 C3 1.387(5) C21 C23 1.393(4) N1 Pd1 Cl2 89.40(8) N11 Pd11 Cl12 90.81(8) 

C1 C2 1.389(4) C21 C22 1.377(5) Cl1 Pd1 Cl2 93.17(3) Cl11 Pd11 Cl12 89.30(3) 

N3 C5 1.320(4) N13 C25 1.339(4) C12 Pd2 N2 87.63(12) Cl12 Pd12 N12 89.31(8) 

N3 C6 1.400(4) N13 C26 1.399(4) C12 Pd2 Cl3 90.84(10) C32 Pd12 Cl13 88.56(10) 

C6 C7 1.367(5) C26 C27 1.372(5) N2 Pd2 Cl3 176.73(8) N12 Pd12 Cl13 178.12(8) 

N4 C5 1.327(4) N14 C25 1.321(4) C12 Pd2 Cl2 173.31(9) C32 Pd12 Cl12 173.49(9) 

N4 C7 1.381(5) N14 C27 1.389(4) N2 Pd2 Cl2 90.37(8) N12 Pd12 Cl12 89.31(8) 

    Cl3 Pd2 Cl2 91.47(3) Cl13 Pd12 Cl12 92.35(3) 

    Pd1 Cl2 Pd2 92.83(3) Pd11 Cl12 Pd12 103.86(3) 
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Table A15. Selected bond lengths [Å] and angles [º] for the structure of 15. 

Pd1 N1 1.966(6) Pd1 C5 1.971(8) Pd1 Cl1 2.3052(18) 

Pd1 Cl2 2.3729(17) Pd2 C11 1.987(7) Pd2 N2 1.991(6) 

Pd2 Cl3 2.3089(19) Pd2 Cl2 2.3834(18)   

N1 C2 1.368(9) N1 N2 1.370(9) N2 C3 1.342(9) 

C1 C2 1.364(10) C1 C3 1.404(11)   

N3 C5 1.349(10) N3 C6 1.365(10)   

N4 C5 1.353(10) N4 C7 1.380(10)   

N5 C11 1.353(10) N5 C12 1.400(10)   

N6 C11 1.330(10) N6 C13 1.374(11)   

N1 Pd1 C5 86.2(3) N1 Pd1 Cl1 171.67(18) C5 Pd1 Cl1 93.7(2) 

N1 Pd1 Cl2 88.16(17) C5 Pd1 Cl2 171.5(2) Cl1 Pd1 Cl2 92.79(6) 

C11 Pd2 N2 86.0(3) C11 Pd2 Cl3 94.6(2) N2 Pd2 Cl3 173.00(19) 

C11 Pd2 Cl2 172.5(2) N2 Pd2 Cl2 88.68(18) Cl3 Pd2 Cl2 91.36(6) 

N3 C5 N4 105.0(7) N6 C11 N5 105.9(6) Pd1 Cl2 Pd2 100.30(6) 

C3 N2 N1 109.3(6) C2 N1 N2 107.0(6)   

C2 N1 Pd1 126.4(5) N2 N1 Pd1 126.3(5)   

N3 C5 Pd1 122.8(6) N4 C5 Pd1 131.4(6)   

C3 N2 Pd2 125.3(5) N1 N2 Pd2 124.0(4)   

N6 C11 Pd2 131.9(6) N5 C11 Pd2 121.5(6)   
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Table A16. Selected bond lengths [Å] and angles [º] for the structure of 16. 

Ru1 C15 1.823(5) Ru1 N4 2.163(4) Ru1 C2 2.020(5) 

Ru1 P1 2.2856(13) Ru1 Cl2 2.4430(16) Ru1 Cl1 2.5005(12) 

Ru2 C16 1.847(6) Ru2 N6 2.114(4) Ru2 N2 2.141(4) 

Ru2 P2 2.3437(15) Ru2 P3 2.3416(15)   

N1 C1 1.315(6) N1 N2 1.351(5) N2 C4 1.345(6) 

C1 C2 1.395(7) C2 C3 1.396(7) C3 C4 1.398(6) 

N3 N4 1.384(5) N5 N6 1.395(5)   

C15 Ru1 C2 93.3(2) C15 Ru1 N4 169.93(17) C2 Ru1 N4 78.21(18) 

C15 Ru1 P1 91.09(16) C2 Ru1 P1 91.57(15) N4 Ru1 P1 94.49(12) 

C15 Ru1 Cl2 89.67(16) C2 Ru1 Cl2 89.11(15) N4 Ru1 Cl2 84.87(12) 

P1 Ru1 Cl2 178.96(6) C15 Ru1 Cl1 93.46(14) C2 Ru1 Cl1 171.99(15) 

N4 Ru1 Cl1 94.65(10) P1 Ru1 Cl1 92.62(5) Cl2 Ru1 Cl1 86.62(5) 

C16 Ru2 N6 174.11(19) C16 Ru2 N2 99.80(19) N6 Ru2 N2 74.42(14) 

C16 Ru2 P3 88.51(18) N6 Ru2 P3 92.99(13) N2 Ru2 P3 94.04(12) 

C16 Ru2 P2 85.90(19) N6 Ru2 P2 93.98(13) N2 Ru2 P2 100.54(12) 

P3 Ru2 P2 165.08(4)     

C1 N1 N2 118.4(4) C4 N2 N1 119.2(4) N2 C4 C3 122.0(5) 

C2 C3 C4 119.9(5) C1 C2 C3 112.7(4) N1 C1 C2 127.5(5) 
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Table A17. Selected bond lengths [Å] and angles [º] for the structure of the cation of 17. 

Ru1 N1 2.0591(15) Ru1 N3 2.0830(16) Ru1 C19 2.167(2) 

Ru1 C18 2.168(2) Ru1 C15 2.207(2) Ru1 C17 2.2118(19) 

Ru1 C16 2.223(2) Ru1 P1 2.3238(5)   

N1 C1 1.342(2) N1 N2 1.353(2) N2 C4 1.324(2) 

C3 C4 1.402(3) C2 C3 1.365(3) C1 C2 1.399(3) 
N3 N4 1.381(2) N5 N6 1.388(2)   

N1 Ru1 N3 75.74(6) N1 Ru1 C19 104.19(7) N3 Ru1 C19 159.61(8) 

N1 Ru1 C18 139.98(7) N3 Ru1 C18 145.26(7) C19 Ru1 C18 38.34(8) 

N1 Ru1 C15 98.01(7) N3 Ru1 C15 121.80(8) C19 Ru1 C15 37.82(10) 

C18 Ru1 C15 63.09(9) N1 Ru1 C17 160.36(7) N3 Ru1 C17 109.93(7) 

C19 Ru1 C17 63.72(8) C18 Ru1 C17 37.86(8) C15 Ru1 C17 62.77(7) 

N1 Ru1 C16 123.97(7) N3 Ru1 C16 99.91(8) C19 Ru1 C16 62.77(9) 

C18 Ru1 C16 62.71(8) C15 Ru1 C16 36.87(9) C17 Ru1 C16 37.56(7) 

N1 Ru1 P1 88.68(4) N3 Ru1 P1 92.27(4) C19 Ru1 P1 108.12(7) 

C18 Ru1 P1 90.19(6) C15 Ru1 P1 145.91(7) C17 Ru1 P1 109.44(5) 

C16 Ru1 P1 147.00(5)     

C1 N1 N2 120.52(15) C4 N2 N1 118.38(16) N2 C4 C3 123.79(17) 

C2 C3 C4 117.55(17) C3 C2 C1 117.69(18) N1 C1 C2 122.04(17) 
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Table A18. Selected bond lengths [Å] and angles [º] for the structure of 18. 

Ru1 N3 2.072(3) Ru1 N1 2.076(3) Ru1 C18 2.183(4) 

Ru1 C17 2.186(3) Ru1 C19 2.188(3) Ru1 C15 2.201(3) 

Ru1 C16 2.207(3) Ru1 P1 2.3252(9)   

Ru2 C38 1.823(4) Ru2 C3 2.003(3) Ru2 N5 2.181(3) 

Ru2 P2 2.3076(9) Ru2 Cl1 2.4492(8) Ru2 Cl2 2.5050(9) 

N1 C1 1.337(4) N1 N2 1.354(4) C1 C2 1.387(5) 

C2 C3 1.382(5) C3 C4 1.416(5) N2 C4 1.309(4) 

N3 N4 1.375(4) N5 N6 1.384(4)   

N3 Ru1 N1 75.19(10) N3 Ru1 C18 142.32(13) N3 Ru1 P1 89.80(8) 

N1 Ru1 P1 88.73(8) C18 Ru1 P1 95.10(10) C17 Ru1 P1 113.84(11) 

C19 Ru1 P1 111.44(11) C15 Ru1 P1 148.74(12) C16 Ru1 P1 151.65(11) 

C38 Ru2 C3 90.60(14) C38 Ru2 N5 168.92(13) C3 Ru2 N5 78.31(11) 

C38 Ru2 P2 87.65(11) C3 Ru2 P2 90.44(10) N5 Ru2 P2 92.65(7) 

C38 Ru2 Cl1 93.57(11) C3 Ru2 Cl1 88.29(9) N5 Ru2 Cl1 85.91(7) 

P2 Ru2 Cl1 85.91(7) C38 Ru2 Cl2 94.57(11) C3 Ru2 Cl2 173.29(10) 

N5 Ru2 Cl2 94.46(7) P2 Ru2 Cl2 94.03(3) Cl1 Ru2 Cl2 87.12(3) 

C1 N1 N2 119.1(3) C4 N2 N1 117.2(3) N2 C4 C3 128.5(3) 

C2 C3 C4 111.8(3) C3 C2 C1 120.0(3) N1 C1 C2 123.2(3) 
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Table A19. Selected bond lengths [Å] and angles [º] for the structure of the cation of 19. 

C1 C2 1.399(2) C2 C3 1.453(2) 

C2 C6 1.419(3) C3 C3’ 1.428(4) 

C6 N1 1.353(2) C7 N1 1.395(2) 

C6 N2 1.357(2) C12 N2 1.390(2) 

C7 C12 1.388(3)   

C2 C1 C2’ 110.1(2) C1 C2 C3 107.66(16) 

C2 C3 C3’ 107.31(10) C1 C2 C6 124.69(16) 

C3 C2 C6 127.62(16) C2 C6 N1 125.49(17) 

C2 C6 N2 127.02(16) N1 C6 N2 107.48(16) 

C6 N2 C12 109.74(15) N2 C12 C7 106.54(16) 

C12 C7 N1 106.69(16) C7 N1 C6 109.55(16) 

Table A20. Selected bond lengths [Å] and angles [º] for the structure of the cation of 20. 

C1 C2 1.399(4) C2 C3 1.450(4) 
C3 C8 1.431(4) C8 C9 1.456(4) 

C1 C9 1.405(4) C2 C10 1.435(4) 

C9 C18 1.415(4) C10 N1 1.346(4) 

C10 N2 1.355(3) N1 C11 1.391(4) 

N2 C16 1.396(4) C11 C16 1.392(4) 

N3 C18 1.361(4) N4 C18 1.361(3) 

N3 C19 1.385(4) N4 C24 1.399(4) 

C19 C24 1.387(4)   

C2 C1 C9 110.1(2) C1 C2 C3 108.1(2) 

C1 C9 C8 107.1(2) C2 C3 C8 106.9(2) 

C9 C8 C3 107.8(2) N1 C10 N2 108.2(2) 

C16 C11 N1 106.3(2) C10 N1 C11 109.8(2) 

C10 N2 C16 108.8(2) N2 C16 C11 106.9(2) 

N3 C18 N4 106.6(2) C24 N4 C18 109.8(2) 

C19 N3 C18 110.4(2) N3 C19 C24 106.8(2) 

N4 C24 C19 106.4(2)   
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Table A21. Comparison of bond lengths [Å] and angles [º] of complex 1 to 4 in 

Chapter 2. Ccarbene, NEt and Nnon stand for the carbenic carbon atom, the ethylated 

nitrogen atom and the non-alkylated nitrogen atom, respectively. 
 1 2 3 4 

Ccarbene Pd 1.996(2) 1.989(5) 1.977(2) 1.982(4) 

Ccarbene C 1.419(3) 1.423(7) 1.432(9) 1.433(6) 

Ccarbene NEt 1.337(3) 1.340(6) 1.333(2) 1.336(5) 

C( Ccarbene) C 1.361(3) 1.404(8) 1.357(1) 1.346(6) 

NEt Nnon 1.357(3) 1.377(6) 1.355(2) 1.350(4) 

Nnon C 1.301(3) 1.278(8) 1.318(3) 1.305(5) 

C( Nnon) C 1.405(4) 1.434(9) 1.388(6) 1.405(6) 

Pd P 
2.3331(5) 

2.3343(5) 

2.3439(8) 

2.3438(8) 
2.2618(5) 

2.3208(9) 

2.3431(1) 

Pd Cl 2.3422(5) 2.3513(1) 
2.3540(5) 

2.3693(5) 
2.3463(1) 

Ccarbene Pd P 
91.50(6) 

89.72(6) 

88.89(2) 

88.89(2) 
90.65(5)  

89.40(10) 

89.39(10) 

Ccarbene Pd Cl 178.51(7) 176.94(15) 
89.15(5) 

177.65(5) 
178.38(10) 

P Pd Cl 
88.962(19) 

90.10(2) 

91.08(2) 

91.08(2) 
88.342(17) 

88.99(3) 

92.24(4) 

P Pd P 168.99(2) 177.46(5) n./a. 176.54(4) 

Cl Pd Cl n./a. 91.700(18) n./a.  

Nnon NEt Ccarbene 126.13(19) 125.4(5) 125.49(16) 126.0(3) 

NEt Ccarbene C 115.8(2) 117.6(5) 115.61(16) 115.6(4) 

NEt Nnon C 116.0(2) 116.3(5) 116.28(17) 116.5(3) 

Ccarbene C C 120.7(2) 119.1(5) 121.413(190) 120.3(4) 

Nnon C C 124.6(2) 125.8(5) 125.05(18) 123.9(4) 

C( Ccarbene) C C( Nnon) 116.7(2) 115.8(5) 116.061(201) 117.5(4) 
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Table A23. Comparison of selected bond lengths [Å] and angles [º] of complex 16, 17 
and 18. RuC,N and RuN,N represent Ru atoms in the C,N-pocket and the N,N-pocket, 

respectively. Npyri and Cpyri refer to N and C atoms in the pyridazine ring bound to the 
metal atoms. Npyra represents N atom in the pyrazole bound to Ru atom. 

 16 17 18 

Bond length/Å 

RuN,N Npyri 2.141(4) 2.0591(15) 2.076(3) 

RuN,N Npyra 2.114(4) 2.0830(16) 2.072(3) 

RuN,N P 
2.3416(15) 

2.3437(15) 
2.3238(5) 2.3252(9) 

Npyri N 1.351(5) 1.353(2) 1.354(4) 

Npyri C 1.345(6) 1.342(2) 1.337(4) 

C( Npyri) C( Cpyri) 1.398(6) 1.399(3) 1.387(5) 

Cpyri C( C) 1.396(7) 1.365(3) 1.382(5) 

Cpyri C( N) 1.395(5) 1.402(3) 1.416(5) 

N( Npyri) C( Cpyri) 1.315(6) 1.324(2) 1.309(4) 

RuC,N Cpyri 2.020(5) 

n./a. 

2.003(3) 

RuC,N Npyra 2.163(4) 2.181(3) 

RuC,N Cl 
2.5005(12) 

2.4430(16) 

2.5050(9) 

2.4492(8) 

Angle/° 

N RuN,N N 74.42(14) 75.74(6) 75.19(10) 

N RuN,N P 
100.54(12) 

94.04(12) 
88.68(4) 88.73(8) 

Cpyri RuC,N P 91.57(15) 

n./a. 

90.44(10) 

Cl RuC,N Cl 86.62(5) 87.12(3) 

P RuC,N C(O) 90.09(16) 87.65(11) 

Npyra RuC,N C(O) 169.93(17) 168.92(13) 
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Table A24: Selected bond lengths [Å] and angles [°] of 1 and of the calculated struc-
tures A1-A4 and B1-B4.The following figure is the molecular structure of complex 1 

determined by X-ray diffraction. 

 

 1* A1 A1'§ B1 A2 B2 A3 B3 A4 B4 
Pd1–C1 1.996 2.038 2.048 2.029 2.032 2.028 2.035 2.027 2.029 2.027 
Pd1–Cl1 2.342 2.376 2.382 2.388 2.376 2.388 2.378 2.389 2.378 2.388 

Pd1–P 2.333 
2.334 

2.431 
2.435 

2.333 
2.334 

2.418 
2.420 

2.428 
2.431 

2.416 
2.421 

2.397 
2.397 

2.385 
2.387 

2.397 
2.397 

2.384 
2.387 

C1–C2 1.419 1.423 1.423 1.427 1.421 1.428 1.426 1.430 1.423 1.430 
C2–C3 1.361 1.374 1.374 1.376 1.375 1.375 1.375 1.376 1.376 1.377 
C3–C4 1.405 1.413 1.412 1.403 1.412 1.405 1.415 1.405 1.414 1.404 
C4–N2 1.301 1.313 1.313 1.342 1.315 1.343 1.315 1.343 1.317 1.343 
N2–N1 1.357 1.350 1.350 1.359 1.351 1.362 1.350 1.362 1.352 1.363 
N1–C1 1.337 1.355 1.354 1.335 1.356 1.333 1.358 1.340 1.359 1.341 

N1–C(R) 1.487 1.490 1.491 n./a. 1.475 n./a. 1.490 n./a. 1.475 n./a. 
N2–C(R) n./a. 1.487 n./a. 1.473 n./a. 1.489 n./a. 1.474 
C4–Cl2 1.718 1.731 1.731 1.724 1.730 1.724 1.726 1.721 1.725 1.718 
C–C(Et) 1.503 1.523 1.523 1.526 n./a. n./a. 1.524 1.526 n./a. 

Cl1–Pd–C1 178.5 177.6 177.0 178.1 178.3 178.6 179.2 178.6 178.3 178.4 
P1–Pd–P2 167.0 171.4 172.6 174.6 173.1 175.1 169.5 170.8 169.7 170.8 

Pd···C1/Cl1/P1/P2$ 0.20 0.05 0.03 0.02 0.04 0.03 0.05 0.01 0.05 0.01 
*) values obtained from the solid state molecular structure at 133K,  
§) Pd–P distance constraint $) distance of Pd from the least-squares plane 
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Table A25. Comparison of selected bond lengths [Å] and angles [º] of the calculated 
structures of C and D models for [nLR

2Pd2]2+ and [aLR
2Pd2]2+. 

 
[nLR

2Pd2]2+ [aLR
2Pd2]2+ 

C D C D 

Pd C 2.024-2.025 2.041-2.085 2.016 2.036-2.038 

Pd N 2.138 2.042-2.102 2.153-2.155 2.103-2.106 

Pd…Pd 4.122 3.902 4.138 3.892 

N C( Pd) N 104.9 103.7-104.9 n./a. 

C C( Pd) N n./a. 104.0 103.5 

C C N 106.3 106.5-106.6 n./a. 

N C N n./a. 107.8 108.0 

Pd···N/N/C/C* 0.000 0.101/0.111 0.000/0.001 0.051/0.053 
*) distance of Pd atom from the least-squares plane 

Table A26. Comparison of selected bond lengths [Å] and angles [º] for the calculated 

structures of E and F models for aLRPd2Cl3 and aLRPd2Cl3. 

 
nLRPd2Cl3 aLRPd2Cl3 

E F E F 

Pd C 2.018 2.006/2.010 1.998/2.000 1.991/1.992 

Pd N 2.073/2.074 2.048/2.049 2.080/2.081 2.063/2.064 

Pd Cl 2.339-2.414 2.336-2.430 2.316-2.415 2.334-2.434 

Pd…Pd 3.827 2.693 3.795 3.678 

N C( Pd) N 104.3 104.6/104.7 n./a. 

C C( Pd) N n./a. 103.9 104.1 

C C N 106.3 106.4 n./a. 

N C N n./a. 107.5 107.6 

Pd···N/C/Cl/Cl* 0.035/0.041 0.034/0.036 0.064/0.075 0.027/0.023 
*) distance of Pd atom from the least-squares plane 

  

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Novel N-Heterocyclic Carbene Ligands and their Metal Complexes 

171 

Table A27. Comparison of selected bond lengths [Å] angles [°] of complex 16 and 

models G and H. RuC,N, RuN,N, Cpyri, Npyri, Npyra stand for the Ru atom in C,N- and N,N-

pocket, C atom and N atom in the pyridazine ring bound to Ru atom, and N atom in the 

pyrazole ring bound to Ru atom, respectively. 
 16 G H  16 G H  

RuC,N Cpyri 2.020(5) 1.987 2.028 RuC,N Npyra 2.163(4) 2.134 2.143  

RuC,N Cl 
2.4430(16) 

2.5005(12) 

2.456 

2.472 
2.479 RuC,N C(O) 1.823(5) 1.832 1.834 

 

RuC,N P 2.2856(13) 2.298 
2.376 

2.377 
    

 

RuN,N Npyri 2.141(4) 2.174 2.166 RuN,N Npyra 2.114(4) 2.122 2.124  

RuN,N C(O) 1.847(6) 1.841 1.835 RuN,N P 
2.3437(15) 

2.3416(15) 

2.343 

2.356 
2.253 

 

RuN,N Cl n./a. 2.456      

Npyri N 1.351(5) 1.340 1.329 Npyri C 1.345(6) 1.341 1.342  

Cpyri C 
1.395(7) 

1.396(7) 

1.435 

1.397 

1.393 

1.422 
Npyra N 

1.384(5) 

1.395(5) 

1.357 

1.361 

1.355 

1.361 

 

C( Cpyri) C 1.398(6) 1.387 1.392 N( Npyri) C 1.315(6) 1.315 1.314  

N RuC,N C 78.21(18) 78.79 78.21 N RuN,N N 74.42(14) 74.91 74.89  

Table A28. Comparison of selected bond lengths [Å] of models G and H 

 
Bond G H Difference [H - G]  Bond  G H Difference [H - G] 

Ru C  1.987 2.028 0.041 Ru N  2.174 2.166 -0.008 

Ru N  2.134 2.143 0.009 Ru N  2.122 2.124 0.002 

C C  1.435 1.422 -0.013 C C  1.397 1.393 -0.004 

C C  1.387 1.392 0.005     

N C  1.315 1.314 -0.001 N C  1.341 1.342 0.001 

N C  1.403 1.410 0.007 N C  1.415 1.405 -0.010 

N N  1.361 1.361 0.000 N N  1.357 1.355 -0.002 

  

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Appendix 

172 

 
Figure A1. HR ESI-MS spectrum of [nLEt

2Pd2](PF6)2 (complex 6) in acetonitrile, the 

inset shows the experimental and simulated isotopic distribution patterns for [nLEt
2Pd2]2+. 

 

Figure A2. HR ESI-MS spectrum of [aLEt
2Pd2](PF6)2 (complex 9) in acetonitrile, the 

inset shows the experimental and simulated isotopic distribution patterns for [aLEt
2Pd2]2+. 
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Figure A3. HR ESI-MS spectrum of [nLnBu
2Pd2](PF6)2 (complex 7) in acetonitrile, the 

inset shows the experimental and simulated isotopic distribution patterns for 

[nLnBu
2Pd2]2+. 

 

Figure A4. HR ESI-MS spectrum of [aLnBu
2Pd2](PF6)2 (complex 10) in acetonitrile, the 

inset shows the experimental and simulated isotopic distribution patterns for 

[aLnBu
2Pd2]2+. 
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Figure A5. HR ESI-MS spectrum of [nLMes
2Pd2](PF6)2 (complex 8) in acetonitrile, the 

inset shows the experimental and simulated isotopic distribution patterns for 

[nLMes
2Pd2]2+. 

 

Figure A6. HR ESI-MS spectrum of [aLMes
2Pd2](PF6)2 (complex 11) in acetonitrile, the 

inset shows the experimental and simulated isotopic distribution patterns for 

[aLMes
2Pd2]2+. 
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Figure A7. HR ESI-MS spectrum of [aLtBu
2Pd2](PF6)2 (complex 12) in acetonitrile, the 

inset shows experimental and simulated isotopic distribution patterns for [aLtBu
2Pd2]2+. 
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Figure A8. 1H NMR spectra of [H3LEt](PF6)2 in CD3CN and in situ reactions of 

[H3LEt](PF6)2 (1.0 equiv.), NH4OAc (n equiv.) and Pd(OAc)2 (1.0 equiv.) in d6-DMSO. 

Reaction conditions: a) n = 0, at 95 ºC for 1.5 hours; b) n = 1, at 105 ºC for overnight; c) 

n = 2, at 105 ºC for overnight; d) n = 3, at 105 ºC for overnight. 
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Figure A9. 1H NMR spectra of in situ reactions of [H3LMes](PF6)2 (1.0 equiv.), NH4OAc 

(n equiv.) and Pd(OAc)2 (1.0 equiv.) in d6-DMSO. Conditions: a) n = 0, at 95 ºC for 1.5 

hours; b) n = 2, 105 ºC for 3 hours. 
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Figure A10. 1H NMR spectra of in situ reactions of [H3LtBu](PF6)2 (1.0 equiv.), 

NH4OAc (n equiv.) and Pd(OAc)2 (1.0 equiv.) in d6-DMSO. Conditions: a) n = 0, at 

95 ºC for 1.5 hours; b) n = 2, 105 ºC for 3 hours. 
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Figure A11. LUMO (top) and HOMO (bottom) of the calculated model G. 
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Figure A12. LUMO (top) and HOMO (bottom) of the calculated model H. 
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